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ABSTRACT: Supramolecular assemblies that help to pre-
organize reactant molecules have played an important role in
the development of concepts related to the control of excited-
state processes. This has led to a persistent search for newer
supramolecular systems (hosts), and this review briefly
presents our work with octa acid (OA) to a host to control
excited-state processes of organic molecules. Octa acid, a
water-soluble host, forms 1:1, 2:1, and 2:2 (host—guest)
complexes with various organic molecules. A majority of the
guest molecules are enclosed within a capsule made up of two
molecules of OA whereas OA by itself remains as a monomer
or aggregates. Luminescence and "H NMR spectroscopy help
to characterize the structure and dynamics of these host—guest

Guest encapsulated
within host

Communication between caged Communication between caged

and free guests in solution guests on solid surface

complexes. The guest molecule as well as the host—guest complex as a whole undergoes various types of motion, suggesting that
the guests possess freedom inside the confined space of the octa acid capsule. In addition, the confined guests are not isolated but
are able to communicate (energy, electron, and spin) with molecules present closer to the capsule. The host—guest complexes
are stable even on solid surfaces such as silica, clay, a-Zr phosphate, TiO,, and gold nanoparticles. This opens up new
opportunities to explore the interaction between confined guests and active surfaces of TiO, and gold nanoparticles. In addition,
this allows the possibility of performing energy and electron transfer between organic molecules that do not adsorb on inert
surfaces of silica, clay, or a-Zr phosphate. The results summarized here, in addition to providing a fundamental understanding of
the behavior of molecules in a confined space provided by the host OA, are likely to have a long-range effect on the capture and

release of solar energy.

I. INTRODUCTION

Chemical reactions, activated by heat or light and carried out in
conventional media such as organic solvents and water, differ
drastically from those occurring in biological assemblies.'
Biological systems have thus sparked interest in new supra-
molecular structures that would mimic them and solubilize
organic molecules in an aqueous environment.” In this context,
during the last 50 years a number of less complex organized
assemblies have been explored as biological mimics. Among
these, micelles, cyclodextrins, calixarenes, calixarene-based
cavitands, cucurbiturils, organometallic-based hosts, den-
drimers, and polymers have received considerable attention.>~”
The size, shape, and nature of the reaction cavity of these hosts
vary. For a reaction to be selective, the cavity space should be
neither too small nor too large. In smaller spaces the host—
guest fit would be too tight and the guest would not be able to
undergo shape changes, whereas excessive space will result in
an environment very similar to an isotropic solvent medium.®’
Thus, the required judicious choice of a supramolecular
assembly crucial to realizing the desired influence on a reaction
has fueled an incessant search for new hosts.
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This Feature Article outlines our effort in exploring a new
synthetic host known as octa acid (OA) as a reaction container
in water. The moniker octa acid for this water-soluble cavitand
refers to the eight COOH groups, four at the top and four at
the bottom, whose synthesis and complexation properties were
reported by Gibb and coworkers.">'" As illustrated in Figure 1,
the features of the OA resemble those of cyclodextrins (CD),
cucurbiturils (CB), and calixarenes (CA)."*™"* In the first part
of the review our results on the complexation behavior of OA
and the structure and dynamics of the host—guest complexes
are highlighted. The second part of the review deals with
communication between an OA incarcerated guest and a free
molecule in solution, highlighting the feasibility of energy,
electron, and spin transfer across a molecular barrier in
solution. The third part of the review highlights our preliminary
studies on energy- and electron-transfer processes between
encapsulated OA and free molecules aligned on surfaces.
Readers are directed to the various reports on supramolecular
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Figure 1. (a) Schematic representation of different hosts, (b) chemical structure of various synthesized hosts employed in this study, and (c) the
structure of the four repeating panels of octa acid (OA), where the hydrogens in OA are labeled a—j. The cavitand representation used in this study is

shown in green color as a cup.

photochemistry in the literature for work from other groups
that have helped us tremendously to plan and execute our
research and make this review possible.”'®™>>

Il. OCTA ACID AS A REACTION VESSEL (CONTAINER,
CAVITY)

Though not water-soluble under neutral conditions, OA will
become soluble under slightly alkaline conditions (borate
buffer, pH ~9). The aggregation of OA molecules (in aqueous
solution) normally occurring at concentrations above 2 mM
does not happen even at a S mM concentration in the presence
of a guest such as 4,4'-dimethylbenzophenone.”® Clear
differences are noticeable between aggregated and free OA in
'"H NMR spectra (broad vs sharp peaks). Although the
dimensions of both rims and the top and bottom of CD, CA,
and CB are very similar, those of OA are different: the bottom
rim is narrower (diameter 4.2 A), and the top rim is wider
(diameter 11.7 A) (Figure 1). As a result OA presents only one
entrance (wider top) for guest molecules; even oxygen cannot
enter from the bottom rim.

Depending on the guest, OA forms a 1:1 (host—guest)
cavitandplex, or a 2:1 or 2:2 capsuleplex (structures in Figure
2a).¥ As outlined in Figure 2 a guest molecule with a
hydrophilic head and hydrophobic body forms a 1:1
cavitandplex whereas a guest with no hydrophilic head or tail
forms only a 2:1 or 2:2 capsuleplex. In the case of adamantane,
the guest being hydrophobic with no hydrophilic groups
apparently prefers a closed capsuleplex rather than an open
cavitandplex. A cavitandplex is a partially open complex in
which a part of the guest molecule remains exposed to water
while in a capsuleplex formed through the self-assembly of two
OA molecules the guest is totally protected from water. It has
been inferred by employing probes such as pyrene,
pyrenealdehyde, 2-acetylanthracene, and coumarin-1 that the
interior polarity of a capsuleplex is akin to benzene’s.** Thus,
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Figure 2. (a) Schematic representation of OA (green) and OA—guest
complexes in water (gray spheres); examples of host—guest complexes
with OA depending upon the variation of (b) the structure and (c) the
size of guest molecules. Note that OA does not form a capsule in the
absence of a guest.

the capsuleplex, though in water, provides a truly hydrophobic
environment to the included guests.

dx.doi.org/10.1021/1a504130f | Langmuir 2015, 31, 5554—5570



Langmuir

Invited Feature Article

(a)

N

00 1.0

20

Figure 3. (a) "H NMR spectra (500 MHz, D,0) of (i) B-trans-heptyl styrene and (ii) a 2:1 (host—guest) complex of f-trans-heptyl styrene with OA.
(b) The most representative structures obtained from MD simulation (GROMACS, OPLS-AA force field) showing the orientation of three alkyl

styrenes inside the OA capsule.

