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COVID-19 is the disease caused by a novel coronavirus (CoV) named the severe acute respiratory syn-
drome coronavirus 2 (termed SARS coronavirus 2 or SARS-CoV-2). Since the first case reported in
December 2019, infections caused by this novel virus have led to a continuous global pandemic that
has placed an unprecedented burden on health, economic, and social systems worldwide. In response,
multiple therapeutic options have been developed to stop this pandemic. One of these options is based
on traditional corticosteroids, however, chemical modifications to enhance their efficacy remain largely
unexplored. Obtaining additional insight into the chemical and physical properties of pharmacologically
effective drugs used to combat COVID-19 will help physicians and researchers alike to improve current
treatments and vaccines (i.e., Pfizer-BioNTech, AstraZeneca, Moderna, Janssen). Herein, we examined
the charge-transfer properties of two corticosteroids used as adjunctive therapies in the treatment of
COVID-19, hydrocortisone and dexamethasone, as donors with 2,3-dichloro-5,6-dicyano-p-
benzoquinone as an acceptor in various solvents. We found that the examined donors reacted strongly
with the acceptor in CH2Cl2 and CHCl3 solvents to create stable compounds with novel clinical potential.

� 2022 Elsevier B.V. All rights reserved.
1. Introduction

Since the influenza outbreak of 1918, the COVID-19 outbreak
has become the biggest worldwide public health crisis. As of
November 22, 2021, COVID-19 has infected more than 258 million
people and caused over 5 million casualties worldwide [1–7]. Cor-
ticosteroids are a class of chemicals that includes mineralocorti-
coids, glucocorticoids, and steroid hormones. They have been
used clinically as immunomodulatory and anti-inflammatory
drugs for more than 70 years to treat oral infections, acute respira-
tory distress syndrome, and inflammatory diseases [8–14]. Two of
the corticosteroids most widely used worldwide as adjunctive
therapies in the treatment of COVID-19 are hydrocortisone and
dexamethasone. Hydrocortisone (Fig. 1a) (11b,17a,21-trihydroxy
pregn-4-ene-3,20-dione) (abbreviated here as HC) is a steroidal
anti-inflammatory drug and anti-allergic glucocorticoid commonly
used in the treatment of inflammation and severe skin allergies
[15,16].
Dexamethasone (Fig. 1b) (9a-fluoro-16a-methyl-11b,17a,21-t
rihydroxy-1,4-pregnadiene-3,20-dione) (abbreviated here as DM)
is a synthetic glucocorticosteroid well known for its potent anti-
inflammatory effects, which are 16 times more potent than pred-
nisolone and up to 25–50 times more potent than hydrocortisone
[17–19].

Reactions that involve the transfer of an electronically charged
particle from an electron-rich donor (D) molecule to an electron-
deficient acceptor (A) molecule (D? A) are known as charge trans-
fer (CT) complexations or donor–acceptor interactions [20–27].
The unique physical, biological, chemical properties of the prod-
ucts resulting from CT interactions have gained the attention of
researchers in both basic (physics, chemistry, biochemistry, biol-
ogy) and applied (engineering, material science, industry, technol-
ogy, pharmacology, medicine) sciences [21,28–81].

In the past 10 years, we focused on the investigation of the CT
interaction of numerous vital and biological active molecules with
different kinds of acceptors [82–110]. Now, we seek to explore the
CT complexation of two anti-inflammatory glucocorticosteroid
compounds, hydrocortisone (HC) and dexamethasone (DM), cur-
rently used as adjunctive therapeutics in the treatment of
COVID-19 in a series of related publications. The purpose of this
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Fig. 1a. Chemical structure of the HC donor.

