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other u n i v e r s i t y . 
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ABSTRACT 

Neutron s c a t t e r i n g theory and spectrometers are de s c r i b e d and the 

rel e v a n c e of neutron s c a t t e r i n g to s u r f a c e s c i e n c e d i s c u s s e d . Lou 

frequency v i b r a t i o n a l modes of hydrogeneous l i g a n d s were s t u d i e d , mainly 

by incoherent i n e l a s t i c neutron s c a t t e r i n g . 

Complexes c o n t a i n i n g ethylene were i n v e s t i g a t e d and t h e i r t o r s i o n a l 

v i b r a t i o n s assigned. The in-phase and out-of-phase t o r s i o n s have been 

observed i n the case of complexes c o n t a i n i n g more than one ethylene 

l i g a n d , and models have been proposed f o r the i n t e r a c t i o n between the 

ethylene groups. The ex p e r i m e n t a l l y observed f r e q u e n c i e s have been 

expressed i n terms of cons t a n t s d e r i v e d from these models. 

rc-bonded complexes ( n - a l l y l s , norbornadienes and cyclobutadiene 

i r o n t r i c a r b o n y l ) have been s t u d i e d , t h e i r low frequency modes assig n e d 

and t h e i r e f f e c t i v e t o r s i o n a l f o r c e c o n s t a n t s c a l c u l a t e d . However, there 

remains an anomaly i n the assignments of the norbornadiene complexes. 

S t u d i e s of square planar Pd and Pt ammines have shown th a t there i s 

j u s t a s i n g l e t o r s i o n a l mode i n each case. I t has p r e v i o u s l y been 

suggested t h a t the NH^ l i g a n d s i n t r a n s complexes ( p a r t i c u l a r l y P t ) could 

couple v i a the "d" o r b i t a l s . No evidence of such coupling was found. 

From the momentum t r a n s f e r dependence of the i . n . s . spectrum, and the 

temperature dependence of the i . r . spectrum, evidence f o r a s i g n i f i c a n t 

metal-metal i n t e r a c t i o n i n c i s - P t C N H ^ ^ C ^ was obtained. I n the case of 

s u l f u r complexes c o n t a i n i n g NH^ and groups, the t o r s i o n s have been 

assigned. Comparison of t h e i r i . n . s . s p e c t r a w i t h t h a t of d i s i l v e r 

sulfamide, has shown th a t the l a t t e r does not co n t a i n an NHj group. 



C 2H^ adsorbed on a s i l v e r exchanged z e o l i t e (Ag-13X) at two d i f f e r e n t 

coverages was s t u d i e d . From the observed i . n . s . i n t e n s i t i e s and s h i f t s 

on d e u t e r a t i o n ( C ^ D ^ and trans-C2D2H2) assignments of the v i b r a t i o n a l 

modes of the ethylene r e l a t i v e to the s u r f a c e was p o s s i b l e , i n the 

higher coverage case i n t e r a c t i o n between e t h y l e n e s on two d i f f e r e n t 

s i t e s was observed. The i . n . s . spectrum of ethylene adsorbed on the 

sodium form of 13X was i n d i c a t i v e of a much more weakly held s p e c i e s 

and an a n a l y s i s of the q u a s i - e l a s t i c s c a t t e r i n g confirmed t h i s . 

I.N.S. s p e c t r a of C2H2 and C2D2 adsorbed on Ag-13X were obtained 

and the a c e t y l e n e - s u r f a c e v i b r a t i o n s were assigned. From the s h i f t s on 

d e u t e r a t i o n i t appears t h a t the adsorbed molecule i s n o n - l i n e a r . The 

i . n . s . s p e c t r a of C2H2 adsorbed on Na-13X was too poorly r e s o l v e d f o r 

d e f i n i t e c o n c l u s i o n s to be drawn. 

Hydrogen adsorbed ( a t 200°C) on P t b l a c k was s t u d i e d i n the r e g i o n 

0 -» 4000 cm \ The adsorption c o n d i t i o n s produced j u s t one s u r f a c e 

s t a t e ( 6 ) and the adsorption was shown to be d i s s o c i a t i v e . A v i b r a t i o n 

of the hydrogen, r e l a t i v e to the s u r f a c e , was observed a t 403 c r a " \ I n 

f a c t the s p e c t r a are best i n t e r p r e t e d as being due to co-adsorbed H^O 

and H. Higher energy peaks were obtained ( i n c l u d i n g one a s s i g n e d to the 

V2 v i b r a t i o n of water) but could not be d e f i n i t e l y a ssigned. T h i s p r o j e c t 

i s not y e t complete and f u r t h e r experimental work i s r e q u i r e d before f u l l 

assignments can be made. 
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1. 

Chapter 1 General I n t r o d u c t i o n 

S e c t i o n 1: Neutron Spectroscopy 

When a neutron e n t e r s a sample there a r e three p o s s i b l e o c c u r r e n c e s , 

the neutron e i t h e r 

a) passes through without i n t e r a c t i o n 

b) i s absorbed 

c ) i s s c a t t e r e d w i t h or without exchanging energy with the sample. 

T h i s t h e s i s i s concerned w i t h neutron s c a t t e r i n g ( c ) and absor p t i o n 

w i l l only be considered i n so f a r as i t i n f l u e n c e s the i n t e n s i t i e s of 

the observed s p e c t r a l f e a t u r e s . 

Thermal neutrons are a unique probe f o r studying the dynamics of 

matter. T h i s uniqueness stems from 

1. the c l o s e s i m i l a r i t y between the energy of the neutrons and the 

spacings of energy l e v e l s i n the samples. 

2. there are no el e c t r o m a g n e t i c s e l e c t i o n r u l e s to be obeyed and i n 

p r i n c i p l e a l l modes of motion are a c t i v e . T h i s point w i l l be considered 

i n more d e t a i l l a t e r . 

3. neutrons t r a n s f e r momentum to molecules along w i t h energy. T h i s i s 

a consequence of the s i m i l a r i t y between the mass of the neutron and the 

mass of the s c a t t e r i n g atom. The t r a n s f e r of momentum i s not u s u a l l y 

important i n o p t i c a l spectroscopy. Momentum t r a n s f e r s between 0.1 and 
o - l 

10A are common i n neutron s c a t t e r i n g and angular dependent i n t e n s i t i e s 

and peak widths f o l l o w from t h i s . A n a l y s i s of the s p e c t r a can y i e l d 

v i b r a t i o n a l f r e q u e n c i e s , v i b r a t i o n a l amplitudes, d i f f u s i o n c o e f f i c i e n t s 

e t c . I f a mode i s d i s p e r s i v e i t s peak p o s i t i o n w i l l v a r y w i t h momentum 

t r a n s f e r (Q) and the exchange of momentum v a r i e s w i t h s c a t t e r i n g angle. 

V 



2. 

T h i s i s of p a r t i c u l a r importance f o r l a t t i c e modes because i n t e r n a l 

modes normally show l i t t l e d i s p e r s i o n . I n p a r t i c u l a r an a c o u s t i c 

l a t t i c e mode has a d i s p e r s i o n curve which i n d i c a t e s t h a t a t zero 

momentum t r a n s f e r i t has zero energy t r a n s f e r : - consequently i t i s 

i n a c t i v e i n o p t i c a l s p e c t r a but i t w i l l be a c t i v e i n a neutron spectrum. 

4. the neutron s c a t t e r i n g c r o s s s e c t i o n of an atom depends upon the 

nature of the nucleus - i t v a r i e s from element to element and isotope 

to i s o t o p e . T h i s enables u s e f u l experiments i n v o l v i n g i s o t o p i c 

s u b s t i t u t i o n s to be done. 

Thus thermal neutron s c a t t e r i n g experiments combinejin the same 

experiment, both the s p a b i a l measurements th a t can be made w i t h X-rays 

and the v i b r a t i o n a l measurements o b t a i n a b l e w i t h i n f r a - r e d and Raman 

spectroscopy. F i g s . l a , b show the Q and energy range of some standard 

techniques* and p l o t s of energy a g a i n s t wavelength f o r photons, neutrons 

and e l e c t r o n s . 

I n a t y p i c a l experiment a monoenergetic beam of neutrons i s 

i n c i d e n t on a sample and a f t e r s c a t t e r i n g the e n e r g i e s of the neutrons 

are a n a l y s e d a t s e v e r a l angles of d e t e c t i o n . We thus o b t a i n , i n the 

f i r s t i n s t a n c e , graphs of detected neutrons a g a i n s t energy. Peaks are 

obtained corresponding to neutron energy l o s s or gain. 

The i n t e r a c t i o n of thermal neutrons w i t h n u c l e i which are t i g h t l y 

bound i n a s o l i d r e s u l t s i n an energy spectrum which c o n s i s t s of two 

p a r t s ; a sharp l i n e a t energy t r a n s f e r zero ( e l a s t i c s c a t t e r i n g ) and 

a r e g i o n due to i n t e r a c t i o n with the molecular v i b r a t i o n s ( i n e l a s t i c 

s c a t t e r i n g ) . I f the s c a t t e r i n g n u c l e i can undergo some d i f f u s i v e 

process then as a r e s u l t of t h i s the sharp e l a s t i c l i n e i s broadened 

( q u a s i - e l a s t i c s c a t t e r i n g ) . T h i s q u a s i - e l a s t i c broadening i s a f e a t u r e 
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4. 

of random r a t h e r than o s c i l l a t o r y motions and i t can y i e l d information 

on the r a t e and geometry of such motions. Study of the i n e l a s t i c 

r egion y i e l d s information on the molecular v i b r a t i o n s and l a t t i c e modes. 

I n general when neutrons are s c a t t e r e d by a sample they do not 

encounter a uniform s c a t t e r i n g p o t e n t i a l but one which v a r i e s from point 

to p o i n t because of the d i f f e r e n t i s o t o p e s and s p i n o r i e n t a t i o n s i n the 

sample. The s c a t t e r i n g from a s i n g l e nucleus can be c h a r a c t e r i s e d by a 

s i n g l e parameter b c a l l e d the s c a t t e r i n g length. The t o t a l s c a t t e r i n g 

c r o s s s e c t i o n per atom ô , i s the e f f e c t i v e a r e a presented to an i n 

coming neutron by the atom. I t i s given by 

o T = 4it b 

When a neutron encounters an a r r a y of n u c l e i the mean s c a t t e r i n g p o t e n t i a l 

g i v e s r i s e to i n t e r f e r e n c e e f f e c t s (coherent s c a t t e r i n g ) and the 

d e v i a t i o n from the mean leads to s c a t t e r i n g which cannot have i n t e r 

ference e f f e c t s ( i n c o h e r e n t s c a t t e r i n g ) because the d e v i a t i o n s are 

randomly d i s t r i b u t e d . Elements with predominantly one isotope and no 

s p i n w i l l t h e r e f o r e have no incoherent c r o s s s e c t i o n (e.g. C and 0 ) . 

The m a j o r i t y of elements and t h e i r i s o t o p e s have s m a l l incoherent c r o s s 
-24 2 

s e c t i o n s ( < 10 x 10 cm ) . Hydrogen has an anomolously l a r g e 
-24 2 

incoherent c r o s s s e c t i o n (80 x 10 cm ) . T h i s i s due to the random 

d i s t r i b u t i o n of s p i n s t a t e s and i t i s not i s o t o p i c i n o r i g i n . A l l 

other f a c t o r s being equal, the i n e l a s t i c neutron s c a t t e r i n g spectrum of 

a sample which c o n t a i n s hydrogen w i l l be l a r g e l y i n c o h e r e n t and i t w i l l 

be dominated by those modes which i n v o l v e motion of the hydrogen atoms. 

T h i s " e f f e c t i v e " s e l e c t i o n r u l e i s the b a s i s of the present study. The 
-24 2 

incoherent c r o s s s e c t i o n of deuterium i s 2.0 x 10 cm and t h i s f a c t 

i s used e x t e n s i v e l y i n i s o t o p i c s u b s t i t u t i o n s t u d i e s i n two ways 



5. 

1. s e l e c t i v e d e u t e r a t i o n w i l l cause a r e d u c t i o n i n i n t e n s i t y of modes 

a s s o c i a t e d w i t h the deuterated fragment when compared to the spectrum of 

the undeuterated m a t e r i a l . 

2. complete d e u t e r a t i o n enables frequency s h i f t s to be measured. Table 1 
2 

l i s t s the s c a t t e r i n g c r o s s s e c t i o n s f o r some elements. 

Table 1 Cross s e c t i o n s of some elements 

Element a * COH a * INCOH 

H 1.8 79. 7 

D 5.6 2.0 

C 5.6 0.0 

N 11.1 0.3 

0 4.23 0.0 

F 3.98 0.0 

S i 2. 16 0.0 

C l + 11.50 3.5 

Ge 8.42 1.0 

Br 5. 79 0.3 

I 3.50 0.4 

Pd 4.50 0.3 

Pt 11.30 0.7 

Ag + 4.48 1.8 

* ) U n i t s of 10 cm ( b a r n s ) 
+) average value 



6. 

The double d i f f e r e n t i a l c r o s s s e c t i o n ( - 7 — ^ ) defined by 
\d AdE/ J 

2 number of neutrons/sec. w i t h energy E to E + dE s c a t t e r e d 
d a _ i n t o s o l i d angle dJI. 
djidE dsi x dE x i n c i d e n t f l u x 

i s the q u a n t i t y t h a t i s observed i n many neutron s c a t t e r i n g experiments. 

Th i s q u a n t i t y can be derived from f i r s t order p e r t u r b a t i o n theory and 
3 

Van Hove has shown that i t i s i n t i m a t e l y connected with some c o r r e 

l a t i o n f u n c t i o n s and these, i n the c l a s s i c a l l i m i t , permit i n t e r p r e t a t i o n 

i n terms of simple p h y s i c a l models. Table 2 summarises some of the 

data a v a i l a b l e from neutron s c a t t e r i n g experiments. 

Table 2 Information a v a i l a b l e from neutron s c a t t e r i n g experiments 

ELASTIC INELASTIC 

Coherent C r y s t a l and Magnetic 
S t r u c t u r e s 

D i s p e r s i o n 
R e l a t i o n s 

Incoherent 

Study of the temperature 
v a r i a t i o n i s a t e s t of 
models f o r the frequency 
d i s t r i b u t i o n f u n c t i o n . 
D i f f u s i o n C o e f f i c i e n t s 

Frequency 
D i s t r i b u t i o n 
F u nction 

I t can be shown (chapter I I ) that f o r molecular v i b r a t i o n s 

(*2a\ _ V a- Q 2 x 
v " i n c , v ^ 4TC 2M v s s-> e x p i - ^ l , , 

V U) 

k the wave v e c t o r of the i n c i d e n t neutron (k = |k| = -^-) 

k ' the wave v e c t o r of the s c a t t e r e d neutron 

2 momentum t r a n s f e r (Q = k - k ') 

Q 2 = fi.o. 
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cr. i n c the i ncoherent c r e s s s e c t i o n 

< u > the mean square amplitude of v i b r a t i o n of the atom 

Z( a>) the d e n s i t y of s t a t e s i n the system 

the frequency of the mode (radians sec ^) 
1 2 2 2 the Debye W a l l e r F a c t o r W = |Q < u > where < u > i s the 

mean square v i b r a t i o n a l amplitude of the atom 

W 

n s •. - [«*t!> - 1 J " 1 

M the mass of the s c a t t e r i n g atom. 

The upper s i g n i n r e f e r s to neutron energy l o s s (down 

s c a t t e r i n g ) and the lower s i g n to neutron energy gain (up s c a t t e r i n g ) . 

We can see, t h e r e f o r e , that the d i f f e r e n t i a l c r o s s s e c t i o n i s 

weighted i n favour of those atoms w i t h l a r g e incoherent c r o s s s e c t i o n s 

and l a r g e amplitudes of v i b r a t i o n . As mentioned e a r l i e r the v a l u e of 

°\^ n c f o r hydrogen i s more than an order of magnitude g r e a t e r than f o r 

most other elements and furthermore because of i t s s m a l l mass the 

amplitude of v i b r a t i o n w i l l be l a r g e . 

S e c t i o n I I : G e n e r a l Aims 

The o b j e c t of t h i s work was to apply the unique p r o p e r t i e s of 

neutrons to problems i n molecular spectroscopy and i n p a r t i c u l a r to the 

study of adsorbed s p e c i e s . Some of the most d i f f i c u l t data to c o l l e c t 

by other techniques are the lower energy v i b r a t i o n a l modes of adsorbed 

molecules and of organometallic complexes. The l a r g e incoherent 

s c a t t e r i n g c r o s s s e c t i o n of hydrogen has been u t i l i s e d by studying 

hydrogeneous gases adsorbed on v a r i o u s s u r f a c e s . Two e s s e n t i a l l y 

d i f f e r e n t types of system have been s t u d i e d 
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a) gases adsorbed on ion-exchanged zeolites 

b) hydrogen adsorbed on Pt black. 

The zeolite systems have the advantage of large surface areas so 
3 -1 

that large quantities of gas can be adsorbed ( t y p i c a l l y 40cm g (C H )) 

and the surface i s r e l a t i v e l y easily cleaned. Metal powders, on the 

other hand, have much lower surface areas and present a much more 

d i f f i c u l t cleaning problem. 

In order to assist i n the i n t e r p r e t a t i o n of the i n e l a s t i c neutron 

scattering ( i . n . s . ) spectra of the adsorbed species, as well as for 

th e i r general spectroscopic i n t e r e s t , we have also investigated a 

series of model compounds. The most important of these, i n connection 

with the surface work actually discussed i n t h i s thesis, are the metal 
complexes which contain ethylene. Tt-complexes are thought to exist on 

4 

many surfaces and we have also investigated i t - a l l y l s , norbornadienes 

and cyclobutadiene iron tricarbonyl with t h i s i n mind. Also, i n part 

as preparation for the study of adsorbed ammonia, we have investigated 

metal ammine and amido complexes. Our experience i s that such data i s 

very valuable i n the evaluation of experimental data on adsorbed species. 
Section I I I : Application of neutron scattering to surface science 

Neutrons are not, i n the usual sense, a surface probe. Applications 

of neutron scattering to the study of adsorbed (hydrogeneous) species 

rely primarily on the r e l a t i v e transparency of the support material 

when compared to the large cross section of the adsorbed species. 

Usually there are many more substrate than adsorbed atoms and t h i s of 

course reduces the signal ( i . e . counts from the adsorbed species) to 

background ( i . e . counts from the substrate) r a t i o . One further feature, 



not so far discussed, indicates that even so we should be able to 

obtain reasonable signal/background r a t i o s . Equation 1 shows that the 

double d i f f e r e n t i a l scattering cross section i s inversely proportional 

to the mass of the scattering atom. Obviously therefore, for a heavy 
d 2o 

substrate atom e.g. Pt, w i l l be reduced by a very large factor 

compared to the scattering from a proton. 
I t i s obviously desirable that the substrate have as small a 

°inc °T °"' value of — — as possible. Table 3 l i s t s values of — and i n c for 
M — 

some elements. 

Table 3: Calculated Values of and for some metals 

°T 
v 0*. 

inc 
CT. 
inc J. M 

0*. 
inc M 

Ni 18.0 0.305 4.7 0.080 

Pd 4.8 0.045 0.3 0.003 

Pt 12.0 0.061 0.7 0.004 

Cu 8.5 0.133 1.2 0.019 

Fe 12.8 0.229 0.4 0.007 

W 5. 7 0.031 2.8 0.015 

H . 81.5 81.5 79.7 79.7 

* a) c_ and a. i n barns T inc 
b) M i n a.m.u. 
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We do,however,require a f a i r l y large surface area sample and the 

greater the surface area the more successful the experiment i s l i k e l y 

to be. The following i s a calculation of the l i k e l y surface area 

necessary. 

15 2 Metals t y p i c a l l y have 10 sites per cm . 

We w i l l assume the most favourable case i.e. a monolayer of H adsorbed 
2 

on the metal. Considering 1 cm of beam area and suppose we have an 

y% scatterer 
y = number of hydrogens x cross section x 100 

y = n x 80 x 1 0 - 2 4 x 100 

Usually we wish y «* 10% 

Thus n = 1.25 x 10 2 1 

2 2 
This i s equivalent to 125 m of surface/cm of beam area. Thus for a 

2 
beam 5 cm x 2.5 cm we require 1563 m of surface area. I f the metal 

2 -1 
powder has a surface area of 10m g thi s means that we require 156g 

of powder. The incoherent scattering from t h i s quantity of clean Pt 

powder would be 2.6%. 
2 -1 

A metal powder i s unl i k e l y to have a surface area of 10 mg afte r 
2 -1 

heating at elevated temperatures for a period of time. 4 -» 5m g i s 

probably a more reasonable figure but to compensate for this we can 

obtain good i.n.s. spectra with less than 10% scatterers p a r t i c u l a r l y 

i f we count for longer times. 
Section IV: Neutron Scattering and Other Techniques 

Many techniques have been applied to the study of adsorbed 

molecules though few of them can give information concerning the normal 
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modes of vib r a t i o n . 

I.R. has been used mainly for the study of molecules adsorbed on 

materials which are, at least, translucent to i . r . radiation e.g. 

zeolites or silica/alumina"*'^ etc. Adsorption on metals has mainly 
7 8 9 

been studied using supported samples ' ' though there are problems 

associated with high absorption of radiation by the support material, 

p a r t i c u l a r l y i n the lower frequency region, and with the influence of 

the support on the adsorbed species e.g. hydrogen s p i l l o v e r . ^ I t i s 

not obvious that results obtained with supported samples, are d i r e c t l y 

transferable to bulk materials though, of course, the study of supported 

samples i s an important and interesting one i n i t s own r i g h t . 

Reflection-absorption infrared i s well suited to the study of wel l -

defined metal surfaces e.g. single c r y s t a l faces or metal films. The 
theory and p r a c t i c a l basis of the method have been established by 

11 12 13 
Greenler ' ' who was able to show that only those vibrations with 

dipole moment changes perpendicular to the surface would be i . r . active. 

The method would not appear to be universally applicable and Greenler 

has discussed the conditions and sample properties required for a 
13 

successful experiment. There are several excellent texts and reviews 
r e l a t i n g to the use of infrared spectroscopy i n the study of surfaces 
5 6 7 8 9 
' ' ' ' and Sheppard et al.have discussed recent results concerning 

14 
the chemisorption of hydrocarbons on metals. 

The application of Laser Raman Spectroscopy to the study of 

adsorbed species has been recently reviewed by Cooney et al.*"* I t 

appears that the majority of th i s work is directed to the study of 

systems where s i l i c a , zeolites etc. are the substrates. The major 

d i f f i c u l t y here seems to be the occurrence of fluorescence and i n no 
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case has a surface-molecule v i b r a t i o n been observed. Low energy 

electron scattering has been used successfully i n the study of 

adsorbed gas on metal ribbons. For instance vibrations of hydrogen 

on W were observed at 77 and 135 meV. ̂  These are probably vibrations 

of hydrogen atoms p a r a l l e l and perpendicular to the surface. 

To summarise, although several techniques y i e l d information on the 

vibrations of adsorbed molecules,each and every technique has i t s own 

advantages and d i f f i c u l t i e s and sphere of most suitable application. 

I n p articular the observation of the low frequency modes of gases 

adsorbed on unsupported metal powders i s d i f f i c u l t by op t i c a l techniques. 

This i s perhaps the region where neutron scattering can be applied most 

usefully. I t must be pointed out, however, that neutron scattering has 

i t s own d i f f i c u l t i e s amongst which are 

1. r e l a t i v e l y poor resolution 

2. f a i r l y long experimental period - t y p i c a l l y two days for a sample 

and two days for the background. 

3. lack of ready access to spectrometers. This i s a very important 

point from the point of view of an experimentalist. Although i t 

i s perhaps not too d i f f i c u l t to obtain scheduled time on a 

domestic spectrometer, applications are made well (3 months) i n 

advance and time i s allocated for specific dates. Problems with 

samples or spectrometers or even the need fo r additional time to 

f i n i s h a n experiment may mean that an experiment cannot be 

repeated or completed for several months. This can be, at the 

very least, very f r u s t r a t i n g ! 

Factors (1) and (2) are obviously related and they are both mainly 

dependent on the in t e n s i t y of the neutron source. The advent of the 



high f l u x reactor at Grenoble has lead to cuiisiderable improvements 

both of these factors. 
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Chapter I I : Theoretical Background 

Introduction 

1 2 3 4 5 
The theory of neutron scattering i s now well documented. ' ' ' ' 

The purpose of the present chapter i s to put into perspective some of the 

equations which we w i l l use for later data analysis and to derive some 

relationships of pa r t i c u l a r relevance to thi s thesis. We w i l l also 

describe the equations used i n our calculations of torsional barriers. 
Section I : Neutron Scattering 

a) Scattering by a Single Fixed Nucleus ( e l a s t i c scattering) 

The cause of the scattering i s the nuclear force and t h i s i s known 
-14 

to be of short range (10 m) compared with the wavelengths of thermal 

neutrons (10 ̂ m). As a result i t can be shown that for a single 

fixed nucleus the d i s t r i b u t i o n of scattered waves i s spherically 

symmetrical i.e. the scattering i s isotropic. We consider a model which 

consists of a planar wave form for the incident neutron and scattering 

from a point nucleus; we define 

a) the wave vector of the incident neutrons i s k (k = |k I = — ) 

b) the wave vector of the scattered neutrons i s k_̂  

c) the wave function of the incident neutrons i s ei—*— 
f i k ' r 

d) the wave function of the scattered waves i s .—, e — * — 
Is I 

where f i s a function called the Scattering Amplitude and \ i s the wave

length of the neutrons. The t o t a l wave function at some point r i s 

therefore 
i k r f e ^ ' - I 0 ( r ) = e 1 ^ + (1) 

where _r i s the position vector of the point of observation and the 

scattering nucleus i s at the o r i g i n . I n th i s particular case [k | = |k/| 



because the nucleus i s fixed and we ignore the p o s s i b i l i t y of in t e r n a l 

excited states. f i s determined by the properties of the nucleus and 

i t may be complex i n which case neutron absorption takes place, and i f 

f i s real i t can be either positive or negative depending upon the 

r e l a t i v e phases of the incident and scattered waves. Unless otherwise 

stated we sha l l assume f i s rea l , f can be wr i t t e n as a series i n the 

neutron energy (E) 

f = -b + a E + a 2E 2 

but below 10ftV the terms i n E above are negligible. Thus we have 

f = -b where b i s called the Scattering Length. The value of b varies 

from element to element and i s a function of the spin state of the 

nucleus, at present i t i s an empirical quantity. 

Equation 1 can be derived more thoroughly by solving the 

Schroedinger Equation for the system, neutron plus nucleus. The 

problem i s solved within f i r s t order perturbation theory by assuming 

that the interaction between the neutron and nucleus i s a small 

perturbation. I f the spherically symmetrical scattering potential i s 

writ t e n V(r) the solution for large distances Ir-r'l i s * 

where m is the mass of the neutron, r ' i s the position of the nucleus 

and IT i s the point of observation. 

Comparing equations (l)'and (2) we can see that 
+00 

f = - [ - ^ 2 Je 1 (^ # )-£ #
V(r')dr'] (3) 



17. 

In fact V(_r') i s of very short range so that the exp(i(k-k'). r ') term 

has hardly begun to deviate from unity before the scattering potential 

has declined to zero. The scattering amplitude can thus be w r i t t e n 

_1_ P 2m V(r')dr ' 

nucleus 

so that the scattering i s independent of Q i.e. i t i s isotropic = k - k'). 

The scattering amplitude i s therefore proportional to the Fourier 

Transform of the scattering potential. The Fourier Transform G(t) of 

a function ( f ( v ) ) i s defined by 

G(t) = j f ( v ) exp(-2Ttivt)dv 

Calculation of ^ C T / d A 

da 
d 
a . , ,. , , do number of neutrons scattered i n t o a s o l i d angle - i s defined by: — = =-7-3 : —. : — — 6 — •ft- ' aA s o l i d angle x time x incident f l u x 

For the 
scattered wave 

For the 
incident wave 

And from the 
diagram 

, * i k . r 
|/>sc(^ 

lb. ( r ) = v i n c — 
b e i k ' . r 

ds 
d^= 

Number of neutrons through ds/sec = ve l o c i t y x density x ds 

= V x — x ds 

Note density = |̂ |' 

Thus da 

Vb 2dA 

V x b x d JX. 
d„ x incident f l u x 
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But incident f l u x = V x density 

= V 

Therefore da ,2 ,,x 

~r~ = b (4) 

From which cr = J ̂ ) = 4itb 2 (5) 

, t o t a l number of neutrons scattered/sec and a = : ———— ' incident f l u x 

Returning to equations (1) and (2) i t appears that i f the form of V(_r) 

i s known then the scattering amplitudes and lengths can be calculated. 

Unfortunately, the detailed form of V(r) i s not known, but Fermi 

suggested* choosing an equation for V(r) of the form 

V(r) = B6(r) (t) 

where 6 ( r ) i s the Dirac Delta Function (see Appendix 1) and B i s a 

constant for a particular nucleus. The object i s to choose a value for 

B so that the experimental and calculated values are i d e n t i c a l , therefore 

by substituting (6) into (3) we obtain 

f = 2*h2 

but f = -b 

• v ( r ) = l ^ b 6 ( r ) 

— m — 

For the treatment of a free nucleus i t i s necessary to use centre of 

mass co-ordinates so that m i s to be replaced by the reduced mass u 
u mM where \i = —— ^ m+M 

and M i s the mass of the nucleus. We thus obtain the "free atom scatt

ering length" "a" where a = ( ^ ^ > a"d b i s called the "bound atom 

scattering length". 
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For a r i g i d l y bound nucleus no energy t r a n s f e r can take p l a c e , 

w h i l e f o r a t o t a l l y f r e e nucleus t r a n s l a t i o n a l energy t r a n s f e r i s 

p o s s i b l e . I n r e a l i t y the n u c l e i of a s o l i d are n e i t h e r t o t a l l y f r e e 

nor r i g i d l y bound and whether or not they can be regarded as being i n 

e i t h e r of these two extreme s t a t e s or intermediate between them 

depends on the i n c i d e n t energy of the neutron. 

S c a t t e r i n g from an A r r a y of N u c l e i 

The s c a t t e r i n g p o t e n t i a l , f o r an a r r a y of bound mono-isotopic 

n u c l e i , may be w r i t t e n 

2>L 6 ( ^ } 

L 
2ith V ( r (8) M 

where and b T are the p o s i t i o n v e c t o r s and s c a t t e r i n g lengths of the 

L th n u c l e u s . I n f i r s t order p e r t u r b a t i o n theory the t r a n s i t i o n 

p r o b a b i l i t y per u n i t time from a s t a t e i to f i s given by 

r * 2 

|Jdr $ f ( r ) V ( r ) ^ ( r ) | 

2 

which i s w r i t t e n | < f | v | i > | 

T h i s can be shown^" to l e a d to 

( & ) l<* l»M 2 do" ( 9 ) d-n. 

which by comparison w i t h equation ( 7 ) shows that the s c a t t e r i n g 

amplitude i s p r o p o r t i o n a l to the t r a n s i t i o n p r o b a b i l i t y . S i n c e not a l l 

s c a t t e r i n g i s e l a s t i c the c r o s s s e c t i o n becomes energy dependent and 

i n t h i s case equation ( 9 ) must be summed over a l l the f i n a l s t a t e s of 

the n u c l e i and averaged over the i n i t i a l s t a t e s . ^ 



20. 

d2C7 _ k' ( m N,2 YP, Y !< f |V |i> |26(tlcu + E - E ) (10) 
dTdE " T C ~ 2 ; 1 1 1 f 

2nn ^ \^ 

where P̂  i s the p r o b a b i l i t y of the i n i t i a l state \± ^ V ?(.\^ = 1) 
1 * i 

and the 6 function ensures conservation of energy i n the system 

neutron plus nucleus. To simplify the notation we have omitted 

parameters involving the spin dependence of the scattering. By 

substituting the equation for V(j:) (equation 8) i n t o (10) more e x p l i c i t 

expressions for the cross section can be obtained, however, these do not 

cl e a r l y relate the experimental q u a n t i t y ^ ^ ^ to the fundamental 

properties of the scattering centres. The formalism for doing this was 

developed by Van Hove*' who expressed the cross sections i n terms of 

correlation functions. 

Coherent and Incoherent Cross Sections 

Essentially by substituting equation 8 into equation 10 and 

changing from a Schroedinger to a Heisenberg representation the cross 

section can be written'' 

= kj_ _l_ Pdt exp(-icut) < exp(-iq.R L(0)exp(i3.R ] j , ( t ) ) > ( l l ) 
k 2rth J , d - d E » LL 

R^(0) and R^(t) are time dependent Heisenberg operators related to the 

position vectors R̂  of the L'th nucleus i.e. 

exp(iQ.R L(t)) = e x p ( X ^ ) expU^.R^ e x p ( " ^ ) 

where H i s the Hamiltonian of the target system. 

< exp(-iQ.R L(0)) exp(iQ.R L/(t)> i s the thermal average of the 

expectation value of the time-dependent operators within the brackets 
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and where 

b h fb| 2
 + 6 L T / . ( | b | 2 - |b|2) L L 1 1 LL 

Thus i f L = L' 
b L b L / = |b|2 

C |2 i f L ^ L' b L b L / = |b| 

and |b|2 - |b|2 = |b-b| 2 

Therefore b b , i s the average of b Tb / over random spin orientations 
L L Li LI 

and random isotope d i s t r i b u t i o n s . Also^for instance,if we consider the 

scattering lengths to be independent of spin, then i f b̂ . i s the 

scattering length of isotope I and i t s concentration 

B - f C I b I 

! b f = 5 c j b j 

The effect of defining these averages i s to allow a separation of the 

cross section (equation 11) into the sum of two parts.^ I f we consider 

a system with only a single chemical species ( jb | 2 = b 2 and |b [ 2 = b 2) 

A2 , ,2 v , ,2 d a = (JDL) + (J^L) (12) 

and 

(J*£.) . ^ S c o h ( 2 ' »> ( 1 3 ) 

/dV) = N ̂ _ |b - b| 2 S l n c ( f i, (14) 
\djtdE/. ' k 

i n c 

7 °*c o °inc 2 where i n future we l e t ̂  = b and ^ = |b - b | , and where 2 = k - _k' 
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S i n c ( ^ ^ = ! d t e xP< _ 1<*) ̂  < exp(-i2.R L(0))ex P ap ;R L(t))> (15) 
— CO 

L 

and 
CO 

Scoh ( 0*' ^ = 2rinN J d t e x P ( _ i u t ) ^ <exp(-i3.R L(0))exp(iQ.R L/t)> (16) 
LL' 

L and L' are the L'th and L ; ' t h nuclei. ^i n c^2» u>) depends only on 

terms where L = L ' and so i t behaves as i f one had scattered from N 

independent nuclei. S n(£, OU) on the other hand involves terms due to 

scattering from d i f f e r e n t atoms. Coherent and incoherent scattering 

are profoundly d i f f e r e n t . Coherent scattering involves strong i n t e r 

ference between the waves scattered from each nucleus and s t r i c t 

geometrical conditions are required for i t to take place. For incoherent 

scattering no interference takes place. S(C;, UJ) i s called the 

"Scattering Law'.' We have separated the cross section in t o the sum of 

incoherent ( i n c ) and coherent (coh) parts. The physical significance 

of t h i s separation was discussed further i n chapter 1. I t i s incoherent 

scattering that i s the main topic of t h i s thesis. As we shall also see, 

the assumption that we are dealing with a sample containing only a 

single chemical species i s a good approximation for any hydrogeneous 

sample. As defined S(C;, <JU) i s not symmetrical i n UJ but a new function 
1 

S(Q, «)) can be defined by 
-% S(2, <n) = e 2 K T S(2, u>) 

and th i s i s symmetrical i n UJ. 

Correlation Functions 

A clearer physical picture^"'^ can be obtained by considering 

S(p;» u>) a s the double Fourier transform ( i n two variables) of a 
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function which i s called G(_r, t ) . 

S(C;, u,) = JJ exp(-i(ujt - ^ . r ) G(r, t ) drdt (17) 

For S. (Q, cu) we obtain the Self Pair Correlation Function (G ( r , t ) ) inc s — 
by*'^ comparing equations (17) and (15) i.e. 

V-* c> = (j^) Jd3 exp(i2.r) i ^<exp(-i2.R L(0))exp(i2.R L(t))> (18) 
L 

with an analogous expression*'^ for G(r, t ) which on Fourier transformation 

yields S c o h(2, w). 
I t can be shown that*''' 

G g(r, t ) = fi^Jdr' < 6 ( r - r ' + \(0)) 6 ( r ' - R L ( t ) > (19) 
L 

G ( r , t ) and G(r, t ) are complicated functions because i n general the 
S "—° ' 

operators are non-commuting. The physical significance of the 

correlation functions can be appreciated by considering a classical 

system with a l l nuclei equivalent then*'^ 

G s(r, t ) = < 6 ( r - R J ( t ) + R L ( 0 ) ) > (20) 

and th i s i s the pr o b a b i l i t y that i f an atom i s at the o r i g i n at time 

t = 0 the same atom i s at _r at time t . G(jc, t ) can be s i m i l a r l y 

derived but i n this case i t represents the pro b a b i l i t y that i f an atom 

i s at the o r i g i n at time 0 then some atom (not necessarily the same 

one) i s at £ at time t . X-ray scattering gives information about 

G(r, t ) and infra-red spectroscopy about G ( r , t ) , however, even 

though the same functions are measured as i n neutron scattering the 

ranges of and UJ are d i f f e r e n t and so d i f f e r e n t information i s 

obtained. 



24. 

Neutron S c a t t e r i n g from Molecules 

When the s c a t t e r i n g occurs from molecules i t i s necessary t o 

consider a more complex p o s i t i o n vector than R̂ . The usual assumption 

i s t h a t the v i b r a t i o n a l , r o t a t i o n a l and t r a n s l a t i o n a l c o n t r i b u t i o n s 

to the s c a t t e r i n g are separable i . e . the t o t a l wave f u n c t i o n i s 

separable ^ = 0 ( t r a n s l a t i o n ) ^ ( r o t a t i o n ) ^ ( v i b r a t i o n ) . The p o s i t i o n 

vector i s w r i t t e n 

\ ' C L + d L + U L 

where CT i s the co-ordinate of the centre of mass of the molecule, d 

i s the mean p o s i t i o n vector of the s c a t t e r i n g atom r e l a t i v e to the 

centre of mass and U i s the displacement of the nucleus from the mean. 

I n p r a c t i c e both UT and d T are func t i o n s of the molecular o r i e n t a t i o n 

so t h a t observation o f v i b r a t i o n a l motion also includes e f f e c t s due t o 

r o t a t i o n . This i s u s u a l l y ignored i n t h e o r e t i c a l treatments so t h a t 

we o b t a i n 

«fl. u,) = Strans (<i> «>* S r o t ( S ' " )* S v i b ( S > •> ( 2 1 ) 

where * denotes co n v o l u t i o n . 

I t i s t h e r e f o r e possible t o obt a i n the t o t a l s c a t t e r i n g law by 

d e r i v i n g expressions f o r the three components and convo l u t i n g them. 

As a r e s u l t of t h i s c o n v o l u t i o n the bands due t o v i b r a t i o n s w i l l be 

broadened; studies of broadening are, however, normally l i m i t e d to 

the q u a s i - e l a s t i c region of the spectrum. Convolution,H(6) fof two 

funct i o n s f ( x ) and g ( x ) i s defined by 
00 

H(6) = f f ( x ) g ( 6 - x ) d x = f ( x ) * g ( x ) 
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so t h a t i t produces a f u n c t i o n of a new v a r i a b l e ( 6 ) . I n e f f e c t every 

value of f ( x ) i s m u l t i p l i e d by the corresponding value of g(6-x) and 

so a q u a n t i t y i s obtained which v a r i e s as 6 v a r i e s (see f i g ) . 

The p h y s i c a l s i g n i f i c a n c e of co n v o l u t i o n can be i l l u s t r a t e d i f we 

consider f ( x ) t o represent the d i s t r i b u t i o n of i n t e n s i t y i n the f o c a l 

plane of a spectrometer and g ( x ) i s the d i s t r i b u t i o n i n s e n s i t i v i t y 

over the face of the detector which i s s l i d across the f o c a l plane. 

The measured i n t e n s i t y when the detector i s placed w i t h i t s o r i g i n a t 

y i s given by 

S c a t t e r i n g Law f o r V i b r a t i o n s 

The s c a t t e r i n g law f o r v i b r a t i o n s has been discussed by Zermach 
g 

and Glauber and we merely quote the r e s u l t they obtained f o r an 

assembly of i d e n t i c a l harmonic o s c i l l a t o r s . 

g(6 - x) 

f ( x ) 

g ( x ) 

6 

00 

J f ( x ) g ( x - y ) d x = f ( x ) * g ( - x ) 
— 00 



26. 

i n c L A 

/ "j^COv / t i x (Q CL^) 2 N'nJ "I 
X e x K - 2 K F ; U ^ s i n h ( h ^ / 2 K T ) ; X ^ ^ ^ ^ A ^ (22) 

n > O f o r neutron energy 
n the number of quanta involved i n a t r a n s i t i o n - **a:L" 

n<0 f o r neutron energy loss 

X the normal mode 

«). frequency of each of the n quanta 

M mass of the L'th nucleus 

K Boltzmann's Constant 

C ^ amplitude vector 
J_i 

We can make several immediate deductions from equation 22 

a) For e l a s t i c s c a t t e r i n g n = 0 
A 

2 
T h u S (£dl)inc " T 2 ^ I ̂  e * P < - 2 V < 2 2 a > 

e l a s t i c L 
w i t h i //n ^ AN N2 

2 oujt where a, = -=r 

exp(-2W L) i s c a l l e d the Debye-Waller Factor (D.W. f a c t o r ) . As £ 

increases the D.W. f a c t o r decreases so t h a t the i n t e n s i t y of the quasi-

e l a s t i c region decreases. The e l a s t i c incoherent s c a t t e r i n g from a 

simple harmonic o s c i l l a t o r i s t h e r e f o r e not i s o t r o p i c , however i t has 

been shown t h a t provided the energy of i n c i d e n t neutron i s small, 

compared t o the energy l e v e l s o f the o s c i l l a t o r , the s c a t t e r i n g has only 

a very small angular dependence. 
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b) For i n e l a s t i c s c a t t e r i n g ( n ^ ^ 0) the i n t e n s i t y of an n quantum 

t r a n s i t i o n i s governed by the f a c t o r ( 4 / 2 K T ) ) * e x p ^ - ^ - J 

Because the term which i s t o be ra i s e d to the power |n^ | i s u s u a l l y 

small t h i s i n d i c a t e s t h a t the s i n g l e quantum t r a n s i t i o n w i l l be much 

more intense than one i n v o l v i n g two or more quanta. Likewise because 

of the product termTl^ simultaneous t r a n s f e r of s i n g l e quanta t o 

d i f f e r e n t normal modes again involves r a i s i n g t h i s term t o the power n. 

c) Because of the d e l t a f u n c t i o n term the i n e l a s t i c region should 

c o n s i s t of a ser i e s of d e l t a f u n c t i o n s w i t h zero i n t e n s i t y i n between, 

however i n p r a c t i c e t h i s i s not obtained because of the convolut i o n 

mentioned e a r l i e r . 

d) I t i s possible t o c a l c u l a t e the dependence of the i n t e n s i t y of 

f i r s t and second overtones on temperature and (} (Appendix 3 ) . The 

s i n g l e quantum cross s e c t i o n i s t h e r e f o r e ( w i t h A = exp(~ ^ " f l . J) 
\ \ \ 2KT" 

£b 2 exp(-2W L) j ± ( f ^ ) 2 6 (im, - t i ^ ) (23) 
d 2 g _ k' 1 
d/idE k 27th 

L 

I t can be seen t h a t the i n t e n s i t y of a t r a n s i t i o n i s a f u n c t i o n of the 

incoherent cross s e c t i o n , the momentum t r a n s f e r and also the amplitude 

vectors f o r each mode. The s i n g l e quantum coherent cross s e c t i o n can 
21 

also be w r i t t e n as 

" T I T P Q 4 r - <°s + 4 1 *> * - P M W ^ (2 4 , 

Z(ou) i s the den s i t y of sta t e s spectrum Z(u))d(jj = 1 

M i s the mass of the s c a t t e r i n g atom 

2W = j < u 2 > Q2 

Ml?)-1)"1 
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2 < u > i s the mean square v i b r a t i o n a l amplitude of the atom. 

From t h i s we can e a s i l y see the advantages to be gained by using 

hydrogenous samples 

O". 
inc 

a) f o r hydrogen — . — i s 40 times greater than any common element 

except CI. b) because of i t s small mass — f o r hydrogen atoms i s large, 1 
M 

Furthermore because b f o r deuterium i s small (2.0) p a r t i a l i s o t o p i c 

s u b s t i t u t i o n can be very u s e f u l i n assigning normal modes. 

\ 2 1 2 Equations 23 and 24 use the approximation (Q.C ) = -r Q 
Li J 

which i s s t r i c t l y only v a l i d f o r a system of cubic symmetry but which 
1 2 

i s thought to be a good approximation i n general. ' 

Section I I : Quasi-Elastic S c a t t e r i n g 
As we have stat e d e a r l i e r the experimentally observed q u a n t i t y i n 

a neutron s c a t t e r i n g experiment i s c l o s e l y r e l a t e d t o S(£, UJ) and t h i s 

i s the double Fourier Transform of the c o r r e l a t i o n f u n c t i o n G(r_, t ) . 

We consider three possible s i t u a t i o n s 

a) the s c a t t e r i n g atom i s f r e e l y d i f f u s i n g so t h a t G(r, °°) = 0 e.g. 

a gas. A t y p i c a l case i s shown i n f i g . l a . 

a) 

G ( r , t ) 

t -» 

Fi g . 1 a) G(r_, t ) and b) S(C;, UJ) f o r a f r e e l y d i f f u s i n g atom. 
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The Fourier transform of t h i s i s a bell-shaped f u n c t i o n (fig„ l b ) so 

t h a t t y p i c a l l y we would expect a neutron s c a t t e r i n g experiment, on a 

f r e e l y d i f f u s i n g system, t o y i e l d a r e s u l t s i m i l a r to t h a t shown i n 

f i g . l b ( q u a s i - e l a s t i c r e g i o n ) . 

b) An important change i n the spectrum takes place i f we consider the 

s c a t t e r i n g atom to be r e s t r i c t e d t o a f i n i t e volume of space e.g. a 

r o t a t i n g molecule i n a s o l i d . 

I n t h i s case G(r, ») / 0 ( f i g . 2a) 

a) b) 

G ( r , t ) 

A 

S(Q,«,) 

t -» (D -» 

Fig. 2 a) G(r, t ) and b) S(2, u)) f o r an atom r e s t r i c t e d i n space. 

G(r, t ) i s i n t h i s case assymptotic t o some non-zero value A. 

We can w r i t e 

G(r, t ) = G'(r, t ) + A 

Because the Four i e r Transform (F.T.) of a sum i s the sum of the F.T.s 

of the components the f i n a l spectrum w i l l c o ntain a bell-shaped 

c o n t r i b u t i o n (from G'(r, t ) ) s i m i l a r to t h a t discussed i n case (a) 

( f i g . l b ) and a 6 f u n c t i o n at the o r i g i n , which a r i s e s from the F.T. 
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of the constant. Therefore i n t h i s case the q u a s i - e l a s t i c region 

contains two components of fundamentally d i f f e r e n t natures, 

c) A molecule i n a l i q u i d may undergo both t r a n s l a t i o n a l d i f f u s i o n 

and random r o t a t i o n so t h a t a composite spectrum may be expected. 

N a t u r a l l y we have ignored the e f f e c t s of experimental r e s o l u t i o n . 

I n p r a c t i c e the sharp e l a s t i c peak and the whole spectrum w i l l be 

broadened as a r e s u l t of the f i n i t e i n s t r u m e n t a l r e s o l u t i o n a v a i l a b l e . 

Several models have been proposed f o r c a l c u l a t i n g q u a s i - e l a s t i c 

neutron spectra. I t i s not possible t o analyse spectra d i r e c t l y i n 

d e t a i l . The normal procedure involves the f o l l o w i n g steps 

1) S e l e c t i o n of a model f o r the s c a t t e r i n g process i n the system. 

2) Formulation of t h i s model i n mathematical terms. 

3) C a l c u l a t i o n of the s c a t t e r i n g law. 

4) F i t t i n g t h i s s c a t t e r i n g law to the observed spectra and t e s t i n g to 

see i f the f i t i s reasonable as a f u n c t i o n of (J - w i t h a f i x e d set 

of values f o r the f i t t i n g p a r a m e t e r s ) . 

The complications and d i f f i c u l t i e s i n v o l ved i n t h i s process w i l l be 

discussed l a t e r . 

A f u l l discussion of q u a s i - e l a s t i c neutron s c a t t e r i n g has been 
9 

given by Springer and we s h a l l discuss only those ideas r e l e v a n t to 

the work i n t h i s chapter. 

A) Free Rotation 

This i s not r e a l l y possible i n a s o l i d , however, n e a r l y f r e e 

r o t a t i o n has been observed i n s o l i d hydrogen. Free r o t a t i o n models 
3 

have been derived f o r gases e.g. NH^, CH^ etc. The d i f f e r e n c e between 

n e a r l y f r e e and f r e e r o t a t i o n i s shown i n f i g . 3. 
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For n e a r l y f r e e r o t a t i o n the 

energy s t a t e s of the r o t a t i n g 

molecule are f a r above the 

maximum of the h i n d e r i n g 

p o t e n t i a l . 

0 -> 0 -• 

ne a r l y fr e e s t r o n g l y hindered 

B) R o t a t i o n a l D i f f u s i o n 

I n t h i s case the r o t a t i o n a l l e v e l s are completely b l u r r e d by 

i n t e r a c t i o n s between the r o t a t i o n s and the thermal v i b r a t i o n s of the 

l a t t i c e . The motion i s characterised by a s i n g l e parameter:- the 

d i f f u s i o n c o e f f i c i e n t Dr. 

C) Jump D i f f u s i o n 

This involves both l i b r a t i o n and d i f f u s i o n . The simplest, and 

most usual, case i s t o assume t h a t the molecule l i b r a t e s i n an 

e q u i l i b r i u m p o s i t i o n f o r a time T and then instantaneously r o t a t e s t o 

a new e q u i l i b r i u m p o s i t i o n by the s h o r t e s t path. This model i s c l e a r l y 

non-physical because i t ignores the r o t a t i o n a l energy i n v o l v e d as a 

r e s u l t of the f i n i t e moment of i n e r t i a o f the molecule. 

Larson has proposed a more r e a l i s t i c m o d e l , ^ though he r e s t r i c t s 

h i s discussion t o the case of a proton moving on the surface of a 

sphere. He associates two c h a r a c t e r i s t i c times t o the motion 

T q the time spent l i b r a t i n g 

T, the time f o r which r o t a t i o n occurs. 
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Phenomenologically Larson describes the model by assuming t h a t the two 

modes of motion are l i n k e d t o the microscopic d e n s i t y f l u c t u a t i o n s i n 

the m a t e r i a l . D e n s i t i e s l a r g e r than average allow only damped 

l i b r a t i o n s and d e n s i t i e s lower than average allow damped r o t a t i o n . 

Obviously by j u d i c i a l s e l e c t i o n of the parameters t h i s type of model 

could be used to describe the whole range of p o s s i b i l i t i e s between f r e e 

r o t a t i o n and s t r o n g l y hindered motion. The graph shown i n f i g . 4 shows 

the general case f o r u n i a x i a l r o t a t i o n 

angle of 
r o t a t i o n 

Fig. 4 Angle of Rotation versus Time f o r U n i a x i a l Rotation. 

a) T l -»0 and T large 
1 o 

b) ^ 0 but small and T Q 0 

c) T . -t oo and T = 0 
1 o 

d) T = 0 and T -• 0 0 

' l 'o 

D) Random Walk Between N s i t e s 

This i s a s p e c i a l case of Jui 
2 

can be expressed as a = — where 

instantaneous jumps between deep w e l l s , 

r o t a t i o n a l d i f f u s i o n 

f r e e r o t a t i o n 

undamped l i b r a t i o n 

i D i f f u s i o n but the angle of r o t a t i o n 

I i s an i n t e g e r . 
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U n i a x i a l Motion 

We w i l l describe below the a c t u a l models used i n t h i s t h e s i s . 

