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Abstract

Steady-state absorption and fluorescence spectra, fluorescence decay kinetics of CdSe/ZnS quantum dots (QD) with photochro-
mic diarylethenes (DAE) in toluene have been studied. Two kinds of QDs emitting at 525 and 600 nm were investigated and
DAE were selected to ensure good overlap of their photoinduced absorption band with QDs emission spectra. It has been found
that photochromic molecules form complexes with QD which results in partial fluorescence quenching. A reversible modulation
of QDs emission intensity which correlates with magnitude of transient photoinduced absorption band of the diarylethenes during

photochromic transformations has been demonstrated.
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Introduction

Photochromic compounds, reversibly changing their spectral
properties under light irradiation, are attractive compounds
that have great potential for development of devices for mo-
lecular electronics and photonics, and can be used as various
types of photoswitches [1]. Photoinduced changes in the ab-
sorption spectra can be used in adaptive and photocontrolled
light filters, to record and store information, as well as for fully
optical reversible modulation of light intensity.

Reversible photoconversions of a photochromic group
within bichromophoric molecular systems or complexes con-
taining a fluorophore and the photochromic compound, can
lead to fluorescence intensity modulation via 1) alteration of
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emission quantum yield of the fluorophore as a result of
Forster resonance energy transfer (FRET) to the photochromic
molecule or 2) due to reabsorption of fluorescence by the
photochromic compound (inner filter effect) [2—-6].

Semiconductor quantum dots (QDs) CdSe/ZnS were used
as fluorophores in this work because of their photophysical
properties important for practical applications [7-18]: wide
spectral range of excitation, narrow emission bands, high
brightness and quantum yield, great photostability, possibility
to tune optical parameters (positions of absorption and fluo-
rescence bands) by changing size of the nanoparticle.

Nowadays, QDs are widely used in diagnostic applications
and biomedicine as fluorescent labels and probes [19-22] and
in photovoltaics [23-26]. Possibility to tune fluorescence
band wavelength and ease of obtaining thin-layer coatings
using colloidal QDs is important for creating energy-
efficient light-emitting devices with electric excitation QD-
OLED [27, 28] and flat TV screens based on them. One of
the promising areas of application for colloidal QDs is devel-
opment of solar cells [29, 30].

This study is the continuation of our previous investiga-
tions [31-35] devoted to development of nanophotoswitches
based on QDs and photochromic compounds from the class of
diarylethenes (DAE). We studied toluene solutions of two
types of CdSe/ZnS QDs in presence of DAE, which were
characterized by photoinduced absorption bands having good
overlap with QD fluorescence spectra — one of conditions of
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efficient FRET. One of the photochromic compounds
contained a thiol group to evaluate the effect of specific inter-
actions on efficiency of photochromic molecules adsorption
on the surface of ZnS layer of QD. Effect of photochromic
transformations of DAE on fluorescence intensity and decay
lifetime for CdSe/ZnS QDs of two sizes, emitting at 525 and
600 nm, was studied in toluene using steady-state and time-
resolved fluorescence spectroscopy methods.

Experimental Methods

Objects of this study were CdSe/ZnS QDs as well as photo-
chromic compounds of diarylethene class. Parameters of ab-
sorption and emission spectra for these objects were measured
using spectrophotometry and fluorescence spectroscopy

methods. QD samples with emission band at 525 nm
(QD525) were kindly provided by Prof. Artemyev M.V.
(BSU), and QDs with emission band at 600 nm (QD 600)
were purchased from “Evident Tech”. Molar extinction coef-
ficients at the longwavelength absorption peak of QD525 and
QD600 were 5-10* and 28-10* M™' cm ™' respectively.
Trioctylphosphineoxide (TOPO) adsorbed on QD surface af-
ter synthesis was removed by precipitation in methanol. For
this, 20-30 ul of QD solution was mixed with 2 ml of meth-
anol and vortexed until a cloudy suspension was formed. The
suspension was centrifuged at 4000 rpm during 5 min, super-
natant was discarded and precipitate was dissolved in toluene.
Solutions of QD in toluene were mixed with DAE to obtain
the needed molar ratio of QD to DAE.

Two kinds of DAE were used as photochromic com-
pounds: DAE1 synthesized by us and DAE2 [36].

DAE2

DAEI was synthesized by reaction of an aldehyde deriva-
tive of diarylethene DAE1’ with 4-mercaptoaniline
(Scheme 1).

