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For clusters of N-methylacetamide and water molecules the performance of the fixed-charged
approximation was tested against continuum and explicitab initio models. The dispersion of the
vibrational frequencies when constant electrostatic potential was maintained at the solute atoms was
compared to the distribution caused by geometry fluctuations. ©2004 American Institute of
Physics. @DOI: 10.1063/1.1810138#

The role of the electrostatic field of the solvent on physi-
cal properties of the solute can be hardly underestimated. For
bigger systems, the solvent molecules often cannot be in-
cluded in the theoretical models individually and must be
approximated implicitly. Such approximations span from the
simplest dipolar model1 to dielectric2 or conductor-like3

models that include the solute cavity more faithfully. In an
alternative approach, solvent is put in regular grids,4 replaced
by reference sites5 or a continuous distribution.6 The need to
approximate interactions between molecular parts by simple
electrostatics is also encountered inab initio modeling of
larger molecules.7

Many simplified force fields have been proposed for the
polar aqueous environment, allowing one to accurately re-
produce water structure and thermodynamic properties.8–11

Similarly, reasonably faithful descriptions of vibrational
properties of systems in liquid water were achieved by com-
binations of molecular dynamics~MD! with quantum elec-
tronic structure computations.12–17 In order to obtain the re-
alistic inhomogeneous linewidths, many MD configurations
have to be averaged within a reasonable time. For this pur-
pose, empirical corrections to vacuum vibrational frequen-
cies were proposed, based on solvent electrostatic potential
on the solute nuclei,14,18 or on a projection of the electric
field vector onto vibrating bonds.13 Although in these models
the solvent is approximated by point charges only, they pro-
vide reasonable band frequencies and inhomogeneous line
widths.

However, they were developed for isolated vibrations
~the OuH, OuD, or CvO bond stretching! and their reli-
ability for less-localized vibrational modes and against errors
stemming from the point-charge approximation was not
tested. In this work, spectra of clusters of N-methylacetamide
~NMA ! with water molecules calculated absorption and with
the point charges are analyzed. The NMA molecule was cho-
sen because of the importance of the amide chromophore for
the vibrational spectroscopy of peptides and proteins.19–21

Particularly, answers to the following questions were aimed
at: Are the partial charge fits generally applicable for the
aqueous systems? What is their performance in comparison
with the self-consistent continuum models? Can they be used
for any vibrational mode? What is the influence of the
charge-transfer on the vibrational properties of hydrogen-
bonded group? Finally, what are the consequences for em-
pirical solvent modeling.

In the spirit of previous works,13,15,18,22a ‘‘benchmark’’
cluster of NMA surrounded by 23 water molecules was cre-
ated, on the basis of a random MD configuration created by
the TINKER23 program with the Amber24 force field. The size
was chosen so that the first and second hydration spheres
incorporating most of the solvent effects15 were included.
Note that the main purpose of this work is the comparison
and reliability test of the computational models, while the
sampling of clusters chosen from the MD trajectory is not
sufficient to give reliable values of frequencies, which can be
only roughly related to the experiment. Also, thousands of
water configurations have to be averaged in order to obtain a
smooth inhomogeneous profile, as was shown in Ref. 15.
The absorption spectrum~trace d in Fig. 1! was calculated at
the BPW9125,26/6-31G** level using theGAUSSIAN27 and
QGRAD28 programs for the partial optimization in the normal
coordinates. Modes with harmonic frequencies within
~2300,300 cm21) were kept frozen. The atomic polar ten-
sors were set to zero for the water atoms, so that the solvent
did not contribute to the spectrum. Following the experimen-
tal practice,21,29 acidic hydrogens were replaced by deuteria
in order to simplify the amide I signal. As can be seen in Fig.
1, the frequencies and intensities calculated in vacuum at the
same level~trace a! are significantly modified upon the in-
fluence of the water shell. There are minor changes in the
frequencies of the C–H stretching modes (2970–
3160 cm21), while their intensities are redistributed in favor
of the lowest-frequency 2974 cm21 band. The N–D stretch-
ing ~‘‘amide A’’ ! mode shifts from 2620 cm21 in vacuum to
2502 cm21 and its intensity increases drastically. The amide
I mode is affected by formation of the hydrogen bonds simi-a!Electronic mail: bour@uochb.cas.cz
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larly as amide A, which results in a downshift of the vacuum
frequency from 1732 to 1642 cm21. As discussed before,15,21