The t h e o r e t i c a l work has been described i n d e t a i l by Dianoux^* and 
g 

Springer. The r o t a t i o n i s assumed to take place w i t h the protons 

moving on a c i r c l e of f i x e d r a d i u s . I f more than one radius e x i s t s 

i n the molecule then the t o t a l s c a t t e r i n g law i s obtained by t a k i n g an 

average over the d i f f e r e n t r a d i i o f g y r a t i o n . 

a) U n i a x i a l R o t a t i o n a l D i f f u s i o n 

I f 0 and 0 Q are the angular p o s i t i o n s of the n u c l e i on a c i r c l e of 

radius "a" a t times " t " and"0" r e s p e c t i v e l y the p r o b a b i l i t y d i s t r i b u t i o n 

f u n c t i o n i s given by 

6P 6 P t r o t _ r o t 

The s o l u t i o n i s 

Prot (0» *b» t ) = I e x p [ i n ( 0 - 0 o ) ] e x p ( - D r n 2 | t | ) (25) 

n=-oo 

Where D r i s the r o t a t i o n a l d i f f u s i o n c o e f f i c i e n t . The r o t a t i o n a l 

s c a t t e r i n g law i s given by the powder average (over Q) of 
2 

0 0 D rn 
SlTc (S» ») - l2o<Q 8 S I N B)«(«) + | ^ ( Q a Sin 9) ( J ) n 2 ) + U ) 2 (26) 

n= l r 

I ^ ( Z ) are the s p h e r i c a l Bessel f u n c t i o n s , a i s the radius of g y r a t i o n 

of the proton. 

Equation (20 has several important c h a r a c t e r i s t i c s 

a) the f i r s t term involves a 6 f u n c t i o n whose amplitude i s a f u n c t i o n 

of the molecular parameter "a". The existence of a 6 f u n c t i o n term, 

when -hoo = 0, was pre d i c t e d e a r l i e r . 
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b) the second term represents the q u a s i - e l a s t i c s c a t t e r i n g and i t can 

be seen t h a t i t involves the sum of an i n f i n i t e number of Lorentzian 

shaped curves. The c o n t r i b u t i o n of each Lorentzian t o the t o t a l peak 

shape i s determined by the 

Bessel f u n c t i o n I . Further-n 
more the h a l f w i d t h of a 

d Lorentzian 
d 2

+ ( U
2 

i s "d" so the 

Composite Spectrum 

F.W.H.H. of each L o r e n t z i a n i s 

D n. 
r 

I t has been shown t h a t the 

major c o n t r i b u t i o n to the quasi-

e l a s t i c s c a t t e r i n g comes i n f a c t 
from the f i r s t Bessel f u n c t i o n and the w i d t h of the q u a s i - e l a s t i c peak 

increases only s l o w l y w i t h Q u n t i l Qa = 3. 

U n i a x i a l R o t a t i o n a l Jump Model 

I n t h i s case the assumption i s made t h a t the motion i s by 

instantaneous jumps of angle or w i t h a c h a r a c t e r i s t i c time T between 

jumps. 

I t has been shown t h a t the p r o b a b i l i t y d i s t r i b u t i o n f u n c t i o n i s 

given by 

P r o t ( f c *>» t } = h £ e x p [ i n ( 0 - ^ ) ] e x p ( " -
Cos na 

n=-oo 
I) (27) 

This equation i s very s i m i l a r t o eqn (25) i . e . each term consists of a 
2 

phase f a c t o r m u l t i p l i e d by an amplitude f a c t o r . I f we replace D^n by 
1 - Cos na j-^ejj equations are i d e n t i c a l . For very small jumps by 

T 2 
s e t t i n g D n = — — one obtains D = and t h i s serves as a 

r T r l T 

d e f i n i t i o n of the r o t a t i o n a l d i f f u s i o n c o e f f i c i e n t . The inverse 
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r e l a t i o n s h i p between D r and 7 i s what would be expected i . e . large time 

between jumps = small d i f f u s i o n c o e f f i c i e n t etc. 

Random Walk Between N Equivalent Sites 

2 it 

The jump angle i s now given by a = — and the d i s t r i b u t i o n f u n c t i o n 

i s s t i l l given by equation 27. 
De f i n i n g T = -J 

0 'n 1 - Cos no 

then Tn+pN 1 - Cos(n+pN)a 1 - Cos(nor+2itp) 1 - Cos na Tn 

where p i s on i n t e g e r . 

The d i s t r i b u t i o n f u n c t i o n can be w r i t t e n i n the form 
N - l 

/ It- IN V •}_-
) (28) 

n=0 " p=-

mm j _ W 

' r o t ^ ^ ^ - H I ^ p ( - J l i ) e x p [ i n ( 0 - 0 o ) ] x l^PO^f: 

The d e l t a f u n c t i o n term ensures t h a t the jump angle ( 0 - 0 Q ) must be an 

i n t e g e r m u l t i p l e of a f o r i t t o have a non-zero p r o b a b i l i t y . I t i s s t i l l 

t r u e t h a t P ( <* ) = since the motions of d i f f e r e n t molecules are r o t ^o 2n 

assumed uncorrelated. 

N-l 
The r o t a t i o n a l s c a t t e r i n g law i s 

S i n t (2> «>) = A Q(Qa SinQ)6( c u) + ± ^ A n ( Q a S i n e ) l + ( o,T ) 2 ( 2 9 ) 

n = l n 

N 
1 ^ 1 - i f — nowhere A ( x ) = — ) I (2x s i n -r£) cos (n 

n N Z_i o N N 
p=l 

. _ T l S i n 2(*/N) T ,,ns 
3 n d Tn 2. / N , T l " 1 - Cos(2*/N) ( 3 0 ) 

Sin (mi/N) 
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For N -» co these equations become i d e n t i c a l t o the r o t a t i o n a l d i f f u s i o n 

model w i t h D = — . I n f a c t f o r N > 6 and Qa £ 3 the two models are 

almost i d e n t i c a l . The advantage of ( 2 9 ) i s t h a t the powder average may 

be obtained a n a l y t i c a l l y which i s not the case f o r ( 2 6 ) . This makes the 

computations easier and involves a saving of a f a c t o r of 10 i n computing 

time when N = 10 compared t o the r o t a t i o n a l d i f f u s i o n model. 

The r e s u l t of t a k i n g the powder average i s 

N-l -
i V n 

s ? n . (S» <") = l(Qa)6(u)) + -z ) B ( Q a ) { .2 ( 3 1 ) i n c o n Li n (DT ) 
n = l 

N 
where B n(Qa) = \ £ l 0 ( 2 Q a Sin f) Cos n ( ^ ) 

p=l 

Once again we have a purely e l a s t i c l i n e and t h i s time a q u a s i - e l a s t i c 

c o n t r i b u t i o n c o n s i s t i n g of a sum of N Lorentzians. I t i s important to 

note t h a t i t i s usual to assume t h a t t r a n s l a t i o n a l , r o t a t i o n a l and 

v i b r a t i o n a l motions are uncorrelated. I n t h i s case i n the quasi-

e l a s t i c region the v i b r a t i o n s c o n t r i b u t e only through the Debye-Waller 

f a c t o r so t h a t on Four i e r Transformation t o obt a i n S(£, QJ) the r e s u l t 

w i l l be a convolution of the r o t a t i o n a l and t r a n s l a t i o n a l p arts 

m u l t i p l i e d by the Debye-Waller f a c t o r . 

Section I I I : Comparison between o p t i c a l and i . n . s . data 

A t . of f . spectrum measures the i n t e n s i t y of scattered neutrons 

both as a f u n c t i o n of ^ a n d ^ and so i t i s not s u i t a b l e f o r d i r e c t 

comparison w i t h o p t i c a l spectra. A s u i t a b l e f u n c t i o n , f o r t h i s 
12 

purpose, derived from i . n . s . data i s p(oj) where 
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p ( m ) = ^ s l n h ( ^ ) ( ^ ) ( 3 2 ) 

Q2" 'QHD 

and PU) = 2 Psin h ( % ) ( ^ - H ) ^ ( 3 3 ) 

2 2 -
where a = and P = ̂  (34) 

We also have 

P(a, P) = ̂  p(co) (35) 

The determination of p( Q)) t h e r e f o r e involves e x t r a p o l a t i n g S*(fl, m) to 

zero momentum t r a n s f e r f o r f i x e d values of m. I t has the advantage of 

using the data from a l l the angles of d e t e c t i o n . D i f f i c u l t y a r i s e s 

because on many t . of f. neutron spectrometers, r e a l l y small values of 

£ are not obtainable. This means t h a t a r e a l l y r e l i a b l e e x t r a p o l a t i o n 

cannot be performed, p a r t i c u l a r l y because ^ ( Q » u>) v s Q ^ s n o t ^ n f a c t 

l i n e a r over the f u l l Q range. 

By s u b s t i t u t i n g equation 24 i n t o equation 32 we can see t h a t p( c 0) 

i s i n f a c t an amplitude weighted d e n s i t y of s t a t e s . Thus we can w r i t e 

( f o r neutron energy gain) 

2KT 
n = 

KT .. 2KT 2KT e - 1 e - e 

2KT 

2 Si„ h 

Thus 

f ^ - ^ „• u fjLuA 2KT I 2KT -2W Z( t n) 1 N p ^ - ^ s i n h ^ j e e e -JBL x 

p(u))a Z(UJ) e ~ 2 W 
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Such an e x t r a p o l a t i o n procedure i s not possible f u r r e s u l t s obtained 

using the B.F.D. spectrometer where data i s c o l l e c t e d a t j u s t one angle 
13 

but Wright and White have shown t h a t the counts are approximately 

p r o p o r t i o n a l to the unnormalised density of states though there i s no 

p r o v i s i o n f o r e x t r a p o l a t i o n t o zero momentum t r a n s f e r . 
Section IV: Momentum Transfer Dependence of i . n . s . Bands 

i.n . s . spectra i n v o l v e appreciable momentum t r a n s f e r s ((J) 

and the value of (} v a r i e s w i t h the angle of d e t e c t i o n . Therefore, i f a 

mode i s d i s p e r s i v e the peak p o s i t i o n w i l l vary w i t h angle. The magnitude 

of t h i s v a r i a t i o n w i l l depend upon the angles of d e t e c t i o n and the shape 

of the dispe r s i o n curve. Furthermore,as s t a t e d i n equation 24,the value 
(j2jy 

of -j-j^jg i s a f u n c t i o n of the density of sta t e s (Z(u))). I t has been 

shown t h a t J f o r one dimension and f o r a value of jJjZCuj) i s i n v e r s e l y 
14 

p r o p o r t i o n a l to the gradient of the dis p e r s i o n curve a t t h a t p o i n t . 

I f a mode i s di s p e r s i v e the gradie n t w i l l change from p o i n t to p o i n t 

so t h a t the i n t e n s i t y of the associated i . n . s . band w i l l also vary. 

Obviously the gre a t e s t i n t e n s i t y region occurs where the dis p e r s i o n 

curve i s almost f l a t . I f a mode i s non-dispersive then Z(m) i s constant 

as i s the peak p o s i t i o n . 

L a t t i c e modes u s u a l l y show a much great e r degree of d i s p e r s i o n 

than do i n t e r n a l modes and so they can o f t e n be i d e n t i f i e d i n the i . n . s . 

spectrum by t h e i r v a r i a t i o n s i n i n t e n s i t y and peak p o s i t i o n . 

Section V: Time-Scales 

A neutron s c a t t e r i n g experiment performs a F.T. of the c o r r e l a t i o n 

f u n c t i o n s G ( r , t ) and G(r, t ) i n space and time. The frequency and s 
wave vector of the components are defined by the energy and momentum 
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t r a n s f e r r e d during the s c a t t e r i n g process. 

From the theory of Fo u r i e r I n t e g r a l s i t i s w e l l known t h a t a 

phenomenon of d u r a t i o n " t " i s represented by a frequency d i s t r i b u t i o n 

of width not less than 6v « -TTT. That i s , the behaviour of the 

o r i g i n a l f u n c t i o n a t large arguments i s responsible f o r the transformed 

f u n c t i o n a t small arguments and v i c e versa. 

The Heisenberg Unce r t a i n t y R e l a t i o n may be w r i t t e n 

AE.At >•& 

or Av.At > — 

or Ax.Ap iv Ti 

or Ax.AQ e» 1 

Therefore 

a) measurements at large momentum t r a n s f e r s i m p l i e s i n f o r m a t i o n over 

small distances and v i c e versa 

b) measurements i n v o l v i n g large energy t r a n s f e r s i m p l i e s i n f o r m a t i o n 

over short times. 

Table 1 l i s t s time scales f o r some techniques. 

Table 1 Time scales f o r some s c i e n t i f i c techniques 

technique Time scale (sees) 

X-ray and e l e c t r o n d i f f r a c t i o n i o - 1 8 

u. v. i o - 1 5 

V i s i b l e i o - 1 4 

I.R. and R l o - 1 3 

Neutron d i f f r a c t i o n and I.N.S. i o - 1 3 

E.S.R. t o " 4 . i o - 8 

N.M.R. -1 -9 10 -> 10 
N.Q.R. 10" 1 -» i o " 8 
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S e c t i o n V I : B a r r i e r C a l c u l a t i o n s 

Choice of P o t e n t i a l F u n c t i o n 

For the most g e n e r a l case the p o t e n t i a l f u n c t i o n i s a F o u r i e r S e r i e s 

i n terms of the angle of r o t a t i o n ( 9) of one group r e l a t i v e to another, 

or to the framework i . e . 

V(e) = Y. ( v
n

C o s n 6 + V n ' S i n n e) (36) 
n 

I n many ca s e s the symmetry of the molecule can be used to achieve some 

s i m p l i f i c a t i o n ; f o r i n s t a n c e i f the b a r r i e r i s repeated m times on 

r o t a t i o n through 2TC then 

V v 

V( 9) = 2, H P ( 1 " C o s n m 8 ) ( 3 7 ) 

n 

U s u a l l y there i s i n s u f f i c i e n t data to determine more than a v e r y few of 

the c o e f f i c i e n t s V and so the s e r i e s i s truncated a t some s m a l l v a l u e nm 

of n, and i n the s i m p l e s t model the f i r s t term only i s taken i . e . 

V 

V( 6) = -f (1 " Cos m 9) ( 3 8 ) 

V = b a r r i e r h e i g ht i n t h i s case, m 

The i n f l u e n c e of the second term has been d i s c u s s e d by s e v e r a l workers 

and i n f a c t has u s u a l l y found to be v e r y s m a l l f o r methyl group 

r o t a t i o n s (~ 1% of V ) . * " * Because of i t s p e r i o d i c i t y the e f f e c t of a 
m 

sma l l second term i s to change the shape of the w e l l without a l t e r i n g 

i t s depth. I f the second term i s not s m a l l , however, a more complex 

s i t u a t i o n a r i s e s w i t h the production of a metastable w e l l . 

Equations of Motion 

Once the form of the p o t e n t i a l f u n c t i o n has been s e l e c t e d i t 
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remains to s o l v e the r e s u l t i n g Schroedinger equation. i f we c o n s i d e r 

the case where V( 0) i s given by equation 38 then 

£±JU1 + 8 J L _ [ E _ _ n (1 - Cos n 6 ) J ^ q ) = Q ( 3 9 ) 

r d 9 "h 

where I = reduced moment of i n e r t i a ( see Appendix 2). T h i s i s d i r e c t l y 

r e l a t e d to Mathieu's equation 

2 
• ^ - J + (b - s C o s 2 x ) y = 0 (40) 
dx 

4V ,2 n h with s = — ~ F = 2 2 Fn Bit I r 

4 E v o / V n \ 
- T E v a = ( E - tXo Fn 

where v i s the p r i n c i p l e t o r s i o n quantum number 

o" i s the s u b l e v e l d e s i g n a t i o n . 

The s o l u t i o n of equation 40 i s l a b o r i o u s but t a b l e s of s o l u t i o n s 
16 

are a v a i l a b l e . We have used those due to Herschbach. For the case 

n = 3 each energy l e v e l i s s p l i t i n t o an A and an E l e v e l w ith d i f f e r e n t 

p e r i o d i c i t i e s . T h i s s p l i t t i n g i s a consequence of t u n n e l l i n g through 

the b a r r i e r and so w i t h an i n f i n i t e b a r r i e r no such s p l i t t i n g should 
occur. I f AE V:0 -» 1 i s observed and I i s known then V can be vo" r n 
c a l c u l a t e d . 

There are two l i m i t i n g c a s e s for equation 36 f o r which s o l u t i o n s a re 

obtained more simply. 

a) Low b a r r i e r approximation 

I f V ^ 0 b » S n vo-
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•^-4 + b / o y = 0 
dx 

The s o l u t i o n s are y = e ±ikx k = 0, 1, 2, 3 e t c . 
2n, The c o n d i t i o n ijX 0) = 0( 0 + — ) r e q u i r e s i n f a c t t h a t k 

we f i n d t h a t 

V 2, 2. 2 n n h k 
k " 2 2 T 32TI I 

= 0, 2, 4, 6 and 

which i s s i m i l a r to the e x p r e s s i o n f o r a f r e e r o t o r . 

b) High B a r r i e r Approximation 

2 2 4 4 6 6 
Cos n 8 = i - J L J - + I L J L _ £_JL e t c . 

21 4: 

I f the b a r r i e r i s high and the r o t o r i s confined to s m a l l o s c i l l a t i o n s 
4 

then terms i n 0 and higher can be ignored. Thus 

2 
V n 2. 

r d0 h 

T h i s i s the equation of a simple harmonic o s c i l l a t o r with ei g e n v a l u e s 

t = 0, 1, 2, 3 
r 2.2.. n h V 

n 
8it 2I, 

For the 0 ^ 1 t r a n s i t i o n 

o 2 _ -2 y = 8TC c l r v 

n 2 
n^h 

= b a r r i e r height i n cm -1 

v = frequency i n cm -1 

I t i s g e n e r a l l y s t a t e d t h a t t h i s g i v e s a u s e f u l e s t i m a t e of the b a r r i e r 

i f the b a r r i e r i s g r e a t e r than 10 k J mol~*. 
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Das Approximation 

D a s ^ has developed an approximation to the s o l u t i o n of the 

Mathieu equation which has proved to be q u i t e good f o r high and 

i ntermediate b a r r i e r s . The a c c u r a c y of the s o l u t i o n can be improved 

by i n c l u d i n g an i n c r e a s i n g number of terms and the f i r s t t hree c a s e s 

are ( f o r 0 -» 1 t r a n s i t i o n ) 

1) V n = v 2/K 

2) V = G + K/4) 2/K 
n 

V 
3) V 2 - ( v 2 + 3K 2/16 + vK/2) + ( K / 1 6 ) 2 = 0 

n 2 h 
where K = 0 2 T 8TI c l r 

The f i r s t term i s e q u i v a l e n t to the e x p r e s s i o n c a l c u l a t e d u s i n g the 

simple harmonic approximation. The Das approximation i s p a r t i c u l a r l y 

u s e f u l where Herschbachs 1 t a b l e s are not of the c o r r e c t p e r i o d i c i t y or 

where they do not extend f a r enough. I n p r a c t i c e u s i n g three terms 

u s u a l l y give a s o l u t i o n i n good agreement with t h a t obtained u s i n g 

Herschbachs 1 t a b l e s . 

M u l t i p l e Top Molecules 

We have used a c l a s s i c a l d e s c r i p t i o n to determine the modes of 

v i b r a t i o n i n a molecule which c o n t a i n s s e v e r a l i n t e r a c t i n g r o t o r s . I n 

order to do t h i s the p o t e n t i a l energy of each r o t o r i s w r i t t e n as the 

sum of two terms; one i n v o l v i n g the i n t e r a c t i o n w i t h the framework e t c . 

i n the absence of the other r o t o r s and the second i n v o l v i n g only the 

p o t e n t i a l energy v a r i a t i o n as a r e s u l t of i n t e r a c t i o n w i t h the other 

r o t o r s . (These can be regarded as the e x t e r n a l and i n t e r n a l f i e l d s 

r e s p e c t i v e l y . 
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The r e s u l t i n g equations f o r the k i n e t i c and p o t e n t i a l e n e r g i e s are 

s u b s t i t u t e d i n t o Lagranges' Equation 

e2 

a f t e r making the approximation Cos 9 = 1 — \ ' F r o m t n e r e s u l t i n g 

equations the v i b r a t i o n a l f r e q u e n c i e s and the angular v a r i a t i o n s 

a s s o c i a t e d with them can be determined. D e t a i l e d examples of such 

c a l c u l a t i o n s are given i n l a t e r c h a p t e r s . 

The f o l l o w i n g t a b l e i s d e r i v e d from the r e s u l t s of R a t c l i f f e and 
18 

Waddington and i t summarises the number of t o r s i o n a l modes expected 

for a p a i r of r o t o r s under v a r i o u s c o n d i t i o n s of the i n t e r n a l and 

e x t e r n a l f i e l d s . 

I n t e r n a l b a r r i e r E x t e r n a l b a r r i e r Number of t o r s i o n a l modes 

Non-zero 

Non-zero 

zero 

Non-zero 

zero 

Non-zero 

two 

one 

one 
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Appendix 1 

The D i r a c D e l t a Function i s defined by 

6 ( x ) = 0 i f x ^ 0 

6 ( x ) = +oo i f x = 0 
+00 

and J 6(x)dx = 1 

I t has the important p r o p e r t i e s t h a t f o r a f u n c t i o n f ( x ) 
+oo 

f f ( x ) 6 ( x - x )dx = f ( x j %} o o 

6 ( a x ) = 

and 

1 6 ( x ) 

+00 

6 ( x ) = ^ J e dt 
-00 
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Appendix 2 

Reduced Moment of I n e r t i a 

i r - i A [ i - i A z x\/ig] 

1^ = Moment of i n e r t i a of a r o t o r about i t s a x i s . 

A = Cosine of angle between the a x i s of the r o t o r and the g'th 

p r i n c i p a l a x i s of the whole molecule. 

I = g'th p r i n c i p a l moment of i n e r t i a . 

I = reduced moment of i n e r t i a . 
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Appendix 3 I n t e n s i t i e s i n i . n . s . s p e c t r a 

PART I ; Neutron Energy Loss Spectroscopy 

A) I n t e n s i t y of Fundamentals on the B.F.D. Spectrometer 

We have by d e f i n i t i o n 

•TS " IT T 2 * S(fi» »> ( B 1 ) d_n.dE k 4 7i 

where f o r B.F.D. Spectroscopy k' « constant. 

S p e c t r a are normalised by counting f o r a constant number of monitor 

counts f o r each i n c i d e n t energy. The monitor e f f i c i e n c y i s energy 

dependent and i n f a c t i t i s i n v e r s e l y p r o p o r t i o n a l to v, where v i s the 

v e l o c i t y of the i n c i d e n t neutrons. A l s o — a t hence J v k 

d 2 a 

detected counts a , ,„ x k (B2) 

a S ( 2 , u,) (B3) 

We a l s o have* 

T k • « £ b V « ^ « P < - * > CB4) 

S u b s t i t u t i n g (B4) i n t o (B2) we o b t a i n 

detected counts a Q 2 exp(-2W) (B5) 

i s defined by (J - k - k ' and f o r B.F.D. s p e c t r a |k'| 0 hence 

Q 2 a k 2 or u) (B6) 

because 
^2. 2 

* » = (B7) 

where m i s the mass of the neutron. 

http://d_n.dE
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S u b s t i t u t i n g (B6) i n t o (B5) we have 

Z( ) detected counts a f 7 7 U K exp(-2W) (B8) M 

so that the detected counts are p r o p o r t i o n a l to the d e n s i t y of s t a t e s 
2 1 (weighted by b and — ) . 

B) I n t e n s i t y of Overtones 

Consider a harmonic o s c i l l a t o r w ith fundamental ^ and an overtone (0 

with u) = n,^ then from equation B7 we have ( w i t h the wave v e c t o r 

a s s o c i a t e d w i t h the i n c i d e n t neutron i n v o l v e d i n the energy t r a n s f e r oo). 

fik 2 

he l ub " ~2m~ 

* k 2
n 

and -fiu) = 2m = nftufc> ( B 9 ^ 

• n k 2 = k 2 

o n 

M a r s h a l l and Lovesey^ have given the f o l l o w i n g formula, f o r S n(C;, cu), f o r 

a harmonic o s c i l l a t o r , where S n(C;, UJ) i s the s c a t t e r i n g law f o r the 

t r a n s f e r of n quanta each of energy ^u^. 

VQ' «> - e * p ( i ^ c o t h e x p ( n m) (B10) 

where 

y = c o s e c h (si) 
and 

«n 
I ( y ) - U£ 
n J n! 

n > 0 for neutron energy l o s s , ,. 
{N.B. I n ( y ) = I _ n ( y ) } 

n < 0 f o r neutron energy gain 
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For l a r g e ^ and sm a l l " ^ j f » 1 { t y p i c a l of a B.F.D. experiment] and 

so 

coth (j£ = 1 

2 2 2 And Q = k = nk x n o 

Thus (BIO) can be w r i t t e n 

e2KT_ eZKT 

1-e KT 

and e KT « o 

( B 1 1 ) 

(B12) 

(B13) 

But we a l s o have 

fik 2 _ 2 o _ fiQ 
2m 2m ~ % 

So that 

(B14) 

Consider ethylene so th a t M •> 28m. T h i s approximation w i l l only be v a l i d 

provided t h a t the energy of the neutron i s such t h a t i t cannot e x c i t e an 

i n t e r n a l CgH^ mode. 

n n / 1 / 1 NY1 

S n ( S > v» « nT ( l 8 e x P ( _ 2 8 > ) y (B15) 
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The f o l l o w i n g were c a l c u l a t e d from t h i s equation. 

s ± ( a , 
s 3 ( f i , 

(O) 
to) 

S ^ f i , to) 
THTT x 100 
S ^ a . co 

to) 187.1 100 

to) 12.89 6.9 

s 3 ( f l , U>) 1 0.5 

The r e l a t i v e i n t e n s i t i e s of fundamental and overtones i s ob v i o u s l y 

dependent on the r a t i o j^. An important l i m i t i n g case i s the s c a t t e r i n g 

from a proton (e.g. d i s s o c i a t i v e l y adsorbed hydrogen). Then 

n 
S n ( a > to) a exp(-n) ^-

n 
exp(-n) j L . 

S , ( a , to) 
7 x 100 

S x ( a > to) 

s L ( a . .368 100 

s 2 ( f i . to) .271 73 

s
3 ( a > to) .224 61 

These r e s u l t s i n d i c a t e t h a t overtones of i n t e n s e modes, i n v o l v i n g l i g h t 
hu)o 

l i g a n d s , should be r e a d i l y observed provided that » 1. T h i s i s of 

g r e a t e s t importance for the I N l B Spectrometer ( see chapter I I I ) . The 

observed peak h e i g h t s w i l l not have the r a t i o s c a l c u l a t e d above because 

both the Debye-Waller F a c t o r and the r e s o l u t i o n f u n c t i o n of the 

instrument w i l l tend to broaden higher energy modes. When comparing 

i n t e n s i t i e s i t i s n e c e s s a r y to use the i n t e g r a t e d i n t e n s i t y of each peak. 
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PART I I : Energy Gain Spectroscopy 

With t . of f. experiments i t i s not p o s s i b l e to make some of the 

assumptions t h a t were made i n the previous s e c t i o n . For i n s t a n c e i t i s 

no longer true t h a t (} « k or u s u a l l y t h a t » 1. The population 

f a c t o r w i l l cause the i n t e n s i t y to f a l l as the energy t r a n s f e r i n c r e a s e s . 

I f we once again use equation (BIO) ( w i t h -n) and repeat the steps 

involved i n d e r i v i n g (B13) 

K"2mV} 
"»n "Mr *Q HQ coth exp 2M 2KT n U3 

(B16a) 

I f e KT 1 + KT 

(a£- c o t h ( 2 K r ) ) (1^) © 
n 

S (Q, (u) exp n n 
( B l 6 b ) 

A) Momentum T r a n s f e r Dependence 

I f and T are constant 

S n ( 2 , u)) a ( Q 2 ) " exp(-BQ 2) (B17) 

where (—) \2KT/ B < u. > 2M 

Thus a p l o t of 

S n((J, u>) 
log ( V. s. exp(-BQ z) log ( Q 2 ) (B18) 

w i l l have a g r a d i e n t of n. 
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a) Temperature Dependence 

I f Q and ^ are constant 

S n(a. «,) a T n e x p f - ^ CO 

The temperature dependence i s t h e r e f o r e f a i r l y complex, however, i f M 

i s l a r g e the e x p o n e n t i a l term v a r i e s s l o w l y w i t h temperature. For 

2 -1 i n s t a n c e with M = 28, Q = 3 and = 40 cm the e x p o n e n t i a l term i s 

.85 a t 100K and .72 a t 200K so t h a t a 100% change i n T produces a 15% 

change i n the e x p o n e n t i a l term. To a f i r s t approximation we t h e r e f o r e 

have 

S n ( S , U J ) a T (B19) 

Thus a p l o t of log ( S n ( ( } , m) v . s . T w i l l have a g r a d i e n t of n. 

C) P(q, B) 

We have 

S(«, 3) 
P(or, B) = 2B S i n h 

" J 
and e 2S(cr, B) = KTS(£, ou) 

Hence 

( | ) S(2, u,) 4MT e Si n h P(a, B) 

S u b s t i t u t i n g eqn.B16 we obtain 

(20)} 1 2m P , ( c r , B) or T x exp coth 

i . e . P,(a, B) or Te 
2 2 -Q <u > 
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and 

P 2(«. B) Q T e x p ( - ^ coth 

-•niOo 
IKT 

a T x 

a T x ^ L e x p f ^ 2 ! C o t h f ^ ^ x -
1 X 2Mto P\2Mu, C O C n V 2 K T / y X fi 

e K T - i 

Thus c o n s i d e r i n g only the temperature dependence (and remembering our 
2 

e a r l i e r remarks concerning the e x p o n e n t i a l term exp(-BQ ) ) we have 

P 2 ( a , 8) c r - j r 

KT 

e K T - l 

or w i t h e^1 = 1 + £ f * 

(B20) 

P 2 ( a , B) a r (B21) 

F i g . 5 shows p l o t s of 

log. 
gKT_ L 

v . s . l o g g T 

Equation (B21) i n d i c a t e s t h a t a p l o t of log ( I n t e n s i t y ) vs l o g e T should have 

a gr a d i e n t of 2, however, we can see from F i g . 5 that the more exact 

s o l u t i o n (eqn. B20) y i e l d s a s t r a i g h t l i n e of g r a d i e n t g r e a t e r than two. 

PART I I I : General P o i n t s 

I t i s not v e r y meaningful to compare peak i n t e n s i t i e s from a t . o f . f . 

spectrum because 
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1. the Boltzmann F a c t o r reduces the i n t e n s i t i e s of the bands as energy 

t r a n s f e r i n c r e a s e s . 

2. the r e s o l u t i o n f u n c t i o n of the instrument changes w i t h ^ 

3. the energy s c a l e i s n o n - l i n e a r . 

For a t y p i c a l (6H) t . o f . f . experiment the f o l l o w i n g g r a p h i c a l 

output i s a v a i l a b l e 

a) c o r r e c t e d counts vs* t . o f . f . (9 graphs) 

b) c o r r e c t e d counts vsf cm 1 (9 graphs) 

c ) P ( a , B) v. cm" 1 (9 graphs) 

d) p(U)) and 2pSinh(|) P ( o ^ P) (2 graphs) 

Obviously i t i s not p o s s i b l e to present a l l of t h i s data here and so we 

have shown t y p i c a l p i e c e s of data, though i n some ca s e s t h i s does mean 

tha t the trends a r e no longer q u i t e so obvious as when a l l of the data 

i s a v a i l a b l e . 
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Chapter I I I : Techniques and I n s t r u m e n t a t i o n 

I n t r o d u c t i o n 

The o b j e c t of t h i s chapter i s to introduce the main f e a t u r e s of 

the spectrometers used, the d e t a i l s of sample p r e p a r a t i o n and handling 

and a b r i e f d e s c r i p t i o n of the standard computer programs a v a i l a b l e f o r 

data a n a l y s i s . 

S e c t i o n I : O p t i c a l S p e c t r a 

The o p t i c a l spectrometers used are r e l a t i v e l y standard and by now 

w e l l c h a r a c t e r i s e d , they were 

Near I n f r a r e d P e r k i n Elmer 457 

" " 577 g r a t i n g spectrometers 

F a r I n f r a r e d Beckman-RIIC FS720 I n t e r f e r o m e t e r 

Raman Cary 82 u s i n g : 

S p e c t r a - P h y s i c s Model 125 He/Ne l a s e r a t 15,802 cm" 1 ( r e d ) 

" " Model 164 Ar/Kr l a s e r a t 19436.3 cm" 1 ( g r e e n ) 

The punched paper tape output from the FS720 was processed on the 
1 2 

N.U.M.A.C. computer using programmes developed by Symon and J i n k s . 

Low temperature s p e c t r a were obtained u s i n g c e l l s of c o n v e n t i o n a l 

design. The window m a t e r i a l s were a) Polythene f o r the f a r i . r . s p e c t r a 

b) C s l f o r the near i . r . c ) g l a s s f o r the Raman c e l l . For the low 

temperature Raman s p e c t r a samples were sublimed onto a copper block and 

the same f a c i l i t y f o r subliming samples was a v a i l a b l e on the i . r . c e l l s . 

I . r . samples were a l s o run as n u j o l m u l l s smeared onto a polythene d i s c 

or pressed between two C s l p l a t e s as appropriate. A f t e r evacuation the 

c e l l dewar was f i l l e d w i t h l i q u i d n i t r o g e n . 
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S e c t i o n I I : Neutron Spectrometers 

The s p e c t r a presented i n t h i s t h e s i s were obtained u s i n g 

spectrometers l o c a t e d at A.E.R.E. Harwell or the I . L . L . i n Grenoble. 

Both of these c e n t r e s have continuous f l u x r e a c t o r s and the Maxwellian 

d i s t r i b u t i o n of the neutron e n e r g i e s can be modified by i n s e r t i n g i n the 

r e a c t o r e i t h e r "hot" or " c o l d " sources which s h i f t the d i s t r i b u t i o n to 

e i t h e r s h o r t e r or longer wavelengths r e s p e c t i v e l y . 

The design and c h a r a c t e r i s t i c s of neutron spectrometers have been 

3 A 5 

e x t e n s i v e l y documented ' ' though because i n s t r u m e n t a t i o n f o r neutron 

s c a t t e r i n g i s l e s s well—known than that f o r o p t i c a l spectroscopy we w i l l 

d i s c u s s i t i n more d e t a i l here. 
1. Monochromators 

e n e r g i e s i t i s n e c e s s a r y to s e l e c t a narrow band of e n e r g i e s u s i n g a 

monochromator. There are three b a s i c types of monochromator used i n 

neutron spectrometers. 

a) Mechanical V e l o c i t y S e l e c t o r s 4 

Because neutrons emerge from the r e a c t o r w i t h a broad range of 

Pulsed 
Monochromatic "White beam" 
Beam 0- <2> L 0 

F i g . l a P r i n c i p l e of Mechanical 
v e l o c i t y of s e l e c t o r ^ 

F i g . lb Time-Spread of 
Neutrons 



F i g . l a shows the p r i n c i p l e of t h i s method. The m a t e r i a l of the 

v e l o c i t y s e l e c t o r s (choppers) i s opaque to neutrons. They do,however, 

c o n t a i n curved s l o t s so that as the r o t o r s s p i n , only those neutrons 

w i t h i n a narrow v e l o c i t y range are t r a n s m i t t e d . The t r a n s m i t t e d pulse 

broadens and f u r t h e r wavelength s e l e c t i o n i s achieved by the second 

r o t o r ( f i g . l b ) . 

b) D i f f r a c t i o n 

Neutrons impinging on a s i n g l e c r y s t a l w i l l be d i f f r a c t e d to give 

s p e c i f i c wavelengths a t s c a t t e r i n g angles of 2 9 according to 

\ = 2d S i n e 

where d i s the i n t e r p l a n a r spacing. Thus by s e l e c t i n g d and 8 a wide 

range of v a l u e s of A i s a c c e s s i b l e . P e r f e c t c r y s t a l s are not used 

because of t h e i r low r e f l e c t i v i t y . Order contamination ( i . e . simultaneous 

r e f l e c t i o n of neutrons with wavelengths X» \/3 e t c . ) can present 

d i f f i c u l t i e s though to a c e r t a i n e x t ent f i l t e r s can be used to reduce 

the problem. I f the c r y s t a l i s r o t a t e d r a p i d l y then a pulsed mono

chromatic beam i s obtained:- t h i s system i s analogous to the mechanical 

v e l o c i t y s e l e c t o r technique. The r o t a t i n g c r y s t a l spectrometer has the 

advantage of v e r y low backgrounds s i n c e the monoenergetic beam i s 

d e f l e c t e d away from the l i n e of the i n i t i a l beam. Very high r e s o l u t i o n 

can a l s o be obtained. 

c ) F i l t e r s 

Because, i n a p o l y c r y s t a l l i n e m a t e r i a l , there i s a maximum 

spaci n g between planes ( d m a x ) there i s a maximum wavelength which can be 

r e f l e c t e d i . e . jt = 2d . There i s t h e r e f o r e a wavelength above which ^ max e 



Bragg s c a t t e r i n g does not take p l a c e . B e r y l l i u m has a cut o f f a t 

3.96A and so only neutrons w i t h e n e r g i e s i n the region 0 - 5 . 2 meV are 

t r a n s m i t t e d through a b e r y l l i u m block, 

2. A n a l y s i s of the S c a t t e r e d Neutrons 

Thermal neutron v e l o c i t i e s f a l l i n a v e r y convenient r e g i o n 
-5 -3 

(10 -» 10 ns/m) f o r them to be separated by the time taken f o r them 

to t r a v e l from the sample to the d e t e c t o r . For each pulse produced by 

e i t h e r r o t a t i n g c r y s t a l s or choppers the time of a r r i v a l of neutrons a t 

the d e t e c t o r i s recorded i n say 6|_is channels w i t h approximately 500 

channels to each pulse. I f the i n c i d e n t wavelength of the neutrons i s 

known the average wavelength of neutrons a r r i v i n g i n a p a r t i c u l a r 

channel (time of f l i g h t channel) can be c a l c u l a t e d from the time of 

a r r i v a l and the known geometry of the instrument. The data c o l l e c t i o n 

r a t e i s v e r y high because data can be c o l l e c t e d at s e v e r a l angles 

s i m u l t a n e o u s l y and a n a l y s e s of energy and momentum t r a n s f e r are performed 

simultaneously. 

A n a l y s i s of the s c a t t e r e d neutrons can a l s o be achieved by u s i n g a 

s i n g l e c r y s t a l and a d e t e c t o r though t h i s i s not of d i r e c t r e l e v a n c e to 

t h i s work and by u s i n g a f i l t e r - t h i s w i l l be d e s c r i b e d i n more d e t a i l 

l a t e r . 

3. The Spectrometers 

a ) T i m e - o f - F l i g h t Spectrometers ( t . o f . f ) 

6 7 8 

Four t.of f. spectrometers were used i . e . 6H, 4H5, 7H a t A.E.R.E. 

Harwell, and IN4 a t I . L . L . Grenoble. 

The Harwell instruments a l l have mechanical choppers and they d i f f e r 

e s s e n t i a l l y only i n the wavelengths corresponding to peak f l u x ( t a b l e 1) 
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the angles of d e t e c t i o n , the arrangement of the d e t e c t o r s and the length 

of the f l i g h t path. F i g . 2 shows a d e t a i l e d drawing of the 6H 

spectrometer. 

Table 1 Energy Corresponding to Peak F l u x f o r the Harwell t.of f. 

Spectrometers 

X (A) -1 
cm 

6H 

7H 

4H5 

4.2 

NOW OBSOLET 

4.8 

37.4 

28.6 

Because the i n c i d e n t energy i s so low these spectrometers are used f o r 

experiments i n which the neutrons gain energy from the sample i . e . from 

upper energy l e v e l s . For t h i s reason i t i s f a i r l y unusual, i n i n e l a s t i c 

s c a t t e r i n g experiments,using these spectrometers, to run v e r y c o l d 

samples. F o r 6H or 4H5 the sample i s clamped over a hole i n a metal 

p l a t e , which a l s o has a space f o r an empty sample c o n t a i n e r to serve as 

background, and a t h i r d space f o r a standard vanadium p l a t e . The 

sample chamber can be evacuated or f l u s h e d w i t h helium to reduce a i r 

s c a t t e r i n g . Samples can be run below room temperature by e v a c u a t i n g the 

sample chamber and blowing n i t r o g e n gas through tubes which are i n 

i n t i m a t e c o n t a c t w i t h the metal b a s e - p l a t e . The lowest temperature 

a v a i l a b l e w i t h t h i s system i s c.a. 100K and the arrangement i s such t h a t 

any p r e - s e l e c t e d temperature can be maintained w i t h good accuracy. The 

three samples (background, sample, vanadium) are c y c l e d p e r i o d i c a l l y so 

t h a t each spends a p r e - s e l e c t e d period i n the beam during each c y c l e . 
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T h i s c y c l i n g helps to smooth out e f f e c t s due to changes i n f l u x or more 

impo r t a n t l y , v a r i a b l e background. For 7H experiments a conventional 

c e n t r e - l o a d i n g c r y o s t a t i s used and no c y c l i n g i s p o s s i b l e . 

The r e s o l u t i o n of these spectrometers has been d i s c u s s e d by 
9 

Harryman and Hayter and i t i s found to depend mainly upon 

A) the monochromation achieved by the r o t o r s 

B) the angle of the sample to the beam 

C) the f i n i t e t h i c k n e s s of the d e t e c t o r s . 

A) i s the major f a c t o r so that i n g e n e r a l there i s nothing to be gained 

by c o l l e c t i n g data i n say 3us channels i n s t e a d of 6us channels. Here 

the r e s o l u t i o n of an instrument i s defined as i t s response to a 6 

f u n c t i o n i n p ut s i g n a l . There are two s e t s of r o t o r s a v a i l a b l e - having 

s i x and twelve s l o t s r e s p e c t i v e l y . The e f f e c t i v e r e s o l u t i o n obtained 

u s i n g these and a combination of them i s shown i n f i g s . 3a,b. 

Above 300 cm ^ the r e s o l u t i o n of these spectrometers i s v e r y poor 

so t h a t they are mainly used for the study of v e r y low energy v i b r a t i o n s . 

IN4 i s a r o t a t i n g c r y s t a l spectrometer ( f i g . 4) which has the 

advantage of very low backgrounds and i t can be used i n the down-

s c a t t e r i n g mode. Because the neutrons are l o s i n g energy to the sample 

the samples can be cooled to l i q u i d helium temperature. The r e s o l u t i o n 

i s e x c e l l e n t compared to the Harwell spectrometers. I n using t h i s 

instrument i t i s n e c e s s a r y to s e l e c t an energy window according to the 

r e g i o n of s p e c i a l i n t e r e s t . T h i s i s because the neutrons, which have 

t r a n s f e r r e d g r e a t e r e n e r g y , t r a v e l more sl o w l y and because c o l l e c t i o n of 

data i s by equal time channels the energy spread i n a time channel i s 

s m a l l e r (and hence the detected counts lower) towards the end of a 
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c y c l e . A v e r y l a r g e number of t i m e - o f — f l i g h t channels t h e r e f o r e are 

n e c e s s a r y to cover an energy spread of 1 cm * as the k i n e t i c energy of 

the s c a t t e r e d neutrons approaches zero, and the detected number of 

neutrons/channel i s a l s o very much reduced. I n the p r a c t i c a l s i t u a t i o n 

i t i s t h e r e f o r e n e c e s s a r y , f o r down-scattering experiments, to s e l e c t 

an i n c i d e n t energy such t h a t a f t e r l o s i n g energy to a mode i n the 

r e g i o n of i n t e r e s t the neutron s t i l l has s u f f i c i e n t energy to r e a c h the 

d e t e c t o r s i n a reasonable time. The maximum i n c i d e n t energy i s 85 meV. 

b) B e r y l l i u m F i l t e r Detector S p e c t r o m e t e r s * 0 (B.F.D.) 

The p r i n c i p l e of t h i s type of spectrometer i s v e r y simple. Mono-

chromation i s achieved v i a a s i n g l e c r y s t a l and the i n c i d e n t neutron 

beam l o s e s energy to the sample. Some of the s c a t t e r e d neutrons pass 

i n t o a cooled b e r y l l i u m block but only those w i t h e n e r g i e s below 5.2 meV 

are t r a n s m i t t e d , and reach the d e t e c t o r bank ( f i g . 5 ) . I f the energy 

of the i n c i d e n t neutron i s high then some neutrons may l o s e most of t h i s 

energy i n a s c a t t e r i n g event. I f the energy l e v e l s i n the sample are 

such t h a t the s c a t t e r e d neutrons have an energy of l e s s than5.2meV then 

some of them w i l l r e a c h the b e r y l l i u m f i l t e r and be t r a n s m i t t e d to be 

d e t e c t e d i n the counter bank. The i n c i d e n t energy i s v a r i e d stepwise so 

t h a t , u n l i k e t . of f. methods,data f o r only one energy i s c o l l e c t e d a t a 

time. Because the neutrons are v i r t u a l l y stopped the momentum t r a n s f e r 

i s r e l a t i v e l y independent of angle of s c a t t e r i n g and so the d e t e c t o r i s 

u s u a l l y placed a t c.a. 90° to the i n c i d e n t beam on the sample i n order 

to reduce background. The counter bank covers a l a r g e s o l i d angle so 

t h a t momentum r e s o l u t i o n i s poor. 

A monitor i s placed before the sample and n o r m a l i s a t i o n i s 

achieved by counting, a t each energy, f o r the same number of monitor 
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counts. Under these c o n d i t i o n s the spectrum obtained i s d i r e c t l y -

p r o p o r t i o n a l to the d e n s i t y of s t a t e s . 1 1 

Samples are u s u a l l y run a t l i q u i d n i t r o g e n temperature i n order to 

reduce the m u l t i p l e quantum s c a t t e r i n g , which as we have shown ( c h a p t e r 
2 

I I ) , i s approximately a f u n c t i o n of T and narrower bands are observed 

due to the reduced D.W. f a c t o r . T h i s i s p a r t i c u l a r l y n e c e s s a r y because 

of the l a r g e Q v a l u e s i n h e r e n t i n the use of t h i s type of spectrometer. 

With INlB (Grenoble instrument; f i g . 6) the momentum t r a n s f e r s are 

p a r t i c u l a r l y l a r g e because of i t s a v a i l a b l e energy range (300 cm" 1 -» 

4500 cm ^) and we have observed q u i t e i n t e n s e second and even t h i r d 

overtones " ( f i g . 7 ) . There i s , t h e r e f o r e , a fundamental l i m i t on the use 

of B.F.D. spectrometers a t high energy t r a n s f e r s and t h i s does not seem 

to have been r e a l i s e d i n the design stage of INIB. 

For the Harwell instrument the a v a i l a b l e energy range i s 60 cm" 1 -» 

2000 cm 1 though above 1300 cm 1 the count r a t e i s ve r y low and the 

counting times unacceptably long. 

The r e s o l u t i o n and r e l a t i o n s h i p between observed peak p o s i t i o n and 

true mode frequency have been thoroughly d i s c u s s e d by Gamlen e t a l . 1 ^ 

I t can be seen from f i g . 8a t h a t the c u t - o f f f o r b e r y l l i u m i s not a 

simple r e c t a n g u l a r f u n c t i o n . The f i r s t c ut o f f occurs a t 42 cm - 1 

(96.5%) and the second a t 52 cm" 1 ( 1 0 0 % ) . Furthermore the d e t e c t o r 

e f f i c i e n c y i s energy dependent ( f i g . 8b). The r e s u l t of these f a c t o r s 

i s that the response f u n c t i o n of the instrument i s as shown i n f i g . 8c. 

The mode frequency corresponds to the t h r e s h o l d v a l u e and not the peak 

maximum. Because the i n c i d e n t beam i s not s t r i c t l y monochromatic i t i s 

n e c e s s a r y to convolute the i n c i d e n t beam w i t h the response f u n c t i o n to 

obtain the observed spectrum. The d i s t r i b u t i o n of i n c i d e n t e n e r g i e s i s 
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taken t o be Gaussian. 

f ( E i ) = ( 2 k c t 2 ) " * exp (-E 2/2o 2) (1) 

F i g . 9 shows t h a t as a increases the convoluted spectrum changes from 

asymmetric t o symmetric shape. The displacement of the th r e s h o l d from 

the peak maximum (A) decreases from 42 cm 1 t o an assymptotic value o f 

24.5 cm"1. 

I n order to c a l c u l a t e the mode frequency from the peak p o s i t i o n i t 

i s necessary t o know the value of a. The major c o n t r i b u t i o n to a i s the 

f i n i t e w i d t h of the S e l l e r s l i t s ( dg). From Braggs' Law we have 

dE. = 2E.Cot e d ft I I W 

Thus i f E^, dg, and Cot 0 are known dE^ can be c a l c u l a t e d . This value 

i s equated w i t h the F.W.H.H. of the gaussian i n eqn. ( 1 ) i . e . 

dE i = 2CT /2 l o g g 2 = 2.35a 

Plo t s of the displacement of the peak maximum above the threshold 

against E^ have been produced ( f i g . 1 0 , 1 1 ) and t o o b t a i n the t r u e mode 

frequency the value of A should be subtracted from the p o s i t i o n of the 

observed peak. 

The best r e s o l u t i o n i s obtained by using the lowest cr value 

a v a i l a b l e i . e . the highest order plane. I t has been s t a t e d t h a t as a 

rule-of-thumb one may expect t o d i s t i n g u i s h a doublet whose separation 

i s g reater than the F.W.H.H. expected at t h a t o . ^ I have found t h i s 

view t o be ra t h e r over o p t i m i s t i c . The r e s o l u t i o n of the instrument i s 

however, b e t t e r than 42 cm 1 so t h a t i t i s superior t o 6H and 4H5 above 

250 cm ̂ . I t has been shown, however, t h a t the si g n a l / n o i s e r a t i o f o r 
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sealed i n t o t h i n - w a l l e d (.5 mm) s i l i c a c e l l s using a picene coated 

stopper. These c e l l s are 5 cms. i n diameter w i t h a sample thickness i n 

the order o f .5 mm. The samples were a l l less than 15% s c a t t e r e r s . 

S i l i c a i s used because or d i n a r y glass contains a boron isotope (^B) 

which i s an e f f i c i e n t neutron absorber. 

I t i s p r e f e r a b l e to use t h i n aluminium sachets where possible 

because the s c a t t e r i n g and absorption by them i s almost n e g l i g i b l e . 

The cross s e c t i o n of s i l i c a i s greater than f o r A l and the s i l i c a has 

to be t h i c k f o r mechanical s t r e n g t h . The s c a t t e r i n g from a s i l i c a c e l l 

i s t h e r e f o r e at l e a s t twelve times as great as t h a t from an aluminium 

sachet. 

b) Z e o l i t e s and Metal Powders 

1. Z e o l i t e s 

Sample Preparation 

Samples were placed i n a wide-bore s i l i c a tube (7.5 cms) f i t t e d 

w i t h a s i l i c a / p y r e x graded seal. A f t e r s e a l i n g onto the glass vacuum 

l i n e the sample and sample c e l l were evacuated, at room temperature, 

u n t i l the pressure f e l l below 10 ^ t o r r (approx. 1 day). The pumping 

system i n v o l v e d a trapped o i l d i f f u s i o n pump. The sample temperature 

was then slowly r a i s e d t o 450°C while ensuring t h a t the pressure 
-3 

remained below 10 t o r r . When the pressure had again f a l l e n below 

5 x 10 ^ t o r r the u n i t ( f i g . 12) c o n s i s t i n g of sample c e l l and sample 

was sealed o f f from the vacuum l i n e . A f t e r tapping the sample i n t o the 

sample holder the sample c e l l was sealed o f f and f i n a l l y removed from 

the r e s t of the apparatus. This sample was then run as a background 

before s e a l i n g the c e l l onto the vacuum l i n e and c a r r y i n g out the gas 

adsorption t o the r e q u i r e d pressure. Gases were admitted through glass 
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a B.F.D. spectrometer i s worse than t h a t f o r t . o f f . instruments. 

I t i s t h e r e f o r e d e s i r a b l e t o use somewhat higher percentage s c a t t e r e r s 

f o r B.F.D. experiments (15 -» 20%) than f o r t . o f f . measurements ( 1 0 % ) . 

I t i s possible i n theory t o improve the r e s o l u t i o n of a B.F.D. 

spectrometer by using two d i f f e r e n t f i l t e r s . One possible arrangement 

i s shown below. 

Detectors » i r 

I n c i d e n t beam 

BeO 

7- Sample 

Be 

Be r y l l i u m F i l t e r D i f f e r e n c e Method 

The two f i l t e r s have d i f f e r e n t c u t - o f f s so t h a t by s u b t r a c t i n g the two 

counts one could o b t a i n the i n t e n s i t y i n the energy i n t e r v a l between 

the two c u t - o f f s . For instance using Be and BeO blocks the energy 

i n t e r v a l would be c.a. 10 cm .̂ This f a c i l i t y i s not yet a v a i l a b l e . 

Section I I I : Sample Preparation and Sample Holders 

a) Model Compounds 

Preparations are described i n the r e l e v a n t chapters. 

