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a-Zirconium phosphate intercalated with butylamine hydro-
chloride (BAZrP) was found to enhance singlet—singlet energy
transfer between organic chromophores. Enhanced energy
transfer among donor and acceptor pairs is of practical importance
in solar energy harvesting, efficient degradation of pollutants,
and supramolecular photochemistry.! Covalent linking of the
donor-acceptor pairs can result in enhanced energy transfer.lc
Alternatively, donors and acceptors can be assembled at mac-
romolecular surfaces toachieve high local concentrations of these
species for enhanced energy transfer.!d a-Zirconium phosphate
(a-ZrP) is suitable for such an assembly of donors and acceptors.
a-ZrP platelets are nearly 7 A thick and carry negatively charged
phosphate groups on the surface.2 Adsorption of a cationic
surfactant such as butylamine hydrochloride (BA) enhances the
binding of hydrophobic chromophores to these anionic surfaces.
Previous results from this laboratory? demonstrated the high-
affinity binding of anthryl- and pyrenylalkylamine hydrochlorides
(Chart 1) to BAZrP. At high surface coverages, both static and
dynamic excimers were formed. At low coverages, only monomer
emission was observed. Therefore, binding to BAZrP can result
in high local concentrations which can be used to promote
bimolecular photoprocesses. We now report the enhanced energy
transfer among naphthyl, pyrenyl, and anthryl probes (Chart 1)
bound to BAZrP. Without a-ZrP or BA, energy transfer was
very weak or absent. No energy transfer was observed when
these probes bind to DNA or to proteins.* The current method
is an alternative to the covalent linking of donors and acceptors
mentioned above.

1-Naphthalenemethylamine hydrochloride (NMAC) was used
asthe donor, and either 9-anthracenemethylamine hydrochloride
(AMAC) or 3-(1-pyrenyl)butylamine hydrochloride (PBAC)
served as the acceptor (Chart 1). The emission maxima of these
probes in the presence of BAZrP (0.008% by weight® ) are as
follows: NMAC, 325 and 337 nm; PBAC, 376, 395, 418, and
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(5) The estimated surface area of BAZrP is 100 m2/g, and it is capable
of exchanging 54 mM of cationic sites (ecg) per gram. The concentrations are
expressed as % by weight or as mM ecg.
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Figure 1. Fluorescence spectra of NMAC (10 uM) and AMAC (0-6.36
uM) inthe presence of BAZrP (0.008% by weight). The spectra correspond
to 0, 0.99, 1.87, 2.65, 3.35, 3.98, 4.54, 5.5, and 6.36 uM of AMAC.

Chart 1. Structures of the Donor and Acceptor Molecules
Used for the Energy-Transfer Experiments

NMAC AMAC PBAC

440 nm; AMAC, 392, 416, and 465 nm.® Therefore, the donor
and acceptor emission bands are well separated. Quenching of
the donor emission and sensitization of the acceptor emission can
be followed conveniently. Micromolar to submicromolar con-
centrations of the acceptor were enough to achieve efficient
quenching of the donor emission and simultaneous sensitization
of acceptor fluorescence. Several lines of evidence establish the
enhanced energy transfer among these donor-acceptor pairs.

The gradual quenching of NMAC emission by AMAC and
simultaneous sensitization of anthryl emission is shown in Figure
1. Aqueous NMAC solutions (10 uM) were excited at 280 nm
in the presence of BAZrP (0.008% by weight). Concentration
of the donor was kept constant, while that of the acceptor has
been increased from 0 to 6.36 uM. Intensity of the naphthyl
band at 337 nm decreases with increasing AMAC concentration.
Concomitantly, the intensity of AMAC emission increases, and
an isoemissive point at 385 nm is evident in the spectra. The
isoemissive point is a clear indication of energy transfer from the
donor to the acceptor. Without the donor, even at the highest
concentration of the acceptor, direct emission from the acceptor
was very weak,’” indicating the efficient sensitization of acceptor
emission by the donor. Energy transfer from NMACto AMAC
was also probed by recording the excitationspectra. Theexcitation
spectra, obtained by monitoring the AMAC emission at 420 nm,
showed intense bands at 270, 283, and 296 nm, corresponding to
NMACabsorption bands (supplementary material, page 1). These
bands were not detectable in AMAC excitation spectra when
recorded in the presence or in the absence of BAZrP. Therefore,
the excitation spectra clearly establish the initial light absorption
by NMAC and subsequent emission by AMAC. Similar
excitation spectra were observed with NMAC (50 uM) as the
donorand PBAC (1 uM) as theacceptor in the presence of BAZrP
(0.008%) (supplementary material, page 2). Thus, when PBAC
was used as the acceptor instead of AMAC, NMAC emission
was quenched by PBAC, which resulted in sensitized PBAC
emission. No such energy transfer from NMAC to PBAC or
from NMAC to AMAC was observed without BAZrP at these
low acceptor concentrations.

