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Spectral and photochemical properties of hybrid
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The spectral and photochemical properties of hybrid organic—inorganic nanosystems (HNSs) were investi-
gated. HNS consisted of CdS quantum dots (QDs) functionalized with ligands containing the isothiouro-
nium anchor group linked by a polymethylene chain with photochromic merocyanine (MC). The HNS syn-
thesis was carried out via a microwave-assisted one-pot technique. Energy transfer from the QDs to MC
in the HNS was observed and resulted in QD fluorescence quenching and MC sensitization. Compared to
the free MC, trans—cis photoisomerization of MC in the HNS was suppressed and its photodestruction

Received 7th April 2017,
Accepted 30th May 2017

DOI: 10.1039/c7pp00137a

was accelerated. In addition, upon HNS photolysis by visible light with energy higher than the threshold,
the photosensitized destruction of the QDs (which did not absorb the applied light) occurred. The
observed effects were proposed to be caused by MC adsorption on QDs surface, which leads to the
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Introduction

Hybrid organic-inorganic nanosystems (HNS) consisting of in-
organic nanoparticles modified with organic ligands are of
great interest for various applications." > Nanoparticles, in par-
ticular, may be colloidal semiconductor quantum dots (QDs).
Essentially, almost any colloidal QD is a hybrid system since it
contains the shell of an organic stabilizing ligand. However,
HNSs usually imply the presence of some “functional” ligands
(FLs), which should be able to respond to external impact.

HNSs combine the properties of inorganic (QDs) and
organic (FL) subsystems. In addition, a new property may
arise, such as energy or electron transfer between the system’s
components. By modifying the ligand, one can modulate the
electron or/and energy transfer processes, thus managing the
properties of the HNS in general."*®

Photoswitchable HNSs are of particular interest since their
properties are easily manipulated by light, varying the wave-
length, intensity and time of the applied irradiation. Such
HNSs are first of all promising for fluorescent microscopy and
for data storage or processing systems modeling."**

The design of HNSs gives rise to an array of challenges,
such as the thorough selection of the components with
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restriction of the MC photoisomerization and population of the surface electron trap states of the QDs.

specific spectral properties (for systems with energy transfer)
or redox potentials (for systems with electron transfer), an
appropriate anchor for FL attachment to the QD surface and a
spacer separating them. Moreover, a decrease in the com-
ponents’ stability after their binding was reported, which was
attributed to the electron transfer competing with energy
transfer (ET), leading to both FL and QDs degradation.”®"”
Furthermore, the CdS nanoparticles are actively used for the
photocatalytic decomposition of organic substances.®>°

Thus, the investigation of QDs and FL interactions upon
irradiation of the HNS by light is crucial for revealing the
photoinduced processes in the HNSs and consequently for the
further design of photoswitchable HNSs with desirable
properties.

Whilst HNSs consisting of quantum dots and photochro-
mic ligands are well known,"*™ in our series of studies we
first used styrylquinoline ligands, which were shown to be pro-
spective molecular photoswitches.?"** This class of photochro-
mic ligands possess an absorption in the UV spectral range,
and thus requires wide band gap semiconductor quantum
dots for the HNSs synthesis in order for the spectral properties
of both the ligands and quantum dots to be located in the
same spectral range. We chose benzyl mercaptan capped CdS
quantum dots due to their spectral properties. They possess a
quite short-wavelength absorption and a significant Stokes
shift (absorption and fluorescence maxima at 333 and 440 nm,
respectively).>*>*

HNSs are usually obtained by ligand exchange or self-
assembly, which are additional procedures after the QD
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MC-FL !

Scheme 1 A schematic representation of the HNS (the ratio of the sub-
systems sizes complies with their real sizes). Two variants of the FL
adsorption are shown: the adsorption by the isothiouronium anchor
group in the case of the polymethylene chain extended conformation
and the adsorption by the MC fragment in the case of the twisted
conformation.

synthesis. However, the HNSs investigated in this report were
obtained via a one-pot, non-injective, microwave assisted tech-
nique.*>*® We previously reported the spectral and photo-
chemical properties of HNSs containing a styrylquinoline ligand
as the FL.”” No energy transfer from the QDs to the FL was
observed in the HNSs, their absorption spectra were limited to
the UV range, and their photolysis proceeded in two stages —
an initial FL trans-cis photoisomerization with a high
quantum yield (QY) and subsequent QDs photodestruction
with a significantly lower QY under prolonged irradiation.

