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We have investigated the electronic structure of isolated molecules of paracetamol, aspirin and
ibuprofen using computational methods and benchmarked the results against valence and core
photoelectron spectra. Paracetamol, aspirin and ibuprofen exist as multiple conformers, and we have
calculated the free energies and populations of the lowest energy conformers. We find generally good
agreement with previous experimental and theoretical structural results. The valence band spectrum of
gas phase aspirin has not been reported previously, and we report it and assign the features based on
calculations. The effect of acetylation on the frontier orbitals of the parent molecule, salicylic acid, is to
increase the ionization potential of the highest occupied molecular orbital (HOMO), and to exchange
the energetic ordering of the following two orbitals. The acetyl © bond contributes to the next orbital,
which is hybridised with ring m orbitals. The core level spectra of all three molecules are reported and

Received 13th December 2022, compared with calculations and with the spectra of parent molecules (salicylic acid for aspirin,

Accepted 28th March 2023 4-aminophenol for paracetamol). Observed core ionization energies are in agreement with theory.
DOI: 10.1039/d2cp05810c Although all compounds share a benzene ring, and they also have a number of other chromophores in

common, the spectroscopic data indicate chemical diversity, suggesting that their modes of bonding
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1 Introduction

Among the most commonly used medications, paracetamol,
aspirin and ibuprofen are outstanding, and all are on the World
Health Organization’s list of essential medicines. In order to
understand in detail their mechanism of operation, and more
importantly to discover improved derivatives, it is essential to
understand their electronic structure at the quantum level.
Although they operate under physiological conditions, the first
step in understanding their detailed electronic structure is
investigation of the isolated molecules. In this work we have
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ionization potentials. See
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under physiological conditions are likely to be diverse.

carried out a theoretical and experimental investigation of the
electronic structure of these three drugs, two of which belong to the
large class of Non-Steroidal Anti-Inflammatory Drugs (NSAIDs).

These drugs are generally believed to work by binding with
cyclooxygenase-1 and cyclooxygenase-2 (COX-1 and COX-2)
enzymes," and blocking the production of prostaglandins.
While blocking COX-2 is believed to cause the analgesic effect,
blocking COX-1 may lead to undesired side effects.> The
biochemistry and modelling of the docking process are very
complex, and the wide range of NSAIDs and related drugs
suggests there is no single binding mechanism to COX-1 and
COX-2. As a result, numerical methods are used for each drug
or candidate drug,” underlining the importance of understand-
ing the detailed electronic properties.

The schematic structures of the molecules are shown in
Fig. 1. All contain a di-substituted benzene moiety, have multiple
flexible bonds, and aspirin and ibuprofen include carboxylic acid
groups, while paracetamol and aspirin both contain acetyl moieties.

Valence band photoelectron spectra and theoretical calcula-
tions of the valence structures of paracetamol and ibuprofen were
reported by Novak et al.®> To our knowledge, there have been no
reports of the valence photoelectron spectrum of aspirin, nor of
the core photoelectron spectra of any of these three compounds.

This journal is © the Owner Societies 2023
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Fig. 1 Schematic structures of (a) paracetamol, (b) aspirin and (c)
ibuprofen.

Several theoretical quantum mechanical studies of aspirin
reported total energies and conformational structures.*® Cabe-
zas et al.® also reported experimental results of the structure of
aspirin in the gas phase using microwave spectroscopy, and
observed two conformers. The temperature of their cooled
molecular beam was not reported, but they estimated the
population ratio of the two rotamers to be 4:1, which they
stated was consistent with an energy difference of 275 em™"
(0.68 kcal mol"). They found that neither conformer was
planar, and the structures of the rotamers were characterized
by a close approach of the carboxyl or hydroxy oxygen in the
carboxylic group to the carbonyl group of the acetyl moiety, as
in the Biirgi-Dunitz trajectory.”

The optical spectra of paracetamol have been investigated by
Beames and Hudson® using resonant two-photon ionization, as
well as by Lee et al.® and Sohn et al.'® using laser hole burning
techniques. Beames and Hudson® reported density functional
theory (DFT) calculations and interpreted their data in terms of
a single conformer. Lee et al.® identified two nearly isoenergetic
conformers labelled cis and trans, while Sohn et al. reported
four conformers and disagreed with previous interpretations of
the data. Varela et al.™* reported microwave spectra and identi-
fied four low energy conformers, labelled as trans-E and trans-Z,
(for both of which the heavy atoms are planar, with Cg sym-
metry), and as cis-E and cis-Z (non-planar, C; symmetry). In the
cis isomers, the acetamino group lies out of the plane of the
phenol ring, while E (entgegen) and Z (zusammen) refer to the
OH and NH hydrogen orientations being opposed or together.
They estimated the population ratio of trans-E to trans-Z con-
formers to be 5:1, corresponding to an energy difference of
300 cm ™" (0.86 kcal mol "), compared to a calculated value of
109 em " (0.31 keal mol ™).

