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"Whiter than white": interactions between optical brighteners and surfactants in

detergents

The interactions between an optical brightener and surfactants commonly found in
laundry detergents were studied. Three techniques were used; fluorescence spectroscopy
was used to determine the effect of the addition of surfactants on the rate of brightener
deposition, while small-angle X-ray scattering (SAXS) and molecular dynamics (MD)
simulations were used to determine the effect of the brightener on the micellar structure
pre-deposition. In addition, the effect of calcium ions on micellar structure was studied
using these techniques. The effect of surfactant addition on CaCO3 crystallisation was also

studied.

It was found that the addition of nonionic surfactants inhibited the deposition of
brightener onto fabric surfaces, whereas the addition of anionic surfactants aided this
deposition process. This was correlated to the micellar structures found using SAXS and
MD simulations; the anionic surfactant system formed ellipsoidal structures, in which the
brightener was incorporated onto the surface of the hydrocarbon core, whereas the
nonionic surfactant formed spherical structures where the brightener was held within the
outer shell, which appeared to hamper its ability to be deposited. In addition, the
brightener was shown to affect micellar radius and aggregation number of the nonionic
surfactant, in a manner similar to the addition of anionic surfactant to nonionic

surfactant.

The addition of calcium ions at concentrations up to 0.36 g L™ Ca®* (for SAXS) and 0.77 gl
tca® (for MD simulations) to nonionic and anionic surfactant systems was not seen to
significantly affect their micellar structure, although a greater affinity was seen between
the calcium and the anionic surfactant than between the calcium and the nonionic
surfactant. The effect of the addition of surfactants on the rate of CaCOj; crystallisation

and the polymorphs produced was determined.



Table of Contents

TADIE OFf FIGUIES ...etiee ittt e e e st e e s st e e e e e s abraee s sentaeeessnnnaeeeas vii
Table Of TABIES ... e e s Xix
List Of @bbreViationS.......cooiiiiiie e XXiv
Statement Of COPYIIGNL ... e e a e XXV
ACKNOWIEAZEMENTS ..ottt e e e e e e e e e e s s esatbraeeeeeeesesenssrraeeeeas XXVi
i 1) { o Yo [0 £ o] o WU TSP PR PP 1
I O B 1Y =T (=T o | PPN 1
1101, SUMACTANTS oo s s 1
11,20 BUIIEIS. e 2
000 S TR = o 1Y 4 =Y PP OUUPUPRROTPRP 3
R I S =Y o A 1 0 =T PP PP OROP PP PPPRPPPPPPPPPPRt 3
1.1.5. Bleach and bleach enhancers.......c.ccooviiiiiiieiiiieeeee e 4
1.1.6.  Optical brighteners and hueing dyes ........ceeeeeieecciiiiieeeee e, 4
117, PeIfUMES oot 4

1,20 SUMTACEANTS.c.eeiieee e s 4
1.2.1.  Types of sUMACTaNt.....ccoii e e e 5
1.2.2.  Interfacial teNSION ......iiiiiiiiiiee s 5
1.2.3.  Aggregation of surfactant MoleCuUles.........cccccoovveirerieiiiiiieiceeeee e, 6
1.2.4.  Cloud point and Krafft POINt .......coovviiiiiiiiiiie e 8
1.2.5.  Emulsions and MiCro@mulSioNns..........ccccceereeriiienienieenieeeesee e 8
1.2.6.  Surfactants used in this StUAY ........ccceeiiiiiiiiiiriiee e 10

1.3, THhe laUNAry PrOCESS ..ooieiiii ittt e et e e e e e e e e ssaerae e e e e e e e seaneraneees 13
1.3. 1. Types Of fabriC .. 13
1.3.2. RemOVal Of dilt. ..o e 16
1.3.3.  Washing machines & technology.......ccccccouviiiieiiiiiiiiiieeccee e 18

1.4, FIUOI@SCENCE ... ueiiiiiieeitee ettt ettt sttt s e e sbee e sneee e 18



1.5. Optical brighteners and hueing dyes ........ccccuveiiiiiiieiiiiieee e 20

1.5.1. Fabric YEHOWING w.eeeeeeieeeeeee et e 20
1.5.2.  Optical Brighteners... ..ot e e 22
1.5.3. Interactions with detergent ingredients..........ccccovvieiieeiieccciiiieee e, 23
1.5.4. Dye-surfactant interactions ........coouveciireeeeeiii e 24
1.5.5. Interactions With fabricC........cccoiiiiiiiiii 26
1.5.6. Methods to determine whiteness of fabric .........ccccceeveeniiiieniieee 28
1.5.7.  Brighteners in SOCIEtY....ccuuiiiiriiiiieiciiiee et e e 28
1.6, AIMS OF ThiS PrOJECT...ueeiiii it e s e nrraaees 29
2. Experimental Methods. ... e 31
2.1, SpectroscopiC METNOMS ......covii i e e e 31
2.2.  Small-angle X-ray scattering (SAXS) ..uuuuuiiiiiiiciirieeeee e e eercrrrere e e e e e e e 32
2.2.1.  Fourier series and Fourier transforms .........cccccevieiniiiiiiicniecnie e, 32
N D O - VYo=Y u =] o | oY - RS 36
2.2.3.  FOIM factor, P(G) ceeeeeeeueee ettt ettt et e e et e e e et e e e e 39
2.2.4.  Pair distribution fuNCtion, P(r) «cccoveeeeeee e 40
2.2.5.  EXamPIes OF P(Q)urreeeeiiiiiiieeiiee e e 44
2.2.6.  Structure factor, S(G)..ccccceeeciiee e 45
2.2.7.  Correlation functions - the Ornstein-Zernike (OZ) equation ..........cccceeeuneee. 46
2.2.8.  Other expressions fOr 1{Q) ..ccueeu et 49
2.2.9. Interpreting scattering Patterns ............eeeeeiieiiiiiiiiiiiieiiieieieiereeeeeeee e 52
2.2.10. EXperimental SEtUP ... e 55
2.2.11. Generalized Indirect Fourier Transformation (GIFT) analysis ..........cc........ 56
2.2.12. DECON programme to determine approximate radial distribution

functions 59

2.2.13.

1Y/ oY [=111=Yo Ie =1 &= NP AU RO TSR OPP PR UTPR 62

2.3.  Molecular Dynamics simulations - GROMACS .........ccoooeiiiiiieeee e, 63



D20 70 O - 7= Yol 4= o U o o EOS PRSP 63

2.3.2.  PrOCESS .ieiiiiiiiii ittt et e e 63
2.3.3.  ProcCesSiNg Of data...ccccveeeieiiiiiiiiiiiieeeice et e e e e e e e e e sbbrr e e e eens 67
2.3.4. Finding aggregation number and Siz€........ccccovveeeieeiiecciiiiieeee e, 70
2.4, MaterialS USE .....eeiieeiieeieeee et 70
FIUOIr@SCENCE WOTK ..o 73
3.1, INrOAUCTION . .c..eiiiiiiceee e e 73
3.2, EXPerimental WOrK ...ooooueiei i 74
3.2.1. Deposition onto fabric SAMPIES ......eeeiiiiiiiiiiiriiieei e 74
3.2.2.  Fluorescence of brightener solutions ..........ccccceveiiiiii e, 77
3.3, CONCIUSIONS ..ttt st s s s 113
3.3.1. Effectiveness of methods to determine brightener deposition .................. 113
3.3.2.  Effect of surfactant on fluorescence spectra of Brightener 49.................... 114
3.3.3.  Effect of fabric selection on brightener deposition .........ccccccceevvvcrnvveennnnnn. 114
3.3.4. Effect of surfactant on brightener deposition ..........ccccovvvvieeiiiiiiciiennenn. 115
CryStalliSatiON. ..ccei it e e e e e s e e rrraeeeas 116
A1, INErOTUCTION ..t 116
4.1.1. Theoretical background ........coo i 116
R X o SO UPRTPPRTSP 130
N o3 o1 g T g T=T o - | PSR 130
4.2.1.  Crystallisation of brightener.........ccueeiiiiiiiiiccec e 130
A.3. RESUILS oo 132
4.3.1. Vapour diffusion eXperiments .......ccocveeeeeeeeiiciiiiiereeee e eeccrreeeeeeeeeeesenreeeee 132
4.3.2. Crystallisation in microe€mulsions ..........eeeeeecciiiiiieece e, 136
B4, CONCIUSIONS...ouiiiiiieiieiee ettt et st e s s e sanesneesaeeenneenaneens 141
4.5.  Crystallisation Of CACOs3......uuuiiieeiiiicciiiieiee et e e e e e e rareeae e 142
4.5.1 RESUIES ... e 143



L T B T ol U 1] [0 ] o 147

A.7.  CONCIUSIONS ..ottt st e e sne e s es 148
SAXS ettt et e s et e b e nae e e h et e n e reenare e neeenne 150
5.1. Brightener and surfactant SySte€mMS ......coooviiciiiiiii e 150
5.1.1.  Nonionic surfactant AE7 + Brightener B49 ...........cccovvvvivveereeeeeieiccnreeneeeeen, 150
5.1.2.  Anionic surfactant AE1S + Brightener 49 .......ccccocviviiiiiieeiiniiieee e 166
5.1.3.  Anionic surfactant LAS + Brightener 49 ..........cccoccvvveiiiieee e 173
5.1.4. Anionic surfactant AE1S + nonionic surfactant AE7 + Brightener 49 .......... 179

5.1.5.  Nonionic surfactant AE7 + cationic surfactant DEEDMAC + Brightener 49.185

5.2.  Surfactant and calcium ions: hard water systems .......cccoccvevviviiieeevncieee s, 186
5.2.1. Nonionic surfactant AE7 + CaCly......coovvvuuiiiiiiiiiieieieee e 186
5.2.2. Anionic surfactant AELS 4+ CaClg...iiiiiiiiiieieieieiieeiiiieieeeeeeeeeeeeee e e e eeveeaaanas 190

5.3, CONCIUSIONS ...ttt st st 195
5.3.1.  Shape and size of MICEIIES ......cccvrreeeeeiiiieeee e 195
5.3.2.  Surfactant-brightener interactions ........cccccoiieeieiiieccciiee e, 196
5.3.3.  Surfactant-calcium ion interactions..........cccceeeeeereenieenieeceeeeee e 196
5.3.4.  Final COMMENTS ..cuiiiiiiiieie e e s 196
Molecular dynamics Simulations ..........ceeeeiieciiiiieiee e 197

6.1, INTrOAUCTION . ...eiiiiiieiie ettt s e s e e snee e 197
6.1.1.  Previous studies on molecular dynamics simulation of micelles................. 197
6.1.2. Molecules used to model surfactants........c.ccceoveeriiniiniiniiene 198

6.2.  EXPerimental WOIK .........ueiiiiiii ittt e e e e e e e e 199
6.2.1.  Preformed micelles ..o 199
6.2.2.  Randomised mMicelles .........cooviiiiiiiiiiiiiie e 211

6.3, CONCIUSIONS ...ttt ne e s e e ne e 246
6.3.1.  Preformed micelles ........ooiiiiiiiiiiiieeee e 246
6.3.2. Randomised micelles ..........ccoviiiiiiiiiiiiiiic 246



7. CONCIUSIONS ...ttt ettt s e e st e s bt e e s bt e st e e sneeesneeesaneees 248
7.1. Effect of micelle composition on size and shape .......cccccoiieeeeeieeccciiieeeee e, 248
7.2.  Placement of brightener within micelle.......ccooveeeiiiiiiiiiiiiieeic e, 249
7.3.  Effect of surfactants on brightener deposition .........ccccciiieiiiiieccciiiieeee e, 250
7.4. Effect of calcium ions on surfactant micelles........cccccooveeriiniieniiieeeee 250
7.5, Suggestions fOr fULUIE WOIK .......cooviiiiiiiiiiii et 251

7.5.1.  FlUOIreSCONCE WOTK ....eoriiieiieiiieeiieeie et e 251
7.5.2.  CrystallisSation ......cciieiiieeciiee e 252
75,3, S A e e r e e e 252
7.5.4.  Molecular dynamics Simulations........ccceeevviiiieiiiiiiee e 252

8. REFEIENCES ... 253

9. Appendix 1: Data tables for Chapter 6 ... e e 264
9.1. Preformed micelles containing hexane and brightener.......ccccccoovcoiiiieninnnni, 264
9.2. Randomised surfactant systems with brightener .......cccooveeeviiiiiiciiiiieeeicin, 265
9.3. Randomised surfactant system with calcium ions........ccccccceieiiinicciiiiieec e, 270

10.  Appendix 2: Crystal data for Chapter 4.......eeeiceiiieciiiieeeee e 272

Vi



Table of Figures

Figure 1-1: Effect of calcium ion concentration and surfactant concentration on the
formation of Ca(surfactant), complexes. Line SML (surfactant micellisation line) shows the
effect of Ca®* on the CMC (critical micelle concentration). Line SPL (surfactant
precipitation line) shows the region where increasing Ca’" concentration causes
precipitation of Ca(surfactant),. Line MSL (micelle solubilisation line) shows the region
where the surfactant concentration is high enough to form micelles, which can

resolubilise the Ca(surfactant),.Used with permission. Copyright 1985 Journal of the

American Oil Chemists’ Society (8 ettt ettt ettt ettt ettt e eeanean 2
Figure 1-2: A surfactant MOIECUIE........vvveiiii e rreee e e 4
Figure 1-3: Winsor MiCrOEMUISIONS ...cccuvuiieiiiiiieeciirtee e eriiee e sttt e e st e e e siaee e s s enae e e s ssanaeees 10

Figure 1-4: Ternary phase diagrams of cyclohexane/SDS + 1-propanol/water system at
various NaCl concentrations: (a) 0.5; (b) 1.0; 9¢) 3.0 M. S/L indicates a solid/liquid two-
phase region, y indicates a Winsor | solution, y’ indicates a Winsor Il solution, z indicates a
Winsor Ill solution and x indicates a Winsor IV solution (see Section 1.2.5.1). Reprinted
with permission from (22). COPYIIZNT 1994 ......voveeeeeeeeeeeeeeeeee e eeeeeeeeeeees e eeeseeeseeeseeeees 10
FIGUIE 1-5: SEIUCEURE OF LAS 2% .o oottt ettt e eee et s e eeseneeseaenes 11
Figure 1-6: The 'looping back' of the hydrocarbon chain of LAS during micellisation. The

hydrocarbon chain is represented by the blue line and the hydrophilic ‘head’ is

represented by the red CIrCle. ... e 11
Figure 1-7: AlCOhOl @thoXYIate, AET .....uveeeeei et e e er e e 12
Figure 1-8: Alcohol ether SUlfate........coocuiiiiiiiiii e 12
FigUIre 1-9: DEEDIMALC .....c..uiieeieiee ettt ettt sttt sttt b e st b e st e e b e s e e e sseenaneens 13
FISUPE 1-10: CeIUIOSE ... .euiiiieieeee ettt ettt e e e e et e e e e e e e e e e aabbeaeeeeeeseennsasraareeeeens 14
Figure 1-11: An amino acid. R represents a variable group.......cccccvvvveeiiniiieeiiniieee e, 14
Figure 1-12: STruCture Of PET ..ottt e e et e e e e e e e e e nae e e e e snnaeae s 15
Figure 1-13: Parameters of YOUNg's @qUAtioN ........ccceeeeeiiiiieiiiiiiee e 16
Figure 1-14: Mechanism of dirt roll-Up ......ccee i 17
Figure 1-15: Emulsification of 0ily SOil .......ccooveiiiiii e, 17

Figure 1-16: A molecular orbital diagram for a hydrogen molecule. The hydrogen atoms
are marked H1 and H2. The bond creates an antibonding orbital (6*) and a bonding

(oY o] 1 =1 N o ) SRS 18

Vi



Figure 1-17: Jablonski diagram showing the process of fluorescence. The initial absorption
of radiation is shown in red, non-radiative processes are shown in blue, and the
movement of the electron to the ground state, with the release of electromagnetic
radiation, IS SNOWN IN BrEEN. ...vveeiiii ettt et e e e e e e e sesabbaee e e e e e e sennareeeees 19
Figure 1-18: Jablonski diagram showing the process of phosphorescence. Initial
absorption is shown in red, non-radiative transitions are shown in blue, intersystem
crossing is shown in purple and emission of radiation is shown in green............cc.cc......... 20
Figure 1-19: Oxidation products of cellulose, including products formed with and without
ring opening. Adapted with permission. Copyright 2002 Elsevier (P2). e, 21

Figure 1-20: Generic Bolland-Gee auto-oxidation reaction scheme. Adapted from (**) with

permission from the Royal Society of Chemistry.....cccccveeeiiiieiiiieeeeeeeeeeecereeeee e, 22
FIBUIE 1-21: COUMAIIN.cciiiiiiiiiiiiiiieee ettt e e et e e e e e e e e e e e e e e eeeeeeeees 23
Figure 1-22: H- and J-aggregates. ('Brick wall' structure shown for J-aggregates).............. 26
Figure 2-1: A wave g(t) with magnitude 1 and period 1 s (shown left) ......cc.cccceverrrrernnnnnn. 32

Figure 2-2: The wave g(t) represented in the frequency domain by the function h(f)

(6 2 Lo XNV T4 =4 o o ISR 32
Figure 2-3: The waves w;(t), wa(t), and w(t) (Ieft) ......oeeeriierieee e, 32
Figure 2-4: The function V(f) (FIBNt).....ueeeeriii i 32

Figure 2-5: A saw function g(t) and its approximation using the first 5 terms of its Fourier

expansion (LEFT); g(t) represented in the frequency domain by the function h(f) (RIGHT).

.............................................................................................................................................. 34
Figure 2-6: Square pulse (left); Fourier transform of a square pulse (right) ......ccccevennneenn. 35
Figure 2-7: An electron () diffracting X-rays.......ccocoeeeeeeiiiieeeiieee e 36

Figure 2-8: A typical p(r) for a particle containing an electron-rich region and an electron-

dense region (€.8. @ MICEIIE) ....uurieeiii i e e e e s et e e e e e e s e e nasnraees 40
Figure 2-9: Effect of particle diameter 0N itS P(I) «oveeeveeeeieeerieeeee e 41
Figure 2-10: Effect of hollow sphere radius on p(r) c....eccccveeeeeccieee e, 42
Figure 2-11: The 2, 3 and 4 1ayer MOAE ......ccoocurreiiiiiiiieccireeeee e 43

Figure 2-12: Fitting 2-layer, 3-layer and 4-layer models to experimental data for a micelle.
Reprinted with permission from (S. Vass, J. Plestil, P. Laggner, T. Gilanyi, S. Borbely, M.

Kriechbaum, G. Jakli, Z. Decsy and P. M. Abuja, Journal of Physical Chemistry B, 2003, 107,
12752-12761)> Copyright (2003) American Chemical SOCIELY. ......c.oveeveeereeeereeeeereeereeee. 43

Figure 2-13: Theoretical scattering curve for homogeneous spheres..........ccccoevvveeerinnennn. 44

viii



Figure 2-14: Interparticular interactionsS........ccueeiieiiiieiiriiiie e 46

Figure 2-15: Creating the core-shell model ..., 62
Figure 2-16: Graph G consisting 0f 5 NOAES .........uviiiiiiiiicccceeee e 67
FIZUrE 2-17: BrIgNtENEI 15 cuveeieiiiiieeeeeeeee ettt e e e e et e e e e e e s e ennabareeeeeeeens 72
Figure 2-18: BrighteNer 49 ......cci oottt et e e s e e e s eaae e e e s aaaaee s 72

Figure 3-1: Emission peak height for fabric samples treated with varying concentrations of
ST T=d N =T o LT o L S 75
Figure 3-2: Excitation peak height for fabric samples treated with varying concentrations
(o) B 2T T4 a1 =T =T o 1 SRR 75
Figure 3-3: Emission peak height for varying concentrations of samples treated with
Brightener 49, with and Without @ riNSE SEEP «.cuuvveeeeiiii i 76
Figure 3-4: Excitation peak height for varying concentrations of samples treated with
Brightener 49, with and without a riNSe SteP ..c.uvviieeee i i, 76
Figure 3-5: Absorbance spectra of surfactant solutions without brightener...................... 77
Figure 3-6: Absorbance spectra of 0.0025 g L™ B49 solutions with varying concentrations
(o) B N S PP PPPPPP 78

Figure 3-7: Absorbance spectra of 0.0025 g L™ B49 solutions with varying concentrations

Figure 3-8: Fluorescence emission spectra of 0.0025 g L™ B49 solutions with varying
CONCENLratioNs OF AELS ....coiiiiiiiiie e s s 79
Figure 3-9: Fluorescence emission spectra of 0.0025 g L™ B49 solutions with varying
CONCENTIAtIONS OF AET c..eeeiieiieiee ettt ettt e et e s bt esbn e e sbeeesneee e 80

Figure 3-10: Change in v,-v. for B49 spectra with changing AE1S and AE7 concentrations

.............................................................................................................................................. 82
Figure 3-11: Fluorescence excitation spectra of 0.0025 g L™ B49 solutions with varying
CONCENTIatioNS OF AELS ..ottt et ettt s bt e sne e e snee e 84
Figure 3-12: Fluorescence excitation spectra of 0.0025 g L™ B49 solutions with varying
CONCENErAtIONS OF AET7 ...t e n e e e e s 85
Figure 3-13: Comparison of the absorbance spectrum and fluorescence excitation
spectrum of 0.0025 g L* Brightener 49 solution ..., 86
Figure 3-14: Comparison of the absorbance spectrum and fluorescence excitation
spectrum of 2.05 g L'* AE1S 0.0025 g L™ Brightener 49 solUtion.........coveeeeeeueeeeevvenens 86



Figure 3-15: Comparison of the absorbance spectrum and fluorescence excitation
spectrum of 2.49 g LY AE7 0.0025 g L™ Brightener 49 SOIUtion..........ooweeeeeereeeerercereeen. 86
Figure 3-16: Effect of concentration of AE7 on the integrated fluorescence excitation
intensity of Brightener 49 solution; note that a logarithmic scale is used for the x-axis....89
Figure 3-17: Fluorescence emission spectra for solutions of Brightener 49 at various
CONCENTIATIONS Leiiiiiiiiiii et e s rae e e s nrnes 91
Figure 3-18: Effect of brightener concentration on the integrated fluorescence intensity of
its fluorescence eMISSION SPECLIA ....uuiiiiieiiiee et e e e e e e e saeees 91
Figure 3-19: Fluorescence excitation spectra for solutions of Brightener 49 at various
CONCENTIALIONS Loiiiiiiiiiiiiiiiie e ba e e e s snans 93
Figure 3-20: Effect of brightener concentration on the integrated fluorescence intensity of
ITS @XCITATION SPECLIA c.eiiiiiiiiiiiiiiiiiiieieitiet ettt ee et e e e eeee et eeteseeeeeaeeesesesesssesesssnsesssnsnnnnnnes 93
Figure 3-21: Fluorescence emission spectra of water at 0, 15, 30, 45, and 60 minutes after
the addition of 0.2 g unbrightened COtTON ......ccuvveeiieiiiii e 96
Figure 3-22: Fluorescence emission spectra of 2.05 g L™ AE1S solution at 0, 15, 30, 45, and
60 minutes after addition of 0.2 g unbrightened cotton.........cccoveeeeeiiiiiccc e, 96
Figure 3-23: Fluorescence emission spectra of 2.49 g L™t AE7 solution at 0, 15, 30, 45, and
60 minutes after the addition of 0.2 g unbrightened cotton ........ccccccevvvvivieeeeieei e, 96
Figure 3-24: Fluorescence emission spectra of 0.0025 g L? Brightener 49 solution at 0, 15,
30, 45, and 60 minutes after the addition of 0.2 g unbrightened cotton ........................... 97
Figure 3-25: Fluorescence emission spectra of 2.05 g L™ AE1S, 0.0025 g L™ Brightener 49
solution at 0, 15, 30, 45, and 60 minutes after the addition of 0.2 g unbrightened cotton97
Figure 3-26: Fluorescence emission spectra of 2.49 g L™ AE7, 0.0025 g L* Brightener 49
solution at 0, 15, 30, 45, and 60 minutes after the addition of 0.2 g unbrightened cotton97
Figure 3-27: Effect of the length of wash on the integrated fluorescence intensity........... 98
Figure 3-28: Fluorescence excitation spectra of water at 0, 15, 30, 45, and 60 minutes
after the addition of 0.2 g unbrightened cotton.........cccceeeiieiiciiie e, 99
Figure 3-29: Fluorescence excitation spectra of 2.05 g L™ AE1S samples at 0, 15, 30, 45,
and 60 minutes after the addition of 0.2 g unbrightened cotton ........cccccevcvveviiiieeennnee. 99
Figure 3-30: Fluorescence excitation spectra of 2.49 g L™ AE7 samples at 0, 15, 30, 45, and
60 minutes after the addition of 0.2 g unbrightened cotton .........ccccceveeiivvciiieeeeeeceeienn, 100
Figure 3-31: Fluorescence excitation spectra of 0.0025 g L™ Brightener 49 samples at 0,

15, 30, 45, and 60 minutes after the addition of 0.2 g unbrightened cotton.................... 100



Figure 3-32: Fluorescence excitation spectra of 2.05 g L™ AE1S, 0.0025 g L™ Brightener 49

samples at 0, 15, 30, 45, and 60 minutes after the addition of 0.2 g unbrightened cotton

Figure 3-33: Fluorescence excitation spectra of 2.49 g L™ AE7, 0.0025 g L Brightener 49

samples at 0, 15, 30, 45, and 60 minutes after the addition of 0.2 g unbrightened cotton

Figure 3-34: Effect of length of washing on integrated fluorescence excitation intensity101
Figure 3-35: Effect of length of washing on the integrated fluorescence intensity of the
emission and excitation spectra of the brightener solutions with and without surfactant.
Values are given as a percentage of the starting value for each solution......................... 102
Figure 3-36: Fluorescence emission spectra of water at 0, 15, 30, 45, and 60 minutes after
the addition of 0.2 g unbrightened polycotton ........cccoocvvieiiiiiieiece e, 104
Figure 3-37: Fluorescence emission spectra of 2.05 g L™t AE1S solution at 0, 15, 30, 45, and
60 minutes after the addition of 0.2 g unbrightened polycotton..........cccceevvvveeeeeiieniennnn, 104
Figure 3-38: Fluorescence emission spectra of 2.49 g L't AE7 solution at 0, 15, 30, 45, and
60 minutes after the addition of 0.2 g unbrightened polycotton...........c.cceceiiivieeinnnnniis 105
Figure 3-39: Fluorescence emission spectra of 0.0025 g L™ B49 solution at 0, 15, 30, 45,
and 60 minutes after the addition of 0.2 g unbrightened polycotton..........ccccvvvveeiiernnnnns 105
Figure 3-40: Fluorescence emission spectra of 2.05 g L™ AE1S, 0.0025 g L' B49 solution at
0, 15, 30, 45, and 60 minutes after the addition of 0.2 g unbrightened polycotton......... 105
Figure 3-41: Fluorescence emission spectra of 2.49 g L™ AE7, 0.0025 g L™* B49 solution at
0, 15, 30, 45, and 60 minutes after the addition of 0.2 g unbrightened polycotton......... 106
Figure 3-42: Effect of length of washing on integrated fluorescence emission intensity .106
Figure 3-43: Fluorescence excitation spectra of water at 0, 15, 30, 45, and 60 minutes
after the addition of 0.2 g unbrightened polycotton.......ccccceevveciiiiveeeiie e, 107
Figure 3-44: Fluorescence excitation spectra of 2.05 g L™ AE1S solution at 0, 15, 30, 45,
and 60 minutes after the addition of 0.2 g unbrightened polycotton...........cccccceeeennnes 107
Figure 3-45: Fluorescence excitation spectra of 2.49 g L™t AE7 solution at 0, 15, 30, 45, and
60 minutes after the addition of 0.2 g unbrightened polycotton.........cccccveevciieiiiiiiienennns 107
Figure 3-46: Fluorescence excitation solution of 0.0025 g L? Brightener 49 samples at O,

15, 30, 45, and 60 minutes after the addition of 0.2 g unbrightened polycotton............. 108

Xi



Figure 3-47: Fluorescence excitation solution of 2.05 g L™ AE1S, 0.0025 g L™ Brightener 49
samples at 0, 15, 30, 45, and 60 minutes after the addition of 0.2 g unbrightened

701 V7 olo] i o [P 108
Figure 3-48: Fluorescence excitation solution of 2.49 g L™ AE7, 0.0025 g L Brightener 49
samples at 0, 15, 30, 45, and 60 minutes after the addition of 0.2 g unbrightened

701 V7 olo] i o [P 108
Figure 3-49: Integrated fluorescence excitation intensities of B49 solutions before and
after addition Of POIYCOTLON.......uiiiiiiiee e e e e 109
Figure 3-50: Effect of length of washing on integrated fluorescence emission and
excitation intensities for brightener solutions, with and without surfactants, before and
after addition of Polycotton fabriC.......coovciiriieiiii e e 110

Figure 4-1: The effect of nuclear radius, r on AF, and the position of the critical nucleus, r’

Figure 4-2: Depletion of supersaturation in a microemulsion.........ccccvvvveeeieeeieicinnveeneeeeen. 120
Figure 4-3: Effect of changing r on AF in conditions of 3D-nanoconfinement for a stable

polymorph, A (shown in red) and a metastable polymorph, B (shown in blue). Adapted

with permission from (**®). Copyright 2011 American Chemical SOCIety .....ovevvverevrvennes 121
Figure 4-4: Formation of transient dimers and transfer of monomers.........cccoeevvvveeee.en. 122
Figure 4-5: Scattering of X-rays by lattice planes in a crystal .......ccccocvieeiiiiiiieiniiieencnee, 123
Figure 4-6: Some vibrational modes of a molecule AXj.....cccvvvveeeiiiccciiieeee e, 125
T =W IR Y N U 129
FIBUIE 4-8: SPan 80...ccoiiiiiiiiiiiiiiie e 129
FIBUIE 4-9: Brij 30 . 129
FIBUIE 4-10: CTAC . ittt a e e e e 130
Figure 4-11: The process of vapour-diffusion crystallisation.........cccccovvvveeeieeiiniciiinreennnnnn. 131

Figure 4-12: Crystal structure of Brightener 49 methanol solvate (single molecule). Carbon
atoms are grey, hydrogen atoms are white, sulfur atoms are yellow, oxygen atoms are
red, and SOdIUM GtOMS @I CYAN.....cocciiiirireeeeeeeeiecirrere e e e e e eeretrrr e e e eeeeeseartrareeeeeessessssrreeens 133
Figure 4-13: Crystal structure of Brightener 49 methanol solvate, showing (1 0 0) plane.
The unit cell origin, o (top right corner), and vectors, b and ¢, are labelled. Carbon atoms
are grey, hydrogen atoms are white, sulfur atoms are yellow, oxygen atoms are red, and

SOTIUM GLOMS @8 CYAN. ciiiiiiiiiitiieeeeee e e e eectrree e e e e e e e eerbbareeeeeeeeeseasrareeeseeesesasssrenseeseessnsanes 133

Xii



Figure 4-14: Crystal structure of Brightener 49 methanol solvate, showing (0 0 1) plane.
The unit cell origin, o (top left corner), and vectors, a and b, are labelled. Carbon atoms
are grey, hydrogen atoms are white, sulfur atoms are yellow, oxygen atoms are red, and
o Ye [TU 2 1= 10X 0 3= 1 <T@ | 134
Figure 4-15: The columns from the Brightener 49 methanol solvate crystal. Carbon atoms
are grey, hydrogen atoms are white, sulfur atoms are yellow, oxygen atoms are red, and
sodium atoms are cyan. The hydrocarbon backbone of the brightener has been removed
Lo T =T 1 Y2 SRS 135

Figure 4-16: Material produced by AOT/cyclohexane system (allowed to grow for 8 days)

Figure 4-17: Typical material produced by S€ediNg.......ccccvvrereeeiiiieiiiiereeeeee e, 140
Figure 4-18: Typical material produced by seeding (under microscope). The scale bar in
the top left-hand corner indicates 100 [M..........oeeeieeiiiiiciiiiieeee e 141
Figure 5-1: Raw SAXS data for solutions of 25.6 g L'* AE7 with varying concentrations of
2T N =Y o LT £ PRSPPI 151
Figure 5-2: Pair distribution function p(r) for AE7 and brightener in solution .................. 152
Figure 5-3: Pair distribution function p(r) for AE7 and brightener in solution (normalized to
LTS B o T=T 14 PP U 152
Figure 5-4: Pair distribution function p(r) for AE7 and brightener in solution (normalised to
CY=Tole] Ve [ Y=T-1 2 USRI 153
Figure 5-5: S(q) calculated during GIFT analysis for 25.6 g L™ AE7 samples with varying
concentrations Of BrighteNEr .......cooieviii i 156
Figure 5-6: Comparison of experimental SAXS data and simulated P(q) for 25.6 g L™ AE7.
The deviation from the experimental and simulated curves at low g occured because the
experimental curve was dominated by scattering from the primary unscattered beam at
TNESE IOW G VAIUEBS. ..ttt et s e e e s te e e e s sbae e e s snareeee s 157
Figure 5-7: Effect of brightener concentration on electron density of the outer shell
(assuming constant electron density for the iNNer core) ......ccovveeeveeieevcciireeeeee e, 158
Figure 5-8: Effect of brightener concentration on electron density of inner core (assuming
constant electron density for the outer shell) ..., 159
Figure 5-9: Density profile for AE7 micelles with and without brightener........................ 159
Figure 5-10: Comparison of electron densities calculated using DECON with modelled

B O ON AN SIS e iieeeie ettt et e e et e e e et e e e e e ta e e s etaaeseeseaeeeenanaeseenannss 160



Figure 5-11: Simulated S(q) fOr 25.6 8 L™ AET7 we.evveeeeeeeeeeeeeeeeeeeeeee e 165

Figure 5-12: Effect of brightener concentration on position of minima in I(q) ................. 165
Figure 5-13: Raw SAXS data for AE1S systems containing B49.........ccccovveeeeeieeccciviieeeennn, 166
Figure 5-14: Pair distribution function for AE1S systems containing B49 ...........ccceeeeee.... 167

Figure 5-15: Pair distribution function for AE1S systems containing B49 (normalised to
LT A o T=T- 14 SRS 167

Figure 5-16: Height of second peak in p(r) relative to the first, for AE1S systems containing

Figure 5-17: Change in modelled electron density given by both models (constant core

and constant shell) for the AELS SYSTEM . ...uuvueiiiiiiiiiiiiieeeec e e e eeanns 170
Figure 5-18: DECON results for AE1S systems containing B49 ........cccccvvveeeeeeeeeiccnvreeeeennn. 171
Figure 5-19: Maximum and minimum p(r) for AE1S systems containing brightener........ 171

Figure 5-20: Electron density for AE1S micelles, calculated using DECON and via the

Modelled FOrmM faCtOr......oov i s 172
Figure 5-21: Raw SAXS data for varied concentrations of B49 with LAS ........ccccccveveennnee. 173
Figure 5-22: Pair distribution functions for varied concentrations of B49 with LAS ......... 174

Figure 5-23: Pair distribution function p(r) for varied concentrations of B49 with LAS

(normalised tO first PEAK) ...ccuurrereiiiieieeeee e e e e 174
Figure 5-24: Variation in p(r) peak heights with varying B49 concentration in LAS........... 175
Figure 5-25: DECON results for varying concentration of B49 in LAS.......cccccoeevccvviveeeennnn. 176
Figure 5-26: Variation in peak height given by DECON for B49 in LAS .........ccovvevvvrveeeeenn. 177
Figure 5-27: SAXS data for AE1S & AE7 solutions with and without brightener............... 179

Figure 5-28: Pair distribution function p(r) for AE1S & AE7 systems with and without B49

Figure 5-30: Change in height of second peak with change in brightener concentration in
PN R < Y A Y (=] £ [P 181
Figure 5-31: DECON results for AE1S & AE7 SYSEEMS ..ccoccuvveiiiiiiiieeeniriee e criieee e esvree e 182
Figure 5-32: Minimum and maximum peak height for DECON systems (AE1S & AE7
SYSERIMIS) wutrriiiiieeiieiiitireee e e ettt ieiettbrreeeeeeeeesebbaaereeeeesseassbbaaareeeeesesassssbanaaeseeeeesassrsranseeeeessananes 182
Figure 5-33: Effect of brightener concentration on electron density, as given by both

MOdels aNd DY DECON .....cciiiiiiiieiiiiie ettt s e e e s e e s sabae e e sssne e e s ssasaeeessnanees 184

Xiv



Figure 5-34: SAXS scattering for solutions of 4.94 g L™ DEEDMAC, 12.3 g L' AE7, and

varying concentrations 0f B4 ..........uuiiiiiii i 185
Figure 5-35: SAXS data for systems with AE7 & CaCly ....ccuvvvviveeeiiieeieeeee e, 186
Figure 5-36: Pair distribution function p(r) for AE7 & CaCl, systems ........ccceevvvecvrvveereeenn. 187

Figure 5-37: Pair distribution function p(r) for AE7 & CaCl, systems (normalised to 1st

[ X<T=19 PSP 187
Figure 5-38: Heights of second peaks relative to first for the AE7 + CaCl, system ........... 188
Figure 5-39: Raw SAXS data for AELS + CaCly ...uevieeciiieiieiieeeccieee e 190
Figure 5-40: Pair distribution functions for AE1S + CaCl, systems .......ccccceeeeeeeccciiiieennnnnn. 191

Figure 5-41: Pair distribution functions for AE1S + CaCl, systems (normalised to 1st peak)

............................................................................................................................................ 191
Figure 5-42: Change in height of second peak with change in CaCl, concentration......... 192
Figure 5-43: DECON results for AE1S + CaCl, SYStEMS ......cuvviiiieeeeeececitieee e, 193
Figure 5-44: Maximum and minimum p(r) for AE1S + CaCl; SyStems.......ceeeeeevvcvnvreenneenn. 194
Figure 5-45: Electron densities given by DECON and by the models .........ccccceevvvveeeinnnnee. 194

Figure 6-1: Configuration of a system containing 194 AE7 molecules at 303.2 K, before (L)
and after (R) MD simulation. Water molecules omitted for clarity. Hydrogen atoms are
coloured white, carbon atoms are coloured cyan, and oxygen atoms are coloured red. 199
Figure 6-2: Distances of marker atoms from centre of micelle (AE7 system) ................... 200
Figure 6-3: Micellar radii of preformed surfactants with hexane cores. Contributions from
the inner core and outer shell are ShOWN.........coceiiiiiiiiii e 203
Figure 6-4: Starting configurations for AE1S, hexane and Brightener 49 sample, showing
full micelle (L) and brightener only (R). Water molecules omitted for clarity. Hydrogen
atoms are coloured white, carbon atoms are coloured cyan, oxygen atoms are coloured
red, and sulfur atoms are coloured YelloOW. ........ccccvveveeiiiiieiiciieeee e, 204
Figure 6-5: AE7 micelle, with hexane, including brightener in the tail group region (L), an
intermediate region (C), and head group region (R). Water molecules omitted for clarity.
Hydrogen atoms are coloured white, carbon atoms are coloured cyan, oxygen atoms are

coloured red, and sulfur atoms are coloured yellow. AE7 molecule has been greyed out.

Figure 6-6: Inner core radii, micellar radii, and brightener positions for AE1S and AE7

R (= 1. 1R 205

XV



Figure 6-7: Inner core radii, micellar radii, and brightener positions for mixed AE1S/AE7

Figure 6-8: Inner core radii, micellar radii, and brightener positions for mixed
AE1S/DEEDMAC and AE7/DEEDMAC SYSTEIMS ..cccocuvvieeeeireieeeeireeeeeeteeeeeeeireeeeeenreeeeennneeeens 206

Figure 6-9: Proportion of brightener molecules in each position for each surfactant system

Figure 6-10: Radii of the inner core, core/shell interface, and outer shell regions relative
£0 the MICEIIAr Fadii.cccueieeieieieee e s s 210
Figure 6-11: Starting and final configuration for randomised AE7. Water molecules
omitted for clarity. Hydrogen atoms are coloured white, carbon atoms are coloured cyan,
and oxygen atoms are COlOUIEd . .....ccccuvrreeeeeieeiiciciereeeee e e e eesearreereeeeeeeeanns 211
Figure 6-12: Number of micelles produced and number of monomers per surfactant
3V (= 1 1 O OO PPPPTTPRSRPPN 213
Figure 6-13: Mean, maximum, and monomer-averaged aggregation number for surfactant
3 A (= 0 0 PP UPPTPPR 213
Figure 6-14: Inner core and micellar radii for each surfactant system..........ccoccccvvveeee.nn. 215
Figure 6-15: Two types of AE1S micelle seen: globular (L) and stacked (R). Water
molecules omitted for clarity. Hydrogen atoms are coloured white, carbon atoms are
coloured cyan, oxygen atoms are coloured red, and sulfur atoms are coloured yellow. .217
Figure 6-16: AE7 micelle generated from randomly-positioned surfactants and MD

simulation. Oxygen atoms are shown in red, carbon atoms in blue, and hydrogen atoms in

Figure 6-17: AE1S micelles produced through a randomly distributed MD simulation.
Carbon atoms are shown in blue, hydrogen atoms in white, oxygen atoms in red, and
SUITUT @tOMS IN YEIIOW. ceeeiiiiiiitieieee et e e e et e e e e e e e e s absaeeeeeeeeeseanns 221
Figure 6-18: Preformed micelle containing of 49 monomers after molecular dynamics
simulation. Carbon atoms are shown in blue, hydrogen atoms in white, oxygen atoms in
red, and sUlfur atomMS iN YEIIOW........oociiiieiiee e e e s e aaneaees 221
Figure 6-19: Preformed AE1S micelle containing 80 monomers after molecular dynamics
simulation. Carbon atoms are shown in blue, hydrogen atoms in white, oxygen atoms in
red, and sUlfur atomMS iN YEIIOW.......ooooiiiieiiie e e e s e aar e 222
Figure 6-20: Number of micelles per system overall, containing brightener, and not

CONTAINING DIIGNTENEI ... e e e s araeeeeenes 224

XVi



Figure 6-21: Mean, maximum, and monomer-averaged aggregation number for surfactant
systems containing brightener. Data is listed for the system overall, for micelles
containing brightener, and for micelles not containing brightener. .........ccccccvvveeeniis 224
Figure 6-22: Micellar radii and positions of brighteners for randomised AE1S systems.
Micellar radius was broken down into contributions from the inner core and outer shell.
Brightener position was broken into positions of the centre-most carbon atoms and the
POSItioNs Of the SUIFUr @TOMS. ..eeviiiiiiiee e e 226
Figure 6-23: Micellar radii and positions of brighteners for randomised AE7 systems.
Micellar radius was broken down into contributions from the inner core and outer shell.
Brightener position was broken into positions of the centre-most carbon atoms and the
POSItions Of the SUIFUr @TOMS. ...eeiiiiiiee e e e 226
Figure 6-24: Micellar radii and positions of brighteners for randomised AE1S/AE7 systems.
Micellar radius was broken down into contributions from the inner core and outer shell.
Brightener position was broken into positions of the centre-most carbon atoms and the
positions of the SUIfUr atOMS. ....coiiiiiii e 227
Figure 6-25: Micellar radii and positions of brighteners for randomised AE1S/DEEDMAC
systems. Micellar radius was broken down into contributions from the inner core and
outer shell. Brightener position was broken into positions of the centre-most carbon
atoms and the positions of the sulfur atomMs. ........coeiviiiiiiii e 227
Figure 6-26: Micellar radii and positions of brighteners for randomised AE7/DEEDMAC
systems. Micellar radius was broken down into contributions from the inner core and
outer shell. Brightener position was broken into positions of the centre-most carbon
atoms and the positions of the sulfur atoms. ..., 228
Figure 6-27: Micellar radii and positions of brighteners for randomised
AE1S/AE7/DEEDMAC systems. Micellar radius was broken down into contributions from
the inner core and outer shell. Brightener position was broken into positions of the
centre-most carbon atoms and the positions of the sulfur atoms. ..........cccccviivieeennnnii, 228
Figure 6-28: Typical final configuration of Brightener 49.........cccccoevvvvvveeeieeiieiccinreeeeeeeen, 229
Figure 6-29: Brightener molecules associated to the surface of the AE1S micelle. Water
molecules have been omitted and AE1S molecules have been shaded grey for clarity.
Hydrogen atoms are coloured white, carbon atoms are coloured cyan, oxygen atoms are

coloured red, and sulfur atoms are coloured YellOW..........cccoovveiiimiieeeieeieeiccirieeeee e, 229

XVii



Figure 6-30: Position of brightener molecules within AE7 surfactant micelles. Water
molecules omitted for clarity. Hydrogen atoms are coloured white, carbon atoms are
coloured cyan, oxygen atoms are coloured red, and sulfur atoms are coloured yellow. .230
Figure 6-31: Brightener-only MD run before (L) and after (R). Water molecules omitted for
clarity. Hydrogen atoms are coloured white, carbon atoms are coloured cyan, oxygen
atoms are coloured red, and sulfur atoms are coloured yellow. ......cccccoeviciiiiiieeeeeninnnes 232
Figure 6-32: Change in the number of monomers in the brightener, AE1S, and AE7
SOIUTIONS OVET TIMIE ...ttt ettt e st e s e s b e e snee e sanee s 232
Figure 6-33: Change in the number of aggregates in brightener, AE1S, and AE7 solutions
(oY= o ] o 4= PP 233
Figure 6-34: Effect of brightener concentration on the aggregation number of AE1S.
Values are given using the mean, maximum (max) and monomer-averaged (mon. av.) .234
Figure 6-35: Effect of brightener concentration on the inner core and micellar radii of
AE1S. Values are given using the mean, maximum (max) and monomer-averaged (mon.
Y2 OO PP PTUURUPTRURRRROPROPIO 234
Figure 6-36: Effect of brightener concentration on aggregation number of AE7 micelles.
Values are given using the mean, maximum (max) and monomer-averaged (mon. av.) .235
Figure 6-37: Effect of brightener concentration on AE7 inner core and micellar radii.
Values are given using the mean, maximum (max) and monomer-averaged (mon. av.) .235
Figure 6-38: Effect of brightener concentration on aggregation number of
AE1S/AE7/DEEDMAC system. Values are given using the mean, maximum (max) and
MONOMEr-averaged (MON. AV.) i ceiiee ettt e e e e e st e e e s are e e e e sbaeeeesanees 237
Figure 6-39: Effect of brightener concentration on inner core and micellar radii of
AE1S/AE7/DEEDMAC system. Values are given using the mean, maximum (max) and
MONOMEr-averaged (MON. @V.) ....iiieiiiiiiireeee e eecrcireeee e e e e eeserrrreeeeeeeeseaasrareeeeeessessnssseeens 237
Figure 6-40: Effect of AE1S concentration on aggregation number. Values are given using
the mean, maximum (max) and monomer-averaged (MoN. av.) .....cccccoeeeeeeeecieeeeecneenen. 238
Figure 6-41: Effect of AE1S concentration on inner core and micellar radii. Values are
given using the mean, maximum (max) and monomer-averaged (mon. av.) ......ccccue...... 238
Figure 6-42: Numbers of micelles and numbers of monomers for surfactant systems with
and Without CalCIUM IONS ....eeeuiieieceee e 239
Figure 6-43: Mean, maximum, and monomer-averaged aggregation number for surfactant

systems with and without calCium IONS ........ueeiiiiiiii e 240



Figure 6-44: Micellar radii of the AE1S and AE7 systems, before and after the addition of
CAICTUM TONS ..ttt e et e e e bt e e sbb e e s bt e e s bt e e sbe e e sneeesaneees 240
Figure 6-45: Micellar radii of the AE1S/AE7, AE1S/DEEDMAC, and AE7/DEEDMAC systems,
before and after the addition of calcium ioNs ........ccceeiieiiiiiii e 241
Figure 6-46: Micellar radii of the AE1S/AE7/DEEDMAC system, before and after the
addition Of CAICIUM IONS ...eiiiiiiiii e 241
Figure 6-47: Position of calcium (red) and sodium (blue) ions in an AE1S (grey) system.
Water molecules have been omitted for clarity. .....ccccocoveieiriiiiiicice e, 244

Figure 6-48: Position of calcium (red) and chlorine (green) ions relative to an AE7 (grey)

micelle. Water molecules have been omitted for clarity. .....ccooceeeeeiiiiiciiiiieeeeieeineee, 245
Table of Tables

Table 1-1: Packing parameters for various StrUCtUIES........ccoevcuvieeiriiiieeeiniiiee e eniieee e sriieee e 7
Table 2-1: Concentrations of P&G surfactants .........ccceeecvieeeicciiie e 71
Table 2-2: Non-P&G surfactants used and their SUPPHErS ......eevveeeevieciiireieeeeeieercreeeeee, 71

Table 3-1: Integrated fluorescence intensities for 0.0025 g L™ B49 solutions with and
WIthOUT AELS @Nd AET ...ttt 83
Table 3-2: Integrated fluorescence intensities for lower concentration AE7 samples prior
£ NOIMALISATION ..t e et e s e s e s as 84
Table 3-3: Integrated fluorescence excitation intensities for 0.0025 g L™ B49 solution with
and without varied concentrations of AE1S and AE7 .......cooueeiiiiiineenieeeeeeeee e 87

Table 3-4: Raw and normalised integrated fluorescence intensities for brightener samples

containing Iow concentrations Of AE7 .....c.ueiiiiiiiiiiiiniiiie et e 88
Table 3-5: Parameters fitting Equation 3-2 to the data shown in Figure 3-18..................... 92
Table 3-6: Parameters fitting Equation 3-2 to the data shown in Figure 3-20.................... 94
Table 3-7: Effect of length of wash on the integrated fluorescence intensity ........c........... 99

Table 3-8: Effect of length of washing on integrated fluorescence excitation intensity...101
Table 3-9: Effect of time of fabric addition on the integrated fluorescence intensity of the
emission and excitation spectra of brightener solutions, with and without addition of
surfactant. Values are given as a percentage of the starting value for each solution. .....102
Table 3-10: Change in concentration of Brightener 49 after addition of cotton fabric ....103

Table 3-11: Effect of length of washing on integrated fluorescence emission intensity ..106

XiX



Table 3-12: Integrated fluorescence excitation intensities of spectra of solutions before
and after addition of unbrightened polycotton............cuevieiiiiiicii e, 109
Table 3-13: Effect of length of washing on integrated fluorescence emission and excitation
intensities for brightener solutions, with and without surfactants, before and after
washing with polycotton fabriC......cccuciiiiiiiiie e 110

Table 3-14: Change in concentration of Brightener 49 after addition of polycotton fabric

............................................................................................................................................ 111
Table 3-15: Percentage loss of integrated fluorescence intensity for each brightener

system after 60 MINULES ... e e e e e e e e e s ara e e e e e e e e e eenanes 111
Table 4-1: The seven crystal systems and their axial parameters........cocccevveeivevccvveeeennenn. 117
Table 4-2: Crystal data characteristic of the three crystal polymorphs of CaCOs;............. 126

Table 4-3: D-spacings and WAXS peaks seen for crystalline calcium carbonate polymorphs.

