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Abstract The hydration of mesityl oxide (MOx) was
investigated through a sequential quantum mechanics/
molecular mechanics approach. Emphasis was placed on
the analysis of the role played by water in the MOx syn—
anti equilibrium and the electronic absorption spectrum.
Results for the structure of the MOx—water solution, free
energy of solvation and polarization effects are also
reported. Our main conclusion was that in gas-phase and in
low-polarity solvents, the MOx exists dominantly in syn-
form and in aqueous solution in anti-form. This conclusion
was supported by Gibbs free energy calculations in gas
phase and in-water by quantum mechanical calculations
with polarizable continuum model and thermodynamic
perturbation theory in Monte Carlo simulations using a
polarized MOx model. The consideration of the in-water
polarization of the MOx is very important to correctly
describe the solute—solvent electrostatic interaction. Our
best estimate for the shift of the 7—n" transition energy of
MOx, when it changes from gas-phase to water solvent,
shows a red-shift of —2,520 & 90 cm™!, which is only
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110 cm ™" (0.014 eV) below the experimental extrapolation
of —2,410 £90 cm™!. This red-shift of around
—2,500 cm ™! can be divided in two distinct and opposite
contributions. One contribution is related to the syn — anti
conformational change leading to a blue-shift of
~1,700 cm™!. Other contribution is the solvent effect on
the electronic structure of the MOx leading to a red-shift of
around —4,200 cm™ Additionally, this red-shift caused
by the solvent effect on the electronic structure can by
composed by approximately 60 % due to the electrostatic
bulk effect, 10 % due to the explicit inclusion of the
hydrogen-bonded water molecules and 30 % due to the
explicit inclusion of the nearest water molecules.

Keywords Solvent effect 1 - Theoretical calculations 2 -
Absorption electronic spectrum 3

1 Introduction

A better understanding of solvent effects on molecular
properties is of fundamental interest for explaining the
mechanisms and dynamics of chemical and biochemical
processes in solution [1, 2]. The knowledge of these
mechanisms at the molecular level may have a strong
impact on the design of biochemical and technological
applications. Solvent effects may influence the properties
of a solvated species in many different ways. They may
affect, in particular, the conformational equilibrium rela-
tive to the gas-phase or low-polarity solvent [3, 4]. This
effect can be explained, in general, by the free energy
difference between conformations in solution, mainly in
polar solvents, where it is expected that structures with a
larger dipole moment are favored [5]. Solvents effects are
also very important for understanding the vibrational and
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electronic spectra in solution [6]. It is well-known that the
electronic absorption spectra in solution may, in compari-
son with gas-phase data, exhibit significant changes in
the position, intensity and shape of the absorption bands
[1, 6-8]. These changes are related, in general, to the
solvent polarity although some specific local interactions
(e.g. hydrogen bonding) are also important. The concept of
solvatochromism was adopted for describing the change
relative to gas phase in the position of the maximum
absorption wavelength, 4., that can be related, in many
cases, to the polarity of a particular solvent. In this context,
hypsochromic [bathochromic] shifts are associated with a
blue [red]-shift of A,,x. Solvatochromic effects are driven
by solute—solvent interactions. Therefore, the understand-
ing of these effects depends on the analysis of different
contributions to the solvent—solute interactions, including
specific intermolecular contributions [9]. The solvent
polarity has been studied through the transition energy of
solvatochromic dyes, which exhibit absorption bands in the
visible that are shifted with respect to the solvent [10].
Therefore, in this way, it was possible to define empirical
parameters for the solvent polarity through UV-vis mea-
surements for a large number of solvatochromic species
with the purpose of establishing an empirical scale of
solvent polarities. This procedure, actually, led to the
definition of different polarity scales [1, 11-13].

The main purpose of the present work is to investigate
the role played by solvent effects on the conformational
stability and electronic spectrum of the mesityl oxide
(MOx) molecule [(CH3),C=CHCOCHj;, 4-methyl-3-pen-
ten-2-one] through theoretical calculations. The MOx can
be considered as a model for larger species of ketones
characterized by the presence of a carbonyl (-C=0) group
linked to other two organic groups with a general formula
RC-C(=0)-CR'. It should be observed that the presence of
low-wavelength (high-energy) electronic transitions sensi-
tive to the solvent polarity in non-saturated o,f-ketones
makes these systems very important for understanding
solvatochromic effects. Five isomers of the MOx can exist.
The conjugate acetonic form, characterized by the presence
of the —C=0 group in a conjugate C—C=C- array, with two
isomers (syn and anti or cis and trans) is illustrated in
Fig. 1 (top). These two isomers differ by the relative ori-
entation (torsional angle) of the C=C—-C=0 atoms. This
torsional angle is 0° for the syn-isomer (cis) and 180° for
the anti-isomers (trans). In the non-conjugate acetonic
form, the isomer of oxide mesityl [4-methyl-4-penten-2-
one] is named iso-mesityl oxide (IMOXx) that can be also
found in the syn- and anti-isomers, as illustrated in Fig. 1
(bottom). An enolic form for species with at least a
o-hydrogen atom can be also identified. However, it was
experimentally verified through the analysis of the vibra-
tional spectrum that this enolic form is not present in
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Fig. 1 Chemical structure of syn- and anti-isomers of mesityl oxide
(MOx) and of iso-mesityl oxide (IMOx)