The conformational landscape of ibuprofen has been exam-
ined by several groups.””™"> Betz et al.'® reported a rotational
spectroscopy study of the molecule and identified four con-
formers with similar populations. All showed the same non-
planar orientation of the propanoic acid group with respect to
the benzene ring, but had different arrangements of the
isobutyl group. Aspirin and paracetamol are achiral, while
ibuprofen is chiral, and medical formulations are usually a
racemic mixture of two enantiomers. In the present study, we
used linearly polarized light for ionization, so no effects due to
chirality are expected, and calculations were performed for only
the S-enantiomer, which is biologically the more active.

Although the conformational structures of the three target
molecules in the gas phase have been studied theoretically and
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experimentally, we are not aware of any core photoelectron
studies, nor of any valence photoelectron study of aspirin,
which we report and analyse in the present work.

The goals of this study were twofold. Computational simula-
tions of pharmaceutical docking interactions have reached a
high level of sophistication, but the size of the systems requires
that approximations must be made. Our high-level calculations
are compared with experimental data for our three samples.
This provides a benchmark for modelling of electronic struc-
ture to judge whether the approximations are sufficiently
accurate to be reliable. A second, and lesser goal was to
investigate whether properties common to the samples under
study could be identified, which might lead to insight into the
mode of action of the drugs. The quantitative structure-activity
relationship approach seeks correlations between properties,
such as measured spectra, and chemical activity. For quite
some time, relationships have been sought between electronic
properties and the activity of bio-active molecules, for example
for psychoactive drugs,'”>* analgesics,>** and amino acids.?®
Early claims of correlations of activity with ionization potentials
and frontier orbital character have not stood the test of time.
Here we investigate qualitatively whether the inclusion of core
level spectra, which are sensitive to local chemical environ-
ment, permits the identification of relationships.

2 Experimental methods

Paracetamol and aspirin were purchased from Thermo Fisher
(Alfa) with purity >98% for paracetamol and purity >99% for
aspirin, and used without further purification. Ibuprofen was
purchased from abcr GmbH with specified purity >95% and
also used without further purification. They were evaporated
from a crucible in vacuum at temperatures/background pres-
sures of 381 K/4 x 10~ ® mbar (paracetamol), 307 K/8 x 10 ®
mbar (aspirin) and 322 K/2.8 x 10~ ° mbar (ibuprofen). The
background pressure was the lowest for the first compound
because a liquid nitrogen trap was available and cooled during
the measurement. We note that these temperatures are signifi-
cantly lower than those used by Novak et al.,® i.e. 170 °C (443 K)
for paracetamol, and 105 °C (378 K) for ibuprofen.

The experiments were performed at the gas phase photo-
emission beamline, synchrotron light source Elettra, Trieste,
Italy. The photoemission spectra were measured with a total
resolution (photon + analyzer) of 0.2 eV (or better), at photon
energy 100 eV (valence), 0.57 eV at photon energy 390 eV (C 1s)
and 0.78 eV at photon energy 628 eV (O 1s). The valence band
spectrum of the first few bands of aspirin was also measured at
40 eV photon energy with a total resolution of 60 meV (not
shown; no further structure was observed). The energy scale of
the valence band spectra was calibrated by observing the first
ionization potential (IP) of H,O (present in the residual gas) at
12.62 €V,”® while for core-level photoemission, the spectra were
referenced to the following core levels: CO,, C 1s, 297.66 €V,*’
and O 1s, 541.32;*®*° and N,, N 1s, 409.9 eV.?® Spectra were
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measured both with the calibrant and sample present, and with
only the sample present.

3 Computational methods

The three drugs share a common feature of flexible structures
with rotatable single bonds. The number of conformers existing
on a conformational potential energy surface of a flexible
compound depends on the number of rotatable bonds and
the bond types. For example, sp>~sp” carbon-carbon bonds
usually have two minima while the bonds involving sp® atoms
usually have three. Thus, one needs to consider at least 3"
different conformers to ensure all potential energy minima on a
given surface are accounted for, under the assumption that
each of N rotatable bonds can give rise to two or three local
minima. Recently, Wang and Vasilyev developed a robust
computer method to generate low energy conformers of large
molecules,*® and here we apply it to small molecules. As seen in
Fig. 1(a), paracetamol has four rotatable bonds but the bonds
for the terminal -CH; groups are not included in the rotatable
bond list in the above conformational search method. We
calculated that the barrier for rotation of the methyl group is
0.2 keal mol™?, so that at the temperature of the experiment,
the methyl group is rotating freely. Nevertheless, the algorithm
explores the parameter space including methyl rotations. Thus,
one needs to generate at least 27 (3% = 27) random structures for
the conformational search. However, for better conformational
sampling, 60 structures were generated.

