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Abstract The riboflavin dye 2,3,4,5-tetra-O-acetyl-1-[3-(6-
bromohexyl)-7,8-dimethyl-2,4-dioxo-3,4-
dihydrobenzo[g]pteridin-10(2H)-yl]-1-deoxypentitol and its
pyridinium salt were synthesized, and studied by absorption
and fluorescence spectroscopy in solutions and on thin film
states. The first absorption band of riboflavin-pyridinium salt
derivative is red-shifted by 10 nm compared to neutral one on
film. Cationic riboflavin derivative shows significant wave-
length changes on its fluorescence emission spectrum in the
excited state depending on the solvent polarity and the elec-
tronic environment. The fluorescence quantum yields of cat-
ionic riboflavin gave much higher values as compared to that
of its neutral form. The fluorescence lifetimes were found to
be in the range of 5.5-6.6 ns with mono — exponential behav-
ior. These dyes possess low-lying HOMO energy levels which
are suitable to be able to inject holes to donor polymers so that
they can be used as acceptor component in the active layer of
bulk heterojunction solar cells (BHJ-SCs). Photovoltaic re-
sponses are reported for P3HT:riboflavin active layer wherein
the synthesized dyes are used as acceptor component. Also,
neutral riboflavin shows greater electron mobility value of
1.3 x 10 em?/V-s compared to its cationic derivative.
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Introduction

Riboflavin, also known as Vitamin B2, is a vitamin
commonly found in plants and organisms, and often
used as a photosensitizer in metabolic and photosynthet-
ic processes [1, 2]. Isoalloxazine ring, which constitutes
the basic structure of riboflavin, is the basic chromo-
phore group that enriches for 7t electrons [3]. Flavin
mononucleotide (FMN) biomolecule and flavin adenine
dinucleotide (FAD) cofactor, the most popular phosphor-
ylated forms of riboflavin, are involved in several fla-
voprotein enzyme reactions [4]. Riboflavin and its de-
rivatives can undergo photodegradation reactions in or-
ganic solvents under visible light irradiation in an oxy-
genated or oxygen-free atmosphere, giving alloxazine
and isoalloxazine fragmentations. In the literature, espe-
cially tetraacetyl derivatives of riboflavin have been pre-
pared in order to increase its photostability. More spe-
cifically, 3-methyl-riboflavin tetraacetate derivatives are
more stable than unsubstituted riboflavin structure [5].
Riboflavin and its natural or synthetic derivatives have a
wide range of usages in food systems [6, 7], clinical and bio-
medical applications [8], photodynamic inactivation processes
[9], photodynamic therapy applications [10, 11] and drugs
[12]. Riboflavin dye was also used as a photosensitizer in
dye sensitized solar cells consisting of indium tin oxide
(ITO), zinc oxide (ZnO), polyaniline based-single [13] or
multi walled carbon nanotube [14], giving satisfying cell effi-
ciencies. In 2016, Mollahosseini et al. reported a multi mate-
rial system composed of a Cgo-functionalized isoalloxazine
derivative and a flavin helix wrapped-single walled carbon
nanotube structure was designed to increase photoinduced
charge transfer quenching inside the system. This combination
facilitates the 7 — 7 overlap between the graphene sidewalls,
isoalloxazine, and the Cg acceptor that enables the efficient
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electron transfer to the PCBM moiety [15]. Also, novel
donor-acceptor type flavin dyads initiated an efficient
electron transfer process that indicated the potential us-
age of flavin dyes as an acceptor molecule in photovol-
taic applications [16, 17]. These results give us a clue
that a BHJ-SC device containing riboflavin derivative in
active layer may work properly.

Thus, photophysical and optoelectronic properties of ribo-
flavin and its derivatives have been considered worthy of in-
vestigation in this regard. Besides, the riboflavin chromophore
has a strong absorption band between 440 and 450 nm in
solution depending on polarity of used solvent [10].
Fluorescence quantum yield of riboflavin derivatives is
moderately high depending on the solvent polarity, pH,
and the presence of different subunits in studied systems
[18, 19]. Optical and HOMO-LUMO energy levels of
flavin chromophores can be easily tuned by attaching
substituents into heterocycle system [20]. In this regard,
suitable molecular adjustments can be made to obtain
suitable small organic molecule for organic photovol-
taics. However, to the best of our knowledge, there
have been no reports of BHJ-SC devices in which any
riboflavin derivative was used as an acceptor component
in their active layers.

