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ABSTRACT: We report an amphiphilic perylene diimide (1), a bimolecular analog
of L-3,4-dihydroxyphenylalanine (L-DOPA), as a reversible fluorescence switching
probe for the detection and sensing of cationic surfactants and Fe3+/Cu2+ in an
aqueous media respectively by means of host−guest interactions driven assembly
and disassembly of 1. Photophysical studies of 1, going from dimethyl sulfoxide
(DMSO) (State-I) to pure aqueous medium (State-II), suggested the formation of
self-assembled aggregates by displaying very weak fluorescence emission along with
red shifted broad absorption bands. Interestingly, the cationic surfactant
cetyltrimethylammonium bromide (CTAB) could disassemble 1 in miceller
conditions by restoring bright yellow fluorescence and vibronically well-defined
(Franck−Condon progressions A0−0/A0−1 ≈ 1.6) absorption bands of 1 over other
neutral and anionic surfactants (State-III). Owing to the metal chelating nature of
L-DOPA, 1 was able to sense Fe3+ and Cu2+ among a pool of other metal ions by
means of fluorescence switching off state, attributed to metal interaction driven assembly of 1 (State-IV). Such
metallosupramolecular assemblies were found to reverse back to the fluorescence switching on state using a metal ion chelator,
diethylenetriaminepentaacetic acid (DTPA, State-III), further signifying the role of metal ions toward assembly of 1. Formation
of assembly and disassembly could be visualized by the diminished and increased yellow emission under green laser light. Further,
the assembly−disassembly modulation of 1 has been extensively characterized using infrared (IR), mass spectrometry,
microscopy and dynamic light scattering (DLS) techniques. Therefore, modulation of the molecular self-assembly of PDI
derivative 1 in aqueous media (assembled state, State-II) by means of host−guest interactions provided by micellar structures of
CTAB (disassembled state, State-III), metal ion (Fe3+ and Cu2+) interactions (assembled state, State-IV) and metal ion
sequestration using DTPA (disassembled state, State-III) is viewed as a supramolecular reversible fluorescence switching off−on
probe for cationic surfactant CTAB and Fe3+/Cu2+.
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1. INTRODUCTION

Over the past few years, molecular and supramolecular probes
based on perylene diimide (PDI) derivatives in aqueous
medium have attracted much attention because of their several
advantageous properties such as thermal stability, chemical
inertness, high tinctorial strength with a wide range of colors,
photochemical stability and high fluorescence.1−7 With such
advantageous properties, PDI derivatives have been considered
as optimal fluorescent dyes and utilized in a wide variety of
applications such as laser dyes, photovoltaic cells, fluorescence
switches, molecular wires, molecular transistors and sen-
sors.8−17 However, the PDI structure and planar π-electron
deficient aromatic nature are known to promote strongly the
formation of aggregates through stacking interactions between
the π-conjugated core1 and this strong aggregation tendency in
aqueous media results in fluorescence quenching.18,19 Inspite of
aggregation and resultant low fluorescence, PDI derivatives
have been considered to be excellent fluorophores in sensor

design because of their excellent electron accepting ability and
high fluorescence in the disassembled state.20,21 Thus, recent
years witnessed some efforts toward developing PDI derivatives
based fluorescence sensors. In these reports, organic solvents
along with some compositions of aqueous solutions were used
to obtain PDI derivatives in the disassembled state. Moreover,
limited reports are known to use PDI derivatives in only
aqueous solution. To overcome the disadvantage owing to
aggregation, aqueous solubility of PDI derivatives was improved
by incorporating hydrophilic substituents at the diimide
positions.22−28 However, PDI derivatives with hydrophilic
substituents such as carboxylic, sulfonic and other ionic
functionalities generally show low fluorescence emission due
to predominant π−π stacking and especially in case of ionic
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functionalities π−π stacking was supposed to be removed by
the complexation with oppositely charged moieties.29 In all
these reports, fluorescence sensing was supposed to be based
on either the photoinduced electron transfer (PET) mechanism
or assembly and disassembly of the PDI derivative.21−23,5

