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ABSTRACT: In this work, noncovalent interactions including hydrogen bonds, C---C, N---O, and
van der Waals forces between paracetamol and formaldehyde were investigated using the second-
order perturbation theory MP2 in conjunction with the correlation consistent basis sets (aug-cc-
pVDZ and aug-cc-pVTZ). Two molecular conformations of paracetamol were considered. Seven
equilibrium geometries of dimers were found from the result of the interactions with formaldehyde
for each conformation of paracetamol. Interaction energies of complexes with both ZPE and BSSE
corrections range from —7.0 to —21.7 kJ mol™". Topological parameters (such as electron density, its Laplacian, and local electron
energy density at the bond critical points) of the bonds from atoms in molecules theory were analyzed in detail. The natural bond
orbital analysis showed that the stability of complexes was controlled by noncovalent interactions including O—H:--O, N—H---O, C—
H--O, C—H:N, C—H:--H-C, C--C, and N---O. The red- and blue-shifted hydrogen bonds could both be observed in these
complexes. The properties of these interactions were also further examined in water using a polarized continuum model. In water,
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the stability of the complex was slightly reduced as compared to that in the gas phase.

1. INTRODUCTION

Noncovalent interactions such as hydrogen bonds, 7—x
stacking, positive charge dipole, etc. play a very crucial role
in maintaining the three-dimensional structures of large
organic molecules such as proteins and nucleic acids. These
interactions also enable one large molecule to bind specifically
but transiently to another, making them the basis of many
dynamic biological systems.'~ In addition, the ability to form
hydrogen bonds is one of the essential factors in the
bioisosterism process for drug design and optimization.*
Paracetamol (acetaminophen or N-(4-hydroxy phenyl) acet-
amide, with the chemical formula CgH,NO,) is an effective
antipyretic and analgesic drug. It is considered as the most
prominent analgesic among the acetanilide derivatives. Nowa-
days, paracetamol has been widely used to replace aspirin due
to its excellent pharmacological effects.”™”

During the last few decades, the interaction of paracetamol
(PAM) with various compounds has attracted the attention of
many researchers worldwide. Using the monomer and dimer
models of paracetamol with oxalic acid, the generated cocrystal
from this mixture was studied by Srivastava et al. by FT-IR and
Raman spectroscopies and quantum chemical computations.
Accordingly, the structural and spectral calculations indicated
that the OH and NH groups of paracetamol formed weaker
hydrogen bonds in the cocrystal than those in the pure
paracetamol.'® Misra et al. utilized FT-IR spectroscopy and
differential scanning calorimetry to explore the interaction of
paracetamol with capric acid and oleic acid. This study
evaluated the hydrogen bonding ability between the amino
group of paracetamols and the carbonyl group of fatty acids.
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The polymorphic transition of paracetamol was detected in
samples of paracetamol-capric acid but not identified in a
mixture of paracetamol with oleic acid."' Recently, Zhai et al.
have investigated the cooperativity effects of drug—drug
intramolecular interactions for the m---7 and H---OH bonds
of the phenobarbital---paracetamol---H,O complex by using
density functional theory, MP2 perturbation theory, and
statistical thermodynamics. They found that the anti-
cooperativity effects of drug—drug intermolecular interactions
involving the hydration, z---7 stacking, and H-bonding play an
important role in forming the pharmaceutical incompatibility
between phenobarbital and paracetamol.'” In addition, there
has been growing interest in hydrogen bonding between
paracetamol and other compounds such as water,"”'* ethanol,
acetone, '’ hypromellose,16 4,4’—bipyridine,17 or between
paracetamol molecules.'®"’

The solubility of PAM in CO,-expanded organic solvents
can be explained explicitly through calculations using quantum
chemistry. From the local energy-minimum structures of
complexes formed by PAM with ethanol or acetone in the 1:1
or 1:3 model and their interaction energies, the interaction of
PAM with ethanol was concluded to be slightly stronger as
compared to acetone. This finding successfully contributed to
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explaining the solubility variation of PAM with CO,
concentration in acetone and ethanol solvents.'>*%*'

For multicomponent systems possessing hydrogen bonds
such as pharmaceutical cocrystals, vibrational spectroscopy is
one of the most useful studying tools.'”'”** Recently,
molecular structures and hydrogen bond interactions of
paracetamol-4,4’-bipyridine cocrystals have been studied by
using the vibrational spectroscopic and quantum chemical
approach. Srivastava et al. optimized the geometrical structures
of complex models constructed from PAM and different
organic molecules in many proportions by quantum chemistry
calculations. Theoretical analysis of infrared spectra from these
optimized geometries successfully assigned vibrational peaks in
the infrared data experimentally obtained from cocrystals.'”"”

In the formulation of pharmaceutical dosage forms, the role
of excipients must be comprehensively understood to ensure
optimal drug production. Despite being usually thought to be
biologically inactive or inert, some excipients may contribute
synergistically or antagonistically to pharmaceutically active
substance.

Formaldehyde (FMD) is one of the commonly existing
impurities in excipients used in pharmaceutical dosage forms
such as microcrystalline cellulose, starch, polyethylene glycol,
polysorbates, hydroxypropyl cellulose, lactose, and crospovi-
done. At a trace level of 8 ppm, this compound could generate
a 1% hydroxymethyl degradant with the drug substance BMS-
203452 in the clinical parenteral formulation (10 mg/mL)
upon storage at 5 and 25 °C.”* This formaldehyde adduct was
also found in Avapro film-coated tablets (irbesartan 18.75 and
37.5 mg) during the long-term stability studies, due to the use
of propylene glycol in the tablet coating material—Opadry II
white.”* The interaction of the FMD-active principal
ingredient was reported for fenfluramine (an anorexic agent
that bears a secondary N-ethylamine) as evidenced by the
conversion into an N-methyl derivative.”> FMD could be
formed as the degradation of the drug occurs, altering the
bioavailability of pharmaceutical dosage forms, e.g., it was
hypothesized by Desai et al. that the hydrolysis of hydro-
chlorothiazide in the liberation of moisture from excipients
produced a small quantity of FMD that reacted with corn
starch (to decrease its functionality as a disintegrant) and
cross-linked gelatin capsule shells (to form insoluble
compounds), leading to poor dissolution and incomplete
drug release.”