The aldehyde derivative DAE1’ was synthesized according
to the procedure described elsewhere [37]. 4-mercaptoaniline
(136 mg, 1.08 mmol) was added to a solution of diarylethene
DAEL’ (350 mg, 1.08 mmol) in dry ethanol (30 ml) at room
temperature. The reaction mixture was boiled for 2-3 h. The
solvent was evaporated using a rotary evaporator. The product
yield was about 100%.

In contrast to DAE2 compound, DAE]1 contains an active
thiol group, which can participate in specific interactions of
DAEI molecule with Zn and S atoms on QD surface resulting
in formation of a complex.

Photochromism of DAE is based on reversible valence
isomerization, i.e. in a photoinduced transition from the open
form A to the cyclic form B (Scheme 2). The open colorless
isomer DAE(A), after absorbing UV radiation, is converted
into the cyclic colored isomer DAE(B), which, under

Scheme 1 Scheme of DAEI
synthesis
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irradiation with visible light, is transformed back to the orig-
inal open isomer DAE(A). These transformations occur only
under the action of light absorbed by the corresponding forms.
They are considered to be thermally irreversible, since thermal
relaxation of the photoinduced cyclic isomer DAE(B) to the
original open form DAE(A) does not proceed at room
temperature.

Absorption spectra in UV and visible ranges (200-900 nm)
were recorded using SPECORD 200 spectrophotometer
(Analytic Jena, Germany). We neglected possible light losses
due to scattering and reflection from samples during absorp-
tion measurements. Fluorescence spectra were measured
using SM2203 spectrofluorimeter (Solar, Belarus).

Time-resolved fluorescence measurements were carried
out using time-correlated photon counting (TCSPC) method
[38, 39] with the setup described previously [40, 41]. Briefly,
picosecond PDL 800B diode laser with LDH-405 and LDH-
470 laser heads (PicoQuant, Germany) generating light pulses
with a typical duration of 70 ps, repetition frequency up to
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Scheme 2 Reversible photochromic isomerization in diarylethenes

40 MHz at wavelengths of 407 nm and 467 nm, respectively,
was used for excitation. The detection system included PMA-
182 photodetector unit as well as TCSPC board TimeHarp200
from PicoQuant (Germany). Fluorescence decay curves were
recorded with a sampling step of 36 ps. Width of the instru-
ment response function (IRF), i.e. FWHM of the exciting
pulse recorded by the setup, was ~0.3 ns. Data analysis
employing deconvolution of decay curves allowed to achieve
time resolution of ~ 0.1 ns for TCSPC spectrometer. Iterative
reconvolution method using Marquardt algorithm was used to
analyze the experimental data [42—45]. Fluorescence decay
function was described by a set of exponentials
F(t) = Y ayexp(—t/7;). In case of a multi-exponential decay,

average lifetime <t > was estimated according to the follow-
ing expression
2
2 oT;

< T>= IZa‘T»’ (1)

where a;, 7; — preexponential factor and lifetime of the i- com-
ponent, respectively. Parameter x* was used as a goodness-of-
fit criterion.

LEDs with maxima of emission bands at 365 nm (LED
365), 514 nm (LED 514) and 627 nm (LED 627) were used
for irradiation of the samples. FWHM of the emission bands
were 9 nm, 32 nm, 16 nm, and optical power was 0.45 W, 3 W
and 3 W, respectively for LED 365, LED 514 and LED 627.
Exposition time needed to convert DAE between A and B
forms was determined on the base of absorption spectra mea-
sured at equilibrium conditions.

Efficiency of energy transfer (FRET) between CdSe/ZnS
QDs and photochromic molecules DAE, Forster radii Ry for
the donor-acceptor pairs were estimated using set of devel-
oped programs. Based on data about fluorescence spectra of
QDs, absorption spectra of DAE, an estimate of fluorescence
quantum yield for QD, Forster radii were calculated in ang-
stroms (A) according [46] to the eq. (2).

Ry = 0211(x*n*QpJ (M) 1/6, (2)

where 7 is the orientation factor describing mutual orienta-
tion of transition dipole moments of the donor and acceptor

and assumed to be 2/3; n - refractive index of the medium; Qp
— fluorescence quantum yield of the donor in absence of the
acceptor, J (\) — an overlap integral, showing degree of over-
lap between emission spectra of the donor and absorption of
the acceptor (3).

