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Abstract

Cationic perylenediimide derivative, namely N,N’-di(2-(trimethylammoniumiodide)ethylene) perylenediimide (TAIPDI),
has been synthesized and characterized in an aqueous medium by using dynamic light scattering (DLS), X-ray diffraction
(XRD), fourier-transform infrared (FTIR), scanning electron microscope (SEM), and high-resolution transmission electron
microscopy (HRTEM) techniques. The optical absorption and fluorescence spectra of TAIPDI revealed the formation of
aggregated TAIPDI nanowires in water, but not in organic solvents. In order to control the aggregation behavior, the optical
properties of TAIPDI have been examined in different aqueous media, namely cetyltrimethylammonium bromide (CTAB),
and sodium dodecyl sulfate (SDS). Furthermore, the utilization of the examined TAIPDI for constructing supramolecular
donor—acceptor dyad has been achieved by combining the electron accepting TAIPDI with the electron donating 4,4’—bis
(2-sulfostyryl)-biphenyl disodium salt (BSSBP). The formed supramolecular dyad TAIPDI-BSSBP through the ionic and
electrostatic n-n interactions have been well examined by various spectroscopic techniques, e.g., steady-state absorption and
fluorescence, cyclic voltammetry, and time-correlated single-photon counting (TCSPC), and first principle computational
chemistry methods. Experimental results suggested the occurring of intra-supramolecular electron transfer from BSSBP to
TAIPDI with rate constant and efficiency of 4.76 x 10° s~ and 0.95, respectively. The ease of construction, absorption in the
UV-Visible region, and fast electron transfer process render the supramolecular TAIPDI-BSSBP complex as a donor—acceptor
material for optoelectronic devices.
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Introduction the world must develop sources of energy that are afford-

able, accessible, clean, and sustainable from economic

With rapidly growing global energy consumption, the
world faces serious energy, environmental, and economic
crises as a result of depleted stocks of fossil fuels, pollu-
tion, climate change, etc. Prompt global action to solve the
energy crisis is an urgent need. To pursue such an action,
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prospects [1-9]. Toward this goal, various functional dyes
have been employed for converting energy the light energy
into a stable electrochemical energy [10-15]. Among them,
n-type organic semiconductor perylenediimides (PDIs) are
considered promising electron-accepting materials for their
unique optical and electrical properties, e.g., the capacity
to absorb light over a substantial part of the visible spectral
region, strong electron affinities, appropriate redox values,
excellent chemical and photochemical stability, significant
charge transport properties, and strong fluorescence emis-
sion [16-24]. These unique photophysical, photochemical,
and electrochemical properties render PDIs potential candi-
dates for various optoelectronic applications [25-27]. The
fact that PDIs exhibit a first reduction potential comparable
to that of fullerene Cg, render PDIs attractive acceptors for
replacing fullerene derivatives in photovoltaic applications
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with their relatively lower cost in comparison to Cg,-based
acceptors, as well as better light harvesting and ease of
chemical modification [16-24].

The ability of perylenediimides to form supramolecu-
lar donor—acceptor light-harvesting architectures by n-n-
stacking, ionic bonding, hydrogen bonding, and metal-ion
coordination [28-34] justifies their wide use as building
blocks for the construction of light harvesting complexes.
Accordingly, perylenediimides have been incorporated suc-
cessfully into a variety of self-assembled light-harvesting
architectures in organic solvents [15-21, 35-37], but not in
aqueous media.

To examine the optical behavior of PDIs in an aqueous
medium, we utilized herein water soluble perylenediim-
ide derivative, namely N, N'-bis (2-(trimethylammonium
iodide) ethylene) perylenediimide (TAIPDI) (Fig. 1). Due
to its excellent electron-accepting properties, the ability
of TAIPDI to form supramolecular donor—acceptor com-
plex has been examined by combining it with the electron-
donating stilbene 420 dye, which is well known as 4,4’—bis
(2-sulfostyryl)-biphenyl disodium salt (BSSBP). The ration-
ale for choosing the TAIPDI-BSSBP supramolecular dyad
and the design concepts are:

e TAIPDI and BSSBP are linked together to form from the
supramolecular TAIPDI-BSSBP dyad through n-x and
ionic and electrostatic n-m interactions.

e TAIPDI-BSSBP supramolecular dyad, owing to the pres-
ence of TAIPDI and BSSBP units that absorb light in a
wide range of the solar spectrum (200-600 nm), guar-
antees an increased absorption cross-section and an effi-
cient use for converting the light to chemical energy.

e A practical aspect of BSSBP and TAIPDI concerns their
highly fluorescence quantum yields in the organic sol-
vents, serving diagnostic probes for the intramolecular
electron transfer event in the supramolecular dyad.

The optical behavior of TAIPDI, as well as the electron
transfer character of the supramolecular complex (TAIPDI-
BSSBP) in an aqueous medium have been examined using

Fig.1 Molecular structure of
the examined TAIPDI-BSSBP
supramolecular dyad
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various spectroscopic techniques, e.g., steady-state absorp-
tion and fluorescence, and time-correlated single-photon
counting, and cyclic voltammetry.

Experimental Section
Materials

Disodium-4, 4’-bis(2-sulfonatostyryl) biphenyl (BSSBP) is
commercially available and purchased from Tokyo Chemi-
cal Industry (TCI). Milli-Q system (Millipore) was used for
water purification to obtain ultrapure water (18.2 M Q cm)
for the experiments. Sodium n-dodecyl sulfate (SDS, 99%,
dry water < 15%) and cetyltrimethylammonium bromide
(CTAB) were purchased from Aldrich and used without any
further purification. All organic solvents were from Aldrich
and used as received.

