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Abstract Photoinduced electron transfer (PET) between
s e l f - a s s emb l ed t r an s - o r c i s - i s ome r o f 4 , 4 ′ -
s t i l b ened i ca rboxy l i c ac id (SDBA) and [N ,N ′ -
di(2-(trimethylammoniumiodide)ethylene)]perylenediimide
(PDI-I) in water has been investigated. Both trans-SDBA
and cis-SDBA molecules can form stable complexes with
columnar PDI-I aggregates in water with a 1:1 stoichiometry
via ionic interactions, but the complex of cis-isomer is more
stable as revealed by the UV-vis absorption and fluorescence
spectroscopy. The electrochemical experiments suggest that
cis-SDBA is a better electron donor than its trans-isomer.
However, fluorescence quenching experiments suggest that
the electron transfer from trans-SDBA is more efficient than
that from cis-SDBA, which is obviously contradictory to the
results of binding constant and the electrochemical experi-
ments. The contradictory results can be attributed to that the
columnar aggregates (PDI-I)n are utterly destroyed in cis-
SDBA-(PDI-I)n system caused by stronger ionic interaction
between cis-SDBA and (PDI-I)n. Also, the bending confor-
mation of cis-SDBA probably results in a larger distance
between cis-SDBA and the surface of (PDI-I)n. The results
of this research suggest that the electron transfer can be
tuned by the aggregation and/or configuration of the donors
and acceptors.
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Introduction

Photoinduced electron transfer (PET) is an essential process in
photosynthesis [1–3], which is also a fundamental process in
solar cells [4, 5] and photodegradation of pollutants [6]. Many
organic compounds with covalently linked donor and acceptor
moiety have been designed and synthesized for the purpose of
revealing the origin of PET process [7–9]. At the same time,
mimicking the natural PETwith non-covalently systems based
on varies of supramolecular interactions has also gained much
attention in the past several decades [10, 11]. In these supra-
molecular systems, electron donors and acceptors self-
assemble into complexes, which offer the place for the PET
process. Naturally, the rate and efficiency of PET process are
determined by supramolecular interactions between donors
and acceptors, such as weak intermolecular interactions
[12–14] and/or hydrogen bonding [15] and/or ionic interac-
tions [9], which affect the combination mode between donor
and acceptor. Appropriate combination mode will result in
effective overlap of the electron cloud between donor and
acceptor and favor the PET process. As a matter of fact, the
interaction modes are closely related to the structures of do-
nors and acceptors [16]; therefore, the PET in a supramolecu-
lar system is determined by the structure of the donor and
acceptor.

Perylenetetracarboxylic diimides (PDI) is a special class of
n-type semiconductors and commonly used in optoelectronic
devices owing to the outstanding photochemical and
photophysical properties [17–19]. Especially, the one-
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dimensional PDI assembly, which can provide a pathway for
electron delocalization and have low reduction potential, is
recognized as a good candidate of electron acceptors for
PET process [20].

Stilbenes are a group of widely studied molecules in pho-
tochemistry, especially for 4,4′-stilbenedicarboxylic acid
(SDBA) [21–25], due to their special photoisomerization
[26–28] and [2+2] photocycloaddition [29] properties. From
the perspective of PET process, SDBA molecules are good
candidates as electron donors [30–32] and a good model to
study isomerisation effect on PET.

In the present work, SDBA isomers were chosen as elec-
tron donors and PDI-I as electron acceptor in order to investi-
gate the impact of trans/cis isomerization of SDBA on the
PET between SDBA isomers and PDI aggregates. The struc-
tures of PDI-I and SDBA are shown in Scheme 1.

Experimental

Materials

PDI-I was synthesized according to the reported method [33],
and the details were presented in the supplementary material.
Purification of water was performed with a Molecule Lab
Water Purifier (Gene 1810D), and the ultrapure water
(>18.2 MΩ cm, 25 °C) was used in all experiments. Trans-
SDBAwas purchased fromAlfa Aesar (96%).Cis-SDBAwas
obtained from configuration transformation of trans-SDBA
under the irradiation of Xe lamp (500 W, LSH-X500) with
310 nm optical filter [34].