equilibrium at normal conditions, but it was found a
composition of 91 % of conjugated isomer (MOx) and 9 %
of unconjugated isomer (IMOx) [14]. Experimental results
for the vibrational (IR) and electronic absorption (UV-vis)
spectra, as well as their dependence on thermodynamic
properties (boiling points) of MOx and IMOXx, have been
reported [14, 15]. In the non-polar solvent iso-octane, MOx
(b.p. = 130 °C) exhibits an intense IR absorption band
associated with the C=0 double bond in a conjugate
position [14] and two UV-vis absorption bands at 231 nm
(strong, n—n*) and 329 nm (weak, n—n*) [15, 16]. In the
same solvent, the IMOx molecule (b.p. = 121.5 °C) shows
an IR absorption band typical of a C=0 bond in a non-
conjugate position [14] and only one UV-vis absorption
band at 290 nm (weak, n—n*) [15]. Therefore, the low-
lying n—n" absorption band in the region of 290-330 nm
cannot be attributed to a specific isomer due to the presence
of MOx and IMOx isomers in the experimental system.
Additionally, for some solvents, like water and tetraflu-
oropropanol, the n—n" band is submerged in the 7—n~ band
and its Ay, cannot be measured [16]. Then, the 7—7
absorption band in the region of 200-250 nm is used to
characterize the MOx isomer [14, 15], like other molecules
of the family of non-saturated o,f3-ketones [17, 18] and «,
f-aldehydes [19]. Kosower [16] reported the A, for the
n—n" band of the MOXx in several solvents including iso-
octane, Amax = 230.6 £ 0.5 nm (43,365 &+ 90 cm ™)),
and water, A, = 242.6 &+ 0.5 nm (41,220 &+ 90 cm™ ).
Therefore, the solvatochromic or bathochromic shift of the
n—n" band of MOx is well-known when the solvent chan-
ges from iso-octane to water, that is —2,145 £+ 90 cm™!
(—0.266 &+ 0.011 eV). An interesting aspect cited by
Kosower [16], as a private communication from Dr. M. C.
Whiting from Oxford University, is that the equilibrium
between syn- and anti-forms of the MOXx is solvent
dependent. In spite of this, no further investigation was
conducted to confirm this aspect. As far as we know, there
are no theoretical studies on this system which is a simple
model for the large family of the conjugate ketones.
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The present work is focused on the changes of the
electronic properties of mesityl oxide (MOx) upon hydra-
tion using quantum mechanics (QM) and molecular
mechanics (MM) in a sequential procedure [20, 21]. It is
organized as follows. First, we present the theoretical
approach and computational details. Gas-phase results for
MOx are then reported. This is followed by the analysis of
different properties of MOx in water including the structure
of the solution (solvation shells), hydrogen bonding,
polarization effects, dipole moments, Gibbs free energy
difference between syn—anti MOX isomers, and electronic
absorption of MOx. We conclude by stressing the impor-
tance of adopting quantum mechanics and molecular
mechanics methods (QM/MM) to investigate the electronic
properties of solvatochromic species in solution and also
the different contributions of the solute—solvent interac-
tions to the solvatochromic shift.

2 Computational methods and details

The gas-phase structure (see Fig. 1 top) and electronic
properties of MOx were determined by carrying out cal-
culations with different theoretical methods and basis-sets.
Density functional theory (DFT) [22] with the B3LYP
[23, 24] exchange—correlation functional, and Mgller-
Plesset second-order perturbation theory (MP2) [25, 26]
were applied to investigate the gas-phase properties of
MOx. These methods were used combined with the fam-
ily of Pople basis-set, 6-314+G(d), 6-3114+G(d,p) and
6-311++4G(d,p) [27], and the family of Dunning correlated
with consistent hierarchical basis-set, cc-pVDZ and
aug-cc-pVxZ (x = D, T) [28]. The electronic excitation
energies were determined through the application of time-
dependent density functional theory (TDDFT) [29] with
several approximations for the exchange—correlation
functional including B3LYP and BHandHLYP as imple-
mented in Gaussian program [30]. Some reference calcu-
lations for gas-phase excitation energies were carried out
by using equation-of-motion-coupled cluster with single
and doubles excitations (EOM-CCSD) [31].

The analysis of the properties of mesityl oxide in
aqueous solution was based on the continuous and discrete
models of the solvent. Here, we used the polarizable con-
tinnum model (PCM) [32, 33], and for the discrete model
of the solvent, we performed the sequential use of quantum
mechanics and molecular mechanics methods, S-QM/MM
[20, 21]. In the S-QM/MM procedure, initially the liquid-
phase configurations are sampled from molecular simula-
tions, and after statistical analysis, only configurations with
less than 10 % of statistical correlation are selected and
submitted to quantum mechanical calculations. In our
study, we used the Monte Carlo method (MC) with

Metropolis sampling technique [34] to perform the liquid
simulation. This sampling was carried out separately for
the syn, anti and transition state (TS) structures of MOX in
water. By adopting this approach, fully relaxed water
structures around each different isomer and TS are gener-
ated for the statistical analysis. We assumed that the MOx
structures in water are not significantly modified relative to
the gas-phase ones (see discussion on gas-phase properties
of MOx below). These structures (optimized at the B3LYP/
6-314-G(d) level) were kept rigid during the MC sampling
that was generated by the DICE program [35]. The MC
sampling was carried out at normal conditions (p = 1 atm;
T = 298 K) in the NpT ensemble for a system with one
MOx molecule and N = 500 water molecules in a cubic
box of L ~ 249 A length and by applying periodic
boundary conditions and image method. In the calculation
of the pair-wise energy, the MOXx interacts with all water
molecules within a center-of-mass separation that is
smaller than the cutoff radius r. = L/2 (that is approxi-
mately 12.45 A in this case). For separations larger than r,,
the long-range correction of the potential energy was cal-
culated [36]. In each simulation, 15 x 10° MC steps were
performed in the thermalization stage and 37.5 x 10° MC
steps in the production stage.

Solute-water and water—water interactions were
described by a Lennard-Jones intermolecular potential plus
a Coulombic term described by the interactions between
atomic point charges. Water was represented by the SPC
model [37]. The choice of the Lennard-Jones parameters
for the MOx was driven by the OPLS force field [38] (see
Table 1). Although charges from the OPLS force field can
also be used to describe the Coulombic contribution, dif-
ferent works pointed out the importance of taking into
account the solute polarization by the solvent charges [39].
The Coulombic contribution was reparametrized by a
polarization procedure taking into consideration the (SPC)
charge background of the water molecules. However, to
assess the importance of these effects in the specific case of
MOx, three different charge distributions for the solute
were considered: charges from the OPLS force field [38];
two other charges obtained from QM calculations with
MP2/aug-cc-pVDZ level and using the fitting of the elec-
trostatic potential with CHELPG procedure [40] for the
isolated solute (gas-phase) and embedded in the electro-
static potential of the water background (polarized) using
an iterative procedure in the sequential QM/MM scheme
[39].

The Gibbs free energy of hydration, AG,(aq), was cal-
culated using the MC simulation coupled to the thermo-
dynamic perturbation theory (TPT) [41-43], in which a
series of MC runs is carried out. A system with one solute
molecule and 1000 water molecules at normal conditions in
the NpT ensemble was used for the TPT calculations. The
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Table 1 Parameters of the Lennard-Jones intermolecular potential (¢ in kcal/mol and ¢ in 10\) and different sets of atomic charges (in e) and
dipole moment (u in D) for mesityl oxide at optimized geometry with B3LYP/6-31+G(d)