N, N’-bis(2-(trimethylammoniumiodide) ethylene)
perylenediimide (TAIPDI) was synthesized according
to the reported procedure [22]. In a typical procedure
shown in Scheme 1, perylenetetracarboxylic-3,4,9,10-
bisanhydride (1 g, 2.5 mmol), quinoline 15 ml, 2-N,N'-
dimethylaminoethylenediamine (0.2 g, 20 mmol) and dicy-
clohexylcarbodiimide (0.35 g, 1.7 mmol) were refluxed
with stirring in an inert nitrogen atmosphere at 230-240 °C
for 3—4 h. After cooling to room temperature, the reaction
mixture was poured into 200 ml of ethanol. The resultant
precipitate was filtered off and dried. Methyl iodide (20 ml,
5 mmol) in toluene (80 ml) was added and the product PDI
(2.5 mmol) was refluxed with vigorous stirring for 90 min.
After cooling to room temperature, the resultant precipitate
was filtered off, washed with ether, and dried in a vacuum to
afford TAIPDI (1.45 g). Fig. S1 shows the structural char-
acterization of TAIPDI by different techniques. "H-NMR
(400 MHz, DMSO-d6, TMS): §=3.28-3.34 (m, 18H),
3.67-3.71 (t, 4H), 4.49-4.53 (t, 4H), 8.45-8.47 (d, 4H,
8.72-8.74 (d, 4H); '>C NMR (400 MHz, DMSO-d6, TMS):
0=33.6,524,61.7,122.2,124.1, 125.1, 128.2, 130.7, 133.7,
162.5 ppm. FT-IR (KBr, cm™): v=3551, 3414, 3009, 1696,
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Scheme 1 Schematic representation of the synthetic route to TAIPDI

1649, 1593, 1480, 1437, 1434, 1366, 1365, 1259, 1182,
1118, 1042, 998, 927, 848, 811, 745, 628.

Instruments

The synthesized TAIPDI was identified utilizing 'H and *C
NMR spectroscopy (AL 400, JEOL Ltd., Tokyo, Japan).
The compounds were purified by size exclusion chroma-
tography (column: Shodex K-5001, eluent: CHCl;, Showa
Denko K. K., Tokyo, Japan). Fourier transform-infrared
(FT-IR) spectra were measured using FT-IR spectrometry
(FT/IR-4100, Jasco). Self-assembly of TAIPDI was investi-
gated using X-ray diffractometry (XRD; Smart Lab, Rigaku,
Tokyo, Japan). Particle sizes were determined using a par-
ticle size analyzer (ELSZ-2PL, Otsuka Electronics Co.
Ltd., Osaka, Japan) in water. Steady-state absorption and
fluorescence spectra were recorded using UV-vis spectro-
photometer (Shimadzu UV-2600) and spectrofluoropho-
tometer (Shimadzu RF-6000), respectively. To elucidate
the electrochemical properties and to determine the energy
of the electron transfer product (TAIPDI""-BSSBP*), a
Metrohm Autolab Potentiostat/Galvanostat electrochemi-
cal analyzer in deionized water containing Na,SO, (0.1 M)
as a supporting electrolyte at 298 K has been utilized. The
measurements were taken by using a carbon electrode as a
working electrode, an Ag/AgCl as a reference electrode, and
a platinum wire (Pt, 1 mm in diameter) as a counter elec-
trode. All electrochemical measurements were investigated
under a nitrogen atmosphere. For determining the electron
transfer character and determine the electron-transfer rate of
the TAIPDI-BSSBP supramolecular dyad, the picosecond
fluorescence decay profiles were measured by the single-
photon counting method using FluoroHub (Horiba Sci-
entific). Lifetime was evaluated with the software Fluofit
attached to the equipment.
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Results and Discussion

Optical Properties and Aggregation Behavior
of One-Dimensional TAIPDI

As seen from Fig. 2, SEM and HR-TEM images of TAIPDI
molecules show ordered nanowire assemblies with an aver-
age width of approximately 200-300 nm and lengths up to
tens of micrometers. This is consistent with the literature,
where the perylenediimide derivatives with linear side
chains and extensive z-stacking reveal one-dimensional mor-
phologies in aggregation [22]. The recorded narrow average
width of TAIPDI nanowires (200-300 nm) may arise from
the electrostatic repulsion between the positively charged
trimethylammonium heads. By using the dynamic light scat-
tering (DLS) technique, we could identify the size distribu-
tion of the self-assembled TAIPDI in water in the range of
300-400 nm, with a mean size of 379 nm (Fig. 2d) that is
much higher than that of the TAIPDI in MeOH (91 nm).
This finding suggests the formation of aggregated TAIPDI
in water, but not in MeOH.

As seen in Fig. 3a, the absorption spectrum of TAIPDI
in MeOH exhibited three pronounced peaks at 522, 487,
and 456 nm as representative 0-0, 0—1, and 0-2 transi-
tions, respectively. Similar optical behavior was observed
in dimethylformamide and acetone (Fig. S2). This obser-
vation is in a good agreement with the multiple vibronic
bands of the reported perylenediimide derivatives in organic
solvents [19-23]. Unlike methanol, the absorption spectrum
of TAIPDI in water showed different features, where the
absorption spectrum exhibited two absorption maxima at
501 and 536 nm, as well as a broad shoulder at approxi-
mately 467 nm. As seen, the ratio of A /Ay, for the
two main absorption bands of TAIPDI in water (Asz¢ nm/
Aspi ym=0.60) is much smaller than that observed in MeOH
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Fig.2 a SEM and b HR-TEM images of aggregated TAIPDI nanowire in water, ¢ and d DLS particle size distribution of TAIPDI in methanol,

and water, respectively

(Asp) nm/Aug7 nm = 1.60). Taking into consideration that the
aggregation of PDIs occurs when the absorption ratio of
Aoy /Ap_1)<0.7 [35-37], we can attribute the absorption
behavior of TAIPDI in water is due to of the formation of
aggregated TAIPDI in H,O via strong n-n interactions of
hydrophobic aromatic cores [36-39].