Instruments and methods

1H NMR spectra were recorded on a Bruker 400 MHz NMR
spectrometer with chemical shifts reported in ppm (TMS as
internal standard). Absorption spectra were measured on
SHIMADZU UV-2450 spectrophotometer. Steady-state fluo-
rescence spectra were recorded on F-280 fluorescence spec-
trophotometer. Fluorescence quantum yields were calculated
with N,N′-di(octyl)-perylenediimide in chloroform as

standard. Electrochemical measurements were carried out on
CHI-760 electrochemical workstation in deaerated water con-
taining 0.10 M Na2SO4 as supporting electrolyte. Typically, a
conventional three-electrode cell was used with a platinum
working electrode, a platinum wire as the counter electrode
and a saturated calomel electrode (SCE) as reference elec-
trode. The differential pulse voltammogram data was collect-
ed after N2 purging into the solution for about 10 min. AFM
images were obtained on Nanoscope (R) III with a tapping
mode, and the samples were prepared on the quartz substrates.
All the measurements were conducted at room temperature.

Results and discussion

Photoisomerization of SDBA isomers

SDBA can dissolve freely in 0.01 M aqueous solution of
KOH. The photoisomerization process from trans-SDBA to
cis-SDBA was monitored by absorption spectroscopy. The
absorption spectrum was collected for every 10-s illumination
until the spectrum had no remarkable changes. As shown in
Fig. 1, trans-SDBA presents absorption bands at 342, 326,
and 313 nm. Under irradiation, the band intensities of these
featured absorptions of trans-SDBA decrease, while the inten-
sities of the featured bands of cis-SDBA at 302 and 235 nm
[34] increase gradually. After irradiation for 30 s, the spectrum
reaches a stable state and keeps unchanged under irradiation
for even longer time (†Figure S1), indicating an equilibrium
achieved for the photoisomerization. The fluorescence spectra
of trans- and cis-SDBA are also distinctively different, as
shown in Fig. 2. Although both trans- and cis-SDBA show
emission band at 375 nm (λex=300 nm), the fluorescence
quantum yield of cis-SDBA (0.16) is significantly smaller
than that of trans-SDBA (0.38), which is similar to other stil-
benes [35].

Scheme 1 Structures of PDI-I and SDBA isomers
Fig. 1 Absorption spectrum of trans-SDBA (10−5 M) under the
irradiation of Xe lamp with a 310-nm optical filter for every 10 s
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Formation of trans-SDBA-(PDI-I)n
and cis-SDBA-(PDI-I)n complexes

Typically, PDI-I molecules self-assemble into aggregates
(PDI-I)n in water with absorption bands at 534, 500, and
467 nm, which can be assigned to the 0-0, 0-1, and 0-2
vibronic bands of the first excited states, respectively [13].
Among these absorption bands, the 0-1 band has the largest
intensity, which is a sign of the formation of Bface-to-face^
stacked PDI aggregates in solution [13, 20, 36]. The fluores-
cence spectrum of (PDI-I)n presents one broad band in the
region of longer wavelength, which can be assigned to the
Bexcimer-like^ states due to the formation of Bface-to-face^
stacked structure [37, 38].

The formation of complexes between SDBA and (PDI-I)n
induces large changes on both absorption and fluorescence
spectra. As shown in Fig. 3a, along with the increase on the
concentration of trans-SDBA in the aqueous solution of PDI-
I, significant changes on the absorption spectrum of PDI-I can
be found. The intensity of the absorption bands of PDI

decreases gradually with the increasing amount of trans-
SDBA [13]. No isosbestic point was observed during the ti-
tration. In addition, the absorption peaks of 0-0 and 0-1 bands
of (PDI-I)n red-shift to 548 and 509 nm, respectively, demon-
strating the presence of ionic interactions between trans-
SDBA and (PDI-I)n and the absence of efficient π−π interac-
tions between them [12]. It is also worth noting that the 0-1
vibronic band of PDI at about 500 nm is still the largest ab-
sorption band in the absorption spectrum of PDI-I in the pres-
ence of equivalence trans-SDBA, which means that the face-
to-face stacked structure of (PDI-I)n is not broken utterly by
the trans-SDBAmolecules. As shown in Fig. 3b, fluorescence
of (PDI-I)n is significantly quenched by trans-SDBA. The 1:1
stoichiometry between trans-SDBA and PDI-I was revealed
by the plot of emission intensity at 548 nm vs the molar per-
centage of trans-SDBA in the mixture of SBDA and PDI-I as
shown in the inset of Fig. 3b. The formation constant of the
complex between trans-SDBA and (PDI-I)n deduced from the
slope of the linear plot of [PDI-I]0/(I0−I) vs [trans-SDBA]-1 at
550 nm is 1.3×104 M-1 (K1) as shown by Fig. 3c [12].

