Calculation of the Absorption Spectrum
of Benzene in Condensed Phase. A Study
of the Solvent Effects
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ABSTRACT: The red shift of the first absorption band of benzene in the condensed
phase is calculated. The solid-phase calculations are performed using the experimental
crystal structure. For the liquid two different approaches are considered. One is the
herringbone structure suggested by X-ray experiments, and the other uses supermolecules
generated by Monte Carlo simulation. Attention is given to the contribution of the usual
parallel and T-shape conformations of the benzene dimers obtained in the simulation.
Comparison with experiment shows a relatively poor result for the herringbone structure
and good agreement for the supermolecular structures generated by the simulation.
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Introduction

l n this study we calculate and analyze the red
shift of the first absorption band of benzene in
the condensed phase as compared to the gas phase.
The interest in the structure [1] and spectra of
clusters and condensed-phase benzene is related to
several topics of interest in chemistry, physics, and
biology. It naturally relates to the importance of
the interaction between aromatic m-systems. This
present study also relates to our interest in solvent
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effects in molecular absorption spectroscopy [2, 3].
For the calculation of the solvatochromic shift of
liquid benzene, we use two structures. One is the
well-known herringbone structure [4] and the other
is a disordered structure obtained from Monte
Carlo (MC) simulation. For completeness, we also
consider the first absorption transition of the solid
benzene. All quantum mechanical calculations are
made using the INDO/CIS model [5] as imple-
mented in the ZINDO program [6], and we use the
so-called supermolecular (SM) approach. In the
case of the solid and the herringbone structure of
the liquid, two configurations are used (Fig. 1). In
the first we use 14 benzene molecules both for the
solid and the liquid, as seen in Figure 1(a) (top). In
the second, we use only 13 benzene molecules.
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FIGURE 1. Crystalline and the herringbone structures
of solid and liquid benzene. The top figures show 14
benzene molecules. The bottom figures show instead 13
molecules and includes one bulk benzene in the center.
Molecules 1, 2, 3, and 4 generate the unit cell as defined
by Narten [4].

This corresponds to including one benzene and its
12 nearest neighbors of the well-known Pbca space
group [4]. This second case, as seen in Figure 1(b)
(bottom), as opposed to the first case, includes a
central benzene molecule to represent the “bulk.”
Calculations are then performed at these four
structures but in each case using a fixed geometry.

For the case of the disordered liquid benzene
the structures generated by the MC simulation [7]
are used. Each SM is composed of 14 benzene
molecules. As we shall see, this corresponds to
including the first coordination shell as obtained
from the radial distribution function (RDF). In
addition, however, several SM calculations are
performed. The actual number of SM structures
used takes into account the statistical correlation
between MC structures. The final excitation energy
is obtained averaging over the transition energies
obtained for each structure. A comparison of these
different procedures will be made.

Monte Carlo Simulation

The MC simulation is performed using standard
procedures for the Metropolis sampling technique
[8] in the canonical ensemble, where the number of
molecules N, the volume V, and the temperature
T are fixed. As usual, periodic boundary condi-
tions in a cubic box [9] are used. In our simulation,
we use 125 molecules of benzene. The volume of
the cubic box is determined by the experimental
density of the liquid, p = 0.8990 g/cm?® [10], and
the temperature is T = 25°C. There has been much
discussion about the quadrupolar interaction of
benzene and its relation to the structure [11] (see
next section). In our theoretical experiments, we
are willing to generate a disordered structure for
the liquid. Therefore, the benzene molecules inter-
act only by the Lennard-Jones potential:
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where Y is the sum over the atoms of molecule a4,
Y’ is the sum over the atoms of molecule b, jis

VEig,
0;j =y 0,0;, and 0; and &; are the parameters of
atom i. The potential parameters used were devel-
oped by Jorgensen and co-workers [12]: o, = 3.75
A, gc = 0.11 kcal/mol, and oy = ey = 0. As the
environment of the liquid system has no signifi-
cant effect on the conformational equilibrium for
the benzene molecule [4, 14], we consider, in the
simulation, rigid conformations of the benzene
molecules in the Dy, structure with roc = 1.40 A,
rey = 1.088 A, and all angles 6 = 120°. We recog-
nize that distortions of the benzene structure would
lead to considerably enhanced intensity of the for-
bidden 'B,, transition we examine. We do not
believe, however, that the position of the band
maximum will be much effected [15].