Fig. 1b. Chemical structure of the DM donor.
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part of work (Part I) was to determine the CT complexation behav-
ior of the HC and DM molecules when complexed with the 2,3-
dichloro-5,6-dicyano-p-benzoquinone (commonly termed as
DDQ) acceptor (Fig. 2) in five different organic solvents namely
methanol (MeOH; S1), ethanol (EtOH; S2), acetonitrile (MeCN;
S3), dichloromethane (CH2Cl2; S4), and trichloromethane (CHCl3;
S5).
2. Experimental details

2.1. Chemicals

The investigated corticosteroids, hydrocortisone (HC)
(362.46 g mol�1; C21H30O5; purity � 98% HPLC) and dexametha-
Fig. 2. Chemical structure of the DDQ acceptor.
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sone (DM) (392.46 g mol�1; C22H29FO5; purity � 99% HPLC), were
supplied by the Sigma–Aldrich (USA). The examined acceptor is
2,3-dichloro-5,6-dicyano-p-benzoquinone (commonly termed as
DDQ) (C8Cl2N2O2; 227.0 g mol�1; purity 98%) was obtained from
Merck KGaA (Germany). The spectroscopic-grade solvents metha-
nol (S1) (MeOH), ethanol (S2) (EtOH), acetonitrile (S3) (MeCN),
dichloromethane (S4) (CH2Cl2), and trichloromethane (S5) (CHCl3)
were obtained from Fluka (Lausanne, Switzerland).

2.2. Spectrophotometric analysis

2.2.1. UV/Visible spectrophotometry
A Cary 7000 UV–Vis-NIR Spectrophotometer [Agilent Tech-

nologies Australia, Mulgrave, VICTORIA, Australia] was utilized
to record the UV/Vis absorption spectra of the HC–DDQ and
DM–DDQ system in each solvent (S1, S2, S3, S4, and S5). The
spectra were scanned in the region of 200–800 nm at room tem-
perature. After preparing standard solutions of HC, DM, and DDQ
(5 � 10�4 M) in a specific solvent (S1, S2, S3, S4, or S5), 1 mL of
the HC standard solution was mixed with 1 mL of the DDQ stan-
dard solution, then brought to 5 mL with the appropriate solvent
to generate the HC–DDQ complex. The DM–DDQ complex was
generated by adding 1 mL of the DM standard solution to 1 mL
of the DDQ standard solution and bringing the volume of the
mixture to 5 mL with the appropriate solvent. The UV/Vis spectra
of the two soluble CT complexes (HC–DDQ and DM–DDQ) were
scanned along with the corresponding free components. These
spectra will help to characterize the CT phenomena and identify
the kCT corresponding to the characteristic CT band for each
complex.
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2.2.2. Fourier-Transform Infrared (FT–IR) spectrophotometry
An ALPHA Bruker Fourier-Transform Infrared Spectrometer

[Bruker Optik GmbH; Ettlingen, Germany] was utilized to obtain
the FT-IR absorption spectra of the solid CT complexes in each sol-
vent in the region 4000–400 cm�1 at room temperature. After
preparing a concentrated solution of HC, DM, and DDQ (two por-
tions) by dissolving 2 mmol of each component in 20 mL of the
appropriate solvent (S1, S2, S3, S4, or S5), these concentrated solu-
tions were well-stirred, then mixed together (HC with DDQ and
DM with DDQ; 1:1 M ratio). To harvest the solid CT complexes
(HC–DDQ and DM–DDQ in each solvent) by slow evaporation,
the mixed solutions were left overnight and the formed colored
precipitates were removed from the solution by filtration. The col-
lected HC–DDQ and DM–DDQ solid products were purified by
washing three times with a small amount of the appropriate sol-
vent and finally, air-dried. The ten purified, dried products were
scanned by the IR instrument and plotted in transmission mode.

2.3. Elemental composition

The elemental compositions of the donors (HC and DM) with
the DDQ acceptor were determined by collecting the carbon, nitro-
gen, and hydrogen contents (%) for each CT complex prepared in
each solvent (S1, S2, S3, S4, and S5) using a Perkin-Elmer 2400 Ser-
ies II CHNS Microanalyzer (PerkinElmer Inc., Waltham, MA, USA).

