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Spectral sensitization and supersensitization of the silver bromide nanocrystals were studied by the femtosecond
fluorescence up-conversion technique. An annihilation-free fluorescence from J-aggregates of the Dye 1 (3,3
disulfopropyl-5,5-dichloro-9-ethylthiacarbocyanine) adsorbed on the silver bromide nanocrystals (edge-to-
edge distance from 40 to 900 nm) of different shapes (cubic and octahedral) was measured. Very fast
nonexponential fluorescence decays were observed with a fast component from 0.4 to 2.5 ps, and an average
decay time from 1.1 to 5.5 ps, depending on the type and size of AgBr grains. The average fluorescence
decay time is several times longer on the cubic grains than that on the octahedral grains. Upon addition of a
supersensitizer (SS) (3;8isulfopropyl-9-ethyl-4,5,45-dibenzothiacarbocyanine), which is coadsorbed on

the surface of silver bromide grains, the fluorescence decay became several times faster with a mean decay
time of 0.66-1.3 ps. Different models of supersensitization were examined. The results were analyzed in the
framework of the “hole-trapping” supersensitization model. Octahedral grains with different sizes were
examined. The effective hole-trapping (electron transfer from SS to the excited J-aggregate) rate constant
was found to be independent of the grain size and equalt60 ps™. The increase of the electron injection

rate (from the excited J-aggregate to the AgBr conduction band) with the increase of the grain size is observed
and a possible mechanism is discussed.

1. Introduction observe the initial steps of the photographic sensitization
processes. In this work we present the fluorescence study of

Spectral sensitization is a technology which is used to make the excited J-aggregates adsorbed on the AgBr surface with the

the photographic materials sensitive to green and red light by
adsorbing sensitizing dyes on the surface of silver halide grains.
By photoexcitation of the sensitizing dyes, an electron from the
excited state is injected to the conduction band (CB) of the silver
halide crystalsand used for a latent image formation. A special

arrangement of dyes, J-aggregate, is often used to sensitize siIveB

halide grains, since they have a very narrow absorption band
(clear color) and can easily be adsorbed on the surface of AgBr
grains up to a monolayer coverage.

While the whole scheme of spectral sensitization is known
for a long time, the individual processes are not yet well defined.
The reason is the experimental difficulties due to high photo-
chemical sensitivity. It was shown in many works that the

fluorescence decay of the excited J-aggregates strongly dependﬁ

on the excitation intensity.®> The origin of this dependence is
an exciton-exciton annihilation. The excitation intensity should
be kept at a very low level in order to avoid the annihilation.
The experiments made at high irradiation intensities are always
affected by this process which hides important processes
(electron transfer, radiative and nonradiative decays). While
several works have been made at sufficiently low excitation
intensities, the time resolution was in a range of tens of
picosecond§-® Such a time resolution is not sufficient to
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femtosecond time resolution. The fluorescence decay component
as fast as 400 fs is observed.

Generally the structure of J-aggregates adsorbed on the
surface is more complicated than that in solution. The static
inhomogeneous broadening limits the coherencel%iaad
roadens the absorption and fluorescence spectra. Two-
dimensional aggregation was repotfed* on the AgBr surface,
and the hierarchical structure of one-dimensional aggregates was
suggested?®

Another type of molecule coadsorbed on the AgBr grains in
much smaller concentration than the sensitizing dye, which is
called supersensitizer (SS), is often used in photography to
significantly improve the quantum yield of spectral sensitization,
articularly in the red region. Two main mechanisms were
proposed for the supersensitization effect. One is the “hole-
trapping” mechanism in which the electron from SS fills the
hole in the highest occupied molecular orbital (HOMO) of the
excited sensitizing dye, since the HUMO level of SS is chosen
to be higher than that of the sensitiZéf.1’The resultant ionic
state gives up an electron to CB of silver halide with much
higher quantum yield. The other is the “aggregate-partitioning”
mechanisn#;181%where it is considered that the SS molecules
work as J-aggregate partitioners, which decrease the size of the
aggregates. This causes an increase in the fluorescence lifetime
and/or an increase in the electron injection rate, and hence an
increase in the quantum yield of the electron injecfiéh(See
Section 4.3 for details.) The dynamical studies of the super-
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Sensitizing Dye band, and the dye excitation by visible light at a wavelength
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Supersensitizer whereN; andN4go are the numbers of the absorbed photons at
S}\jt\/<s A (in the visible absorption band of the dye) and at 400 nm,
TSN respectively, which give the same developed der3ityshould
O O be noted that both measurementdNpfindN,oo should be made
) ) with the sample containing the sensitizing dye. The experimental
S0 SO NEL details for the measurements of the relative quantum yield were
Figure 1. The molecular structure of the sensitizing dye (Dye 17-3,3 the same as described in ref 22.

