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A systematic computational investigation was carried out to characteriZE@Qh&'N and?H electric field

gradient, EFG, as well d%0, **N, 13C and'H chemical shielding tensors in the anhydrous chitosan crystalline
structure. To include the hydrogen-bonding effects in the calculations, the most probable interacting molecules
with the target molecule in the crystalline phase were considered through a hexameric cluster. The computations
were performed with the B3LYP method and 6-3ttG(d,p) and 6-3++G(d,p) standard basis sets using

the Gaussian 98 suite of programs. Calculated EFG and chemical shielding tensors were used to evaluate the
170, *N and?H nuclear quadrupole resonance, NQR, af@], **N, 3C and!H nuclear magnetic resonance,

NMR, parameters in the hexameric cluster, which are in good agreement with the available experimental
data. The difference between the calculated NQR and NMR parameters of the monomer and hexamer cluster
shows how much hydrogen bonding interactions affect the EFG and chemical shielding tensors of each nucleus.
These results indicate that both O{3)(33):--:O(5—3) and N-H(22)---O(6—4) hydrogen bonding have a

major influence on NQR and NMR parameters. Also, the quantum chemical calculations indicate that the
intra- and intermolecular hydrogen bonding interactions play an essential role in determining the relative
orientation of EFG and chemical shielding principal components in the molecular frame axes.

1. Introduction parameters include valuable insights on the local bonding

) ) environment and electronic structure of the molecule in its
Hydrogen bonds, HBs, play an essential role in natural crystalline phasé?-22 In addition, systematic analysis of the

phenomena, especially in the chemical and biochemical systemssymmetric part of the chemical shielding tensor yields worth-

Stabilization of polysaccharide chains, for example, is due to while information about the magnitude and orientation of its

the formation of a network of intra- and intermolecular HBSs. pyincipal components in the molecular frame axes, which are

In many cases, the type of these HBS iskd--O and N‘HC; directly related to the nature of NMR interactiolig3 25

which, like any other hydrogen bond, are electrostatic in nature. In congruence with the nuclear magnetic approach, the study

Itis an intergsting subject to investigate the effects ofllong.' of the nuclear electric quadrupole interaction with the originated
range interactions such as hydrogen bonding, H-bonding, in gjectric field gradient, EFG, at the quadrupole nuclei, is often
chitosan and its derivatives because of their key roles such as;ged as another powerful tool to investigate the H-bonding
drug delivery, antitumor and cholesterol lowering materials in gffects in the crystalline phagé:28 Experimentally, such
biosystems.® Moreover, understanding the nature of these interactions are studied well with nuclear quadrupole resonance,
interactions can be crucial in describing the function of these NQR, spectroscopy. The electric quadrupole mome@t,is a
systems in biological media at the molecular level. Numerous characteristic of a nucleus with spin angular momentim,
investigations in various experimental and theoretical fields have greater than one-half,> /,, which is a measure of the nuclear
been done to characterize these H-bonding interactions in bOthcharge distortion from the spherical sh&peln fact, the

§o|id a_nd I_iquid states on anhydrous polymorph of chitosan and quadrupole coupling constaro, and asymmetry parameter,

its derivative$*0 nq, are experimentally measurable NQR parameters of which
Solid-state nuclear magnetic resonance, NMR, spectroscopythe former indicates the interaction of EFG a@@ whereas

including both static and magic angle spinning, MAS, techniques the latter measures the amount of symmetry of EFG tef¥sor.

seems to be an efficient approach to study the nature of intra- Although, NQR parameters can be theoretically obtained, no

and intermolecular H-bonding interactions in the crystalline experimental study for anhydrous chitosan has yet been carried

phasél15 Recently, CP/MAS NMR studies have been reported out.

for both magnetically activé3C and**N nuclei in chitosan The assumption is that high level quantum mechanical
anhydrous polymorpk:” The chemical shielding interaction  methods are often used to evaluate EFG and chemical shielding
of the nuclear magnetic moment with the magnetic field induced tensors. This may be done for oxygen, nitrogen' hydrogen and
by the surrounding electron density is represented by the carbon atoms of anhydrous chitosan in its crystalline phase.
chemical shielding tensdf. More specifically, information  Ajthough the experimental studies are essential in obtaining
regarding the chemical shielding isotropy and anisotropy information about the HBs, combining them with theoretical
calculations leads to better interpretation of experimental NQR
* Corresponding author. E-mail: hadipour@modares.ac.ir. and NMR parameters and can be used for structural analysis.
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Figure 1. (a) Monomer and (b) intra- and intermolecular H-bonding interactions in the hexameric cluster of anhydrous chitosan