IO = [ Faes (WA, G)
where F,;()\) — area normalized fluorescence spectrum of the
donor; €,(\) — molar extinction coefficient of the acceptor.

Quantum yield of QD fluorescence was determined by
Williams method [47] using Rhodamine 6G in ethanol as a
standard. The measured fluorescence quantum yields of
QD525 and QD600 in toluene in absence of acceptors were
@ =0.63 and 0.35, respectively.

Results and Discussion

The experimental data presented in Fig. 1 show good overlap
for the absorption spectrum of the cyclic form B of compound
DAEI with QD525 fluorescence spectrum, and for the ab-
sorption spectrum of the cyclic form DAE2(B) with QD600
emission spectrum. Thus, there are two donor-acceptor pairs
QD525-DAEI and QD600-DAE2, which are convenient
spectrally for observation of an efficient FRET. Initially, the
DAE molecules are in the open form A (lacking absorption
band in the range 0f 450—650 nm) and QDs fluorescence is not
expected to be quenched by FRET. UV irradiation of the so-
lution results in formation of the cyclic form B of DAE mol-
ecules and probability of quenching of QDs fluorescence by
DAE(B) appears, depending on distance between the donor
and acceptor.

Based on the spectral data (Fig. 1), values of Forster critical
radii were calculated to be equal to Ry =4.65 nm (for QD525-
DAEI(B) pair) and Ry =4.85 nm (for QD600-DAE2(B) pair).

In the case of FRET, intensity dependence of QD fluores-
cence on distance  between donor (QD) and acceptor (DAE)
should obey the following expression:

RS
6+ R§

Iop = 1- (4)
Fig. Slc shows distance dependence of Igp for QD600-
DAE?2 pair having Ry = 4.85 nm, and one can see that efficient
fluorescence quenching and decrease in fluorescence quantum
yield can occur only when distance between the donor QD600
and the acceptor DAE2(B) is less than 8 nm, i.e. mainly for
DAE molecules near the surface of QD or adsorbed on it.
Absorption and fluorescence spectra of QDs in toluene in
the presence of DAE were measured for various molar ratios
of DAE: QD before and after UV irradiation. Absorption spec-
tra of QD525 and DAEI in toluene at molar ratio DAE 1:
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Fig. 1 Absorption spectra of QD (1), DAE in the open A (2) and cyclic B (3) forms, and QD fluorescence spectra (4) in toluene for donor - acceptor pairs

DAE1-QD525 (a) and DAE2-QD600 (b)

QD=10: 1 are shown in Fig. 2a, and similar spectra for
QD600-DAE2 system (DAE 2: QD 600 ratio=11,000: 1) -
in Fig. 2b.

Photoinduced changes in absorption spectra of toluene so-
lution containing QD525 and DAEI (Fig. 2a) are similar to
those observed for DAEIL solution in the absence of QD.
However, the absorption band of the cyclic form is
bathochromically shifted by 30 nm, which indicates chemical
interaction of DAE1 molecules with QD surface.

Analogous photochromic transformations were also ob-
served for mixture of DAE2 molecules with QD600 in tolu-
ene. As in the case of solution containing QD525 and DAE1
molecules, the absorption band of the cyclic isomer B of
DAE2 molecule appears in the visible spectral range at
630 nm as a result of UV irradiation and disappears when
the solution is exposed to visible light (Fig. 2b). However,
unlike the solution of QD525 and DAE]1, absorption band of
the photoinduced DAE2(B) form does not change its position
in the presence of QD or the spectral shift is insignificant. This
may indicate absence of specific interactions between DAE2

a

0,0
650

T
500

450

Fig. 2 Absorption (1, 2, 3) and fluorescence spectra (4, 5, 6) of QD and
DAE mixture in toluene before (1, 4) and after UV radiation (365 nm)
during time t; (2, 5), subsequent irradiation by visible light with wave-
length A, during time t, (3, 6). Absorption spectrum of QD at the same
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and QD that affect chromophoric group. This, however, does
not exclude the possibility of adsorption of DAE molecules on
the surface of QDs.

As can be seen from Fig. 2, fluorescence intensity of QDs
decreases after UV irradiation, leading to formation of DAE
molecule in the cyclic colored form B. The subsequent irradi-
ation with visible light, which restores the colorless open form
A of DAE, leads to an increase in fluorescence intensity of
QDs. The observed modulation of QD emission can be ex-
plained both by the inner filter effect (reabsorption of QD
fluorescence by photochrome in form B) and by a change in
the quantum yield of QD fluorescence due to FRET from QD
to DAE(B).

