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Monte Carlo simulation and quantum mechanics calculations based on the INDO/CIS and TD-DFT methods
were utilized to study the solvatochromic shift of benzophenone when changing the environment from normal
water to supercritical (P ) 340.2 atm and T ) 673 K) condition. Solute polarization increases the dipole
moment of benzophenone, compared to gas phase, by 88 and 35% in normal and supercritical conditions,
giving the in-solvent dipole value of 5.8 and 4.2 D, respectively. The average number of solute-solvent
hydrogen bonds was analyzed, and a large decrease of 2.3 in normal water to only 0.8 in the supercritical
environment was found. By using these polarized models of benzophenone in the two different conditions of
water, we performed MC simulations to generate statistically uncorrelated configurations of the solute
surrounded by the solvent molecules and subsequent quantum mechanics calculations on these configurations.
When changing from normal to supercritical water environment, INDO/CIS calculations explicitly considering
all valence electrons of the 235 solvent water molecules resulted in a solvatochromic shift of 1425 cm-1 for
the most intense π-π* transition of benzophenone, that is, slightly underestimated in comparison with the
experimentally inferred result of 1700 cm-1. TD-B3LYP/6-311+G(2d,p) calculations on the same configurations
but with benzophenone electrostatically embedded in the 320 water molecules resulted in a solvatochromic
shift of 1715 cm-1 for this transition, in very good agreement with the experimental result. When using the
unpolarized model of the benzophenone, this calculated solvatochromic shift was only 640 cm-1. Additional
calculations were also made by using BHandHLYP/6-311+G(2d,p) to analyze the effect of the asymptotic
decay of the exchange functional. This study indicates that, contrary to the general expectation, there is a
sizable solute polarization even in the low-density regime of supercritical condition and that the inclusion of
this polarization is important for a reliable description of the spectral shifts considered here.

1. Introduction

At temperatures and pressures higher than those of the critical
point (located at Pc ) 221 atm and Tc ) 647.3 K), water
becomes a supercritical fluid and exhibits physical and chemical
properties that are markedly different from those of normal
liquid systems.1 An important property of supercritical water
(SCW) is that its dielectric constant can vary continuously over
a wide range of supercritical states, and water becomes an
excellent solvent for many organic compounds.1 This unusual
behavior of SCW is a consequence of changes in the electronic
and structural properties2,3 that, in turn, can be measured
spectroscopically by using a probe molecule subjected to the
condition that is stable in different thermodynamic conditions.
Bennett and Johnston4 have used the n-π* transition of acetone
and the π-π* transition of benzophenone to probe the
solute-solvent interactions in SCW. This experiment character-
ized that, for SCW with P ) 340.2 atm and T ) 673 K, the
π-π* transition of benzophenone suffers a blue shift of 1700
cm-1, compared to the environment of normal water (NW).
Under supercritical conditions, only a limited number of
theoretical studies on the UV-visible absorption spectrum of
probe molecules have been reported.5,6 In recent years, methods
and algorithms have been developed to study theoretically the

effects of different solvents on the spectral properties of solute
molecules7 with some emphasis also on solvatochromic shifts.8

There is an increasing need for understanding the effect of
supercritical environment in the spectroscopic properties of
organic molecules. However, the choice has to be made
carefully, because there are many organic molecules that are
not stable in SCW. In this direction, acetone and benzophenone
are simple molecules for which the absorption spectra have been
analyzed experimentally,4 and theoretical results can be of
importance to rationalize solvent effects. We have recently
analyzed5 the n-π* transition of acetone in SCW in the
thermodynamic condition of the existing experimental result.
Recently, Lin and Gao6 have also investigated the solvatochro-
mic shift of acetone in water but now in a wide range of fluid
phases ranging from steam vapor to ambient condition and
including supercritical regions. In this present work, we devote
our attention to the benzophenone case.

Experimental results for the n-π* and π-π* absorption
bands of benzophenone in several solvents have been reported
by Dilling.9 He finds that, from n-hexane to water, the strong
π-π* transition shifts to the red by 1600 cm-1, whereas the
n-π* transition in the longer-wavelength region shifts to the
blue by 2200 cm-1. Because of the low polarity of n-hexane,
these shifts are normally taken also as an estimate of the spectral
shift from gas phase to aqueous environment. In the absence of
gas-phase experiments, one has to resort to estimates. Bennett

* Corresponding author. E-mail: tertius@if.ufg.br, Fax: +55 0.62.3521-
1014.