The structure of the photochromic ligand was changed to
shift the absorption spectrum of the HNSs to the visible region
providing the spectral overlap of the QDs fluorescence and the
ligand absorption and creating a prerequisite for the energy
transfer from the QDs to the ligands. Herein, we report on the
photochemical properties of the two HNSs based on CdS
quantum dots and contain different number of FLs
(Scheme 1). This FL contains an isothiouronium anchor
group, which is linked by the nonamethylene chain to the mero-
cyanine (MC) photochromic fragment capable of undergoing
reversible trans-cis photoisomerization. The QDs are capped
with benzyl mercaptan and have a core diameter of 2.4 nm.

Thus, the spectral and photochemical properties of the
QDs and MC ligands look promising for creating photoswitch-
able HNSs. However, the obtained HNSs containing MC
demonstrated very peculiar photochemical properties.
Compared to the free MC, the trans—cis photoisomerization of
MC in the HNS was suppressed and its photodestruction was
accelerated. In addition, upon HNS photolysis by visible light
with energy higher than the threshold, the photosensitized
destruction of the QDs (which did not absorb the applied
light) occurred. The observed effects were attributed to the MC
adsorption on the QDs surface that led to a restriction of the
MC photoisomerization and population of the surface electron
trap states of the QDs.

Results and discussion
Spectral properties

The absorption spectra of the investigated HNSs in DMF, as
well as the spectra of the constituent subsystems, are shown at
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Fig. 1 The normalized absorption spectra of the CdS QDs (diameter of
2.4 nm), HNS-1, HNS-2 and the trans-isomer of the functional ligand
MC-FL. The QDs and HNSs spectra were normalized at 333 nm and the
MC-FL spectrum was normalized at 420 nm.

Fig. 1. Unlinked (“free”) MC-FL and free QD have long-wave-
length absorption bands (LWAB) with maxima at 420 nm and
333 nm, respectively. The molar extinction coefficient of the
QD is 8 x 10 M~ em™" at the maximum (333 nm)** and that
of the MC-FL is 3.6 x 10* M~" em™" for the trans-isomer at the
maximum (420 nm). The size of the nanoparticles was
2.4 nm.”® Detailed characteristics (TEM, XRD, SAED and IR) of
the HNSs, QD and MC-FL have been previously reported*® and
can be found in the ESL{

The spectral properties of HNS-1 and HNS-2 are the super-
position of the constituent chromophores - QD and MC. The
presence of the MC-FL in the HNSs is clearly corroborated by
absorption spectra, where the MC LWAB appears as a separate
band (Fig. 1). The electronic absorption spectra were used to
calculate the composition of the HNSs (the number of MC-FLs
in the HNS, N). The average N was 1.0 for HNS-1 and 5.6 for
HNS-2.2%%7

The presence of the two different chromophores in the
HNSs was confirmed by photoluminescence (PL) measure-
ments (Fig. 2). Fig. 2a shows the PL emission (1, 2) and exci-
tation (3, 4) spectra of the free QDs (1, excitation at 330 nm; 3,
observation at 440 nm) and the MC-FL (2, excitation at
420 nm; 4, observation at 520 nm). The QDs have a PL
maximum at 440 nm, whilst the MC-FL has a maximum at
520 nm. The PL excitation spectra reproduced the corres-
ponding absorption spectra.

Analysis of the spectral properties of the QDs and MC-FL
shows the spectral overlap of the FL absorption and the QDs
PL, which allows the Forster resonance energy transfer (FRET)
from the QDs to the FL. Energy transfer was indeed observed
in the PL spectra of the HNSs. For instance, the PL emission
and excitation spectra of the HNS-1 are shown at Fig. 2b. Two
bands corresponding to the QDs (440 nm) and MC (520 nm)
were observed in the PL spectrum of HNS-1 upon excitation at
the QD absorption maximum (330 nm) (Fig. 2b, spectrum 1).
Only one band corresponding to MC was observed upon exci-
tation at the MC-FL absorption maximum (420 nm), where
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Fig. 2 (a) The photoluminescence spectra: 1 — QDs (excitation at

