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Abstract

A computational investigation was carried out to characterize the 17O, 15N and 13C chemical shielding tensors in crystalline acetaminophen.
We found that N–H…O and O–H…O hydrogen bonds around the acetaminophen molecule in the crystal lattice have different influences on the
calculated 17O, 15N and 13C chemical shielding eigenvalues and their orientations in the molecular frame of axes. The calculations were performed
with the B3LYP method and 6–311++G(d, p) and 6–311+G(d) standard basis sets using the Gaussian 98 suite of programs. Calculated chemical
shielding tensors were used to evaluate the 17O, 15N, and 13C NMR chemical shift tensors in crystalline acetaminophen, which are in reasonable
agreement with available experimental data. The difference between the calculated NMR parameters of the monomer and molecular clusters
shows how much hydrogen-bonding interactions affect the chemical shielding tensors of each nucleus. The computed 17O chemical shielding
tensor on O(1), which is involved in two intermolecular hydrogen bonds, shows remarkable sensitivity toward the choice of the cluster model,
whereas the 17O chemical shielding tensor on O(2) involved in one N–H…O hydrogen bond, shows smaller improvement toward the hydrogen-
bonding interactions. Also, a reasonably good agreement between the experimentally obtained solid-state 15N and 13C NMR chemical shifts and
B3LYP/6–311++G(d, p) calculations is achievable only in molecular cluster model where a complete hydrogen-bonding network is considered.
Moreover, at the B3LYP/6–311++G(d, p) level of theory, the calculated 17O, 15N and 13C chemical shielding tensor orientations are able to
reproduce the experimental values to a reasonably good degree of accuracy.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Nuclear Magnetic Resonance, NMR, spectroscopy of 17O,
15N and 13C nuclei has become an indispensable technique for
studying biological structures both in the solid state and in
solution.Many ofNMRobservables are resulted from anisotropic
chemical shielding interaction between the nuclear spin and its
environment. The chemical shielding interaction has been found
to be a sensitive probe of structural features such as peptide
backbone conformation, secondary structure and hydrogen
bonding, H-bonding, interaction. This has resulted in numerous
⁎ Corresponding author.
E-mail address: hadipour@modares.ac.ir (N.L. Hadipour).

0301-4622/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.bpc.2007.03.002
studies focusing on the relationship between the 17O, 15N and
13C chemical shift tensors and these structural characteristics in
both experimental and theoretical fields specifically in the last
few decades [1–4].

It is good idea to investigate the nature of the intermolecular
H-bonding interactions in acetanilide and its derivatives,
especially acetaminophen, because of their key role in
biosystems as pain reliever and fever reducer drugs. Numerous
experimental techniques, including X-ray and neutron diffrac-
tion crystallography, infrared, Raman and NMR spectroscopies
were applied to study the nature of the hydrogen bonds in
acetanilide and its derivatives in the solid phase [5–8].
Recently, Nickols and Frampton pointed out in their studies
that hydrogen bonds have a significant role in the morphology
of acetaminophen, so the crystallization of three polymorphs of
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Fig. 1. Atomic numbering and hydrogen bonding network in crystalline acetaminophen. The target molecule (No. 1): (x, y, z); No. 2: (−0.5+x, 1.5−y, −0.5+ z);
No. 3: (0.5+x, 1.5−y, −0.5+z); No. 4: (−0.5+x, 1.5−y, 0.5+ z); No. 5 (0.5+x, 1.5−y, 0.5+ z).

Table 1
Calculated 17O NMR parameters of acetaminophen

Model Nucleus Basis set δ11 δ22 δ33 δiso Δσ

Monomer O(1) 6–311++G
(d, p)

134.68 93.52 39.48 89.23 74.62

6–311+G(d) 135.09 94.52 40.93 90.18 73.87
O(2) 6–311++G

(d, p)
713.01 502.49 −46.06 389.81 653.81

6–311+G(d) 709.08 499.89 −47.48 387.16 651.96
Dimer O(1) 6–311++G

(d, p)
123.36 91.12 53.21 89.23 54.03

6–311+G(d) 123.44 91.66 54.07 89.72 53.48
O(2) 6–311++G

(d, p)
703.81 499.69 −36.79 388.9 638.54

6–311+G(d) 699.62 497.69 −36.42 386.96 635.08
Pentamer O(1) 6–311++G

(d, p)
150.54 94.66 69.55 104.92 53.05

6–311+G(d) 149.61 94.47 67.89 103.99 54.16
O(2) 6–311++G

(d, p)
642.11 460.26 −28.23 358.05 579.42

6–311+G(d) 637.1 456.32 −26.12 355.76 572.83
exp. a O(2) 570 440 −20 330 525
a Experimental values of acetanilide from reference [11].
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acetaminophen are controlled by H-bonding interactions in the
solid phase [9]. According to the model calculations,
intermolecular hydrogen bonds in crystalline acetaminophen
contribute up to 30% of the total lattice energy in [10]. In the
crystalline structure, each acetaminophen molecule is linked to
four neighboring acetaminophen via O–H…O and N–H…O
hydrogen bonds; see Fig. 1.

