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ABSTRACT: The vibrational circular dichroism (VCD) spectrum of L-
alanine amino acid in aqueous solution in ambient conditions has been
studied. The emphasis has been placed on the inclusion of the thermal
disorder of the solute−solvent hydrogen bonds that characterize the
aqueous solution condition. A combined and sequential use of molecular
mechanics and quantum mechanics was adopted. To calculate the average
VCD spectrum, the DFT B3LYP/6-311++G(d,p) level of calculation was
employed, over one-hundred configurations composed of the solute plus
all water molecules making hydrogen bonds with the solute. Simplified
considerations including only four explicit solvent molecules and the
polarizable continuum model were also made for comparison.
Considering the large number of vibration frequencies with only limited
experimental results a direct comparison is presented, when possible, and
in addition a statistical analysis of the calculated values was performed. The results are found to be in line with the experiment,
leading to the conclusion that including thermal disorder may improve the agreement of the vibrational frequencies with
experimental results, but the thermal effects may be of greater value in the calculations of the rotational strengths.

1. INTRODUCTION

The vibrational circular dichroism (VCD) spectroscopy1,2 has
long been recognized as an efficient technique to determine the
structure and conformations of chiral molecules of biological
interest. Defined as the differential absorption between left and
right circularly polarized infrared light by chiral molecules,3,4

VCD combines the versatility of the vibrational spectroscopy
with the stereochemical sensitivity of the optical activity.5

Among the molecules of interest for calculations of VCD,
amino acids have attracted great attention because of their
important role in building peptides and proteins, as well as their
relatively small size in comparison to the sizes of common
biomolecules. Except glycine, all other amino acids are chiral.
For this reason, theoretical advances on VCD spectra have been
performed by studying the conformations of several chiral
molecules.6−13 However, in such studies the role played by the
environment may be crucial to understand the biochemical
behavior of these chiral organic compounds. Indeed, to take
into account the effects of a biological medium most of the
theoretical investigations have to consider a representation of
the aqueous environment around the system of interest.
Theoretically, this issue has been a great challenge because
VCD requires electronic structure calculations and determi-
nation of the force field and atomic axial and polar tensors of
the molecule in a solvent environment.

Theoretical VCD studies of amino acids have appeared soon
after the development of the VCD technique,14 but neglecting
the environmental effects, which can cause large discrepancies
between experimental and theoretical results, mainly for
biologically relevant polar molecules.15 For example, the
medium influence has been more evident when specific
solvent−solute interactions are present, such as hydrogen
bonding (HB) formation that is responsible for the internal
proton transfer in some amino acids, resulting in a zwitterionic
specie.16−18 Even in the absence of HB, the inclusion of
interactions between the solute and the entire first solvation
shell, as well as the bulk solvent molecules, may be necessary in
some cases.19 Including the solvent effects along with VCD
calculations, however, requires not only a treatment of a
significant number of amino acid conformations, which are
separated by low energy barriers, but also a significant number
of solvent molecules necessary to effectively model the solvent
effect.16 Therefore, despite their relatively small size, solvated
amino acids still constitute a challenging problem for
theoretical studies aiming at including solvent effects in the
VCD spectra.6
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Generally, the method of choice to include the solvent effects
around a single molecule is the polarizable continuum model
(PCM),20−22 which is computationally inexpensive and largely
adopted currently. However, though implicit solvation, such as
PCM and other related models,23 can be adequate to obtain
different properties,24 explicit solvation is required when the
property of interest is directly related with the specific solute−
solvent interactions, responsible for important structural
changes.16 This affects the VCD spectra of amino acids, as
well as other chiral molecules, in aqueous solution. In this
direction, the standard approach to include solvent effects in
the VCD spectrum is the microsolvation model.8,12,16,17,25−28

