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ABSTRACT. The solid charge transfer (CT) complexes of fluorescein (Flu) with definite acceptors (tetrafluoro
para benzoquinone (Fla); 7,7,8,8-tetracyanoquinodimethane (TCNQ); 2,3-dichloro-5,6-dicyano-p-benzoquinone
(DDQ) and iodine) were prepared. Several characteristic analytic procedures such as transmission (FT-IR), diffuse
reflectance, UV-Vis absorption, and cyclic voltammetry were used to determine the structural and optical properties
of the prepared fluorescein charge transfer complex. Kubelka Munk model (K-M) and the absorption spectral fitting
(ASF) methods were used to obtain the optical transitions of the solid fluorescein charge transfer complex and
fluorescein CT complexes in methanol solution. The cyclic voltammetry method has been presented as capable of
obtaining valuable information on quasi-reversible redox systems in the fluorescein CT-complexes. The
electrochemical gap of the fluorescein CT complex was successfully determined from the cyclic voltammetry
technique. Theoretical calculations (density functional theory) were made to corroborate experimental results for
the synthesized CT complexes.
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INTRODUCTION

Modern organic electronic devices based on n-conjugated small molecules have attracted great
concentration over recent years. These m-conjugated organic compounds offer numerous
advantages, such as easy processability, inexpensiveness, lighter weight, and versatile molecular
design. They are broadly applied as active materials for photovoltaic cells, bioelectronic devices,
light-emitting diodes (LEDs), and field-effect transistors [1]. Significant studies have been
devoted to explaining the transport mechanisms in organic semiconductor materials, carrier
trapping phenomena, and charge injection processes to increase stability and electrical
performance [2]. The organic charge-transfer complexes have created an excessive deal of
consideration due to their successful physicochemical characteristics. The need for high-mobility
organic semiconductor materials for high-performance electronic devices is speedily growing.
Charge-transfer complexes play a significant role in smart sensors, optoelectronic devices, and
stored chemical energy. The novel optoelectronic devices based on organic semiconductor
materials need a good understanding of the charge-transport mechanism in organic
semiconductors [3-5]. Charge-transfer complexes have attracted the consideration of scientific
researchers due to their impressive applications in material science, engineering, pharmacology,
medicine, and optoelectronic devices. The interaction between an electron-accepting molecule
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(A) with an electron-donating molecule (D) forms a typical charge-transfer complex (D + A 2
[D.A] complex 2 [D*A~] complex). The formation of the donor-acceptor complex provides
the advantages of new color with a broad absorption in the UV-Vis-NIR region as well as a
controllable optical band gap and energy levels [6-14]. Fluorescein organic donor molecule is a
red powder in the solid state and belongs to the xanthene family. Under UV-blue excitation, it
emits a strong yellow-green light in a liquid solution. It is used in a wider range of modern
applications due to its excellent fluorescence quantum yield, biocompatibility, and high molar
absorptivity [15-18]. Tetrafluoro para benzoquinone (Fla), 7,7,8,8-tetracyanoquinodimethane
(TCNQ), 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ), iodine are usually used as acceptors
materials to form charge-transfer complexes. For possible applications in photonic and materials
science area, the present work is devoted to preparing solid charge-transfer complexes of
fluorescein with definite acceptors mentioned above, then their structural, optical, and cyclic
voltammetry characteristics were explored. Density functional theory (DFT/TD-DFT) was
adopted to obtain the optimized structure of the CT complexes - [(Flu)(Fla)], [(Flu)(TCNQ)], and
[(Flu)(DDQ)] with B-3LYP/6-31G (basis set). Experimental data were also corroborated
theoretically through DFT.

