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Thermally Developable Photographic Materials (TDPM):
A Review of the State-of-the-Art in Mechanistic Understanding*

M.R. V. Sahyun '

Department of Chemistry, University of Wisconsin, Eau Claire, Wisconsin 54702

This article reviews recent studies that have revealed much new information about structure and morphology of the interface formed
between silver halide and silver carboxylate phases during fabrication of thermally developable photographic materials (TDPM). This
information has proved relevant not only to understanding how latent images may form in TDPM, but has also revealed that morpho-
logical features of the interface may govern the course of the development reaction as well.
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Introduction

Thermally developed, photosensitive imaging materials
(TDPM) have been known for 150 yr.* They have been prod-
ucts of commerce for 30 yr. The early history of their de-
velopment from laboratory curiosities to media with
practical sensitometric, image quality, and environmen-
tal features alternative to their conventional silver halide
counterparts for application in microforms, medical im-
aging, non-impact printing, and graphic arts has been
documented by Shepard? and by Morgan.? These landmark
papers are basically first-person accounts by two of the
key inventors in the field. From a mechanistic point of
view, the phenomenology of TDPM has been reviewed by
Andreev** and Klosterboer® and, somewhat later, but more
superficially, by Zavlin and coworkers® and by Goryaev.®

Recently renewed interest in these imaging media has
been sparked by the introduction of new TDPM products,
e.g., Imation Corporation’s DryView medical imaging sys-
tem. Concomitantly, the recent literature and conference
programs have provided a substantial new body of infor-
mation on the mechanistic aspects of TDPM. It is the pur-
pose of this article to provide an organized survey of this
information and, thereby, update the previously available
reviews on the topic.

One key feature that has emerged in the new litera-
ture’?® is the emphasis on the interface formed between
the silver halide and silver carboxylate components of
TDPM. Accordingly, photosensitivity in TDPM, which al-
lows image recording, is understood to be a characteristic
of the entire interface-forming ensemble, rather than of
one particular component, e.g., the silver halide grains
alone. In support of this view, it has been noted that the
silver halide can be substituted with other photocatalysts,
including ZnO,, TiO,, and silver tetrahydrocarylborate
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salts, AgAr,B (Refs. 2, 10 and 11 respectively). This criti-
cal point seems to have been overlooked in the previous
reviews of TDPM function,®** although first disclosed by
Shepard.? Another relevant issue is the general experi-
ence of workers in the field that conventional methods of
chemical sensitization of silver halide emulsions have ei-
ther no useful effect or a detrimental effect when applied
to the silver halide component of TDPM." Silver halide
remains the light-sensitive component of choice, however,
to confer photographically useful levels of sensitivity in
commercial TDPM products. The formation and charac-
terization of the silver halide—silver carboxylate interface
and its impact on the photoimaging characteristics of the
TDPM will provide the organizing theme for the review.

Structure of the Silver Carboxylates

Crystal Structure. To interpret the structural charac-
teristics of the silver halide—silver carboxylate interface,
it is necessary to have a clear picture of the silver car-
boxylate structure itself. The unit cell of silver carboxy-
lates derived from straight-chain monocarboxylic acids,
CH,(CH,),CO,H, has been known'* since 1949. The gen-
eral view of these materials is that they comprise puck-
ered planes of carboxylate—ion—coordinated silver ions
separated by the organic residues of the carboxylate spe-
cies. Only the longer chain members of the series are prac-
tically useful in the formation of TDPM. However, until
recently the detailed crystal structure of only the short
chain members was available’® due to difficulties in grow-
ing suitable crystals of the long chain compounds.

Using Ag K-EXAFS, Tolochko and coworkers'® estab-
lished the coordination sphere of silver(I) in silver stear-
ate (n = 16). They found that silver stearate forms dimers
in which the carboxylate groups from two stearate anions
and their associated silver ions form an eight-membered
coordination ring. In addition, weak coordinate covalent
Ag-O bonding is present between adjacent dimers in the
ionic plane. The coordination sphere of silver(I) in silver
stearate is thus a highly distorted octahedron. A repre-
sentative cross section of this structure is shown in Fig. 1.
In consequence of the silver—oxygen coordination in silver
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stearate, which turned out to be essentially identical to
that previously observed by x-ray crystallography for the
short chain analogs,'® the silver stearate dimers are
oligomerized to form a two-dimensional coordination poly-
mer, comprising the basal plane (001) of the silver stear-
ate crystal structure. The crystal is accordingly itearated
out of a series of such coordination polymer layers, and
the interlayer spacing d has been shown by x-ray
diffractometry’” to be linear with n.

