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Abstract: We report on single-molecule studies of photosensitized interfacial electron transfer (ET)
processes in Coumarin 343 (C343)—TiO nanoparticles (NP) and Cresyl Violet (CV*)—TiO, NP systems,
using time-correlated single-photon counting coupled with scanning confocal fluorescence microscopy.
Fluorescence intensity trajectories of individual dye molecules adsorbed on a semiconductor NP surface
showed fluorescence fluctuations and blinking, with time constants distributed from milliseconds to seconds.
The fluorescence fluctuation dynamics were found to be inhomogeneous from molecule to molecule and
from time to time, showing significant static and dynamic disorders in the interfacial ET reaction dynamics.
We attribute fluorescence fluctuations to the interfacial ET reaction rate fluctuations, associating redox
reactivity intermittency with the fluctuations of molecule—TiO; electronic and Franck—Condon coupling.
Intermittent interfacial ET dynamics of individual molecules could be characteristic of a surface chemical
reaction strongly involved with and regulated by molecule—surface interactions. The intermittent interfacial
reaction dynamics that likely occur among single molecules in other interfacial and surface chemical
processes can typically be observed by single-molecule studies but not by conventional ensemble-averaged
experiments.
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processes take place on a longer time scale, ranging from
subnanoseconds to several milliseconds, probably due to the
existence of trap states and non-Brownian diffusion motions of
the electrons in semiconductors. Furthermore, the dynamics of
the BET processes are often nonexponential or stretched-
exponential?20.22-28,34,46-42,45.48 Designing an efficient solar
energy harvesting system entails controlling the rate of the BET
process in order to generate long-lived charge-separated states.
Characterizations of the electron trap states and localized
subband states are important because these states play a
regulating role on inhomogeneous BET dynamics and, in turn,
the fluorescence dark-state lifetimes of the oxidized dye
molecules.

The inhomogeneous nanoscale moleewderface and mol-

Figure 1. Schematic presentation of a model of photoinduced processes ecule-molecule interactions are presumably the origins of the

in a dye-sensitized TiPsystem.

inhomogeneities in the interfacial ET dynamics has been
revealed. However, significant questions remain on character-
izing the inhomogeneitie'$;18.20,2229,34,35,37,40,4246,48 Photo-

excitation of dye molecules adsorbed on the surface of wide

band gap semiconductors such as J&d SnQ result in the

injection of electrons from the dye molecules to the conduction
band of the semiconductor or energetically accessible surface

electronic state¥}~12.16-37:40-49.54 A general model of photo-

induced processes in a dye-sensitized semiconductor system may
be represented as in Figure 1. The forward electron transfer

(FET) kinetics in various dyeTiO, ET systems are nonexpo-

nential, with half-times disseminated in the femtoseconds to
several hundred picoseconds raAgEs-202324.28,29,36,4246,48
Following the FET, the thermalized injected electron is localized
to either subband states or surface states of the 3&icon-

ductor816,20,24,25,29,40,44,46,48 5y pically, a backward electron

transfer (BET) from the semiconductor to the oxidized dye
molecules will follow?19.20:22-28,34,46-42,4548 | interfacial ET
systems, a BET process is possible by thermal detrapping of
the electrons from the total electron density of the reduced
semiconductor and recombining the electrons with the oxidized
dye moleculed® Compared to ultrafast FET processes, BET
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complexity in interfacial ET dynamics. These nanoscale inho-
mogenities at interfaces or on surfaces make it highly difficult
for ensemble-averaged measurements to dissect the complex
interfacial ET processes, which, from time to time, have
produced different experimental results, such as the reported
rate constant§18-20.23.24.26,28,29,36,426,48,560f FET and BET. The
difficulty comes from both spatial and temporal inhomogene-
ities, which can be identified, measured, and analyzed best by
studying one molecule at a time in a specific nanoscale local
environment.
Single-molecule spectroscopy has been demonstrated to be
a powerful approach for studying complex systems and inho-
mogeneous dynamits®® and has also been applied to intramo-
leculaP® and interfacial ET investigatior?§:3” To account for
the inhomogeneous rates of the ET that originate from intrinsic
complex dynamic reaction processes, we studied the dynamics
of interfacial ET processes of individual dye molecules adsorbed
on the surface of Ti® nanoparticles (NPs). With single-
molecule spectroscopy, this study of interfacial ET dynamics
of individual molecules avoided interference from (i) molecular
aggregation, (ii) multiple electron injection to a single particle,
and (i) multiple electror-cation recombinations on the surface
of a single particle.