330 nm) and 2 — MC-FL (excitation at 420 nm); the photoluminescence
excitation spectra: 3 — QDs (observation at 440 nm) and 4 — MC-FL
(observation at 520 nm); (b) the photoluminescence spectra of HNS-1: 1
— excitation at 330 nm and 2 - excitation at 420 nm; the photo-
luminescence excitation spectra of HNS-1: 3 — observation at 440 nm
and 4 — observation at 520 nm; the spectra are normalized at the
maxima, the 370 nm band in the photoluminescence spectra is due to
Raman scattering.

the QDs had no absorption (Fig. 2b, spectrum 2). Such
differentiation was also observed in the HNS PL excitation
spectra.

The MC does not fluoresce at 440 nm, and thus the PL
excitation spectrum of HNS-1 upon observation at 440 nm
(Fig. 2b, 3) characterizes the QDs only and reproduces its
absorption spectra. However, upon observation at the MC-FL
emission maxima (520 nm), the PL excitation spectrum of
HNS-1 contains both the MC-FL and QDs bands (Fig. 2b, 4)
indicating the energy transfer from the QDs to the MC-FL.

The shoulder at 360 nm in the HNS PL extinction spectrum
(Fig. 2b, spectrum 3) may be caused by the minor demethyl-
ation of the quaternized MC nitrogen during the HNS syn-
thesis.”® This effect was more pronounced in HNS-2 due to the
significantly higher content of the MC-FL. In case of HNS-2,
the 360 nm band was observed as a separate band and repro-
duced the absorption spectrum of styrylquinoline, the product
of the MC-FL demethylation reaction.>®
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The PL QYs of the free QDs and MC-FL are 0.0040 and
0.0076, respectively. The QDs QY in HNS-1 decreases to 0.0025,
whereas the MC QY significantly increases up to 0.0160. In
HNS-2 the QYs of the QDs and FL are 0.0020 and 0.0110,
respectively. Thus, upon the QDs and the MC-FL binding in
the HNS, the QY of the QDs decreases and that of the MC con-
comitantly increases due to the energy transfer from the
former to the latter. As it was shown above, during the HNSs
synthesis partial demethylation of MC may occur giving the
styrylquinoline photochrome, which emits in the same spec-
tral region as that of the QDs. The PL QY of the styrylquinoline
photochrome is about 4 times greater than the QDs QY,*° and
thus the specified QYs of the QDs in the HNSs are the upper
bounds.

Supposing the mechanism of energy transfer in this case
being common for such systems, FRET, the distance between
the QDs and MC was calculated® to be 1.89 nm for HNS-1. The
fact that the distribution of the HNSs of the different compo-
sitions is present in solution®® was taken into consideration in
the calculations. The calculation details can be found in the
ESL

At this distance between the QDs and MC (1.89 nm), for
HNS-2 (average N = 5.6) ¢pa should be 0.0007, which is less
than the observed value of 0.0020. Apparently, the ¢p, overesti-
mation was due to the demethylated FL, whose emission band
overlaps with that of the QDs, as mentioned above.

The MC-FL is a structural analogue of the previously investi-
gated styrylquinoline ligand.>® The van der Waals size of the
styrylquinoline trans-isomer in the maximal extended confor-
mation along a long axis is 3.0 nm, whilst the sizes of the
(CH,), chain and benzyl mercaptan are 1.0 nm.

The calculated r = 1.89 nm is the distance between the
centers of the donor and acceptor. Since the QDs radius is
1.2 nm, the MC-chromophore (acceptor) is less than 0.7 nm
from the QDs surface, ie. it is incorporated into the benzyl
mercaptan shell of the QDs. The assumed HNS structure, con-
sidering the size ratio of the QDs and ligands,* is shown in
Scheme 1.

Thus, the flexible polymethylene chain is twisted in the
HNS, and the MC-fragment is actually very close to the QDs
surface. Apparently, the positively charged MC-fragment is
adsorbed at the negatively charged sites on the QDs surface.
This conclusion was confirmed by the photochemical pro-
perties of the HNSs, see below.

Photochemical properties

The MC-FL and HNSs contain the photoactive MC-group,
which undergoes reversible trans—cis photoisomerization
(Scheme 2).