As discussed above, there is a possibility that the interaction
between paracetamol and formaldehyde may occur changing
the bioavailability properties of paracetamol dosage forms. To
the best of our knowledge, little information on such an
interaction has been established yet. Therefore, this study aims
at investigating the nature of the formed complexes by the
interactions of paracetamol with formaldehyde as well as
elucidating the electronic properties of these complexes. It is
well known that water is a strong polar solvent, common in
nature. To approach a situation closer to reality, we therefore
investigate the influence of water on the interaction of PAM
and FMD using the integral equation formalism polarizable
continuum model (IEFPCM). Our research results are
expected to better understand the molecular properties of
paracetamol pharmaceutical formulations (possibly containing
a trace level of formaldehyde) and to assess the impact of
hydrogen bonds on the stability of paracetamol—formaldehyde
complexes. These parameters would serve as scientific

guidance for formulation scientists to predict and select
optimal paracetamol dosage forms for better treatment.

2. COMPUTATIONAL METHODS

First, the geometrical structures of formaldehyde, paracetamol
monomers, and their dimer complexes were quickly searched
by density functional theory with functional B3LYP and the
basis set 6-31+G(d). These minima could also be further
confirmed using the second-order Moller—Plesset perturbation
theory with the calculation level MP2/6-31+G(d). After this,
the obtained minima would be further geometrically optimized
at the level of MP2 with Dunning’s augmented correlation
consistent polarized valence double zeta basis set (aug-cc-
pVDZ). Many recent studies have shown that MP2 is a good
method for studying the properties of compounds containing
hydrogen bonds.””~*° Frequency calculations confirmed that
the complexes obtained correspond to true minima. Vibra-
tional frequency, zero-point energy (ZPE), and natural bond
orbital (NBO) analysis were calculated at the same level. The
hyperconjugative interaction energy E(2) can be calculated
from the second-order perturbation theory analysis of the Fock
matrix on the NBO basis. For each donor (i) and acceptor (j),
the energy E(2) associated with the delocalization i — j was
determined as follows:

2
Eij
& & (1)

where g; is the donor orbital occupancy, ¢; and ¢; are diagonal
elements, and F(ij) is the off-diagonal NBO Fock matrix
element.

For an AB dimer, the interaction energy (AE) was defined
by the difference between the total energies of the dimer

complex and A, B isolated monomers as given in this equation:

AE=E, .5 — E, — Eg ()

EQ2) = AE; = q

i

where E,. 5, E,, and Ey mean the total energy of the complex
and A, B isolated monomers, respectively. The ZPE corrections
are calculated in the present work based on eq 3:

AEzpg) = Ey..5zpr) — Eazer) — Epzer) (3)

where E,.pizpp)y, Eazer)y and Epzpp) are the zero-point
energies of the complex and A, B monomers, respectively.

The interaction energy was corrected by only ZPE (AE) and
by both ZPE and basis set superposition error (BSSE) (AE*).
The BSSE was corrected by Boys and Bernardi’s counterpoise
procedure”" as follows:

A-B A-B
AEpssp) = Ex..p — By — Ep (4)

where E/ is the calculated energy of the monomer A or B
with its geometry in the complex A---B but using the basis
functions of the full dimer. The more negative the values of AE
and AE* are, the more stable the complex is. Furthermore, to
more accurately evaluate the energies of the structures, the
calculation level with MP2 and aug-cc-pVTZ basis set was used
to determine the total energy based on the as-optimized
structures. All calculations were performed using the Gaussian
09 suite of programs.”” Electron density p(r) and Laplacian of
electron density V*p(r) at bond critical points (BCPs) and
ring critical points (RCPs) at MP2/aug-cc-pVDZ geometries
were identified using the quantum theory of atoms in the
molecule and carried out by the Multiwfn program.” The
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interaction energy of each hydrogen bond (Ey) was calculated
according to the empirical formula of Espinosa—Molins—
Lecomte, Eyp = 0.5V(r), where V(r) is the localized electron
potential density at the BCP.** In this study, the IEFPCM
model was used to evaluate the influence of solvent on the
interaction characteristics of PAM and FMD. Accordingly, the
solvent is simulated by a continuous dielectric with the
dielectric constant ¢, surrounding a cavity whose shape and
size are adjusted on the basis of the real geometry of the solute
molecule. The solvent creates an electric field that interacts
with the solute. The IEFPCM model usually gives good results
and has been widely used.”> ™"

3. RESULTS AND DISCUSSION

3.1. Gas Phase. 3.1.1. Structures and Energies. Para-
cetamol can exist in many different conformations due to the
free rotation of the sigma bond axes. Two molecular
conformations of paracetamol, labeled PAM1 and PAM2,
were considered in this work. By X-ray diffraction of crystalline
paracetamol, it was verified that the PAM2 conformation with
the H atoms of the —NH and —OH groups pointing to the
same side was the most stable geometry.””~** When rotating
the C—OH bond axis so that the H atoms of the —NH and
—OH groups are in the opposite directions, the PAMI
conformation is formed. The geometries of PAM1 and PAM2
are presented in Figure 1.

vhits it

PAM1 PAM2

Figure 1. Two conformations of paracetamol (PAM).

The values of bond lengths and angles of the conformations
of PAM at MP2/aug-cc-pVDZ and the measured results from
the X-ray experiment are listed in Table 1. As can be seen from
Table 1, the results of PAM2 at the MP2/aug-cc-pVDZ level
are in reasonable agreement with the experimental values for
X-ray diffraction. The mean deviation between our calculation
data and experimental results is 0.0726 A for the bond lengths
and 0.4° for the bond angles. The O—H and N—H bond
lengths of PAM2 in our calculated results are 0.9679 and
1.0135 A, respectively. In comparison with other experimental
studies, these values are slightly larger than those obtained by
Haisa et al. (0.893 and 0.903 A*) but very consistent with
those reported by Srivastava et al. (0.9900 and 1.0150 A'°).
The geometric parameters of PAM1 and PAM2 are similar,
except for two bond angles, O11-C1—C2 and O11-C1-Cé.
The magnitudes of these bond angles are 117.1°, 123.2° for
PAMI and 123.0° 117.3° for PAM2. The atoms in molecules
(AIM) analysis shows that PAM1 and PAM?2 both have C5—
H9---O19 hydrogen bonds with their electron density p(r) and
Laplacian (V?p(r)) being equal to 0.019 and 0.06 au,
respectively. As presented above, in the crystal, paracetamol
exists in PAM2; but in terms of energy, at the MP2/aug-cc-
pVTZ level, PAMI1 has lower energy than PAM2 by ca. 1.2 kJ
mol™" after ZPE correction. This value is very small and
insignificant. The forming complexes of FMD with PAM were
thus studied with both PAM1 and PAM?2 conformations.