the amide I band has a paramount importance for protein
absorption spectroscopy, and its solvent shift is roughly pro-
portional to the permitivity of the solvent. Experimentally,
the absorption maximum was found at 1623– 1626 cm21 for
water solutions.21,29 The weak amide II signal calculated in
vacuum at 1488 cm21 shifts upward in the cluster~to
1502 cm21) and its increased intensity becomes comparable
to the C–H bending signal centered around 1440 cm21. This
is roughly in agreement with two absorption maxima of simi-
lar intensity~at 1513 and 1494 cm21) observed experimen-
tally in this region.29 The relatively high deviation between
the computed frequency of the C–H bending and experiment
can probably be attributed to the lack of the statistical aver-
aging in the cluster, needed for the bulk system~NMA in
D2O). The intensity of the amide III mode (1167 cm21,
trace d! is weaker than for vacuum, but its frequency is not
affected much by the solvent. A very interesting phenomenon
can be observed for the ND out of plane bending mode, since
its vacuum frequency calculated at 328 cm21 rises to
550 cm21 in the cluster, thus surpassing another mode char-
acteristic for the amide chromophore, composed mainly from
the C–C–N and C–N–Nbending ~418 in vacuum,
442 cm21 in the cluster!. The unusually volatility of the NH
~ND! out-of-plane wagging mode was noticed also for the
formamide molecule, where its vibrational frequency varied
within 126– 841 cm21 according to the environment of the
amino (NH2) chromophore.30

Because of the complexity of the changes in the spec-
trum, it is rather surprising that the simpler point charge

model~tracec in Fig. 1! reproduces most of these frequency
and intensity solvent effects, even more faithfully than the
self-consistent continuum COSMO31 model.~Strictly speak-
ing, MD configurations–averaged value should be compared
to COSMO; however, this is not a source of its poorer per-
formance.! For example, the amide A downshift is overesti-
mated by 64 cm21 ~trace b!, only about 44% of the amide I
frequency shift is reproduced, the change of the amide III
mode is not indicated, and neither is the switching of the two
lowest-frequency modes. On the contrary, the electrostatic
field modeled with the point charges reproduces most of the
observed changes better. This is good news for the modeling,
since the latter approach is not iterative~self-consistent! and
neglects the charge transfer occurring during the formation
of the hydrogen bonds.32 The charge distribution can be eas-
ily treated by commercial software27 and the computations
are much faster than using explicit molecules.

Extended tests~not shown here! confirmed that the
point-charge electrostatic field reproduces the solvent fre-
quency shifts sufficiently well for NMA-water clusters of
variable sizes and shapes. For amide A, I, and II modes, an
overall ~RMS! error of 7.7 cm21 was found between theab
initio and point charge model for a set of 20 clusters. Addi-
tionally, the size-dependence was tested with clusters of vari-
able size of the water shell~3–12 Å thick!. This test con-
firmed previous findings,15 that the first and second hydration
shell are crucial, although when the thickness of the shell
increased from 10–12 Å, the amide A, I, and II frequencies
still changed by up to 6, 2, and 7 cm21, respectively.

In Fig. 2, the vacuum, charge, and water-cluster NMA
spectra are modeled for natural, nondeuterated amide chro-
mophore. Similarly, as for the deuterated case, the amide A
mode shifts down to 3409 cm21, which is slightly overesti-
mated by the charge model, while the C–H modes are less
affected. However, the amide mode splits into two bands~at
1667 and 1630 cm21) in the water cluster. This is caused by
the coupling of the CvO stretching andH–O–H water
bending modes, and corresponds to experimental observa-
tions, where a slightly smaller split of about 20 cm21 was
reported, centered around 1620– 1625 cm21.21,29This seems
like the biggest handicap of the fixed charge modeling, as it

FIG. 1. Calculated absorption spectra of N-methylacetamide in vacuum~a!,
using the COSMO solvent model~b!, the atomic point charges~c!, and the
explicit water molecules~d!. Deuterated system is modeled~with N–D and
D2O), geometry of d and c is displayed above.

FIG. 2. The amide A, I, II, and III absorption bands of~nondeuterated!
NMA calculated in vacuum~a!, and for the charge~b!, and water~c! clus-
ters. The normal mode displacements are displayed above the spectra, the
dashed lines follow relative magnitudes and directions of the transition di-
pole moments.
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cannot account for the resonance vibrational effects. Never-
theless, the average frequency shift is predicted correctly, not
only for amide I, but also for the amide II and amide III
modes. For the latter two modes, the water causes a blue-
shift of the vacuum frequencies and the calculated wave
numbers~1586 and 1310 cm21) for this cluster nicely corre-
spond to the observations~;1580 and 1317 cm21).

Next, we want to answer the question whether the elec-
trostatic potential measured at the nuclei of the solute is
solely responsible for the vibrational frequency shifts. This
was a premise in the aforementioned combined MD-
electronic structure approaches.13–15,18As the effect of the
external field~without solvent! on vibrational properties is
still rather a complex phenomenon, including geometry-
rearrangement, polarization effect, and direct modification of
the molecular potential energy surface, we investigate two
extreme cases:~i! when constant partial charges move
around the NMA molecule and~ii ! when it is the potential at
the solute NMA atoms that remains constant under this
movement. For the first ‘‘classical’’ case, eleven random MD
configurations were selected, created with the Tinker soft-
ware and Amber force field, and separated by 1000 1 ps
steps. Then 20 water molecules closest to the NMA were
taken into the clusters, replaced by atomic partial charges
(20.84/0.42), and their spectra were calculated at the same
manner as for the benchmark cluster in Fig. 1. The geometry
dispersion of the clusters together with the simulated spectra
can be seen at the left-hand side of Fig. 3 where the amide I
and II regions are displayed.

