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The relaxation dynamics of cresyl violet H-aggregate dimers adsorbed ontooB188D, colloidal particles

has been examined with ca. 200 fs time resolution. These experiments were performed by monitoring both
the ground state recovery of the excited dye molecules and the transient absorption signal in the region of the
dye radical cation. For cresyl violeSiO,, the ground state recovery is a single exponential with at2092

ps time constant. Transient absorption measurements that monitored the excited electronic state of the dye
show a similar 2.5+ 0.4 ps decay. The observed dynamics for cresyl vie®0, is assigned to internal
conversion followed by vibrational relaxation of the adsorbed cresyl violet dimers. The similarity of the
transient absorption and bleach recovery time constants shows that vibrational relaxation is extremely rapid,
i.e., internal conversion is the rate-limiting step. For cresyl vieft(Q, the ground state recovery is
biexponential with time constants of 24 0.4 ps (~80% of the amplitude) and 1138 0.5 ps 20%).
Transient absorption measurements that monitor both the electronically excited dye aggregates and the dye
radical cation also show a biexponential decay with time constants af 2.3 and 12.3+ 0.5 ps. The 2.4

ps process is attributed to internal conversion/vibrational relaxation of the excited dye aggregates, analogous
to the results for the cresyl violet-Si®ystem. The 12 ps process is assigned to the decay of the cresyl
violet dimer radical cation that is produced by electron transfer to the, Sa@iconductor particles. The

radical cation only contributes to the signal for the cresyl viel&hQ, system because electron transfer to

SiG; is not energetically allowed. The decay mechanism for the radical cation is back electron transfer from
SnQ,.

Introduction measured. Snfand SiQ particles were chosen for study
because electron transfer from cresyl violet is energetically

Dye sensitization of wide band gap semiconductor particles . .
y gap 0 b allowed to Sn@ but not to SiQ.1° Thus, comparing the

is important in a variety of applications, including photography, - tal its for th i ¢ i f
solar energy conversi® and photocatalytic waste water ~SXPefmental resulis lor these two Systems provides a way o

remediatiors In all of these examples the primary event is unraveling electron transfer from other photophysical processes.

the creation of a Charge Separation by electron transfer from Previous experiments have determined that Cresyl violet forms
the photoexcited dye to the semiconductor. The efficiency of dimers ((CV),) on the surface of Snfor Si0; particles and
charge separation depends on the relative magnitude of thethat the (C\/), absorbance spectrum is blue shifted by ca. 65
electron transfer rate constat{ to the rate of back electron ~ nm compared to the monom#. This shows that (CV), has
transfer k»,) and nonradiative decak4) of the adsorbed dye a “H-aggregate” geometry, i.e., the transition dipole moments
molecules. However, despite the importance of dye sensitiza- of the cresyl violet molecules in the dimer are parallel to each
tion, very few ultrafast laser studies of the photophysics of dye other!! In this geometry optical transitions from thg Sate
molecules adsorbed at semiconductor particle surfaces have beeare only allowed to the upper;S component of the pair of
reported to daté’ Thus, not much is known about hdk, ko, excited singlet states produced by exciton couplingNote that
andk,, vary for different dye semiconductor particle systems fluorescence cannot be observed from (@y/for either dimers
and what the important factors are in determining the magnitude adsorbed onto semiconductor parti¢fesr for free dimers in
of these rate constants. solution!? This is a general property of H-aggregates that is
In this paper ultrafast transient absorption/bleach recovery attributed to fast internal conversion (IC) from the optically
data for cresyl violet (CY) adsorbed onto nanometer-sized excited S* state to the lower S component of the exciton
particles of Sn@ and SiQ is presented. These experiments pair of stated! This process quenches fluorescence because
were performed by employing a home-built optical parametric optical transitions from the;S state to the groundo®lectronic
amplifier (OPA) for the pump laser souré&. The OPA can state are forbiddeH. In solution phase, H-aggregates in the
supply 206-250 fs pump laser pulses with wavelengths S~ state are deactivated by either intersystem crossing (ISC)
anywhere from 750 to 450 nm. This tunability is a key factor to the triplet T; state or by a second IC process to thes@te.
for the success of our experiments; it allows us to selectively Note that the ISC channel is often enhanced in H-aggregates
excite the adsorbed dye molecules and not the semiconductorpecause the :S—T; energy gap is reduced by the exciton
so that the ultrafast dynamics of the dye can be unambiguouslysplitting of the S statel!

