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The presented study focuses on the interaction of the well-known neurotoxin muscimol with water. Two
approaches for the water solvent are applied – the explicit and the implicit. The muscimol-water clusters
were obtained by the molecular dynamics simulations and the first solvation shell was kept for further
studies. Implicit water was mimicked via the polarized continuum model (PCM). All three tautomeric
forms of the free muscimol molecule are considered in the calculations. The combined theoretical and
experimental vibrational IR and Raman studies determined the stability of the prevailing zwitterion form
in water. We proved that water molecules in the first solvation shell are crucial for the correct prediction
of structural and spectroscopic parameters of muscimol due to its ability to form strong hydrogen bonds.
We believe that our findings will shed some light on the binding preferences of muscimol with the c-
aminobutyric acid (GABA) receptor.

� 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Muscimol is a heterocyclic neurotoxin [1] containing an
isoxazole ring. It is produced by mushrooms of the genus Amanita
and is a degradation product of ibotenic acid [2]. It was isolated in
the 1960s by Japanese scientists [3,4], however, its psychoactive
properties were well known long before and attracted great inter-
est. For instance, mushrooms have been used by Siberian shamans
[5]. Interestingly, muscimol is a conformational (rigidified) ana-
logue of c-aminobutyric acid (GABA) [6,7], and acts as an agonist
of GABAA and GABAB receptors [8,9]. Moreover, it penetrates the
blood–brain barrier [10]. Therefore, it was studied as a potential
drug against Alzheimer’s disease [11] and epilepsy [12]. Many
reports in the area of neuroscience, pharmacology, toxicology, bio-
chemistry, molecular biology and medicine which involved musci-
mol mainly acting as a GABAX receptor agonist have been
published [13–18]. Despite this, surprisingly little is known about
the chemistry of muscimol. In particular, limited studies involving
theoretical chemistry approach were conducted to predict its prop-
erties [10,19–23].

Muscimol shows two pKa values (4.8 and 8.4), is soluble in
water and can occur in three tautomeric forms (Fig. 1): NH (5-
(aminomethyl)-1,2-oxazol-3-on), OH (5-(aminomethyl)-1,2-
oxazol-3-ol) and zwitterion (5-(azaniumylmethyl)-1,2-oxazol-3-
olate) [21]. Its zwitterionic structure has been determined by X-
ray [24] and NMR studies [22]. Muscimol forms dimers held by
strong intermolecular hydrogen bonds (NH3

+���O-) in the crystal lat-
tice. However, the studies on the structure and properties of mus-
cimol mainly focused on one tautomeric form and only a limited
number of discrete water molecules were used (if any)
[7,10,19,21,22,24].

Although for many systems such an approach is sufficient, in
this work we apply a different methodology. Considering the pres-
ence of heteroatoms with lone electron pairs in muscimol struc-
ture, accurate modelling of its direct interactions with polar
solvent is very important [6]. Such an approach should better
describe the interaction between muscimol tautomers and the sur-
rounding polar solvent.

In this study, we performed fully unconstrained DFT optimiza-
tions of a free muscimol molecule in its three tautomeric forms
and various environments and compared the results with its
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NH-form OH-form zwitterion-form
Fig. 1. Chemical structures of three tautomeric forms of muscimol.
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hydrated analogues, obtained from molecular dynamics (MD)
simulations. The main objective of this paper is to describe the
impact of the implicit and explicit water solvent on muscimol
structure and its IR/Raman spectroscopic parameters. Additionally,
an effect of empirical dispersion correction (GD3) [25] on the com-
puted results has been assessed.