OPLS Gas phase Polarized in water
& o q Gsyn Ganti 9syn Qanti
C1 0.066 3.50 0.000 0.393 0.255 0.456 0.302
C2 0.066 3.50 —0.115 —0.585 —0.508 —0.634 —0.549
C3 0.066 3.50 0.500 0.746 0.716 0.868 0.837
04 0.210 2.96 —0.500 —0.538 —0.532 —0.753 —0.769
C5 0.066 3.50 —0.180 —0.341 —0.299 —0.377 —0.311
Co6 0.066 3.50 —0.180 —0.309 —0.185 —0.344 —0.168
Cc7 0.066 3.50 —0.180 —0.326 —0.238 —0.342 —0.319
HS8 0.030 2.50 0.115 0.156 0.164 0.182 0.173
H9 0.030 2.50 0.060 0.085 0.076 0.116 0.102
H10 0.030 2.50 0.060 0.085 0.076 0.116 0.102
H11 0.030 2.50 0.060 0.084 0.079 0.088 0.086
H12 0.030 2.50 0.060 0.083 0.060 0.105 0.050
H13 0.030 2.50 0.060 0.087 0.059 0.099 0.073
H14 0.030 2.50 0.060 0.087 0.059 0.108 0.072
H15 0.030 2.50 0.060 0.080 0.074 0.095 0.110
H16 0.030 2.50 0.060 0.133 0.070 0.124 0.099
H17 0.030 2.50 0.060 0.080 0.074 0.093 0.110
u 3.63/3.10 syn/anti 2.71 3.90 4.97 (3.85) 6.96 (5.25)

All the QM calculations were performed with MP2/aug-cc-pVDZ. For comparison, in parentheses, it is also presented the value of the dipole
moment polarized with the water environment described with continuum model PCM

MOx—water interactions were the same as described above.
In this case, we adopted the polarized representation of the
MOx charges that takes into account the charge relaxation
of MOx upon hydration. For each species, the Gibbs free
energy of hydration was calculated, as usual, through a
hypothetical process where the solute—water interactions
are switched-off in several simulations using the double-
wide sampling [42]. Four simulations were used to annihi-
late the Coulomb potential and six simulations to annihilate
the Lennard-Jones potential. Therefore, in the total, 10
simulations were performed to vanish completely the solute
molecule from the aqueous solution. Each simulation had
90 x 10° MC steps in the thermalization stage and
450 x 10° steps in production stage. More details about this
procedure can be found in refs. [43, 44].

3 Results

3.1 Gas-phase properties of mesityl oxide

Full geometry optimization and vibrational frequency cal-
culations in the gas phase of the syn-, TS- and anti-forms of
the OM were performed at the B3LYP and MP2 level of

theory with 6-31+G(d) and aug-cc-pVDZ basis-set. A true
minimum was verified for the syn- and anti-forms, and the
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transition state was also confirmed with only one imaginary
frequency. Theoretical data for the gas-phase-optimized
geometry of MOx are presented in Table 2 for the syn- and
anti-isomers (see Fig. 2). We are not aware of experi-
mental data for the structure of mesityl oxide. As illustrated
in Table 2, the optimized structures of MOx are not very
dependent on the adopted theoretical methods and basis-
sets. In addition, small differences are observed when we
compare data for the syn- and anti-isomers. For example, at
the MP2/aug-cc-pVDZ level, the C=0 distances are quite
similar, 1.237 A of the syn-isomer and 1.240 A for the
anti-isomers. The geometry of the MOx was also optimized
in water using the PCM model and one explicit water
molecule (see Table 2). The MOx structure still not very
dependent on the solvent model, but comparing to gas
phase, the C=0 distance stretched approximately 0.01 Ain
the presence of water, as expected [45].

Results for the gas-phase dipole moment of MOx are
presented in Table 3, where they are compared with
experimental information [1, 16, 46, 47]. For the syn-iso-
mers, our MP2/aug-cc-pVDZ value (2.80 D) practically
coincides with experiment values (2.80 D [16], 2.79 D in
benzene [46], 2.83 D in dioxane [46] and 2.85 D in carbon
tetrachloride [47]). For the anti-isomer, our MP2/aug-cc-
pVDZ value (3.97 D) is also in good agreement with the
experimental estimations (~3.7 D [16] and 3.88 D [47]).
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Table 2 Data for the optimized structures of the mesityl oxide in syn- and anti-isomers

B3LYP/6-31+G(d) B3LYP/aug-cc-pVDZ MP2/aug-cc-pVDZ

Syn Anti Syn Anti Syn Anti

Bond lengths

Cl1=C2 1.354 (1.357) 1.354 (1.357) 1.355 1.354 1.364 1.364
C1-C6 1.509 (1.507) 1.512 (1.510) 1.507 1.510 1.510 1.512
C2-H8 1.090 (1.091) 1.089 (1.089) 1.093 1.093 1.097 1.097
C3=04 1.228 (1.236) 1.235° 1.229 (1.240) 1.236" 1.226 1.227 1.237 1.240
H8...04 3.307 (3.307) 2.423 (2.435) 3.311 2427 3.332 2452
C2...04 2.405 (2.408) 2.324 (2.325) 2.404 2.324 2.419 2.330
Valence angles

C2, Cl1, C6 119.9 (119.7) 118.9 (118.6) 119.9 118.9 119.8 119.0
C1,C2,C3 128.3 (128.7) 133.1 (132.5) 128.1 1329 127.9 131.5
C2, C3, 04 124.7 (124.9) 117.5 (117.5) 124.7 117.5 124.7 117.8
C2,C3,C5 115.0 (114.9) 123.6 (123.9) 115.0 123.4 114.6 122.8
04, C3, C5 120.3 (120.2) 119.0 (118.6) 120.3 119.0 120.8 119.4
Dihedral angles

Co6, Cl1, C2, C3 180.0 (180.0) 180.0 (180.0) 180.0 180.0 180.0 178.6
Ce, C1, C2, H8 0.0 (0.0) 0.0 (0.0) 0.0 0.0 0.0 -1.7
C7,Cl1, C2,C3 0.0 (0.0) 0.0 (0.0) 0.0 0.0 0.0 -1.0
Cl1, C2, C3, 04 0.0 (0.0) 180.0 (180.0) 0.0 180.0 0.0 173.5
C1,C2,C3,C5 180.0 (180.0) 0.0 (0.0) 180.0 0.0 180.0 -7.8

Bond distances in A, valence and dihedral angles in degrees. In parenthesis, it is shown the results for the MOx geometry optimized in water with

polarizable continuum model, PCM

* Results using the MOx geometry optimized in a complex with one hydrogen-bonded water molecule

Fig. 2 Illustration of the
optimized geometry of syn- and
anti-isomers, and the transition
state (TS) of mesityl oxide. The
atomic labels are shown

These results are consistent with other relevant information
concerning on the gas-phase Gibbs free energy differences
associated with the conformational change between the
syn- and anti-isomers and the transition state (TS). These
results are reported also in Table 3 and show that AG,_,.
y(gas) is dependent on the theoretical method. Thus, MP2
free energy differences (AGgyn_,ani(gas) = 1.34 kcal/mol
and AGgy,_,rs(gas) = 3.57 kcal/mol) are significantly
lower than B3LYP predictions (2.20 and 5.93 kcal/mol,
respectively). Based on the calculated values of AGgy,_,.
anti(gas) with different method, the population of the anti-
isomer in gas phase was calculated and reported in the
parenthesis. All used methods predict that the syn-isomer is
more stable in the gas phase and the population of this

particular isomer is large than 90 % in agreement with
experimental findings [18, 19, 46—49].

