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DYNAMICS OF REACTIONS IN MOLECUZAX SOLIDS 

PARAS N. PRASAD and JACEK SWIATKIEWICZ t 
Department of Chemistry, State University of New York 

at Buffalo, Buffalo, New York, U . S . A .  

Abstract The dynamics of several thermal and photo- 
chemical reactions in the solid-state are investigated 
by laser Raman spectroscopy, electronic spectroscopy 
and a rigid-body motion analysis of the thermal para- 
meters of x-ray diffraction studies, 
spectroscopy along with electronic emission spectro- 
scopy is used to identify the reaction mechanism. The 
possibility of occurence of any lattice and/or molecu- 
lar intermediate is examined, by Raman spectroscopy of 
both phonons and intramolecular vibrations. The new 
concept of phonon-assisted reaction is tested by ex- 
amining the role of an overdamped oscillation in a 
thermal reaction and that of a strong electron-phonon 
coupling in a photochemical reaction. 

Raman phonon 

INTRODUCTION 

Crystal engineering is a term which has widely been used 
in recent years in relation to solid state reactions . 
This term emphasizes the prospect which the solid state 

reactions offer for the synthesis of novel monomeric and 

polymeric materials by a highly selective reaction pathway. 

The technique, widely used in the past, has been x-ray 
diffraction which yields space and time averaged results. 

Consequently, the details o f  reaction dynamics is lost in 

such averaging. In order to formulate dynamic require- 

ments for reactivity in condensed phase, space-resolved 
and time-resolved studies of reactivity are needed. The 

spectroscopic studies, discussed in this paper, can con- 
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26 P. N. PRASAD and J. SWIATKIEWICZ 

veniently be used for the study of dynamics of reaction. 
The investigation utilizes mainly the approach of 

phonon spectroscopy, introduced recently by us 3- 7 , to 
derive information on reaction dynamics. Phonons are low 

frequency co-operative lattice vibrations of a solid and, 

therefore, probe the lattice interactions and dynamics 

directly. 

in the Raman spectra and in the electronic spectra (in the 
latter as a phonon side band). Some information regarding 
averaged librational and translational phonon motions can 

also be obtained from the rigid-motion analysis of the 
thermal parameters of x-ray diffraction studies. 

Phonons can be observed as optical transitions 

This paper presents the study of dynamics of several 
thermal as well as photochemical reactions in solids. 
experimental techniques used are electronic spectroscopy 
and laser Raman spectroscopy in conjunction with the 
thermal parameters of the x-ray diffraction studies. The 

presentation consists of the following parts: (A) Probes 
for the reaction mechanism; (B) Existence of any lattice 
and/or molecular intermediates; (C) Role of low frequency 
molecular motions; and (D) Selected examples of reactions. 

The 

A. PROBES FOR THE REACTION MECHANISM 

The Raman phonon spectra, monitored as a function of the 
reaction progress, can conveniently be used to determine 

if a reaction occurs by a homogenous mechanism or by a 
heterogeneous mechanism . The basic principle of this 

method is that the phonons are particularly sensitive to 
the organization of the aggregate on the molecular level 

and thus probe the immediate (local) structure of a 
given site. In the case of a homogeneous reaction, a 

solid solution forms between the reactant and the product. 

6 
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DYNAMICS OF REACTIONS M MOLECULAR SOLIDS 27 

The Phonon spectra, in such a case, should show a monotonic 

change accompanied by broadening of the transitions as the 
reaction progresses. 
the phonon spectrum of the product superimposes on that of 

the reactant, and their relative intensities change with 
the advancement of the reaction. In the case where the 
reaction proceeds through an intermediate crystalline 

phase, a different phonon spectrum will be observed with 

the reaction in progress. Raman spectroscopy is applicable 
to all solid state reactions. Unfortunately, it is limited 
in its sensitivity, and is very useful in probing the 
conversion of > 1%. 