Photolysis of the free MC-FL during the initial stage pro-
ceeds similarly to the photolysis of the other neutral and
N-alkylated styrylquinoline derivatives.*® Irradiation results in
the changes in the spectral characteristic of photoisomeriza-
tion: LWAB reduction and a hypsochromic shift in the absorp-
tion band maximum. The absorption kinetic curve reaches a
plateau at the photostationary state (PS). The PS composition

This journal is © The Royal Society of Chemistry and Owner Societies 2017
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trans (E) cis (2)

R = (CH,)¢SC(NH,),*I

Scheme 2 Photoisomerization of the MC-group in the FL.

and the spectrum of the cis-isomer were calculated using the
Fischer method.?! However, a further slow LWAB decrease was
observed upon an order of magnitude prolonged irradiation
(see the inset in Fig. 4) testifying slow destruction of the FL.
Therefore, the MC-FL forms a quasi-PS upon photolysis
in DMF.

The absorption kinetics (4) upon reversible photoisomeriza-
tion follows the differential eqn (1):**

dA/dt = — (& — &c) - (@rc - Ar — Por - Ac) (1-1074) - I /A (1)

where A = A; + A, 4; and ¢; are an optical density and a molar
extinction coefficient of isomer i (¢trans or cis) at the irradiation
wavelength, ¢, and ¢, are the QYs of the trans—cis and cis-
trans photoisomerization, and I, is the intensity of the applied
light. An approximation by eqn (1) in the initial stage of the
kinetic curve (until a PS) obtained by 462 nm light irradiation
gives photoisomerization QYs of ¢, = 0.30 and ¢, = 0.79 (for
the calculation method see ref. 32).

Eqn (2) was added to eqn (1) to take into account the FL
photodestruction:**

dA;/dt = —&; - A; - a - (1-107%) - Iy /A, (2)

where ¢4 is the QY of the FL photodestruction, which presum-
ably does not depend on the FL isomer form (see discussion
below, the principal component analysis shows that both the
trans- and cis-FL undergo photodestruction). Joint numerical
integration of eqn (1) and (2) with the kinetics approximation
in the full time range gives ¢, = 0.30, ¢, = 0.82 and ¢q =
0.0017. Thus, the photoisomerization QYs stays almost the
same as in the “photoisomerization only” model and the
photodestruction QY is two orders lower, allowing us to
neglect the destruction during the early stages of photolysis.
Considering that the MC-FL concentration was ca. 10> M, one
can assume that the FL photodestruction (observed as the dis-
appearance of the chromophore z-conjugated system) is
caused by the minor impurities in DMF, which are absent in
the solvents in which the MC-chromophore does not undergo
photodestruction.®

Photolysis of the HNSs was investigated upon irradiation
at the LWAB region by 408 and 462 nm light. For instance,
Fig. 3 shows the spectral changes observed upon irradiation
of the HNS-2 by 462 nm light (Fig. 3a) and 408 nm light
(Fig. 3b).

A gradual and monotone decrease in the 420 nm LWAB was
observed in both cases, but in the case of irradiation at
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Fig. 3 The spectral changes upon HNS-2 irradiation (DMF) by (a) -
462 nm light (intensity 2.5 x 10~ Einstein cm™ s7%), photolysis time 0,
30, 180, 780, 1440, 3240, 6840, 10 440, 14 040, 19 440 and 23080 s; (b)
— 408 nm light (intensity 7.8 x 10~° Einstein cm™ s™%), photolysis time 0,
5, 30, 180, 540, 960, 1860, 2820, 3720, 4620, 5820, 7020, 9120, 10 920
and 11880 s. Insets: The photolysis kinetics at the irradiation wave-
lengths and approximated curves (see text).

408 nm, it was accompanied by the short-wavelength absorp-
tion band decrease at 330 nm. Fig. 4 shows the kinetics of the
absorbance changes at the absorption maxima of the QDs and
MC, 330 nm and 420 nm, respectively. Similar spectral
changes and difference between the 408 and 462 nm photoly-
sis were observed upon HNS-1 irradiation.

