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The presence of vibrational excitons in liquid benzene has been tested by the method of isotopic dilution. 
A C6H6/C6D6 concentration study on the infrared and Raman fundamental modes reveals that the umbrella 
(A 2u ) vibrational exciton in solid benzene retains its basic identity upon melting and at room temperature. 
The total liqUid excIton bandwidth is about 40 cm -I, practically the same as in the solid. This indicates an 
instantaneous local liquid structure similar to that of the solid (the C; crystal site symmetry is also nearly 
prese~ed), In general agreement with indications from other methods. The fastest nearest neighbor 
vIbratIOnal resonant transfer takes about I psec. The residual Iinewidth at isotopic dilution is 3-4 cm-I, 
whIch IS due to Inhomogeneous and/or homogeneous broadening. The respective overall reorientational 
and/or translational relaxation takes about 2 psec or longer. The exciton linewidth is proportional to the 
square root of the isotopic concentration except for a sudden break at some critical concentration. 

I. INTRODUCTION 

Liquid benzene has been a test case for studying 
"local structure." Attempts to study such "local order" 
or "reSidual structure" have been made with a variety 
of techniques, including x-ray diffraction by Narten1 

and earlier investigators, 2-4 sound velocity measure
ments, 5 light scattering and depolarization, 6-9 Raman 
(phonon) spectra, 10.11 NMR, 12 and (at least by implica
tion) dielectric relaxation and far-infrared spectra. 13 
We add here what we believe to be a very sensitive new 
technique-the vibrational exciton spectra. 

Liquid benzene has also been a test case for relaxa
tion studies, involving vibrational and reorientational 
relaxation, utilizing NMR, 14 NQR, 15 Rayleigh scatter
ing16.17 and Raman spectra. 18--20 We add here some data 
from infrared and Raman spectra. 

Resonant energy transfer and excitons in liquids are 
of major interest. One of us proposed21 the existence of 
vibrational excitons in neat benzene liquid, based on a 
preliminary infrared study utilizing the isotopic dilu
tion method for the confirmation of exciton assignments, 
as used in crystals. 21- 23 Since then a number of studies 
on resonant energy transfer, involving isotopic benzene 
solutions2o as well as chemical benzene solutions 24 
have appeared, as well as similar studies on oth~r neat 
and isotopic dilute liquids. 25 Theoretical studies on 
molecular excitons in liquids, 26-28 experimental studies 
on trapped Wannier excitons in liquids, 29 as well as 
many (implicit and explicit) studies on electronic exciton 
hopping in molecular liquids30-33 are also available. 

In our present study we show that the vibrational ex
citon interactions, which have been demonstrated in 
crystal benzene studies to be of an extremely short
range nature, 22.34-37 are very sensitive to the immediate 
environment of a given molecule in the liquid. As the 
motion (exchange) of some of these excitons is fast 
compared to the other molecular relaxation processes 
in the liquid, these excitons map out the liquid structure 
over a "microspace" and "microtime" interval. Our 
results are in agreement with the best available experi
mental1 and theoretical38 studies of the benzene liquid 
structure. In particular, we show that while most vi-

The Journal of Chemical Physics, Vol. 66, No. 11, 1 June 1977 

brational excitons in solid benzene lose their exciton 
character upon melting, at least one survives this phase 
transition with only minor perturbations. This is the 
umbrella (A 2u ) mode exciton. The respective resonant 
energy transfer rate is about 1 psec. Also, the local 
(instantaneous) liquid structure is quite similar to that 
of the solid. 

II. EXPERIMENTAL 

Isotopic mixtures of benzene and perdeuterobenzene 
were prepared by a weighing method. The concentra
tions of some of the samples were checked out by mass 
spectrometry. The benzene was thiophene-free analyti
cal reagent grade from Mallincrodt Chemical Works 
and the perdeuterobenzene was 99.5 at. % pure CeD6 ~b
tained from Merck, Sharp and Dohme of Canada Ltd. 
Neither was further purified. 

