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Abstract—A density functional theory study has been carried out to calculate the 17O, 15N, 13C, and 1H chemical shielding as well as
17O, 14N, and 2H electric field gradient tensors of chitosan/HI type I salt. These calculations were performed using the B3LYP func-
tional and 6-311++G (d,p) and 6-31++G (d,p) basis sets. Calculated EFG and chemical shielding tensors were used to evaluate the
17O, 14N, and 2H nuclear quadruple resonance, NQR, and 17O, 15N, 13C, and 1H nuclear magnetic resonance, NMR, parameters in
the cluster model, which are in good agreement with the available experimental data. The difference in the isotropic shielding (riso)
and quadrupole coupling constant (CQ) between monomer and target molecule in the cluster was analyzed in detail. It was shown
that both EFG and CS tensors are sensitive to hydrogen-bonding interactions, and calculating both tensors is an advantage. A dif-
ferent influence of various hydrogen bond types, N–H� � �I, O–H� � �I, and N–H� � �O was observed on the calculated CS and EFG
tensors. On the basis of this study, nitrogen and O-6 are the most important nuclei to confirm crystalline structure of chitosan/
HI. These nuclei have large change in their CS and EFG tensors because of forming intermolecular hydrogen bonds. Moreover,
the quantum chemical calculations indicated that the intermolecular hydrogen-bonding interactions play an essential role in deter-
mining the relative orientation of CS and EFG tensors of O-6 and nitrogen atoms in the molecular frame axes.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Chitosan, poly[b-(1!4)-DD-glucosamine], is one of the
most abundant biopolymers that has recently become
an interesting subject in many fields of science, as well
as in industry because of its extensive applications, for
example, in wastewater treatment, cosmetics, biomedi-
cine, and biology among other areas.1–7 Chitosan is a
cationic polysaccharide produced by deacetylation of
chitin, a substance derived from the exoskeleton of crus-
taceans. The amine and hydroxyl groups of this polymer
can bind to heavy metal ions and organic/inorganic
acids to yield complexes and salts, respectively, which
0008-6215/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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have been extensively studied by various techniques
including X-ray diffraction, electron diffraction, 13C
and 15N NMR spectroscopy, and FTIR spectros-
copy.8–19

Hydrogen bond (HB) interactions play an important
role of forming the molecules and crystal structure con-
formations of solid polysaccharides; therefore, charac-
terizing HB properties can reveal useful trends about
their bio-physicochemical properties and applications.20

X-ray diffraction is a prime tool to characterize HB
properties; however, it is insufficient to locate the accu-
rate positions of hydrogen atoms in the structures con-
sidered. Solid-state nuclear magnetic resonance
(NMR) spectroscopy is a powerful technique to study
various types of HB properties.21,22 Since the character-
istic nature of HB is electrostatic, electric field gradient
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Figure 1. (a) Monomer, (b) illustration of the intermolecular HBs in
the crystalline chitosan/HI salt.
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(EFG) and chemical shielding (CS) tensors at the sites of
quadrupole and magnetic nuclei, respectively, are very
sensitive to HB effects in hydrogen-bonded systems.
The EFG and CS tensors can either be calculated by
quantum chemical calculations or measured experimen-
tally in forms of quadrupole coupling constants, CQ,
and isotropic chemical shifts, diso, respectively.
Although experimental measurements are essential in
the investigation of molecular structures, however,
high-level quantum chemical calculations have a deter-
mining role in the interpretation of observable
measurements.

In the present work a density functional theory study
is carried out to calculate the solid-state NMR para-
meters in crystalline chitosan/HI type I salt obtained
by a recent X-ray diffraction study of Lertworasirikul
et al.23 Chitosan/HI type I salt was chosen for the study
because iodine is the heaviest halide, and this work
should reveal representative trends for other hydrogen
halide complexes of chitosan. As mentioned earlier,
since the EFG and CS tensors are very sensitive to HB
interactions, those possible interacting neighbor contri-
butors to HB with the target molecule were considered
in a hydrogen-bonded cluster in NMR and EFG calcu-
lations (see Fig. 1 and Table 1 for details). The calcu-
lated EFG tensors at the sites of 17O, 14N, and 2H
nuclei are presented in Tables 3–5 and the calculated
CS tensors at the sites of 17O, 15N, 13C, and 1H nuclei
are listed in Tables 2–5 for two model systems of Chito-
san/HI type I salt, the monomer and the target molecule
in a cluster.

