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Abstract

We have studied the photophysics of 1,1'-diethyl-2,2'-cyanine p-toluenesulphonate (I) by absorption and fluorescence spectroscopy.
Quantum yields are reported for its fluorescence in a series of alcehol solvents, and analyzed according to the model of Vogel and Rettig. We
detect two rapidly equilibrating forms of I in solution, each with unique fluorescence, designated the V- and W-bands, respectively. We
identify these forms with anti- and syn-I. Quantum chemical and molecular mechanics calculations support this assignment. Observation of
some V-band emission on excitation of the W-isomer implies dual fluorescence from anti-1. Time-resolved laser flash spectroscopy shows
that recovery of the ground state of I lags the decay of both fluorescences, which occurs on the picosecond time scale. We assign this effect
to repopulation of the ground state exclusively from a twisted intermediate funnel state which undergoes radiation-less deactivation only on
the nanosecond time scale.

N.N-dimethylaniline (DMA) quenches both fluorescences of I with a Stem-Volmer concentration dependence. N,N-dimethyl-p-toluidine
(DMT) quenches the V-band but enhances W-band emission. We analyze thesc results in terms of 7-complexation of I by the quenchers.
The W-form of I adsorbs to nanoparticulate AgBr which supports its assignment as the syn-isomer. Fluorescence quantum efficiency is
enhanced on adsorption, but adsorbate fluorescence is quenched by both DMA and DMT. Quenching shows a Perrin equation concentration
dependence. We assign it to long-range electron transfer between adsorbed quencher and excited dye, which, in turn, we relcte to the

mechanism of super-sensitization in silver halide photography. © 1997 Eisevier Science S.A.
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1. Introduction

The photophysics of cyanine dyes are of continuing interest
owing to their utility as spectral sensitizers in photography
[1], in biomedical applications [2], and in laser technology
[3]. In solution their fluorescence quantum efficiency may
be very low owing to facile radiationless decay. This process
involves torsional motion about bonds in the polymethine
chain of the dye, as demonstrated by fluorescence depolari-
zation studies [4]. Fluorescence efficiencies are particularly
low in the shortest chain members of the series where steric
hindrance may preclude coplanarity of the aromatic nuclei,
even in the ground state [3a,5]. Fluorescence efficiency can
be greatly enhanced when the dye is adsorbed to a substrate
[6,7] or incorporated into an organized assembly [2]. In
such environments the torsional pathway for radiationless
deactivation is thought to be inhibited.
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Recently, using elegant femtosecond laser techniques
Aberg et al. [8] have shown that this torsional relaxation
process, leading to syn-anti isomerization, is barrierless for
the case of the simple, but sterically hindered 1,1'-diethyl-
4,4'-cyanine cation. The potential energy surface used by
these authors to interpret their results suggested that it might
be possible to observe dual fluorescence from such a dye.
This expectation is supported by the report of stimulated
emission from photoisomers of certain symmetrical dyes
under conditions of laser pumping, leading to two-bandlasing
[9]. It should also be possible to effect substantial perturba-
tion of the potential surface for isomerization through ground-
state mr-complexation of the chromophore. Observation of
triplet exciplex formation between a cyanine dye and aro-
matic amines in dilute polyvinylchloride solid solution
implies that such complexes exist in ground as well as excited
states, although they are not detected by optical absorption
spectroscopy [10].

The present study explores these possibilities for the case
of 1,1'-diethyl-2,2'-thiacyanine p-toluenesulphonate (I), in
solution and adsorbed on AgBr. These systems are probed
by conventional steady-state absorption and emission spec-
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troscopy and time-resolved emission spectroscopy. The study
also attempts to assess the implications of these processes for
spectral sensitization of the silver halide photography.