However, the key daunting challenge of making PDI fluoresce
under aqueous media remains to be addressed to further the
advancement in PDI based molecular systems and materials for
biological and environmental applications.
Detection of biologically important metal ions such as Fe3+

and Cu2+ has gained significant interest. Although these metal
ions are essential for the proper functioning of all living cells,
their excessive concentrations are detrimental and lead to
various biological disorders.31−35 In this context, biomolecules
such as amino acids and their derivatives are particularly
appealing due to their remarkable metal chelating nature,
aqueous solubility, specific molecular recognition, and ability to
self-assemble into functional, complex and highly ordered
molecular systems and nanomaterials through various non-
covalent interactions.36−41 Herein we report an easy one-step
synthesis of PDI derivative 1 with L-3,4-dihydroxyphenylalanine
(L-DOPA) functionality as a well-known receptor at the N-
imide positions, and assembly−disassembly modulated detec-
tion of Fe3+ and Cu2+ metal ions. It was presumed that
incorporation of L-DOPA would render the aqueous solubility
to PDI derivative 1 and, consequently, a fluorescence probe in
aqueous medium could be established. However, synthesized
PDI derivative 1 was found to be predominantly assembled in
aqueous medium, as confirmed by weak fluorescence and
characteristic absorption spectral features. We hypothesized
that disassembly of 1 can be achieved in the micellar media of a
cationic surfactant. Consequently, our investigations in the
present study revealed a disassembly and a bright yellow
fluorescence of 1 under laser light, in the presence of miceller
aqueous media of the cationic surfactant cetyltrimethylammo-
nium bromide (CTAB) over other neutral (Triton X 100) and
anionic (sodium dodecyl sulfate (SDS)) surfactants. Moreover,
such a bright yellow fluorescence of disassembled PDI could be
quenched (aggregated state) by the selective interaction with
metal ions (Fe3+ and Cu2+), leading to formation of a complex
between L-DOPA in 1 and metal ions. Furthermore, metal ions
induced aggregated fluorescence switch off state of 1 could be
reversed back into switch on yellow fluorescence (molecularly
dissolved state) by sequestrating the metal ions (Fe3+ and
Cu2+) using a well-known metal ions chelator, diethylene-
triaminepentaacetic acid (DTPA). Thus, a fluorescence
“switching off−on” probe was established through modulation
of assembly and disassembly of PDI derivative 1. To the best of
our knowledge, the present study represents the first example
of the assembly−disassembly driven switching off−on
fluorescence for the detection and sensing cationic surfactant
and metal ions in aqueous medium, respectively. We propose
our investigations could provide valuable insights to elucidate
the role of host species toward assembly and disassembly of
PDI derivatives.

2. EXPERIMENTAL SECTION
2.1. Reagents and Materials. 3,4,9,10-Perylenetetracarboxylic

dianhydride (PDA), L-3,4-dihydroxyphenylalanine (L-DOPA) imida-
zole and all the perchlorate salts of metal ions were obtained from
Sigma-Aldrich. All other reagents and solvents utilized in the
experiments were of reagent and spectroscopic grades and used as

received without further purification unless otherwise mentioned.
Milli-Q water was used in all the experiments.

2.2. Measurements. UV−vis absorption and fluorescence
emission spectra were recorded on a PerkinElmer Lambda-25
spectrometer. A 10 × 10 mm quartz cuvette was used for recording
spectra of samples in solution. Fourier transform infrared (FTIR)
spectra were recorded on a PerkinElmer spectrometer. 1H and 13C
NMR spectra were recorded on a Bruker AV-400 spectrometer with
chemical shifts reported as ppm (in DMSO-d6 with tetramethylsilane
as the internal standard). High resolution mass spectrometry (HRMS)
analysis was performed on Agilent Technologies 6538 UHD Accurate-
Mass Q-TOF liquid chromatography mass spectrometry (LC/MS)
spectrometer (HRMS). Electrospray ionization mass spectrometry
(ESI-MS) analysis was performed on a Shimadzu LCMS-2020
spectrometer. Fluorescence decay profiles were performed using a
FLSP 920 spectrometer, Edinburgh Instrument, EPLED.