To the best of our knowledge, in spite of the fact that calculations’’ In this paper, we focused on properties that
experimental’®N chemical shielding isotropy studies were require information of one electronic state at a single point on
performed on anhydrous chitosti®! there is still a lack of the potential energy surface which are the electric field gradient
systematic computational investigation about the magnitude andand nuclear magnetic shielding as first and second-order
relative orientation of the nitrogen chemical shielding tensor in properties, respectively. Various DFT studies of elecfic,
the literature. magnetic3® and electromagneti¢#? linear response properties

It is well recognized that determining the strength and indicate that the B3LYP functional performs better than BLYP
geometry of HBs is a challenge for both experimental and functional.
theoretical studies. Regarding theoretical works, ab initio  Previous studies demonstrate the reproduction quality and
methods accounting for electron correlation are needed for anreliability of calculated NQR and NMR parameters obtained

accurate description of HBs. Therefore, Hartr€®ck calcula- from real crystalline structuré’8-45 In this research, anhydrous
tions are not applicable to such situations. Also large enough polymorph of chitosan is regarded as a hexameric cluster where
basis sets are necessary to expand the wave furf@tibnus, the most probable interacting polymeric chains with the target

to make an accurate description of hydrogen-bonded system withmolecule are considered as chitosan monomeric units. As Figure
ab initio correlated methods together with high quality basis 1 illustrates, target molecule interacts directly with the five
sets is really demanding. Density functional theory, DFT, is nearest neighbors through the intra- and intermolecular HBs.
widely used in computational chemistry due to its excellent Because of the essential role of these H-bonding interactions
performance-to-cost ratio. There are many flavors of approxima- in the stabilization and giving the 3-D structure to chitosan
tions to Exc[p] in use today. Various studies reveal that the chains, our main objective is to study the effects of these HBs
generalized gradient approximations (GGA) and hybrid func- on the calculated EFG and chemical shielding tensors. The
tional are more accurate than local-density approximations calculated NQR parameters from the diagonal components of
(LDA) to describe the HB32-36 EFG tensors,Cq and 7q, are shown in Tables -24. The

DFT is currently the most popular electronic structure method. calculated chemical shielding tensors were used to evaluate the
In spite of the known deficiency of DFT to describe the chemical shielding isotropy and anisotropy values'éy 15N
dispersion energy, it offers many advantages. The long-rangeand 7O in their principal axes system, PAS, which are
dispersion interaction between two molecules cannot be de-summarized and represented in Tables 5 and 6. Finally, the
scribed well with the standard used approximate density relative orientation of the EFG and chemical shielding tensors
functionals. However, the dispersion coefficients that describe of the oxygen and nitrogen atoms in the molecular frame are
the interactions can be calculated well with DFT response obtained and tabulated in Table 7.



EFG and Shielding Tensors on Chitosan

TABLE 1: Distance (A) between Interactive Atoms of
Anhydrous Chitosan in the Cluster

