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Based on comparative experimental spectral-kinetic data and quantum chemical calculations (method MM+) it was
argued that in water at pH 7.5 and ambient temperature, electrostatic interactions of positively charged 5,10,15,20-
tetra(N-methyl-4-pyridyl)porphyrin molecules (free bases) with negatively charged glutathione stabilized core/shell
semiconductor quantum dots (QD) AIS/ZnS/GSH lead to the formation of stable « QD-porphyriny nanoassemblies.
The obtained results indicate that interaction of AIS/ZnS/GSH QDs with positively charged H,P*" molecules is not
described appropriately by the Poisson statistics (the nanoassembly stoichiometry is 1:1), and followed by a very fast
metalation of porphyrin free base (formation of the extra-ligated Zn-porphyrin complex) which is directly fixed on the
OD surface. The detailed analysis of experimental results and structural parameters for the size-consistent 3D model
of the above «QD-porphyriny nanoassembly evidently showed for the first time that the non-radiative relaxation of
OD excitonic excitation energy is due to competitive processes: FRET QD — porphyrin and the electron tunneling
through the ZnS barrier to the outer interface of the QD in conditions of quantum confinement.

Keywords: Core/shell semiconductor quantum dots, glutathione stabilization, tetrapyridyl substituted porphyrins,
“quantum dot — porphyrin” nanoassemblies, electrostatic interactions, quantum chemical modeling (MM+), quantum
dot surface morphology, steady state spectroscopy, time-resolved spectroscopy, quantum dot photoluminescence
quenching, Foerster resonance energy transfer model (FRET), electron tunnelling, quantum confinement.
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Ha ocnosanuu cpagnumenvbuvix cneKmpanbHO-KUHEMUYeCKUX OAHHLIX U K8AHMOBO-XUMUYECKUX PACUemo8 (Memoo
MM+) obocnosano, umo 6 ode npu pH 7.5 u xomnamnou memnepamype 1eKmpocmamudeckue 63aumooeicmaus
nonosicumenvHo 3apsidxcennvix monexyn 3,10,15,20-mempa(N-wemun-4-nupuoun)nopgupuna (c60600Hbie OCHOBAHUS) C
OMPUYAMETLHO 3APANCCHHBIMU CIMADUTUSUPOBAHHBIMU 2TIIOMAMUOHOM NOJYNPOBOOHUKOBLIMU KEAHMOBLIMU MOYKAMU
(KT) AIS/ZnS/GSH npusooum x ¢opmupoganuro cmabunvnvix Hanoarncamoneu «KT-nopgupuny. I[lonyuennvie
pesyrbmamul nokaszvieaiom, umo ezaumooeticmsue KT AIS/ZnS/GSH ¢ nonoscumenvno 3apaiceHHbIMU MOEKYIAMU
H>P"" ne onucwisaromes cmamucmuxoii Iyaccona (cmexuomempus nanoancambreti 1:1) u conpososxoaemes ouens
OvICMpPOll MemanIuzayuel MoaeKyavl c60000H020 OCHOBAHUS NOpPuUpUHa (0bpazosanue IKCMPa-1ueaHoupoOB8aHHO20o
Komnaekca Zn-nopgupuna), komopas Henocpeocmeenno uxcupyemcs na nosepxrocmu KT. JJemanvuelii ananu3s
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Structure and Properties of “Quantum Dot — Porphyrin” Nanoassemblies

IKCNEPUMEHMATILHBIX Pe3yIbMAamos U CMpYKMypHbIX Napamempos pasmepro-coaiacyroweticss 3D modenu Hanoancamois
«KT-nopupuny» enepevie nokaszan, 4mo 0e3vi31yyamenvHds peraKcayus dHepeuu dIKCUMoHHo20 6030yxcoenus KT
0bycroenena 08yMs KOHKYpUpylowumu npoyeccamu: gepcmeposckum nepernocom snepeuu KT — nopdhupun u myne-
JUposanuem 21eKmpoHa cK8o3b bapvep ZnS na eneuiHio nosepxrocmsv KT 8 yciosusax K6aHmogo2o 02paHudeHus.

Kurouesble cioBa: I1oxynpoBOAHUKOBBIE KBAHTOBBIE TOUKH, CTAOMIM3ALMS TJIFOTATHOHOM, TeTPANMPHIHI3aMEIICHHBIC
nopuprHbI, HaHOaHCAMOJIM «KBAaHTOBas TOYKA-NOP(UPUHY», IJIEKTPOCTATUYECKHE B3aMMOJACHCTBUS, KBaHTOBO-
XxuMmuueckoe MozaenupoBanue (MM+), Mophosorust MOBEPXHOCTH KBAaHTOBOM TOYKH, CTAL[MOHAPHAs CIIEKTPOCKOIINS,
BpeMsi-pa3pellieHHasl CIIEKTPOCKONHMS, TylIeHHe (OTOJIOMHHECIEHIIMM KBAaHTOBBIX Touek, Mozenb Depcrepa
HHIyKTUBHO-pe30oHaHcHoro neperoca suepruu (FRET), TyHHenmpoBaHue 251eKTpoHa, KBAHTOBOE OTPaHHYCHHE.

Introduction

It is well-documented that supramolecular functional
arrays represent an emerging class of materials that have
been governed by the supramolecular chemistry of
molecules and supramolecular nanoassemblies via various
noncovalent inter- and intramolecular forces through
bottom-up assembly approaches.'® Such high-order
molecular hierarchies have been stabilized by various kinds
of noncovalent intermolecular forces including hydrogen
bonding, electrostatic, donor-acceptor, m-m stacking
interactions, and dispersion forces. In its turn, these works
have provided a sound basis for the development and the in-
depth understanding of the structure property relationship
of supramolecular functional materials, paving the way
toward the discovery and exploration of a diverse array of
supramolecular scaffolds for possible applications in
nanotechnology.”'*! There are several basic directions how
one may manipulate the supramolecular nanoassemblies of
organic/inorganic  components through sophisticated
organic synthesis and rational structural design.

Molecular self-assembly, namely the spontaneous or
driven association of molecules, is the basis of many
successful strategies to produce nano- and mesoscopic
structures that adopt thermodynamic minima. The designed
self-organization process, the information necessary for the
process to take place, and the algorithm that the process
follows, must be stored in the components, and must
operative vie selective molecular interactions. The
photophysical/photochemical study of self-organized
systems is the subject of nanophotonics which plays a
pivotal role in advancing nano/bio/info technology by
creating new interfaces between multiple disciplines."! In
this respect, multiporphyrin assemblies are of fundamental
importance as models for mimicking and the detailed study
of the energy/electron transfer processes taking place in the
light-harvesting antenna complexes and the photosynthetic
reaction centers in vivo. A lot of interesting and important
results obtained in this field of supramolecular chemistry have
been presented and discussed in literature.['®2* @ refs. herein )
addition, multiporphyrin arrays with controllable structures
and energy/electron transfer properties are also under
promising intensive study due to the relevance of their
potential applications as man-made molecular nanodevices
in the nascent field of molecular electronics,
nanotechnology and biomedicine.*>"

The exploration of the utilization of transition metal-
containing counterparts through coordination chemistry has
led to the construction of unique molecular scaffolds of
diverse geometry owing to the versatility of the
coordination geometry and the coordination number with
different metal centers interacting with organic
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components.”*>7 It was shown that the competing interplay
of noncovalent interactions between self-assembled
molecules have been crucial to the construction of the
supramolecular functional materials. In particular, the
noncovalent directional metal-metal and ligand-ligand
(m—m) interactions represent a unique class of noncovalent
interactions,  usually  associated  with  intriguing
spectroscopic and luminescence properties. In this direction
some principal results have been obtained also for nano-
scale multicomponent metallo-organic frameworks, based
on tetrapyrrolic compounds'****'***7 and studied under
leadership of Professor A.Yu. Tsivadze, full member of
Russian Academy of Sciences whose 80™ birthday was
celebrated in January 2023.