We estimated plausible change of QD emission intensity
due to inner filter effect for mixtures of QD-DAE shown in
Fig. 2. It was found that inner filter effect can be responsible
for 4% and 37% of intensity modulation for QD525-DAE1
and QD600-DAE2, correspondingly.

Figure 2 shows that modulation depth of QD emission
depends on magnitude of absorption modulation for the

b

a.u.

T
700

800

concentration (without DAE) is shown by curve 7. a Ratio DAEI:
QD525=10: 1 (A,=514 nm, t; =200 s, t, =45 s), b Ratio DAE2:
QD600 =11,000: 1 (A, =627 nm, t; =240 s, t,=120 s). Copsos =
6.1 I,LM, CQD600 =40 nM



J Fluoresc (2019) 29:1311-1320

1315

photochromic compounds, therefore small modulation depth
of emission intensity for QD525-DAE] system is supposed to
be related to low efficiency of photochromic transformations
in DAE1 molecules. One can see that change of QD emission
is not completely reversible which can be associated with
restrictions to photochromic transitions in adsorbed DAE mol-
ecules or irreversible modification of QD surface after these
photochromic conversions.

To get insight of the mechanism of emission modulation
and features of interaction of photochromic DAE molecules
with QD surface, time-resolved fluorescence of QD in the
presence of initial DAE(A) and photoinduced DAE(B) forms
was studied.

It should be mentioned that synthesized QD nanopar-
ticles do not have identical structure and properties.
They are characterized by size distribution of the core
CdSe and the shell ZnS, as well as by degree of homo-
geneity of QD surface (i.e. presence of defects on the
surface like dangling bonds, etc.). The latter factor has
strong effect both on chemical and fluorescent proper-
ties of QD. Surface defects may lead to formation of
localized electronic states or highly reactive sites, which
are prone to chemical and redox processes [48]. They
may play role of electron traps forming nonradiative
decay channels for photoexcited QD. From the other
side, surface defects are highly reactive, they can act
as binding sites for dye molecules, and adsorption of
molecules having electron-accepting properties (like por-
phyrin) on QD surface can be considered as formation
of a new type of surface trap that may affect fluorescent
properties [49, 50]. All the above-mentioned as well as
relaxation processes related to electron-phonon interac-
tions during thermalization of the excited state of QD
results in a complicated fluorescence decay law [51-53],

a
4 -
IRF
Experimental curve
34 —— Fitting curve
0
c
=]
o
Q
ke

and even for QD solutions in absence of DAE at least
three exponential components are usually needed to de-
scribe the emission decay. In this case it is difficult to
assign physical meaning to decay parameters o, T; in
multiexponential model and they are used merely as
fitting parameters to characterize fluorescence decay
and average lifetime <t>.

Figure 3 shows that the experimentally measured kinet-
ics of QD emission decay has essentially multiexponential
character and, for example, at least 3 exponential compo-
nents with lifetimes of T ~ 1, T, ~ 6 and T3 ~ 20 ns are
needed to describe fluorescence decay curves for QDS525.
Effect of DAE concentration for two isomeric forms A and
B on QD fluorescence decay (and related to it quantum
yield) was assessed by change of the average decay lifetime
<t>. The results of experimental studies are presented in
Fig. 4 and Tables 1, 2, and 3.

Figure 4 shows dependence of average emission decay
lifetime for QD in toluene on concentration of DAE molecules
in the form of isomer A, which could be potential acceptors of
photoexcitation energy only after UV irradiation. One can see
that addition of DAE(A) in low concentrations leads to a slight
increase of the average lifetime (<10%). Then a significant
reduction of <t >is observed upon concentration growth of
the colorless DAE(A) isomer. Obviously, this behavior cannot
be attributed to FRET-effect. We suggest that decrease of fluo-
rescence lifetime of QD at high concentrations of DAE is not
caused by dynamic quenching of QD emission, when a colli-
sional complex QD-DAE can be formed during the ex-
cited state lifetime of QD and resulting in its deactiva-
tion. This is supported by the following arguments: 1)
fluorescence decay kinetics for a mixture of QD and
DAE depended on incubation time after mixing, 2) in-
crease of <t>in the range of low concentration for

b

6 T T T T
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80 100

3 expénentials
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Fig. 3 Fluorescence decay curve for QD525 in toluene. a — IRF and decay curve are shown with dots, fitting curve — with line. b Plot of weighted

residuals R(t) for 2 and 3 exponential fitting
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Fig. 4 Dependence of average decay lifetime for QD525 (a) and QD600
(b) fluorescence in toluene on concentration of the colorless isomer A of
DAEI (a) and DAE2 (b). Copsas =50 nM, Copeoo =40 nM. Aey, =

