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VIBRATIONAL DEPHASING OF POLYATONIC MOLECULES IN CONDENSED PHASES. 

II. TEr1PERATURE DEPENDENCE OF RAMAN SPECTRAL LINES RESULTING FROM 
J 

ENERGY EXCHANGE IN 1,2,4,S-TETRAMETHYLBENZENE 

P. A. Co.rnelius, R.- M. Shelby and C. B. Harris 

Materials and Molecular_Research Division, Lawrence Berkeley Laboratory 
University of California, Department of Chemistry 

Berke 1 ey, Cali forni a 94720 

ABSTRACT 

In several previous publications1,2,3 an exchange theory for 

vibrational dephasing, was developed in which the exchange phenomenon 

manifests itself as a temperature-dependent line ~roadening and frequency 

shift of the Raman or infrared transitions. The R~man spectrum of 

1,2,4,5-tetramethyl benzene has been found to exhibit this effect, 

and has been studied in detail in the C-H stretch region from II.SoK 

to 30QoK. This data is presented, along with an analysis using the 

Raman lir:eshape function obtained from exchange theory. The molecular 

parameters obtained are presented, and the results are discussed 

in terms of anharmonic coupling of high-energy C-H stretch modes with 

lower-energy methyl motions. The observations suggest that the simple 

model of a high-energy mode interacting with a sinqle low-energy mode 

is sufficient in thi~ case, and mechanisms are proposed to explain 

the observed couplings. 
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I. Introduction 

Vibrational spectroscopy of molecules in condensed phases and 

its interpretation i~ often rendered difficult by the numerous interactions 

present. A large body of theoretical work currently exists v~ich 
• 

bears upon this problem. The approaches most closely related·to the 

pre~ent discussion l -3, 5-28 all involve the use of a stochastic description 

of the physical processes which influence the lineshape. Whereas 

much of this ~ork .has addressed questions specifically related to 

the problem of vibrational dynamics in condensed phases, other treatments 

of energy transfer and dephasing processes 7- 10 , 22-24, 26 are also 

useful to u~derstanding vibrational spectra. In particular, theories 

originally developed for magnetic resonance7-9 and extended to electronic 
~ 

spe~troscopylO have been further expanded in our previous work l -3, 

and here are applied to a particular problem in Raman spectroscopy. 

A Raman line measured in a solid or. liquid contains contributions 

from population relaxation (Tl processes), dephas;ng (T2 processes), 

and inhomogeneous broadening; thus, the study of some pal~ticular interaction 

of interest may frequently be impeded by the presence of other effects. 

Experimental techniques such as stimulated Raman scattering using pico­

second pulses4,6 have been developed which allow th~ separation of Tl 

and T2 processes under certain conditions. Despite these successes, 

the picose~ond laser methods are limited in their applications to only 

those vibrations which exyibit stimulated Raman gain. 

Recently,1,3 it was demonstrated that the temperature dependence 

of spontaneous Raman scattering can serve as a powerful means for 

investigating detailed molecular dynamics when energy exchange between 
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coupled vibrational modes dominates the dephasing channels. Intermolecular 

energy exch~nge manifests itself as a temperature-dependeht change 

'in line\·iidth and peak frequency. In an Ecrlier publication,2 we presented ."' 

an analysis of one CH stretching Elode in 1,2,4,5-tetralilethyl benzene 

(durene), from which we were able to deterliline the dephasing mechanislil 

in detiil. In short, we were able to separate the lineshape into two 

components: a t'esidu,al linewidth and peak frequency present in the 

i oV.J-temperatu,e 1 imit, plus a temperature~dependent broadening and 

frequency shift cau sed by the exchange 
~ 

process. 

For-the exchangeph~nomenon to be an i'mportant factor in a lineshape, 

several conditions must be met~ For simplicity, we will assume that 

the lineshape to b~ studied is a high~frequency vibratibnal mode, 

although the discussion may readily be extended to other systems. 

