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Abstract Density functional theory-based methods were
employed to obtain static and dynamical descriptions of the
molecular properties of 2-hydroxy-N-methylbenzamide
and 2-hydroxy-N-methylthiobenzamide; compounds con-
taining O-H---O and O-H---S strong, intramolecular
hydrogen bonds. These compounds are important as ana-
logues of commercial analgesic and antipyretic medicines.
In the current study the classical Kohn—Sham method was
applied to develop static models describing the geometric
parameters and proton potentials. The topological analysis
of the electron density was performed via atoms in mole-
cules theory. Subsequently, Car—Parrinello molecular
dynamics investigations were performed in vacuo and in
the solid state. The geometric and spectroscopic properties
were investigated and compared with available experi-
mental data. The influence of quantum effects on the
intramolecular hydrogen bond properties were studied via
path integral molecular dynamics in the solid state for
2-hydroxy-N-methylbenzamide. We found that the proton
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behavior depends strongly on the type of acceptor: the
sulfur-containing bridge has significantly smaller proton
flexibility than the oxygen-bearing analogue, which is
reflected in the electronic structure and bridge dynamics.
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1 Introduction

Salicylamides (2-hydroxybenzamide derivatives) are
compounds of general interest in medicinal chemistry.
The prototypic compound of this series, salicylamide
(2-hydroxybenzamide), is a mild analgesic, antipyretic,
fungicidal and antirheumatic drug, valuable for its very
minor sedative effects [1]. The compound is used indus-
trially as protective antifungal agent in cosmetics [2], and
its numerous derivatives have been studied for their
stronger analgesic properties at reduced toxicity [3]. Sali-
cylanilides (for example efuamide and niclosamide) are
used commercially as antiparasitic, antibacterial, immu-
nosuppressive and anti-inflammatory medicines [4-7].
Close analogues of salicylamides are 2-hydroxythioben-
zamides, which were also tested successfully for anti-
bacterial activity [8, 9]. 2-hydroxythiobenzamide is used
as ligand for quantitative estimation of Pt(IV) and Au(II)
ion concentrations [10-12], while N-methylsalicylamide—
one of our compounds of interest—is used as a model
system for binding of Fe(IIl) [13]. N-methylthiobenza-
mide was used in a synthetic route to new azapolycyclic
compounds based on yohimbane alkaloids [14]. A com-
mon feature of various 2-hydroxybenzamides and their
thiobenzamide analogues is the presence of intramolecular
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hydrogen bonds, enabled by close positioning of the
2-hydroxyl as a donor and amide nitrogen atom as a
hydrogen bond acceptor.

Recently it has become possible to predict crystal
structures on the basis of accurate calculations of inter-
molecular potentials, with hydrogen bonds constituting key
factors determining the crystal packing [15]. Therefore,
here we investigate two similar compounds differing only
by the choice of the acceptor atom. The chemical and
physical effects due to the formation of inter- and intra-
molecular hydrogen bonds in biologically active systems,
as well as in materials science, are intensively discussed
issues in the literature [16—18]. Their formation leads to the
appearance of various phenomena associated with struc-
tural and electronic structure modifications, e.g. in systems
containing very short and strong hydrogen bonds proton
transfer occurs, which is very important in many processes
of biochemistry (e.g. vision, action of enzymatic catalytic
triads, electron transfer chains, etc.) [19-21] and in mate-
rials science (e.g. rational design of crystalline structures or
exploration of solvent- and photo-induced proton transfer)
[22-26]. It is worth mentioning that, despite long-lasting
experimental and theoretical investigations, the phenome-
non of proton transfer is still not fully understood, and there
are new theories emerging which are alternatives to the
most-accepted “proton transfer coordinate” description of
the process [27]. Another very important issue is related to
the charge transfer in systems with middle-strong or strong
H-bonds. An ultimate example of the importance of charge
transfer in the context of hydrogen bonding is the proton-
coupled electron transfer, which involves both proton
transfer and redox reactions [28]. In the literature one can
find many studies where the nature of so-called charge-
assisted bonds and the consequences of their formation are
discussed [29-33]. Intramolecular hydrogen bridges are
usually formed between atoms containing lone electron
pairs, especially nitrogen and oxygen, whereas the H-bonds
with sulfur atoms as proton acceptors are less known and
therefore the nature of this interaction has not been com-
pletely elucidated [34, 35]. In the current study, we present
ab initio molecular dynamics simulations based on density
functional theory (DFT) for two kinds of intramolecular
H-bridges and discuss the formation of the H-bond and its
influence on the structural and electronic structure param-
eters. As suitable compounds for the investigations we
chose 2-hydroxy-N-methylbenzamide and 2-hydroxy-N-
methylthiobenzamide [36]. These two compounds belong
to the family of salicylamides, described above, and their
structures and spectroscopic properties are well studied
[36, 37]; close analogues [amides, (thio)hydrazides and
free (thio)acids] have also been investigated and can serve
as reference [38-40]. Furthermore, an additional interest-
ing point is the observation of steric effects of the large
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sulfur atom on (a) the conformation of the single 2-
hydroxy-N-methylthiobenzamide molecule, which is twis-
ted, whereas the oxo analogue is planar [36] and (b) the
crystal structure packing. More specifically, the two com-
pounds form different crystal motifs (linear chains for the
oxo compound, and ziz-zag chains for the thio analogue, in
both cases linked via amide-N-H---O-hydroxyl bridges)
and networks of intermolecular hydrogen bonds.

