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Abstract. A hybrid quantum mechanical and molecular
mechanical potential is used in Monte Carlo simulations
to examine the solvent effects on the electronic excitation
energy for the n — n* transition of pyrimidine in
aqueous solution. In the present study, the pyrimidine
molecule is described by the semi-empirical AM1 model,
while the solvent molecules are treated classically. Two
sets of calculations are performed: the first involves the
use of the pairwise three-point charge TIP3P model for
water, and the second computation employs a polariz-
able many-body potential for the solvent. The latter
calculation takes into account the effect of solvent
polarization following the solute electronic excitation,
and makes a correction to the energies determined using
pairwise potentials, which neglects such fast polarization
effects and overestimates the solute-solvent interactions
on the Franck-Condon excited states. Our simulation
studies of pyrimidine in water indicate that the solvent
charge redistribution following the solute electronic
excitation makes modest corrections (about —130 cm™1)
to the energy predicted by using pairwise potentials.
Specific hydrogen bonding interactions between pyrim-
idine and water are important for the prediction of
solvatochromic shifts for pyrimidine. The computed
n — 7* blue shift is 22754 110 cm~!, which may be
compared with the experimental value (2700 cm~') from
isooctane to water.
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1 Introduction

Solvent effects play an essential role in chemistry and
biochemistry because most chemical reactions are car-
ried out in solution, and processes related to life take
place in aqueous environments. One of the most effective
experimental approaches to probe solute-solvent inter-
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actions is through electronic spectroscopic methods by
examining the observed spectral shifts of chromophores
in various solvents [1]. Based on changes of electronic
absorption spectra the solvent polarity may be defined,
which provides a quantitative measure of the solvent’s
ability to polarize the solute’s electronic structure. For
example, one of the most widely used solvent polarity
scales is the E(30) values, which are determined from
the solvatochromic shifts for the n — 7* transition of
the pyridinium N-phenolate betaine dye in a variety of
solvents [2, 3]. Thus, it is of interest to develop and refine
theoretical methods that can predict solvent effects on
the absorption energy of chromophores.

Continuum solvation models have been widely used,
which provide useful quantitative and qualitative infor-
mation [1, 4, 5]. Continuum methods have the advantage
of computational efficiency because the solvent is char-
acterized by a dielectric medium. Consequently, a great
number of large molecules can be studied. The short-
coming, however, is a lack of specific consideration of
hydrogen bonding interactions, which in certain cases
need to be explicitly included. An example was recently
provided by Karelson and Zerner [6], who showed that
the n — #* blue shift of pyrimidine in water can only be
adequately predicted with the inclusion of two explicit
water molecules that form hydrogen bonds to the two
nitrogen atoms. Microscopic simulation techniques, on
the other hand, can treat intermolecular interactions
explicitly, and have been applied to the study of solvent
effects on solvatochromic spectral shifts [7-10]. An at-
tractive approach is a method that combines quantum
mechanics (QM) with molecular mechanics (MM) to
describe interactions between solute and solvent mole-
cules [11, 12]. In such a hybrid QM/MM approach, the
solute molecule is treated by QM methods, while the
remainder of the system — the solvent molecules — are
approximated by MM force fields. The method goes
beyond the traditional force field calculations in that
electronic properties, including bond formation and
breaking, and the electronic absorption and emission
spectra, can be addressed [12].

Application of hybrid QM/MM potentials to the
investigation of solvatochromic shifts at the molecular



152

level was pioneered by Warshel and coworkers [7]. We
have also developed a hybrid QM-configuration inter-
action (CI) and MM method for the study of solvent
effects on electronic excited states [8]. This method can
yield good results for spectral shifts of acetone in
aqueous and organic solvents, as well as for the predic-
tion and interpretation of the excited state acidity con-
stants (pK,) of organic compounds in solution [8].
However, our early studies utilized an effective pair
potential for the solvent, whose charge distribution does
not respond to the variation of the solute’s charge re-
distribution. Recently, Thompson and Schenter [13],
presented a detailed description for coupling a polariz-
able MM force field with a QM method in molecular
dynamics simulations, and have investigated the excited
states of the bacteriochlorophyll-b dimer in the photo-
synthetic reaction center using an INDO/s QM Hamil-
tonian. The same technique has been described and
implemented in our program [13, 14]. In this paper, we
present results from a statistical Monte Carlo simulation
of the pyrimidine n — #* blue shift in aqueous solution
using hybrid QM/MM potentials. The effect of the sol-
vent polarization, in response to the solute electronic
excitation, is approximated by using a polarizable MM
solvent model [13, 14]. Below, the method and compu-
tational details employed in the present study are given,
followed by results and discussion. The paper concludes
with a summary of the major findings of this inv-
estigation.