2. Experimental details
2.1. Materials

Dye I, prepared by ion exchange of the commercially avail-
able (H.W. Sands Corp.) iodide salt, was available in our
laboratories in high purity from another study. Purity was
verified by thin layer chromatography. Solvents were spec-
troscopic quality (EM Omnisolv® methanol and ethanol,
Aldrich spectro-photometric grade 1-propanol, and Aldrich
“99+%"* 1-pentanol). Amine quenchers were redistilled
from the products of commerce over KOH and stored pro-
tected from light. The quenchers did not by themselves con-
tribute to the fluorescence observable in the bandpass in
which quenching of I was studied.

For experiments on silver bromide, a nanosol (1X 10-4
M AgBr in ethanol) was prepared as previously described
[11]. In that study we showed both by optical absorption
spectroscopy and X-ray diffractometry the mean particle
diameter of this material to be 60 A. The cotloid is indefinitely
stable when prepared in a ca. 10% excess of halide. Under
these conditions spheroidal particles with negatively charged,
primarily { 111} faces should be obtained. The advantages of
such a nanosol over dispersions of photographic AgBr crys-
tals [6] for the present study include a large surface area for
adsorption of dye and absence of light scattering. The latter
would interfere with the intended transmission spectroscopic
measurements.

2.2. Methods

Absorption spectra were recorded on a Coleman-Hitachi
EPS-3T dual beam spectrophotometer. Wavclength calibra-
tion was carried out immediately prior to the experiments.
Fluorescence measurements were carried out on a Perkin~
Elmer MPF-44b spectrophotometer modified to include a
Mamamatsu R936 photomultiplier tube, lock-in amplifica-
tion, and digital output. Raw data were corrected on a wave-
length-by-wavelength basis by reference to a *‘look-up’’
table created by measuring instrument response to a white
card for A., = A, over the spectral regime under investiga-
tion. As configured, the fluorimeter was sensitive to emission
at quantum efficiency levels of >5X 10~ ¢, with wavelength
resolution of +4 nm. Fluorescence quantum yieids were
estimated by comparison of the emission intensity of I at
2315 °C, integrated over the fluorescence bandpass of the
emission band under investigation, with that of Coumarin
343 (Eastman Kodak laser grade) in methanol, at a concen-
tration yielding the same optical density as the test solution
at the wavelength of excitation.

Fluorescence lifetime measurements were made on
2.5X 10 7> M solutions of I in 2 mm quartz cuvettes excited
by 30 ps (FWHM) pulses from an unamplified Nd:YAG
laser, frequency tripled to 355 nm [ 12a]. Emission was mon-
itored from the front of the sample by a Hamamatsu streak
camera [ 12b]; data recording and analysis were carried out
as previously described [ 12]. For laser flash photolysis mon-
itored by transient absorption spectroscopy, the output of the
same Nd:YAG laser was amplified in two stages to 1.0+0.2
mJ per pulse at 355 nm. Under these conditions it was found
that ca. 25% of the dye molecules in solution were excited in
one pulse. At least eight complete spectra were recorded for
each delay time as previously described [ 13], and computer
averaged to yield the spectra from which kinetic data were
extracted.

2.3. Computational studies

For reasons of cost and economy of computer usage the
computational work was carried out primarily at the semi-
empirical level using the PM3 semi-empirical parameter set
[14] and supplemented with some ab initio computation to
obtain improved accuracy. The main computational tool
employed was SPARTAN [15], which allows both semi-
empirical and ab initio computations on molecular systems.
GAUSSIAN 94 [16], running on « Cray C90, was used for
additional ab initio calculations. For calculation of excitation
energies it was necessary to incorporate configuration inter-
action. Dye molecule excitations can be approximated as
single electron events. Thus we considered it adequate to use
configuration interaction with only single electron configu-
rations (CIS).

For each isomer of I considered (syn-I and anti-I) amolec-
ular mechanics geometry search was carried out to find the
minimum energy starting point. From this point a full PM3
geometry optimization was carried out. The single point CIS
computations were then performed at the minimum-energy
PM3 geometry. After these semi-empirical calculations, an
ab initio geometry optimization was carried out starting from
the PM3 minimum. This computation was at the Hartree—
Fock split valence level HF/3-21G [17]. At the ab initio
minimized geometry, a final ab initio CIS computation was
carried out to find excitation energies and osciliator strengths.

