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Abstract

Hydrogen-bonding effects in the crystalline structure of N-acetyl-valine, NAV, were studied using the 14N and 2H quadrupole coupling tensors
via density functional theory. The calculations were carried out at the B3LYP level with the 6-311++G(d,p) and 6-311+G(d) basis sets. The
theoretical quadrupole coupling components and their relative orientation in the molecular frame axes at the nitrogen site are compared to
experimental values. This nucleus is involved in a rather strong intermolecular O_CNH⋯O_CNH hydrogen bond, rN–H⋯O(1)=2.04 Å and ∠N–
H⋯O(1)=171.53°. A reasonably good agreement between the experimentally obtained 2H quadrupole coupling tensors and the B3LYP/6–311++G
(d,p) calculations is achievable only in molecular model where a complete hydrogen-bonding network is considered.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Among the essential factors determining the native structure
of the polypeptides and proteins, hydrogen-bonding interactions
play a more important role. They are widely used as indicators
of protein secondary structure, i.e. α-helix and β-sheet.
Although the accurate characterization of the nature of these
interactions in the proteins and polypeptides is a rather
formidable task, however, the study of the crystal structure of
small peptides and model peptides can be a key to a relatively
clear understanding on the protein structure. Numerous studies
in various experimental and theoretical fields have been devoted
to characterize these hydrogen-bonding interactions in both
small peptides and model peptides [1–6].

Because of the electrostatic nature of the hydrogen-bonding
interaction, the techniques that deal with the charge distribution
around the nuclei seem to be reliable techniques to characterize
the nature of hydrogen bonds. Nuclear quadrupole resonance,
NQR, spectroscopy is well-established as a versatile technique
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to study the details of the electronic and nuclear charge
distribution around the nucleus of interest [7–10]. Nuclei with
spin angular momentum, I, greater than one-half, IN1/2, have
nuclear electric moment, eQ, which interacts with electric field
gradient, EFG, originated at the site of quadrupole nuclei [11].
EFG is a tensor quantity and is, therefore, capable of providing
six pieces of information, namely, the magnitude and direction
of the three principal components. The nuclear quadrupole
coupling constant, QCC, and its associated asymmetry para-
meter, ηQ, are those experimentally measurable NQR para-
meters of which the former indicates the amount of interaction
of eQ with the EFG tensor and the latter measures the symmetry
of the EFG tensor. Since the magnitude and orientation of the
quadrupole coupling tensor are fundamentally related to the
local environment around the nuclei, quadrupole coupling
tensor seems to be a useful tool to gain insight into the
conformation and native structure of the backbone of polypep-
tides. Recently, extensive experimental and theoretical 2H, 14N
and 17O NQR studies on the polypeptides have shown that there
is a direct relationship between the molecular structure and
NQR parameters. For example, Torrent et al. indicated that
QCC is a useful parameter for the characterization of small
protein fragment at two secondary structures, i. e. α-helices and
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β-sheets [12]. Based on the solid state NMR study of the model
peptide N-acetyl valine, Haeberlen et al. reported a close
relationship between the strength of the OCNH⋯O_CNH and
O_COH⋯HNCO hydrogen bonds and the magnitude of the 2H
quadrupole coupling constants and asymmetry parameters [13].

N-acetyl valine, NAV, is a valine derivative in which, an
acetyl group is substituted for amine hydrogen; see Fig. 1. NAV
has been chosen to be studied in the present work for several
reasons. First, the hydrogen-bonding interaction site of the
amide hydrogen with its neighboring molecules is similar to the
peptides, which makes NAV as an important model peptide for
investigation the properties of peptide bond in proteins and
polypeptides. Second, the crystalline structure of NAV has been
accurately determined by X-ray crystallography at 293 K [14].
Fig. 1. a) Monomer and b) Illustration of intermole
Third, crystalline NAV exhibits an unusual C–H⋯O hydrogen-
bonding interaction, and therefore, can be a simple model to
investigate the influence of this hydrogen bond on the hydrogen
EFGs in peptides. Fourth, in spite of the fact that several
theoretical and experimental efforts have been reported to the
strong dependency of the chemical shift values on the
hydrogen-bonding interactions of NAV [13,15,16], there is
still a lack of quantitative investigation of intermolecular
hydrogen-bonding effects on the 14N and 2H quadrupole
coupling tensors in the crystalline NAV.

