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ABSTRACT: Supermolecular calculations that treat both the solute and the solvent
quantum mechanically are performed to analyze the n-π∗ transition of formaldehyde in
water. The liquid structures are generated by canonical (constant volume, temperature,
and number of particles) (NVT) Metropolis Monte Carlo simulation. Autocorrelation
function is calculated to obtain efficient ensemble average. Full quantum mechanical
intermediate neglect of differential overlap/singly excited configuration interaction
(INDO/CIS) calculations are then performed in the supermolecular clusters
corresponding to the hydrogen bond shell and the first, second, and third solvation shells.
The largest cluster, corresponding to the third solvation shell, includes 1 formaldehyde
and 80 water molecules. INDO/CIS calculations are performed on a properly
antisymmetric reference ground-state wave function involving all valence electrons. The
results are then extrapolated to the bulk limit. The estimated limit value for the
solvatochromic shift of the n-π∗ transition of formaldehyde in water, compared to gas
phase, is 2200 cm−1. c© 2000 John Wiley & Sons, Inc. Int J Quant Chem 77: 192–198, 2000
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Introduction

T he first absorption transition of gas-phase
formaldehyde is known to be an n-π∗ excita-

tion located around 34,000 cm−1 [1]. This excitation
involves a large decrease in the dipole moment
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of the excited state as compared to the ground
state [2]. As a consequence, this transition suffers
a blue shift when formaldehyde is solvated in wa-
ter. The amount of this blue shift is not well de-
termined experimentally or theoretically, but it is
believed to be larger than 2000 cm−1 [3 – 5], with
a very large broadening of about 4000 cm−1 [4].
This solvatochromic blue shift has been analyzed
in several previous theoretical studies [5 – 12]. Most
of the recent investigations have considered com-
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bined quantum mechanics and simulation approach
or the use of dielectric continuum. Blair et al. [5]
used a combination of molecular dynamics simula-
tion followed by ab initio Hartree–Fock calculations.
Supermolecular calculations were performed for a
formaldehyde surrounded by 209 water molecules
represented by simple point charges. They esti-
mated the blue shift to be 1900 cm−1 and noted
that inclusion of a small number of water mole-
cules could not adequately describe the formalde-
hyde solvatochromic shift. Later, Fukunaga and
Morokuma [6] derived potential functions for the
interaction between formaldehyde and water and
calculated the blue shift of the n-π∗ transition in so-
lution to be around 3150 cm−1. Similarly, they noted
that small clusters could not represent the n-π∗ tran-
sition in solution. An investigation performed by
Thompson [7] in a quantum mechanics/molecular
mechanics (QM/MM) study obtained a smaller
value of 1150 cm−1. Bader and Berne [8] used
a dielectric continuum to estimate the blue shift
as 3500 cm−1. Very recently, Naka, Morita, and
Kato [12] used a reference interaction site model
self-consistent field (RISM-SCF) method and ob-
tained a blue shift of 2000 cm−1. Hence, available
theoretical studies using different approaches and
different sophistication levels would put the solva-
tochromic shift of the n-π∗ excitation of formalde-
hyde in water, at room temperature, somewhere
between 1100 and 3500 cm−1, a considerably wide
range. Also, they all seem to agree that a small
cluster cannot adequately represent the transition in
solution. Compared with acetone, where the exper-
imental result is known, one would expect this blue
shift to be around 1500–2000 cm−1.

In this study we use computer simulation, but
in the subsequent quantum mechanical calculations
the solvent water molecules are considered with
all the valence electrons. We perform a systematic
study of the n-π∗ blue shift of formaldehyde in
water where the solvent molecules are explicitly
included in the quantum mechanical calculations.
This includes not only the electrostatic interaction
between the solute and the solvent but also the
corresponding induced polarizations both in the
solute and in the solvent. We use Monte Carlo sim-
ulations to generate structures of the liquid and
supermolecular quantum mechanical calculations,
with all-valence electrons, to obtain the separate
contributions of the different solvation shells to the
blue shift. Starting from the hydrogen-bonded wa-
ter, we analyze the contribution of the first, second,
and third solvation shells. The largest calculation

involves the ensemble average of many quantum
mechanical results obtained with the formaldehyde
solute surrounded by 80 water solvent molecules.
This latter starts with a self-consistent field INDO
calculation with a properly antisymmetric wave
function with 652 valence electrons. The excitation
energies are obtained next using CIS. The final re-
sult is estimated after extrapolation to the bulk
limit. Thus we not only investigate how the sol-
vation shells influence the blue shift but we also
extrapolate our results to obtain our best estimate
of the solvatochromic shift of the n-π∗ transition
of formaldehyde in water, compared to gas phase.
This approach has been successfully used to obtain
solvatochromic shifts in both polar and nonpolar
solutes and solvents [13].

