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ABSTRACT: We investigate amplified energy transfer in con-
]filgated polymer nan.opartlcles (CPNs or Pdots) by stuFl?rlng both donor i | switch
uorescence quenching of CPN donors and the sensitization of m ‘. — k )
reactive dye acceptors. By delivering excitation energy to dye o N
dopants via a combination of Forster energy transfer and exciton ‘ FRET l
diffusion, CPNs act as powerful light-harvesting antennae. This

excitey
dye
acceptor

@ "
phenomenon—amplified energy transfer—is used to sensitize dye § 10 CPN size £10 /L\
dopants, producing a higher concentration of the dye’s excited state g o S 054/
than would be observed upon direct excitation. Here, we study S o5 o g ( /\_
CPN sensitization of a low-efficiency photochemical reaction to E Ci 0.04/7
determine the CPN size and dye loading that yield optimized ¢ ® S -
outputs in the form of energy transfer efficiency, the antenna effect « *° Dye Loading w “Dye Loading —

(AE), and reaction duration. Our model system is the cyclo-
reversion reaction of a diarylethene (DAE) photochrome as the
dye dopant and CPNs of the conjugated polymer poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-1,4-benzo-{2,1’-3}-thiadiazole] as the
sensitizer. In their visible-absorbing form, DAE dyes are localized on the particle surface and are effective fluorescence quenchers of
15, 20, and 26 nm diameter CPNs. Quenching is most efficient for the smallest particles, and high dye loadings are necessary to
offset reduced efficiency as CPN size increases. Our photokinetic studies of DAE acceptors demonstrate the crucial importance of
dye loading: both energy transfer efficiency and the AE show abrupt declines when the dye concentration is increased beyond a
critical threshold. We find that CPNs with a 15 nm diameter exhibit the most efficient energy transfer (99—100%) and the largest AE
(32) of the CPNs studied. For CPNs of all sizes and dye loadings, a photoselection phenomenon reveals that the energy-transfer-
accepting ability of the DAE dyes varies tremendously within the dye ensemble. These findings are used to develop design
recommendations for CPN sensitizers.

B INTRODUCTION

The ideal chemical reaction occurs cleanly, in a timely fashion,
and with high conversion to products. Photochemical
reactions, in which light serves as a reagent, can meet these

the acceptor than would be obtained by direct excitation.
Sensitization of photochemical reactions by energy transfer has
been used to access specific excited states and/or enhance
reactivity in photoremovable protecting groups' and photo-

criteria with the added benefit that light can be delivered to the
reactant with spatiotemporal control. While many photo-
chemical reactions are fast and high-yielding, some are not
because their low quantum efficiencies limit reaction rates and
conversion to products. This limitation can be overcome by
increasing the irradiation intensity and/or duration to achieve
the needed product yield. However, prolonged irradiation can
have deleterious consequences ranging from chromophore
photobleaching to the formation of unwanted side products.
Photosensitization is an alternative approach to low-
efficiency photochemical reactions that involves excitation of
a sensitizing moiety to generate the reactant’s excited state.
Fluorescence resonance energy transfer (FRET) is one
mechanism by which sensitization can occur. If the donor—
acceptor pair undergoes efficient FRET, sensitization can
produce a higher concentration of the desired excited state of
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chromic moieties,”’ among others. Multichromophoric sensi-
tizers can absorb more light than their small-molecule
counterparts and have been useful in applications such as
artificial photosynthetic systems." We seek to enhance the
reaction rates and product yields of low-efficiency photo-
chemical reactions by employing conjugated polymer nano-
particles (CPNs or Pdots) as multichromophoric sensitizers for
photoreactive dyes. Here, we present studies of FRET
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sensitization of a low-efficiency reaction from both donor and
acceptor perspectives. We determine the nanoparticle size that
yields the most effective sensitization and discover an
unexpected threshold effect that determines the optimal dye
loading.

CPNss are small, spherical particles that are stably suspended
in aqueous media and exhibit bright, photostable fluorescence.
Their emission properties have recently garnered intense
attention for imaging and theranostic applications.”~"" The
multichromophoric CPNs are exceptional light absorbers, with
extinction coefficients in the range of 10’—10° M~ em™."
They are outstanding FRET donors because of their ability to
harvest light and deliver it efficiently to dye dopants.'” The
efficiency with which an excited CPN chromophore generates
an excited dye involves both Forster energy transfer and
intrinsic exciton diffusion processes within the CPN that relay
donor excitation to acceptor dyes. These processes are highly
convolved, and it is not always possible to separate their effects
in experimental data. In the present work, we will use the terms
“FRET” or “energy transfer” to refer to the convolution of
processes that delivers excitons to acceptors and “Forster
transfer” and “exciton diffusion” to refer to the individual
processes. The interplay between Forster transfer and exciton
diffusion has been explored extensively in CPNs doped with
fluorescent dyes that are not photochemically reactive.'*~"”
For example, Jiang and McNeill have demonstrated that CPN
fluorescence quenching that involves both Forster transfer and
exciton diffusion can be 2 to more than 4 times more efficient
than Forster transfer alone.'’ Energy transfer from CPN
donors is referred to as “amplified FRET” for this reason.' '
Highly efficient CPN-to-dye FRET has been used to amplify a
fluorescence signal for sensing applications, which have been
reviewed.'””’ We”'~** and others* >’ have also used FRET
from CPNs to nonfluorescent photochromic dyes to modulate
the CPNs’ fluorescence. While some of these phenomena
could also be explained by other fluorescence quenching
mechanisms, Algar recently concluded that FRET is the
dominant quenching mechanism in a detailed study of dye-
doped CPNs."”

Applications of dye-doped CPNs’* have largely been
focused on the fluorescence output: dyes are used to shift
the CPNs’ emission wavelength to lower energy, act as a
receptor for fluorescence sensing applications, or modulate
fluorescence intensity.””” In our recent study of fluorescence
intensity modulation in dye-doped CPNs, we determined that
FRET sensitization of a low-quantum-yield photochromic dye
could drive the dye’s slow, ineflicient reaction nearly all the
way to completion in just seconds.” Our findings are
emblematic of an emerging body of literature that focuses on
what sensitization by CPNs can do for dyes rather than what
dyes can do for CPNs in the form of emission tuning. For
example, several groups have demonstrated that CPN-
sensitized dyes can produce singlet oxygen for photodynamic
therapy applications.**™*" Applications such as this use the
CPNs as amplifiers to generate a higher concentration of the
dye’s excited state than would be possible upon direct
excitation of the dye with comparable light intensity. The
dye’s excited state is then deactivated by a subsequent
photochemical reaction or photophysical process that would
occur only rarely without the sensitization.