The field of nanoscience and nanotechnology is
extending the applications of physics, chemistry, biology,
engineering and technology into various systems of
nanoscale  dimensions  where  optical,  physical,
photochemical, redox and magnetic properties become size-
dependent. In this connection, semiconductor nanocrystals
(often referred to as quantum dots, QD, with diameters of
2+10 nm) represent the specific class of matter between
atomic clusters and bulk materials with well-defined size-
dependent photophysical properties caused by electron/hole
quantum confinement.***") Based on ideas of inorganic-
organic platform, the combination of the two directions,
that is the anchoring of functional organic molecules or
molecular complexes to tuneable inorganic wide gap
semiconductor colloidal QDs, is of considerable scientific
and practical interest.*'*?) Recently, it was shown that the
large variety of functional organic molecules (including
tetrapyrroles of various classes'* ") allows a broad
scenario for modification of QD optical properties as well
as to study and control the energy relaxation pathways and
their efficiency.

Over the last three decades, the synthetic pathways to
prepare semiconductor-based nanoassemblies have vastly
expanded and developed. These developments allowed the
formation of various hybrid nanosystems composed of dif-
ferent material combinations. The specific material com-
bination can dictate the physical, chemical, and optical
properties of the resultant hybrid nanosystem. Typically,
several approaches based on a bottom-up strategy have
been applied to form QD-dye nanoassemblies in liquid
solutions and polymeric matrices:>'**"** (i) blends of QD-
dye moieties with variable blend morphology; (ii) the
attachment of dye molecules to QDs via a simple intercala-
tion into the QD capping ligand shell; (iii) the attachment of
dye molecules to QD polymer or biopolymer covering
shells via chemical bonds; (iv) electrostatic interactions; (v)
the covalent attachment of a modified fluorophore to an
appropriately functionalized QD, and (vi) a non-covalent
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self-assembly via a whole set of functional anchoring
groups in dye molecules. Thus, spontaneous self-assembly,
which occurs as a result of the complementarity of super-
structure components, is the real background for the
formation of QD-based nanoassemblies with a wide range
of possible fundamental and practical applications. In addi-
tion, upon a comprehensive analysis of the morphology and
photophysical properties of organic-inorganic nanoassem-
blies as well as the dynamics, mechanisms and pathways of
excitation energy relaxation in these nanoobjects some
principal issues should be taken into account,'"3*337]
such as a higher surface-to-volume ratio (compared with the
corresponding bulk semiconductor materials), dangling
bonds and trap states (which may affect photoluminescence
properties of QDs), specific surface/interface effects, etc.
The most common tool used to study the interaction of
capping ligands with QD surfaces and ligand-lattice
interface is solution-phase nuclear magnetic resonance
(NMR) spectroscopy,” " thermogravimetric analysis,®"!
calorimetry!® and X-ray techniques.'*”!

Correspondingly, it follows from above considerations
that the detailed and quantitative analysis of dye-mediated
excitation energy relaxation processes in QD-dye
nanoassemblies should be done with taking into account all
these reasons. It is also clear that available experimental
approaches (such as steady-state and time/spatially-resolved
spectroscopy, single nanoobject detection, light scattering
measurements, AFM, TEM, efc.) present a solid basis for
studying the spectral-kinetic properties of QD-dye (or QD-
porphyrin) nanoassemblies and are useful for the verifica-
tion of theoretical calculations. But none of these experi-
mental methods allows sufficiently resolved visualization
of the structure of the colloidal QD surface/interface and
some details of attachment of the dye molecule to it, thus
limiting the evaluation of necessary structure-spectral-
energetic correlations in a lot of cases. In this respect it
should be mentioned that various theoretical various
approaches (EMA, TDDFT, ab initio DFT, MD, efc.) may
predict that attached organic ligands cause (depending on
their number and physico-chemical properties) surface
reconstruction, dimensionality and interface engineering
and modify electronic states and electron-phonon coupling
in QD-dye nanoassemblies./*** Nevertheless, this fruitful
information is not sufficient to fully account for experi-
mental findings observed for QD-dye nanoassemblies.
Concluding, it is evident that the combination of various
experimental approaches and theoretical modelling should
be used to analyse the surface-energetic correlations in QD-
dye nanoassemblies.

Keeping in mind these considerations, we studied nano-
assemblies based on n-trioctylphosphine oxide- (TOPO) and
amine-capped CdSe/ZnS QDs attached via coordination bond
with tetra-mesopyridyl-substituted porphyrins (as well as
with perylene bisimides) in solutions at 77-295 K.[>!72314
44303364 Erom the experimental point of view, we used the
combination of ensemble and single nanoassembly experi-
ments (including time-resolved spectroscopy), while theo-
retical analysis was based on quantum-chemical and quan-
tum-mechanical calculations. Such an approach showed the
following: (i) attached porphyrin molecules lead to the for-
mation of QD surface states (having energies in the forbidden
zone), cause QD photoluminescence (PL) quenching and
change blinking times; (ii) the low temperature surface trans-
formation of the capping TOPO or amine shell (at
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Tphase = 220-230 K) depends on porphyrin attachment; (iii)
QD PL quenching in QD-porphyrin nanoassemblies is
caused by two main competitive processes — Foerster reso-
nant energy transfer (FRET) QD—Dye (10-15%) and
stronger non-FRET quenching caused by the electron
tunneling to the surface traps in the conditions of quantum
confinement.

Very recently we described the results of comparative
experimental study (steady-state absorption/ photolumines-
cence, time-resolved experiments, Raman spectroscopy,
dynamic light scattering) and quantum chemical calculations
(method MM+) describing Coulomb electrostatic interactions
of  positively charged 5,10,15,20-(tetra-N-methyl-4-
pyridyl)porphyrin molecules with negatively charged gluta-
thione stabilized core/shell semiconductor quantum dots
(QD) AgInS/ZnS leading to the formation of stable QD-
porphyrin nanoassemblies in water (pH 7.5) at ambient tem-
perature.*”"*7 Using elaborated size-consistent quantum
chemical atomistic 3D model for glutathione stabilized
AgInS/ZnS QD, we analysed a detailed physico-chemical
mechanism for the interaction of the porphyrin molecule with
the QD including surface/interface effects surface taking
place with both QD and porphyrin molecules. These results
highlight the complexity of interface processes in “QDs —
porphyrin” nano-assemblies and provide valuable strategies
for the detailed analysis of the excitation energy relaxation in
the systems under study. Here, taking into account these
recent findings (including basic experimental results and
theoretical calculations) we present the comprehensive
analysis of the pathways and mechanisms for exciton relaxa-
tion processes (e.g. energy transfer and other competing
channels) in AgInS/ZnS QD-porphyrin nanoassemblies.

