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The study of structural and spectral characteristics of paracetamol-oxalic acid (PRA-OXA) cocrystal has been carried out using two 
models (monomer and dimer), with the aim to understand the supramolecular structure and intramolecular interactions within cocrystal. 
The cocrystal has been characterized by infrared and Raman spectroscopy combined with quantum chemical calculations. Molecular 
electrostatic potential surface (MEPS), frontier orbital analysis and electronic reactivity descriptors were used to understand the role of 
interactions involved in affecting the chemical reactivity of individual molecule in cocrystal. It is observed that C=O, N-H and O-H 
groups of paracetamol are involved in hydrogen bonds to form cocrystals. NBO analysis suggests that the two type of interactions 
LP(1)(N8)→π*(C9-O10) and LP (2)(O10)→σ*(O25-H28) are responsible for stability of the molecule. AIM analysis suggested that the 
non-covalent interactions are moderate in nature. The calculated HOMO-LUMO energies reveal that the charge transfer occurs within 
the cocrystal. Chemical reactivity parameters show that cocrystal is more active than paracetamol. 

1. Introduction 

Pharmaceutical cocrystals can be defined as crystalline materials 
comprised of an active pharmaceutical ingredient (API) and one 
or more unique co-crystal formers, which are solids at room 
temperature. Pharmaceutical cocrystals have attracted 
phenomenal interest in recent years due to their potential to 
improve the physicochemical properties of drug substances such 
as solubility, dissolution rate, stability hygroscopisity, and 
compressibility without alternating their pharmacological 
behavior1,2. Cocrystal are formed through different types of 
interactions, including hydrogen bonding, pi-stacking, and van 
der Waals forces. Crystal engineering principles based on 
supramolecular synthon approach has been a powerful tool in the 
design of cocrystal3-5. Supramolecular synthons can be formed 
between similar (homo) or different (hetero) functional groups 
such as carboxylic acids, amides and alcohols6. The strong 
hydrogen bonds include (N-H∙∙∙∙O), (O-H∙∙∙∙O), (N-H∙∙∙∙N) and 
(O-H∙∙∙∙N) whilst weak hydrogen bonds involves–C-H∙∙∙∙O and 
C-H∙∙∙∙N7. 

Paracetamol known as acetaminophen or PRA, 
chemically named N-acetyl-p-aminophenol, is widely used over-
the counter analgesic (pain reliever) and antipyretic (fever 
reducer)8,9. It is used to treat many conditions such as headache, 
muscle aches, arthritis, backache, cold and fevers. Paracetamol 
has two well known polymorphic forms, monoclinic (form I )and 
orthorhombic (form II). The parallel packing of flat hydrogen 
bonded layers in the metastable form10 II  results in compaction 
properties superior to the thermodynamic stable form I which 
contains corrugated hydrogen bonded layers of molecules. 
Marketed paracetamol tablet consists of thermodynamic stable 
monoclinic (form I) accompanied by a large loading of binder 
that prevents chipping and disintegration11.     
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Hence cocrystallization with oxalic acid (alpha) is used as a 
strategy to generate layered solid form of paracetamol that would 
be thermodynamically stable and exhibit optimal mechanical 
properties.Structural analysis revealed that paracetamol (API) 
molecule is hydrogen bonded to four neighboring oxalic acid 
(co-former) molecule through heteromeric interaction forming 
paracetamol-oxalic acid (PRA-OXA) cocrystal. Paracetamol acts 
as a two-fold hydrogen bond donor through amide NH and 
phenol OH group and two-fold acceptor via the amide C=O and 
OH group12. 

Recently combined spectroscopic (infrared, Raman or 
terahertz spectroscopy) and quantum chemical approach has 
been used to study the structure and hydrogen bonding in 
pharmaceutical cocrystals13-15. Previously in PiMM approach16-18  
the effect of intermolecular interactions on vibrational spectra 
was evaluated from ab initio calculation for several sets of 
molecular pairs. Approach used in the present work is different 
from PiMM as here all the nearby interactions are considered in 
a single model making the calculation much simpler. The FT-IR 
and Raman spectra of PRA-OXA cocrystal was recorded in solid 
state and compared with calculated wavenumber of monomer 
and dimer forms. To improve the vibrational assignments in 
solid phase, simulations were carried out for dimer form with 
two additional oxalic acid (alpha) molecules attached to it 
(dimer+2OXA) so that all the possible nearest neighbor 
hydrogen bonding interactions can be incorporated. The 
quantum theory of atoms in molecules (QTAIM) and natural 
bond (NBO) analysis are used to evaluate the strength and nature 
of hydrogen bonds in detail. The molecular electrostatic potential 
surface (MEPS), global and local reactivity descriptors are used 
to predict the chemical reactivity of PRA-OXA cocrystal in 
comparison to paracetamol. 

2.Experimental 

Paracetamol (4-acetamoinophenol, monoclinic form) and oxalic 
acid used was purchased from Sigma-Aldrich (SIGMA-
ALDRICH CHEMIE GmbH.). A 10 mL glass vial was charged 
with 1.5g of paracetamol, 0.9 g of oxalic acid. 2mL of ethyl 
acetate was added to form slurry. The reaction was allowed to 
stir for a total of 48 hours, at which time the solids present were 
isolated by vacuum filtration and air dried at room temperature. 
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Prepared cocrystal were analysed using DSC and XRPD to 
validate the product material( As shown in ESI† Fig .S1 and 
Fig.S2).  
 Infrared spectra were recorded on a Bruker Vertex 80v 
FTIR spectrometer equipped with a DLaTGS detector and a 
Platinum-ATR accessory with a diamond crystal as ATR 
element. Both a single beam background without sample and 
single beam spectra of the powered samples were obtained by 
averaging 128 scans with an optical resolution of 4 cm-1.The 
resulting interferograms were Fourier transformed using the 
Mertz phase correction mode, a Blackman-Harris 3-term 
apodization function, and a zero filling factor of 2.All spectra 
were recorded under vacuum using the double-side forward-
backward acquisition mode. 

Raman spectra were recorded using a Raman 
microscope (Kaiser Optical Systems, Inc., Ann Arbor, MI, USA) 
with 785 nm laser excitation. The laser power at the solid 
samples was approximately 100 mW. Spectra were obtained for 
one 10 s exposure of the charge coupled device (CCD) detector 
in the wave number range 100–4000 cm−1. The spectrometer was 
controlled by commercial instrument software (HoloGRAMS, 
version 4.0, Kaiser Optical Systems, Inc., Ann Arbor, MI, USA). 

3. Computational and theoretical details 

The electronic structure and optimized geometry of the PRA-
OXA (monomer and dimer+2OXA) were computed by the 
density functional theory (DFT) methods using the Gaussian 09 
program19 package employing 6-311++G(d, p) basis set20,21 and 
Becke’s three parameter (local, non local, Hartree–Fock) hybrid 
exchange functional with Lee–Yang–Parr correlation functional 
(B3LYP)22-24. The absolute Raman intensities and infrared 
absorption intensities were calculated in the harmonic 
approximation at the same level of theory, as used for the 
geometry optimization, from the derivatives of the polarizability 
and dipole moment associated with each normal mode, 
respectively.  

DFT calculations yield Raman scattering amplitudes, 
which cannot be taken directly to be the Raman intensities. The 
Raman scattering cross section, ∂σj/∂Ω, which are proportional 
to Raman intensity may be calculated from the Raman scattering 
amplitude and predicted wave numbers for each normal mode 
using the relationship25,26. 
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where Sj andνj are the scattering activities and the predicted wave 
numbers, respectively of the jth normal mode, ν0 is the wave 
number of the Raman excitation line and h, c and k are universal 
constants. The calculated Raman and IR intensities were used to 
convolute each predicted vibrational mode with a Lorentzian line 
shape (FWHM = 8 cm−1) to produce simulated spectra. 
The normal mode analysis was performed and the potential 
energy distribution (PED) of monomer was calculated along the 
internal coordinates using localized symmetry using Gar2Ped 
programme27.28,29. For this purpose a complete set of 78 internal 
coordinates of monomer were defined using Pulay’s 
recommendations27. Visualization, graphical presentation and 
confirmation of calculated data were done by using the 
ChemCraft and GaussView software30,31. An AIM calculation 
was performed by AIM 2000 program32. 

Natural bond orbital (NBO) analysis has been 
performed on the molecule at the B3LYP/6-311++G(d,p) level 
in order to elucidate the intramolecular charge transfer 
interaction, rehybridization and delocalization of electron density 
within the molecule. The electron donor orbital, acceptor orbital 
and the interacting stabilization energy was analyzed using the 
second-order micro-disturbance theory. The higher value of 
hyperconjugative interaction energy E(2) results the more 

intensive interaction between the electron donor to electron 
acceptor33-35. 
           The hyperconjugative interaction energy was deduced 
from the second order perturbation approach. 
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where, qi is the donor orbital occupancy, εi and εj diagonal 
elements (orbital energies) and Fij is the off- diagonal NBO 
Fock- matrix element. 