In the same manner, aspirin (Fig. 1(b)) has five rotatable
bonds but only four were used in the search which requires at
least 81 (3* = 81) generated structures, with 150 being used in
our calculations.

In the case of ibuprofen, we considered only S-ibuprofen as
the present results are identical for the R-ibuprofen. Out of
eight possible rotatable bonds, five rotatable bonds were used
in the search which requires at least 243 (3° = 243) generated
structures, while 500 generated structures were used in the
calculations. The Boltzmann weights are calculated at room
temperature of 293 K and also calculated at the experimental
temperatures of paracetamol (381 K), aspirin (307 K) and
ibuprofen (322 K).

Based on the optimised geometries of the drugs’ confor-
mers, the valence IPs of the isolated molecules were calculated
using the outer valence Green function (OVGF) method with the
6-311++G(d,p) basis set. All optimisation and OVGF calcula-
tions were performed using the Gaussian 16 computational
chemistry package.>® The core electron binding energies
(CEBEs) were calculated with the A(PW86-PW91/et-pVQZ) + Crel
method®” using the Amsterdam Density Functional (ADF)
suites of programs.®* The IP values for unlocalisable core holes
are approximated by

CEBE = mKT + shift,

where mKT = meta-Koopmans’ theorem = —¢(SAOP), SAOP =
statistical average of the orbital model exchange-correlation
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potential, and shift = average of (CEBE — mKT) for the locali-
sable core hole.*® For C 1s, the shift was equal to 16.75 eV for
aspirin, 16.67 eV for paracetamol, and 16.58 eV for ibuprofen.

4 Results

4.1 Results: conformers

All generated structures were optimised at the B3LYP/6-311G
level of theory. The obtained local-minimum structures were
re-optimised at the B3PW91/6-31++G(d,p) level of theory,
with strain energy cut off (energy difference of a conformer
with respect to the global minimum structure) being
3.05 kecal mol " for paracetamol, 0.5 kcal mol " for ibuprofen
and 2.55 kcal mol " for aspirin, Table 1. The structures of the
lowest energy conformers of paracetamol are in agreement with
those reported by Varela et al.'* and Sohn et al.,'® denoted trans-
E and trans-Z for the lowest energy forms, in which the heavy
atoms are coplanar, and differ by a rotation of the hydroxyl
group. The next lowest energy conformers were labelled cis-E
and cis-Z and the heavy atoms are non-coplanar. As well, we
found structures in which the methyl group is rotated by 60°
with respect to one of these conformers for paracetamol, namely
P2 and P4, Table 1, see also ESI,{ Fig. S1. As stated above the
barrier for rotation is low and at the temperature of this
experiment, the methyl group rotates freely. The structures are
therefore in agreement with those reported previously.'®!*

The present value of the calculated energy of the second
lowest conformer, Table 2, is in accord with published

Table 1 Selected parameters of the lowest energy conformers of para-
cetamol, aspirin and ibuprofen, optimized using B3LYP/6-311G after a
conformer search. P2 and P4 are paracetamol conformers in which the
methyl group is rotated 60° with respect to P1 and P3, respectively. At the
temperature of the experiment, the methyl group is freely rotating. The cut
off energies are 3.05 kcal mol~? for paracetamol, 2.55 kcal mol ™ for aspirin
and 0.5 kcal mol™? for ibuprofen

Boltzmann Total

weight (%) number of
conformers

293 K 381 K searched

Conformer
total energy
(Eh)

Strain Dipole
energy moment Cluster
(keal mol™) (D) size

Paracetamol 0.000 2.36 15 67.5 37.1 60
P1,trans-E

P2, trans-E’ 0.225 2.43 1 3.1 3.1

P3, trans-Z 0.508 5.35 14 26.3 21.4

P4, trans-Z' 0.728 5.41 2 2.6 3.1

P5, cis-E 3.042 4.52 15 0.36 0.20

P6, cis-Z 3.048 4.41 10 0.24 0.20
—515.4682350 307 K

Ey

Aspirinl 0.00 2.20 23 90.7 75.4 150
Aspirin2 1.30 2.80 18 7.6 21.3
Aspirin3 2.57 4.92 10 0.5 2.9
—648.6650314 322 K