2.3. Synthesis of 1. 3,4,9,10-Perylenetetracarboxylic dianhydride
(PDA) (500 mg, 1.2 mmol), L-3,4-dihydroxyphenylalanine (L-DOPA)
(500 mg, 2.5 mmol) and imidazole (2.0 g) were added into a round-
bottom flask, and the solution was heated at 120 °C for 1 h with
stirring under a nitrogen atmosphere. The reaction mixture was
allowed to cool to 90 °C, and then poured into Milli-Q water and
filtered. The filtrate was acidified with 2.0 N HCl, and the precipitate
was filtered, washed with excess of Milli-Q water and dried under
vacuum at 40 °C to obtain the product 1 in high yield (94%). 1H
NMR (DMSO-d6, 400 MHz) δH 13.01 (2H, s), 8.83 (2H, s), 8.56
(2H, s), 8.18−7.98 (8H, br), 6.71−6.58 (6H, m), 5.96 (2H, t), 3.49−
3.37 (4H, m); 13C NMR (DMSO-d6, 100 MHz) δC 170.7, 162.1,
144.8, 143.7,133.2, 130.9, 128.3, 127.8, 124.8, 123.0, 121.6, 119.8,
116.4, 115.3, 53.7, 33.5. HR-MS: m/z found 751.1563 [M + H]+;
calcd. 750.1486 for C42H26N2O12.

3. RESULTS AND DISCUSSION

We report the use of synthesized amphiphilic PDI derivative 1
with L-DOPA functionality at the N-imide positions as
fluorescence switch off−on probe for cationic surfactant and
metal ions (Scheme 1). In a series of investigations to explore
the photophysical properties of 1, we recorded absorption and
fluorescence spectra in dimethyl sulfoxide (DMSO) and water
(Figure 1). The absorption spectrum in DMSO solution
showed well-resolved vibronic absorption bands centered at
522 nm (0−0 transition) along with three higher electronic

Scheme 1. Synthesis of L-DOPA Conjugated PDI Derivative
1
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excitation states at 485 nm (0−1 transition), 454 nm (0−2
transition) and 425 nm (0−3 transition), which are assigned to
the typical absorption spectrum of the molecularly dissolved
state of 1 (Figure 1A).29 The corresponding fluorescence
emission studies further confirmed the absence of any
assembled state by displaying mirror image emission spectrum

with the Emax at 545 nm. The yellow fluorescence, as a
consequence of molecularly dissolved state of 1, can be
visualized under green laser light (Figure 1B, State-I in Figure
1C).
It has been established in previous reports that the

absorption intensity ratio of the 0−0 and 0−1 transitions

Figure 1. UV−vis absorption (A) and fluorescence emission spectra (B) of 1 (3.5 μM) in DMSO and water. Inset: solutions of 1 in DMSO (a) and
water (b) under green laser light. (C) Schematic representation of molecular organization of 1 in DMSO (molecularly dissolved State-I) and in
aqueous solution (aggregated State-II).

Figure 2. UV−vis absorption (A) and fluorescence emission spectra (B) of 1 (3.5 μM) in water with increase in concentration of CTAB. Inset:
solutions of 1 in water (a) and in CTAB miceller media (b) under green laser light. (C) Schematic representation of transformation of aggregated
State-II of 1 to molecularly dissolved State-III in the presence of CTAB micelles.
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(A0−0/A0−1) can be utilized as an indicator of the degree of
aggregation of the PDI derivatives.1,3,6,9,12,15−41 The calculated
ratio was reported to be 1.59 for the disassembled PDI. The
absorption spectrum of 1 (3.5 μM) in pure water was found to
be broad structured, attributed to predominantly the assembled
state (Figure 1A). This led to a significant fluorescence
quenching of 1 in pure water as visualized under green laser
light (Figure 1B, inset). The absorption intensity observed for
the 0−0 band was found to be still higher than that for the 0−1
band (A0−0/A0−1, Franck−Condon value = 1.1), indicating a
favorable Franck−Condon factor for the (0−0) excited state
and thus suggesting the formation of J-type π−π stacking
assembly in aqueous solution (State-II, Figure 1C). The
assembled state of 1 in water was further confirmed by
concentration dependent emission spectra from 0 to 3.5 μM.
The fluorescence intensity decreased as a function of increased
concentration of 1 and the trend reached saturation at 3.5 μM.
Moreover, the decrease in fluorescence may be attributed to
intermolecular π−π stacking, which is postulated to play a
significant role in controlling the emissive properties of PDI
fluorophore. Therefore, intermolecular interactions at higher
concentrations were solely responsible for self-quenching of 1.
Furthermore, changes in fluorescence response of 1 at

