J. Phys. Chem. B000,104,93—-104 93

Back Electron Transfer from TiO ; Nanopatrticles to Fe' (CN)g®: Origin of
Non-Single-Exponential and Particle Size Independent Dynamics
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Back-electron-transfer (ET) dynamics in'fEN)s*-sensitized colloidal Ti@nanoparticles are studied using
ultrafast pump probe spectroscopy. Excitation of the adsorbate-to-nanoparticle charge-transfer band at 400
nm leads to direct injection of electrons from'FE&N)s*~ to TiO,. The kinetics of back electron transfer from

TiO, to the F&'(CN)¢®~ are measured by monitoring the bleach recovery of the charge-transfer band in the
430-600 nm region. The measured back-ET kinetics are non-single-exponential, and a multiexponential fit
requires at least four components on th& ns time scale. The kinetics are independent of pump power,
indicating a geminate recombination process. Recombination kinetics are very similar in two samples of 5
and 11 nm (A-type) particles prepared from dried nanoparticle powder, but they are noticeably different from
those in samples of 3 and 9 nm (B-type) nanopatrticles prepared directly from colloids without drying. This
result indicates that the back-ET kinetics in this system are more influenced by the surface properties of the
nanoparticles than their sizes. Two models with different distributions of trapped electrons are used to describe
the back-ET kinetics. Model | assumes a homogeneous distribution of electrons on the surface of the entire
particle. This model predicts a large particle size dependence and cannot fit the observed kinetics. Model I
assumes a more localized distribution of injected electrons and takes account of relaxation from shallow to
deep trap states during the recombination process. This model can fit the back-ET kinetics with three fitting
parameters. According to this model, the injected electrons are trapped near the adsorbate, which accounts
for the size independent back-ET kinetics. This model also predicts that trapped electrons at longer distance
and/or larger trap energy recombine slower. A distribution of distance and trap energy as well as relaxation
between trap states give rise to multiexponential back-ET kinetics.

Introduction states near the conduction band edge or trap states in the band

) ] gap and how the distribution of trap states affects the back-ET
Interfacial electron transfer (ET) between semiconductor ginetics.

nanoparticles and molecular adsorbates has been a subject of
intense research interest in recent yéafsThe understanding

of this fundamental process is essential for the application of
semiconductor nanomaterials in photographsolar energy  sensitized Tignanoparticles in colloidal solution. Unlike many
conversiorf, photocatalysi§,and nanoscale devicé&lectron- previously studied dye-sensitized Hi€ystems, Fe(CNy~ and
transfer dynamics in various combinations of semiconductor TiO, form a charge-transfer (CT) complex. Excitation of the
nanoparticles and molecule adsorbates have been investigatediarge-transfer band promotes an electron from FefCNp
Among them, dye-sensitized TiGanoparticles and thin films  1io, instantaneously, which enables the study of the subsequent
are one of the most studied systems because of their importaniyack-electron-transfer kinetics on the subpicosecond and longer
application in a new type of solar céliMost recent studies  time scale. More importantly, in charge-transfer complexes,
found that the forward electron injection from the excited state rgjevant parameters for the back-ET process can be experimen-
of strongly adsorbed dye to Ticcurs on the ultrafast time  ta|ly determined from the optical spectra. It has been well
scale?~2 For example, for Ru(dcbpyNCS)-sensitized TiQ established that in a molecular donor-and-acceptor charge-
thin film,%121619 an injection time of ca. 50 82 or faster'® transfer complex, electronic coupling, reorganization energy,
has been reported. A high photon-to-current conversion ef- and driving force for the back-ET process can be obtained from
ficiency requires fast electron injection as well as slow back the optical absorption spectrui#.34 Resonant Raman spectra
electron transfer. Many studies of back electron transfer from of the complex reveal the FranelCondon active modes and
TiO2 to adsorbates have also been reported. The reported backean be used to calculate the inner sphere reorganization
ET kinetics in different dye-sensitized TiGystems range from  energy3>36 With knowledge of these parameters, quantitative
a few picoseconds to milliseconds, and from sittle2426 to prediction of back-ET rates becomes possfé® This type
multiexponentiaP’~3! Observations of Marcus inverted region of quantitative treatment has yet to be adopted for molecular-
kinetics behavior have also been reportetf.2°However, it is donor-to-semiconductor-acceptor charge-transfer complexes.
still unclear whether recombination of electrons occurs through | a previous pape¥, we reported the electron injection and
recombination dynamics in FECN)s*-sensitized TiQ@ nano-

* To whom correspondence should be addressed. E-mail: tian@emory.edu.particles in colloidal solution. We found that electron injection

In an effort to gain quantitative understanding of back electron
transfer from semiconductor nanoparticles to molecular adsor-
bates, we examined electron-transfer dynamics I{Es)*-
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from FE'(CN)s*~ to TiO, was instantaneous upon the excitation

of the charge-transfer band at 400 nm. This result is consistent 1.1
with the direct charge-transfer nature of the optical transition.

The back-ET kinetics were non-single-exponential on the :
picosecond to nanosecond time scale according to our results 0.87",
and continued up to the microsecond time scale on the basis of
previous resultd?°However, the origin of the nonexponential
behavior was not understood. In this paper, we explore the
detailed mechanism of the back-electron-transfer process by
measuring back-ET kinetics in nanoparticles of different sizes
and comparing with calculations based on Marcus ET rate theory 0.2
and models of trapped electron distribution.
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Experimental Section 0.1 . I . ] . —
Laser System.The back-ET kinetics between Ti®@olloidal 320 420 520 620 720
nanoparticle and the adsorbed'f€N)e®~ were measured with Wavelength (nm)

a femtosecond pumiprobe spectrometer. The laser system Figure 1. UV/vis spectra of the FECN)s*~ —TiO, nanoparticle (3
(Clark-MXR CPA-1000 regenerative amplifier, 1 kHz repetition nm) complex in water at pH 2 (solid line). Also shown are the spectra

at 800 nm, 100 fs, 1 mJ/pulse) and experimental setup havefor the TiC; colloid (dotted line) and FECN)s*~ (dashed line) in water.
been described in detail elsewhéfeBriefly, the 800 nm o _ _ .
fundamental output was split into two parts, one part with pulse The poorer size distribution in A_-type partlcl_es is attributed to
energy of 30Qu)/pulse was frequency-doubled in a BBO crystal coagulation that occurred during the drying process. The
to generate a 400 nm pump beam. Aboudfpulse of the 800 chI0|daI solutlo.n of the A-type Ti@nanoparticle was prepared
nm beam taken from the other part was focused@® mm  With 10 g/L of TiO,. The solution was protected by 10 g/L poly-
thick sapphire window to generate a white light continuum. we (vinyl alcohol) (PVA) as a stabilizing agent and adjusted to pH
selected different probe wavelengths by a variable interference2 by adding HCIQ. The colloidal solution was mixed with &

filter (from Optical Coating Laboratory Inc.) with a 10 nm band- Fe(CN)} (25 mM), and stirred in the dark underfor >10 h
pass. The probe beam was detected by a photodiode with al® fqrm the charge-transfer complex. The same pr(_)cedure was
variable gain (PDA50 from Thorlabs Inc.). The absorbance carried out for the sample of B-type particles with smaller
change was compared between two adjacent laser pulses (pumfgoncentrations of Ti@ PVA, and KfFe(CN)} at 1.4 g/L, 1.4
blocked and unblocked). The typical noise measured in the 9/L, and 2 mM, respectively.