Both the cavitandplex and capsuleplex may accommodate
one or two guest molecules within the cavity. Studies with a
large number of molecules have shown that small organic
molecules with a polar ionic headgroup (e.g, COO™ or N'R;)
would prefer to form a cavitandplex whereas nonpolar
molecules, depending on their size, would form either a 2:1
or a 2:2 capsuleplexes (host—guest) (Figure 2b).*® That a slight
variation in guest structure could alter the nature and
stoichiometry of the complex and the size of molecules that
would fit within the OA capsule is evident from Figure 2b,c,
respectively. For example, two molecules each of naphthalene
and anthracene or one molecule each of tetracene and pyrene
could be accommodated, but an aromatic molecule longer than
tetracene or bulkier than pyrene would not fit within an OA
capsule. A large number of studies involving 'H NMR,
isothermal calorimetry, fluorescence spectroscopy, and photo-
reactions with a wide variety of molecules have firmly
established the value of OA as a reaction container.

The inclusion of guests within OA is readily deduced from
the upfield shift of guest protons because of diamagnetic
shielding by the aromatic interior walls of the OA capsule in the
'H NMR spectra (Figure 3a).>**>*¢ Additionally, NMR data
provide information on the nature of the complex and location
of the guest within the OA capsule: e.g, DOSY NMR data on
whether the host—guest complex is a capsuleplex or
cavitandplex and 2D-NMR (NOESY and ROSEY) regarding
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the location of guest molecules within the capsule. Molecular
dynamics (MD) simulations provide details on the conforma-
tion adopted by the included guests.’”” For example, the
likelihood of guest molecules adopting a high-energy
conformation within a capsule as predicted by MD simulation
of three alkyl styrenes of different lengths and supported by 'H
NMR spectra are presented in Figure 3b. With the length
increasing from ~10 to 16 A, the guest molecule prefers a
higher-energy folded conformation. Alkyl styrenes in solution,
independent of the alkyl chain length, prefer a fully extended
conformation. Thus, the OA capsule’s ability to place molecules
in conformations different from that in solution unravels
opportunities to explore specific conformer chemistry not
accessible in solution.

The above observations are summarized as follows: (a)
Hydrophobic organic molecules can be solubilized in water
with the water-soluble host, octa acid. (b) OA forms two types
of complexes with a guest: cavitandplex where the guest is
partially exposed to water and capsuleplex where the guest is
fully protected from water. (c) Capsuleplex, the most common
type, can accommodate either one or two guest molecules
within its cavity. (d) The conformation of a guest molecule
within a capsule does not need to be the same as in solution.

dx.doi.org/10.1021/1a504130f | Langmuir 2015, 31, 5554—5570
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lll. DYNAMICS OF OA HOST—GUEST ASSEMBLY

The environment around guest molecules with limited freedom
within the capsule is neither like a crystal’s nor like an isotropic
solution’s. As restricted motions of a molecule get translated
into selectivity in excited-state processes, an understanding of
the dynamics of the guest, the host, and the host—guest
complex as a whole is essential to making predictions. In this
section we present our observations on the dynamics of OA—
guest complexes based on 'H NMR and luminescence
experiments.”***** The enclosed guest cannot escape the OA
capsuleplex and diffuse out unless the capsule is disassembled.
Although the translational motion of the guest is intimately
coupled with the host and is arrested in OA, rotation is still
possible. Figure 4 illustrates two possible, representative
rotational motions of the guest, namely, rotation along its
long axis (4b) or tumbling by rotating along the short axis (4c).

(a) (b) long (_x} axis [C)

--=- y-axis
z-axis

) (e)

Figure 4. Cartoon representations of (a) the three axes of the guest,
(b—d) various motions of guests inside the capsule, and (e) capsule
opening and closing.

short
(ylz) axis

(d

The occurrence of rotational motions of the guest within a
cavity can be monitored by the changes in the 'H NMR
spectral pattern of OA. The OA molecule made up of four
identical panels has 4-fold symmetry and contains 10 sets of
chemically nonequivalent hydrogens, giving a maximum of 10
NMR signals in the region of § 2 to 8 ppm (Figure Sa). If an
unsymmetrical guest molecule remains stationary along the
long axis of the capsule, the 4-fold symmetry of OA would be
lost because each of the four OA panels would become
magnetically nonequivalent. These nonequivalent OA panels
would result in a complex 'H NMR spectrum containing more
than 10 signals for the host protons. None of the capsuleplexes
we investigated distinguished the four panels of the OA
molecule, suggesting that most molecules freely rotated along
the long axis within the capsule (Figure 4b).

4-Methylstilbene, 4,4’-dimethylstilbene (Figure Sa), nonyl
benzene, and heptyl styrene (Figure Sb) are examples of the
tumbling motion along the short axis (Figure 4¢).”” Both guest
molecules form a capsule from two molecules of OA and one
guest molecule (2:1 host—guest capsuleplexes). When the guest
is symmetrical (with respect to the short axis) like 4,4'-
dimethylstilbene, the capsule as a whole is symmetrical (top
and bottom halves of the capsule are identical) and displays
only one set of signals for the top and bottom halves in the 'H
NMR spectrum (Figure Sa, spectrum ii). When OA includes an
unsymmetrical guest such as 4-methylstilbene, the unsym-
metrical capsuleplex entity will become symmetrical only when
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Figure 5. Partial '"H NMR spectra (500 MHz, D,0) of (a) (i) OA, (ii)
4,4'-dimethylstilbene@OA,, and (iii) 4-methylstilbene@OA, and (b)
(i) heptylstyrene@OA, and (ii) nonylbenzene@OA,; ([OA] = 1 mM
and [guest] = 0.5 mM in 10 mM sodium tetraborate buffer. Aromatic
resonances of the host are labeled from a to f (see Figure lc for
assignments), and encapsulated guest protons are marked with
numbers; (c) (i)—(v) CHj proton signal of 1,4-diethylbenzene@
OA, at different temperatures.

