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An Anthracene-Appended p-Cyclodextrin-Based Dyad: Study of Self-
Assembly and Photoinduced Electron-Transfer Processes

Bijitha Balan and Karical R. Gopidas*"*!

Abstract: The self-assembly of a B-cy-
clodextrin (B-CD)-based supramolec-
ular dyad is reported, in which the
donor anthracene moiety is covalently
linked to the smaller rim of the B-CD
and the acceptor pyromellitic diimide
(PMDI) is encapsulated within the (-
CD cavity. Encapsulation of the PMDI
into the B-CD cavity was studied by a
variety of techniques, which suggested
that PMDI is encapsulated so as to po-
sition the aromatic part at the centre of
the cavity with the 2-propyl end at the

primary OH groups and the N-ethyl-
pyridinium end situated at the wider
rim exposed to water. Photoinduced
electron transfer (PET) in the system
was studied by fluorescence quenching
and laser flash photolysis techniques.
At [PMDI] < 107*m, the equilibrium is
in favour of the free molecules, and
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under these conditions fluorescence
quenching is negligible and diffusion-
mediated electron transfer involving
the triplet excited state of anthracene
predominates. At higher concentrations
of PMDI, the equilibrium is largely in
favour of the supramolecular dyad and
intra-ensemble PET processes predom-
inate. The experimentally determined
electron-transfer rate constant agrees
very well with that calculated by using
the Marcus equation. It was observed
that a fraction of the ion pairs survived

narrower rim among the overhanging

Introduction

The construction of supramolecular donor—acceptor systems
for photoinduced energy- and electron-transfer processes
has gained considerable importance in the last few years.!]
Hydrogen bonding, m stacking and metal-ligand coordina-
tion are the non-covalent interactions often exploited for
the design of supramolecular assemblies. These interactions,
however, are not very effective for designing water-soluble
supramolecular systems. Cyclodextrins (CDs), which are
cyclic oligosaccharides with hydrophobic cavities, are ideal
molecular receptors for building water-soluble supramolec-
ular functional systems.”) The commonly available CDs,
namely a-, - and y-CDs, have six, seven or eight D-gluco-
pyranose units, respectively, linked by a-(1,4) linkages. CDs
are shaped like truncated cones with the primary hydroxyl
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for more than 200 ps.

groups of the glucose units arranged on the narrow rim and
the secondary hydroxyl groups assembled on the wider rim.
CDs are capable of encapsulating small molecules within
their cavities. As a result of their water solubility, guest-en-
capsulation properties and ability to mimic natural enzymat-
ic systems, CDs are increasingly used in the design of supra-
molecular electron- and energy-transfer systems. For exam-
ple, photoinduced electron-transfer (PET) reactions be-
tween CD-appended aromatics or metal complexes and en-
capsulated guest molecules have already been reported.”l
These reports, however, used only steady-state and time-re-
solved fluorescence techniques, which gave information only
about the forward electron-transfer process. Reports dealing
with the characterization of the radical-ion intermediates by
using laser flash photolysis, and determination of their yields
and lifetimes, are very few in number.”™ 4 Herein, some of
these issues are addressed.

In a recent publication, we reported the PET reactions be-
tween a-CD-appended pyrene and a few acceptor molecules
in aqueous solutions.””! The acceptors were monocyclic aro-
matic molecules capable of encapsulation in the a-CD
cavity. PET processes in these dyads were probed by fluo-
rescence lifetime quenching experiments, which showed that
PET reactions in the CD-based dyad systems obey the
Marcus equation. Here we report the assembly of a 3-CD-
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based supramolecular dyad, wherein an anthracene (AN)
moiety covalently attached to the smaller rim of B-CD acts
as the donor and a pyromellitic diimide (PMDI) derivative
encapsulated within the f-CD cavity acts as the acceptor.
Self-assembly of the dyad was studied by absorption, fluo-
rescence and 'H NMR spectroscopy, and by circular dichro-
ism and cyclic voltammetry (CV). PET reactions in the
supramolecular dyad were studied by fluorescence quench-
ing and laser flash photolysis. Our results suggest that the
design of the supramolecular dyad can result in the forma-
tion of a long-lived charge-separated (CS) state in moderate
yield.

Results and Discussion

Structural characterization and photophysical properties of
B-cyclodextrin-appended anthracene (ANCD): ANCD was
synthesized by using a well-known strategy developed for
the selective functionalisation of the narrower rim of CDs
(Scheme 1).! The structure of ANCD is assigned based on
spectral evidence (see the Experimental Section). The
MALDI-TOF mass spectrum of ANCD, for example,
showed a peak at m/z: 1325, which corresponded to
[ANCD+H]* (see the Supporting Information S1). The
peak corresponding to native 3-CD was not observed in the
MALDI-TOF spectrum. The 'H NMR spectrum of ANCD
exhibited peaks due to the 3-CD part at 6 =3.1-5.9 ppm and
the aromatic residue at 0 =7.5-8.6 ppm. The regiochemistry
of ANCD was assigned based on a comparison of the
BCNMR chemical shifts (see Supporting Information S2)
with those reported for similar compounds. 3-CD has seven
glucose units and in monosubstituted 3-CD systems, the
BC NMR chemical shifts of six of the glucose units remain
relatively unaffected by the substitution. The “CNMR
chemical shifts of the AN-attached glucose unit are expect-
ed to be modified. D’Souza and co-workers have shown
that, if the C,—OH is substituted, the C, carbon shifts down-
field by 0 ~10 ppm, C; shifts upfield by 6 ~2 ppm and C,
shifts downfield by ¢ ~0.5 ppm.*¥ The *C NMR spectrum
of ANCD exhibited six intense signals and eight small peaks
in the carbohydrate region. Based on a comparison with the
literature, the six intense signals are assigned to those in the
six unsubstituted glucose rings at 0 =102.34 (C,), 81.57 (C,),