In this case, few solvent molecules are included in the
calculation, near the sites that are amenable to the formation
of HB. Constrained optimization of clusters have been also
suggested.29 Additionally, a dielectric continuum model may be
employed to describe the medium bulk effects. Thus, the
optimized geometries of small clusters are commonly utilized to
determine vibrational frequencies and rotational strengths of
the system. This has largely been employed to access the VCD
spectra of solvated chiral molecules.8,12,16,17,25−28 A justification
of the use of microsolvation in VCD studies is that it is more
sensitive to the local environment, with minor influence of the
outer solvent molecules around the solute.
In turn, the microsolvation model may have some important

limitations: (i) geometry optimizations lead to only one
minimum energy structure corresponding to very small
temperatures, neglecting the thermal fluctuations of the solvent
and hiding the true nature of the liquid, which should be
represented by several accessible configurations statistically
determined by the thermodynamic conditions. (ii) The choice
of the specific sites amenable to bind the solvent molecules and
the number of HB are based on chemical intuition, which can
influence the calculated properties. For instance, in the case of
the calculated VCD spectra changes in the sign of the rotational
strength can be obtained, depending on the water distribution
around the chiral molecule.17 In this sense, some works have
used QM/MM methods to improve the results.30−33

In this work we are interested in analyzing the influence of
the thermal disorder of the solute−solvent hydrogen bonds34,35

in the VCD spectra of amino acids (L-alanine) in water.
Opposite to a fixed hydrogen-bond structure (in a minimum-
energy condition, or not), in the aqueous environment one
must consider the proper thermodynamic condition and
therefore the natural disorder of the liquid. Therefore, the
proton-acceptor site of a solute molecule in an aqueous
environment experiences local thermal disorder that affects the
vibrational motion. This disorder has been overlooked in
previous theoretical studies of VCD spectra and it is one of our
interests here to analyze it in some detail.
We employ the sequential quantum mechanics/molecular

mechanics (S-QM/MM)36 scheme to overcome these limi-
tations and include the thermodynamics effects in the
calculated VCD spectrum. The S-QM/MM has successfully
been utilized in the calculations of UV−vis spectra,37−41 NMR
constants,42,43 and excited states.44,45 In our S-QM/MM
approach, the MM calculations are carried out via Monte
Carlo (MC) simulations,46 which generate proper configu-
rations of the solvated system for subsequent QM calcu-
lations.36 In the present purpose, our VCD calculations are
performed within density functional theory (DFT).47

We compute the VCD spectrum of the zwitterionic L-alanine
(zw-L-Ala) amino acid in an aqueous solution under ambient

conditions. L-Alanine was selected because it is the smallest
naturally occurring chiral amino acid, being present in the
primary structure of several proteins. Furthermore, because its
zwitterionic form is recognized to be more stable in aqueous
solution, giving rise to only one conformer,16−18 it is a suitable
solute for the present study. Our QM solvated amino acid
model is, hence, the zw-L-Ala structure embedded in several
statistically uncorrelated configurations of water molecules
making HB with the solute. In this, we take into account the
thermal fluctuations of the solvent around the amino acid.
Consequently, these effects are present in the VCD
calculations, from which we obtain the corresponding average
spectrum of the solvated zw-L-Ala species. For comparison, we
also consider calculations using the PCM solvation. Our results
for the VCD spectrum are statistically analyzed and compared
with available experimental data, as well as with other previous
theoretical calculations17 based on successful microsolvation
models.

2. METHODS AND COMPUTATIONAL DETAILS
In the aqueous solution, the zwitterionic form (illustrated in
Figure 1) is the most stable structure of L-alanine. Contrary to

the neutral form of L-alanine, zw-L-Ala presents just one stable
conformer.16−18 The zw-L-Ala geometry was optimized along
with harmonic frequency calculations by employing density
functional theory (DFT)47 methods. As is well-accepted for this
system,16,17,25 we have employed the Becke three-parameter
hybrid functional for exchange energy48 combined with the
Lee−Yang−Parr functional for correlation49 (B3LYP) and
calculations were carried out with the 6-311++G(d,p) basis set
as implemented in the Gaussian 09 package.50 The geometry in
the water environment was obtained using the PCM20−22

representation of the solvent. This optimized structure of the
zw-L-Ala was then used in the MM part of the sequential QM/
MM calculation.36 As extensively discussed elsewhere,36,51 this
method is a variation of the traditional QM/MM,52,53 where
statistically uncorrelated configurations from the MM partition-
ing are selected and used in the QM calculations.
In the classical partitioning of S-QM/MM, a Monte Carlo