It is well-known that quantum chemistry calculations can
provide an independent source of EFG tensors and their
relative orientations in the molecular frame. Although the
experimental approaches are more suitable for obtaining
cular hydrogen bonds in the crystalline NAV.



Fig. 2. Orientation of the principal components of the 14N and 2H EFG tensors
relative to the molecular frame axes. α, β and γ are Euler angles relating the
EFG tensors and molecular frame axes.
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information about the nature of hydrogen bonds, however, the
theoretical calculations can be confidently used as a com-
plementary tool to interpret the experimentally measured NQR
parameters. In a series of previous studies, it has been
theoretically demonstrated that the intermolecular hydrogen-
bonding interactions have a major influence on the 14N and 2H
quadrupole coupling tensors of the small peptides and model
peptides [17–22]. Although the sensitivity of the eigenvalues
of the 14N and 2H quadrupole coupling tensors to such
interactions has been extensively established, a quantitative
study of how the tensor eigenvectors and their relative
orientation to the molecular frame axes vary, due to the
hydrogen bond interactions, to our knowledge, is so far absent
from the literature. The main objective of the present study is
to systematically investigate the influence of intermolecular
hydrogen bonds on both magnitude and orientation of 14N and
2H in the crystalline NAV. We hopefully expect that these
results will expand upon the existing research into the more
general context of structural determination, and as an initial
stage for understanding the variation of the magnitude and
orientation of the 14N and 2H quadrupole coupling tensors in
biologically interesting peptides and proteins.

2. Definition and methods

14N and 2H EFG tensors were calculated using the
GAUSSIAN 98 suite of programs [23]. Among the various
functionals for DFT calculation, Becke three parameter hybrid
functional combined with Lee-Yang-Parr correlation functional
designated B3LYP, with the 6-311++G(d,p) and 6-311+G(d)
standard basis sets were used [24]. Various combinations of
diffuse and polarization functions are incorporated in these two
basis sets that are necessary for computation of the EFG tensors
of hydrogen and nitrogen atoms involved in the hydrogen bond.
Our previous experiences reveal that the 6-311++G(d,p) and 6-
311+G(d) basis sets usually lead to satisfactory EFG values
[25–27]. The calculated principal EFG values, qii, were used to
obtain the nuclear quadrupole coupling components from the
equation:

vii MHzð Þ ¼ e2Qqii=h; i ¼ x; y; z ð1Þ

where eQ is the nuclear quadrupole moment of the 14N and 2H
(in fm2). The NQR parameters are often reported experimen-
tally as the nuclear quadrupole coupling constant and
asymmetry parameter defined as [28]:

QCC MHzð Þ ¼ e2Qqzz=h

gQ ¼ j qyy � qxx
qzz

j; 0VgQV1: ð2Þ

In addition to the principal components, EFG tensor can be
described with three Euler angles as demonstrated in Fig. 2. It is
straightforward to obtain a rotation matrix, R̂ which describes
how to rotate an axes frame (x, y, z) fixed on an object within a
frame (X, Y, Z). The rotation matrix relating principal axes
system, PAS, of EFG tensor to the molecular axes system
follows from [28]:

R̂ a; b; gð Þ ¼ R̂z gð ÞR̂y bð ÞR̂z að Þ ð3Þ
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in which R̂z að Þ, for example, describes the rotation of PAS by α
around the z axis.

