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Photoinduced interfacial electron transfer (IET) in sulforhodamine B (SRhB)-aminosilane-Tin oxide (SnO,)
nanoparticle donor—bridge—acceptor complexes has been studied on a single molecule and ensemble average
level. On both SnO, and ZrO,, the sum of single molecule fluorescence decays agree with the ensemble
average results, suggesting complete sampling of molecules under single molecule conditions. Shorter
fluorescence lifetime on SnO, than on ZrO, is observed and attributed to IET from SRhB to SnO,. Single
molecule lifetimes fluctuate with time and vary among different molecules, suggesting both static and dynamic
IET heterogeneity in this system. Computational modeling of the complexes shows a distribution of molecular
conformation, leading to a distribution of electronic coupling strengths and ET rates. It is likely that the
conversion between these conformations led to the fluctuation of ET rate and fluorescence lifetime on the
single molecule level.
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Interfacial electron transfer (IET) dynamics between molec-

ular adsorbates and semiconductor nanoparticles and nanocrys-

talline thin films have been extensively studied in recent z =kt ke Tk = kg T+ Ky @)

decades'~®due toits essential roles in solar cells,”® photocatalysis,>

and molecular electronics.'” In most previous studies, ensemble k k

averaged IET dynamics were measured by ultrafast transient (ONES —, D, = _ 3)
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absorption and time-resolved fluorescence spectroscopy.
The kinetics of charge injection from dye excited state to
semiconductor nanoparticles and recombination were found to
be in general nonsingle exponential, suggesting a heterogeneous
distribution of IET rates. The nonexponential kinetics could
result from static heterogeneities in energetics of the adsorbate
and semiconductor and their electronic coupling as well as

where 7 (7') and ®((Py) is the fluorescence lifetime and quantum
yield, respectively, of the chromophore on inert (IET active)
substrates, k. and k,, are the intrinsic radiative and nonradiative
rate constants of the molecules, and k. is IET rate constant.
Many ensemble averaged studies showed that IET from

dynamic fluctuation of these quantities. These underlying
distribution and fluctuation are masked in ensemble average
measurements but can be revealed by single molecule (SM)
spectroscopy.?>¥

Single molecule fluorescence spectroscopy has been used to
study electron transfer (ET) processes in molecules,’!*? in
conjugated polymers,*® at interfaces®**’ and in biological
systems.*¥~# Studying ET process by single molecule fluores-
cence is still technically challenging, because it shortens the
fluorescence lifetime and reduces fluorescence quantum yield
of the dye molecules. As shown in Figure 1, the relationships
of relevant deactivation processes and emission quantum yield
can be described by eqs 1—3
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excited organic dyes (such as rhodamine and coumarin) that
are directly attached to metal oxides (TiO,, SnO,, and ZnO) is
often on the picosecond or faster time scale.?”*~* Assuming
an intrinsic lifetime of 3 ns and quantum yield of ~100%, the
emission yield of molecules undergoing ultrafast IET (of 0.1—10
ps) can be estimated to be 0.003—0.3%, well below the
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Figure 1. Schematic representation of photoinduced processes of dye
molecules on semiconductor nanoparticles. k,, radiative decay rate; ki,
intrinsic nonradiative decay rate; k., IET rate from excited molecule
to semiconductor; k., back IET rate.
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Figure 2. (A) A schematic structure of SRhB—silane—SnO,, (B) AFM image of a SnO, nanocrystalline thin film, (C) a raster-scanned single

molecule fluorescence image of Silane-SRhB-SnO, on a coverslip.

sensitivity of current SM spectroscopy technique. As a result,
these IET events could not be directly observed. So far, there
have been only a few published reports of single molecule
IET.3*737 In their pioneering work, Lu and Xie measured single
molecule fluorescence lifetime of cresyl violet on ITO (Sn/
In,03).>* They observed shorter fluorescence lifetimes on ITO
than on glass and attributed it to IET from the excited dye to
ITO. On the single molecule level, fluorescence decay was found
to be single exponential, although there existed a distribution
of lifetimes, suggesting a static inhomogeneous distribution of
IET rates. Similar static heterogeneous distribution of ET rate
was observed in our previous study of rhodamine B (RhB) on
ATO.*® We noted that the observed single molecule lifetimes
are much longer than the ensemble averaged lifetimes due to
incomplete sampling of molecules undergoing fast ET in the
single molecule study. In a more recent study of coumarin on
TiO,, Lu and co-workers observed long (nanoseconds) SM
fluorescence lifetimes as well as pronounced fluctuation of
emission intensities.’” The observed lifetime was thought to be
much longer than the expected average electron injection time
for this system. To account for the discrepancy between SM
and ensemble averaged lifetimes, they proposed an intermittent
IET activity model, according to which, the IET activity of
molecules underwent significant fluctuation, changing between
fast and slow (or none) injection states. In this model, most
detected fluorescence photons originate from the slow injecting
states. The fluorescence quantum yield of the fast injecting state
was too low to be observed, and their presence was inferred
from the fluctuation of emission intensity and the discrepancy
between the single molecule and ensemble averaged fluores-
cence lifetimes. It remains unclear whether these observed single
coumarin molecules on TiO, are representative of the whole
ensemble, and if they are, why their behavior differs from those
of RhB on ATO and creyl-violet on ITO.