It is well-known that quantum chemical calculations can
provide an independent source of the chemical shielding tensor
and their relative orientation in the molecular frame. Although the
experimental studies are essential in obtaining information about
the hydrogen bonds, however, the theoretical calculations can be
confidently used as a complementary tool to interpret experi-
mental NMR parameters. In a previous theoretical work,Wu et al.
investigated the 17ONMR tensors for secondary amide functional
group in the crystal structure of acetanilide, benzanilide and N-
methylbenzamide [11]. Their results indicated that 17O NMR
tensor of an amide group is sensitive to the H-bonding
environment. Strohmeier and co-workers [12] also proposed
that quantum chemical calculations can provide accurate 13C and
15N NMR chemical shifts in the hydrogen-bonded molecular
crystals when the lattice effects, e.g. H-bonding interactions, are
properly taken into consideration.Our previous theoretical studies
on nucleic acids and polysaccharides also indicated the influence
of H-bonding interactions on the 13C, 15N and 17O NMR
parameters [13–15]. Moreover, our recent theoretical work on the
17O, 14N and 2H nuclear quadrupole resonance, NQR, parameters
of crystalline acetaminophen indicated that quantum chemical
calculations can provide better understanding about the relation-
ship between the H-bonding strength and calculated NQR
parameters [16].

Present work calculates 17O, 15N and 13C chemical
shielding tensors of crystalline acetaminophen by density
functional theory, DFT, approach. Considering the presence of
hydrogen bonds in the calculations, the most probable
interacting molecules with the central molecule in the
crystalline structure of acetaminophen was considered in a
pentameric cluster; see Fig. 1 for details. To study systemat-
ically the influence of the H-bonding interactions on the
various nuclei, chemical shielding tensors were calculated for
three molecular models including: isolated gas phase (mono-
mer), dimer and pentamer molecular models. The calculated
chemical shielding tensors are exhibited in Tables 1–3.
Finally, the relative orientation of the principal components
of the 17O, 15N and 13C chemical shielding tensors are
obtained and the related angles and direction cosines are
tabulated in Table 4.



Table 3
Calculated 13C NMR parameters of acetaminophen

Model Basis set δ11 δ22 δ33 δiso Δσ

Monomer 6–311++G(d, p) 261.99 150.58 95.33 169.3 110.95
6–311+G(d) 261.75 150.73 95.4 169.29 110.84

Dimer 6–311++G(d, p) 263.65 152.98 94.73 170.45 113.58
6–311+G(d) 263.09 153.31 95.07 170.49 113.13

Pentamer 6–311++G(d, p) 253.52 165.88 92.1 170.5 117.60
6–311+G(d) 253.31 166.27 92.05 170.55 117.74

exp. a 246.1 173.1 88.1 169.1 121.5
a Experimental values of acetanilide from reference [7].
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2. Definition and methods

Chemical shielding Hamiltonian acting on a spin, I, is given
by [17]:

Ĥ ¼ −gh̄rB0 Î ð1Þ
where γ, B0 and Î are magnetogyric ratio, applied magnetic field
and nuclear spin operator, respectively. The term σ is a second-
rank tensor called NMR chemical shielding tensor whose
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 σ11,
σ22 and σ33 components where σ33Nσ22Nσ11. To describe a
chemical shielding tensor, chemical shielding isotropy, σiso, and
anisotropy, Δσ, are used in addition to the three principal
components. These two NMR parameters are related to the
principal components by following equations:

riso ¼ 1
3
ðr11 þ r22 þ r33Þ ð2Þ

Dr ¼ r33−
1
2
ðr11 þ r22Þ: ð3Þ

DFT calculations were performed using Gaussian 98 suite of
programs [18]. This is done for calculating the chemical
shielding tensors in their PAS for the oxygen, nitrogen and
carbonyl carbon nuclei. Among various modern functionals for
DFT calculation, Becke three parameter hybrid functional
combined with Lee–Yang–Parr correlation functional desig-
nated B3LYP, with 6–311++G(d, p) and 6–311+G(d) standard
basis sets were used [19,20]. As mentioned above, the crystal
structure of acetaminophen was taken from X-ray diffraction
study [8]. Since the hydrogen atom positions measured by X-
ray diffraction are generally not accurate, partial geometry
optimization was performed at the B3LYP/6–31++G(d, p) level
of theory.

