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l study is carried out to investigate hydrogen bond (HB) interactions in the real
crystalline structures of L-Cysteine at 30 and 298 K by density functional theory (DFT) calculations of electric
field gradient (EFG) tensors at the sites of O-17, N-14, and H-2 nuclei. One-molecule (monomer) and nine-
molecule (cluster) models of L-Cysteine are created by available crystal coordinates at both temperatures and
the EFG tensors are calculated for both models to indicate the effect of HB interactions on the tensors. The
calculated EFG tensors at the level of B3LYP and B3PW91 DFT methods and 6-311++G⁎⁎ and cc-pVTZ basis
sets are converted to those experimentally measurable nuclear quadrupole resonance (NQR) parameters i.e.
quadrupole coupling constants (qcc) and asymmetry parameters (ηQ). The evaluated NQR parameters reveal
that the EFG tensors of 17O, 14N, and 2H are influenced and show particular trends from monomer to the
target molecule in the cluster due to the contribution of target molecule to classic N–H…O, and non-classic
S–H…O and S–H…S types of HB interactions. On the other hand, atoms in molecules (AIM) analyses confirm
the presence of HB interactions and rationalize the observed EFG trends. The results indicate different
contribution of various nuclei to HB interactions in the cluster where O2 and N1 have major contributions.
The EFG tensors as well as AIM analysis at the H6 site show that the N1-H6…O2 HB undergoes a significant
change from 30 to 298 K where changes in other N–H…O interactions are almost negligible. There is a good
agreement between the calculated 14N NQR parameters and reported experimental data.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
Hydrogen bond (HB) interactions are crucial elements in the
biochemical activities, and determination and stabilization of the
three-dimensional structures of biological systems [1,2]. Moreover,
HBs play an important role in studying structural molecular biology
[3–5]. Due to the importance, the nature of these interactions has
been extensively investigated by numerous either experimental or
theoretical studies [6–12]. To have a better determination of the HB
properties, nuclear quadrupole resonance (NQR) spectroscopy is
among the most important and versatile techniques for this purpose.
NQR parameters being very sensitive to HBs are useful elements in
the study of hydrogen-bonded systems. Since the most characteristic
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nature of HB interactions is electrostatic, electric field gradient (EFG)
tensors originated at the sites of quadrupole nuclei are proper
elements to characterize the HB interactions in solid phase [13–15].
It is noted that quadrupole nuclei are those with spin angular
moment 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 a quadrupole coupling constant (qcc). Asym-
metry parameter (ηQ) indicating the EFG tensors deviation from
cylindrical symmetry at the site of quadrupole nucleus is also
measured by NQR.

The application of the Atoms and Molecules Theory to understand
the nature of the bonds such as HBs in deeper detail is an interesting
approach and several excellent reviews have been published on the
theory of Atoms in Molecules (AIM) developed by Bader [16–18]. Also,
the analysis of the critical points (CP) of the distribution of the
electronic density has demonstrated to be a potentially useful tool to
study different significant chemical features such as the structure,
nature, and geometry of hydrogen-bonded systems [19–22]. Thus,
this analysis is used as well as EFG calculations for study of the
HB interactions properties in L-Cysteine. Previously, Matta and Bader
[23–25] have also studied the bond and atomic properties of amino
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acids conformers and the effect of conformation and tautomerization
on these properties by using AIM theory.

Study the properties of HB interactions in amino acids and
derivatives is an interesting subject due to their key role in secondary
and tertiary structures of proteins. Furthermore, understanding
the nature of these interactions can be a crucial step to describe
the functionality of these systems in biological media at molecular
level. L-Cysteine (SH–CH2–CH2–NH2COOH) carrying an amino, a
carboxylic acid, and a thiol group is capable of donating and accepting
intramolecular HBs. L-Cysteine thiol or sulfhydryl (S–H) groups can
contribute to the stabilization of native protein structures since
they are highly polarizable and the most chemically reactive sites
in proteins under physiological conditions [26–29]. The Cysteine
sulfhydryl may function as either a HB donor (e.g., S–H…O) or an
acceptor (e.g., H…S–H) group. Sulfhydryl HB in proteins is not well
understood, primarily because such HB interactions are difficult to
detect experimentally due to their weakness. L-Cysteine like all amino
acids exists in gas phase mainly as neutral form but in solution and
solid phase chiefly as zwitterions-neutral form with charge separa-
tion. Both X-ray and neutron diffraction studies have been carried out
to characterize the HBs of the L-Cysteine crystalline structure [30–37].
These studies have revealed that L-Cysteine occurs in the crystals in
the dipolar ion (zwitterions) form and the amino and thiol group
Fig. 1. (a) Monomer, and (b) and (c) nine-molecule clusters of L-Cysteine at 30 and 298 k, respec
No.4: (1/2+x,3/2−y,1−z); No.5: (1−x,−1/2+y,3/2−z); No.6: (x,y,1+z); No.7: (1+x,y+1/2,z); No.8:
HBs (Table 2).
hydrogen atoms participate in a three-dimensional network of HBs.
Based on these studies, in solid phase, L-Cysteine crystallizes into two
different polymorphs, orthorhombic [30–33] and monoclinic [34–37],
which are characterized by the presence of one and two molecules of
L-Cysteine in the asymmetric unit, respectively. As evidenced by X-ray
[31] and neutron diffraction [32], at ambient temperature, the sulfur
atoms of the thiol groups are disordered over two positions. The
distances between the oxygen and sulfur atoms of the neighboring
molecules in the structure are consistent with the hypothesis
on the formation of the two types of intermolecular HBs (S–H…S
and S–H…O). A recent structural study of L-Cysteine at 30 K [30] has
shown the sulfur atoms to be completely ordered and located at those
positions, which correspond to the formation of the S–H…S HBs.

The previous quantum mechanical calculations on L-Cysteine
include studies of protonation and ionization potential [38], a
comparison of PCILO and SCF results [39], grand state vibrational
spectra [40,41], minimum energy conformations [42,43], and electro-
nic excitations of Cysteine conformers [44]. Recently, Pawlukojc et al.
[45] have carried out neutron spectroscopy, Raman, IR, and ab initio
calculations on L-Cysteine. Their work suggests that the presence of a
three-dimensional network of HBs affects the structural and dynami-
cal parameters of the molecule in the crystal to such extent that the
“free molecule” approximation reflects the geometry of the L-Cysteine
tively. No.1 (Target molecule): (x,y,z); No.2: (1/2−x,2−y,−1/2+z); No.3: (3/2−x,2−y,1/2+z);
(x+1/2,y,z); No.9: (−1/2+x,y,z). At 298 K, No.5: (−1/2+x,1−yz−1/2). Dashed lines show the