Molecular electrostatic potential surface (MEPS) is 
also calculated at the same level of theory. Molecular 
electrostatic potential V(r) generated through the molecules, 
electrons and nuclei are given by the expression: 
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where ZA is the charge on nucleus A, located at RA and ρ(r') is 
the electronic density function for the molecule. 

The electronic parameters, such as highest occupied 
molecular orbital (HOMO) energy (EHOMO), lowest unoccupied 
molecular orbital (LUMO) energy (ELUMO) and band gap energy 
(ΔE=ELUMO-EHOMO) were described through theoretical 
calculations. The atomic orbital compositions of the molecular 
orbitals were obtained by GaussView software31. On the basis of 
energy of frontier orbitals, the different global reactivity 
descriptors such as electronegativity (χ), chemical potential (μ), 
global hardness (η), global electrophilicity index (ω) and global 
softness (S)  are computed using equations given below: 
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According to Parr et al.36, electrophilicity index (ω) is a global 
reactivity index similar to chemical hardness (η) and chemical 
potential (μ), which is a positive and definite quantity. 

For an atom k in a molecule, three kinds of condensed 
Fukui function for neuclophilic, electrophilic and radical attacks 
can be obtained using Eq.(9-11) depending upon the type of 
electron transfer. According to Parr and Yang37, the sites, which 
have highest values of Fukui function f(r) are more reactive 
centers in chemical species. 
For nucleophilic attack        

   ��
�(�) = [��(� + �) − ��(�)]               (�) 

For electrophilic attack     

   ��
�(�) = [��(�) − ��(� − �)]               (��) 

For radical attack                              

 ��
�(�) =

�

�
[��(� + �) − ��(� − �)]       (��) 

where qk is the gross electronic population of atom k in the 
molecule. 

Local softnesses and electrophilicity indices are 
calculated using Eq. (12) and (13). 
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Associated with the definition of global 
electrophilicity (ω), an additional and useful relationship 
accounts for maximum electronic charge (
electrophile may accept from the surroundings. Here the 
surroundings may be expressed by either external effects 
approaching, for instance, as from the interaction with the 
solvent or simply as field effects coming from the presence of 
substituent groups present in the molecule. 
The maximum electronic charge that the electrophile may accept 
from the surroundings (Nmax) may be defined as

∆���� = −
�

�
                    (��

If we consider the two molecules A and B approaching each 
other, the amount of charge transfer between them may be 
expressed in terms of electrophilicity i.e. electrophilicity charge 
transfer (ECT)38 is defined as the difference between the 
values of interacting molecules (i) if ECT>0, charge flows from 
B to A (ii) if ECT < 0, charge flows from A to B. ECT is 
calculated using Eq.(15) 

��� = (∆����)� − (∆����)�                         

where (∆����)� = −
��

��
   ��� (∆����)�  =

4.Results and discussion: 

4.1 Geometry optimization  

The initial structure of PRA-OXA (monomer) and PRA
(dimer+2OXA) was taken from the available crystallographic 
data of PRA-OXA cocrystal, and that for paracetamol 
(monomer) and oxalic acid monomer from their crystal 
structures12,39,40 and further optimized at the level of theory 
mentioned earlier. The ground state optimized stru
OXA (monomer), PRA-OXA (dimer+2OXA), paracetamol 
(monomer) and oxalic acid (monomer) are shown in Fig. 1, Fig. 
2, Fig.S3 and Fig. S4, ESI†  respectively and the optimized 
structural parameters of PRA-OXA (monomer and 
dimer+2OXA) are listed in Table S1, ESI
experimental values obtained from the available crystallographic 
data12. 

Small deviation in the computed geometrical 
parameters from those reported in crystallographic data
due to intermolecular interactions in the crystalline state. The 
hydroxyl group of oxalic acid forms a hydrogen bond O
with the oxygen atom of amide group attached to paracetamol 
and hydroxyl group of paracetamol forms strong intermolecular 
hydrogen bond with the oxygen atom of carboxyl group
oxalic acid O-H…O=C resulting in the formation of PRA
cocrystal. 

Fig. 1 Optimized structure for monomer of PRA-OXA cocrystal and the 
atom numbering scheme adopted in this study 
As shown in Table S1, ESI†  the calculated values of the bond 
lengths of monomer do not differ more than 0.02Å from the 
experimental values, except for the bond length, C21
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from the available crystallographic 

OXA cocrystal, and that for paracetamol 
(monomer) and oxalic acid monomer from their crystal 

and further optimized at the level of theory 
mentioned earlier. The ground state optimized structure of PRA-

OXA (dimer+2OXA), paracetamol 
shown in Fig. 1, Fig. 

respectively and the optimized 
OXA (monomer and 

ESI†  along with the 
experimental values obtained from the available crystallographic 

Small deviation in the computed geometrical 
parameters from those reported in crystallographic data12 may be 

rystalline state. The 
hydroxyl group of oxalic acid forms a hydrogen bond O-H…O=C 
with the oxygen atom of amide group attached to paracetamol 
and hydroxyl group of paracetamol forms strong intermolecular 
hydrogen bond with the oxygen atom of carboxyl group of 

O=C resulting in the formation of PRA-OXA 

 
OXA cocrystal and the 

the calculated values of the bond 
of monomer do not differ more than 0.02Å from the 

experimental values, except for the bond length, C21-O22, 

C21=O23 and C24=O26, which differ from 1.28/1.34, 1.23/1.20, 
and 1.23/1.20 Å, respectively. Because these bonds are involved 
in intermolecular hydrogen bonding, which is not taken into 
account in monomer. The maximum deviation in bond angles is 
9o except for the angle C9O10H28, which changes from 117
129o and O10H28O25, which changes from 157
dihedral angles also do not differ by mo
dihedral angle, O10C9C11H19, which changes from 
−179o, dihedral angle C9O10H28O25 changes from 70
dihedral angle C24O25H28O10 changes from 110
the rotation about the bond C21-C24 corresponds to the change 
in dihedral angle from 178o to −135
angle in monomer is around the bonds inv
bonding in cocrystal. In case of dimer+2OXA, as shown in Fig. 
2 the geometric parameters of the groups involved in the 
intermolecular hydrogen bonding, show much smaller deviation 
from experimental values in comparison to monomer, such as 
the O7-H16, C24=O26, C4-O7, and O25
0.96/0.98, 1.20/1.21,1.36/1.37 and
of cocrystal formation is computed as the difference between the 
calculated total energy of the cocrystal and the energies of the 
API and co-former and found to be 19.51 kcal/mol. The 
calculated binding energy of cocrystal formation has been 
corrected for the basis set superposition e
standard counterpoise method41 and found to be 18.91 kcal/mol. 

Fig. 2   Optimized structure for dimer+2OXA of cocrystal and the atom 
numbering scheme adopted in this study.

4.2 Vibrational Assignments

One molecule of PRA-OXA cocrysta
gives 78 (3N−6) normal modes of vibrations. All the 78 
fundamental vibrations of the cocrystal belongs to the A 
irreducible representation, are both Raman and IR active. 
However, the vibrational analysis of paracetamol has already
been reported42 using DFT-B3PW91/6
The present calculation of vibrational wavenumbers and 
assignments have been done on paracetamol (monomer) and 
oxalic acid (monomer) individually at B3LYP/6
for better understanding of changes in the vibrational spectra 
resulted due to cocrystal formation. One molecule of 
paracetamol and oxalic acid has 20 and 8 atoms giving 54 and 18 
normal modes of vibrations respectively. Their optimize
structures are shown in Fig.S3 and S4
theoretical and observed vibrational wave numbers of 
paracetamol and oxalic acid along with their PED assignment are 
shown in Table S2 and S3, ESI†. 

Comparison of calculated wavenumbers with 
experimental values reveals an overestimation d
anharmonicity present in real system. Since the vibrational 
wavenumbers obtained from the DFT calculations are higher 
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C21=O23 and C24=O26, which differ from 1.28/1.34, 1.23/1.20, 
and 1.23/1.20 Å, respectively. Because these bonds are involved 

ogen bonding, which is not taken into 
account in monomer. The maximum deviation in bond angles is 

except for the angle C9O10H28, which changes from 1170 to 
and O10H28O25, which changes from 157o to 172o. The 

dihedral angles also do not differ by more than 9o except for the 
dihedral angle, O10C9C11H19, which changes from −163o to 

, dihedral angle C9O10H28O25 changes from 70o to −13o, 
dihedral angle C24O25H28O10 changes from 110o to 170o and 

C24 corresponds to the change 
−135o. The difference in dihedral 

angle in monomer is around the bonds involved in hydrogen 
crystal. In case of dimer+2OXA, as shown in Fig. 

2 the geometric parameters of the groups involved in the 
drogen bonding, show much smaller deviation 

from experimental values in comparison to monomer, such as 
O7, and O25-H28, which differ from 

0.96/0.98, 1.20/1.21,1.36/1.37 and 0.99/1.02. The binding energy 
puted as the difference between the 

calculated total energy of the cocrystal and the energies of the 
former and found to be 19.51 kcal/mol. The 

calculated binding energy of cocrystal formation has been 
corrected for the basis set superposition error (BSSE) via the 

and found to be 18.91 kcal/mol.  