2. Experimental part and theoretical methodology

2.1. Computational details

2.1.1. DFT calculations
DFT calculations were performed using Gaussian 16 program

package [26]. The initial structures of tautomers were prepared
with GaussView 5 [27]. Calculations were done for three tau-
tomeric forms of muscimol (NH, OH and zwitterion) in the gas
phase, and in three solvents - chloroform, DMSO, and water. The
solvent effect was simulated with the standard PCM approach
[28], as well as using the explicit solvent molecules. Optimizations
were performed utilizing the efficient hybrid B3LYP density func-
tional [29,30] and a fairly large and flexible aug-cc-pVTZ basis
set. Very tight optimization criteria and a large grid were used.
In some calculations, dispersion effects were included using the
empirical Grimme’s D3 correction term [25]. Unconstrained opti-
mizations were followed by vibrational analysis to ensure that
the resulting structures are true energy minima, and the IR and
Raman spectra were calculated. Complexation energies were
determined utilizing the counterpoise [31] method, treating all sol-
vent molecules as a single molecule.

2.1.2. MD simulations
A molecular dynamic simulation was set up for the studied tau-

tomers under the periodic boundary conditions; 10 ns simulation
run at 300 K and pressure 1 atm. The starting geometries of the
tautomers were obtained after the gas-phase DFT optimization of
the GaussView-generated structures, as described in the previous
section. The compounds were solvated in a periodic rectangular
box with a 12 Å cut-off, filled with 861, 869 and 841 TIP3P water
molecules for NH, OH and zwitterion tautomers, respectively,
using TLeap [32]. The box dimensions for the three tautomers after
the equilibration were 31.0 � 30.3 � 28.2 Å3, 30.0 � 31.5 � 28.1 Å3

and 31.6 � 29.3 � 27.5 Å3, respectively. The MD simulations were
done with AMBER14 [32] using the supplied general amber force
field (GAFF) for the studied molecules and the ‘‘ff14SB” force field
for water. Atomic charges were obtained from the R.E.D. Server
Development software [33–35]. After a sequence of restrained
minimizations for 8000 steps with a combination of steepest des-
cent and conjugate gradient algorithms and heating for 20 ps with
NVT ensemble, 100 ps equilibration dynamics was performed at
2

300 K without any restraints. The equilibration and production
runs were performed with NPT ensemble, the temperature was
controlled by Langevin thermostat (collision frequency of 1 ps�1)
and isotropic position scaling was used with Berendsen barostat
to control the average pressure at 1 atm. The SHAKE algorithm
was used with a tolerance of 10�5 Å and 2 fs integration time step.
The Lennard-Jones interactions were cut-off at 10 Å. To account for
the long-range electrostatic interactions, the particle mesh Ewald
method (PME) was employed. Considering a relatively small and
simple system, 100 ps equilibration time was sufficient, as con-
firmed by the time evolution of the total potential energy (EPtot)
and density of the simulated systems in Figs. S1–S3 of the Support-
ing Information (SI).

2.1.3. Additional computational analysis
A set of 200 equidistant snapshots was selected from the 10 ns

production MD trajectory (one snapshot every 50 ps, to ensure
their independence). For each selected snapshot, the water mole-
cules outside of the first hydration shell were truncated with the
‘‘xshell” program [36] using the cut-off parameter of 2.5 Å. The pro-
gram keeps the water molecules with at least one atom located
within 2.5 Å from the solute while removing the rest of the water
molecules. The cut-off parameter was determined from the radial
distribution function (RDF) plots using the ‘‘rdf” program [37]
and was the same for all the studied systems (Fig. S4 in SI). The
number of water molecules in the first hydration shell for each
of the 200 selected snapshots was automatically provided by the
‘‘xshell” program.

For each tautomer, a snapshot with the most relevant number
of water molecules in the first hydration shell was selected and
subjected to further full DFT optimization at B3LYP/aug-cc-pVTZ
level of theory, both in the gas phase and with PCM/water implicit
solvent. Vibrational IR and Raman spectra were computed for the
snapshots. The scaling factor of 0.968 for harmonic frequencies
was taken from Computational Chemistry Comparison and Bench-
mark DataBase [38]. To assess the accuracy of the resulting theo-
retical structures of muscimol, deviations between the calculated
and the experimental (obtained from X-ray structure [24]) bond
lengths (Theor. – Exp.), as well as their root-mean-square deviation
(RMSD) were calculated.