For modeling interfacial ET systems, we chose to study
Coumarin 343 (C343)TiO, NP and Cresyl Violet (CV)—
TiO2 NP systems. These systems exhibit a number of amenable
properties for such research: (i) since a 7g@miconductor is
an essential substrate in many solar cells, interfacial ET
processes in dyeTiO, NP systems have a potential industrial
importancet~2 (i) the high fluorescence quantum efficiencies
of C343 @; = ~0.7¢* and CV" (& = ~0.5455% make it
feasible to use single-molecule fluorescence spectroscopy to
study interfacial ET processes; (iii) it has already been dem-
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onstrated that C343242844and CV"34:3537.67.683dsorbed on
semiconductor surfaces are efficient electron donors under
photoexcitation; (iv) the systems can be used to validate single-
molecule spectroscopy as a way to study interfacial ET processes
involving chromophores that absorb in the near-UV (C343) and
visible region (CV}); and (v) the oxidized dye molecules have
different charge densitiest2 charges on CV and-1 charge

on C343, making them an informative comparison. Interfacial
ET processes involving C343 have been explicitly proven by
probing the ultrafast ET processes and ET products (cation
radical of C343 and trapped electron in illoidal particles)

in thorough ensemble-averaged studies of the ,FiC343
system?224.28.44.8qnterfacial ET processes involving monomers

or aggregates of CVas electron donor have been reported in

a previous single-molecule ET studyand in other ensemble-
averaged ET studie4:3537.67.68Here, we report on interfacial D
ET dynamics of single molecules of C343 and C&dsorbed

on TiO, NP surfaces. Having observed single-molecule fluo-
rescence intensity fluctuations and blinking, we attribute these
phenomena to intermittenty 72 of the interfacial ET processes.

15nm

Experimental Section

2 um 2 um

Materials and Methods. C343, titanium isopropoxide, poly(methyl  Figyre 2. A high-resolution TEM image of Ti@NPs obtained under 300
methacrylate) (PMMA) (av MW= 12 000), acetone, and toluene were  kV acceleration and 600 k magnification (A). AFM images obtained for a
purchased from Aldrich, and Cresyl violet acetate was purchased from 0.8 uM colloidal TiO, NP solution spin-coated on a cover glass slip (B)
Exciton Inc.. All the reagents were used as supplied. Cover slips (Fisher) (samples prepared under this condition were overcoated with C343'br CV

were thoroughly cleaned by sonication in aqueous NaOH solution (0.1 dye molecules and used in single-molecule fluorescence studies) and a 40
any Y q ( nM colloidal TiO, NP solution spin-coated on a freshly cleaved mica surface

M), deionized Wate_:r, a_cetone, and_deionized water, respectiyely, gach(c). Fluorescence images of single molecules of C343 (D) andl (&Y
for 15 min and dried in a jet of nitrogen gas. Nanometer-size;TiO  gpin-coated on Ti@NP coated cover glass slips (topographies of these
particles were prepared by the hydrolysis of titanium isopropoXide. samples are identical to those in B). The scale bar in image A is 5 nm, and
Single-molecule control samples were prepared by first spin-coating a those in images D and E areun.
25 ul, 0.1 nM aqueous solution of a dye (C343 or Q\bn a clean
cover slip at 3000 rpm, followed by overlaying a PMMA film by spin- Single-Molecule Fluorescence Spectroscopy and Imagingve
coating a 5QuL toluene solution of PMMA (1 mg/mL) at 3000 rpm.  studied the single-molecule interfacial ET dynamics of C3#®, NP
Samples for the study of single-molecule ET processes were preparedand CVF—TiO, NP systems by probing the single-molecule fluores-
by first spin-coating a 5@L dilute solution of TiQ NPs (containing cence intensity time trajectories. Single-molecule fluorescence images
~0.8uM TiO,) on a cover slip at 3000 rpm, followed by spin-coating and fluorescence intensity trajectories were recorded using a Zeiss
a 0.1 nM (25uL) agueous solution of a dye (C343 or CV Finally, inverted sample-scanning confocal microscope, equipped with a 100
the dye molecules were covered using an overlayer of PMMA produced x 1.3 NA oil immersion objective (Zeiss FLUAR), single-photon-
by spin-coating a 5@L toluene solution of PMMA (1 mg/mL). Ti® counting avalanche photodiode (APD) detector (Perkin-Elmer SPCM-
NP samples for atomic force microscopy (AFM) were prepared by spin- AQR-15), homemade photon time-stamping electrofiesid scanning
coating a 5QuL stock TiO, NP solution. piezo-electric stage (QI NPS 3330, Queensgate Instruments, Berkshire,
Characterization of the TiO, NPs.We characterized the phase and England). Experiments in an inert atmosphere were carried out under
the size of TiQ NPs using transmission electron microscopy (TEM) a controlled flow of N gas using a flow controller (A55496-Harvard
and AFM imaging. TEM images show crystal lattice fringes, charac- Apparatus, MA). A 568 nm cw Krypton laser (Coherent Innova) was
teristic of the Anatase phase of TifIPs (Figure 2A). Characterization ~ used for exciting CV molecules, and C343 molecules were excited
of the size of the NPs was made using AFM tapping-mode imaging in using a 441.6 nm cw HeCd laser (Linconix). Excitation power used
air (Figure 2B and C). Figure 2B shows a high density of ;lINPs on for imaging was 500 nW, and that for trajectory recording was 250
a cover glass surface. The samples prepared under essentially the sam@WV.
coverage of Ti@ nanoparticles were used in the single-molecule ET The transition dipole orientations of single molec@lés’6-¢3 were
dynamics studies in this work. The size and size distributions of the determined by analyzing fluorescence intensity trajectories, which were
NPs are more clearly represented in an AFM image (Figure 2C) of a recorded upon a modulated linear polarized laser excitation. In these
sample prepared by spin-coating a 20-times diluted, N® colloidal
solution on a mica surface. The sizes of TiIPs, based on the height  (75) Hu, D. H.; Lu, H. P.J. Phys. Chem. R003 107, 618-626.