, , i Ce® 7Q
rltarget...neighboff distance (A) nucleus g; monomer cluster monomer cluster monomer cluster
r[O(3)---H(63) — 3:0.5— %, —y,z+ 0.5] 2.268
r[H(63)---O(3) — 2:0.5— x, — y, z— 0.5] 2.268 H(21) g« 0.147  0.148
r[O(6)+-H(22) — 6:1— x, v, 2] 1.602 (0.139) (-0.140)
[[H(21)+0(5) — 505+ % —1—y,1— 7] 2518 oy 0234 0225 25640 250.93 023  0.21
[[H(22)-0(3) — 41 4 x.y, 7] 1602 _(8.521) _(g.327138) (246.26) (240.96) (0.24) (0.22)
r[O(5)-+-H(33) — 2:0.5— x, — y, z— 0.5] 1.671 Qe (—0.366) (0.358)
r[H(33)---0(5) — 3:0.5— %, — y, z+ 0.5] 1.671 HEZ2) g 0.151 0.1340
2The number in parentheses denotes the atom number and the second (0.143) (0.127)
one denotes the molecule number as indicated in Figutéigdrogen Gy 0234 0200 25836 22472 022 020
atom positions are optimized by the B3LYP/6-3tG(d,p) method. (8-%2‘71) (00'313?:) (248.25) (216.20) (0.23) (0.21)
Jzz —0. —U.
TABLE 2: Calculated? EFG Tensors oft’O and N (—0.369) (-0.322)
—~ . H@33) g« 0157 0116
Gi CQ Q (0.151)  (0.109)
nucleus g; monomer cluster monomer cluster monomer cluster Gy 0.216 0.199 25031 21231 016  0.26
0G) G 0183 0033 . _(8.3%) _(00.3119(;1) (243.00) (204.08) (0.17) (0.28)
74 . .
(—0.183) (-0.040) (~0.362) (0.304)
oy —1.771 —-1.718 11.75 10.52 0.81 0.97 H(63) 0.136 0.139
(-1.62) (-1.543) (10.84) (9.52) (0.78) (0.95) (0129) (0.134)
Gz 1.955  1.751 qy 0207 0200 23053 22851 021 018
(1.803)  (1.583) (0.203) (0.197) (222.86) (223.08) (0.22) (0.19)
O(B) g« —0.371 —0.438 4 -0343 —0.339
(-0.089) (-0.138) (-0.332) (-0.332)
gy —1.805 —1.738 11.41 11.33 0.90 0.85
(—1.636) (1.554) (10.37) (10.16) (0.89) (0.84) a Results obtained by B3LYP/6-311G(d,p). Results in parentheses
gz 1.898 1.884 obtained by B3LYP/6-3%++G(d,p).? g values in atomic units, 1 au
(1.724) (1.692) = 9.717365x 1(?*V m~2 ¢ CalculatedCq values in kHz.
O(6) o« —0.371 —0.438
(—0.362) (-0.405) TABLE 4: BSSE of NQR Parameters (gi, Cq (MHZz) and
gy —1.709 —1.603 12.51 12.27 0.64 0.57 1]Q) of Anhydrous Chitosan
. ( ;ggg) elz..zgs‘lsl) (1152) (11.17) (0.62) (0.56) nucleus  Agg Aay A ACo Ao
(1.916)  (1.859) 0(3) 0.004 0.002 0.001 0.006 0.002
N g« —0548 —0.829 (0.008)  (0.004) (0.002) (0.012)  (0.006)
(—0.709) (0.801) o(5) 0.003 0.001 0.002 0.003 0.005
qy -0.789 —0361 642 571 030 039 (0.008)  (0.005)  (0.007) (0.013)  (0.014)
(-0.514) (0.358) (5.88) (5.57) (0.27) (0.38) 0(6) 0.0020  0.003 0.001 0.006 0.005
4. 1337  1.189 (0.004)  (0.007) (0.002) (0.012)  (0.008)
(1.233)  (1.159) N 0.001 0.001 0.003 0.014 0.003
aResults obtained by B3LYP/6-331G(d,p). Results in parentheses H(1) (%%%%) (%%%i) (%%%%) (%%%‘é) (%%%%)
obtained by B3LYP/6-3&:+G(d,p)b gi values in atomic units, 1 au (0001) (0001) (0000) (0000) (0001)
= 9.717365x 102V m=2¢ CalculatedCQ values in MHz. H(22) 0.001 0.002 0.001 0.000 0.001
(0.002)  (0.003) (0.002) (0.001)  (0.003)
2. Theory H(33) 0.001 0.000 0.000 0.000 0.000
Chemical shielding Hamiltonian acting on a sginis given H(63) (%'.%%%) (%'.%%11) (%'.%%%) (%'.%%%)) (%'.%%%))
by#® (0.000)  (0.002)  (0.000)  (0.000)  (0.001)
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TABLE 3: Calculated2 EFG Tensors of2H

aResults obtained by B3LYP/6-331G(d,p). Results in parentheses

H = —yhoB @) obtained by B3LYP/6-3%+G(d,p)." CalculatedAg; values in au.
wherey, By andi are magnetogyric ratio, applied magnetic field The interaction between nuclear electric quadrupole moment
and nuclear spin operator, respectively. The terimia second- and EFG at quadrupole nucleus is described with Hamiltonian
rank tensor called the NMR chemical shielding tensor whose as follows:
elements describe the size of chemical shielding as a function
of molecular orientation respecting to the external magnetic
field. In PAS, this tensor is converted to a diagonal matrix with
011, 022 andosz components wheress > 0,2 > og11. To describe
a chemical shielding tensor, chemical shielding isotrapy, whereeQ is the nuclear electric quadrupole momenis the
and anisotropyAo, are used in addition to the three principal nuclear spin, and,.is the largest component of the EFG tensor.
components. These two NMR parameters are related to theThe principal components of the EFG tensmi, are computed
principal components by following equations: in atomic units (1 au= 9.717365x 10?1V m~2), with |q.4 =
[Oyyl = |0xd andaxx + gyy + 0.2= 0. These diagonal elements