This study is an extension of our previous computational
investigations of 2-hydroxythiobenzhydrazide and 2-hy-
droxybenzydrazide [41], where the nature of H-bond
bridges was studied in detail using a combination of
diverse computational approaches in the gas phase and
solid state. The results indicated that the intermolecular
contacts were much more localized than intramolecular
bridge protons. In the current study, where the -NH-NH,
moiety of Ref. [41] has been replaced with the -NH-CHj3
group, we shall focus on the properties of the intramole-
cular hydrogen bonds; however, we would like to point out
that in our systems the network formed by the weak
intermolecular H-bonds is responsible, together with the
van der Waals forces, for the crystal structure stabilization
at room temperature [36]. We have investigated previously
the proton behavior in some O—H:--O and O-H---S bridges,
and so far our indications are that the sulfur atom as an
acceptor leads to much reduced propensity for proton
transfer [34, 41, 42], which is consistent with experimental
data [36].

2 Computational methodology

2-hydroxy-N-methylbenzamide and 2-hydroxy-N-methyl-
thiobenzamide (see Fig. 1) [36] were investigated using
DFT [43, 44] and molecular dynamics based on DFT [45,
46] approaches.

(') L~

Fig. 1 Structures of studied compounds: 2-hydroxy-N-methylbenza-
mide (left side) and 2-hydroxy-N-methylthiobenzamide (right side).
Only atoms of interest are marked
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2.1 Static DFT models

This part of the simulations was performed in vacuo to
develop static models describing the molecular properties
of 2-hydroxy-N-methylbenzamide and 2-hydroxy-N-
methylthiobenzamide [36]. The three-parameter hybrid
Becke’s functional with correlation energy based on Lee-
Yang-Parr formula denoted as B3LYP was used [47, 48].
The double- and triple-zeta split-valence basis sets with
diffuse functions on non-hydrogen atoms and polariza-
tion functions on all atoms denoted, according to Pople’s
nomenclature, as 6-31 4+ G(d,p), 6-311 + G(d,p), 6-31 +
G(2d,2p) and 6-311 4 G(2d,2p) [49] were employed in
the simulations. Harmonic frequencies were calculated to
check if the obtained structures correspond to minima of
the potential energy surface (PES). Next, the proton
potential functions were obtained by placing the hydro-
gen bridged proton (H1) on a set of points with varying
donor—proton distance for the O2-H2---O6 bridge in the
case of 2-hydroxy-N-methylbenzamide and O2-HI1---S6
in the case of 2-hydroxy-N-methylthiobenzamide. In
these calculations full geometry optimizations were per-
formed, with the exception of the O2-H1 distance, which
was constrained as the scanned coordinate. This part of
the simulations was performed using the Gaussian03
suite of programs [50], which was additionally used to
generate the wave functions for further processing using
atoms in molecules (AIM) theory. The description of the
electronic structure was prepared in the framework of the
AIM theory [51]. The electron density and its Laplacian
were evaluated at bond critical points (BCPs) for the
studied compounds. Atomic charges according to AIM
theory were calculated by numerical integration of the
electron density over atomic domains provided by the
level of DFT theory. This part of the calculations was
performed using the AIMPAC package [52].