The accurate calculation of magnitude and orientation of the
principal components of quadrupole coupling tensor requires the
positions of all atoms to be determined with high precision. As it
is known, X-ray crystallography fails to characterize the accurate
positions of those atoms do not scatter X-rays effectively.
Therefore, the positions of hydrogen atoms are not known with
certainty even for highly resolved crystal structures. The resulted
errors in the bond distances and angles of hydrogen atoms due to
this uncertainty has been shown to have a significant effect on
the calculated quadrupole coupling tensors [15,27,29–31].
Therefore, hydrogen atom positions were optimized at the
B3LYP/6-311G level of theory for both monomer and pentamer
cluster. This level of theory has been previously shown to give
hydrogen atom position comparable to neutron diffraction values
for a variety of systems [16,32–34].

3. Results and discussion

In the present study, we calculated the 14N and 2H EFG
tensors of NAV in its crystalline structure to investigate the
influence of intermolecular hydrogen-bonding interactions. To
achieve the aim, the calculations were performed for two
molecular models including an isolated gas phase (monomer)
and a pentamer cluster; see Fig. 1 and Table 1 for details.
Tables 2–5 represent the calculated 14N and 2H quadrupole
coupling tensors and related Euler angles for the monomer and



Table 1
Structure parameters of NAV in its crystalline structure at 293 K

Geometrical
parameters

Donor-acceptor Distances and
angles a

rN⋯O (1) Central-number 2 (2−x, − .5+y, 1.5−z) 3.03 Å
rO⋯O (1) Central-number 3 (1−x, − .5+y, 1.5−z) 2.72 Å
rC⋯O (2) Central-number 5 (1−x, .5+y, 1.5− z 3.46 Å
rH1⋯O (1) Central-number 2 (2−x, − .5+y, 1.5−z) 2.04 Å
rH2⋯ (1) Central-number 3 (1−x, − .5+y, 1.5−z) 1.73 Å
rH(3) ⋯O (2) Central-number 5 (1−x, .5+y, 1.5− z) 2.47 Å
∠N–H⋯O (1) Central-number 2 (2−x, − .5+y, 1.5−z) 171.53°
∠O–H⋯O (1) Central-number 3 (1−x, − .5+y, 1.5−z) 175.55°
∠C–H⋯O (2) Central-number 5 (1−x, .5+y, 1.5− z) 165.64°

a Hydrogen atom positions were optimized at the B3LYP/6-311G level of theory.

Table 3
Calculated Euler angles (in deg) for nitrogen atom in the monomer and target
molecule in the cluster

Nucleus Basis set Monomer Cluster

α β γ α β γ

N 6-311++G(d,p) 61.72 38.66 33.49 66.91 64.44 87.19
6-311+G(d) 60.75 38.30 33.62 65.66 64.90 87.93

Table 4
Calculated quadrupole coupling components (in kHz) and asymmetry
parameters of 2H nuclei

Model Nucleus Basis set χxx χyy χzz ηQ

Monomer H (1) 6-311++G(d,p) 89.33 144.95 234.29 0.24
6-311+G(d) 86.00 136.86 222.86 0.23
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the target molecule in the pentamer cluster of crystalline NAV.
In the following section, we will discuss the B3LYP/6-311++G
(d,p) results for the 14N and 2H EFG tensors, separately.

3.1. Nitrogen EFG tensors

In this section, the influence of the hydrogen-bonding
interactions on the quadrupole coupling tensors at the site of
14N nucleus of the monomer (as a baseline for the 14N NQR
tensors) and the target molecule in the pentamer cluster are
discussed; see Tables 2 and 3. The quadrupole coupling
components, χii, were obtained from the calculated principal
components of EFG tensors using the recently reported value
for the 14N electric quadrupole moment of eQ(14N)=20.44 fm2

[35]; see Eq. (1).
As mentioned earlier, the presence of peptide type hydrogen

bond in crystalline NAV provides one with the chance to
examine the influence of this interaction on the 14N quadrupole
coupling tensor and its orientation in the molecular frame axes.
As Fig. 1 indicates, the hydrogen bond at the amide site of the
target molecule involves oxygen atom of the same group of
neighboring molecule (molecule number 2). X-ray crystal-
lography studies reveal that NAV molecules make a layer like
structure in the crystalline phase [14,36]. A quick look at the
entire unit cell, shows that O_CNH⋯HNC_O type hydrogen
bond joins the molecules in two neighboring anti-parallel
layers. Our earlier study on α-glycylglycine suggested the
significance of including this hydrogen-bonding interaction in
determining the 14N quadrupole coupling tensors [21].