N eZQqZZ T2 12 T 2 2
H=a@ -~ neldi =1 @

1 relate to each other by the asymmetry paramejgr= (|, —
. == —+ —+ 2 yy
Tiso 3(011 T2 0 2) 0ud)/|G24, 0 < 570 < 1, which measures the deviation of EFG
L tensor from axial symmetry. The computgd component of
_ _ < EFG tensor is used to obtain the nuclear quadrupole coupling
Ao = + 3
7= 033 2(0ll 022) (3) constant from the equatiolGo = €2Qq,/h.*
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TABLE 5: Calculated? Chemical Shielding Tensors oft’O TABLE 7: Calculated (B3LYP/6-311++G(d,p)) Euler
and 15N Angles (deg) of Oxygen and Nitrogen Atoms of the Target
) Molecule in the Hexameric Cluster
Oii Oiso Ao

nucleus o p y

nucleus gij monomer cluster monomer cluster monomer cluster
O3 67.15 91.87 109.19
0@ ou 231.06 23511 ogsg 81.12 14237 96.92
(247.69) (248.67) 0(6) 67.78 106.95 74.00
oy 256.66 255.27 266.90 259.59 55.899 43.23 N 78.49 122.03 88.41

(277.69) (269.01) (279.53) (273.11) (50.54) (42.84)
033 304.25 288.41

313.22) (301.67 . .
o) on (160.75) (171_27) B3LYP, with 6-31H+G(d,p) and 6-31++G(d,p) standard basis

(179.83) (188.27) sets were usetf.Various combinations of diffuse and polariza-
022 227.02 220.16 213.66 21534 59.33 58.80 tion functions are incorporated in these two basis sets that are
(240.51) (232.74) (229.02) (228.66) (56.57) (54.48) necessary for computation of EFG and chemical shielding

33 ggg?i ggjgg tensors of hydrogen, nitrogen and oxygen atoms involved in
0(6) on (241'56) (230'38) HBs. Our pervious experiences reveal that 6-8+1(d,p) and
(255:18) (244:09) 6-31++G(d,p) usually lead to satisfactory EFG and chemical

0 28605 257.74 29897 280.18 105.48 108.61 shielding value$34459Recent studies suggest that the B3LYP
(299.04) (268.52) (309.38) (289.85) (95.29) (100.64) level of theory using the 6-3#1+G(d,p) basis set can yield

o33 369.29  352.59 adequate accurate results to calcutdtg!’O chemical shielding
N o ﬁ;i'gg) (fgg'zg) and electric field gradierfg44.50.51
" (184:66) (179:99) The crystal structure of anhydrous chitosan from X-ray

o2 231.25 22417 22232 22079 59.03 56.94 diffraction study? was used to evaluate EFG and chemical
(238.82) (229.23) (230.24) (223.62) (54.91) (57.03) shielding parameters based on DFT calculations. For both single
o33 261.67  258.73 and cluster molecules, the atomic coordinates extracted from
(261.67) (261.64) X-ray diffractions. Because of the deficiency of X-ray diffraction
a2 Results obtained by B3LYP/6-3+H-G(d,p). Results in parentheses  to locate the accurate position of hydrogen atoms, the optimiza-
obtained by B3LYP/6-31+G(d,p).” Calculatedsi, oiso andAo values tion of hydrogen atoms coordinates was needed. The B3LYP/
In ppm. 6-31++G(d,p) level of theory was performed to optimize only

TABLE 6: Calculated? Chemical Shielding Tensors ofH the hy.drogen.atoms position while other atoms position were
held fixed. Figure 1 shows the central molecule, molecule

ai Tiso Ao number 1, is surrounded with five other molecules which

nucleus gi monomer cluster monomer cluster monomer cluster participate in intra- and intermolecular H-bonding interactions
H21) ou 2359  22.08 with central molecule. EFG and chemical shielding parameters
(23.16) (21.99) were calculated for central molecule. The results confirm that

02 2627 2590 29.82 29.63 1467 1693 the EFG and chemical shielding tensors are sensitive to the
(25.76)  (25.74) (29.49) (2955 (15.10) (17.04) formation of intra- and intermolecular HBs.
s ég'gg) (ig'gi) Chemical shielding calculations were performed using the
H22) on 2557 11.92 gauge included atomic orbital, GIAO, meth?fd.I_Becau_se _
(25.15) (11.72) qguantum chemical calculations yield absolute chemical shielding
o2 2835 1546 3151 2485 13.64 33.47 values, one must establish the absolute shielding value for a
(27.96) (15.60) (31.21) (24.83) (13.96) (33.52) particular nucleus to obtain a direct relation between the

o33 4061  47.17 )
(4052) (47.18) calculated results and experimentally reported data. To evaluate

H(33) o1 19.57 8.48 the chemical shift isotropy of carbons and nitrogéig, from
(18.97)  (8.04) the calculatedrisocal Values, we used
o2 28.07 2009 29.04 2529 1566  33.00
(27.63) (20.00) (28.63) (25.13) (15.97) (33.32) Oiso = Tisoref — Tisocal (5)