Ey

(S)-Tbuprofen1 0.000 1.515 19 14.9 19.1 500
(S)-Ibuprofen2 0.005 1.517 33 25.7 18.9
(S)-Tbuprofen3 0.023 1.708 22 16.6 18.5
(S)-Ibuprofen4 0.023 1.710 30 22.6 183

—656.6823513
Eh
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Table 2 Selected parameters of the lowest energy conformers of para-
cetamol, aspirin and ibuprofen, re-optimized using the B3PW91/6-
311++G(d,p), compared with literature (in parentheses)

Dipole

Conformer total Strain energy moment Boltzmann
energy (En) (keal mol™) (D) weight (%) (293 K)
P1 0.000 (0)"* 2.29 (2.91)" 65.7
P3 0.415 (0.357," 4.98 (4.64)" 32.2

0.31'9)
P5 2.40 (0.803," 3.18"°) 4.39 (4.5)"" 1.07
P6 2.43 (0.815," 3.18"°) 4.48 (4.6)"" 1.02
—515.3236052
En
Aspirin1 0.000 (0.0 2.12 (1.77)° 79.42
Aspirin2 0.843 (0.97,° 0.84°)  2.94 (2.71)° 18.65
Aspirin3 2.626 (3.06,° 3.26°)  4.99 1.745
—648.4824547
Eyn
(S)-Ibuprofen1  0.000 1.67 19.49
(S)-Ibuprofen2  0.010 1.68 19.15
(S)-Tbuprofen3  0.022 1.88 18.78
(S)-Ibuprofen4  0.034 1.90 18.37

—656.5056034
En

values,'®*! but for the third and fourth conformers our values
are in better agreement with the results of Sohn et al'® The
calculated values of the dipole moments are in reasonable
agreement with the values of Varela et al."!

The three lowest energy aspirin conformers are shown in
Fig. S2 (ESIT). Optimization at the B3PW91/6-31++G(d,p) level
of theory yields 11 possible local minimum structures, with the
lowest minimum structure corresponding to the Rotamer I
found in the microwave (LA-MB-FTMW) spectroscopy study of
Cabezas et al.,® and illustrated in their Fig. 1. The second lowest
energy structure corresponds to Rotamer II from the study of
Cabezas et al.® Note that the structures illustrated in their
Table 1 are not labelled as in their Fig. 1, but are reversed.
The lowest energy conformers agree quite well with the results
of Yurtsever et al® using second-order Moller-Plesset theory
(MP2) and coupled-cluster calculations with singles, doubles
and iterative triples (CCSD(T)). The calculated dipole moments
of the two lower energy conformers agree with those reported
by Cabezas et al.®

For aspirin, the first two conformers constitute about 98% of
the total population. The rotamer aspirin3 contains an internal
hydrogen bond between the carboxylic acid hydrogen and the
ether-like oxygen bonded to the acetyl group. Often internal
hydrogen bonds are found in the lowest energy conformer**—>®
of a molecule, but in this case the two lowest energy forms do
not form an internal hydrogen bond. As noted above, this has
been attributed” to the stabilization of the lower energy forms
by the Biirgi-Dunitz trajectory.’® The conformer pair aspirinl
and aspirin2 both have an s-trans conformation around the acid
C-0O bond, which may explain why their dipole moments are
similar, but they are rather different from the dipole moment of
aspirin3 in Table 1.

The four lowest energy S-ibuprofen conformers are shown in
Fig. S3 of the ESIL,{ and selected numerical parameters at the
B3LYP/6-31G level of theory are given in Table 1, and in Table 2

This journal is © the Owner Societies 2023
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after the B3PW91/6-31++G(d,p) re-optimization. Our conforma-
tional search at the B3PW91/6-31++G(d,p) level of theory found
18 local minimum structures, with four of them being within
0.03 kcal mol™* of the global minimum structure. The relative
energies of other conformers are near or above 1 kecal mol .
This is in good agreement with a study by Betz et al.'® who used
microwave spectroscopy (CP-FTMW) and M06-2X/aug-cc-pVIZ
calculations. They identified four conformers in their DFT
calculations which gave good agreement between experimental
and theoretical spectral intensities. Our four lowest energy
conformers have essentially the same 3D structures as those
reported by Betz et al.'® Ibuprofen has more rotational degrees
of freedom, with low energy differences between the confor-
mers. As a result, more conformers are populated.