2.2 Energy minimization and molecular dynamics
according to the Car—Parrinello method

Ab initio molecular dynamics simulations according to
the Car—Parrinello method [45] were performed in vacuo
and in the solid state. The exchange-correlation functional
proposed by J. P. Perdew, K. Burke and M. Ernzerhof
(PBE) was employed [53]. Plane-wave basis sets were
used, coupled with the norm-conserving pseudopotentials
proposed by N. Troullier and J. L. Martins [54] for each
type of atom in the studied compounds. The kinetic
energy cutoff was set to 100 Ry after performing exten-
sive test calculations to estimate the influence of the
cutoff on the geometric parameters of the studied com-
pounds (see Table 2SI). The 100-Ry cutoff was found to

be the best value in terms of balance between conver-
gence of structural parameters and computational effi-
ciency. The energy minimization was performed to
generate initial conditions for the molecular dynamics
runs. The Hessian matrix proposed by Schlegel as an
approximation to the exact matrix of second derivatives
was used for this purpose [55].

Molecular dynamics simulations in vacuo for 2-hydroxy-
N-methylbenzamide and 2-hydroxy-N-methylthiobenzamide
were performed in a cubic cell of a = 16 A with the periodic
image removal scheme enabled. The simulations were
performed at 298 K and the temperature was controlled by
Nosé-Hoover thermostat chains, coupled separately to each
degree of freedom [56—58]. The fictitious electron mass y was
set to 400 a.u. A time-step value of 3 a.u. was employed. The
initial part of the MD run (ca. 0.75 ps) was used to equilibrate
the system and was not taken into account during the analysis
of the results. Trajectories with lengths ca. 22 ps were used for
the data analysis. Dipole moments were collected as well
during the simulations.

Solid-state simulations for 2-hydroxy-N-methylbenza-
mide and 2-hydroxy-N-methylthiobenzamide were per-
formed using the structural parameters provided by X-ray
experiments (i.e. experimental cell data and atomic
coordinates were employed, see Fig. 1SI for the solid-
state models) [36]. A few constant volume simulations
were also carried out to check the effect of the cell size
on the dynamics of the system. In this set of simulations
the experimental cell parameters were isotropically scaled
by factors varying from 90-110% in 2% increments, and
constant volume MD runs were performed at each cell
size. Periodic boundary conditions (PBCs) were used in
the electrostatic summations, and the Ewald sum was
calculated taking into account eight neighbors in each
direction. The energy minimizations were performed
according to the procedure described above. In addition,
convergence with respect to k-points was tested for the
experimental unit cell using I'-point, 2 x 2 x 2, 3 X
3 x 3 and 4 x 4 x 4 Monkhorst-Pack k-point meshes
[59]. The geometric parameters of the atoms involved in
the intramolecular hydrogen bond obtained by calcula-
tions at I'-point and using 2 x 2 x 2, 3 x 3 x 3 and
4 x 4 x 4 meshes are presented in Table 2SI. They show
that the I'-point approximation is sufficiently good, which
is not unexpected, given the rather large simulation cells
employed. Therefore, our simulations were performed in
the I'-point approximation using the setup described
above. The data, after 0.75 ps of equilibration phase, were
collected for ca. 33 ps for 2-hydroxy-N-methylbenzamide
and 16 ps for 2-hydroxy-N-methylthiobenzamide.

Subsequently, the trajectories obtained from the ab initio
MD runs in both phases were used:
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1. to analyze the time evolution of selected interatomic
distances,

2. to calculate the infrared spectra (IR) using atomic
velocities and dipole moments. Fourier transformation
of the time autocorrelation function of the atomic
velocity and dipole moment was performed for this

purpose.