2.1.4. Experimental details
FTIR spectra: An FT-IR spectrometer Nicolet iS50 (Thermo

Fisher Scientific, USA) equipped with the attenuated total reflec-
tion (ATR) diamond accessory MIRacle (PIKE Technology, USA)
was used for the measurements. 64 scans were accumulated with
2 cm�1 resolution (spectral resolution 0.482 cm�1) in the spectral
range 400–4000 cm�1. ATR correction was used to transform the
reflectance spectrum to a log (1/R) absorption spectrum (muscimol
refractive index is 1.45).

Raman spectra: An alpha300R confocal Raman microscope
(WITec, Germany) was used to measure spectra of dried muscimol
crystals. The spectra were acquired 100 times in the ranges from
180 to 4000 cm�1 with a 2 cm�1 spectral resolution (diffraction
grating 600 lines / millimeter) and 500–1630 cm�1 with a spectral
resolution of 1 cm�1 (grating 1800 lines / millimeter). The incident
532 nm laser beamwith a power of 1 mWwas focused on the sam-
ple surface using the FLPlanFl 50x/0.5 objective (Olympus, Japan).
3. Results and discussion

3.1. Structure and hydration of muscimol molecule

To adequately describe the muscimol properties, the models of
muscimol tautomers for free molecules were created, followed by
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muscimol-water clusters generated from the MD simulation. Free
muscimol tautomers were optimized in the gas phase and in three
environments of different polarity including chloroform, DMSO,
and water. Even though muscimol is not soluble in chloroform, this
solvent was selected to observe hypothetical weak interactions
with the solvent [21]. The unconstrained optimized structures of
muscimol tautomers with atom numbering are shown in Fig. 2.

To obtain the muscimol-water clusters, we used molecular
dynamics simulations to estimate the number of water molecules
in the first solvation shell [39,40]. We determined the extent of
the first hydration shell to be 2.5 Å based on the RDF plots
(Fig. S4). Larger cut-offs resulted in the inclusion of waters from
the second hydration shell, which were not hydrogen-bonded with
the solute but only with each other, thus not affecting the geome-
try and the vibrational properties/spectra of the solute signifi-
cantly. Therefore, the water molecules located at distances
further than 2.5 Å from the solute were not considered. The
obtained truncated MD snapshot clusters were optimized in the
gas phase and implicit water.

The MD results show that the number of water molecules
around the muscimol varies for the studied tautomers (Fig. 3).
Around 25 % of NH-form molecules are surrounded by seven water
molecules and around 20 % by six water molecules. The mean of
Fig. 2. Three optimized (B3LYP/aug-cc-pVTZ) tautomeric forms o

Fig. 3. The number of water molecules in the first hydration shell of three muscimol taut
GAFF force field).

3

the number of water molecules distribution is 6.0. In the OH-
form almost 25 % of molecules are interacting with six water mole-
cules. The mean of the distribution is 5.6, somewhat smaller than
for NH-form. On the other hand, more than 20 % of zwitterion-
form is hydrated by nine water molecules and the mean distribu-
tion is almost two units higher and equals 8.1. The larger number
of the waters solvating the zwitterionic form can be explained by
the presence of two charged tails which attract more water mole-
cules and create stronger interactions. Fig. 4 shows the arrange-
ment of water molecules in the first hydration sphere for the
three tautomers. It is apparent that the zwitterion has a higher
number of hydrogen bonds binding solvent molecules than other
tautomers (7 vs 5). Interestingly, although water molecules create
hydrogen bonds with the heteroatoms of the solute, the interaction
with the etheric oxygen in the ring is very rare among the cluster
population (not shown). Some of the water molecules, while being
in the first hydration shell, do not form hydrogen bonds with the
solute but rather interact only with each other.

