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Relative Contributions of Electron and Energy Transfer

in Nanoparticle-Fluoroprobe Systems

4.1. Introduction

In recent years, there has been a great deal of research endeavors to investigate the
photophysical aspects of multicomponent nanostructured assemblies arising from the
invasive integration of molecular probes and metallic nanostructures that mimics many
ubiquitous processes in materials and life sciences.* The ability of metal nanostructures
in manipulating and guiding light at the nanometer length scale and therefore, to
modulate the fluorescence emission of vicinal fluoroprobes has propelled their
widespread interest in fluorescence-based sensing in biology and nanophotonics
technologies.”” Noble metal particles, viz., copper, silver and gold, in the nanometer size
regime exhibit strong absorption in the visible region and this is, indeed, a small particle
effect since they are absent in the individual atom as well as in their bulk.® The time-
varying electric field of the electromagnetic radiation causes collective oscillation of the
conduction electrons in metal nanoparticles with a resonance frequency, often coined as
localized surface plasmon resonance (LSPR).° These collective oscillations of the
conduction band electrons enable strong optical absorption and scattering in the
subwavelength structures, with spectral properties dependent upon size, shape,
interparticle interactions, dielectric properties and local environment around the
nanoparticles.’® The localized surface plasmon resonances of metallic nanostructures
imbue significant influences on the photophysical properties of organic fluoroprobes in
the close vicinity of the conducting metal surfaces and therefore, the field of plasmonics
imparts considerable impact in biophotonics through radiative decay engineering.!*™ To
meet the challenges that lie ahead, the understanding of plausible interactions in
nanoparticle-fluoroprobe hybrid assemblies is essential before miniaturizing them into
devices.™

Since, fluorescence spectroscopy is a very sensitive technique, there is a growing
recognition in understanding the physicochemical aspects of the molecule-surface

interactions of fluorescent probes attached onto the surface of noble metal
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nanoparticles.’® For these studies, silver nanoparticles have been of interest as, compared
with gold, the silver plasmon band is more sensitive to chemical modifications of the
surface upon adsorption of nucleophile or electron donors.’® Moreover, the plasma
frequency of silver nanoparticles in the visible region overlaps with the emission
wavelength of usual energy donors.*” Therefore, fluorophore-bound silver nanoparticles
provide a convenient way to examine the mechanistic details of various de-excitation
pathways of the photoexcited fluoroprobes, such as, energy and electron transfer to the
bound nanoparticles. Photoinduced electron transfer (PET), in which a charge transfer
complex is formed between an electron donor and an electron acceptor that can return to
the ground state without emission of a photon, is one of the pathways of de-activation of
the excited probe molecules leading to quenching of fluorescence intensity of the
molecular probes. Forster resonance energy transfer (FRET), where the donor molecule
absorbs a photon and there is an accepter molecule close to the donor molecule,
radiationless energy transfer can occur from the donor to the acceptor resulting in a
decrease of the fluorescence intensity and lifetime of the donor molecule.

Although, the photophysical aspects of molecular probes near metallic nanostructures
have extensively been investigated, there have been fewer experimental investigations on
spectroscopic properties of pyrene moieties attached onto the surface of metallic
nanoparticles. Rotello and colleague® have reported the fabrication of multivalent
colloid-based receptors as well as dynamic systems based on nanoparticle scaffolds in
which the migration of alkanethioate ligands with pyrene units has been suggested upon
the addition of guest molecules. George Thomas and Kamat'® have reported the
engineering of thiol-capped gold nanocluster surfaces with 1-aminoethylpyrene and
demonstrated that fluorescence intensity can be enhanced order of magnitude due to
transfer of lone pair of electrons from the molecular probes to the gold nanoparticles
when the organic dyes are placed in the vicinity of the metallic particles. Zhu and co-
authors®® have reported the synthesis and photophysical properties of 10-(1-pyrenyl)-6-
oxo-decanethiol and 17-(1-pyrenyl)-1-oxo-heptadecanethiol capped gold nanoparticles
and unusual fluorescence enhancement was observed upon aging dichloromethane
dispersions of these colloidal particles. The findings of this experiment elucidated the

role of the chain density gradient and the motion of termini groups of alkanethiolates
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adsorbed onto the surface of gold nanoparticles for the fluorescence enhancement. Kamat
group® have demonstrated the spectroscopic investigation of direct electron transfer
between gold nanoparticles and surface bound (1-pyrenyl)-6-oxaheptanethiol molecules
induced by pulsed laser irradiation. It has been observed that binding of pyrenethiol
directly to the gold nanoparticles results in quenching of singlet excited state and the
charge separation is sustained for microsecond before undergoing recombination. Pal and
co-workers? have studied the fluorescence quenching behavior of aminomethylpyrene
near gold nanoparticles in the size range of 8—73 nm; it was elucidated that the quenching
efficiency of the metallic nanostructures is not a linear function of the particle size rather
than different in the two different size regime of the particles. It was observed that the
smaller particles of gold are efficient quenchers of molecular fluorescence than the larger
ones which is due to higher surface-to-volume ratio of the small metallic particulates.
Therefore, it is, now, well-established that fluorescence of pyrene moieties could be
either enhanced or quenched depending on its relative position in the vicinity of noble
metal nanostructures. While the fluorescence of molecular probes is quenched, indeed,
although the physics behind possible deactivation pathways of the photoexcited
fluoroprobe near metal nanostructures is established, the relative contributions of electron
and energy transfer processes are of worth investigation.

