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Absorptlon and Emission Spectroscopy of Benzene in Cryogenic Solutions. An Estimate 
of the Intermolecular Potential 
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Absorption and emission spectra for C6D6 in CHI, C 2 b ,  C2H4, C3H8, C3H6, ClH8, and NF3 between -90 and - 220 K are presented and discussed in terms of intermolecular interactions in the liquid state. These cryogenic 
liquid solutions are chosen because sharp, well-defined spectroscopic features for benzene can be discerned 
in these relatively simple systems. Gas-to-liquid shifts for both emission and absorption are characterized; 
the differences between the two are related to intermolecular F'ranck-cOndon shifts. The absorption line width 
is found to be constant as the temperature is increased while the emission line width broadens to the low-energy 
side as temperature is increased. A series of apparently reasonable assumptions can be made which subsequently 
allows one to obtain a shape for the intermolecular respulsive potential for ground-state benzene solute/ 
hydrocarbon solvent. The repulsive part of the potential function near the equilibrium position closely 
approximates a harmonic oscillator. If the potential were symmetrical about its equilibrium position, which 
of course, it is not, an intermolecular force constant of 3.4 X mdyn/A and a "phonon" frequency of 8 x 
10I2 s-' (-250 cm-I) would result. 

Introduction 
While the liquid state occupies only a small portion of 

the temperaturepressure phase diagram, it is probably the 
most important phase in terms of practical matters and 
experience. Nonetheless, unlike the situation for solids 
and gases, relatively few detailed high-resolution spectro- 
scopic studies have been reported for liquids; linewidths 
and congestion problems seem to have discouraged or 
foiled most attempts. We have demonstrated, however, 
that low-temperature liquids (i.e., N2, 02, CO, NF3, CH4, 
c2H6, etc.) are not only resonable solvents for a number 
of solutes (Le., c6&, C4H4, 0 5 0 4 ,  H2C0, SO2, and others) 
but also excellent spectroscopic hosts yielding well-re- 
solved, relatively sharp emission and absorption spectra.' 
Based on these observations, we have attempted to analyze 
such data as absorption and emission line widths and their 
temperature dependences, gas-to-liquid shifts for absorp- 
tion and emission features and their temperature depen- 
dences, FranckXondon shifts for absorption and emission 
features and their temperature dependences, as well as 
other results in terms of microscopic details of liquid 
structure and dynamics. 

Many studies of liquids have taken place over the years: 
including X-ray scattering, neutron scattering, light- 
scattering spectroscopy, and theoretical modeling. The 
difficulty in dealing with the liquid state is twofold: 
characteristic time and energy scales. For a gas, the scales 
are collision time, mean-free path time, and (potential 
energy/kinetic energy) <<l. Processes occurring on times 
shorter than collision times are in the microscopic mo- 
lecular regime and processes occurring on time scales 
greater than the mean-free path time are in the macro- 
scopic (continuum or hydrodynamic) regime. For the solid, 
the time scales and energy ratios are reversed; the potential 
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energy is much greater than the kinetic energy. For the 
liquid state, however, no such limiting conditions seem 
appropriate for the separation between time and energy 
scales. Thereby, it would be important to generate from 
spectroscopic data, where possibIe, some estimates of 
various parta (Le., repulsion, attraction, dispersion, etc.) 
of the liquid-state intermolecular potential. In this work 
an estimate of the intermolecular potential for small 
molecule hydrocarbon liquids, as probed by the 'BZ, - 
transition of benzene, is presented. In another paper, 
some estimates of kinetics and energy dynamics behavior 
will be discussed for similar systems. 

In the experiments reported in this communication, 
electronic absorption and emission spectra of the 'B, - 
lAlg transition of benzene are studied as a function of 
solvent (CHI, C2H6, C2H4, C3H8, C3H6, C4H8, NF3) and 
temperature (90 I T I 220 K). Probing these cryogenic 
liquids composed of small simple molecules with a mole- 
cule as well known and studied as benzene has enabled us 
to circumvent the usual problems associated with broad 
unstructured liquid-state spectra. Other probe or solute 
systems with different geometrical and electronic structure 
(i.e., C4N2H4, CJ-16CH3, CJI8) allow different aspects of 
solution energetics and kinetics to be in~estigated.~ 