Methods of Calculation

MONTE CARLO SIMULATION

The Monte Carlo (MC) simulation is performed
using standard procedures for the Metropolis sam-
pling technique [14] in the canonical ensemble,
where the number of molecules N, the volume V,
and the temperature T are fixed. As usual, periodic
boundary conditions in a cubic box [15] are used. In
our simulation, we use one formaldehyde molecule
plus 343 molecules of water. The volume of the cu-
bic box is determined by the experimental density
of the water [16]; ρ = 0.9966 g/cm3 at T = 25◦C.
The molecules interact by the Lennard-Jones plus
Coulomb potential with 3 parameters for each atom
i (εi, σi, and qi). For water molecules, we used the
simple point charges (SPC) potential developed by
van Gunsteren et al. [17]. For formaldehyde mole-
cule, we used the same potential of Blair et al. [5]. It
is known that upon solvation the C=O distance of
formaldehyde is slightly increased. This is because
of the hydrogen bonds formed in the carbonyl side.
Also, this increase influences the solvatochromic
shift contributing to a red shift [5, 18]. Thus for the
geometry of formaldehyde we have used a length-
ened C=O distance of 1.2173 Å as obtained from
an ab initio second-order Møller–Plesset (MP2) full
geometry optimization with a 6-311++G∗∗ basis set
of the cluster formaldehyde–water. The other geo-
metric parameters used were RCH = 1.102 Å and
HĈO = 121.4◦.

In the calculation of the pairwise energy, each
molecule interacts with all other molecules within
a center-of-mass separation that is smaller than the
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cutoff radius rc = 10.9 Å. For separations larger than
rc, we use the long-range correction of the potential
energy [15]. The initial configuration is generated
randomly, considering the position and the orien-
tation of each molecule. A new configuration is
generated after 344 MC steps, i.e., after selecting all
molecules sequentially and trying to translate it in
all the Cartesian directions and also rotate it around
a randomly chosen axis. The maximum allowed dis-
placement of the molecules is autoadjusted after
17,000 MC steps to give an acceptance rate of new
configurations around 50%. The maximum rotation
angle is fixed during the simulation in δθ = ±15◦.
The full simulation [19] involves a thermalization
stage of about 1.7 × 106 MC step followed by an av-
eraging stage of 16.5 × 106 MC steps. Thus, the total
number of MC configurations generated in the sim-
ulation is 48,000. During the averaging stage some
thermodynamical properties, as the internal energy
and the heat capacity at constant volume, are calcu-
lated, and they are in agreement with that calculated
for liquid water. The radial distribution function is
also calculated during the averaging stage in the
simulation.

As quantum mechanical calculations will be per-
formed on the configurations generated by the MC
simulation, it is important to optimize the statistics.
Configurations that are statistically correlated will
not give important additional information. There-
fore we calculate the autocorrelation function [20].
For Markovian processes this follows an exponen-
tially decaying function [21, 22]:

C(t) =
n∑
i

cie−t/τi ,

where t is the interval of MC configurations. The
correlation step is

τ =
∫ ∞

0
C(t) dt.

Configurations that are separated by t > 3τ have
a statistical correlation that is less than 5%. Figure 1
shows the calculated autocorrelation function. From
this and the equation above it can be seen that the
correlation step is ∼280. Therefore, in calculating
the averages we select configurations separated by
800 MC steps. As the total number of MC config-
urations generated in the simulation is 48,000, the
averages are taken over 60 configurations, separated
by 800 MC steps [22].

FIGURE 1. Calculated autocorrelation function for
formaldehyde in water and best exponential fit.