absorbance change was8(1.2%. We set the relative polariza-

tion between pump and probe at the magic angle of*54uTd Results

the pump and probe beam sizes at about 500 andg 200 When TiQ; nanoparticles were mixed with IHEN)e* in

respectively. The sample was flowed in a 2@ thick cell an acidic aqueous solution, a new absorption band peaked

(from Harrick) driven by a peristaltic pump. around 420 nm developed, indicating the formation of a CT
Synthesis of TiQ, Nanoparticles and TiO)/Fe(CN)* complex between Ti@ nanoparticles and EECN)s.4~ The

Complex. TiO, nanoparticles were prepared by controlled complex was thougRt38to form at the surface T site with a
hydrolysis of titanium (V) tetraisopropoxide in water under singly CN-bridged structure o4, symmetry, i.e., TV —NC—
deaerated conditions and controlled $HA 5 mL aliquot of Fe'(CN)s. This notion is supported by both resonant Raffan
Ti[OCH(CHa))2]4 (Aldrich, 97%) dissolved in isopropyl alcohol  and IR spectra of the complex. Both show a terminal, radial,
(5:95) was added dropwise (1 mL/Min) to 900 mL of doubly and bridging CN stretching band. Shown by the solid line in
distilled water (2°C) at a given acidity (around pH 2) adjusted Figure 1 is a UVlvisible spectrum of the charge-transfer complex
with HNOs. After continuous stirring for 12 h or longer, the for 3 nm TiO, particles. The peak of the charge-transfer band
solution became transparent and JTi@anoparticles were s centered at about 420 nm. Similar charge-transfer bands were
formed. The sizes of the nanoparticles were measured byobserved for other particle sizes. The dashed and dotted lines
dynamic light scattering (Coutler Plus4). We found that the size indicate the absorption spectra of' F@éN)s*~ (25 mM) and TiQ

of the nanoparticles depended critically on the amount of EINO (10 g/L) in water, respectively.

added in the solution. By controlling the amount of added HNO For the TiQ/F€'(CN)s complex, when excited at 400 nm,
TiO2 nanoparticles of varying sizes between 3 and 11 nm were near the peak of the CT absorption band, a bleach of the ground-
synthesized. To obtain a dried powder sample, the solvent wasstate charge-transfer band was observed in the-680 nm
removed by rotary evaporation &40 °C, and the resulting region. As can be seen from the UV/vis spectra shown in Figure
white powder was dried in a desiccator with KOH to remove 1 and from our earlier stud®/,400 nm photons excite almost
HNOs. Two kinds of colloidal solutions were prepared. The exclusively the charge-transfer band with negligible direct
first one was prepared by redissolving the dried J@wder excitation of FE(CN)s*~ (25 mM) or TiQ,. Shown in Figure 2

into water (referred to as A-type particles), and the other one are typical ground-state bleaching recovery kinetics measured
was prepared from the Tiolloidal solution obtained in the  at 450, 500, and 550 nm for the sample of 3 nm B-type,;TiO
controlled hydrolysis in water without the drying process particles. These kinetics traces, which were scaled to the value
(referred as B-type particles). The B-type colloidal solutions at the peak of the bleach signal for comparison, show no
were continuously stirred for a few days (after the initial wavelength dependence. To minimize the effect of different pH
reaction) to ensure stable and more uniform size distribution. values in different samples, all solutions were kept atpH.

Two different sizes of A- and B-type nanopatrticles were studied. The effect of pH itself was also investigated by comparing the
The average sizes weret30.4 and 94+ 1.5 nm for the B-type bleach recovery kinetics in samples prepared with the same
particles and 5 1.3 and 114 3.0 nm for the A-type particles.  particle size and preparation procedure except for the pH of
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Figure 2. Bleach recovery kinetics in the REN)s* —TiO, nanopar-
ticle (3 nm) complex measured at 450, 500, and 550 nm after 400 nm

750 950

excitation. These kinetics were scaled to have the same signal size al

the peak of the bleach. Shown in the inset are the same kinetics on
shorter time scale.
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Figure 3. (a) Dependence of the bleach signal on pump power for the
Fe'(CN)g*~—TiO, nanoparticle (3 nm) complex. (b) Comparison of
bleach recovery kinetics at 500 nm for the' @N)s* —TiO, nano-
particle (3 nm) complex at different pump powers: 3, 5, andJ7
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%igure 4. Comparison of the bleach recovery (or back-ET) kinetics
of Fé'(CN)s*"-sensitized Ti@nanoparticle colloidal solutions prepared
from A-type particles with diameters of 5 nm (open circles) and 11
nm (full circles). The solid lines are multiexponential fits to the data
with parameters listed in Table 1. Shown in the inset are the same data
and fits on a shorter time scale.

TABLE 1: Parameters for the Multiexponential Fits to the
Back-ET Kinetics

sample A(ty, ps)  Ae(t2, ps) As(ts, ps)  Au(ta, NS)
A-type 5 nm 38%(1.9) 18%(30) 19% (300) 25%X)
Atype1lnm 35%(1.9) 16% (30) 23% (300) 26%1)
B-type3nm  54% (1.5) 11%(30) 8% (300) 27%X)
B-type 9nm  44% (1.8) 19%(30) 9% (300) 28%1)

size increases linearly with the pump power from 1 touD5
Shown in Figure 3b are the kinetics of the sample with 3 nm
B-type particles at pump powers of 3, 5, angJ. Within the
signal-to-noise of the data, the same kinetics were observed.
Similar pump power independent recombination kinetics were
found for other TiQ colloidal samples.