d(A) = 6.55 + 2.38n. (1)

Electronic Structure. Interesting electronic proper-
ties may be associated with this structure. It has been
proposed that it will lead to formation of a two-dimensional
band structure in the [001] direction, i.e., silver stearate
and its homologs should be quasi-two-dimensional ionic
semiconductors.'® This prediction is based on an extended
Hiickel LCAO MO treatment® that predicted inter alia a
significant degree of Ag—Ag bonding across the eight-mem-
bered coordination rings, even before surprisingly short
Ag-Ag distances (ca. 2.9 A, comparable to the interatomic
distance in metallic silver) were found in the EXAFS
work.'® The conduction and valence band density of states
is accordingly 10" to 10®cm™, depending, of course, on n.
The existence of conduction and valence bands, however,
does not necessarily imply significant mobilities for elec-
trons or holes in the silver carboxylates. Dielectric spec-
troscopy and conductivity measurements® suggest, rather,
that the long chain silver carboxylates may best be thought
of as insulators, typical of ionic solids.

A consequence of the short Ag—Ag bond distances within
individual silver carboxylate dimers in this model® is that
the states at the bottom of the conduction band are local-
ized and can be represented as (Ag,)**. Formation of de-
velopment centers, i.e., latent images, in unhalidized
silver carboxylates on UV irradiation has been reported.®
It has also been claimed?® that certain dyes can extend
this sensitivity into the visible regime. Trapping of an
electron in one of these conduction band states leads to
formation of Ag;, a species which has repeatedly been
identified as a key intermediate in the nucleation of me-
tallic silver phase formation from a variety of silver-ion-
containing systems.*

24  Journal of Imaging Science and Technology

Figure 1.Structure of the
silver coordination sphere
in silver stearate dimers
(Ref. 16a).
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In modern parlance, the coordination polymer plane can
be said to form a Peirls-distorted quantum film, and the
crystal structure as a whole comprising an array of such
quantum films separated by organic dielectric spacers re-
sults in a multi-quantum well device.? The silver carboxy-
lates of imaging utility are all long chain (n = 12) complexes
for which d = 35 A. Under these conditions little or no
exciton exchange would be expected between the band-
forming layers, nor should there be significant carrier mo-
bility in a direction normal to the (001) plane.?

A test of the electronic structure hypothesized to corre-
spond to the crystal structure comes from the absorption
edge analysis of silver carboxylates. The absorption spec-
trum for silver stearate (n = 16), obtained by diffuse reflec-
tion spectroscopy followed by a Kubelka-Munk transform?
is shown in Fig. 2(a). Its analysis as a plot [Fig. 2(b)] of the
square root of the absorption coefficient £°® as a function of
photon energy Av is linear, characteristic of an indirect band
semiconductor,?® with an optical band gap of 3.83 +0.025 eV.

It has also been shown® that silver stearate can be syn-
thesized by reaction of silver halide with sodium stearate.
When we treated a silver iodobromide nanosol® with so-
dium stearate (both 10 M in ethanol), we could follow
the reaction by luminescence spectroscopy at room
temperature.””* Excitation and emission spectra are shown
in Fig. 3. The energy of the excitation maximum is 3.78
eV, in good agreement with the band gap for silver stear-
ate inferred from absorption spectroscopy. Emission is cen-
tered at 3.35 eV, which may correspond to a localized state
in the region of lattice distortion, i.e., the interfacial zone
(see below), or an iodide cluster in the silver halide
phase.?®?™ Similar inhomogeneous broadening of both ex-
citation and emission bands (ca. 3200 cm™) suggests that
the former interpretation is the more plausible. This pho-
toemission was not observed in either the nanosol, by it-
self, nor in independently synthesized silver stearate.

Formation of the Photosensitive Interface

In the production of TDPM the juxtaposition of silver
halide and silver carboxylate phases may be achieved in
one of two ways*"%%;

(1) preformed systems, in which silver carboxylate is

synthesized in the presence of silver halide micro-
crystals;
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Figure 2. (a) Absorption spectrum of silver stearate and (b) determination of silver stearate optical band gap from spectroscopic data
(Ref. 24).
(2) in situ systems, in which silver carboxylate is con- bility in these latter planes provides a mechanism for de-

verted, in part, to silver halide by use of an appro-
priate halidizing agent.

