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The spectroscopic properties of a poly(methyl methacry-
late) matrix doped with a coumarin dye, a cyanine dye,
and a photochromic spiropyran dye have been investi-
gated. Before UV irradiation of the matrix, excitation of
the coumarin dye results in minimal energy transfer to the
cyanine dye. The energy transfer is substantially enhanced
following UV irradiation of the matrix, which converts the
colourless spiropyran isomer to the coloured merocyanine
isomer, which then acts as an intermediate bridge by ac-
cepting energy from the coumarin dye and then donating
energy to the cyanine dye. This demonstration of a switch-
able energy transfer cascade should help initiate new re-
search directions in molecular photonics.

Many photochromic molecules are characterised by having
two distinct isomeric forms, with one being colourless and
the other coloured. !> Because the isomers have different elec-
tronic and chemical properties, and can be interconverted us-
ing light, together they function as a molecular switch. Possi-
ble applications for molecular switches include data storage,
molecular motors, biological imaging, and sensors. !~

The modulation of photonic or photochemical events by
molecular switches can be accomplished using Forster Res-
onance Energy Transfer (FRET), which involves electronic
energy being passed between chromophores via long-range
dipole-dipole coupling. Previous studies have employed the
coloured form of a molecular switch as either a FRET donor or
acceptor to trigger or quench, respectively, photophysical pro-
cess in an external molecule or material.”-'> In this communi-
cation, we describe the use of the coloured form of a molecular
switch as a simultaneous FRET donor and acceptor for the first
time. As shown in Figure 1, the FRET cascade scheme utilises
the spiropyran (SP)/merocyanine (MC) photochromic system
and involves energy transfer from a blue-absorbing coumarin
dye (C314) to a near-IR-absorbing cyanine dye (HITC) via the
coloured, ring-opened MC isomer, with this pathway disabled

1 Electronic Supplementary Information (ESI) available: experimental proce-
dure and additional results.
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Fig. 1 The photochromic FRET cascade scheme employed in this
study: the isomeric state of the SP/MC system either impedes or
facilitates C314 to HITC energy transfer.

when MC is converted to the colourless, ring-closed SP iso-
mer.

For our experiments we have incorporated the dyes in
a poly(methyl methacrylate) (PMMA) polymer matrix. As
shown in Figure2, the absorption and emission maxima of
C314 occur at 435 nm and 470 nm, respectively, whereas for
HITC they appear at 755 nm and 780 nm, respectively. Before
UV irradiation, the SP/MC sample has an absorption maxi-
mum at 345 nm that is due to the SP isomer, which is the low-
est energy isomer. 2.9 Following UV irradiation (A, =365 nm)
of the matrix, a new optical absorption band with a maximum
at 575 nm appears, which is due to MC.2° Excitation of MC at
532 nm yields an emission band with a maximum at 655 nm.
The UV absorption region is also altered, with the absorption
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Fig. 2 Normalised absorption and emission spectra of the C314 (top
panel), SP/MC before and after UV irradiation (middle panel), and
HITC (bottom panel) PMMA samples.

maximum shifting to 370 nm, as MC has an absorption band in
this region that overlaps that of SP.° These UV-induced spec-
tral changes result from SP—MC photoisomerisation, with an
estimated conversion of ~60% (see ESI). MC—SP isomerisa-
tion occurs either through visible irradiation or thermal relax-
ation.

The efficiency of FRET between donor and acceptor can
be related to the Forster distance (Rp), which is the donor-
acceptor distance at which the FRET quantum yield (®rrgr)
is 0.50. Using the individual dyes’ spectroscopic parame-
ters, 1918 the C314+HITC, C314+MC, and MC+HITC pairs
are calculated to have Ry = 3.8 nm, 4.1 nm, and 5.5 nm, respec-
tively (see ESI).

For a mixture of donors and acceptors, ®rrpr is also in-
fluenced by the number of acceptors surrounding a donor.
Here, we aimed to produce a dye-doped PMMA matrix where
the concentrations are such that direct C314—HITC FRET is
minimal before UV irradiation (SP/MC predominantly in SP
form), with the C314—+MC—HITC FRET cascade becoming
the dominant process following UV irradiation (SP/MC pre-
dominantly in MC form). This arrangement allows the state
of the SP/MC molecular switch to control the overall amount
of C314 to HITC energy transfer.