2.4. Stoichiometry of the HC–DDQ and DM–DDQ interaction

Generally, two methods based on the UV/Vis absorption spectra
are applied to obtain the stochiometric reaction of the CT complex-
ation, the spectrophotometric titration method and Job’s continu-
ous variation method. The HC and DM stoichiometric interactions
with the DDQ acceptor were determined in each solvent (S1, S2,
S3, S4, or S5) using both methods.
3. Results and discussion

3.1. Ultraviolet–visible (UV/Vis) characteristics

3.1.1. Donors and acceptor
The donors (HC and DM) are soluble in the S1 and S2 solvents;

for the other solvents (S3, S4, and S5), slight heat is required to sol-
ubilize the corticosteroids used in the present study. All of the
resulting solutions were colorless. In contrast, the DDQ acceptor’s
solubility and the resultant solutions varied according to the sol-
vent. As with the two donors, the DDQ molecule was easily dis-
solved in the S1 and S2 solvents and, with gently heating, in the
Fig. 3. Color of the DDQ solution in the S1, S2, S3, S4, and S5 solvent (1.0 � 10�3 M).
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other three solvents. The resultant solutions in all of the solvents
were colored as indicated in Fig. 3. Fig. 4 contains the UV/Vis spec-
tra of the DDQ in each solvent (S1, S2, S3, S4, and S5). Its absorption
characteristics depend on the solvent type and can be classified
into three categories:

(a) DDQ in the S1 and S2 solvents:

DDQ behaved similarly in the S1 and S2 solvents. DDQ solubi-
lized in the S1 and S2 created orange-colored solutions that
absorbed in UV/Vis region from 285 to 600 nm. The molecule dis-
played two characteristic bands in the region, one in the UV region
(296 nm), and one in the Vis region (350 nm). The one in the UV
region was a very strong, narrow band with kmax at 296 nm. The
band located in the Vis region was a broad, medium-intensity band
with a hill-like shape. This broad band had its kmax at 350 nm with
a long tail that ranged from 380 to nearly 600 nm. The intensity of
the tail gradually decreased from 380 to 600 nm. In the S1 solvent,
this broad band was less intense and had a belly-like or paunch
shape; while in the S2 solvent, it was more intense and had a clear
hill-like shape. Generally, DDQ absorbed in the same manner in the
S1 and S2 solvents but generated a more clearly defined shape in
the S2 solvent.

(b) DDQ in the S4 and S5 solvents:

DDQ behaved very similarly in the S4 and S5 solvents. DDQ’s
dissolution in these two solvents yielded two deep yellow solu-
tions that absorbed in UV/Vis region from 287 to nearly 480 nm.
The very strong and narrow band displayed by DDQ in the S1
and S2 solvents also appeared when DDQ was dissolved in the S3
and S4 solvents, but it became narrower, and its kmax blue-
shifted from 296 nm in S1 and S2 to 293 nm in the S3 and S4 sol-
vents. Also, the broad band displayed by DDQ in the S1 and S2 sol-
vents also appeared when DDQ was solubilized in the S4 and S5
solvents, but its shape changed from a small hill to a large moun-
tain, and its kmax blue-shifted by �10 nm (from 350 nm in S1 and
S2 to 339 nm in S4 and S5). The broad band appeared in the S4 and
S5 solvents but without the long tail seen in the S1 and S2 solvents.

(c) DDQ in the S3 solvent:

DDQ in the S3 solvent exhibited absorption characteristics that
differed from those of the other four solvents. The DDQ-S3 solution
had a distinct brown color. The very strong, narrow band observed
when DDQ was dissolved in the other solvents broadened in the S3
solvent with an approximate width of 32 nm (from 288 to 320 nm)
Fig. 4. The UV/Vis spectra of the DDQ acceptor in each solvent (5.0 � 10�4 M).
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and a kmax at 298 nm. The medium-intensity, broad band at
350 nm when DDQ was dissolved in the S1 and S2 solvents and
at 339 nm in the S4 and S5 solvents, became very weak and close
to fading when DDQ was dissolved in the S3 solvent. Instead of this
band, a new, strong, very broad band appeared at a much longer
wavelength. This wide band ranged from 380 to 625 nm and cen-
tered at 460 nm. This new broad band, which was not detected
when DDQ was dissolved in the S1, S2, S4, or S5 solvents, is the dis-
tinguishing band that characterizes the DDQ solution in the S3 sol-
vent. Table 1 summarizes the characteristic absorption bands that
appear when the DDQ acceptor was dissolved in the investigated
solvents.