Seven dimer structures for each conformation of PAM
resulted after the consideration of numerous different
possibilities of optimization starting points when FMD
comes in contact with PAM conformations. Optimized
geometrical parameters of the dimers at the MP2/aug-cc-
pVDZ are displayed in Figure 2. Each dimer (PAM1, FMD) or
(PAM2, FMD) are symbolized hereafter by Ai or Bi (i =1 +
7), respectively. When the O21 atom of FMD interacts with
the H atoms in the same orientation in the O—H and C—H
bonds of PAM1 and PAM2, the resulting complexes are

Table 1. MP2/aug-cc-pVDZ Geometries of the Optimized Structures of PAM Conformations in the Gas Phase

MP2/aug-cc-pVDZ

bond length (A) PAM) PAM2 X-ray**
C14-019 1.2352 1.2348 1.232
Cl14—-C15 1.5202 1.5204 1.509
C14—N20 1.3801 1.380 1.340
N20—-C4 1.4164 1.4166 1.425
C4-Cs 14112 1.4131 1.391
C4-C3 1.4136 14118 1.389
C3-C2 1.4012 1.4038 1.379
C2-C1 1.4062 1.4069 1.393
C1-011 1.3819 1.3821 1.377
C1-Cé6 1.4051 1.4045 1.385
C6-Cs 1.4076 1.4052 1.393
C5—H9 1.0887 1.0887 0.93
C6—H10 1.0957 1.0931 0.98
Ol11-HI2 0.9681 0.9679 0.89
C2—-H7 1.0929 1.0954 0.95
C3—H8 1.0958 1.0958 0.96
N20—-H13 1.0136 1.0135 0.90
C15—-H17 1.0990 1.0993 0.93
C15—-H16 1.1000 1.1000 0.88
C15-H18 1.1007 1.1000 1.07
019---H9 2.1988 2.2015 2.38

11727

MP2/aug-cc-pVDZ

bond angle (deg) PAM1 PAM2 X-ray*
019-C14-C15 121.8 121.8 122.5
N20—-C14-019 123.8 123.8 122.8
C4—-N20-C14 128.5 128.5 128.3
N20—-C4-C3 117.1 117.1 116.7
C2—-C3-C4 121.0 120.8 121.0
Cl1-C2-C3 119.6 119.7 119.9
0O11-C1-C2 117.1 123.0 122.6
0O11-C1-Cé6 123.2 117.3 117.7
C5—-C6-Cl1 121.0 120.8 120.1
H9-C5-C4 119.9 119.8 118
H10-C6—-C1 120.0 119.0 120
HI12-011-C1 108.5 108.7 107
H7-C2-C1 119.4 120.5 120
H8-C3-C4 119.7 119.9 118
H13-N20-C14 116.2 116.1 114
H17-C15-C14 108.3 108.3 110
H16-C15—-C14 113.5 113.6 112
H18-C15-C14 108.4 108.4 109
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Figure 2. Geometries of the optimized structures of the complexes
pairing PAM with FMD at MP2/aug-cc-pVDZ. For each structure,
the geometry is displayed above for the gas phase and below for the
water solvent with the values for bond length (A) and interaction
energy AE* (k] mol™"); the values given in brackets are AE, and the
values in italics are for the water solvent.

denoted Al and BI1, respectively. When the interaction
involving the H atoms of N—H and C—H aromatic rings
with the molecular planes of PAM and FMD at the positions
that tend to be perpendicular to each other, we get complexes
A2 and B2. If O21 only interacts with H in O—H, we get A3
and B3. The structure of PAM contains a z-system phenol and
a highly polar acetamide —-NH—(CH;)C=0 group, which is
favorable for the formation of noncovalent interactions

through the charge transfer of s-orbitals with FMD as two
molecules stack to each other, the resulting complexes are
called A4 and B4. It was noteworthy that in the process of
determining the minima of the dimer complex, the structures
A4 and B4 could not be determined by density functional
theory at the level of B3LYP/6-31+G(d), even only with the
higher basis set of B3LYP/aug-cc-pVDZ. They could only be
found by second-order Moller—Plesset perturbation theory or
density functional theory with functional MO06-2X. The
geometry of A4 and B4 at the M06-2X/aug-cc-pVDZ level is
also shown in Figure S3 of the Supporting Information (SI)
file. Provided that PAM and FMD still tend to belong to the
same plane, we will get AS and BS complexes when the contact
involves the H atom of the N—H with the C—H bond of
aromatic rings but A7 and B7 when the contact involves both
O and H atoms in FMD. On the other hand, we have A6 and
B6 complexes when the O atom of the carbonyl functional
group in PAM participates in the contact.

As displayed in Figure 2, the contact distances of H---O in
O—-H--O, N—H:-O, and C—H--O interactions of all the
complexes, except A4 and B4, are in the range of 1.8497—
1.9490, 2.0293—2.0817, and 2.1940—2.8359 A, respectively.
These values are smaller than the sum of the van der Waals
radius of H and O atoms, 2.72 A,* suggesting that there is the
formation of hydrogen bonds in the complexes mentioned. In
contrast, the distances of H:--O of C—H---O interactions in Al,
A2, B1, B2, A4, B4, AS, and A6 (in the range of 2.7308—
2.8359 A) are slightly larger than the sum of the van der Waals
radius even though hydrogen bonds can still exist in these
interactions. The explanation is that these hydrogen bonds
share the proton acceptor O21 atom with the neighboring
hydrogen bonds, which may cause the anti-cooperativity effect
to prolong the interaction distances."* For A4 and B4
complexes, the O21-+-N20 and C4—C22 contact distances
are of 3.0081, 2.9272, and 3.0135, 2.9291 A, respectively; they
are also smaller than the sum van der Waals radius of the two
atoms participating in the interactions (3.07 and 3.40 A for the
corresponding pairs of N and O, C and C atoms"). As a
consequence, the noncovalent interactions in these complexes
were generated. Concomitant with this formation, the XHY
angles are in the range of 102.1—179.7° (greater than 90° as
displayed in Table S1 of the SI file), which is the limiting
threshold for hydrogen bond generation. In brief, the above
observations lead to a rough prediction that the hydrogen
bond formation from PAM and FMD occurred.