3. Results and discussion
3.1. Absorption and emission spectra

The absorption spectrum of I (2.5 X 10~ % M in methano!)
is shownin Fig. 1: Ay, =422.5nm, e=1.2X 10°M~'cm ™!
and Av,,,=2250cm~"'. We accordingly estimate the natural
lifetime, 7, for the Franck-Condon state as 2.0+ 0.3 ns
[18]. The emission spectrum was recorded with Ax=420
nm, close to A, of the absorption spectrum, as shown in
Fig. 2(a). This spectrum is obviously not a mirror image of
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Fig. 1. Absorption spectrum of I in methanol (5X107° M); data points
correspond to simulation of the spectrum by combination of the V-and W-
band excitation spectra (see text).

the absorption spectrum, which was initially surprising. Upon
further examination it became apparent that the emission
spectrum could be deconvoluted into two components: on
centered on 440 nm (hv=2.85 eV) and the other centered
on 480 nm (hv =2.60eV), as also shown in Fig. 2(a). These
are designated the V- and W-bands, respectively. The exci-
tation spectra recorded with A.,=480 nm (W-band)
strongly resembled the absorption spectrum with A, = 422
nm, but the absorption envelope was somewhat narrower
(Av,/,=1450cm™"). This trace is also shown in Fig. 2(a);
it appears to be a mirror image of the V-band emission
spectrum.

When the excitation spectrum was recorded with A, =440
nm (V-ban), a bimodal distribution of activity was found,
as shown in Fig. 2(b), which strongly suggests deconvolu-
tion into two Gaussian bands. The maxima are located at
395 nm and 422 nm. The longer wavelength component cor-
responds to the excitation spectrum of Fig. 2(a). Excitation
at 395 nm yielded an emission spectrum that more closely
resembled a reflection of the absorption band, though again
narrower, as also shown in Fig. 2(b).

We found that we could represent the absorption spectrum
as a weighted sum of the W- and V-band excitation spectra,
with the two distributions contributing 87% and 13%, respec-
tively, as shown in Fig. 1. We hypothesize that in solution
dye I exists as a dynamically equilibrating mixture of the syn-
and anti-isomers, corresponding to the 422 nm and 395 nm
absorptions, respectively. The major isomer is accordingly
responsible for W-band emission, and the minor isomer is
responsible for V-band emission. The existence and rapid
equilibration of more than one ground-state conformation has
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Fig. 2. Fluorescence emission and excitation spectra for I in methanol: (a)
fluorescence spectrum excited at 420 nm and deconvoluted into V- and W-
components (dashed lines); excitation spectrum corresponding to 480 nm
emission; (b) fluorescence spectrum excited at 395 nm; excitation spectrum
corresponding to 440 nm emission deconvoluted into two components
(dashed lines).

also been inferreu for a thiacarbocyanine dye [19]. If our
assignment is correct, observation of some V-band emission
on excitation into the W-isomer absorption (422 nm) band
implies W-to-V isomerization along the excited-state poten-
tial surface, as expected from the model of Aberg et al. [8].

The fluorescence quantum yield, @, was estimated by
comparison to the emission from Coumarin 343 at compa-
rable optical density at A,,. These measurements were made
in four primary alcohol solvents of differing viscosities to
allow analysis according to the model of Vogel and Rettig
[20]. Accordingly the rate constant for non-radiative decay,
k.., comprises viscosity (7)-independent, k,, and viscosity-
dependent, k., components; the latter is associated with the
processes coupling torsional motion about the central methine
carbon atom in I.

ke=ko+ k(1™ ) (1)

where a is a measure of the relative contribution of Stokes
diffusion of the rotating molecular fragment and diffusion of
the dye molecule into free volume, where there is no frictional
barrier to isomerization. Thus

a=1-(E,/E,) (2)

where E, is the activation energy for diffusion into free vol-
ume and E,, is the corresponding parameter for Stokes dif-
fusion. Given that