In the calculation of the pairwise energy, each
molecule interacts with all other molecules within
a center-of-mass separation that is smaller than the
cutoff radius 7. = 13.11 A. For separations larger
than 7., we use the long-range correction of the
potential energy [13]. Over the 125 benzene
molecules included in the simulation, each mole-
cule interacts effectively with ~ 60 neighbors.

The initial configuration is generated randomly,
considering the position and the orientation of

the distance between atoms i and j, ¢; =
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each molecule. A new configuration, or one MC
step, is generated by selecting all molecules se-
quentially and trying to translate it in all the
Cartesian directions and also rotate it around a
randomly chosen axis. The maximum allowed dis-
placement of the molecules is auto-adjusted after
50 MC steps to give an acceptance rate of new
configurations around 50%. The maximum rota-
tion angle is fixed during the simulation in 66 =
+15°. The full simulation [7] involves a thermal-
ization stage of about 5000 MC steps followed by
an averaging stage of 48,000 MC steps. During the
averaging stage some thermodynamical proper-
ties, as the internal energy and the heat capacity at
constant volume, are calculated, and they are
in complete agreement with that calculated by
Jorgensen and co-workers [12]. The radial distribu-
tion function is also calculated during the averag-
ing stage in the simulation.

Results and Discussions

The structure of the liquid benzene has been of
interest for many years. Ever since the X-ray study
of Narten [4], the herringbone structure is believed
to prevail. This structure is illustrated in Figure 1
along with the known experimental structure of
solid benzene. In the case of the benzene dimer the
interest is basically related to the relative stabiliza-
tion of the parallel and T-shape structure [16]. A
herringbone structure for the dimer has also been
proposed [17]. More recent studies [18] have indi-
cated that a parallel-displaced configuration seems
to be more stable than the T-shape favorite struc-
ture for the dimer. It seems clear from all these
studies that the parallel-displaced, T-shape, and
T-shape-displaced structures are very close in
energy.

From these considerations it seems appropriate
to consider SM calculations of the liquid benzene
with all these possibilities, not only the herring-
bone structure. Thus several structures generated
by the MC simulation will be used. As these struc-
tures are statistically correlated, we will select
structures that are separated by a certain number
of MC steps. This number results from the time
correlation function and the statistical inefficiency
analysis [19]. In fact, we select structures that are
separated by twice the correlation time (29), ob-
tained after the integration of the time correlation
function. Clearly, “time”” here should mean MC
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step. The calculated time correlation function, C(#),
and the statistical inefficiency, s, for the energies
of the liquid benzene structures are shown in Fig-
ure 2. The calculated C(#) function gives the corre-
lation time value of 9 ~ 400 steps. This is related
to the statistical inefficiency and the relation s = 29"
holds. Thus we use only MC structures that are
separated by 800 MC steps. As the entire simula-
tion took 48,000 MC steps, only 60 are statistically
relevant and used in our studies.

Figure 3 shows a comparison between the calcu-
lated RDF from the MC simulation and the experi-
mental RDF of Narten [4]. As can be seen, the
overall agreement between these two results is
very good. The results show a first broad peak
ranging from 3.0 to 7.6 A. Integration of this peak
gives the coordination number of N, = 12.5. This
theoretical result is of interest in two different
aspects. First, the experimental result of Narten
gives N, = 12, in close agreement with our theo-
retical value. This suggests that N, is not enough
to uniquely characterize the liquid as having a
herringbone structure. The second aspect is of more
technical interest. N, = 12.5 signifies that, on the
average, each benzene molecule has 13 (rounding
off) neighbors and therefore the supermolecule
should have 14 molecules. Hence all three systems,
including the solid and the herringbone, will be
calculated with the same number of molecules.
The difference is, however, that in the case of the
MC liquid a total of 60 SM quantum mechanical
calculations are performed.

In all cases the excitation energy to the B, (7 —
m*) state of benzene is calculated including all the
e, = €, transitions of each individual benzene;
that is, from 28 occupied molecular orbitals into 28
molecular orbitals of the virtual space.

Table I summarizes the calculated numerical
results and compares them with the experimental
values for the red shift of benzene in condensed
phase.