Experimental

Functional  porphyrin  macrocycles. Positively charged
5,10,15,20-tetra(N-methyl-4-pyridyl)porphyrin tetraiodide, H,P*"
and its Zn-complex, ZnP*" were synthesized and purified according
to methods described in literature.’”®"! For comparison, absorption
and fluorescence spectra were analysed also for axial aqua Zn-
complex, (H,0)ZnP*" and Zn-porphyrin extra-coordinated with
strong ligands (L)ZnP*" such as pyridine (Py), imidazole (Im) or
anion (OH) in water at pH 7.5 and T=298 K. Chemical structures
and absorption/fluorescence spectra of the corresponding individual
porphyrins are presented in Figure 1. It was exg)erimentally proven
that in the concentration range C=(3-30)-10~ M, all porphyrins
(used in titration experiments) remain in monomeric form in water
at pH 7.5 and T=298 K. For H,P*" the following molar decimal
extinction coefficients were used:®? g4, =2.2-10° M lem’,
esn=1.8-10* M'em™ and es5=5.4-10°M"'em™. In the case of
ZnP*" molecules with various extra-ligands the corresponding
values were taken into consideration: gsg3=1.5-10* M'em™,
€605 = 5.0-10° M 'em™!,

Semiconductor quantum dots. Colloidal Ag-In-S/ZnS
core/shell QDs stabilized by glutathione (GSH) as native ligand
(AIS/ZnS/GSH QD, daigzas & 2.5-3 nm) were synthesized in
water in a reaction between GSH complexes of Ag' and In™ with
sodium sulphide according to described procedures.****! ZnS
shell was deposited on the AIS cores by decomposition of the
Zn(I1)-GSH complex at 96-98 °C (being in the excess in the solu-
tion). For AIS/ZnS/GSH QDs under study the following molar de-
cimal extinction coefficients were used:*** g5,0= 6.7-10°M'em™!,
g350= =4.8:10° Mlem™! and €400=2.9-10° M lem™. Authors are
especially grateful to Dr. A. Raievska and Dr. A. Stroyuk from
Helmholtz Institute Erlangen-Niirnberg for Renewable Energy
(Erlangen, Germany) for their qualified assistance in this part of
the work. Schematic presentation of AIS/ZnS/GSH QD is shown
in Figure 1.
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OD-porphyrin nanoassemblies. The controllable formation
of AIS/ZnS/GSH-porphyrin nanoassemblies, based on electro-
static interactions between negatively charged carboxylic groups
of QD ligands (GSH) and positively charged N-methyl-pyridyl
groups of H,P*" or (H,0)ZnP*" molecules was realized during
titration experiments in water solutions (pH 7.5, T = 298 K).
Porphyrins were sequentially added in steps of 10 uL from a high
concentrated stock solution (Cporpn ~ 8 10 6 3-10° M) to the QD
solution (V = 4 mL, Cyp = 0.5-1.0- 10° M) up to wanted molar
ratios x = [H,P]/[QD]. The physico-chemical description of titra-
tion experiments has been presented in our earlier publica-
tions,[5 A75075,768687) which contain also the detailed information
on experimental methods and spectral-kinetic setup (UV-vis
absorption, steady-state and time-resolved fluorescence measure-
ments, Raman spectroscopy, dynamic light scattering, etc.).

Results and Discussion

With respect to the properties and reactivity of
semiconductor QDs and QD-dye nanoassemblies, one of the
most defining features is the QD surface/interface.*"**%]
Compared to bulk semiconductors, QDs have much larger
surface area-to-volume ratios. This results in a class of
materials with properties that are heavily influenced by the
structural and electronic character of the surface itself as well
as capping ligand nature and by physico-chemical properties
of attaching organic functional chromophores.>*=>%+%%
Nevertheless, as was mentioned in Introduction, despite their
importance in dictating QD reactivity and properties, QD
surfaces are poorly understood due to a lack of molecular-
level information. In this respect functionalized organic
molecules (including porphyrin macrocyles) may be used as
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Figure 1. Structure and spectral properties of interacting subunits
forming AIS/ZnS/GSH QD-porphyrin nanoassemblies. A: Chemi-
cal structures and absorption/fluorescent properties of positively
charged porphyrins used for the study of their electrostatic interac-
tions with negatively charged AIS/ZnS/GSH QDs during titration
experiments in water solutions at pH 7.5 and T =298 K: 1 (black) —
positively charged 5,10,15,20-tetrakis(N-Me-pyridin-4'-yl) porphine
tetracation, H,P*'; 2 (blue) — its axial aqua Zn-complex, (H,0)ZnP*';
3 (red) — Zn-porphyrin extra-coordinated with strong ligands
(L)ZnP* such as pyridine (Py), imidazole (Im) or anion (OH’).

B: Schematic presentation of main components of AIS/ZnS/GSH
QD, including Ag-In-S core (sphalerite structure™*%), ZnS shell and
capping glutathione layer with negatively charged carboxylic groups
interacting with positively charged N-methyl-pyridyl groups of the
porphyrin free base molecule H,P** via Coulomb forces.

specific probes for modifying and studying QD surface
morphology, energy states, optical properties, and pathways
of exciton relaxation.>?***3>>76 With these considerations
in mind, here we would like to quantitatively analyse the
morphology as well as reasons and mechanisms of QD PL
quenching in AIS/ZnS/GSH-porphyrin nanoassemblies
examined in details recently.[*”7*"!

Spectral-kinetic properties of nanoassemblies. The
main experimental findings are the following (Figures 2 and
3). Upon titration of QD solution by porphyrin free bases
H,P*" the characteristic Soret and Q-bands in absorption
appear on a top of the featureless QD absorption curve
accompanied by a significant decrease of QD PL intensity
without noticeable changes of PL maximum position and
FWHM (Figure 2A,B). At every titration step the injection
of H,P*" molecules into AIS/ZnS/GSH QDs solution leads
to an immediate drop of PL intensity. Notably, during
titration experiments upon nanoassembly formation the
observed strong decrease of QD PL intensity (Figures 2B
and 3A) does not lead to noticeable changes of QD PL
decay curves (Figure 2C): QD mean multiexponential PL
decay time of <t> = (350 £ 20) ns remains the same in the
whole titration range. From the basic physico-chemical
background, the reason of the observed QD PL quenching
in nanoassemblies under study may be caused by both
“dynamic” and “static” quenching mechanisms,”>*” For the
given nanoassemblies, the corresponding quantitative
consideration of this quenching based on a developed size-
proportional atomistic 3D model of the AIS/ZnS/GSH QD
and porphyrin ligands will be given below.
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Figure 2. Titration of AIS/ZnS/GSH QD solution by increasing quantity of porphyrin free base H,P*" molecules (upon the molar ratio

x = [Porphyrin]/[QD] increase) in water at 298 K and pH 7.5. A: Absorption spectra: 1 (blue) - alone QD; 2 (black) — absorption spectrum
of alone porphyrin free base H,P*; 3 (red) — absorption spectrum of porphyrin attached to QD at the final titration step (x > 1). Vertical
arrow shows the increase of the absorbance of porphyrin added to QD solution during titration steps, concentrations of 2 and 3 are the
same. B: Photoluminescence (PL) spectra (A, = 300 nm): 1 (blue) - alone QD, vertical arrow shows the decrease of QD PL intensity after
sequential addition of H,P*" molecules; 2 (black) — fluorescence spectrum of alone porphyrin free base H,P**; 3 (red) — fluorescence
spectrum of porphyrin attached to QD at the final titration step (x > 1), concentrations of 2 and 3 are the same. C: QD PL decay curves (A, = 295
nm, A¢e = 585 nm) upon sequential addition of H,P* molecules. D: Absorption spectra of alone H,P*" (2, black) and porphyrin molecules
attached to AIS/ZnS/GSH QD (3, red) measured at the final titration step (x > 1), concentrations of 2 and 3 are the same.