Metropolis simulation (MC) was performed, at 25 °C and 1
atm, using the DICE code.54 The system, composed of one zw-
L-Ala species surrounded by 500 water molecules, was
simulated in a cubic box with periodic boundary conditions.
After thermalization, a simulation of 3.5 × 106 steps/molecule
in the isothermal−isobaric (NPT) ensemble was performed.
The intermolecular interaction was treated using Lennard-Jones
(LJ) plus Coulomb potential. The water molecules were
modeled by the TIP3P potential.55 For zw-L-Ala, we have

Figure 1. Illustration of the optimized zwitterionic L-alanine (zw-L-
Ala) molecule, obtained using PCM at the B3LYP/6-311++G(d,p)
level. The labels are used along the text and in other figures.

The Journal of Physical Chemistry A Article

dx.doi.org/10.1021/jp508205k | J. Phys. Chem. A 2015, 119, 5099−51065100



adopted the optimized potentials for liquid simulation-all atoms
(OPLS-AA) force field56 with atomic charges obtained by using
the charges from electrostatic potentials using a grid based
method (CHELPG),57 calculated with second order Møller−
Plesset perturbation theory (MP2) with the aug-cc-pVDZ basis
set, as implemented in the Gaussian 09 package. The present
level of calculation provides a good compromise between
performance and accuracy to describe charges and dipole
moments.58 To include the electronic polarization effects, both
geometry and charges were obtained considering the zw-L-Ala
in aqueous environment, using the PCM representation of the
solvent.
As in previous works,37−41 we used the autocorrelation

function of the energy36,46 to select 100 uncorrelated solute−
solvent configurations from the MC simulation, with less than
10% of statistical correlation. All of these solute−solvent
configurations are employed in the quantum mechanical
calculations at the DFT level. Before performing these DFT
calculations, we have carefully identified the hydrogen bonds
using the energetic and geometric criteria,35,59,60 and this will
be detailed in the following section. During the DFT
calculations, only the water molecules satisfying the HB criteria
are included. For the calculation of the vibration frequencies
and the VCD spectrum of zw-L-Ala without including the
frequencies of the water molecules, only the geometry of the
solute zw-L-Ala was re-optimized in the presence of the HB
water molecules that are kept fixed. This gives the separated
spectrum of zw-L-Ala and preserves the thermal disorder
associated with the thermodynamic distribution of the solvent
molecules as obtained from the simulation. To determine the
VCD intensities, atomic polar and axial tensors were calculated
using analytical derivative methods. The electronic properties
were obtained as simple averages over the calculations for each
configuration.

3. RESULTS AND DISCUSSION
Statistical Analysis of the Solute−Solvent Hydrogen

Bonds. Hydrogen bonds are normally characterized by the
appropriate angular distribution and the pairwise radial
distribution function. Although this gives the coordination of
solvent molecules around a certain atom of the solute, it cannot
be assured that all neighboring solvent molecules are indeed
hydrogen bonded to the solute. In addition, to these geometric
criteria it is important to add an energetic condition.35,59,60

Figure 2 shows the pairwise radial distribution functions, G(r)
needed for analyzing the solute−solvent hydrogen bonds. In
Figure 2a we show, for instance the distribution between the
two oxygen atoms of zw-L-Ala and the hydrogen atom of water.
For the oxygen atom, termed as O1, Figure 1, we clearly note a
first peak in the GO1−Ow starting at 2.3 Å and ending at 3.2 Å.
These define the first hydration shell around O1. Integration of
this peak gives, on average, 2.5 water molecules around the O1
atom. Similar results are also shown for the other oxygen atom
as well as the nitrogen atom. For instance, the first peaks of
GO2−Ow and GN1−Ow end in 3.2 and 3.5 Å, respectively. Analysis
of these peaks gives, on average, 3.1 and 3.9 water molecules
coordinating with O2 and NHx (x = 1, 2, 3), respectively,
Figure 1. Hence, the geometric criteria adopted for a solute−
solvent HB is RO−Ow or RN−Ow < 3.5 Å and the angle θO−(OH)w
< 40° or θNH−Ow < 40°.
The energetic criterion was established by analyzing the