2 Method

We employ a hybrid QM/MM potential in statistical
mechanical Monte Carlo simulations to investigate the
effect of aqueous solvation on the n — n* absorption
energy of pyrimidine. The method is based on a recently
developed procedure, in which the chromophore mole-
cule is treated with a CI wavefunction, and the
surrounding solvent molecules with empirical potential
functions [7, 8]. In previous studies, effective pairwise
potentials have been used for the solvent. Thus, the
charges of the solvent molecules are fixed [8]. Although
in the Franck-Condon transition, the solvent nuclei do
not have sufficient time to reorient and the excitation
energy can be evaluated using the ground-state config-
uration, the solvent charge distribution must respond to
the change of the solute wavefunction. The latter effect
has been neglected with the use of pair potentials. A
viable approach to take into account the solvent
polarization effect in estimating electronic transition
energies is to use a polarizable solvent model as
originally described by Luzhkov and Warshel [7].
Thompson and Schenter [13] recently presented a
detailed description of the computational procedure.
Here, we employ the same approach to examine the
magnitude of the polarization correction to the excita-
tion energy estimated with the use of pair potentials [14].
Pyrimidine in water is chosen as a model system in the
present study. The solvent effect on pyrimidine absorp-
tion spectra has received significant theoretical attention
[6, 10, 15]. A recent systematic investigation by Zeng

et al. [10] provides an excellent source of data for
comparison.

The total energy of the hybrid system with the use of
a polarizable solvent model can be written as follows
[13, 14]:
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where @Y, is the ground state CI wavefunction of the
solute chromophore, H is the solute Hamiltonian, and
H xs({gs, 1J}) is the solute-solvent interaction Hamilto-
nian. In Eq. (1), EP¥" is the solvent pair interaction
energy, consisting of both van der Waals and Coulombic
terms, pf is the solvent induced dipole moment in the
presence of the ground-state solute, E; is the electric field
at position s due to the permanent solvent charges, and
E™(®Y,) is the electric field exerted by the solute
wavefunction. The Hamiltonian Hx,({gs, 1#¢}) consists
of three terms [12-14]:

Hy({gs 10}) = Hy, +Hy, + Hy({1}) (2)

which represent, respectively, solute-solvent van der
Waals, Coulomblc and charge induced dipole interac-
tions. Note that A’y ({u¢}) is a function of the solvent-
induced dipoles, whereds {u¢} depends on the solute
wavefunction via Eq. (3). Thus, {u} and @7, must be
determined consistently in an iterative fashion.
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Here, Ty, is the standard dipolar tensor.

A similar expression can be obtained for the excited
state of the solute, assuming that the solvent polariza-
tion instantaneously follows the solute electronic exci-
tation, Eq. (4) [13]:

(1)

Ld

+ E"(®F)]- 3)

Ef = <(DEI|HX +HX& qs, 145) | D) Efsair

_ sz‘i'E:—i_ 52#?'@'"@%1)-

In Eq. (4) the superscript e indicates that the solute
molecule is in an electromcally excited state, and u¢ is
the solvent-induced dipole in the presence of the excited
solute molecule. u¢ is obtained by replacing E?"(®,) by
E™(®¢,) in Eq. (3). The exact solution of Eq. (4)
requires an iterative, self-consistent field (SCF) proce-
dure, involving coupled QM-CI and MM polarization
computations. To a first-order approximation, the
procedure may be simplified by replacing the fully
converged excited wavefunction with that obtained
using the ground-state QM/MM dipole term [13]. Here,
we indistinguishably use the notation ®f, to represent
the two excited wave functions. Consequently, the QM/
MM polarization term in Eq. (4) may be approximated
as follows:
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where Ap, = p¢ — pd. The last term in Eq. (5) can also be
expressed classmally for the interaction between solvent-
induced dipoles with the solute QM electric field:

(0 |5, ({Ap, )| 0G) =

Making use of Egs. (5) and (6), Eq. (4) is rewritten as
follows:

—Ap, - E"(P). (6)
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The difference between Egs. (4) and (7) is that the former
involves iterative QM-CI and solvent-polarization SCF
calculations, whereas the latter only requires the MM-
SCF iteration to obtain m¢. In Eq. (7), excited state
energies in the CI calculation are determined by using
the ground-state, solvent-induced dipoles [13]. We note
that, without using a polarizable potential for the
solvent, only the first two terms survive in Eqgs. 1 and
7. Consequently, the energy terms involving MM
polarization energies may be used as a correction to
the excitation energies determined with pairwise, non-
polarizable potentials. In continuum solvation models,
the solvent electronic polarization contribution to sol-
vatochromic spectral shifts is often approximated with
the use of the optical dielectric constant of the solvent
[4].