In this study, we synthesized a neutral and a cationic ribo-
flavin derivative, showing good solubility and giving low
HOMO energy levels, in order to investigate their charge
transport property and optoelectronic performance. We inves-
tigated the photophysical and electrochemical properties of
chromophores in different solvents of polarities and also on
thin films. Notably, we compared to their mobilities with each
other measured under identical conditions.

Experimental Section
General Characterization Techniques

Solvents were purified and dried using standard techniques.
"H NMR and '>C NMR spectra were recorded on a Bruker
spectrometer operating at 400 MHz, § values are given in ppm
(relative to TMS) and coupling constants (J) are reported in
Hz. UV-Vis absorption spectra were recorded on a Perkin

(i)

y e s D S e,
NSNS0 ) N NNo
HO cO

HO/\X)H
OH

AcO
OAc

Rbf-

e
A N N"o
Ac
AcO OAC
OAc OAc

Rbf-II

Elmer Lambda 950 spectrophotometer. Cyclic voltammetry
(CV) measurements were performed using a CH instruments
660B-Electrochemical Workstation, wherein platinum acts as
the counter electrode, an Ag/Ag" as the reference electrode,
and a glassy carbon as the working electrode at a scan rate of
100 mV/s. Samples were prepared in acetonitrile solution with
0.1 M [TBA][PF6] as the electrolyte. The reference electrode
was calibrated with an internal standard of ferrocene.
Potentials were referenced to the ferrocenium/ferrocene redox
couple with its oxidation potential detected at +0.66 V.
HOMO, LUMO, and band gap values were calculated accord-
ing to the eq. [21]:

t . [ 4
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Fluorescence and time-resolved measurements were car-
ried out with a commercial fluorimeter (FLS 920 Edinburg).
The fluorescence decay times were measured by single photon
counting method at excitation wavelength of 368.8 nm.
Emission was at 550 nm detected at the magic angle relative
to the vertically polarized beam. Data analysis was carried out
using a nonlinear, exponential tail fit method [22]. The
goodness-of-fit was judged from the reduced x* (< 1.2) [23]
and weighted residuals. All measurements were performed in
1 cm optical path length quartz cuvettes. Non-contact mode
atomic force microscopy (AFM) was performed with an
Ambious Technology Q-Scope 250 Model instrument.

The minimum energy of geometry was performed in the
framework of density functional theory (DFT) [24] by means
of the B3LYP functional using the Gaussian 09 W program.
The 6-31G(d) level [25] was chosen in order to display
HOMO and LUMO orbitals for stable structures.

Materials

Acetic anhydride and 4-dimethylaminopyridine were pur-
chased from Merck Company. Riboflavin, perchloric acid,
N,N-dimethylformamide, dimethyl sulfoxide, potassium car-
bonate, and poly(3-hexylthiophene-2,5-diyl) (P3HT) were
purchased from Sigma Aldrich. Also, 1,6-dibromohexane
(Fluka) was used as received. Scheme 1 shows the synthetic
pathway for Rbf-IT and Rbf-III dyes.

Br
\Q Br
O
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Scheme 1 Synthesis of Rbf-(I-III) dyes. (i) Acetic acid/Acetic anhydride (1:1 v/v), HCIOy, 45 °C [28]; (ii) 1,6-dibromohexane, DMF, K,CO;, room

temperature [29]; (iii) DMSO, DMAP, room temperature
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OPYV Device Fabrication, Photovoltaic and Mobility
Measurements