Table 1
The structural properties of L-Cysteine

Geometrical
parameters

Monomer at
30 Ka

Monomer at
30 Kb

Cluster at
30 Kc

Cluster at
298 Kd

Cluster at
298 Ke

S1-H1 1.303 Å 1.301 Å 1.391 Å 1.452 Å 1.371 Å
C1-H2 0.961 Å 1.069 Å 1.070 Å 1.077 Å 1.077 Å
C1-H3 0.987 Å 1.054 Å 1.141 Å 1.076 Å 1.076 Å
C2-H4 0.932 Å 1.071 Å 1.096 Å 1.104 Å 1.104 Å
N1-H5 0.825 Å 1.004 Å 1.070 Å 1.038 Å 1.038 Å
N1-H6 0.866 Å 0.998 Å 1.051 Å 1.027 Å 1.027 Å
N1-H7 0.894 Å 1.011 Å 1.076 Å 1.065 Å 1.065 Å
S1-C1 1.824 Å 1.824 Å 1.824 Å 1.791 Å 1.812 Å
C1-C2 1.522 Å 1.523 Å 1.523 Å 1.529 Å 1.529 Å
C2-N1 1.484 Å 1.484 Å 1.485 Å 1.488 Å 1.488 Å
C3-O1 1.244 Å 1.244 Å 1.244 Å 1.239 Å 1.239 Å
C3-O2 1.262 Å 1.262 Å 1.262 Å 1.251 Å 1.251 Å
∠S1-C1-C2 113.91° 113.91° 113.91° 114.83° 112.32°
∠S1-C1-H2 108.03° 107.21° 110.01° 107.35° 109.60°
∠C1-C2-C3 111.07° 111.07° 110.07° 111.12° 111.12°
∠C2-N1-H5 107.92° 108.14° 105.21° 110.63° 110.63°
∠O1-C3-C2 117.01° 117.05° 117.05° 117.02° 117.02°
∠O2-C3-C2 116.91° 116.91° 116.91° 117.32° 117.32°
∠O1-C3-O2 126.07° 126.08° 126.01° 125.71° 125.71°
∠H7-N1-H5 108.32° 110.24° 111.31° 108.04° 108.04°
∠H6-N1-H5 111.62° 107.34° 109.17° 108.74° 108.74°
∠H7-N1-H6 108.33° 109.23° 112.03° 106.84° 106.83°

a Data from Ref. [30].
b Crystalline monomer is obtained by X-ray coordinates [30], and H-optimization is

also performed.
c Target molecule in cluster model where H-optimization is also carried out.
d Target molecule in cluster model, data from Ref. [32].
e Target molecule in cluster where partial optimization is also performed.
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molecule in the crystal only in limited scope. Scheiner et al. [46]
studied the strength of the Cα–H…O HB of amino acid residues by
performing ab initio calculations of Cα–H group binding energy to a
watermolecule. They concluded that the Cα–H…O interaction appears
to be a true HB and must be considered as a potentially important
factor in protein structure and function. Hadipour et al. [47,48] using
DFT calculations have shown that 14N, 17O, and 2H NQR parameters in
amino acids are sensitive to the lattice effects such as HB interactions
and appropriate to characterize the property of these interactions.
Table 2
Geometrical parameters of intermolecular HB interactions of L-Cysteine (Å, °)

r[target…neighbor]a 30 Kb 30 Kc 298 Kd

N1–H5…O(1–6) 1.97 1.73 1.77
N1–H6…O(2–7) 2.12 1.86 2.06
N1–H7…O(2–8) 1.87 1.65 1.71
S1–H1…S(1–2) 2.66 2.64 2.63(2.59)
C1–H2…O(1–7) 2.56 2.25 –

C2–H4…S(1–5) 2.85 2.66 –

O1…H–N(1–4) 1.97 1.73 1.77
O2…H–N(1–3) 2.12 1.86 2.06
O2…H–N(1–9) 1.87 1.65 1.71
S1–H1…O(2–5) – – 2.40(2.43)
S1…S(1–2) 3.85 3.85 3.79(3.81)
N1…O(1–6) 2.77 2.77 2.78
N1…O(2–7) 2.94 2.94 3.02
N1…O(2–8) 2.75 2.75 2.74
C1…O(1–7) 3.27 3.27 –

C2…S(1–5) 3.77 3.77 –

S1…O(2–5) – – 3.41(3.45)
O1…N(1–4) 2.77 2.77 2.78
O2…N(1–3) 2.93 2.93 3.02
O2…N(1–9) 2.75 2.75 2.76

a The first number in parentheses denotes the atom number and the second one donates
b Data from X-ray study [30].
c Cluster is obtained by X-ray coordinates [30], and H-optimization is also performed at t
d Data from neutron diffraction study [32] where the results in parentheses are obtained
Also, the correlation between NQR parameters and residue size
of aliphatic amino acids and their dimers have been studied by
Ghaderi et al. [49]. During the 1970s, many of the amino acids were
investigated Experimentally by 14N NQR spectroscopy [50–54],
and several of their 14N quadrupolar coupling parameters (qcc
(14N)≈1.2 MHz) were determined. Also, the solid state 17O NMR of
amino acids was studied by Pike et al. [55], and the NQR interaction
parameters for amino acids showed a wide variation of qcc, from
6.4 to 8.6 MHz, ηQ, from 0.0 to 0.9. Recently, the 14N NQR parameters
of L-Cysteine (qcc(14N)=1.22 MHz and ηQ=0.5) were reported by
Giavani et al. [56].

The present work includes a systematic computational study of the
properties ofHB interactions in the crystalline structures of L-Cysteine at
30 and 298 K via density functional theory (DFT) calculations of the 17O,
14N, and 2H EFG tenors and AIM analysis of charge density where the
crystalline coordinates of L-Cysteine are obtained from X-ray and
neutron diffraction studies [30,32]. To calculate reliable EFG results,
the considered model system in calculations must be as much closer to
experiment as possible [57–63]. Since L-Cysteine contributes to HB
interactions in the solid phase (N–H…O, S–H…O and S–H…S types), the
most possible interacting molecules with the central molecule are
considered via a nine-molecule (cluster) model; see Fig. 1 and Tables 1
and 2 for details. To have a basis for comparison ofHBs effects on the EFG
tensors, the calculations are also performed on the monomer of L-
Cysteine at both temperatures. All calculations are carried out at B3LYP
and B3PW91 levels using 6-311++G(d,p) and cc-pVTZ basis sets. The
calculatedEFG tensors at the sites of 17O,14N, and 2Hnuclei are converted
to the experimentally measurable NQR parameters (qcc and ηQ) which
are exhibited in Tables 3 and 4. Finally, AIM analyses are performed on
wave functions of L-Cysteine at 30 and 298 K obtained from Gaussian
output, the results are exhibited in Tables 5 and 6.