In this chapter, pyrene and its two amine derivatives have elegantly been employed as
fluorescent probes and four different sizes of silver nanoparticles have, judiciously, been
selected to study the interactions in metal-fluoroprobe hybrid assemblies. Size-selective
silver nanoparticles have been synthesized using sodium borohydride as the reducing
agent and trisodium citrate as the reducing as well as capping agent. Since fluorescence
spectroscopy is a very sensitive technique, a strong correlation is observed between the
observed fluorescence intensity and the photophysical properties of the metal-fluoroprobe
hybrid assemblies. It is observed that fluorophore-bound silver nanoparticles provide a
convenient way to examine the mechanistic details of various deactivation pathways of
photoexcited fluoroprobes, such as, electron and energy transfer to the bound
nanoparticles and eventually, paves a substantial avenue in realizing the relativity of
electron and energy transfer contributions in nanoparticle-induced fluorescence

quenching.
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4.2. Experimental

4.2.1. Synthesis of Variable Sizes of Silver Nanoparticles. Four different sets of silver
nanoparticles have been synthesized by wet chemical reduction of silver nitrate using
sodium borohydride as reducing agent and trisodium citrate as stabilizing agent. A
detailed of the synthesis of different sets of silver nanoparticles could be described as
follows.

Synthesis of Silver Nanoparticles (Set A). In a typical experiment, 50 mL of 0.25 mM
silver nitrate solution was taken in a 100 mL beaker. Then, 2.5 mL 1% trisodium citrate
solution was added and stirred vigorously using a magnetic stirrer at 0 0C temperature.
After that, approximately, 1 mL of freshly prepared sodium borohydride solution
(AgNO; : NaBH, = 1: 20) was added to the reacting solution at a time and stirring was
continued for another 30 min. At this temperature, trisodium citrate does not reduce the
silver nitrate solution and only acts as stabilizing agent. The development of yellow
coloration indicates the formation of silver nanoparticles.

Synthesis of Silver Nanoparticles (Set B). In the typical synthesis, 50 mL of 0.25 mM
silver nitrate solution was taken in a 100 mL beaker. Then, approximately 2.5 mL 1%
trisodium citrate solution was added to the reacting solution and mixed, vigorously, by
stirring using a magnetic stirrer. Then, approximately, 1 mL of freshly prepared (AgNOs :
NaBH, = 1: 9) sodium borohydride solution was added to the reacting solution at a time
at room temperature. At this temperature, trisodium citrate does not reduce the silver
nitrate solution further and only acts as stabilizing agent. The reacting mixture was stirred
for 30 min. The resulting yellow colored solution indicated the formation of silver
nanoparticles.

Synthesis of Silver Nanoparticles (Set C). Another set of silver nanoparticles was
synthesized in the same method by only varying sodium borohydride concentration
(AgNOs3 : NaBH, = 1: 6) and keeping the other conditions and reagents same as set B.
Synthesis of Silver Nanoparticles (Set D). For the synthesis of fourth set of silver
nanoparticles, trisodium citrate reduction method was used. In the typical experiment, 50
mL of 0.25 mM silver nitrate solution was taken in a 100 mL beaker and was heated to
boiling. To this solution, 1 mL 1% trisodium citrate solution was added at a time and was

mixed, vigorously, by stirring using a magnetic stirrer. The reaction was allowed to take
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place until the color of the solution changed to greenish yellow. The solution was, then,

cooled to room temperature. A lexicon of the synthetic conditions for the preparation of

four different sizes of silver nanoparticles has been enunciated in Table 4. 1.

Table 4.1. Synthetic Conditions for the Four Different Sets of Silver Nanoparticles”

Set Vol. of Vol. of Condition  AgNOs: Color  XAnx  Diameter

AgNO; (0.1 citrate (1%) NaBH, (nm) (nm)
M) (' mL) (mL)

A 0.125 2.5 0°C 1:20 Yellow 379 2+0.5

B 0.125 2.5 25°C 1:9 Yellow 392 6+1

C 0.125 2.5 25°C 1:6 Yellow 399 9+2

D 0.125 1.0 100 °C - Greenish 409 21+3

yellow

"For silver nanoparticle synthesis, the total volume of the solution was 50 mL.