ITO glass substrates (from Delta Tech. Corp., 2.5 x 2.5 cm in
size and with Rgee: 10 §2/sq. conductivity) were cleaned
using the following sequential steps: rinsing with deionized
water; sonication in acetone, and isopropanol for 15 min each;
and drying with nitrogen. Finally, the substrates were treated
with oxygen plasma for 5 min. A filtered suspension of
PEDOT:PSS (AL4083) in water was spun cast at 4000 rpm
for 30 s, followed by baking at 120 °C for 30 min in ambient.
Solution processing of the active layers was performed under
an inert-atmosphere in glovebox. The photoactive layers con-
taining blends of P3HT and riboflavin dyes (mixing at con-
centrations of 2 wt%) in 1:1 and 1:2 mass ratios were spun cast
from chloroform solution at 1000 rpm and, then dried at
120 °C for 30 min in a N, atmosphere. Finally, Al (100 nm)
layer was deposited on top of the BHJ-SC by thermal evapo-
ration with metal shadow mask in thermal evaporator
equipped MBRAUN 200B glove box. All characterizations
were done under inert atmosphere in glove box.

Space-charge-limited current (SCLC) measurements were
measured on a device similar to BHJ-SC devices.

The current density — voltage (J — V) characteristics were
investigated by using Keithley 2400 source meter under sim-
ulated AM1.5G illumination at 100 mW/cm? irradiance sup-
plied by a MHG lamb (375 W) and, also in dark. The mobil-
ities were determined by fitting the dark current using an
equation given below:

9 V2
Jsce = g E0erte T3
where ¢, is the permittivity of free space, ¢, is the dielectric
constant of the riboflavin film, L. is the electron mobility, V is
the applied voltage, and L is the thickness of the photo-active
layer [26, 27].

Synthesis
Synthesis of 2',3",4",5"-Tetraacetylriboflavin (Rbf-1)

In a two-necked 50 mL Schlenk flask, riboflavin (0.5 g,
1.33 mmol) was added to a 40 mL of solution containing a

Table 1

mixture of glacial acetic acid and acetic anhydride in
(viv, 1:1) volume percent. After the dropwise addition
of 100 uL of 70% perchloric acid, the mixture was
stirred for 40 min at 45 °C. The mixture was cooled
in an ice bath and diluted with an equal volume of
water and, then solution was extracted with chloroform
(3 x 25 mL). The combined organic extracts were
washed with deionized water (3 X 25 mL), followed
with a saturated solution of NaCl. The combined organ-
ic phases was evaporated to dryness and, then the prod-
uct was recrystallized from 95% ethanol, yielding 80%.
FT-IR (KBr pellet, cmfl): 3158, 3032 (aromatic vc_p),
2812 (aliphatic vc_y), 1749 (ester vc—p), 1663 (amide 1.
band vc_g), 1577 (aromatic vc—c), 1537 (amide II. band
Ve—o), 1506, 1438, 1372, 1242, 1212, 1056, 839, 603 cm ™.
"H NMR (400 MHz, CDCl; § 7.27 ppm): & = 8.89 (1H, s),
8.00 (1H, s), 7.56 (1H, s), 5.66 (1H, d,J=9.0 Hz), 5.47-5.38
(3H, m), 4.89 (1H, s), 4.42 (1H, dd, J; = 9.0 J, = 2.9 Hz),
4.26-4.21 (1H, m), 2.55 (3H, s), 2.43 (3H, s), 2.27 (3H, s),
2.20 (3H, s), 2.06 (3H, s), 1.74 (3H, s) ppm. °C NMR
[100 MHz, CDCl; § 77.4 (3 peaks)]: § = 171.5, 171.2,
170.7, 170.6, 160.2, 155.4, 151.5, 137.6, 136.7, 135.2,
133.6, 116.2, 70.8, 69.7, 69.3, 62.1, 45.1, 21.5, 21.1, 20.8,
20.7,20.3, 19.4 ppm.

Synthesis of 2,3,4,5-Tetra-O-Acetyl-1-[3-(6-Bromohexyl)
-7,8-Dimethyl-2,4-Dioxo-3,4-Dihydrobenzo[g]
Pteridin-10(2H)-YI]-1-Deoxypentitol (Rbf-I1)