As ACC is not crystalline, it will not show sharp scattering peaks when using WAXS. ...... 126
Table 4-4: FTIR peaks seen for calcite polymorphs and ACC. M ....ooemeveeeeeeeeeeeeeee, 127
Table 4-5: Solubilities of brighteners in solvents used ..........ccccceeeieeciiiiieeec e, 132

Table 4-6: Combinations of inner and outer phases used for vapour diffusion experiments

............................................................................................................................................ 133
Table 4-7: Crystal data for Brightener 49 methanol solvate.........ccceevvvvvveeeeieiiiiciinveeennenn. 134
Table 4-8: Individual MiCroemMUISIONS ........coiiiiiiiiieeieeeee e 136
Table 4-9: Mixed microemulsion SYStEMS USE. .....ccceeiveiciiiiiiiieeeeecciireee e e eecerreee e 137
Table 4-10: Control 'blank microemulSions' ..........ccccooiieiieriinrieee e 139
Table 4-11: Seeded MIiCroemMUISION SYSEEMS.....cccvcuiiiiiiiiiee e e e aaee s 140
Table 4-12: Data obtained from CaCOs crystallised in AE7......cooeeeieeciiiiiieeeeeeeeccreeeeeea, 143
Table 4-13: Data obtained from CaCOj; crystallised in AE1S.........coovvvvirvveeeieeiiiiiiirreeeeeeeen. 144
Table 4-14: Data obtained from CaCOs; crystallised in CTAC .......coovvvvvvvrveeeeeeeeeicirreeeeee e, 145
Table 4-15: Data obtained from CaCOs; crystallised in AE7/AELS.........coooveeeveveecveeecreeenne, 146
Table 4-16: Data obtained from CaCOs; crystallised in AE7/CTAC ....coeeevvveeeieeecieeereeenne 147
Table 5-1: Electron densities of substances Used ..........cccceeevieevienieiiienieeee e, 154

Table 5-2: Radii calculated using GIFT for samples of brightener and AE7. All radii quoted
B0 2 St e st sre e 155
Table 5-3: Positions of S(q) peaks and corresponding intermicellar distances for the
AE7/DrIGNTENET SYSTEIM ettt ettt et ete e et e e eateeeeaaeeeeaeeeeebeeesebeeesanes 156

Table 5-4: Parameters required to fit simulated data to experimental data .................... 158

XX



Table 5-5: Calculated electron densities for AE7 + B49 micelles........cccvevveeevvcieeeeninnennn. 161
Table 5-6: Components of micelles at changing brightener concentration ...................... 162
Table 5-7: Estimated structure factor peaks for micelles containing brightener.............. 164

Table 5-8: Inner core and micellar radii of AE1S systems with varying concentrations of

oY QT=4 N =T o 1T PP TPPP 168
Table 5-9: Parameters for form factor model for21.0 g L™ AE1S system ..oooeevveciiieeee, 169
Table 5-10: Parameters used to fit AE1S systems to form factor model........ccccuvvveeeeeeen. 170

Table 5-11: Electron densities of AE1S micelles, with various concentrations of brightener,
generated USING DECON .. ..ottt e e e e e e e e s b e e e e e e e e s e e nnrraeneeaaanns 172

Table 5-12: Inner core and micellar radii for 15.8 g L™ LAS, with and without brightener

Table 5-13: Electron densities for inner core and outer shell of LAS + B49 micelles
(calculated USING DECON)........uuieeieiiie e ettt e ettt e e et e e et e e e e eaae e e e earae e e e enseeeeesasaeeaeennnens 177
Table 5-14: Parameters used to fit modelled curve to that produced by 15.8 g L™ LAS...178

Table 5-15: Electron densities for LAS + brightener system .........ccccoveeevciieeecccieee e, 178
Table 5-16: Inner core and micellar radii for AELS/AET ....uuuveiiieiiiiieiiiiieeeeee e eeeesiveeeeeee s 180
Table 5-17: Parameters used to fit 10.5 g L™ AE1S 12.8 g L™ AE7 sample...ccooveeeeeeennnnne, 183

Table 5-18: Parameters for changing B49 concentration. Modelled electron densities are
given for inner core (with outer shell electron density constant at 0.387 e'A”®), and outer
shell (with inner core electron density constant at 0.26 e'A'3) .......................................... 184

Table 5-19: Inner core and micellar radii for AE7 micelles with varying concentrations of

0r= 1 O DR 188
Table 5-20: Parameters to model 25.6 g L A ET ettt 189
Table 5-21: Modelled electron densities for AE7 + CaCly c.coevvvevevemeeieiieieiiieiieeeeeeeeeeeeennnes 189

Table 5-23: Parameters to fit 21.0 g Lt AE1S, with and without CaCl,, for the constant

shell and constant core MOdeIS. ........oouiiiiiiiiiiieee e e 193
Table 5-24: Electron densities generated using DECON .......ccccvveviiiiiieiinciiee e 194
Table 6-1: Modelled surfactants used in this chapter .........cccoceeeiieeii e, 198
Table 6-2: Composition of preformed micelles used.........cccveeeeeieiiiiiirieeeeeeeeeicreeeeee e, 200

Table 6-3: Inner core and micellar radii for preformed micelles without brightener ....... 201

Table 6-4: Radii of hollow core and number of hexane molecules added ........................ 202

XXi



Table 6-5: Mean radii of marker atoms in preformed micelles containing hexane........... 202

Table 6-6: Inner core and micellar radii of micelles containing hexane.........cccccccuvueeee... 202
Table 6-7: Compositions of the surfactant/hexane/brightener micelles........................... 203
Table 6-8: Positions of brighteners in preformed micelles.......cccccovevvvrvveeeieeiiiiciinreeeneeen, 207
Table 6-9: Ranges of radii seen for the head/tail interface region of micelles ................. 210
Table 6-10: Compositions of randomised surfactant systems........cccccvvveeeeeeiicicciiieeeeenn. 212

Table 6-11: Number of micelles and aggregation number for each surfactant system....212
Table 6-12: Inner core and micellar radii for each surfactant system.........ccccecovvvveninnennn. 214
Table 6-13: Comparison of randomised simulation data to SAXS data..........cccccuvvvveeeeenn. 216
Table 6-14: Estimated values for percentage coverage of head and tail groups in AE1S. All
Fadii are SHOWN £0 1 0. cooieiiiiieiieie ettt e eee e e e e e e e e s bbb e reeeeeeseenarreaes 219
Table 6-15: Comparison between SAXS data and MD data for aggregation numbers ~ 80

............................................................................................................................................ 223
Table 6-16: Micelle categories used in figures BeloOW........cccceeeeeieeiieiiirieeeeeee e, 225
Table 6-17: Distance of Ca>*, Na*, and Cl” ions from the surface of the micelles............ 242

Table 9-1: Inner core and micellar radii of preformed micelles containing hexane and

brightener, and the positions of the centres of the five brightener molecules B1 - B5....264

Table 9-2: Aggregation numbers for systems containing brighteners .........cccceeevvvveennenn. 266
Table 9-3: mean inner core, micellar radii, and brightener positions .........cccceccceverinnenn. 267
Table 9-4: Maximum inner core, micellar radii, and brightener positions..............ccce....... 268
Table 9-5: Monomer-averaged inner core, micellar radii, and brightener positions........ 269

Table 9-6: Number of micelles, monomers, and aggregation numbers for surfactant
Systems With CalCium IONS.........uiiiiieiie e e e e e e e e e e eeanes 270
Table 9-7: Inner core and micellar radii for systems with calcium ........cccccoeevivveinnveennncnn. 271
Table 10-1: Crystal data and structure refinement received from Brightener 49 methanol
o] LV | (RO TP PP UPR ORI 272
Table 10-2: Fractional Atomic Coordinates and Equivalent Isotropic Displacement
Parameters for Brightener 49 methanol solvate. U, is defined as 1/3 of of the trace of the
(o g [ ={oTa F- T EY=Te MU TR {=T o o] SRR UPPURRN 273
Table 10-3: Anisotropic Displacement Parameters for Brightener 49 methanol solvate. The

Anisotropic displacement factor exponent takes the form: -2n2[h2a*2U11+2hka*b*U12+...].

XXii



Table 10-5: Bond angles for Brightener 49 methanol solvate .........ccccvvveeeeeeiieiccnreeeenenn. 279

Table 10-6: Bond lengths and angles of hydrogen bonds in Brightener 49 methanol solvate

............................................................................................................................................ 281
Table 10-7: Examples of torsion angles in Brightener 49 methanol solvate...................... 282
Table 10-8: Hydrogen Atom Coordinates and Isotropic Displacement Parameters for

Brightener 49 methanol SOIVAtE .........ueiiiiii i 282

XXiii



List of abbreviations

AE, AE7 Alcohol ethoxylate

AES, AE1S Alcohol ether sulfate

AOT Dioctyl sodium sulfosuccinate

B15, Bri 15 Brightener 15

B49, Bri 49 Brightener 49

CIE International Commission on lllumination (Commission

internationale de I’éclairage)

CMC Critical Micelle Concentration

CNT Classical Nucleation Theory

CTAC Cetyl trimethylammonium chloride
DEEDMAC Diethyl ester dimethyl ammonium chloride
DMSO Dimethyl sulfoxide

EM Energy Minimisation

FORTRAN Formula Translating System

FTIR Fourier Transform Infrared

FWA Fluorescent whitening agent

GIFT Generalised Indirect Fourier Transform
GROMACS Groningen Machine for Chemical Simulation
HOMO Highest Occupied Molecular Orbital

IFI Integrated Fluorescence Intensity

IFT Indirect Fourier Transform

LAS Linear alkyl benzene sulfonate

LUMO Lowest Unoccupied Molecular Orbital

XXiv



MD Molecular Dynamics

o/w Oil in water

0z Ornstein-Zernike

P&G Procter & Gamble

PET Polyethylene terephthalate
SAXS Small Angle X-ray Scattering
SDS Sodium dodecyl sulfate
UHQ Ultra-high quality

WAXS Wide Angle X-ray Scattering
w/o Water in oil

Statement of copyright

The copyright of this thesis rests with the author. No quotation from it should be
published without the author's prior written consent and information derived from it

should be acknowledged.

XXV



Acknowledgements

Firstly, | would like to thank my supervisor, Dr. Sharon Cooper, and my industrial
supervisors, Dr Euan Magennis and Dr Michelle Jackson, for their guidance and support
during this project. | would also like to thank Procter & Gamble for funding this project

through the CEMENT program.

I’d like to thank all members of the Cooper Group who have supported me: Dr Kate
Nicholson, Dr Cen Chen, Natasha Hargreaves, Dr Chris Herron, Helen Riggs, Dr Oliver
Cook, Dr Isaac Odiase, Dr Mehrin Chowdhury, Mike Paton, Janet Berry, Dr Reduwan
Billah, Jenny Kermode, Charlie Lunn, Luke Tucker, Philippa Matthews, Benjamin Deviliers,
Ben Hodgkiss, Stephen Dufton, Dr Stephanie Freitag-Pohl, Jennifer Fowler, and Harriet

Forsyth.

For assistance with photochemistry, | would like to thank Prof Andy Beeby, and his group,

particularly Andrew Duckworth and Valentina Manici.

For their help with simulation work, | would like to thank Prof Mark Wilson, Dr Martin

Walker, and Jim Madge.

| would like to thank Steven Charlton (Department of Mathematics, Durham University)

for insightful discussions on graph theory and algorithm building.
For his assistance with X-ray crystallography, | would like to thank Dr Dmitry Yufit.

Finally, | would like to thank Mum, Dad, Steve, Peter and Doug, for all of their support.

XXVi



Chapter 1: Introduction

1. Introduction
In this project, the deposition of brighteners in laundry detergents, and their interactions
with surfactant micelles, was studied. This is a topic of importance in the detergent

industry.

Section 1.1 of the literature review will introduce the topic of laundry detergents, giving a
brief history of the subject and the composition of an average detergent. Section 1.2 will
cover the main component of detergents, surfactant molecules. Section 1.3 will cover the
laundry process itself, including fabrics, types of soil, and the various methods of
laundering fabrics. Section 1.4 will cover fluorescence, and Section 1.5 will cover the

optical brightener. Section 1.6 will set out the aims of this project.

1.1. Detergents
Since ancient times, humans have used detergents to wash themselves and their clothes.
Evidence for soaps has been found in texts from ancient Babylon (2200 BC) and Egypt
(1550 BC), and a soap manufacturer was discovered in Pompeii (79 AD)™. This soap was
made by mixing animal fats with an alkali such as lye. Until recently, bars of soap were

used for all household cleaning.

The first major development came at the turn of the 20" century, when soap began to be
sold as flakes or powder. This made it easier for the soap to dissolve, allowing the clothes
to be soaked in solution rather than scrubbed with a bar.” The next major development
came in 1916, when, in order to combat the shortage of fats for soap manufacture during
the First World War, artificial surfactants were first manufactured. Finally, products
containing builders were first produced in the USA in 1947.2 This marks the first time that

a recognisable modern laundry detergent was produced.

The purpose of a detergent is primarily to remove dirt; however, it also provides several

other functions. A typical laundry detergent will contain the following ingredients:*

1.1.1. Surfactants
Surfactants provide the primary cleaning function of the detergent formulation by

lowering the surface tension between oily soils and the wash solution. They will be

covered in more detail in Section 1.2.
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1.1.2. Builders

Many surfactants are highly sensitive to the presence of ions in solution, in particular

those ions present in hard water. Anionic surfactants are the most susceptible; they

contain negatively charged head groups balanced by a positive counterion such as Na®. If

hard water ions such as Ca** or Mg2+ are present in solution, they can form complexes

with the surfactant monomers of the form Ca(surfactant), or Mg(surfactant),. These

complexes have a very low solubility and will precipitate out of solution to form lime soap
» 56

or ‘soap scum’.”™” The effects of surfactant and cation concentration on this process are

illustrated in Figure 1-1 below.

Micelles + Monomers

Precipitate +

Saturated Solution

Monomers

Log Surfactant Concentration

Log Calcium Concentration

Figure 1-1: Effect of calcium ion concentration and surfactant concentration on the formation of Ca(surfactant),
complexes. Line SML (surfactant micellisation line) shows the effect of Ca” on the CMC (critical micelle
concentration). Line SPL (surfactant precipitation line) shows the region where increasing Ca®* concentration causes
precipitation of Ca(surfactant),. Line MSL (micelle solubilisation line) shows the region where the surfactant
concentration is high enough to form micelles, which can resolubilise the Ca(surfactant),.Used with permission.
Copyright 1985 Journal of the American Oil Chemists’ Society ®

As shown in the figure above, the effect of these ions in solution can be reduced by
increasing the surfactant concentration. This is because the cations will only form
insoluble complexes with surfactant monomers. Above the CMC, the cations can bind to

the surface of the micelle, and thus be effectively removed from solution.’

In order to combat the effect of hard water, builders are used in detergents; these
substances will remove the ions from solution, allowing the surfactants to function

correctly.
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Traditionally, sodium triphosphate (also known as sodium tripolyphosphate) is used as

the builder in detergents; however, this compound has raised environmental concerns
over eutrophication. As a result, its use is banned in several European countries and
phased out in others. Zeolites are often used as a replacement; these minerals consist of
tetrahedra of (Si04)* and (AlO4)” in a cage-like structure, with Group 1 or 2 cations
(typically Na*) held loosely within the openings in the cage or ‘pores’.® These minerals can
remove Ca** or Mg”* ions from detergent solutions by exchanging them with these ions.’

They can be found in nature or artificially synthesised.

1.1.3. Polymers
Polymers in detergents have three main uses. Firstly, polymers can be used to add to the

cleaning action of the detergent by removing soils directly. Secondly, some polymers (soil
release polymers) bind directly to hydrophobic fabrics such as synthetic fibres, and
increase the hydrophilicity of the fabric. This means that oily soil will not be able to ‘soak
into’ the fabric as easily, reducing the amount of cleaning that the garment will require in
the future.™ Finally, polymers are also used to bind dye released by the fabric, preventing

it from redepositing and staining other items in the wash.

1.1.4. Enzymes
Enzymes are proteins produced by biological organisms that act as catalysts for a

reaction. In laundry detergents, they will aid stain removal by breaking down biological
molecules. Three types can be found in detergents: amylases will break down starch,
proteases will break down protein and lipases will break down fats. They are most
effective in lower-temperature washes, as they will denature at high temperatures and

cease to function.

Currently, most of the enzymes used in detergents are obtained from bacteria; however,
it has been shown that a suitable protease for laundry applications could be obtained
from waste fish intestines produced by the fishing industry. This would be an effective

way to recycle a material that is otherwise discarded, contributing to poIIution.11

Recently, there has been controversy over the use of enzymes in detergents, with many
users claiming that they have become sensitized or suffered skin irritation. However,
dermatologists have concluded that there is no evidence of enzymes in detergents

causing damage to the skin of consumers.*2
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1.1.5. Bleach and bleach enhancers
Bleaches are also used to break down soil chemically, allowing easier removal. Typically,

oxygen bleaches such as persalts are used in detergents; these release peroxide ions.
Oxygen bleaches will only have a noticeable effect on stains when used at high
temperatures; if used at room temperature, they would take 24 hours to act noticeably
on a stain. To improve bleaching activity, bleach activators such as tetra acetyl ethylene
diamine (TAED) are used. These react with the peroxide ion to produce peracetic anions

(CH3COO0Q’) which are far more effective bleaches than peroxide ions.™

1.1.6. Optical brighteners and hueing dyes
Over time, white clothing will start to oxidise, causing it to absorb blue light more. As a

result, the clothing will appear yellower. Both optical brighteners and hueing dyes will
provide a blue tint to the clothes, making them appear whiter. Both the yellowing of
fabric and the action of optical brighteners and hueing dyes will be discussed in more

depth in Section 1.5.

1.1.7. Perfumes
Perfumes are used for two purposes: to mask the ‘chemical’ smell of the detergent itself,

and to leave clothes smelling pleasant after washing.

1.2. Surfactants
The term ‘surfactant’ is short for ‘surface active agent’. Surfactants are molecules with a
hydrophilic, polar ‘head’ group and a hydrophobic, non-polar ‘tail’ group. They can exist
at interfaces between immiscible liquid phases, or liquid/air interfaces, and thus lower
the interfacial tension between them. Because they have polar and non-polar groups,
they are referred to as amphiphilic. A schematic of a surfactant is shown in Figure 1-2

below.

Hydrophobic ‘tail’ group Hydrophilic ‘head’ group

Figure 1-2: A surfactant molecule
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Generally, the tail group will be a hydrocarbon chain; the head group will depend on the

type of surfactant used.

1.2.1. Types of surfactant

1.2.1.1. Anionic surfactants
Anionic surfactants have a negatively charged head group. One example would be sodium
dodecyl sulfate, or SDS, which has a sulfate (SO3) head group. These surfactants are used
as the ‘workhorse’ cleaners in the detergent industry; however, they are susceptible to

the presence of ions such as those found in hard water, and thus are rarely used alone.

1.2.1.2. Cationic surfactants
These surfactants have positively charged head groups (e.g. NHs" groups). Due to this
head group, they are attracted to negatively charged fabrics and are typically used as

fabric softeners and conditioners, rather than for soil removal.

1.2.1.3. Nonionic surfactants
The head groups of these surfactants carry no charge — instead, they are polar. Examples
include long-chain alcohols. They are generally less soluble than anionic surfactants, but

are unaffected by the presence of ions in solution. They are often used as a cosurfactant.

1.2.1.4. Zwitterionic surfactants
These surfactants have head groups carrying both positive and negative charges. They are

not widely used in detergents.

1.2.2. Interfacial tension
Consider a liquid such as water at room temperature. A water molecule in the bulk will

experience attractive forces from all directions, whereas a molecule at the surface will
only experience the same attractive forces from beneath the surface and from other
surface molecules around it, as the attraction to air molecules will be very weak. This
means that the water molecules at the surface of the solution will have a higher potential
energy than those in the bulk. For this reason, it takes work to create a surface or

. 14
interface.

Interfacial tension is defined as the change in Gibbs free energy with the change in area

as an interface is created, with constant pressure and temperature:
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Equation 1-1

where y is the surface tension, G is the Gibbs free energy, and A is the surface area.
Interfacial tension is always positive, as it takes work to create a surface. (The term
‘surface tension’ is only used in the case of an interface with a gas; for two liquids, a solid

and a liquid, or two solids, the term ‘interfacial tension’ is used instead.)

For this reason, when oil and water are mixed, they will separate into one oil layer and
one water layer, to minimize the interface between them. As surfactants have both
hydrophobic and hydrophilic parts, they can exist at the interface between the two, and

lower the interfacial tension.

1.2.3. Aggregation of surfactant molecules
When a low concentration of surfactant is added to water, it will initially form a

monolayer on the surface, with the hydrophilic head groups pointing down towards the
water, and the hydrophobic tails pointing outwards. In addition, some surfactant
molecules will enter the water as individual molecules. There will be two sets of forces
acting on the surfactant molecules in solution. Attractive hydrogen-bonding and dipole-
dipole or dipole-ion interactions will exist between the water molecules and the
hydrophilic head group, but not between the water molecules and the hydrophobic tail
group. The water molecules will form a cage-like structure around the tail group to
maximise its interactions with other water molecules; this will be entropically
unfavourable as the water configurations will be limited. As the concentration of
surfactant is increased, the amount of water required to form the cage-like structures
increases, thus reducing further the entropy of the system. Eventually, once the critical
micelle concentration (CMC) is reached, it becomes more favourable for the surfactant
molecules to form micelles so that the hydrocarbon tails are effectively removed from the
water and the water can adopt its unperturbed bulk structure. These micelles are
(usually) spherical structures where the surfactant molecules cluster with the tail groups
in the centre and the head groups facing outward towards the water. If oil is used as the
solvent instead of water, then the surfactant tails will face outward and the head groups

inward, to form a reverse micelle.
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1.2.3.1. Packing Parameter

Not all surfactants can form a micelle, and not all can form a reverse micelle. This is due
to steric factors. Surfactants with bulky tail groups and narrow head groups will be able to
efficiently pack together as a reverse micelle, but not as a micelle, and vice versa. This
steric factor is referred to as the packing parameter. This was first described in 1975 by

Israelachvili et al*®, and is used to predict the most favourable shape that a surfactant will

aggregate to form. The packing parameter is given by % , Where v is the volume of the
otc

hydrocarbon tail, /. is the length of the tail, and ay is the surface area per surfactant at the
surface of the structure. The structures that surfactants can form, and the maximum

packing parameter required for each, can be seen in Table 1-1 below.

Table 1-1: Packing parameters for various structures

Structure Maximum packing parameter
Spherical micelle 0.33

Globular micelle 0.38

Toroid 0.44

Cylinder 0.50

Bilayer 1

This theory is widely used today, although it has been criticized for ignoring the

contribution of the tail group — as the volume of the chain is directly proportional to its

length, lz will be effectively constant, and increasing the chain length will not affect the
c

packing parameter.'®

1.2.3.2. Mixed micelles

For solutions containing two surfactants, the CMC will vary according to the composition
of the mixture and the CMCs of the two surfactants. Assuming ideal mixing, the CMC of

the resulting mixture will be given by the equation

1_£+(1—a')

c* ¢, C,

Equation 1-2
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where C* is the CMC of the mixture, C; and C, are the CMCs of surfactants 1 and 2

respectively, and a is the mole fraction of surfactant 1 in the mixture (excluding

17,18
solvent).”™

Four points must be noted regarding this model; firstly, the proportion of
each surfactant in solution may not be the same as the proportion within the micelles.
Secondly, Clint’s initial s,tudy18 only used two very similar nonionic surfactants, as such
they will have a similar limiting surface tension; if they had very different surface
tensions, the assumption of ideal mixing may break down. In addition, while the model
was used to successfully predict the CMC in the case studied, it proved less accurate in
predicting the surface tension for mixtures above the CMC; again, this is attributed to the
solution not behaving ideally. Finally, this model cannot be used for a surfactant with a

low aggregation number. This is because Clint uses the phase separation model for his

calculation, which cannot be applied to such systems.

1.2.4. Cloud point and Krafft point
The cloud point is a key phenomenon for nonionic surfactants (although cationic

surfactants may also show clouding). It provides an upper bound for the temperature of a
surfactant system; as the temperature increases to the cloud point, the micelles start to
attract each other, with the attraction increasing with increasing temperature. At the
cloud point, the micelles will clump together, causing the mixture to phase-separate into
a surfactant-rich phase and a surfactant-poor phase.19 The cloud point arises due to the
decreased strength of the hydrogen-bonding between the water and the nonionic

headgroup as the temperature increases.

Conversely, the Krafft point is the minimum temperature at which an ionic surfactant can
exist in solution. Below the Krafft point, the surfactant will exist as a solid, whereas above
it, the surfactant will either form micelles or exist as monomers. For this reason, the Krafft

point has been described as the melting point of the surfactant in solution.?

1.2.5. Emulsions and microemulsions
An emulsion consists of two immiscible liquids such as oil and water, with one dispersed

within the other. These liquids are referred to as the dispersed phase and the continuous

phase.

Because of interfacial tension, emulsions are thermodynamically unstable. However, they
can be stabilized by reducing the interfacial tension and thereby droplet size, and adding

cosurfactants, producing microemulsions. This works because, to spontaneously form a
8
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stable mixture, the Gibbs free energy of mixing must be negative. This Gibbs free energy

is given by:

AG, = —TAS, + A,y

Equation 1-3
where AG,, is the change in Gibbs free energy, T is the temperature, AS,, is the change in
entropy upon mixing, A, is the area of the interface per unit volume, and y is the surface

tension.

For a standard emulsion, AG,, will be positive. This means that the mixture will not form
spontaneously, and will not be thermodynamically stable. However, to create a
microemulsion, additional surfactant and often a cosurfactant are added, reducing the
interfacial tension. This significantly reduced interfacial tension (~ 10> mN m™) means
that forming smaller droplets and creating additional interfaces costs far less energy and
is compensated by the increased entropy. Hence, although A, will increase as the droplet
size decreases, the reduction in y, and increase in AS,,,, will compensate for this. This
allows the positive term to reduce until TAS,,, > A,y . At this point, AG,, <0, and so the

mixture will be thermodynamically stable.?

Microemulsions can be classified using the Winsor system. This divides microemulsions
into 4 types:** Winsor | microemulsions are oil-in-water (o/w) microemulsions, with a
layer of excess oil. Winsor Il microemulsions are water-in-oil (w/o0) microemulsions, with a
layer of excess water. Winsor Ill microemulsions contain a free layer of excess oil, a free
layer of excess water, and a single bicontinuous microemulsion containing oil, water and
surfactant. Winsor IV microemulsions consist of a single microemulsion containing oil,

water, and surfactant. They contain no excess layers.

These microemulsions are shown in Figure 1-3.
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Winsor | Winsor 11 Winsor 111 Winsor 1V

Figure 1-3: Winsor microemulsions
Ternary phase diagrams can be used to show the effect of composition on a system
containing three components (usually an aqueous phase, an oil phase and a surfactant).

An example is shown in Figure 1-4.

G 0 W

Figure 1-4: Ternary phase diagrams of cyclohexane/SDS + 1-propanol/water system at various NaCl concentrations:
(a) 0.5; (b) 1.0; 9¢) 3.0 M. S/L indicates a solid/liquid two-phase region, y indicates a Winsor | solution, y’ indicates a
Winsor Il solution, z indicates a Winsor Il solution and x indicates a Winsor IV solution (see Section 1.2.5.1).
Reprinted with permission from . Copyright 1994.

1.2.6. Surfactants used in this study
Four surfactants were used in this study: LAS, AE1S (example of AES), AE7 (example of

AE), and DEEDMAC. These surfactant groups will be discussed in turn.

1.2.6.1. LAS

Linear alkyl benzene sulfonates (LAS) are a class of anionic surfactants, with an isomeric
proportion that depends on their method of synthesis. They have an average chain length
of 11.6,>* a CMC of 0.34 mM (although this will depend on the isomer)"’, a micelle radius
of 1.61 nm and an aggregation number of 20-40 (increasing with increased addition of

cosurfactant).25 A sample structure can be seen in Figure 1-5.

10
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Figure 1-5: Structure of LAS **

They have a packing parameter of ~0.56 (with or without the phenyl ring)zs, which would
suggest that they form cylindrical micelles or lamellar sheets; however, small-angle
neutron scattering (SANS) experiments have shown the presence of globular micelles as
well.'?> This has been attributed to the conformational changes that the surfactant
undergoes at micellisation; 'H NMR studies have shown that, during micellisation, the
shorter hydrocarbon chain will ‘loop back’ towards the aromatic ring.26 This is illustrated

in Figure 1-6 below.

Figure 1-6: The 'looping back' of the hydrocarbon chain of LAS during micellisation. The hydrocarbon chain is
represented by the blue line and the hydrophilic ‘head’ is represented by the red circle.

LAS is ultimately derived from kerosene. From the kerosene, linear paraffins with
between 10 and 13 carbon atoms are extracted. These are then used to alkylate benzene,
with AICl;, HF or Detal used as a catalyst. This produces linear alkylbenzene, or LAB. LAB is

then reacted with H,SO4, oleum, SO3 gas, CISOsH or sulfamic acid to give LAS.”’

LAS is known to fluoresce, due to its phenyl ring. It shows two peaks in its fluorescence
emission spectrum, at 289 nm and 350 nm (within the UV range). For this reason, micelles

of LAS can be used in fluorescence studies without the use of fluorescent probes.?®

11
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1.2.6.2. AE

Alcohol ethoxylates are nonionic surfactants consisting of an alcohol group with between
3 and 9 ethoxy groups, and a hydrocarbon chain of 14-15 carbon atoms. An example is

shown in Figure 1-7 below. They are not affected by water hardness.
/\/\/\/\/\/\/\/O\/\o/\/ O\/\o/\/ O\/\OH

Figure 1-7: Alcohol ethoxylate, AE7

Studies have shown that several factors will affect the performance of AE; the more linear
the alcohol from which the AE is synthesized, the lower the CMC and higher the surface
tension at the CMC will be, whereas the higher the degree of substitution at the second
carbon of the chain, the lower the cloud point, foam stability and wetting time will be.?
The alcohol ethoxylate used in this study, AE7, has approximately 7 ethoxy groups, and a
CMCof0.1g L%

1.2.6.3. AES
Alcohol ethoxylates (AE) and alcohol ether sulfates (AES) are closely linked; AES is
produced by the sulfonation of AE. They are anionic surfactants. An example** is shown in

Figure 1-8 below.

+

Na

Figure 1-8: Alcohol ether sulfate

Typically, hydrocarbon chain lengths of 12-15 carbon atoms will be used; these will have a
CMC of ~0.1-0.4 mM,* i.e. 0.035-0.14 g L™, and a recorded aggregation number of

between 43-80.3%%

12
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1.2.6.4. DEEDMAC

Figure 1-9: DEEDMAC

Diethyl ester dimethyl ammonium chloride (DEEDMAC) is a cationic surfactant commonly
used as a fabric softener, developed as a highly biodegradable replacement for ditallow
dimethyl ammonium chloride (DTDMAC), from which it differs by the addition of two
ester groups. It is considered to be highly insoluble,* with a solubility of less than 1 g L™.*
Its small head group and two-tailed nature make this surfactant a poor choice to form

micelles; however, with addition of ethanol, this surfactant has been used to produce

vesicles.?®

1.3. The laundry process
This section will cover three main points: firstly, the types of fabric available will be
discussed and their interactions with water and soil considered. Secondly, the process of
removal of soil by surfactants will be considered. Finally, laundry techniques and

consumer behavior will be discussed.

1.3.1. Types of fabric
There are two main groups into which fabrics can be organized: natural and synthetic.

Natural fibres are those which are found in nature, such as cotton, wool and silk.

Synthetic fibres are those which are produced chemically, such as polyester.

1.3.1.1. Cotton
The seeds of a cotton plant are surrounded by white ‘hairs’, each consisting of a single
cell. These cells have cell walls composed of cellulose, a polysaccharide with the formula
(CgH1206)n. It can be seen in Figure 1-10. As the cotton plant matures, these cells dry out,

removing their cell contents, leaving only the cellulose cell walls remaining (a process that

13



Chapter 1: Introduction
is completed manually in the bleaching stages of production). These cell walls are

harvested, and provide the fibres seen in cotton.”’

Figure 1-10: Cellulose
Cellulose contains a lot of primary and secondary alcohol groups; this makes it highly
hydrophilic and thus easily wettable. It has long been a popular choice of fibre for

clothing.

1.3.1.2. Wool
Wool consists of spun hairs from the fleece of sheep; like all hair, it is mainly composed of
keratin, a protein. However, unlike the hair of other mammals, the hairs of sheep are

crimped. This allows the hairs to ‘grab’ one another, allowing them to be spun together.

Proteins such as keratin consist of polymers of amino acids, shown in Figure 1-11 below.
Wool readily absorbs moisture from air, with the release of heat as the gaseous water

condenses into liquid water.

OH

NH,

Figure 1-11: An amino acid. R represents a variable group
Much research has been done into the source of wool’s unusual properties. One early
paper calculated the number of sites that bound to water molecules per measure of wool,
and noted that it matched the number of C=0 groups from the keratin per measure of
wool. Thus, the author concluded that these groups are responsible for the absorption of

water vapour. However, while this theory would be plausible, the work presented no

14
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chemical evidence to support this claim; therefore, this work must be regarded with

caution.®

Later groups attributed the uptake of water at low humidity to binding with the NH;" and
(to a lesser extent) COO™ groups associated with the side chains of the keratin; it was
found that removing these groups greatly reduced the sorption of water into the wool
fibre.> ! At higher humidities, water was said to associate with the peptide bonds along

the main chain of the protein, swelling the fibre and allowing the strands to rearrange.39

Wool fibres are coated in a waxy lipid layer; when these lipids are removed, the
absorbency of the wool fibres increases.*” These lipids prevent water easily accessing the

hydrophilic keratin in the core of the wool fibre.

Other factors which affect the absorbency of wool include ion concentration; this is
referred to as the Hofmeister phenomenon, in which addition of ions will increase or
decrease the absorption of water, depending on the positions of the ions added in the
Hofmeister series. (It should be noted that there is no single Hofmeister series; the order
of ions in the series will depend on the system used.)43 At present, this phenomenon is
not fully understood, but it is speculated that it may be due to the dispersion forces in

.44
solution.

1.3.1.3. Silk
Silk is a natural fibre found in the cocoons of silkworms. It consists of the proteins fibroin
and sericin, both of which contain only the amino acids glycine, alanine, tyrosine and

serine.

1.3.1.4. Polyester
Polyester is a man-made fibre, consisting of polymers containing ester groups. The most
commonly used polyester is polyethylene terephthalate (PET), which has the repeating

structure seen below.

Figure 1-12: Structure of PET
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Despite the presence of the carbonyl groups, polyester is highly hydrophobic. This makes

it a difficult fabric to dye and clean. However, it is possible to increase the hydrophilicity
of the fabric through the addition of hydrophilic polymers. As many polyesters are

anionic, most success has been achieved using cationic polymers such as cationic starch.*’

1.3.2. Removal of dirt
Most problematic soils on clothes are hydrophobic. These include food stains, mud, and

sebum produced by the skin. As these soils are not soluble in water, they cannot be
removed by rinsing with water alone; therefore, surfactants must be added to improve

the process.

The shape of an oil droplet on fabric, in water or in air, can be described using Young's

equation:

Ysw = VYso + Yowc0s6
Equation 1-4
In this equation, ysy is the interfacial tension between the solid and the water, Y5, is the
interfacial tension between the solid and the oil droplet, y,y is the interfacial tension
between the oil droplet and the water, and 6 is the contact angle between the drop and

the surface. This is illustrated in Figure 1-13.

Yow

¥so Vsw

Figure 1-13: Parameters of Young's equation

When a fabric containing an oily stain is submerged in water, Yy, Will be high. However,
when surfactants are added to the water, they will adsorb to the interface between the
oil droplet and the water. This will lower the interfacial tension between the oil droplet

and the water. The effect of this can be seen by rearranging Young’s equation:

Ysw — Vso
cosf = ———
Yow

Equation 1-5
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At the start of the process, yow is very high. However, when a surfactant is added, you

will decrease. The process which follows will depend on the magnitude of yg .

If Y5 is low (i.e. the fabric is hydrophilic), or can be made low through the adsorption of
surfactants, then ysy — 5o Will be (or will become) negative, resulting in an initial contact
angle greater than 90°. As the surfactant is added to the oil-water interface, you
decreases further, increasing the contact angle. Eventually a point may be reached where
Yow = Yso — Ysw, With cos 8 =-1 and 8 = 180°. Thus, the drop will be completely lifted
off the surface.? This process is referred to as the roll-up of soil, and is illustrated in Figure
1-14 below. Even if 8 # 180°, mechanical agitation in the wash process can still lift and

remove the oil droplet.

ﬂ 0 °

Figure 1-14: Mechanism of dirt roll-up

If ysw — ¥Ysocannot be made negative (for example, if the surface is highly hydrophobic,
resulting in a very low value for y(), then this process cannot occur. However, oil
removal can still occur by emulsification, if the interfacial tension between oil and water
is lowered sufficiently. In this process, the contact angle will increase to about 90°. Then,
hydraulic currents will cause ‘necking’ of the droplet, causing part of it to bud off.*® This
process can then be repeated until the soil is removed. This process is shown in Figure

1-15 below.

~n (19

Figure 1-15: Emulsification of oily soil

The third method of oil removal, solubilisation, will remove oil by uptake of the oil
molecules into surfactant micelles. Therefore, this method is only effective when the
concentration of surfactant is above the CMC. It is not believed to provide a major

contribution to soil removal.
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1.3.3. Washing machines & technology

Worldwide, laundry is done in one of three ways: by hand, by automated washing

machines, or by a half-automated process.

Two types of automatic washing machines are seen: horizontal axis machines where the
clothes are loaded from the front (as seen in European countries), and vertical axis
machines where the clothes are loaded from above (as seen in North America, Australia,
and Asia). However, much of the new stock is shifting towards horizontal axis machines;
as the clothes can be rotated vertically in these machines, only half of the drum needs to
be filled, whereas vertical axis machines need to be filled completely to ensure all clothes

are covered.”’

North American, Australian, and Asian households are, however, using less energy to heat
the water in their washes; the average American wash cycle is run at 30°C, whereas the
average European cycle is both run at a hotter temperature, and for Ionger.47 There are
signs, however, that European consumers are moving to more energy-efficient washing

habits over time.*®

1.4. Fluorescence
In a molecule, electrons will exist in orbitals. These orbitals can be bonding orbitals (i.e.
they will increase the bond order), non-bonding orbitals (no effect on bond order), or

antibonding orbitals (will decrease the bond order). An example is shown in Figure 1-16.
G*

H1 H2

\ 4 (o)

Figure 1-16: A molecular orbital diagram for a hydrogen molecule. The hydrogen atoms are marked H1 and H2. The
bond creates an antibonding orbital (c*) and a bonding orbital (o).

Normally, the molecule will be in its ground state (termed S,). However, if excited, one
electron of a bonding pair can move to a higher electronic energy level (a molecular
electronic transition). Each electronic energy level has an associated set of vibrational
energy levels; these are termed v = 0 (the lowest), v=1, v = 2 etc. In the case of the

hydrogen molecule above, this would lead to one electron moving from the o orbital to
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o* orbital. These electronic and vibrational energy levels can be seen in Jablonski

diagrams (such as Figure 1-17).

When the electron moves to a higher orbital, its spin can be either the same (parallel) or
opposite (antiparallel) to that of the electron left behind. If the spins are antiparallel, then
the overall spin of the molecule will be 0 and the electron will be in a singlet excited state
(51, S, etc.). If the spins are parallel, then the overall spin of the molecule will be 1 and the
electron will be in a triplet excited state (T, T, etc.). Two points must be noted about
singlet and triplet excited states; firstly, each T, state is lower in energy than the
corresponding S, state. Secondly, transitions from S, to T, states, and vice versa, are

forbidden. (However, they may occur at slow rates under certain conditions.)

The process of fluorescence starts when an electron is excited, usually by electromagnetic
radiation, from the ground state into a singlet excited state. Typically, it will also have a
higher vibrational energy (v > 0). The electron will transfer to the lowest vibrational
energy state via a series of non-radiative processes (e.g. by transfer of heat to the
solvent). Once it has reached the level where v=0, it will move back to the ground state,
releasing the excess energy in the form of electromagnetic radiation. This process is

shown in Figure 1-17.

<<ﬁ<
O, N W

Figure 1-17: Jablonski diagram showing the process of fluorescence. The initial absorption of radiation is shown in
red, non-radiative processes are shown in blue, and the movement of the electron to the ground state, with the
release of electromagnetic radiation, is shown in green.

The process of phosphorescence starts in a similar way; radiation is absorbed, moving the
electron to a singlet excited electronic state. The electron will move down the vibrational
energy levels until it reaches v = 0. However, instead of relaxing to the ground state
immediately, it will undergo an intersystem crossing to a triplet state. If v> 0, it will then

move further down the vibrational energy levels until v = 0. The electron will then
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undergo the transition Sy T,,. This transition is forbidden, and will thus have a far longer

lifetime than fluorescence. This process is shown in Figure 1-18 below.

Vi3 AV
v=2 07 B
v=1 v:3
v=0 ‘\T_i\
V=
v=0 Y T
n
v=3
v=2
v=1
v=0 L S

Figure 1-18: Jablonski diagram showing the process of phosphorescence. Initial absorption is shown in red, non-
radiative transitions are shown in blue, intersystem crossing is shown in purple and emission of radiation is shown in
green.

1.5. Optical brighteners and hueing dyes
Over time, white clothes will start to absorb light in the blue visible region; this will cause
them to appear yellow. This will make the fabric appear dingy to the consumer.
Whitecare technology in detergents aims to correct this. There are two main components
to Whitecare: optical brighteners and hueing dyes. Optical brighteners will absorb light in
the UV region and emit it in the blue region, making the fabric appear both brighter and
less yellow, whereas hueing dyes will absorb light in the yellow region, making the fabric
appear less yellow, but also less bright. For best results, a combination of the two is

required.

1.5.1. Fabricyellowing
The yellowing of fabric has been attributed to the formation of aldehyde, ketone or

carboxyl groups. In cotton, they are formed through the oxidation of hydroxyl groups
found in cellulose fibres by various chemicals. The aldehyde groups are considered to
have the greatest impact on the discolouration of fabric, although carboxyl groups can

49-51

also affect colour. Some of the products of oxidation reactions seen in cotton are

shown in Figure 1-19 overleaf.
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Figure 1-19: Oxidation products of cellulose, including products formed with and without ring opening. Adapted with
permission. Copyright 2002 Elsevier (52).

Aldehyde groups may absorb visible light due to their mt-bonds. When a chemical bond
absorbs a photon, it will use the energy within that bond to move an electron from the
highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO). The greater the HOMO-LUMO gap, the more energy will be used and the lower
the wavelength of photon needed to excite the electron across the gap. Therefore, the

molecule will absorb photons with wavelengths corresponding to their HOMO-LUMO gap.

Most transitions will be in the UV region (A < 400 nm). As the C=0 bond contains a 1t-
bond, it will have electrons in its t-orbitals; therefore it can undergo a n*¢m phase
transition. As this represents a comparatively low HOMO-LUMO gap, the radiation
absorbed will have a comparatively high wavelength. If the molecule has a large degree of
m-conjugation, this will reduce the HOMO-LUMO gap further. This may lead to the

molecule absorbing within the blue visible region, giving it a yellow appearance.

Several causes of fabric oxidation have been suggested. Perincek et al’* attribute some
fabric yellowing to the effects of ozonation; fabrics whitened with ozone rather than
bleach may contain residual free radicals, which will continue to act on the cotton over
time. However, as evidence of fabric yellowing predates the use of ozone to whiten

fabric, this is unlikely to be the sole cause of yellowing.

Another cause of fabric yellowing is photo-oxidation. In this process, UV light acts on
atmospheric oxygen to create free radicals that will oxidise the fabric. It has been
suggested that these radicals are generated in a Bolland-Gee auto-oxidation reaction.>® A

generic reaction scheme is shown in Figure 1-20 overleaf.
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initiator
i Polymer - R
Initiation
R* - Ry
R*+ 0 RO,
Propagation 2 7 v

RO+ RH — ROOH + R*

ROOH - RO*+ HO®

) , 2RO0H - RO, + RO* + H,0
Chain branching « RO + RH — ROH + R*
\HO* + RH - R*+ H,0

2R0; — Inert products
Termination{RO; + R® - ROOR
2R® - RR

Figure 1-20: Generic Bolland-Gee auto-oxidation reaction scheme. Adapted from (54) with permission from the Royal
Society of Chemistry.

Ironically, some fabric yellowing has been attributed to optical brighteners. The presence
of brighteners on the fabric has been shown to accelerate the oxidation process of the

fabric through the formation of superoxide, O, and peroxides.*

Other sources of fabric yellowing have been identified; Bangee et al*® attribute yellowing
in stored fabrics to NO, reacting with the antioxidant 2,6-di-tert-butyl-4-methyl-phenol
(BHT), found in polyethylene and polypropylene packaging. However, as most consumers
do not store their clothing in plastic packaging, this is unlikely to be a major cause of

fabric yellowing over time.

1.5.2. Optical brighteners
The most common optical brighteners (also known as fluorescent whitening agents or

FWA) used today are based on 1,1’-[1,2-Ethenediyl]dibenzene, known as stilbene. These

compounds are naturally occurring in nature, particularly in plants.

The fluorescence of stilbenes depend on their C=C bonds and bond conjugation. They can
exist as cis- and trans- isomers. When exposed to ultraviolet light, trans-stilbene will enter
an excited energy state. Trans-stilbene has planar geometry,>’ whereas the excited state
has perpendicular geometry rather than pIanar,58 and so can return to either the cis- or
the trans- form. If it re-forms the trans isomer, the excess energy will be released as

electromagnetic radiation (with a fluorescence quantum yield of 0.05 for stilbene itself)>°.
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Otherwise, it will form the cis-isomer in a non-radiative transition.®° For this reason, only

trans-stilbenes are useful in Whitecare.

When cis-stilbene is excited, it can also reach an excited state; however, this is a different
excited state from excited trans-stilbene, although both are perpendicular. From this
state, it can either form cis-stilbene with a probability of 71.7%, trans-stilbene with a

probability of 20.3%, or react to form dihydrophenanthrene with a probability of 8.0%.%

Stilbenes have the greatest affinity for cotton fabrics. As, historically, cotton has been the
most used clothing fibre, this has brought stilbenes into wide use. However, synthetic
fibres are increasingly used in clothing manufacture. Therefore, other brighteners have
been developed to brighten these fibres, such as coumarins. These are based on the
heterocyclic molecule coumarin (2H-chromen-2-one). This molecule is shown in Figure

1-21 below.

F

Figure 1-21: Coumarin
In this system, there is conjugation between the two oxygen atoms within the molecule.
This reduces the HOMO-LUMO gap as discussed previously, allowing the molecule to
fluoresce.®” These compounds can be synthesized using starting materials derived from

. . . . 63
plants, such as 6,7-dihydroxycoumarin (also known as esculetin or aesculetin).

1.5.3. Interactions with detergent ingredients
Many brighteners will be broken down by bleaches in detergents. This is more

problematic for some brighteners than others; Brightener 49 is considered ‘bleach stable’,
whereas Brightener 15 is ‘bleach unstable’. Brightener 49 is also considered superior to

Brightener 15 in terms of solubility and fluorescence efficiency.®*

Brighteners which contain sulfonate groups are also affected by ions —in particular, heavy
metal ions and those from Group 2. Ca’*and Mg2+ ions will be present in samples of hard
water; therefore, water hardness should affect brightener stability, and may cause it to

precipitate out of solution.®
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1.5.4. Dye-surfactant interactions

Surfactants and dye molecules are known to interact in many ways. If the dye and
surfactant molecules have the same charge, then the surfactant will compete with the
dye to adsorb onto the surface of the fabric. If, however, the surfactant is oppositely
charged, or carries a neutral charge, then aggregates between the surfactant and dye
molecule will form.%® (There has been at least one case where a surfactant was thought to
be interacting with a like-charged dye; however, this was later shown to be an interaction

between the surfactant and an impurity in solution.)®’

If the surfactant is used at concentrations below its CMC, then dye-surfactant aggregates
will form. These can either be ion pairs or pre-micellar complexes. If the surfactant is used
above its CMC, then the dye may be incorporated into the micelle itself, either in the
hydrophobic ‘tail’ region or adsorbed onto the surface of the micelle. The use of co-

solvents is known to inhibit the formation of these structures.®®

1.5.4.1. Theory

The strength of the dye-surfactant interaction can be given by the binding constant, K.

_[SD]
= 5Ty
Equation 1-6

Here, [SD] is the concentration of the surfactant-dye dimers, [S] is the concentration of
free surfactant, and [D] is the concentration of free dye molecules.®® The more

hydrophobic the dye molecule is, the higher K, will be.®®

The number of surfactant molecules bound to each dye molecule will be given by the

degree of binding, £.

Equation 1-7
In this equation, ms is the total concentration of surfactant, mq is the total concentration

of free surfactant, and mp is the concentration of dye.70

For one surfactant-dye system, formation of dye-surfactant aggregates was found to

proceed in three stages as the surfactant concentration is increased (assuming that it
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remains below its CMC).70 In the first stage, surfactant and dye monomers are attracted

by electrostatic and dispersive forces.
D™+ St - (DS)
Equation 1-8

In the next stage, additional surfactant monomers join to the aggregates formed in the

first step. This is thought to be due to hydrophobic interactions.

S* + (DS) > (DS,)*

Equation 1-9
In the final step, further addition of surfactant monomers does not occur. Instead, the

dimers formed in the first step will start to aggregate.

2(DS) > (DS),

Equation 1-10
1.5.4.2. H- and J- aggregates
When large numbers of dye molecules aggregate, H- and J-aggregates can form. In these
systems, the interactions between the molecules cause the absorption peak of the dye to
shift. For H-aggregates, the peak is hypsochromically shifted (shifted to a shorter
wavelength), whereas for J-aggregates, the peak is bathochromically shifted (shifted to a

longer wavelength).

The main difference between these aggregates physically is the way in which they are
stacked. H-aggregates are often referred to as being stacked in ‘sandwich’ or ‘deck-of-
cards’ structures, forming vertical stacks with little deviation. (Here, m-it interactions will
form between the molecules and support the stack)®. J-aggregates will line up head-to-

tail, to form ‘ladder’ or ‘brick wall’ structures.”* These are shown in Figure 1-22 overleaf.
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Figure 1-22: H- and J-aggregates. ('Brick wall' structure shown for J-aggregates)

1.5.5. Interactions with fabric
In 2010, Miljkovié et al determined the effect of addition of optical brighteners on the

whiteness of fabric, as determined by its CIE index (see Section 1.5.6). It was found that as
the concentration of brightener was increased, the whiteness increased up to a
maximum, after which it decreased. It was suggested that this was due to excess

brightener ‘quenching’ the fluorescence.”

lamazaki and Atvars tested the effect of anionic surfactants, cationic surfactants and NaCl
on the brightness of a fabric treated with Brightener 49. Whiteness was again determined
using CIE indices. It was found that adding cationic surfactants increased the uptake of
optical brightener until its CMC was reached, whereas anionic surfactants caused the
uptake to drop relative to when a cationic surfactant was used (independent of
concentration). Adding salt did not affect the fabric treated with the cationic surfactant,

but increased the uptake for the fabric treated with the anionic surfactant.”

The same research group also imaged fibres treated with Brightener 49 using AFM
(atomic force microscopy), SEM (scanning electron microscopy) and TEM (transmission
electron microscopy). It was found that, while the brightener deposited evenly on the

macro scale, it had formed aggregates on the surface of the fibre.”

In 2009, Was-Gubala studied the effect of soaking of fabric in detergent solution on the
intensity of colour of dyed fabrics. Several detergent solutions were used, including an
Ariel detergent containing optical brighteners. It was shown that, when cotton fabric was
soaked in this detergent, it appeared lighter both under natural light and UV light.”® This
suggests that the brightener was depositing in quantities large enough to release enough
photons to replace those absorbed by the dye molecules. However, there are three
problems with this work; firstly, human volunteers were used to determine the colour

change visually, on a scale from 1 (“No change in colour”) to 5 (“Change in shade of
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colour”). Both this scale, and the overall method used, were highly subjective and are

open to error. Secondly, while the author raised the possibility that some dye was lost in
solution due to the interruption of ionic bonding between the fabric and the dye, the
change in colour due to addition of optical brighteners and loss of dye molecules were
not treated separately. Finally, the conditions used (soaking fabric in detergent for 14
days) would not accurately reflect the effect of laundering. Therefore, while this work
presented a confirmation that optical brighteners can affect the colour of dyed fabric, it
did not provide any quantitative information about the rate, mechanism or efficiency of

this process.

(The author continued this work in 2010, using spectrophotometric analysis to determine
the change in colour. The maxima of the absorbance spectra, and the transmittance of
the sample, were used to measure the change in colour quantitatively. This helps to
remedy the first, and most serious, problem with the previous work; however, the latter

two remain.)’®

In 2005, Maseka studied the effect of optical brighteners (presumed to be stilbenes,
although the brighteners used were not stated) on absorption and fluorescence emission
spectra of both undyed and dyed cotton. This paper had three main findings: firstly, that
increasing optical brightener concentration increased the fluorescence of the fabric, up to
a maximum value, after which increasing the concentration provided no further increase
in fluorescence. Secondly, the fluorescence of the fabric was lower in the dyed cotton.
Finally, the addition of brightener did not cause the colour of the fabric to change, with
the exception of the yellow fabric, which appeared to have a stronger yellow hue. This
was attributed to the brightener acting as a yellow dye once its fluorescence is

quenched.77

This paper provided evidence that studies of fluorescence of brighteners on fabrics can
provide useful data; however, this study is limited in scope for several reasons. Firstly, a
standard detergent mixture was used throughout, to which the brighteners were added.
While this method did provide consistency throughout the experiment, it introduced a
factor that is not addressed — namely, whether other components in the detergent
affected either the deposition of the brightener, or its fluorescence. In addition, this
paper presented several possible causes for phenomena seen, but did not attempt to

determine which is the cause.
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1.5.6. Methods to determine whiteness of fabric
Many methods have been used to determine the whiteness of fabrics treated with optical

brighteners. One of the simplest methods is visual comparison; two or more fabrics are
placed together and compared. This method has been used since the early development

78,79

of brighteners, and is still in use today.

Degree of whiteness can also be calculated objectively, using values such as the CIE index.
This will provide the colour of the fabric in terms of L* (the lightness of the colour), a*
(amount of green and red) and b* (amount of yellow and blue).®’ These values can be
determined using a spectrophotometer, reducing the human error in determining

whiteness visually.

1— .
d® 83, as the cis- and trans-

UV-vis and fluorescence spectroscopy have also been use
forms of stilbene brighteners have separate peaks in the emission and absorption
spectra.82 The fluorescent quantum vyield can also be determined. The absorption and
emission peak height (and sometimes area underneath the peak) may also be used to
determine the amount of fluorescent radiation emitted by the sample, and thus the

amount of brightener present.®#

The amount of optical brightener present in a fabric has also been determined by
extraction. This was done by soaking the fabric sample in water at 80°C (to release the
brightener into the water), then adding an ion-pair agent, performing reverse-phase
chromatography using a C-18 SPE (silica column containing bound 18-carbon chains) to
trap the hydrophobic species, and washing with methanol. lon-pair HPLC (high
performance liquid chromatography) analysis was then performed to separate the

species present, and their fluorescence measured.®

1.5.7. Brighteners in society
Contamination of rivers and other freshwater sources with human sewage is a major

problem. However, optical brighteners can offer a way to determine when this has
occurred. Generally, ‘blackwater’ (sewage) and ‘greywater’ (waste water from laundry,
bathing and other uses) are mixed upon removal, although this is changing. This means
that the sewage content of a water sample is proportional to its content of waste water
from laundry, and thus the optical brightener concentration. This concentration can be

determined by extracting the optical brightener, as described in Section 1.5.6.%
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However, optical brighteners in rivers and lakes can also have adverse effects on wildlife.

It has been shown that stilbene-based optical brighteners can bind to the oestrogen
receptors of fish and humans in vitro, and thus act as an inhibitor. /n vivo studies on fish

have proved inconclusive.®

Another area in which optical brighteners have proved problematic is in forensic science.
Semen stains on fabric are usually identified by irradiation with UV light; as fabric treated
with brighteners will also fluoresce, this can lead to a false positive result. This can be
remedied by narrowing the wavelength of the light source; cotton treated with
brighteners will be excited at wavelengths of 340-410 nm, and emit radiation at 440-470

nm, whereas semen has a far broader spectrum.87

Optical brighteners have been shown to increase the ultraviolet protection factor of
fabrics. This would have applications in the manufacture of protective fabrics for

conditions where UV damage is likely to be a problem, such as beach cIothing.88

1.6. Aims of this project
In this project, | will discuss how optical brighteners and surfactants in washing powder

interact. This was investigated in four ways.

In Chapter 3, the deposition of brightener onto the fabric was measured using
fluorescence methods. The amount of brightener deposited, and its deposition rate, will

be determined. The effect of anionic and nonionic surfactant addition will be measured.

In Chapter 4, the crystal structure of the brightener was studied. Both bulk crystallisations
and microemulsion methods were used. A crystal structure was determined for a
brightener methanol solvate, and its configuration was compared to that seen elsewhere

in the project.

In Chapter 5, the interaction between the surfactant micelle and the brightener molecule
was measured using SAXS methods. The change in electron density contrast and micellar
radius with the addition of brightener was determined, allowing the position of the

brightener within the micelle to be studied.