concentrations >3.5 μM were found to be insignificant in the
presence of various cationic, anionic and neutral species.
To examine whether or not self-assembled PDI 1 could be

used as a probe to detect targeted analytes, initial spectroscopic
behavior was investigated in the miceller media of cationic,
neutral and anionic surfactants such as CTAB, Triton X 100
and SDS. It is evident from previous reports that surfactants
above their critical micelle concentration (CMC) can solubilize
even hydrophobic species in water, and could break up
aggregates formed by the intermolecular hydrophobic inter-
actions.18 With this concept in mind, changes in photophysical
properties of 1 were monitored by performing the controlled
experiments in the absence and presence of cationic (CTAB),
neutral (Triton X 100) and anionic (SDS) surfactants in
aqueous media (Figure 2). Eleven samples, with increasing
concentrations of surfactants (0, 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10
mM) were added to a fixed concentration of 1 (3.5 μM), and
the changes in the photophysical properties were recorded. 1 in
the presence of lower concentrations of aqueous CTAB (0 to
1.98 mM) did not exhibit significant changes in the
fluorescence as well as absorption intensities due to aggregates,
as shown in Figure 2A,B. This is presumably due to the
formation of nonfluorescent premicellar aggregates as a result

Figure 3. Fluorescence response of 1 (3.5 μM) in the miceller media of CTAB (10 mM) solution. (A) Bar diagram depicting the effect of various
metals ions on the fluorescence intensity of 1 (3.5 μM). (B) Fluorescence emission spectra of 1 (3.5 μM) with increasing concentration of Fe3+

shows 3.5-fold quenching in aqueous solution. Inset: solutions of 1 in the absence (a) and presence (b) of Fe3+ in the CTAB miceller media under
green laser light. (C) Fluorescence emission spectra of 1 (3.5 μM) in the presence of increasing concentration of Cu2+ in aqueous media. Inset:
solutions of 1 under green laser light in the absence (a) and presence (b) of Cu2+. (D,E) Plots of fluorescence response (I0/I) of 1 versus
concentration of added Fe3+ and Cu2+, respectively.
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of electrostatic interactions between aggregates of 1 and CTAB.
Whereas further addition of CTAB from 2 to 10 mM induced
dramatic changes in absorption as well as fluorescence
intensities of 1. The absorption spectrum of 1 at higher
CTAB concentration (10 mM) displayed a 15 nm blue shift
along with the well-resolved vibronic absorption bands at 530,
492, 460 and 430 nm, corresponding to 0−0, 0−1, 0−2 and 0−
3 transitions, respectively.42 Employing the reported method,
we calculated the ratio of absorption intensities of 0−0 to 0−1
transitions and found to be around 1.51, which is almost equal
to the normal Franck−Condon progressions (A0−0/A0−1 ≈ 1.6)
for the free PDI molecules.43 Corresponding fluorescence
emission spectra exhibited a steady increase of almost 12-fold in
the fluorescence intensity of 1 and reached a plateau at 10 mM
concentration of CTAB, as shown in Figure 2B. A rapid
fluorescence response (within 1 min) was observed after each
consecutive addition of CTAB and the emission intensity was
saturated at above 10 mM CTAB. The fluorescence switching
off−on (assembly and disassembly respectively) process of 1
could be visualized by the naked eye under green laser light, as
shown in Figure 2B inset. To ascertain the selectivity of cationic
surfactant CTAB toward disassembly of 1, we further carried
out similar experiments with neutral (Triton X100) and anionic
(SDS) surfactants. The photophysical studies of 1 revealed
limited absorption and fluorescence emission changes over the
investigated concentration range in the presence of Triton
X100 and SDS. These studies confirmed that only cationic
surfactant CTAB micellar medium could able to disassemble
the intermolecular π−π stacking interactions of PDI 1 into
molecularly dissolved State-III through complementary electro-
static interactions between L-DOPA of 1 and CTAB, which,
subsequently, led to fluorescence emission with Emax at 545 nm
(Figure 2C). This study also emphasized the utility of

assembled state of 1 as a selective supramolecular fluorescent
probe for the cationic surfactant (CTAB).
The pendant L-DOPA functional group is a known receptor