The bond length deviations between the calculated and the
experimental data [24] for three tautomeric forms of free musci-
mol and its hydrates in various environments are gathered in
Table 1. The corresponding bond lengths are provided in Tables
S1–S3 in the SI.
f muscimol with atom numbering: NH, OH, and zwitterion.

omers derived from the MD simulations (distance up to 2.5 Å, results from MD with



Fig. 4. Optimized (B3LYP/aug-cc-pVTZ) structures of NH, OH, and zwitterion tautomers of muscimol clusters with the most prevalent number of water molecules (7, 6, and
9) derived from the MD simulation.
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The smallest deviation from the crystal structure occurs for the
OH-form both for the free molecule (RMSD = 0.0205 Å) and its
hydrate (RMSD = 0.0370 Å). The biggest differences are predicted
for the hydrated NH-form in the gas phase (RMSD = 0.0885 Å) vs
water (RMSD = 0.0432 Å). Considerable differences in RMSD values
can be noticed for gas-to-solvents shifts, especially for the zwitte-
rion, (from 0.0424 in the gas phase to 0.0287 Å in chloroform.)
Altering the environment from chloroform to water or DMSO has
not caused significant deviations in the bond lengths, moreover,
Table 1
RMSD of B3LYP-D3/aug-cc-pVTZ calculated bond lengths (in Å) from X-ray experiment [2

Bond Gas phase CHCl3 DMSO

C3C4 0.0185 0.0127 0.0102
C4C5 �0.0011 0.0011 0.0020
C5C7 0.0068 0.0064 0.0062
C3O6 �0.0905 �0.0812 �0.0772
C5O1 0.0041 0.0028 0.0019
C3N2 0.1036 0.0927 0.0888
C7N8 �0.0297 �0.0853 �0.0272
O1N2 �0.0079 �0.0132 �0.0153
RMSD 0.0503 0.0534 0.0433

C3C4 �0.0167 �0.0171 �0.0173
C4C5 0.0112 0.0106 0.0103
C5C7 0.0061 0.0059 0.0057
C3O6 0.0411 0.0395 0.0388
C5O1 �0.0082 �0.0064 �0.0055
C3N2 �0.0077 �0.0057 �0.0049
C7N8 �0.0273 �0.0253 �0.0242
O1N2 �0.0190 �0.0164 �0.0153
RMSD 0.0205 0.0193 0.0188

C3C4 0.0533 0.0351 0.0281
C4C5 �0.0088 �0.0046 �0.0027
C5C7 �0.0125 �0.0085 �0.0069
C3O6 �0.0663 �0.0463 �0.0384
C5O1 �0.0026 �0.0088 �0.0084
C3N2 0.0506 0.0395 0.0361
C7N8 0.0515 0.0308 0.0254
O1N2 0.0414 0.0234 0.0167
RMSD 0.0424 0.0287 0.0240

4

the difference in RMSD is very small for all tautomeric forms in
polar solvents. Another big change in the bond length is caused
by the explicit water molecules for all forms, especially for the
NH-form (RMSD change from 0.0503 to 0.0885 Å). Interestingly,
the bond lengths measured for clusters with an additionally
applied PCM-SCRF solvent model have a little smaller RMSD than
clusters in the gas phase, except for the zwitterion.

Fig. 5 shows the bond lengths for all tautomeric forms with
explicit and implicit water. It is apparent that the PCM method
4] for free muscimol tautomers and their hydrates in various environments.

Water Hydrate gas phase Hydrate PCM water

NH form
0.0100 0.0016 0.0005
0.0021 0.0010 0.0015
0.0062 0.0041 0.0043

�0.0770 �0.0577 �0.0539
0.0018 0.0008 �0.0008
0.0886 0.0576 0.0539

�0.0271 �0.0328 �0.0309
�0.0154 �0.0242 �0.0260
0.0432 0.0885 0.0829

OH form
�0.0174 �0.0114 �0.0147
0.0103 0.0125 0.0107
0.0057 0.0060 0.0041
0.0388 0.0104 0.0171

�0.0055 �0.0132 �0.0093
�0.0048 0.0103 0.0089
�0.0242 �0.0251 �0.0209
�0.0152 �0.0132 �0.0147
0.0187 0.0370 0.0356

Zwitterion form
0.0278 0.0098 0.0191

�0.0026 �0.0014 �0.0042
�0.0068 �0.0021 �0.0039
�0.0380 �0.0289 �0.0419
�0.0083 �0.0071 �0.0086
0.0359 0.0326 0.0376
0.0251 0.0062 0.0073
0.0164 0.0017 0.0085
0.0238 0.0457 0.0609



Fig. 5. Selected bond lengths of free muscimol tautomers and their MD-generated clusters with water calculated in the gas phase (GP) and in PCM water solvent. Only
clusters with the most prevalent hydration number were considered.