In the case of heterogeneous reaction, 

In cases where the reactant and/or the product show 
electronic emission under the reaction conditions, the 
emission spectra can also be used to derive information on 

the reaction mechanism . A homogeneous mechanism will 
create a homogeneous internal strain field as the reaction 
proceeds. This strain field will give rise to a shift of 

the emission maximum and a broadening of the spectral 
profile. 
more suitable for the very initial stage of the reaction, 

The limitations of emission spectroscopy are the lack of 

detailed information regarding the chemical nature of the 
rearrangement, its dependence on the crystal quality, and 
the complication due to energy transfer. 

emission spectroscopy’can provide valuable information 
regarding the mechanism of the process at the initial 
state (< 1%) where the Raman method is not sensitive. 

After the initial state and throughout the conversion 
range ( a  I%), Raman spectroscopy is the preferred technique 
for the investigation of the reaction. 

7 

Emission spectroscopy is highly sensitive and 

Therefore, 
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28 

3. 
A solid state reaction may involve a lattice intermediate 

or a molecular intermediate or both. 
lattice intermediate is more when a reaction is intermolecu- 
lar in nature. 
rearrangements, and intermolecular aggregation (such as 

polymerization). The use of the technique of laser Raman 
spectroscopy permits us to investigate the possible exis- 

tence of both types of intermediates. 
in the same experimental arrangement, we can obtain both 
the Raman phonon spectra and the intramolecular vibration 
spectra as a function of the reaction progress. 

Raman phonon spectra are used as probes to investigate the 
occurrence of any lattice intermediates, The intramolecular 

vibrations give information on the existence of any 

molecular intermediates. 

P. N. PRASAD and J. SWIATKIEWICZ 

EXISTENCE OF AEJY LATTICE AND/OR MOLECULAR INTERMEDIATES: 

The possibility of a 

Examples of such reactions are intermolecular 

The reason is that, 

The 

C. 
Recently, we have introduced the new concept of phonon- 

assisted In other words, a reaction in the 
solid state can be assisted by these l o w  frequency co- 

operative molecular motions. The concept of the phonon- 
assisted chemical transformation bears a direct analogy to 
that of a phonon-assisted physical transformation in 

solid. 
two categories: 
and (ii) electron-phonon interactions. 

ROLES OF LOW FREQUENCY MOLECULAR MOTIONS: 

Important phonon interactions can be divided in 
(i) Anharmonic phonon-phonon interactions 

One manifestation of the anharmonicity is the shift 

of phonon frequencies to lower values at higher tempera- 

tures . 
(or damping) of the phonon transitions at higher temperatures. 

In some cases the shift behavior, called mode softening , 

8 This shift is also accompanied by a broadening 

9 
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DYNAMICS OF REACTIONS IN MOLECULAR SOLIDS 29 

leads to an overdamped oscillation where the amplitude of 

the motion along the soft-mode coordinate is large. In 
many systems such as a mode-softening creates a lattice 

instability which gives rise to a phase transition 9 . In a 
reactive system, large amplitude displacements, owing to 
mode-softening, are analogs of molecular collisions in a 

gas phase. 
assist in reactivity. 

Thus the mode-softening can be expected to 
This possibility has led us to 

propose the new concept of phonon-assisted reactions 3 . 
The role of phonon mode-softening in a thermal reaction 
can easily be investigated by Raman spectroscopy if the 

soft mode is a Raman-active optical mode. The mode 
softening can be observed as a gradual shift of the 
phonon frequency to the zero value accompanied by a rapid 
broadening of the transition with the increase of tempera- 
ture. Some information about the co-ordinate of the soft 
mode can be derived from the thermal motion anisotropy 
observed in the thermal parameters of the x-ray diffraction 
studies , 

The electron-phonon interaction arises because the 

electronic potential is a function of intermolecular 
separation . Therefore, it is modulated by the inter- 

molecular displacements occuring in a phonon motion. The 
electron-phonon interactions can give rise t o  phase- 

transitions such as metal-insulator transitions. Electron- 

phonon interactions can also assist photochemical reactions 
in solids . Photochemical aggregation reactions, such as 
dimerization or polymerization reactions, can be assisted 

by the occurence of strong electron-phonon interaction in 

the reactive electronic state . This strong electron- 

phonon interaction creates a local lattice-deformation in 

the reactive (excited) electronic state. The deformation 

10 
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30 P. N. PRASAD and J. SWIATKIEWICZ 

traps the electronic excitation and, at the same time, it 
may provide a local preformation of the product lattice if 