On the other hand, the optical behavior of TAIPDI was
examined by using the steady-state emission technique
(Fig. 3b). Upon irradiation with 450 nm exiting light, the
fluorescence spectrum of TAIPDI in MeOH exhibited two
strong emission bands at 538 and 577 nm and a shoulder
at 628 nm with a fluorescence quantum yield (¢) of 0.7.
Unlike MeOH, the fluorescence spectrum of TAIPDI in
water exhibited weak emission bands at 550 and 591 nm

0.14

400

with a fluorescence quantum yield of 0.11. Such change in
the fluorescence pattern in water and the small fluorescence
quantum yield of TAIPDI confirm the aggregated TAIPDI
in water. It should be noted the inner filter effects on the
fluorescence quenching was excluded considering that the
absorbance value at the excitation wavelength is quite low
(nearly 0.06).

Fluorescence lifetime measurements (TCSPC) for the
same concentrations of TAIPDI in water and methanol track
the same consideration as in the steady-state fluorescence
measurements (Fig. 4c). However, the data could be fitted as
mono-exponential decay with a fluorescence lifetime value
of 4.68 ns in methanol. The finding of the fluorescence life-
time in water (4.75 ns) is very close to that of the monomer

350 4 (b)

{(@)

=]
-
N

3004

e
=
=
1

MeOH
Water

250 4

e
o
o

200 4

e
o
>
1

150 4

Absorbance

e
o
=
"

100 4

o
o
I
A

504

Fluorescence Intensity (x10%)

0.00

-
S

o MeOH
o Water

[
S

—— MeOH
—— Water

»n
=]

Fluorescence intensity (x10°%)
=

450 500 550 550

Wavelength (nm)

350 400 600 500

Fig.3 a Absorption spectra of TAIPDI (1.5 uM) in water and metha-
nol. b Fluorescence spectra of TAIPDI (1.5 uM) in water and metha-
nol; A, =480 nm. Inset: Photograph of TAIPDI solution in water
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Fig.4 a Steady-state absorption spectra of TAIPDI (1.1-26.9 uM)
in water (Inset: graph showing the ratio between A /A, upon
increasing the concentration of TAIPDI), b Fluorescence spectra of
different concentrations of TAIPDI (11-56 uM); A, =480 nm (Inset:
Normalized fluorescence spectra for the start and the end concentra-

form in MeOH, may suggested that the TAIPDI aggregates
in water to produce non-emissive species. With formation of
the aggregated form in water, there is a still fraction of non-
aggregated TAIPDI in the micromolar range, from where the
residual emission was observed.

Furthermore, the formation of aggregated TAIPDI in
water was confirmed by the effect of concentrations and
temperatures as shown below:

(i) As shown in Fig. 4a, the absorption intensity of
TAIPDI in water increases with increasing the
concentrations of TAIPDI from 1 to 27 pM. The
fluorescence intensity of TAIPDI exhibited max-
ima at 549 and 590 nm (Fig. 4b). With increas-
ing its concentrations up to 27 pM, it was found
that the fluorescence intensity was significantly
decreased accompanied by a change of the relative
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tions to clarify the bathochromic shift and the change in peak ratios),
¢ Absorption spectra of TAIPDI (10.92 uM) with increasing the tem-
peratures from 10 °C to 60 °C, d Fluorescence spectra of TAIPDI
(10.92 uM) with increasing the temperatures from 32 °C to 80 °C

intensity of the two emission bands (Fig. 4b). Such
significant decrease of the fluorescence intensity
with increasing [TAIPDI] indicates the formation
of aggregated TAIPDI in water. Obviously, as
TAIPDI concentration in water increases, the less
monomers remain non-aggregated, which results
in a clear decrease in fluorescence emission as the
aggregates are completely non-emissive. When the
concentrations of TAIPDI become higher, inner
filter effects become more pronounced, which
explain why the emission spectrum of the resid-
ual non-aggregated monomers become highly
distorted (Fig. 4b). Such emission changes with
increasing the concentrations may also affect the
0-0 vibronic emission band that the overlaps with
the absorption spectrum and therefore, are indica-
tive of self-absorption processes.
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(i) The absorption spectra of TAIPDI showed differ-
ent features with increasing the temperatures as
seen in Fig. 4c. The absorption ratio of TAIPDI at
501/536 nm was found to be 0.64, which is signifi-
cantly increase to 0.99 with increasing the tempera-
tures from 10 to 60 °C. Similarly, the fluorescence
spectra of TAIPDI increase with increasing the tem-
peratures from 32 °C to 80 °C (Fig. 4d). such find-
ings also confirm the conversion of the aggregated
TAIPDI into monomer TAIPDI with increasing the
temperatures [36-39].

Effect of Surfactants on Controlling the Molecular
Aggregation of TAIPDI

Upon adding different amounts of cetyltrimethylammo-
nium bromide (CTAB) to an aqueous solution of TAIPDI,

0.15
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Fig.5 a Steady-state absorption spectra of TAIPDI [3.50 uM] with
the addition of cetyltrimethylammonium bromide CTAB (0—5 mM)
in water, b Fluorescence spectra of TAIPDI with the addition of
CTAB (0—4 mM) in water; A, =459 nm, ¢ Absorption spectra of
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we could not identify any significant change in both the
absorption and fluorescence spectra of TAIPDI (Fig. 5).
This observation indicates small effect for the aggrega-
tion of TAIPDI in the presence of cationic CTAB sur-
factants (Fig. 5a, b). On the other hand, the effect of
anionic surfactant sodium dodecyl sulfate (SDS) showed
different features. Upon adding different amounts of
SDS to an aqueous solution of TAIPDI, we could notice
a gradual decrease of the absorption bands at 501 and
535 nm accompanied by a red-shift to the main absorp-
tion band, suggesting the formation of TAIPDI aggre-
gates in the presence of concentrations of SDS. From the
inset Fig. 6¢, the critical micelle concentration (CMC)
value was determined to be 0.03 mM [40, 41]. Similarly,
upon adding (0—0.12 mM) of SDS to an aqueous solu-
tion of TAIPDI, one could notice a significant fluores-
cence quenching of TAIPDI at 548 and 585 nm due to the
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Fig.6 a Steady-state absorption spectra of TAIPDI before and after
the addition of SDS (0-31 mM) in water; the inset shows the Image
of TAIPDI aqueous solutions upon adding different concentrations of
SDS (0.0, 3.1, 8.0, 15.5, 31.0 mM) from left to right, respectively,
b Fluorescence spectra of TAIPDI in the presence of higher SDS con-