Scheme 1. Synthesis of ANCD.
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73.12 (G;), 72.48 (Cs), 72.09 (C,) and 59.98 ppm (Cq). The
small peak at 0 =64.65 ppm is assigned to the CH, group at-
tached to AN. Six of the remaining seven peaks must be due
to the six carbon atoms in the AN-attached glucose ring. Of
these, the peak at =68.85 ppm is assigned to the C4 carbon
and this signal is 0 =8.87 ppm downfield from the normal
value because of attachment to the AN residue. The other
signals were: Cs at 0=70.73 (1.75 upfield), C, at 82.05 (0.48
downfield), C; at 73.52 (0.4 downfield), C, at 71.8 (0.29 up-
field) and C,; at 102.58 ppm (0.24 ppm downfield). As the Cq
signal is shifted by nearly 6 =9 ppm and C; is shifted by 6 =
1.75 ppm, we confirm that the AN moiety is attached to the
Cg carbon atom, which is on the narrower rim of -CD. A
small signal at 6=60.31 ppm remains unaccounted. We
assign this to the Cg4 carbon atoms of the glucose units adja-
cent to the one to which AN is attached. (When a relatively
large molecule like AN is attached to the narrower rim of (3-
CD, the CH,OH groups projecting out of the narrower rim
may experience steric crowding. This effect may be more on
adjacent glucose rings and hence their chemical shifts may
be affected. D’Souza and co-workers also observed such a
peak, but they have not assigned it. In a pyrene-attached o-
CD, we observed a similar signal and assigned this to the Cq4
carbon atoms of adjacent glucose units.)

Details regarding the conformation of ANCD were ob-
tained from UV/visible, fluorescence and circular dichroism
studies. The actual conformation is expected to be in be-
tween the two extremes, namely, 1) an extended conforma-
tion in which the AN moiety is fully stretched out into solu-
tion and 2) a folded conformation in which the AN moiety
is folded back, so as to become encapsulated fully or partial-
ly in the CD cavity. In the extended conformation, the AN
residue is fully exposed to water and the spectral character-
istics are expected to be similar to those of a water-soluble
AN derivative, such as (9-anthrylmethyl)triethylammonium
chloride (AMTAC, see the Supporting Information
Scheme S3 for structure). Figure 1a shows the absorption
spectra of ANCD and AMTAC in water. The absorption
spectrum of AN in the relatively non-polar solvent THF
(AN/THF) is also shown for comparison. The absorption
spectra are characterized by four vibrational bands. The vi-
brational band maxima in ANCD (334, 350, 368 and
388 nm) are in between the values for AN/THF (326, 342,
360 and 379 nm) and AMTAC in water (338, 355, 373 and

393 nm). The emission spectra

of ANCD and AMTAC in

water and AN/THF are shown

O in Figure 1b. When the band
maxima are compared, ANCD
(391, 412, 436 and 468 nm) ap-

' pears closer to AMTAC in
water (392, 411, 435 and

466 nm) than to AN/THF (382,

402, 373 and 453 nm). The band

shapes, however, exhibited

some difference. For example,

the intensities of the first and

(OH),,

Chem. Eur. J. 2007, 13, 5173 -5185


www.chemeurj.org

Supramolecular Dyad

a) 107

mol~! dm™! ——»

5
S
1
450
0 T T T = 1
360 400 440 480 520
AInm ——
Figure 1. a) Absorption and b) emission spectra of AN in THF (ee-ee),

ANCD in water (—) and AMTAC in water (—+--).

second emission bands are comparable in ANCD and AN/
THFE. In AMTAC the first band is lower in intensity. Thus,
the absorption and emission spectra suggest that the AN
residue in ANCD is not fully exposed to water.

Further insight into the conformation of ANCD is ob-
tained by using circular dichroism spectroscopy. Achiral
molecules included in the CD cavity or attached to the rim
of the CD often exhibit induced circular dichroism (ICD)
spectra, the sign and intensity of which are very sensitive to
the orientation of the achiral molecule. The orientation is
usually deduced from ICD spectra by using the rules derived
for ICD of chiral supramolecular systems, which were ini-
tially derived for CD complexes®® and then generalized for
complexes of chiral macrocycles."! The rules predict the fol-
lowing: 1) The sign of ICD is positive for a transition polar-
ized parallel to the axis of the macrocyclic host and negative
for that polarized perpendicular to the axis. 2) The sign of
ICD is reversed when a chromophore moves from the inside
of the host cavity to the outside, while keeping the direction
of the transition moment unchanged. 3) The absolute value
of ICD is greater when a chromophore exists on the outside
of the narrower rim than when it is on the outside of the
wider rim. 4) The ICD value of a transition polarized per-
pendicular to the axis of a macrocycle is —!/ of that of a
parallel-polarized one and the sign of ICD changes at 54.7°.
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These rules were successfully applied for the conformational
analysis of several CD-appended chromophores.!®!

The long-wavelength absorption of AN in the 300-400 nm
region is polarized along its short axis.’! The length of the
AN molecule is larger than the diameter of B-CD, and
hence AN can enter the 3-CD cavity only with its long axis
parallel to the B-CD axis. In this conformation, the transi-
tion moment of the 300-400 nm absorption would be per-
pendicular to the 3-CD axis and one would expect a nega-
tive ICD signal. It should be noted that AN is attached to (3-
CD at the 9-position, and this makes it difficult for complete
inclusion of the AN moiety within the cavity.

ANCD in water exhibits a weak negative ICD signal
(spectrum A in Figure 2) in the 300-400 nm region. The
ICD signal was independent of concentration, suggesting

1 T 1
325 350 375 400
A [ ——

Figure 2. ICD spectrum of ANCD (1.2x107*m) in water in the absen-
ce (A) and presence (B) of ADAC (3x 10 m).

that the signal is due to an intramolecular process. Intermo-
lecular processes such as inclusion of the AN part of one
molecule into the -CD part of another molecule can be
ruled out. According to rules 1 and 2 above, negative ICD
can result from two orientations: 1) The AN moiety is in-
cluded within the (3-CD cavity with its long axis parallel to
the B-CD axis. 2) The AN moiety is held outside the cavity
with its long axis perpendicular to the $-CD axis. In order to
make a distinction between these two possibilities, the ICD
of ANCD was recorded in the presence of 1-adamantylam-
monium chloride (ADAC). ADAC has a high affinity for
encapsulation in p-CD (K,=1.1x10° M~ 1).%4 In the case for
which the AN residue is inside the B-CD cavity, ADAC is
expected to displace it to the outside, leading to a reversal
in the sign of the ICD signal. If the AN residue is residing
outside the cavity, encapsulation of ADAC is not expected
to affect its orientation. When ADAC was added to ANCD
solution, the positive ICD spectrum shown in Figure 2B was
obtained. ADAC has no absorption in this region and hence
is not expected to contribute to the ICD signal. We propose
that ANCD exists in a conformation in which the AN
moiety is partially encapsulated in 3-CD with the long axis
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nearly parallel to the B-CD axis (angle between the two
axes <54.7°) and when ADAC is added, it is displaced to
the outside of the smaller rim.