In the explicit simulation study, the solute excitation
energy in solution is written as follows:
AEY S =E¢
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Here, AEY, represents the excitation energy obtained
from hybrid QM/MM CI calculations using the static
ground-state solvent charge distribution, and AE“ °is a
correction resulting from the instantaneous polarlzatlon
of the solvent molecules following the solute excitation.
The solvent spectral shift is defined as the difference of
excitation energies in solution and in the gas phase, and
is averaged over the Monte Carlo trajectory.

(Av) = (AE() — AEL = (AAEG) + (AEL ) (11)
where the brackets indicate ensemble averages, and
AAEY £ = AEY S — AEI ©.

stat stat gas
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3 Computational details

Statistical Monte Carlo simulations are carried out for a
system containing 510 water molecules plus one pyrim-
idine in a cubic box with periodic boundary conditions.
Two separate calculations are performed, in which the
electronic structure of pyrimidine is represented by a CI
wavefunction constructed from single excitations of an
active space of six occupied and six unoccupied molec-
ular orbitals from the semi-empirical AM1 wave func-
tion [16, 17]. The first calculation involves hybrid QM-
CI/MM simulations using the pairwise, three-point
charge TIP3P model for water [18], which yields values
for AEY, [Eq. 9]. The second computation utilizes the
POL2 polarizable model for water developed by Dang
[19] to give the polarization correction, AE"% [Eq. 10].
In the latter calculation, only single- pomt energy
evaluations are performed on configurations saved
during the first simulation, which includes a total of
200 structures. Monte Carlo simulations are run in an
isothermal-isobaric (NPT) ensemble at 25°C and 1 atm.
Spherical cutoff distances of 9 and 10 A are used to
determine solvent-solvent and solute-solvent interac-
tions. The van der Waals parameters for the QM atoms
are those determined in previous studies, except nitrogen
for which the ¢ value has been reduced to 2.3 A [20].

In all calculations, the pyrimidine structure is held
rigid at the optimized AM1 geometry in the gas phase.
Although the solvent effect may alter the solute geome-
try slightly, its consequence on the absorption energies is
not considered in the present study. The Monte Carlo
simulations involve at least 10° configurations of equil-
ibration, followed by 2 x 10° configurations for data
averaging. Statistical errors are determined from aver-
ages of 5 x 10* configurations. New configurations are
generated by translating a randomly selected molecule in
all three cartesian directions, and rotating around a
randomly chosen axis. The Owicki-Scheraga preferential
sampling technique is employed to enhance the statistics
near the solute, such that solvent moves are, made
proportional to 1/(R*+ W), where W =350 A [21].
Volume moves are attempted on every 1250 conﬁgura—
tions. The ranges of moves are +0.15 A for translation,
+15° for rotation, and £300 A> for volume moves. All
simulations are performed on IBM RS6000 computers
using the MCQUB program, [22] which is interfaced
with the MOPAC program for electronic structure
calculations [17].

4 Results and discussion
4.1 Pyrimidine-water complexes

We first examine the structure and energy of pyrimidine-
water clusters, C4H4N,/(H,O),n= 1,2, using Monte
Carlo simulated annealing techniques. The initial con-
figuration of the two complexes is generated by deleting
all water molecules in the system for fluid simulations
except one and two water molecules with the largest
interaction energies. Then, the complex system is
equilibrated for 10 000 configurations at 150 K, after
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Fig. 1. Hydrogen bonding structures for pyrimidine-water complexes
optimized from Monte Carlo simulated annealing at 0.1 K

which the system is continuously annealed to a temper-
ature of 0.1 K in about 50 000 configurations. The final
minimum structures are shown in Fig. 1, with key
geometrical parameters listed.