increase the aggregated TAIPDI molecules with increas-
ing [SDS] micelles. Such fluorescence quenching can be
explained by the charge neutralization resulting from the
interaction of anionic premicellar units of SDS and the
dicationic TAIPDI and leading to the formation of non-
fluorescent aggregates. From the plot of fluorescence
intensity versus SDS concentration, we could mark the
CMC value as 0.04 mM that is quite close to that recorded
by absorption measurements.

Interestingly, with adding further amounts of SDS
(above the CMC value) to a solution of TAIPDI in water,
we observed a considerable increase in the A o /A ;) ratio
from 0.63 to 1.55, accompanied with ~30 nm red shift in the
main absorption band (Fig. 6a). Similarly, the fluorescence
spectra show a gradual increase in the fluorescence inten-
sity accompanied by a 4-nm blue shift with increasing the
concentrations of SDS up to 8.2 mM (Fig. 6b). These sig-
nificant changes in the absorption and fluorescence spectra
of TAIPDI in the presence of relatively high concentrations
of SDS (above the CMC value) is also accompanied with
a color change from red color to fluorescent yellow color.
These observations indicate that the higher concentrations
of SDS induce the fluorescence of TAIPDI by capturing it
in the monomer form. Tang et al. reported a similar behavior
upon adding DTAC (cationic surfactant) to an anionic PDI
[41]. This can be explained as after CMC, the concentration
of micelles increases, which facilitates capturing the neu-
tralized TAIPDI in the monomeric form inside the formed
micelles (Fig. S3).
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centrations (0.5—8.5 mM) of SDS at A,=434 nm, (Inset) TAIPDI
aqueous solutions with different SDS concentrations (0.0, 3.1,
8.0, 15.5, 31.0 mM) from left to right respectively under UV lamp;
Aex =365 nm

Effect of pH

The absorption spectrum of TAIPDI (1.1 uM) was studied
using different pH buffers at pH values of 4, 7, and 9. The
absorption spectrum at (pH=4) (Fig. 7a) show absorp-
tion maximum at 504.5 nm representing the 0-1 transition
along with another sharp peak at 542 nm with slightly lower
absorbance representing the 0-0 transition representing
lower aggregation. In neutral buffer solution (pH="7), we
can observe an absorption maximum at 501 nm represent-
ing the 0-1 transition. Also, a noticeable decrease in the 0-0
transition band accompanied by ~8 nm hypsochromic shift
is observed, which indicates that the aggregation become
more pronounced in the neutral pH. At the basic medium
(pH 9), a similar behavior was observed as in the natural
solution where the absorption maximum corresponding
to the 0—1 transition was recorded at 501 nm. However, a
shoulder can still be observed at 534 nm indicating the 0-0
transition. In conclusion, the ratio of A o/Ay_;, for the
two main absorption bands of TAIPDI at acidic pH (pH=4)
(A543 nm!Asps nm = 1.01) is much smaller than that observed
in neutral pH, where (As34 ym/Aso1 nm = 1.68), and basic pH
(pH=9), where (As34 nm/Aso1 nm = 1.75), which means that
the vibronic signature of PDI aggregates gets clearer by
increasing pH values.

Similarly, the steady-state emission spectra using 480 nm
excitation light (Fig. 7b) showed a systematic fluorescence
quenching upon increasing the pH values. At acidic pH we
can notice an emission maximum at 557 nm and another
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Fig.7 a Steady-state absorption spectra, b Fluorescence spectra of TAIPDI (1.1 uM) at different values of pH (4, 7, and 9); at A, =480 nm

band at 599 nm corresponding to 0-0 and 0-1 transitions
respectively. At neutral and basic pH, the emission maxima
were found to be 549 and 591 nm corresponding to 0-0
and 0-1 transitions, respectively. From this finding, one can
see ~8 nm hypsochromic shift between the emission maxima
accompanied with a huge decrease in fluorescence intensity
(4-5 folds approximately compared to acidic pH).

Optical Properties of BSSBP in an Aqueous Medium

The absorption spectrum of BSSBP (2 pM) exhibited abroad
absorption band with a maximum absorption at 350 nm
(Fig. 8). By using 350 nm excitation light, the fluorescence
spectrum of BSSBP (5 pM) exhibited a strong fluorescence
band with maximum fluorescence at 431 nm. Based on the
values of absorption and emission maxima, the energy of the
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Fig. 8 Steady-state absorption and fluorescence spectra of BSSBP in
water; A, =350 nm. Inset: Decay time profile of BSSBP at 431 nm
using laser diode head at 375 nm
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singlet excited state of BSSBP in an aqueous medium has
been found to be 2.75 eV, which is higher compared to that
of the singlet excited state of TAIPDI (2.25 eV). By using
the TCSPC technique, the fluorescence lifetime of the singlet
excited state of BSSBP was found to be 1.34 ns, which is
much shorter compared to that of TAIPDI (4.75 ns).

