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Abstract. Equimolar amounts of native β-cyclodextrin (β-CD), pyrene-linked adamantane (PYAD) and
tert-butylpyromellitic diimide (PMDI) when dissolved in water self-assembled to form the supramolecular
donor-acceptor system PYADβ-CDPMDI. The high affinity of adamantane derivatives for inclusion binding
in the β-CD cavity and the propensity of PMDI to undergo rim-binding at the narrow rim of β-CD led to the
formation of PYADβ-CDPMDI. The ternary complex PYADβ-CDPMDI was thoroughly characterized
using various spectroscopic techniques. β-CD performs three functions in the self-assembled complex: (1)
encapsulate the adamantane unit and keep the pyrene (PY) moiety above the secondary rim, (2) rim-bind PMDI
and keep it at the primary rim, and (3) act as a spacer between pyrene and PMDI. Thus, the ternary complex can
function as a donor-spacer-acceptor system capable of undergoing photoinduced electron transfer (PET). Upon
excitation of the pyrene moiety in PYADβ-CDPMDI an electron is transferred from the excited pyrene to
the PMDI ground state. Steady state and time resolved fluorescence experiments were carried out to study the
PET in PYADβ-CDPMDI. Existence of the ternary system and PET processes taking place within it are
further supported by laser flash photolysis experiments.
Keywords. Cyclodextrins; donor–acceptor systems; inclusion binding; PET; supramolecular assembly.

1. Introduction
Significant progress was made in the past decades in
the design and study of supramolecular donor–acceptor
(D–A) systems capable of undergoing photoinduced
electron transfer (PET) reactions as models for natural photosynthetic reaction centers and artificial light
harvesting systems. 1–3 Hydrogen bonding, π-stacking
and metal-ligand coordination are the most common
interactions utilized in the design of non-covalent
D–A systems. 4–14 These interaction modes, however,

are not very useful in assembling D–A systems in
aqueous solutions. Biological electron transfers occur
in aqueous environments and in this context those
interactions capable of achieving D–A assembly in
aqueous solutions assume greater significance.
Cyclodextrins (CDs), which are cyclic oligosaccharides
with hydrophobic cavities, are ideal molecular receptors
for building water-soluble supramolecular functional
assemblies. 15–19 Recently others 20–29 and we 30,31 have
employed chromophore-appended CDs to assemble
supramolecular D–A systems for PET reactions in
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water. The hydrophobic nature of the CD cavity acts as
the assembler of the D–A system here. This approach,
however, suffers from the following disadvantages. In
almost all the studies of PET reactions in CD based noncovalent systems the D (or A) component is covalently
linked to the CD molecule and the ET partner is encapsulated into the CD cavity. Considerable time and effort are
required for covalently linking organic chromophores
on to CDs. Quite often, yields are low and mixtures are
obtained. Since CDs have very low solubility in most
organic solvents, chromatographic purification of CDappended systems has to be performed in water. CDs and
chromophore-appended CDs have similar polarity and
hence column chromatography may have to be repeated
several times to get small amounts of pure CD-linked
systems. When chromophore-linked CDs are used as
probes in PET reactions, presence of even very small
amounts of native CD would lead to erroneous results
because the guest molecule may get included into the
native CD cavity in preference to the chromophoreappended CD cavity. Hence, development of alternate
strategies for assembling supramolecular D–A systems
that does not involve synthesis and purification of
chromophore-appended CD appears very attractive.
Recently we have observed that N -alkyl derivatives
of pyromellitic diimide (PMDI) can bind β-CD through
the narrow rim and we have designated this mode of
binding as ‘rim- binding. 32 In this mode of interaction the PMDI chromophore remains very close to the
narrow rim with the N -alkyl substituent projected in
to the β-CD cavity. We also showed that β-CD can
simultaneously bind a PMDI derivative in the rimbinding mode and an adamantyl (AD) moiety through
inclusion binding, thereby leading to the formation of
‘ternary complexes’. 33,34 Using a variety of experimental techniques (UV-Vis spectroscopy, induced circular dichroism spectroscopy (ICD), cyclic voltammetry
(CV), isothermal titration calorimetry (ITC), MALDITOF mass spectrometry and one and two dimensional
NMR spectroscopy) we have confirmed the structures
of rim-binding and ternary complexes. In this paper we
tried to exploit the ability of β-CD to form ternary complexes to assemble a D-β-CD-A supramolecular system
which is capable of undergoing PET up on excitation.
In this design β-CD plays the role of an assembler and
spacer (or bridge) between the D and A moieties.
2. Experimental
2.1 Materials and physical measurements
All the starting materials and reagents such as β-cyclodextrin,
1-pyrenecarboxaldehyde, 1-adamantylamine, pyromellitic
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dianhydride,
tert-butylamine,
triphenylphosphine,
tetrabromomethane and ethanolamine were purchased from
Sigma Aldrich and used without further purification. All the
solvents used for synthesis were from Merck and carefully
dried using standard protocols. Water used was Millipore
or double distilled. Synthesis and characterization of the
molecules used in this study are given in the Supporting Information (SI), pages S3–S8.
The electronic absorption spectra were recorded using
a Shimadzu UV-3101 UV-Vis NIR spectrophotometer. ITC
data were obtained from microcal iTC 200. The raw data
obtained were fitted and analysed using Origin 7.0 software
provided along with the instrument. In all experiments the
β-CD was taken in the cell and titrated using different PMDI
solutions taken in the syringe. All NMR data were recorded
in D2 O purchased from Aldrich, using a 500 MHz Bruker
Avance DPX spectrometer. MALDI-TOF mass spectrometry was conducted on an AXIMA-CFR-plus instrument with
2,5-Dihydroxy benzoic acid as the matrix. Steady-state fluorescence experiments were performed with a SPEX Fluorolog
F112X Spectrofluorimeter by using optically dilute solutions.
The fluorescence spectra were corrected for the instrumental response. Dilute solutions having optical density 0.1 at
the excitation wavelength (340 nm) were used for fluorescence quenching experiments. I0 /I plots were constructed
using the fluorescence intensity at the emission maximum
(375 nm). Time-resolved fluorescence experiments were performed by using an IBH picosecond single-photon counting
system employing a 335 nm nano-LED excitation source and
a Hamamatsu C4878-02 microchannel plate (MCP) detector. The laser flash photolysis experiments were performed
using an Applied Photophysics Model LKS-60 laser kinetic
spectrometer using the third harmonic (355 nm) from an
INDI-40-10-HG Quanta Ray Nd-YAG laser.