4.2 Results: valence ionization

The valence band spectrum of aspirin is shown in Fig. 2, while
the valence spectra of paracetamol and ibuprofen are shown in
Fig. S4 and S5 (ESIt). The calculated IPs of three conformers of
aspirin are given in Table 3, while the calculated values for four
conformers of paracetamol and ibuprofen are given in Tables
S1 and S2 (ESIY). The outer valence spectra of paracetamol and
ibuprofen are in agreement with the previous results of Novak
et al.,’ and the present results are compared in the ESL}

In Table 3, we compare the experimental spectra to the
calculations for the conformer aspirini, since this is predicted
to be the dominant conformer. The spectroscopic pole
strengths (PS) are shown only for aspirin1 as the PS values for
other conformers are all similar and above 0.85. The valence
IPs exhibit minimal differences between the conformers of
the same molecule. As a result, for the core binding energies,
we concentrate on the global minimum energy structure of
the first conformer for each molecule in order to reduce
computational cost.

4000

T

3000

2000 —

intensity (counts)

1000 —

LELI
16

Fig. 2 Outer valence band spectrum of aspirin, measured at 100 eV
photon energy with 200 meV spectrometer resolution. Vertical bars
indicate the calculated ionization energies of aspirinl. The sharp peak
labelled H,O is due to residual water. Inset: Full valence band measured
with 400 meV spectrometer resolution.

0 8

LI
14 12 1

binding energy (eV)
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Table 3 Theoretical (OVGF) and experimental valence ionization poten-
tials (in eV) of aspirin. Spectroscopic pole strengths (PS) are shown for the
conformer aspirinl

Aspirin1 PS Aspirin2 Aspirin3 Experiment
9.25 0.89 9.31 9.53 9.31
9.57 0.89 9.53 9.49 9.69
10.68 0.89 10.81 10.65

10.70 0.89 10.96 11.60 10.40
11.62 0.88 11.55 11.47 11.20
12.02 0.87 11.91 12.18 11.65
12.43 0.83 12.51 12.69 12.23
12.78 0.89 12.78 12.94 12.56
13.13 0.89 12.96 13.37

13.58 0.9 13.66 14.28 13.84
14.23 0.91 14.38 14.29

14.28 0.89 14.41 14.83 14.82
14.33 0.89 14.54 14.94

15.08 0.89 15.07 15.2

15.36 0.88 15.31 15.32

15.51 0.88 15.49 15.49 15.49
15.9 0.87 16.07 15.98

16.21 0.87 16.17 16.44

16.54 0.87 16.72 16.87

16.75 0.87 16.87 17.34 16.48
17.21 0.88 17.35 17.61

17.58 0.86 17.47 18.17

The experimental and theoretical HOMO and HOMO-1
energies agree reasonably well, with the theoretical values
slightly underestimating the experimental values. The next
two ionization energies are predicted to be almost degenerate
energetically and appear as a single strong band, whose theo-
retical energy overestimates. At higher binding energy, theore-
tically predicted ionic states can be associated with
experimental peaks, with positive or negative energy shifts.
The strong experimental peak at 14.82 eV is assigned to the
three closely spaced states predicted at 14.23-14.33 eV. At
further higher binding energy, the high density of states makes
exact assignments difficult.

4.3 Results: core level photoelectron spectra

The theoretical and experimental core electron binding ener-
gies are summarised in Table 4, and spectra are shown in
Fig. 3-6.

For paracetamol, Fig. 3, two distinct peaks labelled B and E,
and three minor peaks or shoulders (A, C, D) are visible in the C
1s spectrum. Peak A at 296.33 eV is assigned to a shake-up state
associated with the benzene ring. The remainder of the spec-
trum was fitted with 4 peaks, corresponding to the features B-
E, and also with 8 Gaussian functions of equal width and
intensity to model the 8 carbon atoms of paracetamol. This
procedure is approximate, as peaks may have varying widths
and asymmetry and the individual peaks are not resolved.
However, the shape of the peak fit and the statistical difference
between theoretical and fitted peak energies provide a way of
quantifying the comparison of the theoretical spectrum with
the density of states observed in the experiment.

The carbonyl C 1s binding energy in paracetamol shows poor
agreement between theory and experiment, as the experimental
value is 0.7 eV higher than the calculated value. However, the
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average energy difference between theory and experiment for all
other carbon atoms is 0.18 eV, which is quite satisfactory. The
binding energies of the N 1s and O 1s core levels are also in good
agreement with theory, see Table 4.