disulfopropyl-5,5-dichloro-9-ethylthiacarbocyanine) and the supersen- ~ 2.3. Time-Resolved Fluorescence Measurement.fem-
sitizer (SS) (Dye 2: 3,3disulfopropyl-9-ethyl-4,5,45 -dibenzothia- tosecond fluorescence up-conversion setup has been described

carbocyanine) used in the present work. elsewheré? Briefly, a second harmonic (SH) of the chromium-
forsterite femtosecond laser tunable from 610 to 660 nm was
sensitization process are very limited, and restricted to our bestused to excite the sample. The pulse duration of the SH pulses
knowledge to the case of the “aggregate-partitioning” mecha- was about 4455 fs at the full width at half-maximum (fwhm),
nism5:° as the spectral width of the pulses was intentionally narrowed
The “hole-trapping” supersensitization mechanism is possible to 10-12 nm (fwhm). The repetition rate of the laser is 4 MHz
if the HOMO level of the SS is higher than that of J-aggregates, and the diameter of the excited area in the sample was measured
which is true for the Dye 1/Dye 2 (SS) pair studied in this work. to be 0.11 mm, fwhm of the intensity profile of the laser light.
In the present work the sensitization and supersensitization The excitation power, controlled by a neutral density filter
processes are studied by the femtosecond fluorescence upbefore the sample cell, was about 0.1 mW, which corresponds
conversion technique to gain knowledge on the “hole-trapping” to the excitation intensity of (0:51) x 102 photons/cré/pulse.
supersensitization. The time-resolved fluorescence from the Special care was taken to work at the lowest excitation light
sensitizer was observed. The sensitizer used in this work'is 3,3 intensity so that the effect of the exciterxciton annihilation
disulfopropyl-5,5-dichloro-9-ethylthiacarbocyanine (Dye 1) (Fig- process is negligible. No difference in the shapes of the
ure 1), which forms J-aggregates on the surface of the AgBr fluorescence decay is observed up to the intensity (flux) of about
grains. Addition of SS (3;adisulfopropyl-9-ethyl-4,5,45'- 6.4 x 102 photons/crifpulse. At the working level of excitation
dibenzothiacarbocyanine) (Figure 1), which is coadsorbed onintensity, (0.5-3) x 102 photons/cripulse, the contribution
the AgBr surface, changes the dynamics of the fluorescencefrom the excitor-exciton annihilation process is estimated to
decay of the sensitizer. At the same time it changes the quantumbe less than 2%. The fwhm of the instrument response function
yield of the photographic process, which was measured inde-was~98 fs (fwhm), which is much shorter than the character-
pendently. The rate constants of several processes (electrornstic times observed in this work. The excitation wavelength
injection, hole-trapping, and the sum of the radiative and was mostly 626-635 nm (see Table 1). In the measurement on
nonradiative decays) were determined for the cubic ((100) the AgBr grains with 40 nm edge-to-edge length, the laser
surface) and octahedral ((111) surface) AgBr nanocrystals. Thewavelength was tuned 620 nm. The most “red” wavelength
dependence of the electron injection and the hole-trapping ratewas chosen as far as the excitation does not give any
constants on the grain size is reported for octahedral nano-contamination of a scattered laser light to the fluorescence signal

crystals. (Figure 2). The fluorescence signals were detected with a
_ _ spectral resolution 0£9.5 nm at the central wavelength of about
2. Experimental Section 685 nm (Table 1). During the experiments the sample was

circulated by a micropump through a reservoir and an optical
grath of the sample cell was 0.5 mm. The temperature of the
sample during experiments was kept a0 The photographic
guantum yield measurements were made at room temperature.
No temperature corrections were made in the analyses of the
rate constants, since the temperature effect of the quantum yield

adsorbed on the AgBr grains during the agitation af@dfor is very smalf* Special care was taken to prevent the sample

20 min of the above-stated emulsions, to which methanol illumination by_the room light during preparation of the sample

solution of Dye 1 or Dye 1/SS (20/1 molar ratio) was added. &nd the experiment.