EXPERIMENTAL

The fluorescein dye (Flu) was received from Aldrich Company, and used without further
purification. DDQ, TCNQ, and Fla were obtained from Merck Company, and with prior use, they
were purified by re-crystallization from CHCIl;. The solid CT complexes were synthesized by
mixing 1 mmol of the donor in a methanol mixture with 1 mmol of DDQ, TCNQ, and Fla
(acceptors) in the same solvent. At room temperature, the mixture was stirred for ~ 1 h. After
reducing the solvent volume by the evaporation of 80%, the solid precipitate is obtained. The
separated fluorescein CT complexes were filtered off, washed many times with chloroform
(CHCl3), and then the obtained solid precipitate of the CT complexes was dried under a vacuum.
The diffuse reflectance spectra of the fluorescein CT-complex were recorded on Ocean
Spectrometer model USB4000-XR1-ES. A Cary series spectrophotometer (Agilent Technologies)
was used to measure the absorbance spectra of the fluorescein CT-complex over the range of 200-
800 nm. The cyclic voltammetry (CV) measurements were described in detail in our published
work [19]. To obtain the theoretical data for the CT complexes [(Flu)(Fla)], [(FIu)(TCNQ)], and
[(Flu)(DDQ)], Gaussian 09RevD.01 program [20] was used with Pople's basic set B3LYP/6-31G,
and Gradient corrected correlation [21]. B3LYP/6-31G level of theory was applied to obtain the
optimized structure of [(Flu)(Fla)], [(FIu)(TCNQ)], and [(Flu)(DDQ)] CT complexes. A molecular
electrostatic potential (MEP) map was also obtained to predict the reacting sites of the donor and
acceptor molecules. Simulated IR frequencies was obtained for [(Flu)(Fla)], [(FIu)(TCNQ)], and
[(Flu)(DDQ)] CT complexes. Animated modes of vibrations was used to assign the bands with
full accuracy [21]. The simulated vibrational wavenumbers are often greater than the experimental
values, according to the findings. The scaling factor should be used to scale the calculated
wavenumbers in order to make a suitable comparison. LUMO (lowest unoccupied molecular
orbital), HOMO (highest occupied molecular orbital), and energy gap was also calculated for
[(Flu)(Fla)], [(Flu)(TCNQ)], and [(Flu)(DDQ)] CT complexes. For visualization of obtained DFT
results, ChemCraft 1.5 software [22] was used.

RESULTS AND DISCUSSION

The infrared frequencies of the synthesized fluorescein charge transfer complexes have a change
in the band intensities and the frequency which are attributed to the electronic configuration
changes and the symmetry of the CT complex. The IR vibration bands at 719, 795, 894, 1166,
1548, 1668, and 2239 cm™ of the free DDQ organic molecule can be attributed to v(C—Cl),
5(C-C), v(C=C), v(C=0), and v(C=N), respectively. The IR spectrum of the free Fla acceptor has

Bull. Chem. Soc. Ethiop. 2023, 37(2)



Preparation, spectroscopic, cyclic voltammetry and DFT/TD-DFT studies 517

some characteristic bands at 992 cm for the v(C-F), 1322 cm! for the v(C=C stretching), and
(1745 and 1672) cm! for the v(C=0 stretching). The IR vibration bands at 719, 795, 894, 1166,
1548, 1668, and 2239 cm™' of the free TCNQ organic molecule can be attributed to 850 cm™, (1043
and 1116), 1346,1531, (2091 and 2208), 2963, and 3044 cm can be attributed to §,(C—H),
5(C-0), §(C-H), v(C=C), v(C=N), vs(C-H) and v,(C—H) vibration motions. From the IR
vibration bands of the Flu organic donor molecule and the corresponding acceptors, it can be
recognized that the v(C=N), v(C-F), v(C=0), and v(C-Cl) vibration motions are shifted to higher
or lower frequencies values in case of complexes.

The diffused reflectance spectroscopy (R,) is a significant procedure to explore the qualitative
knowledge about the optical properties of the investigated fluorescein CT-complex in powder
form (inhomogeneous media). Figure 1 shows the diffuse reflectance spectra (R;) of
fluorescein CT-complex. The Kubelka-Munk model (K-M) is used to convert the diffuse
reflectance spectra of the fluorescein CT-complex into absorption spectra [23-29].

Cht vy ®
1— Ry)?

F(Ry) = % )

F(Ry) « a(hv) < % 3

where F(Ry) is the Kubelka-Munk function and @ is the absorption coefficient of the
fluorescein CT-complex. Figure 1 (A-E) shows (F(Rg)hv)'/? versus ( hv) for fluorescein CT-
complexes. The estimated values of the allowed indirect gap are given in Table 1.

Table 1. Energy gap electronic transitions of the fluorescein charge transfer complex according to DRS, ASF

and CV.
Sample EDRS (eV) ESSF (eV) ESY (eV)
Fluorescein dye 2.09 2.25 2.34 3.682 1.98 -- 1.96
[(Flu)(I2)] complex 2.14 - 2.482 2.678 3.571 | 236 1.96
[(Flu)(DDQ)] complex 2.21 2.1 2.455 3.075 3.534 | 2.24 2.48
[(Flu)(Fla)] complex 2.12 - 2.504 3.608 2.68 2.33 2.1
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Figure 1. The diffuse reflectance spectra of solid fluorescein charge transfer complex, and
(A-E): The Kubelka—Munk relation versus photon energy of the solid fluorescein charge
transfer complex