Using the optimized geometry with B3LYP/6-314-G(d),
the results for the dipole moment and relative free energy
are close to those obtained with MP2/aug-cc-pVDZ. The
calculated MOx dipole moment of the gas phase is 2.77 D
for the syn-isomer and 3.90 D for the anti-isomers, and the
relative free energy of the anti-isomer and of the transition
state compared with the syn-isomer is 0.95 and 3.36 kcal/
mol, respectively. Therefore, all further results reported in
this work will be obtained using the geometry optimized
with B3LYP/6-314+G(d) level.

The electronic absorption spectra of mesityl oxide in
different solvents with different polarities ranging from

@ Springer
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Table 3 Gas-phase quantum mechanical dipole moments (u in D)
and Gibbs free energy changes (AG,_,,(gas) in kcal/mol) for the syn-
and anti-isomers of mesityl oxide and for the transition state structure
(TS)

Dipole moment, u Syn TS Anti
B3LYP/6-31+G(d) 3.14 330 438
B3LYP/aug-cc-pVDZ  3.00 322 429
MP2/aug-cc-pVDZ 2.80 3.00 3.97
MP2/aug-cc-pVDZ?* 2.71 3.01  3.90
Experimental 2.80°; 2.79%; 2.83¢ ~3.7% 3.88¢
Relative free energy, AG,._,(gas) Syn — TS Syn — anti
B3LYP/6-314+-G(d) 593 220 (2 %)
B3LYP/aug-cc-pVDZ 6.80 2.00 (3 %)
MP2/aug-cc-pVDZ 3.57 1.34 9 %)
MP2/aug-cc-pVDZ? 3.36 0.95

The experimental values for the dipole moment are also presented.
The population of the anti-isomer in gas phase is reported in the
parenthesis

* Geometry and thermal, enthalpy and entropic corrections at
B3LYP/6-31+G(d) and electronic energy with MP2/aug-cc-pVDZ

® Ref. [16]
¢ In benzene [46]
9 In carbon tetrachloride [47]

iso-octane (very low polarity, Ef = 0.012) to water (high
polarity, EY = 1.000) were determined by Kosower [16].
Two bands were well characterized in the experimental
work: a strong n-n and a weak n—7" band [16]. Here, we
will focus on the long-wavelength 7—7" band and analyze
its solvatochromic shift when the MOx change from gas
phase to water. On the basis of the experimental transition
energies measured for several solvent with different
polarities, it is possible to obtain an experimental extrap-
olation to the gas-phase transition energy. Classifying the
solvents used by Kosower [16] with the normalized Reic-
hardt polarity scale [2], EY, the solvent with lowest polarity
is iso-octane (EY = 0.012) and with largest polarity is
water (El}’ = 1.000). The .« measured for the MOX in
iso-octane is 230.6 £ 0.5 nm (43,365 & 90 cmfl) and
in water is 242.6 &= 0.5 nm (41,220 + 90 cmfl) [16]. In
Fig. 3, we present a plot of the experimental values for the
maximum absorption transition energy, E,.x, of the MOx
in several solvent [16] versus the normalized Reichardt
solvent polarity scale, EY [2]. Fitting the data with a linear
regression, an extrapolation for the E ., of MOx in gas
phase (E} = —0.111) is obtained as 43630 cm ™!
(229.2 nm). This is only 1.4 nm (265 cm~! = 0.033 eV)
lower than the iso-octane value. Therefore, the solvato-
chromic or bathochromic shift of the 7—n" band of MOX is
measured as —2,145 £+ 90 cm ™! (—0.266 £ 0.011 eV)
when the solvent changes from iso-octane to water [16] and
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Fig. 3 Extrapolation of the maximum absorption transition energy,
Eax. of the mesityl oxide in gas phase, EN = —0.111, as 43,630 cm™!
(229.2 nm) using a linear regression in the plot of the experimental E,,«
[16] versus the normalized Reichardt solvent polarity scale, Ey [2]. The
solvents and experimental values (E,,,, and E]}/) are (1) iso-octane
(43,365 em~! = 230.6 nmand 0.012), (2) chloroform (42,088 em™ ! =
237.6 nm and 0.259), (3) ethylene dichloride (42,427 cm™ ! =
235.7 nm and 0.327), (4) acetonitrile (42,753 cm~! = 233.9 nm and
0.460), (5) isopropyl alcohol (42,337 em™! = 236.2 nmand 0.546), (6)
n-butyl alcohol (42,159 cm~! = 237.2 nm and 0.586), (7) ethanol
(42,301 cm™! = 2364 nm and 0.654), (8) 95 % ethanol (42,176
em™" = 237.1 nmand0.710), (9) methanol (42,230 cm™' = 236.8 nm
and 0.762), (10) ethylene glycol (41,649 cm™! = 240.1 nm and 0.790),
(11) tetrafluoropropanol (41,528 cm™! = 240.8 nmand 0.886) and (12)
water (41,220 cm™! = 242.6 nm = and 1.000)

extrapolated as —2,410 £ 90 cm ™! (=0.299 + 0.011 eV)
from gas phase to water.

TDDFT results for the gas-phase n—n" electronic exci-
tation energies (in cm™ ') are gathered in Table 4. The best
agreement with the extrapolated experimental gas-phase
value of 43,630 cm ™! (229.2 nm) is the syn-isomer of
43,685 cm ™! (228.9 nm) using the B3LYP/6-3114-G(d,p),
which is inside the experiment precision of 0.5 nm
(90 cm~! in this region). For the anti-isomer, with the
same level of calculation, the electronic excitation was
obtained as 44,895 cm™' (222.7 nm). For both properties,
dipole moment and excitation energy, the syn-isomer cal-
culated values are in better agreement with the experi-
mental values than the anti-isomer.

As discussed above assuming a syn/anti population of
91:9 % at MP2/aug-cc-pVDZ in the gas phase, the prop-
erties can be calculated as weighted averages of the syn-
and anti-isomers. This leads to a calculated gas-phase
dipole moment of 2.90 D with MP2/aug-cc-pVDZ and
excitation energy of 43,794 cm™" (228.3 nm) with B3LYP/
6-311+G(d,p). This represents only a small change of 0.10
D in the dipole moment and of —0.6 nm in the excitation
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Table 4 Gas-phase results for the 7—n" excitation energies (E in cm ') of the syn- and anti-isomers of the mesityl oxide and the difference

between the excitation energies, 0Esy,—ani = Eani(gas) — Egyu(gas)