In Chapter 6, molecular dynamics simulations were run on surfactant systems with and
without brightener. The change in micellar radius and aggregation number with changing

brightener concentration and type of surfactant was determined.
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The effect of calcium carbonate, as seen in hard water systems, was also measured using

the same methods, and is presented alongside the data obtained from the brightener
systems. In Chapter 4, the effect of the surfactants found in detergents on calcium
carbonate precipitation was measured. In Chapter 5, the effect of the addition of calcium
ions on the electron density contrast and micellar radius of surfactant micelles was
determined. In Chapter 6, molecular dynamics simulations were used to show the

positions of calcium ions relative to surfactant micelles.
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2. Experimental methods
In this chapter, | will examine the theoretical backgrounds and experimental techniques

of the methods used in this project.

2.1. Spectroscopic methods
In this study, two types of spectroscopy were used: absorbance spectroscopy and
fluorescence spectroscopy. Both techniques used the fluorescent properties of molecules

(as discussed in Chapter 1).

In an absorbance experiment, light of a series of wavelengths is passed through the
sample. When the wavelength of light corresponding to an energy transition is passed to
the sample, the molecule uses the energy of that photon to undergo an E; ¢ Ep

transition. Therefore, some of the light of that wavelength will be absorbed.

In comparison, fluorescence spectroscopy measures the amount of light released by the
Eo € E; transition. There are two main types of fluorescence spectroscopy — emission and
excitation spectroscopy. In fluorescence emission spectroscopy, the wavelength of the
radiation used to excite the sample is kept constant. A monochromator is used to ensure
that radiation of a single wavelength is emitted into the sample. The intensity and
wavelength of the radiation emitted by the sample after excitation can then be
measured. This technique is useful to determine the wavelengths of light that the sample

will emit upon excitation.

In fluorescence excitation spectroscopy, the intensity of radiation of a given wavelength
emitted from the sample will be measured. The wavelength of the radiation passed into
the sample will be gradually increased using a monochromator. Thus, the intensity of the
radiation released can be compared to the wavelength of the radiation used to excite the
sample. This technique is useful to determine the wavelengths of light that cause the

greatest excitation of the sample.

In this project, absorbance spectra were taken using a Unicam UV/Vis spectrometer.
Emission and excitation spectra were taken using a Fluorolog® spectrophotometer,

produced by Horiba, using a 450 W xenon lamp as its light source.
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2.2. Small-angle X-ray scattering (SAXS)

2.2.1. Fourier series and Fourier transforms
When the magnitude of a wave (such as a light wave) is plotted against time, it will

appear as a sine wave. The frequency of the wave, f, is related to the period, T, by the

, 1
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Figure 2-1: A wave g(t) with magnitude 1 and period 1 s (shown left)

Figure 2-2: The wave g(t) represented in the frequency domain by the function h(f) (shown right)

Figure 2-1 shows one such wave, g(t), with a magnitude of 1 and a time period of 1 s. This
wave is represented in the time domain; however, it is also possible to represent this
wave in terms of frequency. As its period is 1 s, its frequency will be 1 s™, or 1 Hz. This is
shown in Figure 2-2 above. Note that in Figure 2-2 the function is no longer dependent on
t, but on f; the function g(t) is now represented by another function, h(f), which appears

completely different, but contains the same data.

When two waves are present, w;(t) and w;(t), they will combine to form one overall
wave, w(t). Let wy(t) have an amplitude of 2 and a period of 2 s, and let w(t) have an

amplitude of 1 and a period of 3 s. This is shown in Figure 2-3.

4
W2(t) =— w(t) 2.5
2 4
2 N
15 -
2, WA
= 0.5 -
£-2 \
< 0 ‘
a 0 0.2 0.4 0.6
t/s f/s?

Figure 2-3: The waves w;(t), w,(t), and w(t) (left)

Figure 2-4: The function v(f) (right)
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The two waves combine to form a new wave with period 6 s. It is not possible to

determine the component waves by examining w(t); however, we can gain this
information by representing w(t) in the frequency domain as the function v(f) (shown in

Figure 2-4).

In this manner, it is possible to separate any periodic function into an infinite sum of sine
and cosine functions by using its Fourier series. Assume the function g(x) is periodic with

a period of 2L. Then:*

a nmwx
glx) = > z s +b sin I

n=1

Equation 2-1

Where

1k nmx
n =7 g(x) cosde
-L

Equation 2-2

nmx

1 L
b, = —j g(x) sm—dx
L),

Equation 2-3

a 1 (L
70 oL g(x)dx

Equation 2-4

An example of this is shown in Figure 2-5 overleaf. (While Fourier series can be applied to

any function, they can be given physical meaning easily using time and frequency).
A saw function g(t) has the equation

gt) =t -1<t<1
Equation 2-5

It can be described using the Fourier expansion
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d —1 n-—1
gt) =2 Z (L sin nnt)
nm
n=1
Equation 2-6
Below, an approximation is given for g(t) by calculating its Fourier series up to n=5.

15 0.8
14 " 0.6 -
0.5 - &

_ 0.4 -

)

E 0.2

05 9 2 4 2 | I |
_1 - 0 ! ! ! !

0 05 1 15 2 25 3
t/s f/st

h(f)

-1.5

Figure 2-5: A saw function g(t) and its approximation using the first 5 terms of its Fourier expansion (LEFT); g(t)
represented in the frequency domain by the function h(f) (RIGHT).

Again, we can plot the amplitude and frequency of the function. It should be noted at
this point that the distance between the lines in this domain is inversely proportional to

the period of the function g(t); as L increases, the lines pack more closely together.

Not all functions are periodic, however. In this case, we consider that L= and the

Fourier Integral is obtained:*

9(D) = f G(fF) eIt df

Equation 2-7

In this equation, the terms a, and b, have been replaced by a single function G(f),
representing g(t) in the frequency domain, and the sine and cosine terms have been
represented in their complex form using Euler’s formulae:

ei@ + e—i9

9 =
Cos >

Equation 2-8

eie —i0

sinf =

—e
21

Equation 2-9

34



Chapter 2: Experimental methods
G(f) can be calculated similarly to a, and b, using the formula:

G(f) = f " ge-rnrea

Equation 2-10

G(f) is referred to as the Fourier transform of g(t), whereas g(t) is referred to as the
inverse Fourier transform of G(f). The domain of g(t) is sometimes referred to as the ‘real
domain’, whereas the domain of G(f) is referred to as the ‘reciprocal domain’. One way to
think of G(f) is as the peaks in the frequency domain, as seen before; however, as L tends
to infinity, 1/L tends to 0. Therefore, the peaks will be infinitely close together and G(f)

will appear as a curve.

The Fourier transform can be demonstrated using a simple function: consider a square

wave with the equation

1 —1<t<1
g(t)_{o else

Equation 2-11

Using the formulae above, its Fourier transform can be calculated as

sin(2rf)

6N ===

Equation 2-12

! 2
0.8 - 15
% 06 | = I
04 | © 0.5 |-
0.2 - vV \"A 4
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0.5 -
0
22 2 1
t f

Figure 2-6: Square pulse (left); Fourier transform of a square pulse (right)
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2.2.2. X-ray scattering
This section describes a derivation of a simple expression for scattering intensity as given

by Porod in 1982:°*

Assume that a sample contains particles of fixed size and constant electron density. These
particles are dissolved in a solution with a different electron density. When X-rays are
fired at the sample, the X-rays will be scattered by the sample’s electrons. (This occurs
when the incident X-ray is absorbed and re-emitted by the electron; adjacent electrons
emitting X-rays will experience interference.) This will cause the direction of the beam to
change. The angle between the initial direction of travel and the new direction of travel is

denoted as 26.

Consider an electron in the sample, at a distance r from an arbitrary origin. Assume that

the electron has diffracted an X-ray by an angle 28. This is shown in Figure 2-7 below.

Figure 2-7: An electron (e) diffracting X-rays

The vector x represents the initial X-ray, whereas x; represents the scattered beam, as if
they were scattered by an origin, 0. The beam x is parallel to the wave striking the
electron, whereas x; is parallel to the scattered radiation. The vector g then represents

the scattering; it has a magnitude of:

_Arm p
q =—sin

Equation 2-13

This magnitude of g defines the ‘window’ studied:
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Equation 2-14

The maximum distance covered is given by d. At low g, d will be large, corresponding to a
large ‘window’; interactions between multiple particles can thus be studied. At high g, d
will be low; therefore, sharp detail such as interfaces can be studied. Intermediate values

of g are used to study the structure of individual particles.

The path difference between the wave scattered at the electron e and the beam x; is

given by
path dif ference = —r(x — xq)
Equation 2-15

Note that r (the vector displacement of e from o) may not be perpendicular to x.
The phase of the radiation scattered by the electron e, in relation to x, is given by ¢.

2T
@ = —Tr(x—xl) =-1q

Equation 2-16

The scattered wave can be given as e'®, and therefore as e™”.

To calculate the amplitude of the diffraction, the sum of all waves coming from the
sample needs to be found. This is done by considering the electron density, p(r). The
amplitude of scattered radiation will equal the amplitude of radiation per electron
multiplied by the number of electrons present. Hence we can find the amplitude of

radiation scattered as a function of rand g:

F@ = ||| av-pets

Equation 2-17

This takes exactly the same form as the Fourier transform shown in Equation 2-10; the

electron density is in the space domain of r, whereas F(q) is in the reciprocal domain.

To find the intensity of the radiation as a function of g, the magnitude of F(g) must be

found. (As Equation 2-17 is a summation of a set of complex numbers, its magnitude is
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taken to ensure that its value is real, not complex.) This is done by multiplying it by its

complex conjugate [if f = x + iy, then its complex conjugate will be f* = x — iy, and

fofr =24y

I1(q@) = F(q)F*(q) = fﬂ jff AV, - dV, - p(ry)p(ry)e~aT1-r2)

Equation 2-18

I(q) is therefore a function representing electron density in terms of distance between

two points, r; and r».

Porod” recommends breaking the expression /(g) into two separate steps, first creating a
function to find the electron density of two points in terms of the distance between them
(i.e. moving from a domain of pure distance to one of ‘distance differences’), then

integrating this function over the whole volume, calculating the electron density of paired

points over all separation distances.

The function used to represent electron densities of paired functions is 52, and is given by

7o) = ||| avier o)

Equation 2-19

The intensity is then given by

1@ = [[[ av- 52 e

Equation 2-20

This is essentially a Fourier transform of the previous function, taking it from the domain
of ‘distance difference’ to the reciprocal domain. This clearly demonstrates the link

between I(g) and the structure of the sample.

r

The average of e™ is taken to get 512%' and p2(r) replaced with the correlation function

y(r), which gives the change in electron density fluctuation between two particles at a
distance r apartgl. This is defined by Debye and Bueche as “the extensions of the
inhomogeneities”?, and corresponds to the equation y(r)r? = p(r), where p(r) is the

pair distribution function of the particle, i.e. the probability of finding two electrons at a
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distance r apart, weighted by the electron density contrast between the particle and

solution. Porod gives the most general form of the equation as

0]

I1(g) = V-fo Anridr - y(r) ar

singqr

Equation 2-21

However, in most works, the most general form of /(q) is found by substituting the

correlation function for the pair distribution function, p(r):
y(r)r? =p(r)

Equation 2-22

singr
d dr

1@ =4 po

0 qr

Equation 2-23
This expression has been refined for many different structures and applications; however,
all expressions for /(g) rely on the Fourier transformation of an expression for the
electronic distribution in real space. Some of these expressions will be discussed in the
following section. Expressions for the electronic structure itself, as represented by its pair

distribution function p(r), will be discussed later.

Note that this expression assumes that all scattering intensity is caused by scattering from
isolated objects, which in our case will be the micelles themselves, and that there is no
interference between scattering from neighbouring micelles. In practice, there will be
scattering from both sources; scattering from the particles themselves is described by the
form factor, P(qg), and scattering caused by interference between micelles is described by

the structure factor, S(g). These forms of scattering will be discussed in turn.

2.2.3. Form factor, P(q)
The form factor, P(g), represents the portion of scattering caused by the individual

micelles themselves, as described previously. In most cases, P(q) is given as a Fourier
transform of some function of the electron density of the particle, as in Equation 2-17 and

Equation 2-18.

By remembering that Equation 2-23 considered only intraparticle scattering (i.e. S(g) = 1),

. . . . 93
we can re-write this equation to give:
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singr
dr

P@) =47 [ p0)

0 qr
Equation 2-24

emphasizing that p(r) can be obtained from the Fourier transform of P(q) and vice versa.

2.2.4. Pair distribution function, p(r)
As previously described, the pair distribution function p(r) describes the probability that

one element within a particle will be found at a distance between r and (r+dr) from

another. In the case of SAXS, the elements involved are electrons within the micelle.

In all pair distribution functions, a few trends can be seen. Firstly, p(r) will tend to 0 at the
maximum diameter of the particle, D. Secondly, any minima in the p(r) indicate regions of
different electron density contrast; the number of minima is equal to the number of
boundaries between regions of electron density contrast of opposite sign, for example, an
electron deficient micelle core and its electron rich outer shell; see Figure 2-8. Finally, the
heights of the peaks in p(r) reflect the magnitude of the electron density contrast

between the particle and the solution.

0.8 -
0.6 -

0.4 A
o | /‘\
0

02 0 2 4 6 8
0.4 -

p(r)

-0.8

r/ nm

Figure 2-8: A typical p(r) for a particle containing an electron-rich region and an electron-dense region (e.g. a micelle)

In most cases, the pair distribution function has to be calculated numerically. However, in
a few cases, the pair distribution can be described mathematically; examples of these will

be given as follows.
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2.2.4.1. Globular particles

A monodisperse distribution of spheres can be described by the equation:**

p(r) = 12x2(2 — 3x + x3)
Equation 2-25

In this equation x = % where D is the diameter of the sphere and r is the distance between the

scattering electrons. The particle will have a maximum p(r) at x = 0.525.

Figure 2-9 shows the effect of the particle diameter on the pair distribution function for a

sphere.

2
1.5

—_ D=1
i;—_ 1

— =)

0.5 — =3

0 T I T T T T
0 0.5 1 1.5 2 2.5 3 3.5

r/nm

Figure 2-9: Effect of particle diameter on its p(r)

2.2.4.2. Rod-like particles

The pair distribution function for a rod with cross-sectional area A, length L, and electron

density p can be described by the equation:94

p(r) = 12x%(2 — 3x + x°) r<lL

p(r) =41

— p2A%(L — > L
5P (L—r) r

Equation 2-26

The parameter x is defined as x = % as in Section 2.2.4.1.

2.2.4.3. Hollow spheres

Consider a hollow sphere. This is modelled as a homogeneous sphere of radius R, and an
electron density of p, with a sphere removed from the centre with a radius R;. This

particle will have a p(r) as modelled by:**
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(41T T

(2 ?(Rg—Rl?’)rz—(R§+Ri2)n-r3+g-r5] 0<r<(Ry—R)
x s

p? [E(Rﬁ—R?) r] (Rq— R) <7 <2R;

p(r) =1 -

p? —(R2 ) r——R3 12+ R? -1 —ETS] 2R; <7 < (Rg +R))

p? 4—ﬂR3 2 R27 ey g ey (Ra+R)<r<2R
3 a a 12 a L) = — a

Equation 2-27
Figure 2-10 shows p(r) for various hollow spheres. In each case, the outer radius is
assumed to be 1 nm; the electron density is assumed to be the same for all. The p(r) is
plotted for various hollow sphere radii. As the inner radius increases, p(r) decreases and

becomes more linear.
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Figure 2-10: Effect of hollow sphere radius on p(r)

2.2.4.4. Micelles

In general, surfactant micelles are modelled as a two-layer structure, with an inner core
and outer shell. For a standard micelle in water, the hydrophobic tail groups will form the
inner core, and will have an electron density lower than that of the solvent (i.e. a negative
electron density contrast), and the hydrophilic head groups will form the outer shell, with
an electron density that is often higher than that of the solvent (i.e. a positive electron
density contrast). Therefore, p(r) of a micelle in water will show three regions; two
maxima with positive p(r), (one at low r and one at high r, corresponding to electron pairs
both in the inner core or outer shell, respectively) and a minimum with negative p(r),
(corresponding to paired electrons where one is in the outer shell and one is in the inner

core).
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However, other models exist. Vass et al. compared the standard, two-layer model with a

three-layer model and a four-layer model.”

In the three-layer model, the tail groups and
head groups of the surfactants are again treated as two layers, with the counterions
forming a third shell around the micelle. The four-layer model splits the tail groups into
the terminal carbon groups, -CHs, and the inner carbon groups, -CH,-. It was found that
the most accurate results were obtained using the four-layer model (see Figure 2-12);
however, the two-layer model continues to be the most used. In particular, the effect of
counterions is often ignored due to their small size and low electron density contrast;

typically, scattering due to counterions is 1/100th that of scattering due to the rest of the

. 96
micelle.

‘Heads

Figure 2-11: The 2, 3 and 4 layer model
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Figure 2-12: Fitting 2-layer, 3-layer and 4-layer models to experimental data for a micelle. Reprinted with permission
from (S. Vass, J. Plestil, P. Laggner, T. Gilanyi, S. Borbely, M. Kriechbaum, G. Jakli, Z. Decsy and P. M. Abuja, Journal of
Physical Chemistry B, 2003, 107, 12752-12761)95 Copyright (2003) American Chemical Society.

Unlike many particles, surfactants cannot be studied at multiple dilutions to remove the
effect of the structure factor, as this will cause the micelles to dissociate below the CMC.
For this reason, it is particularly important to compensate for the structure factor while

calculating p(r).97
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2.2.5. Examples of P(q)

2.2.5.1. Spherical particles
The model assumes that the spheres are all identical and homogeneous (i.e. all spheres
have a radius R and a constant electron density). Let the electron density difference

between the spheres and the solvent (aka the electron density contrast) be Ap. Then:**

singR — qR cos qR 2
(qR)?

P(@) = (4073

Equation 2-28

14

10

log P(q)

o N B OO
1

Figure 2-13: Theoretical scattering curve for homogeneous spheres

The curve given by Equation 2-28 is shown in Figure 2-13 above; however, the curve seen
in practice would not show these sharp ‘dips’. This is because the X-rays produced by the
source will not be of one single wavelength, and typically the spheres will not be

monodisperse; both effects cause smearing. Often, only the first dip will be discernible.

2.2.5.2. Ellipsoidal particles
This model assumes, again, that the particles are of constant size and electron density.
The ellipsoids have axes of length a, b, and ¢, and an electron density contrast of Ap.

Then:*®

11 2
singR —gR cosgR
P(q) = (Ap)Zszf[L’; qRefr — 4 eff3 qRery dxdy
00 (qReff)

Equation 2-29
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1 o1
Ress = |a? cos? (Enx) + b? sin? (Enx) (1= y2) + c2y2

Equation 2-30

Res represents an average value for the radius of the particle, at the orientation defined

by x and y. Integrating over x and y therefore provides an average over all orientations.

If a=b#c, then Equation 2-30 can be simplified:

c?
Reff = a2 Il + y2 <¥ - 1)]

Equation 2-31

2.2.5.3. Core-shell particles

P(q) for core-shell particles (i.e. those that can be modelled by a homogeneous sphere
within a larger sphere of a different electron density, such as micelles) can be given by the
equation:

P(q) = ch (pc — ps)quc2 + 2V.Vs(pe — ps)(ps — Psor) Pe¥s + Vs2 (ps — psolv)zllusz
Equation 2-32

_ 5 SIn(qRy) — qR, cos(qR,)
> (qRx)*

Equation 2-33
where R. and R; are the radius of the inner core and outer shell respectively, V. and V; are

the volumes of the inner core and outer shell, and p., ps and p, are the electron

densities of the core, shell and solvent respectively.

2.2.6. Structure factor, S(q)
The structure factor, S(q), describes all scattering caused by interactions between

particles (such as micelles) in solution. It scales with concentration; at very low
concentrations, interactions between particles will be minimal, and so S(g) will equal 1 for
all values of g. As the concentration increases, the particles will move closer together in
space, and so interparticle interactions will increase. As the interaction between the
particles will depend on the distance between them, the structure factor will depend
heavily on r, and thus q. This section will discuss the origin of the structure factor and its

mathematical models.
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2.2.7. Correlation functions - the Ornstein-Zernike (0Z) equation
The Ornstein-Zernike (OZ) equation was first proposed in 1914 by Leonard Ornstein and

Frits Zernike.

Consider particles in solution. One particle can interact with another in two ways, as

shown in Figure 2-14 below.

PP e

Figure 2-14: Interparticular interactions

On the left, a particle is shown directly interacting with another. On the right, a particle is

interacting with another through a third particle.

In statistical mechanics, the influence of one particle on another can be described using a
correlation function. The OZ equation allows the total correlation function, h(r) between

two particles to be calculated:*

h(r) =c(r)+p f h(lr —=r'De(r")dr’

Equation 2-34
The first term, c(r), is the direct correlation function between the particles at a distance r
apart, whereas the second term, the integral, represents the sum of all indirect

interactions (where the particles are interacting through a third particle at a distance r’).

The constant p is the density of the solution.

The total correlation function, h(r), is related to the radial distribution function, g(r)

through the expression:

h(r) =g() -1
Equation 2-35

The radial distribution represents the probability that there will be a particle at a distance
r from another particle. It will tend to 1 at large values of r, showing that the short-range

ordering of the system has been lost.
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In order to solve the OZ equation, the mean spherical approximation is used. This treats

the particles as hard spheres of radius R which cannot intersect each other, and which will

repel each other. This allows the following conditions to be set:*

c(r)y=—-pv(r) r>R

Equation 2-36

h(r) = -1 r<R

Equation 2-37

2.2.71. S(q)
The structure factor is found by taking a Fourier transform of g(r), as given by the OZ

. 95
equation:

S(q) = fg(r)e‘“” dr

Equation 2-38

One common model used to find S(qg) is the Hayter-Penfold model. This model derives a

100
structure factor as follows:

An existing solution for the OZ equation is used to find c(r) within the particle (here given

as the rescaled parameter c(x), where x =7/, with o as the radius of the particle):

C sinh kx N F(coshkx — 1)
X

1
c(x)=A+Bx + EnAx3 +

Equation 2-39

The constants n and k are the volume fraction and a rescaled Debye screening length

respectively. The parameters A, B, C, and F are given by the following expressions:

A=a1+a2C+a3F

Equation 2-40

B:b1+b2C+b3F

Equation 2-41

_ w1gF? + wisF + wyy

C =
0)13F + W12

Equation 2-42
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W4,F4+W3F3 +W2F2 +W1F+W0 = 0

Equation 2-43

The parameters ay, a, a3, by, by, b3, Wiz, W13, W14, W15, W16, Wy, W1, W5, W3 and wy are
derived from physical properties of the system including the surface potential, electronic

charge and dielectric constant; their derivation is lengthy and will not be included here.

Solving Equation 2-43 gives multiple values for F; for each value, S(K) can be calculated

(with K as a rescaled equivalent to g, K = qo):

1

MO = T2

Equation 2-44

+ B

a(k) = A————3 K e K
nAlzé+4(1 [?Z)sml( (1 11<22+12<3)KCOSK
2K3
k coshk sin K — K sinh k cos K
K(K? + k?)
stinhksinK—K(coshkcosK—1)+FcosK—1
K(K? + k?) K?
_pksinK + K cosK
Y TR + k2)

Equation 2-45

The parameter y is related to the contact potential of the particles. All other parameters

are as previously given.

For each value of F, S(K) is calculated; the corresponding g(x) can then be calculated:

gx) =1+ [S(K) — 1]K sin Kx dK

Equation 2-46
If the structure factor calculated gives a solution to g(x) fulfilling Equation 2-36 and

Equation 2-37, then that structure factor is taken to be correct.
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Although this model is useful, it makes assumptions about the system that may not be

accurate. In practice, most systems are not completely monodisperse, with perfectly
homogeneous hard spheres. However, this model provides a useful approximation and a

basis for more sophisticated calculations.

2.2.8. Other expressions for I(q)
The simplest form of /(q) is given by:***

I(q) = P(9)S(q)
Equation 2-47

This equation uses the Born approximation, which consists of taking the incident field,
instead of the total field, as the driving field at each point in the scatterer. It is accurate if

the scattered field is small compared to the incident field.

As the concentration of the solution is decreased, then the influence of S(q) will decrease.
In some situations, at very low concentrations, it can be assumed that S(g) = 1 forall g,

and thus

I(q) = cP(q)

Equation 2-48

where cis a constant, and is related to the number of scattering particles in solution, and

thus the concentration.

Many other more complicated expressions are available, using some combination of the

form and structure factor. One such equation is that given by Aswal and Goyal:** %

dx

ag = "om = ps)2VEF(@)?) + (F(@)*(S(@) — D]+ B

Equation 2-49

This equation considers SANS (small-angle neutron scattering) caused by ionic micelles in
solution. Here, I(q) is given by Z—i, the differential scattering per unit volume. F(q) is

described as the scattering caused by a single micelle in solution (i.e. the form factor for a
single particle) as given by Equation 2-17, S(q) is the structure factor as before, p,, and p;
are the scattering length densities of the particle and the solvent respectively, n is the

number density of micelles in solution, V is the volume, and B is the background.
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(F(q)?) and (F(q))? are related to F(q) through the relations

1

(F2(q)) = f [F (g, 1)?du]
0

Equation 2-50

(F(g))? = [ fo

Equation 2-51

1 2
F(q, u)dul

To calculate F(q), it is assumed that the micelle is an ellipsoid with one axis elongated; if
the length of the elongated axis and shorter axes are termed a and b respectively, and the

cosine of the angle between them is given by u, then F(qg) can be given by the expressions

3(sinx — xcosx)

FQQ,w =

X3
Equation 2-52

x = Qla*u? + b2(1— )] 2
Equation 2-53

While this system is useful for modelling spherical, ellipsoid and rod-like micelles, it is
limited in use to these geometries and cannot be used for other structures such as

bilayers.

A similar expression for /(g) was used by Vass et al in 2003 (and used again in a different

notation in 2008):>>*%

d
£ = e | 1A@I?) = IA@D? + (A@D - O exp(=i-q- (5= 1))
Lk

Equation 2-54

A(q) is the normalized scattering amplitude from a single particle; this is analogous to

F(q). It should be noted that {|A(q)|)? is equal to the form factor P(q), (Xjkexp (—i q-

(rj — rk))) is used as an expression for 5(q), and (|A(q)|?) — (|A(q)|)? equals the
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fluctuation in P(q). {|A(q)|) itself represents the amplitude of the scattering. This

expression thus rearranges to give:

dx

o = Mmic* (IA@1) + (IA@D*(S(@) — 1)

Equation 2-55

This is clearly analogous to Aswal and Goyal’s expression above, and can be rearranged

further to give:

dx

=5 = Mmic - (AP(q) + P()S(a))

Equation 2-56

The above model assumes that the system is monodisperse, i.e. that all micelles have
approximately the same size and shape. However, Vass et al also suggest a modification

for polydisperse systems:105

dx

E = Mpic * (AAZ(CI) + A(Q)Z X S(Q))) = Mnic * (AP(Q) + P(q) xS(q)

Equation 2-57

Where
A@) = ) wilAi@)
Cquation 258
A2(q) = Z w42 (@)
Cquation 2-59
BAP@) = ) il (@) = ) wilAi(@)

Equation 2-60

The term i is the aggregation number of the micelle. (4;(q)) and {4;%(q)) are the values
of (A(q)) and (42(q)) for a micelle with aggregation number i, and w; represents the

probability of a micelle having an aggregation number i:
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1 [ (i — ﬁ)zl
w; = ex —_——
" \Zmp P 2p?

Equation 2-61

Note that 71 is the mean aggregation number and p is a parameter for the polydispersity.

2.2.9. Interpreting scattering patterns
In SAXS experiments, data is obtained in the form of a scattering curve. This plots the

intensity of scattering against scattering angle, 26. Using Equation 2-13, this can be

converted into a graph of /(g) against gq.

Information about the system can be obtained in one of two ways; directly from the
scattering pattern, or from its pair distribution function, p(r). The latter is obtained using

the Generalized Indirect Fourier Transform (GIFT) method.

2.2.9.1. Guinier approximation

The Guinier approximation can be used to approximate the radius of gyration of the

particle directly from the scattering pattern /(q) vs g.

The expression is derived from Equation 2-23;% the term SIZ% is replaced with its

Maclaurin series:

_ df 2dzf 3d3
f(x)=f(0)+ X 0) +x T2 0) +x T3 ) + -
Equation 2-62
sinx x? N x*
x 31 5l

Equation 2-63

This is substituted into Equation 2-23:

o 2,2 4.4
— . _q r q T —_— e
I(q) = 4-7TL p(r) (1 c + 120 )dr

Equation 2-64

For low g, the q4 and larger terms will be small enough to be negligible. Thus Equation

2-63 can be rearranged:
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o] 2 [o'e)
I(q) = 4 <f p(r)dr — %f rp(r)dr + )
0 0

Equation 2-65

(7 @y rpmdr
I(q)—4]0 p(r)dr(l 6 fooop(r)dr +

Equation 2-66

The term 4 fooo p(r)dr can be simplified by using the relation:

sin @
=1

lim
6-0

Equation 2-67

This gives the relation:

sin0
0

4-[0 p(r)dr = 4]0 p(r) dr =1(0)

Equation 2-68
The term within the bracket can be simplified by applying a definition of the radius of

gyration, Rg:

, 1fooo r?p(r)dr
92 fooop(r)dr

Equation 2-69
Therefore, Equation 2-66 can be simplified as:

2

1(q) = I(0) (1 A 3R5 + )

Equation 2-70

The term in the bracket can be approximated using the Taylor series for e*:

_q x2 x3
e’ = +X+E+§+"'
Equation 2-71

Applying this approximation gives Guinier’s equation:
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_ ZRZ
160) = 10)exp g)

Equation 2-72

By taking the natural logarithm of both sides, the following equation is obtained:

Rg
InI(q) =1nI(0) —?qz

Equation 2-73
Therefore, by plotting a graph of In /(g) against g°, the radius of gyration of the particle

can be obtained.

While this method can be useful, it does have some limitations. It is only valid for the
section of the scattering curve corresponding to low g values (i.e. high r values), due to
the approximations used in the derivation of Guinier’s equation (i.e. that q4 and higher
order terms are negligible); therefore, the accuracy of this method is determined by the

limiting value of g.

2.2.9.2. Porod’s law
For homogeneous particles, the surface area of the particles can be calculated from the

scattering curve using Porod’s law. According to this law, as g tends to inﬁnity,98

2mp?S
q4

I(q) =

Equation 2-74

S is the particle surface and p is the density as before.

This is valid at large g only; this is because regions of large g correspond to very small
distances within the solution. This means that clear contrasts can be seen between the

particle and the solvent, allowing the particle-solvent interfaces to be studied.

2.2.9.3. Distance between particles

The distance between particles can be estimated using the position of the maximum

peak, provided that this peak is due to the structure factor:***

21
Qmax™ 7

Equation 2-75
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2.2.9.4. Concentration and micelle aggregation number

Equation 2-75 can be extended further; if the number of particles is directly proportional
to the concentration (e.g. for micelles, if the aggregation number remains constant), then

Qmax Will be proportional to the cube root of the concentration:'%

Amax € %

Equation 2-76

It is possible to identify any change in micelle aggregation number with changing

concentration by using this method.

2.2.9.5. Main cause of scattering - structure factor or form factor?

It is sometimes possible to determine whether a particular peak in the scattering pattern
is due to P(qg) or S(qg) by altering the concentration. As the structure factor is strongly tied
to concentration, reducing the concentration of the solution will cause any peaks due to

S(q) to have a reduced intensity relative to any peaks due to P(q).

In addition, some conclusions may be drawn about the nature of S(g) by examining the
scattering pattern. For example, a charged surfactant micelle may have a sharper peak
than a nonionic surfactant micelle due to repulsion effects; the micelles will be forced
into a more ordered structure, particularly with increasing concentration, with the

distances between the micelles more sharply set at the average interparticle distance.

2.2.10. Experimental setup
SAXS spectra were taken using a Bruker Nanostar SAXS machine. This machine uses an X-

ray source operating at 40 kV and 35 mA to produce CuKa X-rays with a wavelength of
1.54 A. These X-rays are then passed through cross-coupled Gobel mirrors and a series of
pinholes to ensure that the beam is focused. This beam is then passed through a sample.
This sample is either held as a powder or, if liquid, in @ 2 mm capillary. X-ray scattering is
then measured using a Hi-star 2D detector held 66 cm from the sample, with the gap
between sample and detector held under vacuum. The detector will measure the

radiation produced at each angle, and produce the final SAXS spectrum.'®

55



Chapter 2: Experimental methods
2.2.11. Generalized Indirect Fourier Transformation (GIFT) analysis

2.2.11.1. Splines and B-splines
A spline is a function defined by a series of points, or ‘knots’, and the connecting curves
between them. Let the knots be A3, A,,...A,, where n is finite. Then the function s(x) is a

spline of order k if two conditions hold:*”’

1. s(x) = f(x)forA; < x < A;41, Wwhere g(x) is a polynomial of degree < k, and only
depends on x.

2. s(x) and all of its derivatives (up to and including s *~1)(x)) are continuous, i.e.
the function is smooth everywhere.

They can be used to fit a curve based on a collection of points. Any spline of degree k can

be calculated by a linear combination of basis splines, or B-splines, of degree k:'%’

g

S0 = D 6N ()

i=—k
Equation 2-77

where c; are constants, and N;.:(x) are B-splines.

2.2.11.2. Indirect Fourier Transformation (IFT) method

The Indirect Fourier Transform (IFT) method was developed by Otto Glatter in the 1970s.
It allows the pair distribution function of the particle to be calculated, given only the
maximum diameter of the particle. (However, this technique also requires that the data is

extrapolated to “infinite dilution”; in other words, that S(g)=1 for all g.)**®

Consider an approximation of p(r) given by the following:

N

p(r) = z vy (1) r<D
v
0 r=D

Equation 2-78
The terms ¢, are constants, and will be determined during the calculation. The functions

@, are cubic B-splines. (Note the similarity to Equation 2-77 above.)

To transform the B-splines from modelling p(r) to modelling the scattering pattern, four

transforms are used.” These are referred to as T1, T5, Tz and Ty,
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N

I(q) = Z ¢y TLT5T, Ty @,

v
Equation 2-79

T, takes ¢, from p(r) to an idealized scattering function /;(q):

N N

z « sin qr Z
Il(CI) = Cy- 47Tf (PU(T') dr = Cvlpv
0 qr -

v

Equation 2-80
The remaining transformations compensate for the smearing effects caused by

experimental conditions.

In practice, not all radiation produced will be of the same wavelength. This will cause a

smearing effect and is compensated for in Transformation T,:

1,(m) = fo WL (/1@) dx’

Equation 2-81

Here, W(A’) is the wavelength distribution and m is a rescaled parameter equivalent to g;

_ Jaq

m_Zn

Equation 2-82

The term a represents the distance between the sample and the detector.

Transformation T3 (Equation 2-83) compensates for smearing caused by the slit length
effect, while transformation T, (Equation 2-84) compensates for smearing caused by the

slit width effect.

I; = zj P(t)I, (Jm2 + tz) dt
0
Equation 2-83
LG = [ QWL —) =@ 1,
0

Equation 2-84
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In both equations, t represents the displacement of the beam in the direction of the slit,

and x represents the displacement of the beam perpendicular to the slit. P(t) therefore
represents the intensity distribution in the direction of the slit, and Q(x) represents the

intensity distribution perpendicular to the slit.

Once the transformations have been carried out, the B-splines should be representative
of the raw scattering data. The parameters ¢, can be found using a linear least-squares
method; at this point, these values of ¢, can be applied to Equation 2-78 to find an

approximation of p(r).

2.2.11.3. Generalized Indirect Fourier Transformation (GIFT) method
The IFT method assumes that there is no contribution to scattering from interparticle
effects, i.e. that S(g) = 1. However, in most solutions, this is not the case. Therefore, when

calculating the intensity, a structure factor has to be considered.

The generalized indirect Fourier transformation (GIFT) method was published by Brunner-

Popela and Glatter in 1996. Its key modification is to Equation 2-80:'%°

N o _ N
P@ = e tr [ T dr =Y e @)
v 0 %
Equation 2-85
N N
L@ = ) e @15 d) = ) ¢,y (q,d)

Equation 2-86
Sis now treated as a function of two variables: g (the scattering vector) and d. The vector
d consists of 4 coefficients, d;, d,, d3 and d; (known collectively as dy), describing 4
parameters: ¢ (the volume fraction), R (the particle radius), u (the polydispersity of the

particles), and z (the particle charge).

To fit the scattering curve to p(r), the coefficients ¢, need to be found, and the coefficients
dy need to be improved. It is no longer possible to use a linear least-squares method to

find c,.

First, the terms ¢, are found by solving the equation
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c=(B+ 1K) 'b

Equation 2-87

Here, b and c are vectors, and B and K are matrices. The terms in b, B and K are given by

the following:'*

Ms

X_(CIUd) 2( )exp(QL)

~
1l
=

Equation 2-88

m
1
B = ) T (@0 &) =5 — T
uv iZIX ql Gz(qi)XV(ql )
Equation 2-89
(L7 \
-1 2 -1
K =| I
\ -1 2 —1/
-1 1

Equation 2-90

where

Xv(@i d) = T4T3T29,(q, d)
Equation 2-91

Values for d can then be refined using an iterative process.

2.2.12. DECON programme to determine approximate radial distribution
functions

2.2.12.1. Convolution

The convolution of two functions fand g, written f * g, is defined as:"*°

(f *9)@) = f fx = y)gGody

Equation 2-92

Take as an example the functions:

flx) =e* glx) = x?

Equation 2-93
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The convolution of f(x) and g(x), (f * g)(x), is given by the integral

P

fxg)x) = f e*Vx?dy

0

Equation 2-94

X

(f+xg)(x) = xze"f e Vdy = x2e*(1 — e %) = x2(e* — 1)

0

Equation 2-95

The convolution of two functions can be described as the effect of function g(x) on f(x)

and vice versa.

A particularly useful result is given by the effect of Fourier transforms on convolutions.
Let F(x) be the Fourier transform of f(t), and G(x) be the Fourier transform of g(t). If we
find the convolution h(t) = f * g(t), then take its Fourier transform, H(x), the following

result is given:

H(x) = F(x)G(x)

Equation 2-96

In other words, the product of two Fourier transforms is itself the Fourier transform of

the convolution of the initial two functions.

It was stated previously that the scattering intensity of the radiation, /(g), was derived by

multiplying the Fourier transform of the electron density, p(r), with its complex

F(q) = fff dv - p(r)e-ira

Equation 2-97

conjugate:

I(q)=F(q)F*(q)=W ﬂ dvy - dV;, - p(ry)p(ry) e 1ari=r2)

Equation 2-98

As I(q) is the product of two Fourier transforms, it can be seen that the reverse Fourier
transform of /(q) — the pair distribution function, p(r) — would be given by the convolution
of the electron density of the particle. Therefore, the electron density of the particle will

be given by the deconvolution of the pair distribution function.
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2.2.12.2. The DECON program

The DECON program allows the radial electron density to be determined from the
experimental pair distribution for three types of symmetry: cylindrical, lamellar, and
spherical.111 This discussion will focus primarily on particles with spherical symmetry, as

this best reflects that seen in micelles.

For a spherical system, the pair distribution function is given by:*****?

p(r) =1r2p*(r)
Equation 2-99

The function p2(r) is the convolution square of the electron density and is given by

p2(r) = p(x) * p(—x)
Equation 2-100

i.e. by the convolution of the electron densities.

In order to calculate the electron densities, the approximate electron density is modelled

as a series of N step functions:

N

p(r) = Z o0

i=1
Equation 2-101
The functions ¢; are the step functions of known width, and the functions c; are the

heights of the steps. In order to model the radial electron densities, the heights ¢; must be

found.

The average pair distribution function that would be generated by the above p(r) is given

by

N
p(r) = Z Vi(r)ef + ZZ Vik(r)cicy

i>k
Equation 2-102
The functions c; are the heights of the step functions as before, and the functions Vi are
the overlap integrals between steps i and k, for a shift of r. These functions can be
calculated for each ik pair.
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The purpose of the DECON program is thus to set the width of the step functions,

calculate the overlap integrals of these step functions, and to use a least-squares method
to calculate the values c; that will most closely fit the known pair distribution function

p(r). From these values, the radial distribution function can then be approximated.

Glatter notes in his paper that “[DECON] can be used as a test for symmetry, as
appreciable deviations from symmetry produce significant deviations in the
approximation, whereas slight deviations from symmetry give good approximations and

»111

results”” . Therefore, where good results cannot be obtained from DECON, it is

reasonable to assume that the particle lacks symmetry.

2.2.13. Modelled data
Whilst GIFT is useful in obtaining an accurate p(r), it is useful to compare this p(r) to one

where a simple core-shell model is considered. To model the form factor of a core shell

particle, Porod’s equation for the form factor of a homogeneous sphere was used:**

sinqR — qR cos qR]2

P(q) = (4p)*V? 3 R

Equation 2-103
. . 4
This formula assumes that the sphere, of radius R (and thus volume V = §7TR3), has

constant electron density p. The difference in electron density of the solvent, pson, and

that of the particle, p, is thus given by 4p.

This formula was adapted to a core-shell model, with inner core radius R.and
electron density p, and outer shell radius Rsand electron density ps. The particle is
modelled as a homogeneous sphere of radius Rsand electron density ps, with a sphere
subtracted of radius R.and electron density ps, and a sphere added of radius R-and

electron density p.

Figure 2-15: Creating the core-shell model
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Therefore, the form function of the core-shell particle could be modelled using the

equation:

P(CI) = ch (pc - .Ds)zlpc2 + ZVCVS(.DC - ps)(ps - psolv)llucllus + Vs2 (ps - psolv)zlpsz
Equation 2-104

sin(qRy) — qRy cos(qR,)
* (qRy)?

Equation 2-105

For the purposes of fitting experimental SAXS data, two further parameters were
added, to alter the overall intensity of P(g), and to change the background intensity;

P(q) = A[ch (pc — ps)zlluc2 + 2V.Vs(pe — ps)(ps — Psor) Pe¥s + V52 (ps — psolv)zllusz] + B
Equation 2-106

This allows the scattering pattern to be broken down into seven parameters: electron
density of solvent pg,;,,; €lectron density of inner core p,; electron density of outer shell
ps; radius of inner core R; radius of outer shell R;; overall intensity multiplier A; and

background B.

A Microsoft Excel spreadsheet was set up, using this equation with user-entered values of
the seven parameters named above to generate a simulated P(g). The data generated
was compared to experimentally-generated data and the set of parameters best

modelling the experimental data was found.

2.3. Molecular Dynamics simulations - GROMACS

2.3.1. Background
GROMACS (Groningen Machine for Chemical Simulation) is an open-source software

113-118

package originally developed at the University of Groningen . The software is

designed to run molecular dynamics simulations within a parallel computing system.

2.3.2. Process
To set up the data, the coordinate file (.gro — giving the coordinates and velocity of each

atom in 3D space) and topology file (.top — giving the types of atoms and their molecular

119
d.

bonds) were created using an Amber forcefiel This was either done using the

program Scigress (for all molecules except hexane), or by using pre-generated files from

120,121

the Automated Topology Builder and Repository, (for hexane molecules).
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Once the coordinate and topology files for each molecule were generated, the coordinate

and topology file for the system to be modelled could be generated. For the topology file,
this was done by combining the files to give atom types and bonds for all molecule types
in the system, and specifying the number of each type of molecule. For the coordinate

file, this was dependent on the situation being simulated.

2.3.2.1. Preformed micelles

For a preformed simulation (where the surfactants are arranged in a typical micelle
structure, with the tail groups in the centre and the head groups exposed), one atom in
the molecule (the first carbon atom in the tail group chain, with coordinates(sx, Sy, SZ))
was assigned to be the start of the molecule. Another atom (the terminal non-hydrogen

atom in the head group, with coordinates (ex, ey, ez)) was defined to be the end of the

eX SX
molecule. The molecule can then be defined by a vector m, where m = [ey - Sy]. The
€; — Sg

remaining atoms in the molecule were also defined by their vector distance from the

point(sy, Sy, s,)- The point (0,0, 0) was defined to be the centre of the micelle. A random
coordinate (x, y, z) was generated, and normalized to R (where R is a user-defined radius,
being the smallest radius that could be used to generate a micelle) to give the coordinate

(xg, Yr» Z2r) Which was taken as the position of the start of the chain. It was then
xm
Ym], which was taken to

Zm

normalized by the length of the molecule, ||m||, to give m; =

be the vector along which the molecule was oriented.
The molecule was rotated using Rodrigues’ rotation formula:'??

v' =vcosO+ (pxXv)sind +p(p-v)(1—cosh)

Equation 2-107
Here, v’ was the new position of the vector, v was the original position of the vector, &
was the angle of rotation and p was the unit vector about which the vector was rotated.
(Although Rodrigues himself did not express this formula in these terms, he did produce a

set of three equations from which they can be easily derived.)

Both fand p could be calculated from the original vector of the molecule, m, and the

vector giving its new direction, m;.
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m-m,

cosf = ——
llm|[[[rmy ||

Equation 2-108

mXxXmy

P=7—""——1
llm x m4||

Equation 2-109

Rodrigues’ formula was applied to all of the vectors defining the molecule to give their
XR

new coordinates relative to the start of the molecule. The vector [YR] was then added,
ZR

translating the molecule to start at (xg, Vg, Zg).

This procedure was then repeated until the desired number of molecules had been added
to the micelle. If the start of the new molecule was placed within a distance D of a
previous molecule (where D is defined by the user), a new random coordinate was
generated. If not, the positions of the atoms were written to the new coordinate file.
They were also stored by the program to cross-reference against the future molecules

added to the system.

This procedure left a sphere of radius R in the centre of the micelle. Hexane molecules, if
required for molecular stability, were then added to this hole using a similar procedure.
Two random vectors were generated, a and b, such that ||a||, ||b]| < R. The vector a was
set as the position of the start of the molecule, and the vector (b-a) was set as the
direction along which the hexane was positioned, and normalised accordingly. Rodrigues’
rotation formula was then used to position the hexane molecule. If any of the atoms in
the hexane atoms came within a too small distance D of any other atoms, new vectors a

and b were found. If not, the molecule’s position was added to the coordinate file.

2.3.2.2. Randomised systems
A similar algorithm was used to generate the randomised surfactant systems. A box was

set up with sides of length 2R. For each molecule to be added to the system, two vectors
ax by

were generated, a = (%) and= | by |, such that —R < a,, Ay, Az, by, by, b, < R.The
a b,

vector a was set as the start, and the vector b-a was normalized, and then used as the

direction of the molecule. The procedure described previously was then followed.

65



Chapter 2: Experimental methods
2.3.2.3. The molecular dynamics simulation

Once all of the molecules in the system had been placed and recorded in the coordinate
file, a solvent was added to the system using the genbox command within GROMACS. This
took the coordinate file and filled the unoccupied space with a solvent molecule known to
the program (in this system, spc216, a single-point charge model for water molecules). If
required to neutralize the system, or to model the effects of calcium concentration, ions
were then added using the genion command. This replaced the required number of

solvent molecules with ions.

Energy minimization (EM) was then run on the system. In order to do this, grompp was
run, to combine the topology file, the coordinate file, and the ‘.mdp’ file (containing the
parameters for the simulation). The output of this process was a ‘“.tpr’ file; mdrun was
then run on this file to provide the simulation. Once the output of energy minimization
had been produced (in the form of a ‘.gro’ file), this was then used as the input coordinate
file for the final molecular dynamics run. This was carried out using an appropriate ‘.mdp’
file, the coordinate file generated by EM, and the topology file generated previously. The
commands grompp and mdrun were used as before, but, as MD simulations are
significantly more time-intensive than EM simulations, the simulation was spread over
multiple nodes on Hamilton and run using the queuing system, rather than in the

terminal.

2.3.2.3.1. Energy minimization - key parameters used

A steepest-descent algorithm was used to calculate the minimum energy. No additional
constraints were added to the system. A maximum of 3,000,000 steps were used, with an
initial step size of 0.01 nm. Energy minimization stopped when a force of less than 1000.0

k) mol™ nm™ was reached.

2.3.2.3.2. Molecular dynamics - key parameters used

The integrator ‘md’ was used; this is the simplest molecular dynamics integrator provided
by GROMACS. This was run with 10,000,000 steps and a time step of 0.001 ps. No
additional constraints were used in the system. The simulation output 101 frames (i.e.
one every 100 ps). A Nosé-Hoover temperature coupling method was used. The

temperature for each component was set at 303.2 K.
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2.3.2.4. Output files

There were three key outputs from the MD simulation: these were named by default
‘confout.gro’, ‘traj.trr’ and ‘ener.edr’. The first, ‘confout.gro’, gave the final output
configuration of the simulation, and could be used as input for further simulations. The
second, ‘traj.trr’, gave the trajectory of the simulation in a series of 101 frames (the first
being the initial configuration).The command trjconv was used to convert it into ‘.gro’ file
format, and to remove any molecules not needed in the calculations (such as water) from

the frames. The final file format, ‘ener.edr’, gave the energies of the simulation.

2.3.3. Processing of data
A program was written by me in FORTRAN to extract quantitative data from my

GROMACS outputs.

In the first step, the coordinates of each atom in a frame were read in (using code

supplied by Dr Martin Walker'?

) and stored by the system. The program then cycled
through each molecule in the system, and calculated the distance between each of its
constituent atoms and the constituent atoms of every other atom in the system. If this
interatomic distance was less than a given value (typically 0.25 nm), these molecules were

assumed to be connected.

In graph theory, an adjacency matrix can be used to represent connections between
objects (‘nodes’) in a graph. If a graph contains w nodes, the adjacency matrix A will be an

w X w matrix such that:

A = {1; nodes are connected
Y 0; nodes are not connected

Equation 2-110

Consider the graph G shown in Figure 2-16 below. This consists of 5 nodes.

“;‘e C
®
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The connections between the nodes in G can be represented using its adjacency matrix A:

o
(e)

g —|
O R
SO R Or
ORrROR R
SO R OO
o O O O
——

o

Equation 2-111

This theory was applied to the problem of surfactant aggregation. The adjacency matrix of
the system was found by setting A; = 1 if the molecules were connected, and 0 otherwise.

As no molecule was connected to itself, A; = 0 for all values of J.

The next part of the algorithm used a depth-first technique on the adjacency matrix to
find the number of aggregates per sample, and the number of monomers per aggregate.
For a sample containing n monomers, the values A; wereread (1<i<n).If A;=1, then
the program skipped to the next value of i; if Aj = 0, then the values A; (1 <j < n) were
copied to the array B. The molecule i was marked as ‘visited’ by changing A;; from 0 to 1.
The program counted the number of aggregates and the number of each type of

molecule per aggregate; both counters were increased by one at this point.

[01100] [11100]
T 0 1 0 Of [1 0 1 0 0
A=l1 1 0 1 ol-4=l1 1 0 1 ol,B=[0 1 1 0 0]
|l001OOJ| |[001OOJ|
000 0 0 0 00 0 0

Equation 2-112

The coordinates of the ‘marker atoms’ of this molecule, as determined by the user, were
looked up and placed in temporary storage in an array. For surfactants, these marker
atoms were the first and last carbon atom of the hydrophobic tail, and the first and last
non-hydrogen atom of the hydrophilic head; for Brightener 49 molecules they were the
innermost carbon on the second and third conjugated rings, and the sulfur atoms. It
should be noted that the technique of studying the distance of marker atoms from the

124-128

centre of the micelle is one that is commonly used , although the algorithms and

program used in this study were designed and built by myself as part of the project.

The program then cycled through the values of B;. If B; = 0, no action was taken. If Bj=1,
then the point Aj in the adjacency matrix was visited. If A;; = 1, then this molecule had

already been visited, so B; was set to 0 and no further action was taken. If A; =0, then the
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values Aj were read. If Ay = 1, then a 1 was placed in the array B at By and Bj was set to 0.

The counter measuring the number of monomers in this aggregate was increased by one
and Aj; was set to 1. The coordinates the marker atoms of molecule j were looked up and

placed in temporary storage.

[11100] [11100]

[1 0 1 0 O [T 1 1 0 0f

A=l1 1 0 1 o|,B=[0 1 1 0 0]> 4=[1 1 0 1 ol,

|l001OOJ| |l001OOJ|

000000 0 00 00O
B=[1 0 1 0 0]

Equation 2-113
Once all values B; had been cycled through, the sum of all values in B was calculated. If
this value was greater than 0, the program cycled through the values of B; again; if this

value was equal to O, then all values in the aggregate had been visited.

The approximate centre of the micelle was calculated (from the mean of the x,y, and z
coordinates of the marker atoms). The mean distance of each marker atom type was then
calculated and outputted. The program then continued cycling through the values of A;

until all molecules in the system had been accounted for.

The mean distances of each marker atom, for each aggregate in the system, were output
into text files. The program cycled through each frame output by the simulation,
outputting the mean distances of the marker atoms each time. Once the program had
been run, the text files were imported into Microsoft Excel to allow the overall average

size of the micelles in the system to be calculated.

The program written was also used to determine the distances of the ions in the system
from their nearest micelle centre. Each molecule type in the system was identified as
either ‘ion’ or ‘not an ion’. If the molecule was identified as not being an ion, it was used
in the adjacency and micelle size calculations as before. If, however, it was identified as
being an ion, it was not included in these calculations, and the related values of the

adjacency matrix were set to 0.

Once the program had identified the centre of each micelle, it cycled through the

positions of all ions in the system. For each micelle coordinate, the closest micelle centre
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to it was calculated. The identifying number of the closest micelle, and the distance

between the micelle centre and the ion, were recorded for each ion.

2.3.4. Finding aggregation number and size
Once the total number of micelles, the number of monomers per aggregate, and the

mean distance of each type of marker atom from the centre of the micelle had been
found, several measures were used to estimate the average aggregation number and

micellar radii. One measure was to use the numerical mean:

Y. value of aggregate

Mean =
number of aggregates

Equation 2-114
The ‘value’ of the aggregate could be its micelle radius, or its aggregation number, for
example. While this was suitable for relatively homogeneous systems, it was not as useful
in situations where one large aggregate dominates. The maximum aggregation number
and micellar radius were also used; while these were useful for systems containing one

large aggregate and few monomers, they only represented one micelle within the system.
Another measure was to use the mass-weighted average:

Y. number of monomers in aggregate X value of aggregate

M.W.average = -
number of monomers in system

Equation 2-115
To see the relevance of this, consider a situation where 100 people are split into 3 groups
of 90, 8, and 2 respectively. The mean tells us the average number of people per group
(33), whereas the mass-weighted average tells us, on average, the number of people in

the group of a randomly selected person (82).

Within this project, all three values for the average were calculated for the micellar radius
and aggregation number. By comparing the three values, it was possible to determine the
homogeneity of the system, and thus which value of the average was more appropriate

to describe the system.