The infrared studies were carried out on a Beckman 
IR-12 with a resolution of about 1 cm-1 in the regions 
studied. The cell holder consisted of two copper rings 
with beveled edges standing out from the ring. The cell 
itself consisted of two KBr disks separated by a plastic 
spacer, with a sealing ring made of thin indium wire. 
The copper rings clamped down onto the indium wire. 
The liquid was inserted through a syringe (introduced 
through a cut in the plastic and sealed on the outside 
with indium). For the Azu mode the sample thickness was 
about 15-20 /1, while for the other fundamentals it was 
greater (about 25 /1 for the pure liquid and 100 /1 for 
the dilute liquid). 

The Raman spectra were obtained with a Coherent 
Radiation model CR-5 argon-ion laser and a Spex model 
1401 double spectrometer using either ~hoton counting 
or direct current detection. The 4965 A lasing line was 
used with the slits set in such a way that a bandpass of 
2 cm-1 was obtained. The samples were sealed in a 
capillary. All this work was done at "room" tempera
ture. 

III. RESULTS AND DISCUSSION 

Very often, the behavior and structure of liquids have 
been discussed in terms of a condensed gas model. We 
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FIG. 1. A 2u vibrational mode for C6H6 in isotopic mixed liq
uids of C6H6-C6D6• The concentrations (CA ) are given with re
spect to C6H6 (in mole fractions). Ambient ir spectra. 

believe, however, that at least for molecular liquids 
like benzene, and near the melting point, it is better to 
discuss the structure of the liquid in terms of a "dis
ordered solid" model. 

In a molecular solid like benzene, vibrational excitons 
are of importance. These effects have been well studied 
for benzene, in particular for the A 2u vibrational 
mode. 21.34.35 For a discussion on the development of 
cluster states in this mode see earlier papers from this 
group. 36.37 

While we don't expect exact long range symmetry in 
the liquid, on the short range, the relative positions of 
the molecules with respect to each other may be similar 
to those in the solid. If the vibrational exciton transfer 
is fast (on the order of 10-12 _10-13 sec), 21.34 it is ex
pected that these excitons will also be of prime im
portance in the liquid (especially when this "relaxation 
channel" is faster than all others). 

In the crystal, the spectrum of a vibrational transi
tion does not map out the vibrational exciton density of 
states. This is due to k selection rules, which are a 
consequence of the long range (translational) symmetry 
in the crystal. In a liquid, however, there is no long 
range symmetry and so in the spectrum of the liquid 
presumably the density of states of the levels involved 
in the transition is mapped out, as is the case for disor
dered solids. 23 However, the width of the pure liquid 
spectrum does not just reflect the width of the vibra
tional exciton band. The exciton bandwidth, even if it 

dominates, is broadened by two factors: (1) homoge
neous broadening due to molecular reorientational, 
translational, etc., relaxation; and (2) inhomogeneous 
broadening due to an inhomogeneous environment (these 
two effects are not completely separable). 

If the pure liquid is isotopically diluted (such as ben
zene diluted with perdeuterobenzene), the exciton band 
will shrink as in the case of a solid (see, for instance, 
Fig. 2 of Ref. 39, where the CPA calculated exciton 
band for solid naphthalene is shown). Thus, if the vi
brational exciton structure is a major contributor to
wards the bandwidth for a given transition, an appreci
able shrinkage of the spectroscopic band should be ob
served upon dilution. 

In Fig. 1, the spectra of the A 2u vibrational mode for 
liquid benzene are shown over a range of concen
trations. As benzene (CsHs) is diluted from 100% to 
0.6%, there is a sizeable decrease in the bandwidth 
corresponding to a shrinkage of the exciton band. This 
effect is better shown in Fig. 2, where the FWHH in 
cm -1 is plotted versus concentration. It can be seen 
that the FWHH is about 24 cm-1 at 100% and about 5.5 
cm-1 at 0.6%. 

A similar, though not as marked, effect is shown in 
Fig. 3 for the perdeuterobenzene A 2u band, over a range 
of concentrations. The difference in the magnitudes of 
the effect will be discussed below. 

In papers by Hoshen and Kopelman36 and LeSar and 
Kopelman, 37 the cluster formation in benzene is dis
cussed for the A 2u vibration in the solid. In the liquid, 
however, owing to the inhomogeneity of the environment 
of the molecules and/or motional broadening, no dis
tinct clusters could be observed. However, as the con
centration of benzene (C6HS) is reduced to 1% or less, 
the molecules will be (instantaneously) in essentially 
"monomer" states. Therefore, the spectrum of a vi
brational band of very dilute benzene will represent es
sentiallya single vibrational state, "smeared out" by 
homogeneous and inhomogeneous broadening. Since the 
pure liquid spectrum represents the exciton band 
smeared out by the same above broadening effects, the 
difference in width of the pure liquid spectrum and the 
dilute spectrum should give a good approximation of the 
exciton bandwidth. In this case, using the differences 
in FWHH (in cm-1) and multiplying by 2 (assuming quasi-

J: 
J: 
3 
u.. 

