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Relaxation and electron transfer dynamics in bare and DTDCI sensitized
MoS, nanoclusters

V. Chikan, M. R. Waterland, J. M. Huang,® and D. F. Kelley
Department of Chemistry, Kansas State University, Manhattan, Kansas 66506-3701

(Received 8 May 2000; accepted 5 July 2D00

The trapping dynamics of photogenerated electrons and holes in Mao®clusters has been studied
using time resolved emission polarization and absorption spectroscopies. These results are
compared to absorption kinetics obtained on Mo&anoclusters with adsorbed DTDCI
(DTDClI=diethylthiodicarbocyanine iodidelye. The results indicate that emission from the MoS
band edge state is polarized, while emission from trapped electrons and holes is unpolarized. This
polarization difference is used to obtain the electron and hole trapping times and values of 275 ps
and 42 ps, respectively, are obtained. Decays having the same time constants are observed in the
transient absorption results. The results obtained on the, AP CI system show that electron
injection occurs with a time constant of 12 ps. These kinetics also show a 225 ps decay component
which is assigned to electron trapping and reverse electron transfer. The 225 ps decay time along
with the 275 ps trapping time indicates that reverse electron transfer from the conduction band has
a time constant of about 1.2 ns. Following trapping, reverse electron transfer from deep traps is
slow. © 2000 American Institute of Physids$$0021-96060)70337-0

I. INTRODUCTION and hole traps. Thus nanometer sized semiconductor par-

ticles may have electronic structures which are vastly differ-

There has recently been great interest in the senS|t|zat|ogm than that of the bulk semiconductor, and can have corre-

of nanoporous semiconductor films and of semiconductor . . . . .
o spondingly different photophysical and electronic properties.

nanoclusters by adsorbed dyeSensitization occurs when a - .
dye absorbs light and injects an electron into the conduc:tiorThe finite relaxation rates of both electrons and holes be-
tween the delocalized and the localiz@dp) states can dra-

band of a large band gap semiconductor. Much of this Inter_matically affect the dynamics following direct photoexcita-

est results from the potential application of these systems Iﬂon or excitation of an adsorbed sensitizing dye

solar energy conversicn® Sensitization of nanoporous L . . 9
films exploits the fact that these materials have very high The transition metal dichalcogenides, specifically MX

surface-to-volume ratios. In addition to high surface to voI-(M:MO’ W and ).(:S’ S¢ are (.)f gon&derable Interest in
ume ratios, some types of semiconductor nanoclusters a otoelectrocheméclal cells, prlnCIpa_IIy because they are
nanoporous films of these semiconductors exhibit quantu ighly photostable. Of these materials, nanoclusters of

confinement of photogenerated electrons and holes. As a r 10S, haye Fece"’ed the most attention. Thelr synthesis,
sult of quantum confinement, the properties of the nanoclusgharadenzat'on’ and sevgral aspects of th§|r spec_tro_scopy
ters can be very different than the properties of the bqu.haVe been reported.MoS, is a layered material, consisting

Potential applications of these materials may also exploif)f covalently bound S-Mo-S trilayers separated'by .Iarge
these differences. van der Waals gaps. The molybdenum atoms are in trigonal
Quantum confinement can have large effects on thgpyramldal sites between hexagonally close packed sulfur

3,14 . . ]
spectroscopy and  photophysics  of semiconducto_PIa”eSl' MoS, nanoclusters are routinely synthesized us

nanoclusterd-1® The finite particle size can cause an in- N9 F00M temperature inverse micelle meth&8iX-ray dif-

crease in the band gap energy and cause the dense contirfﬂ?aaion results show that aggregates of the particles have the

el .
of valence and conduction band electronic states to becomeS@Me crystal structure as bulk MpS* While there is no

set of delocalized, discrete states. In sufficiently small pardirect evidence regarding the morphology of these particles,

ticles, the valence and conduction bands are replaced by sét@mparison with analogous nanoclusters of materials having
of well-separated electronic states. In addition to these deldZ€"Y Similar bulk properties can yield some insight into this
calized electronic states, semiconductor nanoclusters caf€stion. MoSg WS, and WSg have the same crystal

also have a high density of localized surface states: electrorirUcture as lb7U|k MosS and form comparably sized
nanoclusters®~!” Electron diffraction results show that