2.4. Materials used
Four surfactants found in detergents were studied in this project. These surfactants were

supplied by P&G with concentrations as shown in Table 2-1 overleaf.

70
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Surfactant Type Concentration in water (mg/mL)
LAS Anionic 450

AE1S Anionic 700

AE7 Nonionic 1000

DEEDMAC Cationic n/a (supplied as solid)

In addition, four surfactants were used in Chapter 4 to crystallise the brighteners and

CaCOs. These surfactants, and their suppliers, are listed in Table 2-2. More information

will be given in Section 4.1.1.5.

Table 2-2: Non-P&G surfactants used and their suppliers

Surfactant Type Supplier
AOT Anionic Sigma
Span 80 Nonionic Fluka
Brij 30 Nonionic Acros
CTAC Cationic Acros

Two optical brighteners were used in this project: Brightener 15 (also known as FWA-1,

diamino stilbene, DASC-3 or disodium 2,2’-[(E)-1,2-ethenediyl]bis(5-[4-anilino-6-(4-

morpholinyl)-1,3,5-triazin-2-yllJaminobenzenesulfonate)), and Brightener 49 (also known

as FWA-5, DSPB-1, Tinopal CBS or benzenesulfonic acid,2,2’-([1,1’-biphenyl]-4,4’-diyldi-

2,1-ethenediyl)bis-,sodium salt). Brightener 15 has the molecular formula

CaoH3sN1,Na,05S,, and Brightener 49 has the molecular formula CpgH0Na,06S,. Both

compounds were used as supplied by P&G. These are shown in Figure 2-17 and Figure

2-18.
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Figure 2-17: Brightener 15

Figure 2-18: Brightener 49

Ultra-high purity water was obtained from a UHQ water unit.

CaCl, was obtained from Aldrich at 99+ % purity. Na,COs; was obtained from Acros

Organics.
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3. Fluorescence work

3.1. Introduction
Within the detergent industry, improving brightener deposition is a key business goal. In

this chapter, two methods of quantitatively testing brightener deposition were tested.

The first method, in which fabric samples were soaked in brightener solutions and then
the fluorescence spectra of the fabric samples were taken, was comparable to many
previous studies done on the brightener-detergent system, and was most directly
comparable to the results seen by the consumer. For this method, three emission and
three excitation spectra were taken for each fabric sample, and the mean peak height and
the standard deviation in peak heights were found for each sample. The emission and
excitation peak heights were used as a measure of brightener concentration, in common

. . . 1
with previous studies®®?

The second method, in which fabric samples were soaked in brightener solutions, and
then the fluorescence spectra of the solutions were taken, had the advantage of
providing the spectrum of a homogeneous sample (the solution, in which free movement
of brightener molecules is likely) rather than the spectrum of a fabric sample, in which the
fabric is varied by nature and where brighteners are fixed in position. For this method, the
area under the spectra, A was found. This quantity was known as the integrated
fluorescence intensity, and can be used as a measure of fluorescence and thus
concentration of brightener within the sample. This was used instead of the peak height
because the change in brightener configuration with changing AE7 concentration caused
the emission profile to change significantly, with an increase in peak height and decrease
in width of the peak. This gave the emission spectra of the solutions containing both

brightener and AE7 a greater peak height but comparable A to those without AE7.

This change in configuration with increasing AE7 concentration also had the effect of
increasing both peak height and A of the excitation spectra for these samples; as the
excitation spectra only showed the amount of fluorescent radiation with a given
wavelength i.e. the wavelength of maximum emission, the solution with the greatest
emission peak height at this wavelength will have the greatest peak height and A for the

excitation spectrum of this wavelength.
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Once a method of determining the brightener absorption onto the fabric was identified,

the uptake of brightener by cotton and polycotton was determined, in solutions
containing brightener with and without surfactant. This allowed the effect of surfactant

addition on the deposition of the optical brighteners to be determined.
3.2. Experimental work

3.2.1. Deposition onto fabric samples
To prepare fabric samples, a 2 cm by 4 cm rectangle of unbrightened cotton (this is cotton

without any brightener, supplied by P&G) was placed in 10 g of wash solution containing
Brightener 49 and water only. The vial was covered with aluminium foil to prevent
interactions with UV light. A magnetic stirrer bar was added and the solution placed over
a magnetic stirrer for 30 minutes. The fabric was then removed; if a rinse step was to be
used, the fabric was placed in UHQ water for several seconds and then immediately
removed. The fabric was then placed on paper towels to dry and covered with aluminium

foil.

The fabric samples were analysed using fluorescence emission spectroscopy and
excitation spectroscopy. Three emission and three excitation spectra were taken using a
Fluorolog® spectrometer, with the fabric sample moved between spectra to ensure that
the spectrometer took a reading from different sections of the fabric each time. The
maximum peak height was calculated for each emission and excitation spectrum. The

mean and standard deviation of the peak height were found.

3.2.1.1. Initial test of deposition onto unbrightened cotton from brightener
solution
Solutions were made up containing different concentrations of Brightener 49. This was
deposited onto unbrightened cotton as described previously. The fabric was rinsed by
mixing it with a magnetic stirrer bar in UHQ water for 2 minutes. The emission and
excitation peak heights were found as described previously; these are shown in Figure 3-1

and Figure 3-2 respectively.
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Figure 3-1: Emission peak height for fabric samples treated with varying concentrations of Brightener 49
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Figure 3-2: Excitation peak height for fabric samples treated with varying concentrations of Brightener 49

While this data shows a clear qualitative trend (increasing the brightener concentration
increases the fluorescence of the fabric), the error on this data (given by the standard
deviation of the data, and shown on the graph as the error bars) is too large to allow

guantitative assessment.

3.2.1.2. Rinse step vs no rinse step
To test the effect of including a rinse step, solutions were made up containing different
concentrations of Brightener 49 and deposited onto unbrightened cotton. Fabric samples
were either rinsed by mixing with a magnetic stirrer bar in UHQ water for 2 minutes, or
left unrinsed. The emission and excitation peak heights were found as described

previously, and are shown in Figure 3-3 and Figure 3-4, respectively.
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Figure 3-4: Excitation peak height for varying concentrations of samples treated with Brightener 49, with and without
arinse step

Again, although a clear qualitative trend is seen, the error on this data is too great to

allow quantitative analysis.

3.2.1.3. Conclusions

Although the technique of deposition onto fabric initially showed promise, the error
inherent in the technique was too great to continue using this method as the primary
testing method. This may have been due to the natural inhomogeneity of the fabric;
during the taking of the fluorescence spectra, a narrow beam was focused onto the fabric.
As the natural weave of the fabric contained many areas where there were gaps between
cotton fibres, and areas of greater thickness, the brightener deposition may not have
been completely even on the lengthscales required for the experiment. For this reason, a
new method was used to examine the deposition of brighter: the testing of solutions

themselves, pre- and post- wash.
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3.2.2. Fluorescence of brightener solutions
As experiments on the fluorescence of fabrics themselves proved prone to large errors,

presumably due to the inhomogeneity of the fabric and thus uneven distribution of
brightener on the lengthscales used, further fluorescence experiments were carried out
on the solution state. Two types of experiments were carried out. Section 3.2.2.1 looks at
the effect of the surfactant on the fluorescence of the brightener, while Section 3.2.2.3
looks at the effect of the wash process on the intensity of the fluorescence (and thus on
the amount of brightener present in solution), allowing conclusions to be drawn about

brightener deposition.

3.2.2.1.  Effect of surfactant concentration on fluorescence
Solutions were made up containing 21.0 g L™ AE1S, 25.6 g L™ AE7, 0.0025 g L* Brightener
49, and 0.0025 g L™ Brightener 49 with varying concentrations of AE1S and AE7. The
absorbance, fluorescence emission, and fluorescence excitation spectra of these solutions
were taken. These experiments were designed to determine the effect that the addition
of surfactant has on the brightener fluorescence, and thus indicate whether an

interaction exists between the brightener and the surfactant.

3.2.2.1.1. Absorbance results
The absorbance results for solutions of Brightener 49 containing AE1S and AE7 are shown
in Figure 3-6 and Figure 3-7 respectively. The absorbance spectra of surfactant solutions

without brightener are shown in Figure 3-5.
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Figure 3-5: Absorbance spectra of surfactant solutions without brightener
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Figure 3-6: Absorbance spectra of 0.0025 g L™ B49 solutions with varying concentrations of AE1S

2 e \Nater

18 ——2.49 g L' AE7

1.6 ——0.0025 g L-' B49

14 ==(.00050 g L™" AE7 0.0025 g L™" B49
E: 1.2 —=——0.0050 g L"' AE7 0.0025 g L™ B49
g 1 ——0.025 g L' AE7 0.0025 g L' B49
"g 0.8 ———0.050 g L' AE7 0.0025 g L' B49
< 06 ———0.10 g L' AE7 0.0025 g L™ B49

0.50 g L™ AE7 0.0025 g L™ B49
o4 ——1.00 g L' AE7 0.0025 g L™ B49
0.2

oo | ——150gL"AE7 0.0025 g L' B49

200 250 300 350 400 450 500
Wavelength / nm 2.49 g LV AE7 0.0025 g L' B49

2.00 g LM AE7 0.0025 g L™ B49

Figure 3-7: Absorbance spectra of 0.0025 g L™ B49 solutions with varying concentrations of AE7

It can be seen from Figure 3-5 that the AE7 solution without brightener had a greater
absorbance than the AE1S solution without brightener, particularly at low wavelengths.
Figure 3-6 and Figure 3-7 show that the Brightener 49 has an absorbance peak at 350 nm.
Figure 3-6 shows that the absorbance of brightener solutions was not affected by the
AE1S concentration. Figure 3-7 also shows that, as the concentration of AE7 increased,
the absorbance at low wavelengths (~ 200 nm) increased, but the absorbance at 350 nm

(the absorbance peak of the brightener) remained relatively constant.
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The relative increase in absorbance of the AE7 surfactant relative to the AE1S surfactant

and water alone, and slight increase in absorbance of AE1S relative to water, were likely
to be due to the presence of ether groups on the surfactant head groups. AE7 has
approximately 7 —OCH,CH,— groups, whereas AE1S will only have one (although for both
surfactants, this is only an approximate degree of ethoxylation). These ether groups will
absorb radiation at a wavelength of ~ 185 nm, due to the lone pair of electrons on the
oxygen atom undergoing a n=>1t transition™?. This is close to the peak seen in water

alone of 190 nm.

The excitation spectra of Brightener 49 will confirm if the peak seen at 350 nm is due to
the brightener; if there is a peak in the excitation spectrum at this wavelength, this will
show that the fluorescence of the brightener is associated with incoming radiation at 350
nm, linking the absorbance of this radiation with the emission of radiation with a higher

wavelength and lower energy.

3.2.2.1.2. Emission results

3.2.2.1.2.1. Solvatochromic effects and brightener position
The fluorescence emission spectra of 0.0025 g L* Brightener 49 solutions with AE1S and

AE7 are shown in Figure 3-8 and Figure 3-9, respectively.

2 0 ——2.05g L' AE1S
= 80 -
s "
70 - —\ ——0.0025 g L' B49
60 -
) ——0.41 g L' AE1S 0.0025 g L™ B49
3 50 |
(4]
~
Z 407 0.82 g L"' AE1S 0.0025 g L™ B49
c
8 30 |
< /
50 / 1.23 g L™ AE1S 0.0025 g L' B49
10 |/
— 1.64 g L™ AE1S 0.0025 g L' B49
O I I I I ]
385 435 485 535 585

Wavelength / nm

Figure 3-8: Fluorescence emission spectra of 0.0025 g L™ B49 solutions with varying concentrations of AE1S
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Figure 3-9: Fluorescence emission spectra of 0.0025 g L™ B49 solutions with varying concentrations of AE7

It can be seen from Figure 3-8 and Figure 3-9 that the emission spectra of AE1S and AE7
without brightener present had very low intensities compared to those seen when
brightener was present. When the brightener was present, a strong emission peak was

seen at approximately 430 nm.

The most striking difference seen between the spectra of solutions containing brightener
with AE1S, and with AE7, is that when AE1S was added to the brightener, no change was
seen in the emission spectrum of the brightener, but when AE7 was added, a dramatic
shift, and change in the peak structure, was seen, including a secondary peak appearing
at 405 nm. This increase in structure can be explained by considering the environment in

which the brightener existed.

If the fluorescence emission spectrum of the brightener alone was found, without any
solvent, it would consist of a series of sharp peaks, corresponding to the excited state-
ground state phase transitions causing fluorescence. However, when solvent is added to
the system, interactions between the solvent and the brightener will affect the energy of
the ground state, causing the peak to broaden. This peak broadening effect is strongest in

solvents where a high degree of hydrogen bonding is present, such as water.
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In this case, the peaks seen when the brightener was in water, and the peaks seen when

the brightener was in AE1S solution, at a concentration significantly above its CMC, were
virtually identical. This shows that the brightener was experiencing a similar degree of
hydrogen bonding in each situation. Either the brightener was not interacting with the
AE1S, and remained within the solution, or the brightener was interacting with the AE1S,
but experienced a similar degree of hydrogen bonding to within the bulk solvent. In
Chapter 6, data will be presented showing that the brightener was incorporated onto the
surface of the micelle, but with a very high degree of water penetration, accounting for

the high degree of hydrogen bonding seen.

When AE7 solution was used, at low concentrations no change in peak broadening was
seen. However, as the concentration increased past the CMC, the degree of peak
broadening decreased, giving a sharper series of peaks. This suggests that, as micelles
were formed, the brightener entered an environment where it was less free to hydrogen
bond. This could, for example, be the head group region of the AE7 micelle; although this
region was polar, its -(OCH,CH,)— groups would have been unable to form many
hydrogen bonds with the —SO3™ groups, as counterions would be associated with the SO3
groups. This therefore suggests that the brighteners were being incorporated into the

head group region of the AE7 micelle.

To further illustrate the effect of surfactants on the fluorescence emission spectrum, the
change in the wavenumber of the absorbance peak, v,, and the wavenumber of the
fluorescence emission, v,, were found. The point of maximum absorbance was used for
the wavenumber of the absorbance peak, and the centroid of the emission spectrum was

used as the wavenumber of the fluorescence emission, i.e.:

N
= i=1 Eivi
e — N

i=1 Ei

Equation 3-1
Here, v; is the wavenumber of emitted radiation at point i, and E; is the intensity of the

emitted radiation.

From the change in v, — v, with changing surfactant concentration, the solvatochromic

shift of the systems could be determined. The change in v, — v,with changing surfactant
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concentration is shown in Figure 3-10. The starting value from the Brightener 49 system,

of 6927 cm™, is shown as a green line.
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Figure 3-10: Change in v,-v, for B49 spectra with changing AE1S and AE7 concentrations
In the system containing AE1S and brightener, increasing the surfactant concentration did
not have any effect on v, — v,, i.e. addition of the AE1S did not cause a solvatochromic

shift.

However, as the concentration of AE7 is increased in the AE7 + Brightener 49 system,

Vq — V. drops significantly until it stabilises at approximately 5600 cm™. This represents a
hypsochromic (‘blue’) shift of 1300 cm™ from the system containing brightener alone.
This again provides clear evidence for the solvatochromic shift caused by the change in

environment from water to the AE7 head group region.

3.2.2.1.2.2. Quantifying fluorescence
To estimate the amount of fluorescence emitted by each sample, the integrated

fluorescence intensities were found by calculating the areas under the spectral lines,
between 385 — 600 nm for emission spectra, and between 250 — 420 nm for excitation

spectra. These are shown to three significant figures in Table 3-1 overleaf.
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Table 3-1: Integrated fluorescence intensities for 0.0025 g L™ B49 solutions with and without AE1S and AE7

Concentration | Area under spectrum Concentration | Area under spectrum (AE7
of AE1S /gL | (AE1S system)/ millions | of AE7 /g L™ system) / millions

0 7840 0 7840

0.41 7860 0.50 7660

0.82 7940 1.00 7630

1.23 7780 1.50 7660

1.64 8130 2.00 7680

2.05 7880 2.49 7700

It can be seen that the magnitudes seen were comparable for each system. In particular,
while the values for AE7 were slightly lower, this still only represented a maximum
difference of 6%. The consistency between these values suggested that the integrated
fluorescence intensity was independent of surfactant concentration. Although the
samples containing AE7 and Brightener 49 showed a greater peak height at 430 nm and
405 nm, this is compensated for by a narrowing of the spectrum and reduction in

emission intensity at wavelengths over 440 nm.

The spectra for the solutions of AE7 and brightener not included in Table 3-1, i.e. 0.0005 g
L™ AE7 0.0025 g L' B49, 0.005 g L™ AE7 0.0025 g L™ B49, 0.025 g L™ AE7 0.0025 g L™* B49,
0.050 g L' AE7 0.0025 g L™ B49, and 0.10 g L'* AE7 0.0025 g L™ B49, were taken two
months after the other spectra. Therefore, due to changes in the lamp intensity in the
experimental setup, these gave integrated fluorescence intensities that were consistent
with each other, but not with the previous spectra. These spectra shown in Figure 3-9
were therefore normalised to the previous data. Their original integrated fluorescence

intensities are shown in Table 3-2.
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Table 3-2: Integrated fluorescence intensities for lower concentration AE7 samples prior to normalisation

AE7 concentration / g Lt

Integrated fluorescence intensity / millions

(3s.f.)

0.0005 8410
0.005 8470
0.025 8480
0.050 8110
0.10 8560

The consistency seen between the integrated fluorescence intensities, and independence

of these values from the surfactant concentration, suggested that the integrated

fluorescence intensity was suitable to measure brightener concentration within the

sample.

3.2.2.1.3. Excitation results

The excitation spectra obtained from the solutions are given in Figure 3-11 below and

Figure 3-12 overleaf.
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Figure 3-11: Fluorescence excitation spectra of 0.0025 g L™ B49 solutions with varying concentrations of AE1S
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Figure 3-12: Fluorescence excitation spectra of 0.0025 g L™ B49 solutions with varying concentrations of AE7

In all samples containing brightener, a single large peak was seen at approximately 350
nm. This matched the peak seen in the absorbance spectra shown in Figure 3-6 and Figure

3-7, confirming that the peak seen in the absorbance spectrum was due to the presence

of Brightener 49.

To demonstrate this further, the absorbance and excitation spectra were normalised and
compared. Examples of the absorbance and emission spectra given by brightener without
surfactant, an AE1S/brightener system, and an AE7/brightener system can be seen in

Figure 3-13, Figure 3-14, and Figure 3-15 respectively. For clarity, only one spectrum from

each system is shown.
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Figure 3-14: Comparison of the absorbance spectrum and fluorescence excitation spectrum of 2.05 g L™ AE1S 0.0025 g
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Figure 3-15: Comparison of the absorbance spectrum and fluorescence excitation spectrum of 2.49 g L™ AE7 0.0025 g
L* Brightener 49 solution
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It can be seen that the absorbance and fluorescence excitation spectra peaks provided a

good match. It can be seen that there were slight variances in peak intensity, particularly
in the region of 250-350 nm; these were likely due to both the absorbance of the solvent
and the surfactants, and to the fact that the emission of light by the brightener is not

necessarily independent of the wavelength of exciting radiation™°.

The effect of the addition of surfactants on the fluorescence excitation spectra of the
brightener can now be considered. It can be seen from Figure 3-11 and Figure 3-12 that
the addition of AE1S had almost no effect on the excitation spectra of the brightener, but
that the addition of AE7 caused a significant increase in the excitation, and an increase in
intensity. This was due to the change in the emission peak structure seen with the
addition of AE7; as the mixed AE7/brightener gave a greater peak height at 430 nm than
the brightener only and AE1S/brightener systems, despite having a narrower peak and
thus comparable integrated fluorescence intensity, it will have had a greater excitation
peak at 430 nm for each excitation wavelength used, and thus a greater integrated
fluorescence intensity for these spectra. The integrated fluorescence intensities are

shown in Table 3-3 below.

Table 3-3: Integrated fluorescence excitation intensities for 0.0025 g L™ B49 solution with and without varied
concentrations of AE1S and AE7

Concentration | Integrated fluorescence Concentration | Integrated fluorescence
of AE1S /gL | excitation intensity (AE1S | of AE7 /gL* excitation intensity (AE7
system) / millions system) / millions
0 5460 0 5460
0.41 5630 0.50 7470
0.82 5570 1.00 7510
1.23 5590 1.50 7620
1.64 5670 2.00 7680
2.05 5670 2.49 7630

Addition of AE7 caused a significant increase in the integrated fluorescence excitation
intensity of the Brightener 49. However, addition of AE1S had little effect. This is again

reflective of the increased peak heights at 430 nm when AE7 is present in the system.
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Although the values seen in Table 3-3 are not consistent between systems, they are

consistent within each system; comparable values were given for brightener samples at
all AE7 concentrations. Similarly, the values given when AE1S was added were all
comparable. Therefore, while these values cannot be used to give a direct comparison
between systems, the percentage change in the integrated fluorescence intensity of a
system can be used to show how the fluorescence of one particular system has changed
with time and with addition of fabric. This percentage change should be comparable to

that seen in the integrated fluorescence emission intensity.

As was the case for the emission spectra, the spectra for the solutions 0.0005 g L' AE7
0.0025 g L' B49, 0.005 g L™ AE7 0.0025 g L™ B49, 0.025 g L™ AE7 0.0025 g L™ B49, 0.050 g
L™ AE7 0.0025 g L' B49, and 0.10 g L™ AE7 0.0025 g L™ B49, as seen in Figure 3-12, were
taken two months after the other excitation spectra. These were normalised using the

same multipliers as for the emission spectra. These are given in Table 3-4 below.

Table 3-4: Raw and normalised integrated fluorescence intensities for brightener samples containing low
concentrations of AE7

Concentration | Raw integrated Multiplier Normalised integrated
of AE7 / gL'1 fluorescence excitation fluorescence intensity /
intensity / millions millions

0.00050 5840 0.912 5330

0.0050 5870 0.905 5310

0.025 6510 0.903 5880

0.050 6480 0.946 6130

0.10 7630 0.895 6830

These normalised values are compared to the previous integrated fluorescence excitation

intensities in Figure 3-16.
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Figure 3-16: Effect of concentration of AE7 on the integrated fluorescence excitation intensity of Brightener 49
solution; note that a logarithmic scale is used for the x-axis.

A clear trend can be seen; as the concentration of AE7 increased, the integrated
fluorescence intensity at first did not change as the concentration was below the CMC,
and thus there were no micelles present to interact with the brightener; however, as the
concentration of AE7 increased past the CMC, micelles started to form in the system, and
some of the brightener molecules were incorporated into the micelles, causing the shifts
in the emission seen previously and thus an increase in the integrated fluorescence
excitation intensity. Once the maximum saturation of brightener into the micelles was
achieved, i.e. almost all brightener was incorporated into micelles, no further shift in the
emission spectrum was seen, and thus no further increase in the integrated fluorescence
excitation intensity occurred with increasing AE7 concentration. This resulted in the
plateau seen in Figure 3-16. The CMC of AE7 was expected at 0.1 g L™, which corresponds

well to the transition seen.*®

3.2.2.1.4. Conclusions
The Brightener 49 solutions were shown to give a peak in the absorbance spectra at 350
nm; this peak was not affected by the presence of surfactants. The nonionic surfactant
AE7 was shown to absorb more low wavelength light (200 nm region) than the anionic
surfactant AE1S, due to the large number of ethoxyl groups that made up its hydrophilic
‘head’ group, although the AE1S surfactant will absorb more light in the 200 nm region

than water alone.

The primary fluorescence emission peak in the emission spectra of all Brightener 49

solutions was seen at approximately 430 nm. The integrated fluorescence intensity of the
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emission spectra of Brightener 49 solutions was found to be consistent for all solutions,

and not affected by the presence of surfactants. Thus it was determined that this would
be a suitable measure of the change in brightener concentration in solution after washing

with fabric.

The fluorescence emission spectra of the brightener was unaffected by the presence of
AE1S, showing that the presence of this surfactant had little impact on its hydrogen
bonding, or that the brightener was not interacting with the anionic surfactant. However,
a dramatic solvatochromic shift and change in peak structure were seen in the solutions
where AE7, the nonionic surfactant, was present in high concentrations. This change was
correlated with the concentration of AE7, and was not seen at low concentrations below
the CMC, showing that it was due to the brightener molecules interacting with the
micelles, and the change in hydrogen bonding of the brightener molecule caused by this
shift. This change reached a plateau at high concentrations of AE7, at the point when
most brightener molecules are contained within the outer shell of the AE7 micelle and
thus an increase in the number of micelles will not change the hydrogen bonding

environment in which the brightener molecules exist.

All fluorescence excitation spectra of solutions containing Brightener 49 gave a single
peak centred at 350 nm, mirroring the absorbance peak seen for these samples. The
integrated fluorescence intensity of the excitation spectra was heavily influenced by the
presence of the AE7 surfactant, as a result of the increase in emission peak height at 430
nm seen when high concentrations of AE7 were added to the brightener. For this reason,
the excitation spectra could not be used alone to determine the change in brightener
concentration between different surfactant solutions, but could be used to determine
change in brightener concentration within a single system, in tandem with the emission

spectra.

3.2.2.2.  Effect of brightener concentration on fluorescence
Before using the fluorescence to quantitatively determine the proportion of brightener
deposited in each system, it was necessary to confirm the effect of brightener
concentration on the integrated fluorescence intensity of the emission and excitation
spectra of brightener solutions. Solutions of 0.000625 g L™ Brightener 49, 0.00125 g L™
Brightener 49, 0.001875 g L™ Brightener 49, and 0.0025 g L™ Brightener 49 were made up.

The fluorescence emission and excitation spectrum of each sample was taken. This will
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allow the correlation between the fluorescence of the system and the concentration of

the brightener to be determined. This correlation was required to be high to allow the

fluorescence intensity to be used as a diagnostic test for concentration.

3.2.2.2.1. Emission results

The fluorescence emission spectra of brightener solutions of various concentrations are

shown in Figure 3-17. Their corresponding integrated fluorescence intensities are shown

in Figure 3-18.
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Figure 3-17: Fluorescence emission spectra for solutions of Brightener 49 at various concentrations
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Figure 3-18: Effect of brightener concentration on the integrated fluorescence intensity of its fluorescence emission
spectra

It can be seen that there was a very strong correlation between the concentration of

brightener solution and the integrated fluorescence intensity. This showed that the
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integrated fluorescence intensity was appropriate to use to measure the concentration of

brightener in the solution.
The data in Figure 3-18 can be fit using the second-degree polynomial:

I.F.I = A(B-[B49]? + C - [B49] + D)

Equation 3-2
In this case, I.F.l is the integrated fluorescence intensity and [B49] is the concentration of
brightener in the solution. This line is shown as a line of best fit in Figure 3-18; a good fit
was seen. The parameters B, C, and D were calculated using the ‘Regression’ tool in
Microsoft Excel, and are shown in Table 3-5 below. A was taken to be 1 in this instance,
and was used in later sections to fit data taken at different lamp intensities to Equation

3-2.

Table 3-5: Parameters fitting Equation 3-2 to the data shown in Figure 3-18

Parameter (as given in Equation 3-2) Value
B/g’L’ -4.48 x 10™
c/g'L 3.72 x 10"
D/a.u. 3.11x 10’

These parameters were used in Section 3.2.2.3 to calculate the brightener concentrations
remaining in each solution after addition of fabric. As the lamp intensity can vary, the
parameter A can be found using a control sample; a solution containing 0.0025 g Lt
Brightener 49 was produced on the same day, in identical conditions to the samples with
fabric added (without the addition of fabric), and its spectra found on the same day as the
other samples. If its concentration, 0.0025 g L™}, and integrated fluorescence intensity are

known, then A can be found:

I.F.1

A= B B4912 + C-[B49] + D)

Equation 3-3

Using the method of least squares, Equation 3-2 can now be solved for [B49]:
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C + 4B(I.F.I — AD) + AC?
2B~ 4AB?

Equation 3-4
It was found that the negative root was applicable in this scenario; therefore, the

concentration of each solution in Section 3.2.2.3 was given by:

(B4o] = C 4B(I.F.1 — AD) + AC?
2B 4AB?

Equation 3-5
3.2.2.2.2. Excitation results
The fluorescence excitation spectra of brightener solutions of various concentrations are
shown in Figure 3-19. Their corresponding integrated fluorescence intensities are shown

in Figure 3-20.
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Figure 3-19: Fluorescence excitation spectra for solutions of Brightener 49 at various concentrations
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Figure 3-20: Effect of brightener concentration on the integrated fluorescence intensity of its excitation spectra
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Again, the data could be fit well using the second-order polynomial given in Equation 3-2.

This again showed the suitability of integrated fluorescence intensities to determine the
amount of brightener remaining in solution after the addition of fabric. The parameters B,

C, and D used to fit the data to Equation 3-2 are given in Table 3-6.

Table 3-6: Parameters fitting Equation 3-2 to the data shown in Figure 3-20

Parameter (as given in Equation 3-2) Value

B/ g’ L’ -2.78 x 10
c/g'L 2.46 x 10"
D/ a.u. 8.18 x 10°

These parameters were used to fit the data in Section 3.2.2.3 to the model, and thus
determine the change in brightener concentration after the addition of fabric using the

method described in Section 3.2.2.2.1 and Equation 3-5.

3.2.2.2.3. Conclusions
It was shown that there was a very strong correlation between the concentration of
Brightener 49 in solution and the integrated fluorescence intensities of its emission and
excitation spectra. This correlation was modelled using a second-order polynomial, and
the parameters of this polynomial determined. This allowed future samples to be fit to
this model, if the integrated fluorescence intensity of a solution of known brightener

concentration was found.

3.2.2.3. Effect of addition of fabrics on fluorescence of Brightener 49
solutions
After a method of quantitatively determining the fluorescence of the brightener solution
was determined, it was possible to use this to determine the amount of brightener

deposited on fabric during the wash cycle.

For each solution to be tested, 5 identical test solutions were made up. To four of the
vials, a fabric sample of a given mass (0.20 g) was added, for either 15, 30, 45 or 60
minutes. The fabric sample was then removed from the vial. One vial did not have fabric
added and was labelled as ‘O minutes’. This vial acted as a control, to give the initial
integrated fluorescence intensity of the system; as the intensity of the fluorescence

spectrum could fluctuate due to both conversion of the brightener from the trans- form
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to the cis- form, and due to changes in the lamp intensity of the fluorimeter, it was

important to use a control sample that was both made up on the same day as the other

samples (to control for any decay in the fluorescence over time), and with a fluorescence
spectrum that was taken on the same day as the other samples (to control for changes in
the bulb intensity). All brightener solutions were covered in aluminium foil during storage

to prevent the trans-cis conversion of the brightener.

To analyse the change in fluorescence of the solutions after the fabric was added, the
fluorescence emission and excitation spectra were taken. The integrated fluorescence
intensities of these spectra were found, and the percentage change from the control
sample, i.e. 0 min, for that particular system was found. It was therefore possible to
determine the effect of the addition of surfactants on the percentage decrease of the
fluorescence, and thus on the deposition of the brightener in the solution; the greater the
drop in percentage fluorescence, the more brightener has been removed from the
solution, and thus deposited onto the fabric. The concentration of brightener remaining

in the solution was also estimated using Equation 3-5.

The deposition was tested using two fabrics: cotton and polycotton. Both fabrics were
samples of unbrightened fabric (i.e. with no brightener added during the manufacturing
process), obtained from P&G. It is well established that stilbene brighteners have a strong
affinity to the cellulose fibres in cotton, but little affinity to polyester fibres; "' due to
their ionic SO3™ groups, these brighteners can form hydrogen bonds with the hydroxyl
groups in cellulose, but not be absorbed by the highly hydrophobic polyester fibres.**? As
the polycotton fabric sample contained both types of fibre, some affinity should be seen
between the brightener and the fabric, although the absorption of brightener onto this

fabric was expected to be less than for the cotton sample.

3.2.2.3.1. Cotton
0.20 g of cotton was placed in a vial containing 10 mL of test solution, and allowed to soak
for 15, 30, 45, or 60 minutes, then removed. The systems used were 2.05 g L™t AE1S, 2.49
g L1 AE7,0.0025 g L' B49, 2.05 g L AE1S 0.0025 g L™ B49, and 2.49 g L™* AE7 0.0025 g L™
B49. Note that the surfactant only systems were used to generate control data for the
surfactant + brightener systems. The fluorescence emission and excitation spectra of the

solutions were then taken.
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Emission results

The fluorescence emission spectra of the water, AE1S, AE7, Brightener 49, AE1S +

Brightener 49, and AE7 + Brightener 49 solutions are shown in Figure 3-21, Figure 3-22,

Figure 3-23, Figure 3-24, Figure 3-25, and Figure 3-26 respectively.
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Figure 3-21: Fluorescence emission spectra of water at 0, 15, 30, 45, and 60 minutes after the addition of 0.2 g

unbrightened cotton
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Figure 3-22: Fluorescence emission spectra of 2.05 g L™ AE1S solution at 0, 15, 30, 45, and 60 minutes after addition
of 0.2 g unbrightened cotton
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Figure 3-23: Fluorescence emission spectra of 2.49 g L™ AE7 solution at 0, 15, 30, 45, and 60 minutes after the
addition of 0.2 g unbrightened cotton
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Figure 3-24: Fluorescence emission spectra of 0.0025 g L? Brightener 49 solution at 0, 15, 30, 45, and 60 minutes after

the addition of 0.2 g unbrightened cotton
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Figure 3-25: Fluorescence emission spectra of 2.05 g Lt AE1S, 0.0025 g Lt Brightener 49 solution at 0, 15, 30, 45, and

60 minutes after the addition of 0.2 g unbrightened cotton
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Figure 3-26: Fluorescence emission spectra of 2.49 g Lt AE7,0.0025 g Lt Brightener 49 solution at 0, 15, 30, 45, and 60

minutes after the addition of 0.2 g unbrightened cotton
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Figure 3-21, Figure 3-22 and Figure 3-23 show that a small amount of fluorescent material

was deposited into the solution from the fabric sample (probably the cellulose fibres);
however, it can be seen that the magnitude of this fluorescence was incredibly low when
compared to the magnitude of the brightener fluorescence. In particular, the samples
containing AE1S alone and AE7 alone showed an integrated fluorescence intensity of 9.04
x 10° and 1.14 x 10 respectively, 60 minutes after the addition of cotton fabric; the
samples containing Brightener 49 alone, AE1S + B49, and AE7 + B49 gave integrated
fluorescence intensities of 2.39 x 10°, 2.17 x 10°, and 2.77 x 10° respectively 60 minutes
after the addition of cotton, values which are approximately 240 — 280 times greater than
that for the surfactants alone; see Table 3-7. (These spectra were all taken on the same

day, with the same lamp intensity, and thus can be directly compared.)

To estimate the reduction in the amount of fluorescent material, i.e. the brightener, in
the solution during the wash process, the integrated fluorescence intensities of these
spectra were calculated. These are shown in Figure 3-27 and Table 3-7 below. The sample
containing water only was taken on a different occasion to the other data points, and
thus may show a different starting magnitude; however, this system showed no

significant change in intensity.

3500

2

S

= 3000
- e+ IS S T
N 2500 - ¢ $ $ Water
>
2 2000 - # AE1S
[=
£ ® AE7
£ 1500 -
g B49
g 1000 -
2 ® AE1S + B49
S 500 - # AE7 + B49
=
©
% 0 ¢ ‘ L o ‘ L o ‘ L o ‘ L
) 0 10 20 30 40 50 60
3
£ Time / min

Figure 3-27: Effect of the length of wash on the integrated fluorescence intensity
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Table 3-7: Effect of length of wash on the integrated fluorescence intensity

Time / Water / | AE1S/ AE7 / B49 / AE1S + B49 | AE7 + B49
min millions | millions millions millions / millions / millions
0 0.989 3.84 1.77 2900 2890 2920
15 4.19 7.42 7.25 2650 2560 2770
30 5.73 8.41 8.60 2500 2400 2740
45 4.74 8.24 9.63 2440 2290 2730
60 4.59 9.04 114 2390 2170 2770
3.2.2.2.1.2. Excitation results

The fluorescence excitation spectra of the AE1S, AE7, Brightener 49, AE1S + Brightener
49, and AE7 + Brightener 49 solutions are shown in Figure 3-29, Figure 3-30, Figure 3-31,

Figure 3-32, and Figure 3-33 below and overleaf.
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Figure 3-28: Fluorescence excitation spectra of water at 0, 15, 30, 45, and 60 minutes after the addition of 0.2 g
unbrightened cotton
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Figure 3-29: Fluorescence excitation spectra of 2.05 g L AE1S samples at 0, 15, 30, 45, and 60 minutes after the
addition of 0.2 g unbrightened cotton
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Figure 3-30: Fluorescence excitation spectra of 2.49 g L" AE7 samples at 0, 15, 30, 45, and 60 minutes after the

addition of 0.2 g unbrightened cotton
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Figure 3-31: Fluorescence excitation spectra of 0.0025 g Lt Brightener 49 samples at 0, 15, 30, 45, and 60 minutes
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Figure 3-32: Fluorescence excitation spectra of 2.05 g L™ AE1S, 0.0025 g L* Brightener 49 samples at 0, 15, 30, 45, and
60 minutes after the addition of 0.2 g unbrightened cotton
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Figure 3-33: Fluorescence excitation spectra of 2.49 g L™ AE7, 0.0025 g L? Brightener 49 samples at 0, 15, 30, 45, and
60 minutes after the addition of 0.2 g unbrightened cotton

The integrated fluorescence intensities are given in Table 3-8 and Figure 3-34 below.

Table 3-8: Effect of length of washing on integrated fluorescence excitation intensity

Time / Water / | AE1S/ AE7 / B49 / AE1S + B49 | AE7 + B49
min millions | millions millions millions / millions | / millions
0 4.16 7.71 5.90 1890 1920 2610
15 9.59 13.9 14.1 1730 1670 2480
30 10.5 14.9 16.0 1600 1590 2500
45 10.1 15.6 17.5 1590 1500 2470
60 10.3 16.9 204 1550 1460 2500
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Figure 3-34: Effect of length of washing on integrated fluorescence excitation intensity
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Again, the integrated fluorescence intensities given for the samples without brightener

were several orders of magnitude lower than those containing brightener. However, this

data differs from the emission data in that the initial values for the area given by each

system differ. For this reason, the percentage change in the area under the curve was

examined, rather than the absolute values.

3.2.2.2.1.3.

Discussion and conclusions

The percentage changes in the integrated fluorescence intensity (IFl) for each brightener

system are shown in Table 3-9 below.

Table 3-9: Effect of time of fabric addition on the integrated fluorescence intensity of the emission and excitation
spectra of brightener solutions, with and without addition of surfactant. Values are given as a percentage of the

starting value for each solution.

Time / B49 B49 AE1S + AE1S + B49 | AE7 + B49 | AE7 + B49
min emission excitation | B49 excitation | emission excitation
IFI /% IFI / % emission IF1/ % IFI /% IFI /%
IFl / %

0 100 100 100 100 100 100
15 91.4 91.6 88.6 86.9 94.9 95.1
30 85.9 84.8 83.0 82.8 94.0 95.9
45 84.1 84.4 79.3 78.4 93.7 94.6
60 82.4 81.9 75.1 76.4 94.9 95.8
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Figure 3-35: Effect of length of washing on the integrated fluorescence intensity of the emission and excitation
spectra of the brightener solutions with and without surfactant. Values are given as a percentage of the starting
value for each solution.

102




Chapter 3: Fluorescence work
It can be seen that the percentage change obtained via the emission and excitation

spectra for each system were very close.

For the B49, AE1S + B49, and AE7 + B49 solutions, the integrated fluorescence intensity of
both the emission and excitation decreased as the length of wash increases, showing that
brightener from solution had been absorbing onto the fabric. The lower this value, the
more brightener had been removed from solution. The greatest decrease was seen in the
solution containing AE1S + B49. As this decrease was greater than that seen in the
brightener-only system, this suggests that the presence of AE1S was supporting
brightener absorption onto the fabric. The least decrease was seen in the system
containing AE7 + B49, suggesting that the nonionic surfactant inhibited the brightener
uptake. These results will be given more physical meaning in Chapter 7, where they will

be interpreted alongside the computational data seen in Chapter 6.

The concentrations of brightener in each system were found using the method described
in Section 3.2.2.2 previously, using the sample of brightener which had not had fabric
added as a control sample to calibrate the system. These concentrations are given in

Table 3-10.

Table 3-10: Change in concentration of Brightener 49 after addition of cotton fabric

Time / minutes Concentration of Brightener 49 remaining in solution / g L?
B49 B49 + AE1S B49 + AE7

0 0.00250 0.00250 0.00250

15 0.00217 0.00204 0.00230

30 0.00196 0.00188 0.00230

45 0.00192 0.00176 0.00227

60 0.00186 0.00166 0.00231

The trends seen in the integrated fluorescence intensity translated to similar trends in the
brightener concentration; the greatest drop in the brightener concentration was seen in
the solutions containing the anionic surfactant AE1S, and the least drop was seen in the
solutions containing the nonionic surfactant AE7. Interestingly, while the concentration of
brightener in the B49 and B49 + AE1S solutions continued to decrease over the time

period studied, the concentration of Brightener 49 in the B49 + AE7 solutions appeared to
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plateau after 15 minutes, suggesting that no further deposition took place after this time

point.

3.2.2.2.2. Polycotton

0.20 g of polycotton was placed in a vial containing 10 mL of test solution, and allowed to
soak for 15, 30, 45, or 60 minutes. The systems used were 2.05 g L™ AE1S, 2.49 g L' AE7,
0.0025 g L' B49, 2.05 g L' AE1S 0.0025 g L™ B49, and 2.49 g L'* AE7 0.0025 g L™ B49. The
surfactant only systems were used to generate control data for the surfactant/brightener
systems. The fluorescence emission and excitation spectra of these samples were then
taken.

3.2.2.2.2.1. Emission results
The fluorescence emission spectra of the AE1S, AE7, Brightener 49, AE1S + Brightener 49,
and AE7 + Brightener 49 systems are shown in Figure 3-37, Figure 3-38, Figure 3-39,

Figure 3-40, and Figure 3-41 below and overleaf.
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Figure 3-36: Fluorescence emission spectra of water at 0, 15, 30, 45, and 60 minutes after the addition of 0.2 g
unbrightened polycotton
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Figure 3-37: Fluorescence emission spectra of 2.05 g L™ AE1S solution at 0, 15, 30, 45, and 60 minutes after the
addition of 0.2 g unbrightened polycotton
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Figure 3-38: Fluorescence emission spectra of 2.49 g L™ AE7 solution at 0, 15, 30, 45, and 60 minutes after the

addition of 0.2 g unbrightened polycotton
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Figure 3-39: Fluorescence emission spectra of 0.0025 g L™ B49 solution at 0, 15, 30, 45, and 60 minutes after the

addition of 0.2 g unbrightened polycotton
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Figure 3-40: Fluorescence emission spectra of 2.05 g Lt AE1S, 0.0025 g L™ B49 solution at 0, 15, 30, 45, and 60 minutes

after the addition of 0.2 g unbrightened polycotton
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Figure 3-41: Fluorescence emission spectra of 2.49 g L? AE7,0.0025 g L™ B49 solution at 0, 15, 30, 45, and 60 minutes
after the addition of 0.2 g unbrightened polycotton

The integrated fluorescence intensities (IFl) of these spectra were found. These are

shown in Table 3-11 below.

Table 3-11: Effect of length of washing on integrated fluorescence emission intensity

Time / Water AE1S IFI / AE7 IFI/ B49 IFI / AE1S + B49 | AE7 + B49
min IF1/ millions millions millions IF1/ IF1/
millions millions millions

0 0.989 2.47 1.74 7490 7790 7110

15 2.32 4.49 7.25 6740 7080 7160

30 2.59 4.69 7.53 6920 7040 7330

45 2.45 4.90 6.03 6650 6590 7020

60 2.59 4.94 6.11 7030 6730 7290
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Figure 3-42: Effect of length of washing on integrated fluorescence emission intensity
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3.2.2.2.2.2. Excitation results
The fluorescence excitation spectra of the AE1S, AE7, Brightener 49, AE1S + Brightener

Chapter 3: Fluorescence work

49, and AE7 + Brightener 49 systems are shown in Figure 3-44, Figure 3-45, Figure 3-46,

Figure 3-47, and Figure 3-48 below and overleaf.
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Figure 3-43: Fluorescence excitation spectra of water at 0, 15, 30, 45, and 60 minutes after the addition of 0.2 g

unbrightened polycotton
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Figure 3-44: Fluorescence excitation spectra of 2.05 g L™ AE1S solution at 0, 15, 30, 45, and 60 minutes after the

addition of 0.2 g unbrightened polycotton
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Figure 3-45: Fluorescence excitation spectra of 2.49 g L™ AE7 solution at 0, 15, 30, 45, and 60 minutes after the

addition of 0.2 g unbrightened polycotton
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Figure 3-46: Fluorescence excitation solution of 0.0025 g Lt Brightener 49 samples at 0, 15, 30, 45, and 60 minutes
after the addition of 0.2 g unbrightened polycotton
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Figure 3-47: Fluorescence excitation solution of 2.05 g Lt AE1S, 0.0025 g Lt Brightener 49 samples at 0, 15, 30, 45,
and 60 minutes after the addition of 0.2 g unbrightened polycotton
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Figure 3-48: Fluorescence excitation solution of 2.49 g Lt AE7,0.0025 g Lt Brightener 49 samples at 0, 15, 30, 45, and
60 minutes after the addition of 0.2 g unbrightened polycotton
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The integrated fluorescence intensities (IFl) of these spectra are given in Table 3-12

Table 3-12: Integrated fluorescence excitation intensities of spectra of solutions before and after addition of
unbrightened polycotton

Time / Water AE1S IFI / AE7 IFl / B49 IFI / AE1S + B49 | AE7 + B49
min IF1/ millions millions millions IF1/ IFI /
millions millions millions
0 4.16 9.17 6.26 5320 5540 7160
15 7.69 9.54 12.8 4660 5120 7240
30 7.32 10.0 19.4 4920 4810 7220
45 7.76 10.6 12.2 4450 4640 6870
60 8.16 10.3 12.1 4940 4600 7080
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Figure 3-49: Integrated fluorescence excitation intensities of B49 solutions before and after addition of polycotton

3.2.2.2.2.3. Discussion and conclusions
The integrated fluorescence intensities at each time point are given in Table 3-13 as a

percentage of the value at 0 minutes.
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Table 3-13: Effect of length of washing on integrated fluorescence emission and excitation intensities for brightener
solutions, with and without surfactants, before and after washing with polycotton fabric

Time / B49 B49 AE1S + AE1S + B49 | AE7 + B49 | AE7 + B49
min emission excitation | B49 excitation emission excitation
IF1/ % IF1/ % emission | IF1/% IFl/ % IFI / %
IF1/ %
0 100 100 100 100 100 100
15 90.0 87.7 90.8 92.3 101.8 101.2
30 92.3 92.5 90.4 86.7 103.1 100.8
45 88.8 83.7 84.6 83.7 98.7 95.9
60 93.9 93.0 86.4 82.9 102.5 98.9
110

8 105 -

£ N .

[ B

§ Tg; 95 - 2 # B49 emission

SE 4 @ B49 excitati

§ £ o | ‘ )4 excitation

9% VS * @ B49 + AE1S emission

39 g5 - ¢ .

; 8 ‘ @ B49 + AE1S excitation

[

28 80 - @ B49 + AE7 emission

?30 S @ B49 + AE7 excitation

£ 75 A

70 T T T T T
0 10 20 30 40 50 60
Time / mins

Figure 3-50: Effect of length of washing on integrated fluorescence emission and excitation intensities for brightener
solutions, with and without surfactants, before and after addition of polycotton fabric

It can be seen that there was good agreement between the values obtained from the
emission and the excitation spectra. However, there was a lot more scatter within these

values than for the cotton samples, and the decrease in intensity was less severe.

The same trends seen in the cotton samples are seen here, however. The greatest change
was seen in the samples containing Brightener 49 and AE1S, and little to no change was

seen in the samples containing Brightener 49 and AE7.

The concentrations of brightener in each system were found using the method described

in Section 3.2.2.2 previously, using the sample of brightener which had not had fabric
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added as a control sample to calibrate the system. These concentrations are given in

Table 3-14.

Table 3-14: Change in concentration of Brightener 49 after addition of polycotton fabric

Time / minutes Concentration of Brightener 49 remaining in solution / g L™
B49 B49 + AE1S B49 + AE7

0 0.00250 0.00250 0.00250

15 0.00208 0.00217 0.00254

30 0.00220 0.00207 0.00259

45 0.00199 0.00192 0.00239

60 0.00224 0.00194 0.00253

Again, the same trends were seen as for the integrated fluorescence intensities; the
greatest decrease in concentration was seen in the B49 + AE1S solution, and no decrease
was seen in the B49 + AE7 system. It is also notable that, unlike when cotton was used as
the fabric, the Brightener 49 concentration of the brightener-only system plateaus after
15 minutes, and the concentration of brightener in the B49 + AE1S system plateaus after
45 minutes. It therefore appears that not only does the addition of AE1S increase the rate
of deposition of the brightener, it also increases the amount of brightener that can be

adsorbed onto the fabric.

3.2.2.2.3. Conclusions
There are two main findings of this section. Firstly, the brightener had a stronger affinity
to the cotton fabric than to the polycotton fabric. This can be seen from the far more
significant decreases in integrated fluorescence intensity over time for the solutions to
which cotton had been added than for the solutions to which polycotton had been added;
see Table 3-15. This is as expected, given the known affinity of stilbene-based brighteners

for cotton fabrics and not for polyester and synthetic fibres.

Table 3-15: Percentage loss of integrated fluorescence intensity for each brightener system after 60 minutes

System % loss of fluorescence intensity % loss of fluorescence intensity after
after 60 minutes washing cotton 60 minutes washing polycotton

B49 17.8 6.57

AE1S + B49 243 15.3

AE7 + B49 4.62 -0.703
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The effect was most striking in the system containing Brightener 49 but no surfactant; the

percentage of fluorescence lost after soaking cotton for 60 minutes was approximately 3
times that lost when polycotton is used. In the AE1S + B49 system, the change is less
marked, with about 1.6 times more fluorescence lost when cotton was used than
polycotton. However, the most surprising results are seen in the AE7 + B49 system, when
using polycotton rather than cotton caused the fluorescence to increase slightly after 60
minutes. This particular effect is likely to be an effect of the fluctuation between samples
as seen in Table 3-13, and not a significant, sustained change. It does not appear that any

brightener was deposited from this solution.

Secondly, the addition of AE1S appeared to aid brightener deposition, whereas the
addition of AE7 appeared to inhibit the deposition process. The decrease in integrated
fluorescence intensity in AE1S + B49 solution was about 1.4 times that of B49 solution
alone if cotton was added, and 2.3 times that of B49 solution if polycotton was added,
whereas the decrease in integrated fluorescence intensity in AE7 + B49 solution was %
that seen in B49 solution if cotton was used, and no decrease was seen if polycotton was

used, suggesting that the deposition process was entirely supressed.

This may be due to the physical interaction between the surfactant and the brightener;
the closer to the surface of the micelle that the brightener was, the less easily it could
detach and be deposited onto the fabric. As AE7 has a particularly long head group, this
may have provided a larger area for the brightener to be held and thus strengthened the
brightener-micelle interaction, reducing the probability that the brightener would detach.
Further evidence for this theory will be given in Chapter 5 and Chapter 6, where the

results seen via SAXS data and molecular dynamics simulations will be discussed.

It is also possible that the surfactant-fabric interactions may have had an effect on the
deposition process; hydrogen bonding between the SO3; group on the AE1S micelle and
the hydroxyl groups on the cellulose fibres may have carried any brightener-loaded AE1S
micelles closer to the fabric surface, allowing the brightener to be deposited more easily.
This is evidenced by the increase in brightener deposition with the addition of AE1S. For
both the cotton and the polycotton fabric, the integrated fluorescence intensity of the
AE1S + Brightener 49 solution was approximately 90% that of the Brightener 49 solution

post-fabric soaking.
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To determine whether the attraction of AE1S micelles to the cellulose fibres is a

contributing factor in this system, future work could repeat this study at a large number
of concentrations of AE1S, to determine the effect of AE1S concentration on the degree
of deposition of the brightener. Repeating the study at a large number of AE7
concentrations would also determine the effect that these micelles are having; it would
be seen whether the decrease in brightener deposition would plateau or continue with

increasing AE7 concentration.

Future work could also repeat this experiment using a highly hydrophobic fabric such as
polyester, AE1S micelles, and a brightener suitable for use with polyesters, i.e. a
coumarin-based brightener rather than a stilbene-based brightener. In this case, the
fibre-SO3" interaction would not be present, although the increased hydrophobicity of the
coumarin brightener may affect its solubilisation in the micelle, causing it to be held

further within the core of the micelle, and reducing its ability to detach from the micelle.
3.3. Conclusions

3.3.1. Effectiveness of methods to determine brightener deposition
Two methods of determining the deposition of the brightener were tested. The first

method used the fluorescence spectra of the fabric with deposited brightener. Although a
correlation was seen between the concentration of the sample used and the intensity of
the fluorescence, the errors on the readings were large. This may have been due to the

inhomogeneity of the deposition of the brightener across the fabric surface.

The second method used the integrated fluorescence intensities of brightener solutions.
A strong correlation was seen between the concentration of Brightener 49 in the solution
and the integrated fluorescence intensities of the emission and excitation spectra,
allowing the effect of brightener concentration on the fluorescence intensity to be
modelled using a second-order polynomial. The parameters of this polynomial were
found for both the emission and excitation spectra. It was thus determined that this
method was suitable for use to determine the amount of brightener deposited onto the

fabric.
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3.3.2. Effect of surfactant on fluorescence spectra of Brightener 49

When the anionic surfactant AE1S was added to the brightener, no change was seen in
the fluorescence emission or excitation spectra. This shows that either the brightener is
not being incorporated into the micelle, or that the brightener is incorporated into the
micelle, but without any change in the hydrogen bonding on the brightener molecule, i.e.
that the brightener molecule is still in contact with a large number of water molecules.
This would correspond to the brightener being incorporated into the micelle/solvent

boundary of the micelle.

When the nonionic surfactant AE7 was added to the brightener, a dramatic hypsochromic
shift and increase in peak structure and height was seen in the fluorescence emission
spectrum of the brightener. This shift occured in the region of the CMC of the AE7,
showing that this was due to the incorporation of the brightener into the micelles, into a
region where the brightener experienced less hydrogen bonding from the water

molecules, i.e. the long-chain head groups of the surfactant micelle.