4.2.2. Making Metal-Probe Hybrid Assembly. In a typical set, an aliquot of Ag NPs

(0.75—10 uM) from different sets was added to a solution of pyrene or its derivatives

(0.03-0.3 pM) and the final

volume of the solution was

maintained to 5 mL. The pH of o
: . <

all the solutions was adjusted @
to~7.0. The solution Was§
. <

allowed to incubate for 12 h tog
complete the surface B

: £ 1
complexation  process andg 0.2

fluorescence of each solution
was measured in the

spectrofluorimeter.

4.3. Results and Discussion
The as-synthesized colloidal
dispersions of the silver

particles have been
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Figure 4.1. (A-D) Normalized UV-visible spectra of

silver nanoparticles (50 uM) of variable sizes of sets

A-D, respectively. Inset shows the digital photograph

of the corresponding silver particles.
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characterized by absorption spectroscopy and transmission electron microscopic studies.
Figure 4.1 shows the normalized absorption spectra of four different sets of silver
colloids. Inset shows the digital camera photograph exhibiting the characteristic colors of
four different sets of silver nanoparticles. In the UV-vis spectrum, it is seen that the
absorption maximum appears at 379, 392, 399 and 408 nm for silver particles of sets A,
B, C and D, respectively. This absorption band arises due to the localized surface
plasmon band of spherical silver nanoparticles; for nanoparticles much smaller than the
wavelength of light, the electromagnetic field is uniform across a particle such that all the
conduction electrons move in-phase producing only dipole-type oscillations that is
manifested by a single narrow peak in the LSPR spectrum.?® Moreover, the shape of the
LSPR spectrum is determined by the relative dimension of the particles to that of the
incident electromagnetic radiation. It is apparent that the absorption spectrum is red
shifted and broadened from sets A to D indicating the gradual increase in size of the
silver nanoparticles. This is due to the fact that the observed spectral shift results from the
spreading’ of particle’s surface charge over a larger surface area so that the surrounding
medium better compensates the restoring force, thus, showing the electron oscillations.?®
The morphology, composition, and crystallinity of the as synthesized silver particles
are presented in Figure 4.2. Transmission electron micrographs of the representative
silver particles (panels a—d) show that the particles are spherical or nearly spherical with
average diameter in the range of 2+ 0.5, 6 £ 1, 9 £ 2, and 21 £ 3 nm for sets A, B, C, and
D respectively. The number concentration (number of particles per milliliter of the
solution, N) of silver particles can be calculated by taking the ratio of total volume of the
atoms to the effective volume of each particle taken in average.* The approximate

numbers of silver nanoparticles per milliliter of the solution have been calculated using

__ NoC T 3
the formula, N = 0007 (R) (4.2)

where, N, is the Avogadro number, C the concentration of the silver precursor, f the
packing fraction of the atoms in the nanostructures, r the radius of silver atoms, R the
average radii of the particles. Assuming the packing fraction as 0.74 for fcc silver® and a
precursor concentration of 0.25 mM, the number concentration of silver particles has
been ca. 8.33 x 10, 3.09 x 10**, 9.14 x 10" and 7.19 x 10" mL™ for sizes 2, 6, 9 and 21
nm respectively. High resolution TEM image (panel e) of the silver particles of set D
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exhibits the lattice fringes with an interplanner spacing of ~0.232 nm consistent with
(111) plane of silver; the continuous fringe pattern observed in the HRTEM image
demonstrates the single crystalline nature of the silver nanoparticles.”® Selected area
electron diffraction (panel f) of the silver particles of set D illustrates four sets of lattice
planes with d spacings of 2.32, 2.04, 1.44 and 1.22 A that correspond to the (111), (200),

(220), and (311) planes of the face-centered cubic silver particles.?’

Figure 4.2. (a, b, c, d) Transmission electron micrographs of silver nanoparticles of sets
A, B, C and D respectively; (e) high resolution transmission electron micrograph and (f)

selected area electron diffraction pattern of set D silver particles.

Pyrene is a polycyclic aromatic hydrocarbon consisting of four fused benzene rings,
resulting in a flat aromatic system and is used commercially to make dyes and dye
precursors. There have been extensive studies on the photophysics of pyrene: its
electronic spectrum and state assignments, kinetic details of excimer formation, spectral
pressure effects, photoionization, delayed luminescence, and quasilinear spectra, etc.?®
Due to their numerous well-characterized photophysical and photochemical properties,

pyrene” and its amine derivatives®®** have been widely used as fluorescent probes to
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Figure 4.3. Absorption (25, 25 & 25 uM) and emission (0.3, 0.04 & 0.03 uM) spectra of

pyrene, aminopyrene and aminomethylpyrene. Inset shows the molecular structures of
the fluorescent probes.

study their emission behavior in varieties of microenvironments. The absorption and
emission spectra of pyrene moieties, viz., pyrene, aminopyrene and aminomethylpyrene
are shown in Figure 4.3. The molecular structures of the fluorescent probes are shown in
the inset. It is seen that the aqueous solution of pyrene and its derivatives possess well-
defined absorption and emission bands (Aex ~ 274 nm) in the visible region which can be
attributed to the monomeric form of the fluoroprobes.?”** The excitation of the
fluoroprobes in any absorption maximum produces the identical emission spectrum.
Moreover, the fluorescence intensity increases linearly with increasing concentration for
all the three dye molecules indicating no significant perturbation or higher order
aggregation in the experimental concentration range. The absorption and emission
spectral features of the pyrene moieties are summarized in Table 4.2.