MoSe, WS, and WSe nanoclusters consist of single

dpresent address: NSF/Center for Micro-Engineered Materials, 203 Farri ; ;
Engineering Center, University of New Mexico, Albuquerque, NM 87131. X-M-X trl'la)1/5elr$ h.avmg the same crystal Strucwre 'as the
YAuthor to whom correspondence should be addressed: Electronic maiPUIk material. It is reasonable to assume that this is also

dfkelley@ksu.edu the case for the smallest Mg8anoclusters.
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In addition to structural and static spectroscopic studies,
several types of dynamical studies have also been performe 1.0
on MoS, nanoclusterd®-2! Specifically, dynamical studies |
of the recombination of trapped electrons and hilas well 08!
as interfacial electron transfer involving adsorbed electron
acceptors have been reportédn addition, some of the in-
terfacial electron transfer dynamics involving adsorbed dyes
have also been studié®t?

In this paper, we examine the dynamics associated wit
direct photoexcitation of the nanoclusters and with electron
injection from an adsorbed sensitizing dye, DTDCI 0.2
(DTDCl=diethylthiodicarbocyanine iodideThese two sets
of dynamics are considered together because both produce ol ST L o
conduction band electron which can subsequently underge 300 400 500 600 700 800
trapping and recombination with the hole or the oxidized Wavelength / nm
dye. In the present study, time resolved emission polarization
and adsorption measurements are used to determine thesg 1. static absorption spectra of MoSanoclustergdot-dash curveand
dynamics. We show that the band edge emission is polarizeos, nanoclusters with adsorbed DTDCI dgsolid curve in toluene. Also
while emission from trapped electrons and holes is unpolarshown is an emission spectrum of Ma%noclusters in acetonitrilelashed
ized and exploit these polarization differences to determin&“™ve:
the trapping rates. However, trapping of either electrons or
holes could result in partial or complete emission depOIar'zabresent study. Within these limitations, the results reported

tlon._ Thus the obse_rved depolanzatu_)n dyngm|cs may be P the previous study are completely consistent with those
marily due to trapping of either carrier. This ambiguity can

reported here. However, the electron trapping process was

be resolve_zd by the comparison of thg emission depolar|zat|o ot resolved and what is shown below to be reverse electron
and transient absorption results. This is because while bo

o LT ansfer from the conduction band was previously assigned
nanocluster and dye excitation result in injection of an elec-

) . to reverse electron transfer from shallow trap states.
tron into the nanocluster conduction band and subsequent

electron trapping, no hole is produced and so there are no
hole dynamics in the dye excitation case. The combination of
these experiments permits determination of kinetics of elec-
tron injection, electron trapping, rever@eanocluster to oxi- Il. EXPERIMENT