It is observed that in low-temperature hydrocarbon li- 
quids the lifetime of the 'Bh, excited state of benzene is 
of the order of lo-' s,S while the solvent relaxation time 
is of the order of 10-11-10-12 s. Emission from benzene in 
these solvents therefore originah from the excited inter- 
and intramolecular equilibrium configuration. This ex- 
cited-state equilibrium configuration is different from the 
ground-state equilibrium configuration due to the differ- 
ence between the interaction of the benzene 'Al, and 'B, 
electronic states with the surrounding solvent molecules. 
Absorption, of course, originates with the ground-state 
equilibrium configuration. Both processes, however, end 
on the appropriate Franck-Condon part of the respective 
terminus state (a "vertical transition"). The difference 
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Flgurr 1. Experimental setup for absorption and emission: HGS, 
harmonic generator and separator; WEX, wavelength extender which 
doubles the frequency of ouput of dye laser; L1, L2,5oCm focal lew 
Suprasil lenses; P. Pellin &oca prism; SC, sample cell; L, xenon lamp 
for absorptbn experiment; L3,l-h. focal length Suprasll cokting lens; 
L4, lOcm focal length lens; RC, Raman shifter high-pressure H, call 
(270 psi &); Mon, lm scanning monochromator; PM, photon muttipiler 
tube RCA C31000M; PC, photon-counting system; BI, boxcar inte- 
grator. 

between liquid-state emission and absorption energy for 
a series of similar solvents can be employed to map out 
parts of the ground-state intermolecular potential surface. 
Such data may also be useful in the elucidation of the 
structure of the solvent sphere or cage surrounding the 
probe molecule. 

Specifically, this report will discuss how different sol- 
vents affect the emission and absorption spectra of the 
benzene-d6 solute, why there are differences in the line 
broadening for absorption and emission vibronic features 
as a function of temperature, and how one can approxi- 
mately map the repulsive part of the intermolecular po- 
tential for the ground-state benzene/small molecule hy- 
drocarbon solvent interaction from the observed data. 

Experimental Section 
Samples are prepared from c&)6 (Aldrich Gold Label), 

further purified by reaction with potassium in a vacuum 
line and distilled through low-temperature molecular sieve, 
and the highest attainable commerical purity solvents. 
Solvents are further purified by vacuum distillation 
through low-temperature molecular sieve and activated 
charcoal, as previously detailed in ref 1. Samples are 
premixed in a 7-L stainless steel can; concentrations are 
calculated from known volumes and vapor pressure curves. 

The sample cell is a 3.8-cm pathlength 15-mL volume 
stainless steel container with Supracil quartz windows. It 
is cooled by a CT1 350 cryogenic mechanical helium re- 
frigerator. Temperature is controlled by a diode sensor 
and a heater placed at  the base of the cold station of the 
refrigerator. 

For an absorption experiment, filtered xenon lamp light 
is passed through the liquid sample, dispersed by a 1-m 
monochromator with a 2400 groove/mm grating, and de- 
tected by an C3100M photomultiplier tube operated in a 
photon-counting mode. Emission is generated by directly 
exciting the lBzu state with output from a doubled, Ra- 
man-shifted (270 psi HJ NdYAG pumped rhodamine 610 
dye laser. This combination produced roughly 1-2 mJ/ 
pulse at  2650-2550 A. A Pellin Broca prism separates the 
various overtones from the Raman cell. The first stimu- 

C2H6 
150K 

CH4 
120K 

2500 2600 a 
Flgure 2. Absorption spectra of CEDE in various solvents and at dif- 
ferent temperatures. Also shown in CAE at two different temperatures 
indicating that the line width is insensitive to the temperature change. 

lated anti-Stokes frequency is passed through the cell 
unfocused. This configuration is depicted in Figure 1. 
Fluorescence is dispersed and detected as indicated above 
for absorption. The output of the photomultiplier tube 
is processed by a boxcar averager (PAR 162/164). The 
signals from the boxcar are further analyzed by an HP 
98459 desktop computer. 

Results 
The absorption and emission spectra of C6H6 and C6D6 

are in all respects identical in each solvent used except for 
a constant electronic state shift and the well-knwon usual 
vibrational isotope effect. Only the C6D6 results are re- 
ported in this discussion as this solute was investigated 
more extensively due to its potential usefulness in ener- 
gy- transfer experiments. 