the guest rotates freely along this axis, making the top and
bottom halves equivalent. As seen in Figure Sa (spectrum iii),
the many split host peaks (b, ¢, d, f) indicate that 4-
methylstilbene does not rotate/tumble along the short axis on
the NMR time scale. Its rotation along the short axis would
have made the two halves magnetically equivalent to result in a
single set of similar signals to that obtained for the 4,4'-
dimethylstilbene-OA complex. Unlike in isotropic solution, the

dx.doi.org/10.1021/1a504130f | Langmuir 2015, 31, 5554—5570
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Figure 6. (a) Structure and triplet-state lifetimes (under deoxygenated conditions) of the guests used in the oxygen quenching study. (b) (i) Steady-
state emission spectra of benzil@OA, in aqueous solution saturated with various oxygen—nitrogen mixtures, A, = 308 nm and (ii) steady-state

phosphorescence spectra of xanthione@OA, in oxygen and nitrogen-saturated aqueous solution, A,

= 400 nm.

teasibility of rotation along the short axis within the confined
capsular space depends on the structure, size, and flexibility of
the molecule. Guests nonylbenzene and heptylstyrene,
molecules of the same length, show two different '"H NMR
spectra (Figure Sb): although the former presents a spectrum
resembling that of 4,4'-dimethylstilbene, the latter resembles
that of 4-methylstilbene. This difference can be attributed to
the rotation of nonylbenzene along the short axis, resulting in
equivalent top and bottom halves of the capsule. The two
halves remaining nonequivalent in the case of heptylstyrene and
suggestive of the absence of rotation or tumbling probably
arises from the rigidity introduced by the C=C bond.

The above examples dealt with 2:1 host—guest complexes
where there is only one guest molecule within a capsule. In
addition to the rotational motions mentioned above, in a 2:2
complex where there are two guest molecules within a capsule,
the guest molecules could slide against each other as shown in
Figure 4d.**** As would be expected, this motion depends on
the structure of the guest. The sliding motion could be inferred
by recording "H NMR spectra at various temperatures. For
example, whereas 1,4-diethylbenzene and naphthalene were
found to slide in a capsule at room temperature, encapsulated
anthracene molecules were stationary. In the NMR spectra
provided in Figure Sc, the methyl signals of 1,4-diethylbenzene
appear at 0 & —2.5 ppm because of the diamagnetic shielding
by the OA cavity. Whereas a single signal for both methyl
groups was recorded at 35 °C, two independent signals were
detected at 5 °C. This suggested that above room temperature
the two 1,4-diethylbenzene molecules underwent a fast (on the
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NMR time scale) sliding motion, making the two methyl
groups equivalent whereas at low temperature the motion is
absent or slow to make the two methyl groups nonequivalent
(one methyl is above and the other is away from the phenyl
group; see Figure Sc).

The OA capsuleplexes in general are weakly held together in
aqueous solution. It is not obvious whether the capsuleplex
would remain closed at all times or would open and close or
totally disassemble and reassemble periodically (Figure 4e). To
address this question, the excited states of a series of
encapsulated molecules whose lifetimes vary between 0.05 to
922 us were quenched with oxygen.*® Because oxygen cannot
enter the capsule from the narrower end, the required physical
contact between the excited molecule and oxygen can happen
only if the capsule opens, at least partially at the wider rim. The
list of molecules investigated, the nature of the host—guest
complexes formed, and the lifetime of the emissive states are
provided in Figure 6a. All molecules were quenched by oxygen
in solution, as expected, with near diffusion-limited rate
constants. However, when encapsulated within the OA capsule,
the guest molecules showed quenching that was at least 3
orders slower than the diffusion limit. Only molecules whose
excited-state lifetimes were longer than 15 us were quenched by
oxygen, and those with a lifetime of shorter than S ys remained
unquenched. (See Figure 6b for the phosphorescence
quenching of benzil and xanthione.) Detailed analysis of the
quenching kinetics revealed that the OA capsuleplex is dynamic
and the capsule partially opens and closes on the microsecond
time scale. On the basis of these studies, it became apparent

dx.doi.org/10.1021/1a504130f | Langmuir 2015, 31, 5554—5570
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that any molecule with an excited-state lifetime shorter than §
us would not be in contact with oxygen because the capsule
would remain closed on that time scale. Studies by Bohne and
Gibb have established that it takes much longer (~3 s) for the
OA—pyrene capsuleplex to completely disassemble and
reassemble.*' Thus, the NMR and photophysical studies have
established that the capsuleplex is dynamic and the guest within
the capsule and the complex as a whole undergo various types
of motions (Figure 4).

IV. ENERGY, ELECTRON, AND SPIN TRANSFER
BETWEEN CONFINED AND FREE MOLECULES

Communication between molecules is an important facet of
excited-state chemistry. A logical question arising from the
incarceration of a molecule is whether the intermolecular
communication and its manner and rate can be altered. The
results summarized below demonstrate that communication
between an incarcerated and a free molecule does take place
but at a rate different from that between free molecules in
solution. This part of the review highlights communication
through energy, electron, and spin transfer between a molecule
confined within an OA capsule and a free molecule outside the
capsule. Previously, energy transfer (triplet—triplet) and
electron transfer between Cram’s hemicarcerand-included
guest and free acceptors have been reported.*~** During
triplet—triplet energy transfer the walls of the hemicarcerand
were reported to allow only weak electronic coupling between
the excited donor and the acceptor. Similarly, during electron
transfer between the hemicarcerand-included excited triplet
guest and neutral donors the rate constants were found to be 2
to S orders of magnitude slower. However, a higher quenching
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rate constant for the triplet of Zn-substituted cytochrome C
(ZnCC) by a negatively charged hemicarcerand-encapsulated
donor or acceptor in water compared to that by free donors or
acceptors was noted. This was attributed to the electrostatic
interaction between ZnCC and the encapsulated quencher.**