QUANTUM MECHANICAL CALCULATIONS

The excitations energies are calculated using the
ZINDO program [23] within the INDO/CIS model
in the supermolecules generated by the MC sim-
ulations. The quantum mechanical calculations are
then performed for the supermolecular cluster com-
posed of one formaldehyde and all solvent mole-
cules within a particular solvation shell. Each wa-
ter molecule includes 8 valence electrons, and the
Hartree–Fock wave function is antisymmetric with
respect to the entire solute–solvent system. Next,
CIS calculations are performed to obtain the excita-
tion energies. The solvatochromic shift is obtained
as the average over a chain of L transition energy
values:

〈1E〉 = 1
L

L∑
i

1Ei.

For the first, second, and third hydration shells the
value of L is 60, obtained previously from the auto-
correlation function. For the hydrogen bonds a spe-
cific statistics will be performed, where we analyze
the number of hydrogen bonds in each configura-
tion, using both the geometric and energetic crite-
ria [24]. In total, nearly 250 quantum mechanical
calculations are performed. This is a computational
task that would be very difficult to accomplish if
programs like Zerner’s INDO/CIS were not avail-
able.
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Results and Discussions

HYDROGEN BOND

Solvation shells are defined from the radial dis-
tribution function as obtained from the MC sim-
ulation. We discuss separately the hydrogen bond
formed between formaldehyde and water. Figure 2
shows the radial distribution function between the
oxygen of formaldehyde and the oxygen of water,
gOO(r). As can be seen there is a hydrogen bond
(HB) peak that starts at around 2.4 Å and has a
minimum at 3.2 Å. Integration of this peak gives
2.6 water molecules. As expected this number is the
same as that obtained by Blair et al. [5]. We call this
the HB solvation, to separate it from the other sol-
vation shells.

Hydrogen bonds are also obtained using a geo-
metric criterium (radial R00 ≤ 4 Å and angular OÔH
≤ 30◦) [24]. With this in the 60 MC configurations we
find 123 hydrogen bonds. This gives an average of
2.1 bonds. This is close but lower than the average
value obtained from the radial distribution function.
Figure 3 shows the pairwise formaldehyde–water
energy distribution. It can be seen that for pairs
with distance lower than 4 Å, some have interaction
energy either too low or even positive. Therefore,
it is quite appropriate to use also an energetic cri-
terion to identify the hydrogen bonds. Thus only
those structures with a binding energy higher than
3.0 kcal/mol are included. Thus using both the geo-
metric and energetic criteria we find a total of 114
hydrogen bonds in the separated 60 MC configura-
tions. This gives an average of 1.9 hydrogen bonds.
Table I gives the statistics obtained for the hydrogen
bonds formed. We find that 23.3% of the configu-
rations have one hydrogen bond. Similarly, 63.3%

FIGURE 2. Pairwise radial distribution function for the
oxygen atom of formaldehyde and oxygen atom of water.

FIGURE 3. Calculated pairwise energy interaction for
formaldehyde and water.

TABLE I
Statistics of the hydrogen bonds formed between formaldehyde and water and their contribution to the blue shift
of the n-π∗ transition.

Geometric Geometric and energetic

Number of HB Occurrence (%) Shift (cm−1) Occurrence (%) Shift (cm−1)

1 18.3 152 23.3 146
2 60.0 335 63.3 313
3 20.0 262 13.4 360
4 1.7 988 —
Total 100 (123) 305 ± 65 100 (114) 281 ± 65

a First result uses the geometric criterion to obtain a hydrogen bond. The second uses in addition the energetic criterion [24].
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forms two and 13.4% forms three hydrogen bonds.
In the subsequent quantum mechanical calculations
these structures are analyzed separately. As shown,
the total blue shift contribution of the HB solva-
tion is 281 cm−1. But those structures with one, two,
and three hydrogen bonds contribute, respectively,
146,313, and 360 cm−1. The blue shift of 281 cm−1

due to the HB shell is lower than that obtained
by Blair et al. [5], showing that in this case the in-
duced polarization of the hydrogen-bonded water
is important. Also, we include here only those water
molecules that satisfy the energetic and geometric
criteria. As a result the average number of hydro-
gen bonds reduce from 2.6 to 1.9. Indeed, using the
radial distribution to identify hydrogen bonds is not
a good criterion [24].