Table 4. 2. Absorption and Emission Spectral Characteristics of the Molecular Probes

Probes Absorption maximum Emission maximum  Quantum yield
(nm) (nm)

Pyrene 241, 262, 273, 320, 336 375, 389 0.35 in ethanol

Aminopyrene 242, 281, 353, 389 438 0.58 in water

Aminomethylpyrene 240, 264, 274, 311, 325, 340 377,394 —
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Now, we have studied the emission behavior of pyrene and its derivatives (Aex~ 274
nm) in the presence of silver nanoparticles of four different sizes. The representative
fluorescence spectrum of PY, APY and AMPY in the presence of 6 nm silver particles
(set B) is shown in Figure 4. 4. In these experiments, quite dilute solutions (0.03-0.3 pM)
have been used so as to minimize the effects of excitation attenuation and solution self-
absorption (so-called ‘trivial effects’). It is seen that the emission of pyrene moieties
showed distinctly different profile in the presence of different concentrations of silver
nanoparticles. The quenching of molecular fluorescence in the vicinity of metallic
nanostructures could be treated by the model proposed by Weitz et al.** A fluoroprobe in
the vicinity of a metallic nanostructure may be influenced by radiative and the non-
radiative de-excitation rates involved in the fluorescence emission in a manner similar to
the effect of a nearby macroscopic metallic surface.”* Depending on its relative position
and orientation with respect to the nanostructure, the fluoroprobe may experience an
enhanced or suppressed electric field, leading to a higher or lower excitation rate,
respectively, in comparison to a fluorophore in free space. In metal-fluoroprobe hybrid
assemblies, the excitation of the electronic plasma resonance leads to an increase in the

absorption rate. In addition, the emission intensity is strongly frequency dependent: not

Pyrene 1.04 [Adl (M) Aminomethylpyrene

—0.0

Aminopyrene 10

-
o
L

.l Ag] (M)

4 [Ag] (uM) 4 — 1
e P 0.0 0g —;z °% _::
—_ 10 25 e
—_ 15 : 10
0.6 a8 064 —a30 06 —1s5
— 50 ~—40 —20
— 70 —a5 a0
044 — 100 044 —s0 044 —48

—50
—B8.0

—8.0

0.2

=
N
N

Normalized Fluorescence Intensity

=
o

350 400 450 500 350 400 450 500 350 400 450 500
Wavelength (nm)

Figure 4.4. Fluorescence spectra of pyrene (0.3 uM), aminopyrene (0.04 pM) and
aminomethylpyrene (0.03 uM) in the presence of variable concentrations of 6 nm silver
nanoparticles.

only can the metal altered local photonic mode density lead to changes in the radiative
decay rate of the fluorophores, but the presence of the metal also opens up new

nonradiative decay pathways via energy transfer to metal surface plasmon modes.* In the
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present experiment, it is observed that metallic nanostructures are efficient quenchers of
molecular fluorescence while it is noted that the silver nanoparticles are, themselves, non-
fluorescent. When the fluoroprobes are allowed to interact with the nanoparticles, a part
of the fluoroprobes is adsorbed onto the metallic surface while the rests remain free in
solution and thus, the only fluorescing components are the free pyrene moieties in the
solution. The Stern-Volmer constant, Ksy is related to the photoluminescence efficiency
via the relationship of the Stern-Volmer equation® accounting for both static and
dynamic (collisional) quenching as,

170 =1+ Kg[Q] 4.2)

where, lp and | are the intensities of the emission spectra of the pyrene moieties in the
absence and presence of the nanostructures, Ksy = Ks + Kp, where, Ks and Kp are the
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Figure 4.5. Stern-Volmer plots showing the quenching efficiency of pyrene (0.3 uM),
aminopyrene (0.04 pM) and aminomethylpyrene (0.03 uM) in the presence of (A) 2, (B)
6, (C) 9 and (D) 21 nm silver nanoparticles.