The final emulsions contained 88.5 mmol of AgBr and 10.2 g

of gelatin and had a pH of 6.6 and pAg of about 7.8. For 3. Results

fluorescence experiments the emulsions were diluted by a 1.5% The time-resolved fluorescence was obtained from the sample

(9/g) gelatin solution by 10 times, which results in the pAg value that contained AgBr grains with J-aggregates on the surface

of about 6.8. The Dye 1 surface coverage wad0% of the suspended in gelatin solution. The fluorescence is detected in

monolayer. the red slope of the J-band. The wavelength of observation is
2.2. Measurements of the Relative Quantum Yield of tuned according to the fluorescence spectral shift with different

Spectral Sensitization.The relative quantum yield of spectral types of the AgBr surfaces (Table 1).

sensitization ¢) is defined as a ratio of a number of photons The fluorescence decays observed for thedZubic AgBr

necessary to create a latent-image center for two types ofnanocrystals are shown in Figure 3 for the samples in the

excitations: at 400 nm excitation into the AgBr conduction presence and absence of SS. The decays are not exponential,

2.1. Sample Preparation.The emulsions used in this work
were composed of the suspension of the AgBr grains in aqueou
gelatin solution, and were prepared by the controlled double-
jet precipitation method& The edge lengths of the AgBr
nanocrystals were 02m for cubic grains and 0.04,0.2, 0.4,
and 0.9um for octahedral grains. The dye molecules were



Spectral Sensitization and Supersensitization of AgBr

J. Phys. Chem. A, Vol. 106, No. 12, 2002797

TABLE 1: Results of the Fluorescence Decay Fit with Two Exponentialst{, 7,, A1, Az), Average Time7z, and Observed Decay

Constant kqp,s for AgBr Grains of Different Size and Surface Type

AgBr type AgBr size APnm  Aecnm 71 PS A 7,ps A 7ps kopsandke, pst

cubic (100) 0.24m 684 635 1.77 0.64 10.8 0.36 5100.2 0.20+ 0.01
0.2um+SS 684 635 0.77 0.78 3.35 0.22 1:84.06 0.75+ 0.04

0.2uma 680 624 2.5 0.58 9.3 0.42 5#40.2 0.19+ 0.01

0.2um+SS 680 624 0.8 0.87 4.4 0.13 H30.07 0.77+ 0.05

octahedral(111) 40 nm 680 620 1.5 0.66 13 0.34 HB7 0.18+ 0.02
40 nm+SS 680 620 0.79 0.88 4.5 0.12 125.15 0.804+ 0.10

0.2um 684 635 1.08 0.80 5.40 0.20 1.950.15 0.514+ 0.03

0.2um+SS 684 635 0.66 0.84 2.5 0.16 0.8%.06 1.06+ 0.06

0.4um 686 634 0.69 0.55 2.26 0.45 1.400.07 0.72+ 0.04

0.4um+SS 686 634 0.56 0.68 1.1 0.32 0F3.04 1.37+0.08

0.9um 686 634 0.66 0.85 3.3 0.15 1.870.05 0.944+ 0.04

0.9um+SS 686 634 0.40 0.78 1.35 0.22 04£10.03 1.64+ 0.08

aThe two experiments are shown for cubic AgBr of Q& to demonstrate the reproducibility of the measurements, as the grains were newly
synthesized for each experimehiThe wavelength at which fluorescence dynamics have been measiitezl excitation-laser wavelength.
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Figure 2. The normalized absorption and fluorescence spectra of Dye

1 J-aggregates on Qi@n AgBr. The absorbance was calculated from
the measured reflection spectrum using the KubeMank equation.

The steady-state fluorescence spectrum was measured with excitatior{
at 620 nm. The absorbance at the maximum was about 0.1. The
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Figure 4. Fluorescence decay signals of Dye 1 on @n2 octahedral
AgBr grains with (2) and without (1) supersensitizer. In the inset: the
initial parts of the decays are shown. The results of fluorescence-decay
curve fitting are given in Table 1.

imes, except for the 40 nm grains (see section 4.4). The

absorption spectrum of Dye 1 monomer in methanol is also shown. fluorescence decay signals for all samples studied were fitted
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Figure 3. Fluorescence decay signals of Dye 1 ongn2cubic AgBr
grains with (2) and without (1) supersensitizer and two exponential
fit. In the inset: the initial parts of the decays are shown. The results
of fluorescence-decay curve fitting are given in Table 1.