Chemical shielding calculations were performed using the
gauge included atomic orbital, GIAO, method [21]. Since
quantum chemical calculations yield absolute chemical
shielding values, one must establish the absolute shielding
values for a particular nucleus to obtain a direct relation
between the calculated results and experimentally reported
Table 2
Calculated 15N NMR parameters of acetaminophen

Model Basis set δ11 δ22 δ33 δiso Δσ

Monomer 6–311++G(d, p) 245.038 127.28 52.3 141.54 133.86
6–311+G(d) 245.74 126.72 51.09 141.18 135.14

Dimer 6–311++G(d, p) 246.72 106.79 75.19 142.9 101.56
6–311+G(d) 247.37 106 73.92 142.43 102.77

Pentamer 6–311++G(d, p) 254.45 108.86 77.81 147.04 103.84
6–311+G(d) 255.04 108.04 76.76 146.62 104.78

exp. a 246.6 89.6 76.60 137.6 91.5
a Experimental values of acetanilide from reference [7].
data. To evaluate the chemical shift tensor components,δii,
from the calculated σii,cal. values, we used

dii ¼ rii;ref−rii;cal: ð4Þ
where σii,ref refers to the absolute chemical shielding of liquid
water, liquid ammonia and tetramethylsilane (TMS) with the
σiso,ref =307.9, 244.6 and 184.1 ppm, respectively [22–24].
2.1. Modeling the hydrogen bond network in crystalline
acetaminophen

As mentioned above, acetaminophen in its crystalline
structure makes extensive intermolecular hydrogen bonds
with its neighboring molecules, to provide one with the chance
to study the influence of these interactions on the chemical
shielding tensors of the oxygen, nitrogen and carbon nuclei.
However, to study systematically the H-bonding effects in
crystalline acetaminophen, we used three molecular models in
the quantum mechanical calculations. The first model involves
of only one isolated acetaminophen molecule. This simplest
model serves as a baseline for the chemical shielding
calculations, in which there is no H-bonding interaction.
Second model contains two acetaminophen molecules, mole-
cules No. 1 and No. 2, where the target molecule interacts with
the other via one N–H…O hydrogen bond; see Fig. 1. In this
case, two molecular planes are perpendicular to each other. The
main objective of taking this model into account is to investigate
the N–H…O hydrogen bond effect on the chemical shielding
tensors of the 17O (2), 15N and 13C nuclei. Pentamer model
involves all neighboring molecules that interact directly with
the target acetaminophen molecule. This is the smallest unit of
actual acetaminophen crystalline phase which consequently
represents a complete quantitative description of the H-bond
network around the target acetaminophen in crystalline lattice.
As will be shown in the following sections, this model is able to
produce quite satisfactory results for the chemical shielding
calculations.

It might also mention that the dependency of the theoretically
calculated chemical shielding and electric field gradient tensors on
the molecular cluster size was also reported elsewhere [25–31].
Ludwig and et al. [32] concluded on the basis of calculation of the
chemical shielding of N-methylacetamide that for the 1H and 15N
chemical shielding tensors, considering a tetramer cluster is able to
reproduce the strong cooperative properties compatible with the



Table 4
Orientation of calculated 17O, 15N and 13C chemical shift tensors of the target
acetaminophen molecule in pentamer cluster

Nucleus δii Angle of the principal axes
system/deg

Directional cosine of the
principal axes system

x y z x y z

O(1) δ11 32.72 77.06 119.48 0.84 0.22 −0.49
δ22 121.45 54.93 129.10 −0.52 0.57 −0.63
δ33 98.13 141.93 126.89 −0.14 −0.79 −0.60

O(2) δ11 127.95 93.18 38.13 −0.61 −0.06 0.79
δ22 40.46 107.67 55.01 0.76 −0.30 0.57
δ33 78.06 17.97 76.78 0.21 0.95 0.23

N δ11 160.95 106.99 98.40 −0.95 −0.29 −0.15
δ22 101.30 81.39 14.28 −0.20 0.15 0.97
δ33 105.15 19.16 101.47 −0.26 0.94 −0.20

C δ11 128.57 92.31 38.66 −0.62 −0.04 0.78
δ22 85.40 175.35 89.27 0.08 −1.00 0.01
δ33 38.94 85.95 51.36 0.78 0.07 0.62

Fig. 2. Calculated (B3LYP/6–311++G(d, p)) 17O chemical shift tensor
components at (a) O(1) and (b) O(2) site of the monomer, dimer and pentamer
models of crystalline acetaminophen. The dashed lines indicate the experimental
values.
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experimental values found in the liquid phase. On the other hand,
pervious study on the 17O, 14N and 2H nuclear quadrupole
coupling tensors in crystalline acetaminophen [16], demonstrates
that a pentamer cluster is adequate for predicting the principal
component and orientation of theoretical quadrupole coupling
tensors which are in good agreement with available experimental
data.

3. Results and discussion

In this study, chemical shielding tensors of the 17O, 15N and
13C of crystalline acetaminophen were calculated to investigate
the influences of the intermolecular H-bonding interactions. To
achieve the objective, the calculations were performed on
various molecular models including the monomer, dimer and
pentamer of acetaminophen molecules. The H-bonding dis-
tances between the target molecule and its neighboring
molecules in the solid phase are illustrated in Fig. 1. Chemical
shielding tensor calculations were carried out at the B3LYP
method using 6–311++G(d, p) and 6–311+G(d) basis sets.
Tables 1–3 exhibit the calculated principal components,
chemical shift isotropy and anisotropy of the 17O, 15N and
13C nuclei in the monomer and the target molecule in the dimer
and pentamer models of crystalline acetaminophen. A quick
look at the results, reveals that the calculated parameters with
the 6–311++G(d, p) and 6–311+G(d) basis sets are consistent
with each other.