2.3 Path integrals molecular dynamics

Path integral molecular dynamics (PIMD) [46, 60, 61] runs
were performed in the solid state for both studied com-
pounds. The simulations were carried out at 298 K and
controlled by a separate Nosé-Hoover thermostat for each
degree of freedom [56-58]. The PIMD simulations were
performed with the same settings as described above for
the CPMD runs. Eight Trotter replicas were used for the
imaginary time path integration. The staging of the path
integral propagator was applied during the simulations [61,
62]. The initial part of the simulations (ca. 0.75 ps) was
taken as equilibration time and was not further analyzed.
The production run consists of ca. 20 ps. Using the PIMD

Table 1 Selected expeorimental (X-ray) and calculated (DFT) inter-
atomic distances (in A) and O6---HI1-02 and S6---H1-O2 valence
angles (in degrees) of 2-hydroxy-N-methylbenzamide and 2-hydroxy-

trajectories, a histogram for the analysis of the hydrogen
(H1) position in the intramolecular hydrogen bond was
prepared.

Car—Parrinello and path integral molecular dynamic
simulations were performed using the CPMD program
v3.11.1 [63]. The VMD [64] and Gnuplot [65] programs
were used for the data graphical presentation.

3 Results and discussion

3.1 Static models on the basis of DFT using various
basis sets and plane-waves

Selected calculated geometric parameters are compared to
experimental X-ray data [36] in Table 1. The data were
obtained from DFT simulations in combination with various
localized basis sets, as well as using plane-waves in vacuo
and in the solid state within the Car—Parrinello method [45].
All selected bond distances involved in the pseudo-ring
formation are reproduced correctly; however, the distances
obtained using plane-waves and PBE functionals are
slightly shortened in the intramolecular H-bond region
compared to the experimental data. The value of the valence

N-methylthiobenzamide in vacuo (using various localized basis sets
and plane waves) and in the solid state (using plane waves)

Interatomic distances X-ray  B3LYP/ B3LYP/

[36] 6-31 + G(d,p) 6-311 + G(d,p) 6-31 + G(2d,2p) 6-311 + G(2d,2p) in vacuo

B3LYP/ B3LYP/ CPMD PBE CPMD PBE

in the solid state

2-hydroxy-N-methylbenzamide

H1-02 0.875  0.9961 0.9900
02-C3 1.353 1.3428 1.3411
C3-C4 1.395 1.4217 1.4185
C4-C5 1.487 1.4866 1.4868
C5-06 1.240 1.2516 1.2435
06---H1 1.666 1.6461 1.6697
06---02 2510  2.5499 2.5622
C5-N7 1.324 1.3570 1.3562
06---H1-02 valence angle 161.05 148.64 147.78
2-hydroxy-N-methylthiobenzamide

H1-02 0.814  0.9919 0.9875
02-C3 1.359 1.3441 1.3420
C3-C4 1.403 1.4245 1.4210
C4-C5 1.482 1.4819 1.4810
C5-S6 1.679 1.6922 1.6887
S6---H1 2202 2.0731 2.0861
S6---02 2936  2.9820 2.9895
C5-N7 1.323 1.3485 1.3461
S6---H1-02 valence angle 150.25 151.40 151.20

0.9941 0.9908 1.0165 1.0596
1.3390 1.3340 1.3423 1.3356
1.4195 1.4160 1.4252 1.3808
1.4851 1.4847 1.4808 1.4680
1.2457 1.2436 1.2589 1.2653
1.6414 1.6513 1.5819 1.4586
2.5462 2.5510 2.5248 2.4667
1.3543 1.3529 1.3583 1.3839
149.12 148.80 151.97 156.47
0.9912 0.9880 1.0180 1.0190
1.3395 1.3406 1.3380 1.3501
1.4226 1.4191 1.4333 1.4235
1.4799 1.4784 1.4727 1.4713
1.6889 1.6871 1.7226 1.7292
2.0544 2.0661 1.9363 1.9586
2.9667 2.9732 2.8938 2.9180
1.3456 1.3430 1.3488 1.3327
152.08 151.72 155.54 155.79