The use of CPNss as sensitizers for inefficient photochemical
reactions or photophysical processes requires high CPN-to-dye
FRET efficiency. The groups of McNeill'® and Redmond'®

have investigated FRET efficiency in dye-doped CPNs as a
function of nanoparticle size. For CPNs with dyes randomly
distributed throughout the particles, energy transfer efficiency
increases as particle radius increases from 5 to 20 nm before
leveling off around 30 nm.">'® Most of these results come from
simulation rather than from the experiment and involve dyes
with high extinction coefficients that are excellent FRET
acceptors. Additionally, the relationship between FRET
efficiency and CPN size has not been investigated for CPNs
in which the dye dopants are located only on the particle
surface or for those in which the dyes are reactive. Surface-
localized dyes are crucial for applications such as sensing as
only this 1population can interact with the surrounding aqueous
medium."”” Our goal is to determine the CPN size and dye
loading that maximize energy transfer efficiency when the
sensitized dyes are localized on the particle surface.

Here, we present experimental studies of FRET sensitization
of dye dopants in CPNs of 15, 20, and 26 nm diameters. The
CPNs are composed of the conjugated polymer poly[(9,9-
dioctylfluorenyl-2,7-diyl)-co-1,4-benzo-{2,1’-3}-thiadiazole]
(PFBT), which is prized for its high fluorescence brightness
and photostability. The dye dopants are the photochromic
diarylethene 1,2-bis(2,4-dimethyl-S-phenyl-3-thienyl)-
3,3,4,4,5,5-hexafluoro-1-cyclopentene (DAE), which switches
between open (DAE,) and closed (DAE.) forms when
irradiated with ultraviolet light and in the reverse direction
with visible light (Figure 1). DAE photochromes have attracted
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Figure 1. (A) Chemical structures of open (DAE,) and closed
(DAE,) forms of the DAE dye and the conjugated polymer PFBT.
(B) Spectral overlap of the CPN fluorescence spectrum (green) with
DAE,_ absorbance (blue).

intense attention since their discovery 30 years ago,*' largely
because they exhibit P-type photochromism in which both the
colored and colorless forms of the dye are thermally stable.*”
We”” and others”*>*** have shown that CPNs doped with
DAEs exhibit fluorescence intensity photomodulation. Here,
DAE dyes represent an ideal model for a low-efficiency
photochemical reaction as the DAE. — DAE, cycloreversion
has a quantum yield of just 1.5%." The fluorescence spectrum
of the donor CPNs and the absorbance spectrum of the
acceptor DAE_ share the spectral overlap required for FRET
(Figure 1B). The Forster radius (R,) for the pair is 1.4 nm,
which is lower than those of many CPN-dye FRET pairs
because of the relatively low extinction coefficient of DAE_"
(11,000 M™' cm™). Colorless DAE, absorbs only in the
ultraviolet region and cannot act as a FRET acceptor for the
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CPNs. A study of the FRET-sensitized DAE. — DAE,
cycloreversion will enable the determination of the energy
transfer efficiency and reaction duration as well as
quantification of the antenna effect (AE) of the light-harvesting
CPNe.

We studied amplified energy transfer in the DAE-doped
CPNs by investigating both fluorescence quenching of CPN
donors and sensitization of DAE_ acceptor dyes. Both methods
demonstrate that the per-dye energy transfer efficiency
decreases with increasing CPN size across the series of 1S,
20, and 26 nm particles studied here. Remarkably, DAE_ dyes
are able to quench >97% of CPN fluorescence in all
nanoparticle size populations in spite of their location on the
particle surface and the small Forster radius for this FRET pair.
The dyes do become less effective quenchers as CPN size
increases, with higher dye loadings required to offset the lower
per-dye energy transfer efficiencies in larger CPNs. The ability
of individual dyes to act as FRET acceptors is highly variable,
with some dyes exhibiting exceptional quenching abilities and
others acting as poor quenchers or nonquenchers. Photokinetic
studies of the DAE_ acceptor dyes demonstrate that the
cycloreversion reaction is sensitized in all CPN-size popula-
tions, with rate constants 4—32 times faster than those of direct
excitation, depending on CPN size and dye loading. Energy-
transfer efficiencies are the highest and reaction times are the
fastest for 15 nm CPNs, followed by the 20 and 26 nm CPN.
An unexpected thresholding behavior underscores the crucial
importance of dye loading: in all CPN-size populations, the
energy transfer efficiency increases with DAE_ loading up to a
critical concentration, after which it drops abruptly. From these
findings, we draw practical recommendations for maximizing
the reactivity of inefficient photochemical reactions or
photophysical processes through the use of CPN sensitizers.

B EXPERIMENTAL METHODS

Materials. All chemicals not listed below were obtained
from Acros or Sigma-Aldrich and used as received unless
otherwise specified. PFBT with an average molecular weight
(MW) of 107,000 and a polydispersity of 3.5 was obtained
from American Dye Source (Quebec, Canada). A polystyrene
polymer grafted with carboxylic acid-terminated ethylene
glycol segments (PS-PEG-COOH) with a total-chain MW of
21,700, a graft side-chain MW of 12,000, a main-chain MW of
8500, and a polydispersity of 1.25 was obtained from Polymer
Source Inc. (Quebec, Canada). The photochromic dye DAE
was obtained from TCI Chemicals.

Nanoparticle Preparation. CPNs were prepared by a
literature procedure.'” Separate stock solutions of the
conjugated polymer PFBT (1 mg/mL), optically transparent
stabilizing copolymer PS-PEG-COOH (1 mg/mL), and
photochromic DAE dye (2 mg/mL) in anhydrous tetrahy-
drofuran (THF) were stirred under argon for at least 2 h
before use. A precursor solution was prepared by combining
portions of the PFBT, PS-PEG-COOH, and DAE solutions
with additional THF, as well as varying amounts of ultrapure
water to manipulate the particle size,***> to a final
concentration of 0.04 mg/mL PFBT, 0.008 mg/mL PS-PEG-
COOH, and varying concentrations of the DAE dye depending
on the experiment. This precursor solution was filtered
through a 0.7 pm filter to remove any aggregates and then
sonicated for 30 s to ensure homogeneity. A 1 mL portion of
the precursor solution was injected into 8 mL of sonicating
ultrapure water, which was then sonicated for an additional 2

min. THF was removed via argon bubbling at 50 °C for 30
min, and the aqueous suspension of DAE-doped CPNs was
filtered through 0.7 and 0.22 pum filters. To test for dye
leaching, DAE-doped CPNs of each size were spun at 5000
rpm for 2 min in a centrifugal filtration device (Amicon Ultra-4
centrifugal filter with an MW cutoff of 100,000) in accordance
with a literature procedure.*® Nanoparticle size distributions
were measured in the aqueous suspension by dynamic light
scattering using a Nicomp N3000 Submicron Particle Sizer
(Particle Sizing Systems).