A plot of I,/ I vs the acceptor concentration, where /and Iy are
the intensities of the donor emission at 337 nm with and without

(6) These emission maxima are ~5 nm red-shifted with respect to the
probe solutions in water.

(7) The direct emission from AMAC (6.4 uM) when bound to BAZrP
(0.008%) was at least 1000 times weaker than the observed sensitized emission.
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Figure 2. Stern—Volmer plot for the quenching of NMAC (50 uM)
fluorescence intensity by PBAC in the presence of BAZrP (0.008%).
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Table 1. Kgv Values for the Quenching of Donor Fluorescence in
the Presence of BAZrP (0.008%)

[donor] Ksv K'sv
donor acceptor kM) (X108 M) (X108 m2/M)
NMAC AMAC 20 0.1 0.8
NMAC PBAC 20 0.7 5.6
NMAC PBAC 50 1.1 8.8

the acceptor, resulted in linear plots (Figure 2). The quenching
constant (Ksy) was evaluated using the Stern-Volmer equation.?
NMAC fluorescence (50 uM) was quenched by PBAC in the
presence of BAZrP (0.008%) with a high efficiency (Figure 2).
It is noteworthy that only submicromolar concentrations of the
acceptor were enough to quench nearly 50% of the donor emission.
The Stern-Volmer quenching constants were calculated using
the number of moles of acceptor adsorbed per square meter of
BAZ:P surface (100 m?/g)? (Table 1) as well as bulk concen-
trations. Quenching constants shown in Table 1 are much larger
than the values anticipated under diffusion-controlled energy-
transfer conditions. The quenching constants depend upon the
donor concentration, the nature of the donor-acceptor pair, and
BAZ:P concentration. For example, the Ksy value for the
quenching of NMAC emission by PBAC was 7 times greater
than that for quenching by AMAC at the same donor and BAZrP
concentrations. Application of Forster’s equation to the above
data gave Forster radii in the range of 25-30A.10.11

The effect of BAZrP on the energy transfer from NMAC to
PBAC s illustrated in Figure 3. NMAC concentration was kept
high (50 uM) with respect to PBAC concentration (0.5 uM).
Samples were excited at 288 nm such that direct light absorption

(8) Steady-state data were plotted using the equation Io/I = | + Ksv[Q],
where [Q] is the concentration of the acceptor and Kgy is the quenching
constant. Only steady-state data are presented here due tothe multicomponent
decay of the donor and the acceptor excited states in the presence of BAZrP.
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Figure 3. Plot of the ratio of the intensities of the sensitized (J;) to direct
(Io) fluorescence from PBAC in the presence of NMAC as a function
of BAZrP concentration, monitored at 420 nm.

by PBAC was quitesmall. Addition of BAZrP quenches NMAC
emission and simultaneously sensitizes PBAC emission. A plot
of I,/ I as a function of BAZrP concentration was linear (Figure
3), where I;and Iy are the acceptor fluorescence intensities at 376
nm in the presence and absence of BAZrP. Without BAZrP,
only weak emission can be detected from PBAC. PBAC emission
increased nearly 35-fold when BAZrP concentration was increased
from0t00.45mM. Thecorresponding Stern-Volmer quenching
plots, constructed by monitoring NMAC emission at 337 nm,
indicate that nearly 80% of the donor emission was quenched,
even though the donor concentration was 100 times that of the
acceptor. Therefore, ground-state association between the donor
and the acceptor cannot explain the enhanced energy transfer.
Itis very likely that donor-to-donor energy migration takes place
and the excitation is transferred over a long distance to the
acceptor.!! Such migration is unusual in fluid solutions and has
been observed in crystals, polymeric samples, and Langmuir-
Blodgett films.!! When the donor-to-acceptor ratio was further
increased to 1000:1 (20 uM NMAC, 0.02 uM PBAC), nearly
56% of the donor emission was still quenched in the presence of
BAZrP (0.004%). Therefore, donor-to-donor migration of
excitation is perhaps a key feature in these systems. Ground-
state association alone cannot explain the high quenching
efficiencies when the donors are inlarge excess. Therefore, energy
migration from donor to donor (antennae effect) is essential to
explain the current data.!! Acceptors and donors may form
aggregates at the BAZrP surface, and energy transfer may occur
in these aggregates. These results clearly highlight the utility of
BAZrP in controlling the photoprocesses of organic molecules.
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