J. Phys. Chem. A 2009, 113, 5112–51185112

10.1021/jp809694w CCC: $40.75  2009 American Chemical Society
Published on Web 03/26/2009



and Johnston5 predict the gas-phase value of the π-π* ab-
sorption band at 41600 cm-1 corresponding to a gas f NW
blue shift of 2600 cm-1. This seems to be a large shift if one
considers that it would imply a gas f n-hexane shift of ca.
1000 cm-1. From the theoretical point of view, the description
of the solvatochromic effects on the n-π* and π-π* electronic
transitions of benzophenone in aqueous solution is a challenging
case because solvation affects these two bands differently,
leading to opposite spectral shifts.9-11 In a previous theoretical
work,10 a discrete solvation model based on the sequential
Quantum Mechanics/Molecular Mechanics (S-QM/MM) meth-
odology12 has been used to calculate the UV-vis spectrum of
benzophenone in NW. INDO/CIS calculations on the liquid
structures generated by Monte Carlo (MC) simulation with
augmented gas-phase atomic charges obtained that the n-π*
transition suffers a blue shift of 1170 cm-1 and the π-π*
transition suffers a red shift of 1332 cm-1, in changing from
gas to NW. This model thus gives the correct sign for the two
absorption shifts but underestimates the results. However, a
considerable improvement of the theoretical predictions of
UV-vis spectrum of benzophenone in water is achieved by
including solute polarization effects.11 For polarized benzophe-
none, the INDO/CIS model obtained solvatochromic shifts of
2045 cm-1 for the n-π* transition and of -1945 cm-1 for the
intense π-π* transition in better agreement with the experi-
mental results. More recently, other theoretical studies have
demonstrated the importance of the inclusion of the solute
polarization effects in order to obtain a reliable description of
the electronic properties of solute molecules in solution.11,13,14

Solute polarization effects are expected to be relatively modest
in the supercritical conditions because of the reduced density
of the fluid. However, an explicit verification of this assumption
is still necessary. In this study, we investigate the solvent effects
on the entire UV-vis spectrum of benzophenone in normal and
SCW and compare the resulting effects of the solute polariza-
tions in the two environments. Solute polarization has been of
great interest and can be included by using different proce-
dures.14-17 Here, we used an iterative procedure that electrostati-
cally equilibrates the solute in the solvent environment.15 For
each step of the iterative process, we have used an electrostatic
embedding described by an average solvent electrostatic con-
figuration (ASEC) to calculate the dipole moment of the solute
with just one QM calculation. This single value reproduces the
averaged value calculated for a set of statistically uncorrelated
configurations that gives a converged result.16 The procedure
we use is similar to that developed by Aguilar and co-workers,17

except that we use an average configuration instead of an
average potential, as described before.16 Another interesting
procedure has been developed by Gao et al.18 that also uses an
average electrostatic potential. After consideration of the solute
polarization, we study the electronic transitions. This will be
done by using both an all-valence electron approach with INDO/
CIS19 and a time-dependent density-functional theory (TD-
DFT)20 where the solvent is treated as an electrostatic embed-
ding. The focus here is to obtain the spectral shift from normal
to supercritical thermodynamic condition. In both conditions,
we use a polarized solute and analyze the results. The ben-
zophenone spectrum is then calculated in both NW and SCW
environments. The INDO/CIS calculations in NW reproduce
the results of ref 9. The applicability of the INDO/CIS and TD-
DFT approaches for calculating spectral shifts of organic
molecules containing the carbonyl (CdO) group in aqueous
solution has been successfully reported in the literature.21-24