measurements by AFM’ ranged from 6 to 15 nm. (76) (33L6ttler, F.; Croci, M.; Renn, A.; Wild, U. Zhem. Phy31996 211, 421—
430.
(77) Bloess, A.; Durand, Y.; Matsushita, M.; Schmidt, J.; Groenen, ECh&mn.
(67) Parkinson, B. A.; Spitler, M. TElectrochim. Actal992 37, 943-948. Phys. Lett.2001, 344, 55-60.
(68) Kietzmann, R.; Willig, F.; Weller, H.; Vogel, R.; Nath, D. N.; Eichberger,  (78) Ha, T.; Laurence, T. A.; Chemla, D. S.; WeissJSPhys. Chem. BR999
R.; Liska, P.; Lehnert, Mol. Cryst. Lig. Cryst.1991, 194, 169-180. 103 6839-6850.
(69) Leytner, S.; Hupp, J. TThem. Phys. LetR00Q 330, 231-236. (79) Sick, B.; Hecht, B.; Novotny, LPhys. Re. Lett. 200Q 85, 4482-4485.
(70) Wang, J.; Wolynes, FPhys. Re. Lett. 1995 74, 4317-4320. (80) Sepiol, J.; Jasny, J.; Keller, J.; Wild, U. €@hem. Phys. Lettl997 273
(71) Jung, Y. J.; Barkai, E.; Silbey, R. Ghem. Phys2003 284, 181-194. 444—448.
(72) Toniolo, C.; Provenzale, A.; Spiegel, E. Rhys. Re. E 2002 66, 066209- (81) Dickson, R. M.; Norris, D. J.; Moerner, W. Phys. Re. Lett. 1998 81,
1-12. 5322-5325.
(73) Xie, X. S.J. Chem. Phys2002 117, 11024-11032. (82) Bartko, A. P.; Xu, K. W.; Dickson, R. MPhys. Re. Lett.2002 89, 026101-
(74) Duonghong, D.; Borgarello, E.; Gezl, M. J. Am. Chem. S0d.981, 103 1-4.
4685-4690. (83) Vacha, M.; Kotani, MJ. Chem. Phys2003 118 5279-5282.
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Figure 3. Steady-state absorption and emission spectra of methanol § 15
solutions of C343: (A and B) absorption spectra in the absence andinthe £ 0 0 5 10 5 30
presence~{10uM) of TiO2 NPs, respectively; (C and D) emission spectra
in the absence and in the presened @ uM) of TiO2> NPs, respectively. 60 D
The red-shift in the absorption spectrum is due to charge-transfer interac- 40
tions, and fluorescence quenching is due to interfacial ET. 20
0 idroordl
measurements, a combination of an electro-optical modulator (Laser- e D 115 20 25
matrix 3079.6, Fast-Pulse Technology, NJ) and a quarter wave plate Time (s)

was used to change the excitation polarization. The linear polarized Figure 4. Fluorescence intensity trajectories collected in air for single
laser was passed through the electro-optical modulator, and themolecules of C343 or CV, with samples prepared by spin-coating agqueous

polarization was rotated at 1 kHz using a voltage controller (ConOptics dYe solutions (0.1 nM) on cover glass slips or on 7P coated cover
302, Danbury, CT) glass slips and overlaid with a thin film of PMMA: (A) trajectory of C343