033 39.48 47.30

(39.27) (47.35) , ; lding
H©3) on 1980 1978 whereoiso ref refers to the absolute chemical shielding isotropy

(19.35) (16.52) of_ tetramethylsilane (TMS) and ammonium _nitrate (phase 1V)
o2 3207 2923 3013 2852 1257 1675 With 0isorer= 184.1 and 223.4 ppm, respectivéfyes
(31.47) (28.32) (29.74) (29.06) (13.00) (19.94) The nuclear electric quadrupole moment valuegHhf 14N
o33 3850 4241 and 1’0 have been reported by Pyykkas 2.86, 20.44 and
(38.40) (42.36) —25.58 mb, respectiveRf
a Results obtained by B3LYP/6-31HG(d,p). Results in parentheses
obtained by B3LYP/6-31+G(d,p). " Calculatedsi, oiso andAo values 4. Results and Discussion
in ppm.
In this work, we attempted to investigate th®, “N and
°H EFG tensors as well a0, N, H and **C chemical
shielding tensors of the anhydrous polymorph of chitosan in
DFT calculations were performed using the Gaussian 98 suitethe solid phase. Because the cluster model of anhydrous chitosan
of programs* This is done for calculating the EFG and chemical was considered, it was expected that the calculated results would
shielding tensors in their PAS for oxygen, nitrogen, carbon and be close to those quantities that measured by the experimental
hydrogen atoms. Among various modern functionals for DFT devices. The results are summarized in Table$.2
calculation, Becke’s three parameter hybrid functional combined  Figure 1, which is constructed using X-ray diffraction atomic
with the Lee-Yang—Parr correlation functional, designated coordinates, shows that chitosan makes a variety of intra- and

3. Computational Aspects
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intermolecular HBs in the solid phase. Considering this fact, a r[O(5)-+-H(33—2)] = 1.671 A, theCq(1’0) value decreases by
hexameric cluster was created. Hydrogen bond distances wereonly 0.08 MHz andjq by 0.05, as a consequence of involving
summarized and represented in Table 1. To demonstrate then the intramolecular H-bonding interactions.
importance of H-bonding interactions, two sets of calculations  As Figure 1 indicates, the HBs at the WEite of the target
were performed. First, we calculated EFG and chemical shield- molecule involve O(6-4) and O(5-5) atoms of two neighboring
ing tensors for isolated molecule (monomer) and then we did molecules. X-ray crystallography data reveal that in the crystal-
the same for target molecule and finally we compared the |ine phase, the anhydrous chitosan chain has both parallel and
calculations for the monomer and target molecule. In the antiparallel sheet structure with respect to neighboring cHins.
following section, we will discuss the EFG, chemical shielding By a quick look at the entire unit cell, it is obvious that one of
tensor calculations and orientation of their principal components these H-bonding interactions joins polymeric chains in the same
in the molecular frame axes, separately. layer (molecules 1 and 4), whereas the other hydrogen bond is
4.1. Electric Field Gradient Tensors. In this part, the formed by interaction between the molecules of two antiparallel
DFT calculations at the B3LYP level of theory with the chains. As mentioned above, the-N(22):--O(6) hydrogen
6-311++G(d,p) and 6-3%++G(d,p) basis sets were carried out bond has a significant effect on th&®©(6) EFG tensor. As Table
to study the H-bonding effects on tR€O, 1N and?H EFG 2 indicates, from the monomer to the target molecule in the
tensors of anhydrous chitosan. The calculated EFG tensorcluster, H-bonding interactions cause a 0.71 MHz reduction in
principal components, nuclear quadrupole coupling constants,the Co(**N) parameter. It is also interesting to see that#he
Co, and asymmetry parametengg, for 7O, N and?H are value for this nucleus increases 0.09 units depending on whether
summarized in Tables-24. the chitosan is in the monomer or in the H-bonding network.
At first glance at the calculated results, some interesting trends These features reveal the major role of the Ngtoup in
can be easily obtained. First, for those nuclei participated in contrlbgtlng to the mtermplecular H-bonding interactions in the
the H-bonding interactions, the EFG tensor exhibits significantly crystalline anhydrous chitosan.
changes on going from the isolated molecule model to the target Finally, the basis set superposition error, BSSByas
molecule in the cluster. On the other hand, (g values of  determined for the magnitude of principal component$’6f,
those nuclei that contribute in the H-bonding interactions N and?H EFG tensors of anhydrous chitosan. It might also
decrease, but theiyg values do not indicate a regular pattern be mentioned that EFG and chemical shielding counterpoise
from the isolated gas phase to the cluster. Of course, thecorrections were also reported elsewh®é3 Chesnut and
magnitude of these changes at each nucleus depends directljrusilowski concluded on the basis of calculation of the chemical
on its amount of contribution to the interactions. Second, shieldings of (HO), and (HF)} dimers that for the heavy atoms
considering the calculated EFG tensors by 6-8+1(d,p) and employing diffuse functions in the basis set can remove the need
6-31++G(d,p), it is clear that the results obtained by these basis for their counterpoise correctiofis.
sets are practically coincident with each other. The results of As can be seen from Table 3, it was found that BSSE for the

