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l study was carried out to characterize the hydrogen bond, HB, interactions of
sulfabenzamide crystal structure by DFT calculations of electric field gradient, EFG, tensors at the sites of 14N,
17O, and 2Hnuclei. The computationswere performedwith the B3LYPandB3PW91DFTmethods and 6-311+G⁎
and 6-311++G⁎⁎ standard basis sets using the Gaussian 98 package. To perform the calculations, a hydrogen-
bonded heptameric cluster of sulfabenzamide was created by X-ray coordinates where the hydrogen atom
positions were optimized and the EFG tensorswere calculated for the targetmolecule. Additional optimization
and EFG calculations were also performed for crystalline monomer and an isolated gas-phase sulfabenzamide.
The calculated EFG tensors were converted to the experimentally measurable nuclear quadrupole resonance,
NQR, parameters: quadrupole coupling constant, CQ, and asymmetry parameter, ηQ. The results reveal that the
geometrical and NQR parameters of the optimized isolated gas-phase and crystalline phase are different. In
addition, the difference between the calculated NQR parameters of the monomer and the target molecule
shows how much H-bonding interactions affect the EFG tensors of each nucleus. The evaluated NQR
parameters reveal that due to the contribution of the target molecule to N–H…O and C–H…O hydrogen bond
interactions, the EFG tensors at the sites of N(1), O(3) and H(1) undergo significant changes frommonomer to
the target molecule in cluster. These features reveal the major role of N–H…O type intermolecular HBs in
cluster model of sulfabenzamide which the presence of these interactions can lead to polymorphism directly
related to the drug activity and related properties.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

Hydrogen bonds, HBs, play an essential role in natural phenomena,
especially in the biological and biochemical systems [1–3]. Poly-
morphism, tableting behavior, and drug activity of sulfonamides,
for example, is due to the formation of a network of intra- and inter-
molecular HBs [3–6]. In many cases, the type of these HBs is N–H…O
and N–H…N which is mainly electrostatic with some charge transfer,
induce, and polarization in nature. Thus, due to the importance, the
nature of HB interactions has been extensively investigated by either
experimental or theoretical studies up to now [7–11]. However,
nuclear quadrupole resonance, NQR, spectroscopy is among the most
important and versatile techniques for this purpose. Since the most
characteristic nature of HB interactions is electrostatic, electric field
gradient (EFG) tensors originated at the sites of quadrupole nuclei are
proper elements to characterize the properties of different types of HB
interactions in the solid phase [12–15]. It is noted that the quadrupole
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nuclei are those with spin angular momentum greater than one-half,
IN1/2, which the interaction energy of the nuclear electric quadrupole
moment, eQ, and the EFG tensors is measured by NQR as quadrupole
coupling constant, CQ. Asymmetry parameter, ηQ, indicating the EFG
tensors deviation from cylindrical symmetry at the site of quadrupole
nucleus is also measured by NQR.

It is an interesting subject to investigate the effects of long-range
interactions such as hydrogen bonding, H-bonding, in sulfonamides
and its derivatives because of their key role in the polymorphism,
tableting behavior, and drug activity. Moreover, understanding
the nature of these interactions can be crucial in describing the
function of these systems in biological media at the molecular level.
Sulfonamides are included in a main class of drugs which exhibit
interesting solid-state properties due to their capability of contribut-
ing to different H-bonding interactions [5,16,17]. The importance of
sulfonamides is well-established in pharmaceutical chemistry and
drug design. Aromatic derivatives of sulfonamide exhibit a wide
range of bioactivities such as anti-angiogenic, anti-tumor, anti-
analgestic, anti-tubercular, anti-glaucoma, anti-HIV, cytotoxic, anti-
microbial, and anti-malarial agents [18–30]. Sulfabenzamide is one
of the most used derivatives also having anti-bacterial properties.
Numerous experimental techniques including X-ray, neutron diffraction,
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Fig. 1. (a) Monomer and (b) illustration of intermolecular hydrogen bonds in the crystalline sulfabenzamide. Dashed lines show HB interactions of the target molecule in cluster.
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infrared, Raman, and NMR spectroscopies have been applied to study the
nature of H-bonding interactions in sulfonamides and its derivatives in
the solid phase [31–37]. The study of the contribution of 39 crystal
structures of sulfonamide to HB interactions by Adsmond and Grant [4],
using graph set notation, revealed that the amido protons show a greater
preference of HB interactionswith amidine nitrogens and cocrystal guests
whereas the amino protons show a greater preference of hydrogen
bonding with sulfonyl oxygens. From their work, it can be concluded
that the polymorphic change resulted in a change in the hydrogen-bond
pattern of the amido proton, implicated as a major player in the poly-
morphic transformation. The solid-state properties of sulfonamides have
been studied by Yang et al. who postulated that the presence of various
HBs in the sulfonamide drugs can lead to polymorphism that is related
directly to the drug activity [5]. Kosutić and co-workers [38] having been
studied the supramolecular three isomeric structures of sulfonamide
indicated that these structures differ in their hydrogen-bonding arrange-
ments, but in all of them the conformation of sulfonamide moiety is
conserved by an intra-molecular N–H…O hydrogen bond and a C–H…O
interaction. Also, our pervious density functional theory, DFT, study
showed themajor role ofHB interactionson structural properties andNQR
parameters of sulfamerazine [39].