UV-Vis spectroscopy is an important tool to identify the energy position, intensity, and
individual electronic bands of fluorescein CT complexes in methanol solution. Figure 2 shows the
electronic absorption spectra of fluorescein CT complexes in methanol. The molar absorptivity
(&motar) Of the fluorescein CT-complexes can be used to estimate the oscillator strengths (f) and the
electric dipole strength (¢°) from the following relations [29-33]:

1 Av
qZ = mgmolur( U)’ 4)

T
f=43%x10"° [ £ d, )

where U is the wavenumber and Av is the absorption half-band width. The spectral behavior of
the molar absorptivity for the fluorescein CT complexes is displayed in Figure 2(A-E). A Gaussian
fitting with asymmetric least squares smoothing baseline was done to calculate f and ¢°. The
Gaussian fitting analysis and the calculated values of (¢°) and (f) for fluorescein CT-complex in
methanol (C = 5x107 M/L) are shown in Table 2.

—— Fluorescein (Flu)
—— [(Flu)(l]
—— [(Flu)(DDQ)]
—— [(Flu)(Fla)]
—— [(Flu)(TCNQ)]

Normalized Absorbance
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Figure 2. Spectral behavior of the normalized absorbance of the fluorescein charge transfer
complex in methanol, and (A-E): The Gaussian fitting analysis of molar absorptivity for

the fluorescein charge transfer complex in methanol.

Table 2. The oscillator strengths (f) and the electric dipole strength (¢°) of the fluorescein charge transfer

complex in methanol.

Sample Oscillator strengths (f) Electric dipole strength (¢°)
Fluorescein 1.55 1.42 | 10.03 | 0.61 | 0.04 | 6.55 5.67 | 2283 | 023 | 0.14
dye
[(Flu)(I2)] 19.28 | 68.50 | 0.79 - - 60.64 | 1754 | 3.11 - -
complex
[(Flu)(DDQ)] 0.79 | 5.51 | 0.73 - - 3.07 14.11 | 22.84 - -
complex
[(Flu)(Fla)] 298 | 8.18 | 0.486 - - 1.16 21.24 | 0.21 - -
complex
[(Flu)(TCNQ)] | 2.15 | 0.42 | 0.60 - - 7.41 0.94 1.96 - -
complex
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The absorption spectrum fitting (ASF) method can be applied to precisely determine the
optical band gap energies of fluorescein CT-complex in the UV-Vis region [34-42]:

b (ory = e _ 123983 ©

e = — = —

9 Agap Agap

A = — Zheyra (22 ' 7
2303 M A Agap )

! (A)—l O +nin(s -2 8

n(7)=In +nn/1—7\gap (8

where n is the power taking the value of 2 for the allowed indirect transition, A is optical
absorbance, Z is a constant, ¢ is the velocity of light, and d is the thickness of the sample (1 cm).
. . a2z .
Figure 3 (A-E) shows a relation between (I) against (1/4) for fluorescein CT-complexes.
From this figure, the optical band gap (Ejsy ) can be estimated and listed in Table 2.
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complex in mehanol.
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Figure 4-A depicts the cyclic voltammogram for fluorescein dye, which revealed two quasi-
reversible redox systems [43]. The first system's oxidation peak (E,.) was found to be +0.13 V,
while the cathodic peak (E,i) was observed to be -0.06 V. The reversibility of the reaction was
demonstrated by the difference between the anodic and cathodic peak potentials (AE), which was
determined to be equal to + 0.19 V. The formal potential (E,.) was taken as the average of E,.
and E,. is +0.035 V. In the second system, Ep.» and E, appeared at+0.62 V and +0.55 V

respectively. The calculated AE was found + 0.07 V and E;; is + 0.62 V [43-45].

EHOMO = '(Eonset (oxidation) + 44) eV (9)

ELUMO = '(Eonset (reduction + 44) eV (10)

E(onset oxidation) and E(onset reduction) peak values have been calculated to be 1.28 V and 0.68 V,
respectively. HOMO, LUMO, and band gap (EgV) were calculated to be, -5.68, -3.72, and 1.96
eV, respectively.

The electrochemical behavior of the [(Flu)(I;)] complex under the previously specified
circumstances is shown in Figure 4-B using cyclic voltammetry. Two quasi-reversible redox
systems and one irreversible cathodic peak were depicted in this figure. In the first redox system,
Eyc1 occurred at +0.07 V, whereas Ey. occurred at +0.37 V. AE was found to be +0.3 V, with
+0.22 V Ei52. The Epqp came at + 0.65 V in the second redox system, whereas E,., appeared at
+0.43 V. AE and E;/; were determined to be + 0.22 V and + 0.54 V, respectively.