To investigate the origin of the nonexponential kinetics, we
examine the back-ET kinetics in samples of different particle
sizes. Shown in Figure 4 are kinetics measured at 500 nm for
samples of 5 nm (open circles) and 11 nm (full circles) A-type
nanoparticles. Shown in the inset are the same kinetics traces
on a shorter time scale. Both kinetics traces were measured
under the same experimental condition with«3 of 400 nm
excitation and were normalized at the maximum of the bleach
for better comparison. These kinetics are identical within the
signal-to-noise of the data. The solid lines are fits to the data
with four exponential decays. The time constants and pre-
exponential factors for the fits are listed in Table 1. At least
four exponents are needed to fit the kinetics. The amplitude
and time constant of the 30 and 300 ps components are not
accurately determined by the fit because of their small ampli-
tudes. The time constant for tleel ns component cannot be

These kinetics were scaled to have the same signal size at the peak ofvell determined in our fitting since the longest delay time in

the bleach.
the final solution. In a limited pH range from 2 to 3, in which

the data is only 1 ns. To facilitate the comparison of kinetics in
different particles, we fixed three time constants (30 ps, 300

a stable charge complex could be formed, the bleach recoveryps, and>1 ns) in the fitting and allowed the time constant for

kinetics show no pH dependence within the signal-to-noise of
the data. To gain more insight into the nature of recombination

the first component and all the amplitudes to vary. As can be
seen in Figures 4 and 5, these functions produce satisfactory

kinetics, a pump power dependence study was also carried outfits to the data. Size dependence studies of B-type particles were
Shown in Figure 3a is the power dependence of the bleach signalalso carried out. Shown in Figure 5 are kinetics measured at
measured at the peak of the bleach kinetics for sensitized 3 nm500 nm for samples of 3 nm (open circles) and 9 nm (full

B-type particles. As indicated by the straight line, the signal

circles) B-type nanopatrticles. Shown in the inset are similar
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0.1 to produce vibrationally hot donor and acceptor molecules, as
shown recently in intramolecular charge-transfer complékés.

The quality of our previous IR data was not adequate to allow
for more detailed analysis of the contribution of vibrational
relaxation to the bleach recovery dynamics. To ensure that the
measured bleach recovery kinetics indeed reflect the back-ET
times, we also checked the wavelength dependence of the bleach
recovery kinetics at 450, 500, and 550 nm. As shown in Figure
2, within the signal-to-noise of the data, kinetics at these
wavelengths are identical. This result indicates that at these
wavelengths the contribution of vibrational cooling to the
measured kinetics is negligible. Similar wavelength independent
kinetics were also observed for three other samples with different
particle sizes. In the rest of this paper, only the kinetics at 500

11 : : ; : : nm are compared.

B T T L LR L 35 .“SI (b) Multiexponential ET KineticsAs shown in Figures 4 and

-50 150 350 550 750 950 5, the measured bleach recovery kinetics at 500 nm can be well
Delay Time (ps) fitted typical[y by _four-exponential de_cays.. Th_e fitting r_esults
Figure 5. Comparison of the bleach recovery (or back-ET) kinetics arej;(;nm?\tlggg n Talc)!l>ell. The typical tkm_ﬁ?c?. Contaertl t
of Fé'(CN)s*"-sensitized Ti@nanoparticle colloidal solutions prepared PS, Ps; PS, and- 1 ns components. The ime constan
from B-type particles with diameters of 3 nm (open circles) and 9 nm for the >1 ns component is not well determined in our data. In
(full circles). The solid lines are multiexponential fits to the data with ~ fact, back ET of F&(CN)s* -sensitized TiQ in solution has
parameters listed in Table 1. Shown in the inset are the same data anceen studied previously in the nanosecond to microse€éhd
fits on a shorter time scale. time scale. In an earlier experiment with 20 ns time resoluifon,
o _ o back ET was measured by monitoring the bleach recovery at
kinetics on a shorter time scale. Both kinetics traces were 480 nm after 530 nm excitation. Back ET was found to be
measured under the same experimental condition witi 8f complete in 1Qus, with a half-life of 3us. More recently, in a
400 nm excitation and were normalized at the maximum of the similar measurement with 2 ns resolutifrhack-ET time was
bleach for better comparison. The time constants and amplitudefgund to be well represented by two components. The fast
for the restricted four-exponential fits to the data are listed in component, with about 50% of the total amplitude, occurred
sizes are similar, but there appears to be noticeable differencecomponent appeared to be similar to that observed in the earlier
at the early time. Because of the smaller concentration of measuremer® Combining all these results together presents
nanoparticles used in these B-type sampl.es, the S|gnal-to-.n0|sq:,ack ET from TiQ to Fe' (CN)~ as a highly nonexponential
level of the data are not as good as those in the A-type particles.process. It contains at least five different time constants, ranging

from 1 to 2 ps to 2us.
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Discussion (c) Pump Power DependencEo gain some insight into the
1. Back-Electron-Transfer Kinetics in TiO,—Fé' (CN)g nature of the recombination kinetics, a pump power dependence
Complex. (a) Assignment of Bleach Re@sy Kinetics Excita- study was performed. As shown in Figure 3a, the size of the

tion of the charge-transfer band at 400 nm promotes electronsinitial bleach signal is linearly dependent on the pump power,
from the adsorbate molecules to the nanoparticles. The injectedindicating that the excitation step is a single photon event. The
electrons can relax within the nanoparticles and recombine with recombination kinetics at three different pump powers, 3, 5,
the oxidized adsorbate. The spectral signatures for the injectedand 7uJ, are identical after scaling the initial bleach to the same
electrons, the bleach of the CN stretching bands associated withvalue, as shown in Figure 3b. This result suggests that at the
Fe'(CN)s*~, and the absorption due to those of!'REN)s>~ pump power level used in the experiment, the recombination
have all been identified in the IR regidhin addition, a bleach process is mostly geminate; i.e., the injected electrons recombine
of the charge-transfer band in the visible region was also with the adsorbate molecules from which they originate. If the
observed. Back electron transfer from the nanoparticle to recombination was not geminate, the recombination rate would
Fé''(CN)s®~ leads to the recovery of the bleach in the CN stretch be dependent on the concentration of the injected electrons,
band in the IR and the charge-transfer band in the visible region.which depends on the pump power. This conclusion is valid
In a previous papée¥, we found that the bleach recovery kinetics when the excitation level is high enough that the probability of
measured in the IR were in good agreement with that in the creating more than one electron per particle is not negligible.
visible. This result demonstrates that for this system, the optical The exact amount of #éCN)s*~ that adsorbed on the surface
transition in the 436550 nm region is dominated by absorption was not accurately determined. On the basis of the IR absor-
of the charge-transfer band and the bleach recovery kinetics carbance change in the CN stretching mode for freb(€Ebl)s*~
be directly related to back-ET kinetics. In the current study, we upon addition of TiQ nanoparticles, we estimated that ca. 40%
only measured recovery kinetics in the visible region for samples of the molecules were adsorbed on the surface of the 5 nm
of different particle sizes. These measurements yielded data withparticles. This corresponds to a surface coverage of 150
higher signal-to-noise, allowing for a more critical comparison molecules per Ti@particle. At 3uJ pumping power, a bleach
of back-ET kinetics in particles of different sizes. of 2% was observed, which amounts to an average of 3 injected
On the less than tens of picoseconds time scale, the assignelectrons per particle. Assuming that the number of molecules
ment of the bleach recovery kinetics to back-ET kinetics may on the surface of the 3 nm particles can be estimated from that
be complicated by vibrational relaxation dynamics of hot of the 5 nm particles by simply scaling the surface area, we
Fe'(CN)s*~ formed after back ET. Ultrafast back ET is expected estimated a coverage of 55 molecules per nanoparticle. With
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“10 10 36 5 70 9 adiabatic electron transfer, the ET rate depends on the driving
A4+ force for the reaction, the electronic coupling matrix element
-50 150 350 550 750 950 and the reorganization energy. A distribution of each of these
Delay Time (ps) parameters would give rise to nonsingle exponential kinetics.