) . in the absence of TIONP; (B and C) trajectories of C343 in the presence
Solutions (25L, 0.1 nM) of the dye molecules were spin-coated o Tjo, NPs; and (D) trajectory of CVin the presence of TIONPs. The

on a glass surface or on a T®IP coated glass surface and covered pinning time for the trajectories was 10 ms. The fluorescence fluctuation
using a thin film of PMMA to protect the dye molecules from oxygen- characteristics observed {8) are due to intermittent interfacial ET

associated photobleaching. Fluorescence images (Figure 2D and E) ofeactivity.

single molecules of C343 and C\6n a TiQ, NP coated glass surface . . . .
were obtained by raster-scanning the samples over a focused laser spd?f TiO2 NPs. In our experiments, a thin layer of HBPs was

of ~300 nm diameter. Discrete fluorescence spots in Figure 2D and E SPin-coated on a glass cover slip (Figure 2B), followed by spin-
were attributed to single dye molecules, based on irreversible photo- coating a solution (0.1 nM) of C343 or CVThe dye molecules
bleaching in a single step and by identifying the polarized emissions. were covered using a thin film of PMMA by spin-coating a
A higher background emission was observed for C3%®, NP toluene solution of PMMA (1 mg/mL). Fluorescence intensity
samples while using a 441.6 nm excitation as compared to that from trajectories of C343 and CVsingle molecules adsorbed on bare
_CV+_Ti02 samples e_xcited at 568 nm. Single-molecule fluorescence glass surfaces and on the surfaces of;TNP’s were measured
images frorr:? E34|3|;I'|f)2dNP sarrrples_typlcally prod6uced a lower by single-photon time-stampin§.Uninterrupted fluorescence
contrast, which Is likely due to the excitation at 441.6 nm generating gia105 " j e, no fluorescence blinking or fluctuation, were
a higher background emission from BLi®P because the excitation is . .
close to the band gap excitation-a8.2 eV. essentially observed for both C343 and Cholecules in the
absence of Ti@NPs on insulating glass surfaces. Figure 4A
Results and Discussion shows a typical fluorescence intensity trajectory of a single C343
We examined the absorption and emission properties of C343 molecule on a glass surface. Dye molecules at the singlet excited
and CV* dye molecules in solutions and in the presence of states exhibit different excited-state electronic deactivation
electron-accepting TIONPs. Figure 3 shows absorption (trace Processes: internal conversion, _ fluorescencg emission, and
a) and emission (trace c) spectrums of C343 dye solutions in intersystem crossing to a dark triplet state (Figure 1). Under
the absence and in the presence of JTIPs. ambient conditions and millisecond temporal resolutions, it is
The absorption band of C343 dye shows a red shift20 rare to observe fluorescence blinking of these molecules due to
nm in the presence of TKONPs (trace b in Figure 3). intersystem crossing to the dark triplet-state and ground-state
Furthermore, the fluorescence of C343 dye solution is consider- "€COVery. These processes usually occur on a much shorter time
ably quenched in the presence of 3iPs (trace d in Figure ~ Scale; for example, quenching of the triplet state by oxygen is
3). The red shift in the absorption and the fluorescence N @ Sub-millisecond time scaféIn our experiments, we used
quenching are consistent with the literature and have beenSub-millisecond temporal resolution for single-photon counting
attributed, respectively, to charge transfer (CT) and ET interac- 21d & 10 ms bin time for recording and analyzing single-photon
tions between the dye molecules and Fi@Ps2228:3436The arrival time. These time scales allowed any fast fluorescence
time scales of the FET and BET processes have been reported™tensity fluctuations or blinking of the dye molecules to be
to be from femtoseconds to subnanoseconds and from picosec@veraged out within our measurements. On the other hand, we
onds to sub-milliseconds, respectivé?428.44Similar absorp- observed fast fluorescence blinking due to intersystem crossing
tion and emission properties are observed for'Giolecules (0 long-lived dark triplet states in a nitrogen atmosphere, using
in the presence of TIONPs, although the effects are less Millisecond or shorter bin-time recording. _
predominant compared to those of the C3430, NP system. Typical fluorescence intensity trajectories obtained for two
We examined the single-molecule interfacial ET processes Single €343 molecules, adsorbed on the surface of NBs