3. Results and Discussion
PMDI derivatives are very good electron acceptors and
these are frequently used as acceptors in PET reactions. 35–43 We have employed pyrene (PY) as the donor
in this study because PY has been employed as donor
in several PET reactions. 44–49 Our strategy for assembling the D-β-CD-A system which employed both the
rim-binding and inclusion binding abilities of β-CD,
is outlined in Scheme 1. Addition of tert-butylPMDI
to an aqueous solution of native β-CD would result in
the formation of the binary rim-binding complex (designated as β-CDPMDI). 33,34 When an AD derivative
such as adamantylammonium chloride (ADAC) is added
the ternary complex designated here as ADAC βCDPMDI is formed. 33 If ADAC is replaced by pyrenelinked adamantane (PYAD), then the resulting ternary
complex PYAD β-CDPMDI would have the structure shown in Scheme 1. In Scheme 1, the order of
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Scheme 1.

Strategy for self-assembling PMDI/ β -CD/PYAD ternary system for PET.

addition shown is β-CD, PMDI, PYAD. We observed
that the order of addition is immaterial and it is more
convenient to add PMDI to pre-formed PYAD β-CD.
This is the approach followed in this paper.
Since PY is a good electron donor and PMDI is a good
electron acceptor, the self-assembled ternary system
PYAD β-CDPMDI is capable of undergoing PET
reaction when PY moiety is excited. In this paper we
report the self-assembly of the PYAD β-CDPMDI
ternary complex and the PET process occurring in it
up on excitation of PY. Native β-CD is used for the
self-assembly and laborious functionalization of β-CD
is avoided in the design.

3.1 Self-assembly of the ternary system
PYAD β-CDPMDI
The ternary system was assembled from the constituents
(1:1:1 molar ratio) in two steps. First, the binary inclusion complex PYAD β-CD was assembled by adding
one equivalent of PYAD to an aqueous solution of βCD. One equivalent of PMDI was then added to get
the ternary complex PYAD β-CDPMDI. Formation
of the binary and ternary complexes was confirmed by
several techniques. Our experiments have shown that the
order of addition is immaterial. Identical 1 H NMR spectra were obtained for the ternary complex regardless of
the order of addition.

3.2 Isothermal titration calorimetric studies
ITC experiments were carried out by taking β-CD
(1 mM, 200 μL) in the cell and excess of PYAD
(10 mM, 40 μL) in the syringe. Figure 1A shows the
ITC titration curve for PYAD β-CD formation. Heat
changes observed for PYAD β-CD system was adequate for fitting the data using the available software.
Fit of the data gave values of K a = 3850 ± 423M−1 ,
H = (−2.0238 ± 0.081) × 104 J mol−1 , S =
8.12 J mol−1 K−1 and n = 1.0. The ITC data confirms 1:1 inclusion complex formation between PYAD
and β-CD and the association constant obtained is very
close to that reported for ADAC-β-CD interaction (K a =
8317 ± 392 M−1 ), 50,51 indicating that the adamantane
moiety in PYAD is included in the β-CD cavity in this
complex. S obtained from the fit was positive indicating that the binding process is not entirely enthalpy
driven as observed for AD derivatives. In general, inclusion of a neutral molecule in the CD cavity proceeds
with negative S. When a charged molecule such as
ADAC or PYAD is included, S is usually positive due
to ‘dehydration of the organic guest’. 52–54 PYAD is an
amine salt and in aqueous solutions the NH+2 moiety
would be surrounded by water dipoles. When the AD
end of this molecule is included inside the β-CD cavity
the water shell surrounding the NH+2 group is disrupted
and this contributes towards the entropy increase. This
factor becomes significant when the dehydrated group
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Figure 1.