B3LYP BHandHLYP EOM-CCSD

Syl’l Anti 5E:yn~>anty Syn Anti 5E:yn~>anty Syn Anti 5E:yn~>¢mty
6-314+G(d) 44,084 45,273 1,189 46,753 48,407 1,654 49,604 51,863 2,259
6-3114+G(d,p) 43,783 45,031 1,248 46,414 48,114 1,700
6-3114++4G(d,p) 43,685 44,895 1,210 46,352 48,065 1,713
6-311++G(d,p)* 43,440 44,570 1,130 46,015 47,590 1,575
6-311++G(d,p)° 43,580 44,590 1,010 46,205 47,675 1,470
cc-pVDZ 44,998 46,290 1,292 47,651 49,307 1,656 51,056 53,476 2,420
aug-cc-pVDZ 43,543 44,735 1,192 46,194 47,920 1,726 48,556 50,814 2,258
aug-cc-pVTZ 43,510 44,725 1,215 46,134 47,858 1,724
In iso-octane® 43,365 4+ 90
In gas phase! 43,630 + 90

* Results using the MOx geometry optimized in water with PCM model

° Results using the MOx geometry optimized in a complex with one hydrogen-bonded water molecule

¢ Experimental value of E,,,, measured in iso-octane [16]

d Extrapolated value of E .« in gas phase (see Fig. 3)

energy when compared to a population of 100 % of
syn-isomer in gas phase. Therefore, in this work, for sim-
plification, we assumed a composition of 100 % of MOx
syn-isomer in gas phase and 100 % of MOx anti-isomer in
aqueous solution.

The molecular orbitals involved in this 7—n excitation
are the highest occupied molecular orbital (HOMO) to the
lowest unoccupied molecular orbital (LUMO). The graphic
representations of these molecular orbitals are presented in
Fig. 4. As it can be seen, there is a charge transfer character
in this HOMO — LUMO excitation: from the (CH3),C=C
region to the CHCO region. This evidence corroborates
the experimental interpretation of the n—n band for
other molecules of the family of non-saturated «,[-ketones
[18].

At this theoretical level (B3LYP/6-3114++G(d,p)), the
n-n" excitation energy for the anti-isomer is blue-shifted
by 1,210 cm ™! (0.15 eV) relative to the syn-isomer,
0L syn—anii = Eqmi(8as) — Esy,(gas), as shown in Table 4.
It should be observed that this value is quite similar to the
one predicted by using the aug-cc-pVTZ basis-set
(1,215 cm_l). Therefore, the 6-311++G(d,p) basis-set can
be a good choice for the calculations in the MOx—water
solution since it is computationally less demanding. It
should be noticed that gas-phase excitation energies of
MOx and the 0Ejy,_, 4. exhibit some dependence on the
theoretical method and significant deviations from experi-
ment are observed for the B3LYP and BHandHLYP
functionals. Using the aug-cc-pVDZ basis-set, the B3LYP
predicts a OEy,_ a4y of 1,192 cm! (0.15 eV) and the
BHandHLYP predicts a 6E,uu of 1,726 cm ™!

(0.21 eV). But the results also indicate that 0Ey,,_, 4; is not
very dependent on the basis-set, ranging from 1,189 to
1,292 cm™! using B3LYP and from 1,654 to 1,726 cm ! to
BHandHLYP.

In the absence of experimental data for 6Ej,,,_, 4y, it could
be of interest to carry out calculations relying on a reference
theoretical method to predict excitation energies. EOM-
CCSD gas-phase excitation energies for the MOx syn- and
anti-isomers are also reported in Table 4. The EOM-CCSD
results indicate that DFT, in particular, the B3BLYP exchange—
correlation functional, underestimates JEjy,,_, ..;. However,
the difference between EOM-CCSD (2,258 cm ™!
= 0.28 eV) and BHandHLYP (1,726 em™ ! = 0.21 eV)
calculations is quite small (0.07 eV).

The m—n excitation energies were also calculated for
the MOx geometries optimized in water (using the PCM
model and a cluster with one explicit water molecule).
These values are also reported in Table 4. The results
indicate that the C=0 distance stretching induced by the
presence of water leads to a small red-shift of the n—n"
excitation energies relative to the values for the isolated
optimized geometry. In this case, the OE,y,_um is
1,575 ecm™" (0.20 eV or —7.2 nm) using the optimized
geometry with PCM and 1,470 cm™' (0.18 eV or
—7.7 nm) using the optimized geometry with one bonded
water molecule, both results with BHandHLYP/6-
3114++4G(d,p). Therefore, the inclusion of the MOx
relaxation in the presence of the aqueous solution provides
a small red-shift of around 100-300 cm™" (0.01-0.04 eV).
This result is in concordance with values previously
reported for acetone in water [45].
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Fig. 4 Illustration of the
frontier molecular orbitals
involved in the 7—n" transition:
highest occupied molecular
orbital (HOMO) and lowest
unoccupied molecular orbital
(LUMO)

3.2 Properties of the mesityl oxide—water solution

3.2.1 Polarization effects of water on hydrated mesityl
oxide

The gas-phase QM calculated dipole moment of the MOx
anti-isomer (3.90 D) is larger than the syn-isomer (2.77 D).
In contrast with this, the OPLS charges predict that the syn-
isomer has a stronger dipole (3.63 D) than the anti-isomer
(3.10 D), see Table 1. Therefore, these atomic charges are
inadequate to be used in molecular simulations. The dipole
moments from the polarized procedure using S-QM/MM in
water are 4.97 D (syn) and 6.96 D (anti) and thus corre-
spond to our estimate of the (effective) dipole moments for
MOx in water. These three sets of atomic charges and the
dipole moments are shown in Table 1. For comparison, the
polarized dipole moments of the syn- and anti-isomers of
the MOx were also calculated with the continuum model,
PCM, for the water environment. These values are 3.85 D
for the syn-isomer and 5.25 D for the anti-isomer that are
around 30 % less than that obtained with the iterative
procedure using S-QM/MM method. This is a reasonable
result considering that the specific interactions, like the
hydrogen-bonded water molecules, are included in the QM
calculation as SPC point charges. Therefore, its effect
seems to be stronger than that considered in the continuum
model.