and assumed to facilitate the binding events with metal ions.
We hypothesized that the metal ions may disrupt the
electrostatic interactions present in CTAB micellar bound 1
via a strong metal chelating interaction that results in
metallosupramolecular aggregates.43 Various alkali as well as
transition metal perchlorate ions were chosen to study the
selectivity, change in optical properties and probable metal
chelation driven reorganization of 1 in the miceller media of
CTAB solution. Our preliminary investigations based on the
changes in fluorescence emission of 1 in the presence of various
metal ions are shown in Figure 3. The fluorescence emission of
1 in the miceller media of CTAB was almost unaffected upon
excitation at 490 nm in the presence of most of the alkali and
transition metal ions (Fe2+, Ni2+, Al3+, Pb2+, Hg2+, Ag+, Co2+,
Zn2+, Ca2+, Na+, Mn2+, Mg2+, Ru3+ and Sr2+) even at their 25
μM concentrations (Figure 3A). However, addition of Fe3+ and
Cu2+ quenched the fluorescence of 1 in the micellar media of
CTAB in aqueous solution. With increasing concentration of
metal ions ranging from 0 to 21 μM (Fe3+) and 0 to 7 μM
(Cu2+) respectively, significant fluorescence quenching was
observed and leveled off due to the formation of larger
nonemitting aggregates of metal bound 1 (Figure 3B,C).
Moreover, the fluorescence quenching of 1 with Fe3+ and Cu2+

was found to be 3.5-fold and 2.5-fold, respectively, within the
investigated concentration range. This change in fluorescence
emission was also visualized by the diminished yellow emission
color of 1 under green laser as shown in Figure 3B,C inset. The
fluorescence quenching corresponds to metallosupramolecular
aggregates (State IV) formed by the association of metal
coordinated 1. Figure 3D,E depicts the decreasing fluorescence
intensity pattern of 1 in the presence of Fe3+ and Cu2+,

Figure 4. UV−vis absorption spectra of 1 (3.5 μM) with increasing concentrations of Fe3+ (A) and Cu2+ (B). (C) Schematic representation of
transformation of State-III to State-IV via metal ion induced reorganization of 1 in the presence of CTAB micelles.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am5063844 | ACS Appl. Mater. Interfaces 2014, 6, 21369−2137921373



respectively. At lower concentrations of metal ions, fluores-
cence quenching behavior of 1 was found to be linear.
However, at higher concentrations, linearity was lost and plot
became nonlinear, indicating a static type of quenching.
Furthermore, efficiencies of fluorescence quenching of 1 in
the presence of metal ions were determined over the linear
region of the plot by generating a Stern−Volmer plot, followed
by a comparison.

= +I I K/ 1 [Q]0 sv

Where I0 and I are fluorescence intensities in the absence and
presence of the quencher, respectively, Ksv is the Stern−Volmer
constant and the value of Ksv of an artificial assay indicates the
sensitivity of the probe toward the analyte, and [Q] is the
quencher concentration. Ksv values for 1 in the presence of Fe3+

and Cu2+ metal ions were found to be 4 × 104 and 1.35 × 105

M−1 respectively, as shown in Figure S5 (Supporting
Information). The high Ksv values of 1 toward Cu2+ and Fe3+

further confirmed that PDI 1 is a selective and sensitive
supramolecular probe for sensing of Cu2+ and Fe3+ in aqueous
medium. Further, we explored the pH dependence on the
sensing propensity of 1 toward Cu2+ and Fe3+ in CTAB
aqueous media (Figure S6, Supporting Information). The
sensing behavior of 1 in CTAB aqueous media toward Cu2+

and Fe3+ was found to be sensitive at lower (<2) and higher
(>8) pH values. However, sensing of these metal ions (Cu2+

and Fe3+) by 1 was unaffected in the normal pH range of 2−8.
After investigating the significant fluorescence quenching of