SOLVATION SHELLS

Figure 4 shows the radial distribution function
between the C atom of formaldehyde and the
O atom of water. Three solvation shells are dis-
cernible. The first shell starts at 2.8 Å ending at
4.75 Å. The second ends at 6.45 Å and the third at
8.35 Å. Integration of the radial distribution func-
tion gives a total of 15, 35, and 80 water molecules
in these shells, respectively. Table II thus gives the
calculated solvatochromic shift and summarizes the
results, including the spread of calculated values,
obtained from the lowest and the highest transi-
tion energies calculated for each solvation shell. The
largest calculation, obtained for the third solvation
shell, is composed of the formaldehyde and 80 wa-
ter molecules and gives a calculated blue shift of
1942 cm−1. This result is in very good agreement
with that obtained before by many others [5, 10 –
12]. The analysis of the variation of the shift with
the solvation shells (Fig. 5) shows that this is not a
stable value with respect to the number of solvent

FIGURE 4. Pairwise radial distribution function for the
carbon atom of formaldehyde and the oxygen atom of
water.

molecules included. It is somewhat surprising that
one apparently has to go beyond the third solva-
tion shell. Longer range effects could in principle
be included by a reaction field with this largest su-
permolecule enclosed in a cavity [25]. But as the
reaction field depends on the inverse third power
of the cavity radius, its contribution is rather neg-
ligible here. The result shown in Figure 5 clearly
suggests that the monotonic behavior of the calcu-
lated energy shift permits an extrapolation of the
results to the bulk limit. In doing so we obtain a lim-
iting value of ∼2200 cm−1. This would be our best
estimate of the blue shift of the n-π∗ transition of
formaldehyde in water. This final value agrees with
some previous calculations, in particular those by
Blair et al. [5] and the very recent (RISM-SCF) re-
sult of Naka, Morita, and Kato [12]. Compared to
the case of acetone the blue shift of formaldehyde

TABLE II
Variation of the calculated (INDO/CIS) shift and spread (in cm−1) of the n-π∗ transition of formaldehyde in water
with the solvation shells.

Solvation shell N M L Distance (Å) Blue shift Spread

First 15 132 60 4.75 1237 ± 75 2500
Second 35 292 60 6.45 1667 ± 90 3100
Third 80 652 60 8.35 1942 ± 90 3300
Limit Bulk ∼2200

a N is the number of water molecules included. M is the total number of valence electrons. L is the number of MC configurations
used for ensemble average.
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FIGURE 5. Calculated blue shift of the n-π∗ transition
of formaldehyde in water, as a function of the solvation
shell. Also shown are the number of molecules included
in the quantum mechanical calculations. HB is the
hydrogen bond shell. The others are the first, second,
and third solvation shells. See Figure 4.

is predict to be larger by 500–700 cm−1. Another
important aspect of the n-π∗ transition of formalde-
hyde in water is the broadening of the absorption
line shape. Figure 6 shows the calculated bandwidth
for the largest supermolecular calculations, namely,
the third solvation shell. This result is also in very
good agreement with both experiment [4] and re-
cent theoretical estimates [5, 8, 12].

Summary and Conclusions

A sequential Monte Carlo–quantum mechanics
study of the influence of the hydration shells to the

FIGURE 6. Histogram and Gaussian convolution of the
calculated blue shifts obtained for the third solvation
shell. See text.

n-π∗ transition of formaldehyde in water was made.
The solvatochromic shift was analyzed as a function
of the solvation shells, starting from the hydrogen
bonds and extending to the third solvation shell. All
the solvent molecules are treated quantum mechan-
ically. The INDO self-consistent field equations are
first solved for the entire solute–solvent supermole-
cule. Then INDO/CIS calculations are performed
to obtain the transition energies. To obtain the av-
erage, calculations are made on the configurations,
generated by the Monte Carlo simulation that are
statistically nearly uncorrelated. Indeed the auto-
correlation function is used to obtain structures
that are only ∼5% correlated. A detailed analy-
sis is made of the contribution of the hydrogen
bonds. Next, 60 quantum mechanical calculations
were made for each of the first, second, and third
solvation shells that are composed, respectively, of
one formaldehyde molecule surrounded by 15, 35,
and 80 water molecules. The corresponding cal-
culated blue shifts are, respectively, 1237, 1667,
and 1942 cm−1. Extrapolating these results to the
bulk limit gives our best estimate of this solva-
tochromic shift. This value is found to be close to
2200 cm−1.
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