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THE HC1 STRETCHING VIBRATION I N  HCl /DC1 MIXED CRYSTAL 

G.CARDIN1 and V.SCHETTIN0 
I s t i t u t o  d i  Chimica Fisica,Universit& d i  Firenze,  
V i a  G.Capponi 9 ,  50121 Firenze,  I t a l y  
(Submitted f o r  publ icat ion November 20,1982) 

ABSTRACT The HC1 s t r e t c h i n g  vibrat ion i n  H C l / D C 1  mix- 
ed c r y s t a l s  has been studied using model intermolecular 
potentials.The contr ibut ion of e l e c t r o s t a t i c  and atom- 
atom in t e rac t ions  are discussed. 

I n  a recent paper w e  have discussed t h e  intramolecular 
vibrat ion of orthorhombic HC1 c r y s t a l u s i n g a n  intermolecular 
po ten t i a l  t h a t  includes in t e rac t ions  among dynamicmolecular 
dipoles and quadrupoles. A l l  t h e  f ea tu res  of the i n f r a r e d s p e g  
trum (Davidovand TO-LO sp l i t t i ng ,band  shape) could b e s a t i s -  
f a c t o r i l y  explained. The intermolecular po ten t i a l  was p a r a m 2  
t r i z e d t o  f i t  t he  c r y s t a l  data  with inclusionof  long range ef 
f e c t s .  I t  can be of i n t e r e s t t o c h e c k i f  t h e p o t e n t i a l  is also 
s u i t a b l e  t o  explain t h e  in f r a red  absorption inmixed HCl/DCl 
crystalswhere dynamic i n t e r a c t i o n s a r e  c o n f i n e d t o t h e  l imi t ed  
regionof c l u s t e r s o f t h e  guest  molecules and dynamic longrange 
e f f e c t s  are absent. This check may be of i n t e r e s t  a l s o  i n  
connection with s t u d i e s  of HC1 c l u s t e r s  i n  i n e r t  matrices 2. 
In f a c t  i n  matrix i s o l a t e d  HC1 t he re  is the  simultaneous 
problem of the  s ta t ic  (equilibriumconfiguration) and vibra- 
t i o n a l  p rope r t i e s  of t h e  c l u s t e r s  while i n  i so top ic  mixed 
c r y s t a l s  t he  possible  s t r u c t u r e  of the c l u s t e r s  is rigorous- 
l y  known from the c r y s t a l  s t ruc tu re  determination. 

THE HCl /DCl  MIXED CRYSTAL 

This study w i l l  be confined t o  the  low temperature phase 
where HC1 and DC1 are isomorphic . Since the bond lenghts 
of the i so top ic  molecules a r e  not g rea t ly  d i f f e r e n t  w e  can 
sa fe ly  assume t h a t  t he  HC1 molecules arrange i n  the  DC1 l a t -  
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16 G. CARDINI and V. SCHETTINO 

tice without substantial distortion of the host 1attice.We 
will concentrate the attention in the HC1 stretching region 
of mixed crystals with approximate HCI/DCl  ratio 7:lOO since 
the spectra of crystals with this composition have been care 
fully measured by Brunel 4'5 .In this range of composition 
we must deal essentially with isolated molecules and with a 
distinct concentration of dimers of the guest molecules,while 
the concentration of trimers is negligible .Since DC1 crys 
tallizes in a slightly distorted face centered cubic struc- 
ture there are twelve nearest neighbour positions to be 
considered about a given origin molecule. The molecular ar- 
rangement is shown in Fig.1 where it can be seen that the 
twelve BC1 dimers can be arranged into four distinct types 
differing for the mutual molecular orientation or intermole2 
ular separation. This is summarized in Table 1. It is reasop 

- 

- 
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I J op, J, 
Fig.1- Structure of DC1 viewed along the c axis showing near- 
est neighbours of a central origin molecule.Solid circles in- 
dicate atoms at z=?c/2,open circles indicate atoms at z=O. 
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HC1 STRETCHING VIBRATION 17 

able to assume that the 12 HC1 dimers have the same probabil 
ity of occurence in the Dc1 lattice. As matter of fact,whic& 
ever the structure of the dimer,the same number and type of 
hydrogen bonds will be present in the crystal. 

- 

THE HC1 D1MF.R SPECTRUM 

In the concentration range of interest in the present 
study,the major problem for the interpretation of the infra 
red absorption of the mixed crystal is the calculation of the 
vibrational frequencies of the dimer. Calculation are easily 
performed with the exciton model already used for the pure 
crystal ’ considering the much simpler two molecule system. 
Using an electrostatic potential with resonant dipole-dipole, 
dipole-quadrupole and quadrupole-quadrupole terms the calcu- 
lated splittings for the various possible dimers reported in 
Table 2 are obtained. The relative contributions of the varA 
ous electrostatic terms are quite different than in the neat 
crystal . It is seen from t.he table that only for the hy- 
drogen bonded dimer of type I the splitting is appreciable. 
Therefore the absorption for type I dimer shuld be distinct 
from the monomer band while the absorption from the other di 
mers should overlap with that of the monomer. This is infact 
observed experimentally. In the infrared spectrum only two 

- 

’ 

- 

Table 1- Intermolecular distances,cell indices and relative 
orientations of nearest neighbours in the M31 lattice. 

relative 
orientation 

9 Distance Cell indices nd 
Type ( i; of 2 molecule 

( 1 0 0 )  ,(-1 0 0 )  
( 0 1 0) ,( 0-1 0 )  paraflel IV 3.8655 1 

§Indices of the primitive lattice.0rigin molecule is in the 
( 0 0 0 )  cell. 
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18 

Table 2- Electrostatic contribution to the frequency shift 
(cm-’) of the symmetrical mode of the HC1 dimer. 