but a very good fit is obtained by a biexponential decay function.
The fluorescence decay of Dye 1 on the @@ octahedral
nanocrystals (without SS) appears tob2.5 times faster than
that on the cubic nanocrystals (Figures 3 and 4).

by a biexponential decay functiof(f) = A; exp(—t/t1) + Az
exp(—t/ry)). The results are shown in Table 1. The mean decay
times ) were calculated by eq 2:

A, + Az,
At+A

The mean observed rate constagts= 7 ~! (Table 1) are used
in the analysis instead of individual decay components. The
reason for this is a difficulty in separating the two (or more)
decay components from each other, as they are not completely
independent parameters in the fitting procedure. Generally, it
seems that fluorescence decay is more complicated than just a
biexponential, and the biexponential fit is used as an approxima-
tion sufficient for the noise level of the data we have obtained.
The experiments with various dye-coverage ratios of Dye
1/AgBr on the 40 nm crystals were performed. The fluorescence
decays for the relative amount of Dye 1 of 1, 0.1, and 0.025
are shown in Figure 5 (Table 2). At a smaller coverage the size
of the J-aggregate is smaller, which is evidenced by a blue shift
of the absorption peak of the J-band. When the Dye 1/AgBr
ratio is decreased by 10 times, both fast and slow components
become slower (Table 2). At the relative dye ratio of 0.025,

T=

)

Addition of the SS makes the fluorescence decays faster formore than 80% of the dye is in a monomeric form, judging
both cases of the cubic and octahedral nanocrystals (Figures Jrom the absorption spectrum. So, the slow component of curve

and 4). The effect of SS is significant for the cubic graing,
times, and much smaller for the octahedral grains;—2.6

3 in Figure 5 mostly reflects the fluorescence decay of the
adsorbed monomer in addition to a contribution of small
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o
@

N = (Avy (M) Av,,(3)Y (3)

0.04 um AgBr =813 nm

o
@
T

Here Avy2(M) is the bandwidth of the monomer. The spectral
bandwidth of the monomer of Dye 1 adsorbed on the AgBr
surface was measured at a very low dye concentration when
dye is in a form of monomer (more than 90%). The bandwidth
obtained, 1250 cml, is similar to that in methanol solution,
1324 cntl5 The coherence size calculated by eq 3 is about
7—13. An alternative way to estimate coherence sigés based
Figure 5. Fluorescence decay signals of Dye 1 on 40 nm AgBr grains on the spectral shiftXvy) of the J-band as a function & For

with different ratio of Dye 1/AgBr. The amount of AgBr was the same  lIn€ar aggregates it can be determined according to eq 4 as
for all experiments and the relative dye concentrations are 1, 0.1, and

Fluorescence intensity / normalized
o j=
N S

o
o

0.025 for curves 1, 2, and 3, respectively. The fit parameters for each cosfr/(N + 1)] = Avy/Av,, 4)
curve are shown in Table 3. Excitation wavelength for this experiment
is 613 nm. where Avy and Av., are the spectral shifts of the aggregates

with the coherence size df ande with respect to the monomer,
respectively. Usindma{M) = 576 nm andimay(J-) = 654 nm
: for the monomer and the J-aggregates adsorbed on the octahedral
cuve relative . P grains, the value ofl was estimated to be about-102. While
n'l:J_mberSm ?rgounlta Amad T T2 A A Ph%‘;g“" the spectral width of the J-bandy1/x(J), could be affected by
gure > ot Uve nm P ps t 2 X inhomogeneous broadening, the spectral shift of the J-band is
1 1 640 1.4 122 060 0.40 1.8 much less sensitive to that, which makes estimations by eq 4
2 0.1 632 34 49 038 0.2 3.6 more reliable. Thus, these estimations show that the coherence

TABLE 2: Two Exponential Fittings for J-Aggregates on
40 nm AgBr Grains with Different Ratio of Dye/AgBr