It is well-known that NMR properties are quite sensi-
tive to relativistic effects in systems containing heavy
atoms. This contribution arises from heavy-atom core
regions where the velocity of the electron is high. Con-
sidering previous works, DFT-based approaches can
be used to theoretically calculate the major relativistic
effects on the shielding of light nuclei, the spin–orbit
coupling.24,25 Vaara and co-workers indicated that
at the BW91 level of theory, the DFT method gives
smaller relativistic effects than multi-configuration
SCF (MCSCF) in CX2 (X = O, S, Se, Te) series of
compounds.26
2. Computational methods

Two model systems of chitosan/HI type I salt were con-
sidered in NMR and EFG calculations using the
GAUSSIANGAUSSIAN 9827 package. Model I is a hydrogen-bonded
cluster of chitosan/HI type I salt consisting of those pos-
sible interacting neighbor contributors to HB, where the
target molecule and model II is a non-hydrogen-bonded
(monomer) form of the considered structure. Both
models are created by X-ray coordinates (see Fig. 1
and Table 1 for details).23 Since X-ray diffraction cannot
locate the accurate positions of hydrogen atoms, the
hydrogen atoms of the crystalline structure were opti-
mized at the level of B3LYP/6-31++G (d,p), whereas
the other atom positions remained frozen during the
optimization. The EFG and CS tensor calculations were
carried out at the level of B3LYP. The gauge-included
atomic orbital (GIAO)28 approach was used to calculate
the CS tensors. The basis sets employed in the EFG and
CS calculations are 6-311++G (d,p) and 6-31++G (d,p)
while LANL2DZ basis set was for iodide ions.29 Based
on our pervious experiences, 6-311++G (d,p) and
6-31++G (d,p) usually lead to satisfactory EFG and
CS values.30–33 However, since the hydrogen-bonded
cluster was too complex to be studied computationally,
the local density (LD)34,35 method was used to save cal-
culation time. In the LD method, the target molecule
and those neighboring nuclei that were directly contrib-



Table 1. Details of HBs among chains and iodide ions in chitiosan/HI
salt

Donor
(D)

Acceptor
(A)

r(D� � �A)

(Å)
r(H� � �A)

(Å)
\(D–H� � �A)
(degree)

N I-1 3.52 2.57 154.85
O-6 I-2 3.44 2.50 162.4
N I-3 3.70 2.77 150.31
N O-6 2.84 1.86 157.62

2398 S. Khodaei et al. / Carbohydrate Research 342 (2007) 2396–2403
uted to HB with the target molecule were calculated at
the level of 6-311++G (d,p) and 6-31++G (d,p) basis
sets; however, the other nuclei were calculated at the
Table 2. Calculated 13C NMR parameters of cluster modela,b

Nuclei r11 (ppm) r22 (ppm) r33 (ppm) ris

C-1 61.1 77.5 103.3 8
[74.3] [89.3] [113.7] [9

C-5 84 101.9 140.6 10
[95.9] [111.0] [149.4] [11

C-6 90.5 117 146 11
[100.9] [127.2] [156.4] [12

C-2 111.4 125.4 135.8 12
[123.6] [133.0] [143.0] [13

C-3 79.9 105 134.5 10
[93.1] [117.3] [144.3] [11

C-4 68.9 80.8 119.2 8
[81.5] [89.2] [127.7] [9

a Experimental values from Ref. 13.
b The values in brackets are calculated at the level of 6-31++G (d,p) and th

Table 3. Calculated oxygen NMR and NQR parametersa

Nuclei Model r11 (ppm) r22 (ppm) r33 (ppm

O-1 Cluster 214.3 257.6 333.2
[227.1] [265.3] [333.2]

Monomer 197.5 249.8 319.8
[215.0] [260.8] [332.5]

O-3 Cluster 234.4 254.2 272.8
[247.9] [267.1] [281.5]

Monomer 244.1 271.6 292.8
[259.1] [286.3] [302.5]

O-5 Cluster 166.1 258.2 261.9
[182.5] [270.4] [273.2]

Monomer 157.1 211.2 244.3
[175.8] [225.8] [259.8]

O-6 Cluster 200.6 283.5 318.3
[184.2] [269.7] [317.2]

Monomer 273.8 287.5 369.3
[259.7] [275.2] [364.9]

a The values in brackets are calculated at the level of 6-31++G (d,p), and th

Table 4. Calculated nitrogen NMR and NQR parameters

Basis sets Model r11 (ppm) r22 (ppm) r33 (ppm)

6-31++G** Cluster 189.6 208.5 211.2
Monomer 212.8 227.1 240.9

6-311++G** Cluster 178.9 198.3 202.9
Monomer 196.2 212.4 226.7

a From Ref. 14.
level of 6-31G and LANL2DZ basis sets. It is noted that
the calculations for the monomeric form of chitosan/HI
were also performed at the level of 6-311++G (d,p) and
6-31++G (d,p) basis sets.