Figure 6. Comparison of the bleach recovery (or back-ET) kinetics F_'rSt of_a_ll, d'ﬁerem m(_)lecules may haVFf dl_ffer(_-:'nt adsorpt'_on
of Fe'(CN)¢*-sensitized Ti@nanoparticle colloidal solutions prepared ~ Sit€s, giving rise to an inhomogeneous distribution of coupling
from 3 nm B-type particles (open circles) and 5 nm A-type particles matrix elements between the adsorbate and the adsorption site.
(full circles). The solid lines are fits to the data according to eq 6 (see This coupling is directly related to the forward-electron-transfer
the main text) with parameters listed in Table 2 foG, = —0.94 V. process. Second, the injected electrons may be trapped at sites
Shown in the inset are the same data and fits on a shorter time Scalethat are at different distances away from the oxidized adsorbate
and have different trap energies below the conduction band,
an observed-2% bleach, an average of ca. 1.1 electrons was giying rise to a distribution of coupling matrix elements and
injected per particle in the 3 nm particles at3pump power. driving forces for the back-ET process. Although an inhomo-
The average number of injected electrons is bigger for bigger geneous distribution of adsorbates at different adsorption sites
particles and at higher excitation powers. The observation of -4 4150 contribute to the distribution in the electronic coupling
geminate recombination kinetics, as revealed by the lack of to he pack-ET process, it is not explicitly considered in our
pump power dependence, suggests that the injected electrong,qqejing because of the lack of detailed knowledge of the
are localized near the adsorbate. distribution. Instead, it is included indirectly in the distribution
(d) Size Dependencia addition to the non-single-exponential  of trap site dependent coupling matrix elements.
characteristic, the recombination kinetics show very little  To calculate the back-ET kinetics, we need to know the spatial
dependence on the particle size. The kinetics in the 5 and 11and energetic distribution of the injected electrons in 3TiO
nm A-type particles, shown in Figure 4, are indistinguishable Although the existence of a large density of trap states in these
within the S/N ratio of the experiment. Slight differences exist TiO2 nanocrystalline thin films and nanoparticles is a well-
between the kinetics for the 3 and 9 nm B-type particles, as accepted notiof43-45 at present, the knowledge of their spatial
shown in Figure 5. The observed kinetics in all samples show and energetic distribution is incomplete. In this section, we
multiexponential behavior. A comparison of the kinetics for the assume two models for the distribution of trapped electrons in
B-type 3 nm particles and A-type 5 nm particles is shown in' TiO, nanoparticles, and the back-ET kinetics are calculated on
Figure 6. The difference between these kinetics are bigger thanthe basis of these models. The predicted back-ET kinetics are
those between the different sized A-type or B-type particles, compared with the experimental results to provide some insight
shown in Figures 4 and 5. The A- and B-type particles were into the interfacial ET process in TiGhanomaterials.
prepared with slightly different procedures. The drying process  (a) Probability Distribution FunctionTrapping of electrons
involved in the preparation of A-type particles removed solvent in TiO, nanoparticles has been observed to occur on the 100 fs
as well as excess ions and ligands from the nanoparticles.time scale’64° It is reasonable to assume that recombination
Although the final solution was adjusted to the same pH for of electrons occurs from trapped states. Because of the lack of
both samples, the composition of the surface and interface detailed information, we will use the simplest model for the
species may be quite different. The observed difference betweenspatial distribution of injected electrons. Assuming that the
the 5 nm A-type particle and the 3 nm B-type particles suggests probability, p(r) dr, of finding an electron trapped at a site at
that different preparation chemistry plays a more important role distance,r, away from the adsorbate is proportional to the

in the back-ET kinetics than the size of the particles forTiO  surface area at that distance, the probability distribution function
nanoparticles. The importance of surface chemistry in the back-on a spherical surface can be shown té*be

ET process was also noted previously by Martini ébah their

study of the effect of KO on the back-ET dynamics in r
9-anthracenecarboxylic acid-sensitized Fi®anoparticle in p(r) = C2d—2 for r=r
ethanol.
2. Modeling of the Nonexponential Back-ET KineticsTo p()=0 for r>r, 1)

obtain more insight into the observed non-single-exponential

and nearly size independent kinetics, more quantitative analysiswhere C = d%r¢? is the normalization constanty is the
of the kinetics is needed. Non-single-exponential back electron maximum distance away from the adsorbate, ahds the
transfer from semiconductor to adsorbates has been observediiameter of the sphere, as shown in Schem€ % 1 if we
in both Ti0,2830 and SnG*142 colloids and thin films. assume electrons can populate the whole surfacerq.es,d.
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(b) Trap State Dependent Electronic Coupling and Back-ET  (¢) Back-ET Kinetics.Solving the master equation for
Rate.If the coulombic interaction between the injected electrons population decay and integrating over all the possible surface
and the oxidized adsorbate is negligible, the wave function of area (see Appendix), we get the ground-state bleaching recovery
the trapped electron is determined by the interaction potential kinetics due to the back-ET process:
between the electron and the trap site. Assuming a coulombic
potential, the trap state can be described by a hydrogenic model 5 E()m>
with the mobile electron orbit around the trap cerfelhe AA(t) = —C’ ol ox ft—k(O) exd— =/ —

0 0 a,y Exme

energy of the electron below the conduction band, i.e., the ro2

binding energy in the trap site, and the wave function of the 2

trapped electron are the eigenenergy and eigenfunction of the 2E[N(AG, +4) + E() dt| ar (6)

ground or 1s state. The trap energy is determined by the electron 4ART

effective massme*, the dielectric constant, of the material, )

and the charge of the trap center, Ze: It is clear from eq 6 that several factors affect the back-ET

kinetics. These include the extent of the spatial distribution of
. _ z2m* the trapped electromrg, and the relaxation kinetics between trap

Ei,=—E= _EHz E @) statesE(t). These parameters will be used as fitting parameters.