Given the importance of energy and electron transfer in the
capture and storage of solar energy, it is important to
understand the feasibility and extent of energy and electron
transfer involving molecules incarcerated in OA capsules.**™>!
To assess the importance of Coulombic attraction between a
negatively charged capsule that contains the donor and an
acceptor during energy and electron transfer, two types of
acceptor molecules were examined: positively charged ones that
would be attracted to the walls of the capsule and neutral ones
that would stay free in solution. The difference in the lifetime of
the quadruple molecular complex (a donor, two OA cavitands,
and an acceptor) involving a neutral or a positively charged
acceptor should have a significant impact on the rate constants
for energy and electron transfer. Strong association of the
positively charged acceptor to the negatively charged external
wall of the OA capsule is likely to compensate for the weaker
electronic coupling between the excited donor and the
acceptor. To test this thought as well as to probe the
occurrence of energy and electron transfer, two types of
acceptors—charged and neutral whose structures are provided
in Figure 7—were examined.

Inclusion of neutral donors within the OA capsule was
confirmed through 'H NMR (section II). Although all of the
donor molecules were neutral and incarcerated within the OA
capsule, the acceptors were either neutral or positively charged.
DOSY NMR provided information regarding the association

dx.doi.org/10.1021/1a504130f | Langmuir 2015, 31, 5554—5570
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Figure 8. Phosphorescence decay traces of 4,4'-dimethyl benzil@OA, in the presence of (a) methylstilbazolium and (b) methylstilbazolium@CB?7.
Donor 4,4’-dimethyl benzil and acceptor methylstilbazolium are assigned as D and A, respectively. (a) The triplet lifetime of 4,4’-dimethyl benzil@
OA, was quenched with an increasing concentration of A, [A] = 0 to 6 X 107 M. The Stern—Volmer plot is shown on the right. (b) The quenched
triplet lifetime (7) was gradually recovered with increasing concentration of CB7, [CB7] = 0 to 7 X 107> M, as shown on the right.

(or absence of it) of the acceptor to the capsule. All neutral
acceptors had higher diffusion constants than the capsule
whereas the positively charged acceptors had the same diffusion
constant as the capsule, suggesting intimate association of the
positively charged acceptor with the capsule.** The creative use
of secondary host cucurbit[7]uril (CB7) helped ascertain the
association of the cationic acceptors to the negatively charged
OA capsule. The well-known property of CB7 to bind cationic
species was used to remove the cationic acceptors from the
anionic walls of the OA capsule selectively. Such a separation
arrested the energy-, electron-, and spin-transfer processes,
confirming the importance of Coulombic attraction between
the donor-encapsulated OA and the acceptor for fast energy
and electron transfer.

IV.1. Energy Transfer. Although singlet—singlet energy
transfer (S—S energy transfer) proceeds by both collisional
(Dexter-type) and resonance (Forster-type) mechanisms,
triplet—triplet energy transfer (T-T energy transfer) occurs
mainly by a collisional process." The curtailing of collisions
between the donor and the neutral acceptor molecules through
the incarceration of one of them is likely to reduce the rates of
T—T and S—S energy transfer by the Dexter process. However,
it is not obvious what would be the consequence of T—T and

5560

S—S energy transfer if the acceptor, a positively charged species,
would adhere to the negatively charged capsule through
Coulombic interaction. It is likely that both types of energy
transfer would be enhanced if a cationic acceptor remained
attached to the walls of the capsule, which would eliminate the
need for diffusion prior to energy transfer.

To examine the S—S energy transfer, neutral coumarin 153
(donor) and positively charged rhodamine 6G (acceptor) were
chosen (Figure 7).>* The positive charge of rhodamine 6G
would locate it adjacent to the external walls of the OA capsule.
The observed fluorescence from rhodamine 6G upon excitation
of the encapsulated coumarin indicated energy transfer. The
occurrence of energy transfer was confirmed by the observation
of a rise in the rhodamine 6G emission intensity over time
upon coumarin excitation. The rise time of the rhodamine 6G
emission was surprisingly short (1 ps), which is much shorter
than when both donor and acceptor molecules are free in
isotropic solution. This suggested that the preassociation of the
donor—acceptor complex with the help of the anionic capsule
had helped the S—S energy transfer. The Rp, distance
estimated to be 13 = 1 A, based on the rise time, is consistent
with the donor—acceptor pair being in close proximity across
the wall of the OA capsule. Encapsulation could be a route to

dx.doi.org/10.1021/1a504130f | Langmuir 2015, 31, 5554—5570
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Figure 9. (a) (i) Fluorescence quenching titration spectra of DMS@OA, with DMV?*. Inset: Stern—Volmer plot. (i) Fluorescence spectra of

DMS@OA, in the absence and presence of DMV?* and CB7. [DMS] = 1.25 X 10™° M and [OA] = [DMV**] =

[CB7] = 2.5 % 107 M in 10 mM

sodium tetraborate buffer; 4,,= 320 nm, A= 365 nm. (b) Transient absorption spectra after laser excitation (308 nm, 15 ns pulse width) of DMS@

OA, in the presence of (i) Py* and (ii)) DMV?*". Inset: kinetic traces. [DMS] = 1.25 X 107> M, [OA]

=2.5X 107° M, and [Py*] = 3125 X 107° M

and [DMV?**] = 2.5 X 1075 M in 10 mM sodium tetraborate buffer. (c) Kinetics of formation and decay of photoexcited C153 (blue) observed at

500 nm and the rise of DMV**® (black) observed at 625 nm. [DMV?**] = 6 X 107* M, [C153] = 6 X 10™° M, and [OA]

sodium tetraborate buffer. 4., = 390 nm and pulse width = 150 fs.

=4X10"*Min 10 mM

enhancing the ET efficiency, especially between a neutral and
an ionic acceptor.