Quantum chemical calculations yield the EFG tensors
at the principal axis system (PAS) by assuming that
jqzzj > jqyyj > jqxxj. Experimentally, the quadrupole
coupling constant, CQ, which represents the interaction
between electric quadrupole moment, eQ, and the
EFG tensors at the sites of quadrupole nuclei, is mea-
sured (see Eq. 1). The standard Q values reported by
Pyykkö36 are used in Eq. 1: Q(17O) = �25.58 mb,
o (ppm) dCal. (ppm) dExp. (ppm) DðdCal:�dExp:Þ

0.6 105.5 98.7 6.8
2.4] [91.7] [�7]
8.9 75.2 73.8 1.4
8.8] [65.3] [�8.5]
7.8 66.3 61.3 5
8.2] [55.9] [�5.4]
4.2 59.9 55.6 4.3
3.2] [50.9] [�4.7]
6.5 77.6 70 7.6
8.2] [65.9] [�4.1]
9.6 94.5 84.7 9.8
9.5] [84.6] [�0.1]

ose out of brackets are calculated at the level of 6-311++G (d,p).

) riso (ppm) dCal. (ppm) CQ (MHz) gQ

268.4 39.5 11.6 0.89
[275.2] [32.7] [10.4] [0.89]
255.7 52.2 11.7 0.85

[269.5] [38.4] [10.7] [0.86]
253.8 54.1 11.5 0.97

[265.5] [42.4] [10.4] [0.98]
269.5 38.4 11.2 0.96

[282.7] [25.2] [10.3] [0.98]
228.8 79.1 11.6 0.88

[242.0] [65.9] [10.5] [0.87]
204.2 103.7 12.1 0.87

[220.4] [87.5] [11.0] [0.86]
267.5 40.4 9.45 0.91

[257.0] [50.8] [8.51] [0.92]
310.2 �2.32 12.0 0.82

[299.9] [7.97] [11.1] [0.80]

ose out of brackets are calculated at the level of 6-311++G (d,p).

riso (ppm) dCal. (ppm) dExp.
a (ppm) CQ (MHz) gQ

203.1 20.28 — �1.28 0.48
226.9 �3.53 �13 0.24 0.42
193.4 30.04 — �1.46 0.48
211.8 11.65 �13 0.27 0.41



Table 5. Calculated hydrogen NMR and NQR parametersa

Nucleus Model r11 (ppm) r22 (ppm) r33 (ppm) riso (ppm) dCal. (ppm) CQ (kHz) gQ

N–H� � �I-1 Cluster 9.17 13.8 44.9 22.6 9.07 214.9 0.05
[9.27] [14.0] [44.7] [22.7] [9.04] [204.1] [0.05]

Monomer 22.8 25.8 36.7 28.4 3.29 236.7 0.02
[22.5] [25.4] [36.6] [28.2] [3.54] [226.5] [0.02]

N–H� � �I-2 Cluster 12.9 15.3 40.8 23.0 8.70 205.1 0.05
[12.9] [15.1] [41.4] [23.1] [8.57] [193.8] [0.05]

Monomer 18.3 26.0 35.6 26.6 5.07 219.9 0.02
[17.9] [25.6] [35.5] [26.4] [5.34] [209.6] [0.02]

N–H� � �O-6 Cluster 13.9 19.0 42.0 25.0 6.72 208.3 0.07
[13.9] [19.1] [42.0] [25.0] [6.70] [198.2] [0.07]

Monomer 20.4 23.0 37.2 26.9 4.83 220.1 0.02
[20.0] [22.6] [37.1] [26.6] [5.12] [210.4] [0.03]

O-6–H� � �I-3 Cluster 9.96 15.8 53.3 26.4 5.32 263.6 0.15
[9.87] [15.8] [53.2] [26.3] [5.39] [258.4] [0.15]