DAE, 3) Stern—Volmer equation for the range of high
DAE concentrations gives implausibly high values for
bimolecular rate constant of quenching.

Obviously, DAE1 molecule (even in the colorless form A)
plays a role of a significantly more efficient quencher for
QD525 fluorescence than DAE2 for QD600. Addition of high
concentration of DAE1 molecules having thiol- groups in
their structure resulted in significant reduction of the decay
lifetime of QD emission which may indicate chemical inter-
action between photochromic molecules and QD surface or be
related to high electron-accepting properties of DAEI.
Absence of these functional groups in DAE2 compound
may be related to a lower efficiency of its interaction with
QDs and less significant reduction of decay lifetime for QD
emission in the presence of DAE2. The idea about essentially
low energy of interaction with QD surface and mainly phys-
ical adsorption of DAE2 molecules is supported by experi-

<1>, NS

19,4 -
19,2 }
19,0

18,8
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1801 C o= 40 NM

QD600
17,8

T T T T
1 10 100 1000
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DAE2 ’

T T 1
10000 100000 1000000

467 nm. Aqg =525 nm (a) or 600 nm (b). Fitting using Hill model is shown
with line

presence of DAE molecules can also be due to different thick-
ness and uniformity of ZnS shell for QD525 and QD600.

‘We suppose that specific interactions between QD525 and
DAEI(A) molecules (or between QD600 and DAE2(A) mol-
ecules) giving rise to formation of QD-DAE complexes or
associates are among the main reasons of QD fluorescence
quenching. It is suggested that formation of a complex (or
associate) results in appearance of an additional non-
radiative decay channel that will lead to decrease in <t > of
QD emission, rather than complete quenching of the fluores-
cence. This allows us to estimate maximal value of equilibri-
um dissociation constant K, (for 1:1 complex of QD: DAE)
using Hill model [55] for protein-ligand interactions (5), if
complex formation leads to a decrease in average lifetime of
QD fluorescence from Tg to Tiin,

mental data about interaction of these molecules with silver (e Cpar 5
. A L (1) =70=(70 7'mm)K Cra (5)
nanoparticles [54]. Sensitivity of QD fluorescence kinetics to d t Cpag
Table 1 Fluorescence decay 2
parameters for QD525 in Cpag a; T, Si, a; T2, Sa, az T, Ss, <T>, X
presence of different DAE(A) nM ns %o ns % ns % ns
concentrations in toluene
obtained by global analysis. Acx = 0 0.380 1.2 7.1 0434 58 39.5 0.186 183 534 12.1 1.03
467 nm, _)\ﬂ = 52'5 nm, S~ - 93 0.283 4.3 0.448 33.1 0.269 62.6 13.4 0.99
contribution of i-th componentin g 0.243 34 0446 302 0311 664 139  1.03
emission. Copszs =50 nM
920 0.274 4.0 0.435 30.9 0.291 65.1 13.7 1.06
2690 0.290 4.5 0.442 329 0.267 62.6 13.4 1.05
5190 0.331 5.6 0.447 36.8 0.222 57.5 12.7 1.08
14,700 0.486 11.9 0.407 48.3 0.106 39.8 10.2 1.12
17,500 0.408 8.2 0.430 41.9 0.162 49.8 11.6 1.10
70,000 0.735 31.4 0.234 48.4 0.031 20.2 6.9 1.29
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Table 2 Average decay lifetimes <7 > of QD525 emission in toluene in the presence of DAE1 molecules at different molar ratios DAE1:QD525
before, after UV irradiation and subsequent exposure to visible light. Copszs = 50 nM, Aex =467 nm, Ag =520 nm

Sample solution

<t>in ns at DAE1:QD525 ratios

10:1 300:1 1000:1
QD525 in absence of DAEI 12.3
Mixture of QD525 and DAE1(A) before irradiation 13.5 11.5 9.3
Mixture of QD525 and DAEL! after UV irradiation (A =365 nm) 11.6 6.9 4.1
Mixture of QD525 and DAEL! after subsequent irradiation with visible light (A =514 nm) 12.0 7.0 43

where Cpag- concentration of the unbound ligand (DAE) in
solution;

~ Cop*Cpag

K, = —the equilibrium dissociation constant,

Cop-paE
where Cgp - concentration of free QD in solution; Cop.par -
concentration of QD-DAE complexes/associates in solution.