The addition of cis-SDBA to the PDI-I solution also causes
significant changes of the absorption of PDI-I, as shown in
Fig. 4a, but the magnitude of the changes caused by cis-SDBA
is obviously smaller than that caused by trans-SDBA. A few
nanometer red-shifts are observed for 0-0 and 0-1 vibronic
bands at 539 and 505 nm because of ionic interactions.
There is also no isosbestic point in the absorption during the
titration with cis-SDBA. The fluorescence of PDI-I was also
quenched by cis-SDBA as shown in Fig. 4b. The plot of emis-
sion intensity at 548 nm vs the molar ratio of cis-SDBA in the
mixture of cis-SDBA and PDI-I gives a break at 0.56, imply-
ing the 1:1 stoichiometry of the self-assembled complex. The
decrease in fluorescence intensity at 548 nm provides a linear
plot against the variation of reciprocal of cis-SDBA concen-
tration (Fig. 4c), from which the formation constant of cis-
SDBA-(PDI-I)n was obtained as 1.5 × 104 M-1(K2).

Fig. 2 Fluorescence spectra of trans- and cis-SDBA (10-5 M)

Fig. 3 a Uv-vis spectra of PDI in presence of increasing concentration
(0~10−5 M) of trans-SDBA in water. b Corresponding fluorescence
spectra after excluding the effect of absorption change at 450 nm.(λex=

450 nm). Inset: plots of emission intensity I vs [trans-SDBA]/([trans-
SDBA]+[PDI-I]). c Plots of [PDI]0/(I0−I) vs [trans-SDBA]−1 at 550 nm
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Apparently,K2 is a little bit larger thanK1, indicating that ionic
interactions between cis-SDBA and (PDI-I)n are larger than
that between trans-SDBA and (PDI-I)n. The stronger binding
of cis-SDBAwith PDI is probably caused by the alignment of
the two carboxylic acid groups at the terminals of SDBA,
which can be adsorbed simultaneously to the surface of cat-
ionic PDI aggregates without large steric hindrance.

Energetic of charge separation of trans-SDBA-(PDI-I)n
and cis-SDBA-(PDI-I)n

For the purpose of revealing the origin of the fluorescence
quenching of PDI by SDBA, the redox potentials (Eox) of
trans-SDBA and cis-SDBA were determined by differential
pulse voltammogram measurements in deaerated water with
0.10 M Na2SO4 as electrolyte (†Figure S2), and then, the free
energies of photoinduced electron transfer (ΔGCS) were cal-
culated following Eq. 1 [39].

ΔGcs ¼ e Eox−Eredð Þ−ΔEs þΔGs ð1Þ
ΔGs ¼ 1:52 1=εð Þ−0:064 ð2Þ
where Ered is the reduction potential of PDI-I in water, which
was reported to be −0.25 V [13]. Eox is the oxidation potential
of SDBA in water. ΔEs is the lowest singlet excited state
energy of SDBA or PDI stacks, which can be calculated ap-
proximately by averaging the energies of corresponding (0-0)
emission and (0-0) absorption band [14]. 3.54 eV for
trans-SDBA, 3.78 eV for cis-SDBA, and 2.22 eV for PDI
stacks were calculated. ΔGs is the static Coulomb energy in
water. The products of SDBA and (PDI-I)n aggregates in wa-
ter are assumed to be solvent-separated ion pairs, so Eq. 2 is
used to calculate ΔGs, where ε is the dielectric constant of
water [40].

The driving force (ΔGCS) for the PET from trans-SDBA to
(PDI-I)n column when SDBA was excited is estimated to be
−2.5 eV, while that from cis-SDBA to PDI is −2.8 eV. Also,

the driving forces (ΔGCS) for the PETwhen PDI was excited
are −1.14 and −1.18 eV for trans-SDBA and cis-SDBA, re-
spectively. Therefore the PET process is a thermal dynamical-
ly favorable process in both systems, and the one from cis-
SDBA to PDI is more energetically favorable. This result
means that the fluorescence quenching of PDI caused by the
PET from cis-SDBA should be more efficient.