Spectroscopy and Photochemistry. Absorption and
fluorescence measurements were carried out with an Agilent
Technologies Cary 60 UV—vis spectrophotometer and a
Varian Eclipse fluorimeter, respectively. All fluorescence
experiments used an excitation wavelength of 450 nm.
Fluorescence kinetics were monitored at 533 nm. Absorbance
kinetics were monitored at 600 nm. CPNs were studied in the
aerated aqueous suspension in semimicro quartz cuvettes
(Starna, 10 mm X 4 mm interior dimensions). Small sample
volumes (250 uL) were used to maximize consistency of the
visible irradiation intensity throughout the sample. UV
irradiation (254 nm) was provided by a shortwave UV pen
lamp (Analytik Jena UVP Pen-Ray Lamp). Visible irradiation
(4SS or 590 nm) was provided by a 4-wavelength high-power
light-emitting diode (LED) source (Thorlabs, DC4100).
Irradiation was delivered to the top of the sample cuvette in
the absorbance and fluorescence instruments by a liquid light
guide (Thorlabs, LLG0538). Photon flux values for 455 and
590 nm irradiation were determined by chemical actinometry®’
using Aberchrome 670.%

B RESULTS AND DISCUSSION

CPN Design, Preparation, and Properties. DAE-doped
PFBT CPNs (Figure 1A) were designed as a model system for
FRET sensitization of low-efliciency photochemical reactions
by CPNs. The DAE. — DAE, cycloreversion reaction was
selected for study because it has a low quantum yield (1.5 vs
46% for the cyclization reaction)*’ and is induced by visible
irradiation, making it amenable to sensitization by CPNs.
DAE-doped CPNs were prepared by a reprecipitation method
in which a THF solution containing the conjugated polymer,
the dye, and an optically transparent stabilizing polymer is
injected into sonicating water. Our standard procedure
typically produces PFBT CPNs with diameters in the 13—15
nm range. To produce larger CPNs for energy transfer studies,
small amounts of water were added to the THF precursor
solution prior to injection into water. This method has
previously been shown to be effective for producing CPNs of
different sizes in a controlled fashion: the CPN diameter
increases as the proportion of water in the THF precursor
solution increases.***” Size distributions for DAE-doped PFBT
CPNs were measured by dynamic light scattering (Figure 2).
Precursor solutions that contained 0, 5, and 10% v/v water in
THEF produced CPNs with average diameters of 15, 20, and 26
nm, respectively. These samples, denoted as CPN;, CPN,,
and CPN,, are in the range over which FRET efliciency has
previously been shown to increase with increasing particle size
when acceptor dyes are doped throughout the particles.' "¢
The size distributions are broad (15 + 11, 20 + 13, and 26 =+
15 nm), but the data below show that the three populations
demonstrate significant differences in energy transfer behavior.
The number of polymer chains per nanoparticle can be
estimated from the particle size and the polymer MW as

https://dx.doi.org/10.1021/acs.jpcc.0c09084
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Figure 2. Size distribution of DAE-doped CPNs measured in the
aqueous suspension by dynamic light scattering.

described previously.”” CPN;, CPN,;, and CPN, are
composed of 8, 19, and 41 polymer chains, respectively. The
DAE, concentrations, calculated from absorbance, are varied
throughout this work but have maximum values of 28, 93, and
235 dyes per conjugated polymer chain for CPN;5, CPN,,, and
CPN,g, respectively. DAE-doped CPNs were tested for dye
leaching by spinning them in a centrifugal filtration device that
separates the CPNs from the aqueous medium. The
absorbance of the aqueous filtrate was recorded after UV
irradiation to produce DAE, from any DAE, dyes present. No
DAE,_ was observed, indicating that the hydrophobic DAE dyes
are stably associated with the CPNs.

Dyes in as-prepared CPNs are in the DAE, form, which does
not perturb CPN fluorescence (Figure 3A,B, 1). A brief UV
irradiation cyclizes some of the dyes, quenching CPN
fluorescence and producing the initial sample for energy
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Figure 3. (A) Scheme for operation of DAE-doped CPNs, showing
fluorescence on-state with dyes in the DAE, form (state 1) and off-
state with some dyes switched to the quenching DAE, form (state 2).
Fluorescence (B) and absorbance (C) spectra of DAE-doped CPNs
as prepared in state 1 and after UV irradiation to produce state 2. (D)
Absorbance of DAE, in DAE-doped CPNs monitored at 600 nm as a
function of time during direct excitation (590 nm, orange trace) and
FRET-sensitized excitation (455 nm, blue trace) at a photon flux of
12X 107° Ms™

transfer studies (Figure 3A,B, 2). DAE_ dyes in the CPN
environment absorb between 450 and 700 nm with a 4, of
ca. 5§75 nm (Figure 3C, 2). In the experiments that follow, the
duration of UV irradiation was adjusted to produce the desired
DAE. concentration. By varying the irradiation time for
different aliquots of the same sample, a set of otherwise
identical samples with different DAE_ concentrations was
produced. The 1-10 s UV-irradiation times employed here
cause 9—28% of DAE, dyes to convert to DAE_. For the same
irradiation time, conversion increases slightly with CPN size
(e.g, 14, 17, and 19% for CPN;;, CPN,, and CPN,,
respectively, with 4 s of UV irradiation).

CPNs in state 2 switch to state 1 upon DAE, — DAE,
cycloreversion, which can be induced by either direct or
FRET-sensitized pathways. Irradiation with a 590 nm LED
induces DAE, — DAE, without affecting the CPNs, which do
not absorb appreciably above 530 nm. Alternatively, the
cycloreversion can be induced via the FRET pathway by
irradiating into the main CPN absorption band (4,,,, = 46S
nm, Figure 3C) with a 455 nm LED. DAE, absorbs poorly at
this wavelength, and all kinetic data are corrected for the minor
amount of direct DAE_ excitation with the blue light. The
selection of the direct or FRET-sensitized pathway for
cycloreversion has a profound effect on the reaction kinetics.
The cycloreversion reaction is easily monitored by tracking the
decay of the DAE_ absorbance at 600 nm, which was selected
to be far to the red of the CPN absorbance. Figure 3D shows
that a sample irradiated at $90 nm (direct pathway) takes far
longer (10X) to complete the cycloreversion reaction than the
same sample irradiated at 455 nm (FRET pathway) at the
same photon flux. The dramatic increase in reaction rate
observed in the FRET pathway is consistent with our previous
observations in other dye dopants sensitized by CPNs.>> We
previously demonstrated that the exceptional light-harvesting
ability of the CPNs and highly efficient energy transfer to dye
dopants are responsible for the accelerated reaction kinetics.*®
However, the CPN size and dye loading that maximize this
effect remain unknown.