Blinc et al. [40]whomeasured experimentally the 14NNQRparameters
of sulfonamides demonstrated the importance of regarding the N–H…N
typehydrogenbond interactions in assigning the 14Nquadrupole coupling
constant and asymmetry parameter in sulfonamides.

The present work includes a systematic computational study of
HBs interactions of sulfabenzamide crystal structure via DFT calcula-
tions of the 14N, 17O, and 2H EFG tensors. The available crystal co-
ordinates of sulfabenzamide were obtained from previous X-ray
diffraction study [41]. Considering the presence of hydrogen
bonds (N–H…O and C–H…O) in the calculations, the most probable
interacting molecules with the central molecule in the crystalline
structure of sulfabenzamide were considered via a heptameric
cluster; see Fig. 1b and Table 1 for details. To have a basis for com-
parison of H-bonding effects on the EFG tensors, the calculations were
also performed on the monomer sulfabenzamide. All calculations
were carried out at B3LYP and B3PW91 levels using 6-311+G⁎ and 6-
311++G⁎⁎ basis sets. The calculated EFG tensors at the sites of 14N, 17O,



Table 1
The structural properties of sulfabenzamide

Geometrical
parameters

Fully optimized isolated
gas-phase

Crystalline
monomera

Crystalline
monomerb

Target
moleculec

Intermolecular geometrical
parametersd

Cluster
modele

rN1–H1 1.02 Å 0.99 Å 1.04 Å 1.17 Å rN1…O(3–2) 2.69 Å
rN1–H2 1.01 Å 0.95 Å 1.02 Å 1.02 Å rN2…O(3–6) 2.85 Å
rN2–H3 1.03 Å 1.09 Å 1.01 Å 1.11 Å rO1…N(1–7) 2.81 Å
rN2–C1 1.42 Å 1.51 Å 1.51 Å 1.51 Å rO2…C(2–3) 2.98 Å
rN2–S1 1.65 Å 1.59 Å 1.59 Å 1.59 Å rO3…N(1–4) 2.74 Å
rC1–O3 1.33 Å 1.42 Å 1.42 Å 1.42 Å rC2…O(2–5) 3.01 Å
rC2–H4 1.01 Å 1.01 Å 1.03 Å 1.10 Å rH1…O(2–2) 1.62 Å
rS1–O1 1.57 Å 1.61 Å 1.61 Å 1.61 Å rH3…O(2–6) 1.85 Å
rS1–O2 1.56 Å 1.62 Å 1.62 Å 1.62 Å rH4…O(2–5) 2.01 Å
∠H1–N1–H2 108.2° 110.1° 111.1° 114.8° rO1…H(1–7) 1.78 Å
∠O1–S1–O2 118.3° 119.1° 119.1° 119.1° rO2…H(4–3) 1.95 Å
∠H3–N2–S1 114.3° 112.1° 113.1° 113.9° rO3…H(1–4) 1.99 Å
∠H3–N2–C1 109.8° 108.4° 108.4° 108.2° ∠N1–H1…O(2–2) 156.6°
∠N2–C1–O3 123.4° 123.8° 123.8° 123.8° ∠N2–H3…O(3–6) 131.5°

∠C2–H4…O(2–5) 169.8°
∠O1…H1– N(1–7) 144.7°
∠O2…H4–C(2–3) 103.5°

a Crystalline monomer is obtained by X-ray coordinates [41] before hydrogen optimization.
b Crystalline monomer is obtained by X-ray coordinates [41] after a geometry optimization of just hydrogen atoms at the B3LYP/6-311++G⁎⁎ level.
c The target molecule in cluster where just hydrogen positions were optimized at B3LYP/6-311++G⁎⁎ level.
d The first number in parentheses denotes the atom number and the second one denotes the molecule number; see Fig. 1.
e The cluster was created by transformation of X-ray coordinates, however, just hydrogen positions of cluster were optimized at the level of B3LYP/6-311++G⁎⁎.
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and 2H nuclei were converted to the experimentally measurable NQR
parameters, CQ and ηQ, which are summarized in Tables 2–4.
Table 3
Calculated 17O quadrupole coupling tensors (MHz) and asymmetry parameters for
sulfabenzamide