Hydrogen-bonding energies for complexes with one
and two water molecules are —4.7 and —9.0 kcal/mol,
respectively, from the hybrid QM/MM calculation,
which may be compared with the ab initio HF/6-
31+ G(d)//6-31 + G(d) value of —5.2 kcal/mol for the
pyrimidine-water bimolecular complex. In addition, the
HF optimized structures are subjected to DFT/B3LYP/
6-31+G(d) single-point energy calculations, and an
interaction energy of —5.9 kcal/mol is obtained. Thus, it
appears that the present combined AM1/TIP3P model
underestimates pyrimidine-water hydrogen bonding in-
teractions by about 1 kcal/mol. In the present Monte
Carlo simulated annealing optimizations, the water
molecule prefers a tilted conformation with the non-
bonding hydrogen pointing away from the pyrimidine
symmetry plane. However, the ab initio calculations are
performed with a C; symmetry, having both water and
pyrimidine constrained to the same plane. Zeng et al.
[10] examined several empirical potential functions for
pyrimidine, and found that Jorgensen’s OPLS potential
gives an interaction energy of —4.2 kcal/mol [23]. They
noted that potential functions with partial charges de-
rived from HF electrostatic potentials using double zeta
plus polarization basis functions yield a much stronger
binding energy of 7.5-8.9 kcal/mol, depending on the
way in which QM electrostatic potentials are used to fit
atomic charges [10]. For the singly bonded complex, a
blue shift of 1235 cm™! is obtained using the hybrid
AM1-CIS/MM method. This turns out to be in agree-
ment with the value of 1380 cm~! predicted by Zeng et al.

Fig. 2. Final structure from Monte Carlo simulations of the complex
at 150 K

[10c]. Hydrogen bonding to a second water molecule
further increases the excitation energy, resulting in a
predicted blue shift of 2790 ecm~! at 0.1 K, which is as
large as the entire experimental solvent spectral shifts
[10]. However, as noted previously by Zeng et al. [10]
hydrogen-bonding interactions with pyrimidine are
rather flexible and can easily be distorted by thermal
fluctuations as the temperature increases. For example,
at 150 K, the average interaction energy for the
C4H4N,/(H,0), complex is reduced to —6.8 kcal/mol in
hybrid QM/MM simulations, and the spectral shift for
the n — n* excitation is now about 1620 cm™!. Inter-
estingly, the two water molecules showed asymmetrical
arrangement in the hydrogen-bonded complex at this
temperature (Fig. 2). Karelson and Zerner [6] found that
the excitation energy was red-shifted in the
C4H4N,/(H,0), complex using the INDO/S model,
whereas the continuum dielectric effects increase the
excitation energy of this tri-molecular complex. The
reason that INDO/S yields red shifts is perhaps due to a
particular choice of configurations in the CI calculation,
although most configurations lead to blue shifts.

4.2 Solvatochromic shifts

The computed solvatochromic shifts and contributing
components for pyrimidine in water are listed in Table 1.
The n — 7©* excitation energy is computed at 31 440
cm~! using the AM1 Cl-singles method, which may be
compared with the INDO/S value of 32 966 cm™!, [6]
and the experimental excitation energy of 34 200 cm™!
for the n — =* transition of pyrimidine in isooctane [24].
Studies have shown that there are little spectral shifts
from the gas phase to non-polar organic solvents [25].
The computed absorption energies are in surprisingly
good agreement with the experiment even though the
AMI1 model is not optimized for spectroscopic calcula-
tions. The computed total solvatochromic blue shift for
pyrimidine in water, from the hybrid QM/MM Monte
Carlo simulations at 25°C, is 2275 4+ 110 cm ™', of which
2405 £ 100 cm™! is due to electrostatic stabilization of
the ground state over the excited state (AAEY,"), and
—130+37 cm™! red shift is from changes in solvent



Table 1. Computed solvatochromic shifts and energy components of
pyrimidine in water using the hybrid QM1-CIS/MM method at 25°C
and 1 atm. Energies are given in cm™' ®

Energy QM/MM exp

v, gas phase 31440 34200°

v, aqueous 33715 £ 110 36900

Av 2275 £ 110 2700 + 300
AAESS 2405 + 100

AEy; 2975 £ 175

AAES™® =570 + 200

AEY ¢ -130 + 37

pol

?The calculation gives two close transitions at 31440 and
32620 cm™!, both of which give similar spectral shifts. Only the
lowest transition is listed here and used in the discussion. The two
energies may be averaged and similar results are obtained. Similar
findings have been observed by Karelson and Zerner using the
INDOY/S method [6]. All quantities are averages from Monte Carlo
simulations