static and dynamic quenching constants respectively and [Q] is the quencher
concentration. Both static and dynamic quenching requires molecular contact between the
fluorophore and quencher.® Figure 4.5 shows the profiles showing the relative
efficiency, I,/1 as a function of silver concentration for all sets of the metallic
nanostructures. It is also noted that the relative efficiency increases linearly with increase
in the concentration of silver nanostructures. However, the salient feature of physical
significance is that the extent of quenching is the least in case of pyrene, moderate for
aminomethylpyrene and highest for the aminopyrene for all sets of particles. Moreover,
smaller silver particles are efficient quenchers of molecular fluorescence than the larger

ones as has been observed in previous investigations.?
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Now, we have tried to elucidate the mechanism of quenching of molecular
fluorescence upon interaction with the silver nanostructures. When using fluorescing
molecules as local probes for measuring surface plasmon fields, we have to recall the
particularities of molecular fluorescence near a metal surface. Both radiative and
nonradiative decay rates are expected to depend, critically, on size and shape of the
nanoparticle, the distance between the probe molecule and the nanoparticle, the
orientation of the molecular dipole with respect to the fluoroprobe-nanoparticle axis, and
the overlap of the molecule’s emission with the nanoparticle’s absorption spectrum.®” In

the vicinity of a metal, the fluorescence rate of molecules becomes a function of the
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Figure 4.6. (A, B, C) Change in the surface plasmon band of 6 nm silver nanoparticles (50
uM) upon addition of pyrene (0.4 — 20 puM), aminopyrene (0.4 — 20 uM), and
aminomethylpyrene (0.4 — 20 uM), respectively and (D) relative dampening of absorbance
of the silver nanoparticles upon addition of fluoroprobes in different concentrations. Inset
in profile B shows the transmission electron micrographs of the silver particles (set B) (a)

before and (b) after addition of aminopyrene molecules.
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distance between the molecule and the metal surface.® In direct contact with the metal,
the fluorescence of molecules is completely quenched. While pyrene and its amine
derivatives are added into the citrate-stabilized silver nanoparticles dispersion, one can
speculate on the point of binding of the molecular probes to the metallic surface. Silver
atoms at the surface of the particle are coordinately unsaturated, i. e., unoccupied orbitals
are available for nucleophiles to donate electrons.®® While the pyrene moieties are
chemisorbed onto the surface of ultrasmall particles, the distance between the probe
molecule and the nanoparticle, the orientation of the molecular dipole with respect to the
fluoroprobe-nanoparticle axis could be assumed to remain constant and therefore, both
electron and energy transfer processes are likely to contribute to the major deactivation
pathways for excited fluoroprobes on the metal surface. Silver nanoparticles, themselves,
show limited photoactivity under UV-visible irradiation, although photoinduced fusion
and fragmentation have been observed under laser irradiation.”® To examine the effect
addition of pyrene and its two derivatives containing amine functional groups of the same
homologous series on the surface plasmon absorption of the small metallic particulates,
we have added the fluoroprobes to a particular concentration of the silver nanoparticles.
Figure 4.6 shows the changes in the absorption spectral features of 6 nm silver
nanoparticles (set B) (20 uM) upon successive addition of pyrene, aminopyerene and
aminomethylpyrene molecules. It is seen that when pyrene moieties are added to the
silver nanoparticles, the localized surface plasmon band of silver gradually dampens with
increase in concentration of fluoroprobes (panel A—C); these results imply different
extent of electron transfer from the fluoroprobes to the silver nanostructures.*® Upon
careful observation, it is observed that the LSPR maximum of the silver particles
becomes blue shifted upon addition of PY, remains almost unchanged for APY and
becomes red shifted for AMPY molecules. Inset in profile B shows the transmission
electron micrographs of the silver particles (set B) before (panel a) and after (panel b)

addition of aminopyrene which authenticate that the particle size remains nearly

unchanged upon interaction with the probe molecules. A plot of A/Aoas a function of

fluoroprobe concentration (panel D) shows that the dampening of the silver surface
plasmon band is the slowest for PY, intermediate for APY and the highest for AMPY. It
IS noted that after a critical concentration (15 uM), APY dampens the LSPR more
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effectively than AMPY'; however, after an incubation period of 12 h, APY more, actively,
dampens the LSPR of the silver particles than AMPY at any concentrations.

The position and intensity of the silver surface plasmon absorption band depends
strongly on particle size, and the optical and electronic properties of the medium
surrounding the particles. This strong electronic interaction between pyrene moieties and
silver particles causes the change in the surface plasmon band of the silver nanoparticles.
The pyrene derivatives, viz., aminopyrene and aminomethylpyrene containing amine
functionality possess lone pair electrons capable of interacting with metal surface in
competition with the stabilizing ligand shell, such as, citrate and therefore, can, in
principle, displace the labile ligand, citrate on the surface of nanoparticles.** Donation of
lone pair of electrons from the molecular probes to the nanoparticles causes a large
reduction in absorption intensity of the silver particles. It is also possible that the
fluoroprobes can displace citrate due to interaction of m-system of the molecule with the