Model Nucleus Method Basis set χxx χyy CQ ηQ

Isolated gas-phasea O(1) B3PW91 6-311+G⁎ −4.15 −6.08 10.23 0.20
6-311++G⁎⁎ −4.13 −6.07 10.20 0.19

B3LYP 6-311+G⁎ −4.14 −6.04 10.18 0.19
6-311++G⁎⁎ −4.13 −6.02 10.15 0.19
2. Computational details

The DFT calculations for sulfabenzamide (C13H12N2O3S) were
carried out by employing the GAUSSIAN 98 suite of programs [42].
This was done for calculating the EFG tensors in the principal axes
system, PAS, for oxygen, nitrogen and hydrogen nuclei. Pervious works
of Köster et al. [43–45] have also showed that DFT calculations
are capable to reliably predict 14N and 17O NQR frequencies and their
Table 2
Calculated 14N quadrupole coupling tensors (MHz) and asymmetry parameters for
sulfabenzamide

Model Nucleus Method Basis set χxx χyy CQ ηQ

Isolated gas-phasea N(1) B3PW91 6-311+G⁎ −2.10 −2.72 4.82 0.13
6-311++G⁎⁎ −2.09 −2.70 4.79 0.13

B3LYP 6-311+G⁎ −2.07 −2.70 4.77 0.15
6-311++G⁎⁎ −2.06 −2.79 4.85 0.15

N(2) B3PW91 6-311+G⁎ −2.25 −2.45 4.70 0.04
6-311++G⁎⁎ −2.23 −2.46 4.69 0.05

B3LYP 6-311+G⁎ −2.19 −2.41 4.59 0.05
6-311++G⁎⁎ −2.19 −2.42 4.59 0.05

Monomerb N(1) B3PW91 6-311+G⁎ −1.99 −2.65 4.64 0.17
6-311++G⁎⁎ −1.99 −2.65 4.54 0.17

B3LYP 6-311+G⁎ −1.98 −2.63 4.57 0.17
6-311++G⁎⁎ −1.98 −2.64 4.60 0.17

N(2) B3PW91 6-311+G⁎ −1.89 −2.38 4.27 0.12
6-311++G⁎⁎ −1.88 −2.33 4.21 0.11

B3LYP 6-311+G⁎ −1.86 −2.34 4.20 0.11
6-311++G⁎⁎ −1.86 −2.32 4.20 0.11

Clusterc N(1) B3PW91 6-311+G⁎ −1.07 −2.59 3.65 0.42
6-311++G⁎⁎ −1.07 −2.59 3.65 0.42

B3LYP 6-311+G⁎ −1.05 −2.56 3.61 0.42
6-311++G⁎⁎ −1.02 −2.56 3.58 0.43

N(2) B3PW91 6-311+G⁎ −1.17 −2.35 3.52 0.34
6-311++G⁎⁎ −1.15 −2.32 3.47 0.36

B3LYP 6-311+G⁎ −1.13 −2.35 3.48 0.35
6-311++G⁎⁎ −1.11 −2.34 3.45 0.36

a A fully optimized isolated gas-phase sulfabenzamide at the level of B3LYP/6-311++G⁎⁎.
b Crystalline monomer obtained by X-ray coordinates and also optimized hydrogen

positions.
c The target molecule in cluster.
nuclear quadrupole coupling constants. On the other hand, among
various modern functionals of DFT, B3LYP hybrid exchange-correla-
tion functional has been proven to be the most proper and popular to
O(2) B3PW91 6-311+G⁎ −3.72 −4.69 8.41 0.09
6-311++G⁎⁎ −3.72 4.69− 8.41 0.09

B3LYP 6-311+G⁎ −3.69 −4.67 8.36 0.09
6-311++G⁎⁎ −3.70 −4.67 8.37 0.09

O(3) B3PW91 6-311+G⁎ −4.51 −5.11 9.62 0.06
6-311++G⁎⁎ −4.51 −5.10 9.61 0.06

B3LYP 6-311+G⁎ −4.48 −5.08 9.56 0.06
6-311++G⁎⁎ −4.46 −5.07 9.53 0.06

Monomerb O(1) B3PW91 6-311+G⁎ −3.37 −6.68 10.05 0.33
6-311++G⁎⁎ −3.38 −6.67 10.05 0.33