As the results of Table 2 illustrate, due to the hydrogen
bonding interactions, all principal 14N quadrupole coupling
components deviate significantly from the monomer values.
Table 2
Calculated quadrupole coupling components (in MHz) and asymmetry
parameters of 14N

Model Basis set χxx χyy χzz ηQ

Monomer 6-311++G(d,p) 1.87 2.53 4.41 0.15
6-311+G(d) 1.92 2.57 4.49 0.14

Pentamer cluster 6-311++G(d,p) 1.22 2.33 3.55 0.32
6-311+G(d) 1.30 2.31 3.61 0.28

Experimental a 1.09 2.12 3.21 0.32
a Experimental values from Ref. [38].
More specifically, from the monomer to the target molecule in
the cluster, hydrogen-bonding interactions cause a 0.86 MHz
reduction in QCC(14N) parameter. It is also interesting to see that
the ηQ (14N) is improved 17 units depending on whether the
NAV molecule is in the monomer or in the hydrogen-bonded
network. It should be noted that these changes are much larger
than those seen for our previous studied crystalline α-
glycylglycine (ca. Δ(QCC(14N))=0.164 MHz for one N–H⋯O
hydrogen bond) [21]. Comparison of the structure parameters of
these two compounds in their crystalline phases, reveal that
unlike hydrogen bond length, there is a significant difference in
the hydrogen bond angle, ∠N–H⋯O, from NAV to α-
glycylglycine. The basic structural parameters for the amide
fragment of α-glycylglycine are obtained to be rN–H⋯O=1.99 Å
and ∠N–H⋯O=157.84° [37], while the corresponding values
for NAV molecule in the solid state are rN–H⋯O=2.04 Å and
∠N–H⋯O=171.53° [14]. Therefore it is concluded that the
contribution of hydrogen bond angle has made NAVamide site
more sensitive than α-glycylglycine to feel the neighboring
effects. However, comparison of the calculated 14N quadrupole
coupling components and asymmetry parameters of NAV with
the available experimental data shows that there is a good
agreement between the theoretical and experimental para-
meters [38]; see Table 2. Particularly, ηQ is in excellent
agreement with the experimental data, indicating that small
errors in the calculated magnitude of principal elements tend to
cancel out together. These features also illustrate that the
CO14NH site of the target molecule in the NAV hydrogen-
bonded network approximately feels the same chemical
H (2) 6-311++G(d,p) 92.47 115.12 207.59 0.11
6-311+G(d) 88.65 108.35 197.00 0.10

H (3) 6-311++G(d,p) 150.68 157.03 307.62 0.02
6-311+G(d) 147.07 153.06 300.13 0.02

Pentamer cluster H (1) 6-311++G(d,p) 78.91 132.88 211.80 0.25
6-311+G(d) 75.69 125.86 201.54 0.25

H (2) 6-311++G(d,p) 73.96 93.87 167.84 0.12
6-311+G(d) 72.29 90.14 162.43 0.11

H (3) 6-311++G(d,p) 146.0 153.74 299.74 0.03
6-311+G(d) 142.68 149.96 292.64 0.03

Experimental a H (1) 88.33 124.26 212.60 0.17
H (2) 72.00 88.00 160.00 0.10

a Experimental values from Ref. [13].