surface as well:*

therefore, pyrene being an aromatic hydrocarbon and devoid of any
functionality also dampens the plasmon oscillation of the metallic nanoparticles. The
system of m-orbitals adjacent to the metal particles could have a weak interaction with the
particle surface®® and thus, shows little change in the absorption spectrum of the
nanoparticles.** Another interesting feature is the high surface-to-volume ratio of the
nanoparticles; higher the surface-to-volume ratio, stronger is the interaction with electron
donating agents due to the co-ordinatively unsaturated surface atoms of the metals. The
electron exchange from the PY to the Ag NPs or nucleophilic addition of APY and
AMPY to Ag NPs leads to changes in the optical properties of the silver nanoparticles.
Henglein and colleagues have shown that chemisorption of various nucleophiles has two
opposing effects on the absorption spectra of colloidal silver.* When the electron transfer
occurs to the metallic silver nanoparticles, the Fermi potential shifts to the more negative
values corresponding the blue shift of the surface plasmon absorption band;*® this has
been observed when PY donates electrons to the surface of Ag NPs as seen in Figure 6A.
The red shifting of the surface plasmon band of the Ag NPs is observed upon the
nucleophilic addition of APY and AMPY to the Ag NPs as seen in Figure 6 (B and C).
This may be explained by considering two opposing effects:* the number of charge

increases in the particles which yield blue shift of the band and on the other hand, 6+ 6—
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dipolar structure on the surface causes
a red shift; when, the later effect was
prevailing, red shift of the surface
plasmon band is observed as has been
seen for various silver-organic
molecule systems.*® However, since
the lone pair of electrons on APY
participate in resonance with its -
electrons in the pyrene ring, the
extent of donation of lone pair of
electrons is low compared to AMPY
and there is no significant shifting of
the absorption maximum of the silver
surface plasmon band.

Cyclic voltammograms of pure
fluoroprobes, silver nanoparticles (set
B) and metal-fluoroprobe hybrid
assemblies are shown in Figure 4.7.
The observed anodic potentials (Epa)
are 100, 155 and 115 mV for PY,
APY and AMPY, respectively while

the corresponding cathodic potentials

(Epc) for metal-fluoroprobe hybrid
assemblies are 600, 356 and 594 mV
for Ag-PY, Ag-APY and Ag-
AMPY, respectively. Therefore, the

Current (uA)
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Figure 4.7. Cyclic voltammograms of the pure
fluoroprobes (4.5 uM), silver nanoparticles
(11.9 uM) and silver (11.9 pM)—fluoroprobe
(4.5 uM) hybrid assemblies at pH~7.0.

potential differences between the anodic peak of the pure fluoroprobes to the cathodic
peak of silver-fluoroprobe hybrid assemblies (AEp) are 503, 201 and 469 mV for PY,
APY and AMPY molecules. This indicates that charge transfer takes place from the

fluoroprobes to the silver nanoparticles, which reduces the potential differences between

the fluoroprobes and silver—fluoroprobe hybrid assemblies.*” Therefore, the less potential
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difference value in case of APY indicates the facile electron transfer in Ag—APY hybrid
systems as compared to Ag-PY and Ag-AMPY and follows the order Ag-APY > Ag-
AMPY > Ag-PY. In addition, the current in the anodic and cathodic peaks of the probe
molecules and the silver-fluoroprobe hybrids also signify the charge transfer from the
fluoroprobes to the silver nanoparticles. In case of PY molecules, the anodic positive
current (ipa=0.96 pnA) decreases upon addition of Ag NPs and almost vanishes in Ag—PY
hybrid systems rather develops a signature of negative current (ipa = — 0.25 pA). Similar
results have also been observed for Ag—-APY (ip= 0.42 and —0.25 pA) and Ag-AMPY
(ipa= 0.24 and —0.38 pA) systems with peak shifting i. e., at different potential with a
different current value. Therefore, from this observation, it is clear that anodic peak
current is higher with the absence of cathodic peak current in pure fluoroprobes. But,
upon addition of silver nanoparticles to form the silver-fluoroprobe hybrid assemblies,
the anodic peak current is completely diminished with a signature of cathodic peak
current (ipc = —0.25, —0.25 and —0.38 pA). These phenomena also support the transfer of
electrons from the fluoroprobes to the silver nanoparticles in the hybrid assemblies.*®

In addition, if the donor molecule is placed in the vicinity of a conductive metal
surface, resonance energy transfer takes place in which energy is transferred by a
nonradiative, long-range dipole-dipole coupling from a fluorophore in an excited-state
serving as a donor to another proximal ground state acceptor.”*° Férster resonance
energy transfer (FRET) involves the nonradiative transfer of excitation energy from an
excited donor to a ground state acceptor via resonance when brought in close proximity,
which can radiatively emit a lower energy photon.® FRET processes are driven by
dipole—dipole interactions and depend on the degree of spectral overlap between donor
fluorescence and acceptor absorption, and on the sixth power of the separation distance
between the donor and acceptor pair.>® In the present experiment, the resonance energy
transfer is believed to be through the dipole-dipole near-field interaction, where the
fluorophores act as dipolar donors and the plasmonic silver nanostructures act as dipolar
acceptors.®® According to this formalism, the Forster distance, Ro, was calculated in
which best distance resolution was exhibited below ~70 A.*? In the present experiment,
the Forster distance, Ry, has been calculated approximately 29-33 A for different

nanoparticle—fluoroprobe assemblies. Therefore, Forster formalism could, exclusively, be
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employed to explain the observed results. The probability of this Forster resonance
energy transfer is proportional to the spectral overlap between the absorption of the
metallic nanostructures and the fluorescence emission of the probe molecules.”® The
overlap integral, J(A) expresses the degree of spectral overlap between the donor emission
and the acceptor absorption and can be written in terms of the following equation,