To examine T—T energy transfer, we used 4,4’-dimethyl-
benzil as the donor and (A) ionic methylstilbazolium chloride
and (B) neutral 4-stilbazole (Figure 7) as acceptors.” The
gradual decrease in both the emission intensity and the lifetime
of incarcerated donor 4,4’-dimethylbenzil upon addition of
either acceptor molecule was suggestive of a dynamic process in
the energy transfer (Figure 8a). The rate constants for the two
types of acceptors (ionic and neutral) differing by 1 order of
magnitude (methylstilbazolium chloride, 3.1 X 10° M™" s7%; 4-
stilbazole, 0.57 X 10° M™' s7') brought out the role of
Coulombic attraction between the encapsulated donor and the
cationic acceptor. As indicated above, in the case of
methylstilbazolium chloride, the addition of a secondary host,
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CB?7, resulted in decreased quenching (Figure 8b). The donor
regaining its lifetime when CB7 was added to the solution is
compatible with the model requiring the acceptor to be closer
to the capsule for energy transfer to be eflicient. Consistent
with this reasoning, as mentioned above with neutral 4-
stilbazole, the energy transfer occurred with a lower rate
constant.

The above studies suggest that (a) both S—S and T-T
energy transfer between an encapsulated donor and a free
acceptor can take place. (b) The rate constants for these are
faster when the acceptor is held near the donor through
Coulombic interaction with the anionic carboxylate groups of
OA. (c) In this context, the capsule could be visualized as a
rigid solvent separating the donor and acceptor molecules.

dx.doi.org/10.1021/1a504130f | Langmuir 2015, 31, 5554—5570
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IV.2. Electron Transfer. Employing OA-encapsulated 4,4'-
dimethyl stilbene (DMS) and coumarin 153 (C153) as donors
and free pyridinium (Py") and 4,4'-dimethylviologen (DMV**)
as acceptors, the feasibility of electron transfer between an OA-
incarcerated donor and a free acceptor was established (for
guest structures, see Figure 7).40’54 The interaction between
these excited donors and the acceptors were ascertained by
quenching the fluorescence of the donors with Py* and DMV?*
(Figure 9a(i)). That electron transfer led to the quenching of
excited states of DMS by DMV?** was deduced from the
transient absorption spectra of DMS'® and DMV*° (Figure
9b). The necessity for cationic quenchers Py* and DMV?* to be
close to the capsule became evident upon addition of a
secondary host. Upon addition of CB7, which is well known to
complex DMV?", the quenched fluorescence of DMS was fully
recovered (Figure 9a(ii)). In the case of the DMS system,
because the time constant for forward electron transfer was
within the time resolution of our nanosecond laser flash
photolysis instrument, no useful data could be obtained.
However, the back electron transfer rate could be measured by
monitoring the decay of DMS*® and the recovery of DMS and
was found to be 4.6 us and <20 ns for Py° and DMV*®,
respectively. The above observations unequivocally established
that the capsular wall did not prohibit the forward electron
transfer between a donor and a cationic acceptor. However,
interestingly, the rates of back-electron transfer were influenced
by the capsular wall to different extents. Unlike the case of
DMS-DMV?, the reduced rate of back electron transfer in the
case of the DMS-Py* system is not unexpected because the
neutral Py°, the product of electron transfer, would not be
attached to the capsule.

The rate of forward electron transfer was measured for the
C153—DMV?* pair by femtosecond (4, = 390 nm) transient
absorption measurements. The formation of DMV*® (7 =20 +
1 ps) coincided with the decay of excited C153 (7 = 18 + 2 ps)
(Figure 9c), a value in sharp contrast to the time constant of
electron transfer in isotropic solution (30% acetonitrile in
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water) in the absence of OA (7 = 630 + SO ps). Thus, it is clear
that the capsule facilitated electron transfer in this donor—
acceptor pair. The DMV'® absorption decayed single-
exponentially (z = 724 + 38 ps), indicating that charge
recombination between the donor and acceptor moieties in the
presence of OA occurred within 1 ns. Thus, both forward and
backward electron transfer are faster in the presence of OA.

The above studies with DMS and C153 as donors and Py"
and DMV?* as acceptors have established the following: (a)
Electron transfer across the molecular walls of the OA capsule
is faster than that without the OA capsule. (b) There is a strong
electronic coupling among the encapsulated excited neutral
donor, the Coulombically held cationic acceptor, and the host.
The knowledge gained from this study could be useful in
devising systems to separate and store charges generated by
light absorption.

Energy- and electron-transfer studies summarized here have
established that the OA capsule facilitated such processes when
one of the two (donor or acceptor) is a cationic species. In the
absence of anionic OA, capsule electron transfer and energy
transfer cannot be conducted in water. The OA capsule, besides
solubilizing the insoluble donor in water, brought the cationic
acceptor closer to the neutral donor through Coulombic
interaction. These features of this supramolecular system
expand the list of molecules that could be used to perform
energy and electron transfer in an aqueous medium. It is
therefore obvious that a cationic capsule (see a later section)
could facilitate energy and electron transfer between a neutral
guest and anionic acceptors.

IV.3. Electron Spin Transfer. Intersystem crossing from
the singlet excited state to the triplet state occurs in most cases
selectively to one of the three spin levels of the triplet states,
which generates a spin-polarized triplet state (Figure 10a,d). At
room temperature these spin-polarized triplet states are rapidly
equilibrated to the Boltzmann distribution (within several
nanoseconds for ketones). However, if these spin-polarized
triplet states encounter a radical, then the electron spin

dx.doi.org/10.1021/1a504130f | Langmuir 2015, 31, 5554—5570
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polarization is transferred to the radical in this triplet quenching
process. As a result, spin-polarized radicals are generated, which
are observable by time-resolved electron paramagnetic
resonance (TR-EPR) spectroscopy. In this section we
summarize our findings of how the encapsulation of spin-
polarized states (triplet states or radicals) inside OA affects the
communication and spin polarization transfer to a stable radical
(nitroxide) outside the capsule. The strength of interaction of
the nitroxide with the encapsulated donor was manipulated by
the use of cationic and anionic nitroxides as well as by
selectively including the nitroxide within the cavity of a
secondary host, CB8.