3.1.2. CT complexes
Fig. 5 presents the UV/Vis spectra of the HC–DDQ CT complexes

in the S1, S2, S3, S4, and S5 solvents, along with that of the free
components (HC and DDQ), while Fig. 6 contains those correspond-
ing to the DM–DDQ CT complexes. Generally, the HC and DMmole-
cules behaved similarly when CT complexed with DDQ. This
behavior was the same in all solvents, due to the similar chemical
structures shared by the HC and DM molecules. This also indicates
that the CAF bond present only in the DM molecule does not affect
the CT properties between the DM donor and the DDQ. Two cate-
gories can be applied to confirm the occurrence of a CT complexa-
tion reaction using the UV/Vis spectra of the free donor (D), free
acceptor (A), and a mixture between the donor and the acceptor.
These categories are:

(a) An increase (with or without broadening) in the intensity of
the characteristic absorption band in the UV/Vis spectra of
the donor, acceptor, or both.

(b) The formation of a new band in the UV/Vis spectra of the
(D + A) system where no measurable absorption was dis-
played by the free donor and acceptor.

Figs. 5 and 6 indicate that when the HC and DMmolecules com-
plexed with the DDQ acceptor, the intensity of the absorption
bands of the DDQ accepter was strongly enhanced (Category a).
This was the case for all HC–DDQ and DM–DDQ CT complexes pre-
pared in the different solvents. After complexation, the kmax of the
DDQ’s absorption bands remained at the same position as in the
free DDQ or underwent a very slight shift (2–4 nm).

3.2. Bandgap energy

The following equation was used to determine the bandgap
energy (Eg):

(ahm)1/n = A (hm � Eg) where A is a proportionality constant, m is
the light frequency, h is the Plank constant, a is the absorption
coefficient, and Eg is the bandgap energy. The exponent (1/n)
denotes the nature of the electronic transition, whether indirect
or direct and whether forbidden or allowed: n = 3 (indirect, forbid-
den transitions), n = 3/2 (direct, forbidden transitions), n = 2 (indi-
rect, allowed transitions), and n = 1/2 (direct, allowed transitions).
Plots of hm (eV) against (ahm)½ for DDQ solubilized in the
Table 1
Characteristic UV/Vis absorption bands (nm) of the free DDQ acceptor in the investigated

Compound Characteristic absorption bands (nm)

UV

S1, S2 S4, S5

DDQ acceptor 296 293
HC–DDQ complex 292 294
DM–DDQ complex 297 295

4

investigated solvents (S1, S2, S3, S4, and S5) are given in Fig. 7,
while those for the corresponding HC–DDQ and DM–DDQ CT com-
plexes in each solvent are illustrated in Fig. 8. The observed Eg val-
ues from these plots are listed in Table 2.

The solution of free DDQ in the S1 solvent had the highest Eg
value (3.595 eV) compared with the other solvents, while the
DDQ solution in the S3 solvent had the lowest value of Eg
(1.625 eV). This outcome indicates that the Eg value of the DDQ
acceptor depends strongly on the type of solvent (Fig. 9). The Eg
of the DDQ solution in the investigated solvents decreased in the
following order: S1 > S2 > S5 > S4 > S3. After DDQ complexed with
HC or DM in the S1 and S2 solvents, the value of Eg decreased
greatly, approximately by half. In the S3 solvent, the Eg value also
decreased but not by as much as in the S1 and S2 solvents. Inter-
estingly, when DDQ interacted with HC or DM in the S4 and S5 sol-
vents, the value of Eg remained unchanged.

3.3. Chn elemental composition

The solid CTCs of the DDQ acceptor with the HC and DM mole-
cules (HC–DDQ and DM–DDQ) were elementally characterized by
Perkin-Elmer CHNS Elemental Analyzer (fully automated), and
the obtained results in terms of carbon, hydrogen, and nitrogen
content (%) are listed in Table 3. The C%, H%, and N% data measured
by the instrument aligned with the content values computed the-
oretically from the molecular formula of the solid CT complexes.
The elemental data presented in Table 3 revealed that the stoi-
chiometry of the CT reaction between DDQ and HC or DM in all sol-
vents proceeded at a 1:1 M ratio.