by_reqo_rdlng and analyzing the fluorescence intensity trajector|es(84) Birks, J. B.Organic Molecular PhotophysicaViley-VCH: New York,
of individual C343 and CV molecules adsorbed on the surface 1973.
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and recorded in air, are shown in Figure 4B and C. Figure 4D 45 A
shows a typical fluorescence intensity trajectory of a singlé CV . g
molecule adsorbed on the surface of a ZXIP and recorded ‘@ ¥
in air. Under these conditions, fluorescence intensity trajectories 2 £ 15
of both C343 and CV single molecules showed fluctuation - § N
behavior. The single-molecule fluorescence intensities stochasti- ~ o BT ; —C ]
cally dropped to either a lower or background level. For both o s 19rime1(2) S
the C343 and CV single molecules, the time scales of 800 — 5
fluorescence intensity fluctuations ranged from several mil- 500 1 H
liseconds to several seconds and also the fluctuation behavior 2 4001 NsE M
was found to differ among the single molecules. § 200 —H_‘
Based on our experimental results and the literature, we are § 0 I‘HTW
able to attribute the fluorescence intensity fluctuation behavior é 12001 - c
of single molecules adsorbed on BiNP surfaces to interfacial 1 M -
ET reactions for the following reasons: (i) the oxidized states 800 M M
of the dyes were essentially nonfluorescent, in contrast to their 4007 rﬂ‘\ﬁ —I—H
bright reduced form3%37 (ii) ensemble-averaged fluorescence L s pyos
and transient absorption studies have demonstrated that photo- Polarization angle of the excitation light
excited C3_43 mO|ECU|eS_ inject electrons to the Con(_juc_tlon band Figure 5. (A) Fluorescence intensity trajectory obtained for a single C343
or energetically accessible surface states of the, S&nicon- molecule adsorbed on a TiONP surface under excitation, using a

ductor222428449nd both ensemble-averagé#P57-6%and single- rotationally modulated (1 kHz) linear polarized 441.6 nm laser beam. The

moleculé’ studies have identified interfacial ET reactions of ransition dipole orientations of the single C343 molecule at two different
time intervals are provided in parts B and C. The transition dipole

CV_ on. Sem'cqndUCtor surfaces; (iii) ﬂuo_rescence INeNSIY grientations in parts B and C are determined from the photocounts collected
trajectories of single molecules of C343 (Figure 4A) and'™CV  in the trajectory (A) during 1.52.8 s and 17.520.5 s [see the open bracket

(not shown) in the absence of TiCNPs in our control indications in part A]. The constant nature of the transition dipole orientation

experiments showed essentially continuous fluorescence unil /s 2121 hnge 1 e exctaton osssesion due o maecer oion
the molecules were irreversibly photobleached; (iv) ET between molecules.

the dye molecules and a PMMA film is unlikely, based on our

control experiment (Figure 4A), in which the dye molecules

were directly deposited on a glass surface and followed by
covering with a PMMA layer; and (v) the fluorescence intensity

fluctuations were not due to triplet states or the rotation of the

transition dipoles of the dye molecules (details are dlscussedsuggests that the transition dipole orientations of single mol-

below). ecules do not change significantly. However, the intensity
We have investigated the possibility that transient changes fiyctuates along the trajectory. These observations substantiate

in the transition dipole orientations of the single molecules, as the conclusion that molecular rotation or translation is not

a result of molecular rotational or translational motions, are primarily responsible for the fluorescence fluctuation and

responsible for the observed fluorescence fluctuations and blinking in the intensity trajectories (Figures 4B, 5A).

blinking in subseconds to seconds (Figure “4B. Dye Based on control experiments, we have ruled out a contribu-

molecules adsorbed on TiNP surfaces may change their tion from the dark triplet state to the fluorescence intensity
orientations as a result of the collective motions of the molecular fjyctuations and blinking on a time scale longer than mil-

environment or rotational and translational motions of the dye |iseconds. In the control experiments, single-molecule fluores-

molecules. Under linearly polarized laser excitation, changes cence trajectories showed no intensity fluctuation in the absence
in the excitation cross section due to changes in molecular of Ti0, NPs under ambient experimental conditions. It is known
orientation result in fluorescence intensity changé4:5In our that, in an inert atmosphere, the triplet lifetime is substantially
single-molecule control experiments, we recorded single- extended compared to that in the presence of strong triplet
molecule fluorescence intensity time trajectories using an scavengers, such as oxygériWe observed the fluorescence
orientation angle-modulated linear polarized laser excitation. blinking of single molecules of C343 and GMn an inert

