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aggregates; this fragmentation of the aggregates can
reduce hole mobility, hence recombination
probability7, as well as lead to an increased rate of
electron transfer from photoexcited dye to the grain.8

Recent work in our laboratories9,10 has demonstrated
that prototypical cyanine sensitizing dyes can form
molecular complexes in solution with a variety of or-
ganic heterocycles. If stabilizer molecules likewise form
complexes with the dyes in solution, several conse-
quences might be envisioned:
(a) the dye complex might be more or less strongly

adsorbed to a silver halide grain surface than the
free dye; thus the stabilizer could mediate dye
adsorption;

(b) incorporation of the dye complex into a dye J-
aggregate could lead to fragmentation of the
aggregate, as is often discussed in regards to
supersensitization2,7,8; and

(c) photophysics of the dye complex would most likely
be different than observable for the free molecular
dye; thus adsorbed complex might have a greater
(or lesser) probability of transferring an electron to
the silver halide grain on photoexcitation.

The purpose of this study is to extend the methodol-
ogy of our previous articles9,10 to the identification and
characterization of ground state complexes, in solution,
between prototypical cyanine sensitizing dyes and rep-
resentative stabilizers which are capable of exhibiting
supersensitizing effects in silver halide emulsions. Fluo-
rescence spectroscopy is employed for experimental de-
tection of the complexes, insofar as the complexes exhibit
different photophysical behavior compared to the free
dye. Semi-empirical and molecular mechanics calcula-

Introduction
It is now generally recognized1 that many photographic
stabilizers and anti-foggants can, in combination with
spectral sensitizing dyes, engender an increase in pho-
tographic sensitivity with a wide variety of photo-
graphic emulsions.  These stabil izers,  usually
mercaptoheterocycles or the well-known 4-hydroxy-6-
methyl-1,3,3a,7-tetraazaindene (TAI), are thought to
chemisorb to silver halide grains through formation of
surface silver complexes,1,2 and in some cases the crys-
tal structure of the silver(I) complex of the stabilizer
has been reported.3 Several mechanisms have been pro-
posed for the supersensitizing effect of stabilizers:
(1) since the stabilizer complexes silver ion, it may

decrease the concentration of interstitial silver ions
in the silver halide grain, leading to a reduction in
dispersity of latent image and overcoming the
intrinsic desensitization accompanying cyanine dye
adsorption;4,5

(2) the stabilizer may form an “insulating layer” over
sensitivity centers into which photoexcited dye is
expected to inject electrons;6 the presence of this
insulating layer should inhibit energy-wasting
electron-hole recombination; and

(3) intercalation of the stabilizer molecules into the dye
J-aggregates can reduce the domain length in the
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tions are introduced to provide some perspective on the
experimental results.

Experimental
Materials

The complexing agents, 2-methylbenzimidazole
(MeBz), 2-mercapto-benzoxazole (MBO), and TAI,
were obtained from Aldrich Chemical Co., and used as
received. Melting points agreed with literature values.
Our samples of 3,3'-diethyl-2,2'-thiacarbocyanine io-
dide (DTCI, obtained from H. W. Sands Co.), 3,3'-di-
ethyl-2,2'-thiadicarbocyanine iodide (DTDCI, obtained
from Eastman Kodak Co.), and 3,3'-diethyl-2,2'-
thiatricarbocyanine iodide (DTTCI, obtained from
Pfaltz and Bauer, Inc.) had previously11 been shown to
be of usable purity. Solutions were made up in EM
Omnisolv™ spectrophotometric grade methanol.

Experimental Methods
Experimental procedures for fluorimetric titration of

the cyanine dyes with stabilizers, in order to detect com-
plex formation, basically followed those previously re-
ported.10 In photographic practice it is usual to add
stabilizers at alkaline pH, i.e., as their conjugate an-
ions, both for reasons of solubility and, presumably, to
facilitate silver ion complexation.1 Accordingly they
were added to 2.5 mL of the dye (2 × 10–6 M) as a series
of 100 µL aliquots of 0.01 M solutions of the stabilizers
in 0.01 M methanolic NaOH, while fluorescence, excited
at the absorption λmax for the dye (555 nm for DTCI,
655 nm for DTDCI, and 755 nm for DTTCI), was moni-
tored at λmax for emission (570 nm for DTCI, 675 nm for
DTDCI and 790 nm for DTTCI).