 

Optimized structure for dimer+2OXA of cocrystal and the atom 
numbering scheme adopted in this study. 

4.2 Vibrational Assignments 

OXA cocrystal has 28 atoms; hence, it 
normal modes of vibrations. All the 78 

fundamental vibrations of the cocrystal belongs to the A 
irreducible representation, are both Raman and IR active. 
However, the vibrational analysis of paracetamol has already 

B3PW91/6-311++G(d,p) basis set.  
The present calculation of vibrational wavenumbers and 
assignments have been done on paracetamol (monomer) and 
oxalic acid (monomer) individually at B3LYP/6-311++G(d,p), 

f changes in the vibrational spectra 
resulted due to cocrystal formation. One molecule of 
paracetamol and oxalic acid has 20 and 8 atoms giving 54 and 18 
normal modes of vibrations respectively. Their optimized 
structures are shown in Fig.S3 and S4, ESI†  respectively. The 
theoretical and observed vibrational wave numbers of 
paracetamol and oxalic acid along with their PED assignment are 

 

Comparison of calculated wavenumbers with 
experimental values reveals an overestimation due to neglect of 
anharmonicity present in real system. Since the vibrational 
wavenumbers obtained from the DFT calculations are higher 

Page 3 of 12 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



CREATED USING THE RSC ARTICLE TEMPLATE - SEE WWW.RSC.ORG/ELECTRONICFILES FOR FURTHER DETAILS 

4 

than the experimental wave numbers, they were scaled down by 
0.967943 and a comparison was made with the experimental 

values. All the calculated wave numbers reported in this study 
are the scaled values. 

Table 1 The Experimental and Theoretical bond length (in Å) and stretching frequency (in cm-1) of the bonds involved in hydrogen bonding 

Experimental  

 
O-H 
(paracetamol) 

O-H 
(oxalic acid) 

C=O 
(oxalic acid) 

C=O 
(paracetamol) 

N-H 
(paracetamol) 

 
Bond 
Length 

Stretching 
frequency 

Bond 
Length 

Stretching 
frequency 

Bond 
Length 

Stretching 
frequency 

Bond 
length 

Stretching 
frequency 

Bond 
length 

Stretching 
frequency 

Paracetamol 0.9900 
3321 
(IR) 

    1.2397 
1651, 
1649(IR,  
Raman) 

1.0150 
3256 
(IR) 

Oxalic acid   
0.9257, 
0.9257 

3099 
(IR) 

1.2071, 
1.2071 

1749,1739 
(IR, 
Raman) 

    

Cocrystal 0.9849 
3383,3380 
(IR , 
Raman) 

0.9827, 
0.9823 

2999 
(IR) 

1.2321, 
1.2393 

1724,1749 
(IR,Raman) 

1.2426 1655(IR) 1.0094 
3344,3346 
(IR, 
Raman) 

Calculated  

monomer 0.9629 3712 
0.9988, 
0.9698 

3086,3631 
1.2041,1.20
15 

1764, 1746 1.2329 1643 1.0086 3509 

dimer+ 
2OXA 

0.9841 
(PRA1) 
 

3320 

1.0163, 
0.9696 
(OXA1) 
1.0127, 
0.9850 
(OXA4) 

2777,3636
(OXA1) 
2849,3369
(OXA4) 

1.2119,1.19
87 
(OXA1) 
1.2031,1.21
87, (OXA4) 

1721, 1773 
(OXA1) 
1754, 1690 
(OXA4) 
 

1.2417 
(PRA1) 
 

1616 
(PRA1) 

1.0136 
(PRA1), 
1.0149 
(PRA2) 

3439 
(PRA1), 
3421 
(PRA2) 

 
Each molecule of paracetamol-oxalic acid cocrystal has three 
hydroxyl groups, one belongs to paracetamol and the other two 
are of oxalic acid. In the observed spectra of cocrystal the 
stretching modes of the hydroxyl groups of the paracetamol and 
oxalic acid are observed at 3383/3380 cm−1 in IR/Raman spectra 
and at 2999 cm−1 in the IR spectra respectively, which indicates 
that all the hydroxyl groups are hydrogen bonded. However, in 
the monomer of PRA-OXA cocrystal (Fig.1) the hydroxyl group 
of paracetamol molecule and one of the hydroxyl groups of 
oxalic acid are free. As such to get a better picture of the effect 
of hydrogen bonding on vibrational spectra the calculations were 
also performed on dimer+2OXA (Fig.2-having two paracetamol 
and four oxalic acid molecules) in which all the three hydroxyl 
groups, are hydrogen bonded to the neighboring molecules, 
giving better agreement with experimental spectra. 

All the assigned wavenumbers of the intense 
vibrational modes of cocrystal calculated using monomer and 
dimer+2OXA models and assignments along with the PED are 
given in TableS4, ESI†. Experimental and theoretical bond 
length and stretching wavenumber of bonds involved in 
hydrogen bonding are shown in Table1. Comparison of the 
calculated (scaled) IR and Raman spectra of monomer and 
dimer+2OXA with the observed spectra is shown in Fig.3 and 
Fig.4. Comparison of experimental and calculated (scaled) IR 
and Raman spectra of paracetamol and oxalic acid are given in 
Fig. S5, S6, S7 and S8, ESI†. 

 
Fig.3 Experimental and calculated (scaled) IR absorbance spectra of 
PRA-OXA cocrystal in the region 400-1389 cm-1,1400-1900 cm-1 and 
2600-3800 cm-1 

 

 
Fig. 4 Experimental and calculated (scaled) Raman scattering spectra of 
PRA-OXA  cocrystal in the region 100-1389 cm-1,1400-1900 cm-1 and 
2600-3700 cm-1. 

4.2.1 OH group of Paracetamol 

The O-H stretching vibrations are sensitive to hydrogen bonding. 
The non-hydrogen bonded (or) free hydroxyl group absorbs 
strongly in 3700-3550 cm−1 region. Whereas the existence of H-
bonding can lower the O-H stretching vibration to the region 
3500–3200 cm−1 region with increase in IR intensity and 
breadth44,45. 

Hydroxyl group of paracetamol is forming a weaker 
hydrogen bond in cocrystal than the pure paracetamol (API), 
which is reflected in the smaller OH bond length and higher OH 
stretching frequency in cocrystal as shown in Table1. This 
hydroxyl OH stretching mode calculated in monomer at 3712 
cm−1 shows a red shift46, while in dimer+2OXA this mode is 
computed at 3320 cm−1 which is closer to the observed value at 
3383/3380 cm−1 in IR /Raman spectra of cocrystal  as shown in 
Table S4. This downward shift in the calculated wave number 
corresponds to an increase in bond length of OH, which is 0.963 
Å in monomer and 0.984 Å in dimer+2OXA. In monomer the 
hydroxyl group of paracetamol is free while in dimer+2OXA it 
is forming intermolecular hydrogen bond with neighboring 
oxalic acid molecule. 

4.2.2 OH group of oxalic acid 

There are two hydroxyl groups in oxalic acid both having bond 
length 0.9257 Å as shown in Fig. S9 ESI†,. However, in case of 
cocrystal, these hydroxyl group have bond length 0.9827 Å and 
0.9823 Å, forming strong hydrogen bonding with the C=O 
groups of paracetamol and oxalic acid of neighboring cocrystal 
molecule, respectively (as shown in Fig. 2). 
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The observed IR stretching frequency of O-H group is 
3099 cm−1 and 2999 cm−1 in oxalic acid and cocrystal 
respectively, suggest that hydroxyl group stretching of oxalic 
acid in cocrystal is red shifted due to stronger hydrogen bonding 
as shown in Fig. 3. The calculated OH stretching mode in 
monomer at 3086 cm−1 shows a red shift in dimer+2OXA and 
occurs at 2777 cm−1. This downshift in wavenumber corresponds 
to an increase in calculated O-H bond length, which is 0.998 Å 
in monomer and 1.016 Å in dimer+2OXA. The O10∙∙∙∙H28-O25 
hydrogen bond is strongest among all of the H-bond as O25-H28 
bond length turns out to be longest among all the H-bond in 
PRA-OXA. The larger O-H bond length and corresponding 
lowering of the OH stretching frequency unambiguously indicate 
that hydrogen bonding leads to a redistribution of the electron 
density. 