The other parameters are obtained from literature values:
where—Ey = —13.6 eV is the eigenenergy of the 1s orbital of (1) Effectve Mass ng*. The effective mass of electrons in
hydrogen atom anth is the electron rest mass. Since both the TiO2 has not been unambiguously determined. Reported values
dielectric constant and effective mass are the same for differentrange from ine for bulk anatase crystafs,about 10ne for
sites in the same material, in this model, trap states with different hanocrystalline anatase thin filfisto 30me—100me for bulk
trap energy can be attributed to a different effective charge of rutile crystalss* Whether anatase TiOnanoparticles in the
the trap center. The wave function of the trapped electron is hanometer size range show any quantum confinement effect is
given by still unclear®®>-57 although the most recent paper by Serpone et

al>% reported that no quantum confinement effects were
—r/a*

Y= A e observed for particles with diameters as small as 2.1 nm.
Assuming an exciton Bohr radius of smaller than 1 nm, a
€M E, m, dielectric constant o = 9,53 and a hole effective mass of
:zme*ao: Eme* Q 3) 0.8me,>3 the lower limit of electron effective mass can be

estimated to be 1. A reasonable value foms* should be

wherea* is the effective Bohr radius of the trapped electron > 1.2Te, although the exact value is not known. For this paper,
anda, is the Bohr radius of the hydrogen atom. Within this We adopted the value ofi* = 10me for nanocrystalline Ti@
model, electrons in a deep trap state have a smaller effectivethin films from the most recent paper by Enright efalve
Bohr radius and hence a more localized wave function compared@/s0 explored a range of effective mass in most of the
to those in shallower trap sites. calculations discussed below. We found that different values
Assuming that the wave function for electrons in the adsorbate ©f Me* changed the calculated overall rate of the process but
molecules are much more localized, the electronic coupling of they did not affect the calculated relative trend of size
the trapped electrons with the adsorbate is proportional to the dependence and the conclusion of the origin of the nonexpo-
amplitude of the wave function of the trapped electrons at the Nential recombination behavior.
adsorbate site. This leads to a distance and trap energy dependent (2) k(0). KO) is defined as the back-ET rate constant at the

coupling matrix element: minimum separation between the injected electron and the
adsorbed FE&(CN)s®~ molecule. In principle, the coupling matrix

r[E@) m element, the driving force, and reorganization energy can be

V(r,E)2 = VO2 exp —2— E m 4) determined experimentally from the spectrum of the charge-
R H Me transfer complex, and using these parameters the valuétpr

can be calculated according to eq 5. However, the inhomoge-
neous broadening of the charge-transfer band hinders an accurate
determination of these parameters. Instead, we will use an
approximate value df(0) directly measured by experiment. At
the minimum separation the injected electron can be considered
as localized on the Tt site that formed a complex with the
adsorbate. The electronic coupling for back ET from this site
should be stronger than that for trap sites further away from
the adsorbate. The corresponding back-ET rate from this site
should also be faster. We hypothesize that the local electronic
k(r,t) = coupling may resemble that of a CN-bridged mixed valence
dimer between T and Fé. Fast back-ET times on the

whereVj is the coupling matrix element at= 0, which is
taken as the Ti site at which the PE(CN)e~ molecule is
adsorbed.

The driving force for back electron transfer from the
conduction band edge to the adsorbate is denotexiGas For
trapped electrons, the driving force for back ET becomes
AGp + E. Applying Marcus theory for nonadiabatic electron
transfeP! to this case, one gets a distance and trap energy
dependent back-electron-transfer rate:

KO) ext] —2" EM)m>  2E()(AG, +4) + E(t)° 5) subpicosecond or faster time scale have been observed for many
a’\ Egm, 4RT CN-bridged mixed valence molecular dimé#$?41.61\We also
observed a similar fast back-ET component in the ;FiGe-
V(0 [ 7 (AG, + A)? (CN)s*~ complex. As shown in Table 1, a2 ps component
k(0)= A KT exp — T 4RT was observed in all four samples. We attribute this fast

component to back ET of electrons localized at th&" Eite
wherek(0) is the back-ET rate for electrons trapped at tfe' Ti  that formed a complex with the adsorbate. Therefore, we assume
site to which the adsorbate binds. k(0) = 1/1.5 pst in our calculations. Of course, the overall
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recombination kinetics are much more complicated, since the
injected electron can also be trapped &t Hites further away
from the adsorbate, giving rise to slower recombination
components.

Attempts to directly measure the back-ET time in a CN-
bridged TIV and Fé mixed valence dimer have not been
successful so far. Instead, we have investigated tHé{Fe!-
(CN)gln polymeric complex, which has a structure similar to
the Fé¢—F¢e" Prussian Blue comple®.In [Ti'V—Fé&'(CN)g]n,
the Fd to Ti'V charge-transfer band is located at about 400
nm>5859 When excited at 400 nm, [FFe(CN})], in aqueous

solution showed a bleach of the charge-transfer band centered

at 400 nnt® The bleach recovery kinetics measured at 430 nm

consist of a fast monoexponential bleaching recovery component

(ca. 80%) with a time constant of about 1.4 ps and a long-lived
component with lifetime of>100 ps. Spectral overlap of the
bleach with the absorption of an intermediate species as well
as contribution from vibrational cooling dynamics complicates
the assignment of the back-ET time. A detailed analysis of the
transient data for the [FiFe(CN)], complex is ongoing?® In
an earlier study of the Me-Fe" Prussian Blue complex, a
similar fast bleach recovery component with a rate constant of
ca. 300 fs was attributed to a fast back-ET proé&skwe can
attribute the fast bleach recovery component in the-Heé-
(CN)e]n complex to fast back ET, it would provide further
support for our estimate ¢&{0) = 1/1.5 ps?! used in the Ti@—
Fe'(CN)g*~ system.

(3) Driving Force (AGop). The flat-band potential of nano-
crystalline TiQ thin films in agueous solution has been found
to follow Nernstian’s rule&?-64

Vy, = —0.4— 0.06*pH (SCE)
This value was found to be about 40 mV more negative than
that for colloidal nanoparticles in aqueous solut#®nThe
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Figure 7. Calculated back-ET kinetics according to model 1 (eq 7)
for particles with diameters of 3 nm (solid lines), 5 nm (dotted lines),
and 10 nm (dashed lines) at a trap energy of (a) 0.0015 V and (b) 0.03
V. Also shown for comparison are observed kinetics for the 11 nm

A-type particles (open circles). Fitting parameterskg@® = 1/1.5 ps?,
AGy = —0.94 V,1 = 0.60 V,m* = 10me.

3. Model I: Random Spherical Distribution of Electrons.
In model |, we assume that (i) the injected electrons randomly

difference may be attributed to the involvement of surface states POPulate the surface of the entire spherical particle, (ii) diffusion
below the band edge in the colloidal system. Therefore, the value©' €léctron hopping between trap states is negligible onthe

for nanocrystalline thin films instead of that for colloidal

ns time scale, and (iii) all trap states have the same energy.

nanoparticles is a more accurate estimate of conduction band ESSentially, in this model, we assume a homogeneous

edge position. At pH= 2, the conduction band edge is estimated
at —0.52 V (SCE). Desilvestro et &.observed that Tig-
Fe''(CN)s®~ complexes could be reduced by hydroquinone,
indicating a lower limit of the redox potential at c&0.44 V.