A i r - s t a b l e samples were contained i n t h i n (.05 mm) aluminium 

sachets f o r the neutron experiments. Unstable or r e a c t i v e samples were 
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break seals f i t t e d t o the sample c e l l . Water was removed by passing 

the gases through a glass s p i r a l surrounded by a CO^/acetone mixture. 

Pressure measurements were made using a penning or bourdon gauge as 

required. The sample was then sealed o f f from the system once again. 

Deuterated gases were obtained from Merck, Sharpe and Dohme Ltd. 

and the c y l i n d e r ethylene and acetylene were >99.9% pure. 

Sample c e l l s 

Thin walled aluminium c e l l s ( f i g . 13) were used f o r the t . o f f . 

experiments. The B.F.D. experiments were, however, normally c a r r i e d 

out w i t h s i l i c a sample holders ( f i g . 14). 

2. Metal Powders 

Sample Preparation 

The technique used f o r the platinum powder was f a i r l y s i m i l a r to 

t h a t used f o r the z e o l i t e s . The procedure was t o 

1. pump on the powder (which was dispersed i n a wide bore tube) u n t i l 

the pressure f e l l below 1 0 - 5 t o r r 

2. adsorb hydrogen and pump o f f the water formed 

3. repeat step (2) four times 

4. when the pressure had f a l l e n below 10~ 5 t o r r the temperature was 

increased slowly t o 200°C. 

5. hydrogen was adsorbed and the system pumped several times 
_2 

6. hydrogen adsorbed and f i n a l l y the system pumped out t o 10 t o r r 

a t 200°C. 

The baking chamber and sample c e l l were then sealed o f f from the pumping 

system and the powder tapped i n t o the sample c e l l ( f i g . 15). The 
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procedure was then i d e n t i c a l to t h a t used f o r the z e o l i t e s . 

One v a r i a t i o n t h a t we have used i s t o clean the surface w i t h 

deuterium i n order t o remove the p o s s i b i l i t y of s c a t t e r i n g from 

adsorbed Ĥ O or R̂ . 

Our i n i t i a l t . o f f. experiments were c a r r i e d out i n a s i l i c a 

sample c e l l , however, t h i s proved undesirable (see chapter I X ) . We 

have designed a vacuum-tight aluminium c e l l ( f i g . 15) and t h i s was 

used f o r the l a t e r experiments. Hydrogen was p u r i f i e d by passing i t 

through a deoxygenating u n i t . 

Our experience now i n d i c a t e s t h a t we r e q u i r e more rigorous 

cleaning c o n d i t i o n s . We cannot use a higher temperature because of the 

s i n t e r i n g which would occur so we have improved the vacuum system. We 

have designed and b u i l t an ultra-high-vacuum (U.H.V. ) system (shown 

schematically i n f i g . 16). A f t e r the i n i t i a l evacuation (by trapped 

o i l d i f f u s i o n pump) the backing system i s i s o l a t e d v i a U.H.V. valves 

and pumping i s v i a an ion pump ( f i g . 17) on a closed system. The 
-8 

system has so f a r reached 10 t o r r unbaked and should u l t i m a t e l y be 

capable of 10 ^ t o r r . Further improvements are discussed i n chapter 

IX. 
Cryostat 

I n order to run our f a i r l y large sample c e l l s at low temperatures 

i t was necessary t o design and have b u i l t a centre loading c r y o s t a t 

w i t h a large diameter neck. The f u l l d e t a i l s are shown i n f i g . 18. 
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Section IV: Data Analysis 

12 13 

There are now w e l l e s t a b l i s h e d computer programs ' which can 

be used f o r the analysis o f data from t . o f f . spectrometers. These are 

described b r i e f l y below. 

The f i r s t stage i n the analysis involves the production of a l i n e -

p r i n t e r output c o n t a i n i n g the t o t a l counts i n each time-channel f o r 

each angle. Then the analysis of the data from the monitors ( c a l c u l a t i o n 

of i n c i d e n t t i m e - o f - f l i g h t ) and from the standard vanadium p l a t e i s 
12 

performed to produce parameters r e q u i r e d i n f u r t h e r data re d u c t i o n . 

Because the s c a t t e r i n g cross s e c t i o n of vanadium i s almost e n t i r e l y 

incoherent and i t has no angular dependent s c a t t e r i n g , other than t h a t 

r e s u l t i n g from a small Debye-Waller f a c t o r , the data from the standard 

vanadium i s used to c o r r e c t f o r v a r y i n g detector e f f i c i e n c y (from angle 

to angle) and so normalise the r e s u l t s . Corrections are also made f o r 

t h e v a r y i n g detector e f f i c i e n c y w i t h energy. S c a t t e r i n g from the blank 

sample holder or the background can then be subtracted and values of 

S(Q,cu), P(a, p) etc. are c a l c u l a t e d . Graphs are produced of the 
corrected counts versus time of f l i g h t . There are then a series of 

13 

programmes (Roundabout Programs) which can be used f o r f u r t h e r 

a n a l y s i s . A b r i e f d e s c r i p t i o n f o l l o w s . 
a) Dougal 

Cubic sp l i n e s are used to f i t the spectrum w i t h a smooth curve and 

r e s u l t i n g peaks and shoulders are detected and l i s t e d f o r each angle. 

b) Dylan 

Performs measurements on the q u a s i - e l a s t i c peak e.g. background 

s u b t r a c t i o n and measurement of area and f u l l w i d t h at h a l f height. 
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c) Florence 

This program performs the e x t r a p o l a t i o n i n v o l v i n g P(a, B) (chapter 

I I ) and produces the r e s u l t a n t frequency d i s t r i b u t i o n f u n c t i o n . 

d) Zebedy 

A general p l o t t i n g program t o p l o t p a i r s of v a r i a b l e s e.g. P(a,B) 

v.s. cm 1 or S(a,B) v.s. cm 1 etc. 
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Chapter IV: Organometallic Complexes Containing Ethylene 

Section I 

a) I n t r o d u c t i o n 

There has been considerable i n t e r e s t i n the dynamics of complexes 

con t a i n i n g simple n-bonded ethylene ligands. By studying the v a r i a b l e 
13 1 

temperature C and H n.m.r. spectra of a complex i n which the two 

ends of the C^ll^ l i g a n d were i n d i f f e r e n t chemical environments, 

Johnson and Segal,* were able to show c o n c l u s i v e l y t h a t the o l e f i n 

r o t a t i o n takes place about an axis through the centre of the C = C 

bond and not about an axis j o i n i n g the carbons. 
2-5 

J. Lewis e t a l . i n a series of papers have studied the e f f e c t 

of s u b s t i t u e n t s on the b a r r i e r to r o t a t i o n of C2H^ i n square planar Pt 

complexes. 

A t h e o r e t i c a l study of the bonding i n Ag(C 2H^) + concluded that 

the CT bond i s much more important than the n bond, however, the e f f e c t s 
of v a r y i n g the Ag-C distance and the geometry of the C^R^ l i g a n d were 

_. . 6 not studied. 

The v i b r a t i o n a l modes of several Tt-bonded o l e f i n complexes of Pt 

and Pd have been studied p r e v i o u s l y using i . n . s . ^ The t o r s i o n a l mode 

( t o r s i o n i n g about the axis j o i n i n g the centre of the C = C bond to 

the metal atom) was assigned i n each case and, as p r e d i c t e d , i t was 

the most intense mode i n the low energy spectrum. Fig. 1 shows the 

neutron t i m e - o f - f l i g h t spectrum of Zeise's S a l t [K PtC 2H^Cl 3. H 20] at 

a s c a t t e r i n g angle of 90°. Table 1 l i s t s t h e i r r e s u l t s and assign

ments f o r t h i s complex and f o r a l l of the complexes studied. Table 2 

(chapter V) l i s t s the i . n . s . , i . r . and Raman assignments f o r Zeise's 

S a l t and Dimer. The t o r s i o n i s f o r m a l l y i n f r a r e d 
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i n a c t i v e . I n order to r e c o n c i l e the b a r r i e r s to r o t a t i o n c a l c u l a t e d 

from n.m.r. and i . n . s . data i t was n e c e s s a r y to w r i t e the p o t e n t i a l 

f u n c t i o n , f o r the r o t a t i o n of the C^E^ about the a x i s , as 

V V 4 V(9) = -f ( l - C o s 0) + -y ( l - C o s 4 6) 

where 6 i s the angle of r o t a t i o n measured from the e q u i l i b r i u m 

p o s i t i o n . 

T h i s f u n c t i o n has a ground s t a t e minimum at 9 = 0 ° and a meta-

s t a b l e minimum at 6 = (provided that V. > 0 and V,> V o ) . These 
2 4 4 - ^ -

co n c l u s i o n s are i n agreement w i t h a molecular o r b i t a l c a l c u l a t i o n 

TZ 8 

which p r e d i c t e d a metastable w e l l when 8 = y 

We have continued and extended t h i s work and i n order to obtain 

f u r t h e r information about the t o r s i o n p o t e n t i a l s of e t hylene molecules 

bound to metal atoms we have s t u d i e d the v i b r a t i o n s of the ethylene 

groups i n i t - C ^ R M C ^ H ^ , [ R M C ^ H ^ C l ] 2 and i t - C ^ R h d ^ H ^ S C ^ with 

i n e l a s t i c neutron s c a t t e r i n g ( i . n . s . ) . These data w i l l be of value i n 

the i n t e r p r e t a t i o n of the s p e c t r a of adsorbed molecules. I n the f i r s t 

two compounds the ethylene groups are bound i n a c i s c o n f i g u r a t i o n to 

t h e i r metal atoms and we have been able to observe the i n t e r a c t i o n s 

between the groups through the s p l i t t i n g s between t h e i r in-phase and 

out-of-phase t o r s i o n s ( f i g . 2 ) . These i n t e r a c t i o n s have been expressed 

i n terms of constants i n the F o u r i e r expansions of the p o t e n t i a l 

e n e r g i e s of the r o t a t i n g ethylene groups. Confirmation of our 

i n t e r p r e t a t i o n i s provided by the spectrum of n:-C^H^Rh(C2H4)S02. 

E t h y l e n e r o t a t i o n i n the two cyclopentadiene compounds has a l s o been 
9 

s t u d i e d with n.m.r. and the combination of the i . n . s . and n.m.r. 

r e s u l t s leads to more d e t a i l e d information than can be obtained from 

e i t h e r method independently. 
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We have a l s o obtained the low frequency (0-300 cm ) i . n . s . 

spectrum of AgN0_j-|C2H^ and the higher frequency i . n . s . s p e c t r a 

(200-1500 cm of Z e i s e ' s S a l t and Dimer, however, as these r e s u l t s 

are of p a r t i c u l a r r e l e v a n c e to our study of adsorbed C 2H^ they have 

been d i s c u s s e d with that work ( c h a p t e r V ) . 

Two complexes c o n t a i n i n g more than two ethylene l i g a n d s bonded 

to the same metal atom have been s t u d i e d , however, experimental 

d i f f i c u l t i e s have meant that t h i s work i s somewhat incomplete. 

b) Experimental 

[ R M C ^ H ^ ^ C l ] 2 was purchased from Strem Chemicals I n c . , 

7 t - C 5 H 5 R h ( C 2 H ^ ) 2 was k i n d l y donated by Dr. R. Cramer and rc-C H Rh(C 2H^) 

S 0 2 , 1 0 I r ( C 2 H 4 ) 4 C l 1 1 and [ R h ( C 2 H 4 ) 3 ( C D 3 C N ) 2 ) B F 4
1 2 were prepared by 

l i t e r a t u r e methods. 

A l l samples were handled i n i n e r t atmospheres and examined as 

p o l y c r y s t a l l i n e powders. Both cyclopentadiene complexes were 

sandwiched between 0.05 mm. t h i c k aluminium f o i l whereas the 

remaining samples were contained i n t h i n - w a l l e d s i l i c a c e l l s . The 

neutron s p e c t r a (except f o r the i r i d i u m complex) were obtained at 

room temperature on the 6H spectrometer. Because of i t s i n s t a b i l i t y 

the spectrum of the i r i d i u m complex was obtained a t n i t r o g e n temperature 

using the 7H spectrometer. The higher energy s p e c t r a were obtained on 

the B e r y l l i u m F i l t e r Detector Spectrometer with the sample a t c.a. 90K. 

I n f r a r e d measurements were made us i n g a Beckman-RIIC FS720 F o u r i e r 

Transform spectrophotometer. Samples were run as n u j o l m ulls supported 

on a polythene d i s c . The Raman measurements we made with a Cary 82 

L a s e r Raman spectrophotometer u s i n g a wavelength of 632.8 nm wi t h app

r o x i m a t e l y 10 mW power a t the sample. 
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S e c t i o n I I : I n t e r a c t i o n s Between c i s - E t h y l e i i e Ligands Studied by 

I n e l a s t i c Neutron S c a t t e r i n g 

a) R e s u l t s and D i s c u s s i o n 

Assignment of Spe c t r a 

The frequency d i s t r i b u t i o n s p(u>), of [ R h ( C 2 H ^ ) 2 C l ] 2 , F e ( i t - C 5 H ) 2 > 

Rh(C H ^ d t - C ^ ) and R M C ^ X S O ^ U - C ^ ) , obtained from energy-gain 

i n e l a s t i c neutron s c a t t e r i n g are shown i n f i g . 3-6, and the r e s u l t s 

together w i t h those from the Raman and i n f r a - r e d s p e c t r a are 

summarized i n t a b l e 2. 

100 200 
ENERGY/cm-1 

F i g . 3 D e n s i t y of S t a t e s of [RhCCgH^) 2C1] 2 

To a f i r s t approximation each of the s p e c t r a of the cyclopentadiene 

compounds i s separable i n t o the v i b r a t i o n s of i t s c o n s t i t u e n t s , i . e . , 

the s c a t t e r i n g due to the c y c l o p e n t a d i e n y l r i n g should be separable 

from that due to the ethylene l i g a n d s . Such a s e p a r a t i o n procedure i s 

not, i n ge n e r a l , p o s s i b l e with o p t i c a l s p e c t r a because of the changes 

i n s e l e c t i o n r u l e s which may occur as a r e s u l t of s u b s t i t u t i o n ; 
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100 200 
ENERGY/cm-1 

F i g . 4 Den s i t y of S t a t e s of ( n - C ^ l ^ F e 

TABLE 2 

300 

( i t - C 5 H 5 ) R h ( C 2 H 4 ) 2 [ ( C 2 H 4 ) 2 R h C l ] 2 n - C 5 H 5 R h ( C 2 H 4 ) S 0 2 ( T t - C 5 H 5 ) 2 F e 

.n.s. l . r . 

50 

100 

165 
230 

Raman 

30 

60 

l . n . s . l . r . 

50 

29 
39 
50 

140(?) 

166 171 

242 244 

112 

160 

226 

118 

138 
146 
172 

220 

Raman 
21 

40 
50 
60 

84 
123 

170 

l . n . s. 

52 

l . r . l . n . s . l . r . 

56 
60 
70 
83 

Raman 

4 8 ( ? ) 
57 
65 
73 
82 

125 

175 

124 
141 

185(sh) 174 
197 

179 
186 

At l i q u i d - n i t r o g e n temperature; 

r e f (14) r e f (20) 

however, t h i s s e p a r a t i o n w i l l be v a l i d f o r the neutron s p e c t r a i f there i s 

no co u p l i n g between the motions of the 0,-H,. r i n g and the ethylene l i g a n d s . 

I t i s b e l i e v e d , from a v a r i e t y of experimental evidence, e.g. n.m.r. 

w o r k , ^ i n f r a r e d r e s u l t s , ^ e l e c t r o n d i f f r a c t i o n * " * and from a study of the 

number and type of a c e t y l e t h y l f e r r o c e n e i s o m e r s 1 6 t h a t the t o r s i o n a l 
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mo t i o n s of the C^H^ r i n g s i n Fe( t:-C,-H,-) 2 are v i r t u a l l y f r e e . We consider 

that a s i m i l a r s i t u a t i o n o btains i n 7t-C,-H,.Rh(C 2H 4) 2 and Tt-C,-H,.Rh(C 2H 4)S0 2. 

The n.m. r . ^ 5 ^ r e s u l t s f o r these compounds show only a s i n g l e a bsorption 

for the protons on the C..H,. r i n g . The s e p a r a t i o n i s f u r t h e r supported by 

the s i m i l a r i t y of the i . n . s . s p e c t r a of Rh(n-C^H^)(^2^^2 ant* 

[ R h ( C 2 H 4 ) 2 C l ] 2 i n the low-frequency region. I n the s o l i d s t a t e the 

formal number of e l e c t r o n s a t the metal atom i n [ R h ( C 2 H 4 ) 2 C l ] 2 i s i d e n t i c a l 
18 to that i n Rh(n-C,H )(C_H.)_ because of the e x t r a i n t e r a c t i o n s between 5 5 2 4 2 

metal atoms i n neighbouring molecules. Consequently, i t i s not unexpected 

th a t the ethylene v i b r a t i o n s i n these two molecules are s i m i l a r ; r a t h e r 

i t g i v e s a d d i t i o n a l confirmation to our assignments. Thus, i n our a n a l y s i s 

we t r e a t the C,.H,. r i n g as a massive f r e e l y - r o t a t i n g group. The s c a t t e r i n g 

from the ethylene l i g a n d s can be obtained from our r e s u l t s by s e p a r a t i n g 

the spectrum of the (n-C^H^)Rh group, a good d e s c r i p t i o n of which we 
19 

c o n s i d e r to be provided by f e r r o c e n e , (Ti-C,.H,.) 2Fe. 

The i . n . s . spectrum of f e r r o c e n e c o n t a i n s bands a t 56-5 and 174-5 

cm ^ i n the low energy region. The peak a t 174 cm ^ corresponds to an i . r . 

band at 17-9 cm ^ which has been ass i g n e d to a r i n g - m e t a l - r i n g bending 
20 -1 mode. The peak a t approximately 50 cm i n the s p e c t r a of the c y c l o -

pentadiene compounds we thus a s s i g n to a v i b r a t i o n of the C^H^ r i n g by 

analogy with the (n-C^H^) 2Fe spectrum. 

By analogy with the s p e c t r a of Z e i s e ' s s a l t and r e l a t e d compounds 

the peak at 173-5 cm ^ i n the i . n . s . spectrum of the S 0 2 compound can be 

as s i g n e d to the ethylene t o r s i o n v i b r a t i o n . As p r e d i c t e d from c o n s i d e r a t i o n 

of the moment of i n e r t i a and mass of the ethylene group,^ only weak i n t e n 

s i t y i s seen i n the regions 110-130 and 190-200 cm-''' where the rock and 
21 22 23 

wag v i b r a t i o n s are expected to occur ' ' with i n t e n s i t y approximately 
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4 that of the t o r s i o n v i b r a t i o n . The peak at 125^5 cm 1 i s probably 

the wag and the rock i s not r e s o l v e d from the much stronger t o r s i o n a l 

peak. 

The i . n . s . spectrum of [ ( C g H ^ ^ R h C l l g c o n t a i n s four f e a t u r e s . The 

two most i n t e n s e bands, a t 112-5 and 226-5 cm \ we a s s i g n to the i n -

phase ( i . p . ) and the out-of-phase (o.p.) t o r s i o n s r e s p e c t i v e l y of the 

ethylene l i g a n d s . No assignment which omits i . p . and o.p. t o r s i o n 

v i b r a t i o n s can account f o r the s i m i l a r i n t e n s i t i e s of the peaks i n t h i s 

spectrum. An assignment of one peak to a t o r s i o n v i b r a t i o n and another 

to a p a r t i c u l a r bending v i b r a t i o n of the ethylene-metal bond would be 

unacceptable on i n t e n s i t y grounds. 

The i . n . s . spectrum of Rh(7t-C^.H,.)( 0 2 ^ ) 2 a l s o has four bands. The 

band a t 50 cm 1 we have a l r e a d y a s s i g n e d to a v i b r a t i o n of the C^H^ 

r i n g by comparison with the s p e c t r a of ferrocene. The remainder of the 

spectrum i s very s i m i l a r to t h a t of [Rh(C2H 4)2Cl]2. Thus, f o r i d e n t i c a l 

reasons, we a s s i g n the bands a t 100 and 230 cm 1 to i . p . and o.p. 

t o r s i o n s of the ethylene groups. 

I . r . and Raman s p e c t r a ( t a b l e 2) are not p a r t i c u l a r l y h e l p f u l i n 

confirming these assignments. Both d i e t h y l e n e compounds are of 

symmetry so that a l l v i b r a t i o n s are Raman a c t i v e and only those of 

symmetry are i . r . i n a c t i v e . Thus, we were unable to detect an i . r . 

band corresponding to the i . p . (A„) t o r s i o n i n Rh(n-C rH c)(C„H.)„ as 
2 5 5 2 4 2 

would be expected; however, we were a l s o unable to d e t e c t a Raman 

s i g n a l c l o s e to t h i s frequency. The o.p. t o r s i o n f o r Rh(Ti-C^HgXC^H^)^ 

(B^) has corresponding i . r . and Raman bands as expected. The i . p . and 

o.p. t o r s i o n s i n [RhiC^R^)2C^]2 a r e o f symmetry B^ and A^ r e s p e c t i v e l y 

and we were unable to d e t e c t a Raman s i g n a l corresponding to the o.p. 

t o r s i o n . 
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( K - C Hc)Rh(C,,H, )S0„ i s of C symmetry and so a l l modes should be 

i . r . and Raman a c t i v e . We were unable to obtain the Raman spectrum of 

t h i s complex. 

b) C a l c u l a t i o n of B a r r i e r s from the T o r s i o n a l F r e q u e n c i e s : 

P o t e n t i a l Energy C a l c u l a t i o n s 

We now c a l c u l a t e how the p o t e n t i a l energy of a p a i r of c i s - e t h y l e n e 

l i g a n d s can be expected to v a r y during in-phase and out-of-phase r o t a t i o n . 

We a l s o o b t a i n simple formulae f o r these p o t e n t i a l f u n c t i o n s which can 

then be used to i n t e r p r e t the assignments we have made. 

I f and are the c l o c k w i s e r o t a t i o n a l angular displacements of 

the two ethylene groups about the axes j o i n i n g t h e i r midpoints to the 

metal atom, then the v a r i a t i o n of the p o t e n t i a l energy of the ethylene 

l i g a n d s , on r o t a t i o n , may be w r i t t e n as 

V t o t a l ( a l ' a 2 ) = V ( « p a
2

) + W + V 0 ^ ' ( 1 ) 

where = = 0 i n the ground v i b r a t i o n a l s t a t e conformation. VCoj.Og) 

i s the p o t e n t i a l energy v a r i a t i o n due to the c i s - e t h y l e n e i n t e r a c t i o n s 

and V T ( a ^ ) and V^Catj) are the p o t e n t i a l energy v a r i a t i o n s due to 

i n t e r a c t i o n s w i t h the remainder of the molecule. 

VCa^.c^) i s , i n g e n e r a l , a complex f u n c t i o n of and but f o r 

the in-phase ( a ^ = a^) and out-of-phase ( a ^ = -a^) motions the p o t e n t i a l 

energy v a r i a t i o n s may be expressed as 
CO 

V(a, -a) = £'v2n(l - cos 2na) ( 2 ) 
n=l 
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Via,a) = £v2n(l - cos 2na) I" £ 4 V 1 ~ C O S 4 n a ) 1 ( 3 ) 

n=l n=l 

For a d i s c u s s i o n of t h i s r e s u l t see Appendix A. 

We have n u m e r i c a l l y c a l c u l a t e d v a l u e s of V(a,a) and V(a,-a) f o r a 

c i s - d i e t h y l e n e complex to decide where these s e r i e s may be truncated. 

The c a l c u l a t i o n s used the f u n c t i o n , 

V(R) = 11.094 x 10 3 exp(-3.74R)-114.1R~ 6 k j mol" 1 

2 A 
due to W i l l i a m s , where R i s the hydrogen-hydrogen s e p a r a t i o n i n A. 

The i n t r a m o l e c u l a r i n t e r a c t i o n p o t e n t i a l s between hydrogens on the 

ethyle n e s and those on the C..H,. r i n g are approximately 1% of the 

p o t e n t i a l s between hydrogens on the d i f f e r e n t ethylene l i g a n d s . The 

s t r u c t u r a l parameters used i n t h i s c a l c u l a t i o n were those determined 
25 

f o r n-C 5H 5Rh(C 2H^)(C 2F^) and the angle between the three-membered 

ethylene-metal r i n g was taken from t h i s s t r u c t u r e , but with l e s s 

j u s t i f i c a t i o n , as 95°. P l o t s of the c a l c u l a t e d v a l u e s of V(a,a) and 

V(or,-ar) are shown i n f i g . 6a To determine the importance and s i z e of 

the i n d i v i d u a l c o e f f i c i e n t s eqn ( 2 ) and ( 3 ) were f i t t e d to these curves 

by the method of l e a s t squares. Because the exac t geometry of the 

it-C^H^Rh(C 2H^) 2 molecule i s not known and the higher F o u r i e r c o e f f i c i e n t s 

were found to be s m a l l and interdependent, i t was decided that the 

simple p o t e n t i a l f u n c t i o n s shown below, which c o r r e c t l y reproduce the 

e s s e n t i a l d e t a i l s of the c a l c u l a t e d curves, would be used f o r f u r t h e r 

data a n a l y s i s . 

V ( a , - a) = V 2 ( l - cos 2a) + V 4 ( l - cos 4 a ) , ( 4 ) 

V(a,a) = V 2 ( l - cos 2a) + V 4 ( l - cos 4a) + # 4'( 1 - cos 4a) 

+ %J'(1 - cos 8 a ) . ( 5 ) 
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The best f i t s of these f u n c t i o n s to the c a l c u l a t e d curves together 

with the v a l u e s obtained f o r the F o u r i e r c o e f f i c i e n t s are a l s o shown i n 

f i g . 6 a . Our theory i n d i c a t e s t h a t the f i r s t F o u r i e r c o e f f i c i e n t s , f o r 

the in-phase and out-of-phase motions, w i l l be equal and from f i g . 5 

t h i s can be seen to be the case. 

V T ( t t ) : 

We now f i n d a value f o r V^Cor) by us i n g the n.m.r. and i . n . s . data 

for Tt-C^H^Rh(C2H 4)S02 to determine the form of the p o t e n t i a l f u n c t i o n 

for r o t a t i o n of a s i n g l e ethylene l i g a n d . Using t h i s form to d e s c r i b e 

the s i t u a t i o n f o r the d i e t h y l e n e complex when only a s i n g l e ethylene 

r o t a t i o n i s being observed, as i n the n.m.r. experiment, we can use the 

n.m.r. b a r r i e r to obtain V^,(a). 

We assume t h a t there i s n e g l i g i b l e s t e r i c hindrance to the 

t a t i o n of the ethylene l i g a n d i n 7!-C 5H 5Rh(C 2H 4)S0 2 and that the ro 

t o r s i o n p o t e n t i a l may be expressed as 

V t o t a l ( a ) = V T ( o ) = t V T U " cos 2 a ) . 

OUT OF PHASE. IN PHASE. 

CALCULATION — - F I T T I N G 

/ X- / \\ 
// 
t/ 

// /y 

1 l r^Jy 1 I 

>-
o 
85 75 
Z 
l_U 
—i 50 < 
i — 

§ 25 
o 
CL 

0 45 90 0 45 
ANGLE OF ROTATION (<x°) 

V, = 16.5, V A = 22.1 k j mole" 1 V 9 = 16.5, 2 V 9 + V = 32.4, 

90 

' 2 ~ v 4 

F i g . 6a P o t e n t i a l e n e r g i e s c a l c u l a t e d f o r c i s - e t h y l e n e l i g a n d s . 

'2 i U••' , " v 2 " v 4 
V' g = -21.8 k J mole" 1 



Using the simple harmonic o s c i l l a t o r formula, t h i s simple two-fold 
T 

p o t e n t i a l leads to a va l u e of V , obtained from the neutron data of 

109.3 - 6 kJ mol 1 which compares with the n.m.r. val u e of 51.1 k j mol 1 

T h i s discrepancy i s expected s i n c e work on Z e i s e ' s s a l t ' ' showed the 

n e c e s s i t y of i n c l u d i n g a f o u r - f o l d term i n the t o r s i o n p o t e n t i a l i n 

order to account f o r the i n c r e a s e i n d - p bonding a f t e r r o t a t i o n of 
I t 71 

the ethylene group by 90° from the ground s t a t e p o s i t i o n . By using an 

equation of the form 
V T ( a ) = f V T ( l - cos 2a) + ( V T / 2 x ) ( l - cos 4 a ) , ( 6 ) 

we can e f f e c t agreement between the n.m.r. and i . n . s . data. T h i s leads 

to a va l u e f o r x of approximately ^ and w i t h t h i s v a l u e the n.m.r. 
T 

b a r r i e r to r o t a t i o n i s s t i l l n u m e r i c a l l y approximately equal to V . 

The f o u r - f o l d c o n t r i b u t i o n i s s m a l l e r than that found f o r Z e i s e ' s s a l t 

but there i s s t i l l a very s m a l l metastable minimum i n V" T(a) a t a = 90°. 

We assume that eqn ( 6 ) ( w i t h x = -^) may a l s o be a p p l i e d to the 

complex ii-C^H^Rh(^2^^2 a n c* t n a t w e m a v u s e * t a n - m - r - b a r r i e r 

(62.7 kJ mol" 1) f o r V T. 

T h i s treatment n e g l e c t s the e f f e c t of i n t e r m o l e c u l a r i n t e r a c t i o n s 

i n the s o l i d s t a t e . The j u s t i f i c a t i o n f o r t h i s i s that good agreement 

between t h e o r e t i c a l and experimental v a l u e s of the b a r r i e r i n Z e i s e ' s 

s a l t was found u s i n g t h i s approximation. 

c ) Comparison w i t h Experimental R e s u l t s 

By s u b s t i t u t i n g eqn ( 4 ) , ( 5 ) and ( 6 ) i n t o eqn ( 1 ) , we obtain 

a n a l y t i c e x p r e s s i o n s f o r V, _ . ( a , a ) and V t , ( a , - a ) . Again, using 
t o t a l t o t a l ° ° 

the harmonic o s c i l l a t o r formula, we obtain the f o l l o w i n g e x p r e s s i o n s 

fo r the energy s e p a r a t i o n s of the 0-1 t o r s i o n a l t r a n s i t i o n s of the 
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ethylene groups 

.T — i (2V, + 8V, + 4.3V ) ? f o r the out-of-phase r o t a t i o n , 

( 7 ) 

ou-i . P . 
i (2V„ + 8V, + 4V,' + 16V ' + 4 . 3 V T ) S for the 

in-phase r o t a t i o n , ( 8 ) 

where I i s the reduced moment of i n e r t i a of an ethylene l i g a n d . 

S u b s t i t u t i n g f o r the experimental v a l u e s of m and m. f o r 
o.p. i . p . 

-1 T 
Tr-C^H^Rh(C2H^)2 and using the va l u e of 62. 7 k j mol f o r V enables us 
to c a l c u l a t e v a l u e s f o r V„ + 4V. and V + 4V ' these being 58.3 - 7 . 5 

2 4 4 8 

and -78.2 - 6 kJ mol ^ r e s p e c t i v e l y . These v a l u e s can be compared w i t h 

those obtained by the curve f i t t i n g to the numerical c a l c u l a t i o n of 105 

and -98.8 k j mol * r e s p e c t i v e l y . 

As there i s no simple method f o r the ac c u r a t e determination of 

energy b a r r i e r s of processes l e a d i n g to the c o l l a p s e of a AA yBB 'X s p i n 

system to an A^X system, approximate methods were employed i n the 

determination of the b a r r i e r s to r o t a t i o n by n.m.r. The v a l u e s we have 

quoted were c a l c u l a t e d from computer l i n e - s h a p e a n a l y s i s by a method 

which g i v e s p r e d i c t e d l i n e shapes which are i n good agreement w i t h the 

experimental data. The va l u e f o r C^H^Rh(C2H^)2 has a l s o been 
26 -1 

c a l c u l a t e d (65.9 kJ mol ) by u s i n g an approximate equation which i s 
27 

s u b j e c t to the l i m i t a t i o n s o u t l i n e d by Raban e t a l . T h i s v a l u e i s i n 

reasonable agreement with the va l u e c a l c u l a t e d from the l i r e shape 

a n a l y s i s (62.7 k J mol 

Eqn ( 7 ) and ( 8 ) are s e n s i t i v e to the experimental v a l u e s of the 

n.m.r. b a r r i e r s . For i n s t a n c e , i f the val u e of 51.1 k J mol ^ f o r the 
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( T t - C .H .)Rh(C.?H. )S0.> compound were too low by more than 7% then the 

val u e of x, i n eqn ( 6 ) would change and the metastable minimum at 

a = 90° would disappear. However, the n.m.r. b a r r i e r would s t i l l be 
T 

approximately equal to V . The major change would be a r e d u c t i o n i n 
T 

the c o e f f i c i e n t of V i n eqn ( 7 ) and ( 8 ) . T h i s would not a l t e r the 

value of V + 4V'„ but i t would lead to an i n c r e a s e i n V 0 + 4V,. 
4 8 2 4 

The " s p l i t t i n g i n t e r a c t i o n " -78.2 k J mol which i s determined 

s t r a i g h t f o r w a r d l y from the d i f f e r e n c e i n energy between the in-phase 

and out-of-phase t o r s i o n v i b r a t i o n s , agrees more favo u r a b l y with the 

c a l c u l a t i o n s than the other term which r e q u i r e s more assumptions i n 

i t s determination. 

E r r o r s i n the assumptions behind the above c a l c u l a t i o n s are l i k e l y 

to a r i s e from at l e a s t three s o u r c e s : ( i ) a d i s t o r t i o n of the ethylene 

l i g a n d during r o t a t i o n , ( i i ) the competition between the two ethylene 

groups f o r the d e l e c t r o n s , of the metal atom, when = = 90°, 

and ( i i i ) the i n t e r m o l e c u l a r i n t e r a c t i o n s mentioned e a r l i e r . 

The b r i d g i n g of the t o r s i o n frequency of the SO2 compound by those 

of the d i e t h y l e n e complex can be seen to be caused by the opposing 

e f f e c t s of V„ + 4V. on the out-of-phase t o r s i o n and V ', + 4V '„ on the 2 4 4 8 
in-phase t o r s i o n . 
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S e c t i o n I I I : Complexes Containing S e v e r a l E t h y l e n e Ligands Bonded 

to the Same Metal Atom 

Very few complexes c o n t a i n i n g more than two C^U^ l i g a n d s bonded 

to the same metal atom, have been prepared. As f a r as we are aware 
28 29 SO the only ones to e x i s t are N i ( C 2 H 4 ) 3 , P d ( C 2 H 4 ) 3 , P t ( C 2 H 4 ) 3 and 

P t ( C 2 H 4 ) 2 ( C 2 F 4 ) , 3 1 I r ( C 2 H 4 ) 4 C i n and [ R h ( C 2 H 4 ) 3 ( C H 3 C N ) 2 ] B F 4 . 1 2 The 

Ni, Pd and Pt complexes are very unstable and our e f f o r t s to prepare 

them, i n s u f f i c i e n t q u a n t i t y f o r an i . n . s . experiment, have so f a r 

been u n s u c c e s s f u l . 

12 31 32 
C r y s t a l s t r u c t u r e ' ' data show th a t the arrangement of the 

ethylene l i g a n d s i n the above complexes i s very d i f f e r e n t from that 
33 

found i n Z e i s e ' s S a l t or [ R h ( C 2 H 4 ) 2 C l ] 2 > I n each case the C 2 H 4 

l i g a n d s are arranged so that three of them have t h e i r double bonds i n 

a plane ( f i g . 7). There has a l s o been a t h e o r e t i c a l study of the 

O 

o 

I ) 

( B ) 

o C 
c N 
• H 

@ Rh 

OCI 
© Ir 

F i g . 7 Molecular S t r u c t u r e s of (A) I r ( C 2 H 4 ) 4 C l and (B) R h ( C 2 H 4 ) 3 ( C H 3 C N ) 2
+ 

I 15 vrr. 
V 
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34 molecular c o n f i g u r a t i o n and bonding i n these complexes. 

a) l r ( C 2 H 4 ) 4 C l 

Relevant previous work 

This (white) complex i s unstable a t room temperature, even i n a 

C^H^ atmosphere, however, i t decomposes i n t o b r i g h t red [ I r ( C 2 H 4 ) 2 C l ] 2 

and so any decomposition i s immediately apparent. 

I t s c r y s t a l s t r u c t u r e has apparently been determined but f u l l 

d e t a i l s have not y e t been p u b l i s h e d . 1 1 The molecular c o n f i g u r a t i o n i s 

shown i n f i g . 7 and i t has been found that the i r i d i u m atom i s 

s i t u a t e d s l i g h t l y out of the e q u a t o r i a l plane, of the three C^H^ 

li g a n d s , towards the a x i a l CJA^ ligand. 

I n f r a r e d bands have been reported a t 1 1 505, 39 7, 372 cm" 1 " i n the 

vdr-C^H^) reg i o n " and 280 cm 1 ( a s s i g n e d to v ( I r - C l ) ) w i t h a shoulder 
-1 

at 308 cm . 

Proton magnetic resonance s p e c t r a i n chloroform s o l u t i o n ( a t -20°C) 

show two sharp peaks ( i n t e n s i t y r a t i o 1:3) due to a x i a l and e q u a t o r i a l 

C 2 H 4 l i g a n d s r e s p e c t i v e l y . 1 1 Broadening of the a x i a l C^R^ resonance, 

on admission of gaseous i n d i c a t e s exchange w i t h t h i s p a r t i c u l a r 

l i g a n d . 

Although no broadening of the resonances was observed on c o o l i n g 

the chloroform s o l u t i o n i t was found that the proton magnetic resonance 

spectrum i n toluene a t -60°C e x h i b i t e d an AA' BB' p a t t e r n due to the 

e q u a t o r i a l l i g a n d s . A s i n g l e sharp peak was found f o r the a x i a l C ^ ^ . 

The AA' BB ' p a t t e r n was shown to be c o n s i s t e n t with the c i s protons of 

the e q u a t o r i a l l i g a n d being e q u i v a l e n t . T h i s corresponds w i t h the 
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e q u a t o r i a l l i g a n d s being arranged with the double bonds i n a plane 

and hence agrees w i t h the c r y s t a l s t r u c t u r e . 

I n the s o l i d s t a t e r o t a t i o n a l b a r r i e r s of 5.1 k c a l mol ^ t f o r the 

e q u a t o r i a l l i g a n d s and 1.6 k c a l mol ^ f o r the a x i a l l i g a n d , have been 

determined from magnetic resonance measurements as a f u n c t i o n of 
35 

temperature. The s o l i d s t a t e n.m.r. r e s u l t s were i n t e r p r e t e d i n 

terms of 180° jump r o t a t i o n s about the metal-alkene a x i s . 
b) T h e o r e t i c a l 

By u s i n g the methods a l r e a d y o u t l i n e d f o r [ R h ( C 2 H ^ ) 2 C l ] 2 

(Appendix A) we can determine the number of t o r s i o n a l modes that we 

may expect to observe as a r e s u l t of i n t e r a c t i o n s between the C 2H^ 

li g a n d s . A f u l l d i s c u s s i o n i s given i n appendix B, however, to 

summarise we have defined 
1 

Mr ® 

0 

F i g . 8 Numbering of E t h y l e n e Ligands 

V 1 ( l - Cos p 0 ^ 

l . i 
f. . 

1 > J 

V 2 ( l - Cos n 6 i) i = 2,3,4 

V x 2 ( l - C o s m ( 6 l + 8 i ) ) i = 2,3,4 

V_ „(1- Cos q ( e , + 6.)) i , j = 2,3; 3,4; 2,4 ^ » J 1 J 
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where 

i s the p o t e n t i a l f u n c t i o n representing the v a r i a t i o n i n p o t e n t i a l 

energy of a s i n g l e C^U^ l i g a n d on r o t a t i o n but which does not 

include p o t e n t i a l energy v a r i a t i o n s as a r e s u l t of i n t e r a c t i o n s 

between ligands. 

f ^ i s the p o t e n t i a l f u n c t i o n which represents p o t e n t i a l energy 

v a r i a t i o n s a r i s i n g s o l e l y from i n t e r a c t i o n s between ligands k and 

I. 

6 i s the clockwise r o t a t i o n a l angular displacement of the li g a n d s 

from i t s e q u i l i b r i u m p o s i t i o n . 

p,n,m,q are the b a r r i e r p e r i o d i c i t i e s (chapter I I ) . 

V. and V, . are the b a r r i e r heights. 

Because the e q u a t o r i a l ligands are equivalent and d i f f e r e n t from the 

a x i a l l i g a n d we have 

f2 = f3 " f 4 
f l , 2 = f l , 3 = f l , 4 
f2,3 = f2,4 = f3,4 

From these r e s u l t s we are able to show (appendix B) tha t there are 

three t o r s i o n a l modes which can be expressed as 

2 _ f£+_k + s\ 
~ { 1 ) ( 9 ) 

2 /A + Jk - 4B' 
"2 (A + - 4 B ) do) 

^ = ( A - (11) 
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where A = r + .2 + 4k + As 

B = 4(r£ + rk + 4rs + 3k X + 12ka) 

A = n 2V 2 k = m2V1 2 s = q 2V 2 3 r = p ^ 

These expressions are very complex, however, the important conclusion 

i s t h a t we expect three modes one of which i s doubly degenerate. 

2 2 / a \ Note that + ujj = (j) 

Let us consider some s p e c i a l cases 

Case 1 

Set 2 " 0 i . e . the p o t e n t i a l energy of the a x i a l l i g a n d i s 

independent of the e q u a t o r i a l ligands and v i c e versa. 

We then o b t a i n 

2„ . 2 2 

2 

/n V 2 + q V2 a3^ d o u b l y degenerate (12) 
I 

.n2V + 4q 2V . 
( j ^ ) (13) 

^ \ I / (14) 

The s i n g l e most important p o i n t to be derived from t h i s i s t h a t , 

as one would expect, one of the v i b r a t i o n s (u>j) i s e n t i r e l y concerned 

w i t h the a x i a l l i g a n d . There are then two modes associated w i t h the 

e q u a t o r i a l ligands. 

By s u b s t i t u t i n g the expressions f o r " u j " i n t o equation B7 we can 

obt a i n the angular v a r i a t i o n s associated w i t h each mode. For the 

r e s u l t i s 8^+62 + Sj = 0 and f o r uv,, % = 8 2 = 63. Therefore u>> i s 



an in-phase mode ( f i g . 9a) and i s some s o r t of doubly degenerate cut

off-phase v i b r a t i o n ( f i g . 9b), though the s o l u t i o n i s very much less 

o 

i.p. o.p. 

Fig. 9 I n and out-of-phase t o r s i o n s of M(C2H^)^ 

r e s t r i c t i v e , as f a r as r o t a t i o n i s concerned, than f o r the in-phase 

case. 

Case 2 

Set 2 = 0 and = 0 i . e . e f f e c t i v e l y we have the s i t u a t i o n 

a p p l i c a b l e to M(C2H^)^ where the a x i a l l i g a n d i s a free r o t o r and 

independent o f the remainder of the molecule. 

The s o l u t i o n s are obviously u>̂  and ^ above so t h a t we expect two 

modes one o f which i s doubly degenerate. 

Note t h a t 

... 2 _ 2 

•3q2V 
hi 

2 2 3n 2V 2 

The ph y s i c a l s i g n i f i c a n c e of u>. and m- i s shown i n f i g . 9. 
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Case 3 

Set V 1,2 = V 2,3 0 i . e . the ligands do not i n t e r a c t . The 

s o l u t i o n s are then 

2 n V 2 2 n 3 
I I "3 s " ! 

Again, as one would expect, we o b t a i n j u s t two t o r s i o n a l modes 

which correspond to the two d i f f e r e n t types of l i g a n d present. Because 

they do not i n t e r a c t there are no in-phase or out-of-phase s o l u t i o n s . 

The mathematical model therefore leads to s o l u t i o n s which are 

p h y s i c a l l y reasonable. One d i f f i c u l t p o i n t however i s t h a t , w i t h 

reference to equations 12 and 13, because we would expect the o u t - o f -

phase motion to be of higher frequency than the in-phase motion the 

i n t e r a c t i o n term V_ _ i s negative. This type of r e s u l t has been 

obtained p r e v i o u s l y f o r systems of i n t e r a c t i n g r o t o r s . 

We have not used a f u l l y symmetrical mathematical model i n so f a r 

as we have included only an i n t e r a c t i o n term which involves the sum of 

the angles of r o t a t i o n . To make the model f u l l y symmetrical a term 

i n v o l v i n g the d i f f e r e n c e of the angles would need to be included. This 

however leads to vast overparameterization of the p h y s i c a l s i t u a t i o n 

and does not i n f l u e n c e the basic conclusions e.g. the number of modes 

or t h e i r degeneracy. 

c) Results and Conclusions 

The B e r y l l i u m F i l t e r Detector Spectrum of I r ( C 2 H ^ ) ^ C l i s shown i n 

f i g . 10 and the corrected frequencies are l i s t e d i n t a b l e 3. The peak 

at 503 cm ^ corresponds to an i . r . band and by comparison w i t h r e s u l t s 

38 
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f o r other C„H, complexes t h i s must be an I r - C>H, s t r e t c h i n g mode. 

Table 3 I.N.S. Results of IrCC-H.KCl 

FREQUENCY ASSIGNMENT 

503 - 14 I r - C2H^ s t r e t c h 

290(sh) - 14 

240 - 14 out-of-phase t o r s i o n 

172 - 14 in-phase t o r s i o n 

130 - 14 ? 

76(sh) - 14 

33 - 14 t o r s i o n of a x i a l CgH^ li g a n d 

There are no bands i n the i . n . s . spectrum corresponding t o the i . r . 

bands a t 372 cm ^ or 397 cm These must t h e r e f o r e mainly i n v o l v e 

halogen motion. 

There are three intense peaks, a t 33 cm 172 cm * and 240 cm \ 

I t i s not possible to o b t a i n r e l a t i v e i n t e n s i t i e s f o r a l l of these bands 

because the r e s u l t s were obtained using two d i f f e r e n t monochromator 

planes (chapter 3 ) . The previous work on simple ethylene complexes 

confirmed t h a t the t o r s i o n s were always the most intense feature i n the 

i.n . s . spectrum. I n view of t h i s i t i s very l i k e l y t h a t these three 

modes are the u^, u^, we have p r e d i c t e d . I n p a r t i c u l a r the very low 

frequency of one of the modes i s compatible w i t h i t being associated 

w i t h the a x i a l ethylene l i g a n d and so perhaps our s i m p l i f i e d treatment 

(case 1) i s a p p l i c a b l e to the molecule. The bands a t 172 cm-* and 
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240 cm are then assigned to t o r s i o n a l modes of the e q u a t o r i a l ligands. 

I n view of i t s greater i n t e n s i t y the band at 240 cm ^ must be the 

doubly degenerate out-of-phase v i b r a t i o n and t h i s i s the higher 

frequency mode as we would expect. 

The frequencies of the in-phase and out-of-phase modes are both 

higher than those observed f o r C^H,.Rh(C2H4)2 and the b a r r i e r as 

determined from n.m.r. measurements i s lower. I t must be remembered, 

however, t h a t the c o n f i g u r a t i o n of the ligands i s very d i f f e r e n t and so 

the b a r r i e r m u l t i p l i c i t i e s are probably very d i f f e r e n t too. We have 
v o 

shown t h a t f o r a p o t e n t i a l of the form V = /2 ( 1 - cos na) and using 

the harmonic approximation the b a r r i e r height i s given by (chapter I I ) 
8 n 2 I c 2 

O I, L n h 

The remaining features of the spectrum are a strong shoulder a t 

290 cm ^ and a much weaker shoulder at 76 cm ^ w i t h perhaps another 

weak shoulder at 130 cm At present we do not have any s u f f i c i e n t 

i n f o r m a t i o n on which to assign these bands. 

d) [Rh(C 2H 4) 3(CD 3CN) 2]BF 4 

The c r y s t a l s t r u c t u r e of [Rh(C 2H 4) 3(CH 3CN) 2]BF 4 ha9 been determined 
32 

and the molecular c o n f i g u r a t i o n i s shown i n f i g . 7. The C = C distance 

1.34A i s p r a c t i c a l l y i d e n t i c a l w i t h t h a t found i n f r e e ethylene. This 

im p l i e s t h a t there i s a low degree o f back donation of e l e c t r o n s to the 

lig a n d . 
R e s u l t s a n d Discussion 

Our sample was a poor s c a t t e r e r so t h a t the background c o r r e c t i o n s 

were large compared to the s c a t t e r i n g from the protons. We ran the 
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spectrum of [RMC^H^^GD^CN)]BF^ i n order to avoid complications due to 

the s c a t t e r i n g from CH^. 

This work w i l l need to be repeated and extended, however, the time-

o f - f l i g h t spectra are shown i n f i g . 12. There are peaks at 385 - 25 cm \ 
+ -1 + -1 186 - 12 cm and 90 - 5 cm . The higher energy peak i s almost 

c e r t a i n l y a C2H^ s t r e t c h i n g mode. Corresponding modes were found i n 

[ R h ( C 2 H 4 ) 2 C l ] 2 at 417, 412 and 403 cm - 1 i n the i n f r a r e d . The other 

i . n . s . modes can only be the two t o r s i o n s t h a t were p r e d i c t e d e a r l i e r 

(case 2). 

The lower frequency f o r the s t r e t c h i n g and t o r s i o n a l modes found 

f o r t h i s compilex as compared to I r ( C 2 H ^ ) ^ C l and [ R h ( C 2 H ^ ) 2 C l ] 2 i s 

po s s i b l y a r e f l e c t i o n of the reduced back donation, which was i n d i c a t e d 

by the length of the C = C bond. 

The r e l a t i v e strengths of rhodium and i r i d i u m alkene bonds has been 
36 

a c o n t r o v e r s i a l subject. Winkhaus and Singer found the i r i d i u m 

complexes to be less stable than t h e i r rhodium analogues and they 

explained t h i s by the more d i f f u s e character of the atomic o r b i t a l s of 

i r i d i u m . Their conclusions c o n f l i c t w i t h the value of overlap i n t e g r a l s 
37 

c a l c u l a t e d by Brown and F i t z p a t r i c k . 

Conclusion 

Table 4 l i s t s the c o n t r i b u t i o n s of the i n t e r n a l and e x t e r n a l f i e l d s 

to the e f f e c t i v e t o r s i o n a l force constants f o r the complexes discussed 

i n t h i s chapter. The values f o r the i r i d i u m complex were c a l c u l a t e d 

w i t h the assumption t h a t there i s no i n t e r a c t i o n between the a x i a l and 

e q u a t o r i a l ligands (case 1). I t can be seen t h a t the values f o r the 

two diethylene complexes are very s i m i l a r as expected, but t h a t i n 
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Table 4 Contrib u t i o n s of the i n t e r n a l and e x t e r n a l f i e l d s to the 
* -1 

e f f e c t i v e t o r s i o n a l force constants (kJ mol ) 

*\,3 
m2V 

o 

[ ( C 2 H 4 ) 2 R h C l ] 2 373.4 -140.8 — 

U-C 5H 5Rh(C 2H 4) 2) 386. 7 -156.8 — 

U-C 5H 5Rh(C 2H 4)S0 2) — — 250 

I r ( C 2 H 4 ) 4 C l 

e q u a t o r i a l 240.6 -24.33 -
a x i a l — — 8.0 

[Rh(C 2H 4) 3(CD 3CN)] + 317.5 -64.56 — 

modulus the values are very much lower f o r the complexes c o n t a i n i n g 

three or four ethylene ligands. This i s perhaps a r e f l e c t i o n , 

p a r t i c u l a r l y i n the case of I r C ^ H ^ C l of the increased competition 

f o r e l e c t r o n density. The low values f o r the i r i d i u m complex also 
35 

agrees w i t h the low b a r r i e r s found from s o l i d s t a t e n.m.r. 

I t i s i n t e r e s t i n g to compare these r e s u l t s w i t h the conclusion of 
34 

the t h e o r e t i c a l study on ( C ^ ^ N i . The authors concluded t h a t 

c o n f i g u r a t i o n A i s favoured over B ( f i g . 13) by 0.74 eV. The r o t a t i o n a l 

p o t e n t i a l energy curve shows a bump at 0 = 30° due t o s t e r i c hinderence. 

They concluded t h a t the preference f o r c o n f i g u r a t i o n A was due t o the 

r e l a t i v e importance of the 71-bonding i n the two c o n f i g u r a t i o n s . 