Monomer 21.1 27.6 44.1 31.0 0.74 295.5 0.15
[20.4] [27.0] [44.0] [30.5] [1.21] [288.8] [0.16]

a The values in brackets are calculated at the level of 6-31++G (d,p), and those out of brackets are calculated at the level of 6-311++G (d,p).
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Q(14N) = 20.44 mb, and Q(2H) = 2.86 mb. The other
important parameter that can either be measured experi-
mentally or calculated computationally is the asym-
metry parameter, gQ, meaning the deviation of EFG
tensors from cylindrical symmetry (see Eq. 2). The con-
verted EFG parameters for 17O, 14N, and 2H nuclei are
presented in Tables 3–5:
CQ ðMHzÞ ¼ e2Qqzzh
�1 ð1Þ

gQ ¼ jðqyy � qxxÞ=qzzj ð2Þ
The calculated CS tensors in PAS (r33 > r22 > r11) can
also be converted to experimentally measurable isotropic
chemical shift, diso, by Eq. 3, where the isotropic CS can
be calculated by Eq. 4. The values of riso,ref in Eq. 3 used
for various nuclei are the following: riso,ref(

17O) =
307.9 ppm,37 riso,ref(

15N) = 223.4 ppm,38 riso,ref(
13C) =

184.1 ppm,39 riso,ref(
1H) = 31.69 ppm. The calculated

CS parameters for 17O, 15N, 13C, and 1H nuclei are listed
in Tables 2–5:
diso ðppmÞ ¼ riso;ref � riso ð3Þ
riso ðppmÞ ¼ ðr11 þ r22 þ r33Þ=3 ð4Þ
3. Results and discussion

In this study NMR and NQR parameters were calcu-
lated to show the hydrogen-bonding effects on the CS
and EFG tensors at the sites of oxygen, nitrogen, car-
bon, and hydrogen nuclei in the chitosan/HI salt crystal-
line structure. To the best of our knowledge, there are
no experimental NMR and NQR data for the hydrogen
and oxygen nuclei; however, 13C and 15N NMR para-
meters were reported for some chitosan derivatives in
the literature.13,14 The following text will separately
discuss the calculated CS and EFG tensors at the sites
of various nuclei.

3.1. 13C chemical shifts

Previous extensive 13C NMR calculations reveal the reli-
ability of quantum mechanical based approaches for 13C
chemical shielding isotropic and anisotropic calculations
in the various molecular clusters.40–43 Ramamoorthy
and co-workers showed that at the DFT level, the quan-
tum mechanical calculations have reproduced the exper-
imental 13C NMR chemical shifts in solid peptides.44

The calculated results of 13C chemical shifts with exper-
imental data are tabulated in Table 2, and typical cali-
bration plots are shown in Figure 2. As can be seen
from Figure 2, there is a good agreement between the
experimental and calculated diso values, where a least
squares fit of all data gives a strong linear relationship
with an R2 = 0.97. More specifically, as Table 2 indi-
cates, the theoretical 13C chemical shift results overesti-
mate experimental values, and the B3LYP/6-311++G
(d,p) data deviate by 1.4–9.8 ppm from the experimental
data. It is also evident from Figure 2 that the results of
the 6-311++G (d,p) basis set are more reliable than
those of the 6-31++G (d,p) basis set. Furthermore, it
is apparent from Table 2 that the full double-zeta basis
set, 6-31++G (d,p), performs at least equally well with
the B3LYP functional as the valence triple-zeta and
larger basis sets that are often used.

The advantage of using the cluster model is that one
can dissect different intermolecular interactions expli-
citly. However, due to the high computational expenses
of using large clusters with large basis sets, this method
generally employs only a single shell of the molecular
species that directly interacts with the central molecule
of interest, and even in this situation sometimes only
fragments of the interacting chemical species can be
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Figure 2. Plots of the experimental values versus the calculated values
of the 13C NMR chemical shift.
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considered to restrict the method to short-range interac-
tions. The good agreement between the calculated and
experimental 13C chemical shifts indicates that the HB
and short-range electrostatic effects encountered in the
crystalline structure are sufficiently represented by our
model.
3.2. 17O CS and EFG tensors

This section focuses on the calculated CS and EFG
tensors at the sites of 17O nuclei in the monomer and
cluster models of the chitosan/HI crystalline structure
(Table 3). As Figure 1 indicates, the HBs at the O-6 H
site of the target molecule involve the I3 and �NH3