Under these conditions we expect MeBz to be present
as a neutral molecule, given that the parent benzimida-
zole is reported12 to exhibit a basic pKa of 13.2. On the
other hand, MBO and TAI should be present exclusively
as their conjugate anions under these conditions. We
measured a pKa of 7.4 for MBO (the basic pKa of the
analogous 2-mercaptobenzthiazole is 6.94 1), and the
reported13 pKa of TAI is 6.27. Accordingly, 0.01 M
methanolic NaOH was used as the control solution. It
had no discernible effect on the efficiency or spectral
distribution of fluorescence from DTCI, DTDCI, or
DTTCI. All spectrofluorimetric measurements, includ-
ing recording of emission spectra, were carried out on a
Perkin-Elmer MPF44B spectrofluorimeter, thermostatted
at (20.0 ± 0.1)o.

Computational Methods
Computational modeling of structures was carried out

in the SPARTAN environment.14–16 Starting geometries
were estimated by Merck Molecular Force Field (MMFF)
calculations. Semi-empirical molecular orbital calcula-
tions for geometry optimization, charge distribution, and
enthalpies of formation were carried out at the AM1
level. Solvation effects were neglected.

Starting geometries for the complexes were obtained
by creating dummy molecules in which one of the aro-
matic nuclei of the cyanine dye was tethered to the sta-
bilizer molecule by two three-carbon chains. The
conformation of this molecule was then optimized by
MMFF. The tethering chains were then removed, and
the conformation of the resulting “complex” then
reoptimized by use of MMFF. This geometry was then
used as the starting point for the AM1 calculations. This
same stratagem has been used by our group to obtain
starting geometries for calculations on other bimolecu-
lar complexes.10

Results and Discussion
Experimental Studies

Fluorimetric titrations of DTCI, DTDCI and DTTCI
with MeBz, MBO and TAI, under conditions where the
latter two reagents were present only as their conju-
gate anions, were accordingly carried out. Modulation
of fluorescence intensity, suggestive of complexation,
was observed on addition of all three stabilizers to the
carbocyanine and dicarbocyanine dyes, but not for the
tricarbocyanine dye. At least in the first case, fluores-
cence modulation is diagnostic for complex formation,
insofar as the fluorescence lifetime11,17 of DTCI is too
short (0.14 ± .02) ns to permit dynamic interaction of
photoexcited dye with other solutes. The negative re-
sults for experiments with DTTCI should not, we be-
lieve, be taken to mean that this dye does not form
complexes with the stabilizers tested. Alternatively we
can consider the possibility that complexes, if formed
with DTTCI, are spectroscopically indistinguishable
from the free dye. Complexes of DTTCI with other het-
erocycles have likewise proved elusive.10

Consider the case where both free dye and complex
are emissive at the probe wavelength, with relative fluo-
rescence quantum efficiencies Φo and Φc respectively.
Then the overall observable fluorescence intensity, I, is

I = Iofdye + Icfcomplex = Io(1 – fcomplex) + Icfcomplex (1)

where fcomplex is the fraction of total dye present in the
complexed form, Io is the fluorescence emission inten-
sity observable when all dye is present as free dye, and

Ic = Io(Φc/Φo) (2)

and fc = [C]/([C] + [D]), which is determined in turn by
the complex formation equilibrium constant, K, and the
concentration of stabilizer present, [Q]

K = [C]/[D][Q] (3)