Table 2
B3LYP/aug-cc-pVTZ stabilization energy (in kcal/mol) of muscimol tautomers in various environments with and without the inclusion of dispersion correction.

No D3 With D3

NH OH zwitterion NH OH zwitterion

Gas phase 1.87 0.00 51.87 1.45 0.00 51.63
PCM/Chloroform 0.09 0.00 22.84 0.00 0.33 22.82
PCM/DMSO 0.00 0.65 12.03 0.00 1.06 12.17
PCM/Water 0.00 0.69 11.49 0.00 1.09 11.64

Table 3
B3LYP-D3/aug-cc-pVTZ stabilization energies (in kcal/mol) of muscimol tautomers
with six water molecules in the first hydration shell.

NH cluster OH cluster Zwitterion cluster

Gas phase 0.00 2.44 31.55
PCM/Water 1.85 2.28 0.00

P. Najgebauer, M. Staś, R. Wrzalik et al. Journal of Molecular Liquids 363 (2022) 119870
shortens them. Besides, the impact of solvation depends on the
bond type. For example, the bond length of the double bond
(C4=C5) remains almost unchanged but the C3N2 and C3O6 bonds
change irregularly depending on the tautomer and method of sol-
vent treatment.

The inclusion of dispersion correction does not influence the
structural parameters by more than 2% (Tables S1–S3). This may
confirm that the intermolecular hydrogen bonds and not the Van
der Waals or London interactions are the main stabilizing forces
for muscimol monomeric structure in solution. Therefore, the
inclusion of explicit water can be crucial to correctly model musci-
mol properties.

However, it must be kept in mind that muscimol occurs as a
zwitterion in the crystalline state and forms dimers, where the
oppositely charged groups interact with each other [24]. In solu-
Table 4
B3LYP-D3/aug-cc-pVTZ calculated complexation energies (in kcal/mol) of muscimol hydra

Cluster DEcomp Number of water molecules

NH 47.71 7
OH 46.92 6
Zwitterion 112.95 9

5

tion, on the other hand, muscimol interacts with several solvent
molecules by H-bonds which are more relaxed and longer than
in the crystal.
3.2. Energies

Knowing the probable structures of muscimol, we could pro-
ceed to estimate the energy of the tautomers in various environ-
ments. Table 2 summarizes the stabilization energies of three
muscimol tautomers in the gas phase, chloroform, DMSO, and
water. The results show that the most stable forms in the gas phase
and in the selected solvents are NH and OH. However, in contrast
to OH, the NH form is stabilized with the increased solvent polar-
ity. The least stable is the zwitterion and its energy in the gas
phase is about 52 kcal/mol higher than that of the OH form. Simi-
larly, the zwitterion is the least stable in chloroform and polar sol-
vent (by about 23 and 12 kcal/mol). The inclusion of dispersion
correction does not influence the results. These results are in
contrast to the experimental data which confirmed the presence
of zwitterion both in solution [22] and in the crystalline state [24].
tes for the most prevalent solvation number in the gas phase.

DEcomp/water molecule DEcomp/hydrogen bond

6.82 9.54
7.82 9.38
12.55 16.14



Fig. 6. Theoretical IR (downward curves) and Raman (upward curves) spectra of NH, OH and zwitterion tautomeric forms of free muscimol and their water clusters
calculated at B3LYP/aug-cc-pVTZ level of theory in the gas phase (GP) and with PCM/water (PCM) using a scaling factor of 0.968 [38]. e stands for the molar absorption
coefficient.