The integrated fluorescence intensity of the emission spectra did not change with
changing surfactant concentration, showing that this was not dependent on surfactant
concentration, but purely due to brightener concentration. The integrated fluorescence
intensity of the excitation spectra did not change with changing AE1S concentration;
however, it was affected by changing AE7 concentration, due to the increase in peak
height at the wavelength studied. However, as this change was associated with the CMC
of the surfactant, this change plateaued at a concentration of 0.50 g L™ AE7; therefore, at
significantly higher concentrations of AE7, the integrated fluorescence excitation intensity

was dependent only on the brightener concentration.

3.3.3. Effect of fabric selection on brightener deposition
A far greater degree of brightener deposition was seen when cotton fabric was used,

compared to the polycotton fabric, as given by the decrease in integrated fluorescence
intensity. This was to be expected, given the affinity of the brightener with the cellulose in
the cotton fibres, and its lack of affinity with the hydrophobic polyester fibres. This trend
was still seen when surfactant was added; when AE7 was added, no significant change in
the fluorescence of the solutions was seen after 60 minutes washing with polycotton

samples, suggesting that the brightener deposition was virtually entirely inhibited.
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3.3.4. Effect of surfactant on brightener deposition
It was seen that the addition of surfactants had a clear and visible effect on the

deposition of the optical brightener. Addition of AE1S caused a significant increase in the
amount of fluorescence lost, and thus the amount of brightener deposited, for both
fabrics used. This was theorised to be due to hydrogen bonding interactions between the
hydroxyl groups on the cellulose and the sulfate groups on the AE1S micelle drawing any
micelle-brightener aggregate closer towards the fabric surface, increasing the efficiency

of the brightener transfer onto the fabric.

The addition of AE7 surfactant caused little loss in fluorescence and hence little loss of
brightener, in the brightener solution in which cotton fabric was added. In the system in
which polycotton was added, brightener deposition was nearly entirely inhibited. This is
potentially due to the position of the brightener within the AE7 micelle. The outer shell of
the AE7 micelle consisted of long chains of ethoxylate groups. The evidence from Section
3.2.2.1.2.1 (emission spectra of brightener in surfactant solutions) showed that the
brightener molecules were being held in an environment with less hydrogen bonding
than the initial solvent, i.e. water. As the brightener is being held within this region, steric
factors may have increased the energy required to release the brightener from the
micelle. It will be seen in Chapter 5 that the outer shell region of the AE7 micelle is thicker
than for the other surfactant micelles, and in Chapter 6 that the brightener is held deeply
within this region. This will build up a picture of the brightener molecules being trapped

within the outer shell of this micelle.
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4. Crystallisation

4.1. Introduction
In this chapter, the crystallisation of both the brighteners themselves, and the calcium
carbonate present in hard water, was examined. In the case of the brighteners, this was
to characterise their crystal structures, which were not known, whereas in the case of the
calcium carbonate, this was to determine the effects of the surfactants found in the
detergent system on the rate of calcium carbonate crystallisation, and on the polymorph

produced.

4.1.1. Theoretical background

4.1.1.1. Crystals and crystal structure

“[Cold] is responsible for creating rock-crystal, for this is hardened by excessively
intense freezing. At any rate, it is found only in places where the winter snows
freeze most thoroughly; and that it is a kind of ice is certain: the Greeks have
named it accordingly.”

Pliny the Elder, The Natural History, Book 37, chapter 933

4.1.1.1.1. The unit cell and Miller indices
The term “crystal” comes from the Greek word krustallos, meaning ice. In the ancient
world, this term was also used to refer to clear quartz, or rock crystal, SiO,. As illustrated
above, it was given this name not just due to its appearance, but due to the belief that
this crystal was formed from ice itself. (Pliny notes in 77-79 AD that quartz crystal, as a
form of ice, is highly susceptible to melting and thus can only be used “as a receptacle for

»133,

cold drinks”~"%; as the melting point of quartz is approximately 1840 °c,*

perhaps few

ancient writers had tested this hypothesis.)

Crystals are solids made up of monomers, arranged in unit cells which are repeated
throughout the solid. They can be distinguished by their cell parameters, and by their

lattice planes.

Broadly speaking, crystals can be separated into 7 crystal systems depending on their cell
parameters. These parameters are the length of the three axes a, b, and ¢, and their

corresponding angles a, 5, and y. These crystal systems can then be further subdivided
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into 230 space groups, depending on their specific symmetry. The 7 crystal systems are

shown in Table 4-1 below.

Table 4-1: The seven crystal systems and their axial parameters

Crystal system Axial parameters

Cubic a=b=ca f,y=90°
Tetragonal a=b#c,a fB,y=90°
Orthorhombic azb#ca f,y=90°
Monoclinic azb#c,a,y=90° F #90°
Triclinic azb#c,a fB,yz90°
Trigonal a=b=c,a B,yz90°
Hexagonal a=b#c,a, =90°y=120°

Each unit cell will have a characteristic set of lattice planes associated with it. These
lattice planes can be described using Miller indices, written (hk/). These give the distances

and angle at which the lattice plane intersects the unit cell.

4.1.1.1.2. Polymorphism
Many compounds can exist in multiple crystal forms, known as polymorphs. Typically, one
form will be the most stable, whereas the remaining polymorphs will be metastable. If an
element has different crystal structures, these are known as allotropes. The most famous
example of this phenomenon is carbon, which can exist as three main polymorphs:

diamond, graphene or graphite, and buckminsterfullerene, Cg.

The Ritonavir case clearly illustrated the importance of understanding polymorphism. This
drug, marketed as Norvir, was developed in 1996 to treat HIV infection. At the time of its
discovery, only one crystalline form was known, with low bioavailability; as a result, the
drug was dispensed as a solution in capsules. However, in 1998, batches of these capsules
were found to contain a previously unknown, less soluble polymorph of the drug, which
had crystallised out. The drug was removed from the market and reformulated, at huge
cost to the manufacturer; three additional polymorphs were later discovered.™ This case
illustrates the importance of polymorph screening, and of determining the most stable

polymorph of compounds.
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4.1.1.2. Crystal formation & growth

4.1.1.2.1. Classical nucleation theory (CNT)

The Helmholtz free energy of formation of a crystal nucleus, AF, from a solution can be

defined as shown in Equation 4-1:%°

AF = —nAu + yA

Equation 4-1
In this equation, n is the number of monomers in the growing nucleus, y is the interfacial
tension between the nucleus and the solution, A is the surface area of the nucleus, and
Au is the supersaturation, which is the driving force for the crystallisation as it is the
difference between the chemical potentials of the solute in the bulk solution and crystal

phases.

AF

Figure 4-1: The effect of nuclear radius, r on AF, and the position of the critical nucleus, r’

Figure 4-1 shows the effect of the radius on AF. Initially, increasing the radius of the
nucleus will increase AF, showing that this process is unfavourable. This is illustrated by
finding the derivative of Equation 4-1 with respect to the radius r (after first substituting n

and A for their equivalent in terms of r, assuming that each monomer has a volume of
Vmol):

4mr3

AF = —
3Vmol

Au + 4mry

Equation 4-2
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OAF  4mr?Ap g
or Vinot Trr

Equation 4-3

From Equation 4-3, the radius of the critical nucleus, r’, can be found:

r = 2yVmol
Ap
Equation 4-4

Once the nucleus has grown past the critical nucleus radius, an increase in radius will
decrease AF, and thus further growth of the crystal will be thermodynamically favourable.

The nucleus will therefore tend to grow more freely until the supersaturation is relieved.

4.1.1.2.2. Ostwald’s rule of stages
Ostwald’s rule of stages allows the polymorph produced when a compound is crystallised
to be predicted. This rule states that, when a compound is crystallised, the least stable
polymorph will be crystallised first. This will then form the most stable polymorph often
through solvent-mediated phase transformations, where the metastable polymorph will
gradually redissolve and its monomers instead join to a burgeoning nucleus of the stable
polymorph. The rate of this polymorph transformation is system dependent and may be

immeasurably slow so that the stable form never appears.

The cause of Ostwald’s rule can be attributed to kinetic factors associated with the
formation of critical nuclei; the metastable polymorphs will often form critical nuclei at
lower radii than the stable nuclei, and will thus have to combat a lower energy barrier to
form these nuclei. Therefore, the metastable nuclei will form more quickly, and it will be

these that grow first.

Although Ostwald’s rule of stages is commonly seen, it is not a universal law. It has been
noted that the term Ostwald uses to refer to this rule, “Satz”, can be used to describe
statements of any degree of certainty, and thus need not be describing a rigid and

universally applicable law.**’

4.1.1.2.3. Thermodynamic control of crystal growth

Ostwald’s rule of stages occurs because the nucleation process is under kinetic control,
causing the least stable nuclei, which have the lowest energy barriers to their formation,

to crystallise out directly. However, it is possible to bring the system under
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thermodynamic control, causing the most stable nuclei to crystallise out in the first

136

instance.™ This can be achieved by placing the system into 3D-nanoconfinement, which

can be done by carrying out the crystallisation within the droplets of a microemulsion.**®

A microemulsion is a thermodynamically stable colloid, made up of droplets of one phase,
aka the dispersed phase, stabilised by a surfactant, surrounded by a continuous phase. In
this instance, the dispersed phase would consist of a monomer solution in a polar solvent,
such as water, and the continuous phase of an oil such as hexane or heptane. Each
droplet contains a finite number of monomers; therefore, as the crystal nucleus grows

within the droplet, the supersaturation of the solution is rapidly depleted.

Q
Monomer
‘ @ Nucleus

Figure 4-2: Depletion of supersaturation in a microemulsion

Equation 4-1 must therefore be adapted to correct for this decrease in the

supersaturation of the solution; the adapted equation is given in Equation 4-5;%

AF Au+ A+NkT{1 (1 d ) ! (1 U)}
=— n(1- - n(1--=
nasTy Vv.cq V.Co V

Equation 4-5
In this equation, N is the initial number of monomers in the droplet prior to
crystallisation, n is the number of monomers in the nucleus as previously, V is the volume

of the droplet, v is the volume of the nucleus, and v, is the volume of the monomer unit.

The supersaturation at the given nucleus size, Ay, is given by:
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c
Ap = kT In (—)

Csat
Equation 4-6
In Equation 4-6, k is the Boltzmann constant, T is the temperature of the solution, ¢y is

the concentration of the solution at its saturation limit, and c is the concentration of the

solution such that:

N—-—n Ve v
€= V—v :V—v(l_chco)

Equation 4-7
Initially, nucleus formation proceeds as in the bulk solution, with the formation of a
critical nucleus and subsequent growth. However, as the supersaturation is depleted, the
rate of change in AF, the ‘driving force’ of the crystallisation process, is reduced.
Eventually, AF reaches a minimum, 7,,,;,,, termed the postcritical nuclear radius. The more
stable a polymorph is, the less soluble it is, and thus the greater the supersaturation.
Therefore, the postcritical nuclei of these more stable polymorphs will be formed at a

larger radius and lower AF. This is shown in Figure 4-3 below.

AF

*
AIF-nin,B
*
AIiflin,A
kKTT ————————— 1
0 e Eana T

Figure 4-3: Effect of changing r on AF in conditions of 3D-nanoconfinement for a stable polymorph, A (shown in red)
and a metastable polymorph, B (shown in blue). Adapted with permission from (136). Copyright 2011 American
Chemical Society

If, at the postcritical nucleus minimum, AF < kT, then a significant number of these
postcritical nuclei will be formed and persist, and thus these nuclei will grow into crystals.
By tailoring the concentration of the solution in the droplets, and thus the

supersaturation, it is possible to create a system where only the most stable polymorph

has AF<kT, and thus only nuclei of the most stable polymorph will be formed in large
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numbers. This occurs at the supersaturation at which the solute in the microemulsion

droplets is just able to crystallise. This will result in the most stable polymorph being

formed directly.

Once the postcritical nuclei have been formed, additional monomers can be transferred
to the droplet through the formation of transient dimers when two droplets collide with
sufficient energy. This will allow for further crystal growth until the radius of the crystal
exceeds that of the droplet. In this case, the crystals are still likely to retain a layer of
solution and surfactant, rather than be ejected into the continuous phase as bare crystals.
This is because the bending of the surfactant to encase the larger crystals will most
probably constitute a smaller energy penalty than the interfacial energy increase imposed
by the crystal being in contact with the continuous phase. Note that further growth of the
larger crystals can still occur by droplets impinging on the crystal and this will continue
until the supersaturation is relieved. The crystals thus obtained are often of good quality
due to their slow growth and can be used for single crystal X-ray crystallography to

determine the polymorph obtained.
—_

Figure 4-4: Formation of transient dimers and transfer of monomers

4.1.1.3. Techniques used to study crystals

4.1.1.3.1. Wide angle X-ray Scattering (WAXS)
In an X-ray scattering experiment, the crystal or material to be studied is placed in the

path of an X-ray beam. When the X-rays hit the crystal, they will interact with its
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electrons, causing scattering. This can be modelled as the X-rays being reflected by the

lattice planes of the crystal, as shown in Figure 4-5.

d \/g

Figure 4-5: Scattering of X-rays by lattice planes in a crystal
In Figure 4-5, one photon strikes a lattice plane and is reflected, while another strikes a
parallel lattice plane, at a distance d apart, and is reflected with the same angle, 8. The

path length distance between the two beams will therefore be:

Path length dif ference = 2d sin 8

Equation 4-8
If the two photons are in phase, then constructive interference will occur; if they are out
of phase, however, destructive interference will occur. Therefore, in order for a photon to
be detected at an angle 6, the reflected photons must be in phase. Equation 4-8 can

therefore be modified:

nA = 2dsin 6

Equation 4-9
In this equation, n is an arbitrary integer (normally 1) and A is the wavelength of the

radiation.

In the WAXS experiment, the intensity of radiation at each scattering angle is detected. A
series of peaks will be obtained; from the scattering angles of these peaks, the d-spacings,

i.e. the distances between the lattice planes of the crystal, can be identified:

123



Chapter 4: Crystallisation
A

d =
2sin@

Equation 4-10
These d-spacings are characteristic to the crystal structure, and can be used to distinguish

between polymorphs.

In this project, WAXS spectra were taken using a Bruker D8 WAXS machine. This uses an
X-ray source operating at 40 kV and 35 mA, producing CuKa radiation with a wavelength

of 1.54 A.

4.1.1.3.2. Single-crystal X-ray crystallography
Single-crystal X-ray crystallography is used for cases when a large crystal (~0.1 mm) can
be obtained. As for WAXS, the crystal is mounted and placed in the path of an X-ray beam
and the scattering angles measured; however, much more structural information can be
obtained from this method by varying the beam angle and detector angle. Note, though,

that this technique is limited by its need for large, monocrystalline material.

In this project, single-crystal structures were provided by the departmental

crystallography service.

4.1.1.3.3. Fourier-transform infrared spectroscopy (FTIR)
Infra-red (IR) spectroscopy, like fluorescence spectroscopy as described previously, relies
on molecules absorbing photons. However, the mechanism by which this will happen is

different.

The energy difference between the vibrational states of bonds in molecules corresponds
to the energy of IR radiation. When an IR photon collides with the molecule, it may
therefore be absorbed, causing the molecule to enter an excited vibrational state,
increasing its bond vibration. Some vibrational modes for a linear molecule AX, are shown

in Figure 4-6 overleaf.
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a) b)

:<—:—>: :—>:—>:

Figure 4-6: Some vibrational modes of a molecule AX,

This figure shows two stretching modes —a symmetric stretch, a), and an antisymmetric

stretch, b). The figure also shows a bending mode, c).

Vibrational modes are IR active, and can thus show peaks on an IR spectrum, if they
change the dipole moment of the molecule. Assuming that atom X in Figure 4-6 is more
electron-withdrawing than atom A (for example, in CO,), then modes b) and c) will be IR-
active (as the dipole of the molecule will shift), whereas modes a) and d) will be IR

inactive (as there will be no overall change in the dipole of the molecule).

FTIR spectra were taken using a Nicolet Nexus FTIR spectrometer. This contains a mercury

cadmium telluride (HgCdTe) IR detector, cooled using liquid nitrogen.

4.1.1.4. Calcium carbonate
Calcium carbonate is a common mineral, found in nature in a large number of rocks such
as marble and limestone, and is a major component of the shells and eggshells of many
species. It is known to commonly exist in four main forms: three crystalline polymorphs
and one amorphous form, amorphous calcium carbonate (ACC). The three crystal forms

are, in order of most stable to least stable, calcite, aragonite, and vaterite.

4.1.1.4.1. Characteristic data for CaCO3 polymorphs
The crystal parameters of the three polymorphs of calcium carbonate are listed in Table

4-2 overleaf.

125



Table 4-2: Crystal data characteristic of the three crystal polymorphs of CaCO;

Chapter 4: Crystallisation

Polymorph | Crystal Space |a/A b/A c/A a/°|B/° |v/°
system group

Calcite™® | Trigonal R-3c  [4.9900 |4.9900 |17.0615|90 |90 |120

Aragonite™® | Orthorhombic | Pmcn | 4.9616 |7.9705 |5.7394 [90 |90 |90

Vaterite’*® | Hexagonal P6522 | 7.2900 |7.2900 |25.3020 |90 |90 | 120

In this project, the polymorphs will be characterised using WAXS and FTIR. The

characteristic peaks seen for these polymorphs using these techniques are given in Table

4-3 below and Table 4-4 overleaf.

Table 4-3: D-spacings and WAXS peaks seen for crystalline calcium carbonate polymorphs. As ACC is not crystalline, it

will not show sharp scattering peaks when using WAXS.

Calcite™® Aragonite139 Vaterite'*
d-spacing / A | Intensity / % | d-spacing/ | Intensity / % | d-spacing/ | Intensity / %
of maximum | A of maximum | A of maximum

3.0357 100.00 3.3958 100.00 3.6450 56.83
2.4950 13.71 3.2735 56.97 3.3459 100.00
2.2848 20.16 2.7000 52.12 2.8245 11.03
2.0946 14.26 2.4841 28.68 2.7576 79.47
1.9125 19.67 2.4808 17.84 2.1044 61.25
1.8754 20.02 2.4110 15.29 1.8830 19.19

2.3716 41.13 1.8251 49.98

2.3422 28.75 1.6729 20.14

2.3288 19.27 1.3096 11.26

2.1896 13.75

2.1061 20.62

1.9772 71.44

1.8824 30.99

1.8767 18.95

1.8145 29.73

1.7419 31.05

1.7247 14.13
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Normal Calcite / cm™ Aragonite /cm™ | Vaterite /cm™ | ACC/cm™

vibration

\Zi - 1083 - 1085 1089 - 1088 1067

V) 876 - 877 854 873 -878 864

V3, 1420-1423 1488 — 1490 1487 — 1498 1490

V3p 1440 - 1442 1443 — 1445 1425

Via 713 713 -714 746 - 750 725

Vap 700 738 -743 690
4.1.1.4.2. Calcium carbonate in nature

Bird eggshells consist almost entirely of calcite deposits, crystallising as the eggshell
hardens. It has been shown that a large portion of this layer is reabsorbed by the growing
bird embryo prior to hatching (approximately 5% for domestic chickens)'*. In contrast,
the shells of green sea turtles, Chelonia mydas L., consist mainly of aragonite spherulites,

with less than 5% calcite (although it appears that the calcite in these shells forms prior to

the formation of aragonite spherulites)

143,144

. This appears to be due to the magnesium

ions present acting as nuclei for aragonite crystal growth.** It has been shown that Mg**

concentrations of less than 1% promoted growth of CaCO; crystals and supressed

nucleation, but that concentrations above 1% inhibited crystal growth.

Nacre, or mother-of-pearl, has a structure consisting of layers of 95% aragonite platelets,

5% natural polymers. This structure has a strength 3 times that of aragonite alone.

Y tis

these layers that are deposited around a central impurity by oysters in order to form

pearls.

In 2009, soil samples taken from the Mars Phoenix landing site were shown to contain

approximately 3 — 5 % calcium carbonate by mass. It has been suggested that this was

caused by either reactions between atmospheric CO, and either surface water or

subsurface ice, which was later brought to the surface in the collision creating the

Heimdall crater.

4.1.1.4.3.

147

Previous studies

The polymorph of this calcium carbonate has not yet been identified.

Many studies have been carried out investigating the change in morphology of calcium

carbonate crystals with the addition of surfactant. However, the majority of studies
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carried out focus on the crystals produced after a certain period of aging, typically in the

order of several hours, rather than examining the polymorph of the initial precipitate.

The most commonly used surfactant in these studies is sodium dodecyl sulfate (SDS). This
surfactant has been found to adsorb onto the surface of growing CaCO3 nuclei,**® causing

149

their growth rate to decrease (one study suggests by tenfold) . Most studies agree that

this favours the production of calcite in solution,*****3

although some studies claim that
vaterite'® or a mixed aragonite/calcite material™* was favoured instead. It has been
suggested that this effect is due to the surfactant inhibiting vaterite production,153 or by

promoting the vaterite-calcite transition™>.

The effect of other surfactants on the polymorph produced has also been tested. LAS (for

153,155

a configuration with an unbranched chain) and the cationic surfactant dimethyl

)156

dioctadecyl ammonium bromide (DDAB)™" were found to give vaterite, whereas the

155

anionic surfactant sodium dodecylsulfonate (DDS)™>, cationic surfactant

149

dodecyltrimethylammonium bromide (DTAB)™™ and anionic surfactant dioctyl sodium

sulfosuccinate (Aerosol OT, or AOT)**® have been found to give calcite.

While it is clear that the addition of surfactants can have an impact on the polymorph of
calcium carbonate produced, it is not possible to predict which polymorph will be
produced based solely on the charge carried on the surfactant. It has been suggested that
the SO3 groups of SDS and DDS provide an enhanced surface for the nucleation of the
(00 1) plane of calcite crystals, whereas LAS can improve the rate of vaterite production
either due to its increased polarity, or the increased distance between its head groups

increasing the spacing between the monomers in the calcium carbonate crystal.153

4.1.1.5. Surfactants used in this study
Due to the requirements for the formation of w/o microemulsions in order to try to
crystallise the Brightener 49 and Brightener 15, the surfactants used elsewhere in the
project could not be employed. Therefore, an alternative selection of surfactants was

used for this application.

4.1.1.5.1. AOT
Dioctyl sodium sulfosuccinate, often referred to as Aerosol OT or AOT, is a branched

anionic surfactant.
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Na ]

Figure 4-7: AOT

AOT has widespread use as a laxative, with the generic name Docusate and marketed
under brand names such as DulcoEase and Peri-Colace. Although studies have been done
to determine its efficacy in terminally-ill patients, where constipation is highly prevalent,

. . 157
results are inconclusive.

4.1.1.5.2. Span 80
Span 80 is a nonionic surfactant with a highly polar head group, as shown in Figure 4-8. It

can be used with Brij 30 as a cosurfactant.

I QH

Figure 4-8: Span 80

4.1.1.5.3. Brij 30
Also known as Brij L4, Brij 30 is a nonionic surfactant used in this study as a cosurfactant
for Span 80. Like AE7, it is an alcohol ethoxylate, although it only has 4 ethoxy groups per

molecule, rather than 7 for the AE7. The structure of Brij 30 is shown in Figure 4-9 below.

RN NP Ve N D N e N G g
Figure 4-9: Brij 30

4.1.1.54. CTAC
Cetyl trimethyl ammonium chloride (CTAC) is a cationic surfactant. In this work, CTAC was
used as an analogue for the cationic surfactant DEEDMAC used in fabric softening; as
DEEDMAC is highly insoluble, solutions containing this surfactant are not optically clear,

and thus the precipitation of CaCO; would be obscured, and the precipitate obtained

would contain large amounts of DEEDMAC. The structure of CTAC is shown in Figure 4-10.
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Figure 4-10: CTAC

4.1.2. Aims
This chapter had two aims. Firstly, to produce crystals of Brightener 49 and Brightener 15,

and to characterise any crystals produced, and secondly, to identify the effect that the
addition of surfactants had on the precipitation of CaCOs, as this could occur in hard

water systems during laundry washing.
4.2. Experimental

4.2.1. Crystallisation of brightener
In this section, the methods used to try to crystallise out the brightener, and the results of

these experiments, will be detailed. Two methods were used: the vapour diffusion

method, and the microemulsion method.
4.2.1.1. Experimental setup

4.2.1.1.1. Vapour diffusion experiments
In all methods of crystallisation used to grow single crystals, the aim is to control the
supersaturation of the solution in order to slowly crystallise the product. The rate of
crystallisation is kept low by using small supersaturations in order to ensure the addition
of monomers to pre-existing nuclei, rather than forming new nuclei; the latter requires a
larger energy barrier to be overcome and hence a larger supersaturation. Typical methods
to increase the supersaturation include reducing the temperature of a saturated solution,

and the slow addition of an antisolvent.

In the vapour diffusion method, the supersaturation of the solution is increased through
the addition of an antisolvent. This is done by placing an open vial of a solution to be

crystallised in a sealed vial of a miscible, volatile antisolvent, as shown in Figure 4-11.
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Closed vial
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Figure 4-11: The process of vapour-diffusion crystallisation

The solvent and the antisolvent are kept separated by the glass walls of the open vial;
however, the vapour of the antisolvent can still enter the inner vial, and vice versa.
Depending on the relative volatility of the solvent and the antisolvent, either the solvent
will evaporate from the inner vial and enter the antisolvent, or the antisolvent will enter
the inner vial (as depicted in Figure 4-11.) In both scenarios, the supersaturation of the

solution will be increased, causing the precipitation of the solute.

4.2.1.1.2. Crystallisation in microemulsions
For these experiments, microemulsions must be made. These consist of a non-polar
continuous phase, typically a hydrocarbon such as hexane or heptane, containing droplets
of a polar dispersed phase, consisting of either a solution of the monomer to be
crystallised, or an antisolvent, stabilised by the addition of surfactant. These
microemulsions are often referred to as water-in-oil or w/o microemulsions, although the

polar solvent need not be water.

To produce the microemulsions used, a quantity of surfactant was weighed out and
added to the continuous phase. This was agitated, either manually or through sonication
as required, until all of the surfactant had dissolved. A known mass of this non-polar stock
solution was then weighed out, into which a volume of the polar solution was added

using a micropipette. This was then agitated, using a sonicator or a vortex mixer, until the
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polar solvent had fully dispersed, at which point the microemulsion had formed and was

optically clear.

To crystallise the brightener, two microemulsions were made up: one in which the
dispersed phase was a solution of the brightener, and the other in which the dispersed
phase was an antisolvent. These microemulsions were then mixed. This allowed the
droplets to exchange material through the formation of transient dimers, increasing the
supersaturation of the brightener solution and hopefully causing the brightener to

crystallise.

4.3. Results

4.3.1. Vapour diffusion experiments
In order to set up the vapour diffusion experiments, suitable solvents and antisolvents

needed to be found. Although both brightener molecules were soluble in water, this was
unsuitable for use as a solvent in vapour diffusion experiments, as both brighteners were

soluble in all solvents miscible with it.

Two solvents were used for the inner phase of the diffusion experiment: methanol and
dimethyl sulfoxide (DMSO). These were used due to the solubility of both brighteners in
these solvents, as given in Table 4-5. The solubilities of the solvents in water is also shown
for comparison. Toluene was used as the antisolvent in both cases, as both brighteners

were found to be insoluble in this solvent.

Table 4-5: Solubilities of brighteners in solvents used

Solvent Brightener Solubility / g L™

Water Brightener 15 (literature)™® | 1.8

Brightener 49 (literature)™® | 17.6

Methanol Brightener 15 33
Brightener 49 8.3
DMSO Brightener 15 5

Table 4-6 gives the combinations of inner and outer phases tested, along with their

results. All samples were refrigerated for 1 month.
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Table 4-6: Combinations of inner and outer phases used for vapour diffusion experiments

Inner phase

Outer phase

Result

0.0101 g B49 1 mL toluene Thin, white ‘needles’
1.30 mL MeOH crystallised (1 month)
0.01 g B15 1 mL toluene No crystals (1 month)
1 mL DMSO Outer vial empty
0.001g B15 1mL toluene No crystals

300 pL MeOH Inner vial empty

The crystals obtained from the Brightener 49 experiments were submitted for X-ray

crystallography. The results obtained are shown in Figure 4-12 to Figure 4-15 and Table

4-7. As no crystals could be obtained from the systems containing Brightener 15, no

crystallographic data was obtained for these.

Figure 4-12: Crystal structure of Brightener 49 methanol solvate (single molecule). Carbon atoms are grey, hydrogen
atoms are white, sulfur atoms are yellow, oxygen atoms are red, and sodium atoms are cyan.

Figure 4-13: Crystal structure of Brightener 49 methanol solvate, showing (1 0 0) plane. The unit cell origin, o (top
right corner), and vectors, b and c, are labelled. Carbon atoms are grey, hydrogen atoms are white, sulfur atoms are
yellow, oxygen atoms are red, and sodium atoms are cyan.
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Figure 4-14: Crystal structure of Brightener 49 methanol solvate, showing (0 0 1) plane. The unit cell origin, o (top left
corner), and vectors, a and b, are labelled. Carbon atoms are grey, hydrogen atoms are white, sulfur atoms are
yellow, oxygen atoms are red, and sodium atoms are cyan.

Table 4-7: Crystal data for Brightener 49 methanol solvate

Empirical formula [CZSHZOOGSZ]Z‘ -2Na* -4CH;0H
Formula weight 690.71
Temperature/K 120.0
Crystal system monoclinic
Space group P2:/n

a/A 7.7472(4)
b/A 23.2491(13)
c/A 18.6186(10)
a/° 90.00

B/° 98.5411(18)
v/° 90.00

It can be seen in Table 4-7 that the empirical formula of this compound is [CagH20065,]*
-2Na* -4CH30H; for each brightener molecule, four methanol molecules were

incorporated (i.e. two per sulfate ion).

In this structure, the hydrocarbon backbones of the brightener have formed flat layers,
and the polar groups (sulfate ions and methanol) have attached as ligands to the sodium
ions to form columns running between the layers, connecting them. These columns are
built up of subunits of Na* ions, with the sulfate ions and methanol acting as ligands. This

can be seen in more detail in Figure 4-15.
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Figure 4-15: The columns from the Brightener 49 methanol solvate crystal. Carbon atoms are grey, hydrogen atoms
are white, sulfur atoms are yellow, oxygen atoms are red, and sodium atoms are cyan. The hydrocarbon backbone of
the brightener has been removed for clarity

The full data set generated from this crystal, including atom positions, bond lengths and

angles, is included in Appendix 2.

One interesting aspect of the structure, as seen in Figure 4-12, is the configuration of the
sulfate groups. In the structure seen, the molecule has rotated around its central C-C
bond, to give the sulfate groups in the cis-position. In the MD simulation work shown in
Chapter 6, the same trend was seen with the brightener molecules, with the hydrocarbon
backbone interacting with the surfactant tail groups and the sulfate groups oriented
outwards. This crystal data confirms that this is seen in experiments, as well as

simulations.

The structures given show several sulfate-ion bonds per sulfate group, superimposed in
the image given. This may show that there are occupancy factors of less than 1 for each
sodium ion, methanol, sulfate group, or all three. This would show variation in the
positions of these subunits throughout the crystal. This was not seen in the hydrocarbon

backbone of the brightener, showing that these are held in more ordered positions.

This structure may be representative of the crystal structures generated during industrial
production of Brightener 49. However, one limitation of these results is that methanol is
not used as a solvent for domestic cleaning, and therefore this structure would not
represent how Brightener 49 would crystallise on fabric in the wash. Ideally, a crystal
without solvate, or a hydrate, would be obtained to demonstrate this. Due to the
immiscibility of water with the available antisolvents, it was not possible to repeat the

vapour diffusion experiment using water as the solvent. Evaporation and cooling methods
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were used with solutions of Brightener 49 to obtain these crystals, but no crystals were

produced.

4.3.2. Crystallisation in microemulsions
In order to obtain crystals suitable for WAXS studies or X-ray crystallography,

microemulsions were used to try to obtain crystals of the brightener molecules. Studies
were carried out on both brightener molecules. The process of crystallisation through

microemulsions was used, as detailed previously.

4.3.2.1. Individual microemulsions
Samples of microemulsions containing supersaturated Brightener 49 as the dispersed
phase were made up and left to precipitate. The supersaturated solution was made up by
warming Brightener 49 solution to increase its solubility, and kept at a high temperature
until it was added to the continuous phase and allowed to return to room temperature.
This ensured that no precipitation would occur while the brightener was in the bulk

solution. The samples made are shown in Table 4-8.

Table 4-8: Individual microemulsions

Continuous phase Dispersed phase Volume of dispersed phase
added / pLg*
227 gL™* Span 80,227 gL™ | 100 g L' B49 in water 20, 40, 60, 80, 100

Brij 30, in heptane

227 gLt Span 80,227 gL® | 33.3gL" B49in water 20, 40, 60, 80, 100

Brij 30, in heptane

227gL* Span 80,227 gL® | 16.7 gL' B49 in water 20, 40, 60, 80, 100

Brij 30, in heptane

None of the samples tested produced any crystals; this may have been because the
supersaturation of the brightener solution, while high enough to cause precipitation in
the bulk, was too low to allow postcritical nuclei to form. For this reason, mixed
microemulsions were created from one microemulsion containing droplets of brightener
solution, and another containing droplets of an antisolvent. When mixed, the antisolvent
should be transferred to the droplets of brightener solution through the formation of

transient dimers, raising their supersaturation and allowing postcritical nuclei to form.

4.3.2.2. Mixed microemulsions
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Mixed microemulsions were made up as described previously; the continuous and

dispersed phases used are detailed in Table 4-9 below. These were then left in conditions

of low light for several weeks to prevent the cis-trans interconversion of the brightener.

Table 4-9: Mixed microemulsion systems used.

System | Microemulsion 1 Microemulsion 2 Volume of dispersed
Continuous | Dispersed Continuous | Dispersed | Phase added /uLg?
phase phase phase phase

1A 1gAOT stock | 5g L' B15in | 1gAOT stock | Water 20, 30, 40, 50, 60, 70,

DMSO [80 — did not settle]

1B 1gAOTstock | 3.75g L'B15 |1 g AOT stock | Water 20, 30, 40, 50, 60, 70

in DMSO

1C 1gAOTstock | 2.5¢g L' B15 1 g AOT stock | Water 30, 40, 50, 60, 70, 80

in DMSO

1D 1gAOTstock | 1.25¢g L'B15 |1 g AOT stock | Water 20, 30, 40, 50, 60, 70

in DMSO

2 1g Span Brij 5g L B15in 1g Span Brij Water 40, 50, 60, 70, 80, 90
stock DMSO stock (All clouded on mixing)

3A 3g Span Brij 5g L B15in 1g Span Brij Water 10, 15, 20, 25, 30, 35
stock DMSO stock

3B 3g Span Brij 3.75¢g L B15 1g Span Brij Water 10, 15, 20, 25, 30, 35
stock in DMSO stock

3C 3g Span Brij 25¢g L' B15 1g Span Brij Water 10, 15, 20, 25, 30, 35
stock in DMSO stock

3D 3g Span Brij 1.25¢g L' B15 1g Span Brij Water 10, 15, 20, 25, 30, 35
stock in DMSO stock

a4A 1g Span Brij 100 g L' B49 1g Span Brij MeOH 20, 40, 60, 80, 100
stock in water stock

4B 1g Span Brij 33.3¢g L B49 1g Span Brij MeOH 20, 40, 60, 80, 100
stock in water stock

4C 1g Span Brij 16.7 g L" B49 1g Span Brij MeOH 20, 40, 60, 80, 100
stock in water stock
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In Table 4-9, two stock solutions are referred to. “AOT stock” refers to 195 g LTAOT in

cyclohexane. “Span Brij stock” refers to 227 g L™ Span 80, 227 g L™ Brij 30, in heptane.

Although none of these microemulsions produced material that was visible to the naked
eye, 20 uL droplets were taken and examined under plane polarised light using an optical
microscope. Although crystalline material could be seen in these samples, it was not
possible to uniquely identify it as the brightener since the AOT surfactant can also
crystallise, though this is less likely as precipitation of the surfactant would destabilise the
microemulsion and lead to phase separation, which was not observed. Figure 4-16 shows
some of this material produced by the AOT/cyclohexane system after 8 days; while no
crystal habit can be identified, the material still allows plane polarized light through. This

suggests that the material produced at this stage of the process could be crystalline.

Amorphous material

Crystalline material

Figure 4-16: Material produced by AOT/cyclohexane system (allowed to grow for 8 days)
4.3.2.3. Seeding experiments

The crystalline material produced from the microemulsions was too small for single
crystal X-ray crystallography, so instead the microemulsions produced in Section 4.3.2.2
were used to try to seed crystal growth. In this process, slightly supersaturated aqueous
solutions of the brightener were made up, and a small amount of the microemulsion was
added. As it is more thermodynamically favourable for crystal growth to occur on a pre-
existing nucleus than for a new nucleus to form, any further crystal growth should grow

the nuclei formed in the microemulsions.

To test the concentration of Brightener 15 to be used as the seeding solution, solutions of

2,2.5,3.3,5,and 10 g L™ Brightener 15 in water were made up. Although all samples

138



Chapter 4: Crystallisation
produced precipitate, the precipitate was produced slowly (in the order of hours, rather

than minutes) in the samplesof 2and 2.5 g L* Brightener 15; therefore, these
concentrations were used in the seeding experiments. The precipitate from these
experiments in the bulk was a fine opaque precipitate; the material produced was thus

too small and poorly crystalline to be used for single crystal X-ray crystallography.

To verify the visual effect of breaking the microemulsion, which might lead to clouding,
and to distinguish this from precipitation, samples of microemulsions containing no
brightener were added to water containing no brightener. This would show the effect of
breaking the microemulsion on the visual appearance of the mixture. These

microemulsions are shown in Table 4-10 below.

Table 4-10: Control 'blank microemulsions’

Microemulsion 1 Microemulsion 2 Volume of
Continuous Dispersed phase | Continuous Dispersed dispersed phase
phase phase phase added / pLg”
1g20% AOT DMSO 1g20%A0Tin | Water 20, 30, 40, 50, 60,
in cyclohexane 70, 80
cyclohexane

To make up the control “seeded solutions”, samples of 10, 20, and 40 ul/g of each of the

above microemulsions were added to water.

The seeding experiments run are given in Table 4-11 overleaf.
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Bulk phase Systems used to seed Volume added / pL g'1
2 g L' Brightener 15 in 1A, 1B, 1C, 1D 40
water

2 g L' Brightener 15 in 1A, 1B, 1C, 1D 20
water

2 g L' Brightener 15 in 1A, 1B, 1C, 1D 10
water

25g Lt Brightener 15 in 1A, 1B, 1C, 1D 20
water

2 g L' Brightener 15 in 3A, 3B, 3C, 3D 20
water

2.5 g L' Brightener 15 in 3A, 3B, 3C, 3D 20
water

10 g L'* Brightener 49 in 4A, 4B, AC 100
water

20 g L™ Brightener 49 in 4A, 4B, AC 100
water

Seeding experiments were carried out using all samples of each system; these systems

are as listed in Table 4-9 in Section 4.3.2.2 previously.

The seeding experiments produced opaque milky-white material, as shown in Figure 4-17

below. A sample was removed and viewed under a microscope, using plane polarized

light; this is shown in Figure 4-18. The microscope used was fitted with cross polarisers,

which when used, only allow light through that has passed through a crystal lattice.

Figure 4-17: Typical material produced by seeding
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Figure 4-18: Typical material produced by seeding (under microscope). The scale bar in the top left-hand corner
indicates 100 um.

The material seen in Figure 4-18 does not allow plane polarized light through (suggesting
that either the material is amorphous, or too thick to allow the light through), and does
not appear to have a crystal habit. Although it may contain crystalline material, it is not a
single crystal and cannot be used for crystallography. It may be that too many nuclei were
formed in either the microemulsion crystallization or in the swelling process.
Alternatively, this could be an illustration of Ostwald’s rule of stages, in which an
amorphous form nucleated around the small crystals present in the microemulsion

because the precipitation was under kinetic control.

While material has clearly been produced, as a result of the addition of the
microemulsions that contained small crystals, this material cannot be identified as

crystalline.

4.4. Conclusions
Vapour diffusion crystallisation proved successful in the case of Brightener 49 in
methanol. The resulting crystal gave an interesting multi-layered structure, with
individual layers connected by interactions between the sulfate groups, methanol, and
sodium ions, in a columnar structure. Within each brightener molecule, the sulfate groups
were arranged in a cis-structure, rather than the trans-structure with two-fold rotational
symmetry typically depicted. However, vapour diffusion crystallisation was unsuccessful
in the case of Brightener 15, and attempts to produce a Brightener 49 hydrate also

proved unsuccessful.
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Attempts to produce Brightener 15 and Brightener 49 crystals via crystallisation from

microemulsions also proved unsuccessful. Although viewing the microemulsions under
plane-polarised light using an optical microscope identified some solid material, this did
not grow into macroscopically-visible crystals, and when these microemulsions were used

for seeding experiments, only amorphous or polycrystalline matter was produced.

The microemulsion process may show promise in the future for the production of
crystalline brighteners. This could potentially be done through the use of a wider range of
surfactant systems, solvents, and antisolvents, as the concentration of brightener and the
amount of dispersed phase in this experiment were both low. In the case of the
brightener concentration this was due to the low solubilities of the brighteners as shown
in Table 4-5. The amount of crystalline matter could also be potentially increased by
scaling up the system, allowing more material to be precipitated. In addition, the size of
the crystals in the microemulsion could be increased by adding a brightener solution in
which the solvent is miscible with water, but also slightly miscible with the continuous
phase as well. This will lead to the brightener molecules partitioning into the droplets,
along with only some of the solvent, the rest of which will partition into the much larger
volume of the continuous phase. Hence, brightener molecules will be selectively added to
the droplets, or to larger crystals with a layer of surrounding aqueous solution and
surfactant, allowing the crystals there to grow to larger sizes. DMF would be an example
of a suitable solvent, since this is miscible with water but also partially miscible with the

heptane continuous phase.

4.5. Crystallisation of CaCO3
In this section, the effect of the addition of surfactants on the precipitation of CaCO3; was
tested to determine if the surfactants in laundry detergent were affecting the
crystallisation. Three surfactants were used: the anionic surfactant AE1S, the nonionic

surfactant AE7, and the cationic surfactant cetyl trimethyl ammonium chloride (CTAC).

Solutions were made up containing1lg L™ of either CaCl,.2H,0 or Na,COs, plus a given
concentration of the surfactant. The two solutions were then mixed. The time taken until
a precipitate formed was noted, and the precipitate was removed via centrifugation
immediately to prevent interconversion of the CaCO3; polymorphs. FTIR and WAXS data
was then taken to determine the polymorph of CaCOs; produced. Two sets of data were

taken for each surfactant concentration in order to test for reproducibility.
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Data was taken for the AE7, AE1S, and CTAC surfactants, and for AE1S/AE7 and AE7/CTAC

mixes. An AE1S/CTAC surfactant mixture was created, but the surfactant precipitated out

immediately, preventing further testing.

The control sample, containing 0.5 g Lt CaCl,.2H,0and 0.5 g Lt Na,COs in water alone i.e.
without surfactant, precipitated out in less than 4 minutes. SAXS and FTIR testing showed

this to be producing vaterite crystals.

4.5.1. Results
Table 4-12 to Table 4-16 give the polymorphs produced from crystallisation experiments.

4.5.1.1. AE7
Table 4-12 shows the polymorphs of CaCO; obtained from solutions containing AE7, and

the time taken for the precipitate to form.

Table 4-12: Data obtained from CaCO; crystallised in AE7

Conc. AE7 /gL' | WAXS FTIR Time taken
(minutes)
2.49 Calcite Calcite, possible 8-13

aragonite/vaterite

4.98 Calcite Calcite or vaterite 4-6

7.44 Calcite, possibly Inconclusive 3-5

vaterite and aragonite

9.90 Calcite Calcite 10— 47
12.3 Calcite, possible very | Calcite, unidentified >10
weak aragonite, peaks Sample 1: <1
unidentified peaks hour
Sample 2: > 1
day

The most notable effect of the addition of AE7 is that calcite, the most stable polymorph
of CaCOs, is predominantly produced. It is not clear whether this is due to the calcium
carbonate precipitating directly as the calcite polymorph, or because the AE7 increases

the rate of the vaterite-calcite transition.

143



Chapter 4: Crystallisation
It can also be seen that the amount of AE7 added has affected the rate of precipitation. At

low concentrations, increasing AE7 concentration decreased the time taken to precipitate
CaCOs; however, at higher concentrations ~ 10% by weight and above, increasing the

concentration increases the time taken to precipitate.

4.5.1.2. AE1S
Table 4-13 shows the polymorphs of CaCO; obtained from solutions containing AE1S, and

the time taken for the precipitate to form.

Table 4-13: Data obtained from CaCOj; crystallised in AE1S

Conc. AE1S /gL' | WAXS FTIR Time taken
/ mins

2.05 Crystalline, but Aragonite, possibly calcite | 2
unidentifiable and/or vaterite

4.09 Vaterite, possibly | Could be aragonite, 15-16
aragonite possibly vaterite, some

unidentified

6.12 Aragonite, One calcite/aragonite Overnight —
vaterite, possibly | peak, one calcite/vaterite | 3 days
calcite peak

8.14 Aragonite and Calcite or vaterite Overnight —
vaterite 4 days

It can be seen that the AE1S has not had a significant effect on the polymorph produced,;
however, increasing the amount of AE1S in the solution dramatically increases the time
taken for the calcium carbonate to precipitate. This would be consistent with the
literature, where calcium carbonate nuclei are said to interact with anionic surfactants,
either through individual surfactants being adsorbed onto the surface of the nucleus, or
by the nucleus attaching to the outer shell of the micelle. It may be that the AE1S has
adsorbed onto the crystal face of the aragonite and vaterite nuclei produced, inhibiting

both further crystal growth and the vaterite-calcite transition.

144



4.5.1.3. CTAC

Chapter 4: Crystallisation

Table 4-14 shows the polymorphs of CaCO; obtained from solutions containing CTAC, and

the time taken for the precipitate to form.

Table 4-14: Data obtained from CaCO; crystallised in CTAC

Conc. CTAC /gLt | WAXS FTIR Time taken
4 Calcite Calcite < 10 minutes
8 Calcite Calcite

12 Calcite, aragonite Calcite

16 Calcite, aragonite Calcite

20 Calcite, aragonite Calcite

Two main findings can be seen from this data. Firstly, when CTAC is used, calcite is the

main polymorph produced (although at high concentrations some aragonite can be seen).

Secondly, addition of CTAC has had no impact on the rate of precipitation.

4.5.1.4. AE7/AE1S mix

Table 4-15 shows the polymorphs of CaCO; obtained from solutions containing AE7 and

AE1S, and the time taken for the precipitate to form.

145



Table 4-15: Data obtained from CaCO; crystallised in AE7/AE1S

Chapter 4: Crystallisation

Conc. AE7 | Conc. AE1S | WAXS FTIR Time taken
/8L* /8™
1.25 1.03 Calcite, aragonite Either calcite, or 8 — 14 mins
and vaterite both aragonite
and vaterite
2.49 2.05 Aragonite and Aragonite 1hr 28 min —
vaterite,, possibly 1 hr 37 mins
calcite
3.74 3.07 Crystalline but Unidentifiable 5hr30-
unidentified Overnight
4.98 4.09 No peaks seen Calcite/aragonite | 1—2 days
and
aragonite/vaterite
6.21 5.11 Mostly amorphous | Unidentified, 1-3 days

but with peak at ~

2.83 nm (vaterite?)

possible

amorphous peak

Similar results are seen in this system to the AE1S-only system; while addition of the

surfactant is not linked to production of a particular polymorph, it is linked with an

increase in time taken to precipitate.

4.5.1.5. AE7/CTAC mix

Table 4-16 shows the polymorphs of CaCO; obtained from solutions containing AE7 and

CTAC, and the time taken for the precipitate to form.
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Table 4-16: Data obtained from CaCO; crystallised in AE7/CTAC

Conc. AE7 /gL' | Conc.CTAC /gL' | WAXS FTIR Time taken
1.25 2 Calcite, Inconclusive All showed
aragonite, and precipitation
vaterite in <10 mins
2.49 4 Calcite, Calcite, possibly
aragonite aragonite

and/or vaterite

3.74 6 Calcite Calcite

4.98 8 Calcite Inconclusive

6.21 10 Aragonite, Inconclusive
vaterite

It can be seen that, while no one polymorph is consistently produced as in the CTAC-only

system, the rate of CaCO; production is not affected by the inclusion of AE7.

4.6. Discussion
One main trend seen in all samples that didn’t involve the cationic surfactant CTAC was
that the amount of surfactant added to the system impacted the rate of CaCO;
deposition, increasing the time taken for precipitation from approximately 4 minutes to
up to 4 days. This suggests that, at high concentrations, the presence of the non-ionic and
anionic surfactant is severely inhibiting the precipitation process. This is in line with the
literature; multiple studies have found that SDS will inhibit CaCO3 crystal growth, as
detailed in Section 4.1.1.4.3.

This effect is most striking in the samples containing the anionic surfactant AE1S. This may
be due to the anionic surfactant competing with the C05% ion and interacting with the
Ca’*ion, preventing the formation of precipitate. In literature studies with SDS, it has
been hypothesised that, at SDS concentrations above the CMC, the calcium ions adsorb
onto the micelle rather than multiple SDS molecules adsorping onto each face of the

1.3 1n Chapter 5, SAXS data will be presented showing that adding calcium

growing crysta
ions did not change the micellar size of AE1S micelles, and in Chapter 6, data from MD

simulations will be presented showing that calcium ions in an AE1S system have a low
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mean distance from the outer shell of the micelle, suggesting that Ca’* ions do adsorb

onto the micelles. The effect of the AE1S addition seen here is consistent with this view of

Ca®" interaction with the micelle.

In the AE7 system, high surfactant concentrations above ~10% by weight were also
associated with a decreased rate of precipitation, although not to the same extent as for
the AE1S system. The nonionic surfactant should not be interacting strongly with the ions,
due to its lack of charge. Nevertheless, the interaction may be sufficiently strong to cause
some adsorption of the surfactant onto the growing crystals when the surfactant is

present in such large quantities, thereby impeding further crystal growth.

In the CTAC system, calcite was exclusively produced, with no change in rate seen with
changing concentration. In 2007, Szczes et al found that, firstly, a cationic surfactant
interacted with negatively charged CaCOj; nuclei, and secondly that the presence of
cationic surfactant increased the rate of the vaterite-calcite transition.** These findings

are therefore in line with the literature.

When mixed surfactant systems are used, attributes from one or both surfactant systems
are seen. When AE1S and AE7 are used, the reduction in precipitation rate caused by the
AE1S is seen, whilst it appears that the AE1S has control over the polymorph formed.
When CTAC and AE7 are used, the rate of precipitation is not reduced, but the control
over the polymorphs formed is lost: a mixture of polymorphs is seen. This suggests that,
perhaps, the formation of mixed, less positively charged micelles occurs so that calcite is
no longer nucleated predominantly when the more positively charged CTAC only micelles

are not prevalent.

There were unidentifiable FTIR peaks in some of the AE1S and AE1S/AE7 systems, which
could be due to surfactant-calcium precipitates. Further experiments would attempt to
produce this material alone, and to obtain a crystal structure for it, allowing it to be

identified in future samples.

4.7. Conclusions
The aim of the first section was to produce high quality single crystals of Brightener 49
and Brightener 15 using vapour diffusion and microemulsion crystallisation methods.
Using the vapour diffusion method, Brightener 49 methanol solvate crystals were

produced. On a molecular level, these showed a layered structure, with the sulfate ions in
148



Chapter 4: Crystallisation
a cis-position around the central bond, and with layers of brighteners connected via

ligand-ion bonding between the sulfate ions, methanol, and sodium ions. No Brightener
15 crystals could be produced using vapour diffusion methods, and no crystals of
sufficient size of either brightener were produced using microemulsion methods to allow

single crystal analysis.

The effect of surfactants found in laundry detergent on the crystallisation of CaCO; was
also tested. The results were largely in line with the literature, with the anionic surfactant
supressing the vaterite-calcite transition and reducing the rate of precipitation, the
cationic surfactant causing the precipitation of calcite but not affecting the rate of
precipitation, and with the nonionic surfactant having a complex effect on the rate, but

causing the precipitation of calcite.
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5. SAXS

Small Angle X-ray Scattering (SAXS) of the surfactants with and without brightener and

added CaCl, are detailed in this chapter.

5.1. Brightener and surfactant systems
In this section, SAXS data was taken for surfactant systems containing varying
concentrations of Brightener 49. This was to determine, first, if there was any interaction
between the brightener and the surfactant, and if an interaction between the brightener
and the surfactant was occurring, into which part of the micelle the brightener was being
incorporated. The changes in micelle radius with the addition of brightener were also
determined. The SAXS data were analysed using two different methods to ensure
consistency in the findings. First, the data was analysed using GIFT analysis (see Chapter 2
Section 2.2.3), which is model independent, except for the requirement of approximately
spherical particles with a diameter less than a user-specified cut-off and the adoption of a
hard sphere structure factor; the adoption of the latter typically has little effect on our
findings because the concentration of scattering particles is low, so the structure factor is
close to 1. Second, the SAXS data were analysed by assuming they arose solely from the
form factor (i.e. the structure factor was set as 1) and then a modelled core shell particle
form factor was adopted, since GIFT analysis showed that the scatterers were
inhomogeneous (as would be expected for micelles containing hydrophobic cores and

hydrophilic shells).

5.1.1. Nonionic surfactant AE7 + Brightener B49

5.1.1.1. Raw SAXS data
Agueous solutions were made up containing 25.6 g L™ AE7 and varying amounts of
Brightener 49. SAXS data was taken (8 hours) for these samples at a detector distance of
66 cm. Literature values obtained by Li et al suggest that AE7 micelles have an
aggregation number of approximately 300 and a CMC value of 0.1 g L™ The area of the

head groups in these micelles is therefore approximately 47 A’. These data are shown in

Figure 5-1 overleaf.
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25.6 g L™ AE7
25.6 g L AE7 0.513 g L' Bri49
=—25.6g L™ AE7 1.03 g L™ Bri49
256 g L™ AE7 1.28 g L™ Bri49 (1)
=256 g L™ AE7 1.28 g L' Bri49 (2)
—25.6 g L' AE7 1.54 g L~ Bri49
=—25.6 g L™' AE7 2.05 g L™ Bri49
——25.6g L™ AE7 2.56 g L~ Bri49
=—25.6g L™ AE7 5.13 g L™ Bri49

25.6 g L' AE7 6.15 g L™ Bri49
=256 g L™ AE7 8.21 g L™ Bri49

25.6 g L""AE7 10.3 g L™ Bri49

0.35 0.85 1.35 1.85 2.35 =256 g L AE7 12.1 g L™ Bri49
q/nm?