Donor Fluorescence Quenching. CPNs function as a
light-harvesting and sensitizing moiety when doped with dyes
that can act as energy transfer acceptors. Successful CPN-to-
dye energy transfer yields quenched CPN fluorescence, and
studying the fluorescence quenching as a function of dye
loading can generate insight into the delivery of excitation
energy to the dyes. The steady-state energy transfer efficiency
is given by Eg., = 1 — Fp,/Fp, where Fp, and Fj are the
fluorescence intensities of the CPNs in the presence and
absence of DAE. dye dopants, respectively. We denote this
efficiency as Eg,,, to distinguish it from the efliciency obtained
from photokinetic measurements of the dye in the following
section. In the CPN environment, Eg,, reflects fluorescence
quenching from the combination of Forster transfer and
exciton diffusion, which can enhance efficiency by delivering
excitons to acceptors from distances exceeding the Forster
radius. We were able to obtain highly eflicient fluorescence
quenching in CPNs from all three size populations, with the
maximum Eg,,. > 99% for CPN,5 and CPN,, and Eg,,, = 97%
for CPN,; (Figure 4A inset). However, the dye loading
required to obtain maximum efliciency increased with
increasing CPN size, with CPN,; and CPN,4 requiring 3 and
6 times as many dyes per polymer chain, respectively, to
achieve their maximum Eg,, relative to CPNyj.

https://dx.doi.org/10.1021/acs.jpcc.0c09084
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Figure 4. (A) SV plot showing quenching of CPN fluorescence by
static populations of DAE_ dyes in 1S (red), 20 (blue), and 26 nm
(green) CPNs. Inset: quenching expressed as Eg,, vs dye
concentration. (B) “Dynamic” SV plot obtained as DAE, concen-
tration decreases over time during continuous irradiation of doped
CPNs at 455 nm.

Stern—Volmer (SV) analysis facilitates a more detailed
examination of fluorescence quenching, expressed as Fpp/Fp, =
1 + K[ Q], where Ky is the SV constant and [Q] is the molar
concentration of the quencher.* We divided each CPN sample
into multiple aliquots and varied the duration of UV irradiation
for each aliquot to produce a set of otherwise identical samples
with different DAE_ concentrations. The resulting SV plot
(Figure 4A) shows significant differences among the three
CPN sizes. The CPN;5 and CPN,, samples yield linear plots,
while CPN, increases linearly and then maintains a constant
quenching level as dye loading is increased further. The shape
of the CPN,¢ plot was consistent across different samples that
spanned similar dye loadings, including one sample that had
additional data points in the linear region. For other dye-doped
CPNs, McNeill has shown that expressing [Q] as the
molecular ratio of dyes to conjugated polymer chains enables
the determination of the number of polymer chains quenched
per dye molecule.'* Linear fits of CPN,5, CPN,,, and the low-
concentration portion of the CPN, data give Kgy values of 4.3,
1.3, and 0.3, respectively, when the quencher concentration is
expressed in dyes per PFBT chain. For CPN|;, the Ky value
indicates that each dye molecule quenches four PFBT
molecules on average. Taking into account the volume
occupied by this amount of polymer, the Ky value can be
translated to an effective quenching radius of 6.1 nm. The same
analysis for CPN,, and CPN, yields effective quenching radii
of 4.1 and 2.5 nm, respectively. For all three size populations,
the effective quenching radius exceeds the calculated Forster
radius (R,) of 1.4 nm. It should be noted that R, was
calculated using the traditional value of 2/3 for the K2
orientation factor and should be considered a lower limit as
the actual value is often higher in similar systems.'* Quenching
radii that exceed R, have been interpreted as a sign of exciton
diffusion in other dye-doped CPNs.'*

Several features of the SV analysis indicate that the DAE,
dyes are located on or near the CPN surface. Collectively, the
amount of dye required to obtain maximum fluorescence
quenching, the Ky values, and the effective quenching radii
indicate that DAE_ dyes become less effective fluorescence
quenchers as the CPN size increases. Indeed, the CPN,4 data

show that a fluorescence quenching ceiling is reached, and no
amount of additional dye will yield larger Fp,/Fp, values past a
certain point. These results are consistent with surface-
localized dyes: as CPN size increases, the probability that a
given exciton will be close enough to the surface to be
quenched by a dye decreases. We previously used solvato-
chromic data to show that only surface-localized dyes were able
to undergo a photochromic reaction in spirooxazine-doped
CPNs.”’ The fluorescence quenching data indicate that a
similar photoselection process is at work here, with dyes not
near the surface remaining in their nonquenching DAE, form.
The DAE cyclization reaction has been previously shown to
occur with a reduced quantum yield (or not at all) in polymer
films.>® Kwon et al. found that the DAE cyclization quantum
yield decreased as polymers with increasingly high glass-
transition temperatures ( Tg) were used as the host matrix and
attributed this result to the small free-volume voids in rigid
polymers.”® Although the rigidity of the nanoparticle environ-
ment is not known, McNeill has previously found that
polyfluorene CPNs exhibit properties consistent with a glassy
polymer phase.”’ The PFBT conjugated polymer used in the
present work has a higher T, (112 °C)*” than the most rigid
polymer studied by Kwon.

The SV data in Figure 4A were drawn from absorption and
fluorescence spectra of sample aliquots with varying amounts
of DAE_ quenchers produced by UV irradiation. Each data
point represents fluorescence quenching by a static population
of DAE, dyes. After finding it difficult to create samples with
low DAE,_ concentrations in larger CPNs with this method, we
produced a second set of SV plots for which we varied the
DAE, concentration as a function of time with continuous
irradiation. CPN samples were UV-irradiated to produce a
significant amount of DAE_ and divided into two aliquots, each
of which was irradiated with 455 nm to induce DAE, — DAE,
cycloreversion via the FRET pathway, while absorbance values
and fluorescence intensities were recorded as a function of
time. The absorbance and fluorescence traces were synchron-
ized in time to produce “dynamic” SV plots, all of which are
nonlinear with an upward curvature (Figure 4B). Single
exponential fits fail to reproduce the observed curvature,
particularly for CPN,, and CPN,s All curves show sharp
declines in Fp/Fp, at the beginning of the experiment when
high DAE, concentrations are present and a gradual leveling
out as the dye concentration continues to decrease over time.
Additionally, the CPN,, and CPN, plots exhibit flat tails when
DAE, concentrations are low, reflecting a concentration regime
where the dyes are apparently ineffective for fluorescence
quenching.