3 0.025 630,572 2.7 120 0.31 0.69 100 . . .
size of the J-aggregates of Dye 1 is approximately 10.
& The amount of AgBr was same for all ex_perimeﬁtihe absorption 4.2. Nonexponentiality of the Fluorescence Decay Dynam-
maximum of J-band: The absorption maximum of monoméiThe ics. The fluorescence decay of the J-aggregates on the AgBr

excitation flux used in each experiment. surface appears to be very fast and nonexponential. The slowest

component that we detected in this work is about 18 ps. In

the previous works with similar molecular system with a time
resolution of tens of picoseconds (the time-correlated single-
photon counting method), authors could achieve a higher

aggregates, while the fast component is attributed to J-
aggregates. The latter component is affected by the exeiton

exciton annihilation process, since the excitation intensity is
about 50 times greater for this particular experiment (curve 3), sensitivity>® The fast component, however, was not resolved,

as shown in Table 2. while several slow components were observed in the range of
The slow component of 120 ps of a sample with the smallest 20-300 ps?6 Thus, summarizing both works, we can conclude
dye content is the same as the value obtained by an aggregatéhat fluorescence decay is highly nonexponential with rate
“diluting” technique for Dye 1 on 0.1Zm octahedral AgBr  components differing by more than 2 orders of magnitude. The
grains for 0.5% of the monolayer coverage (120 ps), calculated origin of the nonexponentiality can generally be discussed in
from Table 2 of ref 9. A similar value has been obtained for terms of different sites. These sites can be related to different
Dye 1 on the 0.54um octahedral grains with~6% surface  manner of adsorption (different interaction aggregaterface)
coverage (119 psy, while significantly slower decay (400 ps)  as was suggested previouSfit At the same time the aggregate
has been measured for even smaller surface coverage of'0.6%. size has some statistical distribution. It is known that the excited-
However the direct comparison is not possible because differentstate lifetime in aggregates depends on the size of aggregation
grain sizes were used in these experiments, and also becausgue to an increase of the radiative rate constant (superradi-
of the difference in a water content of these samples (dried film ance$”28and an increase of the nonradiative rate conSt&m?
in ref 9 and 11 vs emulsion in the present work). It should be The electron injection rate is also dependent on the aggregate
noted that in these experiments the excitation wavelength wassjze11.19.3)(see section 4.3). The larger the aggregate, the shorter
intentionally shifted to the blue (613 nm), toward monomer s the lifetime based on the idea of superradiance. The observed
absorption, so the contribution from the monomer is larger than nonexponentiality is probably determined by both contribu-
that in the other experiments. The important observation is that tions: the aggregate size distribution and existence of different
the fast component of the decay became slower when the Dyesurface sites. More experiments are needed to specify each
1/AgBr ratio was decreased by 10 times. contribution. Exciton migration observed in our recent works
Different sizes of AgBr octahedral grains were studied. It is also contributing to the nonexponentiality of the fluorescence
was found that the fluorescence decay time decreased with ardecay3!-32

increase of the grain size from 2 ps for the i grains to 1.1 4.3. Mechanism of SupersensitizationTwo mechanisms of
ps for the 0.9um grains (Table 1). This effect is discussed in supersensitization were previously considered, namely the
section 4.4. “aggregate-partitioning®®181%and “hole-trapping®'® mech-

anisms. In the former mechanism, which is also called as the
_ ) “exciton-trapping” supersensitizatidf the J-aggregate size in
4. Discussion the presence of a SS is considered to play an essentidfriole.
is assumed that both ends of J-aggregates work as the traps for
4.1. Characterization of J-aggregatesThe coherence size  excitons and as the sites for electron injection. According to
(N), determined as a number of coherently coupled moleculesthis model formation of J-aggregates in the presence of SS
in J-aggregates, can be estimated from the bandwidth of themakes the J-aggregate size smaller, which gives faster exciton
J-band Qv12(J)) by eq 34 provided that the homogeneous trapping at the sites where the electron-injection rate is supposed
broadening determines the bandwidth. to be fast. As a support for the “aggregate-partitioning”
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k . The experiments with different amount of Dye 1 adsorbed
ET Conduction