1, we further examined changes in the absorption intensity of 1
in the presence of Fe3+ and Cu2+ in aqueous CTAB miceller
conditions. Our observations revealed a broadened absorption
spectrum of 1 (3.5 μM) with a decrease in absorption intensity
at 530 nm (0−0 transition), whereas the 492 nm (0−1

transition) band was significantly increased and thus changed
the ratio of 0−0 and 0−1 transition bands effectively, as shown
in Figure 4A,B. However, higher concentrations of metal ions
(>21 μM of Fe3+ and >7 μM of Cu2+) were found to be not
effective in further decreasing or increasing the intensity of the
0−0 or 0−1 transition bands, respectively. Thus, UV−vis
absorption and fluorescence emission studies showed that 1
was in predominantly assembled state at the stoichiometric
ratio (1: metal ion) of 1:6 with Fe3+ and 1:2 with Cu2+ in
aqueous CTAB miceller conditions. Moreover, the observed
absorption spectral features upon addition of Fe3+/Cu2+ reflect
a different kind of assembly behavior of 1, as compared to
assembly of 1 in water (State-II, Figure 1A). It is reported in
the literature that the 0−0 and 0−1 bands in the absorption
spectra of PDI decrease simultaneously while stacking.44

However, the absorption spectrum of 1 revealed a decreased
0−0 band intensity and increased 0−1 band intensity
simultaneously in the presence of Fe3+ and Cu2+ in aqueous
miceller media (Figure 4A,B). We reason that metal ions play
important role toward coordination with L-DOPA in 1 and
thus facilitating the reorganization of 1 via metallosupramo-
lecular aggregate formation (transformation of State-III to
State-IV, Figure 4C).
Furthermore, complexation and stoichiometry between 1 and

Fe3+/Cu2+ was confirmed by electrospray ionization mass
spectrometry (ESI-MS) studies in aqueous media (Figure
5A,B). Due to the high concentration of surfactant (CTAB)
used in our experiments discussed above as compared to 1 and
metal ion, mass spectrometry studies were performed without
CTAB in pure water. The molecular-ion peak showed the
formation of [(1 − 4H+) + 6(Fe3+)] [MW: found 1081.80;
calcd. 1081.73 for C42H22Fe6N2O12)] and [(1 + H+) +
2(Cu2+)] [MW: found 878.80; calcd 878.75 for

Figure 5. ESI-MS spectra of 1 in the presence of metal ions (A) Fe3+ and (B) Cu2+. (C) FTIR spectra (C−O stretching frequency region 1500 to
1000 cm−1) of 1 in absence and presence of Fe3+ and Cu2+. (D) TCSPC decay profile of 1 (Emax = 545 nm) with a 500 nm excitation.
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C42H27Cu2N2O12)], respectively. Therefore, in agreement with
photophysical studies mass analysis revealed the formation of
matallosupramolecular aggregates with the stoichiometric
compositions (1: metal ion) of 1:6 and 1:2 for Fe3+ and
Cu2+, respectively.
To determine the mode of metal chelation in 1, we

performed FTIR spectroscopy measurements of 1 with and
without metal ions. Upon metal complexation the intense band
at 1109 cm−1 was observed which was absent in 1 alone (Figure
5C). The appearance of the new band at 1109 cm−1

corresponds to C−O stretching (νCO) with the metal ion
(Fe3+/Cu2+) bonded to the L-DOPA catechol oxygen.47

Overall, photophysical studies, mass and IR analyses further
confirmed the formation of metallosupramolecular aggregates
via strong M-O chelation.
To investigate the fluorescence quenching mechanism of 1 in

the presence of Fe3+ and Cu2+, we further carried out the time-
correlated single photon counting (TCSPC) experiments with
a nanosecond excitation (Figure 5D). TCSPC data displayed
quite similar biexponential decay patterns of 1 in the absence
and presence of metal ions in aqueous CTAB media. The

lifetime values for 1 in CTAB solutions (1.27 ns 63% and 5.44
ns 41%) were almost unaffected upon interaction with Fe3+

(1.31 ns 69% and 5.1 ns 35%) and Cu2+ (1.38 ns 55% and 5.4
ns 42%) metal ions. The unaffected lifetimes and decay patterns
clearly indicating the occurrence of static type quenching via
displacement of 1 from CTAB-micelle to nonfluorescent
ground state with stable [1+Fe3+/Cu2+] metallosupramolecular
aggregates (State-IV in Figure 4C). It is reasonable to assume a
type of complexation between 1 and metal ion (Fe3+/Cu2+) in
the ground state and such a complexation efficiently facilitated
the reassembly of 1 in CTAB micellar aqueous solution.
Next, we explored disassembly of the metallosuparamolecular

aggregate (State-IV) of 1 in a reversible manner by engaging a
metal chelator. In the literature, it has been established that
anions, amino acids and other related compounds are capable
of taking out or making a ternary complex from/with a ligand−
metal system.46,47 To test this concept, various kinds of anions
and neutral, metal ion receptors such as amino acids,
ethylenediaminetetraacetic acid (EDTA) and diethylenetri-
amine pentaacetic acid (DTPA) were employed in our
investigations. Fluorometric study of 1 in State-IV indicated