De=k/ (k +kyr) 3)
where k,= 1/ 7
&7 =1+ (ko/ k) + (kyl k)™ 4)

Fluorescence quantum yields and data for the analysis accord-
ing to Eq. (4) are given in Table 1, including the correlation
coefficients, r. In all cases, k, was found to be within exper-
imental error of zero. This result differs from that obtained
by Schuster et al. [21] from the study of the effect of pressure
on fluorescence of higher order carbocyanine dyes. Aramen-
dia et al. [22] have associated k, with internal conversion
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Table 1
Fluorescence quantum yield data for I in various alcohol solvents; analysis

according to Eq. (4)

Solvent n(cP @20°C)  &(V-band) @(W-band)
Methanol 0.59 0.013 0.003

Ethanol 1.20 0.020 0.005

1-Propanol  2.25 0.027 0.0075

1-Pentanol  3.95 C.035 0.010

Analysis

« 0.51 0.67

kol 55 232

r 0.998 0.999

ky (281+038)x10"°  (i.6+05)x10"

s-l

processes involving energy acceptance by modes of the poly-
methine chain which is absent in 1.

Absolute values of k., are estimated in Table 1 using the
approximate value of 7,,, above. It is apparent that torsional
relaxation of the W-isomer is close to barrierless, while a
small activation barrier must obtain for similar relaxation of
the V-isomer. This feature was not included in the potential
surface calculated, albeit for a different dye, by Aberg etal.
[8]. Significantly, the non-radiative decay rates of neither
the V- nor the W-species reflect solvent dielectric relaxation
times [23] which, for linear alcohols, scale approximately
with n2.

3.2. Computational studies

In order to support our assignment above, that W- and V-
I correspond to its syn- and anti-isomers, respectively, com-
putations were carried out at the semi-empirical level with ab
initio refinement. Results (dihedral angles between the planes

Table 2

Computztiona' characterization of syn- and anti-1

Calcuiation type  Syn-I Anti-1 Difference

SPARTAN with PM3 geometry optimization:

Dihedral angle 0° 32

Heat of 22938 2362 6.4 kcal mo} ™'

formation

Dipole moment 2.75 093D

SPARTAN with CIS at PM3 optimized geometry:

Amax 469.8 488.1 18.3nm

Oscillator 1.36 1.4

strength

GAUSSIAN 94 with HF/3-21G geometry optimization:

Dihedral angle  0° 31°

Total energy —1625.7341 —1625.7143  0.0198 a.u.
=12.4 kcal mol !

GAUSSIAN 94 with CIS at ab initio optimized geometry:

Amax 2724 281.2 8.8 nm

Oscillator 141 1.37

Fig. 3. Ball-and-stick representations of ab initio optimized geometries for
syn-I (below) and anti-I (above).

of the benzthiazolyl nuclei, heats of formation, dipole
moments, A,.., and oscillator strengths ) are given in Table 2.
For all levels computed, the anti-isomer is unambiguously at
a higher energy than its syn-counterpart, consistent with the
assignment of V-band absorption and emission to the anti-
isomer, and of W-band absorption and emission to the syn-
form. Both semi-empirical and ab initio computations find
the anti-isomer to be significantly twisted out of plane, with
a dihedral angle of 31-32° between the benzthiazolyl nuclei.
In the syn-form these nuclei are surprisingly co-planar. Ab
initio optimized geometries are shown in a ball-and-stick
representation in Fig. 3.

The computed excitation energies (as A,,,) are not in
agreement with experiment, though the semi-empirical result
obtained with SPARTAN and geometry optimization at the
PM3 level, incorporating CIS, provides more reasonable esti-
mates of Ap,,,. At both computational levels excitation of syn-
I is predicted to occur at slightly higher energy (shorter
wavelength) than for anti-I. the opposite is the case in reality,
if the assignments consistent with the relative total energies
are correct.