Figure 2 shows the absorption spectra of C6D6 in various 
solvents. It is also evident from this representation that 
the absorption line width is independent of temperature. 
However, Figure 3 presents data which clearly demonstrate 
that the situation is quite different with respect to the 
temperature behavior of the emission spectra of C6D6 in 
these solvents. The increase in emission line width with 
increasing temperature is mainly due to an unsymmetrical 
broadening to the low-energy side of each emission feature. 
This broadening occurs at the lowest concentration em- 
ployed (0.3 ppm) indicating that the effect results from 
a change in the environment of a single solute molecule. 

Exciting different vibronic bands of the lBzu state and 
different parts of particular features, including the 0-0 
transition, always results in an identical spectrum. Ex- 
citation at  energies lower than the 0-0 transition results 
in no fluorescence whatsoever. It can be concluded from 
these data the fast intramolecular vibrational relaxation 
takes place to the zeroth vibrational state of lBzu from 
which all emission originates. The main emission pro- 
gression from this state is 6y1: (n = 0, 1, .-) with molecular 
Franck-Condon maximum at n = 1. 

Tables I and I1 summarize these results and give 
emission and absorption gas-to-liquid shifts and line widths 
as a function of temperature. 
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Flguro 3. Fluorescence spectra of C,D, In (a) Cd,  and (b) CSH, at 
varlous temperatures. At the hlgher temperatwe the line wldth 
broadens and the broadenlng is malnly toward the lower energy slde 
of the feature. 

TABLE I: C,D, lBZU + lA lg  Transition in 
Various Solventsa 

absorption emission 

gas-to- gas-to- 
liquid liquid 

0-Ob ( *  20) shift 0-Oc (* 20) shift 

C,D,/C,H, 38010 279 37891 398 
C,D,/C,H, 38036 253 37940 349 
C,D,/C,H, 38019 270 37950 339 
C,D,/C,H, 38042 247 37984 305 
C,D,/CH, 38112 177 38080 209 
C,D,/NF, 38 236 53 38228 61  
Absorption 0-0, gas-to-liquid shift in absorption, and 

gas-to-liquid shift in emission. All energies are given in 
cm-l.  Gas-phase value of the C,D, 0-0 is 38 289 cm-'. 
C. S. Parmenter, A d a  Chem. Phys., 22, 365 (1972), and 
this experiment. Calculated from observed 6;. Calcu- 
lated from observed 6:. 

Discussion 
Electronic transitions of molecules in solution are dif- 

ferent from those in the isolated molecule due to the 
presence of a "coordination sphere" or "cage" of solvent 
moleculeg surrounding the molecule of interest. According 
to the Franck-Condon principle, electronic transitions 
occur on such a short time scale that nuclei of the solute 
and solvent can be considered to be stationary over the 
time duration of the process. The configuration of the 
excited 'B2? and ground IA1 solute/solvent equilibrium 
states are different due to t i e  difference in the 'B, and 
IA1, solvation energies. This situation is illustrated 
schematically in Figure 4. One can thus regard the ab- 
sorption process for benzene in solution as consisting of 
an electronic promotion from the ground equilibrium state 
VAlg in the minimum energy solvent cage configuration 
for a given temperature) to the excited Franck-Condon 
state ('Bzu in the same configuration solvent cage). Fast 
solvent relaxation (lO-lLIO-ll s for a diffusion constant of 
10" cm2/s) brings these excited (Franck-Condon) state 
systems to the excited equilibrium configuration in roughly 
10-6-104 'Bzu solution lifetimes. The long lifetime of the 

C,D,/l-C,H, 37986 -303 37862 -427 

TABLE 11: Emission Line Width of the C,D, 6: 
Transition in Various Solvents and at 
Different Temperature@ 

diff between half-height 
and position max 

higher lower 
T / K  line width energy energy 

C6D6/C3H8 
90 221 87 140 

165 
205 

90 
150 
180 

110 
140 
172 

331 114 217 
529 157 372 

192 70 122 
245 105 140 
331 114 227 

238 91  141 
246 99 147 
340 137 207 

C 6 D 6 / C 2 H 6  

C6D6/C2H4 

All values are given in cm-'. 