* Author to whom correspondence should be addressed: E-mail: For (CV*), adsorbed onto semiconductor particles, electron
hartland.1@nd.edu. P ' " transfer from the dye to the semiconductor is also possible.
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resolution, which monitored the (CY.** radical cation, show
that electron transfer to Spccurs from the triplet state of
the dimer on a slow 5 ns time scale. Photoelectrochemical and .
time-resolved microwave absorption studies of thin films 257 \
constructed from (CV),—SnQ; particles have also shown that
the photon-to-photocurrent efficiency is low1%23 Note that
the §* state of the cresyl violet dimer is'1.4 eV higher in
energy than the conduction band of Sn®hereas the S state

is ~0.8 eV highe’4 Thus, the electron transfer rates from

the S~ and S states of cresyl violet to Sn®nay be different. 1.0

The aim of this paper is to determine why the photon-to-
photocurrent conversion efficiency is so low for this system, 0.5
i.e., what processes control the photophysics of cresyl violet

adsorbed onto semiconductor particle surfaces. T T T
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Experimental Section
Figure 1. Steady state UV vis absorption spectra of (a) 40 cresyl

Aqueous colloidal suspensions of Sn@8%, Alfa Chemi- violet monomer and (b) 42M cresyl violet and 5«M SnG; particle
cals) and SiQ@(14.5%, NALCO Chemical Company) were used concentration. Both spectra were recorded in aqueous solution.
as received. The diameter of the particles was measured by
TEM (380 000< magnification) to be 3650 A for both SiQ integration of the photodiode signal. An inexpensive analog
and SnQ@. Cresyl violet was obtained from Exciton and was division integrated circuit (Burr Brown, DIV100) generates a
used without further purification. Samples were prepared by normalized signal, which is fed into a lock-in amplifier (Stanford
diluting the stock colloid solutions to a particle concentration Instruments, SR830). The lock-in is referenced to a chopper
of 5 uM and adding concentrated dye solution. The final dye that modulates the pump laser. This scheme efficiently normal-
concentration was ca. 4M. All experiments were performed izes fluctuations in the probe laser on a pulse-to-pulse Basis.
in distilled water. Due to strong electrostatic interactions Typically, the absorbance change induced by the pump laser in
between the cationic dye and the negatively charged particles,the dye-semiconductor systems was-2 mo.d.
the cresyl violet molecules are almost completely adsorbed onto  The delay between the pump and probe pulses was varied
the particle surface. For both systems, cresyl violet exists asWith a 0.1um resolution stepper-motor driven translation stage
dimers on the surface, even at low dye concentrati®ni (Newport, UTM150PP.1). Data collection and the movement
the experiments reported below, there were approximately 4  of the translation stage were controlled by a LabVIEW program
cresyl violet dimers/particle, which implies an average distance that runs on a Power Macintosh 7100/80 personal computer.
of 40-50 A between dimers. Note that, at the dye/particle Data analysis was performed by a deconvolution and fitting
concentrations used in our study, only ca. 1% of thetCv routine that uses the Levenberiflarquardt nonlinear least-
molecules exist as free monomers in solution. squares methot. The instrument response function was