Table 5
Calculated Euler angles (in deg) for hydrogen atoms in the monomer and target
molecule in the cluster

Nucleus Basis set Monomer Cluster

α β γ α β γ

H (1) 6-311++G(d,p) 51.76 45.43 46.13 73.73 12.69 73.17
6-311+G(d) 51.72 46.35 46.38 73.65 13.66 72.72

H (2) 6-311++G(d,p) 19.02 14.27 34.65 40.60 10.00 68.34
6-311+G(d) 18.05 13.56 34.72 39.17 10.05 67.25

H (3) 6-311++G(d,p) 19.45 26.55 55.56 30.32 62.37 32.22
6-311+G(d) 19.72 26.56 55.86 30.44 61.48 32.94

Fig. 3. Orientation of the 14N quadrupole coupling components, χii, of NAV
(empty and solid arrows refer to the monomer and target molecule in the cluster,
respectively).
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environment as in the actual solid phase. Moreover, the
experimental solid state NMR study was done at 298 K.
Therefore a portion of disagreements between the calculated
and experimental data is believed to be due to the temperature
difference.

As shown in Fig. 3 and Table 3, 14N quadrupole coupling
tensor orientation shows some degree of sensitivity upon the
OCNH⋯O_CNH hydrogen-bonding environment. To the best
of our knowledge, it is the first time that χii orientation of 14N
nucleus involved in the peptide bond has been examined. As
also can be seen from Table 3, hydrogen bond interaction was
found to have different influences on the calculated Euler angles
of the amide 14N nucleus. While α component increases from
the monomer to the target molecule in the cluster by 5.2°, the
changes for both β and γ angles are noticeable; Δβ=25.8° and
Δγ=53.7°. These features suggest that in agreement with the
magnitude of principal components, including the hydrogen-
bonding interactions has a great influence on the orientation of
14N quadrupole coupling components. Similar dependency has
been reported in a previous theoretical work for 15N NMR
orientation of NAVon the hydrogen-bonding interactions [16].

The accuracy of the angle defining the 14N quadrupole
coupling tensor obtained by our theoretical methods can be
estimated by comparing calculated results with experimental
available data. Recently, based on the 14N single crystal NMR
study, Stark et al. indicated that 14N quadrupole tensor
orientation in crystalline NAV is in a manner that the χxx
component approximately lies in the N–H bond vector. On the
basis of the molecular symmetry, they also expected that one of
the other two principal components to lies approximately
perpendicular to the C–N–C plane and the third to be
orthogonal to these two orientations [38]. However, angles
calculated using the whole NAV cluster have been obtained in a
such a way that χxx and χyy make a 13.2° and 103.2° with the
N–H bond direction, respectively. We also found an excellent
agreement between the theoretical and experimental orientation
of χzz component which, as shown in Fig. 3, is indicated lies
perpendicular to the N–H bond. The remaining small
discrepancies between the calculated and experimental tensor
orientations can be attributed to one or more possible factors:
differences between the structure used in our calculations and
experimental study; intrinsic limitations in the 14N EFG
calculations or other neglected intermolecular interactions
within the used molecular cluster.
3.2. Hydrogen EFG tensors

As shown in the previous part, hydrogen-bonding interac-
tions affect remarkably the 14N quadrupole coupling compo-
nents and their orientations in the NAV molecular frame. In this
part, we will discuss the influence of hydrogen-bonding
interactions on the calculated 2H quadrupole coupling compo-
nents and their relative orientation in the NAV molecular frame
axes. The recently reported standard eQ(2H)=2.86 fm2 value
[35] was used for calculation of the quadrupole coupling
components; see Table 4.

As seen from Fig. 1, the target molecule in the cluster is
capable of participate in a variety of intermolecular OCN-
H⋯O_CNH, O_COH⋯OCNH and CH⋯O_COH hydrogen
bond interactions with the molecules number 2–5. The main
concern of this study at this part is to elucidate the hydrogen-
bonding effect on the quadrupole coupling tensors, specifically
those contributing in the peptide type hydrogen bond. As the
results of Table 4 illustrate, the calculated χii (