The C 1s spectrum of aspirin (Fig. 4) shows three resolved
peaks, A, B and C, and these were fitted by three independent
Gaussian functions, as well as by 9 Gaussians of equal width
and intensity. The latter gives a slightly better fit. Peak A in
Fig. 4 is assigned to ionization of the carboxylic (C9) carbon
atom and the carbonyl carbon atom of the acetyl group (C7).
Theory predicts that they are energetically very close, although
theory also predicts a binding energy that is 0.6 eV lower. Peak
B is assigned to the ring carbon atom bonded to the ether-like
oxygen atom, and the theoretical binding energy agrees within
0.3 eV with the experimental value. The remaining methyl
carbon and five benzene ring carbon atoms have an average
energy that is within a few meV of the theoretical average energy
and a mean difference of 0.11 eV, which is very satisfactory.

For aspirin, the O 1s spectrum is not fully resolved, see Fig. 5.
It was fitted with 4 peaks corresponding to the 4 chemically
distinct oxygen atoms, with the constraint that the intensity of
each peak did not vary by more than 20% of the mean intensity.

The C 1s spectrum of ibuprofen, Fig. 6, is relatively simple,
and shows a peak A assigned to the carboxylic carbon atom
(C1"), a weak peak B assigned to the carbon atom C2’ bonded to
the carboxylic carbon, and a broad unresolved peak C, assigned
to all other carbon atoms. As for the carboxylic acid carbon
atom in aspirin, the theory underestimates the binding energy
by about 0.6 eV. On the other hand, the energy of C2’ is
calculated correctly to within 0.06 meV. For the remaining 11
carbon atoms, the mean energies of the theoretical and fitted
experimental band of ionic states are 290.04 and 290.26 eV,
respectively. The rms difference between the fitted and theore-
tical energies is 0.25 eV. The reason for this small discrepancy
is clear from the bars indicating theoretical energies in Fig. 6;
theory tends to underestimate the spread in energies and, as
stated, the average energy is offset by 0.25 eV.

5 Discussion

We expect that the valence electronic structure of salicylic acid
and its acetyl derivative aspirin will be closely related. The
experimental outer valence ionization potentials (in eV) of
salicylic acid were reported by Novak et al.® (gas phase) and
Tseplin et al.*® (solid state); present IP values of aspirin are
compared with those of salicylic acid in Table 5. The full list of
ionization potentials of salicylic acid®*°*® are provided in the
ESI,} Table S3. We compare salicylic acid and aspirin in the
correlation diagram, Fig. 7, where the calculated charge den-
sities of the orbitals are shown.*’

The agreement of the present experimental results and
theoretical results® for salicylic acid with the published®?°
results is good.

The HOMO of salicylic acid has primarily benzene =«
character.*® From the correlation diagram, it can be seen that

This journal is © the Owner Societies 2023
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Table 4 Experimental and theoretical core 1s binding energies (in eV) and assignments of the ionic states of paracetamol, aspirin and ibuprofen. Values
in parentheses refer to unlocalisable core holes, see Section 3. Numbering of C, O, and N atoms follows Fig. 1. The C1s, N1s and O1s assignments are also
labelled on the schematic structures. Where not stated otherwise, the estimated relative and absolute errors of the experimental values are £0.05 and

+0.1 eV, respectively

Paracetamol
Core Exp. (4 peaks fit) Fit (8 peaks) Theory Assignment
C1s 296.3 296.33 — Shake-up 539.22
293.6 293.62 292.92 c7 H O
291.7 291.84 291.26 C4 (290.20)
291.2 291.40 291.15 C1 291.15
290.24 (290.20) c2
290.23 (290.07) C3 290.13 (290.07)
290.26 290.67 290.25 C5 s36i57
290.24 290.13 C6 291.26 O ’
291.08 (290.36) (o} 290.25 ’
N 1s 405.8 406.02
O 1s 536.9 536.57 02 a0s.02 N 292.92
539.2 539.22 01
(290.36)
Aspirin
Core Exp. (3 peaks fit) Fit (9 peaks) Theory Assignment
C1s 294.89 294.28 C9
294.89 294.89 294.22 c7 £573
292.2 292.23 (292.52) c2 S
290.75 291.33 (291.25) c1 539.46
290.64 290.57 C3 294.22 O OH 53972
290.64 290.70 C4 294.28
290.64 290.54 C5 'e) (291:25)
290.64 290.64 C6 537.59 =
290.98 291.11 c8 290,57 n—_—
O 1s 537.7 £ 0.2 537.43 01
538.2 £ 0.2 537.59 04
539.1 £ 0.2 539.46 03 290.70 290.54
539.9 £ 0.2 539.72 02
Ibuprofen
Core Exp. (3 peaks fit) Fit (13 peaks) Theory Assignment
C1s 294.74 294.74 294.08 Cc1’
!
291.12 291.06 CZ// (289.70)
290.6 290.80 (290.29) c1
290.55 (290.27) ca (290.01)
290.54 290.25 c2’ (289.78) 28993 28999 :
290.24 290.17 C1
290.24 (290.10) c2
29012 290.24 (290.01) c3’ 291.06
. 290.24 289.99 C6 (290.29) OH
290.08 289.93 C5 -
289.97 289.93 C3 289.93 (290.10) 539.76
289.97 (289.78) c3’ O
289.97 (289.70) ca’ =
O1s 537.61 o1 537.61
539.76 02