Photoinduced electron transfer between SDBA isomers
and columnar (PDI-I)n

In order to evaluate the efficiency and rate constant of the
fluorescence quenching of PDI-I by SDAB isomers, the fluo-
rescence quantum yields of PDI-I in the presence of different
concentrations of SDBA were measured, and the results are
presented in Fig. 5a. The fluorescence quantum yields were
calculated with [N,N-di(octyl)]perylenediimide in chloroform
as standard. Along with the concentration increasing of trans-
SDBA, the fluorescence quantum yield of PDI-I in aqueous
solution decreases from 0.027 to 0.002, which means about
93 % of the fluorescence of (PDI-I)n is quenched by trans-
SDBA. However, the same amount of cis-SDBA causes only
63 % fluorescence quenching of PDI-I. Apparently, trans-
SDBA quenches the fluorescence of PDI-I aggregates more
efficiently than cis-SDBA does in water.

Judging from the formation constants of the self-assembly
and driving forces for the PET, cis-SDBA is a better electron
donor than trans-SDBA. However, the results of fluorescence
quantum yields and fluorescence quenching efficiencies sug-
gest that the PET process goes more efficiently from trans-
SDBA to (PDI-I)n. To better understand these results, the fol-
lowing experiments were designed. Firstly, we had a hypoth-
esis that the addition of trans- or cis-SDBA to the aqueous
solution of PDI-I may affect the aggregation of PDI due to the
strong ionic interactions [41] so that the charge-separated
states cannot be stabilized significantly by the charge diffusion
along the one-dimensional aggregates of PDI-I [42], which

Fig. 4 a Uv-vis spectra of PDI in presence of increasing concentration
(0~10−5 M) of cis-SDBA in water. b Corresponding fluorescence spectra
after excluding effect of different absorptions at 450 nm.(λex=450 nm).

Inset: plots of emission intensity I vs [cis-SDBA]/([cis-SDBA]+[PDI-I]).
c Plots of [PDI]0/(I0−I) vs [cis-SDBA]−1 at 550 nm
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reduce the actual driving force for the PET [43, 44]. Therefore,
the similar fluorescence quenching experiments were carried
out in methanol because PDI-I can be dissolved freely in
methanol and no aggregates of PDI-I formed in methanol

solution (†Figure S3). Apparently, the fluorescence quenching
efficiency of PDI-I is approximately 44 % for trans-SDBA
and 41 % for cis-SDBAwith the same amount of quenchers,
suggesting that the fluorescence quenching efficiencies of
PDI-I by trans- and cis-SDBA are almost identical in metha-
nol and both of them are smaller than that in water.

The results have also been confirmed by Stern-Volmer
plots. In methanol, Stern-Volmer plots of trans-SDBA and
cis-SDBA have good linearity with R2=0.99, implying
static quenching in both of them [44]. In aqueous solu-
tion, however, Stern-Volmer plot of cis-SDBA system
shows adequate linearity with R2 =0.95, but Stern-
Volmer plot of trans-SDBA system deviates slightly from
linearity. Hence, static quenching occurs between (PDI-I)n
and cis-SDBA, but dynamic and static quenching occurs
simultaneously between (PDI-I)n and trans-SDBA in
aqueous solution [45]. Moreover, the fluorescence
quenching rate constants (Ksv) of PDI-I by two SDBA
isomers in methanol are almost the same, but in aqueous
solution, trans-SDBA presents larger quenching constant
than cis-SDBA does.

For the further proof of our hypothesis, the morphol-
ogies of self-assembled trans-SDBA-(PDI-I)n and cis-
SDBA-(PDI-I)n were examined by atomic force microsco-
py (AFM). The samples for the AFM examination were
prepared by drop-casting corresponding solutions on
Quartz wafer and evaporating gradually at room tempera-
ture. The resulted AFM images are shown in Fig. 6.
Without trans- and cis-SDBA, PDI-I molecules self-
assemble into one-dimensional nanocolumns with the
length of several micrometers and the average width of
200 nm, which is consistent with the reported result [37]
(Fig. 6a). After the addition of 0.5 equivalence of trans-
SDBA, smaller nanocolumns with the length of less than
micrometers and nanoparticles can be identified in the
image (Fig. 6b). By contrast, the addition of cis-SDBA
results in small nanoparticles of PDI-I (Fig. 6c). The