EXCITED F-C STATE 

EXCITED EQUILIBRIUM STATE 

ABSORPTION FLUURESCENCE 

& GROUND F-C STATE 

GROUND EQULlBRlUM STATE 
Flgue 4. Qround and excited Franck-Condon and equlUbrlum states 
in the sobent. Wavy lines represent intermolecular solvent relaxation. 

'Bk state3 (lo-' 8 )  in these solutions thereby ensures that 
emission originates from the excited equilibrium confii-  
ration. In like manner the ground Franck-Condon state 
and not the ground equilibrium state is the final state 
resulting from the emission process. Subsequent solvent 
sphere relaxation takes place on the 10-lLIO-ll s time scale 
to return the system to the ground equilibrium configu- 
ration. It is further quite likely that the intramolecular 
vibrational relaxation takes place on a similar time scale. 

The observation that absorption line widths are tem- 
perature independent while emission line widths increase 
to the low-energy side with increasing temperature can be 
used to generate a semiquantitative estimate of the in- 
termolecular potential in the ground configuration. Figure 
5 presents a diagram which demonstrates this argument 
with a plot of the various potelitid functions with respect 
to an averaged intermolecular coordinate. For simplicity 
only the zero vibrational levels and one quantum of the 
Y6 levels in each electronic state are shown. The above line 
width resulta uniquely fu the qualitative relative positions 
of the two intermolecular surfaces. Thus, based on a 
Boltzmann distribution in either 'BzU or IAl, state prior 
to any radiative transitions and the Franck-Condon 
principle, one can obtain information on the upper surface 
from the absorption data and information on the lower 
surface from the emission data. 

Since benzene is a nonpolar molecule in both electronic 
states, the induced dipole-induced dipole interaction be- 
tween it and surrounding solvent molecules can be taken 
as small. Moreover, absorption and emission gas-to-liquid 
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AVERAGED INTERMOLECULAR COORDINATE 

Flguro 5. Potential energy diagram as a function of averaged lnter- 
molecular coordlnate. For slmpilclty only 6; absorption (-) and 6; 
emission (-0-0-) are shown. (*+) represents the nonradlatlve 
Intramolecular vibrational and Intermolecular solvent relaxation. r: 
Is the equlblm-averaged intermdecular coordlnate for the mlnhum 
potential energy In the grounhtate potential. r: Is the equilibrium 
averaged htermoledular coordinate for the minimum energy in the 
exdted-state potential. It is assumed that the lntenndecular potential 
has the same form In the ground and excited states. The only dlf- 
ference between them Is the relative shift in position of the minlmum 
potential point. I t  Is twther assumed that the vibrationally excited 
mokarler state h ellher electronic state (la., A,g and B& has the same 
Intermolecular potential function. (E, - E,) represents the transitlon 
energy of the absorption 0-0. (E, - E,)  represents the transitlon 
energy of the emission 0-0 peak. Since It I$ assumed that lntermo- 
Iqculer potentiel has a steep repulsive part and a smooth slowly rishrg 
long-range attractive part, one obtains (E,  - E,) >> (E, - E3). The 
FrandcCondon SMtt thus can be simplified as A&= N E ,  - E,. Zero 
point energles have been omitted for slmpiicity In this presentation. 

shifta for solvents that have no dipole moment (CHI, C2&, 
C2H4) and those that have a dipole moment (NF3, C3Ha, 
C3&, C4H& seem to follow the same general trends. These 
changes seem best correlated with polarizabilities (l/p[(n2 
- l ) / (n2 + 2)] in which p is the density and n is the re- 
fractive index of the solvent) rather than solvent dipole 
moment (see Figure 6). 

In the ensuing discussion we therefore make the fol- 
l o h g  simplifying assuniptions: (1) the intermolecular 
potential has the same form in the ground and excited 
states. The only difference between the two potentials is 
the relative position of the minimum potential point, that 
is, re (excited-state equilibrium position) # rs (ground-state 
equilibrium position); (2) vibrationally excited molecular 
states (ue in particular) in either electronic state have the 
same intermolecular potential function as do their re- 
spective vibrationless electronic states. While this latter 
condition may be weakly violated for large amplitude 
bending modes it should be reasonable for stretching 
modes like ug. 