Combination and rearrangement of Eqs. 1 through 3
leads to the “double reciprocal” equation

f([Q]) = {1/[(Φc/Φo) – 1]}(1 + 1/K[Q]) (4)

where f([Q]) = 1/[(I/Io) – 1].
Experimental data obtained with DTCI are shown

analyzed according to Eq. 4 in Fig. 1. Similar plots for
the data obtained with DTDCI are shown in Fig. 2. Pa-
rameters of the analyses are listed in Table I. Complex
formation constants are surprisingly large in all cases.
Variation in quantum yields for fluorescence of the com-
plexes, relative to fluorescence quantum yields of free
dyes, found in Refs. 11 and 17, appear to reflect subtle
patterns of interacting influences. In some cases Φc/Φo

< 1 suggests that complexation introduces new deacti-
vation pathways, e.g., complex dissociation, while in
other cases where Φc/Φo > 1, deactivation pathways
present in the free dye molecule, e.g., torsional degrees
of freedom in the polymethine chain, are apparently
inhibited. The latter effects appear to be predominant
in the MeBz complexes, while the former obtain with
the MBO anion.

Additional evidence for complex formation comes
from the analysis of the spectral distribution of fluores-
cence. Difference spectra were obtained by subtracting
from the emission amplitudes of the control spectra of
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Figure 1. Double reciprocal plots according to Eq. 5 for the
fluorimetric titrations of DTCI with (a) MeBz, (b) MBO an-
ion, and (c) TAI anion.

Figure 2. As Fig. 1 for DTDCI.

TABLE I. Parameters for Dye-Stabilizer Complex Formation
from Fluorimetric Titration Experiments (Eq. 4).

Dye Stabilizer K (M–1) Φc/Φo r2 ∆G(kcal/mol)

DTCI MeBz  35.6 1.25 0.910 –2.1
DTCI MBO (anion)  139 0.70 0.974 –3.0
DTCI TAI (anion) 1560 0.90 0.975 –4.4
DTDCI MeBz  970 1.085 0.946 –4.1
DTDCI MBO (anion)  254 0.88 0.984 –3.3
DTDCI TAI (anion)  266 1.065 0.929 –3.4

TABLE II. Thermochemical Parameters (kcal/mol) for Formation
of DTCI-Stabilizer Complexes from AM1 Calculations (Eq. 5).

Stablizer ∆Hf(dye) ∆Hf(stabilizer) ∆Hf(complex) ∆∆Hf

MeBz 305 97 385 –17
MBO (complex1) 305 91 377 –19
MBO (complex2) 305 91 362 –34
MBO (complex3) 305 91 372 –24
MBO (anion1) 305 14 275 –44
MBO (anion2) 305 14 260 –59
TAI (complex1) 305 124 415 –14
TAI (complex2) 305 124 411 –18
TAI (anion) 305 82 334 –53
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the dyes (2 × 10–6 M in methanol) with 0.0028 M NaOH,
the corresponding amplitudes obtained from the spectra
of the dyes in the presence of 0.0028 M stabilizer and
0.0028 M NaOH, after normalization of the spectra at
λmax for emission. These spectra for DTCI complexes are
shown in Fig. 3, and for DTDCI in Fig. 4. Changes pri-
marily involve attenuation or enhancement of the long-
wavelength vibronic shoulders of the principal emission
band. Emission at these wavelengths presumably arises

from photoexcited dye molecules at various preliminary
stages along the torsional relaxation coordinate leading
to radiationless deactivation, according to the model of
Momicchioli.18 Perturbation of emission at these wave-
lengths is consistent with radiationless deactivation oc-
curring along different relaxation coordinates in the
complexes compared to the free dye molecule.

Computational Studies
Our experimental observations, namely that complex-

ation perturbs the photophysical properties of the cya-
nine chromophore, suggested involvement of structural

Figure 3. Difference fluorescence spectra for DTCI with (a)
MeBz, (b) MBO anion, and (c) TAI anion, vs. control, showing
enhancement (positive difference) or quenching (negative dif-
ference) of bands in the vibronic progression to the red of λmax.
Solid curves are only to guide the eye.