2. Computational Details

The MC simulations were performed by using the DICE
program25 in the isothermal-isobaric, NPT, ensemble for one
benzophenone and 903 water molecules, where the number of
molecules N, the pressure P, and the temperature T are fixed.
To compare with the experimental SC condition described
above,5 we have considered P ) 340.2 atm and T ) 673 K.
Intermolecular interactions were modeled by the standard
Lennard-Jones and Coulomb potential with three parameters for
each interacting site. For water, the potential used was the
extended simple point charge26 (SPC/E) model because it leads
to very good agreement for the critical point of water.27 For
benzophenone, we have used the OPLS force field,28 and
initially, the atomic charges were obtained by using an
electrostatic potential fit (CHELPG)29 from a MP2/6-31++G(d,p)
gas-phase calculation. All molecules are kept with rigid
geometry. The solute geometry used in all MC simulations was
optimized in gas phase at the MP2/6-31G level of calculation
and was already reported in previous works.10,11 In this study,
we have not attempted to reoptimize the geometry of benzophe-
none in the two solvent environments. All QM calculations were
performed by using GAUSSIAN 03,30 except the INDO/CIS
calculations that were performed with the original ZINDO
program.31

To account for the solute electronic polarization, we have
used the iterative procedure15 based on the S-QM/MM meth-
odology to determine the in-solution dipole moment of ben-
zophenone in supercritical condition. It is assumed as a
reasonable approximation that the reverse, the solvent polariza-
tion by the solute, is of less significance. This has been addressed
in ref 6 for acetone in different fluid densities and suggests that
the effect is mild. We start the iterative procedure (iteration 0)
by performing a simulation with the Coulombic term of the
solute potential described by its vacuum charge distribution.
Here, the atomic charges are obtained by using the electrostatic
mapping of CHELPG at the MP2/6-31++G(d,p) level of
calculation. After the simulation, we perform a statistical
analysis and calculate the correlation interval.12 Then, we select
statistically uncorrelated configurations to generate an electro-
static embedding around the solute, calculate a new charge
distribution over the solute atoms, and use this new charge
distribution to initiate another step of the iterative process.
Therefore, another simulation is performed with these new
atomic charges of the solute, a new sampling is made, and
another set of QM calculations are performed to obtain new
values of the atomic charges of the solute. This procedure is
repeated until convergence of the solute dipole moment in
solution is achieved. Here, we find the convergence criterion
of |∆µ |e 0.1 D sufficient. For each iteration, we have used the
electrostatic embedding described by the ASEC, which repro-
duces the statistical average with just one QM calculation.16

Here, the ASEC is generated with 100 statistically uncorrelated
configurations of one benzophenone surrounded by the nearest
320 water molecules. Initially, we project the configurations to
superpose the solute in the same Cartesian coordinates. Then,
we treat the solvent molecules as atomic point charges of the
SPC/E model (q(O)) -0.8476 and q(H)) 0.4238) divided by
100. In this way, each oxygen and hydrogen atom of a water
molecule will be described in the electrostatic embedding as a
superposition of 100 Cartesian coordinates, each one with a
charge of -0.008476 and 0.004238, respectively.

In the SC condition, the calculation of n-π* and π -π*
electronic transitions of benzophenone were performed by using
the semiempirical singly excited configuration interaction INDO/
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CIS19 method with the spectroscopic parametrization. This will
allow the use of a large solvation shell with 235 explicit water
molecules. This corresponds to a 2148 valence-electron problem,
where the wave function delocalizes over the solvent region
and includes part of the dispersion contribution.12c INDO/CIS
calculations for the n-π* and π-π* transitions in NW have
been reported in ref 11. In addition, we have also calculated
these electronic transitions in the two different thermodynamic
conditions by using the TD-DFT method. TD-DFT transition
energies were calculated by using the B3LYP hybrid functional32

with the 6-311+G(2d,p) basis set and a large solvation shell of
320 water molecules treated as simple point charges describing
an electrostatic embedding. Absorption spectra in good agree-
ment with experiments have been obtained for a number of
solvated organic molecules by using the TD-B3LYP/6-
311+G(2d,p) model.33 Because B3LYP has an incorrect as-
ymptotic behavior for the exchange-correlation potential,34 it
has been questioned in a number of recent applications.35,36 In
this direction, there has been an increasing tendency to use the
new Coulomb-attenuatting (CAM-B3LYP) variant.37 On the
other hand, because the Hartree-Fock (HF) model has the cor-
rect asymptotic decay, another tendency has been to increase
the participation of the HF exchange part. One of these
alternatives is provided by the BHandHLYP that combines HF
and Becke88 functionals38 for the exchange part. As we will
see below, the calculated excitation energies obtained with
BHandHLYP are improved compared to the simple B3LYP,
but this model gives essentially the same picture for the
solvatochromic shifts. These will be discussed in Sections 3.3
and 3.4.