Spectroscopic Studies on TAIPDI@BSSBP
Supramolecular Complex

In order to investigate the self-assembly formation between
TAIPDI and BSSBP units, both UV-vis absorption and
fluorescence measurements were carried out in an aqueous
solution. As previously mentioned, the absorption spectra of
TAIPDI (4.6 pM) in water show three pronounced absorp-
tion peaks at 540, 503, and 472 nm corresponding to 0-0,
0-1, and 0-2 transitions, respectively. Photometric titration
of TAIPDI with different concentrations of BSSBP results
in a decrease in the absorption feature bands of TAIPDI
accompanied by a slight red-shift (~3 nm) and recording
two clean isosbestic points at 424 and 585 nm (Fig. 9a).
This finding indicates the formation of self-assembly
between TAIPDI and BSSBP through strong ionic and nt-%
interaction. A plot of absorbance of the 501 nm band vs
the number of equivalents of BSSBP (Fig. S4) revealed a
break at around 1.3, which is expected for the 1:1 stiochiom-
etery for complex formation between BSSBP and TAIPDI.
Based on the Benesi-Hildebrand plot (Fig. 9b) [42], the

! The binding constant K for the complex formation between TAIPDI
and BSSBP was determined from the absorption spectral data by using
the Benesi-Hildebrand method according to the following equation:
L= L Here A, is the absorbance of
A—A0 — (Kb+(Amax—A0)[BSSBP]) ' Amax—A0 0"

TAIPDI in the absence of BSSBP, A is the absorbance recorded in the
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Fig.9 a Spectral changes in the absorption spectrum of TAIPDI
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binding constant (K) of the supramolecular TAIPDI-BSSBP
complex was determined to be 3.69 x 10* M~!, suggesting a
moderately stable complex.

The intra-supramolecular complex formation between
TAIPDI and BSSBP was further studied using steady-
state fluorescence measurements. Upon photoexcitation of
TAIPDI at 470 nm, three emission peaks were observed
at 550, 590, and 645 nm which are mirror images of the
absorption spectrum. When TAIPDI was titrated with

Footnote 1 (continued)

presence of added BSSBP, A . is the absorbance in presence of
added [BSSBP],,, and K is the association constant. From the plot of
1/(A-A,) against 1/[BSSBP] shown in Fig. 9b, the binding constant of
the supramolecular complex TAIPDI-BSSBP was found to be 3.69 X
10* M
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during titration with BSSBP in water; A, =433 nm, d fluores-
cence decay profiles of TAIPDI in the presence of BSSBP in water;
Aexy =440 nm and A,,, =550 nm

different concentrations of BSSBP, a significant quench-
ing of the emission peaks of TAIPDI occurred as shown
in Fig. 9c. This quenching is most likely arising from
the electron transfer from the ground state of BSSBP to
the singlet excited state of TAIPDI, taking into account
that the energy transfers from the singlet state of TAIPDI
(2.25 eV) to the singlet of BSSBP (2.76 eV) in thermody-
namically unfavorable.

The fluorescence lifetime measurements track the above
steady-state fluorescence consideration in a more quantita-
tive way, giving the rate and efficiency of the electron trans-
fer process in water. As seen from Fig. 9d, the time profile
of the singlet excited state of TAIPDI control in aqueous
medium exhibited a single exponential decay with a lifetime
of 4.30 ns. With the addition of different amounts of BSSBP
to the solutions of TAIPDI in water, the decay profiles of the
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singlet excited states of TAIPDI get significantly accelerated.
It is clear that the decay profile of TAIPDI-BSSBP satisfac-
torily fitted as bi-exponential decay; one has a short lifetime
of 0.21 ns which reflects the actual intramolecular deactiva-
tion of the singlet TAIPDI, and the other has a larger lifetime
of 3.87 ns, which is close to the TAIPDI reference. Based on
the lifetime of the singlet excited state of TAIPDI reference
(7y) and the fast decay of the TAIPDI-BSSBP complex (ty),
the rate (k.) and quantum yield (¢,,) of the electron trans-
fer process were determined to be 4.76 X 10° s~! and 0.95,
respectively [43—45]%. These values suggest fast and efficient
electron transfer from the ground state BSSBP to the singlet
excited state of TAIPDI.

It is worth mentioning that a similar electron transfer
character was also observed upon adding different amounts
of TAIPDI (up to 25 pM) to an aqueous solution of BSSBP.
Figure 10a. showed a considerable decrease in the absorb-
ance of the BSSBP entity at 350 nm accompanied by an
increase in the absorbance of the TAIPDI entity at 550 nm.
In addition, a significant quenching of the fluorescence
intensity of BSSBP at 450 nm was recorded in Fig. 10b by
adding various amounts of TAIPDI (up to 23 pM). These
findings confirm the electron transfer process from the sin-
glet excited state of BSSBP (2.76 eV) to the non-covalently
linked TAIPDI in the supramolecular dyad.

2 Based on the lifetimes of the singlet excited states of TAIPDI
reference (t;) and the fast decay of the TAIPDI-BSSBP com-
plex (ty), the rate of the electron transfers process (-k.) and quan-
tum yield (®,) were calculated from the following equations:
Ket = (I/Tf())sample - (I/Tf)reference CDet = ket/(l/Tj)

sample

@ Springer

The observed electron transfer character from BSSBP
to TAIPDI in the formed supramolecular complex has
been supported by the electrochemical measurements of
BSSBP and TAIPDI entities in water was recorded as
shown in Fig. S5. The first two reduction potentials (E.)
of TAIPDI were recorded as -0.52 and -0.84 V vs. Ag/
AgCl, while the first oxidation potential (E, ) of BSSBP
was recorded as 0.74 V vs. Ag/AgCl. Based on the first
reduction potential of TAIPDI and the first oxidation
potential of BSSBP, the energy of the electron trans-
fer product was calculated to be 1.26 eV. Based on the
energy of the singlet excited state of TAIPDI (2.25 eV)
and BSSBP (2.76 eV), the driving forces of the electron
transfer (-AG,,) via the singlet excited state of TAIPDI
and BSSBP were calculated to be 0.99 and 1.50 eV,
respectively [44]. Such negative AG,, of the radical ions
pair indicates an exergonic electron transfer via both sin-
glet excited states of TAIPDI and BSSBP.