Figure 4. As Fig. 3 for DTDCI.
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deformation and a modicum of charge transfer on com-
plexation. Such effects should be amenable to computa-
tional elucidation.

Enthalpies of formation of the complexes from their
molecular precursors, ∆∆Hf, can be estimated as

 ∆∆Hf = ∆Hf(complex) – [ ∆Hf(dye) + ∆Hf(stabilizer)] (5)

Insofar as ∆Hf’s derive from AM1 calculations, these
estimates may not be more accurate than ± 10 kcal/mol.13

Recent studies comparing various ab initio and semi-
empirical methods for the description of nucleobase com-
plexes suggests, however, a much higher level of
accuracy for AM1 calculations in supramolecular sys-
tems.22 Accordingly, computational estimates of the ther-
mochemical parameters for all the systems studied
according to Eq. 5 are reported in Table II to the near-
est kcal/mol. These estimates are gas phase enthalpies
of formation, which ignore solvation effects, not free en-
ergies, are thus not directly comparable to experimen-
tally measurable free energies of complexation, reported
in Table I. We note that the experimental parameters
are more positive, consistent with the negative entropy
of complex formation. Our experience10,20 has been that
the condition, ∆∆Hf ≤ 0, is a reasonable predictor of
strong complexation in several systems.

Both computational and experimental characteriza-
tion of complexes between MeBz and DTCI and DTDCI
has been reported previously.10 This previous work re-
vealed a complementarity in electrostatic charge dis-
tribution between the dye and the heterocyclic
complexing agent, so as to provide a strong electrostatic
attraction between the two components, when they were
positioned relative to each other in the manner found
to correspond to the minimum energy conformation of
the complex. Accordingly the positively charged S-atom
of the dye is centered over the negative charge-bearing
heterocyclic ring of the benzimidazole.

The neutral MBO molecule exists in the solid state,
and, presumably, in solution exclusively in the thione
form.21 At least three conformations corresponding to
energy minima (∆∆Hf) within experimental error of each
other could be identified in a conformational search for
the complexes of neutral MBO with DTCI. The struc-
ture of the energetically most favored of these (complex
2 in Table II) is shown in Fig. 5. Electrostatic charges,
indicated on the figure, show that unlike the case of MeBz
there is no apparent complementarity in charge distri-
bution between the two components of the complex. Two
ion pair complexes of the MBO anion with DTCI were
also found. The structure corresponding to the more fa-
vorable one is remarkably similar to that of the complex
between DTCI and the neutral MBO molecule, shown in
Fig. 5. In the case of the ion pair a strong electrostatic
interaction might be expected between the negatively
charged S-atom of MBO conjugate anion and the posi-
tively charged S-atom of the dye, located 3.43 Å away.

Comparison of the electrostatic charge distributions
within the cyanine chromophore, and among the com-
plexes, indicates a small but significant introduction of
negative charge into the π-electron system of the dye in
the latter cases, suggesting a contribution of charge
transfer to the driving force for complex formation. To
evaluate the possibility of charge transfer interaction
quantitatively, the electrostatic charges, qi on the heavy
atoms of the dye molecule were summed, Σqi, for the
free dye and for each complex. The degree of charge
transfer, ∆q = Σqi(complex) – Σqi(free dye), could then
be estimated as given in Table III. Charge transfer from

stabilizer to dye is indicated by ∆q < 0; the opposite con-
dition, ∆q > 0 indicates dye to stabilizer charge trans-
fer. Note that Σqi < +1.0 for the free dye, reflecting
delocalization of much of the positive charge in the dye
chromophore onto the peripheral hydrogen atoms, pre-
sumably by hyperconjugation. The possibility of a charge
transfer contribution to complexation may be more im-
portant in solution than in the gas phase. In solution,
forces developed by electrostatic pattern recognition
between the complex partners may be substantially off-
set by the presence of solvent dipoles.