histogram of the pairwise interaction energy between zw-L-Ala
and the water molecules, displayed in Figure 3. The first bump

corresponding to the HBs exhibits a minimum around −5.5
kcal/mol. The energetic condition is thus that the interaction
energy between water zw-L-Ala is at least −5.5 kcal/mol.
Using both geometric and energetic criteria, we find the

distribution of the numbers of hydrogen bonds ranging from a
minimum of 5 water molecules and a maximum of 9. Figure 4a
illustrates the configuration space occupied by these hydrogen
bonds by showing a superposition of all these configurations
with water molecules hydrogen bonded to zw-L-Ala. On the
average we obtain 7 water molecules that are hydrogen bonded
to zw-L-Ala. There are 2.3 HB in the O1, 2.6 in the O2, and 2.1
in the NHx sites. These numbers are summarized in Table 1.
Using the angular distribution, it is possible to discern the three
NHx possibilities and in more detail: on average we find 0.13
HBs around N1H1, 1.01 around N1H6, and 0.99 around
N1H7. The small number of hydrogen bonds in the N1H1 site
is an indication of some steric effect but more likely that H1

Figure 2. Calculated G(r): (a) between the zw-L-Ala oxygen atoms
and water hydrogen atoms; (b) between the zw-L-Ala NH3

+ group and
water oxygen atoms. See atomic labels in Figure 1.

Figure 3. Distribution of pairwise interaction energy between zw-L-Ala
and water.
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makes an intramolecular hydrogen bond with the O1 atom of
zw-L-Ala. Indeed, this can be noted by the absence of an
intermolecular hydrogen bond shell in the GH1−Ow (red curve in
Figure 2b), distribution.
In microsolvation studies four water molecules are normally

considered in optimized clusters of alanine.17,25 Thus, in
addition, for comparison, we have also calculated the VCD
spectrum using another set of calculations with only the 4
nearest water molecules forming HB. We constrain in this case,
three water molecules around the COO− group and one
around the NH3

+ group. These configurations are illustrated in

Figure 4b. The first case is termed as “zw-L-Alare-opt + all
HBaverage” and the second as “zw-L-Alare-opt + 4 HBaverage”. In the
first, in each configuration the number of water molecules
varies between five and nine. In the second the number of water
molecules is fixed to four and are extracted from the simulation,
thus also including thermal disorder.
To obtain the spectrum, the calculated vibrational rotational

strengths are averaged over the 100 configurations. The
subscript “re-opt” in zw-L-Ala means that the solute molecular
structure was relaxed in the presence of the solvent and the
subscript “average” denotes that the results are obtained as
average of 100 configurations generated in the MC simulation.

Analysis of the Calculated VCD Spectrum. Now we
discuss the results obtained with two statistically oriented
models and compare with the simple PCM approach and the
previous microsolvation study. Jalkanen et al.18 have compared
microsolvation models (optimized clusters) of zw-L-Ala + 9
H2O and zw-L-Ala +20 H2O (corresponding to the entire first
solvation shell) and found mild differences in the calculated
VCD spectra. Indeed, the inclusion of additional water
molecules beyond those forming HB produces no significant
effects in the VCD spectrum of zw-L-Ala. For this reason, we
have first computed the vibrational rotation strengths
considering all statistically uncorrelated configurations contain-
ing the hydrated zw-L-Ala species satisfying the HB criteria, i.e.,
employing our “zw-L-Alare-opt + all HBaverage” model. The
calculated frequencies and VCD intensities are reported in
Table 2. Other works using the microsolvation model for zw-L-
Ala have adopted four water molecules to represent the possible
HB with the solvent.17,25 Table 2 also shows our results
obtained using the simpler PCM and the same B3LYP/6-311+
+G(d,p) level. The experimental vibrational frequencies were
determined in the work of Diem et al.,62 and the microsolvation
results were carried out by Frimand et al.17 that used an
optimized cluster of zw-L-Ala + 9 H2O combined with the
reaction field of Onsager and the B3LYP/6-31G(d) level of
theory. They have shown that nine hydrogen-bonded water
molecules around zw-L-Ala, along with the Onsager model
essentially gives the entire solvent effect in the VCD spectrum.
In the high-frequency side our theoretical results are

overestimated compared to experimental results, as expected.
For proper comparison we should mention that our results in
Table 2 were not rescaled by convenient but arbitrary
factors.63,64 In the intermediate and more interesting spectral
region ranging from 1100 to 1460 cm−1 two experimental
results are available for comparison. The lowest frequency
observed at 1110−1117 cm−1, assigned to the νas(CCN) mode
of the CH3−C−NH3