Fig. 5 Quantum yields of PDI-I in the presence of SDBAwith increasing
concentration. Inset: Stern-Volmer plot for PDI quenched by SDBA. a In
water, b in methanol

Fig. 6 AFM images of columnar (PDI-I)n and two ionic self-assembled
SDBA-(PDI-I)n systems: a one-dimension nanostructures of PDI-I
obtained from the aqueous solution (0.1 mM). b Nanostructures from

1:2 molar ratio of trans-SDBA vs PDI-I solution (0.1 mM). c
Nanostructures from 1:2 molar ratio of cis-SDBA vs PDI-I solution
(0.1 mM)
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linear aggregates were totally destroyed. Therefore both
trans- and cis-SDBA can destroy the columnar (PDI-I)n
aggregates, but the cis isomer seems more destructive as
shown by the AFM images. So both the results of
quenching experiment in methanol and AFM images
agree well with our hypothesis.

Probable combination models for trans-SDBA-(PDI-I)n
and cis-SDBA-(PDI-I)n

The SDBA molecules can either adsorb on the surface of the
column PDI-I aggregates or insert deeply into the column
structure of the PDI-I aggregates. Theoretically, if the SDBA
molecules were on the surface of PDI-I aggregates, the pho-
toinduced isomerization from trans- to cis- should not be af-
fected. Otherwise, the isomerization should be hammered by
the rigid environment [46]. With this in mind, we tested the
photo-driven isomerization of trans-SDBA to cis-SDBA in
the presence of PDI-I aggregates, and the results are shown
in Fig. 7a, b. After irradiation, the absorption in the range of
420–630 nm corresponding to the absorption of PDI-I aggre-
gates keeps unchanged, but the absorption of trans-SDBA at
326 nm decreases and blue-shifts to 313 nm, which agrees
very well with the absorption of cis-SDBA in the presence
of PDI-I. In another word, trans-SDBA-(PDI-I)n can be trans-
formed into cis-SDBA-(PDI-I)n easily and the isomerization
rate is also not affected by the presence of (PDI-I)n. Based on
this result, we can concluded that both trans-SDBA and cis-
SDBA molecules are probably adsorbed similarly on the sur-
face of columnar PDI aggregates. However, because of the
linear configuration of trans-SDBA, larger repulsion caused
by the steric hindrance occurs between trans-SDBA mole-
cules and the surface of PDI-I columns. By contrast, for cis-
SDBA with the bending configuration, it allows anions and
cations to come closely, which leads to a more stable binding
between cis-SDBAmolecules on the surface of PDI-I column.
This is why the linear aggregates of PDI-I can only be partially
destroyed by the trans-SDBA, but destroyed almost complete-
ly by the cis-isomer. Moreover, the bending configuration of
cis-SDBA leads to a larger distance between cis-SDBA mol-
ecules and the surface of (PDI-I)n, and then a slower PET
between SDBA and PDI-I.

Conclusions

The columnar (PDI-I)n stacks can host trans- and cis-SDBA
via ionic interactions in water. The strength of the interactions
between trans-SDBA and (PDI-I)n are smaller than that be-
tween cis-SDBA and (PDI-I)n because the trans conformation
leads to larger steric repulsion between SDBA molecules and
(PDI-I)n. The electrochemical studies revealed that cis-SDBA
can provide electronmore easily so it is a better electron donor
than its trans isomer. However, the fluorescence quenching
experiments suggest that the trans-SDBA is a better fluores-
cence quencher, in another word, the PET from trans-SDBA
to (PDI-I)n is more efficient. These contradictory results can
be attributed to that the columnar (PDI-I)n aggregates are al-
most utterly destroyed by cis-SDBA due to the stronger ionic
interaction between cis-SDBA and (PDI-I)n. Moreover, the
bending configuration of cis-SDBA probably leads to a larger
distance between the (PDI-I)n surface and cis-SDBA and thus
a less efficient PET. So one can control the PET process by
changing the configuration of donors and the aggregation
properties of the acceptors, which is meaningful for the design
of new optoelectronic devices.
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