Computational Studies

The lowest energy structure for the quaternary aggregate
given in Fig. 11a, b shows that there are both ionic inter-
actions between the anionic sulfonate group of BSSBP and
cationic trimethyl ammonium group of TAIPDI, as well as
n-stacking between both entities [45—49]. Due to the strong
ionic interactions of the side groups that bring the ionic end
groups as close as 1.64 A distance in water and n-stacking
distances were decreased to as low as 3.31 10\, which is
slightly shorter than the conventional n-stacking suggest-
ing the substantial charge transfer and the strong tendency
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for aggregation. The electrostatic potential surface shown in
Fig. 11c demonstrates consecutive electron-deficient groups
on TAIPDI and electron-rich groups at the ionic end groups
and a relatively neutral n-stacked middle part that leads to the
exceptional molecular self-organization, self-assembly, and
electronic structure due to this packing motif in water. The
close intermolecular distance and self-assembly between the
electron accepting TAIPDI and the electron donating BSSBP
were also depending on the similar size of the BSSBP and
TAIPDI having 22-23 A end distance.

Electronic structure calculated by M06-2X functional
shows that occupied frontier molecular orbitals HOMO and
HOMO-1 are located on the BSSBP, while the LUMO and
LUMO + 1 were located on the TAIPDI, which indicates a
formation of a donor—acceptor complex in water (Fig. 11d).
Charge transfers per one acceptor and one donor unit were

calculated as 0.5, 0.2 and 0.2 e~ by CMS5, ESP, and natu-
ral population analysis charge calculation algorithms [50],
respectively. CMS5 calculation that depends on the molecular
dipole moment as the key quantity, that the mapped charges
were set to reproduce this dipole, is more reliable for this
type of polar system. Other functionals gave close results
for the same charge algorithms and orbital surfaces. These
charge transfers are very high values per molecule for this
kind of charge transfer complexes in solution that can be
exploited for the preparation of nanowires with enhanced
optoelectronic properties. The interaction energy per
BSSBP?~ and TAIPDI?* were calculated as 3.57 eV in the
perfect optimized packing structure in implicit water.
Energy levels for the ground state and excited state oxida-
tion potentials (GSOP and ESOP) and band gap (E,_,) point
out that GSOP for the aggregated charge transfer complex
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Fig.12 a GSOP, ESOP energy levels, and band gap values for
BSSBP, TAIPDI, and complex by M06-2X method using wB97XD
energy functional with 6-31 g(d) basis sets; results are given in paren-

has a close value with the GSOP of the BSSBP donor, and
ESOP for the aggregated charge transfer complex has a
close value with the ESOP of the TAIPDI acceptor, result-
ing in the decreased band gap (Fig. 12a). The difference
between the frontier orbital energy levels of individual mol-
ecules and aggregated complex points out a strong charge
transfer and coupling between the BSSBP and TAIPDI.
UV spectra for BSSBP, TAIPDI, and complex are given in
Fig. 12b show the broad absorption peak for the complex
and demonstrate potential control of the UV absorption
spectra by band gap engineering and charge transfer based
on the packing structure by tailoring the aromatic structures
in the center as well as charged anion and cation end groups
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thesis, b UV spectra for the BSSBP anion, TAIPDI cation, aggregated
complex, c—d Natural transition orbitals and their probabilities for the
two main UV absorption peak of the aggregated complex

that are responsible for the solvation. Calculated absorption
spectra have close values to the experimental spectra given
in Fig. 4. A broad shoulder at approximately 467 nm was
determined at 455 nm in theoretical calculations for TAIPDI
and a broad peak started from 300 nm was reproduced for
BSSBP. A maximum absorption peak at 355 nm in water
due to © — n* electronic transitions was calculated for the
complex that was experimentally determined at 350 nm.
The absorption peaks of TAIPDI increased accompanied by
a bathochromic shift up to 10 nm were perfectly reproduced
by DFT calculations that validate the proposed packing
motif for the TAIPDI-BSSBP complex. Close intermolecu-
lar distances and symmetric packing indicate the formation
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of a highly stable self-assembled complex in water leading
to higher electron transfer values and improved control of
the UV—Vis absorption. Two important absorption peaks
with the highest oscillatory frequencies were characterized
by NTOs given in Fig. 12¢, d, demonstrating that, in addi-
tion to the transitions observed for TAIPDI and BSSBP,
charge transfer contributions were present at different
probabilities which are responsible for the experimentally
observed peak shifts.

Conclusion

The optical behavior of TAIPDI has been examined in
different solvents using various spectroscopic techniques.
While TAIPDI is present in its monomer form in organic
solvents, the TAIPDI molecule in water has proven effec-
tive for - stacking and interactions between the aromatic
centers owing to the minimal side-chain steric hindrance,
forming one-dimensional (1D) nanostructure. By examine
the effect of concentrations and temperatures, it was con-
cluded that the high concentrations of TAIPDI and/or low
temperatures would result in closer packing of TAIPDI
chromophores as the exciton coupling grows stronger,
favoring the aggregation behavior of TAIPDI in water. In
order to control the aggregation behavior of TAIPDI in
water, which is of great importance for various applica-
tions, the optical properties of TAIPDI have been exam-
ined in the presence of cetyltrimethylammonium bromide
(CTAB), and sodium dodecyl sulfate (SDS). While there
was no significant effect for the addition of CTAB, the
addition of various amounts of SDS caused a significant
effect in both the absorption and emission spectra, from
which the CMC values were found to be 0.03 and 0.04 M,
respectively. The photo-driven intra-supramolecular
electron transfer of the light-harvesting TAIPDI-BSSBP
complex has been examined using various spectroscopic
techniques. Based on the absorption measurement, the
formation constant of the supramolecular complex was
found to be 3.69 x 10* M~!, suggesting a moderately sta-
ble complex. The steady-state and time-resolved fluo-
rescence measurements showed a significant emission
quenching of the singlet excited state of TAIPDI with the
addition of various amounts of BSSBP in water suggest-
ing the electron transfers from BSSBP to the electron-
accepting TAIPDI with a rate constant and efficiency of
4.76 x10° s~! and 0.95, respectively. A similar electron
transfer character was observed from the singlet excited
state of BSSBP to its supramolecularly-linked TAIPDI.
The ease of construction, strong absorption in the vis-
ible region, and fast and efficient electron transfer process
render the supramolecular TAIPDI-BSSBP complex a

promising light-harvesting material for converting pho-
tonic energy into chemical energy.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10895-023-03253-9.