P. Najgebauer, M. Staś, R. Wrzalik et al. Journal of Molecular Liquids 363 (2022) 119870
This inconsistency was tackled by including the water
molecules of the first solvation shell obtained from the MD simu-
lations. The energy of the tautomers with an equal number of
water molecules (six) was calculated in the gas phase and with
additional implicit water modelled by PCM. As the result, in the
gas phase, the zwitterion hydrate energy was still higher by
31.55 kcal/mol than the lowest energy NH hydrate. However, addi-
tional implicit water, representing the long-range bulk polar sol-
vent, substantially decreased the zwitterion energy, making it
the lowest energy tautomer in the implicit solvent (by about
2 kcal/mol lower than the other tautomers, Table 3).

Apart from the tautomers’ relative energy, the water complexa-
tion energy was estimated. These data are presented in Table 4.
6

The water-muscimol clusters have different number of water
molecules so the energy was recalculated per water molecule
and hydrogen bond. The highest complexation energy has the
zwitterion - almost twice as high as the other tautomers. This high
energy gain can be caused by the electrostatic interaction between
the charged tails of the zwitterion. As expected, the hydrogen
bonds created by the NH3

+ group are shorter (and stronger) than
the bonds made by the NH2 group (Table S4).
3.3. Calculated and experimental IR and Raman spectra

Infrared and Raman spectra were calculated for all tautomeric
forms of free muscimol and their clusters with water molecules,



O

Fig. 7. Experimental Raman (upward curve, blue line) and ATR-IR (downward curve, red line) spectra of solid muscimol (Raman intensities were multiplied by �0.01).
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both in the gas phase and with implicit PCM water. The most
distinctive structural difference between the muscimol tautomers
is due to the presence (or lack) of the carbonyl and imine groups.
The corresponding stretching vibrations are visible in the predicted
IR and Raman spectra in the range from 1750 to 1400 cm�1. The
C@C stretching vibration is also observed for all tautomers. Fig. 6
shows the theoretical IR and Raman spectra of the studied tau-
tomers in the spectral range 1750–1400 cm�1, the entire range
spectra are shown in Fig. S5 in SI. The presence of water, modelled
by implicit and explicit solvent, as well as the long-range bulk sol-
vent effect, results in noticeable redshifts of muscimol bands (up to
100 cm�1 in the case of mC-O�, Fig. 6). For muscimol explicitly sol-
vated by several water molecules, crowded spectra containing
slightly different mOH(sym) and mOH(asym) vibrations of the explicit
water molecule are calculated. Significant redshifts of mC=O and
mOH bands are observed as a result of the water molecules interact-
ing with the solute and forming strong (very short) hydrogen
bonds with these groups. The most significant shift toward lower
wavenumbers is observed for the mC=O band of NH form (for details
see Tables S5–S7). On the other hand, the smallest impact of the
solvent is predicted both for the explicit and implicit models in
the calculated spectra of hydrated OH tautomer. This could be
because water interacts stronger with substituents than with the
isoxazole ring. The C@O and C@N stretching vibrations are coupled
in the free OH form both in the gas phase and in PCM/water calcu-
lations, while the C@C and CAO� vibrations are coupled in the free
zwitterion only in the gas phase. Different effect of the implicit
and explicit solvent on the spectra of different tautomers can be
seen in Fig. 6. Thus, the mC=O wavenumber of the free NH form cal-
culated in the gas phase shifts down by 84 cm�1 from 1720 to
1636 cm�1 due to accounting for the explicit water molecules
alone, while the shift due to the implicit PCM solvent is somewhat
lower (76 cm�1). Possibly, this could be connected with the high
sensitivity of the carbonyl group in the NH tautomer to hydrogen
bonding represented by the explicit water model. On the other
hand, the large shift of the mC-O- anion in the zwitterion, strongly
affected by the electrostatic interactions, is well modelled already
by the implicit solvent, reaching 100 cm�1 (from 1592 to
7

1492 cm�1), and providing almost the same value as the
combination of the two solvent models (102 cm�1). This empha-
sizes the importance of accounting for both implicit and explicit
solvent, particularly in the calculations of sensitive to interactions
vibrational spectra.

Only fragments of experimental IR spectra of muscimol were
reported in the 1980s [41–43], while, according to our best knowl-
edge, no Raman spectra are available.