Fig. 1, which is constructed using X-ray diffraction data,
shows that acetaminophen makes intermolecular hydrogen
bonds in the solid phase. Considering this fact, an isolated gas
phase (monomer), dimer and pentamer clusters were created. To
demonstrate the importance of H-bonding interactions, three
sets of calculations were performed. First we calculated the
chemical shielding tensors for isolated molecule and then we
did the same for target molecule in the dimer and pentamer
clusters, respectively. Finally we compared the calculations for
the monomer and target molecule. In the following sections, we
will discuss the B3LYP/6–311++G(d, p) results of the chemical
shielding calculations for the 17O, 15N and 13C nuclei and
orientation of their principal components in the molecular frame
axes, separately.

17O chemical shift tensors. In this section, we will focus on
the 17O chemical shift tensor calculations of crystalline
acetaminophen. Fig. 2 shows the effects of H-bonding
interactions on the 17O chemical shift tensors through the
change in the molecular models. At first glance, several general
trends are observed from the calculated results. First, for both
oxygen nuclei involved in the H-bonding interactions, the
chemical shift isotropy results exhibit significant dependency
on the cluster model used in the calculations. For example,
monomer model predicts δiso=89.23 ppm for O(1), whereas
pentamer model yields δiso=104.92 ppm. Second, for those
nuclei contributing to the strong hydrogen bonds, the 17O
anisotropy value decrease significantly from the monomer to
the pentamer; see Table 1. From the monomer to the target
molecule in the dimer model, it is obvious that the principal
components of chemical shift tensor of O(1) nucleus is
influenced by the intermolecular interactions. More specifically,
the principal component corresponding to the most shielding,
δ33, exhibits a remarkable sensitivity (ca. 14 ppm), whereas the
change in the intermediate shielded component, δ22, is quite
small (ca. 1 ppm). This trend is in agreement with our previous
theoretical study on anhydrous chitosan [15]. Since the changes
in the δ11 and δ33 are of the opposite sign, the isotropy
parameter of the chemical shift tensor exhibits no change on going



Fig. 3. Calculated (B3LYP/6–311++G(d, p)) 15N chemical shift tensor
components of the monomer, dimer and pentamer models of crystalline
acetaminophen. The dashed lines indicate the experimental values.

Fig. 4. Calculated (B3LYP/6–311++G(d, p)) 13C chemical shift tensor
components of the monomer, dimer and pentamer models of crystalline
acetaminophen. The dashed lines indicate the experimental values.
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from the monomer to the dimer model. Including the molecules
No. 3–5, reveals the chemical shift tensor of theO(1) is influenced
greatly by the H-bonding interactions,Δδiso=15.69 ppm. Besides
the difference in the H-bonding distances, rN–H(2–1)…O(1–2)=
1.87 Å vs. rO–H(1–1)…O(2–4)=1.73 Å, that contributes to the
different charge distribution around the O(1), this nucleus also
experiences different H-bonding nature, as a proton acceptor and
proton acceptor/donor, from the dimer to the pentamer model,
respectively. Interestingly, as compared with previous results on
chitosan, the 17ONMRparameters in the acetaminophen exhibit a
considerably greater sensitivity to the hydrogen bond, indicating
that O–H…O H-bonding interaction is much stronger in
acetaminophen than in chitosan. These features reveal the
importance of the O(1) nucleus in contributing to the O–H…O
and N–H…O hydrogen bond interactions in the crystalline
acetaminophen.

The calculated chemical shift tensor at the O(2) site also
shows significant dependency on the H-bonding interactions;
see Fig. 2. As Fig. 2 indicates, when the O–H(1–3)…O(2–1)
interaction is considered in the pentamer model, the discre-
pancies between the calculated δiso and Δσ values with the
monomer results are increased, Δδiso=30.85 and Δ(Δσ)=
59.12 ppm. In addition, from the monomer to the target
molecule in the pentamer cluster, H-bonding interactions
decrease the δ11 and δ22 components whereas δ33 exhibits
opposite tendency. As shown in Fig. 2, except for δ11
component of the 17O(2) chemical shift tensor, the calculated
results from the pentamer model are in good agreement with the
experimental data [11]. First, δ11 overestimation is a typical
difficulty in the 17O chemical shielding DFT calculations as
previously reported by Wu and co-workers [11,33]. Second,
their work on the crystalline urea and acetanilide also showed
that the cluster incompleteness and ignoring the long-range
O_C–N–H…O_CNH intermolecular interactions can pro-
duce significant errors in the 17O δ11 calculations. Third, the
obtained theoretical calculations in this case were compared
with the experimental 17O NMR parameters of acetanilide.
Since the interaction of the chemical shielding is fundamentally
a local phenomenon, therefore, it is expected that any change in
the nature of H-bonding interaction leads to a major error in the
NMR calculations. Comparing two compounds, from the
acetanilide to the acetaminophen, O…N changes to the O…O
type H-bonding. Furthermore, the change in the hydrogen bond
distance is also remarkable: from 2.96 Å in acetanilide [6] to
2.76 Å in acetaminophen [8].