Fig. 3 and 4 analysis leads to the following conclusions. A
decrease in the LWAB upon HNS photolysis (Fig. 4, curves 1
and 3) is impossible to ascribe to the MC photoisomerization
only because the absorption falls below the PS and even pure
cis-MC level (Fig. 4, curve 5), which could be formed under the
full photoisomerization of the ¢rans-isomer (that is impossible
due to the reaction reversibility). Thus, upon HNS irradiation
at the MC-photochrome absorption band, the latter decom-
poses. In addition, the MC decomposition products are
colored (the absorption does not fall to zero), but they have
significantly lower extinction coefficients than the initial
trans-MC.

Photochem. Photobiol. Sci,, 2017, 16, 1252-1259 | 1255
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Fig. 4 The absorption kinetics at 420 nm (1, 3) and 330 nm (2, 4) upon
HNS-2 photolysis at 462 nm (1, 2) and 408 nm (3, 4); the absorption
level of cis-MC-FL at the same concentration (5). Inset: The absorption
kinetics at 420 nm upon free MC-FL photolysis at 462 nm (1) and
408 nm (2).

The QDs are quite stable upon the HNSs irradiation by
462 nm light (Fig. 3a and 4, curve 2), and the absence of
absorption changes testifies that the MC destruction products
have a 330 nm absorption equal to the initial ¢rans-isomer.
However, upon HNSs photolysis by light of a higher energy
(408 nm), the intensity reduction, widening and hypsochromic
shift of the QDs absorption band were observed (Fig. 3b).
Similar spectral changes were observed previously in the case
of QDs irradiation in the region of its absorbance - by the
316 nm and 370 nm light - and were explained by the QDs
photodestruction.””

However, the QDs studied do not absorb visible light, and
the model experiment showed that the free QDs do not
undergo any changes under 408 and 462 nm irradiation (with
the same irradiation times). Hence, under HNSs irradiation by
408 nm light, a sensitized photodestruction of the QDs takes
place. In addition, as the comparison of curves 3 and 4 in
Fig. 4 shows, this process starts only at the quite late stage of
the MC-FL photolysis and may be caused by the accumulation
of the MC photodestruction products.

Application of principal component analysis (PCA) can give
additional information about the photoreactions that the HNS
undergo.***> The scores plots are shown in Fig. 5, where the
experimental spectra are represented on the basis of the first
two singular vectors. Each point in the plot corresponds to the
specific spectra upon photolysis. Two spectral ranges were con-
sidered, where both components of the HNSs absorb
(300-510 nm, Fig. 5) and where only MC absorbs (420-510 nm,
Fig. 5, inset). The spectra were recorded with 1 nm steps.
Spectral changes upon the free MC-FL photolysis were added
to the analyzed matrix for the comparison.

Plot 1 in Fig. 5 characterizes the spectral changes upon
HNS-2 irradiation by 462 nm light. As shown above, these
changes were caused by the MC-FL transformations. The line-
arity of the PCA plot indicates that only the two chromophores

1256 | Photochem. Photobiol Sci., 2017, 16, 1252-1259

View Article Online

Photochemical & Photobiological Sciences

0.015 0.004{% 3
" 2
0.000 1
0.010-
P, ] 3/@ -0.004 &
J |
0.005 4 . 001 000 001 002
2y
7 el
o/o
0.000 ~ 4& 1
/O *
-0.005 4 /V/
R
T M T T T 1
-0.04 -0.02 0.00 0.02 0.04 0.06

Fig. 5 Principal component analysis of the spectral changes (scores
plots) in the range of 300-510 nm, which take place upon photolysis of
HNS-2 (1, 2) and the MC-FL (3, 4) by 462 nm light (1, 3) and 408 nm light
(2, 4); the experimental spectra are represented on the basis of the first
two singular vectors p; and p,. The first spectra of each series are
marked by asterisks. Inset: The same analysis for the 420-510 nm spec-
tral range (see text).

are present in the reaction mixture. In this case, the chromo-
phores are HNS with trans-MC and HNS with the MC photoly-
sis products.

The absence of the third chromophore (HNS with cis-
MC-FL) testifies that the MC photoisomerization was blocked
in the HNS. This conclusion was confirmed by the PCA of the
HNS LWAB where only the MC absorbs (Fig. 5, inset, plot 1).
The absence of plot deviations along the third singular vector
coordinate confirms that only the two chromophores are
present in the reaction mixture. The photoisomerization block-
ing was associated with the MC-group (within the benzyl mer-
captan shell) proximity to the QDs surface (up to adsorption
on the surface), which creates steric constraints for the
reaction.