With these assumptions one concludes that the 
Franck-Ccmdon portion of the upper potential, accessed 
by absorption, must be relatively flat. Likewise, from the 
emission spectrum one concludes that the corresponding 
Franck-Condon accessed portion of the ground-state po- 
tential must be quite steep. Since it is generally well 
established and accepted that the intermolecular potential 
has a steep repulsive part and a relatively flat, long-range, 
smooth attractive part, the minimum point for the upper 
surface must lie at a smaller intermolecular separation r 

The Journal of Physical Chemistry, Vol. 86, No. 18, 1982 3809 

r-----l 

Flgw 8. Plot of absorptkn gas-Wiquld shifts (X) and Franck-Condon 
shifts (0) of CeDe In varbus solvents as a functlon of the polarlzablilty 
of the solvents. 

than the lower surface (re C rg).  
It  is known6 that the excited lBBu state of benzene is 

somewhat (-0.08 A) larger than the lAl, ground state. 
Hence, benzene has a larger polarizability in the 'Bh state 
than in the lAIK ground state, as its K electronic structure 
is more diffuse or extended. The reduction of the average 
equilibrium intermolecular normal coordinate from rk to 
re it thus consistent with the expanded size and polariza- 
bility. The attractive long-range dispersion forces must 
therefore increase more than the repulsive forces in the 
excited state. Figure 5 depicts this situation for the above 
assumptions and conditions. 

In order to place these ideas on a more quantitative 
footing, we turn now to a detailed quantum mechani- 
cal/macroscopic treatment of solvent effects presented by 
McRae! McRae has given expressions for the gas-to- 
liquid solvent shifts for both absorption and emission 
based on electrostatic interactions. Extending the calcu- 
lations to second order, we can derive eq 1 and 2 for the 
gas-to-liquid shifts for the transitions between the ith 
excited state and the ground state. While McRoae's paper 
A'vio(absorption) = 

should be consulted for a detailed elaboration of the de- 
~ _ _ _  

(5) J. H. Callomon, T. M. Dunn, and I. M. Mills, Phil. Trans. R.  Soc. 
(London), Ser. A ,  259,499 (1966). 

(6) (a) E. G. McRae, J.  Phys. Chem., 61,562 (1957); (b) N. S. Bnyliss 
and E. G. McRae, ibid., 58, 1002 (1954); (c) See also: A. T. Amos and 
B. L. Burrows, Ada Qwntum Chem., 7,289 (1973); M. J. Saxton and J. 
M. Deutsch, J. Chem. Phys., 60,2800 (1974). 
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Aijio(emission) = 

Li et al. 

of eq 1 and 2 are the same for emission and absorption. 
Therefore, a in eq 2 must represent a smaller value than 
a in eq 1. Physically this means that the transition dipole 
moments of a solute molecule polarize the surrounding 
solvent shell and thus the equilibrium benzene/cavity 
distance for the excited state is smaller than for the ground 
state. This implies that the excited ‘B2,/solvent interac- 
tion is more attractive then the lAlg/solvent interaction. 
Thus for emission a’ = re and for absorption a = rg.  

Assuming that Lji can be represented or approximated 
by a constant (L,, = Lo = 1000 A)s and that there exists 
a linear relation between the factor (n;? - 1)/(2ni? + 1) 
and the frequencies ij? for different solvents, one may 
calculate two cavity sizes from the experimental deter- 
minations of Aijio(absorption) and Aijio(emission). These 
results are listed in Table 111. Since the calculation of a 
and a’ is based on McRae’s assumption of a benzene/cy- 
clohexane cavity radius of 3 A, a and a’ values in Table 
I11 should be considered as relative values only. Thus, (a 
- a ? / a  values should be reasonable even for the non- 
hydrocarbon solvent NF,. In this manner, the relation 
between gas-to-liquid shifts and polarizability (Figure 6) 
has been converted into a continuous relation between 
gas-to-liquid shift and cavity size. 