+ group, is well described by all theoretical
methods considered and it can be noted that the zw-L-Alare-opt +
all HBaverage is in agreement with experiment. Similarly for the
highest frequency observed at 1459−1471 cm−1, assigned to
the δas(−CH3) mode, the zw-L-Alare-opt + all HBaverage result is
1478 cm−1. The analysis of the vibrational mode of a molecule
in solution is not always simple because closely lying transitions
may interchange position in different configurations. For
example, in a selected configuration the frequency of the
νs(NH3

+) symmetric stretch mode is only slightly larger than
the asymmetric stretch νas(NH3

+) and may interchange in
different configurations. Moreover, the sign of the VCD
intensity can appear inverted for specific vibrational modes
and strongly depends on the local environment. This inversion
can also be obtained in different optimized clusters commonly
used in microsolvation models.17 In a liquid situation, the

Figure 4. Illustration of the configuration space spanned by all the
water molecules that are hydrogen bonded to HB zw-L-Ala as obtained
from the MC simulation. In (b) only four water molecules are
considered. This figure was constructed using the VMD program.61

Table 1. Distribution of Water Molecules around the Sites
Amenable to Hydrogen Bonds

O1 O2 NHx

coordination no.a 2.5 3.1 3.9
no. of hydrogen bondsb 2.3 2.6 2.1

aIntegration of the first peak of the radial distribution function.
bObtained using the geometric and energetic criterion (see text).
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experimental VCD spectra will not correspond to an optimized

configuration, but to an average over several configurations, and

it is important to be able to capture this thermal effect of the

solvent.
To have a better overall comparison between the different

theoretical methods, we show in Table 3 the corresponding

statistical parameters for comparing the accuracy. We have

considered the root-mean-square deviation (RMSD), the mean

accumulated deviation (MAD), and the mean absolute
percentage error (MAPE), defined below

=
∑ −

f f
f f

n
RMSD( , )

( )i i icalc exp
calc exp 2

freq (1)

=
∑ | − |

f f
f f

n
MAD( , ) i i icalc exp

calc exp

freq (2)

∑=
| − |

f f
n

f f

f
MAPE( , )

1

i

i i

i

calc exp

freq

calc exp

calc
(3)

In all of the above equations, fcalc and fexp are, respectively, the
calculated and experimental vibrational frequencies, and nfreq is
the total number of vibrational modes. From the analysis of
RMSD, MAD, and MAP (Table 3) we can evaluate the
performance of each method. The frequencies calculated using
PCM are only in a reasonable agreement with the experimental
values. The frequencies calculated by Frimand et al.17 using a
microsolvation model represent an improvement in comparison
with the PCM results by including structural effects of the

Table 2. Calculated VCD Spectrum of zw-L-Ala in Water, Using B3LYP/6-311++G(d,p)a

Frimand et al.b zw-l-Ala + PCM zw-L-Alare‑opt + 4HBaverage zw-l-Alare-opt + all HBaverage expc

freq RS freq RS freq RS freq RS freq Aε/εd

3161 3 3543 −1 3525 −6 3400 3 3080
3138 −14 3482 13 3315 23 3310 20 3060
3103 −8 3135 2 3137 0 3149 −6 3020
3086 −24 3113 −27 3106 −9 3111 −12 3003
3066 17 3096 19 3084 8 3086 1 2993
3026 40 3037 1 3030 2 3050 −1 2962
2990 17 3030 −30 2690 31 2981 −3 2949
1778 14 1665 −19 1754 −45 1728 −61 1645
1766 −17 1654 −75 1678 18 1697 10 1625
1678 −65 1632 19 1630 −17 1657 14 1607
1653 −26 1492 −20 1502 −16 1507 −6 1498
1536 0 1489 5 1492 2 1497 −6 1459
1529 −14 1426 −22 1427 −13 1478 −27 1459, 1471d