Authors’ Conributions Ahmed M. Kobaisy: Syhthesis the materials,
characterization, performing the electrochemical and spectroscopic
studies. Marwa F. Elkady and Ahmed A. Abdel-Moneim: Charac-
terization the materials, methodology, and supervision. Erol Yildirim
and Ahmed El-Shafei: Coputational studies. Mohamed E. El-Khouly:
Conceputalization, methodology, editing and review the manuscript,
and supervision.

Funding Open access funding provided by The Science, Technology &
Innovation Funding Authority (STDF) in cooperation with The Egyp-
tian Knowledge Bank (EKB).

Availability of Data and Materials The authors confirm that the data
supproting the findings of this study are available within the article.
Raw data supporting the findings of this study are available from the
corresponding author upon reasonable request.

Declarations
Ethical Approval Not applicable.

Competing Interests The authors declare no conflict of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Armaroli N, Balzani N (2007) The future of energy supply: Chal-
lenges and opportunities. Angew Chem 119:52-56

2. Service R (2005) Is it time to shoot for the sun? Science
309:548-551

3. Lewis NS (2007) Toward cost-effective solar energy use. Science
315:798-801

4. Lewis NS, Nocera DG (2006) Powering the planet; chemi-
cal challenges in solar energy utilization. Proc Natl Acad Sci
103:15729-15735

5. Barber J (2009) Photosynthetic energy conversion: Natural and
artificial. Chem Soc Rev 38:185-196

6. Mullineaux C, Cogdell RJ (2008) Photosynthetic light har-
vesting - introduction. Photosynth Res 95:17

7. Blankenship RE (2008) Molecular mechanisms of photosynthesis.
John Wiley & Sons, Chichester

8. Hambourger M, Moore GF, Kramer DM, Gust D, Moore AL,
Moore TA (2009) Biology and technology for photochemical fuel
production. Chem Soc Rev 38:25-35

@ Springer


https://doi.org/10.1007/s10895-023-03253-9
http://creativecommons.org/licenses/by/4.0/

424

Journal of Fluorescence (2024) 34:411-424

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

Gust D, Moore TA, Moore AL (2009) Solar fuels via artificial
photosynthesis. Acc Chem Res 42:1890-1898

. Imahori H, Mori Y, Matano Y (2003) Nanostructured artificial

photosynthesis. J Photochem Photobiol C 4:51-83

Andrews DL (2005) Energy harvesting materials. World Scien-
tific, Singapore

Fukuzumi S (2008) Development of bioinspired artificial photo-
synthetic systems. Phys Chem Chem Phys 10:2283-2297
Bhoslae SV, Al Kobaisil M, Jadhav RW, Morajkar PM, Jones LA,
George S (2021) Naphthalene diimides; perspectives and promise.
Chem Soc Rev 50:9845-9998

Al Kobaisi M, Bhosale SV, Latham K, Raynor AM, Bhosale SV
(2016) Functional naphthalenediimides; Synthesis, properties, and
applications. Chem Rev 116:11685-11796

Villamaina D, Bhosale SV, Langford SJ, Vauthey E (2013) Excited-
state dynamics of porphyrin—naphthalenediimide—porphyrin triads.
Phys Chem Chem Phys 15:1177-1187

Supur M, El-Khouly ME, Seok JH, Kim JH, Kay KY (2010) Fukuzumi
S (2010) Efficient electron transfer processes of the covalently linked
perylenediimides-ferrocene systems: Femtosecond and nanosecond
transient. ] Phys Chem C 114:10969

Supur M, Yamada Y, El-Khouly ME, Honda T, Fukuzumi S
(2011) Electron delocalization in one-dimensional perylenedi-
imide nanobelts through photoinduced electron transfer. J Phys
Chem C 115:15040-15047

Wasielewski MR (2009) Self-assembly strategies for integrating
light harvesting and charge separation in artificial photosynthetic
systems. Acc Chem Res 42:1910-1921

El-Khouly ME, Gutierrez AM, Satstre-Santtos A, Fernandez-Lazaro
F, Fukuzumi S (2012) Light harvesting zinc naphthlaocyanine-
peryelenediimide supramolecular dyads: Long-lived charge-separated
states in nonpolar media. Phys Chem Chem Phys 14:3612-3621
El-Refaey A, Shaban SY, El-Kemary M, El-Khouly ME (2017)
A light harvesting perylene derivative-phthalocyanine complex
in water: spectroscopic and thermodynamic studies. Photochem
Photobiol Sci 16:861-869

El-Refaey A, Shaban SY, El-Kemary M, El-Khouly ME (2017)
Spectroscopic and thermodynamic studies of light-harvesting
perylenediimide derivative-zinc porphyrin in aqueous media.
Spectrochim Acta Part A 186:132—-139

El-Khouly ME, El-Refaey A, Sy S, El-Hendawy MM (2018) Intra-
molecular electron transfer of light harvesting perylene-pyrene
supramolecular conjugate. Photochem Photobiolo Sci 17:1098-1107
Wang B, Yu C (2010) Fluorescence turn-on detection of a pro-
tein through the reduced aggregation of a perylene probe. Angew
Chem Int Ed 49:1485-1488

Huang H, Quan B, Wei Z, Liu G, Sun L (2009) Self-assembled
organic functional nanotubes and nanorods and their sensory
properties. J Phys Chem C 113:3929-3933