Insofar as the vibrational motion can b~ regarded as a harmonic oscillator, 

excitations and relaxations of other vibrational modes do not affect 

its resonance frequency. In reality, however, the motion will contain 

anharmonicities which couple the given mode to other modes of the 

molecule. ' This coupling may cause significant shifts in the energy 

levels, in which case excitations and relaxations of the other modes· 

will modulate the resonance frequency of the mode of interest. If 

we restrict the discussion to the case of two intetacting modes, one 

of high ~requ~ncy and the other of low frequency, we will have an 

energy level scheme described by Fig. 1. 

If the energy needed to excite the low frequency mode (Eal is 

on the order of kT, thermal population and depopulation of the state 

labelled (0,1) will occur. This will cause the resonance frequency . , . 
.. , 

• 
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of the high-frequency ~ode to jump between two values, wand w + 6w. 

This physical situ(ltion can nm-! be treilted uS'ing exchange theo:"y.' 

The ~mportant paramete:"s for this prohlem are W+, the promotion rate 

fat th2 low-frequency mode; 6w, the frequency difference between 

the two transitions; and T, the lifetime of the low-frequency mode. 

The d~mensionless qua1tity 6WT allows the .three exchange regimes to 

be distinguished: (1) 6WT« 1, fast exchange; (2)6wT ~ 1, 
/ 

intermediate exch~nge; (3) 6WT » 1, slow exchange. In the slow exchange 

limit, the process of excitation ard relaxation of the 1m·j energy 

mode represents complete loss of ,phase memory. Iri this case, the 

transition rate W+ represents the true dephasing rate for th~ system 

and will be directly related to the linewidth. There will be two 

1 i nes appear i ng in the spectrum, at {;J and W + Ow. In the fast exchange 

limit, the excitation and de-excitation of the low frequency mode 

causes negligible loss of phase memory, and therefore one will observe 

a single line, with an effective resonance frequency between 

and w + 6w. The scattering rate, W+, does not represent the dephasing 

rate, and the 1 i ne\'li dth \I/i 11 reflect the presence of "exchange narrol'!i ng." 

In the intermediate regime, partial phase memory is retained in the 

scattering process, leading to a temperature dependence for the spectrum. 

As the temperature is increased, W+ will increase and result in a 

broadeni.1)9 of the line and a shift in resonance frequency. 

The usefulness of the distinction among slow, intermediate, and 

fast exchange arises from the fact that the quantity 6WT is easily 

measu~ed exp~rimentally from the temperature dependence of the spontaneous 

Raman spectrum. 
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In what follows. we will demonstrate that the systems wllich we 

have studie~ are i~ intermediate exchange, and that the exchange theory 

is sufticient to account for the ojserved te~perature dependence of 

the spectrum. We will pl~esent our results for five vibrational modes 

in durene, and show how those results suggest a somewhat surprising 

scheme for the coupling of high-frequency and low-frequency vibrations 

in this molecule. Finally, we will discuss some possible mechanisms 

for this coupling~ 
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II. Theoretical Sunarv 
-------.~ 

A careful, treatment of the theoretical asp2:t of the problem 

has been presented else\·lhere. 3 Here vIe \I.'i1 slH:;,i1:),rize the important 

features of thct,theory as they pertain to ~ ~e results we have obtained. 

The type of system to vlhich 'exchailge theory' is applicable can be 

described ir. terms of a three-part Hamiltor.:3n, J( =JCo +J(p +J(ex. 

The zero-order Hamiltonian, Xc, is associat d with the energy levels 

of the molecule;Xp, the perturbation Hamil Jnian, causes shifts in 
( , 

energy of the levels ofKo; and JC ex modulat· s the energy of the levels 

by impcsing a time dep~ndence onX p. Any f rmulation of exchange 

theory ~as as its goal the c~lculation of t: e autocorrc11tion function 

for fhe trensition of interest. Although s veral treatments of exchange 

theory exist,7-11 they share the common ass Tption that the exchange 

pro:ess can be described by a ~'iarkoffian P dam function of time. 

Under this assumption, we have shown that a treatment based on the 

use of coupled density matrices, and the ea', lier treatment of Anderson,S 

yield the same equatipn for the vibrational eutocorrel~tion function: 

= 1 ' exp t(iwv + ~) 
'V 

(1 ) 

where Wo gives the initial population distr jutian, Wv gives the 
'V '. ',.. 

transition frequencies, and ~ is derived Tr,ll the.transition rates. 