J. Chem. Sci. (2018) 130:134

The ITC data for titration of (A) β-CD against PYAD and (B) PYAD β-CD against PMDI.

is close to the moiety included in the cavity and will play
a significant role in deciding the extent of penetration of
the guest into the cavity. 52–54 In fact it has been shown
previously that compared to neutral adamantane derivatives ADAC penetrates the β-CD cavity only shallowly
leaving some space in the CD cavity near the primary
rim. 55,56 A similar situation is expected when PYAD
penetrates into the β-CD cavity. We expect the AD moiety of PYAD to penetrate shallowly into the β-CD cavity
leaving some space near the narrow rim and in this
configuration the PY moiety would remain above the
wider rim in the aqueous environment. In other words,
in the binary PYAD β-CD complex, the AD moiety
is only partly included in the cavity and the PY moiety is placed above the wider rim and fully exposed to
water.
Since K a for the formation of PYAD β-CD is high,
we expect a solution containing equimolar amounts
of PYAD and β-CD to consist mostly of the binary
complex. If PMDI is added to the above solution the
ternary complex would be formed wherein the PMDI
rim-binds to the PYAD β-CD by inserting the tertbutyl group into the cavity through the narrow rim.
Since penetration of the AD group into the cavity is
shallow, enough space would be available inside the
cavity at the narrow rim for rim-binding. In order to
ascertain the formation of the ternary complex, ITC
experiment was performed with PYAD β-CD in the

cell and PMDI in the syringe. When the concentrations
of PYAD β-CD and PMDI were 1.0 mM and 10 mM,
respectively, the heat changes observed were low and
the data could not be fitted. When the experiment
was repeated with 1.5 mM PYAD β-CD and 15 mM
PMDI, heat changes as shown in Figure 1B were
obtained and the data could be fitted using available
protocols. Fitting of the data gave K a = 1563 ±
18.5 M−1 , H = (−3.041 ± 0.057) × 104 J mol−1 ,
S = −40.9 J mol−1 K−1 and n = 0.85. This experiment confirms the formation of PYAD β-CDPMDI
from the binary complex PYAD β-CD and PMDI.
It may be noted that K a for ternary complexation is
much less compared to that for binary complexation.
The ternary complex formation proceeds with negative
S value, which also supports formation of a highly
ordered system. In an earlier work we reported a ternary
complex where we confirmed formation of the complex by induced circular dichroism (ICD) experiments
also. 33 The ternary complex in that case exhibited negative ICD for the PMDI chromophore which could
arise only if PMDI is rim-bound to β-CD. 33 Unfortunately, ICD experiments could not be carried out in
the present case due to the very high extinction coefficients of the pyrene chromophore in the region of
PMDI absorption. In this paper ternary complex formation is further confirmed by 1 H NMR and MALDI-TOF
experiments.
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NMR changes observed during addition of PMDI (0–1 eq.) to PYAD β-CD.

3.3 NMR titration studies
NMR titration experiments were carried out to
investigate the structures of the binary and ternary complexes PYAD β-CD and PYAD β-CDPMDI. The
AD moiety in PYAD exhibited three signals in the
1
H NMR: doublet of doublet (δ 1.70 − 1.83, 6H) for
Ha , singlet (δ 2.20, 6H) for Hc and singlet (δ 2.26, 3H)
for Hb (Figure S5, in Supplementary Information). Upon
addition of 1 equivalent of β-CD all the AD proton signals became broad and exhibited small downfield shifts
(Figure S5) suggesting encapsulation of the AD part into
the CD cavity. The aromatic protons of the PY moiety also exhibited some broadening suggesting that the
pyrene residue is folded back so as to be near the wider
rim of β-CD. (For the complete spectrum and structure
of adamantyl group with protons marked see Figure S5
in Supplementary Information).
The ternary complex was assembled by adding
one equivalent of PMDI to PYAD β-CD. Changes
observed for the NMR signals during this addition are
presented in Figure 2 (see Figure S6 (in Supplementary Information) for full spectra). It is evident from the
figure that 1 H NMR signals of tert-butyl group of PMDI
exhibited broadening with very small down-field shift of
0.05 ppm upon addition to PYAD β-CD. (This observation is in line with the earlier reported shift for PMDI
protons when titrated against β-CD 33 (Figure S7 in