The data reported for the CPMD were obtained with kinetic energy cutoff = 100 Ry
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angle formed by the atoms involved in the intramolecular
H-bond is reproduced correctly as well. There is neverthe-
less an uncertainty in the positions of the hydrogen atoms,
especially of those involved in hydrogen bridges, which
constitutes a source of discrepancy between the experi-
mental data and the calculated results. Overall, the agree-
ment between experimental and theoretical data is fairly
good, given the approximations involved in our DFT cal-
culations. Figures 2SI and 3SI present the energy profiles
obtained for the O2-H1 distance changes calculated at four
levels of theory in the gas phase. The obtained results show
that in both compounds a single energy minimum is present.
This fact indicates that, on the basis of static models, the
bridged proton prefers to be located at the donor side in the
gas phase and proton transfer is disfavored. The amide and
thioamide differ significantly in the structure of the intra-
molecular hydrogen bridge. While the pseudo-ring of the
amide is planar (the C3—C4-C5-06 dihedral angle is 4.4°),
itis puckered in the thioamide (the C3—-C4-C5-S6 torsion is
27.2°). This fact suggests that the O—H---S bridge is much
weaker than its O-H---O analogue. We put every effort to
generate structures for the proton-transferred forms of the
studied compounds, but we always obtained the molecular
forms after energy minimization. The same happened when
the solvent reaction field was modeled within the frame-
work of the polarizable continuum model (PCM) solvation
technique employing water as a solvent [66].

The last part of this section is devoted to the AIM
analysis for both compounds. The application of the AIM
theory gave us further insights into the electronic structure
differences due to the presence of different atoms in the

intramolecular hydrogen bridge. The basic parameters at
bond critical points (BCPs), such as the electron density
and its Laplacian, and the atomic charges were calculated
at various levels of theory for the atoms involved in the
pseudo-ring formation (see Table 2 for BCPs parameters
and Table 1SI for atomic charges values). The existence
of BCPs between O6/S6 and H1 atoms reveals the pres-
ence of intramolecular hydrogen bonds in these systems.
The positive value of the electron density Laplacian for
06/S6---H1 confirms the dominantly non-covalent char-
acter of the hydrogen bonds, whereas the electron density
Laplacian values obtained for the H1-O2, 02-C3, C3-
C4, C4—C5 and C5-06/S6 bonds indicate their covalent
character (see Table 2). The electron densities and their
Laplacians for the O6/S6---H1 contacts agree well with
the presence of a strong hydrogen bond and fall within
the range of values proposed by Koch and Popelier [67],
but the values of the electron density and, especially, its
Laplacian decrease when the acceptor atom is sulfur. This
fact underlines the weaker character of the O-H---S bond,
noticeable already by inspection of the geometrical
parameters, as discussed above. The O6---H1 distance is
shorter compared to the S6---H1 length in 2-hydroxy-N-
methylthiobenzamide, which is due to the larger atomic
and van der Waals radii of sulfur. A similar conclusion
can be drawn for the C5-O6 bond, where the electron
density and its Laplacian have higher values with respect
to 2-hydroxy-N-methylthiobenzamide. The AIM atomic
charges analysis indicates large differences between the
charge values on O6 and S6 atoms. This can be explained
as well from the electron density distribution and the fact

Table 2 Electron density and its Laplacian calculated at bond critical points (BCPs) of the hydrogen bridge of 2-hydroxy-N-methylbenzamide

and 2-hydroxy-N-methylthiobenzamide

Level of theory 2-hydroxy-N-methylbenzamide

HI-02 02-C3 C3-C4 C4-C5 C5-06 06--Hl1
p Vi) p Vi) p V3(p) p Vi) p Vi) p V3(p)
B3LYP/6-31 + G(d,p) 03276 —1.8791 03068 —0.4168 03009 —0.7925 02699 —0.6750 0.3826 —0.2405 0.0539 0.1530

B3LYP/6-311 + G(d,p)
B3LYP/6-31 + G(2d,2p)

0.3325 —2.3195 0.3053 —0.4583 0.2980
0.3357 —2.0634 0.3152 —0.7726 0.2988 —0.7166

—.07977 0.2656 —0.6600 0.3878 —0.4451 0.0517 0.1475
0.2658 —0.5769 0.3973 —0.5634 0.0551 0.1557