the distortion is along the reaction co-ordinate. 
these features assist a photochemical aggregation reaction. 
Depending on the strength of the electron-phonon coupling 
one may observe the formation of a polaron or an excimer. 
The formation of a polaron does not lead to the loss of 
the identity of the monomer4 in the excited state, but 
simply the excitation is localized by local lattice- 
deformation. The excimer formation requires a severe 
distortion of the local structure which leads to an excited 

state dimer. It may also be pointed out, that the polaron 
mechanism is a purely dynamic effect which can occur even 
in a defect-free lattice. In contrast, the excimer forma- 
tion can occur either by a dynamic effect due to strong 

electron-phonon coupling or by a static effect due to 
sites deformed by the presence of defects. 

Both 

The information on the formation of a polaron or an 
excimer is derived from the low temperature electronic ab- 
sorption and emission spectra of the reactive crystals. 

The strong electron-phonon coupling in the reactive state 
manifests itself as a very strong phonon-side band i n  the 
liquid helium temperature spectra . 
D. SELECTED EXAMPLES OF REACTIONS 
1. Thermal Rearrangement of Methyl-p-dimethylaminobenzene 
sulfonate. 
Methyl-p-dimethylaminobenzene sulfonate (as MSE) undergoes 

10 

... 
a thermal rearrangement" in the solid state to form the 
product p-trimethylammonium benzene sulfonate (abbreviate 

as ZWT). 

The reaction is intermolecular which involves the 
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DYNAMICS OF REACTIONS IN MOLECULAR SOLIDS 31 

migration of an ester methyl group from the oxygen atom of 
a MSE molecule to the nitrogen atom of the neighboring 

molecule in the b crystallographic direction along which 
the molecules are stacked. 
accelerated when temperature is raised above room tempera- 
ture. 

The reaction is greatly 

The Raman spectroscopic study of the reaction progress 

shows no evidence of any lattice or molecular intermediate. 
During the conversion, a simple superposition of the 
phonon spectra of MSE and ZWT is observed . Therefore, a 

heterogeneous mechanism is found for the conversion range 
sensitive to the Raman spectroscopy. This thermal reaction 
requires a co-operative intermolecular transformation. 

Both the thermal nature and the co-operative transformation 

make this reaction suitable to test the applicability of 

the model of a phonon-assisted reaction which involves 
mode softening, A temperature dependence study of the 
Raman phonon spectra reveals a mode-softening behavior for 
the 27 cm-’ phonon mode . 

3 

3 

For further confirmation of the mode-softening and a 
possible identification of the molecular nature of the 
over-damped mode, we used the rigid-body motion analysis 

of the thermal parameters of the room temperature x-ray 

diffraction study. A thermal-motion analysis (TMA) program 
was used to calculate the components of the librational (L) 
and the translational (T) tensors with a least-square fit 
of the published thermal parameters” of all non-hydrogen 

atoms of the molecule. The librational frequencies were 
calculated by the method of Cruickshank”, using the 

appropriate eigenvalues of the L-tensor and the correspon- 

ding moments of inertia. 

this calculation. 

Figure 1 shows the results of 
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1' L3 

P. N. PRASAD and J.  SWIATKIEWICZ 

I FREQUENCY W'' 23.5 630 376 

LATTICE MCOES 
OBS IN RAMAN 18 61.5 44 

I 

FIGURE 1. The p ro jec t ion  of two neighboring molecules 

of MSE, i n  t h e  plane containing t h e  b-axis as 

the  v e r t i c l e  ax i s .  The phonon f requencies  and 

amplitude ca lcu la ted  from t h e  thermal parameters 

are displayed along wi th  the  f requencies  observed 

i n  the  Raman spec t ra .  

The amplitude of l i b r a t i o n  along t h e  L axis is the  l a r g e s t .  

The corresponding l i b r a t i o n a l  frequency ca l cu la t ed  by 

Cruickshank's formula is 23.5 cm". 

t h e  frequency of t he  27 cm-' s o f t  mode a t  room temperature 

is 18 cm , Considering t h e  s impl i fy ing  assumptions 

involved i n  the  use of Cruickshanks formula, t h e  agreement 

between t h e  two values  is reasonable. 

l i b r a t i o n  appears t o  be the  soft-mode. 