In this paper, we describe a study of single molecule IET in
a donor—bridge—acceptor system. Controlling interfacial ET
rate by inserting spacers between the chromophore and semi-
conductor nanoparticles has been a subject of considerable
interest.*~>* It has been used as a convenient way to test the
electronic coupling dependence of interfacial ET rates®* 2 and
molecular conductances.’® The spacer groups affect both the
charge separation and recombination rates, offering a potential
approach to optimize the efficiency of dye-sensitized solar
cells.* The reduction of electron injection rate in the donor—
bridge—acceptor complexes also decreases the degree of
fluorescence quenching, allowing their observation under single
molecule conditions. Furthermore, the introduction of the spacer
units can introduce additional conformation flexibility in the
molecules, leading to dynamical heterogeneity that is difficult

to uncover by ensemble average measurements. As a proof of
principle, we use an aminosilane bridge, whose amino group
can be conjugated with organic dye molecules and silane group
is coupled with semiconductor nanoparticle surfaces to construct
interfacial donor—bridge—acceptor complexes (see Figure 2A).
Sulforhodamine B chloride is chosen for its high quantum yield
(®; = ~0.6),% high photostability, and the ability to conjugate
with aminosilane. SnO, nanoparticles are used because IET from
related RhB molecules have been reported in a previous
ensemble average study using ultrafast spectroscopic tech-
niques.’” For this donor—bridge—acceptor system, we show that
IET on a single molecule level can be studied. The sum of
measured lifetimes of single molecules is consistent with the
ensemble averaged results, indicating an unbiased sampling of
all molecules. Single molecule study reveals that both static and
dynamic heterogeneity contribute to the IET process in this
system. The nature of molecular conformations that are respon-
sible for the observed heterogeneity was investigated by
computer simulation of the system.

Experimental Section

Synthesis of Silane-Conjugated Sulforhodamine B. Silane
conjugated sulforhodamine B (SRhB—silane) was synthesized
through the reaction between sulforhodamine B acid chloride
(Fluka, referred as SRhB) and 3-aminopropyltrimethoxysilane
(referred as aminosilane, 97%, from Aldrich) according to a
literature procedure.”® SRhB (0.012 g) and 0.01 g of 4-di-
methylaminopyridine were added into 3 mL of dry pyridine
(Sigma, 99%), and after stirring for 30 min 10 xL of aminosilane
was injected and allowed to react for 3 h. The product was
purified by eluting through a silica gel column (100—200 mesh,
60 A, Sigma-Aldrich, eluent: 5/1 chloroform/methanol solvent).
The measured mass/charge ratio was 762.29127, consistent with
the calculated value of 762.29088 for [C3¢Hs;O9N3S,Si + H] .
Compared to SRhB, the UV—vis absorption peak of SRhB—
silane was red shifted by 7 nm (result not shown), and its
fluorescence lifetime in ethanol solution was unchanged (3.1
ns, result not shown).

Preparation of SnQO, and ZrO, Nanoparticle Films. SnO,
nanoparticles were synthesized according to a published pro-
cedure.”® Eighty-five millimoles (~10 mL) of SnCl, (99.9%,
Aldrich) was injected into 20 mL of HCI (37 wt %) by syringe
and dispersed by sonication for at least 30 min. The resulting
solution was added dropwise into 500 mL of water under rapid
stirring at 0 °C. After stirring for an additional 30 min, aqueous
ammonia (25%) was added to the solution until a pH value of
3.5—4.0 was reached. The solution was kept in the dark for
over 12 h to allow the precipitation of SnO, nanoparticles. The
white precipitate was washed at least 3 times with distilled water
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and then suspended in 300 mL of water whose pH was adjusted
to 9.5—10. The suspension was stirred vigorously overnight and
dialyzed against ~10 L of water at pH 10 for at least two days.
The resulting transparent SnO, colloid was then refluxed for
4 h. One hundred fifty milliliters of this colloid was poured
into an autoclave and heated first at 150 °C for 1 h and then at
270 °C for 16 h. Solid SnO, nanoparticles were obtained by
rotary evaporation of the solution under vacuum. SnO, nano-
particle water solution (0.01 g/mL) was spin coated on cover
glass slides (Fisher Scientific) and sintered at 550 °C for 2.5 h
to produce SnO, nanocrystalline thin films. An atomic force
microscopy (AFM) image of a SnO, nanocrystalline thin film
is shown in Figure 2B.

ZrO, powder (2 g, from Degussa Corporation) was ground
in a mortar with distilled water (4 mL), acetylacetone (10 uL),
and 5 drops of Triton X-100 to break up the aggregate into a
dispersed paste. The paste was washed several times by water.
A final diluted ZrO, nanoparticle water solution (~0.01 g/mL)
was spin coated on glass coverslips. The films were then sintered
at 550 °C for 2.5 h.

Donor—Bridge—Acceptor Preparation. A drop (~20 uL)
of SRhB—silane water (Millipore, 18.2 MQ/cm) solution was
dropped on the surfaces of substrates (SnO, or ZrO, nanocrys-
talline thin films, or glass coverslip). After drying in the dark,
the substrates were heated at 120 °C for 10 min and then washed
with water to remove unreacted SRhB—silane molecules. Here
we refer to SRhB—silane immobilized on different substrates
as SRhB—silane—SnO, (or ZrO,, Glass). The concentrations
of the SRhB—silane solutions used were ~107% ~1078,
~1071'=10"12 M for the samples for transient absorption,
ensemble average fluorescence, and single molecule fluorescence
measurements, respectively. Fluorescence (single molecule and
ensemble averaged) and transient absorption measurements were
performed with nanocrystalline thin films prepared on glass
coverslip and sapphire windows respectively.

Single Molecule Fluorescence. Excitation beam at 500 nm
was generated by frequency doubling in a BBO crystal of the
1000 nm output (100 fs, 80 MHz repetition rate) from a mode-
locked Ti:Sapphire laser (Tsunami oscillator pumped by 10 W
Millennia Pro, Spectra-Physics). The laser beam was focused
through an objective (100x N.A 1.4, oil immersion, Olympus)
onto the samples placed on a piezo scanner (Mad City
Laboratories). All wide-field-illuminated fluorescence images
were obtained using a CCD camera (Roper Scientific, VersArray
512B) under the same excitation condition (excitation wave-
length Aex. = 500 nm, average excitation power density P =
400 W/cm?).