® Absorption energies are for pyrimidine in isooctane [23]

polarization following the solute electronic transition

(AEgJE). Analyzing various experimental studies, Zeng
et al. concluded that the solvent shift of the absorption
band center for pyrimidine in water is 2700 £ 300 cm™!
[10c, 24-26]. Thus, the present Monte Carlo simulations
are in reasonable agreement with experiment. The
difference may be attributed to weaker hydrogen-bond-
ing interactions with water in the hybrid QM/MM
treatment. On the other hand, the study by Zeng et al.
[10c] employed classical dynamics simulations using
partial charges fitted to the ground and excited-state
electrostatic potentials, and over estimated the solvent
shift by 700 cm~'. In that work, hydrogen-bonding
interactions were predicted to be 2-3 kcal/mol stronger
than the B3LYP/6-31+G(d) calculations. Clearly,
details of the hydrogen-bonding strengths are critical
for the prediction of solvatochromic shifts in simulation
studies.

The origin of the computed solvatochromic spectral
shift for pyrimidine in water is readily revealed by ex-
amining the components that contribute to the overall
result (Table 1). As described in a previous study [8], the
AAEY, term can be separated into two components: (1)
the change in solute-solvent interaction energy due to
different solute charge distributions in the ground and
excited state, AEy,, and (2) the change of the intrinsic
excitation energy of the solute by solvation, AAES .
Following the solute electronic excitation, solute-solvent
interactions are weakened by 8.5+0.5 kcal/mol
(2975 cm™!) in the n — 7* transition. Along with the
correction term resulting from the solvent polarization

(AEg;e), differential solute-solvent interactions contrib-
ute 2845 cm~! to the total spectral shift, because the
ground state is better solvated than the excited state.
Interestingly, the change in solvent polarization follow-
ing the solute electronic excitation only makes a rela-
tively small correction to the spectral shifts determined
using an effective pairwise potential. Because the solute
wavefunction is distorted in solution, the intrinsic energy
gap between the ground and excited state is reduced
by =570 cm™! for the n — 7* transition.

155

N-Hw Radial Distribution Functions
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Fig. 3. Computed radial-distribution functions for the two pyrimidine
nitrogen and the hydrogen of water at 25°C

The gas-phase dipole moment of pyrimidine from the
AMI1 calculation is 2.04 D, which is smaller than the
experimental value (2.33 D) [27]. The average molecular
dipole moment in water is estimated to be 2.93 + 0.03 D
in the present hybrid QM/MM Monte Carlo simula-
tions. This represents a solvent-induced dipole moment
of 0.89 D in water, in reasonable accord with the value
of 0.7 D reported by Zeng et al. [10]. Solvent structural
features for pyrimidine in water are illustrated by radial
distribution functions (rdf) from hybrid QM/MM sim-
ulations. Figure 2 shows the rdf, g(R), for the N-H,,
pairs, which provide an indication of the extent of spe-
cific hydrogen-bonding interactions. Hydrogen-bonding
interactions are apparent from the strong first peaks in
Fig. 3, similar to those observed by Zeng et al. [10c].
Integration to the minima revealed 1 and 0.8 water
molecules in close contact with each of the two nitro-
gens, respectively. Thus, overall, there are an average of
1.7 water molecules forming specific hydrogen bonds
with pyrimidine. Employing a set of electrostatic po-
tential derived charges, Zeng et al. [10] also predicted
strong hydrogen-bonding peaks in the N-H,, radial dis-
tribution function, amounting to two hydrogen bonds,
one to each nitrogen atom in pyrimidine. These obser-
vations are consistent with the finding by Karelson and
Zerner [6], who identified that two explicit water mole-
cules are needed in continuum SCRF calculations in
order to reproduce the experimental spectral shifts.

5 Conclusions

Hybrid QM/MM Monte Carlo simulations have been
carried out to examine the solvatochromic shifts of
pyrimidine in aqueous solution. In this study, the solvent
polarization contribution following the solute electronic
excitation is included. The computed n — n* blue
shift for pyrimidine in water is 22754 110 cm™!, in
reasonable agreement with the experimental results
(2700 £+ 300 cm™!) and with previous computational
studies [6, 10]. Specific hydrogen-bonding interactions
between pyrimidine and solvent play an essential role in
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the solvent-induced spectral shifts. Analyses of solute-
solvent interaction energies reveal that the solvent
stabilizes the ground state more than the excited state
by 8.5 kcal/mol, or 2975 cm~'. Other factors contribute
to a minor extent, with only —130 cm~! from the solvent
polarization correction.
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