the main effect on this orbital of acetylation is to shift it to
higher binding energy. The HOMO—1 and HOMO-2 of salicylic
acid exchange energy positions in aspirin, and show some mixing
with orbitals localised on the acetyl moiety. The HOMO—3 of
aspirin is not easily correlated to salicylic acid orbitals and contains
substantial weight of the acetyl group orbitals, and benzene n
orbitals. The HOMO—-3 of salicylic acid has almost pure 1 C—=0O
character® which mixes with the n orbital of the acetyl group to
form the orbitals HOMO—4 and HOMO-5 of aspirin.

This journal is © the Owner Societies 2023

We turn our attention now to the core level spectra. As
expected, the C 1s spectrum of aspirin resembles the spectrum of
salicylic acid.*” Peak A in Fig. 4 is due to the two carbon atoms C7
and C9 which are bonded to two oxygen atoms, and the binding
energy, 294.89 eV, is only slightly less than that of the carboxylic
carbon in salicylic acid, 295.01 eV. Peak B is due to the ring carbon
atom C2 bonded to a single oxygen atom and has a binding energy
0.16 eV lower than C2 in salicylic acid. The remaining carbon core
levels contribute to the unresolved peak C: for salicylic acid, it was
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Fig. 3 C 1s spectrum of paracetamol. Red curve: experimental data. Blue
curve: fit of experimental data assuming 8 peaks of equal intensity and
width. Green bars: theoretical energies. Blue bars: fitted energies. The
labels "3 states” and "4 states” indicate that 3 or 4 nearly degenerate ionic
states were fitted at the indicated energies but are not resolved in the
figure. Photon energy: 390 eV.
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Fig. 4 C1sspectrum of aspirin. Red curve: experimental data. Blue curve:
fit of experimental data, assuming three independent peaks. Green curve:
fit of experimental data assuming 9 Gaussian peaks of equal intensity and
width. Green bars: theoretical energies. Purple bars: fitted energies assum-

ing 9 Gaussian peaks of equal width and intensity. Photon energy: 390 eV.

possible to resolve some fine structure, and assign the binding
energy of C5. Theory indicates that most of these core levels
undergo rather small shifts of 0.2 to 0.03 eV with respect to salicylic
acid, except for C1 which is predicted to shift to lower binding
energy by 0.6 eV. This may be associated with the rehybridization
noted in the valence spectra, where the acetyl moiety causes
significant changes in the charge density of the m bond of the
carboxylic acid group bonded to C1. In particular, the HOMO—3 of
the carboxylic acid group of salicylic acid mixes with the orbitals of
the acetyl group of aspirin to form HOMO—4 and HOMO-5.
Comparing the O 1s spectrum of aspirin with the data of Hill
et al.*” in Fig. 5, we note that salicylic acid contains an internal
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Fig. 6 C 1s spectrum of ibuprofen. Red curve: experimental data. Green
curve: fit of experimental data assuming 3 independent Gaussians. Blue
curve: fit of experimental data assuming 13 Gaussian peaks of equal
intensity and width. The last two curves are offset for clarity. Magenta
bars: theoretical energies. Blue bars: energies fitted with 13 equal Gaus-
sians. Photon energy: 390 eV.

Table 5 Summary of experimental and theoretical valence ionization
energies for aspirin and salicylic acid in eV

Aspirin [this work] ~Salicylic acid*®  Salicylic acid® Salicéylic
exp. (theory) exp. (theory) exp. (theory) acid® exp.
9.31 (9.25) 8.81 (8.64) 8.8 (8.55) 8.87

9.69 (9.57) 9.75 (9.41) 9.65 (9.38) 9.78
10.40 (10.68, 10.70) 10.73 (11.08) 10.75 (10.95) 10.82
11.20 (11.62) 11.8 (11.70)

11.65 (12.02)
12.23 (12.43)
12.56 (12.78)

11.96 (11.96)
11.96 (12.29)
11.96 (12.45)