1 

On t h e  o the r  hand, 

-1 

I n  o the r  words, L1 

Figure 1 a l s o  shows the  o r i e n t a t i o n  of the  two neigh- 

boring molecules of t h e  s t ack  along the  b-axis along wi th  

t h e i r  l i b r a t i o n a l  p r inc ipa l  axes. The L a x i s  i s  perpen- 

d i cu la r  t o  the  b-axis. The dashed l ines  r e f e r  t o  the  
1- 
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DYNAMICS OF REACTIONS IN MOLECULAR SOLIDS 33 

methyl sulfonate group and the neighboring dimethyl amino 
group positions during the L libration. It can be seen 1 
that during this libration the two reactive groups come 

close to each other. 

libration can assist this rearrangement reaction. 
conclude from this thermal motion analysis in combination 
with the temperature effect on the Raman phonon spectra, 

that this reaction is phonon-assisted. 

2. Thermal Rearrangement of Dimethyl-3,6-dichloro-2,5- 
dihydroxyterephthalate. 
The thermal rearrangement of dimethyl-3,6-dichloro-2,5- 
dihydroxyterephthalate leads to the conversion of the 
yellow crystal (Y) to a white crystalline isomer (W). The two 

forms in the solid state differ both in the conformation of 

the carboxymethyl group and the nature of the hydrogen 
bond . For this reason, the two forms have been classified 

as the chemical isomers. The conversion rate is highly 
dependent on the temperature. A search for any lattice or 

molecular intermediate by Raman study of this rearrangement 
reveals that when the Y-isomer crystals is converted to the 
W-isomer crystal at high temperature, the modes associated 
with the hydrogen-bond in the W-isomer do not show up 

immediately . Once the crystal is cooled and left €or some 
time, these modes appear. This observation suggests that, 
in the conversion of the Y-isomer to the W-isomer, the 

development of the intermolecular hydrogen bond is probably 
the last process involved in the rearrangement mechanism . 

1 Therefore, a mode softening of the L 
We 

13 

7 

7 

Because the crystals of the Y-isomer, fortunately, 
emit at the conversion temperature, both the electronic 

emission spectra and the Raman phonon spectra were used to 
7 investigate the reaction mechanism . The emission spectra 

were recorded as a function of time at 383'K and results 
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a r e  shown i n  Figure 2 .  

P. N. PRASAD and J. SWIATKEWICZ 

I 1 1 I I I I 
16000 18000 20000 22000 

cm" 

FIGURE 2. The emission spec t r a  of t h e  Y-isomer s i n g l e  

c r y s t a l ,  monitored as a func t ion  of time, a f t e r  

r a i s i n g  the  temperature of t h e  c r y s t a l  t o  383 K. 

The spectra 1, 2 ,  and 3 were obtained a f t e r  5, 

100, and 175 minutes r e spec t ive ly .  

The r e s u l t s  of t h e  emission s t u d i e s  were i n t e r p r e t e d  
7 as follows , During t h e  i n i t i a l  phase of rearrangement, t h e  

r eac t ion  creates a homogeneous in te rna l  s t r a i n - f i e l d ,  which 

g ives  rise t o  the  s h i f t  of t he  emission maximum and a 

broadening of the  s p e c t r a l  p r o f i l e .  ( c . f .  curves 1 and 2 

i n  Figure 2)  

e i t h e r  from t h e  formation of t he  W-isomer randomly d i s t r i b u -  

ted  as a s o l i d  so lu t ion  i n  t h e  Y-isomer l a t t i c e ,  o r  from an 

This  homogeneous i n t e r n a l  s t r a i n  may arise 

intermediate  s t r u c t u r e  which converts  t o  the  W-isomer l a t e r .  