The singlet excited-state properties of ANCD relevant to
our study were obtained from absorption and fluorescence
(steady-state and time-resolved) measurements. The results
are provided in Table 1. In order to obtain the triplet-state

Table 1. Relevant photophysical and electrochemical parameters of
ANCD.

Parameter Symbol Value

singlet energy Eq 32eV
fluorescence quantum yield Dy 0.71
fluorescence lifetime T 6.8 ns
fluorescence decay constant kg 1.04x10%s™*
rate constant for intersystem crossing kgsr 2.9x107 s
triplet energy!"” Ep 1.85eV

triplet quantum yield Dy 0.21

triplet decay constant kr 2.1x10%s7!
oxidation potential'! E,, 1.14 V (vs SCE)

properties, laser flash photolysis experiments were carried
out. The transient spectrum of ANCD in water (see the
Supporting Information Scheme S4) was very similar to the
transient spectrum of AN in acetonitrile, and exhibited an
absorption maximum at 420 nm and decayed with a lifetime
of 47 us. The transient was quenched by oxygen and we
assign the spectrum to the triplet of AN. Relevant parame-
ters obtained from flash photolysis are also summarized in
Table 1. The triplet-state energy of ANCD is assumed to be
same as that of AN, and the value taken from the litera-
turel'” is given in Table 1. Notice that @+ P < 1, indicating
a small percentage of non-radiative processes taking place
in ANCD. This aspect is neglected in subsequent discus-
sions. As the AN residue acts as donor in the PET reaction
(see below), the oxidation potential (E,,) of this moiety is
an important parameter. Attempts were made to record the
cyclic voltammogram of ANCD, but a good oxidation peak
could not be obtained. Hence, the E,, of ANCD is assumed
to be same as that of 9-alkylanthracene, and a value taken
from the literature!"! is given in Table 1.

Electron acceptor: The electron acceptor we employed in
this study is a PMDI derivative. The use of PMDI deriva-
tives as electron acceptors in PET reactions is well docu-
mented in the literature.””! The solubility of PMDI in water
is very poor. We attached a pyridinium group to one of its
nitrogen atoms to make the water-soluble derivative pyro-
mellitic N-(2-propyl)-N'-(N-pyridinium)ethyl diimide
(termed PMDI) for use in this study (see the Supporting In-
formation Scheme S5 for synthetic scheme and structure).
PMDI was found to interact with native 3-CD in aqueous
solution. Addition of 3-CD to an aqueous solution of PMDI
(1x107*M) results in a blue shift of the absorption maximum
along with slight enhancement in the absorbance (see Fig-
ure 3a). A clear isosbestic point was also observed. If a 1:1
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Figure 3. a) Absorption spectra of PMDI (1x107*m) in the presence of

various concentrations of B-CD (1.14x10“-5x107m). b)Plot of
1/(A-A,) against 1/[-CD].

complex is formed between PMDI and B-CD, a plot of
1/(A—A,) against 1/[p-CD] will be a straight line."® The
double reciprocal plot was a straight line (Figure 3b) and
gave K,=1288 M.

Interaction of ANCD with PMDI: self-assembly and charac-
terization of dyad: Upon mixing aqueous solutions of
ANCD and PMDI, the pB-CD-based supramolecular dyad
(designated as PMDIDANCD) is formed spontaneously.
The self-assembly process was studied by using ICD,
'"H NMR, CV and fluorescence techniques. The self-assem-
bly process could not be studied by absorption spectroscopy
because the absorption due to AN masks the PMDI absorp-
tion. Compared to (-CD, the solubility of ANCD is very
poor in water and this imposed some constraints in deter-
mining the association constant.

An aqueous solution of PMDI did not exhibit circular di-
chroism. ANCD exhibited a weak negative ICD signal in
aqueous solution (Figure 2). When PMDI is added to a solu-
tion of ANCD, the weak negative signal due to ANCD is re-
placed by a strong positive ICD signal with a maximum at
312nm (Figure 4). The ICD maximum corresponds to
PMDI absorption and this clearly indicates that PMDI is as-
sociated with the $-CD part of ANCD. The lowest-energy

Chem. Eur. J. 2007, 13, 5173 -5185
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Figure 4. ICD spectrum of a mixture of ANCD (1.3x10*m) and PMDI
(3x107*m).

absorption (314 nm) in PMDI derivatives is known to be po-
larized along the long axis connecting the two imide nitro-
gen atoms.™ As per the ICD rules described earlier, the
strong positive signal indicates that PMDI enters the 3-CD
cavity with its long axis parallel to the f-CD axis, with the
isopropyl group inside the cavity and the pyridinium moiety
projecting out into the aqueous environment. A parallel ori-
entation in which the pyridinium moiety remains inside and
the isopropyl group remains outside is ruled out, based on
the hydrophilicity/hydrophobicity properties of these groups.
When PMDI enters the cavity, the AN residue, which is par-
tially included within the cavity, has to be displaced. A weak
positive ICD signal can result at A>350 nm if the displaced
AN remains just outside the 3-CD cavity. The signal above
350 nm is very weak and does not give any information
about the conformation of the displaced AN moiety.

A positive ICD signal from PMDI may also arise if it re-
mains outside the cavity with its long axis perpendicular to
the B-CD axis. We have discarded this conformation for the
following reasons. If PMDI lies on a rim, it can do so only
at the larger rim because the smaller rim is crowded due to
the presence of an AN residue. The ICD signal intensity will
be very low in this case (rule 3). In such a conformation, the
absorption polarization is perpendicular to the CD axis,
leading to further reduction in the ICD signal intensity
(rule 4). The ICD signal obtained is very strong and does
not support this conformation. The ICD signal shown in
Figure 4 decreases upon addition of ADAC, and this clearly
indicates that PMDI is actually included within the cavity.