2. Methods and computational details

Two methods are chosen for investigation of intermolecular HB
interactions in crystalline L-Cysteine; DFT calculations of the oxygen-
17, nitrogen-14, and hydrogen-2 EFG tensors and topological analysis
of charge density at the bond critical points via AIM theory which are
separately discussed in two sections.
ff [N–H…O]a 30 Kb 30 Kc 298 Kd

N1–H5…O(1–6) 162.14 165.67 164.54
N1–H6…O(2–7) 159.14 165.71 156.36
N1–H7…O(2–8) 169.62 173.25 174.11
S1–H1…S(1–2) 150.81 150.45 140.26(143.12)
C1–H2…O(1–7) 132.66 133.74 –

C2–H4…S(1–5) 175.48 174.17 –

O1….H–N(1–4) 162.14 164.39 164.52
O2….H–N(1–3) 159.14 158.79 156.87
O2….H–N(1–9) 169.63 175.48 174.11
S1–H1…O(2–5) – – 134.76(132.31)

the molecule number (see Fig. 1).

he level of B3LYP/6-311++G(d,p).
from partial optimization of cluster.



Table 3
The calculated O-17 and N-14 quadrupole coupling tensors (qcc) and asymmetry
parameters (ηQ) for crystalline L-Cysteine at 30 and 298 K

Nucleus Methods Basis sets 30 K 298 K

qcc(MHz)a ηQa qcc(MHz)a ηQa

O(1) B3PW91 6-311++G⁎⁎ 7.53(7.69) 0.51(0.37) 7.39(7.48) 0.54(0.41)
cc-pVTZ 7.61(7.64) 0.49(0.36) 7.35(7.49) 0.51(0.42)

B3LYP 6-311++G⁎⁎ 7.54(7.67) 0.52(0.34) 7.37(7.47) 0.55(0.45)
cc-pVTZ 7.59(7.69) 0.50(0.36) 7.38(7.49) 0.54(0.42)

O(2) B3PW91 6-311++G⁎⁎ 8.21(8.69) 0.41(0.31) 8.12(8.44) 0.48(0.35)
cc-pVTZ 8.29(8.61) 0.44(0.33) 8.15(8.41) 0.49(0.37)

B3LYP 6-311++G⁎⁎ 8.26(8.67) 0.42(0.34) 8.14(8.42) 0.45(0.37)
cc-pVTZ 8.26(8.65) 0.44(0.31) 8.17(8.44) 0.46(0.37)

N(1) B3PW91 6-311++G⁎⁎ 1.24(0.69) 0.68(0.22) 1.20 (0.84) 0.37(0.14)
cc-pVTZ 1.25(0.61) 0.64(0.31) 1.18(0.79) 0.34(0.16)

B3LYP 6-311++G⁎⁎ 1.28(0.66) 0.67(0.28) 1.21(0.86) 0.39(0.18)
cc-pVTZ 1.27(0.64) 0.69(0.24) 1.19(0.81) 0.35(0.15)

Exp.b 1.22 0.50

a The calculated results out of parentheses are for the target molecule in nine-
molecule cluster, and those are in parentheses are for monomer.

b Experimental values of N-14 at 298 K from Ref. [56].
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2.1. DFT calculations of EFG tensors

The quantummechanical calculations of EFG tensors at the oxygen,
nitrogen, and hydrogen sites of L-Cysteine are carried out at the
level of DFT by employing the Gaussian 98 package [64]. Köster et al.
[65–67] have also showed that DFT calculations are capable to reliably
predict 14N and 17O NQR frequencies and their nuclear quadrupole
coupling constants. The crystalline structures of L-Cysteine at 30 and
298 K are obtained from X-ray and neutron diffraction studies,
respectively, [30,32]. Since the positions of hydrogen atoms are not
located accurately by X-ray diffraction, a geometry optimization of just
hydrogen atoms (H-optimization) in the structure is needed at 30 K.
The H-optimization is performed at the B3LYP/6-311++G(d,p) level,
where during this optimization the positions of the hydrogen atoms
Table 4
Calculated H-2 quadrupole coupling tensors (qcc) and asymmetry parameters (ηQ) for cryst

Nucleus Methods Basis sets 30 K

qcc(MHz)a

H(1) B3PW91 6-311++G⁎⁎ 192.3 (199.7
cc-pVTZ 192.7 (200.4

B3LYP 6-311++G⁎⁎ 191.7 (201.4
cc-pVTZ 193.4 (200.5

H(2) B3PW91 6-311++G⁎⁎ 211.5 (222.2
cc-pVTZ 209.5 (219.2

B3LYP 6-311++G⁎⁎ 209.7 (220.8
cc-pVTZ 210.3 (217.4

H(3) B3PW91 6-311++G⁎⁎ 194.1 (195.7
cc-pVTZ 194.6 (195.3

B3LYP 6-311++G⁎⁎ 198.9 (200.4
cc-pVTZ 199.1 (200.2

H(4) B3PW91 6-311++G⁎⁎ 192.5 (197.4
cc-pVTZ 195.1 (197.5

B3LYP 6-311++G⁎⁎ 194.1 (198.6
cc-pVTZ 193.7 (197.2

H(5) B3PW91 6-311++G⁎⁎ 161.3 (185.4
cc-pVTZ 160.9 (184.9

B3LYP 6-311++G⁎⁎ 162.7 (186.7
cc-pVTZ 165.1 (187.3

H(6) B3PW91 6-311++G⁎⁎ 202.2 (219.7
cc-pVTZ 207.7 (218.4

B3 LYP 6-311++G⁎⁎ 203.9 (220.3
cc-pVTZ 209.1 (224.9

H(7) B3PW91 6-311++G⁎⁎ 150.4 (179.1
cc-pVTZ 149.4 (178.8

B3LYP 6-311++G⁎⁎ 145.2 (172.5
cc-pVTZ 147.3 (175.6

a The calculated results out of parentheses are for the target molecule in cluster, and tho
are allowed to fully relax while those of other atoms remained frozen.
It should be noted that the position of hydrogen atoms are determined
accurately by neuron diffraction, thus, no geometry optimization is
needed for L-Cysteine crystalline structure at 298 K. However, partial
optimization is carried out for S and H atoms in the monomer and the
cluster since it has been demonstrated [32] that these atoms are
disordered at 298 K. For both L-Cysteine crystalline structures, nine-
molecule clusters involving the most probable interacting molecules
with the target molecule are created using coordinate transformation
and are considered in the calculations; see Fig. 1 and Tables 1 and 2.

To calculate 17O, 14N, and 2H EFG tensors in the principal axis
system (PAS), two level of DFT methods including B3LYP and B3PW91
[68–70] with the basis sets of 6-311++G(d,p) and cc-pVTZ are em-
ployed. These basis sets are chosen since 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⁎⁎ basis set [71,72]. Furthermore, pervious
experiences reveal that these two basis sets usually lead to satisfactory
EFG values [57–63].