6-311++G(d,p) are reported in the paper. 6-311++G(d,p) basis set is less than 0.01 au in the principal
As the results in Tables 2 and 3 indicate, H-bonding components of all oxygen, nitrogen and hydrogen atoms.
interactions have different influences on the calculdfég 1“N Although the basis set dependence affects slightly the calculated

and?H nuclei. O(3) with noticeablACq(*’0) = 1.23 MHz and EFG tensors, these changes are an order of magnitude smaller
Ang = 0.16 is the most affected nucleus of the target molecule than the changes observed between the calculations on the
in the H-bonding interactions. More specifically, for this nucleus chitosan cluster and isolated molecule. The largest BSSE for
the change in the largest component of the EFG tenpgris the principal components of the EFG tensor at the nitrogen
more pronounced thagk and gy through the formation of ~ position was found to be 0.003 au at the where the other
H-bonding interactions. These effects suggest that the intra-two principal components were within 0.001 au. Hence EFG
molecular hydrogen bond interactions at the O(3) in crystalline tensor calculations were not counterpoise corrected, and none
anhydrous chitosan is rather strong. On the other hand, becausé@f these problems affects the validity of the results discussed
H(33) and H(22) atoms have proper distances to formation HBs, above.

r[H(33)---O(5)-3] = 1.671 A andr[H(22)---O(6)-4] = 1.602 4.2. Chemical Shielding TensorsAs the general trend was
A, they have major changes in the EFG tensor among the shown in the previous section, the EFG tensors attbel4N
hydrogen atoms; see Table 3. For these nudl€g(?H) = 38.0 and 2H nuclei have significant sensitivity on the intra- and

and 33.64 kHz and\nq = 0.10 and 0.02 values reveal the intermolecular HBs formation. In this part, we will focus on
greater importance of the O@BMH(33) and NH functional the effects of H-bonding interactions on th©®, 15N, 13C and
groups in contributing to the strong HBs in the crystalline H chemical shielding tenors. To achieve the aim, B3LYP/6-
anhydrous chitosan. 311++G(d,p) and B3LYP/6-3++G(d,p) calculations were
For the EFG tensor at the O(6) site, the comparison of the carried out for both forms of isolated gas phase and hexameric
isolated model and the hexameric cluster shows some discrepCluster of anhydrous chitosan. As mentioned above, both
ancy, although not as dramatic as the one seen for O(3). By astructures were taken from X-ray crystallography data. The
quick look at Figure 1, it is found that the O(6) atom of the calculated chemical shielding tensors were reported as chemical
target molecule also can form an intermolecular hydrogen bond shielding principal components;, chemical shielding isotropy,
with molecule number 6, which is located at an adjacent parallel diso, @nd chemical shielding anisotropyg, in Tables 5 and 6.
chain. From having two possibilities to formation of HBs, As the results in Tables 5 and 6 indicate, the calculated
r[O(6)—H(63)+-O(3—2)] = 2.268 A and[O(6)-+-H(22—6)] = chemical shielding tensors show some trends parallel with those
1.602 A, Co(170) andyq for O(6) decrease by 0.24 MHz and  discussed in the EFG tensor for various nuclei of anhydrous
0.07 from the monomer to the target molecule in the cluster, chitosan. B3LYP/6-311+G(d,p) calculation reveals that due
respectively. On the other hand, in contrast to O(3) and O(6), to the H-bonding interactions, the nitrogen of th&lH, group
the EFG tensor of O(5) shows less sensitivity to H-bonding is deshielded 1.53 ppm ims, and 2.12 ppm im\o values from
interactions. Having the proper hydrogen bond distance, the isolated monomer to the target molecule in the cluster. The
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calculatedois, value for1°N of the target molecule has been 110

obtained to be 220.70 ppm. This value, which is obtained by g | e
taking the whole cluster into consideration, is expected to be ;% 100

close to the experimental value. However, the experimérital 2 g

chemical shielding of chitosan has been found to be 213.4 E

ppm}7 so our calculatedis, value deviates by 3.46% from the E 80 slope = 0.990
experimental value. This result illustrates that the,Nife of S | R%=0.985
the target molecule approximately feels the same chemical & 70

environment as in the actual solid phase. The remaining B 60 G

discrepancy between the calculated and obseRMdsotropic ‘g

parameter is believed to be led partly from the used simplified é 50

molecular model. Moreover, a portion of this discrepancy ” . .