B3LYP/6-311 + G(2d,2p) 0.3382 —2.5131 0.3128 —0.7097 0.3029 —0.8319 0.2665 —0.6465 0.3959 —0.7420 0.0536 0.1421
2-hydroxy-N-methylthiobenzamide
H1-02 02-C3 C3-C4 C4-C5 C5-S6 S6---H1
P Vip) p Vip) p Vip) p Vip) p Vip) p V(p)

B3LYP/6-31 + G(d,p)
B3LYP/6-311 4 G(d,p)
B3LYP/6-31 + G(2d,2p)

0.3326 —1.8642 0.3045
0.3355 —-2.2974 0.3035
0.3395 —2.0493 0.3135

—0.3944 0.2983
—0.4398 0.2954 —0.7832 0.2657
—0.7512  0.2959
B3LYP/6-311 4+ G(2d,2p) 0.3416 —2.4975 0.3110 —0.6890 0.2993

—0.7784 0.2695 —0.6642 0.2119 —-0.1993 0.0389 0.0586
—0.6556 0.2135 —0.2710 0.0384 0.0614
—0.5730 0.2114 —0.3509 0.0419 0.0555

—0.6489 0.2111 —0.3435 0.0405 0.0557

—0.7014 0.2658
—0.8144 0.2673

p leag 3] = electron density; Vz(p) [eay 5] = Laplacian of the electron density
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that the interaction between O2-HI1---O6 is stronger than
that between O2-HI---S6.

3.2 Car-Parrinello molecular dynamics in vacuo
and in the solid state

The models used in these simulations are presented in
Fig. 1 and Fig. 1SI, respectively. Let us start to discuss our
results from the time evolution of the interatomic distances
of the atoms involved in the intramolecular hydrogen bond
formation. Figure 2 shows data for both compounds
obtained by Car—Parrinello molecular dynamics (CPMD)
simulations in vacuo. The behavior of hydrogen bonds is
similar in both cases. The bridged proton is strongly
localized on the donor side and contacts with the acceptor
atom are not observed. These results are in agreement with
our gas phase static models reported above, in which pro-
ton motion along the intramolecular bridge was shown to
be restricted. The time evolution of interatomic distances
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was investigated as well in the solid state for both com-
pounds. The crystal cells contain two molecules and eight
molecules in the case of 2-hydroxy-N-methylbenzamide
and 2-hydroxy-N-methylthiobenzamide, respectively. For
clarity purposes, from each unit cell only one molecule was
selected and its geometric parameters are presented in
Fig. 3. The proton transfer phenomenon is present in the
case of 2-hydroxy-N-methylbenzamide during the simula-
tion time. Additionally, many short contacts are registered
as well. The proton is strongly delocalized between the
donor and acceptor atoms. An opposite situation is
observed in 2-hydroxy-N-methylthiobenzamide. The
bridged proton is localized on the donor side and even short
contacts with the acceptor atoms are absent. Therefore, the
crystal field has a strong influence on the molecular pro-
perties of 2-hydroxy-N-methylbenzamide systems, which
contain low barrier hydrogen bonds (LBHBs), whereas in
the case of 2-hydroxy-N-methylthiobenzamide, the effect
of the crystal field appears to be weaker. These conclusions
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obtained from Car—Parrinello molecular dynamics in the solid state
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are in agreement with our previous investigations of ana-
logous compounds in the solid phase [41, 42]. We should
stress that the internal crystal field might be smaller than
the average field due to the presence of a liquid polar
environment (e.g. water as a solvent); however, the crystal
field is highly ordered and anisotropic, in contrast to the
latter, and can thus have a more dramatic effect on the
properties of hydrogen bonds. The anisotropy of the local
environment around the hydrogen bridges is different for
the two studied crystals; the benzamide derivative forms
linear chains in the crystal phase, while its thio analogue
forms zig-zag motifs [36]. This fact, together with the
differences in the chemical properties of sulfur and oxygen,
is responsible for the contrasting behavior of the hydrogen
bond in the two systems. The obtained results correspond
well with numerous studies on the behavior of sulfur as
proton acceptor [68—71]. The sulfur atom is considered as a
soft base in terms of Pearson’s hard-soft acid-base (HSAB)
concept, and as such is less reactive towards very hard
acids, such as an acidic proton. This fact was also proven
by interaction energy decomposition calculations [68],
which indicated ca. two times larger contribution of dis-
persion forces for O-H---S in comparison with corre-
sponding O-H---O systems. Additionally, H and S have
similar electronegativities, in contrast to H and O, which
results in reduced proton-accepting abilities for the sulfur
atom [69]. Experimental matrix isolation studies of H,O,
complexes with various bases [70] have shown that the O—
H---S bond is weaker energetically than the O-H---O bond
in corresponding systems; these findings are in agreement
with recent supersonic jets experiments as well [68].
However, it is possible to induce proton transfer and tau-
tomerism in some aromatic systems with intermolecular
O-H---S bond [71]. There is one additional factor which
might affect the proton behavior: since sulfur has a rela-
tively low electronegativity as discussed above (Pauling
scale: 2.58, compared to 3.44 for O, 2.20 for H and 2.55 for
C [72]), the C = S group is less polar than the carbonyl
moiety, which might upset the stabilizing “resonance”
effect due to the formation of the proton-transferred form
[32, 33].