The interaction energies of all the complexes are also shown
in Figure 2. These interaction energy values are quite negative,
from —9.8 to —26.1 kJ mol™ with ZPE correction and from
—7.0 to —21.7 k] mol™" with both ZPE and BSSE corrections,
showing that the complexes are quite stable. The most stable
complexes are Al and Bl because they have the lowest
interaction energies. The AE* values are of —21.7 and —21.6
k] mol™' for Al and B1, respectively. Excluding the BSSE
correction, the AE values are of —26.1 and —25.9 kJ mol™! for
Al and BI, respectively, very close to the interaction energies
of PAM with water when calculated at the MP2/6-311+
+G(dp) level, —26.3 kJ mol™'"® This suggests that the
interaction ability of paracetamol with either water or
formaldehyde is the same.

The interaction energies of Al, Bl, A2, B2, and B3
complexes are very close to each other (only 0.1 kJ mol™
apart) so that they have almost the same stability, indicating
their possible coexistence. The next group including A3, B4,
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Table 2. Electron Density (p(r)), Laplacian (V?p(r)), Local Electron Energy Density H(r), and Hydrogen Bond Energy (Eyp)
at BCPs of PAM and Complexes at MP2/aug-cc-pVDZ in the Gas Phase

system interaction p(r) (au)
PAM1 C5—-H9---019 0.019
PAM2 C5-H9---019 0.019
Al O11-H12---021 0.027
C6—H10---021 0.007
C5—-H9--019 0.019
A2 N20—-H13--021 0.022
C3—H8:-:021 0.006
CS—H9--019 0.019
A3 O11-H12--021 0.029
C5—-H9---019 0.018
A4 Cc--Cc? 0.011
O-N 0.010
C22—-H23---019 0.007
C5-H9---019 0.017
AS N20—-H13--:021 0.019
C15—Hl16---021 0.005
C3—H8:--:021 0.005
C22—H24---H8—C3 0.004
C5—-H9---019 0.019
A6 C22—-H24---019 0.010
C6—H10---021 0.005
C5—H9---021 0.009
CS—H9--019 0.018
A7 C22—H24--011 0.010
C2—-H7--021 0.013
CS—H9---019 0.019
B1 O11-H12---021 0.027
C2—-H7--021 0.007
C5—-H9--019 0.019
B2 N20—-H13---021 0.021
C3—H8:-:021 0.006
C22—H24---N20 0.008
C5-H9---019 0.019
B3 O11-H12---021 0.031
CS—H9---019 0.019
B4 C--C 0.011
O--N 0.010
C22—-H23--:019 0.007
C5—-H9---019 0.017
BS N20—-H13:--021 0.020
C3—H8:--:021 0.006
CS—H9--019 0.019
B6 C5—H9--021 0.010
C22—-H24---019 0.012
CS—H9---019 0.018
B7 C22-H24--011 0.010
C6—H10---021 0.013
C5—-H9---019 0.019

V2p(r) (au)

H(r) 1073 (au)

Eyp (IJ mol™)

0.06 0.058 -20.3
0.06 0.062 -20.2
0.09 0.478 =277
0.03 0.899 —6.0
0.06 0.078 —20.0
0.06 —0.469 -21.8
0.02 0.861 —4.8
0.06 0.064 -19.9
0.12 3.571 —30.1
0.07 0.657 —19.6
0.04 1.764

0.03 0.494

0.03 1.262 =52
0.06 0.536 -17.9
0.07 2.195 —18.4
0.02 0.991 =51
0.02 0.899 —44
0.02 1.020 -3.4
0.07 0.658 -20.2
0.04 0.719 -10.5
0.02 1.014 —4.4
0.03 0.737 -8.8
0.06 0.613 -19.5
0.03 0.383 -9.5
0.04 —0.127 —12.4
0.06 0.063 =203
0.08 0.231 =27.1
0.03 0.975 -S5.8
0.06 0.074 —20.0
0.06 —0.490 -21.6
0.02 0.878 —4.7
0.03 1.246 =7.7
0.06 0.094 -19.5
0.11 1.426 -31.8
0.06 0.065 -19.9
0.04 1.762

0.03 0.501

0.03 1.265 -5.3
0.06 0.562 -17.6
0.07 1.058 —19.8
0.02 0.861 =52
0.06 0.049 —20.1
0.03 0.367 -9.7
0.04 0.432 -11.9
0.06 0.087 -19.2
0.03 0.395 -9.5
0.04 —0.083 -11.8
0.06 0.078 -19.9

“C---C represents 021—C22--C4—CS5 in A4 and 021—C22---C4—C3 interaction in B4, and O--N represents C22—021---N20 in A4, B4.

A4, AS, and BS has AE* in the range from —20.7 to —18.3 kJ
mol ™. If only ZPE is corrected, the lowest interaction energies
are obtained for A4 and B4 complexes, i.e,, —26.3 and —26.7 k]
mol ™!, respectively. The largest interaction energies are
observed for the remaining complexes, A6, B6, A7, and B7,
in the range from —14.6 to 7.0 k] mol™". As shown in Figure 2,
the complexes have a decreasing order of strength as follows:
Al >Bl1>A2>B2>B3>A3>B4>A4>AS5>BS5>A6>
B6 > A7 > B7. For the first 10 dimers of this order, the

deviation in interaction energies is negligible between Al and
BS complexes, only ca. 3.4 kJ mol™". In general, the stability of
complexes does not depend much on the conformation of
paracetamol.