12.1 (12.1, 12.31) 11.76

12.07

This journal is © the Owner Societies 2023
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hydrogen bond, which is not present in the low-energy con-
formers of aspirin. The additional acetyl oxygen increases the
spectral intensity of the O 1s band at low binding energy, and
additional shifts are attributed to the absence of hydrogen
bonding. The two O 1s core levels of the carboxyl group, O1
and 02, remain at almost the same binding energy, while the
phenolic oxygen becomes the ether-like oxygen O3 in aspirin
and the core level shifts 0.5 eV to lower binding energy. This
can be attributed to more efficient screening of the core hole by
the acetyl group compared with a hydrogen atom, and is
commonly observed in compounds such as ethers derived from
alcohols.*" The core level binding energies of the carboxylic
oxygen atoms are similar to those of ibuprofen within the
experimental error.

For paracetamol, compared with the core level spectra of the
parent compound, 4-aminophenol, the N 1s binding energy
of 405.8 eV is a little higher than that of 4-aminophenol
(405.2 eV),*>** as expected due to the presence of the neigh-
bouring, electron-withdrawing acetyl group. As noted above,
the planar structure of the heavy atoms in the lowest energy
conformers may lead to delocalisation of the nitrogen lone pair
into the phenyl n system or the acetyl © bond, and this may
further affect the N 1s binding energy. The phenolic oxygen in
the hydroxy group of paracetamol is far from the acetyl sub-
stituent, and has the same binding energy as 4-aminophenol,
539.2 eV.*** On the other hand, the core level binding energy
of the acetyl oxygen in paracetamol, 536.9 eV, is significantly
lower than that of the acetyl oxygen of aspirin, 538.2 eV. This
can be traced to the presence of the nearest neighbour, which is
nitrogen in paracetamol, and less electronegative than the
oxygen nearest neighbour in aspirin.

For the C 1s peaks of 4-aminophenol, two peaks at 291.1 and
291.4 eV were reported, but this was a typographical error as the
main peak occurred at 290.1 eV, while the second broad peak
occurred at 291.4 eV.">* The weaker peak is assigned to the two
substituted carbon atoms, while the main peak is attributed to the
other four (unsubstituted) ring carbon atoms. The ratio of intensities

This journal is © the Owner Societies 2023
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of the main to the weaker peak was 1.7, fairly close to the expected
stoichiometric ratio of 2. For paracetamol, the C 1s peaks are
resolved at energies of 291.7, assigned to C4 bonded to nitrogen,
and 291.2 eV, assigned to C1, bonded to oxygen. The average energy
agrees with that of the unresolved, corresponding peaks of 4-
aminophenol. The average C 1s energy of the unsubstituted carbon
atoms is 290.26 €V, close to the value of 4-aminophenol.

We note that theory predicts that the C1-C4 1s energy
difference should be only 0.11 eV, but is a little larger. The
experimental energy of the unsubstituted ring carbon atoms is
in good agreement with the present calculated range of values,
290.07-290.25 eV.

Lastly, the ibuprofen C 1s spectrum shows a strongly shifted
peak due to the carboxylic acid carbon at an energy similar to
that of aspirin. The alkyl substituents of the benzene ring cause
only small core level shifts so that fine structure is not resolved,
and the spectrum shows an asymmetric, unresolved peak due
to the ring and alkyl carbon atoms.

A goal of this investigation was to search for similar spectro-
scopic and chemical properties that might help to explain
similar medicinal effects: as mentioned above, the molecules
have several chromophores in common. However, the results
underline the diversity of these drugs. Core-level spectroscopy is
sensitive to the charge distribution in a molecule, and although
all three drugs contain a di-substituted benzene ring, the C 1s
spectra of the 6 carbon atoms are all different, indicating
different local potentials. Aspirin and paracetamol contain an
acetyl group, but the experimental C 1s binding energies of the
carbonyl carbon differ by more than 1 eV, again indicating
different charge distributions. Only the carboxylic acid groups
of aspirin and ibuprofen are spectroscopically very similar.

6 Conclusions

The geometries and energies of the lowest energy conformers of
paracetamol, aspirin, and ibuprofen have been calculated and
found to be in generally good agreement with previous theoretical
and experimental work. We have measured the valence photo-
electron spectrum of aspirin, and the core level spectra of aspirin,
paracetamol and ibuprofen. The spectra agree well with the
present theoretical calculations, and aspirin and paracetamol
are clearly related to their parent compounds, salicylic acid and
4-aminophenol, and details of the relationship have been identi-
fied. Although the three target compounds share several motifs,
their spectroscopic fingerprints indicate dissimilar electronic
charge distributions, and therefore diverse chemical interactions.
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