Figure 2D shows also that, in contrast to nanoassemblies
of CdSe/ZnS QDs and tetra-meso-pyridyl substituted
porphyrin free bases H,P(m-Pyr),, where the spectral
properties of attached porphyrins remained
unchanged, 72434450531 pronounced spectral
transformations (both for Soret and Q-bands) are observed
for porphyrin molecules electrostatically attached to
AIS/ZnS/GSH QD surfaces with respect to the
corresponding spectra for pure H,P*" molecules at the same
concentrations and conditions. In particular, the porphyrin
Soret band maximum is red shifted from 422 nm (detected
for pure H,P*" molecules) to 444 nm for the attached
porphyrin molecules accompanied by corresponding spectral
changes in the range of Q-bands (inset in Figure 2D). A
similarly pronounced effect is also observed in fluorescence
spectra of porphyrin macrocycle upon attachment to
AIS/ZnS/GSH QD (spectra 2 and 3, Figure 2B). It means

Maxpoeemepoyuxnvt / Macroheterocycles 2023 16(3) 189-203

that in latter case H,P*" molecules may be considered as a
specific spectral probe for the study of some features of
AIS/ZnS/GSH QD interface.

Recently, based on additional experimental studies
(including Raman spectroscopy and some chemical
procedures) together with the analysis of known
absorption/fluorescence spectra of porphyrin free bases and
corresponding metalloporphyrins, it was definitely
shown,'” that for porphyrin molecules electrostatically
attached to the surface of glutathione stabilized
AIS/ZnS/GSH QD the main absorption/fluorescence
features correspond to those, which are typical for Zn-
porphyrins. In fact, being electrostatically attached to the
negatively charged glutathione GSH shell on the QD
surface, H2P4+ molecules may extract Zn*" ions from GSH
layer, thus forming ZnP*"porphyrin, in which the central Zn
ion is additionally coupled with the strong extra-ligand.
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Figure 3. Photoluminescence properties of nanoassemblies. A: Dependence of normalized PL intensity of AIS/ZnS/GSH QDs on
porphyrin concentration upon titration by positively charged porphyrin H,P*" (1, black, structure 1 in Figure 1A ) and axial aqua Zn-
complex (H,0)ZnP** (2, blue, structure 2 in Figure 1A) in water, pH 7.5, T = 298 K (A¢y = 380 nm). B: Correlation measurements for the
analysis of full PL quenching for solution of AIS/ZnS/GSH QDs upon titration by H,P*". Correlation dependence for full PL quenching
for AIS/ZnS/GSH QDs (A, = 586 nm) accompanied by the appearance of fluorescence emission of extra-ligated ZnP*" molecule attached
to the QD surface. Based on procedure described in!'! the limit of detection was calculated as 1.98-10™,

Formation and surface morphology of AIS/ZnS/GSH
OD - porphyrin nanoassemblies. At the moment, none of
the experimental methods allows sufficiently resolved
visualization of the processes realized upon attachment of
the dye molecule (porphyrins in our case) on the colloidal
QD surface. To gain molecular-level understanding of the
QD surface and its interaction with functional organic
chromophores, the structure and physico-chemical
peculiarities must be determined for each of these three
coupled components: the inorganic crystal lattice, the ligand
shell organization and chromophore attachment. Several
fundamental properties play the basic role in this case:
structure formation and reactivity of the inorganic lattice
and interface: the material crystal structure, the exposed
facets, QD shape (morphology) and interface effects caused
by capping ligand and attached functional molecules.
Basically,*"*%] these properties result from energy
minimization of the surface during QD synthesis as well as
upon interaction with functional organic molecules.

A deeper insight into the interface properties and energy
relaxation processes realized in nanoassemblies based on
AIS/ZnS/GSH QDs electrostatically coupled with porphyrin
macrocycles occurs to be possible using a size-proportional
3D model elaborated by us'>’® and based on available
crystal structure information for Ag-In-S core (sphalerite zinc
blende structure[m’gs]), size of AIS/ZnS QD (darszas = 2.5—
3 nm™™!), and obtained experimental data. Not wishing to
present here the whole description of our approach, we
would like to highlight briefly some general basics of this
model and its implication for the experimental data obtained
for QD-porphyrin nanoassemblies under consideration. The
construction of the atomistic scale model of AIS/ZnS/GSH
QD is based on the quantum chemistry method MM+ which
employs parametrized, classical representations of the
interactions, using relatively simple approximations for
potential, such as harmonic springs to describe bonds and
valence angles as well as Coulomb and Lennard-Jones
interactions to account for charge-charge and non-bonded
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contributions,  respectively.['""!* Correspondingly, an

octahedral sphalerite nanocrystal Zn;4;S4; (diameter 2.7 nm)
with a hydrolyzed (SH),3(ZnOH)+g surface solubilized by 24
glutathione molecules was constructed as an appropriate QD
model. Then the final model of water-soluble
Zn141S161/(OHs4H75(GS),4 quantum dot was obtained by the
substitution of 24 surface hydroxo groups with ionized
glutathione through a thiolate anchor SH group, resulting in a
diameter of ~4.5 nm (Figure 4). The given model
corresponds to a net filling of 31% facets (ZnOH,;,ZnOH,,
ZnOH,,,ZnOH;s), while the other four facets (SH,;,SHy,
SH,;,SH;5) remain free. Like it was discussed recently,[67‘68]
this means that the surface of AIS/ZnS/GSH QD in water is
not homogeneous, Thus the given AIS/ZnS/GSH QD of this
size cannot be considered as a "dandelion" model frequently
used to depicture the QD surface covered by ligands.

According to the elaborated model, the formation of
AIS/ZnS/GSH QD — porphyrin nanoassemblies is realized
via electrostatic interactions of negatively charged carboxylic
groups of capping GSH) layer and positively charged N-
methyl-pyridyl groups of H,P*" or (H,0)ZnP*" molecules,
and takes place in three sequential and fast stages.”>’*! At the
first stage, the diffusion-controlled formation of the
electrostatic nanoassembly QD - H,P*" (1:1) takes place.
Then, at the second stage, being electrostatically coupled
with the negatively charged GSH layer on the QD surface,
the positive H,P*" molecule extracts Zn®" ion from GSH
capping ligand shell (having Zn*" ions during the synthesis of
these QDs), and the formation of QD - ZnP*" conjugate takes
place where tetracation ZnP*" may exist also as axial aqua
Zn-complex, like (H,0)ZnP*. At the third stage, aqua-
complex of tetracation ZnP*" quickly finds an open SH facet
of AIS/ZnS/GSH QD and attaches via chemisorption on its
surface, forming QD - (L)ZnP*" conjugate where central Zn
ion in the porphyrin macrocycle is extra-coordinated with a
strong ligand (via axial coordination bond (=8)-ZnP*"). The
latter two stages proceed irreversibly and very fast, just at the
moment of the titrant addition.
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Figure 4. Formation of water-soluble AIS/ZnS/GSH QD-porphyrin nanoassemblies based on MM+ calculations. Total surface negative
charge for the final water-soluble Zn4;S6,/((OH)s4H73(GS )54 QD (d = 4.5 nm) is determined by the difference between negative charges
of GS-ligands and associated cations Zn>*. The structure of porphyrin free base H,P*" (d = 1.85 nm) was calculated by DFTB3LYP/ 6-
31++G(dp) method. Nanoassembly AIS/ZnS/GSH QD — (L)ZnP*" is formed via electrostatic interactions of negatively charged QD and
positively charged H,P*" molecule followed by the metal (Zn) exchange process and sequential chemisorption of the porphyrin ZnP*"
molecule on empty (SH) facet of QD leading to the face-to-face axial complex (1:1) stabilization.