The form which the Hamiltonian must ta~e in o~r case can be seen 

by again referring to Fig. 1. Xo \,/i11 be a :Hrmonic oscillator 

Ha:TIiltonian, "'/hile JC'p may be obtained by eXi '3.nding th:; vibrational 
OJ 

potential as a power series. JCp \'Jill be th: c.nhurmo:1ic te~~d in this 
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expansion, namely: 

(2) 

where the Q's are the normal vibr~tional coordinates. Xp has the 

effect of shifting the levels dfX o and creating th~ frequency difference 

8w. ~inally, Xex causes transi~ions in the low-frequency mode, and 

is assumed to be a random function of time characterized by the upward 

trans it ion rate \;J+ , and the lifetime, T , of the upper state. 

~Jhen the ahove parameters are inserted in Eq. (1) and the Fourier 

transform is taken, the fo 11 m-d ng equati"on results for the'lineShape: 

I (w) = 

(3) 

where 00' = 00 - 000 - 800/2. 

In ~rder to describe the temperature dependence of 1(~), we assume 

that the 10'll frequency mode has a constant T over the temperature 

range studied, and from detailed balance vl+ is equal to 1/1" exp(-Ea/kT). 

Ea, the apparent "activation energy," corresponds to the energy needed 

to excite the lovl-frequency mode. That the assumption of constant 

T is correct can be readily verified experimentally, as will be shown 

below. Ih Fig. 2 the resulting temperature dependence of 1(00) is 

shown. Several points should be. borne in mind concerning this figure: 

(1) If T is sufficiently short, the small second peak in the low­

temperature spectrum will not be visible. (2) The assumption of 

constant T will break down at high temperatures. (3) The ir)luence 

·W 
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of higher harmonics will be important at higher temperatures. Because 

of condition ~, the cllaracteristic narrowing phenomenon expected at 

, high temperatures [';jay not be expel'imentally observable. Nevertheless, 

throughout the lO\'J temperature regime, Eq. (3) viiJl correctly describe 

the experimental lineshape. 

Near W = Wo one can ebtain approximate expressions for the lineddth 

and peak frequency: 

-' -1 12 

Her~ we have includpd additional, temperature-independent dephasing 

T2' -1 processes in the term Equations (4) and (5) ar~ valid only 

in t~e slow to intermediate (~WT ~ 1) exchange regime. These two 

(4) 

(5) 

equations predict a temperature dependence for both the peak frequency 

and the 1 ine\ddth. Both of these effects should exhibit the saIne 

activation energy, Ea, provided the range of validity of the approximate 

expressions (4) and (5) has not been exceeded. Plots of frequency 

and width vs liT should allow ~he evaluation of the important quantities 

, The important considerations for the experimentalist may be summarized 

as follows: (1) The presence of exchange is suggested by the occurrence 

of a broadening and a shift in frequency of alRaman line. (2) The 

assumption of constant T must be verified (as will be shown below). 

(3) I~ must be established that the system is in intermediate exchange. 

(4) Equations (4) and (5), or alternatively Eq. (3), can be used to 
. "' 

evaluate 6w, T~ and Ea. From the knowledg~ that 6w arises 1rom the 

I 
I 
I 
I , 

I 
I 
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Rnha~monic part of the vibrational potentiJl, it mQy be possible to 

draw conclusions as to the specific nature of the anharmonic coupling. 

The activation energy Ea tells which low-energy mod~ (or modes) of 
\ 

the molecule is responsible for the dephasing. 
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Ill. EXDerimental 

Yhe R3m~n spectru~ of l,2,4,5-tettamethyl benzene (se~ Fig. 3), or 

durene, V!o.s investigated in the C-H stretch region fro:n 2850-3100 cm- 1 

A polycrystalline sa:nple \'!as stud·ied over a range .of tempel~atures 

11.501( to 3QOoK. In' Fig. 3 vie repr,oduce2 the Rar7ian spectrum at the two 

extreme temperatures, shQI'Jing five lines vlhich strikingly exhibit 

the type of behavior 'tlhich makes them amenable to study by exchange 

t~eory. Additional spectra were taken at approximately 10 intermediate 

temperatures. 