15N chemical shift tensor. In this section, the influence of the
H-bonding interactions on the chemical shielding tensors at the
site of the 15N nucleus of the monomer as a baseline for the 15N
NMR tensors in acetaminophen and the target molecule in the
dimer and pentamer models is discussed, see Table 2 and Fig. 3.
The calculated NMR chemical shielding tensor was referred to
the absolute nitrogen chemical shielding of ammonia at 20 °C;
244.6 ppm [23].

As shown in Fig. 1, the amide group of acetaminophen
molecule in the dimer and pentamer models is involved as a
proton donor group in a N–H…O hydrogen bond. Due to this
participation in the H-bonding interaction, 15N chemical shift
tensor for the target molecule in the dimer and pentamer models
deviates significantly from the monomer values. Although the
δ11 and δ33 components increase from the monomer to the
cluster, δ22 exhibits an opposite trend. More specifically, from
the monomer to the target acetaminophen in the pentamer
cluster, H-bonding interactions cause a 5.50 ppm increase in the
15N δiso of the target molecule. It is also remarkable to see that
the 15N Δσ value changes approximately 20 ppm depending on
whether the acetaminophen molecule is in the monomer or in
the pentamer cluster lattice. However, the comparison of the
calculated NMR parameters with the experimental 15N
chemical shift tensor [7] also supports this assignment, see
Table 2 and Fig. 3. This illustrates that the amide site of the
target molecule in the pentamer model approximately feels the
same chemical environment as in the actual acetanilide solid
phase. In addition, the experimental study has been done at
298 K where our calculation has been performed on the
acetaminophen crystalline structure determined in 293 K.
Therefore, a portion of variation between the calculated and
the experimental data can be attributed to this temperature
difference.

13C chemical shift tensor. As discussed above, the including
of the H-bonding interactions in the calculations affect
remarkably the chemical shift components of both 17O and
15N nuclei. In this part, we will discuss about the H-bonding



Fig. 5. Calculated relative orientations of the 17O, 15N and 13C chemical shift
tensors in acetaminophen. The values within the parentheses indicate the
experimental values. (The component not represented is perpendicular to the
molecular plane).
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effects on the calculated 13C chemical shift tensors. Table 3
shows the effects of the H-bonding interactions on the
calculated 13C chemical shift tensors. Consistent with the
previous studies, H-bonding interactions decrease the 13C
isotropy values [34–37]. As Fig. 1 illustrates, the target
molecule in the pentamer cluster makes one intermolecular H-
bonding interaction via O_C–N functional group with the
molecule No. 3. As seen from Table 3 and Fig. 4, results
obtained from the both computational levels reveal that due to
the H-bonding interactions, the δiso of the

13C is decreased by
1.20 ppm from the monomer to the target molecule in the
pentamer model. As another interesting trend observed in
Table 3 and Fig. 4, both δ11 and δ22 components show a
remarkable dependency to the H-bonding network. Including
the H-bonding interactions makes approximately a 7 and
15 ppm reduction in δ11 and δ22, respectively, from the
monomer to the target molecule in the pentamer model. This
trend also is reflected in the anisotropy parameter. For example,
Δσ value increases approximately 7 ppm depending upon
whether the acetaminophen molecule is in the monomer or in
the pentamer cluster.

The availability of 13C solid state NMR experimental data
[7] on acetanilide allows for additional examination of the
accuracy of our calculated data. As the results of Fig. 4
illustrate, our calculated 13C principal components values meet
reasonably the experimental values. In addition, the calculated
δ11, δ22 and δ33 components deviate only 3.0, 2.4 and 0.8%
from the experimental values, respectively. Clearly, remaining
small disagreement between the calculated and experimental
data may be largely attributed to the neglecting other
intermolecular interactions produced by the neighboring
acetaminophen molecules not directly involved in the H-
bonding network. Similar lattice interactions resulted from the
neighbor molecules has been previously observed for the 13C
chemical shielding calculations on α-glycine [34].

3.1. Orientation of chemical shielding principal components in
the molecular frame axes

High level quantum chemical calculations have proven to be
an excellent approach for obtaining chemical shift tensor
orientations in the molecular frame axes. Previously, Wu et al.
have indicated that quantum chemical calculation at the B3LYP/
6–311++G(d, p) level can produce reliable results for the
chemical shielding tensor orientations, although the magnitude
of the individual principal components computed by this level is
less accurate [38]. Therefore, at this point, it is of much interest
to characterize the relative orientation of the 17O, 15N and 13C
chemical shift tensors in the molecular frame of axes. To fulfill
this aim, the calculated chemical shielding tensors of the
oxygen, nitrogen and carbon atoms have been analyzed
systematically to obtain their relative orientations, see Fig. 5.
Furthermore, the angles and direction cosines of the PAS of the
17O, 15N and 13C chemical shift components for the target
acetaminophen molecule in the pentamer cluster were calculat-
ed at the B3LYP/6–311++G(d, p) level and tabulated in Table 4.