The constant potential conditions were more difficult to
realize. For comparison with the previous case, a set of elec-
trostatic potentials$w j , j 51,...,NAT% on NMA atoms com-

ing from the water partial charges$Qi% was obtained as the
average over the 11 configurations.~The averaged potential,
however, was already almost the same as for an infinite num-
ber of configurations.! The potential map in Fig. 3, upper-
right part, indicates nicely the role of the polar atoms in the
amide group of NMA in the rearrangement of the solvent.
Since the water molecules form hydrogen bonds to the car-
bonyl oxygen, their preferred orientation gives a rise to the
positive~red in Fig. 3! mean solvent electrostatic field in the
vicinity of this atom. Similarly, water oxygens are predomi-
nantly oriented towards NH, causing a net negative~blue!
solvent field.

Next, for each configuration, new charges$qi% were cal-
culated, providing the same potentials,

w j5(
i 51

NC
qi

r i j
, j 51,...,NAT, ~1!

wherer i j 5ur i2r j u is the distance between nucleusj and the
chargeqi . A minimal change of the original Tinker charges
and a charge conservation were required,

S5 1
2(
i 51

NC

~qi2Qi !
2→min, ~2!

(
i 51

NC

qi50. ~3!

Introducing the Lagrange multipliers$l,v j , j 51,...,NAT%,
we obtain

ql1 (
j 51

NAT

v j

1

r l j
1l50, for l 51,...,NC. ~4!

The formulas 1, 3, and 4 form a set ofNC1NAT11 linear
equations for the same number of variables$l,v j ,qi% and
can be solved via a matrix inversion. Thus charges providing
the averaged potential can be obtained for any geometry. The
NMA molecule surrounded by these charges was optimized
with modified normal mode optimization technique28 so that
the partial charges were actualized in each step and the po-
tentials at the nuclei did not change.

The dispersion of the absorption spectra caused by the
different distribution of the charges while the electrostatic
potential at the nuclei is the same can be seen at the right-
lower part of Fig. 3. In other words, the dispersion is caused
only by the field intensity and its higher-order derivatives.
Apparently, the same-charge and same-potential dispersions
are roughly comparable in this spectral region~c.f., the two
spectra sets in Fig. 3!, and the frequency fluctuations within
20– 50 cm21 are consistent with the experimental
linewidths.15,21,29Similar dispersion was observed for other
modes and is not shown. For the amide I mode the dispersion
under the constant potential is markedly smaller and for nine
of the 11 clusters lies even within few cm21. However, the
constant-potential variable-geometry condition leads to
larger splitting of the amide II signal. This can explain pre-
vious successes of the potential/field corrections, as they
were applied rather to the localized O–H and CvO
modes.13,15,18 Nevertheless, the large dispersion of the
constant-potential spectra in Fig. 3, as well as its mode-

FIG. 3. ~Color! Absorption spectra of NMA~deuterated! with 11 randomly
selected configurations of the charges. Left: the charges were kept constant
(20.84 for O and 0.42 for H!. Right: the electrostatic potential at the NMA
nuclei was kept constant. The configurations and the averaged potential are
displayed at the top. The color scale used in the isopotential plot covers
approximately the region of (20.1,...,0.1 a.u.).
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dependence, suggest that such an approach cannot be applied
universally. On the other hand, as the electrostatic models
seem to reproduce the solvent effect well~Figs. 1 and 2!, at
least for the extremely polar aqueous environment, the ap-
proximation of the solvent by the charged points seems to be
a solely convenient alternative to the explicit solvent compu-
tations.

We may thus conclude that, for the NMA/H2O ~and
probably for similar highly-polar! systems, the point charge
approximation faithfully reproduces the influence of the sol-
vent on the solute. This can certainly be conveniently used
for speeding up the computations, especially in combined
MD/ab initio studies where large amounts of the configura-
tions have to be studied in order to obtain realistic spectral
profiles or other physical properties. The limitation of the
continuum solvent model, although statistically providing
correct trends, was found in qualitative agreement with pre-
vious works.4,12,13,15,18The limit is most probably not given
by the neglect of the charge-transfer, since this is also not
included in the point charge model but rather by the inherent
inability to describe the directional, space-oriented hydrogen
bonds and the higher charge densities localized on solvent
atoms. Finally, we find that the potential/field empirical fit of
the solvent shift of the vibrational frequencies should be used
cautiously because of the complicated nonlinear relations be-
tween the geometry, frequencies, and solvent field, and per-
haps the importance of the higher-order potential derivatives.

The work was supported by the Grant Agency of the
Academy of Sciences~A4055104!.
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