3.1.2. Topological Analysis. The “atoms in molecules”
topological analysis (AIM) of the electron density helps
validate the existence of noncovalent interaction in all the
structures. This work provides basic understanding on the
interactions of complexes. For hydrogen bond formation, three
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Figure 3. RDG versus sign(4,)p plots for Al and A4 complexes in the gas phase. 2D/on 3D/under, the surfaces are colored on a blue-green-red

scale according to the values of sign(4,)p, (s = 0.5 au).

different criteria out of eight as proposed by Popelier™ are
most often applied, i.e., (i) a BCP to classify an interaction as a
hydrogen bond; (i) the electron density p(r) at the BCP in
the range of 0.002—0.040 au, and (iii) the Laplacian V?p(r) at
the BCP in the range of 0.02—0.15 au. The value of p(r) is
used to measure the strength of a bond. Linear relationships
are found between the magnitude of p(r) and the length of a
hydrogen bond. In general, the larger the magnitude of p(r) is,
the stronger the bond is.***” If bonds have large values of p(r)
and V?p(r) < 0, they are polar and nonpolar covalent
interactions; in contrast, small values p(r) and V2p(r) > 0
correspond to closed-shell interactions.

The AIM molecular graph in Figure S1 shows the presence
of BCPs or RCPs at the junction of PAM and FMD. All of the
optimized complex structures have BCPs for Xx—H:Y (X = O,
N, and H; Y = O, N, and H—C) intermolecular hydrogen bond
formation. Although the H24---HS8 contact distance of AS is
quite large (2.3918 A), it is still slightly smaller than the sum of
the van der Waals radius of the two hydrogen atoms. The
critical point is also detected for this distance, which is a
dihydrogen bond, C—H--H—C form. Similarly, the H--N
contact distance in the C—H---N interaction of B2 is 2.8359 A,
which is slightly larger than the sum of the van der Waals
radius of the two N and H atoms, 2.72 A, but still existing at a
critical point for this distance.

Most remarkably, we find more BCPs of the C---C
intermolecular contact (021—C22--C4—CS interaction in
A4 and 021-C22--C4—C3 interaction in B4) and O--N
contact in both A4 and B4 structures. The topological
parameters for the complexes are given in Table 2. The p(r)
and V?p(r) values in BCP of X—H--Y are in the range of
0.004—0.031 and 0.02—0.12 au, respectively. Both values fall
within the criterion range of hydrogen bond formation. These
values of the C5—H9---O19 intramolecular hydrogen bonds of
all the complexes are not much different, changing very little

from that of the monomer, in the range 0.017—0.019 and
0.06—0.07 au. Table 2 shows that the p(r) values at BCPs for
O—H--0 (0.027—0.031 au) and N—H--O (0.019—0.022 au)
are larger than those for C--C (0.010—0.011 au), O---N (0.010
au) and much larger than those at BCPs for C—H---N (0.008
au), C—H--O (intermolecular, 0.005—0.013 au), or C—H--
H—C (0.004 au). Although the electron density and Laplacian
at the critical points C2—H7--O21 of B1, C3—HS8---O21 of
A2, B2, AS, and BS, C6—H10---O21 of Al and A6, and C22—
H23--019 of A4 and B4 lie within the recommended range
for hydrogen bonding, these values are all very small, 0.005—
0.007 and 0.02—0.03 au, respectively. This is consistent with
quite a long distance between the atoms participating in the
bond, 2.7308—2.8359 A. Therefore, the strength and
contribution to the complex strengthening of the bonds can
be arranged in the following order: O—H---O > N—H---O >
C-C, O-~N, C-H--O/N/(H-C).

In the case of complexes, the interaction energies Eyp of the
O—H:--O hydrogen bond (from —27.1 to —31.8 k] mol™") are
more negative than those of N—H--O bonds (from —21.8 to
—18.4 kJ mol™") and much more negative than those of the
C—H--O intermolecular hydrogen bond (ca. from —4.4 to
—12.4 kJ mol™), C—H---N bonds (—7.7 k] mol™"), and C—
H---H—C bonds (—3.4 kJ mol™"). This again demonstrates that
the stability of the bonds decreases in the direction of O—H---
O > N-H--O > C—H--O/N/(H-C). Notably, the Eyp
energy of the C5—H9---O19 intramolecular hydrogen bond
(—=17.6 to —20.3 kJ mol™") is also much more negative than
those of the C—H-+-O intermolecular hydrogen bond (—4.4 to
—12.4 kJ mol™"). Thus, with reference to hydrogen bonding
C—H---O, the intramolecular interaction is demonstrated to be
more stable than the intermolecular interaction in the
investigated complexes.

In order to visualize a possible formation of weak
interactions between PAM and FMD, the noncovalent
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Table 3. EDT and Hyperconjugative Interaction Energy E(2) (k] mol™') for Complexes at MP2/aug-cc-pVDZ in the Gas

ACS Omega
Phase
complex interaction EDT (e) E(2)
Al O11-H12--021 0.0177 50.6
C6—H10---021 0.6
CS5—H9--019 11.7
A2 N20-H13---021 0.0164 38.0
C3-H8:--021 0.3
C5—H9--019 11.8
A3 O11-H12---021 0.0235 69.7
C5-H9---019 12.0
A4 021-C22---C4-CS —0.0085 11.7
C22—-021--N20 0.5
C22—H23--:019 0.4
C5—H9--019 5.7
AS N20-H13:-021 0.0188 46.1
C15—H16--021 2.5
C3—H8:-021 0.8
C22—H24---H8-C3 1.5
C5—H9--019 12.8
A6 C22—H24---019 0.0048 11.5
C6—H10---021 1.7
C5—-H9--021 3.1
CS5—H9--019 114
A7 C22—H24---011 0.0066 9.2
C2—H7--021 16.5
CS5—H9--019 12.3

complex interaction EDT (e) E(2)

B1 O11-HI12---021 0.0163 46.4
C2—-H7---021 0.7

C5—H9---019 11.8

B2 N20—H13---021 0.0160 372
C3—H8-:-:021 0.3
C22—H24---N20 0.8

C5-H9---019 11.0

B3 Ol11-H12---021 0.0231 68.5

C5—H9---019 119

B4 021-C22:--C4-C3 —0.0083 11.5
C22—021---N20 0.5
C22—H23---:019 0.4
C5-H9---019 S.5

BS N20—H13---021 0.0184 45.6
C3—H8:--021 3.1

C5—H9---019 12.2
B6 C5—H9---021 0.0048 4.9

C22—H24--019 11.8

C5-H9---019 10.8
B7 C22—H24---011 0.0063 9.0

C6—H10--021 15.7

C5-H9---019 11.9

interactions (NCI) technique was also implemented. The NCI
index points out interactions in a structure based solely on the
electron density and its derivatives. When a weak inter- or
intramolecular interaction is present, there is a crucial change
in the reduced gradient between interacting atoms, producing
density critical points between interacting fragments. The
dependence of reduced density gradient (RDG) s(r) on the
electron density p(r) follows the following equation.%’49

() = 1 IVp(r)l
2’(371_2)1/3 p(r)4/3 (s)

where Vp(r) is the first derivative of p(r).