Many different mechanistic and sample-specific phenomena
are known to produce nonlinear SV plots.*” For example,
conjugated polyelectrolytes exhibit upward-curving SV plots
because of quencher-induced aggregation.””** In the case of
CPNs quenched by FRET, upward-curving SV plots have been
observed by McNeill when a conjugated polymer acts as the
acceptor and the FRET efficiency is extremely high.*>*® The
curvature was reproduced by a model that assumed a
Poissonian distribution of polymeric acceptors and yielded a
quenching efficiency of 99%.°° This model failed to reproduce
our data, likely because it employs a single value for the
quenching efficiency per acceptor. We hypothesize that the
per-dye FRET efficiency in the DAE_-doped CPNs is highly
variable, with some dyes acting as powerful fluorescence
quenchers and others as more modest quenchers or even

https://dx.doi.org/10.1021/acs.jpcc.0c09084
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nonquenchers. These dyes likely vary in their location and/or
orientation, which impact energy transfer’’ through the
donor—acceptor distance and the k* orientation factor. Because
cycloreversion is induced by FRET sensitization of DAE,, dyes
with high FRET efficiencies are more likely to undergo
cycloreversion first. This photoselection process increases the
proportion of poor quenchers in the dye ensemble as the
experiment proceeds in time, a phenomenon that has been
observed previously in DAE-labeled quantum dots.>

The impact of photoselection on fluorescence quenching in
DAE_-doped CPNs can be examined through three represen-
tative dye populations for each sample: efficient quenchers,
poor quenchers, and nonquenchers. The quenching power of
the efficient and poor quenchers can be estimated by
performing linear fits of small regions of the SV plot. The
efficient quenchers are represented by the first 10% of the dyes
to undergo switching after the light is turned on, while the
poor quenchers are represented by the 10% of the dyes
bounded on the low-concentration end by the point where
Fpa/Fp = 1.5. Nonquenchers are defined as those that do not
affect fluorescence intensity (Fp,/Fp < 1.1). These dyes are
still able to undergo the cycloreversion reaction, albeit
inefficiently, via direct excitation by the 455 nm irradiation.
CPNj; has no nonquenching dyes and yields Ky values of 11.0
and 0.33 for the eflicient and poor quenchers, respectively.
These values translate to quenching radii of 8.4 and 2.6 nm.
Efficient quenchers in these smaller CPNs may be able to
quench nearly all the fluorescence in a particle, while even the
poor quenchers exhibit a quenching radius that exceeds the
Forster radius. In contrast, 10% of the dyes in CPN,, are
nonquenching, and Kgy values for efficient (5.5) and poor
(0.050) quenchers are lower than those for CPN 5. The Kgy
value for the poor quenchers translates to a 1.4 nm radius,
which is identical to the Forster radius for this system. It is
possible that the poor quenchers are able to undergo Forster
transfer but are in a location that is not accessible by exciton
diffusion pathways. As expected, CPN,4 has the most
nonquenchers at 40% of the total dye population for this
particular sample. Kgy values for the poor quenchers match
those for CPN,, (0.055), while Kg, values for the efficient
quenchers are significantly lower than those for CPN,, (0.94).
For all three CPN-size populations, Kgy values for the efficient
quenchers exceed those from the SV plots in Figure 4A, which
reflect the aggregate quenching power of the entire static DAE_
ensemble rather than the photoselected subsensembles in the
present analysis.

From the SV analysis, we can conclude that it is possible to
achieve highly efficient quenching of CPN fluorescence in all
three nanoparticle-size populations but that DAE_ dyes
become less effective quenchers as CPN size increases. The
dynamic SV plots further indicate that individual dyes vary
dramatically in their ability to quench fluorescence. Our
original goal was to determine the CPN size and composition
that maximize FRET efficiency to dye dopants for the purpose
of amplifying dye reactivity. While the SV analysis indicates
that dyes in CPN,g are the most eflicient fluorescence
quenchers, it does not reveal the dye loading that will
maximize reactivity of the dyes. A more detailed and nuanced
view of energy transfer in this system can be obtained by
studying the acceptor dyes themselves. Photokinetic methods
have previously been used to study acceptor heterogeneity in
multiple-acceptor FRET systems® "’ and will enable us to

examine dye sensitization as a function of CPN size and dye
loading.

Acceptor Cycloreversion Sensitization. DAE reaction
kinetics has been studied extensively in a variety of
environments, with recent examples including solution,”!
metal—organic frameworks,“*> and quantum dots.*® Here, we
studied the DAE. — DAE, cycloreversion under continuous
irradiation to obtain the energy transfer efficiency and to probe
its dependence on CPN size and dye loading. The photo-
chromic reaction represents a simple equilibrium between the
forward cyclization reaction (k;, eq 1) and the cycloreversion
reaction (k,). We monitored the absorbance of DAE_ under
continuous visible irradiation at wavelengths that do not
induce the forward reaction (455 or 590 nm). The differential
rate law for the disappearance of DAE, upon direct excitation

involves only the cycloreversion reaction and is given by eq
64,65
2 )

kl
DAE, = DAE,
k, (1)
d[DAE] I,Fel®_ [DAE]
_ ¢ - e
dt A2 Fe—o ( (2)

where I is the incident photon flux, F is the photokinetic
factor at the irradiation wavelength A (F = [1 — 1074%%]/Abs,),
€, is the extinction coefficient of DAE_ at the irradiation
wavelength 4, [ is the path length, and ®__, is the quantum
yield of the cycloreversion reaction. We can define k,, the
cycloreversion rate constant upon direct excitation, according
toeq3

k2 = IOP‘ng,ld)C—)O (3)

We studied direct excitation of DAE,_ at 590 nm in all three
CPN-size populations as a function of I, and obtained k, values
from fits of the kinetic decays. The cycloreversion rate constant
k, increases linearly with I, as expected from eq 3 (Figure 5).
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Figure 5. Rate constant for cycloreversion vs input photon flux for
direct excitation of DAE, dyes in CPNs at 590 nm (orange) and in
THF solution at 590 nm (black) and 455 nm (blue).