2H) values at the
amide site exhibit a rather strong dependency on the hydrogen-
bonding interactions. This is consistent with the general
observation that the hydrogen-bonding interactions tend to
reduce the QCC(2H) values [39]. There is, however, a signi-
ficant reduction for 2H(1) QCC value, ΔQCC(2H)=22.49 kHz.
The calculated QCC(2H) and ηQ values for H(1) of the target
molecule have been obtained to be 211.80 kHz and 0.25,
respectively. These values, which are obtained by taking the
whole cluster into consideration, is expected to be close to the
corresponding experimental values [13], QCC(2H)=212.60 kHz
and ηQ(

2H)=0.17, respectively. A similar observation has been
reported in our previous study on the 2H quadrupole tensor of
α-glycylglycine [21].

It has been found from Table 4 that ηQ(
2H) value at the

amide hydrogen site does not show necessarily any dependency
on the hydrogen-bonding interactions. In assessing the
significance of ηQ(

2H) values, one must keep in mind that
electronic contribution to the EFG at hydrogen sites arises
almost entirely from centers other than the hydrogen, since
spherical electronic cloud around these nuclei has no contribu-
tion. As the OCNH⋯O_CNH hydrogen bond sets in, the



Fig. 4. Orientation of the 2H quadrupole coupling components, χii, of NAV
(empty and solid arrows refer to the monomer and target molecule in the cluster,
respectively).
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electron distribution around the hydrogen nucleus is polarized
in the direction of oxygen atom and makes a significant
reduction in the magnitude of all three individual EFG
components. However, in ηQ, the three diagonal components
of the EFG are involved in its definition. From the data shown in
Table 4, it is clear that the observed non dependency for ηQ(

2H)
value arises from the fact that as the hydrogen atom interacts
with its neighbor, the qii values change in a similar direction and
therefore remains invariable the symmetry of the 2H EFG
tensor. This observation is completely consistent with the early
2H NQR studies [26,40,41].

In comparison with the amide site, the hydrogen atom at
the carboxylic group contributes in a shorter hydrogen bond,
rO–H⋯O=1.73 Å and ∠O–H⋯O=175.55°. It interacts with the O
(1) atom of molecule number 3 that is located in the neighboring
anti-parallel layer. Calculated results from both computational
levels reveal that due to the hydrogen bonding interactions,
QCC(2H) at the carboxylic site decreases approximately by
40 kHz. On the other hand, both smallest and intermediate
components of quadrupole coupling tensor, χxx and χyy, show
approximately a reduction of 20 kHz from the monomer to the
target molecule in the cluster. These changes are also reflected
in the asymmetry parameter, ηQ. For example, ηQ value of 2H
(2) is found to remain practically unchanged from the monomer
to the cluster. Meanwhile, the calculated 2H (2) quadrupole
coupling tensor meet the related experimentally reported data
[13].

In simulating the actual hydrogen-bonded network of
crystalline NAV, molecule number 5 was taken into considera-
tion. This molecule is located at the same layer of the molecule
number 2 and is capable of making a weak CH⋯O hydrogen
bond with the target molecule, rC–H⋯O=2.47 Å, ∠C–
H⋯O=165.64°. Because of the unusual nature of CH⋯O
hydrogen-bonding in the biological systems, it is, therefore, of
interest to examine the effect of this interaction on the 2H in
more detail. However, as the results of Table 4 illustrate,
including the CH⋯O type hydrogen-bonding interaction does
not change the asymmetry parameters, but it decreases the
calculated QCC(2H) value approximately by 8 kHz. This is due
to the limited involvement of this group in the intermolecular
interaction of NAV in its solid phase.