We determined the transition dipole orientation angles of atmosphere and in the absence of IXIPs on a millisecond
single molecules by analyzing the fluorescence intensity tra- time scale. We attribute this fluorescence blinking to transient
jectories. Figure 5A shows a typical intensity trajectory obtained trapping of the excited states in long-lived triplet states of the
for a single C343 molecule, adsorbed on a F7 MNP surface, dye molecules. Figure 6A and D show single-molecule fluo-
unde a 1 kHz rotationally modulated linear polarized 441.6 rescence intensity trajectories of C343 and "CWolecules
nm laser excitation. The trajectory shows deep sine-wave adsorbed on glass surfaces, followed by covering with PMMA
modulation, suggesting the fluorescence is from a single films, and recorded under continuous nitrogen purging. A zoom-
transition dipole, and the phase of the sine wave presents thein portion of the trajectory shows stochastic fluorescent “on”
orientation of the transition dipole. To determine the orientation and triplet “off’ states of a single molecule (Figure 6B).
changes of single-molecule transition dipoles, we analyzed the Fluorescence blinking due to a dark triplet state is on a
sine-wave modulation of the fluorescence intensity trajectories. millisecond time scale, which is much faster than those in
In the fluorescence intensity trajectory of a single C343 Figures 4B-D and 5A. We have characterized the triplet-state

molecule, the sine-wave modulation and phase obtained for two
time intervals (Figure 5A) are the same (Figure 5B and C) within
our measurement sensitivity (any change of dipole orientation
>10°). More than 80% of the single-molecule fluorescence
intensity trajectories show a constant sine-wave phase, which
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; Figure 7. Fluorescence decay profiles of a single Cwolecule, whose

0 30 60 90 120 ¢ 4 8 12 intensity trajectory is provided in Figure 4D. The trajectory (Figure 4D) is
Time {ms) Time {ms) separated into higher and lower levels based on a photocount threshold of

D 30 per 10 ms: Traces a and b are the nanosecond fluorescence decay curves

of the photons emitted within the higher and lower intensity periods,

respectively. The curves are fitted to single exponential decays with time

"""" constants of 2.6 ns (a) and 3.4 ns (b). Both the curves are normalized based

i on their total accumulation time. The ratio of the pre-exponential amplitudes

of the higher and the lower intensity curves is 6.

Intensity
{counts/2 ms)

=
O

(counts/3 ms)

10 20 30
Time (s) an intensity trajectory and the delay time to analyze single-
Figure 6. Fluorescence intensity trajectories obtained for single molecules Molecule fluorescence lifetimes. Figure 4D shows the intensity
of C343 (A) and CV (D) under nitrogen atmosphere, showing blinking  trajectory of a typical single C¥ molecule constructed from
due to i_ntersyste_m crossing to long-lived dark triplet states. Traje_ctory_details the photon arrival time. The photon delay time of the same
of blinking of a single C343 molecule are presented in a zoom-in trajectory . . .
(B). Single-exponential autocorrelation traces for the trajectories in part A single molecule can be used to derive the fluorescence lifetime
and in part D are provided, respectively, in part C and in the inset of part correlated to the intensity trajectory. For this, the trajectory was
D. separated into higher and lower levels, based on a photon count
threshold of 30 per 10 ms. Then, the nanosecond fluorescence
blinking dynamics by analyzing the autocorrelation functions, decay curves were plotted, based on the delay time of photons
calculated from the single-molecule trajectories (Figure 6A and jn each group (Figure 7). The curves were fitted to single
6D). The autocorrelations are single-exponential with decay time exponential decays with time constants of 2.6 ns (for profile a
constants of 1.39 ms for C343 (Figure 6C) and 2.67 ms for jn Figure 7) and 3.4 ns (for profile b in Figure 7). We found
CV™ (inset of Figure 6D). Under ambient conditions, the time that the fluorescence lifetimes of the higher and the lower
scale of the triplet blinking is presumably shorter than 1 ms. intensity states are very close for the molecule shown in Figure
Therefore, the millisecond blinking time due to the triplet state 7, However, the pre-exponential amplitude of the higher
is clearly distinguished from the fluorescence intensity fluctua- intensity state is 6 times higher than that of the lower. Therefore,
tion time of subseconds to seconds. Furthermore, under low-the intensity difference between the profiles (traces a and b in
power (<50 W/cn?) laser excitations, the fluorescence fluc-  Figure 7) is attributed to the difference in the pre-exponential
tuations are mostly spontaneous and do not originate primarily amplitudes. On the other hand, quenching of the singlet excited
from the photoinduced triplet-state dynamics, which is consistent state due to interfacial ET reactions occurs at hundreds of
with the fluorescence fluctuations on the milliseconds-to-seconds picoseconds or below and is much faster than our instrument
time scale. response time. The observed time scale of this fast quenching
The nature of the lower fluorescence intensity levels has beenprocess of single molecules agrees with the reported fast FET
further investigated. One possibility is that emission from the rates in general. Similar behavior is observed in the analyses
oxidized states of the dye molecules (C34#d C\**) may of the intensity trajectories of other single molecules. Neverthe-
be responsible for lower fluorescence intensity levels. However, |ess, the single molecules still show reasonable fluorescence
it is known in the literature that the oxidized states of the dye intensity, likely because the ET process dominates the fluores-
molecules (C348 and C\**) produce no fluorescence or cence process only a fraction of the time. The fluorescence
extremely weak fluorescen&e’ that would not be significant intensity level is determined by the fraction of time during which
compared to background. A second possibility is the fluores- the intermittent ET process takes place but not by the rates of
cence gquenching by the ET process. The time scale of the FETultrafast ET reactions. The fluctuations in the fluorescence
processes are known to be from femtoseconds to sub-intensity trajectories are due to high and low ET reactivities of
nanosecond¥,18-20.23.24.28.29.36.4216.48 while the fluorescence  the single C343 and CVmolecules with TiQ NPs. Both lower
lifetimes of C343 and CV are in nanosecond§:2428:343537.44  anq higher intensity states have a distribution; i.e., they are not
Based on the rates of FET and fluorescence, extremely low discrete states (for example, Figure 4). It is unlikely that
fluorescence quantum efficiency is expected. interfacial electron transfer processes are completely turned “on”
It is an apparent paradox that single-molecule fluorescence and “off” during the periods of the lower and higher fluorescence
is observed along with ET processes. We investigated this intensity states, respectively. On the other hand, each lower and
intriguing observation by analyzing the fluorescence lifetimes higher intensity state likely includes occurrences of multiple
of single molecules. In this experiment, the arrival and delay FET and BET events. Therefore, only the time-binning-averaged
times of every detected photons were recorded using the time-intensities were recorded in the single-molecule trajectories. The
stamping techniqué® The arrival time was used to construct fluorescence intensity fluctuations reflect that interfacial electron
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transfer reactivity changes from time to time stochastically, 12