Further evidence for the encapsulation of PMDI in the
cavity of ANCD is obtained from CV studies. The cyclic vol-
tammogram (see the Supporting Information Scheme S6)
and square-wave voltammogram (Figure 5) of PMDI consist
of two reversible reduction peaks at —0.58 and —0.74 V
(versus SCE). Addition of ANCD results in a reduction of
the peak current, which is indicative of complex formation
between the two species.

Association of an electroactive guest with a bulky host,
such as $-CD, always results in substantial reduction of the

Chem. Eur. J. 2007, 13, 5173 -5185
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Figure 5. Square-wave voltammogram of PMDI (1.3x107*m) in the ab-
sence (a) and presence (b) of ANCD (1.3x107*m).

effective diffusion coefficient, leading to a decrease in the
current associated with the redox process.™ In addition to
the decrease in current, addition of ANCD also results in a
slight shift (0.04 V) in the second reduction peak to a more
negative Ei, value. A negative shift in the reduction poten-
tial indicates destabilization of the reduced state (or reduc-
tion has become more difficult). It has been suggested that
the redox process in an included guest will occur only after
the dissociation of the inclusion complex,'® leading to a
positive shift in the oxidation potential and a negative shift
in the reduction potential. These results suggest that PMDI
is included in the cavity of ANCD with one of its imide
groups deeply buried inside the cavity and the other imide
group relatively exposed to water and accessible for reduc-
tion at the electrode.

Further evidence for the association of PMDI with
ANCD is obtained from "H NMR spectroscopic studies (see
Figure 6). The '"H NMR spectrum of PMDI in D,O is shown
in the lower panel, and the assignments of the different sig-
nals are also indicated (the large peak around 6 =4.8 ppm is
due to HOD present in D,0). Upon addition of ANCD, no-
ticeable changes are observed in the chemical shifts of sever-
al protons. The CH; protons of the isopropyl group (labelled
a) appeared as a doublet at 6 =1.47 ppm. Upon addition of
ANCD, the doublet changes into a broad singlet and shifts
upfield. The CH proton of the isopropyl group (labelled b),
which originally was a multiplet, shifted upfield and changed
into a broad singlet. The CH, group attached to the imide
nitrogen (labelled d) also showed similar changes. The most
observable change, however, is that of the aromatic pyro-
mellitic imide proton (labelled c). This proton underwent an
upfield shift of about 0.4 ppm. The protons in the pyridini-
um ring (f, g and h) did not exhibit any change, and any
change in the e signal is obscured by the $-CD protons of
ANCD. The new peaks that appear in the aromatic region
are due to the AN moiety of ANCD. In Figure 7 we have
plotted the changes observed in the chemical shifts (Ad) for
the various protons. It can be seen that even at the highest
possible concentration of ANCD, the A values have not
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Figure 7. Plot of A against ANCD concentration.

reached a plateau region. Hence, a K, value could not be
determined from the data in Figure 7.

The dimensions of the 3-CD cavity taken from the litera-
ture® and the molecular dimensions of PMDI obtained
from AM1 calculations,'” along with results from the ICD,
CV and '"H NMR studies were put together to obtain a clear
picture of the structure of the inclusion complex
PMDIDANCD. Relevant molecular dimensions and a possi-
ble structure of the inclusion complex are shown in
Scheme 2. As the smaller rim of ANCD is capped by AN,
PMDI may enter the cavity through the wider rim with the
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hydrophobic N-(2-propyl) end going into the cavity and the
hydrophilic N'-(2-ethylpyridinium) end remaining outside at
the wider rim, as shown in Scheme 2. The '"H NMR signals
for the a and b protons have broadened considerably, indi-
cating that free rotation of the 2-propyl group is constrain-
ed. The distance between the farthest hydrogen atoms in the
2-propyl group (obtained from AM1) is 4.32 A. The diame-
ter of the smaller rim of the B-CD cavity is 5.6 A. The AN
moiety and six CH,OH groups are also present at the small-
er rim and hindrance to free rotation of the 2-propyl group
is interpreted to mean that this group is situated very close
to the narrow rim and flanged by the overhanging CH,OH
and AN residues. The ¢ proton experiences the maximum
shift, which indicates that this proton is near the centre of
the 3-CD cavity. The d-proton signal is also affected and we
suggest that this group is present near the wider rim of
ANCD. The protons in the pyridinium ring (f, g and h) are
unaffected and it can be safely assumed that the pyridinium
ring is present outside the cavity fully exposed to water. All
of these assignments are consistent with the conformation
shown in Scheme 2. The imide group at the pyridinium end
is near the wider rim slightly exposed to water and the
imide group at the 2-propyl end is buried inside the cavity,
supporting the results from CV studies.

As the diameter of the smaller rim of the $-CD cavity is
only 5.6 A, encapsulation of PMDI in this fashion would
lead to the displacement of the AN residue, as shown in
Scheme 2. The edge-to-edge distance between the PMDI

Chem. Eur. J. 2007, 13, 5173 -5185
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Scheme 2. Inclusion of PMDI into ANCD. Molecular dimensions are also shown.

and AN residues is an important parameter in the electron-
transfer process and we assume that this distance is very
small (< 2 A).

PET between (-CD-appended AN and PMDI: When aque-
ous solutions of ANCD and PMDI are mixed, a fraction of
the molecules exist as PMDIDANCD (see Scheme 2). Pho-
toexcitation of the system would then lead to unimolecular
and bimolecular electron-transfer processes, as demonstrat-
ed previously for a-CD-appended systems! and hydrogen-
bonded systems.'®! An important difference in the present
study is that the triplet excited state of the AN chromo-
phore is also involved in the electron-transfer process.

Fluorescence-quenching experiments: As shown in Figure 8,
the fluorescence of ANCD is quenched very efficiently by
millimolar concentrations of PMDI. The fluorescence
quenching is attributed to electron transfer from the singlet
excited state of AN to PMDI, as shown in Equation (1).