Figure 5 shows the convergence of the MOx dipole
moment during the iterative polarization procedure. Each
point in the Fig. 5 corresponds to a QM calculation of the
MOx with an embedding represented by an electrostatic
average of the solvent (ASEC) [49], where the solvent
molecules are considered as point charges. In the present
case, this ASEC includes the contribution of 56,250 (=
75 x 250 x 3) point charges from the superposition of 75
statistically uncorrelated configurations with 250 water
molecules. As illustrated in Fig. 5, for both isomers, it is
observed that an increase of 80 % of the dipole moment
relative to the gas-phase value after convergence is
attained. The set of atomic charges obtained with this
polarization procedure are shown in Table 1.
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Fig. 5 Behavior of the mesityl oxide dipole moment in the iterative
polarization procedure for the syn-isomers (solid circle) and anti-
isomers (open square)

3.2.2 Structure and hydrogen bonding in the mesityl
oxide—water solution

The analysis of the structure was carried out by using the
configurations generated with the gas-phase atomic charges
(non-polarized) and those generated in-water (polarized)
atomic charges. The organization of the water around MOx
can be discussed through the analysis of the radial distri-
bution function or equivalently by the minimum distance
distribution function (MDDF). This distribution corre-
sponds to the histogram calculated with the minimum
distance between the atoms of the solute MOx and the
atoms of the solvent water molecules and normalized by a
parallelogramic uniform distribution [50]. The MDDF is
shown in Fig. 6 for the sampling with polarized (bottom)
and non-polarized charges (top) and for the syn- and anti-
isomers. The MDDF exhibits a shoulder with a peak at
1.8 10%, which is related to a micro-solvation shell and the
hydrogen bond formation (see discussion on hydrogen
bonding below). Integration of the MDDF shoulder up to
2.1 A leads to the number of micro-solvation shell of
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Fig. 6 Minimum distance distribution function (MDDF) for the syn
and anti mesityl oxide isomers with polarized (a) and non-polarized
(b) atomic charges

approximately 2-3 water molecules, which is also reported
in Table 5. Integration of the MDDF up to the first mini-
mum (4.0 A), that defines the first hydration shell, leads to
the first coordination number of 34-35 water molecules.
The integration up to the second minimum (7.5 A), defin-
ing a second shell, leads to a second coordination number
of 141-145 water molecules. These structural data are
gathered in Table 5 for different models and MOx isomers.
The results indicate that the organization of the water
molecules around the solute is not very dependent on the
choice of the charges (non-polarized or polarized).

Table 5 Number of water molecules in the micro-, first and second
solvation shells and the hydrogen-bonded (HB) to the mesityl oxide,
and the statistical analysis (average and standard deviation values) of

Moreover, with the exception of micro-solvation shell,
quite small differences are observed for the water structure
around the MOX syn- and anti-isomers.

The analysis of the hydrogen bond (HB) can be per-
formed using the micro-solvation shell. However, the small
distance between the solute—solvent does not fully defines
the HB formation. Therefore, the more accurate analysis of
the HB should be carried out by defining the geometric and
energetic criteria [51, 52]. In this work, we used a distance
between the MOx oxygen (Oypg) and water oxygen (Oy,),
R(Oypp ... Ow) < 3.25 A (value of the first minimum in the
OMOw RDF), an angle between Oy and OwH,
0Oy ... OwH) < 40° and a binding energy (calculated by
the interaction model) E; < —0.01 kcal/mol. This energy
criterion is used only to guarantee that the water molecule
is binding to the MOx. Using these criteria, the results for
the statistical analysis on HB distribution and the average
properties of HB in the MOx—water solution and its stan-
dard deviation are reported also in Table 5. The following
specific aspects are worth noticing. For both non-polarized
and polarized charges, the percentage of water molecules
with only one hydrogen bond (1 HB) to MOx is dominant.
If we consider the syn-isomer, the numbers are 55.3
and 42.7 % for non-polarized and polarized charges,
respectively. However, comparison between the syn- and
anti-isomers shows that in contrast with the results for the
non-polarized charges, polarized leads to quite similar
populations for both isomers (42.7 %) and a significant
change on the number of water molecules with two
hydrogen bonds (2 HB) to MOx. The fraction of configu-
rations with three hydrogen bonds (3 HB) is quite small.

HB properties for two different charge distribution models used in the
MC simulations: non-polarized (gas phase) and polarized in water
(see Table 1)

Non-polarized Polarized
Syn Anti Syn Anti
Number of water molecules
Micro-solvation shell (up to 2.1 /&) 1.9 1.9 2.4 2.8
Ist shell (up to 4.0 A) 34 34 35 35
2nd shell (up to 7.5 A) 143 141 145 143
% of Configurations with
0 HB 36.3 35.6 22.1 0.4
1 HB 55.3 44.0 42.7 42.7
2 HB 8.4 28.8 335 553
3 HB 0.0 1.6 1.7 1.6
HB average properties
Number of water (Nyg) 0.7 1.1 1.2 1.6
Distance (R(Op...Ow)) (in A) 2.82 £0.15 2.82 £0.16 274 £0.15 275 £ 0.16
Angle (6(Oy;...OwH)) (in ©) 15£9 15+9 12 +7 12 £7
Energy (E;) (in kcal/mol) —49+ 12 —48 + 1.2 —73+ 15 —82+ 1.5
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These results are not surprising if we take into account the
increase of the charges (and dipole moment) of MOX in
water when a polarization procedure is adopted to estimate
the charge distribution (see Fig. 5 and Table 1). By taking
the average of the HB, (Nyg), for the different isomers, we
conclude that they are of ~1 and ~ 1.5 for the syn- and
anti-isomers, respectively. Therefore, the polarization
effect does not increase significantly the quantity of HB
(only 0.5 HB), but makes it more oriented, shorter and
stronger, as it can be seen in Table 5. For the anti-isomer,
the HB O...0O distance decreases from 2.82 to 2.75 10\, the
O...OH angle decreases from 15° to 12°, and the binding
energy increases from 4.8 kcal/mol to 8.2 kcal/mol for the
non-polarized and the polarized models, respectively. These
results show the relevance of using a polarized model for
the solute.

3.2.3 Gibbs free energy and conformational change
of mesityl oxide in water

The conformational equilibrium in solution was investi-
gated by calculating the Gibbs free energy change associ-
ated with the interconversions between different isomers
(syn and anti) and with the transition state structure (TS).
Table 6 Non-electrostatic and electrostatic contributions to the Gibbs

free energy of hydration, AG,(aq), the total hydration free energy,
AAG,_,,(aq), and the Gibbs free energy change in aqueous solution,

The Gibbs free energy change in aqueous solution AG,_,.
w(aq) can be determined through the definition of a ther-
modynamic cycle and estimated as:

AGy—(aq) = AG.—y(gas) + (AGc(aq) — AG,(aq))
= AG—(gas) + AAG,—,(aq) (1)

where x and y represent the different solutes (syn, anti and
TS), AG,(aq) is the Gibbs free energy of hydration asso-
ciated with the species x (calculated by TPT), AAG,_,,(aq)
is the differential free energy of hydration, and AG,_,,(gas)
is the gas-phase free energy difference that can be evalu-
ated by QM methods (see Table 3). Moreover, it is possible
to separate the different contributions (electrostatic and
non-electrostatic) to the total AG,(aq) [43, 44]. Once, the
AG(aq) = —AG,_(aq), where AG,_o(aq) is the free
energy of annihilation of the species x in aqueous solution.
This annihilation process is divided in two parts: first the
Coulombic potential is annihilated then the Lennard-Jones
potential. All the calculated values of these variations of
free energy are presented in Table 6. For comparison, the
free energies of hydration of the MOx were also calculated
with the continuum model, PCM, for the water environ-
ment and are shown in Table 6. Only for these QM cal-
culations of the solvation free energy, the PCM was