Figure 4 shows the calculated result for the
excitation energy of the MC liquid together with
the final average (—306 cm ') and the experimen-
tal [20] (—320 cm ™) values for the shift compared
to the gas phase. It should be noted that the shift
for an individual structure may differ by a few
hundreds of cm™!, but the “ensemble average”
final result is in very good agreement with the
experimental result. It is interesting to analyze,
wherever possible, the contribution of the individ-
ual benzene molecules. This is, of course, not al-
ways possible. However, we note that in many
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FIGURE 2. Time correlation function (top) and the statistical inefficiency (bottom) of the MC simulation. See text.
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FIGURE 3. Comparison of the calculated and experimental [4] carbon—carbon radial distribution function of the liquid

benzene.
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TABLE |

Summary of the calculated and experimental
results for the B,,(w — w*) energy shift (cm ")
in the absorption spectra of benzene in
condensed phases.?

System N AEcue  AEg, [20]
Gas 1 0 0
Solid® 13 —-260 —260 + 30
14 —240
Liquid (herringbone)® 13 —100 —320 + 30
14 —-60
Liquid (herringbone)® 13 —-100 —320 + 30
14 —40
Liquid (MC)® 14 -306 —320 + 30

&N is the number of molecules included in the quantum
calculations.

® | attice parameters [4] (7.460, 9.666, 7.034) in A.

°Density of 0.874 g/cm?® corresponding to the lattice pa-
rameters [4] (6.75,9.74,9.03) in A.

9 Density of 0.899 g/ cm? (used in the MC simulation) corre-
sponding to the lattice parameters (6.75, 9.74, 8.78) in A.

€ Average value over 60 SM structures.

structures the transition is somewhat localized in
two benzene molecules. Interesting enough, these
two molecules are found to be in well-known
conformations, like the T-shape-displaced and the
parallel-displaced (see Fig. 5 for illustration).
Therefore we now look at systems composed of
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FIGURE 4. Calculated red shift obtained from the
disordered MC structures of the liquid benzene. Also
shown is the average value (solid line) and the
experimental result (dashed line).
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FIGURE 5. lllustration of MC structures showing

the T-shape, displaced, and parallel-displaced dimer
conformations. These dimers give a large contribution to
the total red shift. See text and Table II.

only two benzene molecules. We find from the MC
simulation that ~ 25% of the benzenes have the
nearest neighbor within an angle between 0 and
20°, corresponding to the parallel and parallel-
displaced conformations of the dimer. Similarly,
~ 15% have its nearest neighbor within an angle
between 70 and 90°, corresponding to the T-shape,
T-shape-displaced, and L-shape conformations. The
average contribution of these “ordered” dimer
conformations is compared, in Table II, with the
result obtained using all dimers generated in the
Monte Carlo simulation irrespective of the angle.
Dimers alone are not able to give a good result for
the red shift, but it is clear that those ordered
dimer conformations make contributions that are
significant. We note, in particular, that these paral-
lel conformations give larger shifts than the per-
pendicular ones. This seems to suggest that these
ordered dimer conformations of benzene are of
importance in understanding the spectroscopic red
shift of the liquid phase.
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TABLE Il

Summary of the average contribution of different
dimer conformations to the calculated shift for
the B,,(w — w*) absorption transition of

liquid benzene.?

System N AE . (em™7)
MC T-shape 2 —98
MC T-shape-displaced 2 —-135
and L-shape
MC parallel 2 —-179
MC parallel-displaced 2 —-197
MC dimer 2 —-103
MC supermolecule 14 —306

&N is the number of molecules included in the quantum
calculations.

In the case of the herringbone structure with 14
molecules, the calculated shift is too small, only
—60 cm ', This discrepancy, however, is not found
in the similar structure of the solid. In this case the
calculated result is —240 cm ™! in good agreement
with the experimental value of —260 cm ™" [20].

A possible deficiency of the use of the herring-
bone structure shown in Figure 1(a) is that there is
no benzene molecule in the center of the box to
represent the ““bulk.” To look at this we have used
the structures shown in Figure 1(b) for the herring-
bone and the solid. The calculated results, how-
ever, changed only from the previous —60 to —100
cm™! showing only slight improvement. For the
solid it changed from the previous —240 to —260
cm ™!, bringing the shift to a better agreement with
the experimental result.

Summary and Conclusions

In this work we have calculated the red shift of
the first absorption band of benzene in the con-
densed phase. The herringbone structure used for
the liquid gives a red shift that is only 15-25% of
the experimental value. In turn, the use of a disor-
dered liquid obtained from Monte Carlo simula-
tion gives a red shift that is in very good agree-
ment with experiments. In this disordered liquid
most of the usual structures of the benzene dimer,
such as the parallel, parallel-displaced, T-shape,
T-shape-displaced, etc., are included naturally, but
there is little long-range order. The calculated red
shift for crystalline benzene is also in very good
agreement with the experimental shift.
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