The simplest means of data anal~sis, and on~ which frequently 

. gives satisfactory, results, is to plot the log of the linewidth and 

frequency shift as a function of inverse temperature. Such a plot 

will have a slope corresponding to Ea/kT, based on Eqs. (4) and (5) 

and the assumption that W+ = l!Texp(-E a/kT), I;lhile the y-intercepts 

in conjunction with Eqs. (4) a~d (5) can be used to evaluate ow and T. 

The defect in this procedure is that it depends upon the . 

validity of Eqs. (4) and (5), vihich are only accurate near w = woo 

A better method isto use the exact lineshape function given by 

Eq. (3), and to account for the residual low-temperature linewidth 

by convolution with a temperature~independent Lorentzian line. Again, 

\'/e assu17l.~ that the temperature dependence of the exchange 1 ineshape 

function can be contained in the factor W+. This approach results 

in an equation for the observed lineshape having five adjustable parameters 

(w o• ow. T, Ea. and the lo\'/ temperature linev;idth) and two independent 

variables (frequency and temperature). By a least squares fitting 
0\ 
.1 
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procedure using the ~xperimentally observed lineshape we were able 

to evaluate the parameters for ea~h of the five lines of interest. 

This data is presented in Table 1. 

F~nally, the apDl~cability of exchange theory will be supported 

if it can be shown from the observed data that the transitions are 

in intermediate exchange, i.e., that Oll.lT""l. This can be done quite 

easily, since the first term in (5) divided by the second term in 

(4) equals owi. This corresponds to taking the ratio of line broadening 

to the frequency shift for a given temperature. This qaantity h~s 

been plotted as a function of temperature for all five of the transiticl1s 

studied (see Fig. 4 and Reference 2), and the condition of intermediate 

exchange is verified in each-case. In addition, Fig. 4 confirms another 

important assumption mentioned above, namely that T is constant over 

the temperature range studied. Thus, the validity of our interpretation 

of these spectra is confirmed in two important respects. 

/ 
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Table. 1. Par~meters obtained from least-sauares analysis of tempera­
·ture-dependent lin~shape 'data. ' 

Raman Active 
C-H Stretch 

Wo (cm- I ) Il;ode 
Low Frequency Dehasing Channels 

Oephasing Mode Ei(cm- 1) .6w(cm-1) T(pS) 

a 2929.0 

b 2957.7 

c 2970.3 

d 2987.3 

e 3027.5 

-. 

B30 - Torsion 
oJ 

194±10 

229±21 
"-

BIg, Ag - Methy1265±6 
Rock 

B29' B3g 830' B29 Out-of- 341±13 
pTane 
r'lethyl Bend 

263 ±19 

,,' 

:t-13.5 

+10.5 

-24.2 

-20.6 

-21.2 

.\ 
] 

0.36 

0.86 

0.19 

0.25 

0.36 
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IV. P.esults and Discus:.ion 

Although the re~ults presented in Table 1 are intere~ting in 

their own right, it is more useful to attempt to interpret them in 

a ~ray \'!hlch sheds light on precis€:ly ~'/hich intel"actio:1s are importElnt 

dephasing mechanisms in thi~ system. The approach which ~e have taken 

is based on a compar i son of the observed act i vat i on energies (1 i sted 

in Tab1e 1) with the known low-energy vibrational spectrum of the 

molecule.2~ One remarkable fact emerges im~ediately: in four out· 

of five cas€:s, the activation energy matches, within experimental 

error, some low-energy motion of the molecule. This sugge~ts that 

the simple mqdel discussed above of a hig'h-freou2ncy mode t:oupied 

to a single low-frequency mode is in fact sufficicrt to account for 

the dephasing in many cases. 

While the simplicity of this result is attractive, it is important 

to consider what mechanism might be responsible for the observed couplings, 

and how the single-mode selectivity might be accounted for. Unfortunat~ly, 

the pursuit of thi~ question has been hampered by the lack of a full 

ass i gnment of thi s· region of the spectl"um,and therefore the conel us i ens 

to be dr-o:·:n here must be regarded as less secure than other aspects 
/ 

of this ~ork. Nevertheless, some assignments are well established30 

and do provide firm support for the interpretation we propose. 
". 