30 r-

o 0 

20f-

10 f-

o o 

o o o 
00 

O'--....... I.."...I ..... I ....... I.."...I ..... I~I~ I ....... I ....... I~ I 
0.9 0.6 0.3 0 

CA 

FIG. 2. FWHH vs concentration for the A2u mode of CsHs in 
mixed liquid CSH6-C6D6' The concentrations are the mole 
fractions of C6H6 in C6D6. From Fig. 1 spectra. 
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FIG. 3. A2u vibrational mode for C6D6 in isotopic mixed liquids 
of C6H6-C6D6• The concentrations (CA ) are given with respect 
to C6D6 (in mole fractions). Ambient ir spectra. 

triangular band shapes), the width of the pure liquid 
exciton band is found to be about 37 cm- l • 

In the crystal, the benzene and perdeuterobenzene 
Azu vibrational modes fall into the "separated band lim
it. ,,23 It can be shown that the energy second moment 
Y A (which is approximately the FWHH in the absence of 
selection rules) is given by YA = cy2yo, where CA is the 
concentration and Yo the second moment of the pure 
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FIG. 4. FWHH (1') vs the square root of the concentration C1'2 
for the A2u mode of C6H6 (A) in liquid solutions of C6H6-C6D6' 
Error bars are omitted where they approach the diameters of 
the circles. 

D(E) 

700 

FIG. 5. Schematic density of 
states for pure liquid C6H6 (after 
Hoshen and Kopelman36 • TO). 

sample. 23 This relationship is not so useful in the crys
tal, as the residual k selection rules prohibit the entire 
band from appearing in the spectrum. 23 In the liquid, 
however, one does see the entire band, so the equation 
should hold. In Fig. 4, the FWHH (y) is plotted versus 
Cy2. As can be seen in this figure, there is a definite 
break into two separate lines at about C A = O. 34 (i. e., 
C~/2 = O. 58). While it is difficult to quantitatively ex
plain this break, a few possible explanations will be 
discussed below. 

Both of the above lines extrapolate to about a 4.0 cm- l 

width at zero concentration (4.4 for the lower line and 
3.3 for the upper line, the discrepancy being within ex
perimental error). Using the value for the zero con
centration width as 4.0 cm-l and that for the pure liquid 
as 24 cm-t, this yields a result of (2 x20 = )40 cm- l for 
the width of the vibrational exciton density of states in 
the pure liquid. This result is a more accurate esti
mate than the previous 37 cm- l one, since it is derived 
from the extrapolation to C A = O. O. 

The cause of the break in the curve of Fig. 4 into two 
lines is not well understood. There are two possible 
explanations. The first is that above C A = O. 32 the pri
mary bandwidth is due to the exciton band but as the 
band shrinks the other broadening effects become im
portant enough to cause a marked change in width. In 
other words, at about 34% CaHa in CaDa one is going 
from one coupling case where the exciton effects domi
nate to another coupling case where the homogeneous 
and/or inhomogeneous broadening effects dominate. 
However, it is not then clear why the lower concentra
tions would also yield a linear relationship with Cy2. 

The Azu vibrational exciton band of CaRa is the broad
est of all the crystal exciton bands in both benzene and 
perdeuterobenzene.22.37 The bandwidths (Y) in cm-l for 
both the benzene and perdeuterobenzene infrared and 
Raman active fundamentals are shown in Table I for 
both pure and dilute liquid samples. As can be seen, 
not even the degenerate (E) modes have the same band
width as does the A 2u umbrella (1111 ) mode of CaRe. We 
note also the lessened width of the CaDa umbrella (Azu) 
mode. Hoshen and Kopelman3a calculated the vibrational 
exciton density of states for the pure benzene crystal 
and the bandwidth is shown to be up to 40 cm -1 (cf. Fig. 
5). It has been shown by Laufer and Kopelman34 that 
the width of the exciton denSity of states is very depen
dent on the exciton pairwise interaction energies. Since 
the width of the exciton density of states in the liquid is 
so close to that in the crystal (they are the same within 
experimental error), it can be concluded that the ex-
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TABLE I. FWHH (cm-1) for pure and dilute liquid benzene and perdeuterobenzene fundamentals (Raman, - 2 cm-1 resolution). 

v1 (aiz) v2(aiz) V6(C2r) v7(e2r) vs(e2r) v9(e2,,) vlO(e2r) V1 + v6(e2r) Vu (a2.) v18(e 1.) v19(e1.) 