"~ band on the surface of AgBr grains further support this assumption
% LSS (Figure 5 and Table 2). At smaller ratio of Dye/AgBr the average
size of J-aggregates is smaller. Upon decreasing of the ratio of
ko Dye/AgBr by 10 times, the fast component of the decay became
kss slower (Figure 5 and Table 2). This is not in favor for the
#—\ “aggregate-partitioning” (or “exciton trapping”) mechanism in
—i— the present system. Thus, we consider that this mechanism is
T not the major mechanism and its contribution is negligible in
Valence band the present systems.
SS J-aggregate  AgBr In the framework of the “hole-trapping” model the scheme

shown in Figure 6 is proposed. Hekgr is the rate constant of

the electron injection from the excited dye to AgRgsis the

mechanism, the decrease of the injection rate with increase Ofrate constant of ET from S.S to the excited dye, ands the
total (radiative and nonradiative) decay rate constant of the

the J-aggregate size was observeétbntrary to this model an . :
increase of the electron injection rate for larger aggregates haseXC'ted J-aggregates. The observed ET rate in the absence and

been reporte It should be worth mentioning that all of these presence of SS is expressed as

Figure 6. Reaction scheme of the “hole-trapping” supersensitization.

experiments observed the slow part of the decay dynamics of _
the adsorbed dyes. kobs = ker ko ©®)
The “hole-trapping” mechanism of supersensitization was
o ¥ obs = ker T ko kss (6)

proposed by Gilma#® It was suggested that a hole in the
HOMO level of excited J-aggregates is filled by electron transfer ) ss
(ET) from SS followed by electron injection from the reduced !N the analysis the observed rate constdgisand bs AT€
J-aggregates to CB of the AgBr grains (Figure 6). To make the calculated from the average fluorescence lifetirkgs= 7
hole-trapping process efficient, the HOMO level of SS must (S€€ €d 2). In the present model bkih andko are assumed be

be higher than that of J-aggregates. It was reported that them_dependent of the presence of SS, even though SS may decrease
HOMO level of Dye 2 is slightly higher than that of the Dye 1 Slightly the aggregate cohesrsence size. The valuksgtan be
J-aggregate® So, we propose that for the present system of calculated by a differencek;,; — kons The results are shown

Dye 1/Dye 2 (SS) the “hole-trapping” mechanism can be the N Table 3. It is worth mentioning that the values lefs are

main mechanism of supersensitization. The following observa- Similar for all cases (Table 3) with an average value of about

tions support this statement. 0.60 ps™. . - .
The increase in the sum of the trapping and injection rates The relative quantum efficiency of the photographic process

by about 5 times was observed upon addition of SS. In the Was determi_ned by the independent exp(_eriments (see Experi-
presence of SS the J-band becomes slightly broader, which carMental Section). The results are shown in Table 3jaand

be assigned to a smaller size of the aggregates, as well as to &'ss obtained in the absence and presence of SS, respectively.
change of the environment for J-aggregates in the presence ofJSing these values and the fluorescence decay data, one can
SS. Even if one attributes the absorption peak broadening uponestimate the values &ty andko and the quantum efficiency of
addition of SS solely to a shortening of the aggregates, the the p_hotomduced electron injection. For that let us de.rlve
change of the coherence size would be small, for example, €quations for the quantum yield of the AgBr photoreduction.
decreasing from 10 to 6 in the absence and presence of SS, The quantum yield of the electron injection from J-aggregates
respectively. We think it is unrealistic to attribute such a large ©© AgBr, when no SS is added, is expressed as

change of the rates to a slight change of the coherence size. As
an alternative possibility of energy transfer from J-aggregate to o= E @)
SS and electron transfer from SS to AgBr could be considered. Kobs

However, we think this model is not applicable to the present

system. Addition of SS causes a slight red shift and broadeningIn this case the electron injection rate is competing with the
and so-called mixed aggregates are forfidd.the excited state  radiative and nonradiative decay régeAddition of SS induces

of the mixed J-aggregate there seems to be no single separablan additional reaction, i.e., electron transfer from SS to the
state for SS and the excitation is delocalized in the whole region. excited J-aggregatéds). The products of this reaction are the
The efficiency of supersensitization in the typical “hole trapping” reduced J-aggregate and the cation of SS. Let us introduce the
mechanisrif is dependent on the oxidation potential of SS and quantum yield of electron injection from the reduced J-aggregate
not on the sensitization efficiency of SS itself. All of these tothe CB of AgBr asp-. The total quantum yield of the AgBr
observations drove us to apply the hole trapping mechanism.photoreduction in the presence of SS can be expressed as

TABLE 3: Results of the Data Analysis in the Framework of the “Hole-Trapping” Model