3.4. Hc–DDQ and DM–DDQ stoichiometry

Generally, two methods use UV/Vis absorption spectra to
obtain the stoichiometry of a CT complexation, the spectrophoto-
metric titration method and Job’s continuous variation method.
The HC and DM stoichiometric interactions with the DDQ accep-
tor were determined in each solvent (S1, S2, S3, S4, or S5) using
both methods. Fig. 10 depicts the relative composition of the
HC and DM donors with the DDQ acceptor in the five solvents
(S1, S2, S3, S4, and S5) determined by the spectrophotometric
titration, while the values generated by Job’s continuous variation
are given in Fig. 11. Both methods suggest that the interaction
between each donor (HC and DM) with the DDQ proceeded at a
1:1 M ratio in all of the investigated solvents, as did the solid-
state reactions between the donors and DDQ based on the CHN
elemental results.

3.5. Determination of formation constant and molar absorptivity

Determining the molar absorptivity (termed as emax) and the
formation constant (termed as KCT) for all of the prepared CT com-
plexes were conducted based on the Benesi–Hildebrand equation
(1:1) (Eq. (1)) [111]:

ðCaCdÞ=A ¼ 1=KCTemax þ ðCa þ CdÞ=emax ð1Þ
and the corresponding CT complex.

Vis

S3 S1, S2 S4, S5 S3

298 350 339 460
295 350 340 460
297 348 340 460



Fig. 5. The UV/Vis spectra of the HC–DDQ CT complexes in each solvent (S1, S2, S3, S4, and S5) along with their components (at concentration of 5 � 10�4 M).
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In this equation, A is the absorbance of the CT band, and Ca Ca

and Cd Cd are the initial concentrations of the acceptor and donor
molecules, respectively. In a graphical representation of Eq. (1),
plotting the values of (Ca Cd)/A CaCd/A versus the values of (Ca + Cd)
generates a straight line for which 1/emax is the slope and 1/KCT

emax the intercept. Figs. 12 and 13 contain the Benesi–Hildebrand
diagram for the HC–DDQ and DM–DDQ interactions in various sol-
vents, respectively. The derived KCT and emax values for all of the
5

prepared CT complexes are listed in Table 4. Data in Table 4 sup-
port that the CT complexes of HC and DM with DDQ showed the
highest KCT and emax in the S4 and S5 solvents (non-polar solvents).

3.6. Determination of transition dipole moment and oscillator strength

The transition dipole moment and the oscillator strength have
been investigated for all of the prepared CT complexes in various



Fig. 6. The UV/Vis spectra of the DM–DDQ CT complexes in each solvent (S1, S2, S3, S4, and S5) along with their components.
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solvents to understand the CT characteristics from the donor (HC
or DM) to the acceptor (DDQ). The oscillator strength (termed as
f) is a dimensionless quantity that expresses the transition proba-
bility of the band. It states that during the adsorption to emission
process in a molecule or atom, the possibility of several electro-
magnetic radiation transitions from the ground state to the excited
state in energy levels exists. The value f can be derived using Eq. (2)
[112]:
6

f ¼ 4:32
0
10�9emaxn1=2 ð2Þ

In this equation, m½ is the full-width at half-maximum (FWHM)
in cm�1. The transition dipole moment (leg, in Debye), which used
to estimate whether a particular transition is allowed regarding the
transient dipole moment induced in the molecule during the
transition from a bonding p orbital to an antibonding p* orbital.
leg assesses the possibility of radiative transition in a molecule



Fig. 7. Plotting the hm (eV) versus (ahm)½ for the DDQ acceptor in the investigated solvents (S1, S2, S3, S4, and S5).
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from the initial to final states in various solvents. leg can be
calculated by an equation derived by Tsubumora and Lang [113]
(Eq. (3)):
m2
eg ¼ f=ð4:320