3. Results and Discussion

3.1. Solute Polarization. Table 1 gives the MP2/6-
31++G(d,p) results for the average dipole moment and the
atomic charges of the carbonyl group of benzophenone in the
supercritical condition obtained by using the iterative procedure
described in the previous section. The gas-phase value is
obtained here as 3.11 D, in good agreement with the experi-
mental value39 of 2.98 D. The evolution of the dipole moment
along the iterative process is illustrated in Figure 1. For
comparison, the corresponding results obtained in normal
condition have also been included. The faster convergence
presented by the dipole moment in SCW (Figure 1) is attributed
to the lower density of water in this case. The converged result
for the dipole moment of the polarized benzophenone is 4.19
( 0.10 D in SCW and 5.84 ( 0.10 D in NW. The increase of
35% in the dipole moment of benzophenone in SCW, compared

to the gas-phase result of 3.11 D, shows that the polarization
effects are small compared to the 88% increase in NW, but they
is still sizable. Because the SC regime involves a large set of
thermodynamic conditions, we characterize the state that we
are considering by its density. In the SC condition considered
here, the calculated density is F ) 0.46 ( 0.03 g/cm3,
corresponding to the so-called near-critical regime.4 Thus,
although the density is less than half the density of NW
(calculated here as 1.02 ( 0.01 g/cm3), the solute polarization
is important and should have an important influence on the
spectroscopic properties. For comparison, the corresponding
increase for the dipole moment of the acetone predicted by the
B3LYP/6-311++G(2d,2p) model is 27% in SCW and 63% in
NW.40 Before we discuss the spectral shifts, it is interesting to
analyze the structure of water molecules around the benzophe-
none molecule. The MC simulations will now use the converged
values for the solute charge, thus including the polarization
effects. This corresponds to a dipole moment of benzophenone
of 4.2 D in SCW and 5.8 D in NW.

3.2. Solute-Solvent Structure. An important aspect of SCW
is the decrease in the number of hydrogen bonds (HB). Here,
we briefly analyze the solute-solvent HB and the structure of
water molecules around benzophenone. Figure 2 shows the
radial distribution functions between the oxygen of the polarized
benzophenone and the oxygen of water, GO-O(r), in the
supercritical condition and in the normal condition. At SC
condition, there is a clear peak centered at 2.85 Å that
corresponds to the solute-solvent HB shell. However, there are
significant structural changes of the first coordination shell of
the benzophenone in changing from NW to SCW, indicating
that the average number of water molecules that are hydrogen-

TABLE 1: MP2/6-31++G(d,p) Results for the Atomic
Charges (e), Obtained with CHELPG Procedure, in the
Carbonyl Group and the Dipole Moment (D) of
Benzophenone in Water at Supercritical and Normal
Conditions, During the Iteration Procedure of Its
Polarizationa

NWb SCW
iteration

step q(O) q(C) µ q(O) q(C) µ

0 -0.4570 0.4021 3.11 -0.4570 0.4021 3.11
1 -0.5712 0.4701 4.65 -0.4971 0.4183 3.75
2 -0.6340 0.5112 5.55 0.5151 0.4369 4.00
3 -0.6568 0.5186 5.71 -0.5276 0.4446 4.19
4 0.6636 0.5247 5.84 -0.5216 0.4339 4.19

a The calculated values were obtained as average over 100
uncorrelated configurations. b Reference 11.

Figure 1. Evolution of the MP2/6-311++G(d,p) results for the dipole
moment of benzophenone in water in the supercritical and normal
conditions, with respect to the number of iterations for obtaining the
solute polarization.