To a solution of Rbf-I (0.1 g, 0.18 mmol) in 1.5 mL of dry N,N-
dimethylformamide, potassium carbonate (40 mg,
0.29 mmol) was added in a single portion, and dark
green suspension was stirred for 45 min at room tem-
perature under an argon atmosphere. 1,6-dibromohexane
(118 pl, 0.77 mmol) in 0.7 mL of N,N-dimethylformamide
was added dropwise to the solution, and the mixture was
stirred for 6 h at room temperature. Solution of
dichloromethane:acetic acid (v:v, 9:1) volume percent was
added to the mixture for neutralization and, then the organic
phase was washed with equal volume of water and followed
by a final washing with a saturated solution of NaCl. The
organic layer was separated, dried over sodium sulfate, and
evaporated to dryness. The product was purified by column

Optical absorption wavelengths of Rbf-II and Rbf-III dyes in different solvents of polarities (A (nm))

Dyes / Solvents CHClLy THF MeOH MeCN

Al A2 A3 A4t Al pvs A3 Adt Al Ao A3 Ad Al A2 A3 Adt

Rbf-II 479 450 348 275 472 445 341 270 472 447 355 273 472 444 345 274
Rbf-IIT 478 451 349 276 471 443 340 272 471 447 351 274 470 444 345 276

*indicates the optical wavelength in which shows the highest absorption coefficient
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Fig. 1 a Normalized UV-Vis
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absorption spectra of Rbf-II dye
in different solvent of polarities. b
Comparison of normalized UV—
Vis absorption spectra of Rbf-I1
and Rbf-III dyes coated on quartz
substrates
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chromatography eluting with chloroform:acetone (4:1), yield-
ing 30%. FT-IR (NaCl disk, cm ): 2936, 2857 (aliphatic v¢_
1), 1748 (ester vc—o), 1709 (imide vc—p), 1661 (amide I. band
Ve—o), 1587 (aromatic vc—c), 1551 (amide II. band vc—p),
1435, 1371, 1219, 1049, 735, 601 cm™'. "H NMR
(400 MHz, CDCl;5 4 7.26 ppm): § = 8.01 (1H, s), 7.52 (1H,
s), 5.66 (1H, d, J = 9.0 Hz), 5.50-5.34 (3H, m), 4.91 (1H, s),
4.43 (1H, dd, J; =9.0 J, =2.9 Hz), 4.26-4.21 (1H, m), 4.05
(2H, t,J=7.6 Hz), 3.40 2H, t,J= 6.8 Hz), 2.54 (3H, 5), 2.43
(3H, s), 2.28 (3H, s), 2.21 (3H, s), 2.06 (3H, s), 1.87 (3H, m),
1.72 3H, s), 1.52-1.38 (5H, m) ppm. >*C NMR [100 MHz,
CDCl; 6 77.4 (3 peaks)]: § = 171.5, 171.2, 170.7, 170.5,
160.5, 155.8, 137.2, 136.5, 135.3, 133.6, 115.9, 70.8, 69.3,
62.2,44.7,42.0, 33.9, 32.8,27.9, 27.6, 26.2,21.4, 21.1, 20.8,
20.7, 20.3, 19.4 ppm.
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Synthesis of 2,3,4,5-Tetra-O-Acetyl-1-Deoxy-1-[3-{6-[4-
(Dimethylamino)Pyridinium-1-YI]
Hexyl}-7,8-Dimethyl-2,4-Dioxo-3,4-Dihydrobenzo[g]
Pteridin-10(2H)-YI] Pentitol Bromide (Rbf-III)

Rbf-II (40 mg, 56.5 umol) was dissolved in 0.5 mL of
DMSO, and the solution was added to 4-
dimethylaminopyridine (DMAP, 20 mg, 0.16 mmol) in
DMSO (2 mL) slowly. The resulting mixture was stirred at
room temperature under an argon atmosphere. The crude
product was purified by flash chromatography using
chloroform:methanol as eluent (from 5:0 to 4:1 by v:v vol-
ume), yielding 40%. FT-IR (NaCl disk, cm'): 3417, 2955,
2868 (aliphatic vc_p), 1746 (ester vc—p), 1707 (imide vc—o),
1650 (amide I. band vc—g), 1585 (aromatic ve—c), 1549
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Table2 Long-wavelength fluorescence emissions (., (nm)), fluorescence quantum yields (@x)* and fluorescence decay times (7¢ (ns)) with their fit
values of Rbf-II and Rbf-III dyes in different solvents of polarities (Aex. = 365 nm)