Thioxanthone derivatives TX-Me and 4,4'-dimethyl benzil
(DMB) form 2:1 host—guest complexes with OA. The
photoexcitation of these complexes generates singlet excited
ketones that rapidly intersystem cross to the triplet states. It is
known that the initially generated triplet states of DMB, an
aromatic 1,2-diketone, have absorptive spin polarization (Figure
10d), whereas TX-Me, similar to most aromatic ketones,
generates emissive spin-polarized triplet states during inter-
system crossing (Figure 10a).55 The interaction of these
encapsulated spin-polarized triplet states with a positively
charged nitroxide, *T@ (structure shown in Figure 11), was
investigated by TR-EPR.*° Figure 10 shows the steady-state and
TR-EPR spectra of *T@ in the presence of the capsuleplex. In
the case of encapsulated TX-Me an emissive spin-polarized
EPR was observed (Figure 10c), and in case of encapsulated
DMB an absorptive spin-polarized EPR (Figure 10f) was
observed after pulsed laser excitation. The oppositely polarized
EPR signals generated from the two different encapsulated
ketones clearly show that spin polarization of a polarized triplet
state can be transferred through the walls of the OA capsule to
a radical (nitroxide) located outside the capsuleplex.
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Steady-state EPR and 'H NMR confirmed that positively
charged '*T@ has a strong affinity for negatively charged OA.>
Utilizing the ability of nitroxides to induce relaxation in 'H
NMR, we determined the preferred binding site of *T@ on the
surface of the OA capsuleplex.’” *T@ had a major influence on
the proton relaxation present at the wider rim of the OA
cavitand. Its effect on all other OA protons was smaller,
suggesting that "*T€ stays closer to the middle region of the
capsuleplex.

If a negatively charged nitroxide ('*T©) is used instead of
“T@® in TR-EPR experiments, then no detectable spin-
polarized EPR signal was observable after the photoexcitation
of incapsulated TX-Me.*® The absence of a spin-polarized
signal is consistent with inefficient triplet quenching caused by
the electrostatic repulsion of the negatively charged nitroxide
from the negatively charged capsule.

In the above experiments electron spin polarization transfer
was demonstrated from an encapsulated spin-polarized triplet
state to a stable radical (nitroxide), generating a spin-polarized
doublet state. In the following section, we show that an
encapsulated radical can communicate with another radical
outside the OA capsule by electron spin polarization transfer.
To be able to distinguish between the encapsulated and free
nitroxide by EPR, isotope labeling was employed. A
thioxanthone derivative that was covalently linked to a '*N-
labeled nitroxide (TX-"T) forms a 2:1 capsuleplex with OA
and shows a two-line EPR spectrum (Figure 11a). The "*N-
labeled free nitroxide (**T@) gives a three-line EPR spectrum
as shown above (Figure 10b). Because of the negligible overlap
of the two-line and three-line EPR spectra, the simultaneous
observation of both nitroxides by EPR spectroscopy can be
achieved.

The photoexcitation of OA-encapsulated TX-'>T with laser
pulses gave an emissive spin-polarized TR-EPR spectrum
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Figure 12. Emission spectra of (a) anthracene (4., = 350 nm), (b) 4,4’-dimethyl benzil (4., = 310 nm), and (c) camphorethione (4., = 254 nm)

alone and as complexes with hosts OA, RTA, and ROA adsorbed on silica.

(Figure 11b) that is caused by the rapid quenching of
thioxanthone triplet states by the covalently linked nitroxide
(within several nanoseconds as confirmed by transient
absorption spectroscopy).”® The addition of the positively
charged '*T@ to the solution containing encapsulated TX-""T
generated very different TR-EPR spectra. In an earlier detection
time window (0.1—0.3 us after the laser pulse), the two-line
signal of the incarcerated TX-'*T is more significant (Figure
11f), whereas in a later time window (0.8—1.3 us) the three-line
signal of "*T@ is dominant (Figure 11g). This spectral change
in the dominance of the two-line signal (TX-'ST) to the three-
line signal (*T@) is a strong indication of spin-polarization
transfer from the incarcerated nitroxide to the nitroxide outside
the capsule. The spin—spin interaction of the internal nitroxide
with the external nitroxide is also reflected in the decrease in
the spin-polarization lifetime of the internal nitroxide from 1.7
s in the absence to 0.76 ps in the presence of “Te.>®
Furthermore, the spin—spin exchange interaction between
encapsulated nitroxides and external nitroxides (**T@) causes
EPR line broadening that is observable by steady-state EPR
spectroscopy.59

TR-EPR experiments using negatively charged "*T© instead
of “T@ showed almost exclusively the two-line spectrum of
spin-polarized TX-"T (Figure 11d), although in the steady-
state EPR spectrum the three-line spectrum of “TO is
dominant (Figure 11c).’® The absence of a detectable three-
line signal in the TR-EPR experiments demonstrates that the
electron spin sublevel population of *TE© remains in the
Boltzmann distribution and does not interact with the
incarcerated spin-polarized nitroxides of TX-'"T. Similar to
other systems shown above, the electrostatic repulsion of
negatively charged "“T© by negatively charged OA prevents
spin-polarization transfer.

Spin-polarization transfer from incarcerated TX-"*T to T
can also be prevented by the introduction of a secondary host,
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CB8, which is known to form inclusion complexes with
nitroxides.* TR-EPR experiments of encapsulated TX-"*T and
“T@ in the presence of CB8 showed exclusively the two-line
spectrum of spin-polarized TX-'*T.*®* The absence of a
detectable three-line component from '*T@® demonstrates
that the supramolecular entrapment of the nitroxide is an
efficient tool for manipulating spin—spin interactions.

The above TR-EPR studies have established that (a) the
electron spin polarization of an incarcerated nitroxide or triplet
state can be transferred through the walls of the carcerand
(OA) to a nitroxide outside and (b) spin polarization transfer
can be controlled by supramolecular factors such as Coulombic
attraction or repulsion and secondary hosts that trap external
nitroxides.