As ~as mentioned briefly in Section II, and discussed at length 

in the theoretical paper, the frequency difference 6w results from 

the anharmonic potential Xp (Eq. (2)). We have calculated the rela~ive 

imp6rtance of the lower order terms in this expansion~ and concluded 

l 

• 
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that terms of the form C .... Q?Q? make the most significant 
" llJJ 1 J 

contribution to ow. "This implies two things: Ol.ll may be eifher positive 
" "2 ? . 

Qt" negative; and Qi and Qj may have any symmetry (QiQj 1S ahiays 

total'ly symmetric). Any intra- Ol~ intermolecular interaction consistent 

wit~ the foregoing may, in general, cause vibrational modes to couple 

and to exhibit a ow. We would like to suggest two such mechanisms 

which could be in~oked to explain the couplings and frequency shifts 

which we observe. 

The most obvious mechanism which would couple two vibrations 

is a steric interaction. An illustration of this possibility in durene 

is shown in Fig. 5. As the adjacent methyl groups torsion about the 

C-C bond, the neighbo,ing protons closely approach one 'another, and 

\'Joul d be expected to interact strongly. Thi s woul d evi dent ly affect 

the frequency of the methyl C-H stretching modes, thus providing the 

type of tvJO-mode coupling vie hav~, outlined. An energy diagram for 

the torsional motion is shown in Fig. 6, the first excited torsional 

state being 197 cm-1 'above the ground state. This value of 197 cm-1 

should, according to exchange theory, manirest itself as an activation 

energy for the broadening and shift seen in the spectrum of the methyl 

C-H stretch. Our data for the C-H stretch mode at 2932 cm- 1 is shown 

in Fig. 7 and analysis of this data yields an activation energy of 

194 cm-l~ which agrees closely with the torsional frequency (197 em-I, 

Ref. 29). The fact that ow is positive indicates that a torsional 

excitation increases the energy of " the C-H stretch mode. 

In a sUbstituted benzen2 molecule, the electronegativity of the 

sUbstituents s-trongly affects the electron density in the ring. The 

(" 
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vibrational frequency of a proton attachedtb a substituted benzene 

ring depends on the distribution of electron density within the ring, 

and hence on the 'nature and location of the substituents. This fact 

\ suggests a second mechanism which m3Y be respOnsible for coupling 

the vibrational modes in durene; however, owing to the difficulty 

of calculating electron densiti~s invibrationally excited molecules, 

the following discussion i~ necessarily speculative. It is reasonable 

that the excitation of a vibrational mode in a molecule such as durene 

would.signifi~antly perturb the electron distribution in the ring. 

This would then aff~ct the frequencies of ,other modes, and, it should 

be noted, could shift them to either lower or hiyher energies, 
-

depending on the specifics of the situation. In durene, one would 

expect this mechanism to manifest itself most strongly in the case 

of the aromatic proton stretch, since these protons are in close contact 

\'lith the ring. 

In Fig. 8 \'le show our data for the aromatic C-H stretch mode 

in durene (3025 -cm- I ). Again, the temperature dependence exhibits 

the qualitative ,behavior suggestive of exchange, and a careful analysis 

yields a ow of -21.,2 cm- I and an ac~ivation energy of 263 cm- I .2:. 19. This 

activation energy does indeed match the energy of another mblecular 

mode, namely, the methyl rock at 282 cm- I . Thus we would s~ggest that 

an excitation of the.methyl rock at 282 cm-1 causes some change in 

the electron distribution in the ring, which in turn causes'a shift 

of -21.2 cm-1 in the frequency of the aromatic proton stretch. 

No such detailed explanations will be given for the last three 

modes we have analyzed, but the data is presented fo~ the sake of 
J 



<tl .... r 

- 15 -

completeness in Table 1. The important point to note is that in two 

out of three of these additional cases,the activation energies match 

with low-energy methyl motions. We anticipate that, given more detailed 

info~~ation concerning the interactions,present in this molecule, 

the couplings observed in these two cases could be described in terms 

similar to those I'le have d"iscussed above: Finally, similar studies on { 

isotopically mixed crystals should provide data \'/h"ich corroborates salient 

features6f the theory as \'/ell as indicating \olhere further development 

is necessary. Such experiments" are" currently in progress. 