Dyes / Solvents ~ CHCl; THF MeOH MeCN

)\cm ¢F X 8 T )\cm QSF Xz T )\cm QSF X > T )\cm éF X 8 T
Rbf-11 585 088 077 640 588 064 088 6.62 58 078 076 573 583 064 086 6.15
Rbf-ITI 575 083 079 581 546 088 1.18 553 577 085 081 557 575 071 0.80 6.08

 Fluorescence quantum yields have been determined using quinine sulfate dihydrate (Aeye = 365 nm, @ = 0.546, 1 N H,SO,) [32]

(amide IL. band vc_o), 1433, 1370, 1228, 1048, 843, 735,
601 cm™'. "H NMR (400 MHz, CDCl; § 7.26 ppm):
8 =840 (d, J= 6.2 Hz, 2H), 7.99 (s, 1H), 7.54 (s, 1H), 7.01
(d, J = 6.2 Hz, 2H), 5.65 (s, 1H), 5.41 (m, 3H), 4.93 (s, 1H),
444 (dd, J=12.3,2.7 Hz, 1H), 4.30 (t, J = 6.0 Hz, 2H), 4.22
(d, J = 6.6 Hz, 1H), 4.04-3.99 (m, 2H), 3.26 (s, 6H), 2.54 (s,
3H), 2.42 (s, 3H), 2.25 (s, 3H), 2.19 (s, 3H), 2.05 (s, 3H), 1.88
(t, J= 6.0 Hz, 2H), 1.71 (s, 3H), 1.38 (m, 4H), 1.24 (m, 2H)
ppm.

Results and Discussion
Steady State and Time Resolved Measurements

Riboflavin molecule can give a limited number of chemical
reactions due to its instability under high pH conditions. It is
also known that its structure decomposes considerably to
lumichrome and lumiflavin chromophores by removing of
polyribitol functional group when exposed to light in basic
solution [30]. We increased the stability of riboflavin through
esterification reaction of poly hydroxyl groups giving stable
tetraacetylriboflavin (Rbf-I) molecule. Then, solubility of ri-
boflavin was improved by attaching long chain hexyl group to
imide nitrogen, giving Rbf-II dye. To investigate cationic
effects of riboflavin on charge separation and optoelectronic
performance, Rbf-II and Rbf-III dyes were synthesized ac-
cording to the procedure reported in previous literature [29].
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Fig.3 Comparison of fluorescence decay analysis of Rbf-II and Rb{-II1
dyes in THF solution (Agetection = 550 nm)

Both Rbf-II and Rbf-III dyes show two distinct absorption
bands around 345 nm and 445 nm, and a small shoulder cen-
tered around 475 nm in studied solutions, as given in Table 1.
The lowest energy absorption are mainly attributed to charge
transfer complex between lumichrome and ribityl groups. The
others are contributed to n — 7* and m — 7* transitions of
lumichrome ring [31]. DMAP substitution at the end of alkyl
chain has much less impact on spectral shift, which is proved
by the similar absorption values for Rbf-II and Rbf-III dyes
in solution. Compared with THF, MeOH, and MeCN in
Fig. 1a, Rbf-IT dye in CHCI; has slightly optical larger
bandgap probably due to its more relaxation behavior causing
the more planar conformation of lumichrome in CHCl; sol-
vent. When the UV-Vis spectra of Rbf-IT and Rbf-I1I dyes in
the film state are compared, as shown in Fig. 1b, Rbf-II ab-
sorbs the light at 453 and 351 with the maximum absorption
value at 278 nm while Rbf-III shows slight red shifts giving
the absorptions at 463 and 357 nm in the film state.