A s  the  rearrangement, a t  t h i s  s tage ,  is too small t o  be 

probed by Raman spectroscopy, w e  cannot conclusively estab-  

l i s h  the  exact  na ture  of t h e  rearrangement. I n  e i t h e r  case,  
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DYNAMICS OF REACTIONS IN MOLECULAR SOLIDS 35 

t h e  r e s u l t s  of t he  s tudy ind ica t e  t h a t  t h e  rearrangement, a t  

t h i s  i n i t i a l  state, involves  a homogeneous mechanism. The 

d i s t o r t i o n  of t he  r eac t an t  l a t t i c e ,  c rea ted  by f u r t h e r  re- 

arrangement, is severe  enough t o  break the  l a t t i c e  and 

crack t h e  c r y s t a l .  However, d e s p i t e  t he  c r y s t a l  f r a c t u r e ,  

t h e  emission spec t r a  show t h a t  t he  s t r a i n  c rea t ed  wi th in  the  

r e a c t a n t  l a t t i ce  s t i l l  e x i s t s .  (c . f .  curves 2 and 3)  Per- 

haps, a small phase sepa ra t ion  of t he  W-isomer product may 

a l ready  occur a t  the  state of t he  rearrangement, The process  

of phase sepa ra t ion  of t he  W-isomer is evident  when the  

Raman phonon spectroscopy becomes adequately s e n s i t i v e  t o  

t h e  conversion. A t  t h i s  conversion, the  observed phonon 

spec t r a  are found t o  be superpos i t ion  of t h e  unperturbed 

phonon bands of t he  Y-and t h e  W-isomers which i n d i c a t e  a 

heterogeneous behavior. Therefore ,  t he  thermal rearrange-  

ments of t he  Y-isomer i n  the  s o l i d  s ta te  is homogeneous 

only a t  t he  very  i n i t i a l  s tate,  which is  not  d e t e c t a b l e  by 

t h e  s e n s i t i v i t y  l i m i t  of Raman phonon spectroscopy. 

W e  used the  r i g i d  motion a n a l y s i s  of t he  thermal 

parameters i n  conjunct ion wi th  t h e  Raman phonon s p e c t r a  t o  

make assignments of t he  phonon bands. The temperature 

dependence s tudy of t he  phonon s p e c t r a  of t he  Y-isomer d id  

not  show any phonon mode-softening. I n  t h i s  case, our 

s tudy suggests  t h a t  the  rearrangement is  defec t -cont ro l led ,  

and not  phonon-assisted. 

3 .  Photodimerization of 2,6-Dimethylbenzoquinone. 

The s o l i d  state photodimerization of 2,6-dimethyl-p-benzo- 

quinone has  been suggested t o  y i e l d  an oxetan type dimer as 

opposed t o  a cage dimer14. Our Raman s tudy of t h i s  r e a c t i o n  

supports  t he  formation of an oxetan . 
spec t r a ,  obtained as a func t ion  of t he  advancement of the  

photodimerization, show t h a t  a t  the  i n i t i a l  s t a g e  of the  

4 The Raman phonon 
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36 P. N. PRASAD and J. SWIATKIEWICZ 

reaction, it proceeds by a homogeneous mechanism , As the 
concentration of the product increases with the reaction 
progress, the lattice distortion leads to the product phase 
separations. 

4 

The reaction then turns heterogeneous. 
In order to investigate the phonon-assistance of the 

photodimerization process, the electron-phonon coupling in 
the photoreactive state ( n *) was studied . The elec- 

71 
tronic absorption spectra of the monomer crystal were 
obtained at cryogenic temperatures. At 6 K, a sharp zero- 
phonon transition at 19952 an-’ is accompanied by a strong 

phonon side band which appears to fit into a progression 
of a 65 cm-’ phonon. This study is interpreted in terms 
of a selective and strong electron-phonon coupling with 

a specific phonon mode which gives rise to the formation 
of a polaron. It, therefore, is in support of the concept 
of a phonon-assisted photodimerization process in the 

crystalline phase. A selective and strong electron-phonon 
coupling with a specific phonon, the co-ordinate of which 
is the reaction co-ordinate, can create a lattice distortion 

bringing the reactant molecules in a configuration to 
initiate the photoreaction (preformation of a dimer 
configuration) . 
4 .  Four-center Type Photopolymerization. 
Four-center type photopolymerization in the crystalline 
state describes the reaction of a group of compounds con- 
taining a conjugated diolefinic group”. 
zation, the crystal of the monomer is converted into 

crystals of linear polymer containing cyclobutane rings. 
Two specific compounds of this class are 2,5-distyryl 