dized dye electron transfer, and hole trapping. MolybdenunilV )sulfide nanoclusters are synthesized us-
The studies presented here use some of the same meffig the same methods used in previous stutfie§*Briefly,
ods and are quite complementary to our recent studies of th@is synthesis is as follows. Mogis dissolved in a degassed
electron and hole trapping dynamics in Yu&noclusters. In  ternary tridodecylmethyl ammonium iodid&DAI)/hexanol/
previous publicationS™*®we have shown that just as in the octane(8/8/84 by weight inverse micelle solution, at a con-
MosS, case, Wg bandedge emission is polarized while emis-centration of 1.c10°2 M. Typical sample volumes are
sion from trapped electrons and holes has little or no polar{0—20 mL. Four molar equivalents of,8 are added via
ization. As in the present case, the emission depolarizatiogas-tight syringe to these solutions. Reaction occurs within a
undergoes a biphasic decay, and there is an ambiguity réew minutes. Following reaction, the inverse micelle solution
garding which component corresponds to electron versuslong with the Mo$ nanoclusters are extracted with an equal
hole trapping. In the Wscase, this ambiguity was resolved volume of acetonitrile. The nanoclusters partition between
by comparison of the dynamics in the presence and in théhe nonpolar octane phase and the polar acetonitrile/TDAI/
absence of adsorbed electron acceptors. The presence of thexanol phase. The two phases show nearly identical absorp-
electron acceptors partially quenches the population of cortion spectra, with a sharp absorption maximum at 364 nm
duction band electrons, thereby allowing assignment of thésee Fig. 1L MoS, nanoclusters having a 364 nm absorption
electron trapping dynamics in the observed depolarizatioonaximum have been characterized and have been reported to
kinetics. We found that electron and hole trapping occur withhave an average diameter of 3.0 nm. In agreement with these
330 ps and 28 ps time constants, respectively. Comparablesults, we have recently performed rotational diffusion mea-
time scales are also observed in the Mo&se reported here. surements on these particles and find an average diameter of
The results presented here also allow us to comment on thebout 3.5 nm. These rotational diffusion measurements have
spectroscopy of Mosnanoclusters. characterized the size distributions of these and several other
The MoS,/DTDCI results presented here can be com-types of nanoclusters, and will be reported in a later paper.
pared to those obtained in our previous study of thisThe acetonitrile phase was used for emission polarization
systen?? In that study, Mo$/DTDCI was examined using studies. Samples of Mg@Snanoclusters with adsorbed
transient absorption spectroscopy. However, the tempordTDCI in toluene, hexane, or hexadecane were prepared by
resolution was 35 p&compared to subpicosecond resolutioninitially dissolving the dye in the nanocluster acetonitrile so-
herg and the signal to noise ratio was lower than in thelution. This permits the DTDCI to attach to the nanoclusters.
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The solvent is pumped off and the nanoclusters are then re-.0. The sample solutions are continuously stirred to avoid
dissolved in hydrocarbon solvent. Bare nanocluster sampldscal heating effects. In all cases, reducing the intensity of
in toluene(without the dyé are prepared in exactly the same the pump beam by a factor of 5 lowers the amplitude of the
way. signal, but otherwise has no effect on the observed kinetics.
MolybdenuntlV)chloride was synthesized by refluxing The sample is probed with a 10 nm slice of a white light
MoCls in tetrachloroethylene in an evacuated and sealed vesontinuum. Wavelength selection is accomplished using 10
sel for three days. The resulting product was repeatedlym bandpass interference filters. Continuum generation is
washed with carbon tetrachloride in an inert atmospher@chieved by focusing a small fractidd%, ca. 32uJ per
glovebox to remove starting material. TDAI was repeatedlypulsg of the 775 nm pulses onto a sapphire plate and then
washed with ether, and stored in the glovebox in the darkre-collimating with an achromat. A beam splitter separates
Octane was distilled from sodium, in a nitrogen atmospherethe white light continuum into two components that form the
Acetonitrile was distilled from phosphorous pentoxide in areference and probe beams. Residual 775 nm from the con-
nitrogen atmosphere. Hexanol was distilled from iodine-tinuum generation stage is removed prior to the sample. Re-
activated magnesium in a nitrogen atmosphere. DTDCI wasidual pump energy is removed after the sample with a suit-
obtained from Exciton and used without further purification.able dichroic mirror. In the present configuration, there is no
Time resolved emission results were obtained by timecompensation for group velocity dispersion, and the instru-
correlated single photon counting, using an apparatus thdpent response function is about 500 fs. Detection of the
has been previously describ&d.In this apparatus, the probe and reference beams is achieved with silicon photo-
sample is excited with 7 ps pulses from the second harmonigiodes(UDT Detectors, model PIN-10Dbiased at-=12 V.
of a synch-pumped, cavity dumped cw dye laé8pectra- The voltage from the photodiodes is amplified by a factor of
Physics 3500 which is pumped by a cw mode locked YAG either 100 or 200 and integrated with a Stanford Research
laser(Spectra-Physics 380Metection is accomplished with Systems boxcar gated integrator. The resulting signals are
a Hamamatsu @MCP PMT and time correlated single pho- input into a 16 bit A/D convertetAnalog Devices, model
ton counting electronics. Wavelength selection is accomPCI-MIO-16XE-50 in the backplane of a Pentium II PC
plished using & m monochromator with a 150 groove/mm running LabView. Each laser shot is integrated and digitized
grating. The emission kinetics reported here were taken a@nd all signal averaging is performed with home-written
450 nm, with a bandwidth of about 10 nm. In all cases, thd-abView software in the PC. Typically, a total of 5000 laser
excitation wavelength was 312 nm with pulse energies ofn0ts(20 scans250 shots per poiitare acquired at each
about 1.0 nJ focused to a spot size of about 0.5 mm. Thigelay stage position.
combination of low pulse energies and relatively large spot
sizes results in fluences that are sufficiently low that multi-
photon excitations are completely avoided. Polarized emis-
sioq d(_atection was accomplished _Lgsiem 1 cmGIan—T_aonr_ IIl. RESULTS AND DISCUSSION
excitation polarizer and a Polaroid emission polarizer in a
collinear geometry. Appropriate corrections were made fofA- Emission depolarization kinetics