CA(C 6H6) 

1.000 3.7a 13.0 8.5a 18.0 13.2 13.2 17.0 12.6 24.0 12.0 16.0 
0.052 3.6 12.6 _6.3b 16.5 9.6 7.8 ?e 5.7 6.9 8.9 9.4 
L:i 0.1 0.4 - 2.2 1.5 3.6 5.4 ? 6.9 17.1 3.1 6.6 

CB(C6D6) 

1.000 3.6 11.8 10.0 16.5 12.8 13.4 11.4 20.0 15.0 12.0 
0.089 3.5 10.6 8.3b 15.7 8.7 11.0b 10.2b 9.5 9.0 7.5 
L:i 0.1 1.2 1.7 0.8 4.1 2.4 1.2 10.5 6.0 4.5 

"Compare Ref. 59. 
!>Peaks fallon shoulder of large peak of the other isotope so there is Significant uncertainty. 
eCannot resolve due to neighboring C6D6 peaks. 

citon pairwise interaction energies are the same in the 
liquid as in the solid (the largest being M I.lII '" 3 cm-1 

for CaHa and - 2 cm -1 for CeDa). 35-37 

Since the pairwise interaction parameters are very 
dependent on the relative positions of the molecules 
and since the interaction energies are essentially the 
same, the short range (both in tim~ and space) struc
ture of the liquid is probably very Similar to that in the 
solid. In other words, the microstructure of the liquid 
should be nearly the same as the structure of the solid 
(see Fig. 6). (We notice that such pairwise interac
tions may change drastically with solid-solid phase 
transitions) . 

The conclusion that the microstructure of the liquid 
is similar to the structure of the solid is backed by the 
data of Narten, 1 who used x-ray diffraction and radial 
distribution functions, and Lowden and Chandler, 3a who 
used the reference interaction site model as well as 
supporting evidence from other studies. 12 Both these 
studies indicate that the nearest neighbors in liquid 
benzene, as in crystalline benzene, tend to remain per
pendicular to each other. 

The above does not mean that the liquid structure is 
"frozen, " nor that the "instantaneously frozen" struc
ture is identical to that in the solid. A variety of data 
indicates that things are different, and we shall limit 
ourselves to evidence coming from the vibrational spec
tra. While the crystal structure has an inversion site 
symmetry, 40-42 and the rule of mutual exclusion is 
strictly obeyed43 - 51 in the solid, this is not quite the 
case in the liquid, where there are quite a few excep
tions to this rule (even with ordinary instrumental sen
sitivity). The lowest energy eZu fundamental (v1a) was 
historically52 first observed in the Raman spectrum! 
On the other hand, it is about 30 times weaker than the 
(weak) e2K (va) fundamental (based on our data). Also, 
1'12 and V19 (e 1u) were observed by early investigators. 52 
Similarly, six gerade bands appeared in early infrared 
liquid spectra. 43 .44 We cannot, therefore, accept the 
argument by Zelano and King53 that the liquid effectively 
has an inversion center (they did not, however, push 
this point). On the other hand, based on the weakness 
of most bands that break the mutual exclusion rule, one 
can, of course, argue that the above data "confirm" the 

presence of an "average" C i site symmetry in the liq
uid, the exception being certain (atypical) Perturbed 
sites (like domain boundaries or defects in a crystal). 
Also, from all the Dah molecular symmetry elements 
only the center of inversion "survives" in the solid site 
(C i)' Thus the inversion is the only moleCular sym
metry element that is at all likely to survive in the liq
uid. However, an interesting question is whether any 
of the three benzene crystal interchange symmetries54 