We have also tested the influence of unit cell size on the
properties of 2-hydroxy-N-methylbenzamide, as mentioned
in Sect. 2. The results obtained are presented in Fig. 4SI.
The decrease of the cell volume led to a sharp increase of
the internal stress tensor, while the simulations with cell
axes enlarged more than a factor of 1.04 led systematically
to negative values of the stress tensor. Remarkably, the
model obtained by a 104% enlargement of the cell axes
(Fig. 4S]) also displays frequent short-lived proton trans-
fers to the acceptor: however, the transitions are less
abundant than in the model with the experimental cell
parameters. This fact also suggests that the electrostatic

crystal field should be a major factor responsible for the
behavior of the intramolecular bridge of the studied
benzamide.

To further clarify these points, we calculated the cor-
relation histograms for the O2-H1 and O2---O(S)6 dis-
tances. A comparison of these histograms for in vacuo and
solid-state simulations for both 2-hydroxy-N-methylben-
zamide and -thiobenzamide is presented in Fig. 4. The
presence of neighboring molecules has rather minor effects
on the dynamical structural behavior of the O2---S6 intra-
molecular bridge. On the other hand, proton sharing is
greatly increased for the O2---O6 bridge in the solid state,
in accordance with the time evolution of the bridge
parameters (Fig. 3). The upper histogram shows that the
proton is still located dominantly at the donor side, but at
reduced bridge lengths there is a high probability of tem-
porary proton transfer to the acceptor atom.

The spectroscopic properties of the studied compounds
were investigated on the basis of dipole moments and
atomic velocity power spectra. Experimental data [37]
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Fig. 4 Correlation histogram of the O2-H1 and 02-06 distances for
2-hydroxy-N-methylbenzamide (upper graph) and O2-H1 and O2-S6
distances for 2-hydroxy-N-methylthiobenzamide (lower graph)
obtained from Car—Parrinello molecular dynamics in vacuo and in
the solid state. Probability density isocontours at 5 A2
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Fig. 5 IR spectra of 2-hydroxy- 0.012 T
N-methylbenzamide (upper
graph) and 2-hydroxy-N-
methylthiobenzamide (lower
graph) calculated from Car— 0.01 -
Parrinello molecular dynamics
in vacuo
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report that the studied (thio)amides have relatively broad
absorptions caused by the intramolecular O-H:--O(S)
bridges, while the amide N—H bond modes are quite sharp
(see Fig. 5SI for a redrawing of the original experimental
data). The O-H(---O) stretching band of 2-hydroxy-N-
methylbenzamide is centered at ca. 2950 cm~ ! in CCly,
which is red-shifted to 2700 cm ™! in the solid state (fluo-
rolube mull). Corresponding data for 2-hydroxy-N-

@ Springer

1500 2000 2500 3000
Wavenumber [1/cm]
methylthiobenzamide are: 3000 cm™' in CCl,, and