the polarization dependent throughput of the detection sys-  The absorption spectra of Mg®anoclusters with and
tem. without adsorbed DTDCI in room temperature toluene are
The femtosecond transient absorption apparatus is basefiown in Fig. 1. The bare nanoclusters show an almost iden-
on a Clark-MXR CPA-2001 laser system. The CPA-2001tical absorption spectrum in acetonitrile. The emission spec-
utilizes an Erbium doped fiber as the gain medium in arum of MoS, nanoclusters in acetonitrile is also shown in
mode-locked fiber laser. The mode-locked output of the Erfig. 1. Following excitation with polarized 312 nm light, the

bium fiber oscillator, centered at 1550 nm, is pulse comresulting emission is polarized. The emission anisotropy is
pressed and frequency-doubled to generate seed pulses fiven by®

the Ti:Sapphire regenerative amplifier. This amplifier is
pumped by aQ-switched, frequency-doubled Nd:YAG,
which provides 8 W of 532 nmlight at a repetition rate of 1
kHz. A feedback loop provides long-term Nd:YAG power
stability. The resultant output is 80@2J, 130 fs 775 nm wherel,,, andl ., are the emission intensities having polar-
pulses, at 1 kHz. This output is frequency doubled to 387.5zations parallel and perpendicular to that of the absorbed
nm to provide sample excitation of the bare nanoclustelight, respectively. An experimental plot of the time-
samples. Alternatively, the 775 nm output is used to pump andlependent 450 nm emission anisotropy of bare Ma&ho-
optical parametric amplifie(Clark-MXR, Vis-OPA). This  clusters in acetonitrile is shown in Fig. 2. Photoselection
provides continuously tunable pump pulses with 4D per theory shows that following excitation with polarized light, a
pulse over the range from 420 nme660 nm. Nanocluster/ linear oscillator exhibits an emission anisotropy of 0.40. The
dye samples were excited at 540 nm. Pump intensities ar@nisotropy starts out with a value close to 0.40 and subse-
typically 20 uJ/pulse(387.5 nm or 10 uJ/pulse(540 nm), quently decays, indicating that photoexcitation produces a
and were typically focused to 0.5—1.0 mm spot sizes on a $tate that is close to being a linear oscillator. Figure 2 shows
cm thick sample cell. Sample concentrations are adjustethat the anisotropy has an initial fast, almost pulse width
such that the absorbance at the excitation wavelength is 0.5#mited decay, followed by a slower decay, on the hundreds

r:(lpar_lpegl(lpar"'ZIper)a 1)
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closed circlesand of unpolarized emission intensity (3/2(3— 1 ,5), open
. . . . circles versus time for Mognanoclusters in acetonitrile. Also shown is a

FIG. 2. Experimental plot of emission anisotropy versus time for MoS g0 jated triexponential decay which is convoluted with the instrument
nanoclusters in acetonitrile. The excitation and detection wavelength Werfesponse function. The calculated curve corresponds to decay components
312 nm and 450 nm, respectively. and relative amplitudes of 42 [§60%), 275 ps(35%) and 3.0 n45%).

of picoseconds time scale. Figure 2 also shows that there is
also a very small anisotropy which decays on a longer time
scale.