3.3. Time-resolved experiments

Both methanol and pentanol solutions of I were excited at
355 nm using ca. 30 ps laser pulses. V- and W-band emissions
were isolated using narrow bandpass filiers. Neither rise nor
fall of either emission were distinguishable from the laser
pulse profile within experimental error. This result suggests
that the radiative lifetimes of both species in both solvents
are fast in comparison to the pulse width. From the data of
Table 1 we expect the iongest radiative lifetime (for V-band
emission in 1-pentanol) to be no more ihan 70 ps, consistent
with this inference. We did not observe any delayed fluores-
cence. However, the V-state, for example, may be populated
very rapidly from the W-state; if torsional relaxation of W-I
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were rate determining, then the V-conformation could be
established within 20 ps.

When the flash excitations of I in either methanol or pen-
tanol were monitored by time-resolved absorption spectros-
copy, we observed both bleaching of the 422 nm absorption
band and the appearance of a light absorbing transient cen-
tered on ca. 450 nm, which we assign to a relatively long-
lived excited state. Representative spectra are shown in
Fig. 4. Decay of the light absorbing transient and recovery of
the ground state were analyzed as first-order processes.
Kinetic plots for experiments in methano! and pentanol are
shown in Fig. 5. It can be seen that recovery of the ground
state and decay of the light absorbing transient occur in par-
allel, with characteristic lifetimes of 0.5 + 0.1 ns in methanol
and 1.0+ 0.2 ns in pentanol. These time constants clearly are
not identifiable with the measured fluorescence lifetimes but
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Fig. 4. Representative, smoothed transient absorption spectra showing
bleaching of the principal absorption band of I (negative AA) at 422 nm
and formation of the light absorbing transient (positive AA) at 450 nm,
recorded 20 and 50 ps following 355 nm laser flash excitation of I in

methanol.
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Fig. 5. First-order kinetic analyses of recovery of ground-state absorption

(A) and decay of 450 nm transient absorption (Q) following laser flash
excitation of I in methanol (MeOH) and 1-pentanol (AmOH).

demenstrate a viscosity dependence. The non-zero intercepts
of the kinetic plots suggest that there is also a much faster
component to recovery of the ground state which accounts,
however, for no more than ca 10% of total excitation energy
dissipation. This result differs from that of Aberg et al. [8]
who found ground-state recovery to be essentially complete
within ca. 50 ps for 1,1'-diethyl 4,4’-cyanine in hexanol.

A reviewer has proposed that our time-resolved data can
be accounted for by very fast (ps) ground-state recovery,
with partitioning between isomerized and unisomerized L.
Absorption recovery on the nanosecond time scale accord-
ingly corresponds to reestablishment of equilibrium between
the two possible ground-state isomers. There are two diffi-
culties with this model. First of all, bleaching at 422 nm
corresponds to disappearance of ground-state syn-I; its pho-
toisomer, anti-I, absorbs at 392 nm, not 450 nm. Secondly,
in other cyanine dyes studied [22,24], ground-state isomer-
ization occurs on the microsecond or millisecond, not nano-
second, time scale.

We prefer to assign the long-lived state giving rise to the
450 nm absorption as the twisted state of I in which the
dihedral angle between the planes of the two benzthiazole
rings is ca. /2. This configuration corresponds to the mini-
mum on the potential surface corresponding to the lowest
excited singlet state [8]. Accordingly, the excited-state
potential energy minimum is reflected in the ground-state
potential surface, leading to occurrence of a ‘‘conical inter-

section’ of potential surfaces. Such conical intersections
appear to provide a universal decay route for excited conju-
gated, polyatomic molecules [25], and are usually proposed
for the radiationless deactivation of cyanine dyes
[22,24a,26]. Most authors assume, however, that crossing
from 8, to S, potential surfaces at this point occurs rapidly,
compared to the molecular relaxations leading to and from
the funnel state. In our interpretation, however, the lifetimes
measured by the plots of Fig. 5 correspond to the decay of
this funnel state to the ground-state surface. The schematic
of potential energy of ground and first excited states as a
function of the torsional angle, based on Abergetal.’s scheme

hv

[ B

0 2 n
syn anti
Torsional Angle

Fig. 6. Proposed potential energy surface for syn-anti photoisomerization
of I; time constants correspond to experimentally determined values in

methanol at ambient temperature.
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(81, is shown in Fig. 6. Unlike for certain carbocyanine dyes
[24b,27], all the experimental results can be rationalized
without invoking intersystem crossing coupled to the tor-
sional relaxation which may be a unique feature of dyes with
longer polymethine chains.