* Calculated using p o t e n t i a l f u n c t i o n s of the form V = V'(I-Cosn 0) 

and not V = /2 (1-Cosn 9). 
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APPENDIX A 

V t o t a l ^ a l ' a 2 ^ m a y b e w r i t t e n 

V t o t a l ( a l ' a 2 ) = W + f 2 ( a 2 ) + f l , 2 ( a l ± a 2 h 

For the molecules under co n s i d e r a t i o n molecular symmetry requires t h a t 

V t o t a l ( o l ' a 2 ) = V t o t a l ( - a l ' 
V t o t a l ( a l ' a 2 ) = V t o t a l ( a l + , t ' Q t 2 ) 

V t o t a l ( a l ' a 2 ) = V t o t a l ( a l ' a 2 + 1 t ) 

V t o t a l ( a l ' a 2 ) = V t o t a l ( a l + n > a 2 + 7 t ) 

f l ( o l ) = W 

f 1(« 1) = f ^ - ^ ) 

f l , 2 ( a l t a 2 ) = fl,2 (-f°l 1 a2^ 

f 1 ( a ) = f 1 ( n + a ) . 

We may t h e r e f o r e express f 1 and f.. „ as Four i e r series 

CO 

f l ( a l ) = f 2 ( a l ) = Z # V 2 n ( l - c 0 8 2 n O l ) , ( A l ) 
n = 1 
CO 

f l , 2 ( a l " a 2 } = Z * V ' 4 n ( 1 " C O s 2 n ( a l " a 2 ) ) s ( A 2 ) 

n = 1 

where the f a c t o r 2 i n the numerator of eqn (A2) i s derived using 

V t o t a l ^ ^ r z ' ~ V t o t a l ^ fF>~TF^' Considering only the case where 

f ^ 2 I s expressed as the sum of and a 2 and applying the simple 

harmonic o s c i l l a t o r approximation we o b t a i n 
CO 

V t o t a l < « r « 2 ) " I f ( n ^ 2 n + n 2 v ^ n > ^ ( n ^ 2 n + n 2 v / 4 n > « 2 + 2 n 2 v / 4 n a l a 2 3-
n = 1 
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W r i t i n g 
00 

k - 2 I ( n 2 * 2 n + n 2*'4n>' n = 1 

k l , 2 = I 2 n V 4 n ' 
n = 1 

then the p o t e n t i a l energy i s 

V t o t a l ( o r a 2 ) = * a l + & a\ + k l , 2 a l a 2 ' 

2 2 

W r i t i n g the k i n e t i c energy as jjj£r6r̂  + $-^2' w n e r e * r * s t n e reduced 

moment of i n e r t i a of a s i n g l e ethylene l i g a n d , and s o l v i n g Lagrange's 

equations f o r the system we o b t a i n 
2 , k ± k 
U) = 

I r 

Hence 
k + k 

"1 

I ( 2 n 2 V 2 n + 4 n V 4 n > x 

(—-r- e ^ — I * I r r 
00 

, , ^ 2 n 2 V o 

k-k 1 . i ^ 2n 

r r 
2 2 _ / n 4 t 1 *>\ 

*L - - v — ; 
r 

The s o l u t i o n corresponds t o motion where = a 2, and to motion 

where 5 3 - a 2 < We expect the in-phase motion ( a ^ = a 2 ) to have the 

lower frequency. 
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Thus, 

CO CO 

V t o t a l ( a , a ) = Z ^ 2 n ^ -cos 2na) + Z ^ ' t o ' 1 ~COS ^ n a ^ f o r i n ~ P h a s e 

n = 1 n = 1 motion. 

V , ( a , -a) = ) V„ ( 1 -cos 2na) f o r out-of-phase motion, t o t a l L-> 2r\ 
n = 1 

V ,(a,,a„) can be r e w r i t t e n as the sum of the t o r s i o n a l i n t e r a c t i o n of t o t a l 1 I 

the ethylene groups w i t h the r e s t of the molecule V^Ca) and the "non-

bonding" i n t e r a c t i o n s between the ethylene groups VCa^.c^). 

Hence 

V t o t a l ( o f l ' a 2 ) = V ( a i ' a
2

) + V e rl ) + V T ( a 2 ) 

where 

W = X ^ 2 n ( 1 " C 0 S ^ " i ^ i = 1 or 2, 
n = 1 

V ( a 1 5 a 2 ) = Y, ^ 2 n ( 1 " C O S 2 n a l ) + Z ^ 2 n ( 1 " C O S 2 a 2 ) + 

n = 1 n = 1 

£^V' 4 n(l -cos 2n(a x + « 2)), 
n = 1 

and 

Thus, 

T 
v2n v2n v2n* 

V(a,a) = Z V 2 n ( 1 " C O S 2 n c ^ + X ^ ' ^ 1 " C O S 4 n ° ^ 
n = 1 n = 1 

and 

V(a, -a) = Z v 2 n ( 1 " C O S 2 n a ) ' 
n = 1 
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APPENDIX B 

We define 

f : the p o t e n t i a l f u n c t i o n which represents the v a r i a t i o n i n the 

p o t e n t i a l energy of ligan d " i " on r o t a t i o n , but which does not 

include p o t e n t i a l energy v a r i a t i o n s as a r e s u l t of i n t e r a c t i o n 

w i t h other G^R^ ligands. 

f . . the p o t e n t i a l f u n c t i o n representing the p o t e n t i a l energy 

v a r i a t i o n s which r e s u l t s o l e l y from the i n t e r a c t i o n between 

ligands i and j . 

From n.m. r . data i t i s known t h a t the a x i a l l i g a n d i s d i f f e r e n t from 

the e q u a t o r i a l l i g a n d s , t h e r e f o r e we may w r i t e 

f2 - f3 " f4 

f l , 2 = £1,3 = f l , 4 

f = f = f r2,3 r2,4 r3,4 

We w i l l w r i t e these p o t e n t i a l f u n c t i o n s i n the form 

f i = V i ^ 1 "
 CoS n V 

and f . . = V. . ( 1 - Cos p(0. + 0.)) 

where 9̂  i s the clockwise r o t a t i o n a l angular displacement of the k t h 

li g a n d about the axis j o i n i n g i t s mid p o i n t to the metal atom (see 

f i g . 8 ) . The c o e f f i c i e n t of 9 i . e . n, p e t c . i s the p e r i o d i c i t y of 

the b a r r i e r i n question (chapter I I ) . Therefore we w r i t e 
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tl = V j d - cos p 

f . = V . ( l - Cos n 9.) i = 2,3,4 1 1 l 
f l i = V l i ( 1 " C o S m ( *L + 6 i } ) 1 = 2 , 3 , 4 

f i , j = V i , j ( 1 " C O S q ( 9 i + 6 j ) } i , j = 2 , 3 ; 3 , 4 ; 2 , 4 

The p e r i o d i c i t y (p) and b a r r i e r height (V^) are d i f f e r e n t f o r ligan d 1 

because i t i s d i f f e r e n t from the e q u a t o r i a l ligands. The e q u a t o r i a l 

ligands are equivalent so a s i n g l e p e r i o d i c i t y and b a r r i e r height are 

req u i r e d i . e . ^ 2 = V 3 = ^4* S i m i l a r i l y the i n t e r a c t i o n between any 

p a i r of e q u a t o r i a l ligands i s the same as the i n t e r a c t i o n between any 

other p a i r thus ^2 3 ~ ^3 b = ^2 B v a s i m : i - l a r argument we also 

* 6 t V l , 2 = V l , 3 = V l , 4 -

The t o t a l p o t e n t i a l energy i s th e r e f o r e 

VTOTAL = f l ( 9 l } + W + f 3 ( 9 3 ) + V 9 4 ) + £ 1 . 2 ( *l + %> 

+ flf3(B1 + 63) + \ik(BL+ e 4) + f 2 f 3 ( % + 93) 

+ f 3 , 4 ( & 3 + e 4) + f 2 > 4 ( e 2 + e 4) 

Using the equations above we o b t a i n 

VTOTAL = V 2 ^ 3 " C O S n 2̂ ~ C o S n 83 " C o S n Q4^ + V l ^ " c o s p e i ^ 

+ V i 2 ( 3 - Cos m( 8X + 63) - Cos m( + ~ C o s m ( 91 + 9 4 ^ 

+ V 2 3 ( 3 - Cos q( 6U + 63) - Cos q( 93 + fy) - Cos q( + fy)) 

Making the simple harmonic o s c i l l a t o r approximation 

2 
i.e. Cos 9 = 1 —Y we o b t a i n 
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2 2 
V« 2 2 2 2 2 2 P ® 1 

TOTAL 2 *" "2 • 3̂ V 1 2 

r 2 ( ®L + 2 ( 9 1 + % ) 2 ( h + 9 4 } 1 
V l , 2 { m 2 + m 2 + m 2 j 

f 2 ( h + % ) 2 2 ( ^ + @ 4 ) 2 2 ( ̂  + e 4 ) 2 l 
V2,3 l q 2 + * 2 + * 2 J 

Thus 

1 I 
^ TOTAL = T ( P ' V 1 + 3 m 2 v i , 2 ) + T + ^ 1 , 2 +

 2<S,3> 
2 e2 

+ T (n 2V 2 + m 2V l j 2 + 2 q 2 V 2 j 3 ) + (nV, + m 2V 1 > 2 + 2 q 2 V 2 j 3 ) 

+ m 2v l j 2 ( + e 1e 4 + e ^ ) + q 2 v
2 ) 3 ( 8 3 + €264+ ^ f y ) ( B 1 > 

The t o t a l k i n e t i c energy i s T where 

T = | i e 2
1 + l i e 2 , + + l i e 2 (B2) 

and I i s the reduced moment of i n e r t i a of a si n g l e ethylene l i g a n d . 

We make the f o l l o w i n g s u b s t i t u t i o n s 

2 2 2 2 
n V 2 = z m V 1 2 = k q V 2 3 = S P v

x = r 

Thus 
.2 2 2 2 9, 02 $3 0A 

^TOTAL = 2 ( r + 3 k ) + T ( J»"k+2s) + -yU+k+2s) + -y (je+k+2s) 

+ k( 63 + ©!eA + e ^ ) + s( 6̂  ̂  + 82 eA + e3 e4) 

Applying Lagranges' Equations -gjr- + -g^- - 0^ f o r equations ( B l ) and 
^ u ^u 

(B2) we ob t a i n 
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I + ( r + 3k) ̂  + k( ̂  + ^ + ^ ) = 0 

i e 2 + ( £ + k + 2s)e 2 + k 0 1 + s(e 3 + e4) = o 

i ^ + ( i + k + 2s)e 3 + ke 1 + s(e 2 + e4) = o 

I 94 + ( l + k + 2s) e4 + k ^ + s( + 83) = 0 

S u b s t i t u t e = A^xpCicut) 

- I A 1 ( J U
2 + ( r + 3k)A x + k ( A 2 + A^ + A^) = 0 (B3) 

- I A
2 ( U 2 + ( ' + k + 2 s ) A

2 + ^1 + S < A
3 + A^) = 0 (B4) 

-IA u? + ( k + 2s)A 3 + kA + s ( A 2 + A^) = 0 (B5) 

-IA 4U) 2 + ( Jt+ k + 2s)A 4 + kA x + s ( A 2 + A 3 ) = 0 (B6) 

For a n o n - t r i v i a l s o l u t i o n we r e q u i r e 

- I a 2 + r + 3k k k k 
2 

k -Iu) + £+ k + 2s s s 
2 

k s - I ( 0 + & + k + 2s s 
2 

k s s -Icu + £ + k + 2s 

2 2 

S u b s t i t u t i n g w i t h x = -Im + r and y = -Ico + I and expanding by c o f a c t o r s 

we o b t a i n 
(y + k + s ) 2 { ( x + 3 k ) ( y + k + 4s) - 3 k 2 } = 0 

Thus e i t h e r 

y + k + a = 0 
2 

i . e . + £ + k + s = 0 
2 SL + k + s 

CD J 

or ( x + 3k)(y + k + 4s) - 3 k 2 = 0 

This y i e l d s 
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2 ( r + I + 4k + 4s) - J(r + JL + 4k + 4s) - 4 ( r l + r k + 4rs + 3 k l + 12ks •» n 
s u b s t i t u t i n g A = r + £ + 4 k + 4s 

B = 4 ( r JL+ r k + 4rs + 3 k l + 12ks) 

we o b t a i n 

2 A - /A - 4B 

The three s o l u t i o n s are t h e r e f o r e 

2 I + k + s 
u£ = - doubly degenerate 

2 _ A + 7 A - 4B 
u) 2 21 
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Chapter V: Ethylene Adsorbed on Type-X Z e o l i t e s 
Section I 

Z e o l i t e s , a General I n t r o d u c t i o n 

Z e o l i t e s are one member of the general class of a l u m i n o s i l i c a t e s . 

A z e o l i t e has been defined^ as "an a l u m i n o s i l i c a t e w i t h a framework 

s t r u c t u r e enclosing c a v i t i e s occupied by large ions and water molecules, 

both of which have considerable freedom of movement, p e r m i t t i n g i o n 

exchange and r e v e r s i b l e dehydration". They are very important 

i n d u s t r i a l m a t e r i a l s w i t h a p p l i c a t i o n s to e.g. separation of p a r a f f i n 

hydrocarbons, cryopumping, removal of atmospheric p o l l u t a n t s and as 

cracking c a t a l y s t s . There are several e x c e l l e n t t e x t s dedicated to 
2 3 4 

z e o l i t e s and t h e i r p r o p e r t i e s and uses. ' ' 

S t r u c t u r a l l y z e o l i t e s are based on i n f i n i t e three-dimensional 

networks of SiO^ and AIO^ tetrahedra which are l i n k e d by sharing a l l of 

the oxygens. Their general formula i s M x/ n ( A l C ^ ^ ( S i C ^ ) ^ uu^O where 

^/x i s i n the range 1 to 5 and "n" i s the c a t i o n valency. 

Z e o l i t e s are unusual i n t h a t each z e o l i t e has a s p e c i f i c and 

uniform pore s i z e , which i s uniquely determined by i t s c r y s t a l s t r u c t u r e . 

Other commercial adsorbents e.g. a c t i v a t e d carbons, s i l i c a g e l etc. do 

not have an ordered s t r u c t u r e and hence the pores are non-uniform. 

Fore size i s a f u n c t i o n of many v a r i a b l e s e.g. temperature, c a t i o n and 

type of z e o l i t e . 

Although over 130 types of z e o l i t e s are known only a few are of 

p r a c t i c a l importance. For many of them t o t a l dehydration permanently 

a l t e r s the framework so t h a t p a r t i a l or t o t a l collapse occurs. I n 

order to be used s u c c e s s f u l l y , f o r instance as molecular sieves, t h e i r 

s t r u c t u r e must remain i n t a c t on dehydration. Z e o l i t e minerals can 



vary considerably i n chemical composition and so the s y n t h e t i c z e o l i t e s 

which have a greater degree of u n i f o r m i t y , are best s u i t e d f o r research 

and i n d u s t r i a l a p p l i c a t i o n s . For our research work we chose an X type 

z e o l i t e f o r reasons which w i l l become apparent l a t e r . Na - 13X i s a 

s y n t h e t i c z e o l i t e w i t h u n i t c e l l contents Na g 6 ( A 1 0 2 ) g 6 ( S i 0 2 ^ i 0 6 x H 2 ° 
2 5 6 7 8 

and which has the f a u j a s i t e s t r u c t u r e . ' ' ' ' Members of t h i s group 

have cubic symmetry and a framework based on combinations of truncated 

octahedra ((3 cages) and hexagonal prisms. Each of these octahedra 

( f i g . l a ) i s composed of 24 ( A l , S i ) ions, which are the v e r t i c e s , 

interconnected w i t h 36 oxygen atoms. Each truncated octahedron has 6 

square faces and 8 hexagonal faces. F i g . l b shows the t e t r a h e d r a l 

arrangement o f the octahedra, which are l i n k e d by t h e i r hexagonal faces 

through hexagonal prisms. These prisms c o n s i s t of 12 ( S i , A l ) 

tetrahedra. This r e s u l t s i n a series of wide c a v i t i e s (supercages) 

each of which opens by common windows (8 -» 9A diameter) i n t o f o u r , 

i d e n t i c a l , t e t r a h e d r a l l y arranged c a v i t i e s ( f i g . 2 ) . This very s t a b l e 

s t r u c t u r e i n which the supercages have a diamond-like arrangement w i t h 

respect to each other, contains the l a r g e s t v o i d space of any known 

z e o l i t e (50% of the dehydrated c r y s t a l ) . 
Cation Location 

3+ 4+ The s u b s t i t u t i o n of an A l i o n f o r S i necessitates the 

i n t r o d u c t i o n of a c a t i o n i n order to r e s t o r e e l e c t r i c a l n e u t r a l i t y . 

The maximum observed s u b s t i t u t i o n corresponds to an A l / S i r a t i o o f 1 : 

The d i s t r i b u t i o n of cations w i t h i n a z e o l i t e framework i s a f u n c t i o n of 

many parameters e.g. water content, A l / S i r a t i o and type of c a t i o n . 

Several d i f f e r e n t c a t i o n l o c a t i o n s have been discovered f o r each 
2 

z e o l i t e framework and i n p a r t i c u l a r f o r NaX there are four s i t e s . 
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F i g . 1 a) Truncated Octahedron 

b) Tet r a h e d r a l arrangement o f octahedra 



F i g . 2 Cation P o s i t i o n s i n F a u j a s i t e s 
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Type I i n the centre of a hexagonal prism. 

Type I ' i n s i d e the s o d a l i t e u n i t . 

Type I I i n the six-membered r i n g s , the unjoined hexagonal faces of the 

octahedra. 

Type I I I on the w a l l s of the channels:- on the square faces of the 

octahedra. 

Three of these are shown i n f i g . 2. The s i t e occupancies f o r an 

X z e o l i t e of composition N a g 0 [ ( A 1 0 2 ) g 0 (Si-02\l2^ S r e S i v e n i n t a b l e 

Table 1 Cation D i s t r i b u t i o n s i n X z e o l i t e s 

Na - : K K - X 

Type of 
S i t e S i t e occupancy 

A v a i l a b l e 
S i t e s 

I 4 16 9.2 

I ' 32 32 13.6 

I I 32 32 25.6 

I I I 4 48 38.2 

The c r y s t a l s t r u c t u r e of dehydrated Ag-13X has not been determined. 

I t has, however, been found t h a t l a r g e r ions e.g. K + and Cs + occupy more 
g 

s i t e s I I I than do the cations i n the sodium form. I t i s the r e f o r e 

l i k e l y t h a t f o r Ag-13X the number of s i t e I I s i t e s occupied by cations 

i s greater than f o r Na-13X. This i s i n agreement w i t h the g r a v i m e t r i c 
9 

and volumetric studies of Yates who found two adsorbtion s i t e s i n 
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approximately equal numbers. Table 1 l i s t s the c a t i o n d i s t r i b u t i o n i n 

dehydrated Kg 6 5 A l g 6 f ^ . 8 

Dehydration of type X Z e o l i t e s 

Outgassing at 475°C i n high vacuum produces no gross change i n the 

c r y s t a l s t r u c t u r e of Na-13X. The d i f f e r e n t i a l thermal analysis of 

z e o l i t e Na-13X i n d i c a t e s a continuous loss of water over a broad range 

from j u s t above room temperature to 350°C. Peaks a t 772°C and 933°C 

i n d i c a t e d e c o m p o s i t i o n . ^ We obtained X-ray powder photographs of 

Ag-13X a f t e r 

a) being d r i e d , i n a i r , overnight a t 40°C 

b) dehydration a t 450°C. 

The r e s u l t s showed t h a t no collapse of the framework had taken place. 

I o n Exchange 

+ + 
Ag replaces Na very e a s i l y and there i s 100% exchange under 

appropriate c o n d i t i o n s . * * Ions of type I are, i n general, the most 

d i f f i c u l t to exchange and i n f a c t l a r g e r ions e.g. Rb + or Cs + cannot 

replace them because they are too large to pass through the small 

openings i n the hexagonal prism. 

Adsorption of Gases 

The s e l e c t i v i t y of z e o l i t e s i s w e l l known but, f o r example, an 

A-type z e o l i t e at -196°C w i l l f r e e l y adsorb 0^ but N 2 i s excluded. 

The k i n e t i c diameter of N 2 i s only . 2A greater than t h a t of 0 2 > but 

t h i s i s s u f f i c i e n t to prevent i t e n t e r i n g the pores. The k i n e t i c 

diameter o i s derived from a Leonard-Jones P o t e n t i a l Function 
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and i t i s used r a t h e r than the e q u i l i b r i u m diameter r 
min I n f a c t r 

min 
= 2 Gor. Figure 3 shows th a t <j corresponds to the distance f o r which the 

p o t e n t i a l i s zero and r . to the 
rain 

distance f o r which the energy of 

a t t r a c t i o n i s a maximum. 

The type I I I cations are thought 

to protrude f u r t h e r i n t o the super-

cage than ions of type I I . F urther

more as a r e s u l t of t h e i r being 

bonded to a smaller oxygen r i n g i t 

o" r min 
Fi g . 3 Relationship between 

o and r min 

i s expected t h a t ions of type I I I w i l l have t h e i r o r b i t a l s less f u l l y 

occupied w i t h bonding to the l a t t i c e than type I I . I t th e r e f o r e 

appears th a t the adsorbed molecules w i l l probably be more s t r o n g l y 

bonded to the ions on the cage w a l l s than to those on the windows. 
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Section I I 

Why Use Neutrons? 

Raman studies of z e o l i t e s and p a r t i c u l a r l y of z e o l i t e s c o n t a i n i n g 

adsorbed species have proven e i t h e r very d i f f i c u l t or impossible. 

Z e o l i t e s give r i s e t o very weak Raman s c a t t e r i n g , but the fluorescence 
13 

background i s very high. Successful spectra have been obtained only 
12 13 14 

i n a few cases. ' ' The presence of even small amounts of t r a n s i t i o n 
12 13 

metal ions u s u a l l y leads to unacceptable l e v e l s of fluorescence. ' 

Therefore, successful i n v e s t i g a t i o n s were-almost e n t i r e l y l i m i t e d to 

a l k a l i or a l k a l i n e e a r t h i o n exchanged forms of the various z e o l i t e s . 
Many n e a r - i n f r a r e d studies of z e o l i t e s and z e o l i t e s c o n t a i n i n g 

adsorbed species, have been p u b l i s h e d , ^ however, f a r - i n f r a r e d studies 
16 

have proven f a r more d i f f i c u l t . The d i f f i c u l t i e s associated w i t h 

o b t a i n i n g o p t i c a l spectra of z e o l i t e s e.g. fluorescence, absorption and 

the need to use very t h i n samples, do not a r i s e when measuring neutron 

spectra. The z e o l i t e background i s r e l a t i v e l y transparent to neutrons 

so t h a t neutron s c a t t e r i n g spectroscopy i s p a r t i c u l a r l y s e n s i t i v e to 

the v i b r a t i o n s of the (hydrogeneous) adsorbed species. 

Furthermore, as explained e a r l i e r , i n e l a s t i c neutron s c a t t e r i n g 

spectroscopy ( i . n . s . ) i s f r e e from o p t i c a l s e l e c t i o n r u l e s so t h a t from 

a combination of successful I.R., Raman and neutron studies i t should 

be possible to observe a l l of the normal modes and to obt a i n complete 

v i b r a t i o n a l assignments f o r the adsorbed molecules. 
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Section H I 

Relevant Previous I n v e s t i g a t i o n s 

a) C r y s t a l S t r u c t u r e Determinations 

During the course of t h i s work several c r y s t a l s t r u c t u r e s of 
17 18 19 

z e o l i t e s c o n t a i n i n g adsorbed or C 2H 2 have been published. ' ' 

Z e o l i t e A was used i n every case, however, a v a r i e t y of ion-exchanged 

forms have been i n v e s t i g a t e d i . e . C o ( l l ) , Mo, Na. Three very important 

po i n t s a r i s e from these i n v e s t i g a t i o n s : 

1. I n a l l cases the data i s c o n s i s t e n t w i t h the adsorbed gases being 

symmetrically bonded w i t h the carbon atoms e q u i - d i s t a n t from the metal 

ion. 

2. The metal to carbon distances are longer than i n comparable model 

compounds and so i t appears t h a t the i n t e r a c t i o n w i t h the metal i s 

r e l a t i v e l y weak. 

3. The adsorbed molecule makes no s i g n i f i c a n t approach t o the frame

work oxygens etc. For instance f o r the Co - C2H^ system i n z e o l i t e A 

the minimum C - 0 distance i s 3. 5A. Although the hydrogen atoms were 

not located, they should l i e approximately i n the plane of the carbon 

atoms, which i s p a r a l l e l to the plane of the oxygen atoms. The 

minimum separation H - 0 cannot be less than 3. l A so no C - H 0 

hydrogen bonding occurs. 

I t seems reasonable to assume t h a t s i m i l a r considerations w i l l 

apply to the s t r u c t u r e s of C2H^ and C 2H 2 adsorbed on Ag - 13X and 

Na - 13X. This i s i n agreement w i t h i n f r a - r e d studies. 
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b) I n f r a r e d Studies 

I n f r a r e d spectroscopic studies (1300 -> 3300 cm *) of ethylene 

adsorbed by several ion-exchanged 13X z e o l i t e s , have been made by 
20 

Yates e t a l . They found t h a t f o r Na, Ca, L i , K and Ba exchanged 

z e o l i t e s the ethylene was weakly held e.g. i t could be removed by 

evacuation at room temperature. This was not so f o r Ag or Cd exchanged 

13X z e o l i t e s f o r which heating to > 200°C was necessary to remove a l l 

of the adsorbed gas. 

The absence of d i s s o c i a t i v e chemisorption was confirmed by the 

presence of the C = C v i b r a t i o n a l band i n a l l of the spectra. 

I t was also possible t o e s t a b l i s h t h a t , except f o r C^H^ on Agl3X, 

the CgH^ was f r e e l y r o t a t i n g about the axis. This was possible 

because i t was observed t h a t narrow bands (~4cm *) were obtained f o r 

those v i b r a t i o n s f o r which the d i p o l e moment change i s perpendicular t o 

the surface and broad bonds (~40 cm *) f o r v i b r a t i o n s associated w i t h 

d i p o l e moment changes p a r a l l e l to the surface. Free r o t a t i o n about the 

axis would modulate v i b r a t i o n s p a r a l l e l t o the surface and hence 

produce broad bands. For on Agl3X the band i s narrow hence 

they p o s t u l a t e t h a t the f r e e r o t a t i o n has become a t o r s i o n i n t h i s case. 

I f the r o t a t i o n of adsorbed C^^^ about the axis i s p e r f e c t l y 

free then some r o t a t i o n a l f i n e s t r u c t u r e may have been expected. None 

was observed. Comparable r e s u l t s have been reported f o r CH^ adsorbed 
21 

on s i l i c a . The shape of the band f o r the adsorbed CH^ i s 

compatable e i t h e r w i t h no free r o t a t i o n t a k i n g place or w i t h f r e e 

r o t a t i o n about a s i n g l e a x i s . The authors p o i n t out t h a t i n t e r r u p t i o n 

of f r e e r o t a t i o n by v i b r a t i o n r e l a t i v e to the surface would broaden 
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the i n d i v i d u a l r o t a t i o n a l bands, leading to non - r e s o l u t i o n of the 

d i s c r e t e f i n e s t r u c t u r e and the production of smooth wings as 

observed. I t i s possible t h a t f i n e s t r u c t u r e was not observed i n the 

Agl3X + c a s e f° r t n e s a m e reason. 

A broadened band (A) as opposed to one w i t h d i s t i n c t P and R 

branches (B) i s f u r t h e r evidence th a t the adsorbed C„H. has only one 
2 4 

Perpendicular Component 
P a r a l l e l Component 

cm 

degree of r o t a t i o n a l freedom. The r e l a t i v e i n t e n s i t i e s of the i n d i v i d u a l 
22 

l i n e s are 

a) f o r a r o t o r w i t h one degree of freedom; f o r a perpendicular band 

«2, 2 
I n t e n s i t y a C exp ^—- j K l \ 

'8ii 2IKT' 
K = 0,1,2, .... 
C = 1 i f K - 0 
C = 2 i f K > 0 

b) f o r a r o t o r w i t h three degrees of freedom 

I n t e n s i t y a ( 2 j + l ) 2 exp ( " J ( j + 1 ) h ) 
V 8n IKT 

J = 0, 1, 2 .. 

I n the f i r s t case there i s no maximum and the f u n c t i o n decreases 

monotonically. I n the second case we have, as J increases, an 

increasing pre-exponential f a c t o r but a decreasing value of the 

expo n e n t i a l . This leads t o a f u n c t i o n w i t h a d e f i n i t e maximum and 
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produces the c h a r a c t e r i s t i c P and R branches. 

F i n a l l y from a study of the v (CH def.) band as a f u n c t i o n of 
s 

coverage i t was also established t h a t there are two d i f f e r e n t 

adsorbtion s i t e s f o r C^tt^ on Agl3X. This was l a t e r confirmed by 
9 

gra v i m e t r i c and volum e t r i c studies. 

The i n f r a r e d r e s u l t s quoted above, concerning hindered r o t a t i o n 

of ^2^^ on Agl3X, are r e l e v a n t only to the low coverage case. I t was 

not possible to make s i m i l a r measurements f o r the high coverage 

s i t u a t i o n because the bands were incompletely resolved. 

N.M.R. Studies 

23 24 23 Both w i d e l i n e ' and chemical s h i f t proton n.m.r. r e s u l t s 

have been published f o r ion exchanged z e o l i t e s c o n t a i n i n g ethylene 

(10 cms. pressure). 

For C^R^ adsorbed i n z e o l i t e s c o n t a i n i n g a l k a l i metal cations i t 

was found t h a t the n.m.r. s i g n a l e x h i b i t e d a simple temperature 

dependence. The l i n e w i d t h broadened i n a re g u l a r manner from room 

temperature to 77K ( t h e lowest temperature s t u d i e s ) . This i n d i c a t e s 

a general slowing down of molecular motion w i t h o u t loss of any degrees 

of freedom. With Ag-13X however, the l i n e broadened r a p i d l y u n t i l 

178K a t which temperature a double humped peak, c h a r a c t e r i s t i c of 

d i p o l a r broadening, appeared. The second moment then remained 

constant between 178K and 77K. 

These r e s u l t s i n d i c a t e t h a t the r a p i d r e o r i e n t a t i o n a l motion, 

which i s causing the band narrowing f o r adsorbed on Ag-13X i s 

quenched below -95°C. I t can be seen t h a t f o r M-13X + C„H,, where M 
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i s an a l k a l i metal, the i n f r a r e d and n.m.r. r e s u l t s are i n agreement. 

For Ag-13X + C^H.^ there i s an apparent discrepancy because the i n f r a r e d 

r e s u l t s i n d i c a t e t h a t even at room temperature the C^R^ i s r e s t r i c t e d 

i n i t s r o t a t i o n on Ag-13X. This descrepancy i s p o s s i b l y explained by . 

the time-scales of the two techniques which d i f f e r by several orders 

of magnitude. (Chapter 3 ) . 



Section IV 

Z e o l i t e - Ethylene I n t e r a c t i o n 

The bonding between t r a n s i t i o n metals and alkenes i s u s u a l l y 
25 

described i n terms of the Chatt-Dewflr model. According to t h i s 

model an i n i t i a l o~ bond i s formed between the f i l l e d n o r b i t a l s on the 

alkene and on empty o~ acceptor o r b i t a l s of the metal. Accumulated 

negative charge on the metal i s then back-donated by d ( o r dp h y b r i d ) 

n o r b i t a l s to a n acceptor o r b i t a l of the alkene. Because the i t -

acceptor o r b i t a l of the alkene i s antibonding the C = C bond order may 
be decreased and the bond length increased (found 1.337 A i - n gaseous 

» 27 ethylene and 1.375 A i n Zeise's S a l t ) . Without d e t a i l e d knowledge 

of the bonding of the metal ions to the z e o l i t e framework i t i s not 

possible to describe f u l l y the bonding of the ethylene t o the metal 

ions. However, i t seems reasonable to assume t h a t the s i t u a t i o n w i l l 

be s i m i l a r to t h a t found f o r model complexes and the i n f r a r e d and i.n.s. 

r e s u l t s can i n f a c t be r a t i o n a l i s e d by applying the Chatt-Dewar model 

to the adsorbed Ĉ Ĥ . 

Consider f i r s t l y the Ag-13X z e o l i t e . I f the i n t e r a c t i o n between 

the s i l v e r i o n and the framework were purely e l e c t r o s t a t i c then the 

could only become d i r e c t i o n a l l y f i x e d i n space as a r e s u l t of 

i n t e r a c t i o n s between e.g. i t s hydrogens and the framework oxygens. A 

degree of covalent bonding, however, n e c e s s a r i l y f i x e s the s i l v e r d 

o r b i t a l s i n space. Therefore the d i r e c t i o n a l nature o f the s i l v e r "d" 

o r b i t a l s i s a consequence of the degree of i n t e r a c t i o n w i t h the frame-

work. Any strong i n t e r a c t i o n between these o r b i t a l s and the % o r b i t a l s 

of the o l e f i n w i l l e f f e c t i v e l y prevent the o l e f i n f r e e l y r o t a t i n g around 

the C„ axis. The d i f f e r e n c e between s i l v e r and cadmium may simply be 
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one of i o n i c r a d i i (Cd , 0.98 £; Ag , 1.26 A) a n £* so the f i l l e d 4d 

o r b i t a l s of Cd may not extend f a r enough f o r e f f e c t i v e it overlap w i t h 

the Ĉ Ĥ . Thus i n the m a j o r i t y o f the z e o l i t e s studied the bonding 

i s l i k e l y t o be due s o l e l y to o i n t e r a c t i o n . The b a r r i e r e.g. to t o r s i o n 

about the axis w i l l be a f u n c t i o n of the amount of TI bonding, and so 
+ + 

v i r t u a l l y f r e e r o t a t i o n i s expected f o r C2H^ bonded t o Na , L i etc. 

but hindered r o t a t i o n i s expected where s i g n i f i c a n t TT-over lap can take 

place. 



Section V 

An I n e l a s t i c Neutron S c a t t e r i n g Study of Ethylene Adsorbed by S i l v e r 

Exchanged 13X Z e o l i t e 

a) I n t r o d u c t i o n 

Incoherent i n e l a s t i c neutron s c a t t e r i n g spectra of ethylene 

adsorbed on Ag-13X z e o l i t e have been measured. The degassed z e o l i t e 

i s r e l a t i v e l y transparent to neutrons but i t w i l l adsorb ethylene so 

t h a t the t o t a l sample s c a t t e r i n g cross s e c t i o n increases by up to a 

f a c t o r of twelve. The ethylene e x i s t s as d i s c r e t e molecules w i t h i n 

the z e o l i t e framework and at 110K the strong i n t e r a c t i o n between the 

s i l v e r ions and the ethylene leads to sharp v i b r a t i o n a l t r a n s i t i o n s 

associated w i t h the motion of the ethylene w i t h respect to the surface 

The adsorption of an ethylene molecule introduces s i x new normal modes 

i. e . three hindered r o t a t i o n s and three hindered t r a n s l a t i o n s , to the 

system ( f i g . 4 ) . Corresponding modes have been observed, using i . n . s . 
28 29 30 

' i n f r a r e d and Raman techniques, i n model compounds e.g. 

K[Pt C l ^ C 2 H^]. Because of the weaker bonding of the ethylene to the 

s i l v e r i o n i n the z e o l i t e we would expect these t r a n s i t i o n s to occur 

at lower frequencies than i n the platinum model complexes. However, 

the data from the model compounds can be used i n the i n t e r p r e t a t i o n of 

the spectra of the adsorbed species. 
9 20 

I n f r a r e d and g r a v i m e t r i c studies ' demonstrate the existence of 
two d i f f e r e n t adsorption s i t e s f o r the ethylene, w i t h i n the z e o l i t e 

9 

framework. Under the experimental c o n d i t i o n s used isotherm data 

i n d i c a t e s t h a t 4.4 and 8 ethylene molecules r e s p e c t i v e l y are adsorbed 

per supercage. For several reasons, discussed l a t e r , i t i s expected 

t h a t Ĉ Ĥ  w i l l be more s t r o n g l y held on cations of type I I I . I t was 
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deduced th a t a t the pressures used type I I I and types I I and I I I s i t e s 

r e s p e c t i v e l y were occupied by the ethylene. Ions of type I are not 

able t o adsorb CJA^ because the apertures i n the hexagonal prism are 

too small to admit the molecule. The heats of adsorption of C^R^ on 

the type I I I and type I I s i t e s are 18.1 and c.a. 12.5 k c a l mol * 
i 20 re s p e c t i v e l y . 

b) Experimental 

Zeises' S a l t was purchased from A l f a Inorganics Ltd. and Zeises 1 

31 

Dimer was prepared by a standard technique. AgNO^.^ w a S 

prepared by bubbling ethylene through a saturated AgNO^ s o l u t i o n a t 

0°C. The white p r e c i p i t a t e was d r i e d on a glass s i n t e r i n a stream 

of ethylene and at no time was the temperature allowed to r i s e above 

0°C. For the i.n. s . experiments these samples were enclosed i n t h i n -

w alled s i l i c a containers. I n order to avoid decomposition of the 

AgNOg i ^2^4 t* l E ° P e r a t i o n s °f t r a n s f e r r i n g i t to a s i l i c a container 

and loading i t i n t o a c r y o s t a t , were performed i n a col d room (-KTC). 

This procedure also avoided contamination of the sample w i t h water. 
The Ag-13X was obtained by repeatedly ion-exchanging Na-13X (Linde 

32 
Lot No.1976300) w i t h AgNO^ s o l u t i o n . The sample was washed 

—6 

thoroughly and then degassed to a pressure below 5 x 10 t o r r at 

450°C before being t r a n s f e r r e d , under vacuum, to e i t h e r a s i l i c a or 

aluminium sample c e l l . The c e l l plus z e o l i t e was then run as a back

ground. Spectra were measured again when a pressure of 500 t o r r o f 

ethylene had been introduced, a t room temperature, v i a a glass break 

seal and again a f t e r the z e o l i t e plus ethylene had been evacuated f o r 

30 minutes a t room temperature. 
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I n order to o b t a i n a s a t i s f a c t o r y spectrum of the z e o l i t e i t s e l f 

i t was necessary to use f i v e times as much sample as was used f o r the 

adsorption experiments. To ensure the removal of a l l "H" from the 

system, because even a small amount would produce a s i g n i f i c a n t 

c o n t r i b u t i o n to the spectrum, the sample was washed several times w i t h 

before the baking procedure was s t a r t e d . The spectrum of t h i s 

sample was obtained a t ambient temperature. 

During the heating and degassing procedure the Ag-13X z e o l i t e 

turned b r i g h t yellow. I n a t e s t experiment i t was found t h a t the 

o r i g i n a l o f f - w h i t e colour would r e t u r n on exposing the z e o l i t e t o the 

atmosphere. 

33 34 
The i.n.s. measurements were made using the 6H and 7H time-of-

35 
f l i g h t and the B e r y l l i u m F i l t e r Detector Spectrometers at A.E.R.E. 
Harwell. The i n i t i a l data analysis was performed using the Prescat, 

36 3 7 Circa and Roundabout programmes. A l l of the B e r y l l i u m F i l t e r 

Detector measurements were made w i t h the sample i n a l i q u i d n i t r o g e n 

c r y o s t a t and the sample temperature was c.a. 90K. T i m e - o f - f l i g h t 

spectra of the z e o l i t e systems were obtained at several temperatures 

between ambient and 110K. A l l of the spectra shown have had the 

background subtracted. 

c) Model Compounds 

We have obtained the i.n.s. spectra of Zeises 1 S a l t , Zeises' 

Dimer and AgNO^. Is^^A • These r e s u l t s and the assignments a v a i l a b l e 
30 

from Raman and I n f r a r e d studies are given i n t a b l e 2 and f i g 5. 
The lower energy spectra ( < 250 cm ^) of the platinum complexes 

28 
have been published elsewhere . 
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The two intense peaks, at ~ 720 and ~ 840 cm \ i n the spectra of 

the complexes are absent from the i.n. s . spectra of the adsorbed 

species. This i s understandable because these v i b r a t i o n s have been 
30 

assigned to CI^ rocks ( v ^ ^ and V23) and so w i t h the greater double 

bond character of the C = C bond i n the adsorbed species, we would 

expect them to occur at higher frequency. These modes have been 

assigned a t 810 and 1236 cm ( v ^ ) i n gaseous C2H^. Reference 

to f i g u r e 13 shows th a t there i s a p o o r l y resolved shoulder at ~ 800 cm 1 

i n the i.n.s. spectra of on Agl3X which may correspond to the 

lower of these two rocks. Thus we expect a l l of the i n t r a m o l e c u l a r 

modes of the adsorbed ethylene to occur above 800 cm 1 ( 0 2 ^ ) and 

586 cm"1 (C 2D 4). 
The i.n. s . spectra of the platinum complexes show three intense 

peaks below 600 cm 1 ( t a b l e 2 ) . The rock and wag modes are weak as 
28 — \ pred i c t e d . The t o r s i o n 1 ( TJ^) mode ( f i g . 4) occurs above 1000 cm 

We can reasonably assume t h a t the same modes i . e . T , T^ and the 

symmetric s t r e t c h w i l l be intense i n the i.n. s . spectra of the adsorbed 

ethylene. Because the bonding of the C^^b t o t* i e ^g z e o l i t e i s weaker 

than to Pt the observed t r a n s i t i o n s should be a t a lower frequency than 

i n the model compounds. This i s confirmed by the i . n . s . spectrum of 

(AgN0^)2C2H^ ( f i g . 6 ) . The spectrum i s very s i m i l a r to those of the 

platinum complexes and the intense peak at 140 cm 1 can only be 

reasonably assigned to the mode. The peak at 280 cm 1 i s probably 

the f i r s t overtone of j ^ . 

d) Time of F l i g h t Results (0-300 cm" 1) 

The spectra i n f i g . 7 a , b, c, show the corrected neutron counts 

p l o t t e d as a f u n c t i o n of s c a t t e r e d neutron t i m e - o f - f l i g h t f o r Ag-13X 
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and C^H^ adsorbed on Agl3X. These spectra were obtained at 110K. For 

the ethylene adsorbed at low pressure a t r a n s i t i o n i s found at 40 cm 1 

( f i g . 7a). At the higher pressure of ethylene when type I I s i t e s are 

also occupied, t r a n s i t i o n s occur a t 56 cm 1 and 22 cm 1 ( f i g . 7b). 

Our i n t e r p r e t a t i o n of these spectra i s t h a t a v i b r a t i o n o f the more 

s t r o n g l y bound species occurs at 40 cm \ however, on inc r e a s i n g the 

coverage t h i s v i b r a t i o n s h i f t s to 56 cm 1 and a new t r a n s i t i o n , 

associated w i t h the more weakly bound species, occurs at 22 cm \ The 

s h i f t i n frequency i s p o s s i b l y associated w i t h s t e r i c crowding w i t h i n 

the supercage as a r e s u l t of the increased coverage. We intended to 

t e s t t h i s hypothesis by f i r s t covering the stronger adsorption s i t e s 

w i t h and then adsorbing CgD^ so t h a t even w i t h both s i t e s 

covered we would be s t i l l o b t a i n i n g the i . n . s . spectrum of the more 

s t r o n g l y held species. The r e s u l t of such an experiment would of 

course depend on the s i m i l a r i t i e s or d i f f e r e n c e s between the ethylene 

adsorbed on the two s i t e s . I n a t e s t experiment, however, an a l y s i s of 

the gas phase of a sample prepared as described above, i n d i c a t e d t h a t 

complete mixing had taken place. 

We have also obtained the i.n. s . spectrum of C^D^ adsorbed on 

type I I I s i t e s (low coverage) and t h i s i s shown i n f i g . 8. The most 

intense peak occurs at 35 - 3 cm The peak p o s i t i o n f o r C2H^ 

adsorbed on type I I I s i t e s i s 39.5 - 3 cm \ This corresponds to a 

s h i f t of .886. By comparison w i t h the spectra of the model compounds 

we would expect the most intense low energy v i b r a t i o n to be I t i s 

d i f f i c u l t to p r e d i c t d e u t e r a t i o n s h i f t s f o r the adsorbed species 

because the exact geometry of the molecules i s not known. However, we 

can consider two extreme s i t u a t i o n s 
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(A) The adsorbed molecules are planar and t h e i r s t r u c t u r e i s the same 
26 

as observed i n the gas phase. 

(B) The adsorbed molecules have the same geometry as the ligan d 
27 

i n Zeise's S a l t . I n t h i s case we may consider t h a t the C-D distance 

i s .01a s h o r t e r than the C-H but the other parameters are i d e n t i c a l . 

The moments of i n e r t i a and expected s h i f t s on d e u t e r a t i o n are 

given i n ta b l e 3. 

I f the band a t 39.5 - 3 cm 1 i s the T^ mode then we can p r e d i c t 

t h a t i t would occur a t 32.1 - 2.1 cm - 1 ( A l t e r n a t i v e A) or 32.8 - 2.5 cm"1 

( A l t e r n a t i v e B). Therefore on the grounds of i n t e n s i t y and s h i f t on 

de u t e r a t i o n we assign t h i s band to An assignment to though 

reasonable from the deu t e r a t i o n s h i f t , would be unacceptable on 

i n t e n s i t y grounds (see ta b l e 5 and l a t e r d i s c u s s i o n ) . 

e) Separation of Fundamentals and Overtones 

There i s a peak at 80 cm 1 i n the spectrum of on type I I I 

s i t e s and there e x i s t s a shoulder i n the same region when both types I I 

and I I I s i t e s are covered, however, the occurrence of the peak at 

56 cm"1 makes i t s p o s i t i o n d i f f i c u l t to determine. 

We have i n v e s t i g a t e d the p o s s i b i l i t y t h a t t h i s peak at 80 cm 1 i s 

an overtone of the peak at 39.5 cm 1. From neutron s c a t t e r i n g theory 

(chapter 2) i t i s known t h a t i f a fundamental and a f i r s t overtone both 

have the same frequency then 

a) at d i f f e r e n t temperatures, i f a l l other f a c t o r s are equal, then f o r 

a f i x e d value of energy t r a n s f e r ( UJ) 



C H 
Table 3 Moments of I n e r t i a and expected s h i f t s / 2 4\ f o r adsorbed 

C 2H 4 and C 2D 4 ^2^4 

Gas-Like Geometry 

I C 2 H 4 I C 2 D 4 

l G 2 H 4 
I C 2 D 4 

AXIS 1 20.432 30.093 .8240 

AXIS 2 16.887 23.053 .8559 

AXIS 3 3. 546 7.040 . 709 7 

Zeises S a l t S t r u c t u r e 

I C 2 H 4 I C 2 ° 4 I C 2 D 4 

AXIS 1 21.0375 30.48 79 .8307 

AXIS 2 17. 7467 24.0049 .8598 

AXIS 3 3.4766 6.8028 . 7149 



I n t e n s i t y of a fundamental a T (1) 
2 

I n t e n s i t y of an overtone or T (2) 

T i s the absolute temperature. 

b) at constant temperature and constant value of U) 

2 2 
I n t e n s i t y of a fundamental = Q A exp (-Q C) (3) 

4 o 
I n t e n s i t y of an overtone = Q B exp (-Q C) (4) 

Q i s the momentum t r a n s f e r 

C i s the mean square v i b r a t i o n a l amplitude. 

F i g . 9 shows the Boltzmanncorrected s c a t t e r i n g (P(a,p)) a t 295K 

and 110K and i t appears t h a t the s c a t t e r i n g at 80 cm ^ increases 

f a s t e r w i t h temperature than t h a t at 40 cm This i s t o be expected 

i f a s i g n i f i c a n t p r o p o r t i o n of s c a t t e r i n g a t 80 cm i s due t o a 

f i r s t overtone. 

We have attempted to achieve a separation of one and two quantum 

s c a t t e r i n g by t a k i n g P(a,p) data, obtained at d i f f e r e n t Q values but 

a t the same w value, and f i t t i n g i t to the expression 

Experimental I n t e n s i t y __2« , „2_, / c N — E r = (A + BQ )exp(-Q C) (5) 
Q 

2 

The d i v i s i o n of the experimental i n t e n s i t y by Q s i m p l i f i e s the f i t t i n g 

problem. Fig. 10 i s a p l o t of "Q" versus "u) M f o r the 6H spectrometer. 

Our f i t t i n g procedure involved t a k i n g experimental data along 

l i n e s p a r a l l e l to the ord i n a t e and f i t t i n g i t to equation 5. 

The value of C was c a l c u l a t e d from the q u a s i - e l a s t i c peak data 

(chapter 2 ) , Fig. 11 i s a p l o t of the c a l c u l a t e d values of A and B f o r 

a temperature of 247K. These p l o t s have the c o r r e c t c h a r a c t e r i s t i c s 
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F i g . 11 Pl o t s of A and B Factors f o r C H, + Agl3X 1 5 4 . 
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i . e . the B values are very small when "to" i s small. That the "B" 

values r i s e monotonically and do not "peak" at any p a r t i c u l a r value 

i s probably due to the f a c t that we should include higher terms i n the 
6 2 

f i t t i n g equation e.g. DQ exp (-Q C) to account f o r second overtones 

etc. Because we have only nine data p o i n t s f o r each "u)" value and the 

r e s o l u t i o n begins t o worsen beyond 100 cm ^ i t was considered t h a t 

f u r t h e r analysis along these l i n e s was not j u s t i f i e d . 

From equations 1 and 2 i t can be seen t h a t a p l o t of log ( i n t e n s i t y ) 

vs l o g (T) should be a s t r a i g h t l i n e f o r both fundamentals and f i r s t 

overtones but tha t the gradients should be one and two r e s p e c t i v e l y . 

I n order to see i f our separation has been performed c o r r e c t l y we have 

p l o t t e d l o garithm o f the measured "A" and "B" values, f o r the peak 

heights, against l o g (temperature). The r e s u l t s obtained were 

80 cm-''' peak 40 cm * peak 

Gradient 
C o r r e l a t i o n 
C o e f f i c i e n t Gradient 

C o r r e l a t i o n 
C o e f f i c i e n t 

A 
values 1.21 .978 .92 .949 

B 
values 2.50 .94 — — 

As expected the "B" values f o r the lower energy peak were 

extremely small ( l e s s than 1% of the A values) and so a r e l i a b l e 

g radient could not be obtained. 

Although the r e s u l t s are not r e a l l y good enough to enable exact 

q u a n t i t a t i v e statements to be made i t does appear t h a t both a 

fundamental and a f i r s t overtone occur at ̂  80 cm ^ and t h a t at 110K 

t h e i r i n t e n s i t i e s are approximately equal. 
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f ) Be r y l l i u m F i l t e r Detector Results ( > 60 cm" 1) 

Using the B e r y l l i u m F i l t e r Detector spectrometer bands were 
+ -1 + -1 observed a t 258 - 21 cm and 418 - 28 cm f o r ethylene adsorbed on 

Ag-13X. Although the number of t r a n s i t i o n s may have been expected to 

double on in c r e a s i n g the coverage the p o s i t i o n s o f the bands are 

i d e n t i c a l i n both spectra ( f i g . 13), however the i n t e n s i t y of each 

peak i s doubled. There are three possible explanations f o r these 

observations. 

a) the r e s o l u t i o n of the instrument i s ~ 3 5 cm 1 (chapter 3) and so 

each of the bands, i n the spectrum of the high coverage case, may be 

an unresolved doublet. 

b) the v i b r a t i o n s may be the same frequency on both s i t e s . 

c) we may be observing surface v i b r a t i o n s which are being a m p l i f i e d 

as a r e s u l t of the ethylene molecules m i r r o r i n g t h e i r motion. 

I n order to assign these v i b r a t i o n s we have obtained the i.n . s . 

spectra of Ag-13X and of C2D^ and trans - C 2D 2H 2 adsorbed on i t . The 

r e s u l t s are shown i n Table 4 and f i g u r e s 14 and 15. T i m e - o f - f l i g h t 

spectra o f adsorbed trans C 2D 2H 2 were not measured because i t was 

expected t h a t the s h i f t s would be too small t o measure w i t h meaningful 

accuracy. 

A l t e r n a t i v e "b" i s u n l i k e l y because i n f r a r e d and g r a v i m e t r i c 
9 20 

evidence i n d i c a t e s t h a t there are two d i s t i n c t adsorbed species. ' 

The f u l l w i d t h at h a l f height (F.W.H.H.) of the peaks i s ~ 100 cm"1 

and i t does not appear to change on incre a s i n g the coverage. 
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F i g . 13 B.F.D. Spectra of + Agl3X 
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The i . n . s . spectrum of the degassed z e o l i t e contains a very broad 

band i n t h i s r egion, p o s s i b l y corresponding to several unresolved peaks. 

I f the adsorbed ethylene were simply m i r r o r i n g the motion of the Ag + 

ions t h i s would imply t h a t the force constant between the ethylene and 

the s i l v e r i o n was much greater than t h a t between the s i l v e r i o n and 

the oxygen r i n g . This i s u n l i k e l y . A more probable s i t u a t i o n i s t h a t 

we may observe mixing between the z e o l i t e v i b r a t i o n s and the v i b r a t i o n s 

r e l a t i v e to the surface. A treatment of mixing, however, requires a 

normal co-ordinate analysis and t h i s i s not possible i n the present 

case. 