These polarization results allow us to comment on the
spectroscopy of MosSnanoclusters, specifically, the assign- Using Eq.(1) and an anisotropy value of 0.40 for the polar-
ment of the 364 nm peak. The 364 and 294 nm absorptioized oscillator, we get that
peaks have previously been assigifes correlating to thé
and B excitons, respectively, in bulk Mg@S The A and B
exciton transitions are polarized in the plane of the  !parr=0.406=3lperr=0.40- (2b)
nanoclusterd? perpendicular to the crystallographieaxis.
As such, the maximum anisotropy from excitation of the
either theA or B exciton transition is 0.10. The observation
of more polarized emissiorr £0.40 att=0) indicates that
this assignment is not correct and that the 364 nm peak co
relates to a-axis polarized transition of bulk MgSSeveral
such transitions have been observed at energies somewqﬁt
higher than the\ exciton?>2?®but no definite assignment can
be made at this point. This result indicates that the in plan

I per— l per,r=0.0T l per,r=0.40-

For the unpolarized emissioh,e, = 0.0= l par,r=0.0- The total
population in each state is proportional to its totd),(
+2l,¢) time-dependent emission intensity. The total time-
Hependent polarized emission intensity is given by
r=0.40= (I par,r=0.40" 2| per,r=0.4(b =5/2(l par I per)v and
total unpolarized emission intensity is given by
Liot, r=0.0= (I par,r=0.0" 2l per,r=0.0) = 3/2(3l per— I pa) - Plots of
fhese guantities are shown in Fig. 3. In the simplest case,
these plots give the time dependent relative populations of
the polarized and unpolarized emitting states. A state having
emission which is partially polarized will contribute to the
apparent intensities of both the polarized and unpolarized
. . o components. The extent of the contribution into each com-
Analysis of the anisotropy decay, specifically the pro'ponent will depend on the extent to which the emission is

cesses resulting in emission depolarization, is facilitated b)bolarized The strongly biphasic decays of the anisotropy
plotting the results in terms of the kinetics of the polarized(Fig 2) aﬁd the polarized emission component in Fig. 3 in-

anddurpolaﬂ_zidtﬁmlssmn t(\:/(;mpor_]ttta_nts. Ihtls corrle_spor:ds ©flcate that there is an intermediate state which gives partially
lmq edln XVO IZO er(;a are °Ie”." glg. s ta €s, aolnoear y IOO'polarized emission. The emission anisotropy of this state can
arized ( =0.40) and an unpolarized, isotropic+0.0) os- dbe estimated by extrapolating the slowly decayihgndreds

C|Ilatlc|>r.| I '3 possmlzlto lrelate _thg exptatrlmg?tall3t/ o?hser;/? ?f picosecondscomponent of the emission anisotropytto
parallel and perpendicular emission Intensities 1o the tolaL 4 544 5 value of about=0.12 is obtained. With the in-

emi;sion intensit.i(.as from the polarized and the unpolarize%lusion of this state, we get that the polarized emission in-
oscillators. Specifically, tensity is related to the population in the=0.40 oscillator
plus some component of tlie=0.12 oscillator. Similarly, the
I par= I par,r=0.0" I par,r=0.40 unpolarized emission intensity is related to the population in
the isotropic (=0.0) oscillator plus some component of the
and (28  r=0.12 oscillator. Specifically,

than the out of plane transitions. Bulk MgBas only a rela-
tively weak interactions between S—Mo-S trilay€atong
the c-axig), so this result is not too surprising. A similar
conclusion was made in the W8anocluster case:®
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The initial polarized emission is assigned to the band-
edge state and the unpolarized emission is assigned to emis-

0.020 ,"_ sion from trapped electrons and holes. The long-time multi-
. exponential decay of the unpolarized emission is associated
0.015 . with the distribution of trapped electron-hole separations,

and has been previously discussed for both Masd WS
nanoclusters®!® The intermediate state is assigned to
trapped holes and conduction band electrons. With these as-
signments, the unpolarized emission is due to trapped holes
0.005 recombining with trapped electrons and to a lesser extent,
conduction band electrons, and the polarized emission is due
to conduction band electrons recombining with valence band