To have a comparison among the capabilities of various nuclei
in contribution to HB interactions, and also to systematically inves-
tigate the HB effects on the 17O, 14N, and 2H EFG tensors in L-Cysteine
crystalline structures, all the calculations are performed for both
forms of the crystalline monomer and the nine-molecule cluster of L-
Cysteine at both mentioned temperatures; see Tables 3 and 4. To
compare the calculated EFG tensors with experimental quadrupole
parameters, the following equation is used to convert the EFG tensor
components, qii, in atomic units (a.u.) to the quadrupole coupling
constant, qcc, in MHz:

qcc MHzð Þ = e2Qqzzh−1 ð1Þ

where Q is the nuclear quadrupole moment of the 17O, 14N, and 2H
nuclei. In this work, the reported standard Q value by Pyykkö [73] are
used, Q(17O)=25.58 mb, Q(14N)=20.44 mb, and Q(2H)=2.86 mb.
alline L-Cysteine

298 K

ηQ
a qcc (MHz)a ηQ

a

) 0.09 (0.08) 179.3 (194.1) 0.1 (0.07)
) 0.09 (0.08) 177.7 (194.8) 0.1 (0.05)
) 0.1 (0.08) 178.4 (193.1) 0.09 (0.02)
) 0.1 (0.08) 177.6 (194.1) 0.09 (0.03)
) 0.1 (0.09) 226.9 (228.8) 0.09 (0.08)
) 0.09 (0.08) 224.6 (225.1) 0.09 (0.07)
) 0.1 (0.09) 227.1 (228.4) 0.1 (0.08)
) 0.1 (0.08) 223.3 (225.1) 0.1 (0.07)
) 0.05 (0.02) 201.5 (201.1) 0.02 (0.01)
) 0.05 (0.02) 204.7 (204.2) 0.03 (0.01)
) 0.05 (0.03) 201.6 (202.2) 0.02 (0.01)
) 0.05 (0.03) 200.8 (202.7) 0.02 (0.01)
) 0.09 (0.04) 205.4 (207.3) 0.01 (0.00)
) 0.09 (0.02) 204.7 (206.1) 0.01 (0.00)
) 0.1 (0.05) 203.6 (204.5) 0.05 (0.02)
) 0.09 (0.07) 203.7 (204.6) 0.02 (0.00)
) 0.04 (0.02) 173.3 (196.4) 0.03 (0.00)
) 0.02 (0.01) 172.6 (195.3) 0.04 (0.00)
) 0.05 (0.02) 171.4 (194.5) 0.05 (0.01)
) 0.02 (0.00) 170.3 (195.6) 0.04 (0.00)
) 0.01 (0.00) 199.1 (204.4) 0.03 (0.00)
) 0.02 (0.00) 191.7 (205.7) 0.02 (0.01)
) 0.03 (0.01) 196.9 (207.5) 0.03 (0.01)
) 0.01 (0.00) 198.6 (209.5) 0.02 (0.01)
) 0.03 (0.01) 159.1 (182.4) 0.03 (0.01)
) 0.03 (0.01) 158.7 (189.8) 0.02 (0.01)
) 0.02 (0.01) 160.1 (186.7) 0.03 (0.02)
) 0.02 (0.01) 158.2 (184.3) 0.04 (0.02)

se are in parentheses are for monomer.



Table 6
BCP properties for HB interactions in L-Cysteine crystalline structure at 298 Ka

HB type b ρBCP ∇2ρBCP −λ1 −λ2 λ3 ε |λ1| /λ3

H(1–1)…S (1–2) 0.0124 0.0388 0.0114 0.0102 0.0615 0.1176 0.1886
H(1–1)…O (2–5) 0.0146 0.0615 0.0173 0.0161 0.0949 0.0745 0.1823
H(5–1)…O (1–6) 0.0318 0.1116 0.0468 0.0446 0.2029 0.0493 0.2306
H(6–1)…O (2–7) 0.0101 0.0403 0.0114 0.0105 0.0623 0.0857 0.1829
H(7–1)…O (2–8) 0.0448 0.1528 0.0789 0.0757 0.3075 0.0422 0.2565
H(5–4)…O (1–1) 0.0318 0.1116 0.0468 0.0446 0.2029 0.0493 0.2306
H(6–3)…O (2–1) 0.0102 0.0403 0.0114 0.0106 0.0623 0.0755 0.1829
H(7–9)…O (2–1) 0.0448 0.1528 0.0789 0.0757 0.3075 0.0422 0.2565
H(1–9)…O (2–1) 0.0146 0.0615 0.0173 0.0161 0.0949 0.0745 0.1823

a All λi, ρBCP and ∇2ρBCP values are in atomic unit.
b The first number in parentheses denotes the atom number and the second one

donates the molecule number, for example, O(2–9) donates O2 of molecule number
nine in cluster model (see Fig. 1c and Table 2).
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Another important NQR parameter is the asymmetry parameter
(ηQ) which measures the EFG tensors deviation from axial symmetry
at the site of quadrupole nucleus, is obtained by Eq. (2).

ηQ = j qyy−qxxqzz j; 0VηQV1 ð2Þ

The calculated 17O, 14N, and 2H qcc and ηQ parameters for crystalline
monomer and the target molecule in crystalline cluster of L-Cysteine at
30 and 298 K are exhibited in Tables 3 and 4.

2.2. AIM theory and calculations

AIM theory [16] is based on the critical points (CPs) of the
molecular electronic charge density,ρ(r). These are points where the
electronic density gradient (∇2ρ(r)) vanishes and which are char-
acterized by the three eigenvalues (λi, i=1,2,3) of the Hessian matrix of
ρ(r). λ1, λ2 correspond to the perpendicular curvatures and λ3

provides a curvature along the internuclear axis. The CPs are labeled
(r,s) according to their rank, r (number of non-zero eigenvalues), and
signatures (the algebraic sum of the signs of λi). Four types of CPs are
of interest in molecules: (3,+3), (3,+1), (3,−3) and (3,−1).

A (3,−1) point or bond critical point (BCP) is generally found
between two neighboring nuclei indicating the existence of a bond
between them. The Laplacian of charge density at the BCP (∇2ρBCP) is
the sum of the curvatures in the electron density along any orthogonal
coordinate axes at the BCP. The sign of ∇2ρBCP indicates whether the
charge density is locally depleted (∇2ρBCPN0) or locally concentrated
(∇2ρBCPb0). Thus, when the negative curvatures i.e. λ1 and λ2

dominate at the BCP, the electronic charge is locally concentrated
within the region inter atoms leading to an interaction named as
covalent or polarized bonds and being characterized by large ρBCP
values, ∇2ρBCPb0, and |λ1| /λ3N1. On the other hand, if the positive
curvature i.e. λ3 is dominant, the electronic density is locally
concentrated in each of the atomic basins. The interaction is now
referred to as a closed-shell and it is characteristic of highly ionic
bonds, HBs and van der Waals interactions. It is characterized by
relatively low ρBCP values, ∇2ρBCPN0, and |λ1| /λ3b1.