AG,_,(aq), of the MOx isomers (syn and anti) and transition state
structure (TS) obtained with QM calculation with PCM-UAHF(HF/6-
31G(d)) and with TPT in the MC simulations

Syn TS Anti
OM continuum model, PCM-UAHF
AG ,(aq) non-electrostatic contribution 2.19 2.73 2.22
AG,(aq) electrostatic contribution —5.96 —6.90 —7.49
Total AG.(aq) —3.77 —4.17 —5.27
Syn — TS Syn — anti
AAG,_,,(aq) —0.40 —1.50
—0.20% —0.39" —1.27% —1.43°
AG,_,, (aq)* 3.17 —0.16
Syn TS Anti
TPT in MC simulation
AG, (aq) non-electrostatic contribution —0.64 £+ 0.03 —1.12 £ 0.06 —1.26 £+ 0.06
AG, (aq) electrostatic contribution —12.71 £ 0.64 —12.79 £ 0.63 —16.20 £ 0.80
Total AG, (aq) —13.35 £ 0.67 —13.91 £ 0.69 —17.46 £ 0.86
Syn — TS Syn — anti
AAG,_,, (aq) —0.56 £ 0.96 —4.11 £ 1.09
AG,_,, (aq)* 3.01 + 0.96 —2.77 + 1.09 (99 %)

All values are in kcal/mol, and the deviations are the statistical error. The population of the anti-isomer in water is reported in the parenthesis

* Obtained with PCM-UAHF(B3LYP/aug-cc-pVDZ)
° Obtained with PCM-UAHF(MP2/aug-cc-pVDZ)

¢ Obtained from the thermodynamic cycle (see Eq. 1) with AG,_,, (gas) using MP2/aug-cc-pVDZ (see Table 3)
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performed using the united atom topological model applied
on atomic radii optimized for the HF/6-31G(d) level of
theory (UAHF). This UAHF radii option is consistent with
the non-electrostatic parametrized terms of the solvation
free energy implemented in Gaussian program and gives
the best performance when compared with the experi-
mental results [53, 54].

It should be noticed that the free energy of hydration,
AG,(aq), of MOx conformations (syn, TS and anti) exhibits
some dependence on the theoretical method. In Table 6,
comparing the non-electrostatic contribution obtained with
PCM solvent model (all positive values) and with TPT in
simulation (all negative values), it seems that the PCM is
underestimating the van der Waals and dispersion interac-
tions (negative contributions to the free energy of hydration)
or super estimating the cavitation contribution (positive
contributions to the free energy of hydration), or both.
Additionally, comparing the electrostatic contribution, we
believe that the PCM solvent model is underestimating the
in-water polarization of the MOX, as described in previous
section. Therefore, all the electrostatic contribution values
obtained with PCM are smaller than with TPT. However, for
all used method, the anti-isomer solvates better in water
solution than the syn-isomer by around 4 kcal/mol using
TPT in simulations and 1.5 kcal/mol using QM calculations
with PCM-UAHF. Using the QM calculations for AG,_,.
y(gas) reported in Table 3 (best result with MP2/aug-cc-
pVDZ) and Eq. (1), the free energy change in water,
AG,_,,(aq), can be estimated and the results are also reported
in Table 6. Based on the results for AG,_,,(aq) calculated
with TPT, the anti-isomer is dominant in the aqueous solu-
tion by more than 99 % of population. These results show
that the syn—anti equilibrium of the MOx is solvent depen-
dent and it is in agreement with the citation of Kosower [16].

3.2.4 Absorption spectrum of mesityl oxide in water

According with experimental data, the 7—n" band of MOx
is shifted by —2,145 £ 90 cm™' (—0.266 & 0.011 eV)
when the solvent changes from iso-octane to water [16] and
extrapolated as —2,410 £ 90 em~ ! (=0.299 + 0.011 eV)
from gas phase to water using a linear regression in the a
plot of the experimental values for the maximum absorp-
tion transition energy, E,.x, of the MOx in several solvent
[16] versus the normalized Reichardt solvent polarity scale,
EY [2] (see Fig. 3). In order to discuss, the absorption
spectrum of solute MOx (S) in water different theoretical
representations of the solvent was adopted: (1) the polar-
izable continuum model (S + PCM), which provides a
simplified representation of the solvent as a continuum
dielectric medium; (2) the average solvent electrostatic
configuration (S + ASEC), where 250 water molecules of

S+14W+236PC

Fig. 7 An illustration of the models used in the QM calculation:
S+ASEC, one configuration of S+HB+250PC and one configuration
of S+14W+236PC. The point charges are represented by small
spheres
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Table 7 Solvent effect on the 7—n" excitation of mesityl oxide

Model AEsyn AEanti AE.\‘}7n~>anti

B3LYP BHandHLYP B3LYP BHandHLYP B3LYP BHandHLYP
S+PCM —-1,510 —1,551 —1,855 —2,088 —645 —375
S+ASEC —1,645 —-1,615 —2,385 —2,526 —1,175 —813
S+HB+-250PC —2,129 + 59 —2,021 + 60 —3,025 + 85 -3,022 £ 70 —1,815 + 85 —1,309 £+ 70
S+8W-+242PC —3,039 + 112 —2,644 + 71 —4,077 + 92 —3,979 + 83 —2,867 £ 92 —2,266 £ 83
S+12W+238PC —3,187 £ 85 =2,777 £ 72 —4,356 + 101 —4,156 + 87 —3,146 + 101 —2,443 + 87
S+14W+236PC —3,256 + 83 2,810 + 73 —4,459 + 115 —4,232 + 88 —3,249 £ 115 —2,519 + 88
Experimental shift of iso-octane to water [16] —2,145 £ 90
Extrapolated shift of gas phase to water (see Fig. 3) —2,410 £ 90

AE = E(aq) — E(gas) where E(aq) and E(gas) are the excitation energies in aqueous solution and gas phase, respectively. TDDFT calculations
with the 6-311++4G(d,p) basis-set. AE, values assume both, E(aq) and E(gas), in the x-isomer, and the AEy,_.,; values considered the
excitation energy difference between the gas-phase MOX in the syn-isomer and the in-water MOX in the anti-isomers and represent the total
solvent effect on the n—n" excitation. The description of the models is as follows: S MOx solute molecule, PCM the polarizable continuum
model, ASEC the average solvent electrostatic configuration, where the 250 water molecules of 75 configurations are represented as point
charges, HB the hydrogen-bonded water molecules explicitly included in the QM calculation, nW the nearest n water molecules explicitly
included in the QM calculation, where n = 8, 12 and 14, mPC remaining m water molecules described by point charges, where m = 242, 238
and 236. For all "W + mPC models, the nearest 250 water molecules were used (n + m = 250). All values are in cm™ !