The Laplacian of the electron density, V?p(r), is often
decomposed into a sum of contributions along the three
principal axes of maximal variation, i.e., the three eigenvalues
Ay, Ay, and A5 of the electron density Hessian matrix. The sign
of 4, can be used to distinguish bonded (4, < 0) from
nonbonded (1, > 0) interactions.”® The strength of a weak
interaction is known to be proportional to the electron density
in the corresponding region. The van der Waals interaction
regions always have a very small electron density, while the
regions corresponding to a strong steric effect and hydrogen
bonding always possess a larger electron density. The NCI
technique uses two quantities including sign(4,)p(r), that is
the sign of A, multiplied by p(r), and RDG s(r) to map these
interaction properties.

The 2D and 3D NCI plots of Al and A4 representative
complexes are depicted in Figure 3 (the others are displayed in
Figure S2 of the SI file). For the 2D plots, on the X-axis, peaks
with a negative sign (4,)p(r) correspond to noncovalent
interactions whereas peaks with positive large values
correspond to steric repulsions. The 2D plot of Al has three
sharp peaks at the value of sign(4,)p(r), ie, —0.00272,

—0.0191, and —0.0070 au, respectively, corresponding to the
interactions O11-H12---021, C5—H9---019, and C6—H10--
O21. On the right-hand side of the peak of C6—H10---O21 is a
peak with sign(4,)p(r) slightly larger than —0.0070 au, being
ascribed to interaction linked van der Waals forces. A similar
behavior can be observed in A4, ie., there are four peaks of
interactions C5—H9---019, C22---:C4, O21---N20, and C22—
H23--019 between —0.0066 and —0.0174 au of sign(4,)p(r).

The 3D plots in Figures 3 and S2 are created using Visual
Molecular Dynamics,30 with gradient isosurfaces s = 0.5 au,
and the geometric orientation and atomic numbering of the
complexes are similar to those shown in Figure 2. The red
zones of the RGD isosurface correspond to repulsive
interactions and these regions have positive sign(4,)p(r). In
these complexes, they are located in the center of the benzene
ring and the center of the ring formed from H9, CS, C4, N20,
C14, and O19 atoms or from H13, H16, C15, C14, and N20
atoms (except A4 and B4). The regions having negative 4,
values are blue zones, where attractive noncovalent interactions
(such as hydrogen bonds) exist. Accordingly, the more blue
shift means the stronger interactive interaction. The green
surfaces are zones where the value of 4, is close to zero and
represent the regions of weak, delocalized interactions. The
zones of O—H---O are in a darker shade of blue than those of
N—H---O interactions while of C---C, O---N, and C—H---O/N/
(H—C) interactions are all green. It can be seen that in Al,
there are also green zones between H24 and C1-C6 or
between H13 and H16 atoms. Similarly in A4, in addition to
the green zones corresponding to the interactions C22---C4,
021--N20, C22—H23:-019, and C5—H9--:019, there are
also green zones between O21 and H17 as well as H24 and the
benzene ring, representing the van der Waals forces. The
electron density at these interatomic contacts is so small that
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BCPs do not appear at these interactions in the AIM analysis.
They can only be observed using the NCI technique.

3.1.3. NBO Analysis. NBO analysis provides an efficient tool
for studying intra- and intermolecular bonding and interaction
among bonds. It also gives a distinct basis for investigating
charge transfer or conjugative interaction in molecular systems.
In this study, the NBO analysis is performed at the MP2/aug-
cc-pVDZ level, the results are shown in Table 3. In the
complexes with lower interaction energies AE*, including Al,
B1, A2, B2, A3, B3, and AS, BS, their electron density transfer
(EDT) are all positive, in the range of 0.0160—0.0235e, larger
than those of A6, B6, A7, and B7. The EDT occurs mainly
from the lone pairs on the O21 atom of FMD to the
antibonding orbital 6*(O/N—H) of PAM. Their E(2) values
are quite large, i.e., about 46.4—69.7 kJ mol™" for O11-HI12--
021 but slightly smaller for N20—H13---O21 ca. 37.2—46.1 kJ
mol ™. Meanwhile, for the complexes A6, B6, A7, and B7, the
stability is determined only by the C—H---O hydrogen bonds.
The E(2) value of C2—H7---O21 in A7 is only 16.5 kJ mol™,
this is also the C—H--O hydrogen bond with the largest E(2)
value of all the complex structures found in this study. They
are also consistent with the AIM analyses above, and p(r) and
Laplacian V2p(r) of these hydrogen bonds are also smaller and
their Eyyp are also much more positive than those of the O/N—
H---O hydrogen bonds of A1, B1, A2, B2, A3, B3, and AS, BS.

In particular, the data in Table 4 show that the stability of
A4 and B4 complexes is generated from the exchange of

Table 4. Some Hyperconjugative Interaction Energies in A4
and B4 Complexes in the Gas Phase

complex donor NBO (i) acceptor NBO () E(2) IJ mol™!
A4 (C4—CS) 7#(021-C22) 11.7
7*(C4—CS) 7*#(021-C22) 1.5
7(C14—019) 7#(021-C22) 1.1
7(C14—019) 6*(C22—H23) 0.4
LP(N20) 7#(021-C22) 0.5
7(021-C22) 7*#(C4—CS) 2.3
7(021-C22) 7*(C14—019) 3.0
LP(021) 7#(C14—-019) 2.6
B4 m(C3—C4) 7#(021-C22) 62
7*(C3—-C4) 7*(021-C22) 54
(C5—C6) 6#(021-C22) 1.0
7(CS5—C6) 7#(021-C22) 1.1
7(C14—019) 7#(021-C22) 1.1
LP(N20) 7#(021-C22) 0.5
7*CS5S—C6) 7#(021-C22) 2.6
7(C14—019) 6*(C22—H23) 0.4
7(021-C22) 7#(C3—C4) 2.0
7(021-C22) 7*#(C14-019) 2.9
LP(021) 7#(C14—019) 2.6