Another interesting parameter is the ellipticity (ε) defined as
(λ1 /λ2)−1. It is indicative of the similarity between the perpendi-
cular curvatures (λ1 and λ2) at the BCP. In terms of the orbital model
of electronic structure, the ellipticity provides a quantitative
measure of the π-bond character and of the delocalization electronic
charge. Also, ellipticity is a measure of bond stability; high ellipticity
values indicate instability of the bond [16–18].

For AIM analysis, wave functions of H-optimized (at the level of
B3LYP/6-311++G⁎⁎) crystalline clusters of L-Cysteine at 30 and 298 are
generated fromGaussian outputfiles at the level of B3LYP/6-311++G⁎⁎.
Table 5
BCP properties for HB interactions in L-Cysteine crystalline structure at 30 Ka

HB type b ρBCP ∇2ρBCP −λ1 −λ2 λ3 ε |λ1| /λ3

H(1–1)…S (1–2) 0.0141 0.0418 0.0136 0.0129 0.0683 0.0529 0.1991
H(2–1)…O(1–7) 0.0102 0.0359 0.0099 0.0086 0.0544 0.1511 0.1819
H(4–1)…S (1–5) 0.0097 0.0331 0.0093 0.0082 0.0506 0.1341 0.1838
H(5–1)…O(1–6) 0.0342 0.1451 0.0547 0.0539 0.2536 0.0148 0.2157
H(6–1)…O(2–7) 0.0222 0.0952 0.0303 0.0283 0.1538 0.0706 0.1971
H(7–1)…O(2–8) 0.0450 0.1617 0.0794 0.0759 0.3171 0.0461 0.2504
H(5–4)…O(1–1) 0.0343 0.1454 0.0546 0.0538 0.2541 0.0148 0.2148
H(6–3)…O(2–1) 0.0222 0.0951 0.0303 0.0283 0.1537 0.0706 0.1971
H(7–9)…O(2–1) 0.0451 0.1618 0.0795 0.0759 0.3171 0.0474 0.2506

a All λi, ρBCP and ∇2ρBCP values are in atomic unit.
b The first number in parentheses denotes the atom number and the second one

donates the molecule number, for example, H(1–1) donates H1 of molecule number one
in cluster model (see Fig. 1b and Table 2).
All the electron density analyses at the BCP (a point between the
hydrogen atom of donor group and acceptor atom involved in HB
interaction) of HBs are performed using AIM 2000 code [74,75].

3. Results and discussion

This work is done to investigate the properties of the conventional
N–H…O and unconventional S–H…O and S–H…S types of intermole-
cularHB interactions in the actual crystalline structures of L-Cysteine at
30 and 298 K by AIM analysis of charge density as well as DFT
calculations of the EFG tensors at the sites of 17O, 14N, and 2H nuclei. To
include HB interactions effects, EFG calculations are performed for two
molecular models including the monomer and nine-molecule cluster
of L-Cysteine at both temperatures. Fig. 1 shows that L-Cysteine makes
various intermolecular HBs in the solid phase, and then a cluster is
created where the target molecule completely contribute to the HB
interactions. To compare the calculated qcc and ηQ values with their
given experimental values, one should consider the whole molecules
in producing this cluster. The calculated EFG tensors are converted to
the NQR parameters, qcc and ηQ, using Eqs. (1) and (2). The results are
exhibited in Tables 3 and 4 and the available experimental data of qcc
and ηQ for 14N are also added. By a quick look at the calculated results of
the monomer and the target molecule in the cluster, one can easily
compare the capability of various nuclei contributing to HBs. In fact,
the amount of changes in NQR parameters of a nucleus indicates its
greater role among the other nuclei in contribution to HB. The 17O, 14N,
and 2H NQR parameters will be discussed in three sections, separately,
where the results of B3LYP/6-311++G(d,p) are referred to. Finally, to
clarify the presence of HB interactions and also rationalize the
observed trends of calculated EFG tensors, wave functions of target L-
Cysteine at 30 and 298 K are analyzed through AIM analysis which the
results are exhibited in Tables 5 and 6 and are discussed in Section 3.5.

3.1. HBs in crystal structure of L-Cysteine

L-Cysteine crystallizes into two different polymorphs i.e. orthorhom-
bic [30–33] and monoclinic [34–37]. In this study, the properties of HB
interactions in the orthorhombic polymorph of L-Cysteine at 30 and
298 K are investigated. X-ray and neutron diffraction studies at both
temperatures [30–32] revealed that carboxyl and amine groups are
completely contribute to N–H…O type of HB interactions. N1 atom of
targetmolecule in the clustermodel contributes to HB interactionswith
molecules numbers 6, 7 and 8 (Fig. 1). Among these HB interactions,
interaction with molecule number 8 located at (x+1/2,y,z), N1-H7…O2,
has the shortest HB length (Table 2) and lies along the c direction (Fig. 2a
and b). On the other hand, N1-H5…O1 HB interactions link molecules
number 4 and 7 along a. The combination of these two HB interactions
yields a layer composed of R4

4 (16) ringmotifs. The last of theN–H…OHB
interactions at N1 site, N1-H6…O2, acts to link the layers together along



Fig. 2. (a) and (b) HB network of target molecule in nine-molecule cluster at 30 and 298 K, respectively. This view is along the c direction with a counterclockwise 5 degree rotation.
Hydrogen-bonded layers in L-Cysteine are connected via N1-H7…O2 and N1-H5…O1 HB interactions. N1-H6…O2 HB acts to link these layers which lies in b direction and is not seen
in this view.
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the b direction (Fig. 2a and b). The computations show that N1-H6…O2
HB interactions undergo a significant change in bond lengths and NQR
parameters of involved nuclei from 30 to 298 Kwhere two other N–H…
O HBs at N1 site do not change significantly (Tables 1–4). In the next
sections, we will discuss more about these results.

Among carboxyl group oxygens, O1 with shorter covalent bond to
carbon has only one HB interaction with H5 of molecule number four,
while O2 has two N–H…O HBs and one S–H…O HB with molecules
number 3 and 9 (Tables 1 and 2 and Fig. 1). X-ray and neutron
diffraction [30–32] revealed that the difference in length between the
two C–O bonds of carboxyl group is highly significant (see Table 1) and
arises from the marked difference in the environments of the two
atoms. Also, our DFT calculations indicate that qcc(17O2) is 1 MHz
greater than qcc(17O1) at both temperatures, revealing the different
chemical environments of the two oxygen nucleus. Koetzle et al.
[31,32], by X-ray and neutron diffraction, showed that thiol group of L-
Cysteine at 298 K is disordered in such a way as to form two
intermolecular HB interactions; one with O2 at 3/2−x,2−y,1/2−z and
one with S1 at 1/2−x,2−y,−1/2+z. They suggest that disorder in the
thiol group of L-Cysteine can be considered to involve both hydrogen
and sulfur or just hydrogen. Also, they indicate that the model with
order sulfur gives bond length and angles that are somewhat unusual
and does not show the expected contraction of the H…S distance
below the van derWaals contact distance of 2.75 Å. On the other hand,
X-ray study of L-Cysteine at 30 K [30] showed that the structure is
ordered with retention of the S–H…S HB interactions, r[S–H…H]=2.66 Å
and r[S…S] =3.849 Å. The S–H…S interactions form an infinite
hydrogen-bonded chain which zigzags along the c direction (Fig. 1).
In the next sections we will discuss more about these interactions.