Figure 5-1: Raw SAXS data for solutions of 25.6 g L™ AE7 with varying concentrations of Brightener 49

A clear peak shift to higher g is seen as the brightener concentration is increased.

More information can be obtained from this data by determining the pair distribution
function, p(r). This quantity describes the probability of finding a vector of length r within
the scattering particle, weighted by the electron density contrast between the particle
(i.e. the micelle) and the surrounding solution at the vector’s ends. Therefore, by
determining p(r), information such as the particle size, structure and electron density

contrast could be determined.
The pair distribution function is related to the form factor, P(g), through the equation:93

sin qr

P(q) = 411[ p(r) dr

0 qr

Equation 5-1

As the total scattering intensity, /(g), is related to P(q) through the equation

1(q) = nP(q)S(q),

Equation 5-2
(where n is the number of scattering particles in solution) then, if the effects of the
structure factor, S(qg), on the scattering intensity I(q) can be calculated, P(q) can be
determined, and p(q) found through a reverse Fourier transformation of this data. This
was carried out using GIFT (Generalized Indirect Fourier Transformation) analysis, as

discussed in Chapter 2.
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The pair distribution functions, p(r), for these samples are shown in Figure 5-2, Figure 5-3

and Figure 5-4 below and are indicative of core-shell scattering particles. The scattering
functions /(g) used to determine p(g) were not obtained on an absolute scale, and hence
to more readily compare the p(q) functions, the data were normalised to the leftmost
peak, i.e. a constant electron density for the core was assumed, in Figure 5-3, and to the
rightmost peak in Figure 5-4, i.e. a constant electron density for the particles’ shell was

then assumed.

04 —256g L AE7
; ——125.6g L AE7 0.513 g L' B49
0.2 ——25.6g L AE7 1.03 g L' B49
——256g L AE7 1.28 g L B49
0 256 L AE7 1.28 g L~ B49 (2)
3 ° Y 256¢lAE7 154 ¢ 1 Ba9
=02 ——25.6gL" AE7 2.05 g L' B49
= 256 g L' AE7 2.56 g L™ B49
-0.4 1 25.6 gL AE7 5.13 g L~ B49
——25.6 g L' AE7 6.15 g L' B49
0.6 - g 5.6 g LV AE7 8.21 g L' B49
25.6 gL AE7 10.3 g L~ B49
0.8

25.6gL"AE712.1 gL' B49
r/nm & &

Figure 5-2: Pair distribution function p(r) for AE7 and brightener in solution

4
——25.6g L AE7
, ——25.6g L AE7 0.513 g L' Bri49
——25.6g L AE7 1.03 g L' Bri49
o 25.6 g L1 AE7 1.28 g L' Bri49
4 25.6 g L' AE7 1.28 g L™ Brid9 (2)
3 256 g L' AE7 1.54 g L' Bri49
€5
T ———25.6 g L' AE7 2.05 g L' Bri49
25.6 g L' AE7 2.56 g L' Bri49
4 e 25,6 g L' AE7 5.13 g L Bri49
25.6 g L' AE7 6.15 g L' Bri49
6 ——25.6g L' AE7 8.21 g L' Bri49
256 g L' AE7 10.3 g L' Bri49
-8

r (nm) 25.6g L AE7 12.1 g L™" Bri49

Figure 5-3: Pair distribution function p(r) for AE7 and brightener in solution (normalized to first peak)
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Figure 5-4: Pair distribution function p(r) for AE7 and brightener in solution (normalised to second peak)
Accordingly, Figure 5-3 shows the effect of brightener concentration on the electron
density contrast of the outer shell, assuming that the electron density contrast of the
inner core is constant. As the concentration of brightener increased, the magnitude of the
rightmost peak was seen to increase. This would indicate that, if the electron density of
the core was constant, then as the concentration of the brightener increased, the

electron density contrast between the outer shell and the surrounding water increased.

In contrast, Figure 5-4 shows the effect of brightener concentration on the electron
density contrast of the inner core, assuming that the electron density contrast of the
outer shell remained constant. As the concentration of brightener increased, the
magnitude of the leftmost peak decreased. This would indicate that, if the electron
density of the outer shell was constant, then as the concentration of the brightener

increased, the electron density contrast between the inner core and the water decreased.

The estimated electron densities of the core, shell, solvent and brightener are shown in

Table 5-1.
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Table 5-1: Electron densities of substances used

Substance Calculated electron density / e A3
AE7 (head group) 0.34
AE7 (tail group) 0.26
Water 0.33
Brightener 49 0.47

The electron density of Brightener 49 is much greater than that of the head or tail group
of AE7. Therefore, if the brightener was incorporated into the head group region of the
micelle, i.e. the shell, it would have increased the electron density of the region,
increasing the electron density contrast between the outer shell and the solvent, as was
indeed observed. Likewise, if the brightener was incorporated into the core, i.e. the tail
group region of the micelle, it would have increased its overall electron density, reducing
the electron density contrast between the core and the solvent; again, this was observed.

Therefore, either scenario would have been plausible with the SAXS data.

The diameter of the micelles was given by the distance at which p(r) falls to 0. The inner
core diameter was given approximately by the point of inflection between the minima
and the second maxima; this was calculated from p(r) using the program Origin. These

values are shown in Table 5-2.
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Table 5-2: Radii calculated using GIFT for samples of brightener and AE7. All radii quoted to 2 s.f.

Concentration of brightener | Inner core radius / nm Micellar radius / nm
in sample / g L

0 2.3 3.3
0.513 2.6 3.6
1.03 2.5 3.3
1.28 2.6 3.4
1.28 (2) 2.5 3.6
1.54 25 34
2.05 2.6 3.4
2.56 25 34
5.13 25 34
6.15 2.5 3.3
8.21 2.5 3.3
10.3 23 3.2
121 2.3 3.2

There was little variation in the radius of the inner core and outer shell with increasing
brightener concentration. This could suggest that, instead of brightener molecules
becoming incorporated into the micelle, and swelling it, the brightener molecules were
replacing surfactant molecules within the micelle. This would have led to an increase in
the number of micelles in solution, and thus a decrease in the mean distance between
micelles, which might have led to increased interactions between the micelles that would

have been apparent in the structure factor, S(qg).

Inspection of the generated hard sphere structure factors for AE7 with and without

Brightener 49 show that there was a large amount of fluctuation in the structure factor

. . . 2
peak and thus the mean separation between the micelles (corresponding to g = 7”,

where d is the mean separation between micelles and q is the position of the structure
factor peak). These are shown in Figure 5-5 and Table 5-3 overleaf. This random scatter
may indicate that the structure factor was not being modelled well by the GIFT program

in this instance; however, it can be noted that the structure factor does not deviate far
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from 1, so for g > 0.5 nm™, the structure factor would not have been contributing

significantly to the final I(q).

q/nm?

e 0 g L~ B49
e—0.513 g L"' B49
—1.03 g L' B49
1.28 gL~ B49 (1)
—1.28g L™ B49 (2)
e 1.54 g L~ B49
.05 g L~ B49
e .56 g L7 B49
513 g L' B49
e 6,15 g L~ B49
321 gL B49
10.3 g L' B49
12.1gL7"B49

Figure 5-5: S(q) calculated during GIFT analysis for 25.6 g L™ AE7 samples with varying concentrations of brightener

Table 5-3: Positions of S(q) peaks and corresponding intermicellar distances for the AE7/brightener system

Concentration of brightener

/gL?

Position of S(g) peak / nm™

Distance between particles

calculated from S(q) peak /

nm
0 0.95 6.64
0.513 0.66 9.50
1.03 0.87 7.18
1.28 (1) 0.68 9.20
1.28 (2) 0.57 11.07
1.54 1.05 5.97
2.05 1.17 5.35
2.56 1.11 5.65
5.13 0.63 10.04
6.15 1.12 5.59
8.21 1.17 5.39
10.3 1.23 5.11
12.1 0.64 9.78
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The intensities of the second maxima in the raw p(r) functions range from 0.012 — 0.25;

the errors in these peak heights range from £0.09 — 0.3. Therefore, the variation seen
could have been due to the error inherent in GIFT analysis. Therefore, to confirm the
trend, a simple model of the core-shell form factor was used to determine the effect of

brightener concentration on the electron density of the inner core and outer shell.

5.1.1.2. Comparison to core-shell form factor modelled data
The SAXS data obtained for 25.6 g L'* AE7 were compared to a simulated curve for the
form factor, P(g), of the micelle assuming a spherical core-shell structure where the core
comprises the surfactant’s hydrophobic tail groups and the shell the surfactant’s
hydrophilic head groups. The equation for this form factor was given in Chapter 2, Section
2.2.5. The structure factor, S(g), was assumed to be 1 throughout, i.e. the micelles were
at infinite separation. (Although this is never the case in an experimental system, at low
concentrations the mean intermicellar distances are great enough that S(g) deviates only
slightly from 1 for g > 0.5 nm™.) The distance and electron density contrast parameters of
the modelled system were adjusted in order to fit the simulated curve to the
experimental data. The results are shown in Figure 5-6 below. Note the deviation
between the experimental and simulated patterns at g < 0.5 nm™ are likely to be due to
primary beam scatter contributing to the experimental SAXS pattern; the surfactant

systems are weak scatterers and so residual primary beam scatter is noticeable at low g.

16

14 -

12 - e Experimental

= Simulated

I(q) /a.u.

O T T T T

0.3 0.8 1.3 1.8 2.3
q/nm?

Figure 5-6: Comparison of experimental SAXS data and simulated P(q) for 25.6 g L™ AE7. The deviation from the
experimental and simulated curves at low g occured because the experimental curve was dominated by scattering
from the primary unscattered beam at these low g values.

The parameters required to fit this data are shown in Table 5-4 overleaf.
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Table 5-4: Parameters required to fit simulated data to experimental data

Parameter Value
Inner core radius / nm 2.54
Inner core electron density / e A3 0.26
Outer shell radius / nm 3.25
Outer shell electron density / e A3 0.385
Solvent electron density / e A3 0.33
Background 8
Scale factor 10"

The curves produced by adding brightener were fitted by first changing the electron
density of the outer shell (and the scale factor), then by changing the electron density of
the inner core (and scale factor). The effect of brightener concentration on electron
density of the outer shell (assuming constant electron density for the inner core), and the
effect of brightener concentration on electron density of inner core (assuming constant

electron density for the outer shell), are shown in Figure 5-7 and Figure 5-8 respectively.

0.45
0.44 - 4 4
0.43 ~
0.42 +

0.41 ~ 2

Electron density of outer shell / e’A-3

o
w
0

0 2 4 6 8 10 12 14

Concentration of brightener / g L1

Figure 5-7: Effect of brightener concentration on electron density of the outer shell (assuming constant electron
density for the inner core)
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Figure 5-8: Effect of brightener concentration on electron density of inner core (assuming constant electron density
for the outer shell)

It can be seen that, if the electron density of the outer shell was assumed to be constant,
then the modelled electron density of the inner core increased with increasing brightener
concentration. Likewise, if the electron density of the inner core was assumed to be
constant, then the modelled electron density of the outer shell increased with increasing

brightener concentration.

5.1.1.3. DECON results

To determine which model of brightener incorporation (into the core or shell) was the
most plausible, the density profile of the AE7 micelles with and without brightener were
determined using DECON. This program modelled the density profile from the GIFT
output, assuming that the micelles were perfectly symmetrical and monodisperse. The

results are shown in Figure 5-9 below.

0.15 5.6 g L AE7
) 01 - e 25.6 g L"" AE7 0.513 g L™ B49
S e 25.6 g L' AE7 1.03 g L™ B49
2 005 - 5.6 g L' AE7 1.28 g L™ B49 (1)
5 > —_ 256 g L AE7 1.28 g L' B49 (2)
’g, = 0 * g * ——25.6 g L AE7 1.54 g L™ B49
Z g 005 $ 1 =g 3 4 ——256gL"AE72.05g L™ B49
§ El — = w256 g L' AE7 2.56 g L™ B49
g 01 — 25.6 gL AE7 5.13 g L' B49
8 | — =256 g L AE7 6.15 g L™ B49
= -015 256 g L AE7 8.21 g L' B49
w 25.6 gL' AE7 10.3 g L' B49
02 r/nm 25.6g L AE7 12.1g L' B49

Figure 5-9: Density profile for AE7 micelles with and without brightener
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At the centre of the micelle (r = 0), p(r) was less affected by changes in brightener

concentration, with the p(0) value fluctuating with brightener concentration, giving values
typically between 0.18 e A and 0.25 e” A™. However, at larger r (corresponding to the
outer shell of the micelle), p(r) increased more systematically, increasing from 0.37 — 0.45
e A with increasing brightener concentration. This corresponded to the brightener

becoming incorporated mainly into the outer shell of the micelle.

The DECON results gave the electron density contrast between the micelle and the
solvent. From these results, the electron densities of the inner core and outer shell were
calculated. These were then compared to the electron densities used to fit the form
factor model to the data in Section 1.1.2. This is shown in Figure 5-10 below. (It is
assumed that the electron density of the inner core was constant, and the electron
density of the outer shell increased.) These electron densities given with increasing

brightener concentration are given in Table 5-5 overleaf.

v
o 0.35 #® e- density of shell - DECON

i X X M e- density of core - DECON

X

e- density of shell - model

X e- density of core - model

0 T T
0 5 10 15

Concentration / g L

Figure 5-10: Comparison of electron densities calculated using DECON with modelled electron densities
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Table 5-5: Calculated electron densities for AE7 + B49 micelles

Concentration / | e density of shell | e  density of e density of e density of

gLt (DECON) / e'A® core (DECON) / | shell (model)/ | core (model) /
eA’? eA? eA?

0 0.371 0.215 0.385 0.26

0.513 0.374 0.226 0.386 0.26

1.03 0.400 0.221 0.386 0.26

1.28 0.376 0.230 0.39 0.26

1.28 (2) 0.377 0.225 0.39 0.26

1.54 0.403 0.250 0.39 0.26

2.05 0.373 0.217 0.39 0.26

2.56 0.372 0.218 0.39 0.26

5.13 0.420 0.233 0.4 0.26

6.15 0.413 0.205 0.4 0.26

8.21 0.448 0.246 0.41 0.26

10.3 0.431 0.184 0.44 0.26

12.1 0.433 0.200 0.44 0.26

The modelled electron densities and the DECON electron densities for the outer shell
matched well, suggesting that the model used was accurate. (Although there was an
average difference of 0.036 e A between the modelled electron densities and the

electron densities from DECON for the inner shell, the same trend was seen in each.)

5.1.1.4. Components of micelles
By calculating the volumes of the outer shell and the number of electrons contributing to
the electron density per surfactant, and using the electron densities calculated by DECON
and verifying by modelling, the aggregation number of the micelles could be calculated.
This was found to be 194 (compared to 300 in the Iiterature)3°. This would lead to a head
group area of ~ 0.7 nm? (compared to 0.32 nm? in the literature)'®. The error in
calculating radii through GIFT analysis is typically 0.2 nm; this would lead to an error of
approximately 6% in the radius calculated for this system, and thus of 18% in the volume,
and thus the aggregation number. Thus the aggregation number for this system would be

within the range 159 — 229.

161




Chapter 5: SAXS

The solubility of the brightener in water was given by Procter & Gamble as 17 g L5t

was determined experimentally that the brightener solubility in the AE7 concentration
used was 31 g L. Therefore, approximately 65% of the brightener in solution should have
partitioned into the micelles. Assuming that each brightener molecule replaced one
surfactant molecule in solution, the average components of micelles at each brightener

concentration could be calculated. These are shown in Table 5-6 below.

Table 5-6: Components of micelles at changing brightener concentration

Conc. of Brightener49 / g L-1 No. of brightener No. of surfactant
molecules per micelle molecules per micelle
0.513 2 192
1.03 5 189
1.28 6 188
1.54 7 187
2.05 9 185
2.56 11 183
5.13 21 173
6.15 24 170
8.21 31 163
10.3 38 156
12.1 43 151

5.1.1.5. Structure factor peak
The scattering curves showed good agreement with the modelled form factors,
suggesting that the /(q) peak seen was due to the core-shell micelle form factor. However,

if a peak due to the structure factor had been present, it would have been be seen at:
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Equation 5-3

Here, g is as previously, and d is the average distance between micelles in solution.

Using the concentration and molecular weight of the surfactant, d was estimated to be 15
nm for the sample with no brightener present. Therefore, a structure factor peak would
have been seen at = 0.52 nm™. This does not correspond to the main peak seen, which for
the pure surfactant occurs at between 1.0nm™— 1.1 nm™ (see Figure 5-1), showing that

this peakis indeed mostly due to the form factor of the micelle.

As discussed previously, adding brightener to the solution would have displaced
surfactant from the micelles, increasing the number of micelles in solution and decreasing
the mean distance between micelles. This will have increased the g-value of the main
structure factor peak; the more surfactant molecules displaced per brightener, the

greater this shift will have been.

The calculated main structure factor peaks for the micelles containing brightener (using

the same assumptions as in Section 5.1.1.4) are shown in Table 5-7.
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Table 5-7: Estimated structure factor peaks for micelles containing brightener

Brightener concentration / g L™ Estimated structure factor peak / nm™
0.513 0.53
1.03 0.53
1.28 0.53
2.05 0.54
2.56 0.54
5.13 0.56
6.15 0.56
8.21 0.57
10.3 0.59
121 0.60

These structure factor peak values did not correspond to the experimental SAXS /(q) peak

values seen, which increased with brightener concentration from =1.1to 1.4 nm™ (see

Figure 5-1), showing that these peaks were mostly due to the form factor of the

brightener-incorporated micelles. The lack of significant micelle-micelle interactions,

which would have caused the structure factor to deviate more from 1, is also apparent

from the GIFT analysis. A typical hard sphere structure factor used in the GIFT analysis is

shown below in Figure 5-11; its value deviated only slightly from 1 in the g-range studied

(0.35 nm™ to 2.6 nm™).
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Figure 5-11: Simulated S(q) for 25.6 g L AE7

In addition, the position of the minima in I(q) occurring after the main peak could be used

to estimate the radius of the inner core, using the equation:

GminR ~ 4.48

Equation 5-4
The estimated minima in /(g) varied from 2.0 to 2.3 nm™ in these samples (see Figure 5-12

overleaf).

B Minimum approx

O T T T T T T
0 2 4 6 8 10 12

Concentration of brightener / gL

Figure 5-12: Effect of brightener concentration on position of minima in I(q)

These values corresponded to inner core radii of 2.0 — 2.3 nm, which compare well to the

radii of 2.3 — 2.6 nm obtained through GIFT analysis.

5.1.1.6. Conclusions
The aggregation of AE7 in the presence of varying concentrations of Brightener 49 was
investigated. It was found that, when no brightener was present, the AE7 formed micelles
with an aggregation number of approximately 159 - 229. Adding brightener did not

change the inner core or outer shell radius of the micelle, but did increase the electron
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density of the outer shell, indicating that the brightener was being incorporated into this

region. It was shown that the peaks in /(q) were due to the form factor, rather than the

structure factor.

In addition, the electron densities obtained via DECON provided a good fit for those
obtained using a core-shell model, suggesting that this micelle could be modelled as

spherical.

5.1.2. Anionic surfactant AE1S + Brightener 49

5.1.2.1. Rawdata
SAXS data was collected for samples containing 21.0 g L™ AE1S, with varied

concentrations of Brightener 49 added. This data is shown in Figure 5-13 overleaf.

40
35 - ——21.0g L AELS
30 -
55 | 21.0g L AE1S 5 g L™ B49
5
< 20 -
G ——21.0g L' AE1S 10 g L™ B49
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10 1 ——21.0g L™ AE1S 15 g L' B49
5 -
0 ‘ ‘ ‘ ——21.0g L AE1S 20 g L™ B49
0 1 3 4

q/%m'1

Figure 5-13: Raw SAXS data for AE1S systems containing B49

The increase in brightener concentration had two main effects on the /(g) peak; firstly an
increase in intensity, and secondly a marginal shift to higher g. To find the effect of the
brightener concentration on the structure of the AE1S micelle, its pair distribution

function was found.

5.1.2.2.  GIFT analysis
The pair distribution functions of these samples were found through GIFT analysis. These
are shown in Figure 5-14. These pair distribution functions were also normalised to the
first peak, to show the relative heights of the second peaks; these are shown in Figure

5-15.
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Figure 5-14: Pair distribution function for AE1S systems containing B49
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Figure 5-15: Pair distribution function for AE1S systems containing B49 (normalised to first peak)

Figure 5-15 shows that, as the brightener concentration increased, the height of the
second maximum increased relative to the first. This is shown more clearly in Figure 5-16
below. This would suggest that the electron density contrast between the outer shell and
the solvent increased as the concentration of brightener increased, and thus the overall
electron density of the outer shell increased, and the brightener was being incorporated

into the outer shell of the micelle.

If the same data was normalised to the second maximum, this would have shown the
height of the first peak decreasing as the concentration of brightener was increased,
suggesting that the electron density contrast between the inner core and the solvent was
decreasing, and thus that the electron density of the inner core increased, suggesting
brightener incorporation into the inner core. As the ‘outer shell’ model was proven
correct in the previous case, this was the one that the remaining data was primarily
compared to, although the electron densities generated were compared to both models

to confirm that this model was correct.
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Figure 5-16: Height of second peak in p(r) relative to the first, for AE1S systems containing B49

The inner core and micellar radii of this system are given in Table 5-8 below.

Table 5-8: Inner core and micellar radii of AE1S systems with varying concentrations of brightener

Concentration of brightener

Inner core radius / nm

Micellar radius / nm

/gL’

0 2.0 26
5 2.0 2.5
10 1.9 26
15 2.0 26
20 2.0 26

It can be seen that there was very little change in the inner core and micellar radii as the

concentration of brightener was increased. This would suggest that the addition of

brightener did not affect the overall size and shape of the micelle.

5.1.2.3.  Core-shell form factor modelling results

The tail groups of the AE1S were estimated as having an electron density of 0.26 e'A™

assuming the inner core was similar to liquid hydrocarbon. This value was similar to the

value of 0.21 e’A® obtained from fitting the core-shell form factor to the /(g) curve with

the inner core and micelle radii values taken to be those determined from GIFT analysis

(see Table 5-9).
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Table 5-9: Parameters for form factor model for 21.0 g L™ AE1S system

Parameter Value
Inner core radius / nm 2.0
Outer shell radius / nm 2.6
Inner core electron density / eA3 0.26
Outer shell electron density / A3 0.40
Background 17.5
Multiplier / x10™ 9.00

The inner core electron density value of 0.26 e'A could be used to estimate the number

of tail groups in the micelle (i.e. the aggregation number) using:

4_..3
§7zrinnerpe'

Electrons per tail

No.oftail groups =

Equation 5-5

This gave an aggregation number of 83, which compares well with literature values

32,33

ranging from 43-80. Note that estimating the aggregation number of the micelles by

using Equation 5-5 but replacing the tail groups by head groups (i.e.

4 .3
377> Pe-

Electrons per head

No.ofhead groups = ) gave values that were too high and thus not

realistic because there was likely to be a large amount of water penetrating into the head
group region of the micelle, thus increasing the number of electrons within it without
increasing the number of head groups. (In Chapter 6, this was shown to be the case with
AE1S micelles; the small ionic head groups provided comparatively little coverage for the
surface of the micelle, and thus large amounts of water were present within this region.
This was not the case for the AE7 micelle, where the long polar head groups provided
good coverage, and thus less water penetration would have occurred.) Again, by
estimating the error in the radius to be ~ 0.2 nm as is typical, the percentage errorin the
aggregation number can be given as ~24 %. This gives the estimated range of the

aggregation number as 63 — 103.

The raw SAXS data for AE1S with brightener added (as shown in Figure 5-13) was fit using

the micelle radii from Table 5-9, but first with a constant outer shell electron density and
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varied inner core electron density, and then with a constant inner core electron density

and varied outer shell electron density. The results are shown in Table 5-10 below.

Table 5-10: Parameters used to fit AE1S systems to form factor model

Concentration of brightener | Electron density of inner Electron density of outer
/gLt core (shell constant) / e A | shell (core constant) / e A
0 0.260 0.400

5 0.270 0.410

10 0.270 0.415

15 0.275 0.420

20 0.275 0.420

® 0.35 -
o .
P @ Inner core e- density
2 03
> (constant core)
£ 025 ¢ ¢ ¢ . ¢ .
2 M outer shell e- density
3 02 (constant core)
c
?. 0.15 Inner core e- density
(8]
()
g 01 (constant shell)
0.05 - X Outer shell e- density
(constant shell)
O T T T
0 5 10 15 20

Concentration of brightener / g L

Figure 5-17: Change in modelled electron density given by both models (constant core and constant shell) for the
AE1S system

Both models fit the data. However, it can be seen that the change in electron density was
not particularly large. This would suggest that the effect of the brightener on the electron
density of the AE1S micelle was not as significant as the effect of the brightener on the
AE7 micelle. This may have corresponded to the brightener having a similar electron
density to the AE1S micelle (which is plausible if the brightener was being incorporated
into the outer shell, as the electron density of the head group of the AE1S surfactant can
be estimated at 0.47 e A, assuming complete dissociation from sodium ions), or to the

brightener not associating to the AE1S in such high numbers as in the AE7 system.
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The DECON results generated by analysis of the AE1S system, and their corresponding

maxima and minima electron density contrast values, are shown in Figure 5-18 and Figure

5-19 respectively.
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Figure 5-18: DECON results for AE1S systems containing B49
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Figure 5-19: Maximum and minimum p(r) for AE1S systems containing brightener
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The electron densities generated for this system are given in Table 5-11.
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Table 5-11: Electron densities of AE1S micelles, with various concentrations of brightener, generated using DECON

Concentration of brightener | Electron density of core Electron density of shell
/gLt ] eA3 ] eA3
0 -0.031 0.611
5 -0.169 0.659
10 0.045 0.728
15 0.099 0.787

The values generated using DECON were compared to those from the model in Figure

5-20.
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Figure 5-20: Electron density for AE1S micelles, calculated using DECON and via the modelled form factor

As can be seen here, the DECON values and the modelled values compared very poorly. In
addition, the DECON values were not physically possible; for several concentrations, the
electron density of the inner core was determined to be negative. This is likely due to the
fact that the DECON program assumed perfect spherical symmetry. The disparity
between the results generated by DECON and what was physically possible suggested
that the AE1S micelles were not, in fact, spherical. (Further evidence for this will be
provided in Chapter 6). As previously stated in Chapter 2, Section 2.2.4.2, the
identification of non-spherical particles due to poor DECON outputs was highlighted as a

potential application of the DECON program by Glatter in 1981.*"

5.1.2.5. Conclusions
A number of features of the AE1S-brightener interactions were determined from this
data. Firstly, their micellar radii were not greatly affected by the addition of Brightener

49. Their electron densities were slightly affected by the addition of brightener, but this
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was not as significant an effect as that seen in a nonionic system. In addition, a few

properties of the micelles themselves could be seen. In particular, it appeared that the
outer shell was very diffuse, with the ionic groups not covering the entire surface of the
micelle, allowing penetration of water into this region. It also could be seen that the
micelle was not spherical. The physical meaning of these two facts will be examined in

more detail in Chapter 6.

5.1.3. Anionic surfactant LAS + Brightener 49

5.1.3.1. Raw SAXS data
SAXS data was collected for samples of 15.8 g L™ LAS containing various concentrations of

Brightener 49. This raw data is shown in Figure 5-21 below.
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50 -
15.8g L T"LAS2.5g L B49
40 -
5 ——15.8g L LAS 5 g L™ B49
©
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G 15.8 g L' LAS 5 g L™ B49
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20 - P
e 15.8 g L' LAS 10 g L' B49
10 -+
15.8 g L"LAS 15 g L™ " B49
0 T T T
0 1 2 3 4 =——158¢g L' LAS 20 g L' B49

q/nm-1

Figure 5-21: Raw SAXS data for varied concentrations of B49 with LAS

The most immediately striking feature of this data is its very low peak height. This may
have been indicative of the LAS being a poorly scattering particle, perhaps due to low
electron density contrast between its head and tail groups and the solvent. As the tail
group was estimated to have an electron density of 0.26 e A3 and the head group as
0.31 " A (assuming total dissociation of Na* ion; this would rise to 0.40 e” A if the ion
does not dissociate), whereas the solvent will have an electron density of 0.33 e A3, this
is definitely plausible. This data also showed that the /(g) peak did not shift significantly to
higher or lower g as the concentration of brightener was increased. To examine this

further, the pair distribution function of the micelles were found.
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5.1.3.2.  GIFT analysis

The pair distribution function of each sample was found from the SAXS scattering pattern

through GIFT analysis. These are shown in Figure 5-22 overleaf.

e—15.8 g L' LAS

e15.8 g L™ LAS 2.5 g L™ B49
w15.8 g LT LAS 5 g L' B49
w158 g L' LAS 5 g L™ B49

repeat
e 15.8 g L' LAS 10 g L' B49

—15.8g L LAS 15 g L' B49

r/nm =158 g L"LAS 20 g L' B49

Figure 5-22: Pair distribution functions for varied concentrations of B49 with LAS

Figure 5-23 shows these pair distribution functions normalised to the first peak, while
Figure 5-24 shows the height of the second peak relative to the first. It can be seen that
there was no strong correlation between the height of the second peak relative to the
first, and the concentration of brightener. However, if there was a slight negative

correlation between the two, similar results to these would be obtained.

——15.8 g L' LAS

—15.8g L LAS2.5g L' B49

——15.8 g L' LAS 5 g L™ B49

——15.8g L' LAS 5 g L™ B49
repeat

p(r) / a.u.

e—15.8g L' LAS 10 g L' B49

e—15.8 g L' LAS 15 g L' B49

r/nm ——15.8g L7 LAS20 g L' B49

Figure 5-23: Pair distribution function p(r) for varied concentrations of B49 with LAS (normalised to first peak)

174



Chapter 5: SAXS
3.5

2.5 A

1.5

0.5 - L J

Height of second peak relative to
first
L 2
L J
L

0 T T T
0 5 10 15 20

Concentration of B49 /g L

Figure 5-24: Variation in p(r) peak heights with varying B49 concentration in LAS

In this case, for the ‘constant core’ and ‘constant shell’ models, this would have indicated
that either the electron density of the inner core was decreasing (and thus the electron
density contrast between the inner core and outer shell was increasing), or that the
electron density of the outer shell was decreasing (and thus the electron density contrast
between the solvent and the shell was decreasing). The first situation would be
implausible, as the brightener was presumed to be more electron dense than the solvent,
whereas the hydrocarbon chains of the LAS were presumed to be less electron dense. The
second scenario would be implausible if the brightener was taking up space that would be
occupied by the water. However, if each brightener molecule was replacing an LAS
molecule in the micelle, was less electron dense than the head group of the LAS, and was
being incorporated into the head group of the micelle, then the given effect on the pair

distribution would be seen.

Table 5-12 shows the effect of brightener concentration on the inner core and micellar

radii of the LAS micelle.
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Table 5-12: Inner core and micellar radii for 15.8 g L™ LAS, with and without brightener

Concentration of brightener / g L'* | Inner core radius / nm Micellar radius / nm
0 1.6 2.0
2.5 1.7 2.2
5 1.7 2.2
5 (repeat) 1.7 2.1
10 1.6 2.0
15 1.6 2.0
20 1.7 2.2

It can be seen that, while there was some variance in the inner core and outer shell radius

between samples, this was not correlated with brightener concentration and so was more

likely to represent the uncertainty in our micelle size determinations.

5.1.3.3. DECON

The radial distribution functions were found from the pair distribution functions using

DECON. These are shown in Figure 5-25 below. The resulting maxima and minima values

of the radial electron density contrast between the particle and the solvent are shown in

Figure 5-26 overleaf.

0.6

Electron density distribution p(r)

r/ nm

Figure 5-25: DECON results for varying concentration of B49 in LAS

176

——15.8 g L' LAS

e15.8 g L' LAS 2.5 g L™' B49

w158 g LT LAS 5 g L' B49
15.8 g L' LAS 5g L™' B49
repeat

—15.8 g L"' LAS 10 g L"' B49

—15.8g L LAS 15 gL' B49

==15.8g L LAS20 g L™ B49




Chapter 5: SAXS

0.6
[ |

0.4 —. [ |
£ m " “
g 0.2 - N
<
© .
g O T T T .Mln
cE’é 5 10 15 20 W Max
S-02
[
E .3

04 o 2 2 V'S

0.6 T

Concentration of B49 /g L

Figure 5-26: Variation in peak height given by DECON for B49 in LAS

The electron densities calculated from these maxima and minima are shown in Table 5-13

below.

Table 5-13: Electron densities for inner core and outer shell of LAS + B49 micelles (calculated using DECON)

Concentration of brightener

Electron density of inner

Electron density of outer

/gLt core [ eA3 shell / e'A*
0 -0.08 0.68
2.5 0.00 0.57
5 0.03 0.63
5 (repeat) 0.08 0.84
10 -0.06 0.73
15 -0.09 0.62
20 -0.13 0.53

It can be seen that not all of these values were physically realistic; in particular, many of

the values given for the electron density of the inner core were negative, which is clearly

physically impossible. This was likely to be due to the non-spherical nature of these

aggregates, as for the AE1S system. One trend that was seen, however, is that there was a

weak negative correlation between the electron density of both the inner core and the

outer shell, and the concentration of brightener in the system. This would be consistent

with the ‘surfactant replacement’ model described in Section 5.1.3.2.
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5.1.3.4. Modelling I(q)with the core-shell form factor model

The simple core-shell form factor model was used fit to the SAXS /(g) data as before.
When fitting the data to the initial curve, the electron density of the LAS head group and
tail group were estimated at 0.41 eA®and 0.26 A3, respectively. The micelle radii

obtained from the GIFT analysis were used.

Table 5-14 gives the parameters of the modelled curve for the sample containing only

15.8 g L™ LAS (i.e. no brightener).

Table 5-14: Parameters used to fit modelled curve to that produced by 15.8 g L LAS

Parameter Value
Inner core radius / nm 1.6
Outer shell radius / nm 2.0
Inner core electron density / eA3 0.26
Outer shell electron density / e’A3 0.40
Background 14
Multiplier / x10™ 1.5

The remaining curves were fit using the same inner core and outer shell radii, and either
the same outer shell electron density and a varied inner core electron density (the
‘constant shell’ model), or the same inner core electron density and a varied outer shell
electron density (the ‘constant core’ model). The electron densities generated in this way

are shown in Table 5-15 below.

Table 5-15: Electron densities for LAS + brightener system

Concentration of brightener | Electron density of inner Electron density of outer

/gLt core (constant shell model) | shell (constant core model)
] eA3 ] eA3

0 0.260 0.400

2.5 0.260 0.400

5 0.263 0.405

10 0.255 0.395

15 0.248 0.390

20 0.245 0.388
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It can be seen that, for both models, there was a slight decrease in the electron density

as the concentration of brightener increases.

5.1.3.5. Conclusions
The peak heights from GIFT analysis, and the electron densities from the core-shell model
and DECON, corresponded to those expected if the brightener was being incorporated
into the outer shell. However, the correlation was not strong enough to definitively

support a hypothesis.

5.1.4. Anionic surfactant AE1S + nonionic surfactant AE7 + Brightener 49

5.1.4.1. Rawdata
SAXS data was collected for samples containing 10.5 g L™ AE1S, 12.8 g L AE7, and varying

concentrations of brightener. This data is shown in Figure 5-27 below.
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10.5g L AE1S 12.8 ¢
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= 35 - L' AE7 5 g L' B49
= 30 e—10.5g L' AE1S 12.8 ¢
25 - L' AE7 10 g L' B49
20 - ——105gLAE1S 12.8 ¢
15 - L' AE7 15 g L' B49
10 ‘ ‘ ‘ ‘ ‘ ——10.5g L AE1S 12.8 ¢

Figure 5-27: SAXS data for AE1S & AE7 solutions with and without brightener

It can be seen that, as the concentration of brightener was increased, the /(qg) peak shifted
to higher g. This shows that the addition of brightener had an effect on the scattering of
the micelles. To examine this effect in more detail, the pair distribution function of the

micelles was found to determine any changes in micelle radius and electron density.

5.1.4.2.  GIFT analysis
The pair distribution functions of the AE1S/AE7 system were found using GIFT analysis,

and are shown in Figure 5-28.
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Figure 5-28: Pair distribution function p(r) for AE1S & AE7 systems with and without B49

The inner core and micellar radii determined from these pair distribution functions are

shown in Table 5-16 below.

Table 5-16: Inner core and micellar radii for AE1S/AE7

Concentration of brightener | Inner core radius / nm Micellar radius / nm
/gL’

0 2.2 2.9

25 2.1 2.6

5 2.0 2.6

10 2.0 2.7

15 1.9 2.6

20 2.0 2.6

It can be shown that, although there was some slight fluctuation in the inner core and

outer shell radii of the system, these were not large, and there was no correlation

between the brightener concentration and either the inner core radius or the micellar

radius. This shows that the addition of brightener did not affect the size of the micelle.

To determine the effect of the brightener on the electron density of the system, the pair

distribution functions were normalised to the first peak. These normalised pair

distribution functions are shown in Figure 5-29 overleaf, and the heights of the second

peaks relative to the first are shown in Figure 5-30 overleaf.
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Figure 5-29: Pair distribution function p(r) for AE1S & AE7 systems (normalised to first peak)
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Figure 5-30: Change in height of second peak with change in brightener concentration in AE1S & AE7 systems

It can be seen that, although there was some scatter in the data (in particular, the sample

containing 15 g L? brightener appeared at first to be an outlier), the height of the second

peak increased relative to the first as the brightener concentration increased. It was not

immediately clear whether this change is due to the error inherent in GIFT analysis or due

to an actual change in the structure of the micelle with increasing brightener

concentration; when repeated, the 15 g L™ brightener sample gave a value of 0.53 for the

height of the second peak relative to the first, suggesting that this value was not just an

outlier, and that a large amount of the variation was due to error. If the change was due

to a change in the electron density of the micelle, the increase in the height of the second

peak seen indicated that either the electron density contrast between the outer shell and

the solvent was increasing, and so the electron density of the outer shell was increasing,

showing that the brightener was being incorporated into the outer shell (if the ‘constant

core’ model holds), or that the electron density contrast between the inner core and the

solvent was decreasing, and so the electron density of the inner core was increasing,
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showing that the brightener was being incorporated into the inner core (if the ‘constant

shell’ model holds). To distinguish between the models in this case, the radial electron

density was found using DECON.

5.1.4.3. DECON
The radial electron density of each sample was found using DECON; the resulting

functions are shown in Figure 5-31 below.

0.4 - -1
c e—10.5g L' AE15 12.8 g L
o 0.3 - AE7
=]
2 02 - | e—10.5 g L' AE15 12.8 g L™’
s - i AE7 2.5 g L™ B49
23 0.1 ._| —10.5g L' AE1S 12.8 g L™
g5 © ‘ ) AE7 5 g L™ B49
2% .01 0 1 3 =——10.5gL"AE1S12.8gL"
55 0, AE7 10 g L™ B49
v —10.5g L' AE1S§ 12.8 g L
5 0.3 AE7 15g L' B49
2 04 - e==10.5g L' AE15 12.8 g L™’
Y s AE7 20 g L™ B49

r/nm

Figure 5-31: DECON results for AE1S & AE7 systems

The maxima and minima of these functions are shown in Figure 5-32. These were used to

calculate the electron densities given in Table 5-18 in Section 3.1.4.4.
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Figure 5-32: Minimum and maximum peak height for DECON systems (AE1S & AE7 systems)

The electron densities generated in this instance were compared to those found using the
simple core shell form factor model, using both a ‘constant core’ and ‘constant shell’

model.
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5.1.4.4. Modelled core-shell form factor

The sample containing no brightener was modelled first, to give a basis for comparison.
The micelle radii obtained from GIFT analysis, and the inner core electron density of 0.26
e A3 expected from a liquid hydrocarbon core, were used as the initial parameters. The

final parameters are given in Table 5-17 below.

Table 5-17: Parameters used to fit 10.5 g L™ AE1S 12.8 g L AE7 sample

Parameter Value
Inner core radius / nm 2.20
Micellar radius / nm 2.85
Inner core electron density / eA3 0.26
Outer shell electron density / e’A3 0.387
Background 15
Multiplier / x10™ 6.4

As previously, the aggregation number for these micelles could be estimated; this was

given as 81 — 131.

Table 5-18 gives the modelled electron densities for all concentrations of brightener. Each
concentration was modelled twice: first keeping the electron density of the outer shell at
0.387 ¢ A*, and secondly keeping the electron density of the inner core constant at 0.26
e’A>. The inner core and micellar radii were kept constant, but the background and
multiplier were changed as required. The values for the electron density generated in this

way were compared to those calculated using DECON in Figure 5-33 overleaf.
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Table 5-18: Parameters for changing B49 concentration. Modelled electron densities are given for inner core (with
outer shell electron density constant at 0.387 e';&'e'), and outer shell (with inner core electron density constant at 0.26

e’A?)
Concentration | Electron density | Electron density | Electron density | Electron
of brightener | of inner core of outer shell of inner core density of
/gL? (shell kept (core kept (DECON) / eA® | shell (DECON)
constant) / eA® | constant) / e A® ] eA3
0 0.260 0.387 0.05 0.50
2.5 0.267 0.390 0.05 0.46
5 0.275 0.400 0.06 0.58
10 0.290 0.430 -0.03 0.57
15 0.295 0.430 -0.12 0.51
20 0.295 0.450 0.02 0.68
0.8
0.7 P @ Inner core e- density (constant
06 core)
N ' o ® P M Outer shell e- density (constant
() 0.5 ) N core)
> 0.4 N o 9 ,
Fle = X X A Inner core e- density (constant
2 hell
§%94 4 4 s 4 g
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b~} shell)
S 0.1 -
o X X X Inner core e- density (DECON)
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’ X ® Outer shell e- density (DECON)
-0.2

Concentration of brightener / g L1

Figure 5-33: Effect of brightener concentration on electron density, as given by both models and by DECON

It can be seen that the electron densities obtained by the core-shell model did not

correspond well to those obtained by DECON. This was not surprising as DECON failed to

give physically realistic values for the electron densities, suggesting that the micelle was

not spherical in this instance. However, the trend seen in the electron densities for the

‘constant core’ model was comparable to that seen in the DECON values; as the

concentration of brightener increased, the electron density of the core remained

constant (core shell model) or fluctuated randomly (DECON), while the electron density of

the outer shell increased. This would suggest that the brightener was being incorporated

into the outer shell of the micelle.
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5.1.4.5. Conclusions

The data collected suggested that the brightener molecules were being incorporated into
the outer shell of the mixed AE1S-AE7 micelles. However, DECON results suggest that

these micelles could not fully be modelled using a spherical model.

5.1.5. Nonionic surfactant AE7 + cationic surfactant DEEDMAC + Brightener
49
SAXS data was taken for samples of 12.3 g Lt AE7, 4.94 g L™ DEEDMAC with varying

concentrations of Brightener 49. These are shown in Figure 5-34 overleaf.
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Figure 5-34: SAXS scattering for solutions of 4.94 g L* DEEDMAC, 12.3 g L* AE7, and varying concentrations of B49

The peak seen in /(q) did not shift to higher or lower g as the concentration of brightener
was changed. However, in all brightener-containing samples, a precipitate was formed,
and in the sample containing 2.5 g L™ B49, a sharp peak is seen in /(g), indicating the
presence of crystalline material. This precipitation effect was not unexpected; as the
brightener and DEEDMAC have oppositely charged groups, it would be expected that they
form a precipitate. As cationic surfactants are generally not used in large quantities in the
wash solution, this is unlikely to have a great impact for standard wash conditions;
however, future work in this area could look at the impact of the cationic surfactants
found in fabric softener on brightener deposition and retention on the fabric. In addition,

the solubility of DEEDMAC is known to be extremely low, and at the concentrations used
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it is known to be dispersed rather than dissolved. Therefore, the peak in the initial sample

is likely to be precipitated DEEDMAC.

As the peak seen in Figure 5-34 was due to the precipitation of crystalline material and

not the micelle, further analysis was not carried out on this system.

5.2. Surfactant and calcium ions: hard water systems
In this section of work, calcium chloride was added to surfactant systems in order to
mimic the effect of hard water. The concentrations used were chosen to be of the same
order of magnitude as in hard water areas of the UK; while hard water is defined as that
containing greater than 150 ppm, equivalent to 0.17 g L™ CaCl,, the hardest water areas
of the UK can far exceed this. For example, the city of Brighton and Hove and its

surrounding area has a water hardness of up to 300 ppm, equivalentto 0.33 g L™ caCl,.*®

5.2.1. Nonionic surfactant AE7 + CaCl:

5.2.1.1. Rawdata
SAXS data was collected for systems containing 25.6 g L™ AE7 and varying concentrations

of calcium chloride. This data is shown in Figure 5-35 below.
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Figure 5-35: SAXS data for systems with AE7 & CaCl,

It can be seen from this data that changing the concentration of CaCl, had little to no
effect on the scattering curve of AE7; this would suggest that the Ca®" ions were not
interacting with the AE7 micelle. To confirm this effect, the pair distribution functions of

these samples were found.
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5.2.1.2.  GIFT analysis

The pair distribution functions of the AE7 and CaCl, systems were found using GIFT

analysis. These are shown in Figure 5-36 overleaf.

15
1 .
—25.6 g LT AE7
5 05 1 ——25.6 g L' AE7 0.25 g L™ CaCl,
@©
=~ 0 T —25.6gL"AE7 0.5 g L™ CaCl,
*;: 0 2 ® -1 -1
05 | w256 g L AE7 0.75 g L' CaCl,
4 e—256gL"AE7 1 g L™ CaCl,
-1.5

r/nm

Figure 5-36: Pair distribution function p(r) for AE7 & CaCl, systems

To see the effect more clearly, these curves were normalised to the height of the first

peak. The resulting curves are seen in Figure 5-37 below. The heights of the second peaks

relative to the first are seen in Figure 5-38.
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Figure 5-37: Pair distribution function p(r) for AE7 & CaCl, systems (normalised to 1st peak)
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Figure 5-38: Heights of second peaks relative to first for the AE7 + CaCl, system

Although there was a lot of scatter in this data, there was no correlation between the
concentration of CaCl, and the height of the second peak. This indicated that the calcium

ions were having little to no impact on the electron density of the micelles formed.

The inner core and micellar radii obtained from this data are shown in Table 5-19 below.

Table 5-19: Inner core and micellar radii for AE7 micelles with varying concentrations of CaCl,

Concentration of brightener / g Lt Inner core radius / nm Micellar radius / nm
0 2.2 2.9
0.25 2.2 2.9
0.50 2.2 2.9
0.75 2.2 2.9
1.0 2.2 2.9

It can be seen that there was no change in the micellar radii as the concentration of CaCl,
increased. This showed that the calcium chloride at these concentration levels was not

affecting the structure of the micelle.

5.2.1.3. Modelled core-shell form factor
The SAXS I(g) vs g data for the sample of 25.6 g L™ AE7 was fit to a core shell form factor

curve with the following parameters:
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Table 5-20: Parameters to model 25.6 g L™" AE7

Parameter Value
Inner core radius / nm 2.2
Micellar radius / nm 2.9
Inner core electron density / eA3 0.260
Outer shell electron density / A3 0.369
Background 15
Multiplier / x10™ 7.5

The inner core and micellar radii were taken from the pair distribution functions of this
system, while the initial electron densities used were taken from the electron densities

for the AE7 micelles found in Section 3.1.1.

The remaining samples were then modelled by changing either the electron density of the
inner core, or the electron density of the outer shell. The results of this are shown in

Table 5-21 below.

Table 5-21: Modelled electron densities for AE7 + CaCl,

Concentration of CaCl, / g L' | Electron density of inner Electron density of outer
core (shell constant) / e A | shell (core constant) / e'A*

0 0.260 0.369

0.25 0.255 0.366

0.50 0.258 0.368

0.75 0.257 0.366

1.0 0.256 0.366

When the ‘constant shell’ model was used, there was no change in the electron density of
the inner core as the calcium chloride concentration is increased. When the ‘constant
core’ model was used, there was a slight decrease in the electron density of the shell
when calcium chloride was added, but this did not decrease further as more calcium
chloride was added. This suggests, again, that the addition of calcium ions had little
impact on the structure and electron density of the micelle. Physically, this probably
means that the calcium ions were not interacting with the surface of the micelle. This is to
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be expected, as the micelle had no ionic groups with which the ions may have strongly

interaced. In addition, nonionic surfactants are known to be more stable in hard water

than anionic surfactants, and thus would have been expected to interact less with them.

5.2.1.4. Conclusions
The addition of calcium chloride was not seen to have any strong effect on the electron
densities of AE7 micelles. This suggested that the calcium ions were not interacting with

the nonionic surfactant micelles.

5.2.2. Anionic surfactant AE1S + CaCl:

5.2.2.1. Rawdata
SAXS data was generated for a range of CaCl, concentrations of 0.25 g L to 1 g LY, in 21.0

g L™ AE1S solution. The results are shown in Figure 5-39 overleaf.

39
34
——21.0 g L"' AE1S
529 -
e ——21.0 g L"' AE15 0.25 g L™ CaCl,
~
s, ——21.0 g L"' AE1S 0.5 g L' CaCl,
21.0 g L"'AE1S 0.75 g L™ CaCl,
19 - ——21.0g L"' AE1S 1 g L' CaCl,
14 T T T
0 1 2 3 4

q/nm?

Figure 5-39: Raw SAXS data for AE1S + CaCl,

It can be seen that there was little to no shift in the position of the peakin /(g). This would
suggest that there was little change in the size and structure of the scattering particles as
the concentration of calcium ions was increased. While the precipitation of anionic
surfactants in the presence of calcium and magnesium ions found in hard water is well

1
documented®®®

, it should be noted that in this instance, the concentration of anionic
surfactant used was far greater than that found in the typical wash solution, and thus the
molarity of the surfactant will far outweigh that of the calcium ions: the highest
concentration in terms of mol dm™ of calcium ions used was only 15% that of the

surfactant, at 0.0090 mol dm™ CaCl,, compared to 0.059 mol dm™ AE1S. Therefore,
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despite the increased valency of the calcium compared to the original sodium counterion,

these results are not unexpected.

5.2.2.2. GIFT analysis
The pair distribution function of each system was calculated through GIFT analysis. The

results of this are shown in Figure 5-40, and are shown normalised to the first peak in

Figure 5-41.

15
1
0.5
0 ——21.0g L AELS
505 ® 210817 AE150.25 g L7 CaCl,
> 1 ——21.0g L™ AE1S 0.5 g L™ CaCl,
T 15 21.0 g L AE1S 0.75 g L CaCl,
2? | ——21.0gL"AE1S 1 g L' CaCl,
_3 -
35

r/nm

Figure 5-40: Pair distribution functions for AE1S + CaCl, systems
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21.0g LT AE1S 0.5 g L' CaCl,

p(r) / a.u.

210 g L-' AE1S 0.75 g L™
CaC|2

—21.0 g L"' AE1S 1 g L' CaCl,

r/nm

Figure 5-41: Pair distribution functions for AE1S + CaCl, systems (normalised to 1st peak)

The changes in the heights of the second peaks, relative to the first, are given in Figure

5-42.
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Figure 5-42: Change in height of second peak with change in CaCl, concentration

The inner core and micellar radii obtained through GIFT analysis are given in Table 5-22

below.

Table 5-22: Inner core and micellar radii for AE1S system with varying concentrations of CaCl,

Concentration of CaCl, / g LY | Inner core radius / nm Micellar radius / nm
0 2.0 2.6
0.25 2.0 2.6
0.5 1.9 2.6
0.75 2.1 2.8
1 2.0 2.6

It can be seen that there was very little change in the inner core and micellar radii of the
micelles as the concentration of calcium chloride increased. This suggests that the
structure of the micelles was not being strongly affected by the addition of the calcium
ions at these concentration levels. There was also little change in the height of the second
peak in relation to the first. This would indicate that the electron density was not being

greatly affected.

5.2.2.3. Modelled core-shell form factor
The parameters from Table 5-9 above were again taken as those for 21.0 g L' AE1S. The
electron densities of the inner core and outer shell were again varied (while keeping the

other factor constant). The results obtained are shown in Table 5-23 below.
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Table 5-23: Parameters to fit 21.0 g Lt AE1S, with and without CaCl,, for the constant shell and constant core models.

Concentration of CaCl, / gL™

Electron density of inner

core (shell constant) / e'A®

Electron density of outer

shell (core constant) / e’ A®

0 0.26 0.40
0.25 0.26 0.40
0.5 0.25 0.40
0.75 0.26 0.40
1 0.25 0.39

It can be seen that the electron density was not greatly affected by an increase in calcium

chloride concentration.

5.2.2.4. DECON

The radial electron density for each CaCl, concentration was generated using DECON.

These are shown in Figure 5-43 below. The maxima and minima of these curves are

shown in Figure 5-44.
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Figure 5-43: DECON results for AE1S + CaCl, systems
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Figure 5-44: Maximum and minimum p(r) for AE1S + CaCl, systems

The electron densities generated using DECON are shown in Table 5-24 overleaf.

Table 5-24: Electron densities generated using DECON

Concentration of CaCl, / g L™

Electron density of core /

Electron density of shell/ e

eA® A?
0 -0.03 0.61
0.25 0.00 0.59
0.5 -0.13 0.62
0.75 -0.10 0.56
1 -0.07 0.64

The electron densities generated using DECON are compared to those generated by the

model in Figure 5-45 below.
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Figure 5-45: Electron densities given by DECON and by the models
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As previously for AE1S systems, the electron densities given by DECON were not realistic.

This was almost certainly for the same reason. The micelles were sufficiently non-
spherical to prevent proper deconvolution of the pair distribution function. However, one
trend was seen in both the DECON electron densities and the modelled electron
densities; increasing the concentration of CaCl, was not correlated to a change in the

electron density.

5.2.2.5. Conclusions
The addition of calcium chloride was seen to increase the intensity of the peak in the raw
SAXS data. However, this did not translate into a change in the size or electron density of

the AE1S micelle.

5.3. Conclusions

A number of conclusions can be drawn from the data presented in this chapter.