". 
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v. Conclusions 

I~ this paper, w~ have presented ~n application of exchang2 theory 

tn vibrational spectroscopy. That energy exchange can make an imp6rtant 

contribution to a Raman lineshape is, of itself, a fundamentally important 

observatiOn. The data presented here strongly supports our belief 

that exchange theory is applicable to studying the broadenings and 

sh tfts \i·!e have observed. rljoreover, the use of -eh; s theory has, gi Ijen 

valuable insight into the couplings and interactions between vibrational 

degrees of fr~edo~ in this molecule, and a more or less co~plete 

pict,ure of the dephasing mechanisms VJhich are operable is emerging. 

In this particular application we have observed .the exchange phenomenon 

arising from a coupling between vibrational modes. The theory, however, 

is not restricted to this type of interaction; the transitions could 

be electronic or rotatio~al as well. It is therefore to be expected 

that many spectral lines will exhibit, to a greate~ or lesser extent, 

evidence of exchange. The presence of exchange should enable, through 

simple experimental means, the evaluation of important molecular paramet~rs. 

A. 
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Fi~ure C3ptions 

Fi9. 1. The four zero-order levels are shmm on the left. The 

perturbation, Xp shifts the relative energy of level (1,1). 

This results in hiO tranSitions. at ()) and w + ow. Ea, the 

"activation energy," is the energy difference between (0,0) 

and (0,1). 

Fig. 2. The temperature dependence of the exchange lineshape I(w), 

given by Eq. 3. The values of the parameters are: 

6w = 10.0 cm- I , T = 1.25 psec, Ea = 150 em-I. The temperatures 

shown are (1) lOooK, (2) 2500, (3) lOOOoK. 

Fig. 3. The Raman spectrum of 1,2,4,5-tetramethylbenzene at 3000K 

(top) and 1I.50K (bottom). The arrows indicate the direction 

and magnitude of the frequency shift for each line. 

Fig. 4. The points represent the quantity OWl, and are obtained by 

dividing the line broadening by the frequency shift. 

Fig. 5. These pictures illustrate the steric interaction resulting 

from the torsional motion of the two adjacent methyl groups. 

We have postulated that this steric interaction couples the 

torsional motion to the 2932 cm-1 methyl C-H stretch. 

Fig. 6. Erergy diagram for methyl torsion in d!.Jrene. The function 

exhibits three-fold symmetry, and the splitting bet\':een ground 

~and first excited state is 197 em-I. (Ref. 29) 

Fig. 7. (a) Linewidth vs T for the 2932 cm- 1 C-H stretch iri durene; 

on the left is the raw data, to obtain the points on the 

right we have subtracted a temperature-independent linewidth . 
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Th~ slope is approximately expon~ntial, as predicted by our 

theory. (b) Frequency'vs T for the sam? transition. 'Again, 

the data on the right was obtained by subtracting the zero­

temperature peak frequency. 

Fig. 8. Data for the 3025 cm-1 line, presented as in Fig. 7. 
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SPONT/\i\lEOUS RAMAN SPECTRUM: C-H STRETCHING REGION 
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RATIO OF THE TEMPERATURE DEPENDENT PORTION OF THE LlNEWIDTH AND FREQUENCY 
SHIFT IN THE RAMAN TRANSITIONS OF TETRAMETHYLBENZENE (DURENE) 
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ROTATIONAL TUNNELING IN 1,2,4,5 TETRAMETHYLBENZENE 
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TEMPERATURE DEPENDENCE OF RAMAN LlNEWIDTH 
FOR THE:: DURENE METHYL C -H STRETCH 

(Wvib = 2932 em-I) 
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TEMPERATURE DEPENDENT" RAMAN FREQUENCY SHIFT 
FOR THE DURENE METHYL C-H STRETCH 
- (Wv1b = 2932 em-I) 
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TEMPERATURE DEPENDENCE OF RAMAN LINEWIDTH 
FOR THE DURENE AROMATIC C-H STRETCH 

(wvib = 3025 em-I) 
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