Single-molecule trajectories were recorded by focusing the
excitation beam (~200 nW) down to a diffraction-limited spot
(~300 nm diameter) on the sample and detecting epi-
fluorescence from the sample by an avalanche photodiode (APD,
EG & G model SPCM-14). The APD output was analyzed by
a time-correlated single photon counting (TCSPC) board (Becker
& Hickel SPC 600) operating in the photon-stamping mode.*”-38
The fluorescence intensity trajectory was recorded until the
molecule underwent irreversible photobleach. The lifetime
trajectory of single molecules was created by constructing the
delay time histogram of photons with a 2 s bin time and 0.5 s
step size. The background photons for single molecules were
collected after the photobleach of the molecules, and the average
background decays within 2 s bin time were then calculated
and subtracted from the single molecule fluorescence decay
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curves. The instrument response function of the fluorescence
lifetime measurement has a full-width-at-half-maximum (fwhm)
of 500 ps.

Ensemble Fluorescence Decay and Ultrafast Transient
Absorption Measurements. Ensemble averaged fluorescence
was measured in the same setup as single molecule fluorescence
using a sample with 10 000 times higher SRhB—silane con-
centration. The samples were continuously scanned during the
measurement to average over a wide area and to avoid
photodegradation.

The visible spectrometer used for ultrafast transient absorption
experiments was based on a regeneratively amplified Ti:Sapphire
laser system (Coherent Legend, 800 nm, 150 fs, 2.5 mJ/pulse,
1 kHz repetition rate) and an optical parametric amplifier (OPA).
Pump pulses at 532 nm were generated by sum frequency
mixing of the signal outputs (80 uJ) of an IR-OPA (Clark-MXR,
pumped with 1 mJ of 800 nm pulse) and the 800 nm beam
(~100 wJ) in a BBO crystal. The diameter and energy of the
532 nm pulse were 300 um and 25 nJ/pulse, respectively. The
visible probe (white light continuum, 430 to 750 nm) was
generated by attenuating and focusing ~10 uJ of the 800 nm
pulse into a 2 mm thick sapphire window. The probe was
focused on the sample using protected Al parabolic reflectors
to a spot size of 150 um at 532 nm. After the sample, the probe
was focused into a fiber-coupled spectrometer (Ocean Optics
USB2000, 2048 pixel CCD, ~0.25 nm/pixel readout) and
detected at a frequency of 10 Hz. The pump pulses were
chopped by a synchronized chopper to the same frequency. Zero
time delay and the instrument response function were obtained
with the instantaneous ground state bleach at 550 nm of RhB
in ethanol solution. During the data collection, samples were
constantly translated at a speed of 5 mm/min to avoid photo-
degradation.

Computational Methods and Structural Models. This
section describes the computational models and methods applied
for calculations of fluorescence lifetimes of sulforhodamine
B—aminosilane—SnO, nanoparticle donor—bridge—acceptor
complexes. Fluorescence lifetimes 7° were obtained, according
to eq 2, by computing the intrinsic decay times t (=1/k¢) and
electron injection times 7 (=1/k¢) for an ensemble of configu-
rations of the system at thermal equilibrium. The quantum yield
@y, obtained from 7 and 7, according to eq 3, determines the
statistical weight of each configuration to the overall distribution
of fluorescence lifetimes 7’. Therefore, configurations with short
T have a small quantum yield and contribute little to the overall
distribution of fluorescence times since they are most likely to
undergo interfacial electron transfer and suppress fluorescence.

The intrinsic decay time 7 is obtained, according to eq 1,
from the radiative lifetime 7, (=1/k;) and the intramolecular
nonradiative decay time 7, = T, /(1 — ®). The latter, 7,,, = 7.7
ns, is estimated from the experimental fluorescence lifetime 7,
= 3.1 ns for SRhB in ethanol and the reported fluorescence
quantum yield of RhB in ethanol ® = 0.6.% The radiative decay
times 7, on surfaces are estimated as follows

L L(Z) 2 -1
L cos (06)) @)

L
T = rw(# sin®(6,) +

o0

by taking into account the effect of the dielectric interface®® on
the radiative lifetime 7.. = 11.9 ns of SRhB in water (i.e.,
infinitely far from the dielectric interface). The value of 7., was
set to reproduce the experimental fluorescence lifetime of SRhB
on a semiconductor surface where there is no IET (e.g., ZrO,).
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Figure 3. Orientation of the S;—S transition dipole moment (black
arrow) of SRhB—silane obtained at the TDDFT-B3LYP/6-31G(d) level
of theory. Color key: O (red), C (light blue), N (blue), and H (white).

The ratios of radiative power perpendicular and parallel to the
interface Ly/L.. and L,/L.., introduced by eq 4, depend on the
difference of refractive indices of the media at the interface.®!
Our calculations for water/SnO, and water/ZrO, interfaces are
based on refractive indices 1.333, 2.006, and 2.130 for water,
SnO, and ZrO,, respectively.®? These ratios also depend on the
distance z (~1 nm) of the adsorbate chromophore from the
surface, although in practice they are approximated to zeroth
order in z, as follows

==%+%%?y+m:% (5)

176)
L,

since the wavelength of the incident light 4; (~500 nm) > z.
According to eqs 4 and 5, the intrinsic lifetimes for molecules
with transition dipole moments parallel and perpendicular to
the semiconductor surface are 4.1 and 3.1 ns for SnO,, and 3.9
and 2.9 ns for ZrO,, respectively.