Jo FpMea@)A*dr
Jo Fpda

J) = [ Fy Wea(A*dA = (4.3)

where, Fp()) is the corrected fluorescence intensity of the donor in the wavelength range
A to A +Al with the total intensity

(area under the curve) normalized to

unity, ea() the extinction co-  °® los

Absorption of Ag NPs
------ Emission of PY

efficient of the acceptor at A, which
is typically in units of M cm ™ and ~ °4] loa

Fp(A) is dimensionless. If ea(A) is

o
o
}

expressed in units of M cm ™ and A 0.0

is in nanometers, then J(A) is in

units of MY cm?* nm* In

o
(¢4
{

Absorption of AgNPs | 0.8
----- Emission of APY

calculating J(A), we could use the

°
H
Il

corrected emission spectrum with its o4

Normalized Fluorescence Intensity
Normalized Absorbance

area normalized to wunity or

i 0.0 1 0.0
normalize the calculated value of 250 400  4%0 500 580

J(A) by the area; in this experiment,
0.8 | Absorption of Ag NPs | 0.8

we have calculated the overlap | 88\ e Emission of AMPY

integral by correcting the emission
0.4 0.4

spectrum with its area normalized to

unity. Figure 4.8 shows the spectral
0.0 -

overlap between the absorption 350 400 450 500
Wavelength (nm)

0.0

550
spectrum of 6 nm  silver

Figure 4.8. Overlap spectra of the emission

nanoparticles (set B) and the spectrum of pyrene (0.3 uM), aminopyrene (0.04

emission spectrum of PY, APY and uM), and aminomethylpyrene (0.03 uM) with the

AMPY ensuring efficient resonant absorption spectrum of 6 nm Ag NPs (50 uM).
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energy transfer. It is seen that the LSPR

ADSD(F“DI’I of set A
e\ DsOrption of set B
e Absorption of set ¢ [ 0.8
A Dsorption of set D
----- Emisslon of PY

08 of the silver nanoparticles has the
maximum overlap with AMPY, lesser
with PY and the least with APY which
indicates AMPY could transfer energy

more effectively than PY and APY

0.4 L 0.4

0.0

Ho wo ko _:0:“ _O'o z molecules. The rate of Forster
% 08 E%EEE“ L os % resonance energy transfer for a donor
E % and acceptor separated by a distance r
E 04 o § is given by,
£ bt
- 2ECERE G 6
e P 0.0 2 where, Q,, is the quantum yield of the

EE:EEEE donor in the absence of acceptor, n the
== Absorption of set D 0.8

0.8
refractive index of the medium, N,

Avogadro’s number, r the distance
0.4- L0.4

between the donor and acceptor and 7,

the lifetime of the donor in absence of

0.0 e . e, . 0.0
3%0 400 450 500 acceptor. The term, x? is a factor
Wavelength (nm)

) o describing the relative orientation in
Figure 4.9. Overlap spectra of the emission . )
' space of the transition dipoles of the
spectrum of pyrene (0.3 uM), aminopyrene

) donor and acceptor; the value of xZis
(0.04 uM) and aminomethylpyrene (0.03 uM)

. ) ) usually assumed to be 2/3, which is
with 2, 6, 9 and 21 nm silver nanoparticles (50

appropriate  for dynamic random
uM).

averaging of the donor and acceptor.
Except overlap integral, since all the parameters are constants for a particular probe
molecules, therefore, it is plausible to express to all the values in terms of overlap integral
rather than the rate of energy transfer. To elucidate an explicit correlation between the
fluorescence spectra of the molecular probes and the localized surface plasmon resonance
spectra of the metallic nanoparticles, overlap spectra consisting of emission spectrum of

PY or APY or AMPY and absorption spectra of four different sizes of silver
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nanoparticles are presented in Figure 4.9. An account of related parameters in size-
selective silver nanoparticle-induced fluorescence quenching of pyrene moieties are
enunciated in Table 4.3. It is seen that the overlap integral, at first, increases and then,

decreases with increase in particle

Table 4. 3. Account of Related Parameters in Silver Nanoparticle-Induced Fluorescence

Quenching of Pyrene Moieties

AgNPs  Molecular ~ Overlap Ko M) Ksy (MY J(A)  Modeof  Observed
(nm) probes integral, J(X) (cm nm™) quenching  quenching

PY 2.2243x10"*  1.22x10°  0.548x10° FRET & ET High

2+0.5 APY 1.0147x10"  6.33x10°  6.238x10° FRET & ET Very High
AMPY  2.4728x10" 2.21x10°  0.894x10° FRET & ET High
PY 1.9952x10*  1.03x10° 0.516x10°  FRET & ET High