Figure 2a illustrates the fluorescence emission spectra of
Rbf-II dye in different solvents, and other photophysical
properties of both dyes are summarized in Table 2. Rbf-II
dye brings about two emission bands, one of which is ob-
served around 585 nm, and the other one, minor band, is
observed at 485 nm. Rbf-III dye exhibits a broader emission
band with a blue-shift of 42 nm as compared to Rbf-II in THF
solution, as illustrated in Fig. 2b. When excited at 365 nm,
lumichrome-related absorption band, both dyes display

20.0p
1.2x10°
0.0
< 6.0x10°
E 2 4 0 _1\_2—/—_/
2 0.0 By —
5 -
O //-\/
-6.0x10°
——Rbf-II
1 2x10° 7 Rbf-III
=1.2X 1
20 15 1.0 05 00 05 1.0 15 2.0

Potential / V

Fig. 4 Cyclic voltammograms of Rbf-II and Rbf-III dyes on glassy
carbon working electrode in 0.1 M [TBA][PF6]/Me-CN (Scan rate:
100 mV s™"). Inset shows the cyclic voltammograms of internal
reference (ferrocene) under the same conditions
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Table 3  Electrochemical values and HOMO-LUMO energies of Rbf-II and Rbf-III dyes with respect to the vacuum level

Dyes E?ed} E?edZ E?edl ox1 LUMO HOMO Eo.
V) V) V) V) (V) (V) 0'(eV)
(abs)
Rbf-11 —1.24 —0.86 —0.53 1.35 —3.61 —5.98 237
Rbf-I1T - —1.75 —0.52 1.56 —3.62 —5.96 2.34

# The zeroth—zeroth transition E_ values were estimated from the intersection of the apsis and the straight line which is drawn from the red side of the

UV-Vis absorption band of their thin films

characteristic emission features of lumichrome main core
around 485 nm [31]. Other major band, observed around
585 nm, indicates the emission character of a charge transfer
complex generated from the interaction between lumichrome
and polyribitol group of riboflavin. Fig. 2¢ gives an outlook of
absorption and emission spectra of Rbf-II on quartz substrate.
The shapes of fluorescence emission spectrum for Rbf-II on
thin film seems to be combined and slightly broader as com-
pared to that of solution phase. Lumichrome emission could
not be observed in Fig. 2¢. This may be attributed to emission
quenching of lumichrome resulted from the solid-state pack-
ing of aromatic rings in thin film. The thin film state of Rbf-11
dye has showed a unique packing motif as compared to the
solution state, which led to unique properties in its emission
and absorption spectra.

Fluorescence quantum distributions of Rbf-IT and Rbf-I1I
dyes in the studied solvents are reported in Table 2.
Fluorescence quantum yields (@) of Rbf-II and Rbf-III dyes
evaluated using quinine sulfate dihydrate as reference were
calculated to be in the range of 0.64-0.88. These values are
reasonably high when compared to ¢r values for pristine ri-
boflavin reported in the literature (Pr: 0.21-0.39, given in
common organic solvents) [19, 33]. It is also reported that 3-
methyl-riboflavin tetraacetate structure has much lower fluo-
rescence quantum yields (@g: 0.064-0.12, given in common
organic solvents) as compared to that of riboflavin. Sikorski,
et al. proposed that 3-methyl-riboflavin tetraacetate forms a
crystal packing model which consists of intermolecular C—
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Fig.5 Optimised ground-state geometries and frontier orbital energies of
compounds Rbf-II and Rbf-III dyes obtained by DFT calculations
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H- - ‘O hydrogen bonds between C-11 hydrogen and carbonyl
oxygen atoms in the structure [34]. In our synthesized ribofla-
vin dyes, this kind of hydrogen bonding may be inhibited
because of long hexyl chain attached to N-3 atom. Each emis-
sive lumichrome rings are separated from each other so that
lumichrome gives its own emission band around 485 nm (see
Fig. 2b). Finally, our synthesized Rbf-II and Rbf-III dyes
gained an extra emission of lumichrome resulting much
higher &r values as compared to that of 3-methyl-riboflavin
tetraacetate. Also, Rbf-III gave much higher @y values as
compared to that of Rbf-II in the studied organic solvents,
except CHCI;. Attaching of pyridinium salt in Rbf-III dye
gave an extra contribution to total @ value. Different
pyridinium salts are in progress for use as fluorescent
chemosensors in the literature [35, 36].