Experimental data of <t > for QD525-DAE1(A) donor-
acceptor pair within DAE1 concentration range from
100 nM to 100 uM were fitted by Hill model (Fig. 4a) and
maximal value for K,;~40=+20 uM (for the 1: 1 complex) was
estimated. Similar value of K; ~ 40 uM was determined for
QD600-DAE2(A) pair. On the base of exciton band position
one can estimate that diameters of CdSe cores [56] for QD525
and QD600 are equal to ~2.5 and 4.5 nm respectively.
Assuming that ZnS layer has a thickness of ~ 0.5 nm the
surface area for QD600 will be ~3 times larger than the one
for QD525. Therefore, one can conclude that K; value for
QD525-DAE1 complex, having the same magnitude as the
one for QD600-DAE2 complex, is related to chemical nature
of DAE1 molecules. Higher affinity of DAE1 to QD surface is
attributed to presence of chemically active thiol groups in
DAEI molecule.

These data support our suggestion about formation of
complexes/associate in toluene solutions of QD and DAE.
Moreover, complex formation between photochromic mole-
cules having substituents of different nature and QD surface
can explain slight growth of the average decay lifetime at low
concentrations of DAE1(A).

Table 3

More detailed analysis of DAE(A) concentration on fluo-
rescence decay of QD was performed using global analysis
method [40, 44, 57], when a set of decay curves was fitted
simultaneously using common lifetime parameters ;. This
approach allows to determine how contributions (or weights)
of short- and long-lived emission centers into fluorescence
change upon growth of DAE amount in solution. One can
see from Table 1 that addition of DAE1(A) up to ~280 nM
concentration in the toluene solution of QD525 results in ~2
times decrease of emission contribution (proportional to oT;)
for the short-lived component. We propose that in these con-
ditions photochromic molecules will be preferentially bound
to QD with more defects on their surface since these defects
on ZnS layer play role of potential binding sites for DAE
molecules. From the other hand, QD having more defects
are usually characterized by shorter fluorescence decay life-
times because surface defects are related to formation of elec-
tron trap states increasing rate of non-radiative deactivation
for the photoexcited QD. Therefore, at low concentrations of
DAE a preferential binding to QD with short-lived emission is
expected to take place. This binding can be followed by QD
fluorescence quenching (full or partial) that leads, in our opin-
ion, to increase of the average fluorescence decay lifetime for
QD ensemble. We do not exclude an alternative possibility —
activation of QD fluorescence at these conditions due to QD
surface modification upon DAE binding and destabilization of
electron traps.

Further addition of DAE to QD solution is accompanied by
gradual decrease of <t > value and corresponding changes in

Average decay lifetimes <t > of QD600 emission in toluene in the presence of DAE2 molecules at different molar ratios DAE2:QD600

before, after UV irradiation, and subsequent exposure to visible light. Copgoo =40 nM, Aex =467 nm, Ag =600 nm

Sample solution

<T>1n ns at DAE2:QD600 ratios

10:1 1000:1 11,000:1
QD600 in absence of DAE2 18.8
Mixture of QD600 and DAE2(A) before irradiation 18.9 18.2 17.9
Mixture of QD600 and DAE?2 after UV irradiation (A =365 nm) 18.0 17.3 16.2
Mixture of QD600 and DAE2 after subsequent irradiation with visible light (A =627 nm) 17.8 17.2 16.0
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weights of short- and long-lived components of the emission
due to quenching.

Effects of reversible DAE photoisomerization, manifested
in absorption spectra alteration, on QD fluorescence kinetics
were studied. Solutions of QD and DAE were irradiated with
light of UV and visible LEDs with the same exposition times
as indicated in the caption of Fig. 2. The obtained results are
shown in Tables 2 and 3. It is important to mention that irra-
diation of QD solutions in the same conditions but in absence
of DAE did not affect intensity and decay kinetics of QD
emission. Irradiation of solutions with UV light, which in-
duces the transition into the closed colored form B of DAE
molecules, leads to a slight decrease of the average decay
lifetime for both systems studied (Tables 2 and 3), which
can be interpreted as appearance of an additional channel for
the excited state decay. Answer on the question if this decay
channel is related to FRET from QD to the colored DAE(B)
form will depend on restore of <t > value (full or partial) upon
conversion of DAE molecules back to the initial form A.