As w i t h adsorbed C„H. there i s l i t t l e d i f f e r e n c e between the 
2 4 

4:1 and 8:1 spectra of adsorbed C^D^ except t h a t perhaps the existence 

of two unresolved peaks i s more evident i n the higher coverage case. 

Although the incoherent cross s e c t i o n of D i s small (2.0) the 

incoherent cross s e c t i o n of carbon i s zero so tha t e x t r a s c a t t e r i n g , 

above background, must be due to the D atoms i n C2D^. ^ e °^ ) s e r v e <' 

s c a t t e r i n g from the C2D^ w a s i n a c c o r ^ w i t h t h a t p r e d i c t e d from i t s 

cross s e c t i o n and the known s c a t t e r i n g from adsorbed ^H^. 

The most s t r i k i n g f e a t u r e of the higher energy ( f i g s . 13,14,15) 

spectra i s the s h i f t of the intense peak i n the C^H^ spectrum 

(418 cm*1) to ~266 cm"1 ( C ^ ) and ~ 380 cm"1 ( C ^ D ^ ) . The band a t 

266 - 14 cm 1 i n the spectrum of C2D^ adsorbed at low coverage i s 

composed of two incompletely resolved peaks. We have resolved these 

using gaussian bandshapes. The components were constrained to have 

equal F.W.H.H. and i n t e n s i t y r a t i o of 2:1 (see l a t e r d i s c u s s i o n ) . The 

r e s u l t i s shown i n f i g . 16 and the F.W.H.H. i s 95 cm 1. The peak 

p o s i t i o n s are 199 cm 1 and 276 cm"-'-. The observed s h i f t f o r Ĉ D̂  was 

thus 0.66, c a l c u l a t e d assuming the most intense peak (418 cm 1 ) i n 
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F i g . 16 Results of the Curve F i t t i n g to the Spectrum of C_D̂  + Agl3X 
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the G2H^ spectrum has s h i f t e d to 276 cm 1 f o r adsorbed Ĉ D̂ . This 

large s h i f t can only be explained i f i t corresponds to a mode i n which 

the carbon atoms are s t a t i o n a r y . The only mode which could occur at 

low enough frequency i s This mode occurs at 1180 cm * i n Zeises' 

S a l t . 3 0 

I t i s d i f f i c u l t to p r e d i c t s h i f t s f o r trans - ^2^2^2 ^ e c a u s e t w o 

of the t o r s i o n s are t a k i n g place about d i f f e r e n t axes compared w i t h 

^2^^' B e c a u s e o r t h i s the carbon atoms are not on a p r i n c i p a l axis so 

t h a t T^, f o r trans ^2^2^2' ^ - n v 0 ^ v e s t n e motion of the carbon atoms 

r e l a t i v e t o the surface i . e . i t involves ^ and v i c e versa ( f i g . 17). 

We can o b t a i n approximate values f o r the i n t e n s i t i e s of the 

normal modes by n o t i n g t h a t f o r a wagging mode the square of the 

amplitude of v i b r a t i o n i s approximately p r o p o r t i o n a l to ̂  where n i s 

the number of s c a t t e r i n g atoms and M i s the mass of the l i g a n d . The 

squared amplitude of a t o r s i o n a l mode i s approximately p r o p o r t i o n a l 
2 

to — — where r i s the perpendicular distance of the s c a t t e r i n g atoms 
i r 

from the axis of r o t a t i o n and I i s the reduced moment of i n e r t i a f o r 

the l i g a n d about t h a t a x i s . These r e l a t i v e i n t e n s i t i e s are shown i n 

Table 5. The c a l c u l a t i o n s were performed f o r both cases noted e a r l i e r 

i . e . A) the ethylene i s planar and B) the ethylene has the geometry 

found f o r the ligan d i n Zeises 1 S a l t . I t i s apparent t h a t the most 

intense v i b r a t i o n i s always The increase i n i n t e n s i t y of T^ 

r e l a t i v e to the antisymmetric s t r e t c h C^) i n trans C 2 D 2 H 2 a S 

compared w i t h C^H^ occurs as a r e s u l t of the d i f f e r e n t p r i n c i p a l axes 

of i n e r t i a . The hydrogen atoms are closer to the axis o f r o t a t i o n 

f o r the antisymmetric s t r e t c h i n trans - C^D^R^ than i n C^H^ and 

f u r t h e r away i n the case o f T 
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Therefore on the grounds of i n t e n s i t y and s h i f t s on de u t e r a t i o n 

we assign the most intense peak,in each B.F.D. spectrum,to 73* 

I f we consider only the low-coverage case f o r adsorbed C^U.^ and 

^2^^ then we have assigned bands t o T^ and We are constrained 

t h e r e f o r e to assigning the remaining peaks to the symmetric and 

antisymmetric stretches by comparison w i t h the spectra of the model 

compounds. The symmetric s t r e t c h i s expected to be the lower energy 
30 

v i b r a t i o n . Our c a l c u l a t i o n s i n d i c a t e t h a t these bands should be 
more intense than the hindered t r a n s l a t i o n s . The assignments f o r the 

i-

higher coverage case are i d e n t i c a l . Further c o n f i r m a t i o n of these 

assignments i s gained by comparing the i n t e g r a t e d i n t e n s i t i e s of the 

bands a t 258 and 418 cm * i n the spectrum of adsorbed Ĉ Ĥ  ( F i g . 13). 

The a c t u a l baseline i s unknown so two extremes were considered 

(shown and on f i g . 13). The r a t i o s of the i n t e g r a t e d 

i n t e n s i t i e s i n these two cases were 2.2 and 3.7. The pr e d i c t e d r a t i o 

f o r T^ and ^ ( t a b l e 5) i s 2.69. This i s i n good agreement w i t h the 

experimental r e s u l t s . 

The assignment of the spectrum of adsorbed trans ^2®2^2 ^ o w 

coverage) i s more d i f f i c u l t . We do not have any low frequency data, 

however, i n the higher energy region there are three bands as compared 

to the two found f o r ̂ 2^^' There a r e t n r e e n e w f a c t o r s t o consider f o r 

t h i s system. 

a) the lower symmetry of trans C2D2H2 compared w i t h 0 2 ^ or 0 2 ^ . 

b) the change i n p r i n c i p a l axes of i n e r t i a , which leads to ̂  and T^ 

not being pure modes. 
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c) the pre d i c t e d s h i f t f o r 7^ from the CgH^ data places t h i s mode 

closer to the centre of the broad background peak. This increases the 

p r o b a b i l i t y of mixing between t h i s mode and the z e o l i t e modes. 

I t i s d i f f i c u l t to p r e d i c t the sum of these e f f e c t s or to decide 

which, i f any, i s dominant. The s i n g l e most s i g n i f i c a n t f e a t u r e i s 

the absence of any band close to the predicted frequency (~ 235 cm ^) 

f o r the T 2 mode. Both medium i n t e n s i t y bands i n the spectrum of trans-

^2^2 H2 a r e a t higher frequency than the ̂  mode f o r adsorbed C^^. 

This could p o s s i b l y be r a t i o n a l i s e d by suggesting t h a t as a r e s u l t of 

the mixing between T^ a n ^ the higher frequency mode T^ the frequency 

of x 2 i s increased. However, i f t h i s were the case i t would suggest 

t h a t the frequency of J , , , , . _. J ^ , 
3 s"ou-'-^ D e lowered. This does not seem to be 

the case. Two f u r t h e r observations are: 

1. the peak at ~ 270 cm 1 i s evident only a f t e r the background 

s u b t r a c t i o n . I t s p o s i t i o n and i n t e n s i t y are the r e f o r e not very w e l l 

defined ( f i g . 15). 

2. I f the shoulder at 338 cm 1 represents a peak of reasonable 

i n t e n s i t y then the F.W.H.H. of the peak at 380 cm 1 i s very much less 

than t h a t of corresponding modes i n adsorbed Ĉ D̂  and Ĉ Ĥ . This seems 

u n l i k e l y and so t h i s mode i s probably weaker than i t appears. 

I n f r a r e d evidence would be u s e f u l i n assigning these v i b r a t i o n s , 

however, so f a r our attempts to o b t a i n f a r i n f r a r e d spectra have been 

unsuccessful. 

A f u r t h e r i n d i c a t i o n t h a t there i s no s i g n i f i c a n t mixing between 

the C2X^(X = H,D) and the z e o l i t e i s t h a t the spectrum of C 2H 2 adsorbed 

on Ag-13X i s r a t h e r d i f f e r e n t from adsorbed C2X^(X = H,D) i n the 



region 200 to 500 cm I f the C^il^ were simply m i r r o r i n g surface 

modes then because the mass d i f f e r e n c e between C^H^ and Ô Ĥ  i s small 

i t i s reasonable to assume t h a t the spectra would be f a i r l y s i m i l a r . 

I n f a c t f o r adsorbed ^2^2 t n e r e *-s n o v i b r a t i o n i n the region 

mentioned. 

F i n a l l y because the 0 2 ^ i s non-planar i n Zeises' S a l t and the 

same i s almost c e r t a i n l y t r u e of the adsorbed gas then T^ must 

inv o l v e motion of the carbon atoms ( i . e . i n t h i s case t ^ ) . This 

e f f e c t i s not as s i g n i f i c a n t as the involvement of x^ and ^ f° r 

trans C2D2H2 because the distance of the carbon atoms, from the 

p r i n c i p a l axis of T . j , i s very much smaller. 

20 

F i n a l l y as we noted e a r l i e r Yates e t a l . were not able to 

reach any conclusion concerning the r o t a t i o n a l freedom of the Ĉ Ĥ  

molecules on s i t e I I because the i n f r a r e d bands were incompletely 

resolved. I f the 0 2 ^ were f r e e l y r o t a t i n g we would expect to observe 

broadening of the q u a s i - e l a s t i c peak (chapter 2) i n our experiments. 

I n f a c t the F.W.H.H. of the q u a s i - e l a s t i c peak i s equal to the i n s t r u 

mental r e s o l u t i o n . Although these were only medium r e s o l u t i o n 

measurements they do i n d i c a t e t h a t f r e e r o t a t i o n i s not ta k i n g place 

f o r Ĉ Ĥ  on e i t h e r adsorption s i t e . 
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Section v i A Neutron S c a t t e r i n g Study of C^Il^ + Nal3X 

I n f r a r e d studies have shown t h a t there are d i f f e r e n c e s i n the 

i n t e r a c t i o n of C2H^ v ^ c ^ ® a ^g z e o l i t e s . I t was t h e r e f o r e expected 

t h a t there should be s i g n i f i c a n t d i f f e r e n c e s between the neutron spectra 

of the two systems. I n the absence of isotherm data f o r C„H, + Nal3X 
2 4 

we decided t o i n v e s t i g a t e j u s t one coverage, corresponding to 40 cms. 

Hg pressure of C2**4 over the z e o l i t e . 

Experimental 

The experimental procedures were i d e n t i c a l to those used f o r 

Agl3X (chapter I I I and V). Spectra were obtained at several temperatures 

on the 6H and 4H5 t i m e - o f - f l i g h t spectrometers. For these experiments 

the 4H5 spectrometer was f i t t e d w i t h one s i x and one twelve s l o t r o t o r . 

The B.F.D. spectra were obtained a t c.a. 90K. Coherent s c a t t e r i n g 

experiments were c a r r i e d out a t ambient temperature on Nal3X and 
40 

Nal3X + C2D^ using the Curran spectrometer a t A.E.R.E. Harwell. The 

deuterated form of the gas was used because of i t s very low incoherent 

cross s e c t i o n . 

Results and Discussion 

Q u a s i - e l a s t i c region 

Figs. 18 and 19 show the t i m e - o f - f l i g h t spectra of C2H^ + Nal3X 

obtained a t two d i f f e r e n t temperatures on the 6H spectrometer. At 

ambient temperature there i s a very dramatic decrease i n the i n t e n s i t y 

of the q u a s i - e l a s t i c peak, r e l a t i v e t o the i n e l a s t i c r e g i o n , w i t h 

i n c r e a s i n g momentum t r a n s f e r (Q). R e c a l l i n g eqn.22aof chapter I I 

1 2 2 I n t e n s i t y a exp(- j- Q < u >) 
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we can see t h a t the i n t e n s i t y of the e l a s t i c peak i s expressed i n terms 
2 2 

of the Debye Waller f a c t o r and t h i s i s a f u n c t i o n of Q . Thus i f < u > 

i s large the q u a s i - e l a s t i c i n t e n s i t y decays r a p i d l y . Such behaviour i s 

c h a r a c t e r i s t i c of the i . n . s . spectra of l i q u i d s and gases. I t would 
2 

appear t h e r e f o r e t h a t the value of < u > i s large f o r the C^R^ + Nal3X 

system. The decrease i n the i n t e n s i t y of the q u a s i - e l a s t i c peak w i t h Q 

i s much less marked a t lower temperatures ( f i g . 19). 

By comparing the h a l f w i d t h of the q u a s i - e l a s t i c peaks of the 

sample spectrum, w i t h the r e s o l u t i o n f u n c t i o n of the instrument we can 

see t h a t there i s s i g n i f i c a n t broadening of the q u a s i - e l a s t i c peak. 

Analysis of the shape of t h i s peak y i e l d s i n f o r m a t i o n on the processes 

leading t o the broadening. 

We have obtained the coherent neutron spectrum of C_D. + Nal3X and 
2 4 

of Nal3X i n order to determine the p o s i t i o n s of any Bragg peaks which 

change i n i n t e n s i t y or p o s i t i o n on adsorbing the Ĉ Ĥ . I t i s possible t h a t 

the 2 value a t zero energy t r a n s f e r f o r some s c a t t e r i n g angle i n the 

spectrum of C^iil^ + Agl3X, corresponds to such a peak. I f t h i s i s the 

case then the s u b t r a c t i o n o f the background from the sample spectrum w i l l 

lead t o a q u a s i - e l a s t i c peak which i s not due e n t i r e l y t o incoherent 

s c a t t e r i n g from the C^R^. I t would then be i n c o r r e c t to include t h a t 

angle i n the analysis of the q u a s i - e l a s t i c data. The r e s u l t s of the 

coherent s c a t t e r i n g experiment are shown i n f i g . 20 together w i t h the 

values f o r the incoherent s c a t t e r i n g experiment (arrowed). There are 

i n f a c t only two angles of d e t e c t i o n , 74° and 45°, which we can say 

uniquivocably are not e f f e c t e d by Bragg s c a t t e r i n g . 

As a r e s u l t of t h i s a f u l l a n a l y s i s of the q u a s i - e l a s t i c region i s 

not possible but we thought i t might be possible t o exclude some of the 
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possible processes which could lead t o the broadening. 

Curve F i t t i n g 

Using the random walk model described i n chapter I I we have 

obtained jump times ( T ) corresponding to the best f i t s t o the data at 

angles 74° and 43°, w i t h a sample temperature of -56°C. We assumed 

t h a t the random walk took place about an axis j o i n i n g the centre of the 

double bond t o the Na +. The radius of g y r a t i o n used was 1.559a which 

was c a l c u l a t e d from the gas phase s t r u c t u r e of ^H^. W e chose jumps (N) 

i n v o l v i n g 2, 4, 6 and 10 s i t e s and the r e s u l t s are shown i n t a b l e 6. 

Table 6 Results of the Curve F i t t i n g to the Quasi-Elastic Peaks f o r 

C„H. + Nal3X a t -56°C 

N 
74° 43° 

N 
D r a 

T * D r a 

2 2.9 .68 4.4 .46 
4 3.25 .31 2.45 .41 
6 1.75 .29 1.17 .43 
10 0. 70 .27 0.45 .42 

*) i n picoseconds a) i n u n i t s of 10 sees. 

Good f i t s to the data (see f i g s . 21,22 f o r some r e s u l t s ) were obtained 

w i t h N equal to 4, 6 or 10. The reason f o r t h i s i s evident i f we 

c a l c u l a t e the corresponding values of the d i f f u s i o n c o e f f i c i e n t s by 

using equation30 of chapter I I . These are also shown i n t a b l e 6 and 

i t can be seen t h a t f o r e i t h e r angle the c a l c u l a t e d values are i n 

reasonable agreement, but t h a t the c a l c u l a t e d d i f f u s i o n c o e f f i c i e n t 

v a r i e s w i t h angle. 
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There are at l e a s t two possible reasons f o r t h i s v a r i a t i o n 

1. I n c o r r e c t background s u b t r a c t i o n . The s u b t r a c t i o n of the c o r r e c t 

background i s a n o t o r i o u s l y d i f f i c u l t problem i n q u a s i - e l a s t i c neutron 

s c a t t e r i n g . We have p l o t t e d values of S(a, 8) t o the smallest ( n e g a t i v e ) 

energy a v a i l a b l e and to +20 cm"^ and then simply drawn a s t r a i g h t l i n e 

through the wings and taken t h i s t o be the background ( f i g . 2 3 ) . The 

d i f f i c u l t y here of course i s t h a t there may be some very low energy 

i n e l a s t i c f e ature c o n t r i b u t 

i n g to the so c a l l e d back

ground. I n t h i s case we 

would be s u b t r a c t i n g too high 

a value. Although accurate 

background s u b t r a c t i o n s are 

v i t a l the c o r r e c t l e v e l o f 

background i s i n f a c t very 

d i f f i c u l t t o determine. 
Fig. 23 Background Subtraction 

Changes i n the background 

l e v e l w i l l o bviously change the values of T corresponding to the best 

f i t . 

2. There may be more than one process c o n t r i b u t i n g t o the broadening 

of the q u a s i - e l a s t i c peak e.g. 

a) r o t a t i o n about a d i f f e r e n t axis 

b) t r a n s l a t i o n a l d i f f u s i o n , 

and these would have a d i f f e r e n t Q dependence so t h a t a value of T 

corresponding t o a good f i t a t one angle would not n e c e s s a r i l y lead t o 

a good f i t a t another angle. We have found i t impossible to o b t a i n a 

reasonable f i t t o the data using a model i n v o l v i n g r o t a t i o n a l d i f f u s i o n 

about the axis j o i n i n g the carbon atoms.(N = 2 ) . A poor f i t was also 
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obtained w i t h N = 2 f o r r o t a t i o n about the a x i s . C l e a r l y then 

r o t a t i o n a l d i f f u s i o n about the C=C axis cannot be the major cause of the 

broadening though i t could c o n t r i b u t e t o i t . T r a n s l a t i o n a l d i f f u s i o n i s 

a very l i k e l y p o s s i b i l i t y i n view of the r a p i d and easy desorption of 

the gas. A model i n v o l v i n g t r a n s l a t i o n a l d i f f u s i o n has been used by 
41 

E g e l s t a f f et a l . to analyse the q u a s i - e l a s t i c broadening of CH^CN, 

CĤ OH and NH^ adsorbed on z e o l i t e 3A. Their a n a l y s i s d i d , however, 

i n v o l v e only measurements of the peak h a l f widths and t h i s i s now known 

to be too i n s e n s i t i v e a measure of the peak shape to allow a reasonable 

t e s t of a model. 

C l e a r l y w i t h the data a v a i l a b l e there i s no p o i n t i n attempting a 

more s o p h i s t i c a t e d analysis because f o r the i n c r e a s i n g number of 

parameters i n v o l v e d we simply do not have enough data. Furthermore i t 

i s necessary t o stress t h a t we have not made any m u l t i p l e s c a t t e r i n g 
2 

co r r e c t i o n s and t h a t we have used a value of < u > c a l c u l a t e d from a 
2 

p l o t of log ( I n t e n s i t y of q u a s i - e l a s t i c peak) against Q (chapter I I ) . 

This l a t t e r procedure i s not s t r i c t l y v a l i d because as we showed i n 

chapter I I , i f there i s r o t a t i o n a l motion present then ( i g n o r i n g the 

t r a n s l a t i o n a l motion) 
2 2 

I n t e n s i t y = exp(-Q < u >) x S^iQ, UJ) 

I n order to o b t a i n a meaningful s t r a i g h t l i n e i t would be necessary t o 

I n a more s o p h i s t i c a t e d teeatment i t would be possible to in c l u d e < u > 

as a f i t t i n g parameter. Also of course we have the d i f f i c u l t y of the 

Bragg s c a t t e r i n g c o n t r i b u t i n g t o the q u a s i - e l a s t i c i n t e n s i t y a t most 

of the angles of de t e c t i o n . I n f a c t experience has shown t h a t changing 
2 

< u > by as much as 100% has very l i t t l e e f f e c t on the f i t t e d spectra 

p l o t l o g e ( I n t e n s i t y s_(S, «,) v.s. Q but of course we do not know S ((J, tu)l 
2 
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2 o2 provided t h a t < u > i s not too large (c,a. > ,8A ), We used a value f o r 

< u 2 > o f 0.A5A2. 

Conclusions 

We can conclude t h e r e f o r e t h a t n e i t h e r jump nor r o t a t i o n a l 

d i f f u s i o n about the C=C axis ( 1 ) can produce the observed broadening. 

R o t a t i o n a l d i f f u s i o n about the ax i s (2) j o i n i n g the centre of the C=C 

bond to the Na + i o n can account f o r the broadening as also can several 

d i f f e r e n t jump models but there i s l i k e l y to be a c o n t r i b u t i o n from 

t r a n s l a t i o n a l d i f f u s i o n and perhaps also from motion about the ax i s ( 1 ) . 

The r e s u l t s t h e r e f o r e support, i n some measure, the r e s u l t s from 

the i n f r a - r e d study of Yates i . e . f o r the G^^b ~ Agl3X system there i s 

hindered r o t a t i o n about axis 2 but t h a t the r o t a t i o n about the same axis 

i s much less s t r o n g l y hindered f o r the CgH^ + Nal3X system. 

I n e l a s t i c Region 

As we showed i n chapter I I the i n t e n s i t y ^ can be expressed as 

I n t e n s i t y a ̂ - S^iQ, (,>)%((}, (u)*St(2» U)) 

where * denotes convolution. As a r e s u l t the i n e l a s t i c v i b r a t i o n a l 

components are broadened because of the o v e r a l l r o t a t i o n a l and t r a n s -

l a t i o n a l molecular motion. Figs. 18, 19 shows the t i m e - o f - f l i g h t spectra 

f o r Nal3X + C^H^ a t two temperatures and i t can be seen t h a t the bands are 

poor l y resolved. F i g . 24 shows the P(a, p) data a t 110K f o r several 

angles and there are some i n d i c a t i o n s of three f e a t u r e s , a t ~70, ~110 

and ~170 era w i t h the p o s s i b i l i t y o f a shoulder a t ~ 40 cm The 

B.F.D. spectrum i s shown i n f i g . 25a and j u s t two bands were observed, a t 
+ -1 + -1 190 - 14 cm and 98 - 14 cm . There are no f u r t h e r features u n t i l above 
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800 cm ^ where the in t r a m o l e c u l a r ethylene modes occur. By comparison 

w i t h our r e s u l t s f o r Ĉ Ĥ , + Agl3X ( t a b l e 4) i t immediately appears t h a t 

and T2 ( f i g . 4) have s h i f t e d t o much lower frequencies. 

From the P(a, B) data i t can be seen t h a t the r e l a t i v e i n t e n s i t i e s 

of the bands at ~ 70 and 110 cm * vary w i t h angle. At low angles the 

70 cm ^ band i s the more intense and a t higher angles the order reverses. 

The i . n . s . spectrum of Nal3X i s shown i n f i g . 25b, and the most intense 

peak occurs a t 100 cm I t i s most prominent at high angles and a t low 

angles i t merges w i t h the remainder of the spectrum which then consists 

simply of a broad hump. At l e a s t some of t h i s v a r i a t i o n i n i n t e n s i t y of 

the peaks i n the sample spectrum can be accounted f o r by the i n c r e a s i n g 

i n t e n s i t y of overtones w i t h i n c r e a s i n g values (see equations 3 and 4 ) . 

S i g n i f i c a n t a m p l i f i c a t i o n o f the z e o l i t e modes by the adsorbed gas seems 

u n l i k e l y as t h i s was not observed f o r the a n (* ^2 H2 ^ c ^ a P t e r V and V I ) 

+ Agl3X systems where the l i g a n d - z e o l i t e i n t e r a c t i o n i s stronger. 

The observed bands are badly resolved and we are not able t o o b t a i n 

accurate values f o r the peak p o s i t i o n s or the i n t e n s i t i e s . Without 

f u r t h e r data the spectra obtained are not amenable to d e t a i l e d a n a l y s i s . 

By comparison w i t h our r e s u l t s f o r ^2^ + Agl3X we can perhaps make 

some general deductions. We know t h a t we expect intense modes due to 

T l ' T2 a n c* T3 T ^ e m o s t i n t e n s e mode i n the ̂ 2^ + Nal3X 

spectrum depends on the angle of d e t e c t i o n as st a t e d e a r l i e r . We can, 

however, note Chat we do not expect any mode i n the C2ti^-Nal3X system. 

This i s borne out by the absence of any band i n the region 300 - 450 

cm 1 ( f i g . 25a\ where T^ was found f o r CgH^ + Agl3X. With regard to our 

conclusions from the analysis of the q u a s i - e l a s t i c peak we st a t e d i n 

chapter I I t h a t under c e r t a i n c o n d i t i o n s i d e n t i c a l r e s u l t s would be 

obtained from both random walk and r o t a t i o n a l d i f f u s i o n models. I f 
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we have true r o t a t i o n a l d i f f u s i o n then the r o t a t i o n a l l e v e l s are 

completely b l u r r e d by i n t e r a c t i o n s between the r o t a t i o n s and the thermal 

v i b r a t i o n s . I n t h i s case we would not expect t o see an i n e l a s t i c f e a t u r e 

corresponding to the t o r s i o n I f , however, we have jump d i f f u s i o n 

then an i n e l a s t i c f e a t u r e can be expected corresponding t o t r a n s i t i o n s 

( T ) during the l i b r a t i o n a l p e r i o d (see chapter I I ) . This could be the 

case i n the lowest temperature experiment (110K) where there i s a 

shoulder at c.a. 40 cm * (90° angle see f i g . 24), however, t h i s shoulder 

could also be a hindered t r a n s l a t i o n and there i s no way f o r us to make 

a d e f i n i t e assignment. Bands at 70 cm ^ and higher frequency cannot be 

assigned to T^ because occurs at lower frequency than t h i s i n the 

i.n.s . spectrum of + Agl3X. 

Conclusion 

The observed spectra are too badly resolved f o r d e f i n i t e assignments 

t o be made, however, the 6H spectra do i n d i c a t e t h a t good spectra could 

probably be obtained f o r t h i s system using the IN4 downscattering 

spectrometer w i t h the samples at l i q u i d helium temperatures. 
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Chapter VI 

I.N.S. Study of C 2H„ and C 2D 0 Adsorbed on Type 13X Z e o l i t e s 
I n t r o d u c t i o n 

This study f o l l o w s n a t u r a l l y from our work w i t h ethylene adsorbed 

on the same z e o l i t e s . The present system i s r a t h e r d i f f e r e n t , however, 

because the much more a c i d i c protons on ^2^2 c o r aP a r e <* t o ^2 H4 increases 

the p o s s i b i l i t y of d i r e c t i n t e r a c t i o n w i t h the oxide framework. 

There are very few simple it-bonded organometallic complexes of 

C 2 H 2 . We have not, so f a r , obtained the i . n . s . spectrum of any of 

these. As f a r as we are aware there has been only one n.m.r. study of 

a complex c o n t a i n i n g C 2 H 2 . The authors found, from the temperature 

dependence of the n.m. r. spectrum of ( i t -C 5H 5)Cr(CO)(NO ) ( i t -C 2H 2) i n 

s o l u t i o n , t h a t the C2H2 l i g a n d undergoes a " p r o p e l l e r l i k e motion above 

room temperature". They derived a value f o r AG of 50-60 kJ mole"*. 

Because there i s so l i t t l e I.R, and R. data on simple C2H2 

complexes and because we have no i.n . s . data on such complexes we w i l l 

need to use the r e s u l t s from our study of adsorbed C^ti^ to a i d i n the 

i n t e r p r e t a t i o n o f our i.n . s . spectra of adsorbed C_H„ and C_D„. 
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Section I 

Relevant Previous Work 

a) I n f r a r e d and Raman Studies 

2 3 3 

There have been several recent i n f r a r e d ' and Raman studies of 

z e o l i t e s c o n t a i n i n g adsorbed C 2 H 2 . The observed bands were l i m i t e d to 

in t r a m o l e c u l a r m°des and i n no case was a v i b r a t i o n r e l a t i v e to 

the surface observed. Furthermore the z e o l i t e s were l i m i t e d to those 

c o n t a i n i n g a l k a l i or a l k a l i n e e a r t h metals. 

There are two possible c o n f i g u r a t i o n s f o r the adsorbed C2H2 

i n v o l v i n g e i t h e r 

a) "Side-on" i n t e r a c t i o n w i t h a c a t i o n or 

b) "end-on" i n t e r a c t i o n w i t h the oxide framework. 

Both c o n f i g u r a t i o n s have been i d e n t i f i e d f o r ethylene adsorbed on 

alumina. The hydrogen-bonded form produced an increase i n the C = C 

s t r e t c h i n g frequency (2005 cm ^) r e l a t i v e to the gas phase value 

(19 74 cm w h i l e f o r the "side-on" form t h i s v i b r a t i o n was found a t 

ca. 1950 cm"1. 

From an i n f r a r e d study of the C-H v i b r a t i o n s of the adsorbed gas 
2 

T s i t s i s h v i l i e t a l have proposed the hydrogen-bonded c o n f i g u r a t i o n , 
f o r C2H2 adsorbed on some A and X type z e o l i t e s . However some of t h e i r 

3 

experiments have been repeated r e c e n t l y and i n a l l cases the 

VjCC = C s t r e t c h i n g ) v i b r a t i o n has been observed i n the i n f r a r e d and 

always at lower frequency than the corresponding mode i n the gas phase. 

The observed values of \^ f o r the adsorbed molecules are i n f a c t close to 

the v_ value f o r c r y s t a l l i n e C9H_ (1956 cm - 1) ( t a b l e 1). 



187. 

a -1 
Table 1 Spectra of Various Acetylene Phases (cm ) 

Mode A c t i v i t y „ b Gas L i q u i d C C r y s t a l d ( I ) Adsorbed on 
NaA 

Adsorbed on 
CaA 

V l R 3374 3341 3324 3321 3327 

v2 R 1974 1961 1956 1953 1957 

V3 I.R. 3287 - 3226 3205 3214 

V v 4 ' R 612 630 626 642 640 

v „ , v . I.R. 729 _ 760 760 750 
5 5' 

a) Ref. 3 c) Ref. 12 

b) Ref. 11 d) Ref. 8,9 

Gas phase C2H2 has symmetry and the \^ (C = C s t r e t c h ) 

v i b r a t i o n i s a c t i v e only i n the Raman spectrum. I f "side-on" 

adsorption occurs the symmetry of the system C2H2~AgX i s a t most ^2yjM 

The C = C s t r e t c h i s then an a^ mode so t h a t i s f o r m a l l y both i n f r a r e d 

and Raman a c t i v e . 

3 

I n the most recent study the authors were able to observe f i v e 

fundamentals f o r C2H2 on NaA and CaA z e o l i t e s but only two were 

observed on type X. Both the a c t i v i t y , i n the I.R. spectrum, of the 

normally i n a c t i v e a n ^ i t s decrease i n frequency on adsorption 

favour the "side-on" form o f i n t e r a c t i o n w i t h the metal ions. This 

conclusion i s i n agreement w i t h the X-ray determinations described i n 

the previous chapter. 



The value of \^ was observed to decrease w i t h i n c r e a s i n g c a t i o n 

radius and t h i s i s the opposite to what would be p r e d i c t e d from a 

c o n s i d e r a t i o n of p o l a r i s i n g power. The authors p o i n t out, however, 

tha t there are at l e a s t three f a c t o r s i n f l u e n c i n g the i n t e r a c t i o n 

between the a n ^ t n e z e o l i t e . 

1. the degree of s h i e l d i n g of the c a t i o n by the framework 

2 . e l e c t r o s t a t i c r e p u l s i o n between the i t - e l e c t r o n system of C2H2 and 

the oxide framework 

3 . e l e c t r o s t a t i c a t t r a c t i o n between the n-system of C2H2 and the 

c a t i o n . 

The s h i e l d i n g e f f e c t of the framework has been found to be 

important"* i n e x p l a i n i n g the s i g n i f i c a n t d i f f e r e n c e s between s i t e s I I 

and I I I i n z e o l i t e X. I t has been suggested^ t h a t w h i l e small ions 

(e.g. L i + ) w i l l probably be s t a b l e i n the plane of the six-membered 

oxygen r i n g ( s i t e I I ) l a r g e r ions w i l l probably p r o j e c t i n t o the 

adsorption c a v i t y . This has been observed f o r a K-Y and a Tl - A 

z e o l i t e . ^ Ag + i s of s i m i l a r size to K + and so s i m i l a r e f f e c t s probably 

occur. This would r e s u l t i n a reduced l e v e l of screening f o r the 

l a r g e r ions and i t may compensate f o r t h e i r reduced e l e c t r o s t a t i c 

f i e l d . 

From normal co-ordinate analyses of the systems, values of 

46 cm~* (NaA) and 41 cm~* (CaA) were derived f o r the C 2 H 2~cation 

v i b r a t i o n a l frequencies. 

The observed values (see t a b l e 1) f o r the i n t r a m o l e c u l a r 

v i b r a t i o n s of the adsorbed molecules are much clos e r to those 

obtained f o r s o l i d C_H_ (phase I ) than to the gas phase. The normal 



modes are shown i n f i g . 1. 

Fi g . 1 Normal Modes of an I s o l a t e d l i n e a r X 9Y 9 Molecule 

© © 

© © 

© © 

t 
© © © 

• © © 
b) C r y s t a l S t r u c t u r e s and Cation Location 

These were discussed i n chapter V. 

Section I I 

Experimental 

The experimental procedures and data a n a l y s i s were i d e n t i c a l to 

those described f o r the study of ^2^^ adsorbed on z e o l i t e 13X (chapte 

V). Spectra were obtained at only one coverage, corresponding to a 

pressure of 40 t o r r of C 2 H 2 , and at only one temperature on each 

spectrometer i . e . 

a) 136K on the 6H time of f l i g h t spectrometer. 

b) c.a. 90K on the Be r y l l i u m F i l t e r Detector spectrometer (B.F.D.). 
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Section I I I 

I.N.S. Results f o r CJi^ and adsorbed on Ag-13X 

A summary of the r e s u l t s i s given i n t a b l e 2 . B e r y l l i u m F i l t e r 

Detector Spectra are shown i n f i g s . 2 and 3 and t i m e - o f - f l i g h t ( t . o f f . ) 

spectra i n f i g s . 4 and 5. The t . of f. spectra are more d i f f i c u l t to 

i n t e r p r e t than the B e r y l l i u m F i l t e r Detector spectra because they 

con s i s t of incompletely resolved bands. I n order to help i n the 

problem of l o c a t i n g peak p o s i t i o n s w i t h accuracy the spectra from each 

of the nine angles of d e t e c t i o n were f i t t e d to a smooth curve using 

the Harwell r o u t i n e "DOUGAL", (see chapter I I I ) . Some of the r e s u l t s 

of t h i s f i t t i n g procedure are shown i n f i g s . 6 and 7. 

Section IV 

Discussion and Assignment 

a) I n t r a m o l e c u l a r Acetylene Modes 

By comparison w i t h the I.R. and Raman r e s u l t s f o r s o l i d C2H2 and 

Ĉ Ĥ  adsorbed on NaA and CaA ( t a b l e 1) we can assign the bands at 794 

and 673 cm"''' i n the i. n . s . spectrum of C2H2 + Agl3X ( f i g . 2 ) , to and 

v,. r e s p e c t i v e l y . The increase i n frequency of these bands r e l a t i v e to 

s o l i d C2H2 i s g r e a t e r than observed on type A z e o l i t e s ( t a b l e 1). Of 

the two possible explanations f o r t h i s , a) the change of c a t i o n and 

b) the change of framework, the former i s probably the more important. 
-1 3 Changing from an A to an X type z e o l i t e increases by only 1 cm 

The broad band, w i t h a maximum at 584 cm \ i n the I.N.S. spectrum 

of C2D2 + Agl3X, i s probably unresolved and v^. v,. has been 

'4 assigned at 567 cm"^ and 2 v . a t 1057.5 cm ^ i n the s o l i d phase of 

C 2 D 2 . 8 
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Fig._Z 
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Figs. 2 and 3 B.F.D. Spectra of and C9D adsorbed on Ag-13X 
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F i g . 4 T.of.F. Data f o r C.H. + Agl3X 
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Although each of the b a n d s , a n d v ^ , i s degenerate i n the gas 

phase they should be s p l i t i n t o t h e i r components i n the adsorbed 

phase. No a c t u a l s p l i t t i n g s were observed but the bands were broad. 

b) A c e t y l e n e - z e o l i t e modes 

There i s no adsorption data a v a i l a b l e f o r t h i s system but 

because the gas pressure i s r e l a t i v e l y high we would expect a l l of the 

a v a i l a b l e adsorption s i t e s to be occupied by C2H2 molecules, i . e . we 

would expect the system to be very s i m i l a r to 0 2 ^ + Agl3X as f a r as 

s i t e occupancy i s concerned. 

As f a r as we are aware there are no bands i n the region 200 cm 1 -» 

-1 
550 cm - 1 i n the I.R. or Raman spectra of s o l i d C2H2 or 200 400 cm 1 

f o r C 2 D 2 . 8 , 9 > 1 0 » n > 1 2
 The peaks at 523 cm"1 (C 2H 2 + Agl3X) and 380 cm 

^2^2 + Agl3X) must t h e r e f o r e be v i b r a t i o n s of the ox«fcylene molecule 

r e l a t i v e to the surface. (The s i x possible v i b r a t i o n s are shown i n 

f i g . 8 ) . I t i s reasonable to assume t h a t they are the same mode which 

has s h i f t e d as a r e s u l t of deuteration. The r a t i o of t h e i r frequencies 

/ VC 2H 2\ 1 
i s (- ) = .727. This corresponds very c l o s e l y to a / / 2 s h i f t 

V C 2 D 2 ' 

(.707) and t h i s i s only possible i f the carbon atoms c o n t r i b u t e very 

l i t t l e ( o r nothing) to the moment of i n e r t i a of the mode. C l e a r l y 

there i s only one possible C 2 H 2 ~ z e o l i t e v i b r a t i o n which can s a t i s f y 

t h i s c r i t e r i o n - T^ ( f i g . 8 ) . T^ would be of zero frequency i f the 

adsorbed molecule were l i n e a r and hence i t appears t h a t the molecule 

must be d i s t o r t e d from i t s gas phase c o n f i g u r a t i o n . This i s opposed 
to the conclusions reached f o r o n a l k a l i and a l k a l i metal 

2 3 

z e o l i t e s , ' however, as pointed out i n the previous chapter s i l v e r i s 

able to use i t s f i l l e d "d" o r b i t a l s f o r back donation to acetylene 
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leading to stronger i n t e r a c t i o n s w i t h the adsorbed gas than are 

expected f o r Na + etc. The r a t i o of the moments of i n e r t i a 

C H " 2 2 f o r mode T^ i s independent of the angle CCH provided i t i s 
l G 2 D 2 

non-zero. With C-H as 1.06ft and C= C as 1.2A the r a t i o i s .7338. 

'•"•C.H. The r a t i o s / 2 2 f o r modes and ̂  are shown i n table 2 and f i g . 9. 

J I c 2 D 2 

Uncertainty i n the bond lengths of the adsorbed molecules and the 

u n c e r t a i n t y i n the p o s i t i o n s of the i.n.s. bands makes i t impossible 
A 

f o r us to estimate the angle CCH from our data. 

The observed frequency r a t i o f o r the T^ mode (.72 7) i s i n 

e x c e l l e n t agreement w i t h the pr e d i c t e d value (.734). Thus on the basis 

of the s h i f t s of d e u t e r a t i o n we are able t o assign the peaks at 523 cm 1 

(C 2H 2 + Agl3X) and 380 cm"1 (C 2D 2 + 13X) t o T 3 and t o postulate t h a t 

the adsorbed molecule i s non-linear. The higher frequency of t h i s 

mode r e l a t i v e t o t h a t observed f o r adsorbed C2H^ (see previous chapter) 

may be due to the large d i f f e r e n c e i n t h e i r moments of i n e r t i a . 

The peaks at 150 cm - 1 ( C ^ + Agl3X) and 113 cm _ 1 ( C 2
n

2 + Agl3X) 

may also be assigned to the same mode. Their frequency r a t i o 

/VC,H,\ 
(—£_£J i s . 75 and t h i s i s close to the value expected f o r j^, however, 

V C2°2 

because of the u n c e r t a i n t y of - 14 cm 1 i n the l o c a t i o n of the band 

centres there i s considerable u n c e r t a i n t y (^ .15) i n the value of 

t h i s r a t i o . This i s not the case f o r the higher frequency v i b r a t i o n s 

where, because the frequencies themselves are greater, the 

u n c e r t a i n t y i n the frequency r a t i o i s reduced to .05. The band a t 

523 cm"1 i s of higher frequency than a l l of the C2H^ to P t C l 3 
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modes i n Z e i s e s 1 S a l t , except and g r e a t e r than any C 2H^ - Agl3X 

mode so that an assignment of t h i s band to any v i b r a t i o n other than T^ 

would be very d i f f i c u l t to j u s t i f y . Furthermore the observed frequency 

s h i f t i s f a r too great f o r i t to be assigned to any other v i b r a t i o n . 

Table 3 l i s t s the p r e d i c t e d f r e q u e n c i e s for the C^D^ system c a l c u l a t e d 

using the data from C^H^ + Agl3X. 

Table 3 I.N.S. R e s u l t s for C H. and C.D, Adsorbed on Agl3X (cm" 1) 

C 2H 2 + Agl3X C 2 D 2 + Agl3X 

Observed P r e d i c t e d Observed Mode 

523 - 14 384 - 10 380 - 14 
T3 

150 - 14 12 7. 5 - 12 113 - 14 T2 
86 - 14 7 6 - 4 - t 2 or t 3 

53.5 - 2.5 4 5 . 5 - 2 4 6 - 2 . 5 T l 
27 - 1.5 23 - 1.2 24 - 1.5 T l 

There i s a constant u n c e r t a i n t y (- 14 cm ) i n the l o c a t i o n of 

the peak c e n t r e s from the s p e c t r a obtained u s i n g the B.F.D. spectrometer 

so as the fr e q u e n c i e s become lower the frequency r a t i o becomes 

i n c r e a s i n g l y s e n s i t i v e to t h i s u n c e r t a i n t y . Therefore i n the lower 

energy region the p r e d i c t e d f r e q u e n c i e s are a b e t t e r guide to the 

accuracy of the assignments than are the frequency r a t i o s . 
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Although we have no absolute way of d i s t i n g u i s h i n g between modes 

and j^' because they have almost i d e n t i c a l moments of i n e r t i a , the 

frequency s h i f t on d e u t e r a t i o n i n d i c a t e s that the bands a t 150 cm 1 

( C 2 H 2 + Agl3X) and 113 cm - 1 ( C ^ + Agl3X) should be assig n e d to one of 

them. By comparison w i t h our data for adsorbed C^H^ i t would appear 

more reasonable to a s s i g n these bands to ^ i . e . the antisymmetric 

s t r e t c h i s of higher frequency than the C 2 t o r s i o n . 

The lower frequency bands a t 53.5 and 27 cm" 1 ( C 2 H 2 + Agl3X) and 

46 cm 1 and 24 cm 1 ( C 2 D 2 + Agl3X) are more d i f f i c u l t to a s s i g n . The 

frequency s h i f t s are s u b j e c t to la r g e e r r o r s because the c e n t r e s of the 

peaks are d i f f i c u l t to determine. Both peaks are, however, d e f i n i t e l y 

s h i f t e d to lower f r e q u e n c i e s on de u t e r a t i o n . Because the adsorbed 

molecule i s n o n - l i n e a r we would expect s i x C 2H 2 - z e o l i t e modes i . e . 

T l * T 2 ' T3 a n ( * fcl' t 2 ' *"3 8 ) . Of these our experience with 

model complexes and C J JH ^ + Agl3X i n d i c a t e s t h a t modes T-̂ » T 2 and T3 

w i l l be the more i n t e n s e ( t a b l e 4 ) . I t has a l s o been p o s s i b l e to 

a s s i g n i n previous c a s e s but i t has been q u i t e d i s t i n c t from any 

other s p e c t r a l f e a t u r e . There are then a t l e a s t three p o s s i b i l i t i e s 

a ) From the frequency s h i f t s and r a t i o s ( t a b l e s 2 and 3) we could 

a s s i g n the 53.5 and 46 cm 1 peaks to T-̂  the lower energy peaks to 

one of the hindered t r a n s l a t i o n s (probably t ^ ) . 

b) The peaks a t c.a. 50 cm 1 may be hindered t r a n s l a t i o n s and the 

lower frequency peaks may be T^. 

c ) Because we have no isotherm data f o r these systems the i . n . s . 

experiments were c a r r i e d out a t only one coverage (40 t o r r of C 2 H 2 ) . 

I t i s p o s s i b l e t h e r e f o r e t h a t we have a s i t u a t i o n s i m i l a r to C2H^, + 

Agl3X i . e . the lower frequency peaks are both T^ which has been s p l i t by 
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Table 4 P r e d i c t e d R e l a t i v e I n t e n s i t i e s f o r Adsorbed C0H_ and C„D 

c 2 H2 C 2 H2 

L i n e a r 
molecule CCH = 170° 

L i n e a r 
molecule CCH = 170° 

5.06 5.0 3.97 3.89 

5.06 5.04 3.97 3.90 

0.0 12.0 0.0 6.0 

1.0 1.0 1.0 1.0 
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s t e r i c hinderance w i t h i n the supercage. 

We c o n s i d e r a l t e r n a t i v e " c " to be the c o r r e c t one f o r two reasons. 

F i r s t l y the r a d i u s of g y r a t i o n of the protons i n CgH^ and C2H2 are 

1.56 and 1.66A r e s p e c t i v e l y (gas-phase geometries)so t h a t i n t e r a c t i o n 

i s even more probable than f o r adsorbed ^H^. Secondly assignment " c " 

i s more ac c e p t a b l e on i n t e n s i t y grounds. As explained e a r l i e r the 

mass s e n s i t i v e modes are expected to be c o n s i d e r a b l y l e s s i n t e n s e than 

the t o r s i o n s . 

Only one s p e c t r a l f e a t u r e remains to be assig n e d - the band a t 

86 cm ^ i n the C g l ^ + Agl3X spectrum. There i s no band corresponding 

to t h i s i n the spectrum of adsorbed ^2^2' ° u r P r e v i ° u S assignments 

are c o r r e c t then t h i s must be a mode a r i s i n g from a hindered t r a n s 

l a t i o n . I t s i n t e n s i t y r e l a t i v e to the ^ mode ( a t 150 cm appears 

to be of the c o r r e c t order ( t a b l e 4 ) , however, because we do not have 

any i n d i c a t i o n of the true background l e v e l we cannot make a c c u r a t e 

q u a n t i t a t i v e measurements. The corresponding f e a t u r e f o r ^2^2 + ^»13X 

i s perhaps not r e s o l v e d from the peak a t 113 cm ^. 
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S e c t i o n V: I.N.S. R e s u l t s f o r C^IL, adsorbed on Nal3X 

We have obtained only t i m e - o f - f l i g h t data f o r t h i s system (120K). 

The frequency d i s t r i b u t i o n and t . o f . f . s p e c t r a are shown i n f i g . 10 and 

i t can be seen t h a t the spectrum i s s h i f t e d to lower e n e r g i e s compared 

to the C2H2 + Agl3X system. I t i s a l s o v e r y poorly r e s o l v e d . There i s 

i n f a c t j u s t a s i n g l e broad band which i s peaked a t c.a. 130 cm There 

are no d i s t i n c t bands below 600 cm * and above t h i s the i n t e r m o l e c u l a r 

a c e t y l e n e modes occur. T h i s i n d i c a t e s t h a t e i t h e r T^ has s h i f t e d (from 

523 c m - 1 i n Agl3X + C^U^ to l e s s than 250 cm - 1 or e l s e the adsorbed 

molecule i s l i n e a r . Because of the expected weaker i n t e r a c t i o n between 

C ^ I ^ and Na + compared to A g + we are i n c l i n e d to the l a t t e r view. 

I n the q u a s i - e l a s t i c r egion the v a r i a t i o n i n i n t e n s i t y of the 

e l a s t i c peak w i t h Q, r e l a t i v e to the i n e l a s t i c r egion i s f a r l e s s 

marked than was found f o r ̂ ^-^ + Nal3X. The e l a s t i c peak i s broadened 

r e l a t i v e to the r e s o l u t i o n f u n c t i o n of the instrument and once again 

t h i s i n d i c a t e s t h a t some d i f f u s i v e motion i s present. We do not have any 

s t r u c t u r a l data f o r Nal3X 4- C2D2 so th a t f u r t h e r a n a l y s i s of the broad

ening i s not r e a l l y j u s t i f i e d . 

C onclusion 

We have assigned the low frequency v i b r a t i o n s of C2H2 and C2D2 on 

Agl3X z e o l i t e . The molecules on the two d i f f e r e n t a dsorption s i t e s 

i n t e r a c t and two hindered t o r s i o n s ( T ^ ) a * e observed as a r e s u l t . From 

the observed d e u t e r a t i o n s h i f t s we have shown t h a t the adsorbed molecule 

i s n o n - l i n e a r . Low frequency i n t e r m o l e c u l a r modes of the adsorbed 

a c e t y l e n e molecule have a l s o been assigned. 

For the system Na-13X + C 2 H 2 n o a s 8 i g n m e n t s could be made because 

the spectrum was poorly r e s o l v e d . 
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Chapter V I I ; Orgartometallic Complexes Containing it-bonded Ligands 

I n t r o d u c t i o n 

There i s c o n s i d e r a b l e i n t e r e s t i n the dynamic complexes now known to 

be so common i n orga n o m e t a l l i c chemistry. We have s t u d i e d t h r e e types 

of complex, two of which continue our work on o l e f i n systems and we have 

a l s o s t u d i e d some n - a l l y l s . As e x p l a i n e d e a r l i e r (chapter 1) i t has been 

suggested t h a t i t - a l l y l groups are formed on adsorbing many m a t e r i a l s onto 

metal s u r f a c e s . The experience and r e s u l t s gained as a consequence of 

our study of these complexes should then be h e l p f u l when we come to study 

more complex adsorbed s p e c i e s . 

The i . n . s . method i s not s u b j e c t to ele c t r o m a g n e t i c s e l e c t i o n r u l e s 

so t h a t a l l modes i n v o l v i n g hydrogen motion a r e " a c t i v e " . T h i s can have 

i t s disadvantages i f the modes of v i b r a t i o n occur c l o s e together 

because the r e s o l u t i o n of i . n . s . spectrometers i s poor by the standards 

of i . r . and Raman spectroscopy (however, see chapter I I I ) . There are 

c a s e s , however, where o p t i c a l s p e c t r a ( p a r t i c u l a r l y Raman) are d i f f i c u l t 

or impossible to obtain because of sample decomposition i n the beam e.g. 

[ C ^ H g N i B r ] ^ 1 A l s o , s e l e c t i v e d e u t e r a t i o n can be d i f f i c u l t e.g. i c - a l l y l s , 

C^Hg complexes, so t h a t f u l l assignments u s i n g i . r . and Raman a re 

d i f f i c u l t to make. F i n a l l y , of course, some normal modes a re f o r m a l l y 

i . r . and Raman i n a c t i v e and other s only weakly so e.g. hydrocarbon-

metal t o r s i o n s and deformations. These modes are oft e n a s s o c i a t e d w i t h 

i n t e n s e i . n . s . bands. 

One cannot decide the symmetry of a mode from an i . n . s . spectrum 

u n l e s s there a r e v e r y d i f f e r e n t i n t e n s i t i e s i . e . v e r y d i f f e r e n t 

amplitudes of v i b r a t i o n of the protons i n the d i f f e r e n t modes. B a s i c a l l y 

t h i s means t h a t assignments based s o l e l y on i . n . s . s p e c t r a can be 
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d i f f i c u l t even w i t h the help of d e u t e r a t i o n experiments, I t i s v e r y 

r a r e l y the c a s e , however, t h a t only i . n . s . data i s a v a i l a b l e and so 

from a combination of i . n . s . and other s p e c t r o s c o p i c data, as a v a i l a b l e , 

i t i s u s u a l l y p o s s i b l e to o b t a i n reasonably complete assignments f o r 

the lower energy v i b r a t i o n s . 