Moreover, the difference between the emission and ab- 
sorption frequency Ai$, can be seen to be almost entirely 
due to the ground-state surface (Figure 5). In other words 

A l ~ c  9 IAij(emission) - Aij(absorption)l 

(E1 - Eo) >> (E4 - E31 
AijFChC N (E1 - Eo) 

It is therefore possible to construct the ground-state 
repulsive intermolecular potential from the A-m values for 
different solvents and the percentage changes in the in- 
termolecular averaged normal coordinate (a - aq/a. This 
repulsive surface is plotted in Figure 7 along with a 
quadratic potential for reference. This plot is, of course, 
based on the assumption that the intermolecular inter- 
actions have the same form throughout the C,H, series, 
that is, only cavity size varies to a first approximation from 
one solvent to another. 

The empirical form of the composite normalized (re- 
duced) “surface” is given by E = 804xl.’ with x in A and 
E in cm-’, based on a value of a = 3 A and the potential 
energy normalized to the potential minimum of benzene 
in cyclohexane.6 This surface gives some qualitative 
measure of the change in energy with intermolecular co- 
ordinate in the ground state. The surface is not symme- 
trical; the attractive part of the potential at  x > rg is likely 
much less steep. If this potential is folded symmetrically 
about r , however, the value of the force constant is 3.2 X 

m&n/A and the corresponding harmonic frequency 
is 8 X 10l2 s-l or -2250 cm-’. These figures give some 
qualitative measure of what such a potential means in 
terms of more chemical parameters. 

If re > rg, the above analysis would predict that ab- 
sorption features would broaden with increasing temper- 
ature. This broadening would then appear on the high- 
energy side each feature. In such circumstances the 
emission would change little with temperature. In the 
discussion of intermolecular potentials in room tempera- 
ture liquids by Sverdlova et al.,’ the increase in molecular 
size of benzene in the excited lBpu state is interpreted as 
generating an increase in the repulsive forces only. This 
eventually leads to a larger value of the intermolecular 

rivation and physical meaning of these terms, we define 
the symbols and briefly consider some of the terms in the 
above expressions that are pertinent to the experimental 
results. In eq 1 and 2 the symbols are defined as follows: 
u represents solute, v represents solvent, 0 indicates the 
ground state and i, j means the ith and j th excited states, 
ijyi is the energy difference in wavenumbers between the 
ith and j th excited state of solute molecule, i.e., ijyihc = E, 
- Ei (E, and Ei are the j th  and ith excited electronic state 
energies of the solute molecule respectively, Lji is the 
weighted mean wave length defined by 

ij:o is the energy difference in wavenumbers between the 
ath excited and ground state of the solvent molecules, Woo 
is the transition dipole moment of the solvent molecule 
from the ground state to the ath excited electronic state, 
nji is the refractive index of the solvent at frequency F>c, 
no is the refractive index of the solvent at  frequency zero, 
D is the static dielectric constant of the solvent, wi is the 
permanent dipole moment of the solute molecule in the 
ith excited state, aj’ is the isotropic polarizability of the 
solute molecule in the ith excited state, at is the isotropic 
polarizability of the solute molecule in the ground state, 
and a is the radius of the cavity in which the solute 
molecule resides. 

In the case of a nonpolar solute it is only necessary to 
consider the first term in these equations which represents 
the general solvent red shift due to the interaction of in- 
duced dipole moments of the solvent molecules with 
transition dipole moments of the solute. Recall that the 
relatively small solvent premanent dipole moments seem 
not to play a proinent role in the gas-to-liquid shifts 
characterized for benzene. From eq 1 and 2 one obtains 

Aijio(absorption) = Aijio(emission) (3) 

if it can be assumed that the “cavity” radius a does not 
change for the overall emission/absorption process. 
However, the results of these experiments clearly point to 
a difference between the 0-0 absorption and emission 
features in all solvents studied. In order to explain these 
results within the context of McRae’s theory, one must 
reconsider the meaning of a and whether or not it should 
be treated as a constant. 