10�70nÞ ð3Þ
In this equation, m is the wavenumber in cm�1. From the data

listed in Table 4, the CT complexes of HC and DMwith DDQ created
7

high values of f andleg in the S4 and S5 solvent (non-polar solvents).
The high values of f andleg suggest a strong interaction between the
HC–DDQ and DM–DDQ pairs in the S3 and S4 solvents, respectively,
with relatively high probabilities for CT transitions. A very strong
linear relationship exists between the f and l values (r = 0.9991
for HC complexes; r = 0.9963 for DM complexes) (Fig. 14). This
strong, positive correlation suggests that the f values of the CT com-
plexes in liquid-state increased as their leg values increased.



Fig. 8. Plotting the hm (eV) versus (ahm)½ for the HC–DDQ and DM–DDQ CT complexes in the investigated solvents.

Table 2
Values of Eg for DDQ alone and its CT complexes in the investigated solvents determined from Tauc’s plots.

Compound Eg (eV)

S1 S2 S3 S4 S5

DDQ acceptor 3.595 2.818 1.625 2.264 2.361
HC–DDQ complex 1.508 1.436 1.219 2.276 2.201
DM–DDQ complex 1.376 1.365 1.304 2.230 2.376
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3.7. Ft-IR analysis

The FT-IR spectra obtained for the pure HC and DM molecules
are presented in Fig. 15a. The characteristic bands of HC were
8

located at 3414 cm�1 m(OAH), 2920 cm�1 [m(CH3), m(CH2)],
1704 cm�1 m(C@O) for the carboxylic group, 1642 cm�1 m(C@O)
for the carbonyl group, 1434 cm�1 dsci(CH3), 1372 cm�1 drock(CH3),
1351 cm�1 dsci(CH2), 1277 cm�1 drock(CH2), 1234 cm�1 s(ACHACA),



Fig. 9. Value of Eg for DDQ0 solution in the investigated solvents.
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1106 cm�1 m(CAC), 1041 cm�1 (CAO), 936 cm�1 [s(CACAOAH), d
(OAH) in-plane bending], 891 cm�1 [dwag(CH3), d(CAH) deforma-
tion], 779 cm�1 dwag(CH2), 636 dtwi(CH3), 566 dtwi(CH2), and
502 cm�1 s(CACAC). The absorption spectrum of the DM molecule
indicated that the intense characteristic bands of DM appeared at
3393 cm�1 m(OAH), 2946 cm�1 [m(CH3), m(CH2)], and 1713 cm�1 m
(C@O) of the carboxylic group, 1660 and 1618 cm�1 m(C@O) of
the carbonyl group, 1543 m(C@C), 1448 cm�1 dsci(CH3), 1403 cm�1

drock(CH3), 1358 cm�1 dsci(CH2), 1280 cm�1 m(CAF), 1239 cm�1

drock(CH2), 1207 cm�1 s(ACHACA), 1127 cm�1 m(CAC), 1054 cm�1

(CAO), 984 cm�1 [s(CACAOAH), d(OAH) in-plane bending],
897 cm�1 [dwag(CH3), d(CAH) deformation], 855 cm�1 s
(CACACAH), 761 cm�1 dwag(CH2), 690 cm�1 [m(CAC), d(OAH) out-
of-plane bending], 612 dtwi(CH3), 536 dtwi(CH2), and 482 cm�1 s
(CACAC). [Symbol identification: m; stretching, d; bending, s; tor-
sion, dsci; scissoring, dwag; wagging, drock; rocking, dtwi; twisting].

The characteristic vibrations for the HC and DM molecules
were:

(i) OAH vibrations

Both the HC and DM molecules contain three OAH bonds. The
three characteristic vibrations of the OAH bond (in-plane and
out-of-plane bending, stretching vibrations) resonated at 3414,
936, and 685 cm�1, respectively, in the HC molecule, while the cor-
responding wavenumbers for the DM molecule were 3393, 984,
and 690 cm�1, respectively. The m(OAH) vibrations appeared in
both molecules as a broad, medium to high-intensity band.