All three sets of CPNs gave virtually identical rate constants,
with any differences within the experimental error. These data
are thus shown as an average for the CPN environment in
Figure S. The fact that k, is independent of CPN size is
expected because the CPNs cannot absorb the 590 nm
irradiation and thus function as an inert medium for the dyes
in this experiment. To provide context for the behavior of the
dye in CPNs, k, values were also measured for direct excitation
of the dye in THF solution at both 590 and 455 nm (Figure S).
Within the error, DAE s response to direct excitation at 590
nm is identical in THF and CPN environments, a finding that
provides further evidence that DAE_ dyes are located on the
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nanoparticle surface. As expected, given DAE's poor
absorbance at 455 nm, the cycloreversion reaction is much
slower when induced by blue light. Because the cycloreversion
quantum yield is the only unknown in eq 3, it can be calculated
from the slopes of the lines of Figure S. All three lines yield a
O__,, value of 1%. This value is sli§htly lower than literature
values for DAE_ in hexane solution”*° but is consistent with
the fact that the cycloreversion quantum yield decreases with
increasing solvent polarity for related DAE dyes.®”

When CPNs with dyes in the DAE_ form are irradiated with
blue light, >99% of the light is absorbed by the CPNs, which
can then transfer the energy to the dyes via the combination of
Forster transfer and exciton diffusion. FRET sensitization of
the cycloreversion reaction adds an additional pathway to the
differential rate law (eq 4)

_ dIDAE]

o = ky[DAE ] + I Fjss€cpn 455 CPN]D

c—0

Ekin
(4)

where the first and second terms represent direct and FRET
excitation of the dye at 455 nm, respectively, and Ey, is the
energy transfer efficiency in the photokinetic experiment.
Although both Eg,, and E,, represent energy transfer
efficiencies, we will continue to use distinct symbols to
designate the origin of each measurement. The FRET term
dominates the reaction kinetics as the relevant extinction
coeflicient is now that of the CPN, which varies with CPN size
and is approximately 400, 900, and 2000 times larger than that
of DAE. for 15, 20, and 26 nm CPNs, respectively. It is
important to note that Ey;, is not a fixed value for each sample.
Both the SV analysis above (Figure 4) and the literature
precedent for DAE-functionalized quantum dots by Jovin and
co-workers”® demonstrate that E,,, varies in time because of
photoselection. Here, we extracted the initial value of E,y, from
photokinetic data for samples of different initial dye
concentrations to determine the optimal composition and
size of DAE-doped CPNs. For each CPN size population and a
range of dye concentrations, we recorded kinetic traces of the
absorbance as the DAE, population decayed under continuous
irradiation at 455 nm (see the sample trace, Figure 3D). All
kinetic traces were recorded with the same low value for the
455 nm photon flux (1.2 X 107> M s™") to prevent the reaction
from occurring faster than the time resolution of the
instrument and to reduce the probability of photobleaching.
Selection of dye concentration ranges was guided by
fluorescence quenching data: the highest dye concentrations
studied were those that yielded the maximum fluorescence
quenching (Eg,., > 99% for CPN;5 and CPN,, and Eg,,. = 97%
for CPN,), while the lowest were those in which the signal-to-
noise ratio of the absorbance traces remained sufficient for data
analysis. To extract Ey, the first several seconds of each
absorbance kinetic trace were fit with a curve, which was
converted to dye concentration using Beer’s law and
differentiated with respect to time. E,;, was then calculated
from d[DAE_]/dt as the remaining terms in eq 4 are all known.
Given that the DAE_ dyes appear to be on the CPN surface,
E;, values were plotted as a function of dye concentration in
units of dyes per nm> of CPN surface area to facilitate
comparison among the three CPN-size populations.

The initial Ey;, values exhibit an unexpected threshold
behavior as dye loading is increased (Figure 6A—C). For both
CPNy; (A) and CPN,, (B), Ey, increases with increasing
DAE, concentration up to a point, after which a sharp decline
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Figure 6. Energy transfer efficiency (Ey,) and the AE obtained from
photokinetic measurements as a function of DAE_ dyes per nm” of
CPN surface area for 15 (A,D), 20 (B,E), and 26 nm (C,F) CPNs.

and leveling out are observed. In the low-concentration regime,
the increase in Ep, with concentration mimics the trend
observed for Eg,,,, which reports on energy transfer efficiency
from the donor perspective (see the inset of Figure 4A). In this
concentration regime, individual dyes are sparse enough that
they do not compete with each other for excitons, so Ej,
increases as the number of acceptor dyes increases in a similar
manner to Eg,. Once Eg,, reaches its maximum value, it
remains constant as additional dyes are added (Figure 4A). In
contrast, Ej;, plummets, dropping from 100 to 70% in CPN;
and from 66 to 34% in CPN,, in the concentration regimes
highlighted by the gray boxes in Figure 6. We attribute the
drop in Ey, values to two factors. First, as dye concentration
increases, eventually there are so many dyes that they must
compete with each other for CPN excitons. The average per-
dye energy transfer efficiency drops because the dye
concentration exceeds that required for capturing the energy
of all excitons. Second, as dye loading is increased to fairly high
levels, it is likely that the number of poorly quenching or
nonquenching dyes in the ensemble also increases. Ejy, is
sensitive to both these factors because it reports on the
acceptor population as a whole, whereas Eg,,, reports only on
the quenching of donor excitons and thus remains constant
once maximum quenching is reached. We had hypothesized
that E;;, would decline in the high-concentration regime for
these reasons but did not anticipate the abrupt transition
observed here. The transition appears to occur over a wider
concentration range as CPN size increases. This trend is
particularly apparent in CPN,4 where the transition occurs
over such a wide range of dye concentrations that it is unclear
whether the same type of transition is truly present.

The initial E;, values in Figure 6 facilitate a comparison of
the energy transfer efficiency across the three CPN-size
populations. Ey;, decreases as CPN size increases, with
maximum E,,, values of 100, 66, and 37% for 15, 20, and 26
nm CPN, respectively. The 100% value observed for CPN|j is
consistent with the Eg,,, value of 98% obtained at the same dye
loading and suggests that all energy harvested by the CPNs is
transferred to the DAE, acceptor dyes in this sample. The
maximum E;, values for CPN,, and CPN,4 are significantly
lower than Eg,, values obtained at the same dye loadings, 98%
for CPN,, and 96% for CPN,¢. This apparent contradiction is
due to the influence of poorly quenching and nonquenching
acceptor dyes on the DAE_ decay kinetics in CPN,, and
CPN,. All dyes in the ensemble affect the E,;, value, while
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Egyor is sensitive only to the disappearance of CPN excitons as
they are quenched. In the larger CPN sizes, achieving
maximum energy transfer efficiency requires high dye loadings
that include poorly quenching and nonquenching dyes in all
samples. This point will be considered in more detail further
below. For all three CPN sample sizes, the dye loading at
which Ej;, is maximized coincides with an Eg,, value 1% lower
than the maximum observed for that sample at higher dye
loadings. This relationship provides a useful guideline for
determining the optimal dye loading without performing
photokinetic studies.