Supplementary Information)). The Hc proton of PYAD
has become somewhat narrow and this is in line with the
proposal of ternary complexation outlined in Scheme 1.
When the tert-butyl group of PMDI inserts through
the narrow rim into the cavity, the AD moiety may be
slightly pushed out. The Hc protons of AD which are
placed away from the wider rim would move more into
the aqueous environment resulting in a narrowing of its
NMR signal. Aromatic protons of PMDI did not exhibit
any change, but that of PYAD exhibited small changes
as it is slightly pushed out into the aqueous environment
as a result of PMDI rim-binding.
Presence of guest molecules within the CD cavity
leads to considerable shifts in the 1 H NMR signals of βCD and these can be observed if the titration experiment
is carried out in the reverse order. These studies would
allow a better understanding of the location of the guest
with respect to the various protons of β-CD host. Such
a study however requires unambiguous assignments of
the chemical shifts of all β-CD protons. Based on literature 57 and our own studies, 33,34 1 H NMR signals of
β-CD were unambiguously assigned as: H-1 - doublet
at δ 5.94, H-2 – doublet of doublet at 3.64–3.66, H-3 –
triplet at 3.97, H-4- triplet at 3.58, H-5 and H-6 – multiplet at 3.84-3.89 (Figure 3A). The H-3, H-5, one of the
H-6 protons and the glycosidic O-4 oxygen are placed
in the interior of the cavity. H-2, H-4 and one of the H-6
protons are on the outer wall of the β-CD. Locations
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Figure 3. 1 H NMR spectra (zoomed-in image) of (A) β-CD, (B) β-CD + PYAD (1:1) and
(C) β-CD + PYAD + PMDI (1:1:1). Concentrations of all components were 1.1 × 10−2 M.
The lower panel also shows the position of various protons in β-CD. The protons inside the
cavity are coloured red.

of the various protons in the CD cone are shown in the
inset of Figure 3. When a guest is included in the cavity the H-3, H-5 and O-4 atoms will be affected. Since
the O-4 is linked to C-4 which in turn is connected to
H-4, the H-4 also would be affected. Thus, when a bulky
guest is included through the wider rim 1 H NMR signals
of H-3, H-5 and H-4 would be mainly affected, whereas
rim-binding through the narrow rim would affect the H5 and H-6 protons predominantly. It can be seen from
Figure 3B that addition of PYAD to β-CD shifts the
H-3 and H-5 protons considerably and the H-4 protons slightly. H-2 and H-6 protons were not affected.
When one equivalent of PMDI was added to the above
solution, the H-5 and H-6 proton signals move up-field
(Figure 3C) and other proton signals remain unaffected.
H-5 and H-6 protons are near the narrow rim and H-2
and H-3 are near the wider rim. The fact that H-5 and
H-6 protons are affected by PMDI addition clearly indicates formation of the ternary complex by rim-binding
of PMDI with PYAD β-CD.
In a previous publication, we have probed the ternary
complex ADAC β-CDPMDI (Scheme 1) using 2D
ROESY NMR. 33 We observed cross-peaks between the
adamantane protons and PMDI tert-butyl protons, suggesting that these protons are present in close proximity
within the β-CD cavity. Because of the low solubility of
PYAD, 2D ROESY experiments could not be performed
for PYAD β-CDPMDI system. We do not expect

the PY moiety present outside the cavity to change the
location of the groups within the cavity.
3.4 MALDI-TOF mass spectroscopic studies
In order to further confirm the formation of the binary
complex PYAD β-CD and ternary complex PYAD βCDPMDI, MALDI-TOF mass spectroscopic studies
were carried out. Figure S8A (Supplementary Information) shows the mass spectrum obtained for the binary
complex PYAD β-CD. The peak at 1501.35 corresponds to the mass of PYAD+β-CD (without the counter
ion Cl− ). The peak at 1524.60 corresponds to the mass of
PYAD+β-CD+Na. Figure S8B (Supplementary Information) shows the MALDI-TOF spectrum of ternary
complex PYAD β-CDPMDI. The peak at 1879.60
corresponds to the mass of PYAD+β-CD+PMDI (without counter anions). Similarly, the peaks at 1886.16,
1902.11 and 1919.03 correspond to PYAD + β-CD +
PMDI+Li, PYAD+β-CD+PMDI+Na, and PYAD+βCD + PMDI + K, respectively. The MALDI-TOF data
thus support formation of the binary and ternary complexes shown in Scheme 1.
3.5 Photophysical properties of PYAD,
PYAD β-CD and PYAD β-CDPMDI
Figure 4A presents the absorption spectra of PYAD in
the absence and presence of β-CD. As can be seen from
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Figure 4. Absorption spectrum of (A) PYAD (2.5 × 10−6 M) in the absence (red) and presence
(blue) of β–CD (2.5 × 10−6 M) (B) PYAD (2.5 × 10−6 M), β–CD (2.5 × 10−6 M) complex with
PMDI (2.5 × 10−6 M) added, and (C) Fluorescence spectrum of PYAD (2.5 × 10−6 M) in the
absence (red trace) and presence (blue trace) of β–CD (2.5 × 10−6 M).