Computing the radiative decay time 7,, according to eq 4,
also requires the angle 6. between the emission dipole and the
surface normal for each representative configuration. Transition
dipole moments are estimated according to density functional
theory (DFT) B3LYP%/6-31G(d),**% as implemented in the
Gaussian 03 suite of computational chemistry software,’* from
computations of vertical transitions at the time-dependent (TD)
DFT% " level of theory for the SRhB—silane adsorbates with
the aminosilane linker truncated as a methyl group. Figure 3
shows the orientation of the S;~—S, transition dipole moment
with respect to the molecular structure. In the plane of the
molecule, the transition dipole moment points toward the
aminosilane linker (Figure 3, left panel) while in the direction
normal to the molecular plane, the transition dipole moment
points toward the sulfonate group (Figure 3, right panel). The
orientation of the transition dipole therefore can be correlated
with the orientation of the sulfonate group. For example, when
6. > 90° the sulfonate group is pointing toward the surface,
and when 6. < 90° the sulfonate group is pointing away from
the surface. Furthermore, when 6, ~ 180° (as oriented in Figure
2), the sulfonate group is below the three conjugated rings
relative to the surface, while 6, ~ 0° leaves the three conjugated
rings below the sulfonate group and in close contact with the
surface.

An ensemble of representative configurations was generated
by molecular dynamics (MD) simulations at 300 K to sample
the distribution of angles 6. generated by thermal fluctuations,
due to the conformational flexibility of the aminosilane linker

Jin et al.

Figure 4. (Right) Attachment of the silane linker to the SnO, surface
as described at the DFT PW91 level of theory; and (Left) Snapshot of
SRhB—silane on the (110) surface of SnO, exposed to room-
temperature humidity conditions. Color key: O (red), C (light blue), N
(blue), H (white), Si (light yellow), and Sn (gray yellow).

covalently attaching SRhB to the semiconductor surface. The
simulations were performed by using the molecular dynamics
package NAMD,” including a 2 nm thick layer of water
molecules hydrating the surface as shown in Figure 4 to mimic
the SnO, samples studied in the experiments that were exposed
to air. Under these conditions the oxide surfaces were hydrated
by layers of water molecules.”®’! All MD simulations were
subject to the constraint of fixed nuclear coordinates for the
SnO, units and the siloxane linker, as in the DFT minimum
energy configuration. SRhB—silane was described according to
the Amber’? molecular mechanics force field with atomic
charges parametrized to fit the ab initio electrostatic potential
obtained from DFT-B3LYP/6-31G(d) calculations. The SnO,
charges and interaction parameters were obtained from the work
of Bandura et al.”

The attachment of the aminosilane linker to the SnO, surface
(110) was modeled at the DFT level. The surface was
represented by a periodic slab composed of 108 [SnO;] units
(i.e., 3 layers of Sn*" ions and 9 layers of O*>” ions) with a
vacuum spacer of 10 A along the direction of the surface normal.
The surface bridging O*~ ions were capped with hydrogen atoms
and the silane molecule was adsorbed in a bridging mode
between two penta-coordinated Sn** ions on the surface (see
Figure 4). The DFT calculations were performed using the
Vienna Ab initio Simulation Package (VASP),”*"7® employing
Vanderbilt ultrasoft pseudopotentials,”’ a planewave basis
truncated at 400 eV and electron exchange and correlation
described using the PW917® functional. A 5 x 1 x 1 Monkhorst-
Pack k-point sampling was used to integrate over the Brillouin
zone.

Electron transfer times 7,, = A/y were computed for each
representative configuration generated to determine the distribu-
tion of angles .. The energy broadening y of the initially
populated electronic state in the adsorbate molecule was
computed, as follows”

y= D plE, — &l (6)
with p; the population of the i orbital with energy ¢; and

E,= Zpisi (7N
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Figure 5. Transient absorption spectra of (A) SRhB—SnO, and (B)
SRhB—silane—SnO, recorded at indicated delay time following 532
nm excitation. Also plotted along the negative vertical axis is the
ground-state absorption (GSA) of SRhB—SnO, and SRhB—silane—
SnO; (solid black lines), as well as the sum of GSA and static emission
of SRhB in ethanol (dashed black line). At early delay times, the
transient spectra consist of the bleach of ground-state absorption (~560
nm), stimulated emission (~567 nm) and excited state absorption (~460
nm) in both (A) and (B). In (A) the decay of excited state (absorption
and stimulated emission) leads to the formation of oxidized SRhB
(~494 nm) and long-lived ground state bleach, indicating the presence
of IET.

the energy of the initial state. The energies &; were obtained
from the extended Hiickel Hamiltonian of the SRhB—
silane—SnO, system,*® assuming that the surrounding solvent
has little influence on the coupling between the adsorbate
SRhB—silane and the SnO, surface. We note, however, that
the estimation of IET times based on eq 6, is most accurate for
rather short IET times (e.g., <100 fs) and is less accurate for
longer IET times since y can only be resolved to a width
comparable to the energy spacing (~0.005 eV) between
electronic states of the conduction band of the model supercell.

Results and Discussions

Ensemble Average ET Dynamics. The ensemble averaged
electron injection dynamics from excited RhB molecules to SnO,
nanocrystalline thin films have been investigated recently by
transient absorption in the visible and mid-IR.* Electron transfer
process was monitored by the decay of RhB excited state
absorption and stimulated emission and the formation of RhB
cation and injected electrons in SnO,. Similar transient absorp-
tion spectra of SRhB sensitized SnO, nanocrystalline thin films
after 532 nm excitation are shown in Figure 5A. The observed
features can be assigned following those for RhB, since the
UV—vis absorption spectrum of SRhB is only slightly red
shifted (~10 nm) from RhB.* The spectra after 10 ps consist
of a bleach of ground state absorption that agrees well with the
static absorption spectrum (solid line), and a peak at 494 nm
that can assigned to the absorption of oxidized SRhB (SRhB™).#
In the first 10 ps, the transient spectra show a decay of the SRhB
excited state (absorption at ~460 nm and stimulated emission
at ~657 nm) and the formation of SRhBT (~494 nm), indicating
ET from excited SRhB to SnO, on this time scale. The decay
of the signal at ~560 nm in the first 10 ps is attributed mainly
to the decrease of stimulated emission (550—700 nm), which
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Figure 6. Ensemble average fluorescence decays of SRhB—silane on
glass (pink open diamonds), ZrO, (black open circles), and SnO, (red
open squares), and the instrument response function of these measure-
ments (dotted line). Multiexponential fits for the data on ZrO, (black
solid line) and SnO, (black dashed line) are also shown. Averaged
fluorescence decays constructed from the sum of single SRhB—silane
decays on SnO, (blue filled triangles) and on ZrO, (cyan filled
diamonds) are also shown.