The C314+SP/MC+HITC PMMA matrix sample was pre-
pared with a dye concentration ratio of 10:50:1 (see ESI). The
absorption and emission spectra of the sample, before and af-
ter UV irradiation, are shown in Figure 3. Before UV irradia-
tion, the absorption bands of SP, C314, and HITC are clearly
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Fig. 3 Absorption (top panel) and emission (bottom panel,
Aex =435 nm) spectra of the C314+SP/MC+HITC PMMA sample,
before and after UV irradiation.

evident, and have minimal overlap. Excitation at 435 nm pri-
marily excites C314, producing mainly C314 emission, to-
gether with very minor HITC emission. Following UV irra-
diation, the optical absorption band of MC appears, which is
located in between the absorption bands of C314 and HITC.
Subsequent excitation at 435 nm excites the C314 dye, but
now with a ~80% reduction in the C314 emission band’s in-
tensity, coupled with the appearance of the optical emission
band of MC, indicating C314—MC FRET. Additionally, there
is a ~4-fold increase in the HITC emission band’s intensity,
consistent with MC—HITC FRET. Although direct excitation
of MC is possible, and C314—MC and MC—HITC radiative
energy transfers can also occur, they are expected to play a
minor role compared to the FRET cascade.

The combined integrated areas of the MC and HITC emis-
sion bands after UV irradiation do not reach that of C314 be-
fore UV irradiation, most likely because MC and HITC have
much lower fluorescence quantum yields (®g) than C314:
0.20 and 0.28, compared to 0.83, respectively. '®1° In prin-
ciple, the fluorescence after UV irradiation could be elevated
by using an acceptor dye with a high ®x and having ®pgrpr
from MC being essentially unity.

The measured spectra are consistent with the UV-generated
MC population acting as an intermediate FRET bridge, facil-
itating C314—MC—HITC energy transfer. Furthermore, by
alternating between visible and UV irradiation treatments, re-
versible switching between SP and MC dominant populations
is possible, enabling the FRET cascade to be modulated (Fig-
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Fig. 4 Relative intensity of the HITC emission following C314
excitation in the C314+SP/MC+HITC PMMA sample when

switching between SP and MC dominant populations using UV and
visible light irradiation cycles.

ure 4).

To investigate the mechanism for the FRET cascade fur-
ther, we measured the fluorescence decay curves of C314 and
MC in various PMMA samples where they act as the FRET
donor, as shown in Figure5. This allows the C314—MC
and MC—HITC steps within the FRET cascade to be charac-
terised individually. In the samples containing only the donor,
we fit the decays using a single exponential decay function
to determine the excited state lifetime (tp). When FRET is
present, we fit the decays using a stretched exponential decay
function, which provides an experimental estimate of ®rrgr
(see ESI).?%?! Parameters derived from the decays are given
in Table 1.

The fluorescence decays of C314 were recorded using
435 nm excitation, while monitoring emission at 470 nm. For
the C314 sample, the fluorescence decay gives Tp=23.14ns,
similar to the value measured in PMMA (3.04 ns) by Felorz-
abihi et al.!® For the C314+HITC sample, the C314 fluores-
cence decay is slightly faster, with ®grr7r =0.26 estimated for
the C314—HITC FRET.

Before UV irradiation of the C314+SP/MC sample, the
C314 fluorescence decay is slightly faster than that of the pure
C314 sample, most likely due to C314—MC FRET involving
a small residual population of MC. However, after UV irradi-
ation the C314 fluorescence decay is much faster, due to the
increased MC population enhancing C314—MC FRET. From
the C314 fluorescence decays we estimate ®rrrpr =0.24 be-
fore UV irradiation and @ grer =0.85 after UV irradiation for
the C314—MC FRET.