5.3.1. Shape and size of micelles
It can be seen that the largest micelles produced were the AE7 micelles, with an

approximate radius of 3 nm; the smallest were the LAS micelles, with a radius of between
2.0 and 2.2 nm. The AE1S micelles had a radius of about 2.6 nm, which increased when
the AE1S was mixed with AE7. This makes sense, as the AE7 had a similar hydrocarbon
chain length to the AE1S, but a far longer head group. (The AE7 micelles had an inner core
radius of 2.2 — 2.6 nm, whereas the AE1S micelles had an inner core radius of 1.9 - 2.0
nm. As the two surfactants do have a similar chain length, it would be reasonable to
expect that they would have a similar inner core radius; the slight difference between
them may be caused by the lower aggregation number of the AE1S micelle, being 63 —
103 for the AE1S micelle compared to 159 — 229 for the AE7 micelle, and the nonspherical
configuration of the AE1S micelle, as indicated by the DECON results, and further shown
in Chapter 6.)

In addition to their increased radius, the nonionic AE7 micelles appear to have been more
spherical than their anionic counterparts. The DECON method used to calculate electron
densities gave reasonable outputs for the AE7 system, but gave physically impossible
results for the AE1S and LAS systems. This was a property of the aggregation which will be

discussed in more detail in Chapter 6.
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5.3.2. Surfactant-brightener interactions
Every surfactant system used showed some /(q) peak shift when brightener was included;

this would suggest that the brightener was interacting with the surfactants in every
system used. However, the change was far greater for the AE7 system than for the AE1S
system, suggesting either that the brightener was interacting with the AE7 in greater
numbers, or that the brightener was having a greater effect on the electron density of the
head group. It can be noted that the AE1S is of similar length to the brightener molecule;

the physical implication of the interaction will be discussed further in Chapter 6.

5.3.3. Surfactant-calcium ion interactions
There was no change in the scattering pattern of the AE7 system when calcium ions were

added to the system at concentration levelsuptolg L™ This shows that the calcium ions

were having little impact on the system at these concentrations.

When the calcium ions were added to the AE1S system up to a concentrationof1g LY
there was an increase in the intensity of the I(q) peak, but no shift in peak position, and
no impact was seen on the micelle radius or electron density. This would suggest that,
although the calcium ions were clearly interacting with these micelles, they were not

significantly affecting their size, shape, or structure.

5.3.4. Final comments
During this chapter, | have shown through SAXS analysis the effect that the surfactant

composition, the addition of brightener, and the addition of calcium ions have had on the
shape, size, and electron density of the surfactant micelles. By characterising the micelles
before and after the addition of brightener, it was possible to determine the position of
the brightener within the surfactant micelle. This links the effect of the surfactant
composition on the rate of brightener deposition seen in Chapter 3 to a physical
configuration of the system; Chapter 6 will provide further evidence for this physical

configuration.

Through SAXS analysis of the AE1S and AE7 systems with various concentrations of Ca®*, it
was shown that, although the Ca’' interacted more strongly with the anionic surfactant
than the nonionic surfactant, this was not linked to a change in the size or shape of the

micelle. Further evidence for this will also be presented in Chapter 6.
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6. Molecular dynamics simulations

6.1. Introduction
Molecular dynamics simulations were used to study the configuration of brightener
molecules with surfactant micelles of varying composition. This was done to determine
the position of the brightener within each surfactant micelle, in order to identify the
cause of the effect that surfactant had on brightener deposition and the scattering
intensity of mixed brightener/surfactant solutions. In Chapter 3, it was seen that the
presence of AE1S promoted brightener deposition, and the presence of AE7 inhibited
brightener deposition. The work presented in this chapter aimed to determine the
physical differences between these micelle-brightener aggregates, and thus provide an
explanation for the effect seen. The selection of surfactant systems used was also
expanded, in order to visualise trends in micellar radius and aggregation number caused
by their composition. Finally, data will be presented that connected the relative positions
of calcium ions seen in hard water to the surfactant micelle, and determined the effect

that this had on the system.

Two types of molecular dynamics simulations were run. The first type, using preformed
micelles, took surfactant molecules and brighteners arranged in a micelle-type shape, as
described in Chapter 2. The second type, using randomised micelles, used surfactant
monomers and brightener molecules arranged randomly throughout the cube as defined

by the boundary conditions, again as described in Chapter 2.

6.1.1. Previous studies on molecular dynamics simulation of micelles
A large amount of MD work carried out on surfactant systems relies on the micelle being

preformed, as codified in the work of MacKerell Jr. In this systemm, and its

successors >>1?%1%* 60 SDS molecules were aligned along vectors given by Ce
(buckminsterfullerene), with a small gap in the centre. The system was equilibrated in a
vacuum to contract the micelle, then water and ions were added. After this, the
molecular dynamics simulation was run. While this system allowed a micelle to be built as
desired, by its nature it gave little indication as to the micelle shape formed through self-

assembly. In addition, the method of assembly used only allowed for exactly 60 molecules

to be used. While this method was acceptable for the study of SDS, the most commonly
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used surfactant for such purposes, this method cannot be used for other micelle

structures without adapting the method of placement.

The primary reason for the use of preformed micelles is the high computational cost
involved in producing a self-assembled system.'®> One commonly used solution is coarse-
graining?®'; in these systems, groups of 2-4 carbon atoms are represented by one
particle, with the head group of the surfactant also represented by one particle. In this
way, the entire surfactant molecule can be represented by a short chain of ‘beads’. While

the use of these models will reduce time and computational power required to run the

simulation, some chemical detail will by necessity be lost.

There are several methods commonly used to obtain information from MD data. The
radius of gyration is commonly calculated. Another method looks at the distribution of
particular atoms within the system, to show the approximate final positions of these
groups within the system. The symmetry of the micelle is also commonly studied,

showing in many cases that the micelles thus produced have an ellipsoidal nature.*”’

6.1.2. Molecules used to model surfactants
The surfactants used in previous chapters are highly polydisperse. However, for this

chapter, a monodisperse surfactant system was used for simplicity. Therefore, one
representative molecule was used for each surfactant. The general molecular formulae of
these surfactants, and the number of subunits for each example modelled, are given in

Table 6-1 below.

Table 6-1: Modelled surfactants used in this chapter

Surfactant General formula m n
AE1S CH3(CH5)m(OCH,CH,),0S05" 12 1
AE7 CH3(CH5)m(OCH,CH,),OH 14 7
DEEDMAC (CH3),(CH3(CH5),COOCH,CH,),N* | 16 n/a

198




Chapter 6: Molecular dynamics simulations

6.2. Experimental work

6.2.1. Preformed micelles

6.2.1.1. Surfactant systems and water only
To generate this data, preformed micelle systems were created containing surfactants,
water, and counterions only in a cubic simulation box. The preformed micelles were
spherical with a radius set to the minimum value that would ensure non-overlapping of
the initially all-trans configuration tailgroups. The simulation was run for 10 000 ps. A

typical initial and final configuration is shown in Figure 6-1 below.

Figure 6-1: Configuration of a system containing 194 AE7 molecules at 303.2 K, before (L) and after (R) MD simulation.
Water molecules omitted for clarity. Hydrogen atoms are coloured white, carbon atoms are coloured cyan, and
oxygen atoms are coloured red.

The numbers of surfactant molecules used in the simulation were tailored to ensure
micelle formation; for the AE7 systems, the number was set to the calculated aggregation
number, whereas for the AE1S systems and AE1S/AE7 systems, an estimate for the
appropriate number was based on the literature values of the aggregation number of
AE1S*** (although the lower end of the range was used to reduce computational load),
with the box size taken to mirror the concentrations used. For the AE1S/DEEDMAC
system, where an experimental system could not be created due to the precipitation of
the surfactants, a 1:1 mix was used. The length of the cubic simulation box and the

numbers of surfactant molecules used are shown in Table 6-2 overleaf.
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Table 6-2: Composition of preformed micelles used

Surfactant system Box length / nm Number of each surfactant
AE7 12 194 AE7

AE1S 8 50 AE1S

AE1S AE7 12 70 AE1S, 50 AE7

AE7 DEEDMAC 12 118 AE7, 38 DEEDMAC
AE1S DEEDMAC 8 25 AE1S, 25 AE7

The mean distance of the start of the tail group, end of the tail group, start of the head
group, and end of the head group from the centre of the micelle was then calculated.
Hereafter, the atoms used for the tail and headgroups’ start and end are referred to as
‘marker atoms’, as they mark the approximate boundaries of the head and tail group
regions. An example of the mean distances found as the simulation proceeded is shown in

Figure 6-2 below.
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Figure 6-2: Distances of marker atoms from centre of micelle (AE7 system)

The approximate final inner core radius and the micellar radius produced in this way are

given in Table 6-3 overleaf.
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Table 6-3: Inner core and micellar radii for preformed micelles without brightener

System Did micelle Inner core radius / | Micellar radius /
separate? nm nm
AE7 No 2.8 3.6
AE1S No (one monomer 1.6 2.0
separated)
AE1S/AE7 Yes n/a n/a
AE1S/DEEDMAC Yes n/a n/a
AE7/DEEDMAC No 2.0 2.3

There were two main issues relating to the centre of the micelle. First, as this centre was
not occupied during the initial positioning of the micelle, the GROMACS tool genbox
would fill this region with water molecules, which does not give an accurate
representation of the micelle. The option of removing the water from this centre was not
undertaken as this would have led to the micelle having a vacuum at its centre, which is
clearly not realistic. Secondly, several of the systems separated into smaller aggregates.
While this may be indicative of lower aggregation numbers in these systems, it could also
be due to the initial physical distance between surfactant molecules being too great to

ensure cohesion.

For this reason, the systems were repeated, placing an innermost core of hexane
molecules to prevent a vacuum forming and the subsequent intrusion of water molecules.
This also provided a more hydrophobic environment for the surfactant tail groups, and
may have helped keep them ‘locked in position’. While this may have been physically
unrealistic in terms of the aggregation number, this kept the micelle stable and allowed

the brightener-surfactant interaction to be modelled.

6.2.1.2. Surfactant and hexane systems
To combat the effect of the surfactant molecules separating, and to prevent water
molecules entering the core of the surfactant molecule, a sphere of hexane molecules
was added to the centre of the surfactant micelle. The hexane sphere was added in the
space created after initially placing the surfactant molecules into a sphere. The hexane
was assumed to fill this sphere entirely at its typical density of 0.654 g mL™. From this, the

number of molecules needed to fill the space was calculated. The radius of this central
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core, and the number of hexane molecules required to fill it, are shown in Table 6-4

below.

Table 6-4: Radii of hollow core and number of hexane molecules added

System Radius of hollow core / nm | Number of hexane molecules
added

AE7 1.3 42

AE1S 0.78 9

AE1S AE7 1.55 71

AE7 DEEDMAC 3.0 177

AE1S DEEDMAC 1.1 26

The simulation was then run as before. The mean radii of the marker atoms for these

systems are shown in Table 6-5 below.

Table 6-5: Mean radii of marker atoms in preformed micelles containing hexane

Sample Distance from centre of micelle / nm
AE1S AE7 DEEDMAC

Tail Tail | Head | Head | Tail Tail | Head | Head | Tail Tail | Head | Head

start | end | start | end start | end | start | end start | end | start | end
AE7 1.7 | 2.8 2.9 3.6
AE1S 1.2 | 1.6 1.8 2.1
AE1S + AE7 1.7 | 25 2.6 3.0 16| 24 2.4 2.7
AE1S + 15| 1.9 2.0 2.4 1.3 ] 2.2 2.2 2.4
DEEDMAC
AE7 + 21| 3.0 3.1 3.6 20| 33 3.4 3.6
DEEDMAC

The inner core and micelle radius values obtained from the tail and headgroup ends in

Table 6-5 data are shown in Table 6-6, with mean values listed for the mixed surfactant

systems.

Table 6-6: Inner core and micellar radii of micelles containing hexane

Sample Inner core radius Micellar radius
AE7 2.8 3.6
AE1S 1.7 21
AE1S + AE7 25 2.9
AE1S + DEEDMAC 21 24
AE7 + DEEDMAC 3.2 3.6
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Figure 6-3: Micellar radii of preformed surfactants with hexane cores. Contributions from the inner core and outer
shell are shown.

Caution must be taken when comparing these values to each other; as differing amounts
of hexane were added to each micelle, this will have artificially swelled the micelles.
However, the relative change in values when brightener is added can be compared, to
show any effect that the addition of brightener has had on the micelle radius, and to

identify how far into the micelle the brightener has penetrated.

6.2.1.3. Surfactant, hexane and brightener systems
For the runs containing brightener in preformed micelles, 5 surfactant molecules were
each replaced by 1 brightener molecule. The new compositions of these micelles are
given in Table 6-7 below. The brightener molecules were oriented towards the centre of

the micelle, as shown in Figure 6-4 overleaf.

Table 6-7: Compositions of the surfactant/hexane/brightener micelles

System Micelle composition

AE1S 45 AE1S, 5 B49

AE7 189 AE7, 5 B49

AE1S/AE7 67 AE1S, 48 AE7, 5 B49
AE1S/DEEDMAC 22 AE1S, 23 DEEDMAC, 5 B49
AE7/DEEDMAC 115 AE7, 37 DEEDMAC, 5 B49
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Figure 6-4: Starting configurations for AE1S, hexane and Brightener 49 sample, showing full micelle (L) and brightener
only (R). Water molecules omitted for clarity. Hydrogen atoms are coloured white, carbon atoms are coloured cyan,
oxygen atoms are coloured red, and sulfur atoms are coloured yellow.

AE1S and DEEDMAC molecules were both comparable in length to Brightener 49, and
thus for the AE1S and AE1S/DEEDMAC micelles, the brightener was simply added by
substituting it for a surfactant molecule in the micelle. However, the AE7 molecule was
significantly longer than the other surfactants and the brightener, and thus when the
brightener was added to the AE7, AE1S/AE7, and AE7/DEEDMAC micelles, it could be
added into one of three regions; the head group region (brightener had the same micellar
radius as the surfactant), the tail group region (one end of the brightener was aligned
with the start of the surfactant tail), or an intermediate region. These starting

configurations are illustrated in Figure 6-5 below.

Figure 6-5: AE7 micelle, with hexane, including brightener in the tail group region (L), an intermediate region (C), and
head group region (R). Water molecules omitted for clarity. Hydrogen atoms are coloured white, carbon atoms are
coloured cyan, oxygen atoms are coloured red, and sulfur atoms are coloured yellow. AE7 molecule has been greyed
out.

Figure 6-6, Figure 6-7, and Figure 6-8 show the inner core radii and micellar radii
generated in this way, and the positions of the centres of each brightener molecule added
to the simulation (labelled as B1 — B5). The centres of the brighteners were calculated by

identifying four ‘marker atoms’ on the brightener: the two sulfur atoms, and the two
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carbon atoms closest to the centre of rotational symmetry. The mean position of these
four atoms was taken as the centre of the brightener molecule. These simulations were

carried out twice; data for both runs are shown. The data is also given numerically in

Appendix 1.
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Figure 6-8: Inner core radii, micellar radii, and brightener positions for mixed AE1S/DEEDMAC and AE7/DEEDMAC
systems

By looking at the position of each brightener in comparison to the inner core and micellar
radii, it was possible to identify in which part of the micelle it had settled. If the distance
from the brightener to the centre was significantly less than the inner core radius of the
micelle, the brightener was in the inner core, while if its distance was significantly less
than the micellar radius but greater than the inner core, it was in the outer shell region. If
it was close to the radius of the inner core (i.e. between the lowest and highest value
used to calculate the inner core radius), then it was assumed to be between the inner
core and outer shell, whereas if it was close to the micellar radius then it was assumed to
be on the interface between the outer shell and the solution. If it was significantly greater
than the micellar radius then it was assumed to be within the solvent and no longer

associated with the micelle.

These positions are shown in Table 6-8 and Figure 6-9 overleaf. Figure 6-6, Figure 6-7 and
Figure 6-8 show that there was little deviation between the original set of experiments
and the repeated experiments, with far more deviation happening between samples of
different types. Therefore, the positions of repeat experiments have been combined with

the corresponding original experiments.
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System % in tails | % in % in heads | % in % in
head/tail head/solvent | solvent
boundary boundary

AE1S 30 50 0 0 20

AE7 (in heads) 0 10 20 30 40

AE7 (intermediate) 0 10 50 10 30

AE7 (in tails) 10 60 30 0 0

AE1S AE7 (in heads) 0 0 0 0 100

AE1S AE7 0 20 0 0 80

(intermediate)

AE1S AE7 (in tails) 0 80 0 0 20

AE1S DEEDMAC 20 60 0 20 0

AE7 DEEDMAC (in 20 60 10 0 10

heads)

AE7 DEEDMAC 0 90 10 0 0

(intermediate)

AE7 DEEDMAC (in 0 100 0 0 0

tails)
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Figure 6-9: Proportion of brightener molecules in each position for each surfactant system

6.2.1.3.1. Single surfactant systems
It can be seen that, for systems where the brightener could initially be placed in multiple
positions i.e. AE7, AE1S/AE7, and AE7/DEEDMAC, the initial brightener placement was the
most important factor affecting the final brightener position within the micelle. Within
the systems containing AE7 (i.e. AE7, AE1S/AE7, and AE7/DEEDMAC), placing the
brightener within the head group initially resulted in far more brighteners ending the
simulation in the solvent and at the head/solvent boundary than those simulations where
the brightener was initially placed within the tail group region or an intermediate
position. Similarly, placing the brightener initially within the tail group region resulted in
far more brightener molecules ending the simulation within the tail group or at the
head/tail boundary than if the brightener was initially placed in the head group or

intermediate positions.

If the system was reaching a true thermodynamic equilibrium, then the final brightener
position would not be affected by initial placement. Therefore, we can conclude that
these systems were not reaching a true thermodynamic equilibrium, just a local

equilibrium.
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Within the AE1S only system, all of the brightener was found either in the inner core or
core/shell boundary by the end of the simulation. This may be for several reasons; the
anionic head group carries the same charge as the brightener, so repulsion of like charges
may prevent the brightener settling in the outer shell. In addition, the AE1S has a far
thinner outer shell than the AE7 (0.4 nm for the AE1S system, compared to 0.8 nm for the
AE7 system). As a consequence of the short head groups of the AE1S, all of the brightener
was initially placed in the inner core of the micelle, increasing the probability that it

would remain in that position.

6.2.1.3.2. Mixed surfactant systems
When the brightener was added to the mixed anionic/non-ionic surfactant system i.e.
AE1S/AE7, an interesting result occurred. Every brightener molecule added to the
AE1S/AE7 micelles either ended the simulation in the core or core/shell interface, or
escaped into the solvent. None was found within the outer shell or shell/solvent interface
by the end of the simulation run. This contrasted with the results seen for the pure AE7
surfactant, where 30 — 60 % of the brightener molecules ended the simulation in this
region, depending on the initial placement. This suggests that either the repulsion of like
charges from the anionic head groups forced the brightener away from the outer shell,
the thinner outer shell (0.4 nm for the mixed AE1S/AE7 surfactant system compared to
0.8 nm for the AE7 micelles alone) provided insufficient room for the brightener to be
held, or the reduced number of nonionic head groups provided insufficient interactions
between the nonionic head groups and the brightener. If each surfactant and brightener
molecule in the micelle was assumed to occupy the same area on the surface of the
micelle, then for the AE7 system with brightener, the AE7 represented 97.4% of the

surface, whereas in the AE1S/AE7 system the AE7 only represented 40.0% of the surface.

The samples containing DEEDMAC (AE7/DEEDMAC and AE1S/DEEDMAC) had a high
proportion of brighteners ending the simulation in the core/shell interface; in particular,
the AE7/DEEDMAC had an incredibly high proportion end in this position, with 25 out of
the 30 brightener molecules in this position by the end of the simulation. It must be noted
that the AE7/DEEDMAC micelles had a particularly large region which could be described
as the head/tail interface, typically extending from a radius of 3.0 nm to up to 3.5 nm, and

a short distance between the end of this region and the end of the head group at ~ 3.6
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nm. The distance from the micelle centre at which these regions occur are shown in Table

6-9 and Figure 6-10 below.

Table 6-9: Ranges of radii seen for the head/tail interface region of micelles

System Core/shell interface
radius / nm

AE1S 16-1.8

AE7 2.7-29

AE1S AE7 23-27

AE1S DEEDMAC 19-2.2

AE7 DEEDMAC 3.0-35

Radius / nm
N
N n

=
w
1

B QOuter shell
u Core/ shell interface

M Inner core

Figure 6-10: Radii of the inner core, core/shell interface, and outer shell regions relative to the micellar radii

The mixed micelle systems generally had a far larger core/shell interface region than the

single surfactant systems. If there was a large disparity between the sizes of the

surfactants, this was seen as a large core/shell interface, where the head groups of one

surfactant occupied the same space as the tail groups of another. This disparity appeared
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to be largest in the AE7/DEEDMAC system, likely due to the unusually long length and
high aggregation number of the AE7.

6.2.1.4. Conclusions
In conclusion, while it was possible to see some change in brightener interaction between
surfactant systems, the data generated in this way was highly dependent on the initial
placement of brightener molecules, and on the addition of hexane. This data does
provide some information on the relative strength of the interactions between brightener
and the surfactant head groups, namely that these interactions were strongest in the AE7
micelles. However, it was imperative to obtain data from micelles generated in a more
physically realistic manner (in other words, so that they do not contain hexane cores) to
be confident about interactions between the brightener and surfactant molecules. This

process is detailed in the following section.

6.2.2. Randomised micelles

6.2.2.1. Surfactant-only systems
To generate this data, randomised systems were created containing surfactants, water,
and counterions only in cubic simulation boxes with a length 12 nm. The simulation was

run for 40 000 ps. A typical starting and final configuration is shown in Figure 6-11 below.

Figure 6-11: Starting and final configuration for randomised AE7. Water molecules omitted for clarity. Hydrogen
atoms are coloured white, carbon atoms are coloured cyan, and oxygen atoms are coloured red.

Once the trajectory file was generated, the program described in Chapter 2 was run to

generate aggregation numbers and micelle radii for these systems.
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The compositions of the micelles are listed in Table 6-10 below.

Table 6-10: Compositions of randomised surfactant systems

Numerical data: aggregation numbers and micellar radii

System No. of AE1S No. of AE7 No. of Total no. of
molecules molecules DEEDMAC molecules
molecules
AE1S 200 0 0 200
AE7 0 200 0 200
AE1S/AE7 100 40 0 140
AE1S/DEEDMAC 100 0 20 120
AE7/DEEDMAC 0 100 50 150
AE1S/AE7/DEEDMAC | 100 40 20 160

The number of micelles formed in each system, and the aggregation number calculated

using each method, are listed in Table 6-11 and shown in Figure 6-12 and Figure 6-13.

Table 6-11: Number of micelles and aggregation number for each surfactant system

Surfactant No. of No. of Mean Maximum Monomer-
system micelles | monomers | agg.no. | agg. no. averaged agg. no.
AE7 1 0 200 200 200

AE1S 13 1 15 35 20
AE1S/AE7 8 0 18 33 20

AE1S/ 7 4 17 27 20
DEEDMAC

AE7/ 4 0 38 86 59
DEEDMAC

AE1S/AE7/ 7 0 23 33 26
DEEDMAC
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Figure 6-12: Number of micelles produced and number of monomers per surfactant system
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Figure 6-13: Mean, maximum, and monomer-averaged aggregation number for surfactant systems

A clear effect can be seen with AE7-dominant systems (i.e. those where AE7 is the most
common surfactant such as the AE7 system and the AE7/DEEDMAC system): these
systems tended to form micelles with large aggregation numbers. As the proportion of
AE7 in these systems decreased, the aggregation number decreased and the number of

micelles increased (i.e. the pure AE7 system formed a micelle with a very high
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aggregation number, whereas the AE7/DEEDMAC micelle formed 4 micelles with a lower

aggregation number, but still of a greater value than for the AE1S-dominant systems.)

AE1S-dominant systems showed the opposite effect; these had significantly lower
aggregation numbers than the AE7-dominant systems, and addition of AE7 and DEEDMAC
increased the mean aggregation number of these systems. Simultaneously, as the
proportion of AE7 and DEEDMAC increased, the difference between the maximum and
mean aggregation numbers of these systems decreases, suggesting that the micelles
became more homogeneous. This can be seen most clearly by comparing the mean and
maximum aggregation number of the AE1S system and the AE1S/AE7/DEEDMAC system;
the AE1S system had a mean aggregation number of 15 and a maximum aggregation
number of 35,giving a difference of 20, i.e. 133% of the mean value, whereas the
AE1S/AE7/DEEDMAC system has a mean aggregation number of 23 and a maximum
aggregation number of 33, giving a difference of 10, i.e. 43.5% of the mean value. The
guestion was therefore raised as to whether AE1S would have this effect on an AE7-

dominant system; this was addressed in simulations as detailed in Section 6.2.2.5.

The mean, maximum, and monomer-averaged inner-core and outer-shell radii of each

system are shown in Table 6-12 below.

Table 6-12: Inner core and micellar radii for each surfactant system

System Mean Maximum Monomer-averaged
Inner Micellar | Inner Micellar | Inner Micellar
core radius/ | core radius/ | core radius /
radius/ | nm radius/ | nm radius/ | nm
nm nm nm

AE1S 1.0 1.4 15 1.9 1.2 1.5

AE7 2.7 3.5 2.7 35 2.7 3.5

AE1S/AE7 1.1 1.6 1.5 1.9 1.2 1.6

AE1S/DEEDMAC 1.2 1.5 1.4 1.7 1.3 1.6

AE7/DEEDMAC 1.6 2.1 2.3 2.7 1.9 2.3

AE1S/AE7/DEEDMAC 1.2 1.6 1.6 1.9 1.4 1.7
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Figure 6-14: Inner core and micellar radii for each surfactant system
The same trends governing the aggregation number were seen in the radii of the micelles
formed: an increase in the proportion of AE7 increased the inner core and micellar radius

of the micelle, whereas increasing the proportion of AE1S decreased the radius.

These micelle radii were compared to the micelle radii once the brightener was added to
the system. This showed the effect of brightener addition on the micelle radii and

aggregation number; see Section 6.2.2.2.

6.2.2.1.2. Comparison of randomised simulations to SAXS data
The data obtained from these randomised simulations is compared to that obtained via

SAXS in Table 6-13.
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Table 6-13: Comparison of randomised simulation data to SAXS data

System Mean aggregation Mean inner core Mean micellar
number radius / nm radius / nm

AE1S (simulation) 15 1.0 1.4

AE1S (SAXS) 63 - 103 2.0 2.6

AE7 (simulation) 200 2.7 3.5

AE7 (SAXS) 159 - 229 23 3.3

AE1S + AE7 18 1.1 1.6
(simulation)

AE1S + AE7 (SAXS) 81-131 2.2 2.9

In the AE7 system, the randomised simulation showed good agreement with the SAXS
data, in both their aggregation number and their micellar and inner core radii. However,
the randomised AE1S data provided far lower aggregation numbers and radii than that
given by SAXS for the AE1S system. This trend was also seen in the mixed AE1S/AE7
system; the randomised surfactant system gave a lower aggregation number, inner core

radius, and micellar radius than the SAXS data.

This may be for one of two reasons. Firstly, GROMACS may not be modelling the ionic
interactions sufficiently well for this purpose, perhaps overestimating the strength of the
anionic repulsion, leading to less accurate results for those systems containing anionic
surfactants. Alternatively, this difference between the results could be due to the
timescales used. While it appears that the system has reached equilibrium after 40 000
ps, it may be that the micelles formed in this timescale would aggregate, if the molecular
dynamics simulation was run for a significantly longer period of time. Future work could
examine the effect of simulation time on the aggregation number and radii of these

micelles.
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6.2.2.1.3. Physical properties of micelles

Figure 6-15: Two types of AE1S micelle seen: globular (L) and stacked (R). Water molecules omitted for clarity.
Hydrogen atoms are coloured white, carbon atoms are coloured cyan, oxygen atoms are coloured red, and sulfur
atoms are coloured yellow.

There were two types of AE1S micelles seen in the system; micelles with large
aggregation numbers formed disordered, approximately globular aggregates, whereas
micelles with low aggregation numbers tended to form ‘stacked’, roughly cylindrical
aggregates, where the micelle chains were aligned parallel to each other, with the anionic
head groups positioned at the faces of the cylinder. Both types of micelle appeared to
have a very low density of the anionic head groups covering their surface. It should be
noted that there is precedent for elliptical systems to be formed in MD simulations of

127,128,166

micelles , in particular for systems where the surfactants self-assemble rather

than being pre-formed into micelles'?®

. In addition, literature studies showed that many
systems that were initially formed into spheres formed ellipsoidal particles after several
nanometres.'?’ Therefore, a lack of spherical symmetry would not be unexpected,
particularly for the AE1S system, where the DECON results from Chapter 5 indicated that

the particles formed could not be modelled as spheres.

The sodium ions in the AE1S system were on average 0.8 nm from the surface of their
nearest micelle, with a standard deviation of 0.7 nm. From this data, it can be seen that
the ionic head groups of the surfactants and the sodium counterions did not form strong
ion-ion pairs. This corresponded with the trends seen in the literature, where counterions

generally were not strongly bound to ionic head groups.*****

The position of counterions
in the system will be discussed in more detail in Section 6.2.2.6, where the positions of
sodium and chloride counterions were compared to the position of calcium ions found in

hard water.
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The AE7 micelles differed from the AE1S micelles formed in that the AE7 had a very long
polar head group; therefore, this surfactant micelle was expected to have a thicker outer
shell. This can be seen in Table 6-12; the outer shell of the AE1S micelle had a thickness of
approximately 0.4 nm, whereas the AE7 micelle had an outer shell thickness of
approximately 0.8 nm. It can be noted that the head group length of AE7 was much
greater than twice the length of the head group of the AE1S surfactant, and therefore the
head group must have been folding. This meant that the head group of the AE7 was

providing far better coverage for the surface of the micelle; see Figure 6-16.

Figure 6-16: AE7 micelle generated from randomly-positioned surfactants and MD simulation. Oxygen atoms are
shown in red, carbon atoms in blue, and hydrogen atoms in white.

It can be noted that none of the surfactant systems used formed a system where the tails
all pointed inwards towards the centre. It is a well-recognised phenomenon in molecular
dynamic simulations of surfactants that the surfactant tails form a close-packed system
that does not point inwards, and that the terminal —CHs groups tend to orient themselves

towards the surface of the micelle?4126164166

. This could be seen in the data given by
both the preformed and randomised solutions; the average distance from the centre of
the micelle to the terminal carbon atom was at least 0.9 nm for each randomised system

studied, and at least 1.1 nm for every preformed system studied.

6.2.2.1.4. Percentage coverage of micelle surface by head groups

6.2.2.1.4.1. AE1S
To estimate the percentage coverage of the head groups in the AE1S-only system, the

area covered by each head group was estimated as 64 A, as given in the literature®’.

Using the inner core radii and aggregation numbers calculated for this system via both
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randomised and preformed micelle molecular dynamics simulations, and from the SAXS
data collected in Chapter 5, the percentage coverage of head and tail groups in each

system can be estimated. These are shown in Table 6-14.

Table 6-14: Estimated values for percentage coverage of head and tail groups in AE1S. All radii are shown to 1 d.p.

Method of calculation | Inner core | % coverage | Predicted inner | Predicted %
radius / from heads | core radius / coverage from

nm nm heads

Randomised MD 1.0 72 1.1 60
simulations (mean,
aggregation number =

15)

Randomised MD 1.5 81 1.5 79
simulations (maximum,
aggregation number =

35)

Randomised MD 1.2 77 1.2 66
simulations (monomer-
average, aggregation

number = 20)

Preformed MD 1.6 94 1.7 88
simulation, aggregation

number =49

Preformed MD 2.0 106 2.0 104
simulation, aggregation

number = 80

SAXS data, aggregation | 2.0 106 2.0 105
number =63 — 103

For each aggregation number, the inner core radius was predicted from the aggregation
number itself and the volume of the surfactant tail (modelled using the density of

tridecane, 0.756 g mL?, to give a volume per molecule of 4.05 x 10 m?). The core was
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assumed to be a sphere of liquid hydrocarbon at its normal density, and the inner core

radius was thus:

3 3Naggvtail

"= 41

Equation 6-1

Nggg is the aggregation number and Vi is the volume of the tail group.

For the radii calculated through MD simulations or SAXS, and through Equation 6-1, the

percentage covering of the head groups was then calculated:

100AheadNagg
412

Percentage covering of head groups =

Equation 6-2
The terms of Equation 6-2 are the same as in Equation 6-1, with the addition of the term

for the area per head group, Aneqq-

It can be seen that the radii given by Equation 6-1 corresponded well to those determined
through SAXS or through MD simulations; where different values were obtained for the
percentage coverage of the head groups for the same radius, these were due to rounding

errors from the number of significant figures shown in Table 6-14.

Table 6-14 shows that the AE1S micelles generated from the MD simulation had an
approximate head group coverage of 72-81 %. However, it can be seen that these head
groups were not distributed evenly or packed tightly, with large patches of exposed

hydrocarbon chains being seen on the surface of the micelle: see Figure 6-17.
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Figure 6-17: AE1S micelles produced through a randomly distributed MD simulation. Carbon atoms are shown in
blue, hydrogen atoms in white, oxygen atoms in red, and sulfur atoms in yellow.

The relatively low density of the head groups at this aggregation number raised the
guestion of how the head groups were arranged at high aggregation numbers. The AE1S

32,33

was expected to have an aggregation number of 43-80, giving a calculated head group

coverage of 85-104 %.

In order to show the effect of the aggregation number on the percentage coverage of the
head groups, and to show what this theoretical coverage would look like visually, a MD
simulation was run using a preformed micelle containing 80 AE1S monomers. Figure 6-18
shows the micelle containing 49 monomers generated in Section 6.2.1.1, with a
calculated head group coverage of 94 %, whereas Figure 6-19 shows the micelle

containing 80 monomers, with a calculated head group coverage of 106 %.

Figure 6-18: Preformed micelle containing of 49 monomers after molecular dynamics simulation. Carbon atoms are
shown in blue, hydrogen atoms in white, oxygen atoms in red, and sulfur atoms in yellow.
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Figure 6-19: Preformed AE1S micelle containing 80 monomers after molecular dynamics simulation. Carbon atoms
are shown in blue, hydrogen atoms in white, oxygen atoms in red, and sulfur atoms in yellow.

In both of these systems, there were regions of high head group density on the surface,
leading to the overall high percentage coverage of the head groups. However, it can be

seen that both the 49-monomer system and the 80-monomer system contained regions
of low head group density, where the surface of the micelle consisted of hydrocarbon

chains lying parallel to the surface.

While consideration of the hydrophobic effect may make this model seem unrealistic,
given that some hydrocarbon chains remain in contact with the water, it can also be seen
that the proportion of the hydrocarbon tails in contact with water was far lower in this
configuration than for the monomers. In addition, the hydrocarbon tails in this
configuration were free to form van der Waals forces with each other. Therefore, the
formation of this micelle would be entropically favourable from the perspective of the

surfactant.

The 80-monomer micelle was compared to the AE1S system measured through SAXS; the
data obtained is shown in Table 6-15. It can be seen that the data obtained from this

particular MD simulation was a good match for that determined through SAXS.
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Table 6-15: Comparison between SAXS data and MD data for aggregation numbers ~ 80

System Inner core radius / | Micellar radius / nm | Aggregation number
nm
MD simulation — 2.0 2.4 80

preformed micelle

SAXS 2.0 2.6 63 -103

The findings shown here are well aligned with those seen previously in the literature; in
2015, Chun et al estimated that 58% of the surface of a simulated SDS micelle was
occupied by hydrocarbon chain groups.164 The same effect was seen by Wymore et al in
1999, where the authors described simulated dodecylphosphocholine surfactants lying
across the surface of the micelle such that their entire chains were exposed to the

solvent.'?®

The same paper also described aggregates with low aggregation numbers as
being packed in a monolayer-type structure with all chains aligned, similar to the ‘stacked’
aggregates seen in the AE1S system. These were said to form larger, more spherical
micelles over time; further experiments on the AE1S system over longer timescales would

indicate whether the same would happen in this AE1S system.

6.2.2.1.4.2. AE7
The percentage coverage of the head groups was calculated as before, using the

literature value of 32 A? per molecule;'® this gave an approximate value of 73-93% head
group coverage from the SAXS data, and 70% from the MD simulation. However, in this
instance, this value is likely to be underestimating the percentage coverage. The literature
value for the area of the head group was calculated using a Gibbs adsorption isotherm,
examining the packing of the surfactants on the surface of the water. Under these
conditions, the —(OCH,CH,)— chains will be in the trans- form to maximise packing. When
micelles are formed, however, these chains will be free to flex and will thus cover a
greater area. Consequently, since this 73 —93% range is likely to be an underestimate, it
can be seen that in the AE7 micelles, the hydrocarbon tails experience minimal

interaction with the water.
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6.2.2.2. Surfactant-brightener systems

A similar set of systems were created, including surfactants as before, with the addition of

10 brightener molecules per system. The simulations were run as before.

Figure 6-20 shows the number of micelles, and Figure 6-21 shows the aggregation

numbers for the surfactant-brightener systems. These were broken down into micel

les

containing brightener, and micelles that did not contain brightener molecules. This data is

presented numerically in Appendix 1.
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Figure 6-20: Number of micelles per system overall, containing brightener, and not containing brightener
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The mean, maximum, and monomer-averaged inner core radii, micellar radii, and
brightener positions are shown in Figure 6-22 to Figure 6-27 overleaf. 5 values were given
for each system; the relevance of these values are listed in Table 6-16 below. The data is

given numerically in Appendix 1.

Table 6-16: Micelle categories used in figures below

Value Significance

Before brightener Gives the micellar radii for the surfactant
system without any brightener present, as

given in Section 4.2.1

After brightener: Overall Gives the micellar radii for the surfactant
system with brightener added, including
both micelles which contained a brightener

molecule and those which did not

After brightener: With bri Gives the micellar radii for the surfactant
system with brightener added, including
only those micelles which contained at

least one brightener molecule

After brightener: Without bri Gives the micellar radii for the surfactant
system with brightener added, including
only those micelles which did not contain

any brightener molecules

After brightener: Brightener Gives the positions of the central carbon
atoms and sulfur atoms of the brightener

molecule itself
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The micellar radii for the AE1S system are shown in Figure 6-22 below:
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Figure 6-22: Micellar radii and positions of brighteners for randomised AE1S systems. Micellar radius was broken
down into contributions from the inner core and outer shell. Brightener position was broken into positions of the
centre-most carbon atoms and the positions of the sulfur atoms.

The micellar radii for the AE7 system are shown in Figure 6-23 below:
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Figure 6-23: Micellar radii and positions of brighteners for randomised AE7 systems. Micellar radius was broken down
into contributions from the inner core and outer shell. Brightener position was broken into positions of the centre-
most carbon atoms and the positions of the sulfur atoms.

The micellar radii for the AE1S/AE7 system are shown in Figure 6-24:
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Figure 6-24: Micellar radii and positions of brighteners for randomised AE1S/AE7 systems. Micellar radius was broken
down into contributions from the inner core and outer shell. Brightener position was broken into positions of the

centre-most carbon atoms and the positions of the sulfur atoms.

The micellar radii for the AE1S/DEEDMAC system are shown in Figure 6-25:
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Figure 6-25: Micellar radii and positions of brighteners for randomised AE1S/DEEDMAC systems. Micellar radius was
broken down into contributions from the inner core and outer shell. Brightener position was broken into positions of
the centre-most carbon atoms and the positions of the sulfur atoms.

The micellar radii for the AE7/DEEDMAC system are shown in Figure 6-26:
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Figure 6-26: Micellar radii and positions of brighteners for randomised AE7/DEEDMAC systems. Micellar radius was
broken down into contributions from the inner core and outer shell. Brightener position was broken into positions of
the centre-most carbon atoms and the positions of the sulfur atoms.

The micellar radii for the AE1S/AE7/DEEDMAC system are shown in Figure 6-27:
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Figure 6-27: Micellar radii and positions of brighteners for randomised AE1S/AE7/DEEDMAC systems. Micellar radius
was broken down into contributions from the inner core and outer shell. Brightener position was broken into
positions of the centre-most carbon atoms and the positions of the sulfur atoms.

The effects seen in Figure 6-22 to Figure 6-27 will be discussed in Section 6.2.2.2.1 to
Section 6.2.2.2.4.
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6.2.2.2.1. General trend: position and orientation of the brightener
molecule

Two trends seen in all brightener-surfactant simulations are that: firstly, the brightener
molecules interact with the micelle surface, and are not located in the micellar core.
Secondly, although all brightener molecules were set up with their sulfate ions in a trans-
configuration, most underwent bond rotation of the centremost C-C bond during the
simulation to position their ions away from the micelle, in a cis- configuration. As this is
not the bond rotation responsible for fluorescence, this will not be seen directly in
fluorescence work; however, the degree of rigidity in which the stilbene group is held
may have an effect on the fluorescence emission spectrum, causing the spectrum seen to

have an additional peak.'®®

O\S//o O\\S/Oe
\oe o/
Q \ O Q Y4 Q
Figure 6-28: Typical final configuration of Brightener 49
6.2.2.2.2. AE1S/brightener
When the mean and monomer-averaged micelle radii were calculated, along with the
radii of the brightener positions, the brightener appeared to be positioned with its centre
at the inner core/ outer shell interface and its sulfur atoms at the outer shell/solvent

interface. This could be understood more clearly when the micelles were studied visually,

as shown in Figure 6-29 below.

Figure 6-29: Brightener molecules associated to the surface of the AE1S micelle. Water molecules have been omitted
and AE1S molecules have been shaded grey for clarity. Hydrogen atoms are coloured white, carbon atoms are
coloured cyan, oxygen atoms are coloured red, and sulfur atoms are coloured yellow.
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When the brightener molecules were added to the system, they were incorporated on
the surface of the micelle, between the head groups. Generally, they lay with their
hydrocarbon chains parallel with the AE1S tail group and their sulfate ions oriented
outwards. In this way, it could be said that they acted like anionic surfactants with two

head groups.

6.2.2.2.3. AE7 /brightener

Figure 6-30: Position of brightener molecules within AE7 surfactant micelles. Water molecules omitted for clarity.
Hydrogen atoms are coloured white, carbon atoms are coloured cyan, oxygen atoms are coloured red, and sulfur
atoms are coloured yellow.

When brightener was added to the AE7 surfactant micelle, the inner core/outer shell
boundary of the micelle was at approximately 3.0 nm from the centre, and the outer
shell/solvent boundary was at approximately 3.7 nm. The centre of the brightener was
approximately 3.6 nm from the centre, and its sulfur atoms groups were approximately
3.9 nm from the centre. This suggests that, on average, the brighteners were being
incorporated into the head group region, roughly at a tangent to the surface of the inner
core, with their sulfate ions extending outwards, perpendicular to the surface of the

micelle.

There are a number of caveats to this result; firstly, the micelle produced in the
simulation was not a perfect sphere (see Figure 6-30 above). Secondly, it can be seen that
the chains of the micelle did not extend inwards to a point at the centre, but rather pack
together. However, it is also evident that the brightener molecules were indeed

incorporated onto the surface of the micelle, generally just within the head group region.
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6.2.2.2.4. Mixed surfactant systems: AE1S/AE7, AE1S/DEEDMAC,
AE7 /DEEDMAC, and AE1S/AE7 /DEEDMAC
The same trend was seen throughout all samples; the centre of the brightener was given
at approximately the same radius as the inner core, with the sulfate ion positions giving
the same radius as the outer shell. This corresponded to the brightener aromatic ring
chains interacting with the surfactant hydrophobic chain groups, and the sulfate ions

extending outwards to form part of the outer shell of the micelle.

6.2.2.2.5. Conclusions
In each system studied, the brightener was associated with the surface of the surfactant
micelle. In AE1S-dominant systems, this generally meant that the brightener backbone
was associated with the hydrocarbon chains of the surfactant, while in AE7-dominant
systems this meant that the brightener was incorporated into the head group region of

the surfactant.

It appears that the brighteners may have been associating with the surfactants in a similar
way to another surfactant. The brightener had a hydrophobic backbone of connected
aromatic rings, and hydrophilic ionic groups, so this is feasible. This raised two questions;
would the brightener self-aggregate, and how did the brightener affect the micelle
aggregation number? To answer the first question, a simulation was run containing a
large number of brightener molecules. To answer the second, a series of simulations were
run for three surfactant systems (AE1S only, AE7 only, and AE1S/AE7/DEEDMAC) using

different concentrations of brightener.

6.2.2.3. Brightener-only aggregation
A system containing 200 brightener molecules and their counterions only was set up. This

was run in the same manner as the surfactant-containing systems.
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Figure 6-31: Brightener-only MD run before (L) and after (R). Water molecules omitted for clarity. Hydrogen atoms
are coloured white, carbon atoms are coloured cyan, oxygen atoms are coloured red, and sulfur atoms are coloured
yellow.

It must be noted that the concentration used was over 10 times the solubility limit for the
brightener in solution (for a box of this size, this would be about 18 molecules); this was

done in order to show the most direct comparison to the surfactant.

The system produced had an average of 50 monomers and 41 aggregates per frame;
however, this was prone to a very large degree of fluctuation (compared to the formation
of micelles in solution) as shown in Figure 6-32 and Figure 6-33 below. This instability of
the aggregates formed suggests that these were not micelles, but rather an amorphous
precipitate being formed (likely given the concentration was 10 times the solubility limit),
with exchange of material between them via the dissolution of material back into the

solvent.
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Figure 6-32: Change in the number of monomers in the brightener, AE1S, and AE7 solutions over time
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Figure 6-33: Change in the number of aggregates in brightener, AE1S, and AE7 solutions over time

The aggregation number of the precipitated brightener was also very low, being
calculated to the nearest integer at 4 (mean), 10 (maximum), and 4 (monomer-averaged).

These figures do not include the large number of monomers in solution.

In conclusion, while the brightener did show some aggregation behaviour, it was
completely unlike that seen in surfactant systems, and was likely due to precipitation

effects rather than micellar aggregation.

6.2.2.4. Varying concentration of brightener
For three surfactant systems previously studied (AE1S, AE7, and AE1S/AE7/DEEDMAC),
the number of brightener molecules added to the system was varied from 5 to 20. This
was designed to show how the brightener concentration affected the size of the micelle.
The number of surfactant molecules used was kept constant. The data collected in
Sections 6.2.2.1 and 6.2.2.2 were used to provide data points for 0 and 10 brightener

molecules, respectively.

6.2.2.4.1. AE1S/brightener systems
Simulations were run with 200 AE1S molecules as before. The effect of the number of
brightener molecules on the aggregation number, and inner core and micellar radii, are
shown in Figure 6-34 and Figure 6-35 overleaf. Note that the data given was for the
system as a whole, including individual micelles which did not contain a brightener
molecule, but excluding monomers. This was to show how the brightener affected the

micellar system as a whole, not just the individual micelles with which it interacted.
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Figure 6-34: Effect of brightener concentration on the aggregation number of AE1S. Values are given using the mean,
maximum (max) and monomer-averaged (mon. av.)
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Figure 6-35: Effect of brightener concentration on the inner core and micellar radii of AE1S. Values are given using the
mean, maximum (max) and monomer-averaged (mon. av.)

It can be seen that the aggregation number of AE1S was not greatly affected by the
increasing concentration of brightener, although there was a very slight negative
correlation between brightener concentration and aggregation number. The same trend
was seen in the inner core and micellar radii: the micelle size was largely unaffected by
changes in the brightener concentration. This is in agreement with the SAXS findings,
where no significant change in micelle radius was seen with increasing brightener

concentration.
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6.2.2.4.2. AE7 /brightener systems
The simulation was run using 200 AE7 molecules as before. Figure 6-36 and Figure 6-37
show the effect of brightener concentration on aggregation number, and inner core and

micellar radii, respectively.
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Figure 6-36: Effect of brightener concentration on aggregation number of AE7 micelles. Values are given using the
mean, maximum (max) and monomer-averaged (mon. av.)
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Figure 6-37: Effect of brightener concentration on AE7 inner core and micellar radii. Values are given using the mean,
maximum (max) and monomer-averaged (mon. av.)

In this system, the addition of brightener had a drastic effect, but only after a certain
concentration threshold had been passed. While the system had an initial aggregation
number of 200 without brightener addition, when 5-10 brightener molecules were added,

these additional molecules joined the main aggregate, causing the aggregation number to
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increase. Once the number of brightener molecules added had reached 15, the micelle
split to form micelles with an average aggregation number of 108 — 140, depending on
average method used. Addition of a further 5 brightener molecules reduced the

aggregation number further to an average of 55-129.

This effect appears to be analogous to the effect that the proportion of AE1S had on the
aggregation numbers of randomised surfactant systems as discussed in Sections 6.2.2.1
and 6.2.2.2, where an increase in the proportion of AE1S in the system decreased the
aggregation number and increased the number of micelles in solution, (and thus

decreased the micelle radii).

The fact that the brightener had no effect on the AE1S aggregation number, but
decreased the AE7 aggregation number so drastically, suggested that it was analogous to
AE1S in such systems. This raised the question of whether the AE1S can be shown to have

a similar effect on AE7 aggregation; this will be discussed in Section 6.2.2.5.

This data does not agree well with the SAXS data, which showed no significant change in
micellar radius with increasing concentration of brightener, up to a concentration of 43
brightener molecules per micelle. It may be that the effects of increased brightener
concentration in the simulation were caused by an overestimation of ionic repulsion
between ionic molecules, as in Section 6.2.2.1.2; further experiments at longer timescales

would clarify if this was the case.

6.2.2.4.3. AE1S/AE7 /DEEDMAC/brightener systems
The system was run with 100 AE1S molecules, 40 AE7 molecules, and 20 DEEDMAC
molecules as before. Figure 6-38 and Figure 6-39 show the effect of brightener

concentration on aggregation number, and inner core and micellar radii, respectively.

236



Chapter 6: Molecular dynamics simulations

Aggregation number
w
o

4

0 T T
0 5 10

No. of brightener molecules added

15

20

@ Agg no (mean)
X Agg no (max)

Agg no (mon. av.)

Figure 6-38: Effect of brightener concentration on aggregation number of AE1S/AE7/DEEDMAC system. Values are

given using the mean, maximum (max) and monomer-averaged (mon. av.)
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Figure 6-39: Effect of brightener concentration on inner core and micellar radii of AE1S/AE7/DEEDMAC system.
Values are given using the mean, maximum (max) and monomer-averaged (mon. av.)

As in the AE1S system, the micellar aggregation number and radii seemed fairly stable,

with little correlation between both the aggregation number and the radii, and the

brightener concentration. Again, as this was an AE1S-dominant system, this supported

the idea that the brightener was interacting in a similar manner to an AE1S surfactant

molecule.
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Variation of AE1S concentration in AE7-dominant micelles

Simulations were run as before containing 200 AE7 molecules, and 10, 15, 20, and 25

AE1S molecules. The results of these are shown in Figure 6-40 and Figure 6-41 below.
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Figure 6-40: Effect of AE1S concentration on aggregation number. Values are given using the mean, maximum (max)

and monomer-averaged (mon. av.)
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Figure 6-41: Effect of AE1S concentration on inner core and micellar radii. Values are given using the mean, maximum

(max) and monomer-averaged (mon. av.)

By looking at the maximum aggregation number, the physical effect of the addition

became clear; at low AE1S concentrations (0-15 molecules), the AE1S was incorporated

into the micelle. At higher concentrations however, the maximum aggregation number

remained relatively stable at approximately 200 — 210 molecules, with the remaining

surfactant forming a smaller aggregate containing both AE1S and AE7 molecules.

Correspondingly, the inner core and micellar radius remained relatively stable once this

threshold had been passed. This suggests that the effect of AE1S on aggregation number
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and micelle size of AE7-dominant micelles was not seen at such low concentrations of
AE1S. This shows that, while the brightener was similar to the AE1S in terms of its
aggregation (as shown in the AE1S-only system), its effects on the system were stronger,
perhaps due to the increase in charge (given its two sulfate groups), and its aromatic

rings.

6.2.2.6. Addition of calcium ions to surfactant micelles
The aim of this work was to model the interaction between surfactant systems in
detergent and the calcium ions found in hard water, as studied experimentally in Chapter
5. Surfactant systems were made as in Table 6-10, with the addition of 20 calcium ions,

and sodium or chlorine ions as required to neutralise the system. These were run for

40 000 ps as before.

The number of micelles in each system, the number of monomers, and the average

aggregation numbers are shown in Figure 6-42 and Figure 6-43.
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Figure 6-42: Numbers of micelles and numbers of monomers for surfactant systems with and without calcium ions
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Figure 6-43: Mean, maximum, and monomer-averaged aggregation number for surfactant systems with and without

calcium ions

The inner core and micellar radii of the systems are given in Figure 6-44, Figure 6-45, and

Figure 6-46.
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Figure 6-46: Micellar radii of the AE1S/AE7/DEEDMAC system, before and after the addition of calcium ions

The AE1S/DEEDMAC system, and the repeated AE1S/AE7/DEEDMAC sample, gave several

occasions where two distinct micelles were close enough that the program identified

them as one; to avoid this, frames were inspected visually to identify the number of

micelles present. Frames misidentifying the number of micelles present were excluded

from the calculations of average micelle size.
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difference in size and aggregation number between systems with and without calcium

ions. When this sample was re-run, it gave a size and aggregation number closer to that

seen in the system without calcium. This suggests that the calcium ions were not having a

large effect on the micelle structure.

To look at the effect of the micelle on the ion position, the distance of the ions from their

nearest micelle was tracked.

Table 6-17: Distance of Ca2+, Na®, and CI ions from the surface of the micelles

System ca” Standard | Na* Standard | CI Standard
distance | deviation | distance | deviation | distance | deviation
from for Ca®* / | from forNa*/ | form forCl'/
micelle | nm micelle | nm micelle | nm
/ nm / nm / nm

AE1S n/a n/a 0.8 0.7 n/a n/a

AE1S + Ca** 0.0 0.2 0.8 0.8 n/a n/a

AE7 n/a n/a n/a n/a n/a n/a

AE7 + Ca®* 3.9 2.3 n/a n/a 3.7 2.3

AE1S/AE7 n/a n/a 1.1 1.0 n/a n/a

AE1S/AE7 + Ca*™* 0.0 0.6 1.3 1.0 n/a n/a

AE1S/DEEDMAC n/a n/a 1.1 1.0 n/a n/a

AE1S/DEEDMAC + 0.0 0.5 1.5 1.1 n/a n/a

CaZ+

AE7/DEEDMAC n/a n/a n/a n/a 1.6 1.2

AE7/DEEDMAC + 3.2 1.7 n/a n/a 2.1 1.9

Ca2+

AE1S/AE7/DEEDMAC | n/a n/a 1.2 1.0 n/a n/a

AE1S/AE7/DEEDMAC | 0.0 13 1.7 1.6 n/a n/a

+Ca”

AE1S/AE7/DEEDMAC | 0.0 0.8 1.6 13 n/a n/a

+ Ca’* (repeat)
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In Table 6-17, the distance given for each ion from the micelle was the mean distance
from each ion to the surface of its nearest micelle. The standard distribution was
reflective of the broadness of the distribution, rather than error in the data in this
instance. The ions are assumed to have been normally distributed such that P(r) =
e—(r—u)Z/ZUZ
oV2m

distance of the ions from the micellar centre minus the micellar radius, u is the mean

, where ris the distance from the micelle-solvent interface i.e. the mean

distance of the ions from the micelle-solvent interface, o is the standard deviation, and
P(r) is the probability distribution. It can be assumed that approximately 68% of the ions
fell within 1 standard deviation of the mean, and 95% fell within 2 standard deviations of

the mean.