3.2. O-17 electric field gradient tensors

In this section, the calculated qcc andηQ values of terminal carboxylic
group oxygen nuclei (O1 and O2) are discussed see Table 3. By a quick
look at the results, one can see some trends. First, the calculated 17O EFG
tensors of non hydrogen-bonded (monomer) model and hydrogen-
bonded (cluster) one are different. Second, from the monomer to the
cluster, the qcc values of both oxygen nuclei decrease, but, on the other
hand, their ηQ values increase which reveal the participation of these
nuclei in the intermolecular HB interactions. In fact, the magnitude of
these changes for each nucleus depends on its contribution to the HB
interactions. Therefore, more changes in each nucleus NQR parameters
between themonomer and the targetmolecule in the cluster indicate its
greater role among the other nuclei in contributing toHBs. Third, the qcc
(17O) and ηQ(17O) results reveal that O1 and O2 do not have identical
chemical environments in L-Cysteine. In other words, at both tempera-
tures, qcc(17O2) is 1 MHz greater than qcc(17O1) while difference
between the ηQ is almost negligible. Fourth, from 30 to 298 K, qcc(17O)
values of both oxygen nuclei (O1 and O2) decreasewhile their ηQ values
have opposite tendency. Accurately, from 30 to 298 K, qcc(17O1) and qcc
(17O2) reduce 0.07 and 0.08 MHz, respectively, whereas, ηQ values for
both oxygen nuclei increase 0.03 units for the target molecule in the
cluster. These changes for monomer are negligible.

Table 3 shows that qcc(17O2) undergoes more reduction than qcc
(17O1) from monomer to the target molecule in cluster which reveal
its contribution to stronger HB interactions in crystalline cluster at
both temperatures. As can be seen from Fig. 1, the carboxylic group
of the target molecule in cluster of L-Cysteine at both temperatures
interacts with three neighboring molecules. O1 contributes to one
N–H…O HB whereas O2 contributes to two N–H…O HBs. It should
be noted that O2 has a weak non-classic S–H…O HB with molecule
number 9 at 298 K. Because of proper intermolecular O…N distances in
both clusters, r[O2…N(1–9)]=2.75 Å, r[O2…N(1–3)]=2.93 Å and r[O2…S(1–9)]=
3.45Åat 30K, and r[O2…N(1–3)]=3.02Åand r[O2…N(1–9)]=2.76Åat 298K,O2
of the targetmolecule contributes to strongerN–H…OHBswithmolecules
number 3 and 9 in the cluster. The results reveal that due to these
contributions toHBs, qcc(17O2) reduces0.41and0.28MHz frommonomer
to the targetmolecule in the clusterat 30and298K, respectively. Based on
these results, it is clear that, from 30 to 298 K, contribution of O2
nucleus to HB interactions is reduced which reveals that one or both of
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the N–H…O HB interactions at O2 site undergo significant changes. The
results of qcc(2H) can clarify the amount of variation in each HB.

On the other hand, O1 of target molecule interacts with
molecule 4 via N–H…O HB; approximately at both temperatures
r[O1…N(1–4)] =2.78 Å. Thus, because of participation in this interac-
tion, qcc(17O1) reduces 0.14 and 0.11 MHz from monomer to the
target molecule in the cluster at 30 and 298 K, respectively, which are
less significant than the reduction of qcc(17O2); Δ(qcc(17O2)=0.41
and 0.28 MHz from monomer to the target molecule in the cluster
at 30 and 298 K, respectively. This trend reveals the major role of O2
in contribution to HB while that of O1 is significantly less. ηQ(17O) is
also affected by contribution of oxygen nuclei to HB interactions
but not as dramatically as seen for qcc(17O). ηQ values of O1 and O2
increase 0.11 and 0.08 from monomer to the target in cluster.

3.3. N-14 electric field gradient tensors

As a general trend seen from previous section, the amount of
changes in the 17O quadrupole coupling tensor depends directly on
the participation of the nucleus in the intermolecular HB interactions.
In this section, we focus on the results obtained for 14N quadrupole
coupling tensors; see Table 3. Two purposes are aimed in this discus-
sion: first, to investigate the HB effects on the 14N EFG tensors at
the site of nitrogen nucleus and second, to compare the calculated
results with experimental data.

A quick look at the results reveals the discrepancy between
experimental and calculated qcc(14N1) results of monomer at both
temperatures. However, when HB effects are considered in the cluster,
a good agreement is observed between experimental and calculated
qcc(14N1) results. As shown in Fig. 1, +NH3 terminal site of the target
molecule in nine-molecule cluster of L-Cysteine interacts with three
neighboringmolecules through three N–H…OHB, r[N1…O(1–6)]=2.77 Å,
r[N1…O(2–7)]=2.94 Å, and r[N1…O(2–8)]=2.75 Å, at 30 K ,and r[N1…O(1–6)]=
2.78 Å, r[N1…O(2–7)]=3.02 Å, and r[N1…O(2–8)]=2.74 Å, at 298 K. Thus,
having a proper N…O distance, qcc(14N1) increases 0.62 and 0.34MHz
from monomer to the target molecule in cluster at 30 and 298 K,
respectively. HB also influences on the ηQ(14N1) of the target molecule
where the ηQ(14N1) increases 0.33 and 0.21 units frommonomer to the
cluster at 30 and298K, respectively. The significant increase inqcc(14N1)
and ηQ values frommonomer to the target molecule in cluster reveals the
major contributions of nitrogennuclei to strongN–H…OHBs in the cluster
of L-Cysteine. The calculated qcc andηQ values at the 14N1 site of the target
molecule at 298K are 1.21MHz and 0.39, respectively,which are in a good
agreement with the experimental values at 298 K, qcc(14N1)=1.22 MHz
andηQ=0.50 [56]. Thus, there is a good agreement between the calculated
14N1 NQR parameters in the cluster model and experimentally reported
values in the literature. However, since ηQ mainly depends on the
orientation of the EFG tensors, less agreement between the calculated and
experimental values of ηQ(14N1) reveals that other effects, e.g. crystal
effects, influence on theorientation of the EFG tensors at the site of 14N1 in
the experiments.