Figure 4A, absorption of the pyrene chromophore is
unaffected when the AD moiety is included in the CD
cavity, suggesting that the PY moiety is fully exposed
to the aqueous environment in PYAD β-CD. When
one eq. of PMDI was added, the absorption spectrum
changed to Figure 4B. Spectrum 4B is the sum of the
absorptions due to PMDI and PYAD which suggested
that there is no ground state interaction between the
donor PY and acceptor PMDI chromophores in the
ternary complex PYAD β-CDPMDI.
Figure 4C shows the fluorescence spectra of PYAD
in the absence and presence of β-CD which suggested
that the fluorescence spectrum of PYAD is not affected
upon inclusion in the CD cavity. Fluorescence lifetime
of PYCD was also unaffected by encapsulation of the
AD moiety in β-CD (vide infra). This further confirms
that the PY moiety remains fully exposed to water in
the binary complex. These experiments along with the
ITC, and NMR data confirmed that the orientation of
the pyrene moiety in the binary complexes is as shown
in Scheme 1. The adamantane units are included in the
β-CD cavity and the Pyrene moiety remains outside at
the wider rim. When PMDI was added, it undergoes
rim-binding with the binary complex leading to the formation of the ternary complex PYAD β-CDPMDI.
3.6 Estimation of donor–acceptor distance in
PYAD β-CDPMDI
The donor-acceptor centre-to-centre distance (dcc ) is an
important parameter in the study of PET reactions. In
the ternary complex we proposed that the adamantane
moiety is encapsulated into the β-CD cavity through
the wider rim and the tert-butyl group of the PMDI is
inserted into the cavity through the narrow rim of β-CD.
We can make an estimate of dcc if we assume that the
tert-butyl group of PMDI and the ‘a’ or ‘b’ carbon atoms
of AD are about 2 Å apart (Figure S9, Supplementary
Information). The structures of PYAD and PMDI were

geometry optimized and dcc was calculated assuming
2 Å separation between these moieties. The value thus
obtained was ∼15 Å. For the ensuing discussion of PET
in the ternary system we assume that dcc between the
PMDI acceptor and Pyrene donor is ∼15 Å (See Figure
S9 in Supplementary Information for details).
3.7 Photoinduced electron transfer in the
PYAD/β-CD/PMDI system
Upon excitation of the pyrene chromophore in PYAD
β-CDPMDI an electron will be transferred from PY
to PMDI as given in equation 1.
hv

PY + PMDI → PY•+ + PMDI•−

(1)

The free energy change G 0 for the PET process can
be calculated using the Weller equation, 58,59
Go = F(Eox − Ered ) − E00 − e2 / ε dcc

(2)

where F is the faraday constant, E ox is the oxidation
potential of the donor, E red the reduction potential of the
acceptor, E 00 is the excitation energy of the donor and ε
is the dielectric constant of water. Using values of E ox =
1.16 V, E red = −0.58 V and E 00 = 3.34 eV (from previous studies) 30,31,60 we obtained G 0 = −1.61 eV,
suggesting that ET from 1 PY∗ to PMDI is thermodynamically feasible. The triplet energy (E T ) of pyrene
is 2.1 eV. Substituting in equation 2, we can see that
ET from 3 PY∗ to PMDI is also feasible with G 0 =
−0.36 eV. We have studied these PET processes using
steady-state and time-resolved fluorescence measurements and also by laser flash photolysis.
3.8 Steady state fluorescence quenching experiments
Fluorescence spectrum of the binary complex PYAD
β-CD (2.5 × 10−5 M each in PYAD and β–CD) is shown
in Figure 5a. Upon addition of increasing amounts of
PMDI the fluorescence intensity of the binary complex
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Figure 5. Fluorescence
spectra
of
PYAD β-CD
(2.5 × 10−5 M) in the absence (a) and presence (b-g)
of PMDI. The concentrations of PMDI was varied between
6.25 × 10−5 M to 3.12 × 10−4 M. Inset shows the I0 /I plot
for the quenching. Excitation wavelength was 350 nm.

decreased as shown in Figure 5b–g. Fluorescence
quenching can occur by energy transfer or electron
transfer mechanisms. In the present case energy transfer cannot occur because the singlet energy of PMDI
is higher than that of pyrene (Absorption spectrum
of PMDI is given in Figure S10 in Supplementary
Information). Since G0 for PET is negative, the
quenching must be due to PET from 1 PY∗ to PMDI.

Scheme 2.

In an aqueous solution containing PYAD, β-CD and
PMDI, the binary complex and ternary complex would
co-exist with the constituent molecules as shown in
Scheme 2. Photo excitation of PY would lead to static
and dynamic PET processes shown in Scheme 2. Since
the association constants for PYAD with β-CD is very
high, we assume that in an aqueous solution containing equimolar amounts of PYAD and β-CD, most of the
molecules would exist as the binary complex PYAD βCD. When PMDI molecules are added to the above
solution, a part of the PMDI molecules undergo rim
binding with the binary complex PYAD β-CD to form
the ternary complex PYAD β-CDPMDI. Within the
ternary complex the donor and acceptor moieties are
placed at a distance of ∼15 Å to facilitate electron
transfer from the donor to the acceptor. This constitutes
the unimolecular (or static) electron transfer pathway.
The unbound PMDI molecule can freely diffuse and
accept an electron from 1 PY∗ or 1 PY∗ AD β-CD. These
constitute the diffusion mediated (or dynamic) ET pathways (Scheme 2). The Stern-Völmer plot constructed
from the quenching data showed an upward curvature
(Figure 5 inset) which indicates that both static and
dynamic quenching processes are taking place in the
system. In order to confirm this, quenching of PY
by PMDI was performed in acetonitrile where only
the dynamic component can exist. The fluorescence
quenching and Stern-Völmer plots for the same are