0.010 1

ABSORBANCE

0.000 == . holes, and to a lesser extent, trapped holes. The extent to
o 20 40 60 80 which the band edge, trapped hole/conduction band electron,
(@ TIME / ps and trapped electron and hole states contribute to the polar-
ized and unpolarized emission components is given by Eq.
_ (3). Thus the 42 ps and 275 ps depolarization components
0.0204 ° are assigned to hole and electron trapping, respectively. It
follows that the bandedge emission is polarized as a linear
' oscillator,r =0.40, and that hole trapping significantly, but
& 00154 ‘ not completely, depolarizes this emission. Radiative recom-
Z bination of a trapped hole and a conduction band electron
2 0.010- gives somewhat polarized € 0.12) emission. This situation
% is depicted in Scheme 1.
< 0,005 Scheme |
0.000 44 —_— ke
; T T T T T T T T T T 1 \\\A
0 200 400 600 800 1000 g
(b TIME / ps =02 |
3 r=0
FIG. 4. Experimental plots of the absorption intensity versus time forMoS S
nanoclusters in toluene. The excitation and probe wavelengths were 387.5 ; o
and 700 nm, respectively. A and B display the same results, but on different ‘ rx040 ol
time scales. Also shown is a calculated curve corresponding to decay com-
ponents of 42 p$61%), 275 ps(17%) and 3.0 n422%). k.=(275 ps]"
kn=(42 ps)’
5121 par— 1 per) = ot r=0.401 0.3 tot, r=0.12 (33  The assignment of comparatively rapid hole trapping fol-

3/2(31 per— 1 pa) = | +0.7 (3b) lowed by slower electron trappingather than the other way
per TparTtot,r=0.07 ¥ ot r=0.12- around is established by comparison to the transient absorp-

To the extent that the oscillator strengths and spectral chation results obtained on Mg$ianoclusters with and without
acteristics of these oscillators are the same, the relative emigdsorbed dyes. These results are discussed below. The small
sion intensities shown in Fig. 3 are related to the relative(~5%)' long lived component of polarized emission may be
populations. Figure 3 shows that the polariZE&2(Ip.r  gye to nanoparticles lacking trap states, a small polarization
— I pe) | kinetics exhibit an instrument limited rise followed o0 yranped electrons and holes, or thermal population of
%n?strrllz)\(/?r?gedr:at::aa:ydteiswiﬁ ;:gsrzlgltri]veg(;sm%rlietufclite? (;Oéq;pgishe conduction band from trapped electrons. These possible
(65%, 275 ps(30% and 3.0 ns(5%). The corresponding contributions to the long lived polarized emission are not

unpolarized emission kinetics are also shown in Fig. 3. Thergnutually exclu§|ve% and we f'Td that thelexact :mount of this
are two kinetic components having finite rise times followedComMpPonent varies from sample to sample. In the case of WS

by a multiexponential decay. The slower of the two riseN@noclusters, it was shown that the electron traps are very
times occurs on the timescale of a few hundred picosecond§hallow and the hole traps are much deeper. Thus in the WS
and is associated with the 275 ps decay of the polarize§ase, a similar long lived polarized emission component is at
emission. Most of the unpolarized emission has a rise timéeast in part due to thermal repopulation of the conduction
which matches the fagti2 p9 decay of the polarized emis- band by trapped electron&No effort to further analyze this
sion. component is made here.
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FIG. 5. Experimental plots of the absorption intensity versus time for MoS FIG. 6. Same as Fig. 5, except the detection wavelength was 700 nm.

nanoclusters with adsorbed DTDCI in toluene. The excitation and detection
wavelengths were 540 and 660 nm, respectively. A and B display the same
results, but on different time scales. Also shown is a calculated curve corThe relative amplitudes of these transients indicate that hole

rebs'oonqing to decay components of 12 ps, 225 ps, 1.7 ns and a long livegly yhing results in considerable loss of 700 nm absorption,
absorption. and that electron trapping also results in loss of 700 nm
absorption, but to a lesser extent.