Figure 6. Fluorescence emission spectra (A and B) and UV−vis absorption spectra (C and D) of [1+CTAB+Fe3+] and [1+CTAB+Cu2+] solutions
with increase in concentrations of DTPA in CTAB micellar aqueous medium. Inset: solutions of corresponding 1 under green laser light in the
absence (a) and presence of DTPA (b). E) Schematic representation of sequestration of metal ion from metallosupramolecular aggregate (State-IV)
using DTPA into molecularly dissolved state (State-III).
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no change in the quenched fluorescence in the presence of
various anions and amino acids even at six times higher
concentrations indicating these ligands are unable to dis-
assemble perylene core of 1 in State-IV. Further, our study was
continued with well- known metal ion chelators such as EDTA
and DTPA. We found that EDTA, even at 100 μM

concentrations could hardly alter the metal ions (Fe3+ and
Cu2+) mediated quenched fluorescence of 1 (State-IV).
Interestingly, significant fluorescence enhancement was ob-
served upon treating State-IV (1+Fe3+/Cu2+) with DTPA as
shown in Figure 6. Addition of DTPA (0−50 μM) into the
solution of [1+Fe3+/Cu2+] in the miceller media of CTAB

Figure 7. FESEM micrographs of (A) 1, (B) 1+Cu2+, (C) 1+Fe3+ and (D) 1+Cu2++DTPA. Insets in (B) and (C) EDAX chemical composition
mapping graph on corresponding nanospheres.

Figure 8. (A) Dynamic light scattering (DLS) size distribution graph. (B) Schematic representation of assembly−disassembly modulation of 1
observed from DLS studies (A).
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significantly altered the quenched fluorescence of 1. A turn-on
fluorescence signal with a yellow emission color under green
laser was detected (Figure 6A,B inset). This fluorescence
recovery was found to be almost 98% for DTPA concentration
of 50 μM. The quantitative fluorescence recovery is attributed
to efficient metal ion (Fe3+/Cu2+) sequestration by DTPA in
the miceller media. This was further confirmed by the changes
in absorption spectra of [1+Fe3+/Cu2+] in the presence of
DTPA (0−50 μM), in the miceller media as shown in Figure
6C,D. Absorption spectra of [1+Fe3+] and [1+Cu2+] displayed
an increase in 0−0 and decrease in 0−1 transition bands upon
addition of DTPA. The increase or decrease in transition bands
continued until the ratio of 0−0 and 0−1 bands reached closed
to 1.6, which is similar to the normal Franck−Condon
progressions for disassembled 1 in CTAB solution. Therefore,
the absorption spectra with 530, 492, 460 and 430 nm bands
are considered as characteristic of the well-resolved vibronic
structures corresponding to the 0−0, 0−1, 0−2 and 0−3
transitions, respectively. Interestingly, DTPA treated metal-
losupramolecular aggregates (State-IV) showed absorption
spectral changes similar to absorption patterns observed for 1
in CTAB micellar aqueous medium (State-III) and just reverse
as compared to [1+Fe3+] and [1+Cu2+] (Figure 4A,B). Overall,
the strong metal chelator DTPA was able to sequestrate the
metal ion (Fe3+/Cu2+) in a competitive environment of metal
ion bound 1 in CTAB miceller media. This resulted in the
recovery of disassembled or molecularly dissolved State-III of 1
from State-IV, which clearly reflected in the change of spectral
features in both absorption and emission studies (Figure 6E).
To visualize the effect of assembly modulation of 1, we