pyrazine (abbreviated as DSP) and 1,4-bis(B-pyridyl-2- 
vinyl) benzene (abbreviated as P2VB) , TWO crystalline 

modifications of DSP are known, of which only the a-form 

1 4 

8 

By photopolymeri- 
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i s  photoreact ive.  Both a-DSP and P2VB a r e  isomorphic. I n  

the  p a s t ,  the  c r y s t a l  packing has  been used t o  demonstrate 

t h e  app l i ca t ion  of topochemical p r i n c i p l e s  which u t i l i z e s  a 

s t a t i c  l a t t i ce  p i c t u r e  and r e l a t e s  t he  r e a c t i v i t y  t o  the  

separa t ions  of the  reactive cen te r s .  The d i s t ance  between 

t h e  r e a c t i v e  double bonds of t h e  neighboring molecules i n  

a-DSP is  3.939 A .  This  va lue  f o r  PPVB is s h o r t e r  (3.910A). 

Therefore, one would expect P2VB t o  be more r e a c t i v e  than 
1 5  a-DSP. Comparing the  quantum y i e l d s  l i s t e d  by Hasegawa , 

t he  cont ra ry  is  observed. This  f a i l u r e  may be because t h e  

dynamic na tu re  of t he  l a t t i ce  is  not  considered. 

37 

0 0 

The emphasis of our s tudy was t o  examine i f  the  

d i f f e rences  i n  t h e i r  r e a c t i v i t i e s  could be r e l a t e d  t o  the  

d i f f e rences  i n  the  electron-phonon i n t e r a c t i o n  i n  the  

exc i ted  s t a t e s .  It should, however, be worth mentioning 

t h a t  our Raman phonon s tudy  of t h e  photopolymerization of 
5 a-DSP has  revealed a heterogeneous mechanism , Figure  3 

compares the  e l e c t r o n i c  absorpt ion and emission s p e c t r a  of 

a-DSP and P2VB. The absorp t ion  spec t r a  of a-DSP c o n s i s t  

of considerably broad bands (FWHH > 100 cm-') compared t o  

those  of t he  P2VB. 

This  width is not due t o  d i so rde r ,  because t h e  phonon 

s p e c t r a  of a-DSP, a t  t h i s  temperature, r evea l s  a h ighly  

ordered l a t t i c e .  We, the re fo re ,  conclude t h a t  t h i s  l a r g e  

width is due t o  a s t rong  electron-phonon coupling i n  a-DSP. 

Hence, t he  photopolymerization i n  a-DSP i s  a s s i s t e d  by a 

s t rong  electron-phonon coupling. I n  con t r a s t ,  t he  e l ec t ron -  

phonon coupling i n  the  r e a c t i v e  exc i t ed  s ta te  of P2VB is 

not  so  s t rong .  
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FIGURE 3. Elec t ronic  absorp t ion  and emission s p e c t r a  

of a-DSP and PPVB a t  4.2 K are compared. 

Comparing t h e  emission spec t r a ,  both *DSP and P2VE 

show broad excimeric emission. Therefore ,  t he  photopoly- 

mer iza t ion  i n  both cases  appear t o  be preceded by excimer 

format ion .  

i n  a-DSP (as  i n fe r r ed  from t h e  absorp t ion  spec t r a )  suggests  

t h a t  t he  excimer formation is due t o  i n t r i n s i c  dynamic 

process of  l o c a l  l a t t i c e  r e l a x a t i o n  because of t h i s  s t rong  

coupling wi th  phonons. 

electron-phonon coupling i n  P2VE, w e  a s s ign  t h e  excimer for -  

mation i n  t h i s  case t o  arise from t h e  presence of  de fec t s .  

Therefore ,  t h e  photopolymerization i n  a-DSP is  a s s i s t e d  by 

t h e  i n t r i n s i c  process  of s t rong  electron-phonon coupling. 

I n  c o n t r a s t ,  t he  photopolymerization i n  P2VB i s  suggested 

t o  be defec ted  cont ro l led .  

The occurrence of s t rong  electron-phonon coupl ing 

I n  t h e  absence of such s t rong  

'On leave  from the  I n s t i t u t e  of O r  an i c  and Ph s i c a l  
Chemistry, Technical Universi ty  of%roclaw, Poland. 
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