The initial spectral changes upon HNS irradiation by
408 nm light (Fig. 5, plot 2) are similar to those observed
under 462 nm irradiation (plot 2 is parallel to the plot 1).
However, plot 2 then deviates testifying that the additional
chromophores are formed in the reaction mixture. The
bending point of the plot 2 (Fig. 5, the 7th spectrum in the
series) corresponds to the beginning of the QDs absorbance
decrease (Fig. 4, curve 4), ie. the start of the additional
chromophores formation correlates with the start of the QDs
destruction and may be ascribed to this process. Plots 3 and 4
(Fig. 5) show the free MC-FL photolysis PCA in joint basis are
linear and characterize the photoisomerization of the two
chromophores only (trans- and cis-MC). Minor spectral
changes caused by the MC-FL photodestruction are negligible
against the significant changes in the MC photoisomerization
and HNS photodestruction. However, the MC-FL photodestruc-
tion was noticeable upon the separate analysis of the MC
absorbance band (Fig. 5, inset). Plots 3 and 4 in the inset are

This journal is © The Royal Society of Chemistry and Owner Societies 2017
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arc-like curves and testify that simultaneous photoisomeriza-
tion and photodestruction takes place and at least three
chromophores were involved.

Comparative analysis of the MC absorption band only
(Fig. 5, inset) reveals two more features. First, the initial
points of the plots (marked by asterisks) corresponding to the
trans-MC in HNS (plots 1 and 2) and the free form (plots 3
and 4) are different, ie. the MC LWAB changes upon FL in-
corporation to the HNS. This fact shows the interaction between
the MC-chromophore and QDs, and is in accordance with the
assumption (see above) that the MC-fragment of the FL is
adsorbed on the QDs surface (due to the spacer flexibility)
and forms states such as surface charge transfer complexes
leading to the LWAB shape change. The second feature of
plots 1 and 2 (Fig. 5, inset) is their different direction reveal-
ing that the products of MC photodestruction by 408 and
462 nm light have different absorption spectra. This may be
caused by the formation of different products under photoly-
sis of MC in the HNS by 408 and 462 nm light in contradis-
tinction to the free MC-FL photolysis for which plots 3 and 4
(Fig. 5, inset) match each other.

However, there is another possible explanation for this
feature. The products of the MC-photodestruction could be the
same, but in the case of irradiation by 462 nm light they are
adsorbed on the QDs surface, whilst upon 408 nm light
irradiation they gradually desorb due to the destruction of the
QDs and transfer to the solution. Deviation of plot 2 (Fig. 5,
inset) to the direction of plots 3 and 4 (which characterize the
reactions of free MC-FL) supports this hypothesis.

The spectral changes observed upon HNS-1 photolysis by
408 and 462 nm light do not differ from the case of HNS-2, so
their analysis leads to the very same conclusions.

Since the MC photoisomerization in the HNS is blocked,
the experimental kinetics of the HNS photolysis was fitted by
eqn (2); examples of the calculated kinetics are shown in the
insets in Fig. 3. The photodestruction QY of the MC in HNS is
0.0040 (for 462 nm irradiation).

Thus, a comparison of the photolysis of the MC-FL in the
free form and incorporated to the HNS shows that the attach-
ing the QDs surface leads to the FL photoisomerization sup-
pression and photodestruction acceleration. Photodestruction
of the QDs takes place upon HNS photolysis by light with an
energy higher than the threshold, presumably due to the elec-
tron transfer from the QDs to the MC since the cation of latter
is an electron acceptor. TD B3LYP/6-31G* calculations®® show
that the LWAB of the MC-FL in the visible region characterizes
only the S, excited state and corresponds to the electron trans-
fer from the highest occupied molecular orbital to the lowest
unoccupied orbital. The higher energy states (S,), which may
participate in the oxidation of the QDs, are not excited upon
irradiation in the LWAB range.