The irreversible cathodic peak appeared at -0.37 V. The [(Flu)(Iz)] complex also showed an
irreversible cathodic peak at -0.47 V and an anodic peak at +0.9 V. E(onset oxidation) a1d E(onset reduction)
peak values were determined to be +1.3 V and -0.66 V, respectively. The computed HOMO,
LUMO, and band gap (E§") were -5.7 eV, -3.77 ¢V, and 1.96 eV, respectively.

The electrochemical behavior of the [(Flu)(DDQ)] complex is depicted in Figure 4-C using
the cyclic voltammetric method. Two quasi-reversible redox systems and two irreversible
cathodic peaks were seen in the [(Flu)(DDQ)] complex. At -1.14 V, an irreversible cathodic peak
developed, whereas an anodic peak appeared at +0.2. For the two quasi-reversible redox couples,
Epa1 appeared at -0.32 V whereas E,.c; appeared at -0.42 V. The values for AE and E;;; are +0.1 V
and -0.37 V, respectively. The E,.» emerged at +0.73 V in the second system, whereas the Ej,
arrived at +0.53 V. AE was determined to be +0.2 V, while E;;, was found to be +0.625 V. The
E (onset oxidation) a1d E(onset reduction) peaks are +1.3 V and -1.18 V, respectively. The calculated values
for HOMO, LUMO, and the band gap (EgV) are -5.7, -3.22, and 2.48 eV, respectively.
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Figure 4. Cyclic voltamnmetry of the (A): fluorescein dye, (B): [(Flu)(I)] complex, (C):
([((Flu)(DDQ)] complex, (D): [(Flu)(Fla)] complex and (E): [(Flu)(TCNQ)] complex
using Pt wire as a working electrode in dichloromethane in the presence of 0.1 M
tetrabutlammonium perchlorate and 100 mV/s scan rate.

Figure 4-D depicts the cyclic voltammetry [(Flu)(Fla)] complex using a Pt electrode in DCM
in the presence of TBAP. The [(Flu)(Fla)] complex has one anodic peak at -0.34 V and three
quasi-reversible redox systems. The first quasi-reversible redox pairs Ep.1 and E,c; were seen at
0.0 V and -0.31 V, respectively. Calculated values for AE and E;;; are +0.31 V and -0.155 V,
respectively. In the second oxidation-reduction system, E,.> showed up at +0.06 V while E,.
showed up at +0.47 V. The AE was calculated and found +0.41 V, while the E,;; was 0.265 V.
The third quasi-reversible redox couple, Eq3, appeared at +0.92V, while E,c3 appeared at +0.57
V. The AE was found to be -0.35 V, with E,, obtaining at +0.745 V. The obtained values for the
E(onset oxidation) and E(onset reduction) peaks are +1.35 and -0.75 V, respectively, while the
calculated HOMO, LUMO, and band gap (EgV) were -5.75, -3.65, and 2.1 eV, respectively. The
electrochemical behavior of the [(Flu)(TCNQ)] complex under the previously specified
circumstances is shown in Figure 4-E using cyclic voltammetry. Two irreversible peaks, one
cathodic peak at -1.2 V and one anodic peak at -0.3 V, as well as two quasi-reversible redox
systems, could be seen in this graph. E,.1 was detected at -0.63 V, while E,; was detected at -0.81
V. The calculated E was determined to be +0.18 V, with a formal potential of -0.72 V. E,; and
E,c1 were found to be -0.63 V and -0.81 V, respectively. The computed AE was +0.18 V, with a
formal potential of -0.72 V. In the second redox system, E,,» occurred at + 0.25 V while E,,
appeared at + 0.4 V. AE and Ei;; were calculated to be + 0.21 and + 0.145 V, respectively. The
peaks for E(onset oxidation) @Nd E(onset reduction) are, respectively, -0.83 and -1.7 V. The band gap (E!CIV),
HOMO, and LUMO calculated values were 5.23,-2.7, and 2.53 eV, respectively.
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Figure 5. Optimized structure of (a) [(Flu)(Fla)], (b) [(FIu)(TCNQ)], and (c) [(Flu)(DDQ)]
complex (B3LYP/ 6-31G) showing bond lengths.
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Figure 6. MEP surface map of (a) Flu, (b) Fla, (¢) TCNQ, (d) DDQ, (e) [(Flu)(Fla)], ()
[(Flu)(TCNQ)], and (g) [(Flu)(DDQ)] (B3LYP/ 6-31G) with respective color scales.
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Figure 7. The spatial plot of HOMO and LUMO with their energy gap for [(Flu)(Fla)],
[(Flu)(TCNQ)], and [(Flu)(DDQ)] complex.