2840 cm™! in the fluorolube mull. The N-H bands are
located between 3319 and 3484 cm™'. Interestingly, the
solution "H NMR shifts of the O—H protons (12.16 ppm for
the amide and 11.13 ppm for the thioamide) confirm that
the thio-bridge is weaker, and these shifts are larger than
those of the N—H protons (6.15 and 7.60 ppm, respectively)
[37]. The experimental IR and NMR data on the
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Fig. 6 IR spectra of 2-hydroxy- 0.01 T
N-methylbenzamide (upper
graph) and 2-hydroxy-N-
methylthiobenzamide (lower
graph) calculated from Car—
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intramolecular bridge properties compare well to those
yielded by our CPMD simulations. First, gas-phase IR
spectra (Fig. 5) show that both amide and thioamide have
broad absorptions located in the 2600-3200 cm ™' region,
centered at 2800-2900 cm ™! (the small red shift in com-
parison to the experiments is a combined effect of the
approximated DFT functional used and the CPMD method,
which introduces a “drag effect” to the nuclear motion
[73-75]). The situation changes when the spectrum is

1500 2000 2500 3000 3500
Wavenumber [1/cm]

calculated in the solid state (Fig. 6). The amide with its
delocalized proton exhibits broad absorption (in good
agreement with the experimental spectrum, cf. Fig. 5SI of
this work and Fig. 1 of Ref. [37]), while the thioamide
bridge signal is diffuse, but restricted to the 2500-—
3000 cm ™' region. These results were confirmed by iso-
lation of the contributions of the intramolecular bridge
protons to the total motion intensity (Fig. 7), which allows
for the identification of the O-H stretching regions.

@ Springer



328

Theor Chem Acc (2009) 124:319-330

Fig. 7 Power spectra of Tt
bridged protons in 2-hydroxy-N-
methylbenzamide and 2-
hydroxy-N-
methylthiobenzamide
respectively, obtained from
Car—Parrinello molecular
dynamics in vacuo (two upper
curves) and in the solid state
(two lower curves)
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3.3 Path integral molecular dynamics in the solid state

The inclusion of quantum effects in the description of the
motion of protons and light atoms favors their delocaliza-
tion by two mechanisms: exploration of larger portions of
the phase space due to the delocalization of the nuclear
wave function, and tunneling [76]. PIMD simulations were
performed for 2-hydroxy-N-methylbenzamide only, since it
was recently shown that quantum effects do not play an
important role in compounds similar to 2-hydroxy-N-
methylthiobenzamide [34]. Figure 8 shows how the results
of the PIMD for 2-hydroxy-N-methylbenzamide compare to
the calculations obtained within the classical approximation
for nuclei. Proton delocalization is increased and the O2—
H1 coordinate of the isocontour barycenter is shifted from
1.08 A to the value of 1.15 A. This elongation of the donor—
proton distance is accompanied by a decrease in the total
bridge length. Additionally, the delocalization of the proton
has partially masked the correlation between the O2-Hl1
and O2---06 structural parameters. It is not possible to
provide time-resolved information on the quantum effects,
e.g. mean time between tunneling events or proton jumps,
because the PIMD formulation recovers only statistically
averaged information on the quantum ensemble.

4 Conclusions

We have shown that the use of combined static and
dynamical approaches to the description of the molecular
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Fig. 8 Correlation histogram of the O2-H1 and O2-06 distances for
2-hydroxy-N-methylbenzamide calculated from Car—Parrinello and
path integral molecular dynamics simulations in the solid state.
Probability density isocontours at 5 A2

properties of 2-hydroxy-N-methyl(thio)benzamide suc-
cessfully reproduces experimental data and provides
insight into the nature of the two analogous intramolecular
hydrogen bridges. In particular, we have found that:

e in agreement with experiments, the O-H---S bond is
weaker than the O-H:---O analogue, revealing the
decreased ability of sulfur as proton acceptor: this fact
is due to the chemical differences between oxygen and
sulfur, in particular to the smaller electronegativity
difference between sulfur and hydrogen atoms in
comparison with the H---O case. These conclusions
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