B3LYP 6-311+G⁎ −3.35 −6.74 10.09 0.34
6-311++G⁎⁎ −3.38 −6.70 10.08 0.34

O(2) B3PW91 6-311+G⁎ −3.71 −4.60 8.31 0.10
6-311++G⁎⁎ −3.66 −4.55 8.21 0.10

B3LYP 6-311+G⁎ −3.70 −4.61 8.31 0.10
6-311++G⁎⁎ −3.69 −4.59 8.28 0.10

O(3) B3PW91 6-311+G⁎ −4.05 −5.30 9.35 0.14
6-311++G⁎⁎ −3.98 −5.36 9.34 0.15

B3LYP 6-311+G⁎ −3.97 −5.36 9.33 0.15
6-311++G⁎⁎ −3.95 −5.38 9.33 0.15

Clusterc O(1) B3PW91 6-311+G⁎ −2.69 −7.06 9.75 0.45
6-311++G⁎⁎ −2.65 −7.07 9.72 0.46

B3LYP 6-311+G⁎ −2.64 −7.09 9.71 0.46
6-311++G⁎⁎ −2.62 −7.10 9.62 0.47

O(2) B3PW91 6-311+G⁎ −3.25 −4.74 7.99 0.19
6-311++G⁎⁎ −3.33 −4.76 8.09 0.18

B3LYP 6-311+G⁎ −3.35 −4.79 8.14 0.18
6-311++G⁎⁎ −3.33 −4.75 8.08 0.18

O(3) B3PW91 6-311+G⁎ −2.08 −6.57 8.65 0.52
6-311++G⁎⁎ −2.05 −6.58 8.63 0.52

B3LYP 6-311+G⁎ −2.03 −6.59 8.62 0.53
6-311++G⁎⁎ −2.02 −6.57 8.59 0.53

a A fully optimized isolated gas-phase sulfabenzamide at the level of B3LYP/6-311++G⁎⁎.
b Crystalline monomer obtained by X-ray coordinates and also optimized hydrogen

positions.
c The target molecule in cluster.



Table 4
Calculated 2H quadrupole coupling tensors (KHz) and asymmetry parameters for
sulfabenzamide

Model Nucleus Method Basis set χxx χyy CQ ηQ

Isolated
gas-phasea

H(1) B3PW91 6-311+G⁎ 136.51 166.27 −302.78 0.10
6-311++G⁎⁎ 135.76 163.15 −298.90 0.09

B3LYP 6-311+G⁎ 129.67 156.71 −300.25 0.11
6-311++G⁎⁎ 127.45 159.55 −299.95 0.10

H(2) B3PW91 6-311+G⁎ 156.51 169.27 −326.78 0.04
6-311++G⁎⁎ 155.76 169.15 −324.91 0.04

B3LYP 6-311+G⁎ 159.67 166.71 −326.38 0.03
6-311++G⁎⁎ 157.45 169.55 −326.95 0.04

H(3) B3PW91 6-311+G⁎ 115.45 194.26 −299.71 0.10
6-311++G⁎⁎ 114.20 195.03 −295.23 0.09

B3LYP 6-311+G⁎ 116.10 196.69 −284.90 0.09
6-311++G⁎⁎ 113.08 194.82 −287.90 0.11

H(4) B3PW91 6-311+G⁎ 121.13 154.06 −275.19 0.12
6-311++G⁎⁎ 121.20 155.03 −276.23 0.12

B3LYP 6-311+G⁎ 119.78 156.19 −275.97 0.13
6-311++G⁎⁎ 118.28 156.12 −274.40 0.14

Monomerb H(1) B3PW91 6-311+G⁎ 126.19 163.17 −289.36 0.12
6-311++G⁎⁎ 125.67 165.23 −290.90 0.14