S e c t i o n I : C,H,Fe(C0)„ -^—4 3 

E l e c t r o n d i f f r a c t i o n i n v e s t i g a t i o n s of cyclobutadiene i r o n t r i c a r b o n y l 
2 3 

have shown t h a t the r i n g i s square ' and t h i s i n d i c a t e s t h a t t h e r e i s 

e x t e n s i v e d e l o c a l i s a t i o n around the r i n g . We have found t h a t , u n l i k e 

(rc-C^H^^Fe, there i s no d i f f u s i v e motion i n the s o l i d s t a t e and t h i s 

i m p l i e s t h a t the b a r r i e r to r o t a t i o n i s higher than i n f e r r o c e n e . 

The v i b r a t i o n a l s p e c t r a of C^H^Fe(CO)^ has been s t u d i e d u s i n g both 

Raman and i . r . " * ' ^ spectroscopy. The assignments were made on the b a s i s 

of the l o c a l symmetry of the (C^H^)-Fe(C^ v> and F e ( C 0 ) , j ( C 3 v ) u n i t s . 

Table 1 l i s t s the formal i n f r a r e d and Raman a c t i v i t i e s of these 

fragments. 

Table 1 I.R. and R. A c t i v i t i e s of the S p e c i e s of the C, and C„ Groups 

A c t i v i t y 4v 3v 

i . r . 
a c t i v e A 1 § E A x, A 2, E 

Raman 
a c t i v e A x, B 1, B 2, E A L T A 2, E 

I n a c t i v e 
A 2 A 2 

A normal co-ordinate a n a l y s i s (N.C.A.) has a l s o been c a r r i e d out and 

there appears to be good agreement between the p r e d i c t e d and observed 



f r e q u e n c i e s . We have a l s o obtained the s o l i d phase f a r - i . r . and Raman 

s p e c t r a ( t a b l e 2 ) . The f a r i n f r a r e d spectrum has not p r e v i o u s l y been 

pu b l i s h e d and our s o l i d - p h a s e Raman agrees reasonably w e l l w i t h the 

publi s h e d data. 

Experimental 

I n e l a s t i c neutron s c a t t e r i n g s p e c t r a were obtained u s i n g the 6H 

time - o f - f l i g h t * * (sample temperature -140°C and 1°C) and B e r y l l i u m 
g 

F i l t e r Detector (sample temperature c.a. 90K) spectrometers. The f a r -

i n f r a r e d s p e c t r a were obtained a t L i q . temperature u s i n g a Beckman-
g 

R I I C FS720 F o u r i e r Transform spectrophotometer. The sample was 
sublimed onto a polythene d i s c i n the i . r . c e l l . The Raman spectrum 

g 

was obtained u s i n g a Cary 82 L a s e r Raman Spectrophotometer and a wave

length of 632.8 nm w i t h 6mW power a t the sample. I n t h i s case the 

sample was sublimed onto a copper block. 

R e s u l t s and D i s c u s s i o n 

The i . n . s . , Raman and i . r . r e s u l t s are l i s t e d i n t a b l e 2 and the 

neutron s p e c t r a a r e shown i n f i g s . 1 and 2. F i g . 3 i s a p l o t of the 

vanadium and C^H^Fe(CO) 3 q u a s i - e l a s t i c peaks a t a s c a t t e r i n g angle of 

90°, f o r the spectrum obtained a t 1°C. The other e i g h t angles of 

d e t e c t i o n show i d e n t i c a l r e s u l t s i . e . there i s no s i g n i f i c a n t broadening 

of the q u a s i - e l a s t i c peak i n the sample spectrum. T h i s i s ve r y d i f f e r e n t 

from the r e s u l t s found f o r fe r r o c e n e where s i g n i f i c a n t broadening was 

observed. The absence of broadening i n d i c a t e s the absence of 

d i f f u s i v e motion ( c h a p t e r I I ) and so we would t h e r e f o r e expect to f i n d 

a mode i n the i . n . s . spectrum which corresponds to the t o r s i o n about 

the C, a x i s . The s p e c t r a obtained u s i n g the t . of f. spectrometer 
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Table 2 Spectroscopic Data for C,H,Fe(C0) 

Raman I.R. I.N.S. Assignment 

7 
16 
34 
54 
59 63 6 0 - 3 C.H torsion .'A,) 
70 71 

77 
93 84 85 - 5 6(C-Fe-C) ( E ) 
104 102vw 

115 
6(C 4H^-Fe-(C0) 3) ( E ) 

126 119 
142 

148 147 145 - 10 6(C-Fe-C) ( A j ) 
406 
429 422 - 14 v(C 4H 4-Fe) 
441 
475 514 - 14 Ring ti I t 
517 
608 595 - 14 
645 
776 
798 
831 
838 
936 
956 

1228 
1238 
1288 
1323 
1381 
1912 
1928 
1935 
1942 
1956 
1988 
2034 
3107 
3122 
3125 
3156 

a) S o l i d phase - th i s work 
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( f i g . l a , b ) c o n t a i n three peaks, a t 60 - 3, 8 5 - 5 and 145 - 10 cm - 1. A 

p o l a r i s e d band a t 135 cm 1 i n the Raman spectrum of the l i q u i d has been 

as s i g n e d to the A^ C-Fe-C deformation.^ We have found i n f r a r e d and 

Raman bands i n the s o l i d a t 147 and 148 cm 1 r e s p e c t i v e l y and so we 

a s s i g n these bands and the i . n . s . band a t 145 cm 1 to t h i s A^ mode i n 

the s o l i d s t a t e . Some of the normal modes of C,H.Fe(C0)„ are shown i n 
4 4 3 

f i g . 4. Two f u r t h e r bands have been a s s i g n e d i n the low energy r e g i o n 

v i z . the C-Fe-C and C,H.-Fe-(CO). deformations a t 104 and 94 cm" 1 

4 4 3 

r e s p e c t i v e l y i n the Raman spectrum of the l i q u i d . ^ However, the N.C.A. 

i n d i c a t e s t h a t these assignments should be r e v e r s e d . ^ Both are E modes. 

We have observed i . r . bands a t 84 and 102 cm 1 and Raman bands a t 93 and 

104 cm There i s a strong band i n the i . n . s . spectrum a t 85 cm 

however, there i s no i n d i c a t i o n of a band a t 104 cm - 1. I t i s p o s s i b l e 

that the C-Fe-C deformation mode i s not r e s o l v e d from the peak a t 85 cm" 1 

p a r t i c u l a r l y i f t h i s mode i s of low i n t e n s i t y . 

We are l e f t t h e r e f o r e w i t h a band a t 60 cm 1 i n the i . n . s . and 

corresponding bands a t 59 and 63 cm 1 i n the Raman and i . r . s p e c t r a . We 

a s s i g n these to the t o r s i o n about the a x i s . T h i s assignment i s 

compatible w i t h the expected i n t e n s i t y of the i . n . s . band and because 

the band shows no momentum t r a n s f e r dependence i t i s u n l i k e l y to be a 

l a t t i c e mode. Furthermore, there are no bands below 94 cm" 1 i n the 

Raman spectrum of the l i q u i d . I t t h e r e f o r e appears t h a t there may be 

f r e e r o t a t i o n i n the l i q u i d phase and an i . n . s . spectrum of the l i q u i d 

phase would e s t a b l i s h whether or not t h i s were tr u e . A nematic phase 
9 

n.m.r. study of C^H^Fe(C0> 3 has shown t h a t the C^H^ r i n g i s r o t a t i n g 

r e l a t i v e to the carbonyl framework. The r a t i o of the moment of i n e r t i a 

of the C^H^ u n i t about the a x i s through the i r o n atom to th a t of the 

(CO)^ u n i t about the same a x i s i s c.a. 1:4.5. 
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The remaining bands i n the i . n . s . spectrum are a t 422 - 14, 
+ + -1 514 - 14 and 595 - 14 cm . The C^H^-Fe s t r e t c h has been ass i g n e d a t 

399 cm 1 and the r i n g t i l t a t 472 cm - 1. These most probably correspond 

to the two i . n . s . bands a t 422 and 514 cm 1 r e s p e c t i v e l y . A Raman band 

a t 606 cm 1 has been a s s i g n e d e i t h e r as a f o r m a l l y forbidden 

A 2(Fe-C-0 deformation) or as a combination band (514 + 94 cm" 1)."' The 

N.C.A.7 p l a c e s the A 2 ( F e - C - 0 ) mode a t 531 cm" 1 (Aleksanyon and Nefedova 

observed a weak band a t 524 cm 1 a t -180°C) and i n view of the i n t e n s i t y 

p r esent a t 595 cm" 1, i n the i . n . s . spectrum, i t appears t h a t there i s 

some proton motion a s s o c i a t e d w i t h t h i s mode and so t h i s i n d i c a t e s t h a t 

i t may be a combination band. 

More bands are observed i n the Raman spectrum of s o l i d C^H^Fe(C0).j 

than f o r the l i q u i d phase. I n p a r t i c u l a r only one v(C-H) mode was found 

f o r the l i q u i d whereas t h e r e are four i n the s o l i d ( p r e d i c t e d A J + B J + E ) . 

There a r e a l s o a d d i t i o n a l modes i n the 1200-2000 cm" 1 r e g i o n ( t a b l e 2) 

and some l a t t i c e modes below 50 cm" 1. 

The d e s c r i p t i o n of the v i b r a t i o n a l modes of C.II.Fe(C0)_ i n terms of 
4 4 3 

the l o c a l symmetries C^ v and C^ v i s v e r y u s e f u l . However, i n p r a c t i c e 

the t o r s i o n of the C^H^ l i g a n d about the a x i s through the i r o n atom i s 

hindered and t h i s means t h a t the maximum symmetry of the molecule i s C g. 

Therefore a l l modes should be both i . r . and Raman a c t i v e . I f , as i t 

appears, the C^H^ r o t a t e s i n the l i q u i d phase then i t appears l i k e l y t h a t 

i n t e r m o l e c u l a r f o r c e s c o n t r i b u t e more to the b a r r i e r to the C, t o r s i o n 
4 

than do i n t r a m o l e c u l a r f o r c e s . 

B a r r i e r C a l c u l a t i o n s 

We can use the observed t o r s i o n a l frequency to c a l c u l a t e the 
e x t e r n a l b a r r i e r to the t o r s i o n . The moment of i n e r t i a of the C,H. 

4 4 
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ligand about the axis through the metal atom was calculated to be 

114 x 10"^g cm^. I f we assume the bar r i e r m u l t i p l i c i t y to be four 

then using the approximation due to Das (with three terms) (chapter I I ) 

we obtain 8.8 kJ mole * (742 cm *) as the barrier height. We can 

compare t h i s with an i d e n t i c a l calculation for ferrocene using the 
-1 46 assignment of 44 cm to the torsional mode and a moment of i n e r t i a 

-40 2 47 
of one ring about an axis through the metal atom of 193. 7 x 10 g cm . 
In t h i s case the barrier m u l t i p l i c i t y was taken as f i v e and the result 

-1 -1 

was 6.7 kJ mole (559 cm ). As we suggested e a r l i e r the torsional 

barrier i s somewhat higher for C^H^FefCO)^ than for (rc-C^H^^Fe. 
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Section I I : 2.2.1. Bicyclohepta 2,5 djene (norbomadiene) Complexes 

of some Transition Metals 

Introduction 

We have obtained i.n.s., Raman and i . r . spectra of the norbornadiene 

complexes, C7HgX(CO)4 (X = Cr, Mo, W), C^HgYC^ (Y = Pd or Pt) and 

Cs(Ru CO Cl^ C^Hg). Although some of these have been studied previously 

by o p t i c a l spectroscopy, t h e i r spectra are very complex and the assign

ments are incomplete. This i s perhaps p a r t l y due to the lack of 

a v a i l a b i l i t y of p a r t i a l l y deuterated Ĉ Hg. In part i c u l a r the low 

frequency modes associated with the C,H_ ligand have, except for the two 
7 o 

stretches, not been assigned or are tentative. The low frequency region 

i s the region of part i c u l a r interest to us. 

Butler and Barna* 0 have reported i . r . (4000 -» 250 cm - 1) and complete 

Raman data for the carbonyl complexes. They have assigned the symmetric 

and antisymmetric C^Hg-Metal stretches i n the region of 250 cm * and i t 

i s interesting that for the chromium complex polarised Raman data 

indicates that the frequencies of these modes are i n the reverse order 

from that usually found. These complexes have also been studied by 

Carbuzova et al}^ and th e i r results are i n agreement with those of 

Butler and Barna. The Cr and Pd complexes have been investigated ( i . r . 
12 

and Raman) by Fernando and Adams who have assigned the two M-olefin 

stretches and te n t a t i v e l y assigned several of the low frequency 

vibrations associated with the C H ligand. The spectra ( i . r . and 
7 8 

Raman) of Ĉ Hg have been studied by Butler and Barna and Fernando and 
13 14 

Adams and by several other authors. ' 
The new data that we are presenting i s 



1. i.n.s. spectra of a l l of the complexes. 

2. Far infrared spectra of the Mo, W, Ru and Pt compounds. 

3. Near infrared and Raman spectra for the Ru complex. 

4. i.n.s. spectra of Ĉ Hg, 

15 16 
Vapour phase electron d i f f r a c t i o n studies ' of C,H_ have shown 

7 o 
that i s has approximately symmetry. The cr y s t a l structures of 

17 18 [(C 7H g)Cu C l ] 4 and [(C ?H 8)Pd C l 2 ] have been determined and they 

confirm that the ligand retains approximately symmetry on co

ordination. The assignments have a l l been based on the reasonable 

assumption that the ligand, i n a l l of the complexes, i s bonded to the 

metal atom v i a the two C=C double bonds ( f i g . 5). 

M 

O o 
m c 

Fig. 5. Molecular Structure of Norbornadiene Complexes. 

A l l of the complexes, except the Ru compound, are assumed to have C 

symmetry ( f i g . 5) and for the isolated C,101(00), molecules the 

symmetries of the modes are given i n table 3. The Ru complex has C 

symmetry. 
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Table 3 Symmetries of the fundamental modes of the C^HqM(CO)^ complexes 10 

Fundamental Symmetry 
Number of 
IR/R bands 

v(C-O) 2 a i + b l + b 2 4/4 
v(M-C) 2 a l + b l + b 2 4/4 
v(M-olefin) a l + b l 2/2 
v(C=C) a l + b l 2/2 
6(M-C-0) 2a 1+2a 2+2b 1+2b 2 6/8 
6(C-M-C) 2 a 1 + a 2 + b 1 + b 2 4/5 
6(C-M-olefin) a 2+b 1+b 2 2/3 
6(olefin-M-olefin) a l 1/1 

With C 2 v symmetry a l l of the normal modes should be Raman active and a l l 
except a 2 should be i. r. active. 

Co-ordination of Ĉ Hg to MC12 or M(C0)^ results i n several new 
modes, these are shown i n f i g . 6. 

Experimental 

The carbonyl complexes were kindly donated by Dr. M. Harris and the 

Ru complex by Dr. T. Stephenson. C,H_PtCl_ and C_H0PdCl0 were prepared 
19 

by l i t e r a t u r e methods. The t i m e - o f - f l i g h t (6H spectrometer) spectra 
were obtained at room temperature and the Beryllium F i l t e r Detector 

g 
spectra were obtained at c.a. 90K. A l l samples were contained i n t h i n -

walled s i l i c a c e l l s . 

Far i . r . spectra were obtained using a Beckman-RIIC FS 700 Fourier 

Transform spectrophotometer. Samples were run as nujol mulls supported 

on a polythene disc. The near i . r . spectra were obtained, using n u j o l 
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mulls, on a Perkin Elmer 457 grating spectrometer. The Raman measure

ments we made on a Cary 82 Laser Raman spectrophotometer using a wave

length of 632.8 n.m. with 6mW power at the sample. 

Results and Discussion 

a) Vibrations > 200 cm * 

The i.n.s. spectra are very similar ( f i g s . 7 and 8) (tables 4 and 5) 

as one would expect. A strong band i n the region 200 -» 270 cm * 

corresponds to the assignments of symmetric and antisymmetric stretches 

( f i g . 6 ) based on the infrared and Raman studies (tables 4 and 5). Only 

one band i s i n general observed i n the i.n.s. spectrum. The two stretches 

would have i.n.s. bands of d i f f e r e n t i n t e n s i t i e s and as they have been 

assigned f a i r l y close together i t i s perhaps not surprising that they 

have not been resolved i n the i.n.s. spectra. The i.n.s. band i n the 

Pt complex i s at higher frequency than that i n the Pd complex and thi s 

probably r e f l e c t s a stronger metal-ligand bond. 

In the f a r - i . r . spectrum of the platinum complex ( f i g . 9 and table 5) 

there are strong bands at 264.5 and 290.5 cm"* and these we assign to the 

symmetric and antisymmetric stretches by analogy with the results for the 

Pd complex (table 5). There are no other bands i n the region 170 -»300 

cm * i n the i . r . of C_H_PtCl_ so that no alternative assignment i s 

possible. We fi n d only one Raman band, at 292 cm~\ which we also 
12 

assign to the antisymmetric stretch. Fernando and Adams found only a 

very weak Raman band corresponding to the symmetric stretch for the Pd 

complex and our results agree with theirs i n t h i s respect. The i.n.s. 

band at 29 7 cm * i n the spectrum of C^HgPtC^ must be the antisymmetric 

stretch. This i s the only complex for which the two stretches were 

resolved i n the i.n.s. spectrum. 
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Table 4 Vibrational Modes (cm ) for Che Carbonyl Complexes ( > 200 cm ) 

C 7H gCr(CO) 4 C 7H 8Mo(C0) 4 CyigWCCO), 
* 

R. S I.R. a I.N.S. R." I.R." I.N.S. R." I.R. 3 I.N.S. 

251 257 b 235*14 220 225*14 217 230*14 
239 244 b 241 293*20 2J7 326 296*20 

296 b 308*14 387 391 394 391 
433 411 432*14 405 41* 

431 
454 448 42J 437 444 446 
469 466 464 462 

494*14 482 
496 496*14 492 498*14 

515 506 503 511 511 
539 535*14 543 549 551 547 
552 5^: 556 

570 570 569 570 
606 602 609 592 604 606 
621 621 620 616 616 

635 
643 
667 655 1 

1 674 682 

a) From Ref. 10 b) From Rof. 12 

Table 5 Vibrational Modes (cm" ) for the Pd. Pt and Ru complexes and s o l i d C_H_(>200 cm" ) 

C 7H 8PdCl, C 7 H 8 P t C l 2 Cs[RuCl 3COC 7H 3] C ?H g ( s o l i d ) 

R. I.R. I.N.S. R. I.R. I.N.S. R. I.R. I.N.S>. R. I.R. I.N.S. 

233 
265 

238 
268 228*14 292 

264 
291 

266*14 
29 7*14 

262 
284 

265 
284 277*14 

305 304 
321 321 322 332 

337 338 336*14 325 
339 340 344*14 

3=8*1:-

487 491 501*14 
348 
485 481 486 

430 
446 

421 
434*14 

518 516 524*14 492 
549 

494 493*14 
520 

497 
528 

490*14 
543 

501 
541 

507*14 
543*14 

595 589 

687 

596*14 566 
616 

566 
618 

566*14 
614*14 

554 565 560*14 

667 
710 

665 
726 

772 770 
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T i l t 2 ( f i g . 6) i s a mode of the free ligand and i t has been 
-1 12 -1 assigned at 446 cm i n i t s Raman spectrum. There i s a band at 434 cm 

in the i.n.s. spectrum of C L , We would expect the frequency of t i l t 2 
7 o 

to change on co-ordination of Ĉ Hg to a metal, however, the frequency 
should be r e l a t i v e l y independent of the particular metal. T i l t 2 has 

-1 12 been ten t a t i v e l y assigned at 487 (R) and 491 cm (I.R.) for C-.HQPdCl0. 

This assignment seems reasonable because there i s an intense band i n t h i s 

region of the i.n.s. spectra for a l l of the complexes ( f i g s . 7,8). T i l t 

2 i s an mode so that formally i t should be associated with a Raman 

band which has no i . r . equivalent. This i s not found to be the case f o r 

the Pd and Pt complexes because i . r . bands are found at 491 cm~^ and 

494 cm ^ respectively and these are very close i n frequency to the Raman 

band which has been assigned to t i l t 2 i n the Pd complex (487 cm~^). I t 

i s d i f f i c u l t to say whether the same i s true of the carbonyl compounds 

because t h i s region i s one i n which several carbonyl modes occur so that 

the i . r . i s expected to be f a i r l y complicated. The detailed assignments 

of t i l t 2 are given i n table 8. The corresponding mode has been assigned 

at c.a. 575 cm * i n the 1,5 cyclooctadiene (COD) complexes of Rh, Pd and 
20 

P t z u (table 7). 

Table 7 Metal-ligand Modes for some 1,5 Cyclooctadiene Complexes 20 

COD Pt C l 2 * COD PdCl 2 [COD RhCl] 2 

TILT 2 I.R. 570 588 583 TILT 2 570 
R. 569 587 586 

TILT 1 I.R. 464 480 490 
R. 464 482 480 

antisymmetric I.R. 415 461 476 
v(M-olefin) R. 413 461 480 
symmetric I.R. 350 378 388 
v(M-olefin) R. 352 385 383 

* COD = cyclooctadiene 
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Table 8 Summary of I.N.S. Bands and thei r Assignments (cm ) 

C 7H 8PdCl 2 C 7 H 8 P t C l 2 C ?H 8Cr(CO) 4 C 7H 8Mo(C0) 4 c 7 n 8 w ( c o ) 4 Cs[RuCl 3COC 7H 8) Assignments 

35 40 30 30 30 30 
65 65 55 55 55 48 C j torsion 
120 115 115 110 105 135 6(ole£in-M-

o l e f l n ) 

228 266? 
29 TJ 

235 225 230 277 v(M-olefin)sym 
v(M-ole£ln)asy 

336 344 30C. 
432 

293 298 328 TILT 1 

501 493 494 496 498 490 TILT 2 
524 566 535 560 "B u t t e r f l y 

Bend" 
596 614 

Table 9 Low frenuercy I.N.S., Raman and Infrared Data for C.H„M(C0). (cm ) 

C ?H 8Cr(C0) 4 C 7H 8HO(CO) 4 C ?H 8W(C0) 4 

R + I.R.* I.N.S. R+ I.R.* I.N.S. R + 
* 

I.R. I.N.S. 

31 34 30-2.5 28 30 30*2. 5 25 29 30*2.5 

41 41 43 44 

52 52 55*3 
48 
63 

48 
65 55*3 49 51 '.5*3 

68 62 

77 77 

67 

82 84 

95 95 

85 . 

95 
102 

87 

105 105 115*6 104 n o 110*6 99 
96 

113 105*6 

120 118 120 127 

142 132 136 137 

+ Data from ref. 10 

* This work; Liquid Nitrogen Temperature 
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In the i.n.s. spectrum ( f i g . 8) of the Pd compound the band at 

501 cm"1 ( t i l t 2) has a strong shoulder at 524 cm - 1. This corresponds 

to a polarised Raman band (518 cm"1) and an i . r . band (516 cm"1) which 
12 

have been assigned as the " b u t t e r f l y bend" ( f i g . 6). This mode i s 
also a mode of C L and i t has been assigned at 424 cm"1 (R) and 420 

7 o -1 12 -1 cm ( i . r . ) i n the spectra of the ligand. As there i s only 20 cm 
difference between t i l t 2 and the " b u t t e r f l y bend" for C-.H_ (table 5), 

7 o 
i t i s not surprising that only a single unresolved band i s found (at 

434 cm 1 ) i n the i.n.s. spectrum of the ligand ( f i g . 7). The " b u t t e r f l y 

bend" i s assigned, by comparison with the i.n.s. spectrum of C,H~PdCl0, 
7 o 2. 

to the intense (i . n . s . ) band at 566 cm"1 i n the spectrum of C-,H0PdCl0 

and hence to the bands at 566 (Raman) and 568 cm"1 ( i . r . ) . The only 

i.n.s. data we have for the carbonyl complexes, i n th i s region, i s a 

shoulder at 535 cm"1 for the Cr complex ( f i g . 7). There i s a very weak 

Raman band at 539 cm"1. These we also assign to the " b u t t e r f l y bend". 
The assignment of T i l t 1 ( f i g . 6) i s rather more problematic. I t 

has been assigned, from o p t i c a l spectra, at 305 cm"1 for C_H_PdBr- and 
7 o 2. -1 12 304 cm for C-.H0PdCl0 on the basis that 

1. t i l t modes have always been assigned at higher frequency than 

stretching modes. 

2. No C_HQ vibrations are expected below 400 cm"1 and the Pd-Br 
/ o 

stretching modes occur at c.a. 250 cm"1. I t therefore appears that 

for C 7H gPdCl 2 the t i l t 1 and v(Pd-Cl) may be coincident at 304 cm - 1. 

3. The symmetry of the band at 304 cm"1 must be d i f f e r e n t from that of 

the neighbouring a.^308 cm"1) and h^ttl cm"1) bands. 

The t i l t 1 mode has been assigned at 460-500 cm"1 i n the 1,5-cyclooctadiene 

complexes (table 7) and i s of higher frequency than the stretching modes. 
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The same order i s found for C.H.Fe(CO)^ (table 2). 
4 4 J 

We would expect T i l t 1 to be associated with a f a i r l y intense band 

i n the i.n.s. spectrum because i t should be associated with some large 

amplitude vibrations of the protons ( p a r t i c u l a r l y of those on the 

central bridging carbon). Reference to f i g s . 7 and 8 shows that i n the 

appropriate region (300-350 cm *) there i s a very strong band i n the 

i.n.s. spectrum of the Pt complex, moderate i n t e n s i t y i n the spectra of 

the Pd and Cr complexes and very weak in t e n s i t y for the Mo and W 

compounds. I f the assignment of t i l t 1 to t h i s region i s correct then 

we cannot explain the low i n t e n s i t y , p a r t i c u l a r l y for the Mo and W 

complexes. Conversely i f the assignment i s incorrect then we must look 

elsewhere i n the i.n.s. spectra for t h i s mode and also explain the bands 

observed i n the 300-350 cm * region. 

I t would be unacceptable to place t i l t 1 at higher frequency than 

t i l t 2 and so because there are no peaks i n any of the i.n.s. spectra 

i n the region 350 •* 480 cm * we must look to lower frequencies. The 

assignment of the M-olefin stretches i s unequivocal so that the only 

possible assignment we could make i s to the bands below 140 cm-*. This 

seems very low compared to the results for the COD complexes and for 

C^H^FetCO)^ (tables 2 and 7). We w i l l also present alternative assign

ments for these low energy modes (<150 cm"*) and so i n the absence of 

more data we must te n t a t i v e l y agree with the assignment of t i l t 1 given 
12 

by Fernando and Adams and by analogy assign the bands, which occur 

between 300 and 350 cm * i n the i.n.s. spectra of each of the compounds, 

to t i l t 1. I t i s interesting to note i n t h i s connection, however, that 

stretch ( a^) n a s been placed at higher frequency than the antisymmetric 

stretch ( b , ) . 1 0 

on the basis of polarisation (CO) the measurements on C_H_Cr 7 8 symmetric 



227. 

The remaining bands i n the i.n.s, spectra i n t h i s energy range are 

a) at 596 and 614 cm"* i n the spectra of the Pd and Pt complexes 

respectively. These we assign to ligand modes (possibly the mode 

at 543 cm"* i n the i.n.s. spectra of Ĉ Hg f i g . 7) which has been 

increased i n energy on co-ordination. 

b) There i s possibly a shoulder i n the spectrum of C_HoCr(C0). at 
7 o 4 

432 cm *. There i s no corresponding band i n any of the other 

spectra nor i n the i . r . or Raman. 

c) There i s a peak i n the Beryllium F i l t e r Detector Spectrum of 

C^HgPtC^ at 183 cm"1. This does not occur for any of the other 

complexes and we are not able to assign, or explain i t . 

We have not discussed the spectrum of the Ru complex, however, i t s 

i.n.s. spectrum i s so similar to that of the other complexes that by 

analogy with them we make the assignments shown i n table 8. 

b) Vibrations < 200 cm"1 

The i.n.s., Raman and i . r . data for t h i s region are summarised i n 

tables 8 and 9, and examples of the spectra are shown i n figures 10 and 

11. The i.n.s. spectra are remarkably similar. They a l l show three 

bands, one of which i s c.a. 35 cm 1 and of much lower i n t e n s i t y than the 
-1 

other two. The lower of the two more intense bands occurs at 55 cm i n 

the spectra of a l l of the carbonyl complexes and at 65 and 68 cm 1 i n 

the Pd and Pt complexes respectively. The higher energy band occurs 

between 105 and 120 cm 1 with carbonyl complexes generally of lower 

frequency than the halogen complexes. The i.n.s. spectrum of 

Cs(RuCl(C0).C_HQ) makes an interesting comparison. I t also has a very 

low energy band c.a. 30 cm 1 and a more intense mode at c.a. 50 cm 1, 

however, the higher energy mode i s now at 135 cm 1. I n every case, 
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except f o r the Pt complex, the Boltzmarmcorrected s c a t t e r i n g i s more 

intense f o r the mode c.a. 120 cm * than f o r the mode at c.a. 50-60 cm *. 

I n f r a r e d and Raman bands occur close t o these frequencies f o r a l l of the 

complexes. I n the i . n . s . spectrum of ( f i g . 10) there are two bands, 

a t 42 cm"*' and 80 cm *. These correspond t o l a t t i c e modes which have 
10 -1 been assigned at 42 and 74 cm. 

According t o B u t l e r and B a r n a ^ the region below 150 cm *, f o r the 

carbonyl complexes, should d i s p l a y nine C-M-C, C-M-olefin and o l e f i n - M -

o l e f i n bands as w e l l as various l a t t i c e modes. I n p a r t i c u l a r we would 

expect t o observe an intense band due to the t o r s i o n about the a x i s , 

as found f o r instance i n C^H^FeCCO)^ ( f i g . 1) and several C^H^ complexes. 

By comparison w i t h the i . n . s . spectrum of C^H^Fe^O)^ we also know t h a t 

the 6 ( o l e f i n - M - o l e f i n ) ( f i g s . 1 and 4) modes can be very intense. 

Therefore by comparison w i t h the r e s u l t s f o r C.H,Fe(C0)„ and the C„H, 
4 4 3 2 4 

complexes we could assign the bands a t 50-70 cm"* and 105-135 cm"* to 

the t o r s i o n and the deformation i n each complex. 

The d e c i s i o n as t o which i . n . s . band i s associated w i t h which mode 

i s not s t r a i g h t f o r w a r d . Further comparison w i t h the assignments f o r 

n-C^H^Fe(C0).j i s not n e c e s s a r i l y v a l i d because i n t h a t case the C^H^ 

lig a n d would appear to be symmetrically bonded to the metal atom. This 

i s not the case f o r the C^Hg l i g a n d . C a l c u l a t i o n of the p o t e n t i a l 

b a r r i e r s , using both frequencies, may help i n the assignment. 

P o t e n t i a l B a r r i e r s 

21 

I n order t o c a l c u l a t e the b a r r i e r s t o r o t a t i o n from our values of 

the t o r s i o n a l frequencies we need t o know the b a r r i e r p e r i o d i c i t i e s and 

the c r y s t a l s t r u c t u r e s so t h a t the reduced moments of i n e r t i a can be 
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c a l c u l a t e d . The c r y s t a l s t r u c t u r e of only one of the complexes i s 

known so we have made the f o l l o w i n g assumptions concerning the geometries 

of the molecules: 

1. I n a l l o f the complexes the geometry of the C^Hg li g a n d i s the 

same as t h a t found i n C^HgPdC^ 

2. there i s a a x i s passing through the bridge-head carbon and the 

metal atom 

3. f o r the carbonyl complexes we have taken M-CO to be 1.94A (found 
o 22 1.94A i n c i s ( d i e t h y l e n e t e t r a m i n e ) molybdenum t r i c a r b o n y l ( I ) 

and 1.92A i n Cr(CO) 6> and C-0 to be 1.15A as found i n I . The angle 

between the C 2 axis and the axis j o i n i n g the metal atom to CO was 

taken a t 45° - again as found i n ( I ) . 
18 23 

4. Pt-Cl was taken as the same as Pd-Cl ' 

I f we use the high b a r r i e r approximation (chapter I I ) 

Q 2 T 2 
v _ 8it I c v 

n 2 

thus n 2V = 8 T T 2 I C V 2 

2 

The values of n V, the e f f e c t i v e force constants, are l i s t e d i n t a b l e 

10. 
I t i s reasonable t o assume t h a t the b a r r i e r p e r i o d i c i t y i s 2, at 

l e a s t f o r the square planar complexes. The values of V c a l c u l a t e d w i t h 
2 

n = 2 are also shown i n t a b l e 10. The corresponding values of n V and 

V(n = 2) f o r Zeise's S a l t are included f o r comparison. 
24 

I t has been shown t h a t f o r Zeise's S a l t i t i s necessary t o use a 

p o t e n t i a l of the form 
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Vo VA V = y ( 1 - Cos 2 0) + y ( 1 - Cos 4e) 

i n order t o r e c o n c i l e the b a r r i e r s to the t o r s i o n c a l c u l a t e d from 

i . n . s . and n.m.r. data. We have no n.m.r. data f o r the norbornadiene 

complexes, however, by p u t t i n g = V Q we can c a l c u l a t e the values of 

V Q f o r t h i s one parameter model. These values are shown i n t a b l e 10. 

I t i s apparent t h a t f o r the norbornadiene complexes a l l of the 
2 

parameters, n V, V and V q are smaller than the corresponding parameters 

f o r Zeise's S a l t i f we use the band a t c.a. 60 cm * as the t o r s i o n a l 

frequency and l a r g e r i f we use the band a t c.a. 115 cm \ We can c e r t a i n l y 

deduce from t h i s t h a t the change i n frequency of the Ĉ  t o r s i o n , r e l a t i v e 

t o Zeise's S a l t , i s due t o other f a c t o r s as w e l l as to the moment of 

i n e r t i a change. Because the bonding i n the two sets of complexes 

(C^H^ and C^Hg) i s r a t h e r d i f f e r e n t i t i s not possible to say a b s o l u t e l y 

which w i l l have the higher b a r r i e r , however, as we mentioned e a r l i e r i n 

the case e.g. of C^HgPtClg the t o r s i o n i n v o l v e s a tendency towards 

t e t r a h e d r a l l y co-ordinated Pt and the b a r r i e r to t h i s i s expected t o be 

high. Perhaps t h e r e f o r e the p o t e n t i a l c a l c u l a t i o n s i n d i c a t e t h a t the 

t o r s i o n i s i n f a c t the higher frequency mode. I f t h i s i s so then the 

i . n . s . band a t c.a. 55 cm ^ i s the deformation mode. 

One f u r t h e r p o s s i b i l i t y i s t h a t we are observing the in-phase ( i . p . ) 

and out-of-phase (o.p.) t o r s i o n s of the molecule (about the C2 a x i s ) . 
25 

R a t c l i f f e has shown t h a t two w e l l separated peaks w i l l be obtained 

only i f both the i n t e r n a l and e x t e r n a l f i e l d s are high. The in-phase 

motion i s of course a whole body r o t a t i o n . This assignment seems 

u n l i k e l y i n view of the large moment o f i n e r t i a of the whole molecule 

( > 840 x 10 ^ g cm^ f o r the carbonyl complexes). From our work on 
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(CLH.^M compounds we have assigned the i . p . and o.p. modes at c.a. 70 

and 150 cm * r e s p e c t i v e l y . The moment of i n e r t i a of C H and C_HC about 
7 8 3 5 

the axis through the metal atom are i n the r a t i o of c.a. 4:1 and s i m i l a r l y 

the moments of i n e r t i a o f the whole molecules about the same axes are i n 

the r a t i o c.a. 6:1 ( f o r C,HoM(C0),). I f the force f i e l d s were the same 

we would t h e r e f o r e expect the i . p . and o.p. frequencies t o be very 

d i f f e r e n t . This would appear to be the case f o r the proposed o.p. modes 

(150 and 115 cm but the proposed i . p . modes are very s i m i l a r i n 

frequency (70 and 60 cm We consider t h i s assignment t o be u n l i k e l y 

compared t o the assignment t o the t o r s i o n and a deformation mode. 

Furthermore the norbornadiene complexes are s o f t c r y s t a l s and there i s 

no i n d i c a t i o n of strong hydrogen bonding. We have made the assumption 

t h a t the e x t e r n a l b a r r i e r i s zero f o r the b a r r i e r c a l c u l a t i o n s . 

Conclusion 

Many of the M - o l e f i n modes have been assigned though there i s an 

anomoly i n the i n t e n s i t i e s associated w i t h the i . n . s . bands assigned t o 

t i l t 1. The low frequency i . n . s . spectra are very simple but we are 

unable t o decide unequivocally which of the two intense bands should 

be assigned t o the C. t o r s i o n and which t o the deformation mode. 
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Section I I I : K - A l l y l Complexes of N i c k e l , Palladium and Platinum 

T t - A l l y l complexes are of great importance i n organometallic 

chemistry and w i t h t h i s i n mind i t i s strange t h a t the f i r s t spectros

copic studies o f "pure" re-allyIs i . e . those c o n t a i n i n g no other l i g a n d s , 

were not reported u n t i l 1973. 

The u - a l l y l s are r e l a t i v e l y complex molecules f o r i . n . s . study i n 

so f a r as 

a) n e a r l y a l l of the normal modes i n v o l v e s i g n i f i c a n t proton motion so 

t h a t they should a l l produce bands i n the i.n. s . spectrum. 

b) Many of the normal modes occur w i t h i n e.g. 20 cm * of one another. 

This means t h a t they cannot be resolved on many i . n . s . spectrometers 

(however see chapter I I I ) . 

What we have been able t o do i n bur study of some a l l y l s i s 

1. t o show t h a t we can observe the low frequency (<$00 cm -*) metal-

a l l y l v i b r a t i o n s and t o assign some modes i n a less s t a b l e complex by 

comparison w i t h previous assignments from the o p t i c a l spectra of a more 

sta b l e m a t e r i a l . 

2. Detect modes which have proven too weak to be observed i n the i . r . 

or Raman of stable complexes. 

Experimental 

2 6 
(n-C^PdCl),, was purchased from Strem Chemicals I n c . , ( i t - C 3 H 5 ) 2 N i , 

2 7 28 (n-C^H^^Pd and (n-C^H^NiBr) were prepared by l i t e r a t u r e methods. A l l 

samples were sealed i n t o s i l i c a c e l l s f o r the i . n . s . experiments. I.n.s. 

spectra were obtained a t -37°C f o r (ic-C-jH^Pd, -3°C f o r (rc-C 3H 5-NiBr) 2 
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_ Q 
and 20 C f o r (it - C H P d C l ) 2 ( t i m e - o f - f l i g h t experiments ) and c.a. 90K 

g 

( B e r y l l i u m F i l t e r Detector experiments f o r a l l f o u r samples). We d i d 

not o b t a i n the t . of f . spectrum of ( n - C ^ ^ ^ N i although we were able 

to o b t a i n data down t o 60 cm * using the B.F.D. spectrometer. 

The f a r - i n f r a r e d spectrum of (it-C^H^^Ni was obtained by subliming 

the sample onto a polythene disc i n a col d c e l l (chapter I I I ) . Spectra 

were obtained on a Beckman-RIIC FS720 Four i e r Transform spectrophoto

meter. Raman data was obtained using a Cary 82 Laser Raman spectro

photometer and a wavelength of 632.8 mm w i t h c.a. 10 mW power at the 

sample. 

a) (7i-C 3H ;PdCl) 2 and (rc-CjH,.NiBr )„ 

(n-C.jH^PdCl) 2 has been s t u d i e d , using i . r . and R. spectroscopy, 
29-35 

by several authors. Complete assignments have been proposed and 
32 33 both d e u t e r a t i o n and metal-isotope studies have been published 

30 31 36 
together w i t h force-constant c a l c u l a t i o n s . ' ' The c r y s t a l 

3 7 38 

s t r u c t u r e has been determined ' .and i t was found t h a t the PdCl 2Pd 

skeleton i s planar w i t h the planes of the a l l y l groups at an angle of 

111.5 - 9° to the plane of the skeleton. Although the molecular 

symmetry i s C^ the spectra have been assigned by considering the l o c a l 

symmetries of the components CgH ( C g ) , PdCl 2Pd ( C 2 h ) and C^-Pd ( C g ) . 

Such an approach has not always been successful e.g. i t was necessary 

t o assign the spectra o f n-C^HgMn(CO)^ using C g symmetry r a t h e r than 
39 

the C^v l o c a l symmetry of the Mn(CO)^ group. 
29 32 34 

Some assignments are also a v a i l a b l e f o r (it-C^Hi-PdBr),, ' ' and 
35 reasonably complete assignments f o r (m-C^PdOCOCH^ and (Tt-C^PdOCOCF^. 

32 
F i g . 12 shows the forms of the s i x a l l y l - m e t a l v i b r a t i o n s . 
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v s(M-C 3H 5)(T x) t w i s t (R ) 
y 

wag (R ) z 

6(C,H q)(T ) 3 5 z Y ( C 3 H 5 ) ( T ) t o r s i o n (R ) z 

Fig. 12 A l l y l - M e t a l V i b r a t i o n s , ( a l l y l group p i v o t i n g about 0-Z) 

The data f o r (n-C 3H 5NiX> 2 X = CI, Br, I i s less complete. No 

c r y s t a l s t r u c t u r e i s a v a i l a b l e . The i . r . spectrum has been o b t a i n e d ^ ^ ' ^ 

and i n p a r t i c u l a r Chenskaya et al} have obtained data down t o 60 cra -^. 

Raman data was not obtained because the sample was found t o decompose 

r a p i d l y i n the laser beam.* 

Our i . n . s . data i s shown i n tables 11 and 12, together w i t h the 

a v a i l a b l e i . r . and Raman data and assignments ( < 6 0 0 cm The i . n . s . 

spectra are shown i n f i g s . 13 and 14. Although there are d i f f e r e n c e s i n 

the characters assigned t o some of the modes the assignments do agree i n 

o u t l i n e . Considering f i r s t l y the region 200 -» 600 cm"*" i t can be seen 

t h a t the i . n . s . spectra correspond w i t h what would be expected from the 

i . r . and Raman assignments. Three of the m e t a l - a l l y l modes occur very 
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Table 11 Spectroscopic Data for (rc-C II NiBr) (cm ) 3-5 2 

I.N.S. I.R. Assignment 9 I.R. Assignment*5 

25-2.5 
97*6.5 110 Sk e l e t a l 

128 deformation 
139*11 150 

205) 200 
201*14 22lj 

vNi-Br 224 v(Ni-Br) 

287±14v„, 270 
368*14 370 vNi-C 3H 5 A' 380 V< N 1- C>s y.. 

4131 A ' 
V< N 1- C>s y.. 

419-14 425) *Ni-C 3H 5 A , , 

440 v ( N i - C ) a n l : i s 

505*14 6C-C-C A ' 520 6(C-C-C) 

a) r e f . 1 
b) r e f . 40 

Table 12 Spectroscopic Data for (z-C-ll.PdCl), (cm ) 

I.N.S. 
I.R. R. a R. 1.5. 

Assignment'1 I.N.S. 
-180°C 25°C -180°C 25°C 

Assignment 
295K Cold Solid Soln. 

Assignment'1 

30*2.5 • 32 28 R " 27 32 
41 40 R' 

44 42 T' 45 45 
47 46 R ' , L a t t i c e 50? 55 51 T' 57 59 > 57 59 Modes 
60 59 R' 

67 64 T' 67 
68 65 R ' 
77 75 R ' 74 ) 

84 82 100 99 6 P d 2 C l 2 99 99 93 Bridge def. 
100*6.5 98 93 105 104 t-C 3H 5 »R x" 103 105 L a t t i c e mode 

118 114 120 121 V C3H5 "T y" 116 122 113 N| Skeleton 
140^11 145 141 148 146 6 C,Hj "Tr" 

) 

142 138 137 J DefH 
246 243 242 236 

6 C,Hj "Tr" 

) 233 238 243 ) 
256 251 259 259 > v(Pd-Cl) 256 257 254 254 j v13' v25 
351 ) 

r 365 . 376 3 72 w,C_Hr "R " 3 72 
+ . 369 ) 365 . 3 72 

3 5 2 3 72 3 76 366 367 v12 
3 75-14 
( b r ) s 

384 382 404 398 t,C 3H 5 "Ry" 402 381 v24 
394 | 

+ d 

404 J 400 412 408 v s P d - C 3 " 5 " T x " 407 410 402 397 v l l 
51J-14 513 511 512 511 s c - c - c 509 509 510 510 v10 

o) ref. 32 
b) r c f . 34 solution data ulso a v a i l a b l e (Raman) 
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F i g . 13 B.F.D. Spectra of rc-allyl metal halides 
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F i g . 14 Density of States of (C 3 H 5 P d C l ) 2 and (C H NiBr) 
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close together a t c.a. 380 cm ^, and as a r e s u l t i n the i . n . s , spectrum 

of the Pd compound ( f i g . 13) a s i n g l e broad band i s found and f o r the 

Ni complex ( f i g . 13) where the assigned modes are r a t h e r f u r t h e r apart, 

two bands. 

The three remaining a l l y l Pd modes have been assigned a t 98, 118 and 

145 cm 1 ( t a b l e 12) and the t o r s i o n i s the lowest frequency mode. The 

i. n . s . spectrum ( f i g . 14) contains j u s t two bands i n t h i s r e g i o n , at ~ 

100 and 140 cm ^. The corresponding modes have been assigned i n 

(Ti-C-H cPdBr) 3 2 a t 98, 114 and 137 cm 1 and i n (it-C,HcPd0C0CH_ ) 3 5 a t 129, 

141 and 158 cm There are no f a r - i . r . assignments f o r the n i c k e l 
35 

complex although f o r (C^H^NiOCOCH^) the t o r s i o n has been assigned at 

123 cm"1, Y C 3H 5 a t 142 cm"1 and 6 a t 153 cm"1. I n the i. n . s . 

spectrum of (Tr-C^H^-NiBr^ there i s a broad band c.a. 120 cm - 1 which peaks 

a t 97 cm - 1 and 139 cm"1 ( f i g . 14). By analogy w i t h the previous 

r e s u l t s we assign the peak a t 97 cm 1 t o the t o r s i o n and the peak a t 

139 cm"* t o 6 Ĉ Ĥ  w i t h y C-jH^ being unresolved but placed somewhere 

between these l i m i t s . An i . r . band has been r e p o r t e d 1 at 128 cm"1 

( t a b l e 11). I n the f a r - i n f r a r e d spectrum ( l i q u i d n i t r o g e n temp.) o f 

(rc-C^Hi-NiBr^ we obtained two weak bands, at 94 cm"1 and 116 cm 1. These 

r e s u l t s d i f f e r from those of Chenskaya e t a l 1 ( t a b l e 11). We assign the 
-1 -1 v band a t 94 cm t o the t o r s i o n and t h a t a t 116 cm t o 1 Ĉ Ĥ . 

The very close correspondence between the v i b r a t i o n a l frequencies 

f o r the Pd and Ni a l l y l s , i n equivalent compounds, agrees w i t h a 

c a l c u l a t i o n which has shown t h a t the force constant f o r the m e t a l - a l l y l 

bond has the same value f o r N i and Pd compounds but which i n c i d e n t a l l y 
41 

increases sharply f o r Pt a l l y l s . 
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There are two remaining features i n the i . n . s . spectrum of the 

n i c k e l complex, a t 201 cm"1 and 287 cm"1 ( f i g . 13). The l a t t e r band i s 

very weak and broad and i t i s probably an overtone of the mode o c c u r r i n g 

at 139 cm 1. The band at 201 cm 1 coincides w i t h the Ni-Br stretches 

assigned i n the i . r . There w i l l probably be some proton motion associated 

w i t h these s t r e t c h e s although the same should also be t r u e f o r (n-C^H^PtCl)^ 

where i n f a c t very l i t t l e i n t e n s i t y ( f i g . 13) i s found i n i t s i . n . s . 

spectrum i n the region of the v ( P t - C l ) modes (« 250 cm" 1). However, the 

associated motion of l i g h t atoms i n a normal mode does increase as the 

mass of the heavier atom increases. For instance t h i s type of behaviour 
25 

has been found f o r CĤ CX̂  as X changed from CI t o Br t o I . This 

probably explains the change i n i . n . s . i n t e n s i t y associated w i t h the 

halogen modes. On going from [ B r N i C 3 H 5 l 2 t o [ C l P t C ^ l j , the mass of the 

halogen f a l l s and the mass of the metal atom increases. Both f a c t o r s w i l l 

t h e r e f o r e lead t o a decrease i n the amplitude of v i b r a t i o n of the C,H0 

7 o 
l i g a n d associated w i t h the metal-halogen s t r e t c h e s . 
b) ( n - C 3 H 5 ) 2 N i and (rc-CjH^Pd 

There are no c r y s t a l s t r u c t u r e s a v a i l a b l e f o r these compounds, 
42 

however, n.m,r. r e s u l t s have shown t h a t i n s o l u t i o n they e x i s t as c i s -
trans isomers ( f i g . 15) w i t h the p r o p o r t i o n s 1:3 r e s p e c t i v e l y . Bis-Tt-

2 m e t h a l l y l n i c k e l has been shown to have the trans c o n f i g u r a t i o n i n the 
43 

s o l i d s t a t e . 

The two isomers f i g . 15 have r a t h e r d i f f e r e n t symmetries ( c i s i s 

C^ and trans i s C^) so t h a t an i . r . and Raman study should be able t o 

d i s t i n g u i s h between the two p o s s i b i l i t i e s e.g. the trans form has a 
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C I S trans 

F i g . 1 5 c i s and trans forms of 

(n-C 3H 5) 2M 

centre of symmetry so t h a t the 

mutual exclusion ( i . r . and Raman) 

r u l e a p p l i e s . The numbers and 

symmetries of the s k e l e t a l 

v i b r a t i o n s are shown i n ta b l e 1 3 

and f i g . 1 8 . 

Table 1 3 : Numbers and Symmetries of S k e l e t a l V i b r a t i o n s i n (T C - C J H ^ . ) 2 M 
44 

V i b r a t i o n Type C 2 V ( c i s ) C 2 H (Trans) 

C 3 H 5 - M s t r e t c h 

C 3 H 5 - M t i l t 

C ^ - M t o r s i o n 

C 3 H 5 - M - C 3 H 5 deformation 

V A 2 
A 1+A 2+B 1+B 2 

V B 1 
A l 

Ag+Bu 

Ag+Au+Bg+Bu 

Au+Bg 

Ag 

C 2 v: A l l modes Raman a c t i v e , A^BpB,, are i . r . a c t i v e 

C_ • Ag and Bg Raman a c t i v e , Au and Bu are i . r . a c t i v e 

These are more important f o r d i s t i n g u i s h i n g the c o n f i g u r a t i o n than the 

lig a n d v i b r a t i o n s , which have been shown t o be r e l a t i v e l y independent 
4 4 

of the c o n f i g u r a t i o n and the metal atom. 

1 4 4 29 Ixh i s (rc-C 3H 5) 2Ni ' ' * and (K-C^)^1-' have been studied by 

o p t i c a l spectroscopy and the r e s u l t s and assignments ( < 6 0 0 cm" 1) are 

shown i n tables 1 4 and 1 5 , together w i t h our i . n . s . data. Our i.n. s . 

spectra are shown i n f i g s . 1 6 , 1 7 . The two a v a i l a b l e assignments f o r 
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Table 14 Spectroscopic Data for ( n - C - l Q - N i (cm" ) 

I . R . R. I . R . R. 
I.N.S. 

-180°C 20°C -60°C 10°C 
ASSIGNMENT 

100K 100K 293K 
ASSIGNMENT' 1 

68-14vs 
86(sh)±14vs 
152±14vs 

328±14(0)) 
323] 
330j 324 Ag ' 

350 
331 324 Ag CjHj-Ni str e t c h 

Bu C J H J - N I s t r e t c h 

388-14(br) m 380 381 Bu 
f!i-C H ) 

380 Au C 3H 5-Ni t i l t 
385 387 Bg 387 385 Bg C 3H 5-Ni t i l t 
406 406 Ag 398 Bu C 3H 5-Ni t i l t 

415 410 ) 

Bu C 3H 5-Ni t i l t 

454 452 JAu,Bu 454 429 406 Ag C 3H 5-Ni t i l t 

6(C-C-C) 498±14 
483 485 

575 
494 500 

" Bu^ 
Ag) 

5CCC 
478 
484 
580 

507 500 

Ag C 3H 5-Ni t i l t 

6(C-C-C) 

v.s. very strong; m medium; br broad 
a) ref. 1 
b) ref'. 44 

Table 15 Spectroscopic Data for (n-C-H..)?Pd (cm ) 

I.R. a R. I.R. b R. 
I.N.S. 