As Fig. 5 shows, it is remarkable to see that the orientation of
the principal components of chemical shift tensor at the oxygen
sites is different. It is well-known that for 17O nucleus involved in
a carbonyl group, the most contribution to the paramagnetic
shielding is expected to be from the n→π⁎ mixing [39,40]. This
is expected, since the contribution of two other mixing, σ→π⁎
and π→σ⁎, in carbonyl compounds is negligible. However, this
suggests that the direction along the C_O bond should give rise
to the least shielded environment at the oxygen nucleus. As Fig. 5
represents, the least shielded component, δ11, of the O(2) atom
tilts 22.29° from the C–N bond direction. However, this
calculated value is in reasonably good agreement with the
experimental value;∠δ11−C−N=20°. On the other hand, the δ22
component lies in the molecular plane and is approximately
perpendicular to the C_O bond. This general observation was
found to be essentially the same with respect to the other carbonyl
compounds such as amides [26,29,33], peptides [41], ketones
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[42] and carboxylic acids [30,43]. In comparison to the O(2), the
obtained relative orientation of chemical shift components
illustrates that from the difference in the chemical environments,
δ11 of the O(1) nucleus orientates along the O–H bond direction
and makes a small angle with this bond; see Fig. 5.

It is indicated from Fig. 5 that at the nitrogen site, the unique
component of the chemical shift tensor is δ22 that orientates
normal to the amide plane whereas the δ33 component makes a
23.47° angle with the N–C bond direction. Since δ11 and δ33 are
both in-plane components, the paramagnetic shielding contribu-
tion to each of these must be governed by out-of-plane excitation,
i.e. σ→π⁎ and π→σ⁎. Interestingly, for the 13C also the
situation is fundamentally same as the experimentally available
data [7]. As depicted in Fig. 5, δ33 tends to lie perpendicular to the
molecular planewhere the least shielded component is tilted 33.9°
from C–N direction which differs only 3.9° from the experimen-
tally obtained orientation for acetanilide.

3.2. Concluding remarks

We have presented a theoretical investigation of the 17O, 15N
and 13C chemical shielding tensors for crystalline acetamino-
phen. On the basis of the results obtained in this investigation, it
is concluded that the chemical shielding tensors of the oxygen,
nitrogen and carbon nuclei in the H-bonding interactions are
appropriate parameters to characterize the property of these
interactions. Our obtained results indicated that the calculated
17O, 15N and 13C NMR parameters change via H-bonding
interactions within the molecular clusters. Considering the
available experimental and theoretical errors in determination of
the NMR parameters, the calculated principal components, δii,
δiso and Δσ values of the 17O, 15N and 13C nuclei meet
reasonably the available experimental values. There is also a
remarkable reduction in the δiso value of the O(2) whereas O(1)
shows apposite trend from the monomer to the target molecule
in the pentamer model. It is noteworthy to mention that
considering the results obtained for the nitrogen and carbon
nuclei reveal the important role of O_CNH group in
contributing to the H-bonding interactions in the crystalline
acetaminophen. Moreover, the quantum mechanical calculation
demonstrate that intermolecular H-bonding interactions play an
essential role in determining the relative orientation of the
principal components of the 17O, 15N and 13C chemical shift
tensors. All calculated orientations are in reasonable agreement
with the reported experimental data. Specifically, for the 17O(2)
nucleus, the intermediate principal component, δ22 lies
approximately along the C_O bond and tilts 22.9° from this
bond direction.

References

[1] M.J. Duer, Solid State NMR Spectroscopy, Blackwell Science Ltd,
London, 2002.

[2] K. Wüthrich, The second decade— into the third millennium, Nat. Struct.
Biol. 5 (1998) 492–495.

[3] G. Wider, Structure determination of biological macromolecules in
solution using Nuclear Magnetic Resonance spectroscopy, Biotechnology
29 (2000) 1278.
[4] K.W. Waddell, E.Y. Chekmenev, R.J. Wittebort, Single-crystal studies
of peptide prolyl and glycyl N-15 shielding tensors, J. Am. Chem. Soc.
127 (2005) 9030–9035.

[5] I.G. Binev, P. Vassileva-Boyadjieva, Y.I. Binev, Experimental and ab initio
MO studies on the IR spectra and structure of 4-hydroxyacetanilide
(paracetamol), its oxyanion and dianion, J. Mol. Struct. 447 (1998)
235–246.

[6] S.W. Johnson, J. Eckert, M. Barhes, R.K. Mcmullan, M. Muller, Crystal-
structure of acetanilide at 15 and 295 K by neutron-diffraction — lack of
evidence for proton transfer along the N–H…O hydrogen, J. Phys. Chem.
99 (1995) 16253–16260.