4.2.3Amide group 

The positions of N-H stretching bands are dependent on the 
strength of hydrogen bond formed. The free N-H stretching 
modes of secondary amides are generally observed in the region 
3460–3300 cm−1.47 

In case of paracetamol NH is forming hydrogen bond 
with the OH group of neighboring molecule as shown in Fig. 
S10, ESI†. However, in case of cocrystal NH group is hydrogen 
bonded with the carbonyl group of oxalic acid and as such the 
hydrogen bonding pattern of API is completely different from 
cocrystal. The corresponding hydrogen bond is weaker in 
cocrystal in comparison to the paracetamol as the observed bond 
length of NH in larger in paracetamol as shown in Table1. The 
N-H stretching frequency is observed at 3256 cm−1 in IR spectra 
of paracetamol and at higher value 3344/3346 cm−1 in IR/Raman 
of cocrystal as shown in Fig. 3 whereas it is calculated at 3509 
cm−1 in monomer and 3421 cm−1 in dimer+2OXA. This decrease 
in calculated wavenumber is attributed to increase in the bond 
length of N-H by 0.005 Å, due to incorporation of intermolecular 
N-H∙∙∙∙O interactions48 in dimer+2OXA, which was not taken 
into account in case of monomer. This also resulted in better 
agreement of the calculated N-H stretching mode of 
dimer+2OXA, with the observed spectra. The observed N-H 
rocking mode at 1514 /1519 cm−1 in IR/Raman spectra of 
cocrystal is in good agreement with the calculated wave number 
1521 cm−1 in monomer as shown in Table S4. The calculated N-
H wagging mode at 541 cm−1 is assigned to the observed 
IR/Raman peak at 521cm−1 / 524 cm−1. 

The C=O stretching mode is observed at 1655 cm−1 in 
IR spectra of cocrystal. In paracetamol this mode is observed at 
1651/1649cm−1 in IR/Raman spectra. The stretching mode of 
C=O group is calculated at 1643 cm−1 in monomer and 1616 
cm−1 in dimer+2OXA.This   implies that C=O mode is involved 
in intermolecular hydrogen bonding as the bond length of C=O 
mode increases by 0.008 Å in dimer+2OXA as compared to 
monomer. The stretching vibration of CN is calculated at 1233 
cm−1 corresponding to the observed peak at 1221/1223 cm−1 in 
the IR/Raman spectrum and the torsion mode of CN is calculated 
at 610 cm−1 and observed at 611/615 cm−1 in IR/Raman 
spectrum. 

4.2.4 C=O group of oxalic acid 

The most of the characteristic features of the carboxylic group 
are observed usually in 1750–1600 cm−1 regions49.Carboxyl 
group of oxalic acid is forming stronger hydrogen bond with the 
hydroxyl group of paracetamol in cocrystal in comparison to 
pure oxalic acid as the bond length of C=O of oxalic acid 
molecule in cocrystal is higher (1.23929 Å) than in pure oxalic 
acid (1.20707 Å). As such, corresponding stretching frequency is 
observed at 1724 cm−1 in IR of cocrystal and 1749 cm−1 in IR of 
oxalic acid. Whereas C=O stretching mode is calculated at 1764 
cm−1 in monomer, shows a red shift in dimer+2OXA and 
calculated at 1690 cm−1, which is in better agreement with the 
experimental spectra as shown in Table1. In dimer+2OXA the 
C=O group of oxalic acid is involved in intermolecular hydrogen 

bonding with the hydroxyl group of paracetamol (as shown in 
Fig.2). 

4.2.5 Ring Vibrations 

The C-H stretching mode of aromatic compound appears in the 
range 3100-3000 cm−1  50,51. The ν(CH) stretching vibration of 
the ring is calculated at 3057 cm−1 corresponding to the observed 
values 3051/3055 cm−1 in IR/Raman spectra as shown in Table 
S4. The C-H in plane bending frequencies appear in the range 
1350-1000 cm−1 52 and very useful for characterization purpose. 
This mode is calculated at 1098 cm−1 that corresponds to the 
observed values at 1115/1116 cm−1 in IR/Raman spectra. The C-
H out-of-plane bending vibrations are strongly coupled 
vibrations and occur in the region 900-667 cm−1 53.Out-of-plane 
vibration δout (CH) is calculated at 814 cm−1 corresponding to the 
observed peak at 823/828 cm−1 in IR/Raman spectrum having 
almost equal intensity. The carbon–carbon stretching modes are 
expected in the range from 1650 to 1200 cm−1. The ring ν (CC) 
stretching is calculated at 1603 cm−1 corresponding to the 
observed IR/Raman peak at 1620/1618 cm−1. The stretching 
vibration of C1N8 is calculated at 1199 cm−1 and observed at 
1178/1182 cm−1 in IR/Raman spectrum. Puckering mode of the 
ring is calculated at 689 cm−1, corresponds to the observed band 
at 696/709 cm−1 in the IR/Raman spectra. The asymmetric 
deformation is calculated at 637 cm−1 and observed at 633 cm−1 
in Raman spectra. Asymmetric torsion is calculated at 406 cm−1 
and assigned to the peak at 415/392 cm−1 in the IR/Raman 
spectrum. 

4.2.6 Methyl group vibrations 

The methyl group vibrations are localized and not much effected 
by the formation of cocrystal. The asymmetric stretching 
vibration of CH3 group is calculated at 3022 cm−1 corresponding 
to the observed IR/Raman peak at 3024/3020 cm−1 while 
symmetric stretching is calculated at 2947 cm−1 and assigned to 
the observed peaks at 2945/2941cm−1 in IR/Raman spectrum as 
shown in Table S4. Its asymmetric deformation is calculated at 
1444 cm−1 and observed at 1446/1444 cm−1 in the IR/Raman 
spectrum. The rocking mode ρ(CH3) is calculated at 1021 cm−1 
and assigned to the observed peak  at 1022 cm−1 in IR and at 
1030 cm−1 in Raman spectrum. 

4.3 Natural bond orbital analysis (NBO) 

The NBO analysis provides an accurate method for studying 
interactions, intramolecular and intermolecular hydrogen 
bonding and provides an efficient basis for evaluating charge 
transfer or hyperconjugative interaction in molecular systems54. 
First order density matrix of the ab initio calculations was 
extracted to develop a unique set of atomic hybrids and bond 
orbital’s which leads to ‘‘Lewis structure’’. It helps to 
understand the bonding in molecules. Delocalization of electron 
density between occupied, Lewis-type (bond or lone pair) NBO 
and formally unoccupied (anti-bond or Rydberg) non-Lewis 
NBO’s correspond to a stabilizing donor–acceptor interaction 
helps in the investigation of intermolecular/intramolecular 
interactions among bonds, which are presented in Table 2. 

The hyperconjugative interactions are formed by the 
orbital overlap between π(C-C) bond orbital to π*(C-C) anti-
bonding orbital, which results in intramolecular charge transfer 
causing the stabilization of the ring with the maximum energy of 
22.03 kcal/mol. On the other hand, a very strong interaction has 
been observed between the lone pair LP(1) (N8) and π*(C9-O10) 
with energy of 66.59 kcal/mol, is responsible for the stabilization 
of the cocrystal.  Hence this lone pair also participates in 
LP(1)(N8)→π*(C1-C2) interaction with energy of 29.56 
kcal/mol. Since π orbitals have lower occupancies than σ orbital 
correspondingly showing more electron- donating ability in 
comparison to σ orbital. This also shows that [LP(1) (N8) → 
π*(C9-O10)] is the most intensive interaction between the 
acceptor and donor which results in the molecular stability. The 
other weak interactions are due to O22, O23, O25 and O26 
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oxygen atoms as shown in Table 2. The interactions between 
lone pair of LP(2)(O25)→π*(C24-O26) and LP(2)(O22)→ 
π*(C21-O23) leads to stabilization of energy 50.38 and 43.09 
kcal/mol, respectively are responsible to the stabilization of 
molecule. The interaction LP(2)(O10)→σ*(O25-H28) confirms 
the hydrogen bond interaction. 

Hence the charge transfer interactions are formed by the orbital 
overlap between bonding (π) and anti-bonding (π*) orbital’s, 
which results in intramolecular charge transfer (ICT) causing 
stabilization of the system. This movement of π electron cloud 
from donor to acceptor i.e. ICT makes the molecule more 
polarized.  