Figure 2. Radial distribution functions between the oxygen atom of
benzophenone and the oxygen atom of water in the supercritical and
normal conditions. Results obtained after including solute polarization.
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bonded to benzophenone is sensitively reduced in the SC
condition. To quantify the number of HB involved, we use here
a geometric and energetic criteria defined at ambient conditions
to select the hydrogen-bonded molecules.21,23,41 Thus, the HB
are defined when the separation RO-O e 3.5 Å (first minimum
of the radial distribution function) and the angle θO · · ·O-H e 40°
and when the solute-solvent interaction energy is at least -2.0
kcal/mol (inferred from the pairwise solute-solvent energy
distribution). First, we analyze the effect of the solute polariza-
tion in the number of solute-solvent HB. By using 100
uncorrelated MC configurations, our statistical analysis of HB
for polarized benzophenone in SCW shows that 32% of the
configurations make no HB, 54% form one HB, and 14% make
two HB. In the unpolarized case, these numbers are, respectively,
54, 40, and 6%. There are no configurations with three or more
HB. In both cases, the statistics thus implies that the most
probable number of HB is simply one, but the average number
of HB is 0.8 for the polarized and 0.5 for the unpolarized
situations. Figure 3 shows the configuration space spanned by
the neighboring water molecules that are involved in benzophe-
none-water HB. When comparing with the unpolarized results,
we note that the number of solute-solvent HB in the polarized
solute increases, but these numbers are, as expected, smaller
than that for NW in the polarized case that gives a total of 2.3

HB. For the polarized benzophenone, the change of the
thermodynamic conditions from NW to SCW thus leads to a
marked reduction of 64% (from 2.3 to 0.8) in the number of
HB.

3.3. Polarization Effects on the Transition Energies. We
now analyze the absorption spectrum of benzophenone in SCW.
In Figure 4 are presented the statistically converged TD-B3LYP/
6-311+G(2d,p) results for the n-π* and π-π* transitions of
benzophenone obtained in SCW and in NW as a function of
the number of iterations used in the polarization procedure.
These spectroscopic properties were obtained with the ben-
zophenone embedded in the electrostatic field of the outer
solvation shell composed of 320 water molecules treated as
simple point charges of the SPC/E model. One can see that the
electrostatic interactions with the solvent molecules during the
iterative process affect the π-π* and n-π* transitions in SC
condition, but their impact is larger in the NW condition. In
comparison with the result of gas phase, the π-π* red shifts
for the unpolarized and polarized benzophenone are, respec-
tively, -480 and -770 cm-1 for SCW and of -1120 and -2485
cm-1 for NW. The TD-B3LYP results thus reveal that the n-π*
transition is slightly more affected by the solute polarization
than the π-π*. For the n-π* transition, the calculated blue
shifts are 600 cm-1 in the unpolarized case and 985 cm-1 in
the polarized case for the SCW environment. For NW, these
values are, respectively, 1620 and 2955 cm-1. The solute
polarization improves the agreement with experiments and leads
to an increase of ca. 60% in the SCW for both transitions. The
TD-B3LYP absorption energies for the most intense and
characteristic π-π* transition of the polarized benzophenone
is 35470 cm-1 for SCW and of 33755 cm-1 for NW, giving a
theoretical NWf SCW spectral shift value of 1715 cm-1. This
shows a decrease in energy transition with increasing water
density, in qualitative agreement with the experimental results
around 40530 cm-1 for SCW4 and 38830 cm-1 for NW.9 As
we can see, the calculated transition energies obtained by using

Figure 3. Superposition of the configurations showing HB of unpo-
larized (top) and polarized (bottom) benzophenone in SCW.

Figure 4. Convergence of the TD-B3LYP/6-311+G(2d,p) results for
the n-π* (top) and the most intense π-π* (bottom) electronic
transitions of benzophenone in water at supercritical and normal
conditions, during the iterative procedure for including solute polarization.
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TD-B3LYP are lower than the experimental results. At this
stage, we comment on some results obtained by using the same
basis set in the CAM-B3LYP (by using the Dalton program)42

and BHandHLYP functional (already implemented in the
Gaussian 03 program). In this case, all excitation energies
increase compared to B3LYP. For instance, in the gas phase,
the most intense and characteristic π-π* transition increases
by as much as ∼4000 cm-1, thus considerably improving the
agreement between theory and experiment. In fact, the results
obtained in the gas phase by using TD-CAM-B3LYP and TD-
BHandHLYP are similar for the π-π* transition. The strong
π-π* transition is calculated at 40140 cm-1 by using CAM-
B3LYP and 40710 cm-1 by using BHandHLYP. In the
calculation of the solvatochromic shifts, we use the TD-
BHandHLYP/6-311+G(2d,p) model in addition to the TD-
B3LYP/6-311+G(2d,p).