Our model shows that the formation of the QD -
(L)ZnP*" nanoassembly is finished by electrostatic bonding
of the peripheral cationic groups -Py'Me with the
carboxylate groups of conformationally mobile glutathione
ligands, which adapt to the “guest” geometry. In this case,
absorption of the QD - (L)ZnP*" nanoassembly (1:1) is a
superposition of initial spectrum of AIS/ZnS/GSH QD and
one belonging to the axial acid complex (=S)-ZnP*" (red
shift of Soret band from 422 nm to 444 nm, see Figure 2A),
lying on the surface of SH facet. After electrostatic
coupling and metalation, the aqua complex (H,0)ZnP** gets
readily chemisorbed on a S-terminated (SH) surface of
AIS/ZnS/GSH QD resulting in the formation of the final
nanoassembly AIS/ZnS/GSH QD - (L)ZnP*" (Figure 4).
The possibility of alternative thiolate complex forming with
glutathione-ligand was rejected by a negative test for the
interaction of (H,0)ZnP*" with an excess of free glutathione
in aqueous solution where no spectral forms of ZnP*" with
the strong extra-ligand (Agyet = 444 nm) was observed.!”

Nanoassembly composition and stability. Taking into
account quantitative titration experiments for AIS/ZnS/GSH
QDs of given sizes and structure, our model predicts the
formation of 1:1 face-to-face QD-porphyrin nanoassembly,
with planar ZnP*" porphyrin lying on a SH-edge surface
like a «pancake on a pan» as the most probable geometry
(Figure 4). Nevertheless, this conclusion should be proven
by some additional considerations and experiments. Basi-
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cally, for a quantitative analysis of QD-porphyrin composi-
tion and reasons of QD PL quenching in nanoassemblies it
is necessary to estimate of both the number of surface-
attached molecules per QD and such molecules remaining
in the solution using the so-called Poisson distribu-
tion %2397 19319 Thig distribution describes the statistics of
uncorrelated adsorption of functional molecules to QD sur-
faces taking into account the following items: (i) the mean
number of surface-bound ligands is far from the number
needed to saturate the QD surface, and (ii) there is a suffi-
ciently large number of surface sites (Figure 5).

It should be noted in this respect that in a lot of cases
the Poisson distribution is silently used without the corre-
sponding arguments for its application though such an
analysis should be done, at least. The corresponding anal-
ysis was carried out by us for nanoassemblies based on
coordination interactions of trioctylphosphine oxide
(TOPO)-capped CdSe/ZnS QDs and tetra-pyridyl
porphyrins.P***71%] It was experimentally shown that the
attachment of functional porphyrin molecules to the QD
surface is realized in the competition (like dynamic equilib-
rium) with TOPO molecules, and thus the ligand exchange
of the native TOPO ligands of CdSe/ZnS QDs by
porphyrins is not a simple first-order process. In this case,
the maximum number (n,,,) of attached H,P molecules
depends on several factors (e.g., the number and kind of
non-dependent accessible places on the QD surface which
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are not occupied by TOPO molecules, complexation con-
stants for TOPO and H,P depending on the solvent nature
and their relative concentrations, etc.). On the basis of these
findings it was concluded that the formation of
nanoassemblies based on TOPO-capped CdSe/ZnS QDs
and tetra-pyridyl porphyrins in toluene at ambient tempera-
ture does not obey the Poisson statistics.

Correspondingly, the problem thus presented seems to
be analysed also for nanoassemblies based on
AIS/ZnS/GSH QDs with electrostatically attached posi-
tively charged porphyrin free bases H,P*". It follows from
the size-consistent 3D-model of the given QD,">’" that
only limited number of porphyrin molecules may be fixed
directly to the QD surface facets (SH,;,SH,;,SH,;,SH;s) in
order to form a stable complex, and the maximal valid
value is n=4 per landing pad number (see Figure 4). Never-
theless, the analysis of experimental results on the dynamic
light scattering (estimations of as Z-potential and size of
AIS/ZnS/GSH QDs and QD-porphyrin nanoassemblies)
indicates,'”>’®! that the reasonable stoichiometry is 1:1 for
the stable nanoassembly of negatively charged
AIS/ZnS/GSH QD with positively charged porphyrin mole-
cule. This conclusion is also supported by results of com-
parative titration experiments:'’ titration of AIS/ZnS/GSH
QDs by H,P*" molecules (Figure 2A,B,D), by added
amounts of (HzO)ZnP4+ molecules, and reverse titration of
H,P* solution by AIS/ZnS/GSH QDs show that in all these
three cases at molar ratio 1:1 (in the case of QD PL full
quenching) spectral properties of attached porphyrin mole-
cule in AIS/ZnS/GSH QD-porphyrin nanoassembly corre-
spond to metalloporphyrin ZnP*" with strong extra-ligand L
(Soret band maximum at Agye =444 nm). At the final titra-
tion stage (molar ratio x = [Cporphyrin]/[Cop] = 1) the attached
porphyrin (L)ZnP*" may not be free base (Ao = 422 nm)
or aqua Zn-complex (HZO)ZnP‘H(ksOret =436 nm).

It follows from the 3D-model of QD that, in principle,
the second porphyrin molecule may be electrostatically
attached to GSH shell of AIS/ZnS/GSH QD and may be
detected as an additional aqua Zn-complex (H,0)ZnP*

(Asoret = 436 nm). With this idea in mind, we carried out the
titration of solution with formed nanoassembly
AIS/ZnS/GSH QD + (L)ZnP*(1:1) by H,P*" molecules up
to the molar ratio x = Cyopn/Cop = 2:1 (the detailed infor-
mation will be presented in separate publication). It was
found that upon increasing x >1 the non-stability is
observed for the colloid solution of nanoassemblies. After
reaching the molar ratio x = Cporpn/Cqp = 2:1 the collapse of
this three-component complex (L)ZnP*[AIS/ZnS/GSH
QD]&(H,0)ZnP*" takes place. This complex gradually
decomposes into an insoluble component (L)ZnP*'QD,
which completely precipitates, and aqua Zn-complex
(H,0)ZnP*", which remains in solution. It may be explained
by the fact, that the stability of colloid nanoassemblies
depends on the total surface charge which is determined by
the difference of the negative charges GS™ of ligand gluta-
thione molecules and coupled with them associated cations
Zn>*. Thus at x = Coorpr/ Cop = 2:1, the charge compensation
takes place (due to the second attached positively charged
porphyrin molecule), which results in the formation of an
unstable colloidal phase followed by the precipitation pro-
cess. Correspondingly, taking into account all these results
and given argumentation one may conclude that interaction
of AIS/ZnS/GSH QDs with positively charged H,P*" mole-
cules is not described appropriately by the Poisson statis-
tics, and the most probable stoichiometry of the
nanoassembly AIS/ZnS/GSH QD + (L)ZnP*" is 1:1. The
formation of stable nanoassemblies containing one
AIS/ZnS/GSH QD and two or even more porphyrin mole-
cules is low probable in water at pH 7.5 and ambient
temperature.