To explain the observed effects we suggest considering the
electronic states diagram of the HNS (Scheme 3). The MC-FL
absorption band maximum (420 nm) corresponds to an energy
of 2.95 eV. The excited vibrational levels of the S,-state are
populated upon irradiation at the band maximum. The S, —
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Scheme 3 The electronic states diagram of the HNS. The levels of the
ground (Sp) and lowest excited (S;) states of the QDs and MC-FL, and
the level of the QDs surface trap are shown. The processes corres-
ponding to the light absorption (hv) and emission (hv'), ET and the FL
photochemical reaction are also shown.

S; 0-0 transition of MC (cross point of the absorption and
emission spectra) has an energy of 2.62 eV. The FL fluo-
rescence maximum corresponds to an energy of 2.38 eV and
emission of light with this energy leads to the population of
the excited vibrational levels of the Sy-state with an energy of
0.24 eV. In addition, the photophysical processes, photochemi-
cal reactions take place upon MC-FL excitation to the S;-state.

The QD absorption maximum (333 nm) corresponds to a
band gap of 3.72 eV. The fluorescence of the investigated QDs
has a trap states origin®® and the emission maximum (440 nm)
corresponds to an energy of 2.82 eV. Low intensive direct tran-
sitions S, — Sirap are not noticeable against the intensive QDs
band gap absorption and upon free QDs irradiation, the Sip
states are populated through the S; op state (Scheme 3).
Apparently, in addition to the trap-state emission, the S,
state population leads to the slow QDs degradation under UV
irradiation.””

Upon HNS irradiation with visible light at the LWAB range,
the S, state may be populated through the S;_yc state of the
adsorbed MC-FL (i.e. through surface charge transfer com-
plexes). The energy of the light with wavelengths of 408 and
462 nm is 3.04 and 2.68 eV, respectively. Thus, the light
quantum has enough energy for the S, state population in
the first case only explaining a peculiar “threshold effect” - the
different behavior of the HNS upon irradiation with visible
light at different wavelengths. Investigation of the photolysis
kinetics shows that the MC-FL photodestruction products
adsorbed on the QDs surface may be the sensitizers of the
QDs photodegradation.

Experimental

The HNSs were synthesized via a one-pot, non-injective, micro-
wave assisted technique. The details can be found else-
where.”>?® The electronic absorption and emission spectra
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were recorded on a UV-VIS spectrometer Specord M-400 and
PerkinElmer LS 55 Fluorescence spectrometer, respectively.
The fluorescence QYs were measured using a dilute alcoholic
solution of either anthracene (fluorescence QY 0.3 (ref. 37)) or
1-(9-anthryl)-2-(2-quinolyl )ethylene (fluorescence QY 0.03 (ref.
38)) as the reference, and the measuring accuracy was 10%.

The absorption of the solutions for the PL measurements
did not exceed 0.1. Arrays of light emitting diodes were applied
for UV irradiation - LED-408 (BL L513-UV, . = 408 nm,
FWHM = 15 nm) and LED-462 (SDK 470-45-3/2, Amax = 462 nm,
FWHM = 20 nm). The light intensities were (2.4-7.8) x 10~°
Einstein ecm™ s™' for LED-408 and (1.6-2.5) x 10° Einstein
em ™' 57" for LED-462 (actinometry was carried out with ferric
oxalate). The measuring accuracy of the photoisomerization
QY was 20%.

Conclusions

Investigation of the photochemical properties of HNSs con-
taining CdS QDs and photochromic MC-FL shows the fluo-
rescence quenching of the first and sensitization of the latter
due to the ET from the QDs to the MC. In the HNS, the MC-
group of FL is presumably adsorbed at the QDs surface, as
indicated by the small distance between the MC and QDs cal-
culated from the QDs fluorescence decrease as a result of the
ET to the MC, by deformation of the MC absorption band in
the HNS when compared to the free MC-FL and by the restric-
tion of the MC trans—cis-photoisomerization in the HNS due to
steric constraints. Besides, the MC photoisomerization restric-
tion, the MC photodestruction is accelerated in the HNS. Upon
HNS photolysis by visible light with an energy higher than the
threshold, the photosensitized destruction of the QDs (which
does not absorb the applied light) takes place, presumably due
to the surface electron trap states of the QDs population with
participation of the MC photodestruction products adsorbed
on the QDs surface. In the case of irradiation by light with
energy that is not sufficient for the surface trap states popu-
lation, the QDs are stable and the MC only undergoes
photodestruction.
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