1456 77 1404 38 1396 −71 1420 30 1410, 1418d 5.2
1422 21 1374 74 1368 69 1389 75 1375, 1381d

1394 −171 1349 −27 1319 100 1369 −77 1351, 1358d −27
1351 99 1306 −11 1287 −75 1317 5 1301, 1306d 16
1274 14 1210 14 1216 36 1234 14 1220, 1221d 5.3
1207 4 1114 −71 1124 −86 1145 −70 1145, 1139d −4.2
1143 −10 1092 14 1089 1 1114 5 1110, 1117d −4.7
1057 12 996 −43 1024 −25 1033 −6 1001
1030 −7 990 67 994 62 1012 48 995
938 −19 875 −46 872 −44 898 −42 922
854 18 822 3 831 11 843 9 850
771 −3 764 24 765 13 770 8 775
704 4 624 31 649 22 633 33 640
632 29 517 −17 531 −23 544 −12 527
533 6 393 4 428 −24 439 −10 477
436 −12 334 29 391 0 404 10 399
363 −35 266 26 345 65 368 −20 296
291 37 247 −36 262 46 279 28 283
262 −28 239 −39 240 −20 245 −32 219
152 −1 44 −0.5 155 −9 195 8 184

aFrequencies in cm−1 and rotational strength in 10−44 esu2 cm2. Also presented are the experimental VCD intensities in terms of molar extinction
coefficients (Δε/ε) in L/(mol cm), related to the rotational strength through the integration of the peak. bzw-L-Ala +9H2O + Onsager, at the
B3LYP/6-31G* level, calculated in ref 17. cReference 62. dReference 65.

Table 3. Root Mean Square Deviation (RMSD), Mean
Accumulated Deviation (MAD), and Mean Absolute
Percentage Error (MAPE)

RMSD MAD MAPE

Frimand et al.a 70.3 61.0 5.92
zw-L-Ala + PCM 120.9 63.0 14.08
zw-L-Alare-opt + 4 HBaverage 109.8 60.5 4.34
zw-L-Alare-opt + all HBaverage 84.9 49.5 3.48

azw-L-Ala +9H2O + Onsager, at the B3LYP/6-31G* level, calculated
in ref 17.
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solvent. We note a considerable reduction of the statistical
errors, specially the mean average percentage error. Consider-
ing now the two models including the thermal disorder of the
hydrogen-bonded water molecules, an even better agreement is
achieved. We obtain, however, a larger RMSD value, as
compared to the microsolvation model because, as discussed
above, our calculated higher frequencies are overestimated
compared to the experimental values. In the microsolvation
model all molecules hydrogen-bonded to the solute are also
optimized, but the thermal disorder is entirely neglected. The
highest frequencies of the microsolvated system tend to be
shifted to lower values.
Our results support the findings17,18 that the inclusion of the

HB water molecules is enough to account for the solvent effects
in the VCD frequencies of the zw-L-Ala in aqueous solution. In
complement, our results also emphasize the importance of the
inclusion of thermodynamic conditions in this study. For
example, using our model containing only four HB with the
solute (zw-L-Alare-opt + 4 HBaverage), we obtain a better
agreement with experimental values than the previous work,
which used nine H2O molecules around zw-L-Ala.
Figure 5 shows the calculated VCD spectrum obtained from

a convolution using a Lorentzian function around the individual

average frequencies and rotational strengths with an arbitrary
half-width of 5 cm−1. This compares favorably with the
experimental spectrum62,65 (see also ref 17).
We now discuss the rotational strength of some individual