(i. e., the three screw axes) survive. Strictly speaking, 
a loss of translational symmetry implies the loss of 
screw axes and glide planes. However, there may still 
be left a quasi-interchange symmetry, as in the case 
of dimers in doped crystals. 55 That the translational 
symmetry is lost is not only "intuitively obvious" but 
can be seen from a comparison of crystal and liquid 
spectra near the melting pOint. The A 2u mode is the 
safest test case as its Davydov splitting is larger than 
the "thermal broadening, " even close to the melting 
point. However, its "two pronged" sPectral density in 
the crysta137.51 changes into a Gaussian-like shape upon 
melting (Fig. 1). (The low energy shoulder due to a 
hot band is irrelevant to this discussion.) It is 

c 

Q = 7.37 A 
b=9.35 A 
c=6.77 A 

RIll =5.95 A 
RU II=5.76 A 
Ruv=5.00 A 

FIG. 6. Diagram of crystalline benzene viewed down the b 
axis. The RIJ are the center-to-center distances at 77 OK be
tween molecules i and j (from Ref. 48). 
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well known5s•57 that the observation of Davydov ("factor 
group") components in the crystal is a manifestation of 
selection rules due to the translational symmetry. Re
ports of "factor group splittings" in some molecular 
liquids have been discounted. 58 Again we emphasize 
that the Similarity in the energy density of states be
tween solid and liquid benzene does not imply a similar
ity in spectral density (i. e., the spectroscopically ob
served band shape). This distinction is analogous to 
that found when comparing energy and spectral den
sities of perfect and disordered crystals. 23 . 

That different fundamental modes have different line
widths in benzene liquid has been observed many 
times.59.18.19 However, whether this is caused by reso
nant-energy transfer or by other (i. e., translational
rotational) relaxation processes has not been clear. 
An empirical correlation between linewidth in the neat 
liquid and exciton bandwidth in the neat crystal may be 
suggestive, but not conclusive. Only isotopic dilution 
experiments appear to be conclusive in this context. 
It is still obvious, assuming a structural correlation 
between liquid and solid, that the prime vibrational band 
candidates for Significant resonant energy transfer in 
the liquid are those with a Significant exciton bandwidth 
in the solid (notwithstanding the exception discussed by 
Griffiths et al.). 20 ThiS, for instance, makes the 1178 
cm-1 band (eu , 1'9) the most likely candidate among the 
gerade fundamentals and the 992 cm-1 (au> 1'1) about the 
worst (based on crystal Raman splittings47). One also 
expects similar (though not identical) behavior for corre
sponding CsHs and CsDs fundamentals. The choice of 
the 1'1 (992 cm-1) modes as an object of study by Grif
fiths et al. was obviously unfortunate from this point of 
view. There is no observable narrowing in the CaDe 
component and only about an 0.7 cm-1 one for CsHe-too 
close for comfort both experimentally and theoretically 
(we obviously understand that in their comparative study 
their choice of this mode was predicated on the limita
tions in the novel picosecond spectroscopy method, 20 
and that their interpretation of the result is based on 
quasiresonance, i. e., intermolecular Fermi reso
nance58). We suggest that conclusive resonant transfer 
situations exist for those modes which (see Table I) 
show ~ ~ 2 cm-1 for both CsHe and CaDs, i. e., 1'8' 1'9, 

I'll' 1'18' and 1'19' This does not exclude a resonant 
vibrational energy transfer for other modes. 

The nature of the resonant energy transfer interaction 
("exciton interaction") is not obvious. The traditional 
interpretationso.25 using a transition-dipole-transition
dipole model is often suspect, and untenable for ben
zene (based on crystal wor~1-23). The short range 
repulsive part of the intermolecular potential might well 
play an important role in the benzene liquid (as in the 
crystal)el and in other liquids. 25 However, this problem 
is far from closed, and it may be worthwhile to collect 
empirically molecular pairwise resonant-energy-trans
fer interactions, as it has been done successfully for 
SOlids, a3 and as has been true over many years for 
molecular force constants. 