The structure of [(Flu)(Fla)], [(Flu)(TCNQ)], and [(Flu)(DDQ)] was optimized through
B3LYP/6-31G, and the geometry is represented in Figure 5 with Mulliken atomic numbering
scheme. Figure 6 represents the optimized structures of [(Flu)(Fla)], [(FIu)(TCNQ)], and
[(Flu)(DDQ)] showing all the bond lengths in A. The molecular electrostatic potentials strength
of reactants (Flu, Fla, TCNQ, and DDQ) and CT complex {[(Flu)(Fla)], [(Flu)(TCNQ)], and
[(Flu)(DDQ)]} is presented through MEP map (molecular electrostatic potential), as shown in
Figure 6. The electropositive region lies around OH and CH atoms of Flu, shown with the blue
area and the electronegative region lies around N and O atoms of acceptor moieties, shown with
the red area. This gives us the idea regarding preferential binding sites for the electrophilic and
nucleophilic attacks. The MEP surface of reactants (Flu, Fla, TCNQ, and DDQ) and CT complex
{[(Flu)(Fla)], [(FIu)(TCNQ)], and [(Flu)(DDQ)]} is plotted from deep red to deep blue color scale
(Figure 6) [46].

In the gas phase, the TD-DFT approach was employed to investigate the nature of the
electronic transitions in [(Flu)(Fla)], [(Flu)(TCNQ)], and [(Flu)(DDQ)]. For [(Flu)(Fla)],
[(Flu)(TCNQ)], and [(Flu)(DDQ)] electronic absorption band is obtained at 558, 478, and 483
nm, respectively. The HOMO (-4.1287 eV) to LUMO (-1.9086 eV) energy gap (AE) was
calculated to be 2.2001 eV for [(Flu)(Fla)] complex. For [(Flu)(TCNQ)] complex HOMO
(-4.6128 V) to LUMO (-2.0242), AE = 2.5886, and for [(Flu)(DDQ)] complex HOMO (-4.5190
eV) to LUMO (-1.9548), AE = 2.5642. The LUMOs are present in the acceptor moieties of the
CT complexes, while HOMOs can be seen in the donor moiety of the CT complexes. The FMO
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with energy gap for the CT complexes are represented in Figure 7 [47-50]. Some important
molecular parameters of [(Flu)(Fla)], [(Flu)(TCNQ)], and [(Flu)(DDQ)] obtained in the gas phase
based on HOMO-LUMO and optimized structure are provided in Table 3.

Table 3. Various other theoretical molecular parameters of CT complexes.

Parameters B3LYP/ 6-31G
[(Flu)(Fla)] [(Flu)(TCNQ)] [(Flu)(DDQ)]

Minimum SCF energy (a.u.) -1923.316617 -1823.555850 -2630.044148
Polarizability () (a.u.) 401.394611 431.731227 653.600049
Dipole moment (Debye) 5.809081 5.000880 5.347966
Zero point vibrational energy | 206.31742 254.29036 212.53203
(kcal/mol)
Total thermal energy (kcal/mol) 225.390 275.749 233.146
Electronic spatial extent (a.u.) 21242.3411 37685.4500 37469.6323
Frontier MO energies (eV)

LUMO -1.9086 -2.0242 -1.9548

HOMO -4.1287 -4.6128 -4.5190
Gap (HOMO — LUMO) 2.2201 2.5886 2.5642

CONCLUSION

The solid CT complexes of fluorescein dye with definite acceptors [DDQ, TCNQ, Fla, and I,]
mentioned above were prepared. Infrared frequencies and tentative assignments for the
fluorescein charge transfer complex were studied. The indirect allowed optical band gaps of the
solid fluorescein charge transfer complex were determined by using the Kubelka-Munk model.
The indirect allowed optical band gaps of the fluorescein charge transfer complex in methanol
were estimated by using absorption spectral fitting (ASF).The molar absorptivity of the
fluorescein CT complexes were used to estimate the oscillator strengths and the electric dipole
strength. The cyclic voltammetry technique is used to calculate the HOMO, LUMO, and the
electrochemical gap of the fluorescein CT complexes. A comparison of the optical and
electrochemical band gaps shows that the differences do not exceed £0.20 eV. DFT calculations
provided the optimized geometry of [(Flu)(Fla)], [(Flu)(TCNQ)], and [(Flu)(DDQ)] CT complex
with minimum energy. Experimental data were also corroborated theoretical through DFT and
found then in good agreement. The obtained data are vital for applied material science research
fields such as organic photonic applications.
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