The E,y, analysis demonstrates that it is possible to transfer
100% of the energy absorbed by the CPNs to dyes but does
not illuminate the extent to which dye reactivity is enhanced as
a result. The light-harvesting ability in energy transfer systems
is typically quantified by the AE. The AE is frequently reported
for systems in which the acceptor dye is fluorescent. In these
cases, AE is the ratio of the fluorescence intensity of the dye
when excited via energy transfer to that when it is excited
directly.”® For the nonfluorescent acceptor dyes studied here,
we can obtain the same information from the ratio of rate
constants for the photochromic reaction. We define AE as
kerpr/k,, where kpper is the initial rate constant for the DAE,
— DAE, reaction during 455 nm irradiation (FRET pathway)
and k, is the rate constant for the same reaction during 590 nm
irradiation (direct pathway). The AE values for all CPN-size
populations are greater than unity, demonstrating that the
photochromic reaction is accelerated when sensitized by the
CPNs in all systems studied here (Figure 6D—F). AE values
are high and relatively constant at low dye loadings and
plummet in abrupt fashion analogous to the E,;, values once
the threshold region is reached. The maximum AE values are
32 for CPNy;, 19 for CPNy,, and 14 for CPN,,. These high
values indicate that the CPNs are exceptional sensitizers for the
photochromic reaction of DAE dyes, which here serve as a
model system for dyes that undergo low-quantum-yield
photochemical reactions. Our AE values are consistent with
those reported in the literature for CPNs that undergo energy
trar;gf;or to fluorescent acceptor dyes, which range from 5 to
317

The AEs documented above demonstrate that CPNs are
useful sensitizers for low-quantum-yield photochemical reac-
tions. If we are to apply these findings to other dyes, then the
reaction duration becomes an important practical consider-
ation. We determined the time required for half of the DAE_
dyes in a sample to react (halftime, t,,,) from the absorbance
decays recorded under continuous 455 nm irradiation (Figure
7A—C). The halftime values for all samples are lower than that
obtained upon direct excitation of the dye on the CPNs with
590 nm light (ca. 400 s, Figure 3D). The sensitized reaction
slows as the CPN size increases, which is consistent with the
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Figure 7. Time for half of the DAE, dyes in doped CPNs to complete
the cycloreversion reaction as a function of initial dye loading for 15
(A), 20 (B), and 26 nm (C) CPNs.
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observed decrease of initial Ey;, and AE values with increasing
CPN size. For a given CPN size, the reaction is the fastest at
low dye concentrations, where individual dyes do not compete
with each other for CPN excitons. A sudden slowing of the
reaction occurs at the same dye concentration as the thresholds
for the E,;, and AE values. The abrupt increase is particularly
apparent for CPN;s and CPN,, and, as above, less so for
CPN,, which appears to exhibit a more continuous change in
halftime values. The consistent observation of the threshold
behavior in Figures 6 and 7 is noteworthy because the halftime
values are obtained from a simple measurement that does not
rely on any assumptions about the rate law or energy transfer
processes. Thus, they serve as a cross-check on the E;, and AE
analyses above. The halftime analysis also underscores the
critical importance of dye loading for CPN-sensitized photo-
chemical reactions. The CPNg sample with the highest dye
loading has a longer halftime (32 s) than the CPN,, and
CPN,4 samples with the lowest dye loadings (19 s). Preparing
CPNs with dye concentrations below the threshold value is
important for experiments in which reaction duration is a
concern. Reaction duration can also be manipulated by
changing the irradiation intensity, and thoughtful balancing
of CPN size, dye loading, and irradiation intensity can be used
to achieve a target duration if desired.

The halftime data highlight the crucial importance of initial
dye concentration in the operation of CPN sensitizers. A dye-
doped CPN sample with an initial dye concentration above the
threshold will react slowly and exhibit values for initial AE and
E,i, that are significantly lower than the maximum possible
values for its CPN size (Figures 6 and 7). For a CPN system
under continuous irradiation, the evolution of energy transfer
efficiency in time is dictated by the initial energy transfer
efficiency. Because of the photoselection phenomenon that
removes the dyes with the highest per-dye efficiencies from the
ensemble first, doped CPNs with initial dye concentrations
above the threshold will never exhibit the high E;, values
observed at lower dye loadings, even when they pass through
the same concentration regime in time.

The impact of photoselection is demonstrated in Figure 8,
which shows dynamic SV plots as a function of dye
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Figure 8. Dynamic SV plots for three samples of 20 nm doped CPNs
with different initial dye loadings. The dashed line represents the dye
loading at which the maximum E;, is observed.

concentration for three CPN,, samples with different initial
dye loadings. As for the size-dependent plots in Figure 4B, the
graphs were obtained from kinetic traces of absorbance and
fluorescence during continuous irradiation at 455 nm to
activate the FRET pathway. The maximum E;, values for
CPN,, were observed at a dye loading of 0.93 dyes/nm* of
particle surface area, equivalent to 62 dyes per polymer chain
and marked with a dashed line in the figure. The initial Ey,
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value for each sample determines its trajectory. Sample B, for
example, starts just above the line and has an initial E;;, value
of 0.47. When it reaches the line, it has a dye population equal
to that which yields the maximum Ey;, in Figure 6B. However,
the SV plot does not exhibit an increase in quenching at this
point because the dyes with the highest per-dye energy transfer
efficiencies have already been depleted from the ensemble
because of photoselection. The impact of photoselection can
be seen even more clearly in sample C, which drops from Fp/
Fpa =99 initially to 6.5 at the threshold, indicating the loss of
the most powerfully quenching dyes. Figure 8 also shows that
all three CPN,, samples possess nonquenching dyes. In sample
A, which has an initial dye concentration far below the
threshold, 16% of dyes are nonquenching. Although the
absolute number of nonquenching dyes increases upon moving
to sample B, the percentage actually drops to 10%. These
results indicate that some dyes will always be unable to quench
fluorescence in the larger 20 and 26 nm CPNs.

With the results of Figure 8 in mind, we can now interpret
the threshold behavior demonstrated in Figures 6 and 7. For
CPNj;, which has no nonquenching dyes, the dye loading that
generates the maximum E,y, likely represents the saturation of
the particle surface with the maximum number of dyes that can
be present without having to compete with each other for
excitons. For CPN,, and CPN,, some dyes are nonquenching,
even at low dye loadings. Thus, for larger CPNs, the dye
loading at the maximum E, value reflects the saturation of the
particle surface with effective quenchers. We wondered
whether the nonquenching dyes in CPN,, and CPN,4 might
be ineffective FRET acceptors because they are aggregated.
Difference spectra created by subtracting the CPN absorbance
from that of the DAE -doped CPNs are shown in Figure 9A.
Although the effect is quite subtle, the DAE_ 4, shifts to blue
as CPN size increases, from 578 nm in CPN5 to 573 nm in
CPNy. Sun and co-workers studied aggregates of a related
DAE dye and found that the dyes formed H-aggregates with

LO-I\
£
5 0.94
S
g 0.8-
=
5 o1 CPN,5 578 nm
2 CPNy, 575 nm
g 069 CPN,s 573 nm
0'5-| T T T T T T 1
500 520 540 560 580 600 620 640
Wavelength (nm)
5741B II I+ 0010{C
E 5724 II g 8 0.008-
~ &
E 50 1{{ £ 0006
uw time £ 0.0044
S 568 I -— 3
0.0024
566-"_|_'_I_'_l_" 0.000 =F—
100 200 300 500 600 700
DAE; per polymer chain Wavelength (nm)

Figure 9. (A) Peaks of difference spectra showing absorbance of
DAE, dyes in the CPN environment and 4, values from Gaussian
fits. (B) DAE, A,,,, values obtained from Gaussian fits of difference
spectra obtained at regular intervals during continuous irradiation of a
CPN,¢ sample. (C) Representative high- and low-concentration
difference spectra from which (B) was obtained.