overlaps with the ground state bleach at this wavelength. This
assignment is supported by a qualitative agreement between the
transient spectra at 0.5—1 ps with a simulated spectrum
consisting of the bleach of ground state absorption (with the
same amplitude as the signal at 10—30 ps) and stimulated
emission (approximated by the static emission of SRhB in
ethanol). On the 10—1000 ps time scale, both the amplitudes
of SRhB™ absorption and ground state bleach decrease slightly
which can be attributed to the recombination of the SRhB™ with
injected electrons to reform SRhB molecules in the ground state.

Photoinduced ET from SRhB to SnO, should also occur in
the donor—bridge—acceptor complex, although the rate is
expected to be significantly slower due to the presence of the
aminosilane bridge. The transient absorption spectra of
SRhB—silane—SnO, are shown in Figure 5B. In this case, the
decays of excited state absorption (~460 nm) and stimulated
emission (550—700 nm) did not lead to the formation of SRhB*
(absorption at ~494 nm) on the same time scale. Instead, they
lead to regeneration of the ground state as indicated by the
recovery of the ground state bleach. The presence of an
isosbestic point at 510 nm further indicates that the transient
spectra in this region consist of two species (excited absorption
at 460 nm and ground state bleach) that are formed instanta-
neously and decay with the same kinetics. The excited state
decay occurred in a few hundreds of picoseconds, much shorter
than the 3 ns excited state lifetime of isolated SRhB in solution.
This decay is attributed to the quenching between excited dye
molecules on SnO; films, similar to that observed for RhB/ZrO,
in which ET from excited RhB to ZrO, is not energetically
allowed.® Under these conditions, the interfacial ET rate is
slower than the quenching rate among excited adsorbate
molecules (a few hundred picoseconds). Unfortunately, the
sensitivity of the transient absorption measurement is not
sufficient to carry out studies under lower excitation power and/
or dye coverage, at which the self-quenching effect can be
reduced.

To reduce chromophore self-quenching effect, we measured
ensemble averaged ET dynamics by TCSPC, which can be
performed at much lower dye coverage and excitation power.
For these measurements, we prepared SRhB—silane—SnO, (or
71O, or glass) with chromophore concentration as low as ~1078
M (10 000 times lower than the transient absorption study). As
shown in Figure 6, the fluorescence decays of SRhB—silane—
7ZrO, and SRhB—silane—glass are similar, whereas it is faster
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TABLE 1: Bi-Exponential Fitting Parameter for Fluorescence Decay of SRhB—silane on ZrO, and SnO,"
ai 71 (HS) a T2 (I'IS) Tave (HS)
SRhB—silane—ZrO, 0.45 4+ 0.02° 43402 0.55 +0.02 2.7+0.1 34+04
SRhB—silane—SnO, 0.36 £ 0.01 3.7+£02 0.64 £+ 0.02 1.8 £0.04 25+02

“@a; and 7; are amplitudes and time constants of i (=1,2) exponents, and 7, is the amplitude weighted average time constant, as defined in

eq 9. ? Errors indicates one standard deviation.

in SRhB—silane—Sn0O,. ET from SRhB to ZrO, is not energeti-
cally allowed because the conduction band edge position of ZrO,
is higher than the oxidation potential of excited SRhB. Because
the refractive index and morphology of ZrO, films are similar
to SnO,, the effects of the dielectric constant on the radiative
lifetime of the molecules on these surfaces are similar, which
will be detailed later in the computation result section.%6?
Therefore, we attribute the faster fluorescence decay on SnO,
to IET from SRhB—silane to SnO, nanoparticles.

The fluorescence decays for SRhB—silane—ZrO, and
SRhB—silane—SnO, can be well fit by biexponential kinetics,
S(z)

St =a,e"™ + ae "™ )

where ¢; and 7; are amplitudes and time constants of the i
(=1,2) exponential component. From these fitting parameters,
the amplitude weighted average time constant, 7,, can be
calculated

a,t, + a,T
;= 4n 20 ©)

ave
a, *+ a,

These fitting parameters and the average time constants are
listed in Table 1. As indicated by the biexponential kinetics
and confirmed by the single molecule studies to be shown below,
there is a distribution of ky on ET inactive substrates, which
prevents an accurate determination of ET rate by comparing
lifetimes on ET active and inactive substrate according to eqs
1 and 2. As a rough estimate, we assumed that 1/ky = 3.2 ns,
the average lifetime on ZrO,, and from the average lifetime on
SnO,, we calculated an average ET time of 11 ns. The ET time
in SRhB—SnO, is about a few picoseconds. For the
SRhB —silane—SnO, complex, there are 9 bonds separating the
conjugated region of the chromophore and the SnO,. Assuming
an exponential decay constant of roughly 1 per bond,?' we
estimate an ET time in this donor—bridge—acceptor system of
~10 ns, similar to the average IET time estimated from the
measured fluorescence lifetimes.