B3LYP 6-311+G⁎ 124.47 166.78 −291.25 0.14
6-311++G⁎⁎ 124.15 163.90 −288.05 0.13

H(2) B3PW91 6-311+G⁎ 153.72 166.46 −320.18 0.04
6-311++G⁎⁎ 154.96 165.06 −320.02 0.04

B3LYP 6-311+G⁎ 157.93 161.37 −319.30 0.03
6-311++G⁎⁎ 147.58 169.66 −317.24 0.04

H(3) B3PW91 6-311+G⁎ 124.03 186.27 −310.30 0.17
6-311++G⁎⁎ 125.16 186.15 −311.31 0.18

B3LYP 6-311+G⁎ 123.27 186.71 −319.98 0.18
6-311++G⁎⁎ 122.45 189.56 −312.01 0.19

H(4) B3PW91 6-311+G⁎ 106.56 138.09 −244.65 0.13
6-311++G⁎⁎ 104.67 138.59 −243.26 0.14

B3LYP 6-311+G⁎ 103.37 136.79 −240.16 0.13
6-311++G⁎⁎ 100.86 135.78 −236.64 0.13

Clusterc H(1) B3PW91 6-311+G⁎ 78.45 129.41 −207.86 0.24
6-311++G⁎⁎ 77.21 131.56 −208.77 0.26

B3LYP 6-311+G⁎ 73.09 130.45 −203.07 0.28
6-311++G⁎⁎ 71.95 127.73 −199.68 0.28

H(2) B3PW91 6-311+G⁎ 157.21 161.21 −318.42 0.02
6-311++G⁎⁎ 155.70 162.16 −317.86 0.02

B3LYP 6-311+G⁎ 159.33 162.11 −321.44 0.02
6-311++G⁎⁎ 157.55 162.35 −319.90 0.02

H(3) B3PW91 6-311+G⁎ 96.72 173.73 −270.45 0.29
6-311++G⁎⁎ 95.56 173.65 −269.35 0.29

B3LYP 6-311+G⁎ 94.71 174.54 −269.25 0.30
6-311++G⁎⁎ 94.69 171.70 −266.39 0.30

H(4) B3PW91 6-311+G⁎ 74.50 126.34 −200.84 0.26
6-311++G⁎⁎ 72.56 126.03 −198.59 0.27

B3LYP 6-311+G⁎ 74.58 124.89 −199.47 0.25
6-311++G⁎⁎ 73.78 123.81 −197.59 0.25

a A fully optimized isolated gas-phase sulfabenzamide at the B3LYP/6-311++G⁎⁎ level of
theory.

b Crystalline monomer obtained by X-ray coordinates [41] and also optimized
hydrogen positions.

c The target molecule in cluster.
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date. Since LYP is designed to compute the full correlation energy
instead of just a correction to local spin density approximation (LSDA),
its overall performance is remarkably good [46]. Moreover, various
combinations of diffuse and polarization functions being necessary for
computation of EFG tensors of hydrogen, nitrogen and oxygen atoms
involved in HBs are included in 6-311+G⁎ and 6-311++G⁎⁎ basis sets
[47,48]. Hence, for DFT calculations, B3LYP and B3PW91 [49,50] with
6-311+G⁎ and 6-311++G⁎⁎ standard basis sets employed to calculate
the EFG tensors. The available crystal coordinates of sulfabenzamide
were obtained from X-ray diffraction study [41] and a cluster model
consisting of the most possible HB interacting molecules with the
target one was created; see Table 1 and Fig. 1 for details. Since the
hydrogen atoms do not scatter X-rays effectively, their positions are
not known with certainty even for highly resolved crystal structures.
As shown both theoretically and experimentally, the NQR parameters
and structural properties are mutually correlated [51–54]; thus, the
resulted errors in the bond distances and angles of hydrogen atoms
due to this uncertainty can have a significant effect on the calculated
quadrupole coupling tensors. However, the geometries of just hydrogen
atoms were optimized at the level of B3LYP/6-311++G⁎⁎ while those
of other atoms remained frozen during the H-optimization process.
Furthermore, fully optimization at the level of B3LYP/6-311++G⁎⁎ was
performed for an isolated gas-phase of sulfabenzamide, see Table 1.
This level of theory has been previously shown to give hydrogen
atom position comparable to neutron diffraction values for a variety
of systems [55–58]. To have a comparison among the capabilities of
various nuclei to contribute in the H-bonding interactions, and also to
systematically investigate the H-bonding effects on the 14N, 17O and 2H
EFG tensors in sulfabenzamide crystalline structure, all of the EFG
calculationswereperformed for threemodels of system; an isolated gas-
phase, themonomer and the heptameric cluster of sulfabenzamide; see
Tables 2–4. Since the EFG tensors, qii, were calculated in the principal
axes system, PAS, (|qzz|N |qyy|N |qxx|), Eqs. (1) and (2) were used to
evaluate the experimentally measurable NQR parameters, CQ and ηQ,
respectively. The standard values of quadrupolemoment,Q, reported by
Pyykkö [59] were employed in Eq. (1); Q(17O)=25.58 mb, Q(14N)=20.44
mb, and Q(2H)=2.86 mb.