Table 2 Second-order perturbation theory analyses of the Fock Matrix, in the NBO basis for interactions  in monomer within dimer+2OXA of cocrystal 

Donor NBO (i) ED(i)/e Acceptor NBO 
(j) 

ED(j)/e E(2)a  
(kcal/mol) 

E(j)-E(i)b 

(a.u.) 
F(i,j)c 
(a.u.) 

paracetamol               

πC1-C2 1.65475  π* C3-C4   0.38528 18.17 0.28 0.065 

πC1-C2 1.65475  π*C5-C6  0.34188 21.34 0.28 0.069 

πC3-C4 1.65259  π*C1-C2   0.38785 22.03 0.29 0.072 

πC3-C4 1.65259  π*C5-C6   0.34188 18.33 0.29 0.065 

πC5-C6 1.72207  π*C1-C2   0.38785 17.72 0.29 0.066 

πC5-C6 1.72207 π*C3-C4   0.38528 19.98 0.28 0.069 

LP(1)O7         1.97928  σ *C3-C4   0.02695 6.04 1.17 0.075 

LP(2)O7         1.87948  π*C3-C4   0.38528 27.22 0.35 0.094 

LP(1)N8         1.64840  π*C 1-C2   0.38785 29.56 0.31 0.086 

LP(1)N8     1.64840  π*C9 -O10  0.33015 66.59 0.28 0.122 

LP(2)O10        1.86095  σ *N8-C9   0.06430 22.95 0.77 0.121 

LP(2)O10 1.86095  σ *C9- C11   0.04588 11.98 0.67 0.082 

paracetamol to 

oxalic acid 

      

LP(1)O10 1.95343 σ *O25-H28 0.08706 9.50 1.02 0.089 

LP(2)O10 1.84964 σ *O25-H28 0.08706 32.10 0.70 0.136 

oxalic acid                     

LP(1)O22        1.97683  σ * C21-O23   0.02553 6.74 1.23 0.081 

LP(2)O22         1.81017 π*C21-O23  0.19728 43.09 0.36 0.112 

LP(2)O23         1.84071  σ * C21-O22  0.09551 32.26 0.63 0.129 

LP(2)O23        1.84071 σ *C21-C24   0.12826 21.84 0.60 0.103 

LP(1)O25       1.96836 σ *C24-O26   0.02806 8.90 1.19 0.092 

LP(2)O25         1.77830  π* C24-O26  0.22211 50.38 0.35 0.118 

 LP(2)O26        1.84235  σ *C 21-C24   0.12826 23.61 0.59 0.106 
aE(2) means energy of hyper conjugative interaction (stabilization energy), bEnergy difference between donor (i) and acceptor (j) NBO orbital, 
cF(i,j) is the Fock matrix element between i and j NBO orbitals  

The second-order perturbation theory analyses of the Fock 
Matrix, in the NBO basis for intermolecular interactions in PRA-
OXA (dimer+2OXA) cocrystal are presented in Table 3. In 
dimer+2OXA intermolecular charge transfer from 
LP(1)(O7)→σ*O38-H43 stabilize the molecule with the 
interaction energy 16.86 kcal/mol. Another weak interaction 

charge transfer due to LP(1)(O31)→σ*O7-H16 confirms the 
presence of charge transfer interaction O7-H16…O31 which 
stabilize the molecule with the energy 9.38 kcal/mol. In the 
similar way the interaction from LP(1)(O26)→σ*N60-H69 
stabilize the molecule with the energy 4.79 kcal/mol.

Table 3 Second order perturbation theory analysis of the Fock matrix in the NBO basis for the intermolecular interactions for dimer+2OXA of cocrystal 

Donor NBO (i) 

 

ED(i)/e Acceptor NBO (j) ED(j)/e E(2)a  

(kcal/mol) 

E(j)−E(i)b 

(a.u.) 

F(i,j)c 

(a.u.) 

LP(1)O7 1.93717 σ *O38-H43 0.06581 16.86 0.94 0.113 

LP(2)O7 1.88141 σ *O38-H43 0.06581 10.56 0.72 0.079 

LP(1)O26 1.97264 σ *N60-H69 0.02393 4.79 1.15 0.066 

LP(1)O31 1.95766 σ *O7-H16 0.04635 9.38 1.37 0.101 

LP(2)O31 1.85914 σ *O7-H16 0.04635 4.63 0.95 0.061 

σ O38-H43 1.98316 σ *C63-H72 0.00635 4.76 6.34 0.156 

σC61-C63 1.98396 σ *C9-C11 0.04298 8.18 1.57 0.102 

σC63-H70 1.97757 σ *O7-H16 0.04635 5.92 1.15 0.074 

σC63-H70 1.97757 σ *C9-C11 0.04298 11.35 1.43 0.114 

σC63-H71 1.98651 σ *C9-C11 0.04298 6.74 1.44 0.088 

σC63-H72 1.96994 σ *O7-H16 0.04635 13.51 1.14 0.111 

σC63-H72 1.96994 σ *C9=O10 0.02243 6.69 1.15 0.078 

σC63-H72 1.96994 σ *C9-C11 0.04298 25.91 1.42 0.172 

Selected Lewis orbitals (occupied bond orbital) for 
monomer of cocrystal with percentage ED over bonded atoms 
(EDX, EDY in %), hybrid NBOs with s and p character are listed 

in Table S5, ESI†. The NBO hybrid orbital analysis shows that 
all the N-H/C-N and O-H/C-O bond orbitals are polarized 
towards the nitrogen (ED=71.93% at N) and oxygen 

Page 6 of 12RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



CREATED USING THE RSC ARTICLE TEMPLATE 

(ED=79.34% at O) respectively. The electron density 
distribution (occupancy) around the loan pair of ox
also influences the polarity of the molecule. Therefore, they 
consist with the maximum electron density on the oxygen atoms, 
which is responsible for the polarity of molecule.

4.4 AIM calculation: Topological parameters at 
bond critical points (BCP) 

The AIM method gives the opportunity to get an insight into a 
region of a system. The theory of AIM efficiently describes H
bonding and its concept without border. Bond critical point is 
used in the recognition of chemical bonds and strength between 
atoms. Geometrical and topological parameters are useful as 
tools to characterize the strength and nature of the H
geometrical criteria for the existence of hydrogen bond are as 
follows: (i) The distance between proton (H) and acceptor (A) is 
less than the sum of their van der Waal’s radii of these atoms. 
(ii) The ‘donor (D) proton (H)∙∙∙∙acceptor (A)’ angle is greater 
than 90◦. (iii) The elongation of ‘donor (D) proton (H)’ bond 
length is observed. As the above criteria are frequently 
considered as insufficient, the existence of hydrogen bond could 
be supported further by Koch and Popelier criteria
‘Atoms in Molecules’ theory (i) the existence of bond critical 
point for the ‘proton (H)∙∙∙∙acceptor (A)’ contact as a 
confirmation of the existence of hydrogen bonding interaction. 
(ii) The value of electron density (ρH∙∙∙∙A) should be within the 
range 0.002–0.040 a.u. (iii) the corresponding Laplacian
should be within the range 0.024–0.139 a.u. The criteria provide 
a basis to distinguish these interactions from van der Waals 
interactions and have been proved to be valid fo
non-conventional H-bonds. 
  According to Rozas et al.56 the interactions may be 
classified as follows: (i) for strong H-bonds (
0 and covalent in nature, (ii) for medium H-
HBCP< 0 and partially covalent in nature and (iii) for weak H
bonds (2ρBCP)  > 0 and HBCP>0 and electrostatic in nature. The 
van der Waals interactions are characterized when the distance 
between interacting atoms is greater than the sum of van der 
Waals radii of these atoms.  Molecular graph of monomer and 

Table 4 Geometrical parameter (bond length) and topologicalparameters for bon
(ρBCP), Laplacian of electron density (2ρBCP), electron kinetic energy density (G
density (HBCP) at bond critical point (BCP) and estimated interaction energy (E

 

Interactions 
Bond length 

(A0) 
ρBCP

(a.u.)
O10∙∙∙∙H28 1.51062 0.07255
O7∙∙∙∙H43 1.52718 0.06972
O62∙∙∙∙H36 1.56668 0.06529
O31∙∙∙∙H16 1.61832 0.05387
O26∙∙∙∙H69 1.84885 0.03099
O50∙∙∙∙H17 1.95331 0.02416
O62∙∙∙∙H64 2.17845 0.02018
O10∙∙∙∙H12 2.18042 0.02010
O31∙∙∙∙H13 2.35423 0.01159
O26∙∙∙∙H71 2.37670 0.01096
O46∙∙∙∙H19 2.40090 0.00964
O22∙∙∙∙H67 2.51199 0.00689
O50∙∙∙∙H15 2.54456 0.00683

4.5 Chemical reactivity 

 Theoretically, the chemical reactivity of a molecule can be 
described in three ways, by using (i) MEPS map (ii) frontier 
orbital analysis and (iii) electronic reactivity descriptors. All 
calculations are performed on paracetamol (monomer) and 
monomer as well as dimer+2OXA forms of cocrystal, to 
understand the role of intermolecular interactions in affecting the 
chemical reactivity of individual molecule in cocrystal.

4.5.1 Molecular electrostatic potential 

MEP serves as a useful quantity to investigate the molecular 
structure with its physiochemical property relationship
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(ED=79.34% at O) respectively. The electron density 
distribution (occupancy) around the loan pair of oxygen atoms 
also influences the polarity of the molecule. Therefore, they 
consist with the maximum electron density on the oxygen atoms, 
which is responsible for the polarity of molecule. 

4.4 AIM calculation: Topological parameters at 

The AIM method gives the opportunity to get an insight into a 
region of a system. The theory of AIM efficiently describes H-
bonding and its concept without border. Bond critical point is 
used in the recognition of chemical bonds and strength between 
toms. Geometrical and topological parameters are useful as 

tools to characterize the strength and nature of the H-bond. The 
geometrical criteria for the existence of hydrogen bond are as 
follows: (i) The distance between proton (H) and acceptor (A) is 

than the sum of their van der Waal’s radii of these atoms. 
∙∙∙∙acceptor (A)’ angle is greater 

. (iii) The elongation of ‘donor (D) proton (H)’ bond 
length is observed. As the above criteria are frequently 

s insufficient, the existence of hydrogen bond could 
be supported further by Koch and Popelier criteria55 based on 
‘Atoms in Molecules’ theory (i) the existence of bond critical 

∙∙∙∙acceptor (A)’ contact as a 
istence of hydrogen bonding interaction. 