resulting in different time spans of the lower and higher intensity A =1

states. When the interfacial ET reactivity is high, the ultrafast 97 ©

redox reactions dictate the fate of the singlet excited state of 6 - T
the dye molecules, and the fluorescence quantum efficiency is Time (s)
low or close to zero. In contrast, when the redox reactivity is § 37

low or nonexistent, the fluorescence quantum efficiency is high, S o

and so is the fluorescence intensity. E : :

It has recently been substantiated that ET processes are g 918 B
responsible for fluorescence blinking on the subsecond-to- o g
several-second time scale of single-molecule electron denor 61
acceptor systerd%and semiconductpr-single-molecule electron 3 oo
donor system& The fluorescence intensity of “on” and “off” ‘
periods has been interpreted as single redox state turnover 0 , HM\H 1|
events, i.e., the onoff “blinking” time constants are the ET 0.1 1(s) 1 10

time constants. However, in the dy&iO, systems that we have ) ) ) ) ) )

. . . . Figure 8. Histograms of fluorescence intermittency time constants, obtained
SIUd'eq* it is unlikely that such slow ET processes qom'nate' from intensity trajectory autocorrelations, fofl00 single molecules of C343
Extensive ensemble-averaged fluorescence and transient absorggA) and Cv* (B) adsorbed on Ti@NP surfaces. The insets in parts A and
tion studies of interfacial ET processes have proven that FET B are typical fluorescence intensity trajectory autocorrelation traces for single
and BET processes in interfacial ET systems, such as €343 C343 and CV molecules, respectively.

TiO, and CVF—TiO, systems, take place on the subpicosecond .

2 25y P P the reactants and productg398587 We observed the dynamic

to microsecond time scale. Based on the results of our control inhomoaeneity of the interfacial ET reactions by obtaining and
experiments, single-molecule experiments, and the literature, 9 Y y 9

we attribute the fluorescence fluctuations and blinking of the analyzing autocorrelation functions (insets of Figure 8A and

dye—TiO, systems to the intermittent changes of the single- B) of single-molecule flugrescence mtensny fluctuations and
. . . =~ blinking. The autocorrelation decays are typically nonexponen-
molecule interfacial ET redox turnover rates, i.e., to reactivity

changes rather than to individual redox turmnover events. tial and fitted using biexponential decays, with the decay times

Therefore, rather than specifically identifying FET and BET lravr\]/gb'n% f\r/?r?o_%g Ttshto 3? s: r1r—h|e t?onn;axnpc:ininélal and \f/g‘ilvﬁr'
rates, we are able to observe the intermittent interfacial ET aw benhavio ot the autocorretation function decays, ¢

dynamics, which provides new information that can only be stretched across wide time .SC‘.""ES' from syb-millisecopds to
obtained from single-molecule experiments. minutes, ghows t.he dynamlc' |ln.homogene|ty of the smgle-
The single-molecule interfacial ET processes in 3B, r_nolecule interfacial ET reactivities. The cutoff at sub-mil-
and CV"—TiO, systems were found to be inhomogeneous, both liseconds of the pO_W(_ar-I_aw depay_was o_lue to our measurement
dynamically and statically. The static inhomogeneity originates ;ystem response limitation. Itis hlghly likely that the dynamic
from different interfacial ET reactivity fluctuations from mhorpogeneny exten.ds to shgrter time scales.
molecule to molecule, whereas dynamic inhomogeneity is Usmg autgcorrglaﬂon function analyses of thg fluore§cence
associated with the ET reactivity fluctuations from time to time INtensity trajectories, we observed that the interfacial ET
for the same individual molecules, resulting in fluorescence 'eactivities of both the C343 and C\single molecules are
fluctuations. Based on extensive literature on ensemble-averagedtatically inhomogeneous, varying the rate of the ET reactivity