V. SUPRAMOLECULAR SURFACE PHOTOCHEMISTRY:
ELECTRON AND ENERGY TRANSFER INVOLVING
CAPSULAR ASSEMBLIES ON SURFACES

With a knowledge of structure, dynamics, and excited-state
properties of capsular assemblies in aqueous solution, it seemed
appropriate to expand the realm of supramolecular photo-
chemistry by organizing them on a surface. Hoping that
organizing supramolecular assemblies on ordered surfaces
would open a new dimension in supramolecular photo-
chemistry, we sought answers to the following questions: (a)
Can the capsules containing guests from an aqueous solution be
transported to a solid surface? (b) Would the capsules be stable
in the absence of water on solid surfaces, and if so (c) would
their unique photophysical and photochemical properties be
preserved? (d) Would the encapsulated guests communicate
with active surfaces such as TiO, and gold nanoparticles? (e)
Would it be possible to organize two capsules with different
guests on a surface and perform energy and electron transfer

dx.doi.org/10.1021/1a504130f | Langmuir 2015, 31, 5554—5570
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between them? The results of these preliminary experiments
are briefly summarized below.

Silica and @-zirconium phosphate (a-ZrP) were chosen as
potential inert surfaces for examining the stability of capsules
and TiO, and gold nanoparticles (AuNP) to probe the
communication between encapsulated guests and active
surfaces. These materials’ different surface properties neces-
sitated the modification of the functional groups of the octa
acid to enable the OA capsules to adsorb strongly onto either
surface. For example, for use with AuNP, either the four
COOH groups on the narrower end of OA were replaced with
SH (tetraacid tetrathiol, TTTA) or all COOH were removed
and replaced with only four SH at the narrower bottom (tetra
thiol, TT). Similarly, octaamine (OAm) was prepared by
replacing all COOH groups of OA with NH;" or NMe;" to
enable adsorption onto the negatively chariged interlayers of a-
ZtP or on the surfaces of saponite clay.’" See Figure 1b for
structures and acronyms of various functionalized cavitands
used. To examine the stability of capsules on silica and a-ZrP
surfaces, after ensuring the formation of OA or OAm
capsuleplexes (by their photophysical properties), we stirred
them with silica or a-ZrP surfaces and dried them. The capsules
thus prepared were presumed to be stable if their photophysical
properties were the same as those of the capsules in aqueous
solution. The stability of capsules on surfaces were examined
with guest molecules such as anthracene, pyrene, coumarin-1,
4,4’-dimethylbenzil, and thiones (adamantanethione, fench-
thione, and camphorthione) (Figure 12) that exhibit differential
emissive behavior in the presence of OA.>**%* For example,
within OA, anthracene shows excimer emission, pyrene shows
only monomer emission with a ratio of the vibrational fine
structure (I;/I;) of 0.92 (indicating that pyrene resides in a
nonpolar environment), coumarin-1 fluoresces with a max-
imum at 412 nm, and 4,4’-dimethylbenzil and thiones
phosphoresce. However, in isotropic solution anthracene
shows only monomer emission, pyrene shows excimer emission
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at higher concentrations, coumarin-1 fluoresces with a
maximum at 467 nm, and 4,4'-dimethylbenzil and thiones do
not phosphoresce.

V.1. Silica Surface. Capsuleplexes with guest molecules of
adamantanethione, 4,4'-dimethyl benzil, and anthracene in OA
were transferred onto the silica surface as detailed above. The
observation of phosphorescence in the case of the former two
molecules and the expected excimer emission in the case of
anthracene ensured that the capsules were intact on the dry
silica surface (Figure 12).° The lack of emissions when
adsorbed without OA confirmed the need for the capsular
assembly to prompt the unique emissive behavior. The ability
to transfer capsular assemblies from aqueous solution to a solid
surface opened up opportunities to explore their properties on
other surfaces.

V.2. Interlayers of a-ZrP. The negatively charged surfaces
of a-ZrP are present between two layers. Although neutral
organic molecules have little or no tendency to adsorb directly
onto a-ZrP surfaces, exfoliated a-ZrP is generally used to bind
large cationic organic molecules. Thus, @-ZrP seemed to be an
ideal system to test whether the supramolecular approach
would facilitate the intercalation of neutral molecules into the
anionic galleries of a-ZrP.** Positively charged OAm cavitands
had to be used to encapsulate and transport neutral guests into
the anionic internal surfaces of a-ZrP. In the case of 4,4'-
dimethylbenzil, camphorthione, and 4,4'-dimethylstilbene as
guests, stirring the guest-encapsulated OAm capsules with
exfoliated @-ZrP nanosheets resulted in intercalation of the
host—guest assembly as a whole and resulted in phosphor-
escence from the former two and fluorescence from the third.*®
This emissive behavior as well as powder XRD suggested the
stability of the OAm capsules on the surfaces of a-ZrP. The
limitation of the capsular stability in a-ZrP became apparent
when the OAm capsules of pyrene and coumarin-1 were
studied. The appearance of both monomer (I;/I; of 1.32) and
excimer emission upon intercalation of OAm-encapsulated
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pyrene within @-ZrP that showed only monomer emission with
an I,/I; of 0.92 before the intercalation suggested that pyrene@
OAm, is not stable in the galleries of a-ZrP. Similarly, the
fluorescence of coumarin-1@OAm, incubated with @-ZrP that
appeared at 467 nm instead of at 412 nm before intercalation
suggested an unstable capsule in the interlayers of @-ZrP. Thus,
unlike on the silica surface in the interlayers of a-ZrP, not all
capsules are stable. Further experiments are needed to
understand fully why some capsules enter the galleries intact
and others disassemble.