[7] M.D. Lumsden, R.E. Wasylishen, K. Eichele, M. Schindler, G.H. Penner,
W.P. Power, R.D. Curtist, Carbonyl carbone and nitrogen chemical-shift
tensor of the amide fragment of acetanilide and N-methylacetanilide,
J. Am. Chem. Soc. 116 (1994) 1403–1413.

[8] E.V. Boldyreva, T.P. Shakhtshneider, M.A. Vasilchenko, H. Ahsbahs, H.
Uchtmann, Anisotropic crystal structure distortion of the monoclinic
polymorph of acetaminophen at high hydrostatic pressures, Acta Crystal-
logr., B 56 (2000) 299–309.

[9] G. Nichols, C.S. Frampton, Physicochemical characterization of the
orthorhombic polymorph of paracetamol crystallized from solution,
J. Pharm. Sci. 87 (1998) 684–693.

[10] B.A. Hendriksen, D.J.W. Grant, P. Meenan, D.A. Green, Crystallisation of
paracetamol (acetaminophen) in the presence of structurally related
substances, J. Cryst. Growth 183 (1998) 629–640.

[11] K. Yamada, S. Dong, G. Wu, Solid-state 17O NMR investigation of the
carbonyl oxygen electric-field-gradient tensor and chemical shielding
tensor in amides, J. Am. Chem. Soc. 122 (2000) 11602–11609.

[12] M. Strohmeier, D. Stueber, D.M. Grant, Accurate 13C and 15N chemical
shift and N-14 quadrupolar coupling constant calculations in amino acid
crystals: Zwitterionic, hydrogen-bonded systems, J. Phys. Chem., A 107
(2003) 7629–7642.

[13] M. Mirzaei, N.L. Hadipour, An investigation of hydrogen-bonding effects
on the nitrogen and hydrogen electric field gradient and chemical shielding
tensors in the 9-methyladenine real crystalline structure: a density
functional theory study, J. Phys. Chem., A 110 (2006) 4833.

[14] T. Partovi, M. Mirzaei, N.L. Hadipour, The C–(HO)–O–…hydrogen
bonding effects on the 17O electric field gradient and chemical shielding
tensors in crystalline 1-methyluracil: a DFT study, Z. Nat.Forsch.,
A J. Phys. Sci. 61 (2006) 383–388.

[15] M.D. Esrafili, F. Elmi, N.L. Hadipour, Density functional theory
investigation of hydrogen bonding effects on the oxygen, nitrogen and
hydrogen electric field gradient and chemical shielding tensors of
anhydrous chitosan crystalline structure, J. Phys. Chem., A 111 (2007) 963.

[16] H. Behzadi, M.D. Esrafili, N.L. Hadipour, ATheoretical Study of 17O, 14N
and 2H Nuclear Quadrupole Coupling Tensors in the Real Crystalline
Structure of Acetaminophen Chemical Physics, Article (in press).

[17] M. Mehring, Principles of High Resolution NMR in Solids, Springer,
Berlin, 1983.

[18] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb, J.R.
Cheeseman, V.G. Zakrzewski, J.A. Montgomery Jr., R.E. Stratmann, J.C
Burant, S. Dapprich, J.M. Millam, A.D. Daniels, K.N. Kudin, O. Farkas, J.
Tomasi, V. Barone,M. Cossi, R. Cammi, C. Pomelli, C. Adamo, S. Clifford,
J. Ochterski, G.A. Petersson, Q. Cui, K. Morokuma, D.K. Malick, A.D.
Rabuck, J.B. Foresman, J Cioslowski, J.V. Ortiz, A.G. Baboul, B.B.
Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. Gomperts, D.J.
Fox, T. Keith, M.A. Al-Laham, C.Y. Peng, A. Nanayakkara, M.
Challacombe, P.M.W. Gill, B. Johnson, W. Chen, M.W. Wong, J.L.
Andres, C. Gonzalez, M. Head-Gordon, E.S. Replogle, J.A. Pople,
Gaussian 98, Gaussian Inc, Pittsburgh, PA, 1998.

[19] R.G. Parr, W. Yang, Density—Functional Theory of Atoms and
Molecules, Oxford Univ. Press, Oxford, 1989.

[20] A.D. McLean, G.S. Chandler, Contracted Gaussian basis sets for
molecular calculations. I. Second row atoms, Z=11–18, J. Chem. Phys.
72 (1980) 5639–5648.

[21] K. Wolinski, J.F. Hilton, P. Pulay, Efficient implementation of the gauge-
independent atomic orbital method for NMR chemical shift calculations,
J. Am. Chem. Soc. 112 (1990) 8251–8260.



45M.D. Esrafili et al. / Biophysical Chemistry 128 (2007) 38–45
[22] R.E. Wasylishen, S. Mooibroek, J.B. Macdonald, A more reliable oxygen-
17 absolute chemical shielding scale, J. Chem. Phys. 81 (1984)
1057–1059.

[23] C.J. Jameson, A.K. Jameson, D. Oppusunggu, S. Wille, P.M. Burrell, J.J.
Mason, 15N nuclear magnetic shielding scale from gas phase studies,
J. Chem. Phys. 74 (1981) 81–88.