A hypothetical representation of the adsorption of the
DTCI-MBO anion ion pair on the (111) AgBr surface is
shown in Fig. 6, based on AM1 and MMFF calculations.
(Because SPARTAN 4.0 does not contain a basis set for
silver, geometry of the adsorbate on an AgBr grain was
projected using a point charge array with spacing corre-
sponding to an unreorganized AgBr (111) crystal plane
as a surrogate for the grain surface). No complementarity
of charge distributions between the complex and a (100)
surface could be discerned. It is thus reasonable that the
complex should adsorb preferentially to the (111) surface.
Adsorption of the complex appears to be driven prima-
rily by complexation of the stabilizer anion with surface
silver ions. The ability of the MBO-analog, 2-mercapto-
benzimidazole, to form an isolable complex with AgBr
has recently been reported.22 This noteworthy observa-
tion provides experimental support for the speculation
embodied in Fig. 6. Complexes may thus be adsorbed to
AgBr preferentially to free dye.

According to our calculations, neutral TAI forms com-
plexes exothermically with DTCI only in its amide, or
‘oxo’, tautomeric form, which, however, is expected23 to
predominate in solution. A representative structure, cor-
responding to complex 2 of Table II, is shown in Fig. 7.
The small decrease in positive electrostatic charge, ∆q,
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Figure 5. AM1 calculated structure for the energetically pre-
ferred conformation of the DTCI-MBO complex.

Stabilizer Σqi ∆q

free dye + 0.05      —
MeBz + 0.05 0
MBO (complex 2) – 0.03 – 0.08
MBO (anion) – 0.03 – 0.08
TAI (complex 2) + 0.01 – 0.04
TAI (anion) + 0.17 + 0.12

TABLE III. Expected Degrees of Charge Transfer (AM1
Calculation) in Complexes of DTCI andd Stabilizers
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on the atoms of the polymethine chain of the dye in
the complexed form again suggests a contribution of
charge transfer interaction; see Table III. As was found
for the case of MBO, complex formation, i.e., ion pair-
ing, is much more strongly exothermic between DTCI
and the TAI anion than with the neutral TAI molecule.
The energy minimized structure of this ion pair is es-
sentially indistinguishable from that of the complex
shown in Fig. 7 Surprisingly, ∆q > 0 in this case, sug-
gesting that charge transfer occurs in this ion pair in
the opposite direction to that inferred for the other
complexes.

Conclusions
We have provided evidence that representative sym-
metrical cyanine dyes, DTCI and DTDCI, form 1:1 com-
plexes with photographic stabilizers, MeBz, MBO, TAI,
and the conjugate anions of the latter two compounds,
in solution. Complex formation is consistent with the
reported role of these stabilizers in supersensitization
considering the following possibilities:
(1) the complexes may be adsorbed to silver halide

surfaces preferentially to free dye;
(2) incorporation of the complex can disrupt a J-

aggregate of the dye, with concomitant decrease in
recombination probability in the aggregate7; and

(3) given the indicated charge transfer character of the
complexes, they may be energy trapping sites on the
grain surface, where electron injection into the grain
is facilitated.

In addition, complex formation in solution can pro-
vide help to explain order of addition effects seen when
sensitizing dyes and stabilizers are added to the same
emulsion.2    

Acknowledgment. The author would like to thank his
undergraduate research collaborators, especially Amanda
Bruce, Monica Chadha, Molly Loban, and Angela Marks
for helpful suggestions and useful preliminary experi-
ments. Helpful advice and discussion with Prof. Warren
Gallegher, UWEC, on appropriate computational strate-
gies are acknowledged with gratitude. Guidance of Dr.
David R. Whitcomb, Eastman Kodak Co., on the prepa-
ration of the work for publication is also especially ap-
preciated. The Perkin-Elmer spectrofluorimeter was a gift
to UWEC from 3M Co., St. Paul, MN.

References
  1. T. Tani, Photographic Sensitivity, Oxford University Press, Oxford, UK,

1995, pp. 183ff.
  2. (a) J. P. Zheng, P. Chen, X. J. Hu, and D. S. Zheng, J. Imaging Sci.