The laser system used for these experiments is based on &ssumed to be a Gaussian with a fwhm determined from the
mode-locked Ti:Sapphire laser (Clark-MXR, NJA-4) that is Cross correlation be_tween the 780 nmfundamental and the OPA.
pumped by a Coherent I-90/6 argon ion laser. The beam from The cross-correlations were measured with a 360 KDP
the oscillator (0.4 W, 5060 fs fwhm) is regeneratively ~ Crystal, and typical values for the fwhm were 222ZB0 fs
amplified (Clark-MXR, CPA-1000) to yield pulses with0.5  (Gaussian deconvolution).
mJ energy Ba 1 kHz repetition rate and with typical pulsewidths
of 120 fs (sechdeconvolution). The output from the regenera-
tive amplifier is split by a 96-10 beam splitter, and the 90% UV —vis absorption spectra of CVin aqueous solution and
portion pumps the OPA. The OPA produces tunable pump laserof (CV*), adsorbed onto the surface of Sn@articles are
pulses, with microjoule energies per pulse. The design is basedpresented in Figure 1. The spectrum for (Q¥-SiO; is very
on that of Greenfield et &and is described in detail in ref 9.  similar to that shown for (CV),—SnQ, except that the UV
The 10% portion of the beam from the regenerative amplifier absorption{ < 350 nm) due to the Snarticles is absent. In
supplies the probe laser pulses. Tunable visible probe pulsesFigure 2 transient bleach/stimulated emission data for the cresyl
are obtained by attenuating the 10% beam with a variable neutralviolet monomer is presented. These experiments were per-
density filter (Edmund Scientific) and focusing ana 6 mm formed with 500 nm pump and 550 nm probe laser pulses. The
BK-7 window to produce a white light continuum. Band-pass signal shows an initial 0.8% 0.05 ps decay~60% of the
interference filters (10 nm, Oriel) were used to select slices amplitude) due to vibrational relaxation and/or solvation effects,
from the continuum. Probe laser pulses wits- 400 nm were  followed by a much slower decay that is consistent with the
obtained by doubling the 10% beam in a 3060 KDP crystal. 2.2 ns fluorescence lifetime of aqueous cresyl viédet.

The pump and probe beams were cross overlapped at the Figure 3 shows transient bleach data for (§3%SnQ, and
sample by focusing with a 10 cm lens. The sample solution (CV*),—SiO,. These experiments were performed with 500
was flowed throug a 3 mmpath length cell that was placed nm pump laser pulses and a probe laser wavelength of 530 nm.
slightly before the focus of the pump and probe lasers (we have These pump and probe wavelengths correspond to the maxima
found that this significantly reduces unwanted nonlinear effects of the steady-state absorption and transient bleach spectra,
in the signal). The transmitted intensity of the probe was respectively, for (CV),—SnG.10 In addition, the contribution
detected with an amplified Si-PIN photodiode (Thorlabs, from free CV" monomer to the signal is minimized at 530 nm,
PA150), and the signal was normalized using the scheme because the signal from C\thanges from a transient absorp-
described in ref 15. Briefly, the probe is divided into signal tion to a transient bleach near this wavelengthClearly, the
and reference beams before the sample, and the intensities ofime response of the transient bleach signal for the—dye
these beams are converted to quasi-dc voltages by gatedsemiconductor particle systems is very different to that for the

Results
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Figure 2. Transient bleach/stimulated emission data recorded with 500 Figure 4. Transient absorption data recorded with 500 nm pump and
nm pump and 550 nm probe pulses for the cresyl violet monomer in 400 nm probe laser pulses for the cresyl violet monomer in aqueous
aqueous solution:—) experimental data; {-) theoretical fit to the data. solution: () experimental data,{) theoretical fit to the data.
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Figure 3. Transient bleach data recorded with 500 nm pump and 530 Figure 5. Transient absorption data recorded with 500 nm pump and
nm probe pulses for cresyl violet dimers adsorbed onto the surface of 400 nm probe pulses for cresyl violet dimers adsorbed onto the surface
SnG and SiQ particles: ) experimental data; (') theoretical fit to of SnQ, and SiQ particles: ) experimental data;{) theoretical fit

the data. to the data.

cresyl violet monomer. Specifically, the bleach recovery is snQ, and (CV*),—SiO; reaches a constant level 6f10% of
almost complete within 20 ps for both (C¥%—SnQ; and  the maximum. This long time contribution to the signal is due
(CV7)2=SIiO,. Also shown in Figure 3 is a fit to the o free CV monomer in solution and/or triplet (C\, species
experimental data. This analysis shows that for {BV SiO; produced by intersystem crossing from the State.