þ

groups of the neighboring molecules. X-ray crystallogra-
phy data reveal that the chitosan/HI salt makes a layer-
like structure in the crystalline phase.23 A quick look at
the entire unit cell shows that an O-6� � �H–N type hydro-
gen bond joins the molecules in the two neighboring
anti-parallel layers. Our earlier study on the anhydrous
polymorph of chitosan suggested the significance of
including this hydrogen bonding interaction in deter-
mining the 17O CS and EFG tensors as well as their rel-
ative orientations.30

As the results in Table 3 illustrate, from the monomer
to the target molecule in the cluster, the CS tensor at the
site of 17O-6 nucleus is significantly influenced by hydro-
gen-bonding interactions. More specifically, r11 with
73.2 ppm reduction is the most affected principal com-
ponent of the O-6 nucleus from the monomer to the cen-
tral molecule in cluster. It is also interesting to see that
the riso(17O) is improved approximately 40 ppm depend-
ing on whether the chitosan molecule is in the monomer
or in the hydrogen-bonding network. These effects sug-
gest that the intermolecular hydrogen-bonding interac-
tions at the O6–H site of the crystalline chitosan/HI
complex is rather strong. On the other hand, the calcu-
lated CS tensors of the O-1, O-3, and O-5 nuclei show
some discrepancies, although not as dramatic as the
one seen for O-6.

As the results in Table 3 indicate, the calculated NQR
parameters also represent some trends parallel with
those discussed in the CS tensors for various 17O nuclei
of the chitosan/HI salt. A B3LYP/6-311++G (d,p) cal-
culation reveals that, due to the hydrogen-bonding
interactions, the CQ and gQ parameters of the O-6
nucleus change by 2.55 MHz and 0.09 units from the
isolated monomer to the target molecule in the cluster,
respectively. It should be noted that these changes are
much larger than those seen for our previously studied
crystalline anhydrous chitosan (ca. DCQ(17O-6) =
0.24 MHz).30 Comparison of the structural parameters
of these two compounds in their crystalline phases indi-
cates that, unlike hydrogen bond length that contributes
to the different chemical environment, there is also a dif-
ference in the hydrogen-bonding nature, O–H� � �O ver-
sus O–H� � �I, from anhydrous to the chitosan/HI salt.
The rO� � �H–N parameter for the anhydrous form is shown
to be 1.602 Å,30 while the corresponding value for chito-
san/HI is 1.86 Å.

3.3. 15N CS and 14N EFG tensors

Table 4 shows the calculated NMR and NQR parame-
ters for the nitrogen nuclei in the two models of the
monomer and the cluster chitosan/HI. Similar to the
previous section, both the CS and EFG tensors at the
site of nitrogen are influenced by the hydrogen-bonding
interactions. As can be seen from Figure 1, in the crys-
talline phase, the nitrogen atom interacts with the oxy-
gen atom of the neighboring chain and two iodine
ions. As Table 4 indicates, due to the hydrogen-bonding
interactions, all three 15N CS tensor components deviate
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significantly from the monomer values. From the defini-
tion of Eq. 4 in Section 2, there is also a remarkable
change in the riso parameter from the monomer to the
target molecule in the cluster (ca. 18.40 ppm). However,
the calculated isotropic chemical shift value for the
monomer, diso(15N), meets reasonably the available
experimental data (see Table 4).14

As the results of Table 4 show, the calculated CQ(14N)
value at the �NH3

þ site exhibits a rather strong depen-
dency on the hydrogen-bonding interactions. This is
consistent with the general observation that the hydro-
gen bonding interactions tend to reduce the CQ(14N) val-
ues.31–33 Because of the presence of the neighboring
molecules, the CQ(14N) parameter of the chitosan/HI
complex decreases by 1.73 MHz from the isolated gas
phase to the target molecule in the cluster model. These
features reveal the major role of the �NH3

þ group in
contributing to the intermolecular hydrogen-bonding
interactions in the crystalline chitosan/HI structure.