χii MHzð Þ = e2Qqiih−1; i = x; y; z ð1Þ

CQ MHzð Þ = e2QqZZh−1
ηQ = j qyy−qxx

qzz
j; 0VηQV1

ð2Þ

Tables 2–4 present the calculated 14N, 17O and 2H CQ and ηQ
parameters for crystalline monomer and the target molecule in
crystalline heptameric cluster of sulfabenzamide.

3. Results and discussion

This work studies the various intermolecular HB interactions in
the crystal structure of sulfabenzamide by DFT calculations of the
EFG tensors at the sites of the 14N, 17O and 2H nuclei in two single
and cluster models. As previously Wu and co-workers [60–62] have
highlighted the importance of including the whole intermolecular HB
network to accurately simulate the components of the EFG tensors, H-
bonding effects were considered in the calculations via creating a
heptameric cluster of sulfabenzamide using the X-ray coordinates at
293 K. Fig. 1 shows that sulfabenzamide makes various intermolecular
hydrogen bonds in the solid phase where the target molecule com-
pletely contributes to the H-bonding interactions in cluster model.
Therefore, the EFG tensor calculations were performed for three
models of optimized isolated gas-phase, crystalline monomer and
crystalline heptameric cluster of sulfabenzamide. The calculated EFG
tensors were converted to the NQR parameters, CQ and ηQ, using
Eqs. (1) and (2). The summarized results in Tables 2–4 indicate that the
calculated values of optimized gas-phase and crystallinemonomer are
different due to the difference in the structural properties between
them, see Table 1. By comparing the results of the monomer and
the target molecule in the cluster, the capability of various nuclei in
contributing to HBs can easily be compared. In fact, one can easily
obtain some trends. First, the χii values of those nuclei which
participate in the intermolecular H-bonding interactions decrease,
but on the other hand, their ηQ values increase from the monomer to
the cluster. The magnitude of these changes for each nucleus depends
on its contribution to the interactions. Therefore, more changes in
each nucleus NQR parameter between the monomer and the target
molecule in the cluster indicate its greater role among the other
nuclei in contributing to HBs. Second, the calculated parameters with
the 6-311++G⁎⁎ and 6-311+G⁎ basis sets are in good consistent with
each other. The following text discusses more on the results of this
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study where the results of B3LYP/6-311++G⁎⁎ because of the least
basis set superposition error, BSSE, [63,64] are referred to.

3.1. Effect of hydrogen bonds on the structural properties

The effect of hydrogen bonds on the structural properties
investigated by performing a fully optimization at the level of
B3LYP/6-311++G⁎⁎ for an isolated gas-phase of sulfabenzamide and
comparing with its crystalline monomer. It should be noted, the
monomer was also H-optimized at the B3LYP/6-311G⁎⁎ level, where
during this optimization the positions of the hydrogen atoms were
allowed to fully relax will those of all other atoms remained frozen.
The results are listed in Table 1 show that the geometrical parameters
of the optimized isolated gas-phase and crystalline monomer are
different. Moreover, different 14N, 17O and 2H EFG tensors were also
calculated for two structures which reveal the relationship between
NQR parameters and the structural properties which is in agreement
with the previous NMR study of Xu and co-workers [65]. Tables 2–4
exhibit more significant difference of EFG tensors for 14N nuclei rather
than 17O and 2H nuclei in these two models of sulfabenzamide.

3.2. 14N NQR parameters

In this section, the calculated 14N quadrupole coupling tensors, χii,
quadrupole coupling constant, CQ, and asymmetry parameter, ηQ, of the
monomer and target molecule in the heptameric crystalline sulfaben-
zamide are discussed. As shown in Fig. 1b, the N(1) and N(2) sites
contribute in the N–H(1–1)…OfC(3–2) and N–H(2–3)…OfC(3–6)
hydrogen bonds, respectively. Due to this contribution to HB inter-
action, 14N quadrupole coupling tensors for the target molecule in the
cluster deviate significantly from the monomer values. As can be seen
in Table 2, both χxx and χyy tensor components increase from the
monomer to the cluster whereas χzz or CQ exhibits opposite tendency.
This is also reflected in the calculated asymmetry parameter. As a
general trend, from the monomer to the target molecule in the cluster,
H-bonding interactions reduce the calculated 14N quadrupole coupling
constant values whereas increase the asymmetry parameter.