performed field emission scanning electron microscopy
(FESEM) studies by drop casting the aqueous solutions onto
Si wafers followed by vacuum drying under room temperature.
PDI 1 alone formed a uniform film with a porous nature
(Figure 7A). Interestingly, complexation of metal ions (Cu2+ or
Fe3+) transformed the morphology into nanospheres 50−300
nm in diameter (Figure 7B,C). The observed nanospheres, as a
consequence of metallosupramolecular aggregates, were further
validated by energy dispersive X-ray analysis (EDAX). An
EDAX chemical composition mapping graph on corresponding
nanospheres indicated the presence of metals (Cu and Fe)
along with carbon (C) and oxygen (O), as shown in Figure
7B,C (insets). Further, the metal mediated metallosupramo-
lecular nanospheres could be reverted back to film state by the
addition of metal scavenger DTPA as shown in Figure 7D.
Therefore, in addition to photophysical studies the reversible
assembly−disassembly of 1 was clearly established by the
microscopy studies.
Dynamic light scattering (DLS) experiments further

supported the assembly modulation of 1 (Figure 8A). PDI 1
alone (State-II) showed the presence of smaller aggregates with
a mean size of 44 nm. Whereas addition of CTAB transformed
the smaller aggregates of 1 into two distinct aggregates with
mean sizes of 90 and 4000 nm, which suggested the formation
of State-III. Further, addition of metal ions (Cu2+ or Fe3+) into
1 under miceller conditions of CTAB led to the appearance of
aggregates in the region of 50−300 nm along with the a small
fraction centered around 4000 nm, thus corresponding to State-
IV. However, upon addition of metal chelator/scavenger
DTPA, a significant decrease in the number of aggregates in
the region 50−300 nm was observed and the size distribution
was found to be similar to that of State-III (1+CTAB). Overall,
in agreement with photophysical and microscopy studies, DLS

data confirmed the predominant assembled state of 1 in water,
which could be disrupted into a disassembled form in the
miceller conditions of CTAB. Addition of metal ions
(Cu2+/Fe3+) led to the assembled state as consequence of
formation of metallosupramolecular aggregates of 1. Again,
addition of DTPA into metallosupramolecular aggregates of [1/
CTAB/Fe3+] and [1/CTAB/Cu2+] restored the disassembled
state of 1, as shown in Figure 8B.
In solution, molecular self-assemblies are considered to be

more sensitive toward their environment, nature of solvents,
pH of solution, guest molecules, among other factors. Guest
molecules may either stimulate or suppress the molecular self-
assemblies. Conversely, sometimes guest molecules may not
influence the molecular assemblies and disassemblies due to
lack of specific interactions. However, in the present study, we
were able to modulate the molecular self-assembly of PDI
derivative 1 in aqueous media (assembled state, State-II) by
means of host−guest interactions provided by micellar
structures of CTAB (disassembled state, State-III), metal ion
(Fe3+ and Cu2+) interactions (assembled state, State-IV) and
metal ion sequestration agent DTPA (disassembled state, State-
III).

4. CONCLUSION
In conclusion, we developed the amphiphilic L-DOPA
functionalized PDI derivative 1 and investigated photophysical
properties to achieve its disassembled (molecularly dissolved)
state in aqueous media using cationic micellar conditions.
Assembly−disassembly modulation of 1 was established as a
supramolecular fluorescent probe (switch off−on probe) for
metal ions Fe3+ and Cu2+ in the miceller media of cationic
surfactant solution. Our study demonstrated that the
complementary electrostatic interactions of cationic surfactant
(CTAB) and L-DOPA led to a well-structured absorption
spectra and a dramatic increase in the yellow fluorescence of
PDI 1 in aqueous medium. These spectral properties were
similar to the parent disassembled PDI chromophore 1 in
DMSO. Anionic and neutral surfactants could hardly modify
the assembled state of 1 in aqueous media. This emphasizes the
utility of the assembled state of 1 as a selective fluorescent
probe for the cationic surfactant (CTAB). Furthermore, 1
serves as a fluorometric probe for Fe3+ and Cu2+ by means of
fluorescence switch off state due to the formation of
metallosupramolecular assemblies. Interestingly, DTPA could
sequestrate Fe3+/Cu2+ from metallosupramolecular assemblies
and transform 1 into a disassembly state, which corresponds to
fluorescence switch on state. The assembly−disassembly
modulation of 1 was extensively studied using IR, ESI-MS
analysis, FESEM and DLS techniques. Overall, the fluorescence
switch off−on probe (1) based on assembly modulation offers
practical utility for analytes detection and understanding of
reversible assembly and disassembly of PDI derivatives by
means of tunable host−guest interactions in aqueous media.
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