electrons between PAM and FMD. Their negative EDT values
indicate that the electron density transfer from PAM to FMD
is more dominant, in contrast to all other complexes.
Furthermore, for A4, the electron transfer mainly occurs
from 7(C4—CS) — #*(021—C22). The E(2) value of this
process is 11.7 k] mol™". The reverse transfer 7(021—C22) —
7*(C4—CS) has a much smaller E(2) energy, 2.3 k] mol ™.
These two transfers contribute mainly to the C---C interaction
of A4. Although the p(r) and Laplacian V?p(r) values at the
BCP of O-N in C22—021:--N20 interaction are not much
different from those of C---C in 021-C22---C4—-CS$

interaction, the E(2) of the process LP(N20) — #*(021—
C22) is very small, only about 0.5 kJ mol™". This is because the
nonbonding orbital of the N20 atom with the 7 orbitals of the
C4—CS and C14-019 bonds are in sites where the
conjugation effect can be formed; the delocalized electrons
of the 7(C4—CS) and #(C14—C19) orbitals also supplement
the electron transfer LP(N20) — z*(021-C22), thereby
increasing the value of E(2). For the C22—H23--0O19
hydrogen bond of A4, its E(2) value is very small, 0.4 kJ
mol™!, only larger than that of the C3—HS8--021 hydrogen
bond of A2 and B2. It is consistent with its electron density
p(r) at the BCP, also very small, 0.007 au (as analyzed above
by AIM). For all the hydrogen bonds above, the bonding is
formed by EDT due to the process LP(Y) — ¢*(X—H), but in
this hydrogen bond we detect that a direct electron transfer
into 6*(C22—H23) comes mainly from z(C14—019), which
is affected by the conjugation effect with a nonbonding orbital
of N20 and 7(C4—CS) orbitals.

The formation of 021-C22---C3—C4, C22—021--N20,
and C22—H23---O19 interactions in B4 could be explained in
a similar manner to that of A4. This B4 complex is stabilized
by z(C3—-C4) — #*(021-C22), n*(C3—C4) - #*(021—
C22) transfers, plus LP(N20) — #z*(021-C22), n(Cl4—
019) — ¢*(C22—H23) transfers.

By comparing the hyperconjugative interaction energy E(2)
of the above bonds, we also get the same results as in the
topological analysis, the strength of noncovalent interactions
decreases in the following order: O—H:--O > N—H--O > C--
C, O-+N, C—H:-O/N/(H-C).

From the above AIM and NBO discussion, we also can see
that C—H--O hydrogen bonds contain critical points with very
low electron density and Laplacian, and the Eyy and E(2)
energy parameters are both small so that they are very weak
interaction. This means that the complexes A6, B6, A7, and B7
are formed only through C—H:--O interactions. Because they
are unstable complexes with higher interaction energy AE*
than that of the remaining complexes, they are not subjected to
further discussion.

The van der Waals interactions shown by the NCI tool
above can also be obtained from the NBO analysis. For
example, for Al, the interaction between H24 and C1-C6 is
made to z(C1-C6) — o*(C22—H24) with a hyper-
conjugative interaction energy E(2) of 1.4 k] mol —' while
the interaction remained between H13 and HI16 is due to
6(C15—H16) — ¢*(N20—H13) transfer, 2.1 k] mol™’. The
interaction between O21 and H17 of the A4 complex is due to
LP(021) = ¢*(C15—H17), 0.4 k] mol™’, and the interaction
between H24 and the benzene ring is due to Zpensene ring —
6%(C22—H24) 2.3 k] mol™".

3.1.4. Change of O—H, N—H, and C—H Bond Lengths and
Their Stretching Frequencies. To classify hydrogen bonds, we
estimate a change in the length, stretching frequency, s-
character in hybridization, and occupation of antibonding
orbitals 6*(X—H) (X = O, N, and C) of X—H hydrogen bonds
of complexes in comparison with the original monomers, and
the results are listed in Table S. Herein, we are only interested
in the intermolecular hydrogen bonds of the more stable group
of complexes including Al, B1, A2, B2, AS, and BS.

For an X—H-Y hydrogen bond, according to Alabugin et
al,>" the blue or red transition of the hydrogen bond is
controlled by a balance of two main factors exerting in the
opposite directions, which are the LP(Y) — o*(H-X)
hyperconjugative interaction and the s-character increase of
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Table 5. Changes in Lengths (A), Stretching Frequencies (cm™'), s-Character (%) in the Hybridization, and Occupation of
Antibonding Orbitals 6%*(X—H) (X = O, N, and C) in X—H-+Y (Y = O, N, and (H-C)) Hydrogen Bonds of Complexes in
Comparison with Monomers at the MP2/aug-cc-pVDZ Level in the Gas Phase