75 configurations are superposed and represented as
re-scaled point charges; (3) the hydrogen bond model
(S+HB+250PC) that includes explicitly a few water
molecules hydrogen-bonded to MOx (in average 1.2 for the
syn-isomer and 1.6 for the anti-isomer, see Table 5) and
this system is embedded in the electrostatic field of the
remained 250 water molecules represented by point char-
ges (250PC); and (iv) the explicit model (S+nW+mPC)
where the nearest n water molecules to MOx (nW) are
explicitly included in the calculation, where n = 8, 12 and
14, and this system is embedded in the electrostatic field of
the remained solvent molecules represented by m point
charges, where m =242, 238 and 236. For all
S+nW-+mPC models, the nearest 250 water molecules
were used (n + m = 250). In Fig. 7, we show an illustra-
tion of the S+ASEC model (top), one configuration of the
S+HB+250PC (center) and S+14W+236PC (bottom)
models. Note that for the S+PCM and S+ASEC models,
only one QM calculation is performed to obtain the n—n"
excitation energy of the MOx in water because both models
represent the solvent average behavior. But for the
S+HB+250PC and S+nW+mPC models, the -7 exci-
tation energy of the MOX in water is obtained as an average
over 75 statistically uncorrelated configurations generated
from the MC simulations.

The shift of the 7—n" excitation energy of the MOx upon
hydration, considering the syn — anti isomerization change, is

AE&yn—wnti = anti(aq) - Esyn (gaS)7 (2)
where E,;(aq) is the excitation energy of the hydrated
MOXx anti-isomer, and E,,(gas) is the excitation energy of

the isolated MOx syn-isomer. This expression can be re-
written as

@ Springer

AEsyi1~>c1rzti - (Eanti(gas) + AEanti) - Esyn (gaS)
= 5Esyn~>anti + AEantiy (3)

where AE,,,; = E,.i(aq) — E,.i(gas) is the excitation
energy shift due to the solvent effect on electronic structure
of the specific anti-isomer, and 6E;y,_, 4 = Eqni(gas) —

E,,,(gas) is the excitation energy shift due to the isomeri-
zation change. The AE, values are reported in Table 7,
where x is the syn- and anti-isomers and the JE,,,,_, 4, are
reported in Table 4. Therefore, on the basis of Eq. (3), the
analysis of the solvent effect on the MOx excitation
spectrum should take into consideration two distinct and
opposite contributions. The first one is related to the
syn — anti conformational change leading to a blue-shift
of 1,210 ecm™! [1,713 cm™!] for B3LYP [BHandHLYP]
calculations with the 6-3114++4G(d,p) basis-set (see
Table 4). The second contribution is related to the solvent
effect and leads to a red-shift of the excitation energy. The
results reported in Table 7 for AE, are in keeping with the
experimentally observed trend that points out to a red-shift
of the excitation energy when we move from a low- (iso-
octane) to a high-polarity solvent (water). However, the
magnitude of AE, is clearly dependent on of the adopted
procedure to represent the solvent effect. In the specific
case of the anti-isomer and for BHandHLYP calculations,
AE,,; changes from —2,088 cm ™! (PCM) to —4,232 +
88 cm ™! for the model S+14W+236PC, where the solute
is in interaction with 14 (explicit) water molecules
embedded in the electrostatic field of 236 water molecules
represented as point charges. Moreover, it appears that
AE is also dependent on the number (mW) of water mol-
ecules explicitly included in the calculations. However, the
difference between the results with 12 and 14 explicit water
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molecules (76 cm™' using BHandHLYP and 103 cm™'
using B3LYP for the anti-isomer) indicates that AE, is near
convergence with 14 W. Therefore, it will be assumed that
our best estimate for AE, relies on the (S+14W+236PC)
calculation.

According to Eq. (3) by adding to AE,,,;; the contribu-
tion from the gas-phase syn — anti isomerization
(0Eqyani = 1,210 and 1,713 em™', for B3LYP and
BHandHLYP, respectively), the total solvatochromism on
the MOx n—-m excitation energy is a red-shift of -
3,249 + 115 cm ™' using B3LYP and —2,519 + 88 cm™'
using BHandHLYP, whereas the experimental extrapolated
value is —2,410 £ 90 cm~!. Our theoretical estimate
(using BHandHLYP) is red-shifted by only 109 cm™'
(0.014 eV) from the extrapolated experimental result and
indicates that our best approximation for representing the
solvent effect on the MOX n—7"excitation is adequate.

4 Conclusions

Sequential QM/MM calculations were carried out
to investigate the hydration of a model non-saturated
a,-ketone. Our main conclusions are the following. The
syn—anti equilibrium of mesityl oxide (MOx) is solvent
dependent. In gas-phase and low-polarity solvents, it exists
dominantly in syn-form and in aqueous solution in anti-
form. This conclusion is supported by Gibbs free energy
calculations in gas phase and in-water by applying quan-
tum mechanical calculations with polarizable continuum
model and thermodynamic perturbation theory in Monte
Carlo simulations using a polarized MOx model. The
consideration of the in-water polarization of the MOXx is
very important to correctly describe the solute—solvent
electrostatic interaction. We predict that the dipole moment
of MOx in water is ~5 D for the syn-isomer and ~7 D for
the anti-isomer. It represents an increase of 2.2 D in the
syn-isomer and 3.1 D the anti-isomer compared to the gas-
phase MOx. Statistical analysis of MOx—water hydrogen
bonding and comparison between polarized and non-
polarized models indicate that by using polarized charges
on the solute, the number of configurations with two water
molecules hydrogen-bonded to MOx (anti) is increased by
~26 % and the hydrogen bonds became ~70 % stronger
relative to the non-polarized model. Our best estimate for
the shift of the 7—n transition energy of MOx, when it
changes from gas-phase to water solvent, shows a red-shift
of —2,520 + 90 cm ™', which is only 109 cm™"' (0.014 eV)
below experimental extrapolation of —2,410 & 90 cm™".
Therefore, this red-shift of around —2,500 cm™! can be
divided in two distinct and opposite contributions. One
contribution is related to the syn — anti conformational
change leading to a blue-shift of ~1,700 cm™'. Other

contribution is the solvent effect on the electronic structure

of the MOx leading to a red-shift of around —4,200 cm™ L.

Additionally, this red-shift caused by the solvent effect on
the electronic structure (~ 4,200 cmfl) can be composed
by approximately 60 % due to the electrostatic bulk effect
(~2,500 cm_l), 10 % due to the explicit inclusion of the
hydrogen-bonded water molecules (~500 cm™") and 30 %
due to the explicit inclusion of the nearest water molecules
(~1,200 cm™!). The set of information on the structure,
thermodynamics and electronic properties of MOx in water
stresses the interest of performing theoretical studies that
combine statistical, molecular and quantum mechanics
with explicit solvent molecules for investigating solvent
effects.
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