'ANCD2PL+ ANCD + PMDI - (1)

As the singlet energy of PMDI is greater than the singlet
energy of AN, quenching by the energy-transfer mechanism
is ruled out. The change in free energy associated with this
electron-transfer process can be calculated by using the
Weller equation [Eq. (2)]."

A(;O(S) = on_Ered_ES_ez/Ed (2)

in which E, is the oxidation potential of AN, E, is the first
reduction potential of PMDI, Ej is the singlet energy of AN,
¢ is the dielectric constant of water and d is the distance sep-
arating the donor and acceptor. Since ¢ for water is very
high, the last term can be neglected in the calculation. Sub-
stitution of the various values gave AGO(S):—1.48 eV. The
highly negative AG"(S) value suggests that the singlet-state-
mediated electron-transfer process lies in the Marcus invert-
ed region.”

Chem. Eur. J. 2007, 13, 5173 -5185
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The singlet-state quenching
process can occur by a unimo-
lecular mechanism (intramolec-
ular quenching within
PMDIDANCD), a diffusion-
mediated mechanism or a com-
bination of these mechanisms.
For CD-appended systems, the
diffusion coefficient (kgg) in
water is determined to be 6.6x
10° v~ 1s7LB If the quenching

e occurred by the diffusion mech-
anism, the maximum possible
rate constant k,=kgy By defi-
nition, k7,=Ksy, in which Kgy
is the Stern—Volmer constant.
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Figure 8. Quenching of ANCD fluorescence by increasing concentrations
of PMDI (1x107*-3x 107 m).

Substituting kg and 7, we obtain Kgy=45m"'. By defini-

tion, the reciprocal of Ky gives the concentration (of the
quencher) required to quench 50% of the fluorescence.”!!
This calculation revealed that 2.2x107>mM PMDI is required
for 50% quenching if quenching is to occur by the diffusion
mechanism. Figure 8 shows that nearly 75% of the fluores-
cence is quenched by 3.0x107*m PMDI. We propose that in
the concentrations employed for the fluorescence quenching
experiments, the diffusion-mediated reaction does not con-
tribute significantly to singlet-state deactivation.

In the absence of diffusion-mediated quenching, the ob-
served fluorescence quantum yield (@) can be related to
the fluorescence quantum yields of the uncomplexed (@y)
and complexed (Prpmpi-ancn)) forms by Equation (3)].%

Drops) = (1-a)Pr + aPrpumprsanco) (3)

in which a is the fraction of associated molecules. Equa-
tion (3) could be simplified to [Eq. (4)].
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1 1
CDF - @F(Ohs) N

Dp— P pMpI>ANCD)
1
K, (®r— ‘pF(PMDbANCD)) [PMDI]

(4)
+

The linear dependence between 1/(Pp—Pph) and 1/
[PMDI] (inset in Figure 8) supports this mechanism. The as-
sociation constant K, and the fluorescence quantum yield of
the complex (Prpmpoanch)) could be obtained from the in-
tercept and slope of this plot. This analysis gave K,=
1800 m~! and Drpmpisancp) =0.214. The rate constant for
electron transfer (k) within PMDIDANCD can be ob-
tained by using Equation (5). Substituting the values, we
obtain kg =3.4x10°s™".

1 D
kg =— | ———"—-1 5
4S) Tr ((pF(PMDbANCD) ) ®)

Further insight into the mechanism of fluorescence
quenching is obtained by fluorescence lifetime experiments.
In the absence of any quencher, the fluorescence decay of
ANCD was monoexponential. The decays become biexpo-
nential (Figure 9) in the presence of PMDI.

104+

log counts ——
N N
o o
N w
L L

1/ NS m———p

Figure 9. Fluorescence decay profiles of ANCD in the absence (a) and
presence (b—e) of different concentrations (1-8x107*m) of PMDI. f) is
the lamp profile.

All the fluorescence decay profiles were fitted by using
the biexponential function [Eq. (6)].

I, = ¥ pmpioancp)€XP(—1/T1) + X(ancp) €Xp(—t/7,) (6)

in which ypmpisanceny is the mole fraction of the complexed
species and yancp) is the mole fraction of free ANCD.
Values of 7, 75, %empioanco) and X(ancp) along with x> values
obtained from the fit are given in Table 2.

The short lifetime component arises due to electron-trans-
fer quenching within the ensemble PMDIDANCD and
hence 7,= (k0+kel(5))’1, in which kg, is the rate constant for
electron transfer within PMDIDANCD. ks, can be calcu-
lated by using Equation (7)].1
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Table 2. Fluorescence lifetimes (7; and t,), fractional contributions
(X@mpi>anco) and xancp)) and «* values obtained for fluorescence lifetime
quenching of ANCD by PMDI.

2

[PMDI] (x 1074M) 7y [ns] X (PMDISANCD) 7, [ns] X(ANCD) X
0 - - 6.8 100 1.2
1 2.4 8.36 6.8 91.64 1.1
2 2.5 13.09 6.7 86.91 1.1
3 2.5 16.06 6.7 83.94 1.2
5 2.5 38.91 6.7 61.09 1.1
8 2.6 49.98 6.6 50.02 1.1
kct(S) =1/1,-1/7, (7)
The value of k., thus obtained was 2.5x10%s™". The ks

value calculated from steady-state quenching (see above) is
very close to this value. It can be noticed from Table 2 that
the long lifetime component t,~ t,, which indicates that the
contribution due to diffusion-mediated quenching of the sin-
glet excited state is negligible.

K, for the encapsulation process can be calculated by
using ¥empancoy and xanco) ! As the concentration of
PMDI is large compared to that of the complex, we can
write [Eq. (8)].

K X (PMDISANCD)

@ X (ANCD) [PMDI} (8)

A plot of yemprsancoy/X(ancpy against [PMDI] was linear
(see the Supporting Information Scheme S7) and gave K, =
1390 m~'. This value is comparable to the K, value calculat-
ed by using UV/visible spectroscopy and somewhat smaller
than the value obtained from the steady-state fluorescence
method (see above).