Self-assembly and quenching processes in PYAD/ β-CD/PMDI system.
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τ1 = (k0 + ket )−1

Figure 6. Fluorescence decay profiles of PYAD β-CD
(1:1, 2.5 × 10−6 M), in the (a) absence and (b–d) presence of
PMDI (1.0 to 2.5 × 10−3 M); e is lamp profile.

given in Figure S11 in Supplementary Information. The
Stern-Völmer plot was linear suggesting the presence
of only dynamic quenching in this solvent. From the
slope (KSV ) of Figure S11 B the quenching rate constant obtained was 1.1 × 1010 M−1 s−1 , which is very
close to the diffusion controlled value in this solvent.
3.9 Time-resolved fluorescence experiments
The two quenching pathways (unimolecular and
diffusion mediated) were further confirmed using time
resolved fluorescence experiments. PYAD in aqueous
solution exhibited mono-exponential decay with lifetime of τ0 = 126 ns. Upon addition of β-CD the binary
complex PYAD β-CD is formed which also exhibited
single exponential decay with the same lifetime. When
PMDI was added to this solution the nature of decay
changed to bi-exponential, with two lifetime values. The
decay profiles of the binary complex PYAD β-CD in
the absence and presence of different PMDI concentrations are shown in Figure 6.
Scheme 2 shows the various quenching processes that
can occur in the PYCD/β-CD/PMDI system. As per the
scheme both static and dynamic quenching pathways
exist and this leads to the observed bi-exponential decay
profiles. 8,30,31,35,61 The bi-exponential profiles were fitted
using equation 3 to obtain lifetimes τ1 and τ2 and their
respective contributions χ1 and χ2 .
It = χ1 exp(−t/τ1 ) + χ2 exp(−t/τ2 )

(3)

Lifetime τ1 is actually the fluorescence lifetime of the
ternary complex PYAD β-CDPMDI. Compared to
the fluorescence lifetime of PYAD (= τ0 ) value of τ1 will
be low because of the unimolecular or static quenching
of fluorescence within the ternary complex by PET. It
can be shown that 30,31,35,61,62

(4)

where ket is the rate of unimolecular electron transfer
within PYAD β-CDPMDI and k0 = 1/ τ0 . Lifetime τ2 results from the diffusion mediated electron
transfer pathways. In Scheme 2, two diffusional quenching pathways are identified, namely, quenching of free
PYAD by PMDI (rate constant k1 ) and quenching of
the binary complex PYAD β-CD by free PMDI (rate
constant k2 ). Since PYAD and PYAD β-CD exhibited
same fluorescence spectrum and fluorescence lifetime,
the total diffusion mediated quenching rate k1 [PMDI] +
k2 [PMDI] is taken as equal to kq [PMDI], where kq =
k1 + k2 . Under this condition, the lifetime τ2 is defined
by equation 5. 30,31,61
τ2 = (k0 + kq [PMDI])−1

(5)

All fit parameters obtained including τ1 and τ2 for the
lifetime quenching are provided in the SI (Table ST1 in
Supplementary Information). For all the fits χ2 values
were in the range of 1–1.2 and weighted residuals were
randomly distributed around zero. As per equations 3
and 4, τ1 should be independent of PMDI concentration
and τ2 values depend on PMDI concentration. Values
of τ1 and τ2 obtained were plotted against [PMDI] in
Figures S12 A, B (in Supplementary Information) and
these plots confirm that values of τ1 and τ2 meet the
above conditions. Inspection of Table ST1 in Supplementary Information shows that for entry 5, values of τ1
and τ2 are similar. In order to confirm the reliability of
the fit parameters the data were refitted by assuming a
constant value of τ1 = 84 ns. The fit parameters obtained
from this analysis are given in Table ST2 (Supplementary Information). The fit parameters in both tables are
very similar, thus confirming the reliability of the analysis.
Since k0 = 1/τ0 , equations 4 and 5 can be rearranged
to give equations 6 and 7, respectively.
ket = 1/τ1 − 1/τ0
τ0 /τ2 = 1 + kq τ0 [PMDI]

(6)
(7)

From equation 6 we obtained ket = 3.97 × 106 s−1
using the average value of τ1 = 84 ns. The diffusion
mediated quenching rate constant kq can be obtained by
plotting τ0 / τ2 vs [PMDI] as per equation 7. The slope
of this plot is equal to kq τ0 . Plot of τ0 / τ2 vs [PMDI]
is shown in Figure 7. kq value obtained from this plot
is 1.65 × 109 M−1 s−1 . The diffusion rate constant kdiff
in water = 7.4 × 109 M−1 s−1 . 63 The kq value obtained
is lower than kdiff due to the large size of the molecules
involved and the presence of similar charges on the fluorophore and quencher.
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Figure 7.
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Plot of τ0 / τ2 vs [PMDI].