) should be within the 
0.040 a.u. (iii) the corresponding Laplacian2ρ (rBCP) 

0.139 a.u. The criteria provide 
uish these interactions from van der Waals 

interactions and have been proved to be valid for standard and 

the interactions may be 
bonds (2ρBCP) < 0, HBCP< 

-bonds(2ρBCP) > 0, 
< 0 and partially covalent in nature and (iii) for weak H-

>0 and electrostatic in nature. The 
van der Waals interactions are characterized when the distance 

interacting atoms is greater than the sum of van der 
Waals radii of these atoms.  Molecular graph of monomer and 

dimer+2OXA of cocrystal calculated using AIM program at 
B3LYP/6-311++G (d,p) level is shown in Fig.S11
Fig.5.Geometrical as well as topological parameters for bonds of 
interacting atoms are given in Table4. The geometrical 
parameters for hydrogen bonds in dimer+2OXA model are given 
in Table S6, ESI†. On the basis of th
O39∙∙∙∙H35, O31∙∙∙∙H16, O26∙∙∙∙H69 and
medium hydrogen bonds. The Bader’s theory
estimate hydrogen bond energy (E). Espinosa
proportionality between hydrogen bond energy (E) and potenti
energy density (VBCP) at H...O contact: E= (1/2)(V
calculated interaction energy at BCP indicates that O7
O10∙∙∙∙H28, O62∙∙∙∙H63 and O31∙∙∙∙H16 are strong. However
O50∙∙∙∙H17 and O26∙∙∙∙H69 are moderate in nature whereas rest 
is weaker interactions.  

Fig.5 Molecular graph of dimer+2OXA of cocrystal: bond critical points 
(small red spheres), ring critical points (small yellow sphere), bond paths 
(pink lines). 

Geometrical parameter (bond length) and topologicalparameters for bonds of interacting atoms of PRA-OXA (dimer+2OXA): electron density 
), electron kinetic energy density (GBCP), electron potential energy density (V

(BCP) and estimated interaction energy (Eint). 

 

(a.u.) 
2ρBCP 

(a.u) 
GBCP 

(a.u.) 
VBCP 

(a.u.) 
HBCP 

(a.u.) 
0.07255 0.13747 0.02711 −0.08859 −0.06148
0.06972 0.14126 0.02631 −0.08795 −0.06163
0.06529 0.12822 0.02472 −0.08150 −0.05678
0.05387 0.14080 0.01785 −0.07090 −0.05305
0.03099 0.12493 0.00439 −0.04002 −0.03563
0.02416 0.10973 0.00106 −0.02955 −0.02849
0.02018 0.09513 −0.00172 −0.02033 −0.02206
0.02010 0.09538 −0.00177 −0.02030 −0.02207
0.01159 0.06271 −0.00284 −0.00999 −0.01283
0.01096 0.05809 −0.00274 −0.00903 −0.01177
0.00964 0.05326 −0.00280 −0.00771 −0.01051
0.00689 0.04108 −0.00272 −0.00481 −0.00754
0.00683 0.03921 −0.00249 −0.00480 −0.00730

Theoretically, the chemical reactivity of a molecule can be 
described in three ways, by using (i) MEPS map (ii) frontier 

vity descriptors. All 
calculations are performed on paracetamol (monomer) and 
monomer as well as dimer+2OXA forms of cocrystal, to 
understand the role of intermolecular interactions in affecting the 
chemical reactivity of individual molecule in cocrystal. 

MEP serves as a useful quantity to investigate the molecular 
structure with its physiochemical property relationship59-64. It 

correlates with the dipole moment, electro negativity, partial 
charges and site of chemical reactivity of the molecule.

The different values of the electrostatic potential at the 
surface are represented by different colors: red represents the 
region of negative electrostatic potential, blue represents the 
region of most positive electrostatic potential and green 
represents the region of zero potential. Potential increases in the 
order red < orange < yellow < green < blue. The color code of 
MEP map is in the range between 
−0.0733 a.u to +0.0733 a.u  and 
paracetamol (monomer), PRA-OXA (monomer) and PRA
(dimer+2OXA), respectively. Such m
Fig. S12, Fig. S13, ESI† and Fig. 6, 
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dimer+2OXA of cocrystal calculated using AIM program at 
G (d,p) level is shown in Fig.S11, ESI†  and 

topological parameters for bonds of 
interacting atoms are given in Table4. The geometrical 
parameters for hydrogen bonds in dimer+2OXA model are given 

. On the basis of these parameters, O7∙∙∙∙H43, 
∙∙∙∙H35, O31∙∙∙∙H16, O26∙∙∙∙H69 and O50∙∙∙∙H17, all are 

medium hydrogen bonds. The Bader’s theory57 is used to 
estimate hydrogen bond energy (E). Espinosa58 proposed 
proportionality between hydrogen bond energy (E) and potential 

O contact: E= (1/2)(VBCP). The 
calculated interaction energy at BCP indicates that O7∙∙∙∙H43, 

∙∙∙∙H28, O62∙∙∙∙H63 and O31∙∙∙∙H16 are strong. However 
∙∙∙∙H17 and O26∙∙∙∙H69 are moderate in nature whereas rest 

 

Molecular graph of dimer+2OXA of cocrystal: bond critical points 
(small red spheres), ring critical points (small yellow sphere), bond paths 

OXA (dimer+2OXA): electron density 
), electron potential energy density (VBCP), total electron energy 

Eint 
(kcal/mol) 

−0.06148 −27.79730 
−0.06163 −27.59588 
−0.05678 −25.57219 
−0.05305 −22.24738 
−0.03563 −12.55847 
−0.02849 −9.27413 
−0.02206 −6.38136 
−0.02207 −6.36912 
−0.01283 −3.13655 
−0.01177 −2.83379 
−0.01051 −2.41901 
−0.00754 −1.51196 
−0.00730 −1.50851 

correlates with the dipole moment, electro negativity, partial 
charges and site of chemical reactivity of the molecule. 

The different values of the electrostatic potential at the 
surface are represented by different colors: red represents the 

negative electrostatic potential, blue represents the 
region of most positive electrostatic potential and green 
represents the region of zero potential. Potential increases in the 
order red < orange < yellow < green < blue. The color code of 

the range between −0.0627 a.u. to +0.0627 a.u, 
a.u  and −0.128 a.u to +0.128 a.u. in 

OXA (monomer) and PRA-OXA 
(dimer+2OXA), respectively. Such mapped MEPS are shown in 

and Fig. 6, respectively. According to 
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the results blue shade is mainly over hydroxyl and NH group of 
paracetamol (monomer) and PRA-OXA (monomer), which are 
major neuclophilic centers, and red shade is localized over 
carbonyl group of paracetamol (monomer) and in case
OXA (monomer) red shade is mainly over both the carbonyl 
groups of oxalic acid, which are major electrophilic centre. The 
reduction in the electrostatic potential around oxygen atom of the 
amide group of paracetamol and hydrogen atom of hydroxyl 
group of oxalic acid is responsible for the formation of hydrogen 
bonding in cocrystal. Molecular docking studies of paracetamol 
with cyclooxygenase-2 (COX2) inhibitor also confirm (NH) of 
amine and (OH) of hydroxyl group65,66 as binding sites.

Fig. 6 Molecular electrostatic potential (MEP) formed by mapping of 
total density over electrostatic potential in gas phase for PRA
(dimer+2OXA) of cocrystal. 

In MEP map of PRA-OXA (dimer+2OXA) the region 
of positive electrostatic potential (blue) and electronega
potential (red) are associated with the hydroxyl and carbonyl 
groups of oxalic acid respectively. 

 

4.5.2 Frontier orbital analysis 

Frontier molecular orbital’s (HOMO and LUMO) and their 
properties such as energy are used to define several types of 
reactions and for predicting the most reactive position in 
conjugated systems67.The energy of HOMO (E
related to ionization potential and energy of LUMO (E
directly related to electron affinity. According to FMO (Frontier 
molecular orbital theory), formation of transition state occur due 
to an interaction between the frontiers orbitals (HOMO and 
LUMO) of reactant. They are the main orbitals that take part in 
chemical stability68.The HOMO-LUMO energy gap (ΔE= E
- EHOMO) is an important stability index and also determines the 

Table 5 Calculated EHOMO, ELUMO, energy band gap (E
global electrophilicity index (ω) at 298.15 K for PRA

(monomer). 