Since the interaction of the EFG and nuclear quadrupole
moment is essentially a local phenomenon, orientation of 2H
quadrupole coupling components is known to be intimately
related to the local environment around the 2H nuclei, therefore,
making the 2H quadrupole coupling tensor orientation as a useful
tool to gain better insights into conformation of the backbone of
peptides and proteins [13,42]. Fig. 4 represents the obtained
relative orientation of 2H quadrupole coupling components in the
molecular frame axes. As also indicated in Table 5, including
hydrogen-bonding interactions has remarkable influences on all
2H Euler angles. It is obvious from Fig. 4 that at the amide
hydrogen site, the greatest quadrupole coupling component
orientates in the N-H bond direction. The angle deviation from
the N–H bond direction is calculated to be approximately 1.4°
However, single crystal deuterium NMR study indicated that in
crystalline NAV, χzz deviates only 1.8° from the N–H direction
[13]. Furthermore, both smallest and intermediate components
were found to be perpendicular to the N–H bond direction. At the
site of carboxylic hydrogen atom, however, the orientation of
quadrupole coupling components are slightly different. For this
nucleus, χzz tends to lie in the O–H direction from the monomer
to the target molecule in the cluster. This is in excellent consistent
with the previous experimental studies of orientation of deuterium
quadrupole coupling tensors in NAVand comparable compounds
[13,43]. For hydrogen atom contributed in C–H⋯O hydrogen
bond, χzz deviates approximately by 46.0° from the C–H bond
direction. Moreover, orientation of both χxx and χyy components
deviate remarkably from the monomer to the cluster; see Fig. 4.
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To the best of our knowledge, there is neither experimental nor
theoretical 2H quadrupole coupling tensor orientation for CH⋯O
hydrogen bond in the literature.

Finally, the results from the 6-311++G (d,p) and 6-311+G (d)
basis sets were compared. As can be shown in Tables 2 and 4, it is
found that calculated χii values show a rather dependency on the
basis set size. On the other hand, the orientations of 14N and 2H
quadrupole coupling tensors in the molecular frame of reference
show a striking insensitivity to the size of the basis sets as
compared to the principal components; see Tables 3 and 5. In
agreement with the previous studies, both diffusion and polariza-
tion functions seem to be essential for accurately reproducing the
experimental principal values of the EFG tensors. Furthermore, the
application of larger basis sets does not appear to systematically
improve the quadrupole coupling tensor orientations. Therefore,
this property of quadrupole coupling tensor makes the study of 14N
and 2H χii tensor orientation possible in large biologically systems.

4. Concluding remarks

On the basis of the results obtained in this investigation, it is
concluded that EFG tensors of nitrogen and hydrogen atoms in
the hydrogen-bonding interactions are appropriate parameters
to characterize the property of these interactions. The
comparison of the calculated quadrupole coupling tensors of
nitrogen and hydrogen nuclei in the monomer and the target
molecule in a pentameric cluster reveal the influence of
O_COH⋯OCNH, OCNH⋯O_CNH and CH⋯O_COH type
hydrogen bonds on the EFG tensors and related orientations at
the site of 14N and 2H nuclei in crystalline NAV. Using the
B3LYP functional with the 6-311++G (d,p) and 6-311+G (d)
basis sets, calculations can reproduce reasonably the experi-
mental reported values. The presence of O_CNH⋯OCNH
hydrogen bond for amide nitrogen causes a decrease of
0.86 MHz in the QCC(14N) and an increase of 17 units in the
ηQ(

14N) values. However, the QCC(14N) and ηQ(
14N) values at

the amide site were determined to be 3.55 MHz and 0.32,
respectively, which are in reasonable agreement with the
available experimental values (QCC= 3.21 MHz, and
ηQ=0.32). The computed relative orientation of 14N eigenvec-
tors also meets the experimental values. The hydrogen-bonding
effects on the calculated 2H quadrupole coupling tensor at the
amide and carboxylic sites are also noticeable. For these nuclei,
Δ(QCC)=22.49 and 40 kHz reveal the major role of amide and
carboxylic groups in contributing to the intermolecular hydro-
gen-bonding interactions in the crystalline NAV, respectively.
Moreover, our obtained results indicated that for the 2H nucleus
involved in the CH⋯O_COH hydrogen bond interaction, χzz
component deviates approximately by 46.0° from the C–H
bond direction and orientation of both χxx and χyy components
deviate remarkably from the monomer to the cluster.
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