Wide-Field Imaging of Single Molecules. To confirm that
the ET activity is also present under single molecule conditions,
we compared samples of SRhB on SnO, and on glass prepared
with similar number densities of SRhB molecules. As shown
by the wide-field-illuminated fluorescence images of these
samples, the number of observable single molecules on SnO,
(Figure 7B) is much less than that on glass (Figure 7A). This
comparison confirms that on SnO,, fluorescence of SRhB is
quenched due to electron transfer on the picosecond time scale.
It is interesting to note that fluorescence lifetimes of the few
observable molecules are around 3 ns, which is similar to the
lifetime on the glass surface. Under these conditions, the
molecules detected by single molecule fluorescence measure-
ments account for a few percent of the excited state population,
and these molecules either inject electrons at a slow rate

Figure 7. Wide-field-illuminated fluorescence images (25 ym x 25
um) of similar numbers of single SRhB molecules dropped on glass
(A) and a SnO; film (B), and similar numbers of single SRhB—silane
molecules immobilized on ZrO, (C) and SnO, (D) nanocrystalline thin
films. All images are obtained under the same condition (Aex: 500 nm;
Peye. = 400 W/cm?).

(<1/(3 ns)) or do not undergo IET at all. Similar observation has
been reported before for RhB molecules on Sb—SnO, (ATO).*

The long-fluorescence lifetime (slow ET rate) of the
SRhB—silane—SnO, complexes enable their study by single
molecule fluorescence spectroscopy. This is confirmed by
comparing the wide-field-illuminated fluorescence images of
single SRhB—silane molecules immobilized on ZrO, (Figure
7C) and SnO, (Figure 7D) films. These samples were prepared
with similar number densities of SRhB—silane molecules.
Indeed, similar numbers of single molecules were observed on
these substrates, suggesting the sampling of most molecules on
ET active substrates. Furthermore, as shown in Figure 6, the
sums of the fluorescence decays of 103 and 68 single
SRhB—silane molecules on SnO, and ZrO,, respectively, are
similar to the ensemble averaged fluorescence decays on these
substrates, confirming a near complete sampling of all molecules
under single molecule conditions. Therefore, the single molecule
ET dynamics to be discussed below represents the dynamics of
the whole ensemble.

Single Molecule Dynamics on ZrQ,. The nonsingle expo-
nential fluorescence decay of SRhB—silane on ZrO, and SnO,
suggests inhomogeneous distributions of lifetimes. To quantify
these distributions and investigate their origins, we have
measured the fluorescence lifetime of single molecules. For each
single molecule, the trajectory of fluorescence intensity and
lifetime are recorded. The intensity was calculated with bin time
of 0.1 s and lifetime trajectory was obtained with 2 s bin time
and 0.5 s step size.

We first discuss the result of 68 single molecules on ZrO,
where ET is not expected. Figure 8 shows two typical single
molecule fluorescence and lifetime trajectories on ZrO, as well
as their corresponding lifetime histograms. The lifetime histo-
grams were constructed with a step size of 200 ps, which is the
accuracy of lifetime measurement in this study. Shown in Figure
8F is a plot of chi-square of single exponential fit as a function
of lifetime for a total of ~800 photons for a single
SRhB—silane—Sn0O,. This corresponds to the lowest number
of total photons in a 2 s window and represents the largest
uncertainty in lifetime determination. The change in y? increases
by ~20% when lifetime deviates from the best fit value by ~200
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Figure 8. (A,B) Typical fluorescence intensity (black) and lifetime
(red) trajectories of two single SRhB—silane molecules on ZrO,, and
(C,D) their corresponding lifetime histogram. (E) The fluorescence
decay curves of the points P1 and P2 in C. (F) Change of y* of single
exponential fit to a fluorescence decay curve (shown in inset) as a
function of lifetime for SRhB—silane—SnO,.

ps. As an example, we compare in Figure 8E the fluorescence
decay curve for two points (P1 and P2) in the lifetime trajectory
shown in Figure 8C. The best fit lifetime values of these points
are 3.3 and 2.8 ns respectively, and their decay curves can be
differentiated.

From each single molecule fluorescence lifetime histogram,
we compute the average (7°y.) and standard deviation (o) of
lifetimes

S

2 Pit;
i
‘L’ =
ave z »,
i
Z pi(Ti - Tave)2
i

(XZpi— D

(10)

where p;, and t; are the occurrence and lifetime of the lifetime
histogram for each molecule. As shown in Figure 9E, the
average lifetimes of single molecules vary from 2.4 to 4.6 ns
with a peak at 3.2 ns. Most (90%) single molecule trajectories
show a small fluctuation of lifetimes around their average values
(0< 0.4 ns). As indicated by the individual trajectories (see for
example, Figure 8B), the lifetime fluctuation appears to have
no correlation with change in fluorescence intensity.

Because lifetime fluctuates over the duration of measurement
for each molecule, the distribution of average lifetime does not
adequately describe the ensemble distribution of lifetime.
Instead, we added up the lifetime histograms of all single
molecules. The resulting total histogram shown in Figure 9E
should reflect the lifetime distribution of the whole ensemble.
The distribution can be well described by a Gaussian function
with a center at 3.3 ns and a fwhm of 0.9 ns. It is worth noting
that although the ensemble average fluorescence decay of this
sample can be fit phenomenologically by biexponential decay
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Figure 9. Histograms of average single molecule fluorescence lifetime
(A and B), standard deviations (C and D), total lifetime distribution (E
and F), and survival times (G and H) for SRhB—silane on ZrO, and
SnO,, respectively. The total lifetime distribution histograms are the
sum of lifetime histrograms of all single molecules.

(see Figure 6), this fit does not reveal the underlining hetero-
geneous distributions. Through the study of single molecules,
these distributions can be revealed.