Molecule 
 

EH (eV) EL (eV)

PRA-OXA 
(dimer+2OXA) 

−5.8330 −3.3418

PRA-OXA 
(monomer) 

−6.3119 −1.3630

paracetamol 
(monomer) 

−5.9193 −0.6887

oxalic acid 
(monomer) 

−7.8589 −2.1176

4.5.3. Electronic reactivity descriptors 

4.5.3.1Global reactivity descriptors 
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the results blue shade is mainly over hydroxyl and NH group of 
OXA (monomer), which are 

major neuclophilic centers, and red shade is localized over 
carbonyl group of paracetamol (monomer) and in case of PRA-
OXA (monomer) red shade is mainly over both the carbonyl 
groups of oxalic acid, which are major electrophilic centre. The 
reduction in the electrostatic potential around oxygen atom of the 
amide group of paracetamol and hydrogen atom of hydroxyl 

oup of oxalic acid is responsible for the formation of hydrogen 
bonding in cocrystal. Molecular docking studies of paracetamol 

2 (COX2) inhibitor also confirm (NH) of 
as binding sites. 

 

cular electrostatic potential (MEP) formed by mapping of 
total density over electrostatic potential in gas phase for PRA-OXA 

OXA (dimer+2OXA) the region 
of positive electrostatic potential (blue) and electronegative 
potential (red) are associated with the hydroxyl and carbonyl 

Frontier molecular orbital’s (HOMO and LUMO) and their 
properties such as energy are used to define several types of 

ctions and for predicting the most reactive position in 
The energy of HOMO (EHOMO) is directly 

related to ionization potential and energy of LUMO (ELUMO) is 
directly related to electron affinity. According to FMO (Frontier 

bital theory), formation of transition state occur due 
to an interaction between the frontiers orbitals (HOMO and 
LUMO) of reactant. They are the main orbitals that take part in 

LUMO energy gap (ΔE= ELUMO 
ant stability index and also determines the 

electron transport properties69,70.The features of HOMO
of paracetamol (monomer), cocrystal (monomer and 
dimer+2OXA models) can be seen 
and Fig. 7 respectively and their energy b
be, 5.23057 eV, 4.94893 eV and 2.4912

A small gap implies low stability and large gap implies 
high stability. A molecule with a small HOMO
more polarizable (reactive), and is generally associated with a 
high chemical reactivity (less stable)
molecule can also be related to hardness, the lower stability 
indicates that the molecule is softer and hence more reactive. 
This can be confirmed from Table 5, where the value of global 
softness is highest for dimer+2OXA model and global hardness 
is highest for paracetamol. This partly explains the superior 
compactibility of PRA-OXA cocrystal as compared to 
paracetamol12.So, chemical reactivity of cocrystal using 
dimer+2OXA model is higher than th
monomer model and for paracetamol. However, the global 
reactivity descriptors calculated using both dimer+2OXA and 
monomer model indicate that cocrystal is chemically more active 
than paracetamol. 

Fig.7 HOMO-LUMO plot of dimer+2OXA 

involved in electronic transitions 

, energy band gap (EL−EH), chemical potential (μ), electro negativity (χ), global hardness (η), global softness (S) and 
298.15 K for PRA-OXA (dimer+2OXA), PRA-OXA (monomer), paracetamol (monomer) and oxalic acid 

(eV) EL−EH 
(eV) 

χ (eV) μ (eV) η (eV) S (e/V)

−3.3418 2.4912 4.5874 −4.5874 1.2456 0.4014

−1.3630 4.9489 3.8375 −3.8375 2.4745 0.2021

−0.6887 5.2306 3.3040 −3.3040 2.6153 0.1912

−2.1176 5.7413 4.9883 −4.9883 2.8707 0.1742

The energies of frontier molecular orbitals (E
energy band gap (ELUMO - ELUMO

chemical potential (μ), global hardnes
and global electrophilicity index (ω)

SEE WWW.RSC.ORG/ELECTRONICFILES FOR FURTHER DETAILS 

.The features of HOMO-LUMO 
of paracetamol (monomer), cocrystal (monomer and 
dimer+2OXA models) can be seen in Fig. S14, Fig. S15, ESI†  
and Fig. 7 respectively and their energy band gaps are found to 

and 2.4912 eV respectively.  
A small gap implies low stability and large gap implies 

high stability. A molecule with a small HOMO-LUMO gap is 
more polarizable (reactive), and is generally associated with a 

igh chemical reactivity (less stable)71-73.The stability of 
molecule can also be related to hardness, the lower stability 
indicates that the molecule is softer and hence more reactive. 
This can be confirmed from Table 5, where the value of global 

is highest for dimer+2OXA model and global hardness 
is highest for paracetamol. This partly explains the superior 

OXA cocrystal as compared to 
chemical reactivity of cocrystal using 

dimer+2OXA model is higher than the one calculated with 
monomer model and for paracetamol. However, the global 
reactivity descriptors calculated using both dimer+2OXA and 
monomer model indicate that cocrystal is chemically more active 

 

LUMO plot of dimer+2OXA of cocrystal   with     orbital 

), chemical potential (μ), electro negativity (χ), global hardness (η), global softness (S) and 
OXA (monomer), paracetamol (monomer) and oxalic acid 

S (e/V) ω (eV) ΔNmax 

0.4014 8.4475 3.6829 

0.2021 2.9756 1.5508 

0.1912 2.0870 1.2633 

0.1742 4.3339 1.7376 

The energies of frontier molecular orbitals (EHOMO, ELUMO), 

LUMO), electro negativity (χ), 
chemical potential (μ), global hardness (η), global softness (S) 
and global electrophilicity index (ω)74-78 of paracetamol 
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(monomer), oxalic acid (monomer), PRA-OXA (monomer and 
dimer+2OXA) have been listed in Table 5. This new reactivity 
index (ω) evaluates the stabilization in energy when the system 
gains an additional electronic charge N from the surroundings. 
The electronic chemical potential measures the direction of 
charge transfer as an electrophile is a chemical species capable 
of accepting electrons from the surroundings. Hence, its energy 
must decrease upon accepting electronic charge and its chemical 
potential must become negative. The calculated higher value of 
ω shows that the dimer+2OXA behave as a strong electrophile in 
comparison to monomer in cocrystal as shown in Table5. The 
lower energy band gap and higher value of softness of cocrystal 
calculated using dimer+2OXA model as well as monomer 
indicates that it is more reactive and softer in than paracetamol. 

4.5.3.2 Electrophilicity based charge transfer (ECT) 

descriptors 

Electrophilic charge transfer (ECT) =(∆����)� − (∆����)� is 
defined as the difference between ∆���� values of interacting 
molecules A and B.  From Table 5 it is found that the calculated 
value of ECT< 0 (−0.4743eV), for molecules paracetamol (A) 
and oxalic acid (B) indicates that charge flows from paracetamol 
to oxalic acid. Therefore, paracetamol act as electron donor and 
oxalic acid as electron acceptor. In the same way, the high value 
of chemical potential and low value of electrophilicity index for 
paracetamol also favors its neuclophilic behavior, whereas the 
low value of chemical potential and high value of electrophilicity 
index for oxalic acid favors its electrophilic behavior. 

4.5.3.3. Local reactivity descriptors 

Fukui indices are a measurement of the chemical reactivity, as 
well as an indicator of the reactive regions and the neuclophilic 
and electrophilic behavior of the molecule. Thus, for an atom k 
in a molecule, three kinds of condensed Fukui function (for 
nucleophilic, electrophilic and radical attack) at atom k can be 
obtained depending upon the type of electron transfer. Fukui 
function is reactive descriptor to identify neuclophilic and 
electrophilic attack sites in particular molecule, perhaps it is also 
used to recognize the electron acceptor centre and donor centre. 

The calculated values of local electronic descriptors 
for paracetamol (monomer), cocrystal (monomer) and cocrystal 
(dimer+2OXA) have been listed in Table S7, S8, ESI†  and 
Table 6 respectively. From the Table S7 and S8 ESI†, it is clear 
that the maximum values of all three descriptors (fk

+, sK
+, ωk+) at 

O1 or O7 indicates that the atomic centre is more prone to 
neuclophilic attack in paracetamol (monomer) and cocrystal 
(monomer). The maximum values of all three descriptors (fk

−, 
sK

−, ωk−) at H12 in paracetamol (monomer) and H17 in cocrystal 
(monomer) indicates that atomic centre is more prone to 
electrophilic attack. In case of dimer+2OXA as shown in Table 
6. it is clear that maximum values of all the three descriptors (fk

+, 
sK

+ , ωk+) at O59 indicates that this site is more prone to 
neuclophilic attack and the maximum values of descriptors (fk

−, 
sK

− , ωk−) at C48 indicates that this atomic centre is more prone 
to electrophilic attack. 

Table 6 Reactivity descriptors as Fukui functions (fk+, fk-), local softnesses (sk+,sk-), local electrophilicity indices (ωk+, ωk-) for  dimer+2OXA  using 
Hirshfeld atomic charges. 