At pH = 2, the lower limit of the free energy difference for the

distribution of energetically equivalent sites on the surface of
the nanoparticles and the same probability of populating each
site. Electron recombination from sites far away from the

adsorbate will be slower compared to that from closer sites,
giving rise to nonexponential recombination kinetics. Since we

back-ET reaction from the conducting band edge to the adsorbed?SSume that there is only one trap state, the back-ET rate is no

Fe''(CN)s®~ can be estimated to be abou0.96 V. Because of

longer time dependent. Integrating over the entire spherical

the uncertainty in the redox potential, we have explored a range Surface, eq 6 is simplified to

of driving forces from—0.94 to—1.4 V in our calculation. As
will be discussed below, the qualitative conclusion regarding

the nonexponential behavior and size dependence does no

depend on the exact value of this parameter.
(4) Reorganization Energyi). Blackbourn et af® reported

a resonance Raman spectrum of the charge-transfer complex

Fe'(CN)e*~/TiO, in aqueous solution. They identified 10 Raman
active vibrational modes ranging from 2118 to 364 éntUsing

the simplest model of two displaced harmonic potential sur-
faces®335 the inner sphere reorganization energy can be
calculated to be 0.315 eV (2550 ch on the basis of the
spectrum. The value for outer-sphere reorganization is not well
established for an interfacial ET process. Using a typical value
of outer-sphere reorganization of ca. 0.3 V, a total reorganization
energy of about 0.6 V is used for all the calculations presented
below. By exploring a range of driving forces from0.94 to
—1.4 eV in the calculation, it should cover the effect of a small
uncertainty in the reorganization energy.

E *
o [ETE

d, I
A(t) = —C' [ 2— expg —k(0) ex -
SR B By .
2E(AG, + 1) + E?
4)RT

tfdr (7)

whereC' is a proportionality constant that relates the density
of injected electrons to the amplitude of the observed bleach.
The main interest of this calculation is to show the depen-
dence of the back-ET dynamics on the size of the particle. The
parameters that affect the size dependence are the trap energy
E and the effective mass.*. The free energy changkGy and
reorganization energy are chosen at-0.94 and+0.6 eV,
respectively. The calculated back-ET kinetics based on eq 7
for particle sizes of 3, 5, and 10 nm are shown in Figure 7a for
a trap energy of 0.0015 eV, and Figure 7b shows calculations
for a trap energy of 0.03 eV. This model predicts a significant
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size dependence in the back-ET kinetics. An effective mass of over the entire layer of the particle. A 2-D random distribution
10me for electrons was used in the calculation. A smaller model would be appropriate for this system. Martini e?4al.
effective mass leads to faster but still size dependent recombinarecently extended the 2-D random distribution model into a
tion rates. The experimentally observed size dependence is muctihree-dimensional spherical surface. Their study of the back-
smaller than that predicted by this model, suggesting that the ET time in the TiQ/anthracene system showed that there was
injected electrons do not populate the surface of the entire no difference in the back-ET kinetics in 4 and 40 nm particles
particle on the< 1 ns time scale. Obviously, this model cannot and the random distribution model did not fit their observed
fit the observed kinetics in BECN)s*/TiO, system. However,  results?® The TiO, nanoparticles studied by Martini et#land
the simplicity of the model offers some insight into the distance in this paper, which have diameter2.1 nm, are not quantum
and trap energy dependence of the recombination rate. Electrongonfined® The injected electrons in the conduction band are
trapped at larger distances have smaller couplings with the not delocalized over the entire particle, so rapid trapffirg
adsorbate, leading to a smaller recombination rate. Within this would lead to a distribution that is not random over the entire
random distribution model, larger particles will have more spherical surface.
electrons trapped at longer distances, and hence a slower Although three assumptions are made in model |, the
recombination rate as shown in Figure 7a,b. Electrons trappedpredicted size dependent kinetics are a direct consequence of
at deeper trap states will have a more localized wave function assuming random distribution of injected electrons over the
and smaller coupling with the adsorbate. With the same particle entire surface of the particles. This model always predicts slower
size, electrons at a deeper trap will recombine slower, as clearlykinetics in bigger particles, because of the distance dependent
shown by the comparison of (a) and (b) of Figure 7. back-ET rate. Assumptions (ii) and (i) do not change the size
Trapping of electrons has two effects on the back-ET rate. dependent nature of the model. In fact, Martini et‘ahave
The driving force for electrons in deep trap states is smaller shown that if diffusion between trap states is much faster than
than shallow trap states. Since this reaction is believed to fall back ET, the back-ET kinetics become single exponential, which
in the inverted regioA32629 trapping would decrease the is not what we observed experimentally. More importantly, the
activation barrier for the back ET and increase the rate. On the model would still predict significant size dependent recombina-
other hand, the wave function of electrons in deep trap states istion kinetics, contradictory to the observed results. This model
more localized, so at the same distance its electronic overlapcan be easily modified to accommodate multiple or a distribution
with the oxidized adsorbate molecule is smaller. This leads to Of trap state energied.Trap states with different energies will
a smaller coupling matrix element, and a slower recombination lead to different back-electron-transfer kinetics, but they are still
rate. The effect of the reduced coupling seems to dominate theSize dependent.
overall rate change for our system. O’Regan &t alvestigated 4. Model II: Partially Localized Electrons with Distribu-
the back ET on a nanocrystalline Ti@hin film electrode tion of Trap Energy. In model Il, we assume the following.
sensitized by Ru(dcbpy)By biasing the Fermi level of the TiO (i) Injected electrons randomly populate around a small region
positive to the flat band potential by 300 mV, the back electron near the parent adsorbate. The size of the region is determined
recombination rate could be sharply reduced by a factor &f 10 by fitting. (ii) Spatial diffusion or hopping between trap sites is
More recently, Haque and co-workét®bserved similar bias  negligible on the nanosecond time scale. (iii) Injected electrons
dependent recombination kinetics in Ru(dcB$CN)-sensi- relax from shallow to deep trap states.
tized nanocrystalline thin film electrodes. They found a decrease  On the basis of the results of model 1, it is clear that the
in the nonexponential back-ET rate when the films were biased injected electrons do not randomly populate the surface of the
slightly more positive than the conduction band edge. It was entire particle on the<1 ns time scale. In this model, we will
argued that when the Fermi level of TiGecame more positive  assume that the injected electrons are distributed randomly on
than the flat band potential, deeper trap states were emptiedthe surface up to a maximum distancg away from the
The photoinjected electron could then be trapped at these statesadsorbate. The exact value fo5, which is smaller than the
leading to a slower recombination reaction. These observationsdiameter of the particles, will be determined by fitting. Another
are consistent with our modeling result that back ET from deep difference from model is the consideration of the trapping
trap states are slower than the shallow traps and a distributiondynamics,E(t), of the injected electrons.