3.4. Fluorescence quenching and enhancement

If the V- and W-band emissions arise from rapidly equili-
brating syn- and anti-isomers, of I, static quenching should
affect only the overall intensity of fluorescence, and not the
relative intensities of V- and W-emissions. On the other hand,
significant dynamic quenching of the emissive states of V-
and W-I is not feasible, even under conditions of diffusion-
limited kinetics, owing to the short radiative lifetimes of both
species.

Quenching with N,N-dimethylaniline (DMA), N,N-
dimethyl-p-toluidine (DMT) and tri-n-propyl amine (TPA)
was studied in methanol. All three compounds should be
thermodynamically capable of electron-transfer quenching
[28]. Ionization potential (IP) values are —7.35 eV for
DMA, —7.12 ¢V for DMT, and —7.25 eV for TPA [29].
We estimated the IP of I to be ca. —7.6 eV from its solution
phase oxidation potential at a Pt electrode [30], using Mil-
ler’s equation [31]. With DMA, quenching of the V-band
followed the Stern-Volmer form, with K=1.48 M~ !, inter-
cept = 1.00, and r=0.994. Quenching of V-band emission by
DMT also exhibited a Stern—Volmer quencher concentration
dependence, with K=275 M™', intercept=1.04, and
r=0.989. Data are given in Table 3. Surprisingly TPA did
not quench fluorescence of 1.

The slopes of these correlations are at least an order of
maghnitude too large for diffusion-limited dynamic quench-
ing. We thus infer formation of ground-state complexes
between I and DMA or DMT. These complexes must have
similar absorption spectra to free I, insofar as no changes in
the absorption spectrum of ¥ were detected on addition of
C.35 M of either quencher. In this case K can be identified
with the association constant for the complex. Since TPA did
not form such a complex, we conclude that I may be inclined
to form 7- but not or-complexes, and that static quenching
ability is governed by steric rather than thermodynamic
issues. To our knowledge, 7-complexation of cyanine dyes
in the ground state has not been previously reported.

If the W- and V-isomers of I are, in fact, rapidly equili-
brating, the ratio of their concentrations is solution should
not be altered by complexation of either form. With DMA,
quenching of W-band fluorescence was observed, and the
concentration dependence followed the Stern-volmer form
with K=1.46 M, intercept=1.00, and r=0.996. These
parameters are in good agreement with those for V-band
quenching, consistent with the assumption of rapid equilibra-
tion of the isomers. With DMT, however, enhancement of
the W-band emission was observed.

We hypothesized in this case that the complexed W-isomer
of 1is more efficiently fluorescent than the free dye. Accord-

ingly the observed fluorescence intensity, I, comprises
contributions from the free dye, I, (1 —f.ompicx)» and com-
plexed dye, I ompiex- Thus, given

Jeompiex=K[DMT]/(1+K[DMT]) (%)
Lompiex =11,/ (1+ K[DMT]) (6)

the contribution of the complexes species to the observed
fluorescence intensity can be estimated. It follows that the
normalized complex emission intensity,

Icomplex/ (Ioﬁ:omplex) = ¢l‘(complex)l D(free dye) @)

should be independent of [DMT].