The most obvious trend seen was for Ca®" ions in samples containing AE1S, as shown in
Figure 6-47. In these samples, the Ca”" ions were at approximately 0.0 nm from the
micelle —i.e. as close to the surface of the micelle as possible. This was as expected, due
to the negative charge on this surfactant. The standard deviation in this sample was 0.2
nm, reflecting the narrow band within which the ions were found. For ions where the
distance from the outer shell was negative, this represented the low head group density
of the micelle, and thus potentially entry of the calcium ions into this region, along with
the elliptical nature of the micelle, rather than deep penetration of the ions into the tail
group region of the micelle. It can be seen that the Na* also had an attraction to the AE1S
within the micelles, although this was weaker as indicated by its increased distance of 0.8
nm, and its more dispersed nature as indicated by its standard distribution of 0.8 nm. The
weaker interaction of the Na* was expected due to its reduced charge compared to the

24 .
Ca”"ion.
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Figure 6-47: Position of calcium (red) and sodium (blue) ions in an AE1S (grey) system. Water molecules have been
omitted for clarity.

It can be seen that, although in all samples containing the AE1S (i.e. AE1S, AE1S/AE7,
AE1S/DEEDMAC, and AE1S/AE7/DEEDMAC) the Ca®* had a mean distance of 0 nm from
the outer shell, the standard deviation of these samples increased in the order AE1S <
AE1S/DEEDMAC < AE1S/AE7 < AE1S/AE7/DEEDMAC. This indicated that the ions became
more dispersed as this series progresses. The positions of the AE1S and the
AE1S/AE7/DEEDMAC in this series were as expected; the system containing the highest
proportion of anionic surfactant had the greatest affinity for the cationic ion, whereas the
system with the lowest proportion of the anionic surfactant had the least affinity for the
ion. It is perhaps unexpected that the system containing both anionic and cationic
surfactants had a greater affinity for the cationic ion than the system containing both
anionic and nonionic surfactants; however, this was likely due to the higher proportion of
AE1S in the AE1S/DEEDMAC system (83%) than in the AE1S/AE7 system (71%). It can be
noted that the standard deviation was very close for these systems: 0.5 nm for the

AE1S/DEEDMAC system, compared to 0.6 nm for the AE1S/AE7 system.

It can be seen that, as the proportion of nonionic and cationic surfactants increased, the
mean distance between the Na* and the surface of the micelle increased in the order
AE1S/AE7 < AE1S/DEEDMAC < AE1S/AE7/DEEDMALC. This was as expected given the like-
charge repulsion between the DEEDMAC and the Na®.

The AE7 showed little to no affinity for the Ca** ions, as indicated by the high average
distance, low standard deviation in comparison to the mean distance, and similarity in
distance between the mean Ca** distance and the mean CI” distance. Assuming the ions

were normally distributed, there would be a 4.5% chance that any given Ca”* ion would
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be found at 0 nm or less from the micelle-solvent interface, and a 5.4% chance that any
given Cl ion would be found at 0 m or less from this interface. Again, negative distances
from the interface indicated penetration into the micelle head group region. This system

is shown in Figure 6-48 below.

Figure 6-48: Position of calcium (red) and chlorine (green) ions relative to an AE7 (grey) micelle. Water molecules
have been omitted for clarity.

The AE7/DEEDMAC sample showed significantly more affinity for the Cl" ions than for the
Ca”* ions, as indicated by the lower mean distance from the shell (2.1 nm for the Cl” ions,
and 3.2 nm for the Ca* ions) and similar standard deviations (1.9 nm for the Cl ions, and
1.7 nm for the Ca** ions). This was expected due to the opposite-charge attraction and

like-charge repulsion from the cationic head group.

In every case except the AE1S system, the addition of Ca’'ions increased the mean
distance of the Na* or CI counterion from the micelle. In the AE1S system, the mean
distance of the Na" ions did not change when calcium ions were added. In addition, the
standard distribution of the Na* or Cl ions increased or was unchanged in every system
studied. For the systems containing AE1S, where Na® is the counterion, this showed that
the calcium is displacing the Na* ions from the micelles. For the AE7/DEEDMAC system,
where Cl is the counterion, the increased distance of the Cl" ions from the micelles when

Ca”* ions were added may have indicated charge shielding of the Ca**ions by the Cl ions.
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6.3. Conclusions

6.3.1. Preformed micelles
Surfactants preformed in a micelle configuration, with additional hexane added to their

centre, were shown to stabilise rapidly. When brightener molecules were added to these
systems, the primary factor affecting the final position of the brightener molecule was the
initial position of the brightener, suggesting that the system did not reach a true

equilibrium.

6.3.2. Randomised micelles

6.3.2.1. Surfactant only systems
It was seen that the randomised surfactant solutions self-aggregated into micelles. The
smallest aggregation numbers were seen in the AE1S-only surfactant systems, and the
highest aggregation numbers and micellar radii were seen in the AE7-only surfactant
systems. The proportion of AE7 in the system was correlated with micelle size and
aggregation number, whereas the proportion of AE1S in the system was inversely

correlated with micelle size and aggregation number.

6.3.2.2. Addition of brightener
When 10 brightener molecules were added to the surfactant systems, this generally had
little effect on the micellar radii and aggregation number of the system. The brightener
molecules were incorporated into the micelles with their hydrocarbon chains along the

core-shell interface and their sulfate groups in the shell of the micelle.

6.3.2.3. Varying composition of solution
The number of brightener molecules added to the AE1S, AE7, and AE1S/AE7/DEEDMAC
systems was varied. The number of brightener molecules added did not greatly affect the
micellar radii and aggregation numbers of the AE1S and AE1S/AE7/DEEDMAC systems,
but increased brightener concentrations acted to reduce the aggregation numbers and
micellar radius of the AE7 system, when a sufficiently high number of brightener
molecules, greater or equal to 15, were added. When AE1S was added to the AE7 system
in small quantities, this had a similar but weaker effect on the aggregation number and

micellar radius of the AE7 system.
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6.3.2.4. Addition of calcium ions
It was seen that the addition of calcium ions did not significantly affect the micelle
aggregation number or micellar radii. However, several trends in the placement of the

calcium ions could be seen.

The calcium ions interacted strongly with the anionic AE1S surfactant. As the proportion
of AE1S was decreased, the strength of this interaction was decreased, as shown by an
increase in the mean distance to the micelle and the standard deviation. The calcium ions
did not interact significantly with the nonionic surfactants, and repulsive effects were

seen in systems containing cationic surfactants but no nonionic surfactants.

In systems where Na* ions were present, the Ca**ions displaced these from their position
around the micelle. Where CI ions were present, they acted to screen the

. . . . . 2+ .
cationic/nonionic micelle from the Ca“* ions.
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7. Conclusions

7.1. Effect of micelle composition on size and shape

The micelles with the largest radii were given by the AE7-only system. This was confirmed
by the inner core radius of 2.3 nm and micellar radius of 3.3 nm given by GIFT analysis in
Chapter 5, and by the inner core radius of 2.7 nm and micellar radius of 3.5 nm given by
MD simulations detailed in Chapter 6. The smallest micelles were those in the AE1S
system, again confirmed by the inner core radius of 2.0 nm and micellar radius of 2.6 nm
given by GIFT analysis, and the mean inner core radius of 1.0 nm and mean micellar
radius of 1.4 nm given by randomised MD simulations. It was shown in Chapter 6 that
increasing the proportion of AE1S in a system decreased its micellar radii and aggregation
number, with a mean aggregation number of 15 for an AE1S-only system, whereas
increasing the proportion of AE7 in the system increased the radii and aggregation

number, with a mean aggregation number of 200 for an AE7-only system.

Differences in the micellar shape could be seen in these two systems. The spherical
nature of the AE7 micelles was seen from the good agreement obtained between DECON
results and the modelled form factor, with an inner core electron density of 0.215 e’A*
and outer shell electron density of 0.371 e’A? obtained from DECON, and inner core
electron density of 0.26 e’A* and outer shell electron density of 0.385 e’A® obtained from
the form factor model, and from the spherical appearance of the final configuration of
the simulation. The micelle was seen to have a dense outer shell, as a result of the long-

chain head groups folding.

The AE1S micelles were not spherical; instead they seemed to have a stacked cylindrical
shape, particularly at lower aggregation numbers. This was seen most clearly in the
simulation outputs, but could also be seen in the physically unrealistic results obtained
from DECON analysis of this system, with the inner core electron density given as -0.031
e’A3, and the outer shell electron density given as 0.611 e’A3 . Its outer shell region was
shown to be sparse, with sulfate ions ‘dotting the surface’ but providing a large amount of

space for water penetration.

For the mixed AE1S/AE7 system, results from DECON were still unrealistic, but less so

than for the AE1S alone, with an inner core electron density of 0.05 e’A® and an outer
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shell electron density of 0.50 e’A™. The simulation results showed that this system had a

more spherical shape than that of AE1S alone.

7.2. Placement of brightener within micelle
The brightener was shown to interact with all surfactant systems tested. However, in

some systems, this interaction was more marked than in others.

The SAXS scattering given by the AE7 system with brightener showed a significant shift to
higher g, from 1.1to 1.4 nm™, with increasing brightener concentration, corresponding to
an increase in electron density from 0.371 — 0.385 e'A™ to 0.433 — 0.44 e’A™ in the outer
shell of the micelle. While a shift in /(g) was seen in the AE1S system, from approximately
1.5to 1.6 nm™, and a corresponding increase in the electron density was seen from 0.40
e’A®t00.42 A2 as calculated using the modelled form factor, this was significantly less

than that seen in the AE7 system.

This result can be explained by the trends seen in micelle structure shown in Chapter 6.
When the brightener was added to AE1S, its hydrocarbon backbone was aligned with the
tail groups of the AE1S, with its head groups oriented outwards. Further evidence for this
configuration of the brightener molecule was seen in the crystal structure for the
Brightener 49 methanol solvate obtained in Chapter 4. The addition of brightener had no
effect on the overall size and aggregation number of the micelle. In this way, the

brightener could be said to be replacing an AE1S molecule in the micelle.

When the brightener was added to the AE7, it was incorporated into the dense outer
shell of the micelle, with its hydrocarbon chain at the boundary with the inner core and
the outer shell, and its sulfate groups oriented into the outer shell. The most striking
effect, however, was on the aggregation number of the AE7 system seen in the
simulations. As the number of brightener molecules added to the simulation increased
from 10 to 20 molecules, the mean aggregation number decreased from 210 to 55, and
the mean micellar radii decreased from 3.7 nm to 2.2 nm. This was not seen in the AE1S
and AE1S/AE7/DEEDMAC simulations, and could be seen as analogous to the decrease in
aggregation number and radii caused by increasing the proportion of AE1S in the system

(strengthening the comparison between the brightener molecule and the AE1S molecule).
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7.3. Effect of surfactants on brightener deposition

The main trend seen in the deposition experiments in Chapter 3 was for the addition of
AE1S to promote brightener deposition, and for the addition of AE7 to inhibit deposition.
In addition, the addition of AE1S did not affect the emission and excitation structure of
the brightener, whereas the addition of AE7 increased the number of peaks seen and
shifts them to lower wavenumber, from 6927 cm™ to approximately 5600 cm™, in the
emission spectrum. This suggested that the brightener experienced the same amount of
hydrogen bonding in the AE1S solution as in water alone, but experienced less hydrogen

bonding when in AE7 solution.

These results can be interpreted in line with the output configurations of the simulations
in Chapter 6 thus: when the brightener was added to the AE7 system, it was incorporated
deep within the head group of the molecule. This hindered its ability to move freely, and
to leave the surfactant micelle in order to be deposited onto the fabric. It also
experienced less hydrogen bonding due to the low degree of water penetration into the
head group of this micelle. However, when the brightener was added to the AE1S system
and incorporated into micelles, it was less sterically hindered and could be deposited
more easily. As there was a greater degree of water penetration into the head group

region of this micelle, the brightener could also experience more hydrogen bonding.

7.4. Effect of calcium ions on surfactant micelles

The data presented in both Chapter 5 and Chapter 6 showed that the calcium ions had
little to no affinity for the nonionic surfactant micelles. There was no change seen in the
SAXS scattering data when calcium ions were added, and in the computational work, the
mean distance of calcium ions to nonionic surfactant micelles was high (3.9 nm),
suggesting that they were not attracted to the micelles. This was to be expected given the
lack of a charged group on the nonionic surfactant micelle. Chapter 4 showed that, at low
concentrations, increasing the concentration of AE7 from 2.49 g L to4.98 or 7.44 g L*
decreased the time taken for CaCO; precipitation from 8 — 13 minutes to 4 — 6 minutes or
3 - 5 minutes respectively, but that at high concentrations, increasing the concentration
of AE7t09.900r 123 ¢ L™ increased the time taken for CaCO; precipitation to 10 — 47

minutes or 1 hour — 1 day respectively.
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The data from these chapters also showed that the calcium ions had an affinity for the

AE1S-containing micelles, as indicated by the very low distance between the micelle and
the Ca®" ions of 0.0 nm, and the increase in intensity of the peak in /(g). However, this did
not correspond to a change in the aggregation number or micellar radius of the micelles.
Increasing the concentration of AE1S in a calcium carbonate system from 2.05 g L™ to
8.14¢g L™ was also shown in Chapter 4 to increase the time taken for CaCO; precipitation
from 2 minutes to up to 4 days, suggesting either that Ca** ions were adsorbing onto the

micelle, or that the surfactant was adsorbing onto the face of the crystal.

7.5. Suggestions for future work

7.5.1. Fluorescence work
To expand upon this work, a greater range of surfactants, fabrics, and initial

concentrations could be examined. During the fluorescence studies in Section 3.2.2.1, in
which the effect of the addition of surfactant on the fluorescence emission and excitation
spectra of Brightener 49 was studied, only two surfactant systems were used: AE1S and
AE7. During the brightener deposition studies in Section 3.2.2.3, only two sets of
surfactant systems were used due to time constraints: 2.05 g L™ AE1S, and 2.49 g L™ AE7.

In addition, only two types of fabric were used in this section.

To improve upon this work, future studies would use a wider range of surfactants and
surfactant mixtures of varied proportions, at various concentrations above and below
their CMC. Firstly, the fluorescence spectra of Brightener 49 in these solutions would be
collected, and any solvatochromic shift determined, allowing the hydrophilic environment
of the brightener in these solutions to be studied. Fabric deposition testing could then be
run on these solutions, to determine the effect that this change in environment has had
on the deposition rate of the brightener. Using this method, it may be possible to

determine a detergent composition which will optimise brightener deposition.

In addition, the calibration curve created in Section 3.2.2.2 could be recalculated using a
wider range of data points, to improve the accuracy of results. Brightener fluorescence
spectra could also be taken in a wider range of solvents, to gain a fuller picture of the

effect of hydrogen bonding on the emission spectrum of this compound.

251



Chapter 7: Conclusions
7.5.2. Crystallisation
Although attempts to produce a Brightener 49 or Brightener 15 crystal were unsuccessful

in this work (with the exception of a Brightener 49 methanol solvate), it is possible that
these crystals could be produced. Future work would study the effect of a wider range of
solvents on the crystallisation of these brightener molecules, both through vapour
diffusion methods and through reverse microemulsion crystallisation. Using these
methods, a calcium-brightener precipitate could also be produced and characterised,
showing the effect of hard water on this compound. The rate of this precipitation in
standard wash conditions could also be studied, to determine the impact of this process

on the detergent user.

7.5.3. SAXS
Due to time restraints, only one concentration of each surfactant was studied using SAXS,

and only one composition of each mixed surfactant system was studied. Future studies
would look at a variety of surfactant concentrations, and study the effect that
concentration variance has on the radius and aggregation number of the surfactant
micelles. The composition of the mixed micelles could also be varied, to determine the

effect that changing the ratios of each surfactant has on the overall size of the micelle.

7.5.4. Molecular dynamics simulations
In the molecular dynamics simulations carried out in this project, the addition of ionic

molecules to the simulation caused the aggregation number and micellar radii to
decrease far beyond that seen in experiment. Future work would attempt to resolve this
by repeating the simulations over longer timescales, to determine if these smaller
micelles would aggregate over time. To reduce the computational impact of these longer
timescales, coarse-grained models could be used to reduce the complexity of the
simulation. This would show if the simulations seen previously had reached a true
equilibrium, or merely a local equilibrium. The forcefield used to model the ionic
molecules could also be varied, to find a system which can model ionic surfactants more

accurately.
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9. Appendix 1: Data tables for Chapter 6

9.1. Preformed micelles containing hexane and brightener

Table 9-1: Inner core and micellar radii of preformed micelles containing hexane and brightener, and the positions of
the centres of the five brightener molecules B1 - B5

System Inner core | Micellar | B1 pos. | B2 pos. | B3 pos. | B4 pos. | B5 pos.
radius / radius/ |/ nm / nm / nm / nm /nm
nm nm

AE1S 1.69 2.09 1.65 5.63 1.36 1.60 1.75

AE1S rp 1.71 2.12 1.44 1.68 1.64 4.38 1.48

AE7 (in heads) | 2.80 3.60 3.56 5.65 3.18 3.75 2.89

AE7 2.83 3.62 3.20 3.44 8.40 2.75 6.40

(intermediate)

AE7 (in tails) 2.75 3.58 3.08 2.75 3.04 2.62 2.77
AE7 rp (in 2.73 3.56 3.89 4.27 8.27 6.28 3.30
heads)

AE7 rp 2.78 3.62 3.15 6.58 2.97 3.24 3.61

(intermediate)

AE7 rp (in 2.81 3.62 2.73 2.88 2.64 3.42 2.85
tails)

AE1S AE7 (in 2.46 2.93 7.62 7.97 7.24 7.05 8.42
heads)

AE1S AE7 2.39 2.83 6.39 7.13 9.78 8.82 2.41

(intermediate)

AE1S AE7 (in 2.40 2.97 2.25 2.58 10.55 2.43 2.28
tails)

AE1S AE7 rp 2.47 2.92 7.09 9.03 8.03 8.17 9.26
(in heads)

AE1S AE7 rp 2.46 2.95 7.34 7.99 7.18 2.54 8.32

(intermediate)
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AE1S AE7 rp 2.50 2.96 2.48 2.28 2.56 6.20 2.68
(in tails)

AE1S 2.10 2.43 1.99 1.70 2.55 2.07 1.94
DEEDMAC

AE1S 2.07 2.38 1.90 2.00 2.39 2.07 2.15
DEEDMAC rp

AE7 DEEDMAC | 3.24 3.62 3.16 3.12 3.30 3.45 3.38
(in heads)

AE7 DEEDMAC | 3.24 3.62 3.15 3.58 3.24 3.18 3.29

(intermediate)

AE7 DEEDMAC | 3.23 3.64 3.13 3.02 3.05 3.12 3.11
(in tails)
AE7 DEEDMAC | 3.22 3.63 2.77 3.23 3.59 2.66 6.44

rp (in heads)

AE7 DEEDMAC | 3.22 3.65 3.38 3.26 3.21 3.12 3.00

rp

(intermediate)

AE7 DEEDMAC | 3.22 3.65 3.37 3.27 3.21 3.12 3.01

rp (in tails)

9.2. Randomised surfactant systems with brightener
All values are presented to the nearest integer. For the column showing the number of
monomers, the number of brightener monomers is given in the ‘with bri’ column, and the

number of surfactant monomers is given in the ‘without bri’ column.
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Table 9-2: Aggregation numbers for systems containing brighteners

Appendix 1:

Data tables for Chapter 6

Surfactant | Conditions | No. of No. of Mean Max. Monomer
system micelles | monomers | aggno | agg.no. | average agg
no.
AE1S overall 14 0 15 26 17
with bri 7 0 19 26 20
without bri | 7 0 11 21 14
AE7 overall 1 0 210 210 210
with bri 1 0 210 210 210
without bri | 0 0 n/a n/a n/a
AE1S/AE7 overall 10 2 15 32 19
with bri 7 2 18 32 21
without bri | 3 0 7 13 9
AE1S/ overall 11 0 12 22 14
DEEDMAC | with bri 8 0 12 22 15
without bri | 3 0 11 12 11
AE7/ overall 2 0 80 80 80
DEEDMAC | with bri 2 0 80 80 80
without bri | 0 0 n/a n/a n/a
AE1S/AE7/ | overall 8 1 21 38 26
DEEDMAC | with bri 5 1 28 38 29
without bri | 3 10 16 12
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Table 9-3: mean inner core, micellar radii, and brightener positions

Surfactant Conditions Mean

system Inner core Micellar Bri Bri
radius / nm radius / nm centre / | sulfate /

nm nm
AE1S overall 1.1 1.5 n/a n/a
with bri 1.2 1.6 1.1 1.6
without bri | 1.0 1.4 n/a n/a
AE7 overall 3.0 3.7 n/a n/a
with bri 3.0 3.7 3.6 3.9
without bri | n/a n/a n/a n/a
AE1S/AE7 overall 1.1 1.5 n/a n/a
with bri 1.2 1.6 1.2 1.6
without bri | 0.9 1.4 n/a n/a
AE1S/DEEDMAC | overall 1.1 1.5 n/a n/a
with bri 11 1.5 1.0 1.5
without bri | 1.1 1.4 n/a n/a
AE7/DEEDMAC overall 2.4 2.8 n/a n/a
with bri 2.4 2.8 23 2.6
without bri | n/a n/a n/a n/a
AE1S/AE7/DEED | overall 1.3 1.7 n/a n/a
MAC with bri 1.4 1.8 15 1.9
without bri | 1.1 1.4 n/a n/a
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Table 9-4: Maximum inner core, micellar radii, and brightener positions

Surfactant Conditions Maximum
system Inner core Micellar radius | Bri centre | Bri sulfate
radius/nm | /nm / nm / nm
AE1S overall 1.4 1.7 n/a n/a
with bri 13 1.7 1.7 2.1
without bri | 1.2 1.6 n/a n/a
AE7 overall 3.0 3.7 n/a n/a
with bri 3.0 3.7 3.6 3.9
without bri | n/a n/a n/a n/a
AE1S/AE7 overall 1.4 1.9 n/a n/a
with bri 14 1.9 1.6 2.0
without bri | 1.1 1.5 n/a n/a
AE1S/ overall 1.3 1.7 n/a n/a
DEEDMAC with bri 13 1.7 15 1.9
without bri | 1.1 1.5 n/a n/a
AE7/DEEDMAC | overall 2.5 2.9 n/a n/a
with bri 2.5 2.9 2.5 2.9
without bri | n/a n/a n/a n/a
AE1S/AE7/ overall 1.6 2.0 n/a n/a
DEEDMAC with bri 1.6 2.0 1.8 2.3
without bri | 1.2 1.6 n/a n/a
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Table 9-5: Monomer-averaged inner core, micellar radii, and brightener positions

Surfactant Conditions Monomer-averaged
system Inner core Micellar radius | Bri centre | Bri sulfate
radius/nm | /nm / nm / nm
AE1S overall 1.1 1.5 n/a n/a
with bri 1.2 1.6 11 1.6
without bri | 1.0 1.4 n/a n/a
AE7 overall 3.0 3.7 n/a n/a
with bri 3.0 3.7 3.6 3.9
without bri | n/a n/a n/a n/a
AE1S/AE7 overall 1.2 1.6 n/a n/a
with bri 1.2 1.7 1.6 2.0
without bri | 1.0 1.4 n/a n/a
AE1S/ overall 1.2 1.5 n/a n/a
DEEDMAC with bri 1.2 1.5 1.1 1.5
without bri | 1.1 1.4 n/a n/a
AE7/DEEDMAC | overall 2.4 2.8 n/a n/a
with bri 2.4 2.8 2.3 2.6
without bri | n/a n/a n/a n/a
AE1S/AE7/ overall 1.4 1.7 n/a n/a
DEEDMAC with bri 1.4 1.8 1.5 1.9
without bri | 1.1 1.5 n/a n/a
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Randomised surfactant system with calcium ions

Table 9-6: Number of micelles, monomers, and aggregation numbers for surfactant systems with calcium ions

Surfactant system Number of | No. of | Mean Maximum | Monomer-
micelles mono | agg. no. | agg. no. averaged agg.

mers no.

AE7 1 0 200 200 200

AE7/Ca”* 1 0 200 200 200

AE1S 13 1 15 35 20

AE1S/Ca** 12 0 17 30 20

AE1S/AE7 8 0 18 33 20

AE1S/AE7/Ca” 9 0 16 29 18

AE1S/DEEDMAC 7 4 17 27 20

AEIS/DEEDMAC/Ca2+ 7 0 18 31 22

AE7/DEEDMAC 4 0 38 86 59

AE7/DEEDMAC/Ca** | 3 0 50 85 64

AE1S/AE7/DEEDMAC |7 0 23 33 26

AE1S/AE7/DEEDMAC | 2 1 80 141 127

/ Ca2+

AE1S/AE7/DEEDMAC |6 1 27 44 33

/ Ca** (repeat)
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Table 9-7: Inner core and micellar radii for systems with calcium

System Mean Maximum Monomer-averaged
Inner Micellar | Inner Micellar | Inner Micellar
core radius / core radius / core radius /
radius/ | nm radius/ | nm radius/ | nm
nm nm nm

AE1S 11 1.5 13 1.7 11 15

AE7 2.9 3.5 2.9 3.5 2.9 3.5

AE1S/AE7 1.1 1.5 1.4 1.8 1.2 1.6

AE1S/DEEDMAC 1.2 1.5 14 1.7 13 1.6

AE7/DEEDMAC 2.0 2.4 2.7 3.0 2.3 2.6

AE1S/AE7/DEEDMAC | 2.1 2.4 3.0 3.2 2.8 2.9

AE1S/AE7/DEEDMAC | 1.3 1.7 1.7 2.0 1.4 1.7

(repeat)
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10. Appendix 2: Crystal data for Chapter 4
This appendix contains the data generated from X-ray crystallography of the Brightener
49 methanol solvate crystal obtained in Chapter 4. Data is presented as received from Dr

Yufit of the departmental crystallography service on 2 April 2014.

Table 10-1: Crystal data and structure refinement received from Brightener 49 methanol solvate

Empirical formula [C2sH2006S,]> x 2Na* x 4CH;OH
Formula weight 690.71
Temperature/K 120.0

Crystal system monoclinic

Space group P2:/n

alA 7.7472(4)

b/A 23.2491(13)

c/A 18.6186(10)

a/° 90.00

B/ 98.5411(18)

v/° 90.00

Volume/A® 3316.3(3)

Z 4

Pealcmg/mm® 1.383

m/mm™* 0.243

F(000) 1448.0

Crystal size/mm? 0.38x0.17 x 0.13
Radiation MoKa (A =0.71073)

20 range for data collection 4.76 to 58°

Index ranges -10<h<10,-31<k<31,-25<1<25
Reflections collected 50118

Independent reflections 8823 [Rint = 0.0694, Rsigma = 0.0497]
Data/restraints/parameters 8823/0/559
Goodness-of-fit on F° 1.039

Final R indexes [[>=2c ()] R, =0.0459, wR, = 0.1052
Final R indexes [all data] R; =0.0701, wR, = 0.1156
Largest diff. peak/hole / e A 0.53/-0.27

272



Appendix 2: Crystal data for Chapter 4
Table 10-2: Fractional Atomic Coordinates and Equivalent Isotropic Displacement Parameters for Brightener 49
methanol solvate. U, is defined as 1/3 of of the trace of the orthogonalised U, tensor.

Atom X y z U(eq) / A% x 10°
S1 | 0.71698(5) | 0.441312(17) | 0.55748(2) | 12.49(10)
S2 | 0.47442(5) | 0.862703(18) | 1.16958(2) | 15.53(10)
Nal | 0.63004(9) | 0.58028(3) | 0.59601(d) | 17.44(15)
Na2 | 0.106518(9) | 0.54738(3) | 0.56828(4) | 17.34(15)
Ol | 0.89412(15) | 0.46321(5) | 0.55924(7) | 17.8(3)
02 | 0.61470(15) | 0.47830(5) | 0.59806(6) | 17.2(3)
03 | 0.63586(16) | 0.43049(5) | 0.48338(6) | 19.8(3)
04 | 0.61289(16) | 0.86004(5) | 1.12394(7) | 19.5(3)
O5 | 0.32644(16) | 0.82631(5) | 1.14304(7) | 22.8(3)
06 | 0.41974(17) | 0.92183(5) | 1.17913(7) | 2L.7(3)
o7 0.45891(19) | 0.60940(7) 0.67787(8) | 32.6(4)
08 | 0.79652(17) | 0.59235(6) | 0.50047(7) | 19.9(3)
Cl | 07483(2) |0.36512(7) |0.67575(9) |17.2(3)
CIS |05159(3) | 0.64294(11) |0.74029(12) | 30.5(5)
C2  |07349(2) |037272(7) |0.60022(9) |145(3)
C2S | 0.7959(3) | 0.64716(9) | 0.46558(12) | 28.4(4)
C3 | 07365(2) |0.32576(8) |05538(1) |20.7(4)
C4 | 07475(3) |0.27046(8) |0.58094(11) | 26.7(4)
C5 | 0.7572(3) |0.26179(8) | 0.65499(11) | 30.2(5)
C6 | 0.7595(3) | 0.30812(8) | 0.70122(11) | 26.4(4)
C7 | 07518(2) |0.41303(7) |0.72756(9) |17.8(3)
C8 |07071(2) |0.40733(8) | 0.79378(10) | 19.7(4)
Co  |07128(2) |045211(7) |0.84916(9) |18.1(4)
CI10 |0.7262(3) |051095(8) | 0.83513(10) | 23.0(4)
Cll |07327(3) |055089(8) |0.8907(1) |21.9(4)
Cl2 |0.7267(2) |053398(7) |0.96229(9) |17.003)
C13 |0.7118(2) |0.47531(8) | 0.97592(10) | 20.8(4)
Cl4 |07044(3) |0.43527(8) |0.92057(10) | 20.7(4)
C15 |07319(2) |057612(7) |1.02187(9) |16.7(3)
C16 |0.8215(2) |0.56403(8) | 1.09061(10) | 20.9(4)
C17 |0.8187(3) |0.60233(8) | 1.14734(10) | 20.8(4)
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C18 |0.7261(2) |0.65383(7) |1.13827(9) |18.2(4)
C19 |0.6396(2) |0.66660(7) |1.06891(10) | 18.5(4)
C20 |0.6435(2) |0.62868(8) |1.0118.3(10) | 18.6(4)
C21 |0.7255(3) |0.69220(8) |1.20075(10) | 21.1(4)
C22 |0.6446(2) |0.74212(8) |1.20104(10) | 20.5(4)
C23 |0.6413(2) |0.78051(7) |1.26348(9) |17.6(4)
C24 |05668(2) |0.83593(7) |1.25598(9) | 16.6(3)
C25 |0.5644(3) |0.87177(8) | 1.31556(10) | 21.8(4)
C26 |0.6356(3) |0.85296(8) |1.38442(11) | 27.9(4)
C27 |0.7108(3) |0.79914(9) | 1.39333(10) | 28.0(4)
C28 |0.7143(3) |0.76377(8) | 1.33375(10) | 24.6(4)
09 |02513(2) |0.71761(7) |1.08577(11) |45.3(4)
C3S |0.0704(3) |0.71696(13) |1.07578(16) | 42.1(6)
010 |0.27221(18) | 0.48031(6) | 0.61900(7) | 22.0(3)
C4S | 0.2574(3) |0.45752(12) | 0.68901(13) | 36.7(5)
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Table 10-3: Anisotropic Displacement Parameters for Brightener 49 methanol solvate. The Anisotropic displacement

Atom Uy U, Usz Uzs Uiz U
IA?x10° 1A?x10° 1A?x10° IA?x10° 1A?x10° 1A?x10°

S1  [13.3(2) 12.21(19) |12.03(19) |0.34(14) |1.95(15) | 0.66(15)
S2  [155(2) 15.8(2) 15.3(2) 1.96(15) |2.14(16) | 1.24(15)
Nal |17.2(4) 18.1(3) 17.03) -1.5(3) 2.1(3) -0.1(3)
Na2 | 19.6(4) 16.5(3) 16.2(3) -1.8(3) 3.5(3) -0.4(3)
01 |15.1(6) 17.9(6) 20.9(6) -0.9(5) 4.3(5) -2.0(5)
02 |18.2(6) 15.3(6) 19.3(6) 0.9(5) 6.4(5) 4.8(5)
03 | 23.5(7) 19.9(6) 14.2(6) 0.4(5) -3.0(5) 0.5(5)
O4 |17.8(6) 23.5(7) 17.7(6) 5.5(5) 4.6(5) 3.0(5)
05 |19.6(7) 25.3(7) 23.1(7) -0.4(5) 1.6(5) -4.7(5)
06 | 25.3(7) 17.9(6) 21.2(7) 2.5(5) 1.2(5) 5.5(5)
07 |17.6(7) 52.3(10) 27.1(8) -19.0(7) 0.9(6) 1.8(7)
08 | 25.4(7) 18.1(6) 16.5(6) 0.6(5) 4.0(5) 1.5(5)
Cl |18.909) 16.5(8) 15.8(8) 0.5(6) 1.0(7) 1.4(7)
C1S |[255(11) | 43.2(14) 22.1(10) -11.3(9) 0.9(9) 3.7(9)
C2 |14.9(8) 11.6(7) 16.9(8) 1.0(6) 1.7(7) 1.5(6)
C2S [385(13) |22.3(10) 25.3(10) 7.7(8) 7.3(10) 3.6(9)
C3 [25.8(10) |[17.8(8) 18.0(9) -1.0(7) 2.2(8) 1.9(7)
C4 [37.8(12) |17.009) 24.9(10) -5.0(7) 2.9(9) 3.5(8)
C5 |47.0(13) [13.5(9) 29.3(11) 4.7(8) 3.3(9) 4.9(8)
C6 |41.6(12) |19.29) 17.5(9) 4.3(7) 1.8(9) 4.7(8)
C7 |205(9) 15.1(8) 16.5(8) 0.8(7) -0.9(7) 2.0(7)
C8 | 24.3(9) 16.2(8) 18.3(9) -0.2(7) 2.7(7) -0.5(7)
C9 |20.1(9) 17.9(8) 16.5(8) -1.3(6) 3.5(7) -1.0(7)
C10 |[34.8(11) |21.0(9) 13.7(8) 1.9(7) 5.5(8) -0.9(8)
Cll |[327(11) |[14.9(9) 18.6(9) 2.9(7) 5.8(8) -1.0(7)
C12 |18.2(9) 17.5(8) 16.0(8) -0.2(6) 4.1(7) -0.1(7)
C13 [29.1(10) | 20.1(9) 14.7(8) 3.0(7) 8.5(8) 1.4(7)
Cl4 |[27.9(10) |[14.9(8) 20.6(9) 2.6(7) 7.9(8) -1.2(7)
C15 |18.1(8) 16.9(8) 16.2(8) 0.1(6) 6.2(7) -1.6(7)
C16 |245(10) |18.5(9) 20.1(9) 3.1(7) 5.4(8) 6.4(7)
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C17 | 26(1) 22.2(9) 13.6(8) 2.6(7) 0.7(8) 5.6(7)
C18 | 21.4(9) 17.4(8) 16.5(8) 1.6(7) 5.6(7) -1.3(7)
C19 | 21.3(9) 15.0(8) 19.4(9) 1.6(7) 3.8(7) 2.2(7)
C20 | 22.1(9) 19.2(9) 14.2(8) 1.8(7) 1.6(7) 0.0(7)
C21 |282(10) |20.1(9) 14.6(8) 0.9(7) 2.0(8) 2.6(7)
C22 |27.4(10) | 18.4(9) 14.9(8) 0.9(7) 0.8(8) 1.6(7)
C23 | 21.9(9) 16.0(8) 15.1(8) 0.8(6) 3.8(7) -1.0(7)
C24 |19.1(9) 16.2(8) 14.7(8) 1.9(6) 3.7(7) 2.1(7)
C25 |26.8(10) | 17.9(9) 21.1(9) -3.0(7) 5.2(8) 0.5(7)
C26 |405(12) | 26(1) 16.9(9) -6.2(8) 3.2(9) -2.1(8)
C27 |428(12) | 26.8(10) 13.1(9) 2.9(7) -0.1(9) -0.3(9)
C28 |36.0(11) |17.7(9) 19.5(9) 3.0(7) 2.2(8) 3.1(8)
09 | 29.7(9) 30.7(9) 73.0(13) -12.6(8) | -0.5(8) -4.5(7)
C3S |26.2(12) | 49.2(16) 50.4(16) 8.4(13) | 4.6(11) -9.6(11)
010 |16.7(7) 29.0(7) 20.5(7) 4.4(5) 3.2(6) -2.1(5)
C4S [28.4(12) |56.1(15) 25.1(11) 15.7(11) | 2.2(9) 0.3(11)
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Table 10-4: Bond lengths for Brightener 49 methanol solvate

Atom | Atom | Length/A Atom | Atom | Length/A

S1 | Na2' |3.0942(8) 07 |CI1S |1.415Q)

S1 |01 |1.4596(12)| |08 |cC2s |1.430(2)

S |02 |[14546(12)| [c1 | c2 |1.406(2)

S1 |03 |1.4506(13)| |C1 |C6 |1.406(2)

s1 |[c2 [17785(16) | [C1 [C7 | 1.471(2)

S2 | Nal’ |3.1090(8) C2 |C3 |1.394(2)

s2 | Na2® |2.9690(8) C3 |c4 |[1.380(3)

S2 |04 |14655(13)| |C4 |C5 | 1.384(3)

s2 |05 |[1.4512(13)] [c5 |cC6 |1.377(3)

s2 |06 |14571(12)| [c7 |cs |1.336(2)

S2 C24 | 1.7733(18) C8 C9 1.461(2)

Nal |S2® |3.1090(8) C9 |CIl0 |1.400(2)

Nal |Na2 |3.5683(10)| |C9 |Cl4 |1.397(2)

Nal |02 |23745(13)| |Cl0 |Cl1 | 1.386(3)

Nal |03* |2.3636(14)| |C1l |Cl2 |1.397(2)

Nal |O05° |2.7207(15)| |C12 |C13 | 1.395(2)

Nal |06° |[25304(14)| |[C12 [C15 |1.476(2)

Nal |O7 |2.2670(15)| |C13 |Cl4 |1.384(2)

Nal |08 |2.3638(14)| |C15 |C16 | 1.391(3)

Na2 |S1' |3.0942(8) C15 |[C20 | 1.400(2)

Na2 |S2® | 2.9691(8) Cl6 |Cl17 |1.384(3)

Na2 | Na2' [3.4025(13) | |C17 |C18 |1.393(2)

Na2 |O1 |2.3554(13)| | C18 |C19 | 1.396(2)

Na2 |O1' |2.4535(14)| | C18 |C21 |1.467(2)

Na2 | 03" |[2.6862(14)| |C19 |C20 |1.384(2)

Na2 |04° |23937(13)| |C21 |C22 |1.319(3)

Na2 | O6° |25046(14) | | C22 |C23 | 1.469(2)

Na2 |08 |24977(15)| | C23 |C24 |1.410(2)

Na2 | 010° | 2.3336(15) | | C23 |C28 | 1.401(2)

O1 | Na2' [24535(14)| |C24 |C25 |1.390(2)

03 | Nal® |2.3636(14) | | C25 |C26 | 1.389(3)

03 | Na2' [26862(14)| |C26 |C27 |1.380(3)
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O4 | Na2® [2.3936(13) | [C27 [cC28 |1.384(3)
O5 | Nal® |2.7206(15)| |09 |C3S |1.386(3)
06 | Nal®? [2.5304(14)| | 010 |Na2® |2.3336(15)
06 | Na2® |2.5946(14) | | 010 |cC4S |1.427(2)

12-X,1-Y,1-Z: 2-1/2+X,3/2-Y 1/2+Z; 31/2+X,3/2-Y ,-1/2+Z; “1-X,1-Y 1-Z; *1+X +Y +Z; &-
14X,+Y +Z
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Table 10-5: Bond angles for Brightener 49 methanol solvate

Appendix 2:

Crystal data for Chapter 4

Atom | Atom | Atom | Angle/° Atom | Atom | Atom | Angle/’
o1 |1 Na2' | 50.99(5) 04° |Na2 |06° |[57.65(4)
o1 |s1 c2 |106.99(7) 04° |Na2 |08 |84.61(5)
02 |s1 Na2' | 138.01(5) 06° |Na2 |sS1' |158.22(4)
02 |s1 01 | 111.41(7) 06° |Na2 |[S2° |29.39(3)
02 |s1 C2 | 108.07(7) 06° |Na2 |Nal |45.14(3)
03 |[s1 Na2' |60.19(5) 06° | Na2 |Na2' |131.09(4)
03 |s1 01 |110.78(7) 06° |Na2 |03 |[137.00(5)
03 |S1 02 |113.83(7) 08 |Na2 |S1t |[95.11(4)
03 |s1 Cc2 |105.31(8) 08 |Na2 |S2° |76.60(4)
c2 |s1 Na2' | 113.56(6) 08 |Na2 |Nal |41.34(3)
Na2* | S2 Nal® | 71.86(2) 08 |Na2 |Na2' |76.15(4)
04 |[S2 Nal® | 114.63(5) 08 |[Na2 |03' |[115.91(5)
04 |S2 Na2® | 53.03(5) 08 |Na2 |06° |81.89(5)
04 |82 C24 | 106.25(8) 010° | Na2 |S1' |[86.77(4)
05 |S2 Nal® | 61.03(5) 010° | Na2 |S2® |115.26(4)
05 |S2 Na2® | 116.34(6) 010° |Na2 |Nal | 133.79(4)
05 |S2 04 | 112.77(8) 010° | Na2 | Na2' |88.83(4)
05 |S2 06 | 111.24(8) 010° |Na2 |01 |79.59(5)
05 |S2 C24 | 107.23(8) 010° |Na2 |01 |[98.34(5)
06 |S2 Nal® | 53.53(5) 010° |Na2 |03 |[72.27(5)
06 |S2 Na2® | 60.91(5) 010° |Na2 |04° |[111.90(5)
06 |S2 04 | 111.21(7) 010° |Na2 |06° |102.48(5)
06 |S2 C24 |107.81(8) 010° |Na2 |08 | 162.80(6)
C24 |S2 Nal® | 138.89(6) S1 O1 |Na2' |101.47(6)
C24 |S2 Na2” | 136.19(6) s1 Ol |Na2 |143.96(7)
S2° |Nal |Na2 [52.251(17)| [Na2 |01 |Na2' |90.05(5)
02 |Nal |S2° [117.41(4) s1 02 |Nal |123.34(7)
02 |[Nal |Na2 |80.73(3) s1 03 | Nal® |145.83(8)
02 |Nal |[O5° [144.96(5) S1 03 | Na2' |91.87(6)
02 |Nal |06° [90.73(5) Nal* | 03 | Na2' |120.93(5)
03" |Nal |[S2° [158.73(4) S2 04 | Na2® | 97.68(6)
03" |Nal |[Na2 [129.88(4) S2 05 | Nal® |91.15(6)
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03" |Nal |02 |82.14(5) S2 06 | Nal® |98.89(7)

03" [Nal |[0O5° |132.82(5) S2 06 | Na2® | 89.70(6)

03" [Nal |[06° |172.70(5) Nal> |06 | Na2® |88.25(4)

03" |[Nal |08 |[93.68(5) C1S |07 |Nal |125.08(13)
05° |[Nal |[S2° |27.82(3) Nal |08 |[Na2 |94.41(5)

05° |[Nal |Na2 [73.88(3) C2S |08 |[Nal |118.82(12)
06° |Nal |[S2° |27.58(3) C2S |08 |Na2 |123.30(13)
06° |Nal |Na2 |46.62(3) C2 |[Cl1 |C6 |116.59(16)
06° |Nal |O5° |54.25(4) C2 |Cl |C7 |123.52(15)
07 |Nal |S2® [97.22(4) C6 |Cl1 |[C7 |119.89(16)
O7 |Nal |Na2 |145.15(5) Cl |C2 |[S1 [123.34(12)
07 |Nal |02 [104.57(6) C3 [C2 [s1 [115.61(13)
O7 |Nal |03 |84.82(5) C3 |C2 |[cC1 |[121.05(15)
O7 |Nal |0O5° |84.28(5) C4 |C3 [C2 |120.58(17)
O7 |Nal |06° [98.55(5) C3 |C4 |[C5 [119.45(18)
O7 |Nal |08 |[155.43(6) C6 |C5 |[C4 [120.15(18)
08 |[Nal |[S2® |75.67(4) C5 |[C6 |Cl1 |[122.14(18)
08 |Nal |Na2 [44.26(4) cC8 |C7 |[C1 [123.23(17)
08 |[Nal |02 |[99.48(5) C7 |c8 |[C9 |[12657(17)
08 |[Nal |05° |[78.81(5) CI0 [C9 |C8 |124.05(16)
08 |[Nal |06° |85.93(5) Cl4 |C9 |[C8 |[118.12(16)
s1' | Na2 |Nal |136.42(3) Cl4 |C9 |[C10 |117.83(16)
s1' [ Na2 | Na2' [67.92(2) Cll [C10 [C9 [120.74(17)
s2° | Na2 |s1' [128.92(2) C10 |Cl1 |[C12 |121.41(16)
S2° | Na2 |Nal |55.891(17)| |Cl11 |C12 |[C15 |121.95(15)
$2° | Na2 |Na2' [149.16(4) C13 | Cl12 |[C11 |117.65(16)
Na2' [Na2 |Nal |93.73(3) C13 |Cl12 |[C15 |120.39(15)
O1 |Na2 |[s1' |112.38(4) Cl4 |Cl13 |[C12 |121.17(16)
O1' [Na2 |s1' |[27.53(3) C13 [C14 [C9 |[121.19(16)
O1 |Na2 |[S2® |[116.52(4) C16 |C15 |[Cl12 |120.76(16)
o1' |[Na2 [S2° |139.64(4) Cl6 |C15 |[C20 |117.82(16)
O1 [Na2 |Nal [69.81(3) C20 |[C15 [C12 |121.39(16)
O1' |[Na2 |Nal |[114.93(4) C17 |Cl6 |[C15 |120.66(17)
O1 [Na2 |Na2' [46.14(3) C16 |C17 [C18 |121.77(17)
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o' [Na2 [Na2' [43.81(3) Cl7 |C18 [C19 |[117.57(16)
Ol |Na2 |01' |[89.955) Cl7 |C18 |C21 |119.28(16)
Ol |Na2 |03" |[129.74(5) Cl19 |C18 |C21 |123.14(16)
o' |[Na2 | 03" |[55.33(4) C20 |C19 |C18 |120.84(16)

Ol |Na2 |04 |145.80(5) Cl9 |C20 |C15 |121.28(17)

o1' [Na2 |[06° |15857(5) C22 |[C21 |C18 |126.58(18)

Ol |Na2 |06° |88.85(4) C2l1 |C22 |cC23 |127.01(17)
o' [Na2 |08 |76.71(5) C24 |C23 |C22 |122.12(16)
Ol |Na2 |08 |83.90(5) C28 |C23 |C22 |121.21(16)
03" [Na2 [S1t [27.943) C28 |C23 |C24 |116.66(16)

03" |Na2 [S2® |113.00(4) C23 |C24 |S2 120.97(13)

03" [ Na2 |Nal |153.39(4) C25 |C24 |S2 | 117.54(13)

03" [ Na2 |Na2' |91.86(4) C25 |C24 |C23 |121.49(16)
04> |Na2 |s1' [100.65(4) C26 |C25 |C24 |119.84(17)
04% [ Na2 |[S2° [29.29(3) C27 [C26 |C25 |119.95(18)
04°> |[Na2 |Nal |80.39(4) C26 |C27 |C28 |120.03(18)

04> |Na2 |Na2' |156.27(5) C27 |C28 |C23 |122.02(18)

04° |Na2 |O01' |118.39(5) C4S | 010 |Na2® |118.29(13)

04° |Na2 |03' |84.08(4)

12-X,1-Y,1-Z; 2-1/2+X,3/2-Y 112+ Z; *1/2+X,3/2-Y ,-1/2+Z; *1-X,1-Y 1-Z; *1+X,+Y +Z; °-
1+X,+Y,+Z

Table 10-6: Bond lengths and angles of hydrogen bonds in Brightener 49 methanol solvate

D H A | d(D-H)/A | d(H-A)/A | d(D-A)/A | D-H-A/°

07 |H7 |04" [0803) |[201(3) |2811(2) |179(3)

08 |H8 |010°|0.72(2) |207(2) |2781(2) |171(2)

09 |H9 |05 |090(3) |1.88(3) |2.771(2) |169(3)

010 | HIOA |02 [0.76(3) |1.99(3) | 2.7389(18) | 167(3)

L1124 X,3/2-Y -1/2+Z; 21-X,1-Y,1-Z
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Table 10-7: Examples of torsion angles in Brightener 49 methanol solvate

A B C D Angle/* A B C D Angle/*
Cl |C2 |S1 |Na2'|139.30(13) C13 | C12 | C15 | C20 |-139.74(19)
Cl |C2 |S1 |O1 |85.09(15) Cl7 | C18 | C21 | C22 |-179.95(19)

Cl |C2 |S1 |02 |-34.98(17) C18 | C21 | C22 | C23 | 179.16(18)

Cl |[C2 |S1 |03 |-156.99(14) C19 | C18 | C21 | C22 | 0.9(3)

Cl |C7 |c8 |co |177.72(17) | |c21|cC22|Cc23|C24 |172.73(19)

C2 |C1 |C7 |C8 |157.12(18) C21 | C22 | C23 | C28 |-6.6(3)

C3 |C2 [S1 |Na2'|-40.19(15) C23 | C24 [ S2 | Nal?|129.34(13)

C3 |C2 |S1 |01 [-94.40(14) C23 | C24 [S2 | Na2? | -109.97(14)

C3 |C2 |S1 |02 |145.53(13) C23|C24|S2 |04 |-56.92(16)

C3 |C2 |S1 |03 |2352(15) C23|C24|s2 |05 |63.91(16)
C6 |Cl |C7 |C8 |-23.2(3) C23|C24|S2 |06 |-176.22(14)
C7 | c8 [Cc9 | c10 |16.03) C25| C24 | S2 | Nal? | -51.32(18)

C7 |C8 |C9 |C14 |-163.97(19) C25|C24|S2 | Na2®|69.37(17)

Cl1|Cl12 | C15|Cl6 |-142.88(19) | | C25|C24 [S2 |04 |122.42(14)

C11 | C12 | C15| C20 | 38.9(3) C25|C24|S2 |05 |-116.75(15)

C13 | C12 | C15 | C16 | 38.5(3) C25/C24|S2 |06 |3.12(16)

12-X,1-Y,1-Z: 2-1/2+X,3/2-Y  1/2+Z

Table 10-8: Hydrogen Atom Coordinates and Isotropic Displacement Parameters for Brightener 49 methanol solvate

Atom | x/ Ax10* | y/ Ax10* | z/ Ax10* | U(eq) / Ax10°

H1SA | 5020(30) | 6836(12) | 7306(14) | 51(8)

H1SB | 4530(30) | 6326(10) | 7799(13) | 40(7)

H1SC | 6430(30) | 6358(9) | 7546(12) | 31(6)

H2SA | 6850(40) | 6568(10) | 4400(14) | 46(7)

H3 | 7270(30) | 3320(8) | 5024(11) | 23(5)

H4 7440(30) | 2376(9) | 5464(11) | 28(6)

H5 | 7610(30) | 2249(9) | 6731(11) | 27(6)

H6 7690(30) | 3025(10) | 7506(13) | 41(7)

H7 | 3610(40) | 6185(12) | 6626(15) | 49(8)

H7A | 7930(30) | 4486(9) | 7125(10) | 20(5)

H8A | 6690(30) | 3703(9) | 8094(11) | 20(5)

H8 | 7760(30) | 5709(10) | 4725(13) | 26(7)
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H2SB | 8770(30) | 6480(9) | 4287(13) | 34(6)
H2SC | 8290(40) | 6761(12) | 5015(15) | 58(8)
H10 | 7300(30) | 5233(9) | 7873(11) | 24(5)
H11 | 7430(30) | 5899(9) | 8806(11) | 24(5)
H13 | 7010(30) | 4620(8) | 10234(11) | 20(5)
H14 | 6900(30) | 3956(9) | 9324(11) | 25(5)
H16 | 8890(30) | 5307(8) | 10970(10) | 18(5)
H17 | 8830(30) | 5948(9) | 11906(12) | 25(5)
H19 |5730(30) | 7014(9) | 10620(11) | 24(5)
H20 | 5760(30) | 6366(8) | 9658(11) | 19(5)
H21 | 7930(30) | 6800(11) | 12432(14) | 47(7)
H22 | 5830(30) | 7543(10) | 11548(13) | 44(7)
H25 | 5160(30) | 9098(10) | 13093(11) | 28(6)
H26 | 6260(30) | 8780(9) | 14240(12) | 35(6)
H27 | 7640(30) | 7873(9) | 14382(12) | 31(6)
H28 | 7650(30) | 7276(9) | 13407(10) | 19(5)
H3SA | 290(40) | 6807(13) | 10561(15) | 60(8)
H3SB | 150(40) | 7298(15) | 11195(19) | 87(11)
H9 | 2810(40) | 7506(14) | 11097(17) | 73(10)
H3SC | 270(40) | 7460(14) | 10444(18) | 77(11)
H4SA | 3260(40) | 4220(12) | 6982(14) | 52(8)
H10A | 3690(30) | 4840(10) | 6172(13) | 38(7)
H4SB | 1310(40) | 4494(12) | 6875(15) | 62(8)
H4SC | 3020(40) | 4845(12) | 7265(15) | 57(8)
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