of electrons in trap states leads to nonexponential kinetics. (a) Trapped Electron Relaxation Dynamics: E(t). (1) Trap
Models assuming randomly distributed electrons have been State Distribution Assumption 1l deals with the relaxation of
used by other authors to describe electron recombination with electrons between trap states. It is well-known that there is a
adsorbate molecules or holes in semiconductor nanoparticlesjarge density of trap states in nanocrystalline Tg@rticles and
Recently, Kelly and co-workers applied a two-dimensional films,*>63 and trap state filling plays an important role in
random electron distribution model to account for the early time interfacial electron-transfé&¥¢”and carrier transpd#"°kinetics
dynamics of the photoexcited electron and hole recombination in nanocrystalline thin films. However, the exact distribution
in M0S,,%8 and the back-ET kinetics from Me$ianoparticle of trap state energy is not well established. Two types of
to the oxidized adsorbate molecuf@$10S; nanoparticles have  measurements of trap state density distributions have been
a layered structure and a random distribution of electrons on reported in the literature. The first class of experiments involved
the edge of the disk was used in the modeling. Both the kinetics photoelectrochemical measurements of thin film electrdele’.
of electron hole recombination and back electron transfer to By measuring the optical absorption spectra of the nanocrys-
the adsorbate were found to be well fit by the distributed kinetics talline thin films under different external bias voltages, the
predicted on the basis of a two-dimensional random distribution distribution of trap states could be inferred. Rothenberger et
model. The applicability of the random distribution model al.?3 showed that both exponential and Gaussian distributions
depends on the delocalization extent of electrons in the of trap state energetics could be used to account for the bias
conduction band of these nanoparticles. Mp8&rticles studied absorption spectra of the thin film. Another class of experiments
by Kelly and co-workers show a quantum confinement effect, used more direct techniques such as S¥Wor electron energy
indicating that the conduction band electrons can be delocalizedloss measurement3.Measurements on single rutile crystal
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surfaces showed a prominent peak of trap state dt 6r30.6
eV7’3 below the conduction band. Measurements of polycrys-
talline native TiQ material$? revealed a much higher density
of surface states and a much broader distribution compared to
single crystals. Since no direct measurement of colloidal
nanoparticles in solution have been made, we assume that their
trap state distribution function resembles that of the polycrys-
talline TiO, materialst3.72

(2) Experimental Determination of E(tin our previous
studies, we have observed that the infrared absorption signal
of injected electrons in colloidal TiOnanoparticles and thin
films showed decay kinetics on the picosecond to nanosecond
time scalel®1127 The decay rate was found to be faster in
colloidal nanoparticles than in thin films and bulk single crystals,
consistent with the trend of trap density in these materials.
Although the detailed origin of the IR absorption of electrons
is yet to be determined, a transition from a trap state to the
conduction band is a very likely possibility. The absorption cross
section depends on the density of the final states. For semicon-
ductors, the density of states decreases as the kinetic energy of
the electrons in the conduction band decred$ekhus, as
electrons move from shallow to deep trap states, the density of
final states in the IR absorption of electrons decreases, leading

-E(t) (trap energy, eV)

to a decrease in the absorption cross section. If the distribution -0.4 T r . T
of the conduction band density of states is known, the IR cross 0 200 400 600 800 1000
section decay can be related to the decay of trap energy. Delay Time (ps)

We have previously observed that at 2000 éna frequency  Figure 8. Comparison of electron relaxation kineti&{), calculated
far away from the CN stretching band of the adsorbates, the from the measured IR cross section decay for 5 nm A-type padicles
mid-IR absorption signal in the Fe(C&QT-TiOZ nanoparticle accordin_g toeq 1l (op_en circles) and frqm fitting parameters_of model
(5 nm A type) complex is dominated by the absorption of Il accordlng_to eql4 (Ilnes). (a) Comparisonkff) for 5 nm partlcles.
electrons in TiQ.27 At this wavelength, the IR absorption of The dotted line is the best fit #&(t) calculated from the IR cross section

. . .. decay witha = 12.5 eV* and8 = 0.000 55 eV/ps. E(t) calculated
the l.nject.ed.elelctrons decays faster than the reclomblnatlonwith parameters from the fits to the kinetics data for 5 nm nanoparticles
kinetics, indicating that the absorption cross section of the are shown by the solid line foAGo = —0.94 V, o = 19 V-2, and
electrons decays on thel ns time scale. If we assume a time g = 0.0011 eV¥/ps and by the dashed line f&nG, = —1.40 V, o =
dependent average cross secti) for the injected electrons, 16 eV'%, and$ = 0.000 69 e¥/ps. (b) Comparison df(t) calculated

the time dependent mid-IR absorption S|gnA(I)' can be from the fitting parameters listed in Table 2 witGo, = —0.94 V for
described by samples of 3 nm B-type particles (dalashed line), 9 nm B-type

particles (dotted line), 5 nm A-type particles (dashed line), and 11 nm
A-type patrticles (solid line).
AD) = N(t) o(t) (8)
states in the conduction band that is connected by the probe IR
whereNg(t) is the density of injected electrons. Since the electron Photon for a given trap energ(t):
density is proportional to the amplitude of the CN bleach, the (Er—E()
average cross section of electrons can be calculated by dividing o(t) = Co ™™™ (10)
the observed absorbance change at 2000'dwy the bleach ) )
recovery kinetics. The calculated average cross section accordingVhere Ei is the energy of the IR probe photon afis a
to this procedure can be described by a multiexponential decayproportmnallty constant. The normalized cross section at time
function with time constants and amplitudes (in parentheses)t can be directly related to the trap energy
of 7 ps (8%), 35 ps (22%), 300 ps (40%), ard ns (30%)’

For many semiconductor materials with a large defect density, @ = g EW
the density of conduction band states decays roughly exponen- a(0)
tially with energy near the conduction band edfjé. appears 1 (o(t)
reasonable for us to assume an exponential function to describe E(t) = — , In(m) (11)
C

the density of states in the conduction band of Jm@noparticles

near the band edge, Using the equation above and the experimentally determined

L af cross section, we calculated the decay of the average trap energy.
pE) = a €™ 9) As shown in Figure 8a (open circles), the trap energy decays
down to about 0.32 eV below the band-edge in 1 ns. This value