The experimental NW f SCW spectral shift value of 1700
cm-1 is very well reproduced by the present theoretical results
after including the solute polarization. Theoretical studies of
the polarization effects in supercritical environment and how
these affect the spectroscopic properties of a probe molecule
are still very scarce. These results are indicative of their
importance. But the relative importance of the polarization
effects has been noted in the structure of pure water in
supercritical conditions.43 Although the TD-B3LYP transition
energies are smaller than the experimental values, the spectral
shift of interest here is calculated in very good agreement with
experiment. This is discussed in more detail in the next section.

3.4. Spectral Shifts. Because of the uncertainty in the
transition energy values for the gas phase and for a better
comparison of the polarization effects, we analyze the spectral
shifts in the supercritical environment by taking NW as the
reference, that is, NW f SCW spectral shifts. The calculated
INDO/CIS, TD-B3LYP/6-311+G(2d,p), and TD-BHandHLYP/
6-311+G(2d,p) solvatochromic shifts for the n-π* and π-π*
transitions of benzophenone in going from normal to SCW are
displayed in Tables 2 and 3, respectively. From the statistically
uncorrelated configurations obtained by using the unpolarized
model for the solute, the TD-B3LYP method gives NWf SCW
shifts in the n-π* and π-π* (more intense) transitions of
-1020 and 640 cm-1, respectively. The corresponding shifts
for the polarized benzophenone are of -1970 and 1715 cm-1

(Table 3). For these transitions, the TD-BHandHLYP model
gives NW f SCW shifts of -2305 and 2085 cm-1, whereas
the INDO/CIS model gives -1455 and 1425 cm-1 for the
polarized solute. We also note for the TD-BHandHLYP calcula-
tions an increase of the intensity of a lower component of the
π-π* electronic transitions. By taking an intensity weight into
consideration, the calculated spectral shift would decrease,
improving agreement with experiment. The unpolarized results

predicted for these transitions are too small, indicating that the
solute polarization effects are thus very important for the reliable
prediction of spectral shifts in different thermodynamic condi-
tions. The results based on the TD-DFT calculation for the
solvatochromic shift of the most intense π-π* transition in the
polarized situation is 1715 cm-1 (B3LYP) and 2085 cm-1

(BHandHLYP), in very good agreement with the available
experimental result of 1700 cm-1. The INDO/CIS model gives
the corresponding value of 1425 cm-1, which is a slightly
underestimated result, but still in good agreement with experi-
ment. The location of the π-π* transition of benzophenone in
the gas phase is unknown. The INDO/CIS model obtains a value
of -1945 cm-1 for the gas f NW shift, which is close to the
experimental result of -1600 for n-hexane f NW. The
corresponding TD-B3LYP value is -2440 cm-1, which is now
closer to the prediction of -2600 cm-1 of Bennett and Johnston.4

In the case of the n-π* transition, the findings also show a
dependence with the inclusion of solute polarization effects; but
unfortunately, this has not been reported in the SCW experi-
mental study,4 and we could not find the corresponding
experimental result for comparison.

The π-π* absorption transition of benzophenone in water
is in fact a broad and intense band in the region of 260 nm and
exhibits a shoulder9 at a larger wavelength. An interesting feature
of the spectra is that this shoulder is demonstrated to be enclosed
by the intense band when going from n-hexane to methanol.
This suggests that the transitions responsible for the shoulder
suffer a smaller red shift, with increasing solvent polarity,
compared to the intense band. Up to this point, we have been
comparing the theoretical results with the intensity maximum.
As Tables 2 and 3 show, there are four calculated π-π*
transitions in this region. The two last transitions are the most
intense and correspond to the intense band, whereas the first
two are mild and correspond to the shoulder. The positions of
the four transitions calculated with INDO/CIS also agree very
well with the experimental data, whereas the TD-DFT π-π*
transitions are somewhat underestimated. From Tables 2 and
3, we note that the shifts of the transitions corresponding to the
shoulder are considerably smaller than the intense transitions
when calculated with INDO/CIS, for both NW and SCW. On
the other hand, the shifts obtained with TD-DFT are almost all
of comparable size, except for the last transition, for both
thermodynamic conditions.

Now, a complete comparison with experiment should consider
the contribution of these four transitions to the spectral band.