26482

blue-shifted absorbance.”’ If H-aggregates are present in
CPN,, and CPN,4 and act as poor FRET acceptors, then
they should be the last subpopulation of the dye to switch back
to DAE, because of photoselection. We irradiated a sample of
DAE_.-doped CPN,4 with 455 nm to activate the FRET
pathway and paused at regular intervals during the irradiation
to record absorbance spectra. The peak of each absorbance
difference spectrum was fit with a Gaussian to obtain the DAE_
Amax (Figure 9B). The A, clearly shifts to blue as the
experiment proceeds, and the spectra also become broader and
less Gaussian, as indicated by the larger fit errors for the low-
concentration spectra. Figure 9C shows representative high-
and low-concentration spectra that illustrate these differences.
The shape of the low-concentration spectrum can be
reproduced as the sum of two Gaussians, one at 579 nm,
which is similar to the dye A, in DAE;, and the other at 545
nm, which is consistent with H-aggregates. These results
support the hypothesis that the nonquenching dyes in the
larger CPNs are H-aggregates that are ineffective FRET
acceptors.

CPN Design Recommendations. We can now synthesize
the results of these studies to produce design guidelines for
CPNs doped with surface-localized photoresponsive dyes. The
desired characteristics of a CPN sensitizer will vary depending
on the desired outcome:

(1) Efficient and rapid dye reaction. To maximize FRET
efficiency and minimize reaction duration, 15 nm
diameter CPNs are recommended. These CPNs are
large enough to fully take advantage of exciton diffusion
and exhibit the most amplified FRET, yielding effective
quenching radii that exceed the Forster radius. In our
studies, CPN,5 samples did not have any nonquenching
dyes that would slow the reaction kinetics nor was there
any evidence of the formation of H-aggregates. Optimal
dye loading is that which yields an Eg,, value of 1% less
than the maximum.

(2) Highest concentration of the dye photoproduct. If the
sensitized reaction is intended to deliver a small
molecule to the surrounding medium (e.g, through
photochemical bond cleavage), then small CPNs may
not yield as much photoproduct as desired. Higher
concentrations of the photoproduct can be delivered by
utilizing larger CPNs that can accommodate higher dye
loadings. Fluorescence quenching should be monitored
to verify that sensitization will be a viable pathway. For
our system, CPNs much larger than CPN,4 would fail to
be efficient sensitizers. As mentioned above, optimal dye
loading is that which yields an Eg,,, value of 1% less than
the maximum. Long reaction times can be reduced by
increasing light intensity provided that the dye dopant
does not have an efficient photobleaching pathway.

(3) CPN fluorescence quenching and/or sensitized acceptor
fluorescence. Our focus here was on using CPNs to
sensitize the photochemical reactions of dyes. However,
many applications of dye-doped CPNs continue to focus
on CPN fluorescence quenching and/or sensitized
acceptor fluorescence. For such applications, CPN;
would yield the most highly quenched fluorescence
and the most amplified acceptor fluorescence. Dye
loading would need to be sufficient to quench all CPN
fluorescence, but exceeding this amount would not have
the same negative consequences that it does for

https://dx.doi.org/10.1021/acs.jpcc.0c09084
J. Phys. Chem. C 2020, 124, 26474—26485



The Journal of Physical Chemistry C

pubs.acs.org/JPCC

applications in which the output is a photoproduct. In
fluorescence-based applications, any surplus, non-
quenching dyes would simply act as silent spectators.

The DAE dyes employed here as a model system for an
inefficient photochemical reaction are not ideal FRET
acceptors because of the low extinction coefficient of DAE..
A dye dopant with a significantly higher extinction coefficient
would have a larger Forster radius and would exhibit higher
per-dye FRET efliciencies as compared to DAE. Thus, the
same levels of fluorescence quenching could be obtained at
much lower dye loadings than for DAE, and the threshold
above which Ej;, plummets would be correspondingly shifted
to lower values. Shifting to lower dye loadings would also
reduce the probability of aggregate formation. The optimal
CPN size for maximizing amplified FRET would likely shift to
larger sizes as well because of the greater quenching power of
dyes with large extinction coefficients. The recommendation to
tune the dye concentration to that which yields Eg,,, 1% below
the maximum should continue to provide a useful general
guideline.

B CONCLUSIONS

DAE cycloreversion was employed as a model reaction to
study FRET sensitization of inefficient photoreactions by
CPNss. Dyes that switch from the nonquenching DAE form to
the quenching DAE_ form in response to UV light are localized
on the nanoparticle surface. The DAE_ dyes effectively quench
the fluorescence of CPNs with 15, 20, and 26 nm diameters.
However, the dye loading required to obtain highly quenched
fluorescence increases with CPN size. High dye loadings come
with the risk of aggregate formation, which was observed here
in the 20 and 26 nm particles. Dyes in all three CPN sizes
show the effects of amplified FRET: they react more rapidly
when sensitized by the CPNs than when excited directly and
exhibit AEs ranging from 4 to 32. The magnitude of these
effects depends on both particle size and dye loading. The 15
nm CPNs exhibit the most amplified FRET, as marked by the
greatest AEs and the shortest reaction times. For a given CPN
size, reaction times are the shortest and AEs are the greatest at
low dye loadings; at a critical dye concentration, an abrupt
transition to longer reaction times and reduced AEs is
observed. The critical dye concentration can be interpreted
as the dye loading at which the CPN surface is saturated with
acceptor dyes such that all excitons can be quenched without
the dyes competing against each other for excitons. It is at this
critical dye concentration that the energy transfer efliciency
reaches its maximum for a given CPN size. For all CPN sizes
and at all dye concentrations, the FRET-accepting ability of
individual dyes varies tremendously. Photoselection reveals
this phenomenon as the dyes are selectively depleted from the
ensemble in the order of FRET-accepting ability. However, it is
extremely important to note that the observation of variable
FRET-accepting ability within a dye ensemble is not applicable
only to photochromic dyes. Rather, photoselection reveals
aspects of dye behavior that likely impact all surface-localized
dyes in CPNs but would be difficult to detect if only
conventional fluorescent dyes were studied as acceptors. The
results are translated to application-dependent design recom-
mendations for dye-doped CPN.
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