3.4. H-2 electric field gradient tensors

As discussed above, the EFG tensors at the sites of 17O and 14N nuclei
are significantly influenced by contribution of the targetmolecule to HB
interactions in the nine-molecule clusters of L-Cysteine at 30 and 298 K.
This section discusses the influence of HB interactions on the EFG
tensors at the site of 2H nuclei in L-Cysteine which the evaluated NQR
parameters are exhibited in Table 4. Comparison of the magnitudes of
NQR parameters of Tables 3 and 4 reveals that these magnitudes for 2H
are less than those of 17O and 14N nuclei because the hydrogen nucleus
feels a lower electron density comparing to those of 17O and 14N.
However, since the EFG tensors are very sensitive to the electronic site of
quadrupole nucleus, the influence of HB interactions on the EFG tensors
at the sites of 2H nuclei are observed in Table 4. Thus, as a general trend
one can see in Table 4, qcc(2H) values decease and ηQ(2H) increase from
non hydrogen-bonded (monomer) model to the hydrogen-bonded
(cluster) one. It should be noted that for those nuclei that do not
contribute to any HBs, this trend dose not exist.

For the target molecule at two mentioned temperatures, the
hydrogens of +NH3 (H5, H6, and H7) contribute to N–H…O type of
HB interactions, see Fig. 1. Due to the HBs, the 2H EFG tensors at the
amine site undergo significant changes from monomer to the target
molecule in the cluster. qcc(2H5), qcc(2H6), and qcc(2H7) reduce 24
(23.1), 16.5(10.6), and 27.3(26.6) kHz, respectively, at 30 and 298 K
which the values out of the parentheses belong to 30 K. The results
show that from 30 to 298 K, the N1-H7…O2 and N1-H5…O1 HBs
remain approximately unchanged while N1-H6…O2 undergoes a
significant change where Δ(qcc(2H6)) feels 6 kHz reduction from 30
to 298 K. H1 of the target molecule L-Cysteine at 30 K contributes to
one non-classic S1–H1…S(1–2) HB, while H1 of L-Cysteine at 298 K
contributes to two non-classic S1–H1…S(1–2) and S1–H1…O(2–5)
HBs, see Fig. 1. As a result, qcc(2H1) reduces 9.7 and 14.7 kHz from
monomer to the target molecule in the cluster at 30 and 298 K
where ηQ remains almost unchanged. These results imply that the
interactions with sulfur are stronger than those with oxygen. This is
contrary to what would been accepted on the basis of electro-
negativity of the acceptor atoms. However, it can be noted that O2 is
involved in two other N–H…O HBs, i.e. O2…H–N(1–3) and O2…H–N
(1–9). Such interactions would decrease both the conformational
mobility of O2 and its valence requirement thus reducing its
availability as an acceptor for the thiol hydrogen. For C1 and C2
hydrogens, 11.1 and 4.5 kHz reduction in qcc values of H2 and H4
nuclei from monomer to the cluster at 30 K; Δ(qcc(2H2))=11.1 kHz
and Δ(qcc(2H4))=4.5 kHz, stems from the contribution of those
nuclei of target molecule to C–H…O and C–H…S HBs in cluster
model. On the other hand, since these nuclei (H2 and H4) do not
contribute to any HB in the cluster at 298 K, the EFG tensors at the
sites of 2H2 and 2H4 of the target molecule are almost remained
unchanged; Δ(qcc(2H2))=1.3 kHz and Δ(qcc(2H4))=0.9 kHz. H3
nucleus of target molecule also dose not contributes to HBs, thus,
qcc(2H3) values remains approximately unchanged from monomer
to the cluster at both temperatures, Δ(qcc(2H3))=1.5 and 0.6 kHz at
30 and 298 K, respectively.

Since hydrogen nuclei have poor electronic environment, the
changes of ηQ are almost negligible in the cluster of L-Cysteine. How-
ever, ηQ increases just up to 0.05 from monomer to the target
molecule in the cluster. By the results of these section it is clearly
concluded that the role of amine hydrogens (H5, H6, and H7) to HB
interactions in the cluster model of L-Cysteine is major while that of
H2 and H4 is minor and almost negligible at both temperatures.

3.5. AIM analysis

AIM is a very useful tool in analyzing the hydrogen bond. The
formation of HB is associated with the appearance of a BCP between
the hydrogen atom of donor group and acceptor atom. Popelier and
Bader [22] proposed a set of criteria for the existence of hydrogen
bonding within the AIM formalism. Two criteria are connected with
ρBCP and ∇2ρBCP at BCP of two hydrogen bonded atoms which are in
the range of 0.002–0.035 and 0.024–0.139 a.u., respectively.

For AIM analyses, wave functions of H-optimized crystalline
structures of L-Cysteine at 30 and 298 K are calculated at the B3LYP/
6-311++G⁎⁎ level from Gaussian 98 output. Then, the topological
parameters in all BCPs of the HB interactions in L-Cysteine crystalline
structures are evaluated bymeans of the AIM 2000 code [74,75] at the
B3LYP/6-311++G⁎⁎ level. The most significant local topological
properties at the BCPs for L-Cysteine crystalline structures at 30 and
298 K, namely: the density ρBCP, the Laplacian of density ∇2ρBCP, the
three eigenvalues λ1, λ2 and λ3, the ellipticity ε, the relationship
between the perpendicular and parallel curvatures, |λ1| /λ3, in all the
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relevant HBs are listed Tables 5 and 6. It is evident from these Tables
that in all BCPs between the H atoms of HB donors and atoms of HB
acceptors (H…O, H…N, and H…S) the values of ρBCP and∇2ρBCP are in
the range of 0.0097–0.0451 and 0.0331–0.1618 a.u. for L-Cysteine at
30 K and 0.0101–0.0448 and 0.0403–0.1528 a.u. for L-Cysteine at
298 K, respectively. These values do not fall into the common accepted
range for HBs mentioned above. However, relatively low ρBCP values,
∇2ρBCPN0, and |λ1| /λ3b1 for all BCPs of interactions indicate the
general characteristics and presence of HB interactions.

From Tables 5 and 6, one can see some important points. H(7–1)…O
(2–8) bond with having suitable topological parameters at its BCP,
namely: ρBCP=0.0450, ∇2ρBCP=0.1617, ε=0.0461, can make strong HB
interaction in comparisonwith other HBs, as a result the EFG tensors at
the O2 and H7 sites should be affected more seriously. EFG calculations
also show that qcc(17O2) reduces 0.41 and 0.28 MHz and qcc(2H7)
reduces 27.3 and 26.6 kHz frommonomer to the cluster (where the HBs
exist) at 30 and 298 K, respectively. These AIM analyses and EFG
calculations are in a good agreement with each other and geometrical
parameters of H(7–1)…O(2–8) HB; r[N1…O2]=2.74 Å, r[H…O]=1.65 Å, and
∠N–H…O=173.25° at 30 K, and r[N1…O2]=2.75 Å, r[H…O]=1.71 Å, and
∠N–H…O=174.11° at 298 K (see Table 2).