As shown in Table 2, H-bonding interactions have a different
influence on the 14N quadrupole coupling tensor. N(1) site contributes
to N(1)–H(1)…O(3–2) HB interaction and with 1.02 MHz reduction in
the CQ value, ΔCQ(N1)=1.02 MHz, is the most affected nucleus from
the monomer to the target molecule in the heptameric cluster. On
the other hand, the change in other principal components of the 14N
(1) quadrupole coupling tensor, χxx and χyy, and asymmetry para-
meter is also remarkable; see Table 2. The values of asymmetry
parameter at N(1) site show also a significant dependency on the
hydrogen bonding interactions. When the N(1)–H(1)…OfC(3–2)
interaction is considered in the heptameric model, the ηQ values of
N(1) nucleus increase 0.26 from the monomer to the target molecule.
These effects suggest that the intermolecular hydrogen bond interac-
tion at the N(1) site in crystalline sulfabenzamide is rather strong;
rN1···O3–2=2.69 Å.

For the quadrupole coupling tensors at theN(2) site, the comparison of
the monomer and the heptameric cluster shows some discrepancy,
although not as dramatic as the one seen for N(1). By a quick look at the
Fig. 1b, it is found that N(2) atom of the target molecule can form an
intermolecular hydrogen bondwithmolecule number 6, which is located
at an adjacent anti-parallel chain. From having only one possibility to
formation of hydrogen bond, rN(2)···O(3–6)=2.85 Å,CQ and ηQ values for N(2)
change by 0.75 MHz and 0.25 units from the monomer to the target
molecule in the cluster, ΔCQ(N2)=0.75 MHz and ΔηQ(N2)=0.25, respec-
tively. While EFG tensor at N(2) site is approximately axially symmetric,
ηQ≈0, for the gas-phase isolated molecule, and also remains almost
symmetrical from the optimized gas-phase molecule to the monomer
molecule in solid phase, this tensor becomes almost asymmetric for the
target molecule in the heptameric cluster, ηQ≈0.4. As can be seen from
Table 2, including the neighboring molecules, ηQ values of N(1) and
N(2) change by 0.26 and 0.25 units from the monomer to the target
molecule in the cluster, respectively. We calculated similar results
previously for the 14N NQR parameters of sulfamerazine [39]. It is
noted that to the best of our knowledge, no experimental 14N NQR
data were available for sulfabenzamide in the literature. However,
the obtained results clearly indicate that, despite N(2), N(1) con-
tributes more effectively to HB interactions in the cluster model of
sulfabenzamide. Thus, N(1)–H(1)…O(3–2) HB interactions play an
important role in crystalline sulfabenzamide such as its polymorph-
ism, tableting behavior, and drug activity.

3.3. 17O NQR parameters

As a general trend seen from previous section, the amount
of changes in the 14N quadrupole coupling tensor eigenvalues de-
pends; directly on the participation of the nucleus in the inter-
molecular H-bonding interactions. In this section, we focus on the
results obtained for 17O quadrupole coupling tensor; see Table 3.

Being in agreement with the previous calculations, the changes in
the 17O quadrupole coupling tensor are also significant. As seen form
Table 3, both χyy and χzz tensor components decrease from the
monomer to the cluster whereas χxx exhibits opposite tendency.
As a general trend, from the monomer to the target molecule in
the cluster, HB interactions reduce the calculated 17O quadrupole
coupling constant values, CQ(17O), whereas they increase the asym-
metry parameter. Fig. 1 illustrates that the thionyl groups of the
target molecule in cluster of sulfabenzamide interact with two
neighboring molecules. O(1) and O(2) sites of the target in hep-
tameric cluster contribute to O(1)…N(1–7), rO…N=2.81 Å, and O(2)…
C(2–3), rO…C=2.98 Å, hydrogen bonds, respectively. Due to the
contribution to HB interactions, CQ and ηQ values of O(1) change by
0.46 MHz reduction and 0.13 units increase from monomer to the
cluster, respectively. On the other hand, CQ value of O(2) reduces
0.2 MHz whereas ηQ value increases 0.08 from monomer to the
target molecule in heptameric cluster, which are less significant than
the changes of O(1). This trend reveals the greater role of O(1) in
contribution to HB while that of O(2) is smaller.