In all cases, the data yield 
I Aijio(emission) I > I Atio(absorption) I 

with both shifts negative. All parameters in the first terms 
(7) 0. V. Sverdlora and N. G. Bakhshiev, Opt.  Spectrosc., 42, 163 

(1977). 
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TABLE 111: Summary of the First Excited Singlet Transition of C,D6 Parameters in Various Solvent8 

A ~ ~ , , , ~ , ~ ( a b s n )  AT, 2 u  A IP (emissn) AFFC n0 (I a' (a - a')/a, % 

- 177 
247 
270 
253 
279 

l-C,H, 303 

CH, 

C,H, 
CZH, 

NF3 53 

'ZH6 

C3H6 

- 209 32 1.285 3.29 3.11 5.47 
305 58 1.377 3.16 2.95 6.64 
339 69 1.290 2.87 2.66 7.32 
349 96 1.366 3.11 2.19 10.23 
398 119 1.357 2.99 2.66 11.03 
427 124 1.396 2.99 2.67 10.81 

61  8 1.188 4.39 4.19 4.55 
Reported are absorption 0-0 gas-to-liquid shifts (ATBzUAlg( absn)), emission 0-0 gas-to-liquid shifts ( ArBzu,lg(emissn)), 

Franck-Condon shifts ( A T F ~  = A T ~ ~ , , ~ ~ ~ ( a b s n )  - AT~, ,~ ,~(emissn) ) ,  solvent index of refraction ( n o ) ,  ground- and excited- 
state cavity radius ( a  and a' ,  respectively. All calculations are based on Lo = 1000 A and a benzene/cyclohexane cavity radi- 
us of 3.0 A ., All energies are given in units of cm-' and all distances are given in A .  

200 

AT 
cm-1 

IO0 

5 IO 15 % 
0' 

9 

Figwr 7. Repulsive Intermolecular potential of the benzenelsolvent 
systems. The polnts (0) represent the projectbn from equlibrium 
excited state to the grwnd-state potential. (-) represents the best 
fltwlththeassumedformoff=Bxx"[B~804cm-'andn~ 1.71. 
(---) represents the best fit of quedratk form, E = B'x2 wlth 8' = 970 
cm-' . 
separation (re > rJ in their view. Clearly this interpre- 
tation is inconsistent with the data presented in this study. 

Finally, this calculation of a and a'is based on the lim- 
iting case of both solvent and solute molecules with zero 
permanent dipole moment. In cases for which this is not 

a resonable approach, other terms in eq 1 and 2 would need 
to be considered. In particular, polar solutes, nr* tran- 
sitions, and potential hydrogen-bonding situations would 
render much of our analysis invalid. 

Summary and Conclusion 
In these experiments dissolved benzene molecules are 

used to probe the microscopic structure of simple cryogenic 
molecular liquids. It has been demonstrated that with 
certain simplifying assumptions, molecular spectra can be 
used to generate useful information concerning ground- 
and excited-state intermolecular potential functions. The 
repulsive potential for the ground-state benzene/ hydro- 
carbon solvent system has been constructed from AZFc 
values for different solvents, since re < rg in this case. Fast 
intermolecular and intramolecular vibrational relaxation 
bring the excited state to the equlibrium configuration. 
Change in the average cavity radius between the ground 
and excited states is 510% in most hydrocarbon solvents 
studied. The different behavior of absorption and emission 
features as a function of temperature is explained on the 
basis of the relative positions of the two intermolecular 
potential surfaces and the different slopes of these surfaces 
for repulsive and attractive parts of the potential. This 
analysis applies to the simplest case of nonpolar solvent 
and solute and molecules. 
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The ultraviolet absorption cross sections for Nz06 are presented for wavelengths between 200 and 380 nm and 
for temperatures between 223 and 300 K. The absorption spectrum above 290 nm shows a pronounced 
temperature dependence. 

Introduction 
Dinitrogen pentoxide, N205, may be a significant res- 

ervoir for stratospheric nitrogen oxides, especially at  night 
and in the polar night. The room-temperature ultraviolet 
cross sections for N206 were reported between 285 and 380 
nm by Jones and Wulf,' between 210 and 290 nm by 
Johnston and Graham: and between 205 and 310 nm by 
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Graham.3 This study reinvestigated the absorption cross 
sections 

u = (In lo/l)(N&)-l  (1) 
where N6 is the concentration of N206 in molecules cm-3 
and L is the optical path in cm, as a function of temper- 

(1) E. L. Jones and 0. R. Wulf, J.  Chem. Phys., 5, 873 (1937). 
(2) H. S. Johnaton and R. A. Graham, Can. J. Chem., 52,1415 (1974). 
(3) R. A. Graham, Ph.D. Thesis, University of California, Berkeley, 

1975. 

0 1982 American Chemical Society 