ATR-IR and Raman spectra of muscimol are presented in Fig. 7
in the range from 4000 to 400 cm�1. The tentative spectral band
assignments are provided based on our B3LYP/aug-cc-pVTZ
calculations.

The IR spectrum of solid muscimol in Fig. 7 is dominated by
wide bands characteristic of the –NH3

+ group. Furthermore, a
comparison with the calculated spectra of all tautomers suggests
that the IR spectra of the zwitterion form agree the most with
the experiment. Thus, the strongest IR band at 1475 cm�1 in the
experiment can be assigned to the calculated at 1490 cm�1 mC--

band, while the lower intensity band at 1637 cm�1 could be most
probably attributed to the multiple computed bands around
1620 cm�1. Note that calculated IR spectra of the other tautomers
do not feature the strongest band around 1480–1490 cm�1,
observed in the experiment. Moreover, no bands which could be
undoubtedly identified with either carboxyl or hydroxyl group
appear in the experimental spectrum, in concert with the com-
puted zwitterion spectrum. Therefore, we could assume the pres-
ence of zwitterion form in the solid-state samples, in accord
with the earlier X-ray studies [24]. It is worth mentioning that only
the zwitterion spectra calculated with the inclusion of the water
(either implicit or a combination of the implicit and explicit) result
in faithful agreement with the experiment (cf. Figs. 6 and 7). The
gas-phase spectra show a much poorer resemblance with the
experimental spectra and could not be used for reliable band
assignments.

The broad band at 3428 cm�1 could originate from the asym-
metric stretching mode of the ANH3

+ group [44]. The IR absorption
region 3200–2400 cm�1 is characterized by broad bands with mul-
tiple peaks due to symmetric stretching modes of hydrogen-
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bonded ANH3
+ groups. The band at 2121 cm�1 is assigned to the

combination of asymmetric bending and torsion of ANH3
+ modes.

In the Raman spectrum, the region 3200–2800 cm�1 is dominated
by CAH and CH2 modes. The Raman band at 1475 cm�1, as sug-
gested by the calculations, is assigned to the stretching vibration
of the CAO� group, while the most intense peak at 1637 cm�1

comes mainly from the stretching vibration of the C@C bond.
The spectral assignments presented above are consistent with

the scarce IR data available for muscimol [41–43]. Our IR/Raman
results support the presence of the zwitterion form of muscimol
in the solid-state, as suggested by the results of X-ray studies
[24]. Moreover, our theoretical DFT analysis suggests the presence
of the zwitterion form in water, in agreement with the experimen-
tal NMR solution studies [22].

4. Conclusions

In the current study, we analysed the structure, energy and
vibrational properties of three tautomeric forms of muscimol in
solvents treated as explicit and implicit models. Theoretical DFT
calculations were combined with MD simulations of explicit water
molecules in the first hydration shell of muscimol. Experimental
vibrational IR/Raman studies of solid muscimol were also mea-
sured and the resulting spectra were assigned with the help of
the calculations.

Based on our DFT and MD calculations, the zwitterion tautomer
was selected as the most stable form of muscimol in water. It was
essential to include both explicit and implicit solvents together to
correctly predict the energetically most stable tautomer of musci-
mol in water. For the first time, the entire IR/Raman spectrum of
solid muscimol was reported and its zwitterion form in the solid-
state was confirmed.

The predicted vibrational spectra of muscimol were sensitive to
the presence of water and in comparison to the gas phase results, a
significant red shift of characteristic peaks was observed. Thus, the
spectra calculated with a water model (both implicit and explicit)
showed significantly better agreement with the experimental
spectra and much closer positions of the main spectral bands to
those in the experiment. Furthermore, the absence of carbonyl
and hydroxyl group IR signal in the solid-state experimental spec-
tra was demonstrated by the calculated spectra of the zwitterion
form of muscimol, confirming prevalence of this tautomer in the
solid-state.

The obtained results point out the importance of both explicit
and implicit solvent treatment for proper modelling of medium
size molecules in solution.
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