By a quick look at the Fig. 1b, it is found that O(3) atom of the target
molecule can form an intermolecular hydrogen bond with molecule
number 4. From having only one possibility to formation of hydrogen
bond, rO(3)···N(1–4)=2.74 Å, CQ and ηQ values for O(3) change by
0.74 MHz and 0.38 units from the monomer to the target molecule in
the cluster, respectively. Table 3 shows that component CQ of O(3)
with approximately 2.42 MHz reduction is the most affected com-
ponent where changes in the other components are small. It is also
remarkable that O(3) with ΔCQ=0.74 MHz and ΔηQ=0.38 units is the
most affected nucleus from themonomer to the target molecule in the
heptameric cluster. This trend reveals the major role of O(3) in
contribution to HBs in the cluster. It is noted that to our knowledge no
experimental 17O NQR data are available for sulfabenzamide in the
literature.

3.4. 2H NQR parameters

As discussed in the previous sections, including the H-bonding
interactions has a remarkable effect on the calculated 14N and 17O
nuclear quadrupole coupling tensors. Table 4 shows the calculated 2H
quadrupole coupling values at the hydrogen sites for sulfabenzamide
in the isolated gas phase, monomer and the target molecule in the
heptameric cluster. From Table 4, one can see the effect of HBs on 2H
nuclear quadrupole coupling constants. Comparison of the magni-
tudes of NQR parameters of Tables 2–4 reveals that these magnitudes
for 2H are less than those of 14N and 17O nuclei because the hydrogen
nucleus feels a lower electron density comparing to those of 14N and
17O. However, since the EFG tensors are very sensitive to the electronic
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site of quadrupole nucleus, the influence of the HB interactions on the
EFG tensors at the sites of 2H nuclei are observed in Table 4. The target
sulfabenzamide molecule makes three HBs with the acceptor mole-
cules at (x, y, 1/2+z), (−x, 1/2−y, −z) and (−x, y, 1/2+z); therefore,
due to the participation in the H-bonding interactions, the change in
the 2H quadrupole values is rather significant.

As Fig. 1b indicates, the hydrogen bond at the –NH2 site of the
target molecule involves O(3–2) atom of neighboring molecule. Thus,
For H(1) nucleus, the CQ and ηQ values change approximately
88.37 kHz and 0.15 units, respectively, depending on whether it
is in the isolated monomer or in the H-bonding environment. These
features reveal the major role of –NH2 group in contribution to the
intermolecular H-bonding interactions of the crystalline sulfabenza-
mide. In fact, H(1) with a remarkable ΔCQ of 88.37 kHz and ΔηQ of 0.15
units is the most affected nucleus of sulfabenzamide in the H-bonding
interactions. H(3), rH3…O(3–6)=1.85 Å, is the next affected nucleus of
target molecule in the hydrogen bonding interactions. As one can see
from Table 4, for H(3) site, CQ reduces 45.62 kHz and ηQ increases 0.11
units from monomer to the target in cluster.

For the H(4) site, the H-bonding interactions make 39 kHz
reduction and 0.12 units increase in CQ and ηQ values, respectively.
On the other hand, in contrast to the changes of EFG tensors at the
sites of H(1), H(3) and H(4) nuclei due to the HB interactions, these
tensors at the H(2) site of the target molecule are almost remained
unchanged because this nucleus dos not contribute to any HB inter-
actions in the cluster. However, including the neighboring molecules,
CQ and ηQ values of H(2) change only by 2.7 kHz and 0.02 from
the monomer to the target molecule in the cluster, respectively. As
mentioned in the previous sections, N(1) and O(3) have the major
contribution to HB interactions in the cluster which, as a result, the
NQR parameters at the sites of H(1) and H(3) are also significantly
influenced.

4. Conclusion

We have presented a systematic computational study on the
HB interactions of sulfabenzamide crystal structure by DFT calcula-
tions of EFG tensors at the sites of 14N, 17O and 2H nuclei in two
monomer and cluster models. The results reveal that the EFG tensors
at the sites of nitrogen, oxygen and hydrogen nuclei are influenced by
HB interactions and are such appropriate parameters to characterize
the properties of these interactions. The target molecule contributes
to N–H…O and C–H…O types of HB interactions in the cluster model
while the EFG tensors at the sites of various nuclei are not similarly
influenced by these interactions. Among the other nuclei of sulfaben-
zamide, N(1), O(3) and H(1) are those nuclei which their EFG tensors
are significantly influencedbyHB interactions. In otherwords, N–H…O
type HBs are more effective than C–H…O type in controlling the
crystal packing, tableting behavior and drug activity of sulfonamides.
As a final note, the results of B3LYP and B3PW91 showgood agreement
in the parameter discrepancies from the isolated gas-phase to the
cluster.
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