One can see (Table 3) that visible light irradiation, which
induces the transition of DAE molecules back to the open
form A, does not lead to any significant changes in the average
fluorescence decay lifetime for QD600-DAE2 system. In the
case of QD525-DAE] system, a slight photoinduced modula-
tion of emission decay lifetime is observed (Table 2) after
sequential irradiation with UV and visible light, which indi-
cates that energy transfer between QD and DAE!1 occurs by
FRET mechanism. Dissimilarity in behavior of the two stud-
ied QD-DAE systems can be explained taking into account
different sizes of QD525 and QD600.

It is noteworthy that the estimated Ferster radii for the
both donor-acceptor pairs do not differ much, having
values of 4.6 and 4.8 nm for QD525-DAEI and
QD600-DAE2 respectively. However, QD sizes are sig-
nificantly different and the corresponding radii of QD
with ZnS layer are equal to ~2 and 3 nm for QD525
and QD600. Taking into account that FRET efficiency
depends on distance as ~1//°, it is expected that contri-
bution of FRET process in the excited state deactivation
for QD600-DAE2 system will be essentially lower than
in the case of QD525-DAE1 due to the increased dis-
tance between QD center and the adsorbed DAE mole-
cule (this value is used as a distance between the point
dipoles in FRET model).

Both systems QD-DAE showed significant lowering of the
average decay lifetime after first irradiation with UV light,
inducing DAE transition to the colored B form, and < T > val-
ue did not restore to the initial value after subsequent irradia-
tion of the solution with visible light. Nature of this quenching
process is not known at current stage of research and needs
further investigations. We propose that the irreversible
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lowering of <t > (and related to it quantum yield) for QD
fluorescence could be due to formation of a stable irreversible
complex QD-DAE(B) for part of the adsorbed photochromic
molecules after cyclization that may play role of an effective
electron trap.

The results of this study show that the reversible
phototransformations of the photochromic components of
QD-DAE systems under UV and visible light have little or
negligible effect on modulation of decay lifetime of QDs fluo-
rescence. Chemical nature of the adsorbed photochromic mol-
ecules and, possibly, their amount on QD surface, are the main
factors affecting fluorescence decay of QDs.

Thus, according to emission decay measurements, a slight
contribution of FRET in QD emission modulation was found
for QD525-DAE]1 system only and we suggest that the ob-
served modulation of fluorescence intensity (Fig. 2) upon pho-
tochromic conversions of DAE molecules are mainly related
to reabsorption of fluorescence due to inner filter effect.

Conclusions

Photoinduced modulation of QD fluorescence intensity was
demonstrated for toluene solutions of photochromic DAE
molecules with QDs of two sizes, having fluorescence bands
at 525 nm and 600 nm. Change of QD emission intensity was
synchronous with the changes in the photoinduced absorption
of DAE molecules during their photochromic transformations.
The observed modulation of fluorescence intensity is mainly
associated with fluorescence reabsorption due to the inner
filter effect and partially with Forster resonant energy transfer
from QD to the photoinduced cyclic form B of DAE mole-
cules. Ferster radii for donor-acceptor pairs QD525-DAEI
and QD600-DAE2 were calculated to be 4.65 nm and
4.85 nm correspondingly. According to our estimations
changes in fluorescence intensity related to the reabsorption
effect are equal to 4% and 37% for QD525-DAE1 and
QD600-DAE2 systems respectively.

It was found that fluorescence decay lifetime of QD was
sensitive to chemical properties and concentration of DAE
in solution. Decrease of fluorescence decay lifetime in
presence of DAE was interpreted as evidence of specific
interactions of photochromic molecules with QD surface.
Using emission decay kinetics data the effective dissocia-
tion constants were evaluated to be ~40 uM for both types
of QD-DAE complexes. Taking into account different sur-
face areas for QD525 and QD600 (~3 times), the higher
affinity of DAEI to QD surface is supposed to be related to
presence of chemically active thiol groups in DAEI1
molecule.
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