Av A%s Ac*

complex X—H--Y Ar X—H X—-H X—-H X—-H

Al O11-H12--:021 0.0094 —186 2.96 0.0156

C6—H10---021 —0.0013 17 0.36 0.0002

A2 N20—H13---:021 0.0054 -92 1.54 0.0109

C3—H8:-021 —0.0008 11 0.36 0.0001

A3 O11-H12--:021 0.0103 -21S8 3.51 0.0204
A4 C22—H23--019 —0.0023 S 0.21 —0.0021

AS N20-H13:-021 0.0043 —69 1.72 0.0115

C15—-H16--021 —0.0009 1 0.44 0.0004

C3—H8:--021 —0.0014 17 0.05 0.0004
C22—H24---H8-C3 —0.0018 22 0.16 —0.0025

Av A%s Ac*

complex X-H--Y Ar X—H X—-H X—-H X—-H

B1 O11-H12--021 0.0089 —-173 2.72 0.0144

C2—-H7--021 —0.0013 13 0.38 0.0000

B2 N20—H13---:021 0.0053 -90 1.53 0.0107

C3—H8:-021 —0.0008 S 0.38 0.0000
C22—H24---N20 —0.0021 22 0.70 —0.0038

B3 O11-H12---:021 0.0101 —211 3.46 0.0201
B4 C22—H23--:019 —0.0025 S 0.26 —0.0023

BS N20-H13:-021 0.0041 —65 1.64 0.0113

C3—H8:-021 —0.0009 7 0.50 0.0001

X in the bond. When the hyperconjugation dominates, the X—
H bond elongation is reflected in a concomitant red shift of the
corresponding IR stretching frequency. When the hyper-
conjugative interaction is weak, the s-character percentage
increase leads to a shortening of the X—H bond and a blue
shift in the X—H stretching frequency. As discussed above, the
LP(Y) — o*(H-X) hyperconjugative interaction of the
intermolecular hydrogen bonds O—H--O and N-H:-O in
Al, B1, A2, B2, AS, and BS is very large, their lengths
increased in the range of 0.0041—0.0103 A, and their
stretching frequency decreased sharply about 65—215 cm™".
This indicates that these hydrogen bonds belong to the red-
shifted type. In general, the magnitude of an increase in the
bond length and a decrease in the stretching frequency is larger
for the O—H bond than for the N—H bond. Thus, the O—H---
O hydrogen bond has a more downward trend of red shift than
the N—H:-O hydrogen bond in these complexes. The data
from Table 5 show that for the C—H---O/N hydrogen bonds,
the electron density in the antibonding orbital 6*(C—H) may
remain unchanged or increase or decrease slightly below
0.0038e, but all have an increased s-character, shortening the
C—H bond lengths from 0.008 to 0.0025 A and slightly
increasing the stretching frequencies from 1 to 22 cm™". They
are thus considered as blue-shifted hydrogen bonds.

For the hydrogen bond C22—H24---H8—C3 of AS when
considering X is the C22 atom and Y is the (H8—C3) group,
the length of the C22—H24 bond is shortened by about 0.0018
A while its stretching frequency increased by 22 cm™". The
blue-shifting of this hydrogen bond is supported by both
decreasing the electron density in o*(C22—H24) by 0.0021e
and increasing the s-character of the sp>-hybridized orbital on
the C22 atom by 0.16%.

Generally, for the more stable groups of complexes including
Al, Bl1, A2, B2, AS, and BS, the intermolecular O—H---O and
N—H---O hydrogen bonds are categorized as red-shifted while
the C—H--O, C—H-N and C—H--H—C hydrogen bonds
correlate with blue-shifted.

3.2. Water Solvent. The interaction energies AE and AE*
of the complexes in water are listed in Figure 2 with values in
italics. The most negative value of AE* belonging to A3 is of
—20.0 kJ mol™". Considering the more stable structures,
including A1 to AS and B1 to BS, the absolute value of AE* is
in the range of 16.6—20.0 k] mol™' as compared to that in the
gas phase 18.3—21.7 kJ mol™". The largest interaction energy
change in water is that of A2, with a value of only 3.7 k] mol ™.
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Thus, the absolute value interaction energy of the complex in
water is slightly reduced as compared to that in the gas phase,
meaning that the stability of the complex tends to be worse in
water. This trend is consistent with the research results of
Aquino et al. when studying the influence of solvents on
hydrogen bonding on the interaction model of acetic acid with
many different compounds; accordingly, the interaction energy
in the absolute value decreases as the polarity of the solvent
increases.>”

Geometrically, the lengths of intramolecular hydrogen bonds
C5—H9-+-019 in water tend to increase as compared with
those in the gas phase. For example, for A1, A2, A3 and A4, in
the gas phase they are 2.2080, 2.2095, 2.2075, and 2.2882 A,
respectively; but in water they are 2.2208, 2.2210, 2.2201, and
2.3073 A, respectively. In contrast, intermolecular hydrogen
bonds in water tend to be shorter than those in the gas phase.
Intermolecular hydrogen bonds, which are stronger in the gas
phase, are even shorter in solvents because these hydrogen
bonds are stabilized with an increase in solvent polarity.”* For
example, for Al, in the gas phase, the lengths of O11-HI12---
021 and C6—H10--021 bonds are of 1.9302 and 2.7308 A,
respectively; in water, they are shortened to 1.7945 and 2.6919
A, respectively. This observation is also available for other
structures such as B1, A2, B2, A3, B3, AS, and BS. The
shortening of intermolecular hydrogen bond lengths in
solvents was also found by Mennucci in water-diazine
clusters.>® However, in the less stable complexes such as A6,
B6, A7, and B7, the length of intermolecular hydrogen bonds
still tends to increase (Figure 2). The lengths of the hydrogen
bonds C22—H24---019, C5—H9---021, and C6—H10---021
of A6 in the gas phase are of 2.3310, 2.5258, and 2.7795 A,
respectively; they are all elongated in water with lengths of
2.3824, 2.5842, and 2.8719 A, respectively. Notably, the A4
and B4 complexes are stabilized mainly by the C---C or O---N
interactions as analyzed above, and the distance of these
interactions also increases in the solvent.

4. CONCLUSIONS

The geometries, energies, and properties of the noncovalent
interactions of the complex between paracetamol and form-
aldehyde were characterized at the MP2/aug-cc-pVDZ/aug-cc-
pVTZ levels. Fourteen local minima were separately identified
for the interaction between formaldehyde and two conforma-
tions of paracetamol. The interaction energies of complexes
with both ZPE and BSSE corrections range from —7.0 to

https://doi.org/10.1021/acsomega.2c05023
ACS Omega 2023, 8, 11725-11735


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05023?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

—21.7 kJ mol™". In terms of energy, the interaction ability of
paracetamol with either water or formaldehyde is the same.
The strength of complexes decreases in the following order: Al
>B1 > A2 >B2>B3>A3>B4>A4>AS>BS>A6>B6 >
A7 > B7 in the gas phase.

It is important to note that not only the hydrogen bond but
also the C---C, O--N interactions heavily influence the relative
stabilities of the complexes. The strength of noncovalent
interactions is ordered as O—H--O > N—-H:--O > C---C, O--
N, C—H--O/N/(H-C). For the C—H--O hydrogen bond,
the intramolecular interaction is demonstrated to be more
stable than the intermolecular interaction in these complexes.

It is also found that the O—H:-O and N—H---O bonds in
the structure of stable complexes belong to more strong red-
shifted hydrogen bonds when comparing with the remaining
hydrogen bonds C—-H-+-O/N/(H-C) classified as blue-
shifted.

In water, the intermolecular hydrogen bonds tend to be
shortened while the intramolecular hydrogen bonds are
lengthened, and the stability of the complex is slightly reduced
as compared to that in the gas phase.
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