Finally, the formation of multicomponent chains like
[-QD-Porphyrin-QD-Porphyrin-QD-],, is impossible due to
the electrostatic repulsion of neighbouring glutathione
capped negatively charged AIS/ZnS/GSH QDs, which is
stronger essentially compared to the electrostatic attraction
of a positively charged porphyrin macrocycle ZnP*" (having
a small positive charge and attached to one AIS/ZnS/GSH
QD) with the second negatively charged QD.

1.0
P(n=0)
--- P(n=1)
o8sHt—+—F—+—F—"F—F+——-- P(::Z)
--=--P(n=3)
= - =
n  €X] - = Nneld \ e n=
P(n,x)=x p—, (1) = o6+\v+—+ 71— P(n=6)
n! © - P(n=7)
X = [Cporphyrin)/ [ Cop] is given molar ratio 09_ 0.4 - E§228§
n=0+o is the number of attached ) SN P(n=10)
molecules to the QD surface. SRS R
0.2+
Oo . I A g ORI MAEER N
01 2 3 4 5 6 7 8 9 10

Molecule-to-QD ratio]

Figure 5. Poisson statistics for the probability P(n, x) to find n dye molecules (number n) fixed on the QD surface at a given molar ratio
(x). Equation (1) holds in the case when the complexation constant K (describing the QD-dye interaction) is infinitely large, which implies

that one does not have to consider a dynamic equilibrium.
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A quantitative analysis of the excitation energy
relaxation pathways in nanoassemblies. Experimental
results presented in Figures 2 and 3 evidently show that the
formation of AIS/ZnS/GSH QD -  porphyrin
nanoassemblies manifests itself in a strong quenching of the
QD PL without any modifications of the maximum position
and spectral line shape of the QD PL band. This PL
quenching is not accompanied by noticeable changes of QD
PL decay. In addition, at the final titration step at molar
ratio x >1 (when QD PL is fully quenched), fluorescence
properties (the position in the energy scale and the spectral
form) of the attached strongly ligated porphyrin molecule
(L)ZnP*" do not depend on the excitation wavelength. It
means that the formation of the emitting state (belonging
exclusively to the porphyrin subunit in nanoassemblies
under study) occurs within very short (probably, ps)
timescale. Nevertheless, it is knownl™'>*!71%] that the
quenching of QD PL by surface trap states of various nature
in QD-dye nanoassemblies may be also rather quick thus
competing with the non-radiative population of the acceptor
excited state (e.g. Zn-porphyrin excited S;-state in
AIS/ZnS/GSH QD - (L)ZnP*" nanoassembly).

It is seen from Figure 2 that at molar ratio x >1 QD PL
(with A, = 588 nm) is fully quenched, and one can detect
fluorescence bands of extra-ligated ZnP*" molecules
electrostatically coupled to QD surface (red curve 3). It was
found alsol”” that at the same concentrations, the
fluorescence relative intensity of ZnP*" molecules
electrostatically coupled to QD surface is lower than that
found for alone axial aqua Zn-complex (H,O0)ZnP*'. It
follows from these results that extra-ligated ZnP*"
molecules coupled to QD surface, forming a strong axial
coordination bond (=S)-ZnP*" between zinc ion in ZnP*"
and surface sulphur atom) possess measurable fluorescence.
The reason of the lower fluorescence quantum yield for
coupled ZnP*" molecules compared to alone (H,0)ZnP**
molecules in water solution may be explained by the
following way. Typically!"""'"*""in various solvents for
the most monomeric Zn-porphyrin complexes fluorescence
lifetimes are T ~ 1-2 ns and quantum yields are ¢ ~2-3%.
The 7 shortening and ¢ lowering compared to these values
measured for the corresponding porphyrin free bases is due
to the increase of the non-radiative intersystem crossing
S~~>T, processes in Zn-complexes!''™'"*) In some
cases,'""""*) the formation of a mono-liganded form of Zn-
porphyrin molecule leads to a distortion of a Zn-porphyrin
macrocycle followed by an increase of the non-radiative
deactivation of excited singlet and triplet states due to the
electron-excitation energy exchange and the enhancement
of a spin-orbital coupling as a result of the disturbance of
the planarity of a macrocycle.

With respect to nanoassemblies under study, the
interaction of attached ZnP*" molecules with sulphur facet
surface of QD via a formation of a strong axial coordination
bond (=S)-ZnP*" may cause an additional distortion of Zn-
porphyrin plane, thus leading to a stronger quenching
influence in this case compared to alone (H,O)ZnP*"
molecules in water. Based on a relatively low intrinsic
fluorescence quantum yields and very short fluorescence
lifetimes of Zn-porphyrins in comparison  with
corresponding values of AIS/ZnS/GSH QDs (<> = (350
ns, @~ 40-60%!*3#5737)) the emission of ZnP*" molecules
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being electrostatically coupled to the QD surface becomes
observable only when the QD PL is strongly quenched in
self-assembled arrays. Thus, as the Zn-porphyrin
fluorescence is not drastically diminished upon attachment
to QD surface compared to alone axial aqua Zn-complex
(H,0)ZnP*" in water, all these findings may be considered
as the background to exclude the manifestation of charge
transfer processes, and consider ZnP*" molecules as
potential acceptors of the excitation energy from excited
AIS/ZnS/GSH QDs.

From photophysical background, the observed PL
quenching for AIS/ZnS/GSH QD in nanoassemblies may be
interpreted as being due to the photoinduced charge
(electron or hole) transfer!''*"'*) and/or Forster resonance
energy transfer (FRET)!"'7'"®! from the QD to the attached
porphyrin molecule. But it should be emphasized in this
respect, that the detection of the fluorescence of porphyrin
molecules  electrostatically coupled to QD in
nanoassemblies under study (see Figure 2, curve 3) is a
strong argument to describe the QD PL quenching as a
result of (fast and effective) FRET QD — (L)ZnP*.
Otherwise, according to Marcus theory'''*! in case of charge
transfer process the emission of both donor and acceptor of
charge is supposed to be quenched significantly.