Single molecule lifetimes on an ET inactive substrate depend
on radiative and nonradiative rates. The nonradiative decay rate
of RhB is determined by polarity and rigidity of the medium
because of the presence of twisted intramolecular charge-transfer
(TICT) excited states.®?%3 Its quantum yield was about 1 in a
rigid environment and radiative decay time was about 5 ns in
alcohols.>® An increase in the nonradiative decay rate will lead
to a decrease in the fluorescence quantum yield and lifetime.
As shown in Figure 8, there is no correlation between the
fluctuations in lifetime and intensity. For example, the molecule
in Figure 8B shows a sudden change of fluorescence intensity
at ~115 s but with a negligible change of fluorescence lifetime.
Therefore, the observed distribution and fluctuation of lifetimes
cannot be attributed to a fluctuation in nonradiative decay rate.
For a fluorescence molecule at an interface, its radiative lifetime
depends on the refractive index of the media and the orientation
of the molecule relative to the interface normal.®*%* A distribu-
tion of single molecule lifetimes on glass due to variation of
orientation has been observed in previous studies.’*% We
attribute the observed lifetime distribution to the distribution
and fluctuation of the orientation of SRhB—silane molecules
relative to surface normal. This orientation change may increase
or decrease the emission intensity, depending on how it affects
the projection of the transition dipole relative to the polarization
of the linearly polarized excitation pulse. As we will discuss
below, the presence of the bridge introduces conformation
flexibility in the donor—bridge—acceptor system studied here.
In addition to the fluctuation of lifetimes, the single molecule
trajectories on ZrO, (such as those shown in Figure 8) also
exhibit variation of fluorescence intensity. These intensity
fluctuations are similar to other single molecules on non-ET
active substrates and have been attributed to spectral diffusion
and formation of nonemissive states. %3085~

Single Molecules on SnO,. Single SRhB—silane molecules
(103) on SnO, were studied by single molecule fluorescence
spectroscopy. Fluorescence intensity and lifetime trajectory were
constructed for each single molecule, except for nine of them,
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Figure 10. Typical fluorescence intensity (black) and lifetime time
(red) trajectories of three single molecules of SRhB—silane on SnO,
(A—C) and their corresponding lifetime histograms (D—F). The insets
in (B) and (C) show the fluorescence intensity as a function of lifetime
for these molecules. The fluorescence decays and their single expo-
nential fits of selected points P1 (black circles) and P2 (red circles) in
trajectory (C) are shown in (G). The average lifetimes (black filled
circles) and standard deviations (pink open circiles) of single molecules
as a function of survival times are shown in (H).

which photobleached after 2—3 s. Shown in Figure 10 are
examples of a few typical molecules. Compared to ZrO,, the
trajectories of single molecules on SnO, show different char-
acteristics due to the presence of the IET pathway. The following
are the main differences.

(1) Shorter lifetime and broader distribution: As shown in
Figure 9B, the average lifetime on SnO, shows a peak centered
at ~2.6 ns and a broad distribution from 600 ps to 4 ns. The
total histogram of lifetimes on SnO, (Figure 9F) shows Gaussian
distributions with center and fwhm of ~2.6 and 1.5 ns. The
peak position is shifted to shorter lifetimes and width is much
broader compared to those on ZrO,. A shorter average single
molecule fluorescence lifetime of SRhB—silane on SnO, can
be attributed to the presence of IET activity, consistent with
the observations of ensemble averaged measurements. A
broadened distribution of lifetimes on SnO, suggests additional
broadening due to the distribution of IET rates.

(2) Larger fluctuation of lifetimes within each trajectory.
Approximately 60% of single molecule trajectories show small
fluctuation of lifetimes (o0 < 0.4 ns), similar to those on ZrO,.
The remaining 40% of molecules show larger fluctuations
(0> 0.4 ns). Furthermore, in these trajectories lifetime decrease
is accompanied by a decrease in fluorescence intensity. This
correlation indicates that the lifetime fluctuation is caused by
changes in nonradiative decay rates. Among these highly
fluctuating molecules, single molecule lifetime histograms are
broad, as shown in Figure 10C. In some of these molecules,
their lifetimes can change over 2 ns over the duration of the
trajectory. The larger fluctuation of lifetimes can be attributed
to the fluctuation of IET rates in these donor—bridge—acceptor
complexes. An increase in IET rate should reduce the fluores-
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cence lifetime and quantum yield, accounting for the observed
correlated lifetime and intensity fluctuations.

(3) Shorter survival time. The survival times of single
molecules on SnO, are shorter than those on ZrO,, as shown in
Figures 9G,H. The average survival times of single SRhB—silane
molecules on ZrO, and SnO, are 135 and 44 s, respectively.
IET to SnO, generates oxidized SRhB radical, which is less
stable than the ground state molecules and is responsible for
the shorter survival time of single molecules on SnO,. In
molecules with shorter survival time, their average fluorescence
lifetimes appear to be shorter and their fluctuations (as measured
by standard deviation) appear to be smaller, as shown in Figure
10H. It is unclear whether the limited survival time in these
trajectories has prevented the sampling of their fluctuations.

ET rate is determined by the electronic coupling between the
excited state of the dye molecule and the semiconductor
conduction band, driving force, total reorganization energy, and
density of states of semicondcutor.®*# Distribution of reorga-
nization energy was reported in a previous study of Raman
spectrum of single TiO, particles sensitized by dye molecules.”
In addition, static and dynamic heterogeneity of the driving force
and electronic coupling strength can also lead to the observed
distribution and fluctuation of ET rates. The driving force is
determined by the energy of accepting states in the semiconduc-
tor and the excited state oxidation potential of the dye molecule.
The former is dependent on conduction band edge position,
which has been shown to be sensitive to surface charge, such
as protonation state.”*? Single molecule spectral diffusion has
been observed, suggesting possible fluctuations of the excited
state oxidation potential of the dye.®3¢ The electronic coupling
is strongly dependent on the molecule—substrate interaction,
which is likely dependent on the adsorption sites. In the
donor—bridge—acceptor system, ET from SRhB to SnO, can
occur either through superexchange via the silane bridge units
or through space. For both pathways, the coupling strength is
sensitive to the conformation of the donor—bridge—acceptor
complex. To provide further insight into the observed fluctuating
single molecule IET dynamics, we have also carried out
computational modeling of single SRhB—silane—SnO, donor—
bridge—acceptor complexes.