Tech. 42, 202 (1998) and Refs. cited therein; (b) W. Peng, P. Chen, P.
Duan, S. Zhou, and D. Zheng, ibid. 44, 223 (2000).

  3. (a) J. P. Chesick and J. Donohue, Acta Cryst. B 27, 1441 (1971); (b)
D. L. Smith and H. R. Luss, Photogr. Sci. Eng. 20, 184 (1976).

  4. T. Tani, in Progress in Basic Principles of Imaging Systems, F. Granzer
and E. Moisar, Eds., Vieweg, Wiesbaden, 1986, p. 335.

  5. (a) J. Siegel, J. Heieck, X. M. Yang, and F. Granzer, in Symposium on
Electronic and Ionic Properties of Silver Halides: Common Trends
with Photocatalysis, B. Levy, Ed., IS&T, Springfield, VA, 1991, p. 52;
(b) A. Detering and J. Siegel, IS&T’s 48th Annual Conference, IS&T,
Springfield, VA. 1995. p. 193.

  6. B. I. Shapiro, Zhur. Nauchn. i Priklad. Fot. Kinematogr. 31, 68 (1986).
  7. T. Tani, Photogr. Sci. Eng.23, 55 (1979).
  8. B. I. Shapiro and G. P. Shumeiyak, Zhur. Nauchn. i Priklad. Fot.

Kinematogr. 32, 444 (1987).
  9. M. R. V. Sahyun and J. T. Blair, J. Photochem. Photobiol., A: Chem.

104, 179 (1997).
10. A. C. Bruce, M. Chadha, A. F. Marks, M. R. V. Sahyun, and S. E. Hill,

J. Photochem. Photobiol., A: Chem. 119, 191 (1998).
11. M. R. V. Sahyun and N. Serpone, J. Phys. Chem. A, 101, 9877 (1997).
12. A. Albert, Heterocyclic Chemistry, an Introduction, Oxford University

Press, New York, 1968, p. 441.
13. T. Tani, Photogr. Sci. Eng. 21, 37 (1977).
14. W. J. Hehre, SPARTAN, version 4.0, Wavefunction, Inc., Monterey

Park, CA, 1995.
15. W. J. Hehre, J. Yu, and P. E. Klunzinger, A Guide to Molecular Me-

chanics and Molecular Orbi tal  Calculat ions in SPARTAN,
Wavefunction, Inc., Monterey Park, CA, 1997.

16. W. J. Hehre, W. W. Huang, P. E. Klunzinger, B. J. Deppmeier, and A.
J. Driessen, A SPARTAN Tutorial, Wavefunction, Inc., Monterey Park,
CA, 1997.

17. D. Fassler and M. Baezold, J. Photochem. Photobiol. A: Chem. 64,
359 (1992).

18. (a) F. Momicchioli, I. Baraldi and G. Berthier, Chem Phys. 123, 103
(1988); (b) G. Ponterini and F. Momicchioli, Chem. Phys. 151, 111
(1991); (c) G. Ponterini and M. Caselli, Ber. Bunsenges. Phys. Chem.
96, 564 (1992).

19. D. Venkateswarlu and J. Leszcynski, J. Phys. Chem. A 103, 3489
(1999).

20. M. C. Loban and M. R. V. Sahyun, unpublished results.
21. V. Carravetta, G. Contini, O. Plashkevych, H. Ågren, and G. Polonzetti,

J. Phys. Chem. A 103, 4641 (1999).
22. D. R. Whitcomb and R. D. Rogers, J. Imaging Sci. Tech. 43, 517 (1999).
23.  Ref. 12, p. 100.

AgBr (111)

Figure 6. Schematic representation of the adsorption of a
DTCI-(MBO anion) ion pair to an AgBr (111) surface based on
AM1 and MMFF calculations.
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Figure 7. AM1 calculated structure for the energetically pre-
ferred conformation of the DTCI-TAI complex.
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