modes. For zw-L-Ala, the VCD intensities of six modes are
experimentally well-known.65 Their values, in terms of molar
extinction coefficients [L/(mol cm)], are also shown in Table
2. The comparison is not straightforward (the molar extinction
coefficients are related to the rotational strength through the
integration of a peak) but gives the correct idea of the
intensities and their signs. Regarding the experimental mode at
1418 cm−1, with an intensity of 5.2 L/(mol cm), the theoretical
average rotational strength with the zw-L-Alare-opt + all HBaverage
model is 30 × 10−44 esu2 cm2, whereas the zw-L-Alare-opt + 4
HBaverage model presents the rotational strength with opposite
signal (−71 × 10−44 esu2 cm2). The same is observed for the
modes at 1351−1358 and 1301−1306 cm−1, where the correct
sign is obtained with the zw-L-Alare-opt + all HBaverage model, but
an opposite sign is obtained using zw-L-Alare-opt + 4 HBaverage.
This gives evidence that using a limited number of water
molecules can still present good values for the frequencies but
may present limitations for the description of the rotational
strengths. In particular, those two vibrational modes are mainly

related to a bending of H bonded to the chiral C, δ(C*−H),
and due to the limited number of water molecules included, the
ordering of the modes may be reversed. Of the six rotational
strength values known experimentally, the zw-L-Alare-opt + all
HBaverage model describe five correctly. It fails only in describing
the sign of the rotational strength of the mode measured at
1110−1117 cm−1. For this, also the PCM and the zw-L-Alare-opt
+ 4 HBaverage model fail, presenting a positive rotational
strength, compared with the experimental small but negative
value.
In general, the zw-L-Alare-opt + 4 HBaverage does not work in

the same fashion as the zw-L-Alare-opt + all HBaverage model in
describing the sign of the rotational strength. However, the
results of Frimand et al.17 using nine water molecules with the
microsolvation model have a performance that can be
considered close to our best model, in describing the sign of
the rotational strength. Note that Frimand et al.17 correctly
describe the rotational strength of the vibrational mode at
1110−1117 cm−1 but fail in describing the mode measured at
1139 cm−1, whereas all other theoretical models describe it
correctly. As has been recognized, improvements are still
necessary to accurately describe the rotational strength by using
DFT methods.10 As is known, the rotational strength in VCD is
a local property so that the dominant solvent effect depends
essentially on the molecules forming HB with the
solute.8,12,16,17,25−28 This is reemphasized from the present
results, considering explicit solvent molecules around the
solute.

4. CONCLUSIONS
The importance of including the appropriate thermal disorder
of HB molecules, associated with the thermodynamic
conditions, to accurately describe the solvent effect in the
VCD spectrum of solvated molecules has been analyzed. We
have considered the theoretical VCD spectrum of the L-alanine
in solution, at ambient condition, considering its zwitterionic
form. Most studies considering explicit solvent molecules use
microsolvation models that are known to eventually present
their limitations for the VCD spectra of amino acids in aqueous
solution. The emphasis of this study has been placed in
including the thermal disorder of the hydrogen bonds and to
analyze its effect on the VCD spectrum, including both the
vibrational frequencies and the rotational strengths. Thus, we
have considered a combined and sequential use of molecular
mechanics and quantum mechanics. Monte Carlo simulations
were performed to generate the structures composed of alanine
and water in normal thermodynamic condition. To evaluate the
VCD spectrum, we have employed the DFT B3LYP/6-311+
+G(d,p) level of calculations for over 100 configurations
composed of the solute plus all water molecules making
hydrogen bonds with the solute. This relies on the general
agreement that solvent water molecules forming hydrogen
bonding with the solute dominate the influence of the aqueous
medium on the VCD spectrum of the zwitterionic L-alanine.
We have also considered calculations using a smaller number

of water molecules and the polarizable continuum model.
Including all solvent molecules that make a hydrogen bond
with the solute improves the results. Considering the large
number of vibrations and the limited access to experimental
values available, we present in addition to a direct comparison,
when possible, also the statistical analysis of the calculated
values. In general the results are found to be in good agreement
with experiment with the conclusion that including thermal

Figure 5. Convoluted average VCD spectra of zw-L-Ala in water using
the average frequencies and intensities values. A Lorentzian function
with a half-width of 5 cm−1 was used.
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disorder leads to an overall better agreement with experiment.
In general, the results indicate that the thermal effects may be
of greater value in the calculations of the rotational strengths.
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