V.3. TiO, Surface. The use of organic molecules as electron
donors on the TiO, surface is limited by their tendency to
aggregate and degrade upon exposure to light and far outweighs
their easy access and the fine-tuning of their absorption
characteristics through innumerable modifications. Fast inter-
facial ion—radical recombination due to the proximity between
the adsorbed organic dye molecules and TiO, surface
contributed to the low efficiency of dye-sensitized solar cells.
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The typical strategy of attachment of the organic dyes to the
TiO, surface involving acidic groups (e.g., COOH, SO;H, and
P(O)(OH),) precludes the use of robust aromatic molecules
lacking functional groups as electron donors on the surface of
TiO,.” On the basis of the above results with OA/OAm
capsules on silica and a-ZrP surfaces and believing that it might
be possible to overcome many of the above problems with the
help of these capsules, we embarked on a study of excited-state
behavior of C153@OA, anchored on the TiO, surface.’®

The emission spectra of CIS3@OA, upon addition of
suspensions of TiO, and as adsorbed on TiO, films are shown
in Figure 13a. The following points should be noted from
Figure 13a: The emission from C153 was quenched when
C153@OA, was adsorbed on the TiO, film as opposed to the
gradual reduction in the fluorescence intensity on addition of a
TiO, suspension to C153@OA,, which was not accompanied
by a change in the excited-state lifetime. The above
observations are consistent with the conclusion that electron
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transfer from excited C153 to TiO, takes place when the latter
is present as a film or as a suspension. The lifetime
independence of the process suggested that the electron
transfer was faster than 10° M™' s~ (static quenching within
the time resolution of the nanosecond single-photon counter).
The advantages of a dye included in a capsule over a free dye
are illustrated in a cartoon fashion in Figure 13b. The use of
OA capsules as carriers of dyes should allow easy exchange of
the donor dye and eliminate the need for functionalizing
individual dye molecules. Encapsulation of the dye should
prevent aggregation of the dyes on the surface of TiO, and slow
the back electron transfer process. The future of this approach
appears to be promising.

V.4. Gold Nanoparticle Surface. In spite of the
considerable attention metal nanoparticles have received during
the last three decades, the consequence of interaction between
excited organic molecules and metal nanoparticles has received
only sporadic attention to our knowledge. The inability to
adsorb organic molecules directly on detergent-stabilized metal
nanoparticles probably contributed to this status quo. Having
made progress in adsorbing capsular assemblies containing
neutral molecules on silica, a-ZrP, and TiO, surfaces, we
proceeded to functionalize the surfaces of AuNP with capsular
assemblies and examine their influence on the photophysics of
encapsulated organic molecules.””

The TT cavitand (see Figure 1b for structures) function-
alized AuNP’s were stirred with the guest adamantanethione in
DMSO, and the cavitand TTTA-functionalized AuNP’s were
stirred with 4,4’-dimethylbenzil in basic aqueous solution. The
phosphorescence spectra of the two guests included within TT,
TTTA, TTNAuNP, and TTTANAuNP are shown in Figure
14a,)b. Note the quenched phosphorescence within the latter
two. The phosphorescence from the two guests was quenched
by AuNP. Though the exact mechanism is not evident, at this
stage it could involve spin transfer through the heavy atom
effect, energy transfer, or electron transfer.

V.5. Clay Surface. A clay surface was examined to explore
the feasibility of S—S energy transfer between two different
encapsulated guests assembled on a solid surface.”® Saponite, a
clay material arranged as nanostructured flat sheets with regular
negative charges on the surface,é9 was exfoliated into single
sheets having optical transparency in the visible region.
Protonated OAm was used to align neutral molecules on a
negatively charged saponite surface. OAm-encapsulated 2-acetyl
anthracene (acceptor) and OAm-encapsulated pyrene (donor)
were adsorbed on exfoliated saponite by stirring the two
together and filtering through a PTFE membrane. Because
there is no specific attraction between the capsules, the donor-
and acceptor-containing capsules should be randomly adsorbed
on the saponite surface. The capsular content will have no
influence on the arrangement of capsules on the clay surface. A
schematic representation of the arrangement of this donor—
acceptor pair is provided in Figure 15a.

Importantly, the excitation of pyrene@OAm, resulted in
fluorescence from 2-acetyl anthracene@OAm, (Figure 15b)
with a concomitant lifetime decrease for pyrene@OAm,
(Figure 15c) unequivocally establishing S—S energy transfer
from pyrene to 2-acetyl anthracene. This is important because
the two molecules cannot be adsorbed on the saponite surface
on their own. The rate constant for S—S energy transfer and R
were calculated to be 1.4 X 107 s™' (pseudounimolecular) and
31 A. The above system has established that donor and
acceptor molecules lacking affinity for a clay surface could be
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aligned with the help of a cationic capsule for S—S energy
transfer to occur between the encapsulated pair. This ability
thus expands the types of molecules that could serve as
candidates for efficient energy-harvest-transfer systems on solid

surfaces.

VI. PERSPECTIVES

In this Feature Article we have summarized the value of
exploring new water-soluble cavitands to modify the excited-
state chemistry of organic guest molecules in water. The
features of new host octa acid highlighted in this article are
distinctly different from those of the more well known
supramolecular assemblies such as micelles, cyclodextrins, and
cucurbiturils. The capsular assemblies preferentially formed by
OA as opposed to open cavitand assemblies formed by
cyclodextrins, cucurbiturils, calixarenes, resorcenarenes, and
Pd nanocages provide a truly hydrophobic environment to
organic guests in an aqueous environment. Expectedly,
depending on the structure of the guest, OA forms either 2:1
or 2:2 capsuleplexes. The guest molecules, depending on their
size, shape, and structure, undergo different types of motions,
with freedom intermediary between that in crystals and that in
isotropic solution within the capsule. The restricted mobility is
translated into product selectivity, an aspect not discussed in
this article. The OA complexes amenable to NMR and
photophysical studies as well as molecular dynamics simulations
provide valuable information on the structure and mobility of
guests within OA capsules.

The readily achievable functional modification of OA aids the
organization of the capsular assemblies on various surfaces,
expanding supramolecular photochemistry from solution to
solid surfaces. The ability of the cross communication of
molecules confined within OA and in the exterior media
through electron, energy, and spin transfer opens up
opportunities to explore the use of encapsulated donors/
acceptors in the context of solar energy capture and storage.
The future of OA relies on synthesizing new hosts with
different internal dimensions and establishing their value as a
catalytic nanoreaction container with clever integration into
materials chemistry, where metal nanoparticles continue to play
an important role. The capsules’ value as a drug-delivery
vehicle, which is yet to be established, will open avenues to
transporting drugs/loads to desired sites for release on capsular
disassembly as needed, which will expand its foray into
medicinal chemistry and other applications. The vast potential
of capsular assemblies is yet to be fully explored.
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