The 660 nm and 700 nm transient absorption kinetics of
MoS, nanoclusters with adsorbed DTDCI dye following 540

The 700 nm transient absorption kinetics of Mafano-  nm excitation are shown in Figs. 5 and 6, respectively. Sev-
clusters following 387.5 nm excitation are shown in Fig. 4.eral species can absorb in this wavelength range and may
Several kinetic components can be seen. There is a fast tratiierefore contribute to the observed kinetics. DTDCI has a
sient observed in the first 10 ps. This consists of an approxisignificant ground state absorption at 660 and 700(see
mately 1.5 ps rise followed by a 2.5-3.0 ps decay. Thisrig. 1) and the net absorbance change following photoexci-
transient is associated with relaxation to the bandedge, indiation is negative; the ground state dye is bleached. In addi-
cating that the state excited with 387.5 light is not the bandion to the ground state bleach, there can be absorption from
edge state. This suggests that the emitting bandedge statee excited state dye, the dye cation, and the conduction band
corresponds to a weak absorption buried under the red edge trapped electron. Following the pulse width limited onset
of the 364 nm absorption. The emission polarization result®f the bleach, the 660 nm kinetics show a subsequent small
indicate that the excited and emitting states are both polammplitude, 12 ps increase in the absorpti@nbleach de-
ized parallel thec-axis but no detailed assignment of thesecreasg followed by a slower bleach decay. The 700 nm ki-
states can be made on the basis of the results presented hatetics also show a small amplitude initial 12 ps transient, but

The fast transients are followed by a decay having comat this wavelength it is an absorption decreéeae apparent
ponents of 42 p$61%), 275 ps(17%) and 3 ns(22%). A increase of the bleaghFigure 4 shows that the bare MpS
calculated curve corresponding to these values is also shovkinetics exhibit no 12 ps transient, so this kinetic component
in Fig. 4. These decay times correspond to the times obis assigned to an interaction of the nanocluster with the dye.
served in the polarized emission kinetics discussed abov&yanine dyes are known to inject electrons into semiconduc-

B. Transient absorption kinetics
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tors and it is quite reasonable to assign the 12 ps transient ton band electron. The 660 and 700 nm extinction coeffi-

electron injection from the photoexcited dye to the nanoclusecients of the ground state dye are very large and patrtial re-
ter conduction band. With this assignment, it follows that thepopulation of the ground state dye is expected to result in a
excited state dye has less absorbance than the dye cation amet increase of the absorption, consistent with the observed
the conduction band electron at 660 nm. The opposite is trudecays. Thus revergeonduction band to oxidized dyelec-

at 700 nm. Almost identical results are obtained in hexaneron transfer occurs along with electron trapping. These dy-
and in hexadecane solvents. namics are summarized in Scheme 2.

Cyanine dyes are known to undergo excited state
isomerizatiorf’ ~2° with a rate that depends on the solvent
viscosity. This isomerization results in a time dependent in- K,
crease in the observed bleach throughout the 600—700 nm
region for free DTDCI in alcohols. Otherwise stated, _—
throughout this spectral region, the excited state dye has
more absorbance prior to, compared to following isomeriza-
tion. We find that the isomerization rates vary from about 30 Ke
ps in ethanol to about 80 ps in an ethanol/ethylene glycol
mixture. Identical 12 ps transients are obtained for
MoS,/DTDCI in hexane and hexadecane solvents, which
have viscosities differing by about a factor of 10. Thus no DTDCI
solvent viscosity dependence of the 12 ps transient seen in
the MoS/DTDCI system, indicating that it not associated

Scheme Il

: . . : S . —_— ker= s)’
with DTDCI isomerization. If isomerization were involved MOS l:T:E;Sppjs)“
in this transient, then a large solvent viscosity effect would : KS =(1200 ps)’
be expected. The photoisomerization involves torsion of the Kiﬁ:s'OW