(ii) CAF vibrations

Just the DM molecule contained one CAF bond. This bond is the
main difference between the structure of DM and HC. In the IR
Table 3
CHN elemental results of the HC–DDQ and DM–DDQ CT complexes prepared in the S1, S2

Solvent HC–DDQ complex

C% H% N%

Calc. Obtained Calc. Obtained Calc. Obtaine

S1 59.04 59.15 5.09 5.31 4.75 4.64
S2 59.04 58.93 5.09 5.30 4.75 4.85
S3 59.04 58.91 5.09 4.95 4.75 4.66
S4 59.04 59.16 5.09 5.28 4.75 4.70
S5 59.04 59.10 5.09 4.97 4.75 4.88
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spectrum of the DM molecule, the m(CAF) vibrations were
observed at 1280 cm�1 in accordance with a previous report [114].

(iii) C@O vibrations

Both the HC and DM molecules contain two C@O bonds. One
belongs to the carboxylic group and the other to the carbonyl
group. The strong band appearing at 1704 cm�1 in HC and at
1713 cm�1 could be assigned to the m(C@O) of the carboxylic
group. The very strong bands at 1642 cm�1 (HC) and 1660 cm�1

(DM) conjugated to the AC@O bond of the carbonyl group.

(iv) Methyl and methylene group vibrations

The HC molecule contains eight methylene (CH2) and two
methyl (CH3) groups. The DM molecule has five methylene (CH2)
and three methyl (CH3) groups. Both molecules displayed a broad
absorption band with a medium-intensity center at 2920 cm�1

for HC and at 2946 cm�1 for DM. The asymmetric and symmetric
stretching modes of the CH3 and CH2 groups absorb around this
area and, because HC and DM have multiple CH3 and CH2 groups,
this band was broad in the spectra of both molecules. The CH3

groups gave rise to four bending vibrational modes: dsci(CH3),
drock(CH3), dwag(CH3), and dtwi(CH3). These appeared at 1434,
1372, 890, and 636 cm�1, respectively, for the HC molecule and
at 1448, 1403, 897, and 612 cm�1, respectively, for the DM mole-
cule. The CH2 groups in the HC absorbed at 1351, 1277, 779, and
566 cm�1 due to the bending vibrations of ACH2: dsci(CH2), drock(-
CH2), dwag(CH2), and dtwi(CH2), respectively; the corresponding
wavenumbers for the DM molecule were 1358, 1239, 761, and
536 cm�1, respectively [115,116].

(v) CAO vibrations

The stretching vibration of the CAO bond was identified as a
very strong band at 1041 cm�1 (HC) and 1054 cm�1 (DM).

From the FT-IR spectrum of free DDQ (Fig. 15b), the detected
bands were 2238, 1675, 1557, 1171, and (893, 798, 720) cm�1,
which corresponds to the m(C„N), m(C@O), m(C@C), d(CAC), and
m(CACl) vibrations, respectively. The DDQ molecule has three dif-
ferent types of electron-withdrawing groups: two cyano groups,
two carbonyl groups, and two chloro groups. All of these with-
drawing groups take electrons from the aromatic ring of the DDQ
molecule, thereby decreasing the electron density of the aromatic
ring and increasing the aromatic ring’s need for electrons. This sit-
uation makes the DDQ molecule a strong electron-deficient unit.
When the DDQ acceptor interacted with the HC or DM molecules,
it accepted an electronic charge from the donating sites of the HC
or DM molecules [117–121]. This charge transfer from the donors
(HC and DM) to the acceptor (DDQ), (HC ? DDQ; DM ? DDQ)
affects all of the characteristic IR absorption bands of the free
donors as well as that of the free acceptor, as seen in the FT-IR
spectra of the HC–DDQ and DM–DDQ CT complexes prepared in
, S3, S4, and S5 solvents.