Computational Results. Figure 11 shows the ensemble
distribution of angles 6. and adsorbate—surface separations,
measured as the distance from the adsorbate center of mass to
the semiconductor surface, obtained for an ensemble of con-
figurations generated by MD simulations of SRhB-—silane
anchored to the SnO,(110) surface. Figure 11 shows that the
distribution of angles is peaked at ~140 % 20°, indicating that
the orientation of the adsorbate with sulfonate group pointing
toward the semiconductor surface remains quite constrained for
a wide range of configurations. The broad distribution of
adsorbate—surface separations in the 4—18 A range, indicates
that even with a relatively constrained orientation the flexibility
of the aminosilane linker allows the linker to get partially
solvated and separate from the surface. Most of the underlying
broadening is due to the partial solvation of the adsorbate on
the hydrated SnO, surface and is not observed in analogous
MD simulations of SRhB—silane attached to dry SnO,, where
the dominant interactions force SRhB—silane to remain in close
contact with the SnO, surface.

Figure 12 shows the computed distribution of IET times, 7gr,
obtained from an ensemble of 50 000 configurations of the
SRhB—silane—SnO, system at room temperature, sampled from
100 independent MD trajectories for 1 ns. Figure 12 shows that
the distribution of electron injection times is broad with an
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Figure 12. Distribution of IET times obtained as described in the text
for an ensemble of 50 000 configurations of the SRhB—silane(H,O)n—
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Figure 13. Distributions of intrinsic lifetimes 7 (without IET), obtained
according to eq 1 for SRhB—silane molecules attached to ZrO, (top
panel, black) and SnO, (middle panel, blue), along with the calculated
distribution of observed fluorescence lifetimes 7’(with IET) for
SRhB—silane molecules attached to SnO, (red).

average injection time of 27.5 ns but with most of the
configurations injecting in less than ~1 ns. The analysis of
injection times, as correlated to the orientation and separation
of the adsorbate from the surface, indicates that most of the
broadening of the distribution shown in Figure 12 is due to the
effect of conformational flexibility on the electronic couplings
responsible for electron injection.

Figure 13 shows that the distributions of intrinsic fluorescence
lifetimes for SRhB—silane on SnO, (middle panel) and ZrO,
(top panel) are quite comparable, centered at ~3.4 and ~3.2
ns, respectively. However, due to the effect of IET into SnO,
(not observed in ZrQ,), the distribution of observed fluorescence
lifetimes for SRhB on SnO; is shifted by about 1 ns to shorter
times (i.e., from ~3.4 ns to an average fluorescence lifetime of
~2.3 ns) and broadened when compared to the distribution of

total fluorescence lifetimes for SRhB on ZrO,. These compu-
tational results are partially consistent with the experimental
observations, reported in Figure 9, where the distribution of
lifetimes for SRhB on SnQO, is broadened and shifted to shorter
times (also by ~1 ns) when compared to the distribution of
lifetimes for SRhB on ZrO,. The simulations, however, predict
a broader distribution most likely due to the inherent limitations
of the computational method applied for estimations of electron
injection times. It should also be noted there are likely
distributions of adsorption sites and exposed surfaces on the
nanocrystalline films that are studied by the single molecule
experiment. These heterogeneities have not been accounted for
by the current computational model.

Conclusions

We have investigated the photoinduced interfacial electron
transfer process in sulforhodamine B—aminosilane—SnO, nano-
particle donor—spacer—acceptor complexes by ensemble aver-
age and single molecule spectroscopy. Femtosecond pump—
probe transient absorption spectroscopic study shows that in the
absence of the spacer ET from SRhB to SnO, occurs on the a
few picoseconds time scale. In the presence of aminosilane
spacer, ET rate from SRhB to SnO, is reduced to the nanosecond
time scale, which is observed by ensemble average fluorescence
lifetime measurement. Wide-field fluorescence images of single
SRhB molecules (without spacer) on SnO, and glass show that
only a smaller number of molecules in the former are observable
under single molecule conditions, indicating an incomplete
sampling of molecules undergo ultrafast ET on SnO,. Wide-
field images of SRhB—silane—SnO, and SRhB—silane—ZrO,
show similar numbers of observable single molecules. Further-
more, the sum of single molecule decays is shown to be in
agreement with the ensemble average fluorescence decay for
SRhB—silane—SnO,. These comparisons suggest a nearly
complete sampling of the donor—bridge—acceptor complexes
under single molecule conditions.

On the single molecule level, SRhB—silane—Z7rO, shows a
Gaussian distribution of lifetimes with a center a 3.2 ns and a
fwhm of 0.9 ns. This is attributed to the distribution of
orientation of the molecules relative to surface normal, which
leads to variation of radiative decay rates. SRhB—silane—SnO,
shows a Gaussian distribution of lifetimes with a center a 2.6
ns and a fwhm of 1.5 ns. Shortened lifetime and broadened
distribution is attributed to the presence of IET activity in these
complexes, which introduces an additional nonradiative decay
channel. It is shown that both static distribution and dynamic
fluctuation of IET rate are present. Computational modeling of
the complexes shows a distribution of molecular conformations,
which leads to a distribution of electronic coupling strengths
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and ET rates. It is likely that the conversion between these
conformations leads to the fluctuation of IET rate and fluores-
cence lifetime on the single molecule level.

Our study demonstrates that interfacial electron transfer can
be studied by single molecule spectroscopy. Single molecule
IET studies can determine the distribution of IET rates that
underlies the nonsingle exponential kinetics observed in en-
semble average measurements. Furthermore, a comparison of
single molecule IET study with computational modeling pro-
vides detailed insight to the nature of static and dynamic
heterogeneity that is difficult to reveal by ensemble average
studies alone.
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