To date, there have been carried out numerous studies
of FRET from QDs to various acceptor organic ligands
including experimental approach[5,29,4l,44,50,52,97,107—109,119—125]
and theoretical considerations.®*"?*'*"l Tt follows from
these results that nanocrystalline materials and
heterogeneous organic-inorganic nanostructures are best
described in the weak coupling regime. The application of
the weak coupling model arises due to the dissimilarity in
the wave functions of the molecular orbitals in organic
systems and band-like orbitals in QDs that prevents
traditional strong interactions. This allows the application
of Forster model for FRET process, which is typically used
at the limit of “localized oscillators” as a result of the
electric dipole approximation,>'>10%117-118:124,126.127]
Nevertheless, there are several key questions which should
be taken into account upon quantitative analysis of FRET
events in QD-dye nanoassemblies: i) whether QDs may be
considered as point dipoles, ii) statistical distribution of dye
molecules on the QD surface and how dye molecules are
attached to it (rigidly of with free rotation), and (iii) how to
account for multiple dye molecules being adsorbed to a
single QD. Thus, keeping in mind these ideas we are able to
stuly FRET in AIS/ZnS/GSH QD - (L)ZnP*
nanoassemblies using both the obtained experimental data
and basic information derived from elaborated size-
consistent 3D-model.

With respect to QDs, one remark should be highlighted:
FRET considerations make sense if the other non-radiative
channels for QD PL quenching are vanishing. In this case,
according to Forster model (phase incoherent weak coupling
through the dipole-dipole interaction!'*'**)y FRET from a
photoexcited QD (D, donor) to a lower-energy organic
acceptor (4, porphyrin) takes place due to the coupling of the
dipole moment (i) of an exciton in QD with absorbing tran-
sition (dipole moment) in nearby porphyrin chromophore.
The application of Forster theory relies on the approximation
that the distance Rpa between interacting D and A4 dipoles is
larger than the length |/| of the transition dipoles themselves.
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Based on approach described for CdSe/ZnS — porphyrin
nanoassemblies in®"), the corresponding estimations may be

where €,,x(Vv) is the molar decimal extinction coefficient in
the maximum of the QD first excitonic absorption band,

obtained using well-known expressions''*® for oscillator
strength f and transition dipole moment |u| of the corre-
sponding low-energy excitonic / electronic transitions of
interacting subunits:

f=4.33-107 gpa(V)AvVy @

Avy), is the FWHM value of the corresponding band, and
f=@m’mev|p) / 3he’ 3)

where v is transition frequency, m. and e are electron mass
and charge.

Figure 6. Arrangement of (L)ZnP** tetracation with respect to SH-facet surface of AIS/ZnS/GSH QD and estimated interplane distances
between ZnP*" molecule plane and SH-facet surface as well intercenter distance Rp, between QD and porphyrin macrocycle. Porphyrin
plane is marked by a white ellipse.

Table 1. AIS/ZnS/GSH QD properties and parameters of FRET QD—>(L)ZnP*" in nanoassembly QD-porphyrin (water, T = 295 K,
refractive index n = 1.333)

0a A (nm)/ Jv) <, 10 Ry, ¢ Rpa, <tp’>°, kpa, 10”s!
o €(10° M-em™)® em®M! A A ns (calculated)®
3
0.4240.03 363/14.7:10 7.75 50.7 10.5 350420 34.9

605/4.9810°

%op” is the experimentally measured quantum yield of the photoluminescence of AIS/ZnS/GSH QD.

bWaveleng’ch (1) and the corresponding molar decimal extinction coefficient (g) for absorption of the acceptor (L)ZnP*".

°J(v) is the overlap integral between the donor (QD) emission and the acceptor (L)ZnP*" absorption. The overlap integral is defined
byt (see Figure 7):

I0)=[ o0z, @

where g(v) corresponds to the molar decimal extinction absorption coefficient of the acceptor, fp(v) is the quantum PL emission spectrum
of the donor normalized to unity by area on a wave number scale.
4The critical FRET radius Ry™* was calculated as:[!!-!18

meor 9000In10Kk°0% 7 dv
s e el ®
where N,=6.022-10% M is Avogadro number, ¢p’ is the D emission quantum efficiency in the absence of FRET, n is the refraction
index of the solvent. Orientation factor kZZ[Cos(uD, pa) - 3 Cos(up, rpa): Cos(pia, rpa)]*, where (1p, pa) s the angle between transition
dipole moment vectors of the D and A subunits, (up, I'ps) and (pa, pa) denote the angles between the dipole vectors of D and A and the
direction D—A, respectively. For a random static rigid distribution of interacting dipoles &* = = 0.476.°*'"® This is the case for
AIS/ZnS/GSH QD - (L)ZnP*" nanoassemblies as far as few electronic and vibronic transitions of the porphyrin molecule overlap with a
wide QD PL emission.

¢ <tp"> corresponds to PL mean decay of alone AIS/ZnS/GSH QD.

PFRET rate constant kp, for the D-A pair was calculated as:[117:118]

1 6
iy, = o 6)
TD RDA
Correspondingly, QD PL decay shortening is calculated by tp = 1/ [(1/tp") + kpa)]. 7
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Molar decimal extinction coefficients £3~4000-50000
M"em™ for Q-bands of porphyrins and Zn-porphyrins'**""
2 (Table 1) correspond to an effective length of the
transition dipoles || <1.1-1.3 AP Using & values for
AIS/ZnS/GSH QDs in the region of the first excitonic
transition®®®¥ the correspondent values for transition dipole
moment were estimated to be |u| = 6.7-8.1 Debye. Therefore,
at one-electron excitation it gives an effective dipole length
l|=1.6-23 A. On the other hand, from the optimized
geometry of the AIS/ZnS/GSH QD — (L)ZnP*"  nano-
assembly based on the elaborated size-consistent 3D model it
follows that the intercenter D-4 distance Rps=10.5 A
(Figure 6). It means that in this case the point dipole-dipole
approximation is still valid which allows the application of
Forster model to describe FRET.

Table 1 collects estimated parameters for FRET
AIS/ZnS/GSH QD — (L)ZnP*" in nanoassemblies calculated
within the framework of the dipole-dipole approximation on
the basis of experimental data obtained in this study and
theoretical expressions of Forster model. It follows from the
data of Table 2 that FRET rate constant for the given D-A
pair is estimated to be kpp = 34.9-10° s, thus the characteris-
tic transfer time should be tprpr = 1/kps = 2910 s =29 ps.
In the result, the following situation takes place: <tp>> (350
ns) >> terer (29 ps) that is the mean lifetime of QD PL is
essentially larger that the energy transfer time. It means that
the attachment of one extra-ligated (L)ZnP*" molecule on
sulphur facet surface of AIS/ZnS/GSH QD leads to a strong
(full practically) quenching of QD PL which may be caused
by the fast FRET (in ps time scale). In the experiment, it
manifests itself in the strong decrease of QD PL intensity
without noticeable decay shortening of QD PL (at the given
experimental excitation conditions).

In this respect, the main question is: in what extent
namely FRET AIS/ZnS/GSH QD — (L)ZnP*' is fully
responsible for QD PL quenching in nanoassemblies under
study. Usually in the FRET case, the direct verification of the
energy transfer process as a real reason of PL quenching is
the quantitative comparison of the absorption spectra of the
D-A system with its fluorescence excitation spectra detected
presumably in the region of the 4 fluorescence band, thus the
real estimation of the so-called sensitization effect.*~!9!1%]
Correspondingly,”*'®! if in the given D—A system in which
100% of FRET passes from D to 4, the sum of the donor and
acceptor extinction spectra should be the same as the sum of
their excitation spectra, provided that both are normalized to
unity at the 4 peak (thus both are unitless). The reason for
normalizing to the 4 peak is that the magnitude of this peak
in the excitation spectra is independent of the degree of
FRET and serves as a reference for how much donor charac-
ter, and thus FRET, is present in the D-4 nanoassembly.
Figure 8 shows a comparison of the normalized absorption
and fluorescence excitation spectra for AIS/ZnS/GSH QD-
(L)ZnP*" nanoassemblies at final titration step when QD PL
is fully quenched.