Electron transfer within PMDIDANCD is an example of
non-adiabatic electron transfer involving a weakly interact-
ing donor and acceptor for which the rate constant can be
obtained by wusing the modified Marcus equation

[Eq. (9]

ko = (27/h)H > (Amhoks T) /zz (e™*s" /m!)

pomr )
xexp[—(Ag + AG® + mhv)? [ (44oky T))

in which # is Planck’s constant divided by 2m, H,, is the cou-
pling matrix element, 1, is the outer-sphere reorganization
energy, kg is the Boltzmann constant, 7 is the absolute tem-
perature, AG" is the change in free energy for the reaction,
s=Ai/hv, m is an integer, and 4, is the inner-sphere reorgani-
zation energy. In our earlier study™ with o-CD-appended
pyrene and encapsulated acceptors, we obtained H =
3cm™. By using Hy=3cm™, 1,=0.8¢eV, 1,=02¢V, hv=
0.15eV, T=298K and AG’=-1.48¢V, we obtain keys)=
3.83x10%s7!. Notice that this value is very close to the
values obtained from steady-state (3.4x10%s™") and time-re-
solved (2.5 x10%s™") fluorescence-quenching measurements.
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Laser flash photolysis: Laser flash photolysis of ANCD re-
sulted in the formation of the AN triplet state absorbing at
420 nm (Supporting Information Scheme S4). We observed
that the triplet is quenched by PMDI. The quenching rate
constant (kyp=1.6x10°M"'s™") was obtained by plotting
the observed pseudo-first-order rate constants against
[PMDI] (see the Supporting Information Scheme S8). The
triplet energy of PMDI (2.45 eV) is ~0.6 eV higher than the
triplet energy of AN.?*) Hence, quenching by an energy-
transfer mechanism is ruled out. Based on the evidence ob-
tained from flash photolysis experiments, we attribute the
quenching to an electron-transfer process that takes place
from the triplet state of AN [Eq. (10)]:
SANCD2PL+* ANCD + PMDI - (10)
The change in free energy for electron transfer from the
triplet state (AG’s) can also be calculated from Equa-
tion (2), by substituting the triplet energy E; instead of Eg.
We obtained AGO(T):70.12 eV. The kg, value obtained is
much lower than the diffusion
limit, probably because of the
low driving force for this reac- a)
tion. As mentioned previously,
SANCD was quenched by
oxygen. In order to make a
comparison, the rate constant
for oxygen quenching (k,(O,))
was determined and the value
obtained was 9.0x10°m's7!,
indicating that quenching of
*ANCD by oxygen is five times
more efficient than quenching
by PMDL

PMDI has no absorption

0.04 1

0.02 4

AQOD ——»

0.00 4

FULL PAPER

ent absorption spectra taken at [PMDI]=7x10" and 5x
1073M, respectively. In both cases the spectra exhibited
maxima at 420 and 720 nm. The 720 nm absorption is due to
PMDI'~ and AN+ 22 and the 420 nm absorption is due to
*ANCD and AN'*. At low [PMDI], the 420 nm band due to
*ANCD is very strong (Figure 10a). Kinetic traces taken in a
small time window show decay of the triplet at 420 nm and
a matching growth of the radical-ion products at 720 nm
(see insets in Figure 10a), confirming that the products origi-
nate through the triplet pathway shown in Equation (10).
The quantum yield (@) for the formation of the CS state
was estimated (see Experimental Section) by assuming that
the absorption at 720 nm is due to equimolar amounts of
PMDI~ and AN'*. @ was found to increase with [PMDI]
and reach a maximum at [PMDI]=5x10"m (see the Sup-
porting Information Scheme S9). This result suggests that
the yield of the radical-ion products increases with an in-
crease in the fraction of the PMDIDANCD complex. In the
transient spectrum taken at [PMDI]=5x10"m (Fig-
ure 10b), the 720 nm band is much stronger than the 420 nm

above 350 nm and hence AN )
can be selectively excited in the

presence of PMDI by using the

355 nm laser light. The photo-

processes taking place in the b)
system are expected to depend
on the position of the equilibri-
um shown in Scheme2. At
lower concentrations of PMDI,
the equilibrium is in favour of
intermolecular reactions (in-
volving >’ANCD), and at higher
concentrations of PMDI intra-
ensemble processes (singlet- \
state-mediated reactions within
PMDIDANCD) dominate. In
order to understand these pro-

0.04 +

0.00 é
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0024 N
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cesses in detail, transient ab- 400
sorption spectra of ANCD were
recorded at several different
concentrations of PMDI. Fig-

ure 10a and b show the transi- and 720 nm.
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Figure 10. Transient absorption spectrum of ANCD (7x10~°m) in the presence of a) 7x10~>m PMDI recorded
at 0.46 ps and b) 5x10~°mM PMDI recorded at 1.0 us following the laser flash. Insets show the decays at 420

5181

www.chemeurj.org


www.chemeurj.org

CHEMISTRY—

K. R. Gopidas and B. Balan

A EUROPEAN JOURNAL

band, indicating that the contribution from the triplet state
is small. At 420 nm, the decay exhibited a fast component
due to decay of AN and a very slow component due to
decay of ANt (see inset in Figure 10b). Notice that the ab-
sorption due to the radical-ion products at 720 nm is very
long-lived and persists even after 200 ps.

Results from the fluorescence quenching and flash photol-
ysis experiments can be summarized as shown in Equa-
tions (11-16) to describe the various intra-ensemble process-
es taking place in the system. Complex formation will not
affect the fundamental photophysical rate constants kg, kgp
and k. Complex formation, however, leads to electron-
transfer processes from singlet as well as triplet states char-
acterized by rate constants k., and k). The ks value
obtained from lifetime experiments is given in Equa-
tions (11-16). The rate constant for electron transfer from
the triplet state within the ensemble (k.,r)) could not be de-
termined experimentally. This value was calculated by using
Equation (9) and by employing the same parameters de-
scribed earlier along with AG";=—0.12 e¢V. This treatment
gave kym=2.22x10"s"" and this value is shown in Equa-
tions (11-16).