215K 293K 100K 
ASSIGNMENT 

c.a. 20°C Liq N 2 Liq I ! 2 Soln. 
ASSIGNMENT 

50±3.5 
85±6 
135±10 
160^11.5sh 
318±14H 329 Ag CjHj-Pd s t r e t c h 314 320 

326 321 
Bu 
Ag 

350 373 Bu C^it^-Pd stretch 363 369 
370 365 

Bu 
Bg 

• VC 3H 5-Pd 

40G(br)-14s 402 409 Ag C^Hj-Pd t i l t 393 407 Au 

483-14(br) 
460 468 

500 493 
Au/Bu C 3H S-Pd t i l t 
A '6(C-C-C) 

472 

502 

472 
408 

496 

400 

490 

Ag 
Bu 
Ag |

6C-C-C 

ah shoulder; br broad; w weok; s strong 
a) r e f . 44 
b) r e f . 45 
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(Ti-CgHg^Ni do not agree t o t a l l y ( t a b l e 14) p a r t i c u l a r l y w i t h regard to 

the symmetries of the various modes. Both sets of authors do agree, 

however, t h a t the observed spectra f o r both complexes are best explained 

on the basis of a trans c o n f i g u r a t i o n of the molecule although i t was 

not possible t o completely r u l e out the c i s c o n f i g u r a t i o n . 

The l o c a l symmetry of the C^H^ li g a n d was used s u c c e s s f u l l y t o 

assign the i n t e r n a l v i b r a t i o n s of the a l l y l group and there was no 

i n d i c a t i o n of coupling between the ligands. The f u l l heavy atom 

skeleton must be considered when assigning the s k e l e t a l modes. No 

v i b r a t i o n s were observed i n the o p t i c a l spectra below 300 cm * where the 
39 

a l l y l - M t o r s i o n s and ( a l l y l ^ M deformation modes should occur. 

Consider f i r s t l y the region > 200 cm *. The i . n . s . spectra ( f i g . 

16) once again are what one would expect as a r e s u l t of the unresolved 
39 

bands. For (Ti-C^H^gNi Andrews and Davidson assign a weak band a t 

350 cm *, o c c u r r i n g only i n the i . r . of the s o l i d , to the Bu^Ti-C^Hg^Ni 

s t r e t c h . Chenskaya e t al.assign t h i s mode at 380 cm -* and assign the 

mode t h a t Andrews and Davidson assign at 380 cm-*" to c.a. 410 cm"*. As 

f a r as we are able to t e l l there i s no band at 350 cm"* i n the i . n . s . 

spectrum. At 350 cm * the count r a t e i s almost a t background and so 

t h i s i n d i c a t e s t h a t the assignment of Chenskaya i s the more c o r r e c t one, 

a t l e a s t i n t h i s respect. 

I n the region below 300 cm * we have observed the p r e d i c t e d low 

frequency modes i . e . the two t o r s i o n s and the deformation mode ( t a b l e s 

14 and 15). Consider f i r s t l y the i . n . s . spectrum of (rc-C^H^^Ni. There 

are three intense bands at 68, 87 and 152 cm * r e s p e c t i v e l y . We have 

also observed an i . r . band at 150 cm *. I f the trans c o n f i g u r a t i o n i s 
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the c o r r e c t one then t h i s must be the out—of-phase t o r s i o n (Au). This 

also makes good sense as we would expect the out of phase t o r s i o n to 

be o f higher frequency than the in-phase t o r s i o n . I n symmetry Au 

i s the only one of the three very low frequency modes expected t o be 

i . r . a c t i v e , whereas f o r the c i s c o n f i g u r a t i o n two of the three lowest 

frequency modes should be i . r . a c t i v e . Although not very d e c i s i v e , t h i s 

i s f u r t h e r evidence t h a t the trans c o n f i g u r a t i o n i s the c o r r e c t one i n 

the s o l i d s t a t e . 

I t remains t h e r e f o r e t o assign the i.n. s . bands at 68 and 87 cm~* 

( ( i t - C ^ H ^ ^ M ) . We have no absolute way of doing t h i s but the in-phase 

t o r s i o n i s a whole body r o t a t i o n . This i s expected t o be of low 

frequency so we t e n t a t i v e l y assign the band at 68 cm * t o t h i s mode and 

the band a t 87 cm * t o the deformation. 

The i.n . s . spectrum o f (n-C^Hi-^Pd shows four bands a t ~ 50, 85, 

135 and c.a. 160 cm The band a t 160 cm"* i s a shoulder. The lowest 

frequency band i s considerably less intense than the other three peaks 

and so we consider t h a t i t i s probably a l a t t i c e mode. The remaining 

bands we assign by comparison w i t h our assignments f o r (n-C^Hi-^Ni to 

the in-phase t o r s i o n , deformation and out-of-phase t o r s i o n r e s p e c t i v e l y . 

These assignments can only be t e n t a t i v e i n the absence o f f u r t h e r data. 

E f f e c t i v e Force Constants 

A) rC 3H..PdCn ; and f C j I U N i B r ^ 

Because we have only a s i n g l e r o t o r we can use the high b a r r i e r 

approximation (chapter I I ) t o c a l c u l a t e the e f f e c t i v e force constants 

f o r the t o r s i o n s . Because of the u n c e r t a i n t y i n the l o c a t i o n of the 
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peak p o s i t i o n s e t c . we have made the s i m p l i f y i n g assumption t h a t the 

axis of the r o t o r i s the same as a p r i n c i p l e axis of the whole molecule. 
- 1 2 -1 We t h e r e f o r e o b t a i n f o r (CgH PdCl) 2 ( w i t h v = 98 cm ) n V = 260 k j mole 

and s i m i l a r l y f o r ( C ^ N i B r ^ (v = 97 cm" 1) n 2V = 280 k j mole" 1. The 

s i m i l a r i t y between these values i s expected from the general s i m i l a r i t y 
45 

of the force constants found f o r Fd and N i a l l y l complexes. 

B > ( C 3 H : ) 2 N i and ( C j H ^ P d 

I n t h i s case we have two i d e n t i c a l r o t o r s . I f we w r i t e the 

p o t e n t i a l energy v a r i a t i o n on r o t a t i o n as 

For the e x t e r n a l f i e l d V i = p ( l - Cos n ^ i = 1 or 2 

For the i n t e r n a l f i e l d V = -y ( 1 - Cos p ( 0j+ 6^)) 

Then using the methods described i n chapter I I I we can ob t a i n the 

f o l l o w i n g formulae f o r the t o r s i o n a l frequencies. 

, 2„ 2„ v 2„ I i s the moment of 
2 (n V E + 2 p V j ) 2 n V E 

cô  = 2^ u>> = 2 i i n e r t i a of one r o t o r 
about the axis of r o t a t i o n . 

We t h e r e f o r e o b t a i n two modes which are a) ^ the out-of-phase 

t o r s i o n and b) the whole body r o t a t i o n against the e x t e r n a l f i e l d , 

and have 2 
2 2 V 

2 

Using the above equations we o b t a i n the values f o r pV^ and n Vg shown 

i n t a b l e 16. 
2 

The values of p V̂ . are very s i m i l a r as one would expect and t h i s 
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Table 16 Components of the E f f e c t i v e Force Constants f o r rc^allyl 

Complexes 

cu^cm" 1) 

, -1 -1 , -1 -1 
kJ mole cm kJ mole cm 

( n - C 3 H 5 ) 2 N i 297.4 24,894 149 12,477 152 68 

(*-C 3H 5) 2Pd 295.8 24,760 232.4 19,453 160 85 

( T t-C 3H 5NiBr) 2 280 (23,438 cm *) 97 

( T t-C 3H 5PdCl) 2 260 (21,764 cm" 1) 98 

gives a d d i t i o n a l support f o r our t e n t a t i v e assignments f o r the 

( i i - C 3 H 5 ) 2 P d complex. 

A s i m i l a r treatment f o r the norbornadiene complexes,involving 

analysis using in-phase and out-of-phase t o r s i o n s , i s not so f r u i t f u l 

because there are two d i f f e r e n t tops w i t h t h e i r own p e r i o d i c i t i e s and 

e x t e r n a l b a r r i e r s . The number of parameters i s so large t h a t w i t h j u s t 

two observed frequencies i t i s not possible t o achieve a meaningful 

separation o f the parameters f o r comparison between the complexes. We 

do. however, p o i n t out the very close s i m i l a r i t y between the values of 
2 

n V obtained f o r the n - a l l y l s ( t a b l e 16) and those obtained f o r the 

norbornadiene complexes w i t h the assumption t h a t the lower frequency i s 

the t o r s i o n a l mode. 
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Chapter V I I I : Ammines and Amides 

We have obtained the i. n . s . spectra of some t r a n s i t i o n metal 

ammines and from the observed t o r s i o n a l frequencies, b a r r i e r s to the NH 

tors i o n s have been c a l c u l a t e d . As expected these are low and they are 

i n general agreement w i t h values c a l c u l a t e d from other techniques. We 

have not observed any i n t e r a c t i o n between NH^ r o t o r s i n molecules w i t h 

more than one r o t o r and t h i s c o n f l i c t s w i t h some p r e v i o u s l y published 

c a l c u l a t i o n s and assignments. Evidence f o r s i g n i f i c a n t metal-metal 

i n t e r a c t i o n s i n some Pt complexes has also been obtained. F i n a l l y we 

have studied some s u l f u r - n i t r o g e n complexes and assigned some low 

frequency modes as w e l l as showing th a t the d i s i l v e r s a l t of sulfamide 

does not con t a i n an NH_ group. 
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Section I : Square Planar Palladium and Platinum Ammines 

I n t r o d u c t i o n 

We have obtained i . n . s . data on the complexes shown i n t a b l e 1 and 

t h i s t a b l e also summarises on which spectrometers the data was obtained. 

I t i s important to n o t i c e the large temperature range over which the 

data was c o l l e c t e d ( t a b l e 1). 

Table 1 Summary of I.N.S. data a v a i l a b l e f o r Pt and Pd ammines 

IN4* 6H* BeF* 
(4.5K) (295K) (90K) 

c i s - P t ( N H 3 ) 2 C l 2 

t r a n s - P t ( N H 3 ) 2 C l 2 

P t ( N H 3 ) 4 C l 2 . H 2 0 
[ P t ( N H 3 ) 4 ] [ P t C l 4 ] 
c i s - P d ( N H 3 ) 2 C l 2 

t r a n s - P t ( N H 3 ) 2 C l 2 

Pd(NH 3) 4Cl 2.H 20 

y v y 

N / v J 
v y >/ 

* See chapter I I I ; BeF B e r y l l i u m F i l t e r Detector 

There are two main aspects of t h i s work 

a) the observation of t o r s i o n a l and metal-nitrogen s k e l e t a l modes 

which are absent or weak i n the i . r . and Raman spectra of these complexes. 

b) i n v e s t i g a t i o n of the p o s s i b i l i t y of coupling between NH3 groups on 

the same metal atom. 

The b a r r i e r s to r o t a t i o n of the NH^ ligands i n several complexes 

e.g. t r a n s - P d ( N H 3 ) 2 C l 2 , 1 t r a n s - P d ( N H 3 ) 2 I 2 , 1 [ P d ( N H 3 ) 4 C l 2 ] C l , 2 

3 3 Co(NH 3)gI 2 > and N i ( N H 3 ) ^ I 2 have been determined by a v a r i e t y of 

methods e.g. i . n . s . , i . r . bandshape an a l y s i s and thermodynamic and 
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n.m.r. measurements. I n every case the b a r r i e r has been found t o be 

very low c.a. 2-8 kJ mol~* ( t a b l e 2 ) . Even w i t h a b a r r i e r as low as 

t h i s the t o r s i o n a l frequency w i l l be comparatively high because the 

moment of i n e r t i a of the l i g a n d , about the axis j o i n i n g the n i t r o g e n 
-40 2 4 

atom t o the metal atom, i s very small (c.a. 2.816 x 10 gm cm ) . 

Table 2 P o t e n t i a l B a r r i e r s t o the I n t e r n a l Rotation of N H . Ligands 

COMPLEX 
BARRIER Frequency of 

T ( N H 3 ) 

cm~l 
Ref. COMPLEX 

kJ mole * -1 
cm 

Frequency of 
T ( N H 3 ) 

cm~l 
Ref. 

t r a n s - P d ( N H 3 ) 2 C l 2 7.9 661 - 5 
t r a n s - P d ( N H 3 ) 2 C l 2 5.1 430 - 1 
t r a n s - P d ( N H 3 ) 2 C l 2 6.4 532 193 a 
t r a n s - P d ( N H 3 ) 2 I 2 2.7 225 - 1 
c i s - P d ( N H 3 ) 2 C l 2 5.1 430 - 5 
c i s - P d ( N H 3 ) 2 C l 2 6.4 532 192 a 
c i s - P t ( N H 3 ) 2 C l 2 5.4 532 177 a 
t r a n s - P t ( N H 3 ) 2 C l 2 4.6 381 162 a 
P d ( N H 3 ) 4 C l 2 . H 2 0 5.4 532 176 a 
P d ( N H 3 ) 4 C l 2 4.2 350 - 6 
P t ( N H 3 ) 4 C l 2 . H 2 0 5.4 532 178 a 

( P t ( N H 3 ) 4 ) ( P t C l 4 ) 6.8 566 201 a, 15 

a) t h i s work 

An n.m.r. study of c i s and tr a n s - P d ( N H 3 ) 2 C l 2 has been i n t e r p r e t e d 

on the basis t h a t there are two i n e q u i v a l e n t ammine ligands i n the 

trans form and the second moments f o r both complexes are co n s i s t e n t w i t h 

ammine r e o r i e n t a t i o n which i s o c c u r r i n g a t a s u f f i c i e n t r a t e (above 77K) 

to narrow the n.m.r. l i n e . I t was also concluded t h a t whole-molecule 

r o t a t i o n does not take place i n e i t h e r complex but t h a t l i b r a t i o n 

probably does. The presence of the two i n e q u i v a l e n t groups i n the 

trans complex can be explained because t h i s complex e x i s t s i n two 
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c r y s t a l l i n e forms which occur together unless s p e c i a l care i s taken 

during the p r e p a r a t i o n . ^ I t was also found t h a t the a c t i v a t i o n energy 

f o r the c i s i s lower than f o r the trans complex and the authors 

ascribed t h i s t o the presence of greater i n t e r m o l e c u l a r i n t e r a c t i o n s ' * 

i n the trans form. From measurements of the band contours of the 

perpendicular (E) v i b r a t i o n i n the i . r . Leech et a l . 1 have determined 

the b a r r i e r s i n t r a n s - P d ( N H 3 ) 2 C l 2 and t r a n s - P d ( N H 3 ) 2 I 2 (see t a b l e 2 ) . 

The p o s s i b i l i t y of coupling of the NH3 t o r s i o n s , i n the platinum 

complexes, v i a the metal "d" o r b i t a l s , h a s been considered by Nakamoto 
g 

et a l . i n order t o e x p l a i n the presence of s p l i t t i n g of i . r . bands i n 

the NH3 deformation region (c.a. 1580 cm This s p l i t t i n g i s 

c h a r a c t e r i s t i c of square-planar platinum complexes which contain a t 

l e a s t two ammine ligands and i t i s of greater magnitude i n trans 

complexes than i n c i s . They were able t o e l i m i n a t e other possible 

causes f o r t h i s s p l i t t i n g and by i n c l u d i n g the l i g a n d - l i g a n d i n t e r a c t i o n 

i n t o a normal co-ordinate analysis they were able t o reproduce the 

observed number of bands and o b t a i n good agreement between the 

c a l c u l a t e d and observed frequencies. The smaller e f f e c t i n c i s complexes 

compared t o trans was explained (see f i g . 1) as a consequence of the 

7 7 

Fig. 1. Possible i n t e r a c t i o n s through "d" o r b i t a l s f o r c i s and trans 

r o t o r s . 
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ligands having only one "d" o r b i t a l i n common i n the c i s form compared 

to two i n the trans c o n f i g u r a t i o n . The e f f e c t i s expected t o be 

smaller f o r Pd ammines because o f the smaller s p a t i a l extent of the 

metals' "d" o r b i t a l s ( f i g . 1). 

Experimental 

9 7 Cis and t r a n s - P t ( N H 3 ) 2 C l 2 and c i s and t r a n s - P d ( N H 3 ) 2 C l 2 were 

prepared by l i t e r a t u r e methods. [ P t ( N H 3 > 4 ] [ P t C l ^ ] , P t ( N H 3 ) 4 C l 2 . H 2 0 

and Pd(NH 3)^Cl 2.H 20 were purchased from Johnson Matthey. 

The p u r i t y of the complexes was checked by i . r . spectroscopy and 

i n the case of the Pd complexes by comparison of t h e i r i . r . spectra and 

x-ray powder photographs w i t h l i t e r a t u r e data.^ The low-temperature 

monoclinic form of the trans Pd complex was prepared. I.N.S. spectra 

were obtained w i t h the samples held i n t h i n aluminium sachets. See 

ta b l e 1 f o r f u r t h e r experimental c o n d i t i o n s . 

B a r r i e r C a l c u l a t i o n s 

B a r r i e r heights have been c a l c u l a t e d using the tables of s o l u t i o n s 

of the Mathieu Equation produced by Herschbach (chapter I I ) . Because 

the c r y s t a l s t r u c t u r e s of some of the complexes are not known and i n 

any case no proton p o s i t i o n s have been determined, we have used the 

minimum moment of i n e r t i a ( I ) of gaseous NH^ ( c a l c u l a t e d from spectro-
4 

scopic data ) f o r the b a r r i e r c a l c u l a t i o n s . Furthermore because the 
moment of i n e r t i a of NH^ i s so small we have made the approximation 

_An 2 4 
I r » I [ f o r example I = 2.816 x 10 g cm ; I r f o r P t ( N H 3 ) 4 C l 2 i s 

-40 2 
2.783 x 10 g cm assuming NH3 i s a p o i n t mass f o r c a l c u l a t i n g the 
moment of i n e r t i a of the whole molecule], I i s the reduced moment of 

r 
i n e r t i a o f a s i n g l e NH3 l i g a n d (chapter I I ) . 
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a ) I.N.S. R e s u l t s 

Figs. 2a,b,c show our i . n . s . data f o r the complexes l i s t e d i n 

t a b l e 1. Some 6H s p e c t r a ( c h a p t e r I I I ) a r e shown f o r comparison w i t h 

the data obtained u s i n g IN4 (chapter I I I ) . The IN4 data i s o b v i o u s l y 

f a r b e t t e r r e s o l v e d than t h a t from 6H, however,it must be noted t h a t the 

IN4 r e s u l t s (neutron downscattering) were obtained w i t h the samples a t 

4.5K and the 6H (neutron u p s c a t t e r i n g ) r e s u l t s w i t h the samples a t 

ambient ( c . a . 295K) temperatures. Narrower bands would be expected a t 

lower temperatures. 

b) Ligand-Ligand I n t e r a c t i o n s 

I f the NH.j l i g a n d s i n the c i s and or t r a n s complexes are coupled 

then i t i s e a s i l y shown t h a t two t o r s i o n a l modes are expected. These 

are the in-phase ( i . p . ) and out-of-phase (o.p.) modes ( f i g . 3 ) . The 

dynamical equations f o r t h i s system can be s o l v e d and the r e s u l t s a r e 

© P t o H 
<8>CI 

O C 

F i g . 3 I n and Out-of-Phase Torsions of M(NH,),X~ complexes. 
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1N4 SPECTROMETER 

CIS-PdlNHj,C! 

\ TRANS-Pd NH, ,CI \ 

ClS-PllNHjLCl 

/ .A 
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ENERGY TRANSFER/cm-' 

F i g . ?.b IN4 R e s u l t s f o r Square P l a n a r Pd and Pt Ammines 
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i d e n t i c a l to those obtained f o r the b i s - r c - a l l y l s ( s e e chapter V I I ) and 

f o r the hydrazinium s a l t s * ^ i . e . 

2 2 2 V n . V n + 2V. 9 p 2 o 2 o ' '1,2 
U). _ = o t UJ = 1 J i . p . 21 wo.p. 21 

where V Q i s the b a r r i e r height f o r a s i n g l e NH^ t o r s i o n and n i s the 

b a r r i e r m u l t i p l i c i t y 

V^ 2 * s the b a r r i e r h e i ght f o r the i n t e r a c t i o n between the l i g a n d s 

and p i s the b a r r i e r m u l t i p l i c i t y . (See chapters I I and V I I ) . 

These two modes are expected to be of equal i n t e n s i t y i n the i . n . s . 

s p e c t r a and because the moment of i n e r t i a i s so s m a l l we would expect 

the t o r s i o n s to be the most i n t e n s e bands. Therefore, i f s i g n i f i c a n t 

l i g a n d - l i g a n d i n t e r a c t i o n takes p l a c e we expect to see two e q u a l l y 

i n t e n s e f e a t u r e s i n the i . n . s . spectrum of t r a n s - P ^ N H ^ ^ C ^ w i t h 

perhaps two s i m i l a r bands i n the spectrum of the c i s complex but being 

c l o s e r together i n t h i s case. The i . n . s . s p e c t r a of the Pd complexes 

should show l i t t l e or probably no s p l i t t i n g i . e . c o n t a i n a s i n g l e i n t e n s e 

band. F i g s . 2a,b, show the r e l e v a n t i . n . s . s p e c t r a and i t can be seen 

that only a s i n g l e i n t e n s e band i s found i n each case. On the b a s i s of 

i t s i n t e n s i t y we a s s i g n t h i s band (150-200 cm ^) i n each spectrum 

( f i g s . 2a,b, ) to the NH^ t o r s i o n and we conclude t h a t the NH^ r o t o r s are 

a t most coupled very weakly. 

I f the S p l i t t i n g i s so s m a l l t h a t i t has not been r e s o l v e d we can 

a t l e a s t put a l i m i t on i t . The f u l l width a t h a l f height of the 

t o r s i o n a l band i n trans-Pt(NH.j)2Cl 2 cannot be more than 15 cm"1" and so 

the s p l i t t i n g must be l e s s than t h i s . I f there are two unresolved 

bands they must be v e r y narrow or v e r y c l o s e together. T h i s does not 

seem l i k e l y because the bands corresponding to the t o r s i o n a l mode i n a l l 
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of the complexes appear to have approximately the same h a l f widths^ 

though t h i s i s d i f f i c u l t to measure because of the incomplete r e s o l u t i o n 

of the s p e c t r a . 

The i . n . s . data f o r the c i s and t r a n s complexes together w i t h i . r . 
g 

and Raman assignments i s given i n t a b l e s 3a,b. Nakamoto e t a l . have 

p r e d i c t e d a band a t 181 cm" 1 ( 6 ( N - P t - C l ) ) f o r t r a n s - P t ( N H 3 ) 2 C l 2 and we 

are a b l e to confirm ( f i g . 2a) th a t an i . n . s . band occurs i n t h i s r egion. 

I f our i n t e r p r e t a t i o n of the i . n . s . s p e c t r a of these complexes i s 

c o r r e c t then the reason f o r the s p l i t t i n g of the i . r . bands i n square 

p l a n a r Pt complexes i s not y e t c l e a r . 

c ) Metal-Metal I n t e r a c t i o n s 

There have been two d e t a i l e d assignments of Magnus 1 Green S a l t 

( M . G . S . ) } [ P t ( N H 3 > ^ ] [ P t C l ^ ] . H i r a i s h i e t al}1 a s s i g n e d a temperature 

dependent i . r . band a t c.a. 200 cm 1 to the A.^ ( I n symmetry) 

t r a n s l a t i o n a l l a t t i c e mode ( i n v o l v i n g a n t i - phase motion of anion and 

c a t i o n ) which, although i t would normally be expected to occur below 

100 cm ^, had been i n c r e a s e d i n frequency as a r e s u l t of metal/metal 

i n t e r a c t i o n s . Such i n t e r a c t i o n s have been i n d i c a t e d by some s p e c t r a l 
12 13 p r o p e r t i e s and the a n i s o t r o p i c e l e c t r i c a l c o n d u c t i v i t y of M.G.S. 

Magnus' Green S a l t c o n s i s t s of columnar s t a c k s i n which anions and 
o 1A 15 

c a t i o n s a l t e r n a t e . The Pt-Pt d i s t a n c e i s 3.25A. Adams e t a l . 

obtained s i n g l e c r y s t a l i . r . and Raman s p e c t r a of [ P t ( N H 3 ) ^ ] [ P t C l ^ ] and 

although they agreed t h a t the mode a t 200 cm" 1 had symmetry they 

a s s i g n e d i t to the NH^ t o r s i o n . They have e l i m i n a t e d the p o s s i b i l i t y of 

a phase change ( t o -100°C) by showing t h a t t h e r e was no s p e c i f i c heat 

anomaly. By comparing the f o r c e constant f o r the metal/metal i n t e r a c t i o n , 

i m p l i e d by the assignment of 200 cm 1 to the l a t t i c e mode, wi t h known 
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Table 3a Summary of Spectroscopic Data and Assignments for c i s and trans-Pt(Nll ) CI ( c m ) 

" 1 n 

cis-Pt(NH 3)2C] 2 trans-Pt(NH 3) 2 C 1 2 

I.R. + R.8 I.N.S. ASSIGNMENTS I.R. + R.° I.N.S. ASSIGNMENTS 

248 254 6(N-Pt-N) 248 6(N-Pt-N) 

210 221 6(N-Pt-Cl) 235 239 out-of-plane Pt-N 
• bend 

207* 213 

198 201 Pt-N out-of-plane 18 l b 6(N-Pt-Cl) 
bend 

177 Torsion 162 Tors ion 

1S6 165 6(C1-Pt-Cl) 156 6(C1-Pt-Cl) 

127 136 140 out-cf-p]ane Pt-Cl 

L a t t i c e 
bend 

L a t t i c e 
85 97 vibrations 95 

50 ; 50 

a) from ref. 36 b) Predicted in ref. 8 

Table 3b Summary of Spectroscopic Data and Assignments for c i s and trans Pd(NH_).,Cl.,(cm ) 

c i s - Pd(NH 3) 2Cl 2 trans-Pd(NH 3 ) 2 c i 2 

I.R. C I.N.S. ASSIGNMENTS I.R. C I.N.S. ASSIGNMENTS 

270 2557 

245 238 Pd-N bend 245 240 Pd-N bend 

218 220? Pd-N bend 220 Pd-N bend 

192 Torsion 193 Torsion 

160 165 Pd-Cl bend 162 165 Pd-Cl bend 

135 

109 97 

57 

Pd-Cl bend 

) L a t t i c e 
f modes 

137 

93 

60 

\ 

L a t t i c e 
modes 

c ) from r e f . 38 
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metal-metal f o r c e c o n s t a n t s they deduced t h a t the frequency was too high 

for i t to be a t t r i b u t e d to t h i s mode. I n s t e a d the l a t t i c e mode was 

assigned to a band a t 81 cm ^. Our i . n . s . s p e c t r a ( f i g . 4) show th a t 

the most i n t e n s e band occurs a t 200 cm ^. From our previous d i s c u s s i o n 

we a s s i g n t h i s to the T(NH.j)mode thereby agreeing, thus f a r , with the 

assignments of Adams e t a l . The remaining i . n . s . bands c o i n c i d e w i t h 

the i . r . and Raman assignments. I n support of t h e i r assignment of the 

200 cm" 1 band to t ( N H . j ) , Adams e t a l . point out t h a t there i s no 

temperature dependent band i n the i . r . spectrum of t r a n s - P t d J H ^ ^ C l ^ 

I f the band a t 200 cm" 1 ( i n M.G.S.) were the A 2 u l a t t i c e mode 

r a i s e d i n energy as a r e s u l t of Pt-Pt i n t e r a c t i o n then t h i s i s j u s t what 
16 

one would expect because the Pt-Pt d i s t a n c e i n the t r a n s Pt complex i s 

c.a. 5A compared to 3.25 i n M.G.S. We have, however, observed a 

temperature dependent i . r . band ( f i g . 5) a t 195-210 cm 1 f o r c i s -

P t ( N H 3 ) 2 C l 2 and i n t h i s complex the Pt-Pt d i s t a n c e 1 * * i s 3.37A i . e . 

comparable w i t h t h a t found f o r M.G.S. Furthermore i n t h i s case the 

t o r s i o n occurs a t lower frequency than i n M.G.S. (162 cm 1 ( i . n . s . ) 

f i g . 2b) t h e r e f o r e the temperature dependent band cannot be the t o r s i o n . 
The reduced mass of two P t ( N H , j ) 2 C l 2 molecules i s almost i d e n t i c a l to 

2+ 2-

that of the Pt(NH,j)^ P t C l ^ i o n s so perhaps i t i s not too s u r p r i s i n g 

t h a t the l a t t i c e mode should occur a t a s i m i l a r frequency i f the Pt-Pt 

d i s t a n c e s are v e r y s i m i l a r . 

F u r t h e r evidence t h a t the i . r . and i . n . s . bands c l o s e to 200 c m ^ 

i n the s p e c t r a of c i s - P t ( N H 3 ) 2 C l 2 > a r e due to a l a t t i c e mode i s obtained 

from the momentum t r a n s f e r (Q) dependence of the i . n . s . spectrum 

( f i g . 6 ) . I t can be seen t h a t a t high angles t h i s mode i s as i n t e n s e 

as the t o r s i o n . T h i s does not occur f o r any of the other complexes and 
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such "Q" dependence i s v e r y d i f f i c u l t to e x p l a i n on any other b a s i s 

than that i t i s a s s o c i a t e d with a l a t t i c e v i b r a t i o n ( c h a p t e r I I ) . 

I n view of t h i s data i t appears t h a t f o r M.G.S. the band a t 

200 cm * i s probably the c o i n c i d e n t l a t t i c e and t o r s i o n a l modes. These 

ar e , however, separated i n c i s - P t C N H ^ ^ C ^ . T h i s a l s o e x p l a i n s the 

very high r e l a t i v e i n t e n s i t y of the t o r s i o n i n M.G.S. r e l a t i v e to the 

s k e l e t a l modes. The r e l a t i v e i n t e n s i t y i s c o n s i d e r a b l y g r e a t e r than 

t h a t found i n the c i s / t r a n s complexes and i n PtCNH^^C^ ( s e e next 

s e c t i o n ) . 

2+ 

I f the NH^ r o t o r s i n Pt(NH^)^ were coupled,then u s i n g the 

methods d e s c r i b e d i n chapters I I and IV,we can show t h a t we would 

expect three d i s t i n c t modes (one being doubly degenerate) as a r e s u l t 

of t h i s i n t e r a c t i o n . U n f o r t u n a t e l y we do not, as y e t , have any high 

r e s o l u t i o n data on M.G.S. or PtCNH^^Clg but i n view of our r e s u l t s f o r 

the c i s / t r a n s complexes i t seems v e r y l i k e l y t h a t the i n t e r a c t i o n i s 

v e r y weak and so we would expect to f i n d j u s t a s i n g l e t o r s i o n a l mode. 

Assignments f o r the s k e l e t a l v i b r a t i o n s of these complexes have 

been summarised by S c h m i d t ^ ( t a b l e 4 ) . I n the i . n . s . s p e c t r a of both 

complexes ( f i g . 7 and t a b l e 4) there i s once again a band at c.a. 175 

cm \ however, i t i s not the most i n t e n s e f e a t u r e i n the s p e c t r a . 

Reference to t a b l e 4 shows t h a t three of the s k e l e t a l modes occur v e r y 

c l o s e together i n each complex and so t h i s e x p l a i n s the high i n t e n s i t y 

a t c.a. 280 cm ^ r e l a t i v e to the NH^ t o r s i o n , which we a s s i g n to the 

bands a t c.a. 175 cm \ There are no i . r . bands i n the region of 

d) P t ( N l O , C U and Pd(NH„),Cl 3^4^2 

175 cm -1 
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Table 4 Summary of S p e c t r o s c o p i c data f o r M(NrL)^Cl^ where M = Pd.Pt 

(cm 1 ) 

P d ( N H 3 ) 4 C l 2 . H 20 P t ( N H 3 ) 4 C l 2.H 20 
Assignment 

* I.N.S. * I.R. + R. I.N.S. I.R. + R. I.N.S. 

105 L a t t . v i b . 122 
176 t ( N H 3 ) 178 

237 6(NMN) 235 
291 286 6 (NMN) v 7 a / 270 265 
305 6(NMN) v 3 297 291(sh) 
468 

-
v(M-N) v 2 526 • 

494 493 v (MN) v, as 6 510 512 
510 v (M-N) v. s 1 538 j 

From r e f . 17 

The b a r r i e r to r o t a t i o n of the NH3 l i g a n d s i n P d ( N H 3 ) 4 C l 2 has been 
c a l c u l a t e d ^ from h e a t - c a p a c i t y measurements to be 4.2 k J mol~^. Using 

the t a b l e s due to Herschbach we have obtained the b a r r i e r s f o r P d ( N H 3 ) 4 C l 

and P t ( N H 3 ) 4 C l 2 shown i n t a b l e 2. 

Conc l u s i o n 

The b a r r i e r h e i g h t s t h a t we have c a l c u l a t e d u s i n g our i r n . s 5 data 

a r e i n g e n e r a l i n reasonable agreement w i t h those c a l c u l a t e d by other 

methods ( t a b l e 2 ) . The b a r r i e r s f o r the c i s and t r a n s Pd complexes are 

high e r than f o r the corresponding Pt complexes. From the c r y s t a l 

s t r u c t u r e s of c i s and t r a n s - P t ( N H 3 ) 2 C l 2 ^ there appears to be only one 

p o s s i b l e hydrogen bond i n each c a s e . As f a r as we are aware there are 

no c r y s t a l s t r u c t u r e s a v a i l a b l e f o r c i s and trans-Pd(NH_)_C1„. I t has 
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been s t a t e d t h a t there i s no hydrogen-bonding i n M.G.S. and i n t h i s case 

the b a r r i e r height i s v e r y c l o s e to t h a t found f o r the c i s / t r a n s 

p alladium compounds. 
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S e c t i o n I I : S u l f u r - N i t r o g e n Complexes 

Experimental 

Sulfamic a c i d was obtained from B.D.H. and used without f u r t h e r 

p u r i f i c a t i o n . Sodium sulfamate was prepared by n e u t r a l i s a t i o n of 
37 

s u l f a m i c a c i d and suIfamide was prepared by a l i t e r a t u r e method. The 

d i s i l v e r s a l t of sulfamide was k i n d l y donated by E. Nachbaur. 

I.N.S. s p e c t r a were obtained u s i n g the B.F.D. spectrometer ( c h a p t e r 

I I ) w i t h the samples a t c.a. 90K. The samples were run i n aluminium 

s a c h e t s except f o r s u l f a m i c a c i d which was run i n a s i l i c a c e l l . 

a) Sulfamic A c i d and Sodium Sulfamate 

Sulfamic a c i d i s known to be a Z w i t t e r i o n . I t s i . n . s . spectrum i s 
18 19 

shown i n f i g . 8a, D e t a i l e d i n f r a r e d and Raman s t u d i e s have been 

published and the low frequency assignments (170 -» 900 cm"^") together 

with a summary of the i . n . s . (160 550 cm r e s u l t s are shown i n t a b l e 5. 

Table 5 I.N.S. Raman and i . r . Data f o r Sulphamic A c i d 

I.N.S. I.R. R. Assignment 

162 170 
240 

NH 0 
NH 0 

267 T o r s i o n b 

362 352 f357 
1.3 78 

S 0 3 ~ rock 

520) 
537' 

5261 
540 ) 

(535 
1550 

S 0 3 " defS 

682 6 78 S-N s t r e t c h 
695 697 

862 

a) Ref. 19 b) t h i s work 
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I t can be seen from t a b l e 5 t h a t the only i . n . s . band which cannot be 

assigned by d i r e c t comparison w i t h the o p t i c a l data i s the very intense 

band at 267 cm I n view of i t s i n t e n s i t y i n the i. n . s . spectrum and 

i t s i n a c t i v i t y i n the i . r . and Raman spectra we assign t h i s mode to the 

NH^ t o r s i o n . 

From the frequencies o f the N-H s t r e t c h i n g v i b r a t i o n s and the 
20 

neutron d i f f r a c t i o n data of Sass i t has been deduced t h a t extensive 

hydrogen bonding occurs i n the c r y s t a l . F i g . 9 shows a p r o j e c t i o n of 

the sulfamic ac i d molecule 
20 

along the S-N bond. Each 

hydrogen forms e s s e n t i a l l y one 

hydrogen bond as shown. The 

0-H distances are shown on the 

1-985 \ 

1-953 / 

. 0 
1-997 

0 0 

O s 
o H 
a> N 

diagram. Also the S-N bond 

l e n g t h i n NH 3
+ S0 3" i s 1.764A 

which i s very close to the 

value p r e d i c t e d f o r a s i n g l e 
21 

Fig . 9. Hydrogen-Bonding i n 

Sulfamic Acid. 

bond ( 1 . 7 4 ) . " The e x t e r n a l 

f i e l d , r e s u l t i n g from the 

hydrogen bonds, probably explains, 

at l e a s t i n p a r t , t h e increase i n frequency of the NH^ t o r s i o n i n sulfamic 

aci d r e l a t i v e to t h a t found i n the ammines of Pd, Pt and Co and Ni 

(150 -• 200 cm i f we assume t h a t the b a r r i e r m u l t i p l i c i t y i s three 

we can use Herschbachs 1 Tables (chapter I I ) t o c a l c u l a t e the b a r r i e r t o 
-1 -1 

the t o r s i o n . The c a l c u l a t e d value i s 11.3 kJ mole (953 cm ). 

22 22 
I.R. and R. data and assignments are a v a i l a b l e f o r Na , Ca and 

23 -1 K sulfamates. The high values (3301 and 3281 cm ) f o r the NH_ 

s t r e t c h i n g modes i n the sodium s a l t i n d i c a t e t h a t there i s no appreciable 
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24 hydrogen bonding i n the c r y s t a l . The s t r u c t u r e of the sulfamate i o n 
i s shown i n f i g . 10 and the i. n . s . spectrum i n f i g . 8b. Table 6 i s a 

summary of the i . r . , R. and 

i . n . s . data w i t h the assign

ments (200 -• 900 cm" 1) 

Because the sulfamate i o n 

has symmetry a l l of the 

Fig. 10. Str u c t u r e of sulfamate i o n . 
normal modes are f o r m a l l y 

both i . r . and Raman a c t i v e . 

Table 6: Summary of i . n . s . . i . r . and Raman Data f o r NH^SO^Na 

i . n. s. a 
i . r . R.a a 

Assignment 

204> 
221 
244 

h L a t t i c e modes 

259' 
344 374 Sym S0 3 rock 
405 402 

433 
480 

392 asym SO^ rOck 

491 498 
518 

495 sym S0 3 def^ 

574 | 
515 
596 
615 

564 
580 

sym S0 3 def^ 
asym SO.- def— 
H 20 rock 

684 685 
730 H 20 wag 

809 800 796 sym S-N s t r e t c h 

a) from r e f . 22 
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The only i . n . s . band which does not correspond t o bands and assignments 

i n the i . r . and Raman data i s the most intense band i n the spectrum, a t 

344 cm We assign t h i s band t o the NR^ t o r s i o n . A Raman band a t 
-1 23 305 cm i n the spectrum of KSO^NH^ has been assigned t o the MH^ t o r s i o n , 

however, no reasons were given and the author assumed an i n c o r r e c t 

s t r u c t u r e f o r h i s a n a l y s i s i . e . he assumed the hydrogen atoms t o be on 

a plane of symmetry. No Raman band i s found i n t h i s r e g i o n of the 

spectrum of NaSOgNI^. 

Although there appears t o be l i t t l e hydrogen-bonding i n NaSO^Nh^ 

compared t o NH^SO^" there are two reasons why the NH^ t o r s i o n a l 

frequency should be greater than t h a t of the NH 3
+. F i r s t l y i t s moment 

of i n e r t i a i s smaller (chapter I I ) and secondly the S-N bond length i n 

NaS0 3NH 2 (1.66A f o r KS0 3NH 2) 2 4 i s short e r than i n NH 3
+S0 3" (1.764a) and 

t h i s i s also r e f l e c t e d , f o r i n s t a n c e , i n the increase i n frequency of the 

S-N s t r e t c h i n g v i b r a t i o n . We would t h e r e f o r e expect the e f f e c t i v e f o r c e 

constant f o r the NH^ t o r s i o n i n NaS03NH2 t o be greater than t h a t f o r 
+ + -the NH3 t o r s i o n i n NH3 S0 3 . I f we assume t h a t the b a r r i e r m u l t i p l i c i t y 

i s 6 ( i n t e r n a l b a r r i e r ) then we can c a l c u l a t e the b a r r i e r height. The 
2 moment of i n e r t i a o f NH„ was taken t o be — x I u and the b a r r i e r height ^ j 3 

obtained was 5.9 kJ mole" 1 (491 cm" 1). 

b) Sulfamide and i t s d i s i l v e r s a l t AggN^HgSO^ 

Nearly complete v i b r a t i o n a l assignments f o r S0 2(NH 2) 2 have been 
23 26 given by Her r i c k and Wagner and Uno et a l . Their r e s u l t s are i n 

good agreement. The i s o l a t e d molecule has, a t l e a s t approximately, 

C 2 v symmetry and so we would expect nine s k e l e t a l v i b r a t i o n s 

(4A^ + A 2 + 2B^ + 2B 2) a l l of which are i . r . and Raman a c t i v e except 

the A 2 mode which i s i . r . i n a c t i v e . X-ray studies have shown the 
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c r y s t a l t o be orthorhombic and the s i t e symmetry of the molecule i s C^* 

I n t h i s case a l l the normal modes are f o r m a l l y both i . r . and Raman a c t i v e . 

The i . n . s . spectrum o f suIfamide i s shown i n f i g . 8c and the 

a v a i l a b l e i . n . s . , i . r . and Raman data and assignments are shown i n 

ta b l e 7. 

Table 7 Spectroscopic Data and Assignments f o r S0_(NH 2) ? and SO?(AgNH) 

S0 2(NH 2 >2 S0 2(AgNH) 2 

i . n . B . 
a 

l . r . R.b Assignment i . n . s . c 
i . r . Assignment 

328 322 
335 

380 358 363 NSN bend 300 
~ 350 

423 420 422 NH2 t o r s i o n 475 
440* S0 2 rock 487 
450 S0 2 t w i s t 

f 
502 S0 2 wag 513 512 
532 528 S0 2 bend 

540 1 537} 582 
546) I 562 5 74 609 611 

622 
746 730 NH2 wag 798 780 

904 (N-S)sym s t r e t c h 838 (N-S)sym s t r e t c h 
931 (N-S)asym s t r e t c h 

875 (N-S)asym s t r e t c h 

a) r e f . 26 * estimated from S 0 2(ND 2) 2 data 

b) t h i s work c) r e f . 32 



The assignment of the NH2 t o r s i o n t o the mode at 420 cm * appears 

to be i n reasonable agreement w i t h the i.n. s . data. We would also 

expect the NH2 t o r s i o n i n sulfamide t o be of higher frequency than i n 

NaS0^NH2 because of the shorter S-N distance and the consequent increase 
9 7 

i n double bond character (S-N i n KSC>3NH2 i s 1.66A, S-N i n S0 2 ( N H 2 ) 2 

2 7 
i s 1.60A and S=N i s pre d i c t e d a t 1.54A). 

A broad band centred a t 540 cm * i n the i.n. s . spectrum of 

S0 2(NH 2) 2 ( f i g . 8c) can be seen t o be due to several unresolved modes 

( t a b l e 7). We are ther e f o r e l e f t w i t h a very intense peak, at 328 cm""* 

( f i g . 8c). Because there are no reasonable grounds on which to doubt 

the m a j o r i t y of the assignments from o p t i c a l spectra there are only two 

possible assignments f o r t h i s band; 

A) the i. n . s . bands at 328 and 423 cm * are the in-phase and o u t - o f -

phase NH2 t o r s i o n s . 

B) the band at 328 cm -* i s the 0 2~S-N 2 t w i s t i n g mode which has been 

t e n t a t i v e l y assigned by He r r i c k and Wagner at 486 cm""*. Uno et a l . 

d i d not assign t h i s mode nor d i d they observe a band at 486 cm"*. 

A l l o f the fundamentals associated w i t h hydrogen atom motions 

should be s p l i t because of the i n and out-of-phase motions of the two 
25 

NH2 groups. H e r r i c k and Wagner observed some i n d i c a t i o n of s p l i t t i n g s , 

p a r t i c u l a r l y at low temperatures, though the r e s o l u t i o n of the spectrum 

was not good enough t o allow separate assignments. I f the bands a t 

328 and 423 cm * are the in-phase and out-of-phase t o r s i o n s then t h i s 

would i n d i c a t e very s i g n i f i c a n t i n t e r a c t i o n between the two groups. 
There i s l i t t l e a v a i l a b l e evidence on t h i s p o i n t , however, the n.m.r. 

28 

work of Pedersen i n d i c a t e s t h a t the i n t e r a c t i o n between the two NH2 

groups i s c e r t a i n l y less than t h a t found f o r urea f o r instance, and the 



280. 

i . n . s . spectrum of urea does not show any i n d i c a t i o n of s p l i t t i n g of the 
27 

NH2 t o r s i o n . 

The assignment of the 328 cm * band to the 02~S-N2 t w i s t i n g mode 

( A 2 ) seems the more reasonable because the corresponding mode i n 
30 -1 

c r y s t a l l i n e 0 2S(0H> 2 has been assigned a t 392 cm and the i n t e n s i t y 
i n the i . n . s . spectrum i s compatible w i t h the large mean v i b r a t i o n a l 

31 
amplitude c a l c u l a t e d by Copinarth and Rao f o r the 0....N distance 

o2 

(.06488a ) compared f o r instance w i t h t h a t found f o r the S-N distance 

(.04400A ). We have also observed Raman bands at 322 and 335 cm . 

The existence o f two bands i s p o s s i b l y due t o in t e r m o l e c u l a r coupling 

which would cause the t w i s t i n g mode t o s p l i t i n t o two u n i t c e l l modes 
25 

(two molecules/unit c e l l ) ( i . e . Factor Group S p l i t t i n g ) . 
I f we now consider the d i s i l v e r s a l t o f sulfamide Ag2N2H202S there 

32 
are several possible molecular s t r u c t u r e s ( f i g . 11). 

2- 2- 2-

N = S NH 2 N S NH 2 HN S NH 

0 0 0 

(A) (B) (C) 

F i g . 11 Possible S t r u c t u r e s f o r Ag2N2H202S 

I n f a c t , o f course, very much more complicated arrangements could e x i s t 

i n the s o l i d s t a t e e.g. 

3Ag + [NH 2S0 2N -tAg «-NS0 2NH 2] 3~ 

or chains i n v o l v i n g 

-» Ag «- [NH-S02-NH -» Ag «_ NH-SOg-NH .+] 3~Ag «- NH 

3Ag + 
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and t h i s might i n f a c t e x p l a i n the low water s o l u b i l i t y o f the m a t e r i a l . 

The three s t r u c t u r e s shown i n f i g . 10 w i l l , however, serve t o i l l u s t r a t e 

our main arguments. 

Very l i t t l e i n f o r m a t i o n can be gained from a knowledge of the 

number of observed s k e l e t a l modes because i n each case there i s a t o t a l 

of nine possible modes and even f o r the most symmetrical conformation 

{SC^CNl^Ag^} e i g h t of these are both i . r . and Raman a c t i v e and the n i n t h 
32 

i s Raman a c t i v e only. Nachbaur et a l . have concluded from i . r . , 

b r oadline proton n.m.r. and chemical ( a l k y l a t i o n ) evidence t h a t s t r u c t u r e 

(A) i s the c o r r e c t one. The chemical evidence i s at most a r a t h e r 

i n d e c i s i v e i n d i c a t i o n of the s t r u c t u r e because of the tendency of 

sulphur compounds to i o n i s e i n s o l u t i o n . 
32 

Also,as f a r as the i . r . evidence i s concerned,the bands at 3187 

and 3150 cm ^ w h i c h are assigned to the i n and out-of-phase s t r e t c h i n g 

modes of the UK group,could e q u a l l y w e l l be the i n and out-of-phase 

stretches of two d i f f e r e n t NH groups i . e . 

Corresponding bands have been assigned f o r the 0-H stretches i n 
30 

s u l f u r i c a c i d where i n f a c t the d i f f e r e n c e i n frequency between the 

i n and out-of-phase stretches i s very much greater (520 cm"*) than f o r 

the d i s i l v e r s a l t (37 cm of sulphamide. The NH stre t c h e s i n the 
22 

s i l v e r s a l t are of s i g n i f i c a n t l y lower frequency than those found f o r 

NH 2S0 3Na(3240, 3322 cm" 1) or S O ^ N H ^ 2 6 (3320, 3210 cm" 1). The 

d i f f e r e n c e i n frequency between the N-H s t r e t c h i n g modes are S02(NH2)2 



(110 cm" 1) NaS03NH2 (82 cm" 1) and A g ^ l ^ S ^ (37 cm" 1). The s p l i t t i n g 

i s t h e r e f o r e very much smaller i n the case of the s i l v e r s a l t than f o r 

the two complexes which contain Nh^ groups. There are i n f a c t four 

s t r e t c h i n g modes i n v o l v i n g the hydrogen motion i n the two NHg groups of 

S02(NH2)2 but as we state d e a r l i e r very l i t t l e s p l i t t i n g , as a r e s u l t of 

the i n and out-of-phase motion of the NR^ groups, was observed. Further

more i n the region 1500 - 1600 cm"1 where the NR^ bending mode should 
32 

o c c u r } t h e r e i s only a very weak band i n the published i . r . spectrum 
34 

and i n a spectrum r e c e n t l y supplied by Nachbaur et a l . there i s no 

i n d i c a t i o n of a band i n t h i s r egion. Raman data i s very d i f f i c u l t t o 

ob t a i n f o r t h i s complex because of i t s ready decomposition i n the laser 

beam even w i t h less than 4mW power at the sample. 
The strongest evidence t h a t there i s i n f a c t an NR^ group present 

32 

comes from a comparison of the proton n.m.r. of Ag2H2N202S2 and 

Li(NH S0 2NH 2). These are shown d i a g r a m a t i c a l l y i n f i g . 12. 

1 4 1 

F i g . 12. Proton n.m.r. r e s u l t s f o r (A) Li(NHS0 NH 2) and (B) Ag ?H ?N 90~S 
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M—N i I 
o==s 

AnN: 

AgN 

:0 
i 
i 

Even i n t h i s case, however, the maximum i n the spectrum B i s intermediate 

between those of A and the broadening of an N-H band could be due t o 

hydrogen bonding (see diagram). The i . r . 

evidence supports the symmetric s t r u c t u r e 

(C) as regards the p o s i t i o n s of the S-N 

s t r e t c h i n g modes. When there i s very 

d e f i n i t e double bond character e.g. 

Ag^^C^S the st r e t c h e s have high 
3^ 

frequency ( i n t h i s case 1080 and 935 
cm" 1). For S 0 2 ( N H 2 ) 2 these stretches 

26 -1 occur at 931 and 904 cm . For d i -

s i l v e r suIfamide the stretches occur at 

8 75 and 838 cm \ and the low value of 

these i s a very strong i n d i c a t i o n of the 

absence of a S=N bond i . e . against 

s t r u c t u r e ( A). 

OAg 

OAg 
32 

The i . n . s . spectrum of the d i s i l v e r s a l t i s shown i n f i g . 8d. I t 

i s obviously very d i f f e r e n t from t h a t of sulfamide or NaSO^N^. There 

are no intense bands i n the region 200 -» 480 cm * where the NH2 t o r s i o n s 

were located i n the other s u l f u r complexes. The most intense f e a t u r e 

occurs a t 790 cm *. The S-N stretches are of higher frequency than t h i s 

and i n any case from our i.n.s. data f o r NaS0^NH2 we know t h a t these are 

weak i n the i . n . s . spectra. Thus the 790 cm * band i s e i t h e r the 

NH2 torsion^which has been increased i n frequency by an enormous amount 

( i . e . i f we accept s t r u c t u r e A or B),or the NH t o r s i o n ( a l t e r n a t i v e l y 

described as a wag) i f we accept s t r u c t u r e (C). I f we consider only 

the moment of i n e r t i a change on going from NH2 to NH then the t o r s i o n a l 

mode should double i n frequency. Thus from our r e s u l t s f o r S 0 2(NH 2) 2 
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and NaSO_NH_ we would D r e d i c t the NH t o r s i o n t o occur between 688 and J 2 
846 cm - 1. This i n f a c t agrees w e l l w i t h the observed value i n the 

d i s i l v e r s a l t (790 cm * " ) . The spectroscopic evidence would seem 

the r e f o r e to r u l e out a l t e r n a t i v e (A) ( f i g . 11) and s t r u c t u r e (C) i s 

i n most agreement w i t h the observed i . n . s . data. I t i s thought from 

previous work on s i l v e r amidosulfates and amidoselenates t h a t the 
35 

amidosulfates are more s a l t - l i k e than the selenates. This i s 
deduced mainly from the existance of v. „ bands i n the selenates and 3 AgN 

t h e i r absence i n the s u l f u r compounds. I n p r a c t i c e , o f course, we would 

expect both an in-phase and an out-of-phase t o r s i o n , however, our data 

f o r S 0 2 ( N H 2 ) 2 leads us to expect t h a t these would be degenerate. 