the transient bleach signal has a single exponential decay with  Fits to the data using an offset plus a single exponential for

a 2.9+ 0.2 ps time constant. In contrast, for (E—SnQ, (CV1),—SiO, and a double exponential for (GY,—SnG are

the decay is biexponential with time constants of2.8.4and  shown in Figure 5. Note that the 1 ps decay observed for the

11.3+ 0.5 ps that account for 80% and 20% of the signal Cv+ monomer in Figure 4 should also contribute to the data

amplitude, respectively. shown in Figure 5. However, because the amplitude of this
Figures 4 and 5 show transient absorption data collected with signal is within the signal-to-noise of the experiment, this decay

500 nm pump laser pulses and a probe laser wavelength of 400component was not included in the data analysis. The param-

nm. The results for the C¥monomer are shown in Figure 4 eters obtained from these fits are not as reliable as those from

and data for (CV),—SnQ and (CV"),—SiO, are shown in  the transient bleach data in Figure 3, due to the lower signal-

Figure 5. Thel = 400 nm probe laser pulses interrogate to-noise ratio for the 400 nm probe data and the contribution

electronically excited CV/(CV*),,'° as well as the C¥'/ from the CV" monomer/(CV), triplet to the signal. For

(CV+)2'+ radical cationd? Note that both theS and S~ states (CV+)2—5|02 our ana|ysis y|e|ds a decay time 2450.4 ps.

of (CV*); can give rise an absorption signal in this experiment. For (CV+),—Sn0, the decay time constants obtained are 2.3

Similar to the data shown in Figure 2, the transient absorption 4 0.3 and 12.3t 0.5 ps, with relative amplitudes of 3:2. Note

signal for the CV' monomer shows a fast decay component that for both probe wavelengths the dynamics observed for

(1.0£ 0.1 ps, 45% of the amplitude) followed by a slower decay (Cv+),—SnQ, is slower than that for (C¥),—SiO,. Also, for

that is consistent with the 2.2 ns monomer fluorescence lifetime. a given System’ the time constants determined from the bleach

Again, the fast decay is most ||k6|y due to vibrational relaxation recovery data (Figures 3) and the transient absorption measure-

and/or solvation dynamics in thel State of C\F. At early ments (Figure 5) are within experimenta| error.

times (<20 ps) the transient absorption signals for (G- ) _

SnQ and (CVH),—SiO, show a similar time behavior to the — Discussion

data presented in Figure 3. However, instead of decaying to The results presented in Figures 3 and 5 can be explained

zero at long times, the transient absorption signal for {3 using the energy level diagram shown in Figure 6. Specifically,
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E(V) versus SCE (CV™)* radical cation. This is not surprising as electron
., 4 transfer is expected to be extremely fastZ00 fs, vide infra).
ko ///%nducﬁon T-2 In addition, because the;Sand S~ states of (CV); and the
St 7 2 VW %Band (CV*1)** radical cation all absorb at 400 nm, the growth in the
s :’; ke // T-1 400 nm transient absorption signal due to the formation of
T, (CVH)+ will be masked by the decay of the electronically
ke 1 excited (CV'), species. Note that without further information
it is difficult to determine whether the 2.4 ps time constant is
/g due to §~ — S IC and the 12 ps time constant is due to back
So T electron transfer or visa versa.
(cve), SnO, On the other hand, for (C¥j,—SiO; electron transfer to the
T 2 colloid particle cannot occur: the pump laser excited {GV

species can only return to the ground state via S & IC.