TABLE 2: Solvent Shifts of the Absorption Transitions
(cm-1) of Polarized Benzophenone Calculated with INDO/
CISa

NW SCW

transitions gas phase shift
Osc.
str. shift

osc.
str.

NW f SCW
shift

n-π* 25,390 2045 0.003 590 0.002 -1455
π-π* 36,160 -245 0.021 -140 0.011 105
π-π* 36,320 -570 0.027 -45 0.016 525
π-π* 39,800 -1945 0.257 -520 0.250 1425
π-π* 40,660 -1360 0.064 -260 0.057 1100

a Average results obtained by using 100 configurations of one
benzophenone surrounded by explicit 235 water molecules.

TABLE 3: Solvent Shifts of the Absorption Transitions
(cm-1) of Polarized Benzophenone Calculated with (Top
Entry) TD-B3LYP/6-311+G(2d,p) and (Bottom Entry)
BHandHLYP/6-311+G(2d,p)a

NW SCW

transitions gas phase shift osc. str. shift osc. str.
NW f SCW

shift

n-π*
27430 2955 0.0001 985 0.0001 -1970
31250 3375 0.0007 1070 0.0013 -2305

π-π*
34775 -2665 0.016 -870 0.013 1795
39700 -2320 0.028 -685 0.022 1635

π-π*
35425 -2780 0.023 -850 0.036 1930
40170 -2075 0.147 -645 0.154 1430

π-π*
36240 -2485 0.360 -770 0.302 1715
40710 -2880 0.305 -795 0.258 2085

π-π*
37815 -1215 0.054 -360 0.050 855
41950 -1120 0.069 -325 0.064 795

a These results are obtained by using the solute electrostatically
embedded in 320 water molecules treated as SPC/E point charges.
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This can be made by convoluting the theoretical results by using
the transition energies and the corresponding intensities (ob-
tained from the calculated oscillator strengths). To simulate the
spectrum, we have used individual line widths of 1000 cm-1

for each calculated transition. The result is shown in Figure 5
by using the INDO/CIS results presented in Table 2. The
qualitative agreement is excellent if one compares the solvent
effects on the experimental band shifts.9 The shift of the band
maximum is essentially the same as the one obtained in Table
2 (1470 vs 1425 cm-1), but the solvent effect in the shoulder
adds a qualitative agreement that is not found in the DFT
calculations, where the calculated shoulder shift is much more
pronounced.

4. Conclusion

The electronic transitions of benzophenone in supercritical
and normal conditions have been determined theoretically by
using Metropolis NPT Monte Carlo simulation and quantum
mechanics calculations based on INDO/CIS and TD-B3LYP/
6-311+G(2d,p) methods. To give some attention to the wrong
asymptotic decay of the B3LYP exchange-correlation potential,
the calculations were also done by using the half-and-half
BHandHLYP functional. The supercritical parameters adopted
are those of the experimental study (P ) 340.2 atm and T )
673 K). The solute polarization by the solvent in the supercritical
environment has been included by using an iterative procedure.
On the based of MP2/6-311+G(d,p) calculations, an increase
of 35% is obtained for the dipole moment of benzophenone in
SCW compared to the gas-phase situation. This corresponds to
a dipole moment of 4.2 D in the supercritical state that is
calculated to have a density of 0.46 g/cm3. Thus, even in the
supercritical condition, the solute polarization effects are
significant, and quantitative estimates of the spectral shifts on
the n-π* and π-π* electronic transitions require the use of a
polarized solute model. For the intense π-π* transition of
polarized benzophenone, the TD-B3LYP/6-311+G(2d,p) model
gives an underestimated excitation energy but predicts a
solvatochromic shift of the band maximum of 1715 cm-1,
changing from normal to supercritical condition, in excellent
agreement with the inferred experimental result of 1700 cm-1.
In this case, the INDO/CIS model gives a good but slightly
underestimated result of 1425 cm-1, whereas the TD-BHandH-

LYP gives instead a good but slightly overerestimated result of
2085 cm-1. However, the absolute values of the transitions and
the qualitative behavior of the spectral shift of the π-π*
absorption bands is well reproduced in the TD-BHandHLYP
calculations. This study suggests that solute polarization could
be more important than expected for a reliable description of
the solvent effects, even in the low-density regime of the
supercritical states of water.
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