PMDI 5 ANCD”.PMDI > 'AN*CD (11)
PMDI 5 'AN*CD—_—PMDI 5 ANCD (12)
PMDI > ‘AN*CD%»"PMDI > AN*CD (13)
PMDI IAN*CDMQ%»PMDI 5 *AN*CD (14)
PMDI 5 3AN*CD#PMDI > ANCD (15)

et(T)

PMDI > 3AN*CD22,{1T>"PMDI 5 ANYCD (16)

The quantum yield of the various intra-ensemble process-
es can be obtained by using the k values. For example,
Deys)= keysy (Keys)+ ke +ksr) and so on. The values so ob-
tained are: @.s (complex)=0.65, ®r(complex)=0.076 and
D ry(complex) =0.069. Thus, 71.9% of the excited AN in
the PMDIDANCD complex decays by electron-transfer pro-
cesses. According to the arguments we have presented, at
[PMDI]=5x10"*m, ANCD is present mostly as the complex
PMDIDANCD and within the complex more than 70% of
excited AN decays by electron-transfer processes. The value
of @, however, is only 0.105 under these conditions (Sup-
porting Information Scheme S9). This suggests that a signifi-
cant fraction of the radical ions formed underwent back
electron transfer (BET) before they could be detected.

An important observation here is that a fraction of the CS
state survives for more than 200 ps. Generation of a long-
lived CS state is an important aim in the study of PET reac-
tions.””! Long-lived decay, as shown in Figure 10b, is general-
ly associated with intermolecular processes. Covalently
bound donor—acceptor dyads in general (with the exception
of Cy-based systems) exhibit very short lifetimes, although a
claim to the contrary has been made recently.”® For a few
CD-based dyads for which data are available, the CS-state

5182

www.chemeurj.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

lifetimes were extremely small.”®™ % In this context it was
important to know if the long-lived CS state (shown in
insets of Figure 10b) has any contribution from the intra-en-
semble electron-transfer processes. Laser flash photolysis in
oxygen-saturated solutions suggested that a fraction of the
long-lived CS state actually originated through the intra-en-
semble pathway.

The concentration of oxygen in oxygen-saturated aqueous
solutions is 1.39x 10 m.) We have already shown that for
SANCD, k, for oxygen is five times larger than k, for PMDIL
Under conditions in which [O,]>[PMDI], quenching of
*ANCD by PMDI is not expected to be efficient. Laser flash
photolysis of the system under the conditions described for
Figure 10a was carried out after saturating the solution with
oxygen. Under these conditions the only transient observed
was a fast-decaying triplet. It should be mentioned that in
addition to triplets, oxygen also quenches radical anions
very efficiently, but radical cations are generally not
quenched. The presence of oxygen is not expected to affect
the intra-ensemble processes. As the absorption due to
AN'* at 720 nm was absent, we conclude that under the
conditions used for Figure 10a, only intermolecular electron-
transfer quenching was possible, and this process was inhib-
ited completely by the oxygen present in the solution.

We carried out oxygen-quenching experiments at
[PMDI]=1.0x10°m. If we assume that K,=10°m~! and
[PMDI],,~[PMDI], (in which [PMDI], is the actual concen-
tration and [PMDI],, is the equilibrium concentration of
PMDI), it can be shown that [PMDIDANCD]/[ANCD]=1
under these conditions. Fifty per cent of ANCD is present
in the free form and undergoes triplet-mediated electron
transfer and the remaining 50 % is present as the complex
and undergoes intra-ensemble electron transfer. It can be
shown that nearly 78% of all the PET reactions occur
within the ensemble and the remaining 22 % occur through
the intermolecular triplet pathway. Saturating the solution
with oxygen is expected to remove most of the intermolecu-
lar electron transfers and any radical ions observed under
these conditions could be considered as arising from the
intra-ensemble pathway.

Figure 11 shows the kinetic traces at 420 and 720 nm for
the oxygen-saturated ANCD (7x107°M) solution in the
presence of 1x107°m PMDI. At 420 nm, the initial fast
decay is due to the triplet and the long-lived residual ab-
sorption is due to AN'*. At 720 nm, the fast decay is as-
signed to oxygen quenching of PMDI™ and the residual ab-
sorption is due to AN'*. By using the residual absorption,
@ was calculated and the value obtained was 0.056. In the
absence of oxygen, @ was 0.08. This study prompted us to
suggest that more than 50 % of the CS state observed under
argon-saturated conditions originated from the intra-ensem-
ble pathway at high PMDI concentrations.

The reason for the long lifetime of the CS state is not ex-
actly understood. The following factors, however, can con-
tribute. 1) A small fraction of the radical-ion products arise
through the triplet pathway [Eq. (16)]. BET in the triplet
ion pair is spin forbidden and hence slow. 2) AN and PMDI
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Figure 11. Kinetic traces at 420 (a) and 720 nm (b) for the oxygen-saturat-
ed ANCD (7x107°m) solution in the presence of 1x10~*m PMDL.

units in PMDIDANCD are separated by a small distance
and if there are no water molecules in this space, the BET
has to occur either through space or through several bonds
of the B-CD framework, leading to low BET rates. 3) The
PMDI™ formed is polar and may exhibit a tendency to
move out to the polar aqueous environment, leading to an
increase in distance between AN'* and PMDI"". Control of
BET by this latter mechanism has been suggested in a few
cases.’ 4)For the AN-PMDI system studied here,
AGO(BET): —1.72 and A=1 eV. Thus, the BET process occurs
in the deep inverted region and this can also result in an en-
hanced lifetime for the CS state. Fukuzumi and co-workers
have recently observed a long lifetime for the CS state in a
nt complex formed between co-facial free-base bisporphyrin
and the acridinium ion.”!! The long lifetime of the CS state
was attributed to inverted region effects in this case.

Conclusion

We have assembled a supramolecular dyad PMDIDANCD
with the AN donor covalently attached to -CD and a
PMDI acceptor encapsulated within the B-CD cavity. The
encapsulation process was studied by UV/Vis, ICD,
'"H NMR, CV and fluorescence techniques. The association
constant was determined by three methods. The results sug-
gested that the PMDI moiety is encapsulated with the aro-
matic ring at the centre of the cavity. The N-(2-propyl) end
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of PMDI is at the narrower rim and the N-ethylpyridinium
end is at the wider rim exposed to the aqueous medium.
PMDI quenches the singlet and triplet excited states of AN
by an electron-transfer mechanism. The radical cation of
AN and radical anion of PMDI were observed in flash pho-
tolysis experiments. At [PMDI] < 107*m, the system exists as
free molecules and fluorescence quenching is negligible. AN
radical cations and PMDI radical anions are formed even
under these conditions, and this is attributed to diffusion-
mediated triplet quenching. At higher concentrations of
PMDI, the equilibrium is largely in favour of
PMDIDANCD and intra-ensemble PET processes taking
place. The rate constant for electron transfer within the en-
semble from the singlet excited state of AN was measured.
The experimentally determined rate constant agreed very
well with that calculated using the Marcus equation. A frac-
tion of the CS state was very long lived, suggesting that the
non-covalent approach is useful in the design of artificial
photosynthetic systems.