AgBrsize &type€  AmaxM ) ss KPSt konps?  kespst 7 kerps'  kops! @ @ss  Kepps?!
0.2 Cub 657 0.38 0.92 0.20 0.75 04550.05 1.09 0.076:0.012 0.13 0.35 0.84
0.2 Cub 658 0.36 0.84 0.19 0.77 0480.05 0.99 0.06&0.012 0.12 0.36 0.85
0.04 640 0.18 0.8 0.62 0.12 <0.1
0.2 Oct 652 0.6 0.72 0.51 1.06 0.550.10 0.83 0.3&0.07 0.15 0.72 0.87 0.33
0.4 Oct 652 067 082 0.72 136 0850.14 098 049008 023 068 083 054
0.9 Oct 651 0.61 0.65 0.94 1.64 0.700.12 0.72 0.86:0.19 0.19 0.85 0.90 0.76

a|n um.  Averaging of several data sets for independently prepared emulsions resultsin(€h2 Oct)= 0.39 ps?, andkgr(0.9 Oct)= 0.82
ps?, ko(0.9 Oct)= 0.17 ps™.
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kET kSS
=55t 5s¥— (8) o5 Octahedral AgBr

Qo= =
> k§st bs

where the first term stands for the electron injection from the kg,
excited J-aggregates, and the second term consists of the 2 064"~ /
quantum yield of the reduced J-aggregate formation multiplied
by the quantum yield of the AgBr reduction by the reduced
J-aggregateg(-).

Finally, it was pointed out recenfi§that the relative quantum
yield of spectral sensitizationy(andiysg) are not always equal
to the quantum yield of the electron injection from the dye to
silver halide grains¢ andgsg). The reasons, which are related
to the structure and size of AgBr grains, are discussed by
Suzumoto and Tari Then the relative quantum yield can be
expressed as

I ps

o
a
I

=

>

Rate constants k , k_, and k

0'0 T T T T T
Ker 0.0 0.2 0.4 0.6 08

Y =¢n= K 9) AgBr size / ym
bs Figure 7. The calculated rate constanksg, (ker, andksg) as a function

. . of AgBr grain size for octahedral grains. Heker is the electron-
wherey is the deviation factor betweep and¢. We use the injection rate constant from the excited dye to AgRsis the electron-

samey value for the experiments in the presence and absenceyanster rate constant from supersensitizer to the excitedkgy®the

of SS for the same size of the AgBr grains produced under the total (radiative and nonradiative) decay rate constant of the excited
same conditions. The relative quantum vyield for spectral J-aggregates.

sensitization in the presence of Ssf can be expressed as

process with octahedral grains and the rather small improvement

ket Kss by addition of SS. On the cubic grains the quantum yield without

Yss= Psdl = | 55 T 55 P—|7 (10) SS is small due to the small value of tker rate constant.

bs bs Therefore a large increase of the quantum yield in the presence
Then from egs 9 and 10; can be derived as of SS is observed due to a large value of Kag constant in
' comparison withker, namelykss ~ 8ker for cubic grains.
W SS _ Wk, 4.4. Grain-Size DependencélNe observed that the fluores-
— 7SShobs ¥ obs (11) cence decay rate,sdepends on the grain size for the octahedral
Kssp— grains (Table 1). The size dependencies ofl¢he kss andkg

rate constants are shown in Figure 7 and Table 3. While
andkg are not much dependent on the grain skgg,increases
about twice with the increase of the grain size from 0.2 to 0.9
um. Sinceky does not depend on the grain size, the average
value ko) was calculated to be 0.18 Ps Using this value the

Using eq 11 theyp— values were calculated. For the Quéh
cubic AgBr grains, wherg value is reported to be equal to 1
and the valueng- is about 1. This means that the electron
injection rate from the reduced J-aggregate to the AgBr

conduction band is much higher than the electron-transfer rateelectron injection rate (denoted in the Table 3as) can be

to oxidized SS. This is supported by the observation that the . . - !