Values of observed , Iomptex/ I, from Eq. (6), and I ompiex/
(I, feompiex) for W-band emission of I in presence of DMT
are given in Table 4, using K=2.75 M~! from V-band
quenching. It is obvious that Lompiex/ (I feomplex) actually
decreases with increasing [DMT], i.e. fluorescence from
complexed I is also quenched by DMT. A Stern—Volmer plot
for this quenching is shown in Fig. 7; slope is 247 M~!,
r=0.983, and intercept =0.20. The physical significance of
this intercept is the reciprocal of the ratio of fluorescence
quantum efficiencies for complexed and free dye according
to Eq. (7); we estimate @;(complex) = (0.015+0.004).
Observation of fluorescence enhancement only for the W-
band of I suggests that only the syn-isomer of the dye may
participate in complex formation.

With DMA, on the other hand, either @ (complex)
<5X10~* (instrumental limit of detection), or else this
quencher does not form a complex with the W-isomer of I.
In either case the difference in behavior of the two subtly
different complexing reagents is remarkable and worthy of

Table 3

Quenching of V-band fluorescence from I in methanol by DMA and DMT
Q] I,/1 (DMA) 1,/1 (DMT)
005 M 1.06 1.17

0.10 1.145 1.38

0.15 1.22 148

0.20 129 1.61

025 1.37 1.76

035 1.52 1.97

Table 4

Effect of DMT on W-band fluorescence from I in methanol

Qi 1 (DMT) Leompiex o Lompier/
(lofcomplcx)

oM 176 (a.u.) 0 -

0.05 210 0.31 263

0.10 220 047 2.17

0.15 233 0.61 208

0.20 206 0.52 1.49

0.25 190 0.48 1.17

035 170 045 091
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Fig. 7. Stern-Volmer plot for quenching of fluorescence attributed to -
complexed I in methanol: (/o/compiex) “foomptex VS- [DMT]. Error bar is
representative. Intercept corresponds to [ P (complex)/ P (free dye)] ™ !

further investigation. One possibility is that the radiative life-
times of both the DMA and DMT complexes of I are limited
by the rate of intra-complex electron transfer quenching.
Slower electron transfer from DMA to excited I than from
DMT may be rationalized if both processes are understood
as occurring in the Marcus inverted regime, consistent with
the electrochemical data.

3.5. Adsorption of I to AgBr

A 2.5 X 10~ M solution of dye I was added toa 1 X 10™*
M AgBr nanosol in absolute ethanol. Its absorption spectrum
is shown in Fig. 8. Subtraction of the spectrum of Fig. 1
indicated a small contribution (D, <0.025) of red-shifted
absorption centered on 445 nm. The fluorescence spectrum
obtained from this mixture with A, =420 nm is shown in
Fig. 9. It appears similar to the spectrum of Fig. 2(a) with
further attenuated V-band emission and enhanced W-band
emission. When the excitation spectrum was recorded with
A;n=500 nm, a bimodal distribution of activity was
observed, also shown in Fig. 8, corresponding to a combi-
nation of the W-band action spectrum and a new band cen-
tered on 454 nm (A v, ;=15 000cm ™). This new band was
approximately congruent with the red-shifted contribution to
absorption. Such red shifts are characteristic on adsorption of

0.4
0.3
A 0.2

0.1+

0.0
350 400 450 500
NM

Fig. 8. Absorption and excitation {A.,= 500 nm) spectra of 2.5X 10°°M
Yinthe presence of 1.0 X 10~*M AgBrnanosol, showing differential absorp-
tion (430460 nm) and deconvolution of the excitation spectrum (dashed
lines).

cyanine dyes to AgBr, and are usually attributed to the high
dielectric constant of the solid substrate [32]. These obser-
vations imply that I is adsorbed onto AgBr as the W-isomer,
and that the Stokes shift associated with W-isomer emission
is significantly reduced thereby, consistent with restricted
conformational relaxation in the adsorbed state [6,33]. Inso-
far as we expect that I should adsorb to AgBr preferentially
in the syn-conformation [ 1a,32], this interpretation further
confirms the identity of the W-species with syn-I.