[24] A.K. Jameson, C. Jameson, Gas-phase 13C chemical shifts in the zero-
pressure limit: refinements to the absolute shielding scale for 13C, Chem.
Phys. Lett. 134 (1987) 461–466.

[25] B.F. King, T.C. Farrer, F. Weinhold, Quadrupole coupling constants in
linear (HCN)n clusters: theoretical and experimental evidence for
cooperativity effects in C–H…N hydrogen bonding, J. Chem. Phys. 103
(1995) 348.

[26] G. Wu, K. Yamada, S. Dong, H. Grondy, Intermolecular hydrogen-
bonding effects on the amide oxygen electric-field-gradient and chemical
shielding tensors of benzamide, J. Am. Chem. Soc. 122 (2000)
4215–4216.

[27] R. Ludwig, F. Weinhold, T.C. Farrar, Theoretical study of hydrogen
bonding in liquid and gaseous N-methylformamide, J. Chem. Phys. 107
(1997) 499.

[28] R. Ludwig, F. Weinhold, T.C. Farrara, Experimental and theoretical studies
of hydrogen bonding in neat, liquid formamide, J. Chem. Phys. 102 (1995)
5118.

[29] R. Ida, M. De Clerk, G. Wu, Influence of N–H…O and C–H…O hydrogen
bonds on the 17O NMR tensors in crystalline uracil: computational study,
J. Phys. Chem., A 110 (2006) 1065–1071.

[30] Q. Zhang, W.Y. Chekmenev, R.J. Wittebort, 17O quadrupole coupling and
chemical shielding tensors in an H-bonded carboxyl group: alpha-oxalic
acid, J. Am. Chem. Soc. 125 (2003) 9140–9146.

[31] S.K. Amini, N.L. Hadipour, F. Elmi, A study of hydrogen bond of
imidazole and its 4-nitro derivative by ab initio and DFT calculated NQR
parameters, Chem. Phys. Lett. 391 (2004) 95–100.

[32] R. Ludwig, F. Weinhold, T.C. Farrar, Structure of liquid N-methylaceta-
mide: temperature dependence of NMR chemical shifts and quadrupole
coupling constants, J. Phys. Chem., A 101 (1997) 8861–8870.
[33] S. Dong, R. Ida, G. Wu, A combined experimental and theoretical 17O
NMR study of crystalline urea: an example of large hydrogen-bonding
effects, J. Phys. Chem., A 104 (2000) 11194–11202.

[34] V.J. Malkin, O.L. Malkina, D.S. Salahub, Influence of intermolecular
interactions on the 13C NMR shielding tensor in solid α-Glycine, J. Am.
Chem. Soc. 117 (1995) 3294–3295.

[35] J. Birn, A. Poon, Y. Mao, A. Ramamoorthy, Ab initio study of 13Cα

chemical shift anisotropy in peptides, J. Am. Chem. Soc. 126 (2004)
8529–8534.

[36] M. Tafazzoli, S.K. Amini, A survey of hydrogen bonding in imidazole and
its 4-nitro derivative by ab initio and DFT calculations of chemical
shielding, Chem. Phys. Lett. 431 (2006) 421–427.

[37] A.E. Walling, R.E. Pargas, A.C. de Dios, Chemical shift tensors in
peptides: a quantum mechanical study, J. Phys. Chem., A 101 (1997)
7299–7303.

[38] G. Wu, S. Dong, R. Ida, N. Reen, A solid-state 17O nuclear magnetic
resonance study of nucleic acid bases, J. Am. Chem. Soc. 124 (2002)
1768–1777.

[39] G.Wu, S. Dong, Solid-state 17O NMR of thymine: a potential new probe to
nucleic acid base pairing, Chem. Commun. (2001) 891–892.

[40] C.J. Jameson, H.S. Gutowsky, Calculation of chemical shifts I. General
formulation and the Z dependence, J. Chem. Phys. 40 (1964) 1714–1724.

[41] K.W. Waddell, E.Y. Chekmenev, R.J. Wittebort, Peptide 17O chemical
shielding and electric field gradient tensors, J. Phys. Chem., B 110 (2006)
22935–22941.

[42] W. Scheubel, H. Zimmerman, U. Haeberlen, 17O quadrupole coupling and
nuclear magnetic shielding tensors in benzophenone, J. Magn. Reson. 63
(1985) 544–555.

[43] J.R. Yates, C.J. Pickard, M.C. Payne, Theoretical investigation of oxygen-
17 NMR shielding and electric field gradient in Glutamic acid polymorphs,
J. Phys. Chem., A 108 (2004) 6032.


	Influence of N–H…O and O–H…O hydrogen bonds on the 17O, 15N and 13C chemical shielding tensors .....
	Introduction
	Definition and methods
	Modeling the hydrogen bond network in crystalline acetaminophen

	Results and discussion
	Orientation of chemical shielding principal components in the molecular frame axes
	Concluding remarks

	References