between the theoretical and calculatéd chemical shielding
value can be attributed to the intrinsic limitation of the present

theoretical calculations. Experimental "°C Chemical Shifis/ppm

~ In agreement with the EFG tensor calculations, the changesgigyre 2. Comparison between the experimental and calculated
in 10 shielding values are also significant. As Table 5 shows, (B3LYP/6-311++G(d,p))3C chemical shifts for anhydrous chitosan.
the calculated chemical shielding tensors of the O(5) atom are All experimental **C chemical shifts are from ref 16. Calculated
more affected by H-bonding formation than the EFG tensors. isotropic chemical shielding values were referred to absolute isotropic
Due to the inclusion of H-bonding interactions, changes in the Value of TMS {isorer = 184.1 ppm).

170 chemical shielding isotropy and anisotropy of O(3) nucleus . . . -
are also accompanied by a reduction of approximately 7 and. 4M3.|Or|e|nta:;on of E:G ang_Crr:elmlc?l Sh'elf'ng Tﬁnsci)rsl
12 ppm, respectively. It interacts with both G(8) and O(6- In Molecular Frame AXes. Hignh evel quanium chemica

3) atoms of the molecule number 2 along the polymeric chain. calcglgtlons have proven to be an excellent _appro_ach for
Because of the different natures of the O(3) atom in intra- obtaining EFG and chemical shielding tensor orientations. In

molecular H-bonding interactions (proton donor and proton general, the EFG and chemical shielding tensors have different

acceptor) and different chemical environments, the NMR orientations in the molecular frame of reference. Therefore, we
parameters change more than those for O(5) ,Furthermore must consider the relative orientation between the two tensors

o . : using three Euler angles (S, y). Recently, Wu et al. have
because the capability of O(6) in the formation of two HBs, .. . )
the changes in its chemical shielding tensor are significant. From indicated that quantum chemical calculation at the B3LYP/6-

the monomer to the target molecule in the clustepand Ao 31_1++G(d’p) level can proo_luce r_eliable results for chem_ical
values decrease approximately 18 and 3 ppm for O(6) shl_eld_m_g and EFG tensor orientations, although the_magnltL_Jde
respectively, indicating the importance of O(6) atom in con-, of individual principal components co_m_puted by tr_ns level is
tributing to t,he HBs in the crystalline anhydrous chitosan less accuraté! Therefore, at this point, it is of much interest to
) ) A ' characterize the relative orientation of the principal components
The obtained chemical shielding results for H(33) and H(22) ot EFG and chemical shielding tensors in the anhydrous chitosan
also have the remarkable changes among‘thenuclei of  gecular frame. To fulfill this aim, calculated EFG and
anhydrous chitosan. Because both nuclei participate in strongchemical shielding tensors of oxygen and nitrogen were analyzed
HBS, 0iso values decrease approximately 4 and 7 ppm from the gystematically to obtain their eigenvectors. Following the

monomer to the cluster, respectively. On the other ha_nd, the approach of Eichele et #°,three Euler angles were calculated
changes in the NMR parameters of H(21) are not noticeable 54 tapulated in Table 7.

from the monomer to the cluster; see Table 6. This is due 0 ag seen from Figure 3, it is indicated thags and gy of the

the limited involvement of this nucleus in weak H(23D(5— O(3) atom have a tendency to orientate along its none-bonding
5) H-bonding interactiom[H(21)---O(5-5)] = 2.518 A. Except  glectron pair whereas tha; andg,, components are along the
for the o33 component of calculated chemical shielding tensor O(3)-+-0(6—3) hydrogen bond direction. More specificallyss
for this nucleus, two other components have negligible changesgng 02z components make 54.50and 25.57 angles with
in values from the monomer to the target molecule. nonbonding pair and O(3)O(6—3) hydrogen bond direction,
The availability of**C solid-state NMR experimental data  respectively. Such orientations are in good agreement with the
on anhydrous chitosan allows for additional examination of the results obtained for other functional groups containingHD
accuracy of our calculated dataAs mentioned earlier, unlike  bond such as carboxylic acids and alcol¥81&:5’"However, at
the EFG calculation, quantum mechanical calculation of NMR the O(5) site, the EFG and chemical shielding tensor orientations
properties yields just the absolute chemical shielding tensors have opposite trendsi;; andoss are approximately in the plane
where eq 5 can be used for comparing them with the of the H(33)--O(5) hydrogen bond plane, but, orientates
experimental values. However, the calculafé@ chemical along the norm of this plane. The smallest shielded component
shielding values were referred to TM&s, = 184.1 ppn* As makes a 54.70tlt angle with the O(5)--H(33) hydrogen bond,
the results in the Figure 2 indicate, there is a significant but the smallest component of the EFG tensor is tilted 39.60
correlation between the calculat& isotropic chemical shifts ~ from this hydrogen bond. For the O(6) atom, the relative
of target molecule and experimental values. Specifically, the orientation of EFG and chemical shielding tensors is slightly
slope of 0.990 and alR? value of 0.985 are approximately unity,  different. In this casegi1 is almost perpendicular to the O(6)
which is an ideal acceptable index. Because the correlation H(63) bond and thex component is away from this bond by
coefficient can be taken as an index to characterize the quality124.£. Also, according to the findings in Figure 3, the
of the calculated results, such a good agreement indicates thabrientation of the EFG tensor components at the nitrogen site
the H-bonding and other electrostatic effects encountered in theis obtained so that thg,, component makes a 7.98ngle with
anhydrous chitosan cluster are sufficiently described when thethe nitrogen nonbonding pair direction amg, lies in the
neighboring chains are represented only by monomer units. N—C(3) bond orientation. In addition, for the chemical shielding