! - calculated by using only experiments with Dye 1 without SS
energy level of the electron in the reduced J-aggregate is higher k. 5) The advant  thi dure is that th
than that of the excited J-aggregate, which should increase the(k"bs)' andk, (eq 5). The advantage of this procedure is that the

injection rate!” At the same time, the back electron-transfer 0ata of the relative quantum yield, which contain some scatter,
reaction from the reduced J-aggregate to the oxidized SS is@'€ not used, whilé, is taken as known and constant. The
expected to be in the Marcus-inverted region. On this basis, Values ofkg are very close to that obtained by eq Ke-j

we useg_ = 1 for all grain types. The rate constaris and (Table 3). This confirms that the above conclusions are stable
ko were calculated according to eqs 12 and 13 as to some variations of the parameters.
It should be mentioned that the fluorescence decay and
WYKops particularly the electron injection rate depends on the aggregate
ker = T (12) size>11.31Therefore, in this experiment the size of aggregates
on different grains (coherent length) was controlled to be the
Ko = Kops — Ket (13) same, judging from the position and width of the absorption
spectrum of J-aggregates.
The calculated;, ket, andkg values for different sizes and Next, let us consider the origin of the size dependence of

surfaces of the AgBr grains are shown in Table 3. The values ker. It is well-known that the potential energy surface is bent
of ko are similar for cubic and octahedral grains. There is no near the surface of the semiconductor crystals, as formalized
clear dependence & upon grain size for octahedral grains. by the charge space thed{£°The charged layer in AgBr grains
The electron injection rateéer, is about 5.5 times smaller for is formed by the excess of the positive interstitial defectsTjAg
cubic grains compared with the octahedral grains of the samenear the surface. As a result, a double layer is formed with the
size. The increase &Er with the grain size is observed for the  positively charged interior and negatively charged surface of
octahedral grains (Figure 7), which will be discussed in the next the grains’® The excess positive charge is distributed near the
section. The rate constant of electron transfer from SS to the surface of the grains with a rapid decrease of its concentration
excited J-aggregatekss is larger tharker by about 8 times toward the interior. The characteristic distance of the potential
for cubic and only about 1.5 times for octahedral grains. This drop, which is called the Debye length, for the case of thick
determines the relatively high quantum yield of the photographic pure crystal, is about 0.14m.3%3” The potential difference
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between the (111) surface and the interior for thick AgBr crystals electron injection rate, for example through the difference in
was measured to be about 0.22 ¥Vf the grain size is the pAg values!

comparable or smaller than the Debye length for thick crystals,

the potential level inside grains becomes dependent on the grainConclusions

size. For example, the estimated potential in the middle of the  the hrimary processes of the photographic sensitization were
grain relative to the surface potential is 205 mV for (% studied with a sub-hundred-femtosecond time resolution. The
grains, 165 mV for 0.4um grains, and 110 mV for 0.2m (i resolved fluorescence measurements in combination with
grains®® The described space-charge layer exists even in ane photographic quantum yield measurements were applied to
isolated grain in a vacuum. In this case the potential at the yjecylar systems with sensitizer and supersensitizer (SS)
surface is considered to remain constant for the grains of 44gorhed in form of J-aggregates on the surface of AgBr grains.
different size<® as it depends only on the difference in the free Two types of AgBr nanocrystals, cubic and octahedral, were
energies of formation of interstitials and vacancies at the gyamined. The electron injection rate on the cubic grains is
surface?! In solution the picture is more complicated. There is found to be about 8 times slower than that on the octahedra.
an additional double layer between the surface and solution, The Jifetime of the excited state of J-aggregates depends
which depends on pAg of solutidfi*> The pAg in the  gjgnificantly on the presence of the supersensitizer. The hole-
experiment was about 6.8, which is higher than pAg corre- apning rate (electron transfer from SS to the excited J-

sponding to the point of zero charge (pzc) of Sdn this case,  gggregate) is found to be similar for the cubic and octahedral
the grains vv_|II be cha_rged negatwely with the counter layer in grains of 0.2um size. Thek, (the sum of the radiative and
solution, which contains excess cations. nonradiative rate constants) was found to be independent of the

The sensitizing dye (J-aggregate) is adsorbed on the surfacegrain size for octahedral grains. The electron injection fiate (
and injects an electron into the conduction band. As the distancewas found to increase about twice with the increase of the grain
of the effective electron injection<(1 nm) is much smaller than  size of the octahedral grains from 0.2 to @1®. A shift of the
the Debye length~0.14um) the surface potential (not potential  surface potential is suggested as a reason of the grain-size
of the grain interior) is effective for the electron injection dependence of the injection rate.
process. While for isolated grains the surface potential is
considered to be constant, the situation in the solution is not so  Acknowledgment. This work is supported in part by the
clear. We suggest that the surface potential is slightly different grant-in-aid program for scientific research (12640554) of the
for the grains of different sizes due to the influence of the two Ministry of Education, Science, Sports, and Culture of Japan.
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