ET dynamics and mechanisms, we attribute the origins of thesefluctuations from molecule to molecule and from site to site
static and dynamic inhomogeneities in the single-molecule for €343 and CV molecules adsorbed on the surface of iO

interfacial ET processes to fluctuation of the molecular proper- NPS. We obtained broad distributions of the nonexponential
ties, including donoracceptor distance, redox potentials of the INtensity autocorrelation decays for C343 and "C¥ingle
donor and the acceptor, Frane€ondon factors, doner molecules (Figure _8A anc_zl 8B), strongly suggesting that the ET
acceptor electronic coupling, and the solvent reorganization SyStems are statically inhomogeneous. We note that our
energy33:3950-5385-87 Among these critical parameters, the measurements were only able to probe a portion of the
changes in FranekCondon couplingt5385-87 and associated intermittency dynamics, due to limited time resolution and
nuclear motion®2° are most likely to determine the ET rate si_n_gle-molecule photobleaching. Although the statist_ical _sig-
fluctuation of a single molecule, assuming that other parametershificance of the difference between the autocorrelation time
do not change considerably for a single molecule over time. distributions of the two systems was not large, the slightly
However, limited by the sensitivity of the single-molecule narrower distribution of CV¥ compared to that of C343 in the
fluorescence spectroscopy, we are not yet able to detect theE T-induced fluorescence fluctuation characteristics was probably
changes of these parameters. Since the large-scale rotational anfjtroduced by the different charge densities, the different
translational diffusions are not responsible (Figure 5) for the interfacial electronic and FranelCondon coupling efficiencies
interfacial ET intermittency of single molecules, we postulate ©f €343 and CV on TiO, NPs, and the differences in the local
two possible origins: the changes in molecule-surface vibronic Nanoscale environments of individual molecules, e.g., surface
coupling due to nuclear motions and the changes in Franck roughness, vacancies, etc.. The changes in the coupling of the

Condon coupling due to fluctuations of the energy gap between dye molecules with the electron-accepting Ti€urface were
mostly spontaneous, since we used low laser excitation power,

Eggg Hupp, J. T Willams, R, %ﬁg'mcgir;‘s'z%%f%%la3246f_ogigl7- and demonstrated that the fluctuation is not dominated by the
(87) Warshel, A.; Parson, W. WAnnu. Re. Phys. Chem1991, 42, 279-309. photoinduced triplet-state process (Figure 4). The single-
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molecule interfacial ET reactivity shows intrinsic static and postulate that intermittent dynamics are common for the
dynamic inhomogeneities, which would be extremely difficult interfacial chemical reactions that involve interaction between
to identify and characterize by conventional ensemble-averagedadsorbed molecules and substrate surfaces. The spontaneous
measurements. thermal motions of the molecules occur on a wide time scale,
particularly at room temperature, introducing perturbation into
the rate-determining interactions between molecules and sub-

Applying single-molecule fluorescence spectroscopy and strates, which, in turn, results in the interfacial ET reaction-
time-correlated single-photon counting, we observed intermittent 5te fluctuation and intermittency. At this time, using single-
interfacial ET of single dye molecules adsorbed on ;TP molecule fluorescence spectroscopy, we are unable to identify
surfaces. The intermittent interfacial ET dynamics were found gnq quantitatively characterize the molecular properties that
to be inhomogeneous, involving different rates, among the single -onirol the ET processes, including the doracceptor elec-

molecules. Autocorrelation function analyses of the single- gnic coupling, the redox reaction driving foré&the Franck-
molecule fluorescence intensity trajectories revealed that kinetics - ondqon factor. and the nuclear relaxation energies. Single-

of the intermittent interfacial ET reactivities exhibit nonexpo-

nential behavior. The intermittent interfacial ET dynamics

originated from the interruption and perturbation of the couplings
between the adsorbed dye molecules and the Sitfaces. We

Conclusion

molecule Raman might enable such a quantitative identification,
although significant technical challenges exist for a Raman study
of single-molecule interfacial ET dynami&§?.90
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