40 50 60 70 80 90 100 110
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Figure 3. lllustration of orientations of the EFG and chemical shielding tensors of oxygen and nitrogen atoms for anhydrous chitosan calculated
with B3LYP/6-31++G(d,p) method.

tensor the unique component @s,, which orientates in the  shielding at the B3LYP/6-3Ht+G(d,p) level of theory for

nonbonding pair direction, angl; is directed in the H(21)-N oxygen and nitrogen atoms. All calculated orientations match

H(22) plane. related similar cases. Specifically, for th& EFG tensor, the
greatest principal component makes a 7.@#gle with its

5. Conclusion nonbonding electron pair direction, whereas for the chemical

On the basis of the results obtained in this investigation, it is shielding tensor, the central component lies in this direction.

concluded that both EFG and chemical shielding tensors of

oxygen, nitrogen, and hydrogen atoms in the HBs are appropri-

ate parameters to characterize the property of these interactions. (1) Aspinal, G. O.The PolysaccharidesAcademic Press: Orlando,

The B3LYP method with the 6-3¥1+G(d,p) and 6-3 +G(d,p) - (12%82.anauchi K.; Deuchi, K.; Imasta, Y.; Shizukuishi, M.; Kobayashi

standard bagls sets were emp_loyed to obtain these parameters giocci Biotech. Biochem.995 59 (5), 786. B '

through considering a hexameric cluster. However, the isotropic  (3) Maeda, Y.; Kimura, YNutr. Cancer2004 134 (4), 945.

chemical shielding value of tHeN nucleus was determined to (4) Vila, A.; Sanchez, A.; Janes, K.; Behrens, |.; Kissel, T.; Jato, J. L.

H i V.; Alonso, M. J.Euro. J. Pharm. Biopharm2004 57, 123.

be 220.79 ppm. This nu_c_leus_ b_elongs to the amine group of the (5) Bernkop.Schivehi, A Kast, C. EAdy. Drug Del. Re. 2001,

target molecule. In addition, it is noteworthy that although we g, 157

considered the central chain in the trimer and neighbor chains  (6) Kumar, M. N. V. R.React. Funct. Polyn200Q 46, 1.

in monomer units within the hexameric cluster, the effect of oK (7) Lev?gsigkﬁl,dA-F;{ Yglggzrrslg.g 3-2:5 Noguchi, K.; Ogawa, K,
_ ; _ ; ; uyama, K.Carbohydr. Res ) .

H-bonding and otlher IIong range mtiractlcl)nslgn thﬁ ca!cu:ated (8) YUi, T. Imada, K.- Okuyama, K.: Obata, Y. Suzuki, K.. Ogawa,

parameters are clearly observed. The calcu : t€dc emica K. Macromoleculesi994 27, 7601.

shifts for the target molecule agree well with experimental (9) Ogawa, K.; Yui, T.; Okuyama, Kint. J. Biol. Macromol.2004

values. However, the obtained slope d®fdvalue are close to 34,(%(-)) Siraleartmukul. K. Sir R . N

H H H H H H HR Iraleartmukul, K.; siriwong, K.; Remsungnen, |.; Muangsin, N.;

ideal unity, which is good evidence O.f the re“ablhty. of the Udomkichdecha, W.; Hannongbua, Ghem. Phys. Let2004 395, 233.

proposed molecular model and calculation methods. Finally, we ~ (11) sack, I.: Macholl, SAppl. Magn. Resonl999 17, 413.

calculated the relative orientations of EFG and chemical (12) Lee, D.-K.; Ramamoorthy, Al. Magn. Reson1998 113 204.
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