G. CARDINI and V. SCHETTINO 

Type d-d d-q q-q total 

I - 0.51 - 3.22 - 3.17 - 6.90 
I1 - 0.30 2.81 - 2.92 - 0.41 
I11 - 1.74 0.08 - 0.19 - 1.85 
IV 1.11 0.00 - 1.02 0.09 

d-d= dipole-dipole; d-q = dipole-quadrupole; q-q = quadru- 
pole-quadrupo le 

side peaks are observed,symrnetrically displaced with respect 
to the monomer peak 4’5 

only of about 14 cm-’ compared to the experimental observa- 
tion of 22 cm-1 ‘ + f 5  There are various possible sourceeof 
the observed discrepancy. The first can be a temperature ef 
feet. In fact the crystal structure has been determined at 
100°K and the infrared experiment has been performed at 40°K 
and 20°K ‘ w 5  . In the high temperature phase there is an aE 
preciable temperature variation of the lattice constant 
A similar variaticn can be expected for the low temperature 
crysta1,also by comparison with known data on the other sim - 
ple crystals. With the reduction of the intermolecular sepa 
ration,the electrostatic interation could consequently in- 
crease.As a matter of fact in crystalline HC1 and DC1 some 
effect of the temperature on the factor group splitting has 
been found experimentally p ‘ ’. 

It is difficult to estimate a priori the extent of var 
iation of unity cell parameters in DC1. Howeverpin the tem- 
perature range from lOOOK to 40°K a 4% decrease of the near 
est neighbours distance is reasonable and would lead to a 
2.5 cm-’ increase of the dimer splitting. The unit cell coc 
traction can thus have an effect on the splitting but cannot 
fully explain the observed discrepancy between calculatedand 
observed values. 

The calculated splitting for type I dimer is,however, 

- 

- 

- 

- 
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HC1 STRETCHING VIBRATION 19 

we also investigated the contribution to the dimersplit 
ting of short range interactions represented by atom-atompo- 
tentials. A special atom-atom was used for the hydrogen bong 
ed Cl... Hcontact. Alternatively,the interaction of the hy- 
drogen-bonded pair was represented by a Morse potential. 
The parameters of the potentials were taken from lattice dl 
namics calculation on pure HC1 crystal ’ I ’’ . 

The atom-atom cntribution is appreciable only for type 
I dimer,as discussed below. 

In an isolated two molecules system the atom-atom in- 
teraction gives rise to a splitting of the order of 15-20 
cm-l depending on the type of potential used. This split- 
ting is asymmetric in the sense that it is mainly due to 
differences in the diagonal terms of the interaction matrix, 
since the intermolecular interaction in an isolated dimer 
is essentially asymmetric. 

dimer embedded in a linear chain of DC1 molecules is on the 
contrary small and symmetrical with respect to the frequency 
of the monomer,the value being of the order of 1-2 cm-’ ,a 
result comparable to that obtained for the pure crystal. 

- - X 1  potentials were identical. On the basis of the results 
obtained for an isolated dimer it can be guessed that a lar- 
ger atom-atom contribution would be obtained by assuming 
that the interaction of an HC1 molecules with an identical 
or with an isotopic molecule are not identical. This is not 
unconceivable for the hydrogen-bond contacts l2 - We have 
made attempts to make reasonable changes in the parameter of 
the Morse potential representing the minimum of potential 
curve. A splitting as large as 4 cm-’ can be obtained. 

perature lowering and short range contribution are includes 
as described above a dimer splitting of 20 cm-’ can be ob- 
tained,in good agreement with experimental observations. 

The splitting due to atom-atom interactions of an HC1 

These calculations assumed that the HCl-*-HCl and ‘HC1- 

In conclusion it is seen that if the effects of the tern 

INTENSITY DISTRIBUTION IN THE INFRARED SPECTRUM 

The calculation described above show that the infrared 
spectrum of the HC1 trapped in the isotopic crystal should 
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20 G. CARDINI and V. SCHETTINO 

e w 
0 
.- c - 
P 

Fig.2- Calculated (upper curve) and observed (lower curve) 
i n f r a red  absorption i n  HCl/DCL mixed c r y s t a l s , w i t h  composL 
t i o n  7.5 : lo0 

c o n s i s t  of a c e n t r a l  peak,due t o  the  monomer and to type 11, 
I I 1 , I V  dimers,and two s i d e  peaks due t o  type I dimer.In the 
in f r a red  spectrum it is found t h a t  the "monomer"peakhas an 
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HCl STRETCHING VIBRATION 21 

half width of 5 cm-l compared to a half width of 1.5 cm-l 
for the dimer peaks. The larger width of the "monomer" peak 
can be explained as arising from overlap of different bands. 
We have calculated the infrared spectrum of the mixed crys- 
tal in the HC1 stretching region with the following assump- 
tions : 
a)the half width of the bands is 1.5 cm-l; 
b)the type I dimer splitting is 20 cm-I including electro- 
static and atom-atom contribution,as discussed above; 

c)the relative abundance of the monomer with respect to the 
dimers follows the distribution law reported by Behringer6; 

d)the intensity of the dimer peaks has been calculated in the 
oriented gas approximation . 

The observed and calculated spectra are compared in Fig.2, 
where it can be seen that the agreement is reasonable. 

The calculated ratio of the central to the side peaks 
intensity is approximately 15 to be compared with an extimat 
ed experimental ratio of 10. 

- 
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