The ®prer values determined for the C314+HITC and
C314+SP/MC (before UV irradiation) samples are sur-
prisingly high considering the low concentration of the
acceptor species.  This is probably due to the occur-
rence of C314—C314 homo-FRET, allowing the excita-
tion energy to migrate through the sample before under-
going C314—HITC/MC FRET.?>* Indeed, a theoretical
Rp=3.2nm is calculated for the C314+C314 pair and we es-

Table 1 Photophysical parameters for the dye-doped PMMA
samples derived from the fluorescence decay measurements.

sample Tp (ns)¢ Ry (nm)b PrreT”
C314 fluorescence decay

C314 3.14

C314+HITC 3.8 0.26
C314+SP/MC 4.1 0.247/0.85¢
C314+SP/MC+HITC 0.457/0.88¢
MC fluorescence decay

SP/MC 2.24¢

C314+SP/MC+HITC 5.5 0.70¢

4 error £0.05 ns

b theoretical value

¢ error +0.05

d pefore UV irradiation
¢ after UV irradiation

timate the average spacing between C314 molecules in the
PMMA matrix is ~5 nm.

For the C314+SP/MC+HITC sample, the C314 fluores-
cence decay before UV irradiation is affected by both
C314—HITC and C314—MC(residual) FRET, with an esti-
mated ®prpr =0.45: i.e., relaxation back to the C314 ground
state still mainly occurs via fluorescence and internal conver-
sion. Following UV irradiation, the C314 fluorescence de-
cay becomes much more rapid, due to increased C314—MC
FRET, with an estimated ®rggr =0.88.

The fluorescence decays of MC were recorded using
532nm excitation and monitoring emission between 640-
690 nm. For the SP/MC sample after UV irradiation, the MC
fluorescence decay gives Tp =2.24 ns. This Tp is significantly
longer than that measured for MC in ethanol (0.21 ns),’” pre-
sumably because the rigid PMMA surroundings restrict the
molecule’s conformational freedom, decreasing the rate of in-
ternal conversion and photoisomerisation. Furthermore, the
®r of MC is predicted to increase from 0.02 in ethanol to
0.20 in PMMA (see ESI).%!® For the C314+SP/MC+HITC
sample after UV irradiation, the MC fluorescence decay is
much faster than that of the pure SP/MC sample, due to
MC—HITC FRET. From the MC fluorescence decays we es-
timate ®rrrr =0.70 for MC—HITC FRET after UV irradi-
ation. It is important to recognise that the prolonged tp of
MC in the PMMA matrix is crucial for the efficiency of the
MC—HITC step in the FRET cascade.

Overall, the experimental data show that the C314 dye’s ex-
citation energy can be appreciably directed towards the HITC
dye using a FRET cascade that is controlled by the pho-
tochromic SP/MC system.

Research has previously been conducted into the FRET
for different combinations of a donor chromophore, ac-
ceptor chromophore, and photochromic switch. %1315 How-
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Fig. 5 Fluorescence decay curves of C314 for the C314,
C314+HITC, C314+SP/MC PMMA samples (top panel).
Fluorescence decay curves of C314 for the C314+SP/MC+HITC
PMMA sample (middle panel). Fluorescence decay curves of MC
for the SP/MC and C314+SP/MC+HITC PMMA samples (bottom
panel).

ever, in these cases when the switch is in its colourless
form, significant donor—acceptor FRET occurs, and when
the switch is in its coloured form, it acts as the FRET
terminus, either via donor—coloured switch FRET and/or
donor—acceptor—coloured switch FRET. The photochromic
FRET scheme demonstrated here differs from previous con-
structions in that the overall donor—acceptor energy transfer
is enhanced when the switch is converted from colourless to
coloured (Figure 1). An intramolecular version of this FRET
cascade scheme was proposed by Jukes et al., yet experimen-
tally the linking SP lost its photochromic ability to convert to

MC when bound between two inorganic chromophores. >

A possible application for the photochromic FRET cascade
mechanism demonstrated here may involve increasing the
spectral contrast of dye-doped polymer nanoparticles that are
switchable between two fluorescent states and employed for
biological imaging.'* Another prospective application may
whereby the donor,
switchable bridge, and acceptor are arranged in consecutive
nanoscale layers to ensure that energy is transferred in a spe-

lie in developing photonic wires, 326

cific direction.

In conclusion, we have demonstrated that energy transfer
from a blue-absorbing dye to a near-IR-absorbing dye embed-
ded in a polymer matrix can be modulated by photoswitching
an incorporated SP/MC system. This is the first time the
coloured form of a molecular switch has been employed as an
intermediate bridge within a FRET cascade.
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