In time-resolved experiments, analysis of the decays re-
vealed mono-exponential decays at detected emission wave-
length of 550 nm for Rbf-II and Rbf-III dyes in common
organic solvents as given in Table 2. Figure 3 compares the
fluorescence decays of the dyes in THF solution. The calcu-
lated fluorescence lifetimes were found to be with the range of
5.53-6.62 ns for Rbf-II and Rbf-III dyes, and in good agree-
ments with those reported in the literature for 3-methyl-
riboflavin tetraacetate at values between 4.4 and 5.8 ns [34].
Actually, fluorescence decay time for lumichrome were re-
ported below 1 ns in organic solvents [31]. These much higher
values for Rbf-II and Rbf-III dyes may be attributed to the
stationary fluorescence of charge transfer complex defined for
riboflavin structure.

2.5
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Energy (eV)
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Fig. 6 Matching of electronic energy levels of BHJ-SC components
including Rbf-II as acceptor part
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Fig. 7 AFM images (4 um x

4 um) of'a, b Rbf-II and ¢, d Rbf-
III films spin-coated from
chloroform solution

CV Measurements and DFT Calculations

Solution phase cyclic voltammograms (CV) of riboflavin dyes
were investigated in order to estimate their energy levels.
Fig. 4 shows CVs of Rbf-II and Rbf-III dyes on Pt electrode
with 0.1 M [TBA][PF6]/Me-CN as the electrolyte at a scan
rate of 100 mV s~'. While Rbf-II exhibits three reduction
waves at —0.53, —0.86, and —1.24 V, reduction processes for
RbA-III are slightly shifted to more negative region giving two
reduction waves at —0.52 and —1.75 V, as summarized in
Table 3. Tetraacetic acid contributes to the reduction potential
of the structures by its electron-withdrawing nature. The first
reduction waves for both dyes may be attributed to reduction
of lumichrome-carbonyl group giving one electron reduction
to form the radical anion of riboflavin (Rbf ™). Variable scan
rate CV experiments of riboflavin in DMSO by Webster et al.
[37] have revealed that this radical anion generates Rbf®—
anion with accepting one more electron to nitrogen atom giv-
ing reduction at much lower negative reduction potentials for
Rbf-IT and Rbf-I11. It is noted that Rbf-III gives much lower
negative reduction potential at —1.75 V resulting from
electron-withdrawing effect of pyridinium salts. As illustrated
in Fig. 5, both HOMO and LUMO frontiers orbitals of Rbf-I1
indicated significant delocalization over the central
lumichrome core with no any contribution from the side ribityl

X:4.0um
Y: 4.0um
Z:601.2um

group. Pyridinium moiety in the optimized geometry of Rbf-
III is located at opposite side of lumichrome rings. The
LUMO orbitals of Rbf-III spread over the pyridinium unit
and extend into the mainly nitrogen cation side, whereas
HOMO level is completely delocalized over the whole
lumichrome rings. The reduction potential of Rbf-III at
—1.75 V may be caused by one-electron reduction of the
LUMO which is probably located on pyridinium cation.
HOMO levels of Rbf-IT and Rbf-I1I dyes are calculated to
be about —5.98 eV and —5.96 ¢V, respectively, which are more

0.20 1 —o— P3HT:Rbf-11

0.15 1

0.10

0.05 -

Current (mA/cm’)

0.00 p——
[Fereereiee ey
-0.051
02 -01 00 01 02 03 04 05
Voltage (V)

Fig. 8 J-V curve of photovoltaic device using P3HT:Rb-II blend as
active layer
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Fig.9 The variations in the capacitance-frequency (C-F) characteristic of
FTO/TiO,/Rbf-II or Rbf-III/LiCl/Al devices

close to that of well-known PCBM acceptor for BHJ-SC de-
vices [38]. Their appropriate energy levels and bandgaps of
2.37 and 2.34 eV for Rbf-II and Rbf-III, respectively, and
combined with the high molar absorption coefficients suggest
that these flavin derivatives might be good candidates as n-
type acceptors, possibly for organic solar cells. Their
bandgaps also could be well matched with higher bandgap
polymers such as P3HT, as shown in Fig. 6.