Experimental Section

Materials: ANCD was prepared as shown in Scheme 1. 9-Bromomethyl-
anthracene (0.4 g) was added to a solution of $-CD (1.7 g, 1.49 mmol) in
2,6-lutidine (40 mL) and dry DMF (40 mL) and the mixture was heated
at 150°C under an argon atmosphere for 3.5h. The solvents were re-
moved under vacuum and the solid was washed several times with ethyl
acetate and purified by chromatography over silica gel by using metha-
nol/ethyl acetate 1:1 as the eluent. The product was further purified by
chromatography (Sephadex column) by using deionized water as the
eluent. The yield of purified product was 25%. 'HNMR (300 MHz,
[D¢]DMSO, 25°C, TMS): 6=7.8-8.6 (m, 9H), 5.4-5.9 (m, 14H), 4.4-4.8
(m, 15H), 3.1-3.6 ppm (m, 42H); "C NMR (75 MHz, [D¢]DMSO): 6=
59.98, 60.31, 64.65, 68.85, 70.73, 71.80, 72.09, 72.48, 73.12, 73.52, 81.57,
82.05, 102.34, 102.58, 124.86, 125.22, 126.48, 126.74, 127.7, 127.93, 128.77,
129.40, 130.47, 130.99 ppm; IR (KBr): #=1031, 1080, 1153, 1246, 1334,
1365, 1448, 1587, 1662, 2895, 2939 cm™'; UV/Vis (water): Ap, (€)=
368 nm (8500 M 'cm'); MS (MALDI-TOF): m/z: 1325 [M+H]".

PMDI was prepared by adapting a standard procedure (see the Sup-
porting Information Scheme S5 for synthetic scheme and experimental
details). '"H NMR (300 MHz, D,0, 25°C): 6=8.96 (d, 2H), 8.63 (t, 1H),
8.23 (s, 2H), 8.09 (t, 2H), 4.98 (t, 2H), 4.52-4.56 (m, 1H), 4.41 (t, 2H),
1.47 ppm (d, 6H); "CNMR (75 MHz, [D¢]DMSO, 25°C, TMS): 0=
19.75, 40.34, 42.99, 59.58, 117.29, 128.09, 136.67, 136.99, 145.47, 146.20,
166.05, 166.10 ppm; IR (KBr): #=3055, 2985, 1768, 1709, 1631 cm™"; UV/
Vis (water): A (€) =314 nm (2840 m~'cm™'); HRMS: m/z: 364.02 [M]*.
The 9-chloromethylanthracene used in the study was purchased from Al-
drich and converted to AMTAC by adapting standard procedures.* 1-
Adamantylamine was purchased from Aldrich and converted to ADAC
by treatment with aqueous hydrochloric acid. AN and benzophenone
(BP) were purchased from Aldrich and recrystallised before use.

Methods: NMR spectra were recorded by using a 300 MHz Bruker
Avance DPX spectrometer. MALDI mass spectrometry was conducted
on a Perspective Biosystems Voyager DEPRO MALDI-TOF spectrome-
ter in a matrix of a-cyano-4-hydroxycinnamic acid. High-resolution mass
spectra were obtained by using a JOEL JMS600 mass spectrometer. Ab-
sorption spectra were obtained by using a Shimadzu 3101PC UV/Vis-
NIR scanning spectrophotometer. ICD spectra were obtained by using a
JASCO J-810 circular dichroism spectropolarimeter. Steady-state fluores-
cence experiments were performed with a SPEX Fluorolog F112X spec-
trofluorimeter by using optically dilute solutions. The fluorescence quan-
tum yield of ANCD in water was determined by the relative method em-
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ploying an optically matched solution of AN in ethanol as reference
(@ =0.27).%4 The following equation was used [Eq. (17)].

AODg1?

P = ‘pRARODnRZ

(17)

in which the subscript R refers to the reference, OD is the optical density
at the excitation wavelength, n is the refractive index of the solvent and
A is the area under the fluorescence spectrum. CV experiments were per-
formed by using a BAS 50W voltammetric analyser. Solutions of the
compounds (1x107°m) in water containing 0.1M potassium nitrate were
thoroughly deaerated and used for CV experiments. Time-resolved fluo-
rescence experiments were performed by using an IBH picosecond
single-photon counting system employing a 401 nm nano-LED excitation
source and a Hamamatsu C4878-02 microchannel plate (MCP) detector.
Laser flash photolysis experiments were performed by using an Applied
Photophysics Model LKS-20 laser kinetic spectrometer by using the third
harmonic (355 nm) from a GCR-12 series Quanta Ray Nd:YAG laser.
Quantum yields of the triplet (@) and CS (@) states were determined
by relative actinometry employing a solution of BP in benzene as refer-
ence. The following equation was used [Eq. (18)].5

AODyex

P = Pr AODyey

(18)

in which the subscript M refers to the state under consideration (triplet
or CS state) and R refers to BP; AOD is the end-of-pulse optical density
of transients and ¢ the extinction coefficients of transients. For BP, values
of @ =1.0 and eg=7600 Mm'cm" at 530 nm"”! were used. For calculating
@1, the reported extinction coefficient of the triplet-triplet absorption of
AN (e;=45500 M 'cm™! at 420 nm)"*! was used. For the calculation of
D5, known extinction coefficients of the AN radical cation (eon, =
11600 M~ 'em™ at 720nm)®' and PMDI radical anion (epypr.=
41700 mtem™ at 720 nm)™®! were employed. Rate constants (k) for the
various processes were obtained from @ and 7 values by using standard
equations. Solutions for laser flash photolysis studies were deaerated by
purging with argon for 20 min before experiments. Unless stated other-
wise, all experiments were performed at 20°C.
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