The residual width of the liquid band, obtained from 
isotopiC dilution experiments (Table I) and ideally from 

extrapolation to infinite dilution (Fig. 4) is the important 
quantity related to nonresonant relaxation. This resid
uallinewidth can be used as is only if one assumes that 
these relaxation processes are invariant to isotopic 
substitution (CeDs for CsHe). While this invariance is 
not exact, we feel that the contribution from the differ
ential masses and moments of inertia of CsHe and CaDe 
is probably inSignificant compared to the experimental 
uncertainty in linewidth (compare the phonon bands of 
CsHe, CaDs, and their mixtures B2 ). This "residual 
width" of isotopically dilute solutions therefore repre
sents a combination of both homogeneous and inhomo
geneous broadening. The value for the I'll band, about 
3 to 4 cm-I, is in reasonable proximity to values for 
other modes and to values arrived at by using different 
methods.14.1S.17.63-6S The values given in Table I for 
the most dilute concentrations (0.052 for CsHs, 0.089 
for CsDe) are rough values, owing to the preliminary 
nature of the data (low resolution, complications due to 
overlap, etc.) and are only intended as a general gUide, 
as our emphasis in this work was on the I'll (Aau) mode 
(note that the extrapolated, to C A = 0, linewidth obtained 
from Fig. 4 differs significantly from the 0.052 mole 
fraction linewidth in Table I). We just notice again that 
the contributions due to the inhomogeneity of the sites 
have usually been ignored. We expect the inhomogeneous 
broadening to be most sensitive to the nature of the ex
citation (mode), in close analogy to the value of the gas
to-crystal ("D") shift48•5o (Le., gas-to-liquid shift!). 
Another broadening effect to consider is intramolecular 
anharmonic interaction with the underlying vibrational 
denSity of states. This effect should be of importance 
only for the high frequency fundamentals (and even more 
so for higher combinations and overtone bands!), i. e., 
the C-H stretch modes. We notice indeed that I'a and 1'1 

are likely candidates for this effect. 

We come back, briefly, to the interesting "sudden 
break" of the linewidth with concentration, exhibited in 
Fig. 4 and mentioned earlier. (Our data show a simi
lar break for CaDs, at apprOXimately the same line
width, L e., higher concentration.) No analogous be
havior has yet been observed in solids (to our knowl
edge). However, one can predict it, qualitatively, if 
one considers a variation of the homogeneous broaden
ing effect (exciton-phonon coupling) with concentration, 
L e., excitation bandwidth. It is knowns7- e9 that homo
geneous broadening involves a different mechanism for 
localized excitons (dilute solid solutions) than for the 
extended excitons (neat solids). The transition from the 
latter case to the first one may happen over a small 
concentration range and cause the above anomaly. Al
ternatively, a detailed study of the "intermediate cou
pling case, " involving exciton-phonon coupling and its 
variation with exciton bandwidth (not assuming a change 
in the coupling itself), may also give such a result. 
This phenomenon deserves further study-both experi
mentally and theoretically, in solids as well as liquids. 

Finally, we notice that the 40 cm-1 total width of the 
liquid exciton band implies an overall resonance inter
action of roughly L,JMij = 20 cm-1 of a molecule i with all 
its neighbors j, L e., it 100ses71 its vibrational excita
tion to one of them in about72 0.3 psec. Assuming the 
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largest nearest neighbor pairwise molecular interaction 
to be the same as in the solid, one gets a 3 cm-1 inter
action or an "incoherent jump time" of about7s 2 psec. 
On the other hand, the "residual width" (at isotopic di
lution) of about 3-4 cm-1

, which is due to homogeneous 
and/or inhomogeneous broadening, gives a lower limit 
of reorientational and/or translational relaxation time 
of about7s 2 psec., in reasonable agreement with litera
ture values (see above). 14,16,17,63-66 

IV. CONCLUSIONS 

From our data it can be concluded that the width of 
the A2u exciton band in liquid benzene is about 40 cm-1, 

which is comparable to that of the solid. Thus the inter
action energies are nearly the same and the microstruc
ture of the liquid must be similar to the structure of 
the solid. 1 The much smaller residuallinewidth of the 
isotopically infinitely dilute molecules (3-4 cm-1, by 
extrapolation) is probably the quantity involved in the 
nonresonant relaxation processes, unless it is due to 
inhomogeneous broadening. In contrast, the 40 cm-1 

exciton bandwidth is a measure of the fastest "relaxa
tion" channel, i. e., the resonant energy transfer. The 
corresponding nearest neighbor pairwise molecular in
teraction is about 3 cm-1• The vibrational (A 2u ) resonant 
transfer rate is thus about 1 psec. 
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