6x1 APY 1.3356x10"*  5.13x10° 3.839x10° FRET & ET Very High
AMPY  2.1914x10"  1.82x10° 0.830x10°  FRET & ET High
PY 1.5882x10"  0.27x10° 0.169x10° FRET Low

9+2 APY 1.2841x10"  3.70x10° 2.881x10° FRET & ET Very High
AMPY  1.7332x10"  1.47x10° 0.848x10°  FRET & ET High

PY 1.1052x10"  0.05x10°  0.0425x10° FRET Very Low

21+3 APY 1.0492x10%  2.94 x10° 2.802x10° FRET & ET High
AMPY  1.1975x10" 1.17x10°  0.977x10° FRET & ET High

size with APY molecules that results from cumulative effect of gradual red shift (4,4, ~
379 to 409) of the absorption maximum and decrease in extinction coefficient, (1) with
increase in size of the particles. Moreover, it is noted that the overlap integral decreases
for PY or AMPY molecules as the spectral overlap does not increase consequently with
the red shift of the absorption maximum while extinction coefficient, (1) decreases with
increase in size of the particles. The Stern-Volmer plots show that Ksy value decreases
with increase in size of the Ag NPs. But, it is observed that for smaller nanoparticles (< 6
nm), Ksy values are very high even for pyrene molecules although it does not possess the
capability of donating lone pair of electrons. A close inspection of Kgy values in Table 4.3
shows that Ksy increases in the sequence of PY<AMPY<APY irrespective of the particle

size. Therefore, it is apparent that although APY has the less overlap integral values as
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compared to PY and AMPY, the Ksy values are the highest for APY molecules. This
phenomenon could be explicated in a substantial way by introducing a new parameter,
differential quenching (Ksv/J(A), Stern-Volmer constant per unit overlap integral) to
avoid all the plausible complications arising from the size of the metal particles, types of
the molecular probes and difference in overlap integral values. Based on these
perspectives, we have plotted
the Ksy/J(A) values as a function
of particle diameter of the Ag
NPs for three different probe
molecules as presented in Figure \
4.10. From the graph, two \
important observations can be
made. First, it is seen that, for
larger particles (> 9 nm), APY 3,
and AMPY exhibit 60 to 20-fold

higher Ksv/J(L) values,
respective|y, as Compared to PY Figure 4.10. Differential quenching of pyrene moieties

due the presence of —~NH, and — as a function of particle size of silver nanostructures.
CH,—NH, functionalities, Scheme 4.1. Schematic presentation of the possible
respectively. Second, for smaller deactivation pathways in silver-fluoroprobe hybrid
Ag NPs (< 6 nm), the Kgy/J(1) assemblies.

values of PY is about 10-fold

higher as compared to larger

particles (> 9 nm) which

supports the © electron transfer P\ /
along with FRET to the Ag NPs.

Similar results have also been A

observed for APY molecules, AgNP>9nm,ReT

AgNP<6 nm, t € transfer

for which, Kg/J(A) values are

enhanced 2-fold as compared to

RET, Ip- electron transfer
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that of larger silver nanoparticles. Moreover, for smaller silver nanoparticles, Ks\/J(X)
value is the highest (11- and 7-fold) for APY as compared to PY and AMPY molecules.
Another important observation is that Ksy/J(X) values remain same for AMPY molecules
irrespective of the size of the particles. From this experimental observation, it is apparent
that the energy and electron transfer imbue explicit contributions in nanoparticle-induced
fluorescence quenching and the extent of electron transfer is prominent for smaller (<6
nm) silver nanoparticles which is due to the pronounced residual force with decreasing
the size of the particles. Based on these perspectives, a schematic presentation of the
possible deactivation pathways in silver-fluoroprobe hybrid assemblies is enunciated in
Scheme 4.1.

4.4. Conclusions

In conclusion, silver nanoparticles drastically alters the emission characteristics of pyrene
and its amine derivatives that results from an invasive integration of the photophysical
aspects of the molecular probes as well as the morphology and optical characteristics of
the small metallic particulates. Thus, it is observed that fluorophore-bound silver
nanostructures provide a convenient way to understand the surface binding properties of
photoresponsive molecules and therefore, to examine the relative contributions of
electron and energy transfer in the quenching processes. The new parameter, ‘differential
quenching’ have been introduced that appear to realize individual electron and energy
transfer in nanoparticle-induced fluorescence quenching. The consequence of physical
interaction of nanoparticle-fluoroprobe assemblies provides strong evidence for the
donation of both sigma and pi-electrons to the small metallic particulates. Probing the
details of the mechanism can provide concrete empirical guidelines that can be used to
more realistically in selecting ideal nanostructure-fluoroprobe quenching pairs for optical
molecular rulers and optoelectronic nanodevices. We anticipate that experimental
observation in the present investigation would pioneer future theoretical work in
separating the electron and energy transfer contributions in nanoparticle-induced

fluorescence quenching.
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