As mentioned above, we obtained ket = 3.97×106 s−1
for electron transfer from PY to PMDI within the ensemble PYAD β-CDPMDI. In order to see if this value of
ket is meaningful, we have analysed the PET process in
PYAD β-CDPMDI using Marcus theory. The details
are included in the SI (section 9, Pages S17–18 in Supplementary Information). Using experimental/literature
values of G 0 and reorganization energies λs and λv ,
we calculated the donor-acceptor coupling elements Hel
and Hel0 and the damping factor (also known as distance
decay constant) β. The β value obtained is 1.2 and this
value is characteristic of systems where electron transfer
occurs through-space in a hydrophobic media.
3.10 Laser flash photolysis experiments
Laser flash photolysis of PYAD β-CD was carried
out using the 3rd harmonic of a Nd-YAG laser and
the spectrum obtained along with kinetic traces are
shown in Figure S13 (in Supplementary Information).
The spectrum exhibited absorption bands at 420 and

460 nm, which are assigned respectively to the T1 -Tn and
S1 -Sn absorptions of pyrene. Transient spectrum of PY
in organic solvents were reported earlier 64,65 and the
spectrum in Figure S13 (Supplementary Information)
closely matched with the reported spectra. This confirms
that the aqueous environment, the attached AD moiety and presence of β-CD did not influence the excited
state properties of PY. Transient absorption spectrum
of PYAD β-CD recorded in the presence of PMDI
(2.5 × 10−4 M, 5 eq.) is shown in Figure 8. The spectrum showed a very sharp peak at 460 nm and weak
absorptions in the 650–740 nm region.
In order to assign the peaks to possible transient
intermediates we have carried out several control experiments. Transient absorption of the above system in the
presence of oxygen is shown in Figure S14 (Supplementary Information). It can be seen in Figure S14 that
the absorption profile in the 650–800 nm disappears in
the presence of oxygen. Both radical anions and triplets
are highly sensitive to oxygen. Since the 460 nm peak
is insensitive to oxygen we assign this to PY•+ formed
as a result of PET as per equation 1. PY•+ is known to
absorb in the 440–460 nm region. The absorption in the
650–800 nm region in Figure 8 is assigned to PMDI•−
based on its similarity to reported PMDI•− spectrum 66
and also its sensitivity to oxygen. It can be noticed
that both the S1 -Sn and T1 -Tn absorptions (observed in
Figure S13, Supplementary Information) are absent in
Figure 8, suggesting that electron transfer has occurred
from both the singlet and triplet excited states of pyrene
to the ground state of PMDI.
Although we have assigned the 460 nm peak in
Figure 8 to PY•+ and the 720 nm peak to PMDI•− , further control experiments were required to confirm this
assignment. For example, if PET had occurred as per
equation 1, then PY•+ and PMDI•− must be formed in

Figure 8. Transient absorption spectrum of PYAD β-CD/PMDI (1:1:5) system. Inserts show
the kinetic traces at 460 and 720 nm.
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Scheme 3.

Protonation of PMDI•− by water.

equal amounts. Reported extinction coefficient values
of PY•+ (11,400 M−1 cm−1 in D2 O) 67,68 and PMDI•−
(41,700 M−1 cm−1 in DMF) 66 suggest that 420 nm :
720 nm peak intensity ratio should be ∼1:4 if PET has
occurred as per equation 1. The observed intensity ratio
in Figure 8 is 1:0.5, which suggest that the observed concentration of PMDI•− is only 1/8th of the expected value.
We propose that the intensity of the PMDI•− peak is
very low because of its protonation reaction with water.
It is well known that radical anions are protonated in
protic solvents. 68,68–70 Protonation of PMDI•− can occur
as shown in Scheme 3.
Most radicals will have absorption at wavelengths
below 400 nm and hence the protonated species was not
observed in the flash photolysis experiment. In order to
confirm this proposal, we have carried out the following
control experiments.
A mixture of pyrene and PMDI in acetonitrile (1:5)
was flash photolyzed and the spectrum obtained is
shown in Figure S15 (Supplementary Information). The
460 nm peak is due to PY•+ and the 720 nm peak is
assigned to PMDI•− . The intensity ratio of these peaks
is ∼1:6 in Figure S15 and this number is in good agreement with the reported extinction coefficients (PY•+ in
ACN 67,68 = 5,100 M−1 cm−1 and PMDI•− in DMF =
41,700 M−1 cm−1 ). 66 The transient species PY•+ and
PMDI•− decay by BET. The decay of PMDI•− at 720 nm
was analysed using second order kinetics to give BET
rate constant k = 2.73 × 1010 M−1 s−1 (see Figure S16
in Supplementary Information). Since Figure S16 gave
a good linear fit, one can safely assume that complete
decay of the transients occurs by BET. Thus, in ACN
solution the PET process occurred as given in equation 1.
We observed that addition of water has a profound
effect on the intensities of the PY•+ and PMDI•−
absorptions. Figure S17 (in Supplementary Information) shows the transient absorption spectrum of the
above PY/PMDI (1:5) system in ACN/Water (2:1).
Compared to Figure S15, the peak intensity ratio has
changed much. Presence of water led to an increase in
the intensity of the PY•+ absorption and drastic decrease
in the PMDI•− absorption. Examination of the kinetic
traces at 720 nm in the absence and presence of water
suggested that decrease in the PMDI•− peak intensity is