The presented results show that in the spectral range of
280-370 nm (marked by blue doted line), corresponding to
presumable absorption of QD with respect to porphyrin
(L)ZnP*, curve 2 is relatively lower than curve 1
(nanoassembly absorption) but at the same time is higher
noticeably than curve 3 in Figure 1 belonging to the absorp-
tion of alone (L)ZnP*". Based on these results, the estimated
FRET efficiency corresponds to the value ®@prgpr < 0.6-0.65.
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It follows from these data that FRET QD—porphyrin in the
given nanoassemblies, may not be considered as one reason
of QD PL quenching. Correspondingly, some other competi-
tive non-radiative relaxation pathways may be responsible
also for the QD PL quenching upon attachment of (L)ZnP*
molecule to the surface of AIS/ZnS/GSH QD.

Earlier it was quantitatively clarified??**">6+19%1%) that
for nanoassemblies based on TOPO-capped CdSe/ZnS QDs
(dcase =2.1-5.2 nm) and coordinatively attached porphyrin
molecules in non-polar toluene at ambient temperature,
FRET transfer times between QDs and porphyrin molecules
are in the range of 10-30 ns, and FRET efficiencies were
measured to be @mprer = 10-15% from the QD PL total
quenching. For the latter nanoassemblies, because of larger
Rpa distances and smaller overlap integral J(v) values, rate
constants for FRET QD — porphyrin are smaller essentially
compared to those found for AIS/ZnS/GSH QD-(L)ZnP**
nanoassemblies here. In addition, it was found that in
nanoassemblies based on CdSe/ZnS QDs, namely competing
non-FRET processes play a dominant role in the non-
radiative relaxation of QD excited states. Based on quantita-
tive comparison of experimental QD PL quenching rate con-
stants with results of quantum mechanical calculations of the
probability density P*(r) corresponding to the quantum-
confined s-type electronic wave function for a /s electron of
the electron-hole pair of excited QD, it was
argued®>¥MOIB) that  in CdSe/ZnS  QD-porphyrin
nanoassemblies, non-FRET processes are caused by pro-
cesses of electron (of the excited electron-hole pair)
tunneling from CdSe core through the ZnS shell under con-
ditions of quantum confinement as well by the influence of
the ligand dynamics leading to the formation of surface trap
states. It was found also, that the efficiency of non-FRET
quenching depends on various factors, including QD size, the
number of attachment sites, the microscopic nature of these
sites, which might be additionally influenced by the solvent
polarity, crystal structure (facets) and QD surface geometry.

In the «case of AIS/ZnS/GSH QD-(L)ZnP*
nanoassemblies, effective FRET occurs in ps time scale.
Nevertheless, the non-FRET quenching caused by electron
tunnelling may still compete with the non-radiative FRET
channel due to smaller QD size and closer displacement of
the attached (L)ZnP*" macrocycle on sulphur facet surface of
QD (i.e. electron tunnelling increase caused by stronger
quantum confinement followed by effective trapping). In its
turn, one single (L)ZnP*" molecule on the QD surface clearly
resembles the tunneling of an electron (through the ZnS
barrier) to the outer interface of the QD. Such tunneling is
followed by the (self-) localization of the electron. This cor-
responds to the creation or modification of trap states in the
semiconductor band gap. Such traps might be subject to non-
radiative channels e.g. via enhanced electron-phonon
coupling. Recently,*" larger ternary spherical-shaped (d =
3.7-6.2 nm) Ag—In—Zn—S and Ag—In—S QDs were synthe-
sized and characterized. Their PL spectra could be
controllably tuned in the spectral range from 530 to 730 nm,
PL quantum yield is 20—-40%, and these Ag—In—S and
Ag—In—Zn—S QDs exhibited the longest, reported to date, PL
decays of ~9.4 and ~1.4 ps, respectively. These QDs may be
considered as interesting candidates for the formation and
study of larger QD-porphyrin nanoassemblies (containing
more than one porphyrin molecule) as well as for testing of
the proposed theoretical modelling of properties and surface
morphology for larger QDs.
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Conclusions

Qualitative and quantitative analysis of surface and
interface  processes in  nanoassemblies based on
semiconductor QDs and organic chromophores which may
be tuned by tailoring the surface state energy and by
varying the specific interactions with attached dye
molecules is a key challenge for those working on hybrid
nanomaterials and their applications. In this contribution,
the results of the experimental studies and quantum
chemical calculations are comparatively discussed for
glutathione stabilized core/shell semiconductor
AIS/ZnS/GSH quantum dots upon their electrostatic inter-
actions with positively charged 5,10,15,20-tetra(N-methyl-
4-pyridyl)porphyrin molecules in water at ambient
temperature.

Based on steady-state absorption/photoluminescence,
time-resolved photoluminescence (TCSPC), and Raman
spectroscopy, interface phenomena, photoluminescence
quenching as well as pathways and mechanisms of exciton
relaxation in  AIS/ZnS/GSH QD — porphyrin  nano-
assemblies are analysed. Using elaborated size-consistent
quantum chemical atomistic 3D model for AIS/ZnS/GSH
QD (based on method MM+), we propose a detailed
physico-chemical description for the interaction of the
porphyrin macrocycle with the glutathione capped QD. It
includes electrostatic interactions of the positively charged
porphyrin free base molecule with negatively charged
capping ligand (glutathione), followed by a very fast
metalation of porphyrin free base (formation of the axial
aqua Zn-complex, (H,0)ZnP*"). It was shown that, spectral
properties of attached Zn-porphyrin reflect the interaction
of central Zn ion of the porphyrin macrocycle with a strong
ligand on QD surface. It follows from the elaborated 3D
model that in AIS/ZnS/GSH QD — porphyrin  nano-
assemblies, the tetracation ZnP*" lies on the SH-facet
surface, forming an axial coordination bond (=S)-ZnP*
between zinc ion in ZnP*" and surface sulphur atom
(manifesting a strong extra-ligation effect), accompanied by
multiple =SH-n interactions, thus resulting in the final
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“guest” geometry via chemisorption (docking) of (L)ZnP**
molecule on the SH facet.

Then, on the basis of the quantitative comparison of
the results for the strong “quasi-static” quenching of QD PL
and the fluorescence sensitization of attached (L)ZnP*'
molecule, it was evaluated that the dynamics and pathways
of excitation energy relaxation processes in AIS/ZnS/GSH
QD — porphyrin nanoassemblies are caused by two main
competitive non-radiative processes, namely Forster reso-
nance energy transfer AIS/ZnS/GSH QD — Zn-porphyrin
(in ps time scale), and the electron tunnelling beyond the
AIS/ZnS core under conditions of quantum confinement.

These studies demonstrate that the combination of
experimental techniques and molecular-level insight into
QD morphology may increase our molecular-level under-
standing of the surface chemistry and photophysical events
in QD-dye nanoassemblies. Basic results being obtained
and discussed here, may be useful in the directed formation
of new nanoscale organic-inorganic building blocks and
offer significant advantages in a wide areas of applications.
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