DM–DDQ complex

C% H% N%

d Calc. Obtained Calc. Obtained Calc. Obtained

58.12 57.95 4.68 4.84 4.52 4.75
58.12 57.91 4.68 4.55 4.52 4.70
58.12 58.03 4.68 4.79 4.52 4.72
58.12 58.35 4.68 4.57 4.52 4.34
58.12 58.26 4.68 4.53 4.52 4.38



Fig. 10. The composition of donors (HC or DM) and DDQ in different solvents (S1, S2, S3, S4, and S5) established by the spectrophotometric titration method.
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various solvents (S1, S2, S3, S4, and S5) presented in Figs. 16a and
16b. The band resulting from the C„N stretching vibrations of the
DDQ acceptor shifted from 2238 cm�1 to a lower frequency around
�2225 cm�1 in the CT complexes with HC and to �2232 cm�1 in
the CT complexes with DM. The bands belonging to the m(C@O)
in the free HC molecule were affected in their position and inten-
10
sity after complexation with DDQ. They shifted from 1704 and
1642 cm�1 in the free HC molecule to around �1717 and
�1615 cm�1 in the HC–DDQ complexes. The same was observed
for the DM–DDQ complexes, the bands were shifted from 1713
and 1660 cm�1 in the free DM sample to around �1698 and
�1675 cm�1 in the DM–DDQ complexes.



Fig. 11. The composition of donors (HC or DM) and DDQ in different solvents (S1, S2, S3, S4, and S5) established by the Job’s continuous variation method.
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4. Conclusions

COVID-19 is an ongoing and relapsing epidemiologic phe-
nomenon. This work represents our contribution to the global
efforts to stop the spread of the COVID-19 pandemic and the asso-
ciated economic, medical, and psychological costs by obtaining a
vaccine or cure for this disease. Providing new insight into the CT
properties of pharmacologically effective drugs used to combat
11
the COVID-19 pandemic could help researchers alike to develop
the treatments and vaccines. Several drugs have been tested, and
one class of drugs has received considerable attention, corticos-
teroids. Two drugs of this class are widely used as adjunctive ther-
apies in the treatment of COVID-19, hydrocortisone (HC) and
dexamethasone (DM). Herrin, we prepared 10 CT complexes of
HC and DM molecules with the DDQ acceptor. The CT complexes
were prepared in five different solvents (S1, S2, S3, S4, and S5).



Fig. 12. The Benesi-Hildebrand diagram for the HC donor and DDQ interaction in
various solvents.

Fig. 13. The Benesi-Hildebrand diagram for the DM donor and DDQ interaction in
various solvents.

Table 4
The formation constant (KCT), molar extinction coefficient (emax), oscillator strength (f), and dipole moment (l) for the HC–DDQ and DM–DDQ CT complexes according to solvent
type.

Solvent HC–DDQ CT complexes DM–DDQ CT complexes

kmax KCT emax f l kmax KCT emax f l
(nm) (L mol�1) (L mol�1 cm�1) – (Debye) (nm) (L mol�1) (L mol�1 cm�1) – (Debye)

S1 350 25.1 � 105 18.26 � 104 1.972 12.11 350 25.2 � 105 20.16 � 104 2.177 12.72
S2 350 28.3 � 105 29.90 � 104 2.583 13.86 350 18.6 � 105 29.32 � 104 2.532 13.72
S3 460 20.0 � 105 21.62 � 104 0.934 9.55 460 21.8 � 105 14.55 � 104 0.629 7.84
S4 340 33.6 � 105 30.77 � 104 2.659 13.85 340 32.5 � 105 35.08 � 104 3.031 14.80
S5 340 41.5 � 105 35.16 � 104 3.037 14.81 340 49.2 � 105 40.50 � 104 3.499 15.9

Fig. 14. Linear correlation between transition dipole moment (leg) and oscillator
strength (f).

Fig. 15a. IR spectra of free the donors (HC and DM).
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Fig. 15b. IR spectrum of the free DDQ acceptor.

Fig. 16a. IR spectra of the HC–DDQ complexes prepared in various solvents.

Fig. 16b. IR spectra of the DM–DDQ complexes prepared in various solvents.
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Both molecules behaved similarly when complexed with DDQ in
each solvent. We found that both HC and DM strongly complexed
with DDQ in the S4 and S5 solvents.
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