Excitation directly into this new band at A, =450 nm
yielded only the fluorescence distribution centered on 484
nm, as obtained by deconvolution of the emission spectrum
obtained with 420 nm excitation (Fig. 9). Again, by com-
parison of integrated fluorescence intensity to that of the
standard, Coumarin 343, we estimate ®@;= (0.12-+0.02). We
assign this red-shifted absorption and emission to dye
adsorbed on AgBr. We estimate from the difference spectrum
of Fig. 8 that ca. 10% of the dye, (2.5+0.5) X1077 M, is
adsorbed to AgBr under these conditions. Assuming a pro-
jection area, a,= 100 A2, for one molecule of I adsorbed flat
onto the surface, and an individual particle surface of
1.1x10* A2, we estimate that monolayer coverage corre-
sponds to 1.1 10~% M dye adsorbed. Under our conditions
we thus obtain approximately 0.2 monolayer coverage. This
level is too low for photophysics of adsorbed I to be compli-
cated by dimer formation [6].

Enhanced fluorescence efficiency in the red-shifted band
relative to that of free dye in solution is consistent with this
assignment [6]. It is usually assumed that adsorption
quenches the radiationless deactivation modes associated
with torsional relaxation. The principal non-radiative path-
way for dye deactivation then involves electron (or energy)
transfer to the AgBr substrate. This is the process responsible
for photographic sensitivity [1,32-35]; it occurs with rate
constant k,. Then, ignoring other radiationless deactivation
channels which are likely to be of minor significance for
adsorbed I,

o=/ (ke + T (8)

and using the solution value of 7,,=2 ns in Eq. (7). we
estimate k,=(3.6+0.6) X 10° s™'. This value is in good
agreement with the estimates of Muenter [34] and of Tani et
al. [35] for the rate constant for electron transfer from other

Aex=450NM

Fig. 9. Fluorescence spectra of 2.5 X 10~° M I in the presence of 1.0x10™¢
M AgBr nanosol, with A,x =420 nm, showing deconvolution, and Aex=
450 nm.
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photoexcited cyanine dyes to the conduction band of AgBr.
From the model of Tani et al., based on the Marcus treaiment
of electron transfer, we infer that AG for electron injection is
¢, —0.18 eV. Using a value of —1.34 V for the conduction
band of AgBr [35], we find that this estimate corresponds to
E.q= —1.52'V (vs. SCE) for I, which is in exact agreement
with electrochemical measurement [30].

Both DMA and DMT quenched the fluorescence from
adsorbed I. The quenching failed to follow the Stern-Volmer
form, but rather data obtained with both amines followed the
form

In(I,/D) =al[Q] (9

where [ Q] designates the solution concentration of a generic
quencher. Plots of this relationship for both quenchers are
shown in Fig. 10; in both cases points fall on the same line
with slope 4.66 M ™! and r=0.9945. This analytical form
corresponds to that derived by Perrin [36] and originally
applied to static energy transfer quenching, e.g. long-range
energy or electron transfer, in solid solution [36b]. In the
present case, energy transfer quenching is infeasible. Accord-
ingly we assign quenching to long-range electron transfer
between adsorbed quencher and excited adsorbed L.

Alternative quenching models in which:

(a) adsorbed quencher displaces I from the AgBr surface; or
(b) quencher molecules in solution interact dynamically with
adsorbed I;

were considered but discarded, as both would relate observed
fluorescence intensity to {Q] according to an expression of
the Stern—-Volmer form.

By operation of the long-range static electron transfer
mechanism of quenching the principal consequence of pho-
toexcitation of I will be formation of the corresponding rad-
ical therefrom by one-electron reduction. This species will be
a stronger reducing agent than photoexcited dye itseif. Inter-
mediacy of such species in spectra sensitization of silver
halide photography has been proposed [37]. Electron trans-
fer quenching of photoexcited dye to generate such radical

:
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Fig. 10. Quenching of fluorescence of AgBr-adsorbed I by DMA and DMT,
analyzed according to Eq. (9).

species has been the accepted interpretation for a number of
years of the phenomenon of supersensitization observed in
photographic media [37,38]. The present results can be taken
as further experimental confirmation for the feasibility of this
pathway.
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