Sites fk
+ sk

+ ωk+ Sites fk
- sk

- ωk- 
1  C 0.035444 0.014227 0.299413 1  C −0.00138 −0.00055 −0.01163 
2  C 0.017296 0.006943 0.146108 2  C 0.005843 0.002345 0.049359 
3  C 0.021455 0.008612 0.181241 3  C 0.009078 0.003644 0.076686 
4  C 0.035606 0.014292 0.300782 4  C 0.005156 0.00207 0.043555 
5  C 0.029579 0.011873 0.249869 5  C 0.001278 0.000513 0.010796 
6  C 0.026809 0.010761 0.226469 6  C −0.00544 −0.00218 −0.04598 
7  O 0.035814 0.014376 0.302539 7  O 0.002475 0.000993 0.020908 
8  N 0.021228 0.008521 0.179324 8  N −0.00183 −0.00073 −0.01543 
9  C 0.015422 0.00619 0.130277 9  C 0.002019 0.00081 0.017056 

10  O 0.01484 0.005957 0.125361 10  O 0.006449 0.002589 0.054478 
11  C 0.007574 0.00304 0.063981 11  C 0.002641 0.00106 0.02231 
12  H 0.006993 0.002807 0.059073 12  H 0.003596 0.001443 0.030377 
13  H 0.009322 0.003742 0.078748 13  H 0.006192 0.002485 0.052307 
14  H 0.017988 0.00722 0.151954 14  H 0.000665 0.000267 0.005618 
15  H 0.015354 0.006163 0.129703 15  H −0.00815 −0.00327 −0.06886 
16  H 0.008774 0.003522 0.074118 16  H 0.00227 0.000911 0.019176 
17  H 0.010315 0.00414 0.087136 17  H −0.00329 −0.00132 −0.02777 
18  H 0.008792 0.003529 0.07427 18  H 0.004667 0.001873 0.039424 
19  H 0.007831 0.003143 0.066152 19  H −0.00291 −0.00117 −0.02455 
20  H 0.008505 0.003414 0.071846 20  H 0.005583 0.002241 0.047162 
21  C 0.001829 0.000734 0.01545 21  C 0.038835 0.015588 0.328059 
22  O −0.00589 −0.00237 −0.04978 22  O 0.022744 0.009129 0.19213 
23  O 0.017369 0.006972 0.146725 23  O 0.043842 0.017598 0.370355 
24  C 0.004513 0.001812 0.038124 24  C 0.033423 0.013416 0.282341 
25  O 0.00901 0.003617 0.076112 25  O 0.017578 0.007056 0.14849 
26  O −0.01285 −0.00516 −0.10858 26  O 0.035449 0.014229 0.299455 
27  H 0.0049 0.001967 0.041393 27  H 0.016069 0.00645 0.135743 
28  H 0.001675 0.000672 0.01415 28  H 0.005724 0.002298 0.048353 
29  C 0.003488 0.0014 0.029465 29  C 0.002742 0.001101 0.023163 
30  O 0.010053 0.004035 0.084923 30  O 0.004481 0.001799 0.037853 
31  O −0.0039 −0.00157 −0.03295 31  O −0.00192 −0.00077 −0.01625 
32  C 0.002913 0.001169 0.024608 32  C 0.001219 0.000489 0.010298 
33  O −0.00309 −0.00124 −0.02609 33  O −0.002 −0.0008 −0.01689 
34  O 0.012186 0.004891 0.102941 34  O 0.010643 0.004272 0.089907 
35  H 0.003458 0.001388 0.029211 35  H 0.001302 0.000523 0.010999 
36  H 0.001187 0.000476 0.010027 36  H 0.001262 0.000507 0.010661 
37  C 0.002871 0.001152 0.024253 37  C 0.036749 0.014751 0.310437 
38  O 0.000656 0.000263 0.005542 38  O 0.019475 0.007817 0.164515 
39  O 0.000328 0.000132 0.002771 39  O 0.037786 0.015167 0.319197 
40  C 0.001427 0.000573 0.012055 40  C 0.038263 0.015359 0.323227 
41  O 0.003716 0.001492 0.031391 41  O 0.024726 0.009925 0.208873 
42  O 0.006639 0.002665 0.056083 42  O 0.042501 0.01706 0.359027 
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43  H −0.00079 −0.00032 −0.00667 43  H 0.006544 0.002627 0.05528 
44  H 0.00544 0.002184 0.045954 44  H 0.016961 0.006808 0.143278 
45  C 0.000626 0.000251 0.005288 45  C 0.077426 0.031079 0.654056 
46  O −0.00763 −0.00306 −0.06443 46  O 0.041346 0.016596 0.34927 
47  O 0.013287 0.005333 0.112242 47  O 0.09433 0.037864 0.796853 
48  C 0.002611 0.001048 0.022056 48  C 0.085202 0.0342 0.719744 
49  O 0.009159 0.003676 0.077371 49  O 0.051361 0.020616 0.433872 
50  O −0.01172 −0.00471 −0.09902 50  O 0.082987 0.033311 0.701033 
51  H 0.001503 0.000603 0.012697 51  H 0.028833 0.011574 0.243567 
52  H 0.003485 0.001399 0.02944 52  H 0.031703 0.012726 0.267811 
53  C 0.050032 0.020083 0.422645 53  C −0.00302 −0.00121 −0.02547 
54  C 0.035082 0.014082 0.296355 54  C 0.002206 0.000885 0.018635 
55  C 0.039827 0.015987 0.336439 55  C 0.005391 0.002164 0.04554 
56  C 0.053166 0.021341 0.44912 56  C 0.005546 0.002226 0.04685 
57  C 0.040228 0.016148 0.339826 57  C 0.002285 0.000917 0.019303 
58  C 0.034708 0.013932 0.293196 58  C −0.00362 −0.00145 −0.03057 
59  O 0.065381 0.026244 0.552306 59  O 0.005958 0.002392 0.05033 
60  N 0.033211 0.013331 0.28055 60  N −0.00096 −0.00038 −0.00808 
61  C 0.021078 0.008461 0.178056 61  C −0.00124 −0.0005 −0.01044 
62  O 0.035626 0.0143 0.300951 62  O 0.004211 0.00169 0.035572 
63  C 0.008362 0.003357 0.070638 63  C −0.00071 −0.00028 −0.006 
64  H 0.017854 0.007167 0.150822 64  H 0.001356 0.000544 0.011455 
65  H 0.023866 0.00958 0.201608 65  H 0.004417 0.001773 0.037313 
66  H 0.024434 0.009808 0.206406 66  H 0.002051 0.000823 0.017326 
67  H 0.018496 0.007424 0.156245 67  H −0.00473 −0.0019 −0.03998 
68  H 0.026215 0.010523 0.221451 68  H 0.004027 0.001616 0.034018 
69  H 0.012657 0.005081 0.10692 69  H −0.00206 −0.00083 −0.01742 
70  H 0.00694 0.002786 0.058626 70  H −0.002 −0.0008 −0.01686 
71  H 0.005296 0.002126 0.044738 71  H −0.00385 −0.00154 −0.0325 
72  H 0.01414 0.005676 0.119448 72  H 0.002192 0.00088 0.018517 

 

4.6. Conclusions 

The structural and spectral characteristics of the paracetamol–
oxalic acid cocrystal have been systematically studied by 
experimental and quantum chemical calculation using monomer 
and dimer+2OXA models. Calculations on dimer+2OXA have 
been performed for taking into account all the nearest neighbor 
H-bonding interactions that resulted in improved agreement 
between the calculated and observed FT-IR and FT-Raman 
spectra in comparison to the spectra calculated using monomer 
model. Structural and spectral calculations indicate that OH and 
NH groups form stronger hydrogen bond in paracetamol(API) 
with the NH and OH groups of neighboring molecule 
respectively comparison to cocrystal. In case of cocrystal both 
these groups of paracetamol are hydrogen bonded to the 
neighboring oxalic acid molecule, resulting in an increment in 
the bond length and lowering in wavenumber. Hydroxyl and 
carbonyl stretching modes of oxalic acid are red shifted in 
cocrystal in comparison to pure oxalic acid as these groups make 
stronger hydrogen bonding with C=O, O-H and N-H groups of 
paracetamol resulting in the formation of cocrystal. According to 
natural bond orbital (NBO) analysis, in cocrystal two types of 
interactions are responsible for stability of the molecule. First 
one is intramolecular interaction with in the paracetamol LP(1) 
(N8)→π*(C9-O10) and oxalic acid molecule LP(2)  
(O25)→π*(C24-O26) with interaction energy 66.59  kcal/mol 
and 50.38 kcal/mol, respectively, while the second type of 
interaction is due to hydrogen bond between the lone pair of 
paracetamol and oxalic acid LP(2)(O10)→σ*(O25-H28) and 
vice versa.Atom in molecule (AIM) calculation suggest that 
hydrogen bonds C=O∙∙∙∙H−O in cocrystal are moderate in nature 
as 2ρBCP> 0, HBCP< 0 with the maximum interaction energy E= 
−27.59 kcal/mol. From the molecular electrostatic potential 
(MEPS) map, it is shown that the negative and positive region is 
localized over carbonyl and hydroxyl groups of oxalic acid in 
cocrystal.Comparison of chemical reactivity parameters of 
paracetamol with paracetamol-oxalic acid cocrystal indicates 
that cocrystal is more reactive than paracetamol(API).The 
calculated value of electrophilic charge transfer ECT< 0 
(−0.4743 eV) in cocrystal indicating that the charge flows from 
paracetamol to oxalic acid. 
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