As can be seen from the listed topological parameters in Tables 5
and6, H(7–1)…O(2–8)HB interactions don't change considerably from
30 to 298 K (ρBCP=0.0450, ∇2ρBCP=0.1617 at 30 K, and ρBCP=0.0448,
∇2ρBCP=0.1528 at 298 K) which confirm the EFG calculation results for
this interaction (Δqcc(2H7)=0.7 kHz from 30 to 298 K). For H(5–1)…O
(1–6) HB, these conditions are also dominant where its topological
parameters at BCP are: ρBCP=0.0342,∇2ρBCP=0.1451, ε=0.0148 at 30 K,
and ρBCP=0.0318,∇2ρBCP=0.1116, ε=0.0493 at 298 K. These results are
in a good agreement with H(5–1)…O(1–6) geometrical parameters;
r[N1…O1]=2.77 Å, r[H…O]=1.73 Å, and ∠N–H…O=165.67° at 30 K, and
r[N1…O2]=2.78 Å, r[H…O]=1.77 Å, and ∠N–H…O=164.54° at 298 K (see
Table 2). Moreover, these values reveal that H(5–1)…O(1–6) HB
interactions remain approximately unchanged from 30 to 298 K
which rationalize the observed qcc(2H5) trend (24 to 23.1 kHz from
30 to 298 K). Thus, at both mentioned temperatures, H(7–1)…O(2–8)
and H(5–1)…O(1–6) HB interactions approximately have the same
topological parameters. Moreover, low values of ε at BCPs of these
interactions indicate stability of theseHBs at both temperatures. However,
H(6–1)…O(2–7) behavior is completely different from H(7–1)…O(2–8)
and H(5–1)…O(1–6) HB interactions. In fact, from 30 to 298 K, ρBCP and
∇2ρBCP values at the BCP of this HB interaction reduce approximately 50%
(from 0.0222 to 0.0101 a.u. and from 0.0952 to 0.0403 a.u., respectively)
which rationalize the observed trend of qcc(2H6) values. The calculated
Δqcc(2H6) values are 16.5 and 10.6 kHz at 30 and 298 K, respectively (see
Tables 4–6)which showapproximately 60% variation. These AIM and EFG
results are completely consistent with H(6–1)…O(2–7) geometrical
parameters; r[N1…O1]=2.94 Å, r[H…O]=1.86 Å, and ∠N–H…O=165.71° at
30K, and r[N1…O2]=3.02Å, r[H…O]=2.06Å, and∠N–H…O=156.36° at 298K
(see Table 2). ε values also reveal that this HB interaction becomes instable
from 30 to 298 K (ε=0.0706 and 0.0857 for 30 and 298 K, respectively).

Another interesting point occurs in H(1–1)…S(1–2) HB interactions
which have topological parameters of ρBCP=0.0141,∇2ρBCP=0.0418, and
ε=0.0529 at 30 K; but, at 298 K, ρBCP and ∇2ρBCP reduce to 0.0124
and 0.0388, and ε increases to 0.1176. In the pervious sections, based on
the EFG calculations, it is observed that qcc(2H1) reduces 9.7 and
14.7 kHz from monomer to the target molecule in the cluster at 30
and 298K, respectively.ρBCP and∇2ρBCP changes and the contribution of
H(1–1) to another HB interaction i.e. H(1–1)…O(2–5), justify the
reduction of qcc(2H1) at both temperatures and, particularly, its more
reduction at 298 K with respect to 30 K.

Evaluated topological parameters for C–H…O and C–H…S HBs at
30 K are; ρBCP=0.0102 and ∇2ρBCP=0.0359, and ρBCP=0.0097 and
∇2ρBCP=0.0331, respectively. These low values of charge density at the
BCPs of these interactions suggest that qcc(2H2) and qcc(2H4) should
not reduce considerable. In agreement with this results obtained from
AIM analyses, qcc(2H2) and qcc(2H4) reduce 11.1 and 4.5 kHz from
monomer to the target in the cluster (see Table 4). At 298 K, the
absence of BCPs at the H2 and H4 sites imply that HBs do not exist in
these sites and clarifies the reduction in calculated Δqcc(2H2) and
Δqcc(2H4) being 1.3 kHz and 0.9 kHz, respectively.

In summary, different contributions of various nuclei to HB
interactions and observed trends of calculated EFG tensors are well
justified by AIM analyses at the BCPs of these interactions.

4. Concluding remarks

In this paper, a systematic computational studyon theHB interactions
of L-Cysteine crystal structures is performed at 30 and 298 K by AIM
analysis of charge density and DFT calculations of the EFG tensors at
the sites of 17O, 14N, and 2H nuclei in two one-molecule (monomer) and
nine-molecule (cluster) models. Some results are:

1. EFG calculations results reveal that these tensors at the sites of
oxygen, nitrogen, and hydrogen nuclei are influenced by HBs and
are such appropriate parameters to characterize the properties of
these interactions.

2. Since the nine-molecule model includes all possible contributions
to HB for the target molecule, the calculated qcc and ηQ values at
the 14N1 site of the target molecule at 298 K are 1.21 MHz and 0.39
units, respectively, which are in a good agreement with the
experimental values at 298 K, qcc(14N1)=1.22 MHz and ηQ=0.50.

3. For oxygen nuclei, the qcc(17O) results reveal that O1 and O2 do not
have identical chemical environments in L-Cysteine. At both men-
tioned temperatures, qcc(17O2) is 1 MHz greater than qcc(17O1).

4. O2 has themajor role in contribution to HB interactions whereas the
role of O1 is rather less. qcc(17O1) reduces 0.14 and 0.11 MHz from
monomer to the target molecule in the cluster at 30 and 298 K,
respectively, which are less significant than the reduction in qcc
(17O2);Δqcc(17O2)=0.41 and 0.28MHz at 30 and 298 K, respectively.

5. Among the hydrogen nuclei, HB has a remarkable influence on the
EFG tensors at the amine site (H5, H6, and H7).

6. From 30 to 298 K, Δqcc(2H6) undergoes a significant change while
Δqcc(2H) of other hydrogennuclei are approximately negligiblewhich
reveal N-H6…O2 more affected than other N–H…O HB interactions.
Also, AIM analyses at the BCP of this interaction showρBCP and∇2ρBCP
values at the BCP of this HB interaction reduce approximately 50%
(from 0.0222 to 0.0101 a.u. and from 0.0952 to 0.0403 a.u.,
respectively) which justify the a significant change in Δqcc(2H6).

7. Different contributions of various nuclei to HB interactions and
observed trends of calculated EFG tensors are well rationalized by
AIM analyses at the BCPs of these interactions.
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