due to static quenching by water (Figure S17, inset). In
a 2:1 ACN/water system the PMDI molecules may have
few water molecules close to it. Some of the PMDI•−
formed will be immediately protonated as shown in
Scheme 3 which account for the drastic decrease in
the intensity of the 720 nm peak in the presence of
water. This hypothesis was further confirmed by flash
photolysis of the PYAD/PMDI system in 100% water
in the absence of β-CD. The transient absorption spectrum obtained is shown in Figure S18 (in Supplementary
Information). The 420 nm peak of PY•+ is very intense
indicating that PET has occurred but the 720 nm peak
was absent indicating that all of PMDI•− formed was
protonated by water as shown in Scheme 3.
Because of the protonation reaction PMDI•− is not
stable in water and it will not be possible to obtain its
extinction coefficient in water. Assuming the extinction
coefficient in DMF for PMDI•− and using the known
extinction coefficient of PY•+ in water one can calculate the actual concentrations of [PY•+ ] and [PMDI•− ]
formed in the flash photolysis of PYAD/β-CD/PMDI
(1:1:5) system from Figure 8. The values obtained are
[PY•+ ] = 1.45 × 10−5 M and [PMDI•− ] = 1.97 ×
10−6 M. Thus, the concentration of PMDI•− is only
about 13% of that of PY•+ . We propose that the 13%
of PMDI•− that survives the protonation reaction corresponds to the fraction of PMDI engaged in ternary
complex PYAD β-CDPMDI formation (Scheme 2).
In the ternary complex the alkyl group-linked end of
PMDI is slightly inserted into the narrow rim of βCD and hence protected from water molecules. This
suggests that the concentration of the ternary complex
in Scheme 2 is about 13% of PYAD concentration.
The laser flash photolysis experiments thus lend further support for the formation of the ternary complex
PYAD β-CDPMDI and PET taking place within it.
We mentioned that only 13% of PY•+ /PMDI•−
formed in the irradiation of the PYAD/β-CD/PMDI system can undergo BET and the remaining ion radicals
must undergo decay by other pathways. Decay pathways
of PY•+ are well investigated in the literature. 67,71–73 The
most common decay pathway is its reaction with ground
state PY to give a dimer radical cation (PY-PY)•+ which
exhibits absorption near 800 nm and >1300 nm in water.
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Both these ion radicals react with anions. The decay
mechanism in the absence of any such species, as in the
present case, is not very certain. In the present case formation and decay of the dimer radical cation is evident
from the small absorptions seen in the region >700 nm
in Figure S18 (in Supplementary Information). The
decay of this transient is much slower compared to decay
of PY•+ at 460 nm (see inset of S18). Regarding the
decay of PMDI• , no reports are available in the literature. The most probable decay pathways for radicals
are (1) radical-radical coupling and radical addition to
unsaturated systems. Product analysis would be required
for complete understanding of the decay pathways of
PMDI• in the present case. We may undertake this work
in the future.
4. Conclusions
We have assembled a non-covalent donor-acceptor
system in aqueous solution with the aid of β-CD. The
donor is adamantane-linked pyrene and the acceptor
is N -tert-butylpyromellitic diimide. When equimolar
amounts of the donor, acceptor and β-CD were dissolved in water, a ternary complex is formed where the
β-CD simultaneously binds both PYAD and PMDI. The
PYAD is held at the wider rim through inclusion binding and the PMDI is held at the narrow rim through
rim-binding interaction. The self-assembly of the components into the ternary system is confirmed by ITC,
NMR, and MALDI-TOF studies. The self-assembled
ternary system is capable of undergoing photoinduced
electron transfer. Steady sate and time resolved fluorescence experiments confirm photoinduced electron
transfer taking place from pyrene to PMDI moiety in the
ternary complex. The rate constant for the intra-complex
electron transfer was determined from fluorescence lifetime studies. Further evidence for the PET reaction
taking place in the ternary system is obtained from laser
flash photolysis studies.
Supplementary Information (SI)
Synthesis details, 1 H and 13 CNMR, MALDI and other
experimental details are included in supporting information.
The SI also contains a Marcus theory analysis of the obtained
PET rate. Supplementary Information is available at www.
ias.ac.in/chemsci.
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