AFM Images and Optoelectronic Measurements

Figure 7 shows the film morphologies of compounds Rbf-II
and Rbf-ITI from chloroform solutions. Compound Rbf-IT
with R = n-CgH;,Br exhibits no distinguished high-ordered
structure (Fig. 7a and b). Similarly, in compound Rbf-III,
where bromide group replaced with pyridinium salt function-
ality, very small ordered domains are detectable (Fig. 7¢). Salt
effect of pyridinium on the organization of riboflavin dye at
macroscopic order within the film is observed in Fig. 7d.
Average roughness of thin films for compounds Rbf-II and
RbA-III are around 3.330 and 4.355 nm, respectively.

The photovoltaic performances of Rbf-II and Rbf-III dyes
were investigated in conventional device configuration of
ITO/PEDOT:PSS/P3HT:Rbf-II or Rbf-III)/Al(100 nm). The
J-V curves of optimized device based on Rbf-II with P3HT

were illustrated in Fig. 8. While the best Rbf-II:P3HT-based
device shows a J. of 5 x 10> mA-cm 2, a V,, of 80 mV, and a
FF of 0.30, resulting in an overall PCE of 1.2 x 1074%, Rbf-
II:P3HT-based device could not give any current. Generally,
used dyes on film state may lead to the formation of uniform
active layer which is one of the possible reasons for low cell
efficiencies.

Additionally, in order to understand the effect of charge
transport properties on the obtaining of poor photocurrent
values, electron mobilities were measured using the devices
fabricated with the configuration of FTO/TiO,(40 nm)/Rbf-II
or Rbf-III(60 nm)/LiF(0.6 nm)/Al(70 nm) using the SCLC
method. The capacitance-frequency (C-F) characteristics of
the devices were given in Fig. 9. Charge collection of Rbf-
III is lower at low frequencies, which is the indication of the
presence of conductive surface or tunneling paths, possible
arising from the ionic behavior of pyridinium group. Also,
dark current density-effective voltage characteristics of
SCLC mobility for active layer Rbf-IT and Rbf-III were given
in Fig. 10a and Fig. 10b, respectively. The electron mobilities
of Rbf-I1 and Rbf-III dyes were calculated to be about
1.3x 107 and 9.0 x 10°® cm?/V's, respectively. These results
clarify the reason of very low conversion efficiency with Rbf-
III. The lower electron mobility of Rbf-III might be caused
by the electron deficient nature of pyridinium salt acting as
electron-trapping sites to interrupt the charge-carrier transpor-
tation. Even if the poor cell efficiencies of these riboflavin-
derived compounds, we can improve the charge transport
properties of riboflavin core by making similar modifications
in its structure in future works.

Conclusion

We synthesized two natural organic small molecules (Rbf-II
and Rbf-III) that consisted of riboflavin as the central core
luminophore structure and n-hexyl as the terminal alkyl group.
Rbf-II and Rbf-III dyes have broad absorption bands cover-
ing 300-550 nm wavelength range with bandgaps of

Fig. 10 Dark current density- b
effective Vo}tgge gharacteristif:s of 60 I RbEIII
SCLC mobilities in a FTO/TiO,/ X
Rbf-1I/LiCV/Al and b FTO/TiO,/ . 501 <~ 2.5x10°4
RbE-ITI/LiCI/Al devices “g g
O 40 L “
P < 2.0x10°*4
: £
= 301 = 1.5x10"
5 15
g 209 g 1.0x10%
&) Q
10 5.0x10° 4
= T T T T 0.0 DDD'DID.D-H- e T T T
0.000 0.001 0.002 0.003 0.004 0.000 0005 0010 0.015 0.020 0.025
Constant*Voltage (V) Constant*Voltage (V)
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approximately 2.3 eV and relatively low HOMO energy levels
around —5.9 eV. This is energetically suitable position indicat-
ing hole transfer from the dyes to polymer donor in BHJ-SC
devices. Pyridinium substituent of Rbf-III narrows the band
gap of riboflavin to 2.34 eV and improves the electron accep-
tor property of the structure.

One of the major findings of this work is that photophysical
and charge transport properties of riboflavin core can be mod-
ified significantly attaching with different substituents. This
study reveals that optical and charge-transport properties of
neutral riboflavin structure with long alkyl chain encourage
the synthesis of new riboflavin derivatives for organic photo-
voltaic applications. Similar modifications on riboflavin struc-
ture can give some insights into its potential usage in more
favorable optoelectronic materials.
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