wherea, is the decay constant artg} is the energy above the  appears to fall in the range of reported values for trap enérgy.
conduction band edge. From a recent band structure calculation (3) Models of Electron Relaxatioigince we only have the
of bulk rutile TiO,,”® we estimated that the density of states experimentally determined cross section decay for the A-type
near the conduction band edge could be approximately describedd nm patrticles, we cannot use the experimentally determined
by an exponential decay with an, value of 12 eVl We use E(t) to fit the back-ET kinetics for all samples. Instead, we will
the same value o to describe the anatase thin film. The assume a reasonable functional formkgf) and fit the back-
absorption cross section is proportional to the density of final ET kinetics to obtain the parameter for tlgt) decay. A
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TABLE 2: Fitting Parameters for Four Different Samples kinetics for 5 nm A-type particles calculated from the experi-
According to Model I mentally determined IR cross section decay according to eq 11
samples AGy, eV o, ev? B, eV?lps ro, NM (open circles) and the fitteB(t) with AGy = —0.94 V(solid
A-type 5 nm —0.94 18 0.0010 0.80 line) and—1.4 \_/(brol_(en_line), re_spectively. AItho_ugh the trap
A-type 5 nm —1.40 16 0.000 56 1.08 energy relaxation kinetics obtained from the fits are not in
A-type 11 nm —0.94 19 0.0011 0.80 perfect agreement with the observed electron relaxation kinetics,
A-type 11 nm —1.40 16 0.000 69 1.08 they have the overall shape of the relaxation and qualitatively
g'ggz g ﬂm :(1)-23 icz) 8-888 %g igg similar trap energy. Considering the simplicity of the models
B-type 9 nm —0.94 13 0.000 46 0.86 used to des_crlbe the trap state d|str|_bu_t|on and re_Iaxatl_on, _the
B-type 9 nm 14 10 0.000 40 1.10 agreement is rather satisfactory. Similar relaxation kinetics

obtained from fitting the four samples withGy = —0.94 V
functional form ofE(t) can be derived if we assume a trap state are shown in Figure 8b. Different electron relaxation kinetics
distribution and relaxation mechanism. We will use an expo- are needed to fit the noticeable difference in the recombination
nential decay function similar to that used by Rothenberger et kinetics of A- and B-type particles. Within this model, these
al.% to model the density of trap states as an function of trap differences in the back-ET kinetics can be attributed the
energy: difference in trap state distribution and relaxation in these

materials, presumably caused by the different chemistry used

p(E) = ae *® (12) in the preparation process.
For the four samples of different particle sizes, we obtained
a maximum distance of the injected electrons from the adsorbate
of about 0.8-1.24 nm. This result suggests that the injected
electrons are localized near the adsorbate instead of randomized
over the entire particle surface. These values are much smaller
than the diameter of the particles, which explains the observed

occurs between trap states with small energy differences anolIack of size dependence in back-ET kinetics. The rather localized

the relaxation rate depends on the density of the trap states a{electro.n distribution is also consist.ent.with .the.observed pump
lower energy, we can derive the rate equation for the trap energypower |nd(_epe_nde_nce of the recombination kinetics. The_locallzed
decay: electron distribution may be a result of the large effective mass

of electrons in TiQ. Assumingms* = 10m,, € = 9, and an
dE effective mass of 018 for holes, the exciton Bohr radius in
ot KNoo(E + dE) ~ kNyp(E) (13) TiO, can be estimated to be about 0.6 nm. As can be seen in
eq 6, the value ofy obtained from the fitting scales inversely
whereNp is the total number of accessible trapped states. with the square root of effective mass. A smaller effective mass
Solving the equation above, an expression for (g can will lead to a larger value of,. At the lower limit of electron
be obtained: effective mass of 112, the values foro would be about 2.3
3.6 nm, which are still smaller than most of the particle sizes
studied.

Here,p(E) is a normalized density distribution function for the
trap states andt, the trap energy, is defined relative to the
conduction band edge. A larger positiEe&orresponds to a deep
trap state.

The detailed mechanism of electron relaxation between trap
states is not known. If we assume that the dominant relaxation

E(t) =

In(o®Bt +1)
—a (14)

where8 = kN is a product of a relaxation rate constant and Summary

o e end ot rap e Ve Sl he backET et in I
0 d° etics depend on the rap oo qjtized Ti@ nanoparticle colloid in aqueous solution. The

energy decay kinetics(t). As will be shown later, an observed main experimental results follow.

kinetics trace will lead to a unique fit foE(t). This fitting . . -
procedure does not depend on the exact model to describe the (1) The observed non-single-exponential back-ET kinetics

trap state distribution and trap energy relaxation, as long as it ere found to be !ndepepdgnt pf the pump power under our
provides a functional form that can describg). Nevertheless experimental conditions, indicating a geminate recombination
it is interesting to note that the trap energy decay obtained from process. . o

experiment can be well described by eq 14 derived from the _ (2) Comparison of the back-ET kinetics between samples of
simple model outlined above. The best fit of the data, shown © @nd 11 nm A-type particles or between samples of 3 and 9

by the dotted line in Figure 8a, yields a valueoof= 12.5 eV-1 nm B-type pqrticles s_hows very Iittle differences. These rgsults

andp = 0.000 55 eW/ps. suggest that in the size range studied, the back-ET kinetics are
(b) Fitting of the Back-ET KinetictJsing egs 6 and 14, we  independent of the particle size.

fitted all the recombination kinetics with, o, andg as fitting (3) There is a noticeable difference in the back-ET kinetics

parameters. Listed in Table 2 are the fitting parameters for the for samples of A- and B-type nanoparticles, indicating the

four different particle sizes with = 0.6 eV,m¢* = 10m,, and important role of surface chemistry in the back-ET process.

two values forAGy = —0.94 and—1.4 V. For a givem\Gy, 4, To provide detailed insight into the back-ET process, we

andmg*, a unique combination of the three fitting parameters, calculated the back-ET kinetics in two model distributions of
ro, a, andp, that can produce a satisfactory fit to the data, is trapped electrons. Model |, which assumed a random distribution
obtained. Examples of two such fits are shown in Figure 6 for of electrons on the entire surface of the particle, predicted a
the 3 nm B-type and 5 nm A-type particles assumikigy = large size dependence in the ET kinetics and therefore could
—0.94. Equally good fits can be obtained Gy = —1.4 V. not fit the observed kinetics. Model I, which assumed a
For each pair ofo. and S values, a trap energy relaxation localized distribution of injected electrons and relaxation of
function, E(t), for trapped electrons is determined according to electrons from shallow to deep trap states, was found to produce
eq 14. Shown in Figure 8a is a comparison of the relaxation a satisfactory fit to the back-ET data with three fitting



Back Electron Transfer from Tito Fée'(CN)e3~

parameters. The electron relaxation kinefi€g obtained from

the fit were in reasonable agreement with that obtained from AA(t) = —elN,
the experimentally determined IR cross section decay. These
fitting parameters should only be considered as approximate
values because of the simple models used in describing
conduction band density of state distribution, trap state distribu-
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2r [E(Mm*
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2E(1)(AG, + 1) + E(t)
4}RT
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t| dr

tion and relaxation mechanism. Nevertheless, we consider the

main findings of the model to be qualitatively correct and the

insight about the back-ET process to be valuable. According to

the fitting results of model I, the injected electrons were
localized near the adsorbate,
recombination kinetics. The small difference in the back-ET

kinetics between the samples of A- and B-type particles could
be accounted for by the difference in the electron relaxation
kinetics caused by different surface chemistry. The non-single-
exponential kinetics are a result of back ET from trap states at
a different distance from the adsorbate and with different trap

leading to size independent

wheree€lNg is treated as a scaling factor and, for simplicity,
was set to be 1.
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