Zhang F,Ma Y, Chi Y, Yu H, Li Y, Jiang T, Wei X, Shi J (2018)
Self-assembly, optical and electrical properties of perylene diim-
ide dyes bearing unsymmetrical substituents at bay position. Sci
Rep 8:8208

Steinbruck N, Kickelbick G (2019) Perylene polyphenyl-
methylsiloxanes for optoelectronic applications. J Polym Sci B
57:1062-1073

Cheng P, Zhao X, Zhan X (2022) Perylene dimmide-based oligomers
and polymers for organic optoelectronics. Acc Mater Res 3:309-318
Lehn JM (1993) Supramolecular chemistry. Science 260:1762-1763
Ariga K, Kunitake T (2006) Supramolecular Chemistry Fundamen-
tals and Applications: Advanced Textbook. Springer-Verlag, Berlin
Cragg PJ (2010) Supramolecular chemistry: From biological
inspiration to biomedical applications. Springer, Netherlands
Uhlenheuer DA, Petkau K, Brunsveld L (2010) Combining supra-
molecular chemistry with biology. Chem Soc Rev 39:2817-2826

@ Springer

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Chandra BKC, D’Souza F (2016) Design and photochemical study
of supramolecular donor-acceptor systems assembled via metal-
ligand axial coordination. Coord Chem Rev 322:104-141
El-Khouly ME, Gadde S, Deviprasad GR, Ito O, D’Souza D
(2003) Self-assembled supramolecular triad composed of fullero-
pyrrolidine bearing two pyridine moieties axially coordinated to
the two zinc porphyrins. J Porphyrins Phthalocyanines 7:1-7
El-Khouly ME, El-Refaey A, Shaban SY, El-Hendawy MM (2018)
Intramolecular electron transfer of light harvesting perylene-pyrene
supramolecular conjugate. Photochem Photobiol Sci 17:1098-1107
Echue G, Hamley I, Lloyd Jones GC, Faul CF (2016) Chiral per-
ylene materials by ionic self-assembly. Langmuir 32:9023-9032
Wiirthner F, Saha-Moller CR, Fimmel B, Ogi S, Leowanawat P,
Schmidt D (2016) Perylene bisimide dye assemblies as archetype
functional supramolecular materials. Chem Rev 116:962-1052
Wiirthner F (2004) Perylene dyes as versatile building blocks for func-
tional supramolecular architectures. Chem Commun 1564-1579
Dirian K, Bauroth S, Roth A, Syrgiannis Z, Rigodanza F, Burian
M, Amenitsch H, Sharapa DI, Prato M, Clark T, Guldi DM (2018)
A water-soluble, bay-functionalized perylenediimide derivative-
correlating aggregation and excited state dynamics. Nanoscale
10:2317-2326

Supur M, Yurtsever A, Akbey U (2015) Remarkable enhance-
ment of ambient-air electrical conductivity of the perylenediim-
ide p-stacks isolated in the flexible films of a hydrogen-bonded
polymer. RSC Adv 5:64240-64246

Rather MA, Rather GM, Pandit SA, Bhat SA, Bhat MA (2015) Deter-
mination of CMC of imidazolium-based surface-active ionic liquids
through probe-less UV-vis spectrophotometry. Talanta 131:55-58
Tang T, Peneva K, Miillen K, Webber SE (2007) Photophysics
of water-soluble perylenediimides in surfactant solutions. J Phys
Chem A 111:10609-10614

Benesi HA, Hildebrand JHJ (2002) A spectrophotometric inves-
tigation of the interaction of iodine with aromatic hydrocarbons.
J Am Chem Soc 71:2703-2707

El-Khouly ME, Gadde S, Deviprasad GR, Fujitsuka M, Ito O,
D’Souza F (2003) Self-assembled triad composed of fulleropyr-
rolidine bearing two pyridine moieties axially coordinated to two
zinc porphyrins. J Porphyrins Phthalocyanines 7:1-7

El-Khouly ME (2010) Electron transfer reaction of light harvest-
ing zinc naphthalocyanine-subphthalocyanine self-assembled
dyad: spectroscopic, electrochemical, computational, and photo-
chemical studies. Phys Chem Chem Phys 12:12746-12752
Rehm D, Weller A (1970) Kinetics of fluorescence quenching by
electron and hydrogen-atom transfer. Isr J Chem 8:259-271
Frisch MJ, Trucks GW, Schlegel HB, Scuseria GE, Robb MA,
Cheeseman JR, Scalmani G, Barone V, Petersson GA, Nakatsuji
H, Li X, Caricato M, Marenich AV, Bloino J, Janesko BG,
Gomperts R, Mennucci B et al (2016) Gaussian 16, Revision
A.03, Gaussian, Inc., Wallingford CT

Grimme S, Ehrlich S, Goerigk L (2011) Effect of the damping
function in dispersion corrected density functional theory. J Com-
put Chem 32:1456-1465

Hu H, Lu Z, Yang W (2007) Fitting molecular electrostatic poten-
tials from quantum mechanical calculations. J Chem Theory and
Comput 3:1004-1013

Marenich AV, Jerome SV, Cramer CJ, Truhlar DG (2012) Charge
model 5: An extension of Hirshfeld population analysis for the
accurate description of molecular interactions in gaseous and con-
densed phases. ] Chem Theory Comput 8:527-541

Reed AE, Weinstock RB, Weinhold F (1985) Natural population
analysis. ] Chem Phys 83:735

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	Optical Properties of Cationic Perylenediimide Nanowires in Aqueous Medium: Experimental and Computational Studies
	Abstract
	Introduction
	Experimental Section
	Materials
	Instruments

	Results and Discussion
	Optical Properties and Aggregation Behavior of One-Dimensional TAIPDI
	Effect of Surfactants on Controlling the Molecular Aggregation of TAIPDI
	Effect of pH
	Optical Properties of BSSBP in an Aqueous Medium
	Spectroscopic Studies on TAIPDI@BSSBP Supramolecular Complex
	Computational Studies

	Conclusion
	Anchor 15
	References