45 Thus, the 400 nm transient absorption signal should show a

WV’ alence single exponential decay due ta™S— S IC. Likewise, the
7 Band A bleach recovery measurements should show a single exponential

Figure 6. Energy level diagram for electron transfer and nonradiative With @ time constant determined by the rate ef S~ & IC
relaxation in (CV/)-SnQ. S;* and S~ are the excited singlet states  convoluted with the rate of vibrational deactivation. Again, this
created by exciton splitting in the dimer; 7§ the triplet state is prediction is consistent with our data. Note that the time
the ground electronic state; akg kc, ki, andk, are the rate constants  constants for the decay of thg Sexcited state absorption at
for electron transfer, S — S, IC, and nonradiative decays of the’S 400 nm (2.5+ 0.4 ps) and that the bleach recovery at 530 nm
state and back electron transfer, respectively. (2.9+ 0.2 ps) are within experimental error. This implies that
vibrational relaxation in the ground electronic state of (G
SiO; is extremely fast, i.e., S — S IC is the rate-limiting
step. This is also true for (CV,—SnGQ,, the bleach recovery
time constants (2.4 0.4 and 11.3+ 0.5 ps) are within
experimental error of the transient absorption decays 2.3
0.3 and 12.3t 0.5 ps), indicating that vibrational relaxation is
extremely fast.

the pump laser excites levels in thg"State of (CV),, and
these levels subsequently undergo IC to thg Statel!
Anfinrud and co-workers were unable to detect fluorescence
from (CV™"); in solution12 which implies that the quantum yield
for ST — S;” ICis~1. The §* — S;~ IC process (which is

a property of the dimer and is not induced by interactions with
the colloid particles) also completely quenches the RV . .
fluorescence in the (C¥,—SnG and (CV),—SiO, systems? ~ By comparison to the results for (CY,—SiO,, the 2.4 ps
We believe that § — S,~ IC is extremely fast €100 fs), s0 time constant obsgrved in the transient qbsorptlon data for
that the S+ state does not significantly contribute to either the (CV)2~SnQyis assigned toS — S IC. This assignment is

530 nm probe experiments (through stimulated emission) or the banEd on the fact that this time constant is very close to the 2.5
400 nm transient absorption experiments, for both BV ps time constant observed for (C)¢—Si0,. Thus, the 12 ps
SnG and (CV"),—Si0,.18 Unfortunately, we were unable to decay in the (_C\J/)Z—S_nq transient absorption and bleach
produce cresyl violet dimers in solution without also producing "€COVery experiments is assigned to the decay of theJ&v
larger dye aggregates. Thus, we could not examine the radical cation through back electron transfer from gn@ time

dynamics of (CV), without the presence of SiCor SnG scale of 12 ps for the back electron transfer reaction is in
agreement with recent measurements for dye molecules adsorbed

particles. he surface of bulk semiconducta?
For (CV*),—SnQ, electron transfer to the Sa@articles also onto the sgr ace O. ulk semiconductors. o
occurs from the § state and, therefore, competes with the S The relative amplitude of the two exponentials in the (g

that undergo 8 — S,~ IC compared to electron transfer is  Of the IC and electron-transfer pathways. Specifically, the data
determined by the relative magnitudes of the internal conversion in Figure 3 shows that for (CY),—SnQ; the number of species
and electron transfer rate constakislke. The electron transfer ~ that undergo IC compared to electron transfer is ca. 4:1. Thus,
process generates the (€ radical cation, which is destroyed ~ the ratio of the $" — §;~ IC and electron transfer rate constants
by back electron transfer from the Sp@article-regenerating 1S kc/ke = 4 + 1. Previous ultrafast studies of dye
ground state (CV).. The S levels produced by the;$ — semiconductor particle systems have determined electron transfer
S,~ IC process decay by a secong S~ S IC step, with a times of ca. 200 f&7 Using this number as the time constant
small number of species undergoing ISC to thestate. The  for electron transfer in (CV),—SnQ; implies that the time scale
highly vibrationally excited §molecules produced by;S— for §* — S~ IC must be ca. 4870 fs. This time scale is