I f our assignment of the molecular s t r u c t u r e t o type (C) i s 

c o r r e c t then the s k e l e t a l modes should be r a t h e r s i m i l a r t o those of 

S0 2(NH 2) 2and p a r t i c u l a r l y S0 2(0H) 2. This i n f a c t leads t o some 

d i f f i c u l t y because f o r S0 2(NH 2) 2we observed an intense band at 328 cm - 1, 

which we assigned to the 02~S-N2 t w i s t and t h i s mode should also occur 

i n the spectrum of S0 2(NHAg) 2. The mode a t 790 cm 1 i s by f a r the most 

intense mode i n the spectrum however. One f a i r l y obvious possible 

explanation f o r t h i s i s t h a t as a r e s u l t of the i n t r o d u c t i o n of the Ag 

ions the amplitude of v i b r a t i o n of the oxygen atoms i s greater than the 

nitrogens (and hence the hydrogen atoms) i n t h i s mode. This would then 

lead t o a r e d u c t i o n of i t s i n t e n s i t y i n the i . n . s . spectrum. This 

argument, of course, i m p l i e s some degree of covalent bonding of the 

s i l v e r atoms to the n i t r o g e n s . The remaining bands i n the i . n . s . 

spectrum of S0 2(AgNH) 2 occur a t 609 and 513 cm"1 w i t h some very weak 

bands i n the region of 350 cm *. The two more intense modes coincide 

w i t h observed i . r . bands ( t a b l e 7). These modes could be the S0 2 

wagging and t w i s t i n g modes which occur i n suIfamide i n the range 
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450 -»532 cm and as stated p r e v i o u s l y one of them could be the 

02~S-N2 t w i s t i n g mode. As yet we do not have any evidence on which to 

base f u r t h e r assignments. 

Conclusion 

The t o r s i o n a l modes i n several s u l f u r - n i t r o g e n complexes have been 

assigned. These increase i n frequency w i t h decreasing S-N bond le n g t h . 

From a co n s i d e r a t i o n of the a v a i l a b l e spectroscopic data the s t r u c t u r e 

of the d i s i l v e r s a l t o f sulfamide has been shown not t o con t a i n an 

NH^ group. The SO^ rocking and wagging modes were observed because of 

t h e i r associated proton motion. 
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Chapter IX: An I.N.S. Study of Hydrogen Adsorbed on Platinum Black 

a) I n t r o d u c t i o n 

A gas atom or molecule experiences an a t t r a c t i v e p o t e n t i a l on 

approaching a surface and the magnitude of t h i s p o t e n t i a l determines the 

nature of the i n t e r a c t i o n between the gas and the surface atoms. The 

s t r e n g t h of the i n t e r a c t i o n i s r e f l e c t e d i n the magnitude of the heat of 

adsorption AH a^ s which i s the average binding energy per mole between the 

i n t e r a c t i n g gas and the surface atoms and which, f o r n o n - d i s s o c i a t i v e 

adsorption, i s r e l a t e d t o the depth of the p o t e n t i a l w e l l . The r a t i o of 

the depth of t h i s w e l l t o the thermal energy of the gas atoms (AH a^ s/RT) 

determines the residence time T of those gas atoms on the surface. I n 

f a c t 1 

AH , 
T = T 0e a d s / R T ( 1 ) 

where T q i s r e l a t e d to the per i o d of a s i n g l e surface atom v i b r a t i o n . 
-12 - 1 T y p i c a l l y T « 10 sec. For AH , = 6 5 k j mole and T = 300K o ads 

_2 

equation 1 i m p l i e s t h a t T « 10 sec. An adsorption process f o r which 

^ Hads > ^ k J m ° l e * i-s> ^ convention, c a l l e d "chemisorption" w i t h 

weaker i n t e r a c t i o n s being c a l l e d " p h y s i s o r p t i o n " . While there i s 

obviously no sharp d i v i s i o n between the two processes, chemisorption i s 

u s u a l l y associated w i t h a c t u a l chemical bonding t o the surface, o f t e n 

accompanied by d i s s o c i a t i o n of the o r i g i n a l molecule. D i s s o c i a t i o n 

would not be expected t o accompany p h y s i s o r p t i o n . 

From equation 1 i t can be seen t h a t f o r chemisorption T » T Q SO 

t h a t even a t high temperatures and w i t h moderate gas pressures, large 

surface concentrations can occur. For p h y s i s o r p t i o n , however, x « T q so 

t h a t low temperatures are u s u a l l y used to o b t a i n reasonable surface 

coverages. 
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The existence of two forms of hydrogen chemisorbed on metals has 

been demonstrated by work function and e l e c t r i c a l resistance measure

ments. 2» 3»^> 5> 6» 7 The existence of these two types, called " r " and "s' 
g 

adatoms, has also been deduced theoretically by Toya. Figure 1 

r-type y Q 
A s-type o o o o 

r-type >@ Q O ^ O 
A < s-type o o o o 

O O O O M e t a l 

Fig. 1_ " r " and "s" type adatoms 

i l l u s t r a t e s the difference between the two types. Neither adatom i s 

s t r i c t l y neutral. The " r " adatom i s situated c.a. 1A outside the 
o 2 electronic surface i.e. c.a. 2.5A from the surface layer. The bond 

i s essentially covalent i n character and the adatom i s situated 

d i r e c t l y above a substrate atom. I t i s therefore expected to have 

three v i b r a t i o n a l modes, one perpendicular to the surface (stretch) 

and two (bends: probably degenerate) p a r a l l e l to i t . The " r " adatom 

i s s l i g h t l y negatively polarised. 

An "s" adatom may be thought of as dissolved i n the metals' 

surface so that i t i s embedded i n a sea of electrons and i s not 

associated with a particular metal atom. They can be thought of as 

dissociated i n t o an electron and a proton and they have a stable 

equilibrium position i n a plane p a r a l l e l to the electronic surface and 
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c =a. 0,5fi. below i t . I t has been shown that l a t t i c e imperfections may 
9 10 

produce "s" sites of lower energy ' than exist on perfect planes. 

Toya's theory does not preclude the existence of molecules on the 

surface and March et a l . ^ ^ have considered what happens when a 

hydrogen molecule i s brought up to a metals' surface with i t s bond 

p a r a l l e l to that surface. At an i n f i n i t e distance from the surface the 

molecule i s covalently bonded (binding energy 4.7 eV and bond length 

• 74A). AS the molecule enters the region where the conduction 

electrons s p i l l out from the surface the covalent bond i s altered. At 

less than a c r i t i c a l distance from the surface the protons are ionised 

and the interaction between the protons becomes o s c i l l a t o r y ( f i g . 2). 

The bond length i s increased 

from .74A to 3.5A ( f i r s t 

minimum) and the energy 

required ( p a r a l l e l to the 

surface) to separate the protons 

decreases to .075 eV and 

therefore ready dissociation 

i s possible. 

V(r) 

7 r(A) 

Fig. 2 Interactions between protons 

near a metal surface. 

"s" adatoms occupy i n t e r s t i t i a l positions and are not bonded to any 

part i c u l a r substrate atom; they resemble a two dimensional f l u i d and 

conduct two dimensional translations i n a plane p a r a l l e l to the surface 

while vib r a t i n g normal to that surface. A three dimensional analogue 

i s hydrogen dissolved i n palladium where n.m.r. experiments have 

demonstrated that the protons diffuse throughout the bulk material and 
12 

cannot be regarded as being bonded to any par t i c u l a r metal atoms. 
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As mentioned e a r l i e r , these two types of adsorbed atoms w i l l have 

d i f f e r e n t effects on surface properties of the metal. Because an " r " 

adatom removes electron density from the surface i t increases the work 

function and vice versa for an "s" adatom. Likewise an " r " adatom 

increases the e l e c t r i c a l resistance of the surface and an "s" adatom 

decreases i t . The existence of adsorbed states which have the properties 
1 2 

of " r " and "s" adatoms has been v e r i f i e d experimentally, » and Bond has 
13 

shown that "s" adatoms should be more strongly bound than " r " adatoms. 

b) Previous Work 

Many techniques have been applied to investigate the adsorption of 
hydrogen on platinum e.g. work function measurements,^ infr a r e d , ^ 

18 
LEED, e l e c t r i c a l resistance measurements, temperature programmed 19 20 21 22 desorption(T.P.D.) ' ' radiotracer studies. These measurements 
have been made, where appropriate, on supported or unsupported Pt and 5>6»7 23 6 24 on films and filaments and metal i n the form of sharpened t i p s . ' 

The samples have also been prepared i n a variety of ways e.g. degassing 

at high and at low temperatures and i n moderate vacuum or u l t r a high 

vacuum (U.H.V.) environments. There seems to have been a vast increase 

i n the number of studies of gases adsorbed at low coverages on single 

c r y s t a l faces i n ultra-clean conditions. I t must be remembered, 

however, that this i s but one aspect of the general problem, and i t 

may be that a detailed comparison of chemisorption data for perfect 

c r y s t a l faces with that from the polycrystalline form of the metal i s 
25 

not j u s t i f i e d . 

I n general, high surface area polycrystalline materials cannot be 

outgassed at "very" high temperatures because th i s w i l l usually lead to 

sintering and a consequent decrease i n surface area. These materials, 
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therefore, cannot have the same surface cleanliness as can be obtained 

f o r small surface area samples which have been treated using U.H.V. 

techniques. Real catalysts are of course not used i n single c r y s t a l 

form and studies on polycrystalline materials under a va r i e t y of out-

gassing and cleaning procedures i s l i k e l y to approximate more nearly 

to the conditions obtaining i n the real systems. 

Number of States of Adsorbed Hydrogen: A recent T.P.D. study ( s t a r t i n g 

at 150K) concluded that on P t ( l l l ) there exist j u s t two states and that 
18 

these are atomic. Another T.P.D. study, s t a r t i n g at 78K, th i s time 
21 

using platinum f i l m s , concluded that there were three chemisorbed 
19 

states. Tsuchiya et a l . have reported four forms of chemisorbed 

hydrogen on platinum black from T.P.D. measurements (-196°C -» 400°C). 

Five types of hydrogen have been reported on alumina-supported 
26 

platinum from measurements of adsorption isotherms. One common 

factor running through these experiments i s that i t i s concluded that 

there are both weakly and strongly adsorbed forms of hydrogen. 
Temperature Programmed Desorption (T.P.D.): The int e r p r e t a t i o n of 

2 7 28 
T.P.D. data has been extensively discussed. ' Complex desorption 

traces have t r a d i t i o n a l l y been analysed i n terms of a set of d i s t i n c t 

binding states, however, i t has been shown that complex traces may 

arise as a result of repulsive interactions between adsorbed species 
28 

with the adsorbed layer homogeneous at a l l coverages. Because 

multiple-peak T.P.D. spectra res u l t from changes i n activation 

energy the problem i s to decide whether th i s change i s due to 

desorption from d i f f e r e n t sites or to changes i n adatom-adatom 

interactions. The int e r p r e t a t i o n of the data i s therefore rarely 

unambiguous and complex T.P.D. spectra are expected to be the rule 
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rather than the exception. 

Because our work i s primarily based on the T.P.D. studies of 
19 

Tsuchiya et a l . we w i l l describe t h e i r results i n a l i t t l e more 

d e t a i l . Their method of gas analysis involved thermal conductivity 

measurements so that they did not i n fact analyse for the constitution 

of the desorbed gas, they did however clean t h e i r samples at 500°C. As 

stated e a r l i e r they observed four peaks which they a t t r i b u t e d to four 

d i f f e r e n t states of hydrogen on the surface and these were designated 

a» 3» Y» ^ forms. The 6 state did not begin to desorb u n t i l the 

temperature was 175°C and i t was the highest temperature form observed. 

Tsuchiya et a l . hypothesized that the 6 state corresponded to the "s" 

state and they further postulated that although the four states could 

be i l l u s t r a t e d schematically by 

H i • i 
H <H"""H, H ,11 
! / * 

' » ,' \ 

Pt P"'t Pt Pt Pt Pt 

(a) (P) ( v) (6) 
they had no real basis f o r these assignments and 
they were to be regarded as tentative. 

In order to study the "simplest" system we have chosen i n i t i a l l y 

to investigate the 6 state which can be obtained as the sole surface 

species by adsorbing hydrogen at a sample temperature of 200°C. 

Infrared Studies: There have been several infrared studies of hydrogen 
14-17 

adsorbed on supported Pt samples. The authors agree that the 

chemisorption i s dissociative and that a band at 2120 era * i s due to 

the Pt-H stretching v i b r a t i o n while there has been some disagreement 
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concerning a band observed at 2060 cm . This lower frequency band has 

been assigned by some workers as due to a carbonyl contaminant. A 

recent study by Dixon et a l . ^ \ however, has shown that 

a) although i f the surface i s not f u l l y clean a carbonyl band does 

occur at c.a. 2060 cm \ with a clean surface a weak broad band, 

due to a Pt-H stretch, also occurs at t h i s frequency. 

b) two i . r . active forms of hydrogen exist and at room temperature 

they are reversibly bound. 

c) the higher frequency form i s the most easily removed from the 

surface. 

d) only the 2120 cm 1 band appears i f adsorption i s carried out at 

77K and then only i f the surface has been exposed to hydrogen at 

300K i.e. there exists an i . r . inactive form of hydrogen. 

e) neither form i s necessary for isotopic exchange at 77K. 

f ) on admitting oxygen to the hydrogen covered surface a band appeared 

at 1630 cm"1. 

I t had previously been shown that not a l l of the adsorbed hydrogen 
29 

could be accounted for i n the i . r . and so the results of Dixon et a l . 

confirm t h i s also. 

Although the i . r . results on supported metals are of considerable 

int e r e s t the results are almost certainly not d i r e c t l y transferable to 

unsupported platinum (see chapter I ) . 

N.M.R.: There have been two n.m.r. studies of the Pt-hydrogen system. 
30 

I t o et a l . studied hydrogen adsorbed at f a i r l y high pressures ( > 58 t o r r ) 

on Pt black. They found two states of hydrogen on the surface and 

interpreted t h e i r results as indicating that below 290K one of the 

states was mobile on the surface while the other was not. Bonardet 
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et a l . have studied hydrogen adsorbed on silica-supported platinum. 

They detected two i r r e v e r s i b l y bound forms (25°C) and assigned them as 

occurring on the surface and i n the i n t e r s t i c e s . At higher pressures 

the hydrogen i s adsorbed reversibly and this reversible form exchanges 

with the i r r e v e r s i b l y bound hydrogen on the i n t e r s t i t i a l s i t e s . They 

have suggested that the i . r . band at 2120 cm-''' occurs as a result of the 

exchange process; during the exchange an intermediate complex consisting 

of several hydrogen atoms i s formed. As a result the i n t e r s t i t i a l l y bound 

hydrogens can be displaced for long enough for them to be interacting 

with a reduced number of hydrogens, i n a low symmetry s i t e and hence 

become i . r . active. After desorption of the reversibly bound hydrogen 

the surface hydrogen returns to i t s i n t e r s t i t i a l position and an i . r . 

band cannot be detected. 

Isotope Studies: Chemisorption, at 360°C, of hydrogen labelled with 
22 

t r i t i u m on Pt black has been studied by Paal and Thompson. The 

sample pretreatment involved heating i t to 360°C i n a i r followed by 

flushing with helium to remove gaseous nitrogen and oxygen af t e r which 

hydrogen was passed over the Pt black for 60 minutes before switching 

back to helium. Known volumes of gas were then admitted to the sample 

area. A l l operations were carried out at 360°C. They observed that 

the surface retained hydrogen long af t e r the i n i t i a l adsorption and that 

exposure to a i r did not remove th i s adsorbed phase. I t would appear, 

therefore, that there are two types of adsorbed hydrogen on the surface, 

only one of which i s able to react with subsequently adsorbed hydro

carbons or oxygen. These two forms can interchange. 
19 

These results d i f f e r from those of Tsuchiya et a l . , however, the 

experimental conditions d i f f e r greatly. In thermal desorption at 

10 ^ t o r r i t may be easier for chemisorbed molecules to leave the 

catalyst than i n a flow process with helium at one atmosphere. On the 
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other hand T.P.D. experiments give no information on what i s l e f t on 

the surface so that the p o s s i b i l i t y of an extra surface state, stable 

at 3 6 0 ° C , does not actually contradict the work of Tsuchiya et a l . The 

new state i s possibly hydrogen dissolved i n the surface to a greater 

extent than the "s" type. This dissolution may take place during the 

i n i t i a l hydrogen treatment when extensive sintering and r e c r y s t a l l i s a t i o n 
32 

takes place. 

I.N.S.: During the course of thi s work there have been two published 
33 

i . n . s. studies of hydrogen adsorbed on metal powders. Renouprez et a l . 

have studied hydrogen adsorbed on nickel and they found: 

1 ) the peaks at low energy transfers ( < 320 cm are almost i d e n t i c a l 

to the l a t t i c e frequencies of pure n i c k e l , and they deduced that 

each hydrogen i s bound to j u s t one nickel atom. 
2 ) the mean square amplitude of the bound proton was found to exceed 

+ 2 

that of nickel by 0 . 0 4 - * 0 2 A . 

3 ) a broad band at 1120 cm * was at t r i b u t e d to motion of hydrogen 

r e l a t i v e to the surface. 

4 ) no broadening of the e l a s t i c l i n e was observed. 
34 

Asada et a l . have studied hydrogen adsorbed on platinum and they 

concluded that 

1 ) there was an intense band at 4 0 0 cm"^ associated with a vi b r a t i o n 

of the adsorbed hydrogen r e l a t i v e to the surface. 

2 ) at lower energies ( < 4 0 0 cm the i.n.s. spectrum i s complex and 

does not merely resemble the density of states of the bulk platinum. 

3 ) no broadening of the e l a s t i c peak was observed. 
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35 36 
Model Compounds: I.R. and Raman * studies have shown that for 

t r a n s i t i o n metal hydrides the v(M-H) occurs i n the region 1600-2200 cm - 1 

and 6(M-H) i n the region 600-900 cm 1. For any particular metal the 

spread i s rather narrower e.g. Pt has v(M-H) usually i n the region 

1950 -» 2280 and 6(M-H) at c.a. 800 cm"1, though the stretching 

frequency can vary appreciably with the nature of the trans ligand. I n 

comparable complexes the v(Pd-H) i s lower than i n the corresponding Pt 

complex, thus implying a lower force constant for the vi b r a t i o n . Where 

there are bridging hydrogen atoms the hydrogen vibrations occur at 
-1 37 

lower frequencies e.g. HOsCo3(CO)12 [1109 cm j , [HTi(n-C H ^ ] 2 

[1450 cm" 1}. 3 8 

Sintering: Metal catalysts show changes i n surface area during use or 

treatment at high temperatures. This process i s known as sintering. 
39 40 The sintering of both supported and unsupported platinum has been 

40 
investigated. Baird et a l . concluded that treatment of Pt black, at 

room temperature, with hydrogen produced l i t t l e sintering but that 

higher temperature treatments lead to extensive sintering and consequent 

loss of surface area. 
Surface Cleaning: For the i.n.s. measurements we require a large surface 

area so that very high temperature pretreatments are not possible. LEED 
41 

and Auger electron spectroscopy data indicate that i f the temperature i s 

high enough (>800°C) atomically clean platinum surfaces can be generated 

by using gaseous hydrogen to remove surface oxygen. This temperature i s 

far too high for us to use because of the sintering which would r e s u l t . 
There i s more than one phase of adsorbed oxygen on platinum. 

Measurements have shown that at 195K there i s rapid adsorption of 95% 
42 43 

of the gas and the remaining 5% adsorbs over some tens of minutes. * 
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This last phase i s not removed by reaction with hydrogen at 195K though 

i t does react slowly at 393K. The temperature at which the surface was 

exposed to oxygen influences the subsequent reaction with hydrogen. The 

higher the temperature of exposure to oxygen the higher the temperature 

required for removal by reaction with hydrogen. 

For very small platinum particles the extent of oxygen uptake i s 

suppressed and t h i s i s a consequence of the enhanced electron a f f i n i t y 

of such small particles r e l a t i v e to the need for electron transfer to 

the adsorbed oxygen. 

c) Experimental 

Platinum black was cleaned as described i n chapter I I I and i n t h i s 

respect our samples are very similar to those used by other authors. 

Platinum black for the experiments was purchased from Englehard Ltd. 

The successful removal of at least some of the surface oxide was 

indicated by the formation of water on the f i r s t adsorption of hydrogen. 

Addition of hydrogen and pumping out of the sample was completed several 

times and there was never any v i s i b l e indication of water formation 

aft e r the f i r s t addition. We also found that upon exposing a clean 

surface to a i r there was always a very s i g n i f i c a n t exothermic reaction. 

Because of the importance of the temperatures at which the i.n.s. 

experiments were performed we have summarised the information concerning 

the experiments, the spectrometers used and the temperatures of 

measurement i n table 1. 
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Table 1: Sjimmary of Run Conditions for i.n.s. Experiments on the Pt-H, 
* 

System 

6H B.F.D. 
Harwell 

B.F.D.(IN1B) 
Grenoble 

Pt 
Background Ambient (HI) 90K (Bl) 90K (11) 

Pt + H 2 

adsorbed at 
200°C 

Ambient (H2) 90K (B2) 90K (12) 

Pt + H20 Ambient (H3) - -

Pt + H, + 
atmosphere - - Ambient (13) 

Pt + HD(H2+D2) Ambient (H4) - -

Pt + 30cm H 2 - - Ambient (14) 

* the index i n the brackets gives the experiment number and l e t t e r . 

Because we wished to examine, i n i t i a l l y , the least complex Pt + H 2 

system we decided to investigate a sample on which only the 6 state existed. 

In order to acomplish th i s we adsorbed hydrogen when the sample 

temperature was 200°C. Under these conditions the data of Tsuchiya et 
19 

a l . indicate that the 6 state i s the only one which can be formed. 

We have also run mass spectra of the gases desorbed on heating a Pt-H 

sample at various temperatures. For t h i s experiment the sample was prepared 

as we have described e a r l i e r for the i.n.s. experiments, except that i t 

(lOgm.Pt) was held i n a 50 c.c. glass bulb to which was connected a glass 

break seal. After sealing o f f from the vacuum li n e the sample was 
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connected ( v i a a ground glass j o i n t ) to the mass spectrometer. When the 

ai r had been pumped out of the i n l e t system the glass break seal was 

broken (using b a l l bearings) and a sample of the gas phase was admitted 

to the spectrometer. The sample was then heated and at intervals the 

mass spectrum of gas phase was obtained. 

d) Background Subtractions 

These are p a r t i c u l a r l y d i f f i c u l t for the P t - I ^ system because the 

Pt has a moderately large absorption cross section (at 1060 |is/m 

°abs = ^ D a r n s ) a n d th i s i s important because we have some 100 grams 

of Pt i n the beam. The absorption cross-eection i s energy dependent 

and i n fact to an excellent degree of approximation i t i s proportional 

to Vv where V i s the velocity of the neutron. F a i r l y obviously the 

cross section of the sample i s greater than the background, and so a 

larger proportion of the neutrons are going to gain energy from the 

sample and hence have a reduced pr o b a b i l i t y of absorption a f t e r 

scattering. Because the absorption cross-section i s energy dependent 

the effect w i l l vary from point to point. I t i s therefore not v a l i d 

to simply subtract the background counts from the sample counts to give 

the scattered counts due to the presence of adsorbed hydrogen. The 

problem i s rather more acute when one includes the effect of a 

scattering and absorbing sample container. For our i n i t i a l experiments 

we used a s i l i c a sample holder. As explained i n chapter I I I t h i s has a 

f a i r l y large cross section. For the lat e r experiments we used an 

aluminium c e l l and the scattering from t h i s i s almost negligible. 

Techniques for correcting for absorption i n the sample and sample 

c e l l and for scattering by the sample c e l l have been developed for 
44 

ela s t i c scattering by Paalman and Pings. A computer program based on 
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t h e i r work has been w r i t t e n by Dr. J.H. Clarke and we have modified 

this to include the case of i n e l a s t i c scattering. Further details are 

given i n the appendix. 

In order to use the program i t i s necessary to know the quantity 

of adsorbed gas and because we do not yet know exactly how much gas i s 

adsorbed we have unfortunately not been able to apply t h i s correction 

to date. This i s natur a l l y an undesirable state of a f f a i r s , but the 

lack of correction i s l i k e l y to have three effects 

a) incorrect subtraction of the two spectra i.e. sample - background. 

b) the r e l a t i v e i n t e n s i t i e s of the peaks w i l l not be correct. 

c) band centres w i l l be shi f t e d s l i g h t l y but t h i s w i l l c ertainly be a 

very small effe c t and can be ignored compared with the instrumental 

resolution. 

None of these factors w i l l r e s u l t i n the generation of intense bands i n 

the difference spectrum, which were not present i n the sample spectrum. 

Our results therefore w i l l be correct as far as band positions are 

concerned, but we w i l l not be able to make accurate i n t e n s i t y comparisons. 

e) Results and Discussion 

1) Time-of-flight spectra 

Fig. 3 shows the t . of f. spectrum of hydrogen adsorbed on Pt at 

200°C. The spectrum was obtained at ambient temperature and the back

ground has been subtracted. For comparison purposes the spectrum i n 

f i g . 4 i s the spectrum, of hydrogen adsorbed on platinum, obtained by 
34 

Asada et a l . A pressure of 39cm Hg was used i n t h e i r experiment and 

the spectrum ( f i g . 4) represents the sum of spectra obtained at six 

d i f f e r e n t scattering angles. I n some respects our conclusions are at 

variance with those of these authors. We f i n d no evidence for large 
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numbers of separate features at low energy and we disagree with the 

statement that the low energy spectrum i s unlikely to be due to the 

enhancement of the scattering from the Pt phonon spectrum caused by the 

large cross-section of the hydrogen atoms. Rather we f i n d that the two 

lowest energy maxima, at 169 ^ 8 and 97 - 4 cm ^ correspond very closely 
46 

to those obtained for the density of states of bulk platinum. The 
bulk frequencies are indicated by the arrows i n f i g . 3. I n t h i s respect 

33 
our results are similar to those recently presented for Raney Nickel. 

Our data, as shown, i s from j u s t two scattering angles and the positions 

of the peaks agree with the data from the other angles of detection. 

The better accuracy of our data i s indicated by the smooth v a r i a t i o n i n 

in t e n s i t y at a l l places remote from the peak positions. A comparison of 

the t o t a l collected counts at c.a. 400 cm * indicates that Asada et a l . 

achieved 1200 counts as a t o t a l of six angles and our spectra e.g. 72° 

has 1150 counts i n that one angle at the same energy. 

We do agree with Asada et a l . that there i s an intense peak at 

403 * 25 cm ^ which does not occur i n the spectrum of the background. 

Fig. 5 shows the i.n.s. spectrum of some Pt black samples aft e r 

various treatments and of a Pt sheet. The samples were i n fact 

5a) Pt cleaned with and degassed at 200°C. 

5b) Pt not cleaned with hydrogen but degassed at 200°C. 

5c) Pt sheet. 

A l l of the spectra were obtained at ambient temperatures. I t can 

be seen that i n f i g s . 5a, b, there i s i n t e n s i t y beyond the l a t t i c e cut

o f f (200 cm This band occurs at 350 cm~\ I t does not appear 

e n t i r e l y to be a combination band of Pt phonon modes because i t s 
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i n t e n s i t y , r e l a t i v e to the two lower energy peaks, depends upon the 

pre-treatment of the surface e.g. the i n t e n s i t y i s reduced by c.a. 

30 -» 40% a f t e r cleaning w i t h and degassing ( c . f . figs.5a,b). The 

i . n . s . spectrum of the s i l i c a i s not peaked i n t h i s region (though there 
-1 - 1 

i s a band at c.a. 300 cm ) , t h e r e f o r e the 350 cm band must correspond 

t o some surface i m p u r i t y . Because Pt and Si02 have small incoherent 

cross sections we must in c l u d e the p o s s i b i l i t y t h a t the band i s due to a 

non-hydrogenous m a t e r i a l e.g. Pt-oxide or adsorbed CO or N£ as w e l l as 

H£ or 1^0 or perhaps some i m p u r i t y r e s u l t i n g from the pre p a r a t i o n of the 

powder. 

A s i m i l a r s i t u a t i o n was found f o r Raney N i c k e l i . e . t r a n s i t i o n s were 

observed above the l a t t i c e c u t - o f f , though i n t h a t case the higher energy 

t r a n s i t i o n s were a t t r i b u t e d t o magnon s c a t t e r i n g . 

I t i s possible t h a t a t l e a s t some of the i n t e n s i t y a t 350 cm~^ i s 

due t o Pt oxide on the surface and t h a t the decrease i n i n t e n s i t y on 

cleaning w i t h i s due t o the formation of heavy water and hence the 

removal of the oxide. The presence of the band, a f t e r cleaning, may 

i n d i c a t e a) t h a t there i s more than one type of oxygen on a platinum 

surface and a t l e a s t one type reacts a t most only slowly w i t h adsorbed 

hydrogen or b) the sample container has a r e s i d u a l p a r t i a l pressure of 

oxygen which i s s u f f i c i e n t t o p a r t l y re-form the oxide l a y e r during the 

degassing and s e a l i n g - o f f procedures c) the r e s i d u a l i n t e n s i t y i s due 

to some other adsorbed m a t e r i a l . 

I f we consider the f i g u r e s from our example i n chapter I then we 

have approximately 30 atoms i n the bulk f o r each surface atom. I t i s 

possible t o observe a band due t o an adsorbed species of low cross 

s e c t i o n provided t h a t i t s mass i s low and i t s amplitude of v i b r a t i o n i s 
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large (see chapter I ) . A f u r t h e r important p o s s i b i l i t y i s t h a t the 

band i s due t o i m p u r i t y i n the bulk m a t e r i a l . The Pt powder i s 

produced by chemical p r e c i p i t a t i o n and the manufacturers agree t h a t 

there could be . 1 % i m p u r i t y , some of which w i l l be c h l o r i n e . I f we 

have i n f a c t a . 1 % i m p u r i t y which i s a l l c h l o r i n e then t h i s i s 

equivalent t o a r a t i o of Pt:Cl atoms of 180:1. However, the r a t i o of 

o\j,/M f o r CI to the same parameter f o r Pt i s 31:1. Thus we have 

f a- \ concentration x — k M /Pt 180 1 x 
f aixc\ 1 2 7 , 8 

f c o n c e n t r a t i o n x " j j " ) ^ 

w 5.8 

I t i s t h e r e f o r e j u s t possible t h a t we could observe the c h l o r i n e modes. 

Furthermore, the metal - halogen stretches occur a t ^ 7 c.a. 350 cm-''' 
-1 ?-

( t e r m i n a l CI) and 315 cm ( b r i d g i n g CI) i n Pt_Cl, so they are i n the 
i- o 

c o r r e c t region f o r our observation. 

Two f a c t o r s m i t i g a t e against the 340 cm"*' peak being due t o 

adsorbed water. 

A) w i t h i n the r e s o l u t i o n of the spectrometer (see chapter I I I ) the 

p o s i t i o n s of the peaks i n the spectrum of the uncleaned Pt surface 

( f i g . 5b) and t h a t of Pt cleaned w i t h D2 are the same. This i s 

perhaps not very s i g n i f i c a n t be cause the band could be due to P t - O l ^ 

s t r e t c h which would have a r e l a t i v e l y small s h i f t on d e u t e r a t i o n ( t h e 

uncleaned surface would presumably contain ^ 0 while the cleaned one 

contained D2O). Because the incoherent cross s e c t i o n of D i s so much 

smaller than H we would also expect the i n t e n s i t y of the 340 cm"*' band 

r e l a t i v e t o the lower peaks t o change more than i t i n f a c t does. 
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B) F i g . 6 shows the spectrum of adsorbed Ĥ O on Pt s For t h i s 

experiment 0.3 cc of water was adsorbed onto the cleaned platinum black. 

The intense peak occurs at c.a. 460 cm * i . e . at considerably higher 

frequency than the 350 cm * peak i n the background. 

From t h i s discussion i t appears reasonable t o assign the band a t 

403 cm * i n the spectrum of hydrogen adsorbed on Pt, t o a v i b r a t i o n of 

hydrogen r e l a t i v e t o the surface. Perhaps i n f a c t t o the Pt-H s t r e t c h 

which would then be very much lower i n frequency than found i n unbridged 

Pt-hydrides (1950 -» 2280 c m " 1 ) 3 5 ' 3 6 , 4 7 because of the probable 

i n t e r s t i t i a l nature of the hydrogen adsorbed on Pt under these c o n d i t i o n s . 

I n order t o a s c e r t a i n whether or not we were observing d i s s o c i a t i v e 

chemisorption we decided t o o b t a i n the i . n . s . spectrum of adsorbed HD. 

I t i s known t h a t r a p i d exchange takes place over a Pt surface so we 

adsorbed a q u a n t i t y of H 2 + D 2 which had been pre-mixed i n the r a t i o 

1:4 r e s p e c t i v e l y . The cleaning procedure was c a r r i e d out w i t h the same 

mixture. The spectrum o f adsorbed would be very weak compared t o HD 

or H 2 and so i f the adsorbed phase i s molecular we would expect t o 

observe two bands, one due to H 2 a t 400 cm"''' and a f u r t h e r band w i t h a 

s h i f t of due t o HD ( p r e d i c t e d t h e r e f o r e at 3265 cm"*). As can be 

seen from f i g . 7, which shows the spectrum of the adsorbed H^ + D 2 > i t 

contains only a s i n g l e peak a t 400 cm"*. This s t r o n g l y i n d i c a t e s t h a t 

the adsorbed phase involves H atoms and not H^ molecules. 

2) B e r y l l i u m F i l t e r Detector Spectra 

We have also obtained the spectrum of H 2 + Pt on the B.F.D. 

(Harwell) spectrometer (expts. B l and B2) and the r e s u l t s are shown i n 

f i g . 8 and t a b l e 2. The Pt-H 2 system i n f a c t appears more complex than 

was evident from the t . of f . spectra as there appear to be bands a t 
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Table 2b Spectral Ranges Covered (cm ) 

Experiment Lowest Energy Highest Energy 

12 290 4030 

13 360 2110 

14 360 3200 

B2 200 900 

H2 0 600 

H3 0 600 
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higher energies than 403 cm . I t i s necessary t o remember t h a t the 

two spectrometers have very d i f f e r e n t r e s o l u t i o n f u n c t i o n s (chapter I I I ) 

and t h a t the B.F.D. spectrometer involves neutron energy loss. At t h i s 

stage we thought i t possible t h a t we were observing e x t r a bands as a 

r e s u l t of i n t e r a c t i o n s between the adsorbed atoms, however, experiments 

using the B.F.D. spectrometer a t Grenoble (IN1B) made i t necessary t o 

re-assess our data. The r e s u l t s (expt. 12) obtained using the IN1B 

spectrometer and a sample prepared as described e a r l i e r are shown i n 

f i g . 9. There are several d i s t i n c t s p e c t r a l features ( t a b l e 2 ) . The 

band observed i n the t . of f . spectra a t 403 cm 1 was observed, however, 

i t was not the most intense band i n the spectrum ( f i g . 9 ) . The most 

intense peak i s found a t 500 - 12 cm \ Weaker bands were observed a t 

863 - 50, 1290 - 50 and 1766 - 100 cm"1. I t would be very d i f f i c u l t to 

e x p l a i n the d i f f e r e n c e , i n the reg i o n of overlap,between the B.F.D. spectra 

obtained a t Harwell and Grenoble ( c . f . f i g s . 8 and 9) i f they were i n f a c t 

the same system. F i g . 10a shows the r e s u l t of what was i n f a c t a " f a i l e d " 

experiment. The sample was cleaned as usual and 30 t o r r of hydrogen was 

adsorbed. U n f o r t u n a t e l y the sample c e l l leaked and as there was not 

time t o repeat the preparations the c e l l was sealed using a t e f l o n spray 

and the i. n . s . spectrum obtained (expt. 14, f i g . 10a). Afterwards the 

c e l l was opened and the sample was l e f t i n contact w i t h atmosphere f o r 

10 hours before the spectrum was re-taken (expt. 13, f i g . 10b). As can 

be seen ( f i g , 10b and t a b l e 2) the r e s u l t s from expt. 13 (Pt + H 2 + 

atmosphere) are very s i m i l a r to those obtained w i t h the adsorbed hydrogen 

(expt. 12). The sample which was opened to the atmosphere must contain 

a large q u a n t i t y of adsorbed H^0 because of the ease w i t h which oxygen 

reacts w i t h adsorbed H 2. The band a t 1630 - 50 cm"1 must then be the 

c h a r a c t e r i s t i c v„ v i b r a t i o n of water. 
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The adsorption of water on platinum has r e c e n t l y been studied by 
48 

Sergeev e t a l . who made isotherm determinations on Pt black and i . r . 

measurements on a sample supported on Al^C^j* They obtained two forms 

of water from t h e i r isotherm measurements - an i r r e v e r s i b l y bound form 

( a t 25°C) which e x i s t e d a t low pressures of l^O and a r e v e r s i b l y bound 

form. The i n f r a - r e d r e s u l t s (8-10mm Hg of water) showed a band a t 

1630 cm 1 which was assigned to the c h a r a c t e r i s t i c v 2 v i b r a t i o n of the 

water molecule. I n the lower frequency region (expt. 13) there i s a band 

centred a t 524 cm 1 w i t h no sign of a shoulder a t 403 cm"1. The existence 

of a band a t 403 cm 1 cannot be r u l e d out because the 524 cm 1 band i s 

broad and a copper monochrom at or was used f o r t h i s experiment so t h a t 

the experimental c o n d i t i o n s are not d i r e c t l y comparable w i t h the 

experiment 12 ( f i g . 9 ) . 
Fig. 10a shows the spectrum obtained w i t h 30 cms Hg of adsorbed 

on the sample (expt. 14). With the exception of a possible shoulder a t 

1040 - 50 cm"1 and a weak shoulder a t 2300 - 120 cm-1 t h i s spectrum i s 

i d e n t i c a l t o the spectrum of Pt + obtained more r e c e n t l y (expt. 12; 

f i g . 9) and t o the sample opened t o the atmosphere ( f i g . 10b). The 

band a t 2300 - 120 cm (expt. 14) because of the higher pressure of the 

adsorption, may correspond to the i . r . band a t 2120 cm 1 assigned to an 

" r " type adatom. I t would appear t h e r e f o r e t h a t some hydrogen was s t i l l 

present on the surface. 

We are t h e r e f o r e faced w i t h the p o s s i b i l i t i e s t h a t our samples 

contain 

a) only adsorbed ^ 0 , or 

b) co-adsorbed H 20 and H 2 > 

The water may e x i s t as " i s l a n d s " of water or as a hydrate. We can discount 

the existence of i s l a n d s of water i n our sample because the i . n . s . spectra 
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at ambient and l i q u i d n i t r o g e n temperatures are almost i d e n t i c a l . This 
49 

i s important because the i . n . s . spectrum of I c e i s d i f f e r e n t from 

t h a t of l i q u i d water"*^ ( t a b l e 2) p a r t i c u l a r l y as regards the existence 

of intense bands a t 653 and 492 cm * r e s p e c t i v e l y . We are l e f t w i t h 

the conclusion t h a t the adsorbed water e x i s t s as d i s c r e t e molecules and 

not as separate "islands" of water on the surface. 
There have been several i . n . s . and other i n v e s t i g a t i o n s of hydrates 

51 52 53 
of various metals ' ' and f i g . 11 shows data which we have c o l l e c t e d 
f o r Ni(H„0),(NO„)_ and Co(H_0),(NO„).. The spectra are complex and 

Z o J Z /. b j Z 

t a b l e 3 l i s t s the bands expected i n the lower frequency region. Table 4 

l i s t s some assignments a v a i l a b l e f o r hydrates, though of course we r e a l l y 

need data on hydrated Ft species. 

Table 3: Ĥ O and M-H?0 v i b r a t i o n s i n hydrates 

OH sym s t r . 
OH antisym s t r . 
OH. sci s s 
0H_ rock 
0H o wag 
M-0 s t r e t c h 
OH. t w i s t 
O-M-0 defs. 

expected 1000 _» 250 cm 

expected < 250 cm -1 

-1 

f N » V 

H H 
/!\ 

H H <-H <—H 

Wag Twist Rock 

These r e s u l t s e x p l a i n several features of our r e s u l t s w i t h 

adsorbed H„0 on Pt. F i r s t of a l l the absence of intense lower energy 
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Table 4: Examples of assignments f o r Metal hydrates (cm ) 

a ) 5 2 

Compound rock wag v(M-O) 

[ C r ( H 2 0 ) 6 ] C l 3 800 541 490 

[ N i ( H 2 0 ) 6 ] S i F 6 755 645 405 

[Cu(H 20) 4]S0 4-H 20 887,855 535 440 

b ) 5 3 

Compound L i b r a t i o n s v(M-O) 

CoCl 2.6H 20 776,656,560,464 341 

NiCl 2.6H 20 728,650,584,480,396 350 

FeCl 2.4H 20 725,552,456 379,320 

MgS04.7H20 665,595,484 380 

bands (below 450 cm ) i s not r e a l l y s u r p r i s i n g because the low energy 

bands i n the hydrates are due t o O-M-0 deformations which are not possible 

i n the adsorbed phase and t o l a t t i c e v i b r a t i o n s . Modes a r i s i n g from the 

hindered t r a n s l a t i o n s o f the water molecules are expected t o be weak 

(see chapter I V ) . The appearance of only a s i n g l e band i n the t . o f f . 

spectrum of adsorbed water also corresponds w i t h our r e s u l t s f o r the 

hydrates ( f i g . 12). The lower energy band i n each of the hydrate spectra 

i s the O-M-0 deformation. Experiments using the B.F.D. Spectrometer, 

however, show t h a t the higher energy t . of f . band i s i n f a c t several 

bands ( f i g . 11). Un f o r t u n a t e l y we have not had the o p p o r t u n i t y t o 

ob t a i n the B.F.D. spectrum of H_0 adsorbed on platinum. 
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A very strong indication that we are observing both l^O and 

adsorbed on Pt i s the observed difference between the Harwell and 

Grenoble B.F.D. spectra ( f i g s . 8 and 9). The difference i s not 

explicable i n terms of difference i n resolution or i n momentum 

transfer (Q) dependence because the values are almost i d e n t i c a l i n 

both cases. We consider that the difference i s i n the r a t i o of 

adsorbed HJ/HJO on the two samples. The Harwell sample, which yielded 

equally intense (measured by th e i r peak heights) bands at 427 ̂  14 and 

524 - 14 cra"^ was put into a helium atmosphere i n the nitrogen cryostat 

within an hour of sealing o f f the sample a f t e r the adsorption. The 

Grenoble sample, however, was prepared i n England and taken to Grenoble 

so that there was a lapse of several days between the adsorption and 

running the experiment. We f e e l , therefore, that t h i s sample was the 

most l i k e l y to become contaminated and a comparison of f i g s . 8 and 9 

with the spectrum of Pt + + atmosphere (expt. 13; f i g . 10b), bears 

t h i s out. A leakage of oxygen would of course increase the proportion 

of Ĥ O to The sample c e l l was helium leak tested both before and 

aft e r the experiment (12) and no leaks were found. There does, of 

course, remain the p o s s i b i l i t y that the glass break-seals were the 

source of any leakage. A comparison of the i n t e n s i t i e s i n the bands 

obtained i n experiments 13 and 14 would be very useful because bands 

associated with ^ 0 should increase and those associated with 

should decrease i n in t e n s i t y on opening the sample c e l l to the 

atmosphere. Unfortunately af t e r exposing the sample to the atmosphere 

the general background level increased and the true level of background 

i s d i f f i c u l t to determine. The only r e a l l y s i g n i f i c a n t change i s the 

apparent disappearance of the shoulder at 1040 cm ̂  on admitting the 

atmosphere to the c e l l . The spectrum ( f i g . 10b) corresponding to Pt + 
H

2 + atmosphere i s less well defined than the other B.F.D. (IN1B) 
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spectra which i s perhaps explained by the probable m u l t i p l i c i t y of adsorbed 

species. 

f ) Conclusions 

1) Results of Experiments 

We have obtained i.n.s. spectra of Pt black containing co-adsorbed 

H2 and H2O. The characteristic v i b r a t i o n of 1^0 was observed. We 

have also observed a band at 403 cm ^ which we assign to a v i b r a t i o n of 

a hydrogen atom r e l a t i v e to the surface. The hydrogen i s atomic and 

probably corresponds to the i n t e r s t i t i a l "6" or "s" form which has been 

shown to be i . r . inactive. 

Evidence that we have i n fact obtained e n t i r e l y the 6 state was 

gained by heating one of our samples and analysing the gas phase using 

a mass spectrometer. No gas was liberated below 200°C. Above t h i s 

temperature strong peaks due to hydrogen were obtained and at a 

temperature of 250°C water also appeared i n the spectrum. The T.P.D. 

work of Tsuchiya et a l . indicates that only the 6 phase i s stable above 

100°C. The observation of water i n the mass spectrum i s not conclusive 

evidence, i n i t s own r i g h t , that water also existed on the surface of 

our i.n.s. samples. This i s because the sample used i n the mass spectrometer 

experiment was prepared at Durham and we do not, as yet, have available 

pumping equipment equivalent to that used for the surface preparations 

at Harwell. 

We can discount the p o s s i b i l i t y that we are observing an excitation 

of hydrogen absorbed i n the bulk platinum because the s o l u b i l i t y i s so 

low. In our sample of 100 grams of platinum the t o t a l quantity of 

absorbed hydrogen cannot exceed 10 "* moles. However, i t i s s t i l l 
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tempting to compare the excitation energy we have observed at 403 cm 1 

with those found for a Pd-H (552 - 16 cm"1) and 0 Pd-H (460 cm" 1). 5 4 

These are obviously very much more similar - implying similar bonding -

than the vi b r a t i o n frequency of the singly bonded hydrogen found on the 
_ i 33 

surface of Raney Nickel (1129cm Recent experiments using 

reflection-absorption infrared spectroscopy 5 5 have shown that bands due 

to hydrogen adsorbed on palladium hydride occur at 760 and 880 cm 1. 

Furthermore low energy electron scattering measurements5^ for hydrogen 

adsorbed on tungsten (100) noted two transi t i o n s , at 556 and 1089 cm"1. 

No bands were observed at c.a. 4440 cm 1 where the H-H stretch occurs, 

indicating that the chemisorption was dissociative. Because a hydrogen 

atom bound to a single W atom was expected to have a stretching 

frequency of c.a. 2420 cm 1 and no band was observed at th i s frequency, 

the authors concluded that the hydrogen i s multiply bonded to several W 

atoms. The r e l a t i v e i n t e n s i t y of the two bands indicated that they were 

not simply a t r a n s i t i o n and i t s f i r s t overtone so they were assigned to 

vibrations p a r a l l e l (556 cm"1) and perpendicular (1089 cm"1) to the 
35 -1 surface. For WH^TC-C^) the W-H stretches occur at 1896 and 1912 cm . 

To summarise we have observed f i v e i.n.s. bands for a surface which 

contains adsorbed hydrogen and water (expt. 12). From the d i f f e r e n t 

r e l a t i v e i n t e n s i t i e s of the peaks i n two experiments we have assigned 

the band at 403 cm 1 to a hydrogen mode and that at 500 cm"1 to a 

Pt-H20 mode. The band at 1766 - 100 i s probably the v 2 water v i b r a t i o n . 

We are l e f t , therefore, with the bands at 863 cm"1 and 1290 cm" . The 

1290 cm 1 cannot be an intramolecular mode of the 1^0 molecule (table 2) 

and so i t i s either a harmonic (3 x 403 cm"1) or perhaps a second 

fundamental hydrogen mode. I f i t i s a second fundamental then the 

results are very similar to those described above for W. The width of 
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the quasi-elastic peak for the H on Pt was i d e n t i c a l to that of the 

resolution function of the instrument. This indicates that surface 

di f f u s i o n must be slow and hence perhaps contrary to our e a r l i e r remarks, 

two v i b r a t i o n a l modes are to be expected (assuming that the two 

hindered translations are degenerate). However, because of the low 

resolution of the measurement and i n the absence of corrections for 

absorbtion of neutrons by the sample too much reliance cannot be placed 

on th i s observation. 

The band at 863 cm"1 (table 2, expt. 12) i s i n the correct region 

for i t to be a l i b r a t i o n a l mode of the water molecule (table 4). (A 

band at 620 cm 1 has been observed for 1^0 adsorbed on W).^ The other 

p o s s i b i l i t y i s that the 863 cm"1 band i s the f i r s t overtone of the band 

at 403 cm \ p a r t i c u l a r l y because we know that because of the high 

momentum transfers overtones can be intense when using the IN1B 

spectrometer (chapter I I ) . 

These results do pose a further i n t e r e s t i n g question. We have the 

following data for adsorbed hydrogen. 

Ni W Pt 
either or 

556cm"1 400cm"1 40° cm"1 

1129cm"1 1089cm"1 - 0 n e 0 r 
863 -1 

• cm 
b ° t h 1290 

I f the mode at 400 cm"1 (H + Pt) i s a Pt-H bend and one of the other 

modes i s the stretch then the results are f a i r l y similar to those found 

for W. Why then i s i t that no low frequency band was found for Ni + H? 

The other alternative i s that the 400 cm"1 i s i n fact the v(Pt-H) for 
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the i n t e r s t i t i a l species and i t s very low frequency i s a consequence of 

i t s being bonded to several Pt atoms. 

g) Further experiments and experimental procedure 

Naturally we wish to examine a surface free of impurities and free 

of water. In order to achieve t h i s we must discover f i n a l l y the o r i g i n 

of the band at 350 cm-* i n the spectrum of the platinum black. To t h i s 

end i t i s planned to obtain the i.n.s. spectrum of platinum oxide. I f 

the peak i s due to the oxide then we w i l l need to determine whether i t i s 

possible to f u l l y clean one of our samples by hydrogen adsorption and 

pumping. 

Even i f the sample i s f u l l y cleaned by our procedure we must s t i l l 

take every precaution against the admission of oxygen int o the system. 

We have recently obtained a minimass 80 mass spectrometer. A mass 

spectrum obtained using t h i s instrument indicates that the p a r t i a l 

pressure of oxygen i n the system we have been using i s 3 x 10 ̂  t o r r 

when equilibrium has been reached. When one considers the very large 

surface area that we have present i t would take a very long time (c.a. 

100 hours) at t h i s pressure for a f u l l oxide layer to form. I n point 

of fact our samples are sealed o f f within a few hours of cleaning so 

that only a small percentage of the surface should be recontaminated. 

I n order to improve this further we have designed and b u i l t an a l l -

metal ultra-high vacuum system (chapter I I I ) . After the i n i t i a l 

evacuation the pumping i s continued on a completely closed system. 
-8 

So fa r we have achieved pressures below 10 t o r r i n the unbaked 

system and a f t e r baking the pressure should be very s i g n i f i c a n t l y lower. 

We w i l l also be able to continuously monitor the gas phase using the 

mass spectrometer. 
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We would also l i k e to be able to monitor the pressure inside the 

sample c e l l after sealing-off from the pumping system. So far we have 

not been able to obtain a vacuum gauge which i s both small enough and 

robust enough to be f i t t e d to our sample c e l l . 

I n future we also plan to measure the actual quantities of gases 

adsorbed. 

h) The future 

We feel that using i.n.s. spectroscopy we have been able to obtain 

data for adsorbed gases which i s probably not obtainable using any other 

technique. These experiments are as yet i n th e i r i n i t i a l stages but we 

have learned a great deal about the experimental procedures etc. required. 

Despite the d i f f i c u l t i e s mentioned i n this chapter we f e e l that t h i s i s a 

very interesting and important line of research and i t i s one which we 

w i l l pursue i n the future. 



Appendix 

Let 
Pt 

I = true i n t e n s i t y of scattering from the Pt : corrected 
for absorption cross section and container scattering 

Pt+C 
I = observed i n t e n s i t y of scattering from Pt + container 
Q 

1^ = observed i n t e n s i t y of scattering for container 

Pt+H+C 
I = observed i n t e n s i t y of scattering from Pt + H + container E 
Pt+H 

1^ = true i n t e n s i t y of scattering from Pt + H 

Then we obtain according to the methods of Paalman and Pings 

I P t = k I P t + C - k I C 

*T VE VE 
_ Pt+H . _Pt+H+C . _ C I T = k 3 I " k 4 I £ 

where the k^'s are constants to be calculated by the computer program. 

Thus I / = l / t + H - I T
P t 

, T Pt+H+C , T Pt+C _ C,. , v 
= K3XE " kl IE ~ h (K4 ~ K2 } 

Hence the considerable s i m p l i f i c a t i o n i f I " w 0. 
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