methylene chain and we conclude that this does not occur
when the dye is adsorbed on the nanopatrticles. From the difference of the bare nanocluster and nanocluster/
Following the 12 ps transient, at both wavelengths therglye conduction band decays, it is possible to estimate the
is a slower, 225 ps decay as well as a long lived, nanosecorf@tes of conduction band reverse electron transkey,
absorbance change. The most important thing to note in Figd.hese value$275 ps and 225 ps, respectivelyive an esti-
5 and 6 is that no 42 ps component is observed in thénate fork.; of about 1.2 ns. This value comes from taking
MoS,/dye transient absorption kinetics. This establishes thathe difference of two separate rates and is therefore subject to
the 42 ps transients seen in the polarized emission kinetiggonsiderable uncertainty. The above rate constants indicate
and in the bare nanocluster absorption kinetics are not relatgbat about 20% of the conduction band electrons undergo
to the electron dynamics and may therefore be assigned t@verse electron transfer, while about 80% get trapped. Fol-
hole trapping. lowing electron trapping, reverse electron transfer from trap
Several kinetic components can be extracted by fittingstatesk/e, occurs on a longer time scale and is not apparent
the decays in Figs. 5 and 6. This fitting is complicated by then the kinetics presented here.
observation that these samples show weak DTDCI emission, The results presented here show that electron trapping
about 12% of the emission intensity seen in ethanol solutionoccurs much more slowly than hole trapping. It may be pos-
This indicates that about 12% of the dyes do not undergsible to rationalize this result in terms of the trapping reor-
electron transfer but simply radiate, presumably with theirganization energy and the extent of electron-phonon cou-
1.7 ns solution phase lifetime. The 660 nm calculated curvepling. The small magnitude of electron-phonon coupling
also has a 12% component of 1.7 ns bleach decay associategsults from the nature of the bonding in MX¥pe
with dyes that do not inject. Inclusion of this 1.7 (2%  compound$? Optical excitation for these materials is largely
component assumes that the extinction coefficient of the exa metal centered-d, nonbonding-to-nonbonding, transition.
cited state dye is small compared to that of the ground statAs a result, photoexcitation produces very little lattice dis-
dye at these wavelengths. DTDCI has significant emissiofortion and there is very little electron-phonon coupling as-
intensity at 700 nm, and the 700 nm kinetics show a somesociated with band gap excitation. If electron or hole trap-
what larger 1.7 ns component due to stimulated emissiorping significantly distorts the local lattice, then there is a
Despite this complication, both 660 nm and 700 nm curvesonsiderable reorganization energy associated with this pro-
clearly show a 225 ps component. The 225 ps bleach recogess. In the case of WSanoclusters, we recently showed
ery transient observed here is significantly shorter than théhat electron traps are very shallof@ few hundred wave
275 ps decays observed in the emission polarization and th@mber$, and hole traps are considerably deeferfew
bare nanocluster absorption kinetics. It is also of interest tédhousand wave numbers1% In a simple exciton model of
note that electron trapping causes an absorption decreasetire traps, this difference is due to the different carrier effec-
the bare nanocluster cagdéig. 4), while the 225 ps transient tive masses and the same situation is probably the case in
in the nanocluster/dye case is an increase of the absorbanb®S, nanoclusters. We speculate that in the case of electron
(i.e., a decrease in the intensity of the blgadfhis indicates trapping, the shallow traps along with the lattice distortion
partial repopulation of the ground state dye from the conducresult in small Franck—Condon factors for electron trapping.
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In other words, the significant reorganization energy and3) Electron injection from adsorbed DTDCI to the MpS
small trapping energy results in an energetic barrier to elec- nanocluster conduction band occurs with a 12 ps time
tron trapping. Hole traps are much deeper and the barrier constant following dye photoexcitation. This is followed
may be smaller in this case. This is basically a Marcus by a 225 ps decay which is assigned to electron trapping

Theory consideratioff The barrier for electron or hole trap- and reverse electron transfer from the conduction band.
ping is given by The presence of this 225 ps decay and the absence of a
42 ps decay permits the assignment of the electron trap-

AGT=N4(1+AG/N)?, (4) ping decay component seen in the polarized emission

and bare nanocluster transient absorption results. From
these rates, the reverse electron transfer time is inferred
to be about 1.2 ns. This means that about 20% of the
conduction band electrons undergo reverse electron
he transfer, while about 80% get trapped.

e(é) Following electron trapping, reverse electron transfer
from these deep traps is slow and occurs on the nanosec-
ond time scale.

where\ is the reorganization energy aids is the trapping
energy. Equatiort4) shows that if\ is comparatively large
and AG is small, then there is a significant barrier to trap-
ping. As the trapping energy gets larger and approaches t
same magnitude as the reorganization energy, the barrier g
smaller and the trapping rate gets larger. We also note that
the electron and hole trapping times reported here are con-
siderably longer than what is observed in other nanocluster
systems such as SpOTiO,, Fe,0;, and most notably, CdS
and CdSel“°We speculate that the reason that slow trap-
ping is observed in Mogsand WS nanoclusters is related to
the weak electron-phonon coupling in these materials. HowACKNOWLEDGMENTS
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