3.4. 1H CS and 2H EFG tensors

As discussed above, the CS and EFG tensors at the sites
of the oxygen and nitrogen nuclei are significantly influ-
O

O O

O

N

H3

H2
H1

y
x

z

H
O6

Vzz

Vyy

Vxx

O

O O

O

N

H3

H2
H1

y

x

z

σ33
σ11

σ22

H
O6

a

b

c

d

Figure 3. Relative orientation of the oxygen and nitrogen EFG and CS tens
enced by hydrogen-bonding interactions. The effects of
HBs on the 1H CS and 2H EFG tensors are discussed
in this section (Table 5). Hydrogen nuclei contribute
to different HB types including N–H� � �I, N–H� � �O,
and O–H� � �I (Table 1); therefore, their influence on
the NMR tensors is different for various nuclei. It is
noted that the changes of calculated CS and EFG ten-
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shows the advantage of calculations of both terms in
the study of HB interactions. The NMR and NQR
parameters of those hydrogen atoms that contribute to
HB interactions undergo significant changes; however,
other nuclei feel less change instead.
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Table 6. Relative orientation of the EFG and CS tensors in the
molecular frame axesa

Nuclei a b c

O-6 118.19 149.28 61.16
N 91.80 146.90 94.63
N–H� � �I-1 166.55 79.68 81.23
N–H� � �I-2 20.16 74.96 106.24
N–H� � �O-6 166.32 65.59 114.78
O-6–H� � �I 5.58 98.03 98.18

a Values in degree.
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tude of the individual principal components computed
by this level is less accurate.45–48 Therefore, at this point,
it is of much interest to characterize the relative orienta-
tion of the principal components of the chemical shift
and EFG tensors in the molecular frame. To fulfill the
objective, the calculated CS and EFG tensors of the oxy-
gen and nitrogen atoms have been analyzed systemati-
cally to obtain their relative orientations (see Fig. 3).
The calculated Euler angles (a, b, and c) are also tabu-
lated in Table 6.

As Figure 3 illustrates, at the O-6 nucleus, the r22 is
the unique component that lies approximately to the
O–H bond direction where the least shielded compo-
nent, r11, tends to lie in the C-6–O-6 direction. For
the EFG tensor, the Vxx and Vzz components are in
the plane involving the H-6–O-6–C-6 bond. More spe-
cifically, the Vyy component orientates approximately
along the norm of this plane. Such orientations are in
agreement with our previous study.30 However, at the
nitrogen site, the relative orientations of the CS and
EFG tensors have different trends. As indicated in Fig-
ure 3, the Vxx is directed perpendicular to the amine
plane where the most shielded NMR component, r33

makes an approximately 90� angle with the N–C-2. This
general observation was found to be essentially the same
with that of our previous study on the anhydrous form
of chitosan.30 These features indicate that the presence
of iodide ions remarkably changes the magnitude of
the CS and EFG principal components. However, the
results obtained in this paper show that neither changes
in the nature of the hydrogen-bonding interactions nor
the polysaccharide chain rearrangement affect on the rel-
ative orientation of the CS and EFG tensors of O-6 and
the nitrogen nuclei.

4. Conclusion

In the present work, DFT calculations were performed
to obtain CS and EFG tensors of nitrogen, oxygen,
and hydrogen atoms. These calculations were done for
both isolated gas-phase and a hydrogen-bonded cluster
of chitosan. The difference between the calculated
NMR and NQR parameters for those nuclei contribut-
ing in HBs shows how much these nuclei contribute in
the interaction. However, for nitrogen from the mono-
mer to the target molecule, HBs make a remarkable
reduction in CS and EFG tensors. This nucleus contri-
butes in two N–H� � �O and N–H� � �I types HBs that
cause a large reduction in the quadrupole coupling con-
stant and isotropic CS (DCQ = 1.19 MHz and Driso =
18.39 ppm). These results indicate that in addition of
nitrogen, O-6 and H-6 are the most important nuclei
of the chitosan/HI salt to confirm the crystalline struc-
ture of this compound. In addition, the CS tensors of
13C were determined. The calculated CS of 15N and
13C are in good agreement with the experimental results.
The experimental values of the 13C chemical shifts were
plotted versus the calculated values (Fig. 2). Good
agreement of the experimental and calculated results
could be seen in these plots (slope = 0.93 and
R2 = 0.97 for 6-311++G (d,p) basis set), too. It is deter-
mined that the B3LYP/6-311++G (d,p) data deviate by
1.4 Æ9.8 ppm from the experimental data. This illustrates
that our selected molecular cluster involves appropri-
ately all intermolecular interactions as close as the chito-
san/HI solid phase. Finally, the orientation of the CS
EFG tensors at the O-6 and nitrogen sites was obtained.
Our theoretical calculation indicated that at the O-6 site
the r22 component lies in the O-6� � �I hydrogen-bond
direction, where for the EFG tensor, the Vyy component
is directed perpendicular to the H–O-6–C-6–Vzz.
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