S IC are subsequently vibrationally deactivated. In this scheme consistent with our data:;S— S, IC is much faster than our

the 400 nm transient absorption measurements, which probeUme resolution and would not be observed in the transient
both (CV")2+ and electronically excited (CV), should show absorption measurements presented in Figure 5. Note that in
two components: a growth and decay due to the formation and Our system the dye molecules are electrostatically attached to
disappearance of the (GYs* radical cation and a second decay the surface, whereas in refs 6 and 7, the dye molecules were
due to S~ — S IC. In turn, the 530 nm bleach recovery covalently bonded. Thus, the electronic couplings may be
experiments should also show two Components due to the twodifferent, and the time scale of 200 fs determined in refs 6 and
pathways for repopulating the (GY ground state (decay of 7 only provides a rough estimate of the electron transfer time
the (CV")* radical cation and 8§ — S IC followed by for (CV*),—SnQ..

vibrational relaxation). Our data is consistent with this pic- Picosecond transient absorption measurements have shown
ture: both the transient absorption and bleach recovery datathat a small fraction of the excited dimers end up inthe T
for (CV*),—SnQ, show biexponential decays with time con- state and that the lifetime of the, Btate is much greater than
stants of 2.4 and ca. 12 ps. We do not observe a growth in the20 psi® Thus, the almost complete bleach recoveries observed
400 nm transient absorption signal due to the formation of the for (CV*),—Si0, and (CV"),—SnQ; in Figure 3 indicate that
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the quantum yield for ISC is:3% for these systems (this limit ~ Summary and Conclusions
is established by the signal-to-noise in the data, see Figure 3).
For (CV*")>—SnG;, the species that end up in the triplet state
undergo electron transfer to SpOn a 5 nstime scale, giving

rise to photo-conductivity in (C¥),—SnQ; particle films!2 The

low quantum vyield of triplet (CV), determined from our

measurements is one reason for the low photon-to-photocurrent’; ; i
conversion efficiency measured of these filkasIn addition, dimers adsorbed onto the surface of $rédd SiQ particles

nanosecond transient absorption and time-resolved microwaveby both transient absorption and bleach recovery experiments.
conductivity measurements of the (C)}4—Sn0; particle films These measqrements shqw that' (1) Nonradiative relaxatlon of
show that the charge separation created by electron transfer fromthe photoexcne_d cresyl violet (_j!mers occurs by consecutive
the T state decays with a rate constant ok9L0° s* at low |nterr_1al conversion steps. Specifically, the optically excitgd S
pump laser power and that this decay rate increases ta 20 species undergo rapid S— " IC, follqwed by a slower.s

10f s2 when the laser power is increased by a factor % 4. S0 IC process that occurs on &3 ps time scale. The highly

These results imply that electron transfer from the triplet state vibrationally excited & state species produced are rapidly

; ; deactivated, leading to ground state recovery times of42.4
of (CV*), occurs to trap sites at the Sparticle surface and )
that the mechanism for charge recombination is detrapping 0.4 ps for (CV);~SnQ; and 2.9+ 0.2 ps for (CV),—Si0.

followed by fast back electron transfer. Specifically, increasing 82) For (CV?Z_S”(%’ approxirﬁately 200/|° of_IEEe ext();itedﬂs
the laser power produces more electrons which fill up the lower GIMers transfer an electron to the Siyfarticle. The subsequent

energy trap sites. Thus, higher energy trap sites that have fastepack electron transfer reaction occurs with a 12 ps time constant.

detrapping times are populated at high laser power, leading to
an increase in the observed recombination ¥at&his mech-
anism, where detrapping is the rate limiting step, is consisten
with the fast 12 ps back electron transfer time constant measure
in this work.

Several other mechanisms have been considered to explai
our experimental data: first, electron transfer could occur from
the S~ state rather than the;Sstate. However, the ratio of
the two exponentials in the bleach recovery measurements
implies that the time scale for electron transfer in this case
should be a ca. 10 ps (given that the time scale for-S S
IC is 2.5 ps andkc/ket = 4). This would lead to complicated References and Notes
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The photoconversion efficiency in dye-sensitized semicon-
ductor particles depends on the rate of electron transfer relative
to the rate of nonradiative decay of the dye and the rate of back
electron transfer from the semiconductor to the dye. In this
{paper we have examined the ultrafast dynamics of cresyl violet
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