Using TEM and SEM, Bokhonov and coworkers’ have
studied morphological regularities in the formation of sil-
ver halides during in situ halidization of silver stearate.
It was found with most halidizing reagents of usual prac-
tice, e.g., CaBr,, KBr, KI, etc., that conversion occurred on
the lateral faces of the silver stearate crystals, correspond-
ing to, e.g., the (010) crystal plane, which are intersected
by the ionic coordination polymer (001) planes. Ionic mo-
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livering silver ions to the reactive sites during the process
of interface synthesis. This result implies substantial in-
terstitial silver ion mobility in the silver carboxylate phase
at room temperature and above, as already inferred by
Khainovskii and coworkers® on the basis of conductivity
studies.

High-resolution TEM imaging provided graphic evidence
for possible epitaxial character of the silver halide—silver
carboxylate interface.” Under specially controlled condi-
tions of in situ halidization employing CaBr, as the
halidizing reagent, the silver halide crystals grew so that

Vol. 42, No. 1, Jan./Feb. 1998 25



1 T
Excitation . .
- Emission
f\
[
- )
/
!
/
!
/
/
-~ /
S
8
1 1
300 350 400 450

nm

Figure 3. Excitation and photoluminescence spectra assigned to
(see text) the silver stearate—silver bromide preformed interface.

silver halide (100) planes became extensions of the silver
stearate (001) plane. In the zone of contact between the
crystals, distortion to accommodate the lattice mismatch
between the phases was seen to occur in the silver stear-
ate phase. These features are shown in Fig. 4.
Metathetical synthesis of silver stearate and its in situ
halidization have been monitored potentiometrically.?” The

redox potential (versus SCE) of an aqueous silver stear-
ate dispersion was found to approach an equilibrium value
of +0.45 V, which is decreased to a stable value of ca. +0.21
V when the available reactive sites on the silver stearate
are saturated with bromide (ca. 50% conversion). The
former value corresponds to a pAg = ca. 1.5 and presum-
ably defines the Fermi level of the unhalidized silver car-
boxylate phase. The equilibrium silver ion potential for
halidized silver stearate corresponds to pAg = 5.5.

The process of preformed interface synthesis can be simu-
lated by reaction of AgBr with sodium stearate. Using high-
resolution TEM, Bokhonov and coworkers® found that this
procedure led to a different sort of epitaxy in which (001)
silver stearate planes formed on, and parallel with, silver
bromide (111) faces. This situation is shown in Fig. 5. Sig-
nificant distortions of the interlayer spacing from the value
expected for silver stearate!” are not apparent in the fringes
observable within the interfacial zone in this image, but
may occur within its (001) plane. This structure should cor-
respond to the experimental situation for which the photo-
emission spectra were obtained (Fig. 3).

Photophysics of the Silver Halide-Silver Carboxy-
late Interface

Heterojunction Formation. The epitaxial structures
shown in Figs. 4 and 5 should give rise to a heterojunction,
as shown schematically in Figs. 6(a) and 6(b). This dia-
gram implies the following assumptions:

(1) both solids are insulators at room temperature;

(2) accordingly, the Fermi levels are located in the
middle of the band gaps in both cases;

(38) all-band bending occurs on the silver carboxylate
side of the interface.

This last assumption can be justified on the grounds
that the silver halide grains used in practical TDPM are
usually very small in size (0.01 to 0.1 pm),** hence un-
likely to support significant band bending. The ca. 0.4-eV
mismatch between the Fermi levels of silver carboxylate
(vide infra) and silver bromide® [Fig. 6(a)] thus results in
a downward bending of the silver carboxylate bands at
the interface.

Figure 4. High-resolution TEM im-
age of the interface produced by in situ
halidization of silver stearate with
CaBr, (Ref. 7).
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Figure 6. Schematic energy level diagrams of the heterojunctions
corresponding to the silver carboxylate—silver halide interface:

(a) silver bromide, (b) silver chloride.

Given low densities of states in the silver carboxylate
phase’® and the accordingly low mobilities for electronic
carriers therein, it is reasonable to associate this band
bending with accumulation of mobile silver ions at the in-
terface. This hypothesized, localized nonstoichiometry
gives rise to a unique signature for the interface in the
dielectric absorption spectrum of the silver halide—silver
carboxylate system.® The uncompensated silver ion states
allow electron trapping to occur across the interface. The
interface thus effectively separates electron—hole pairs
photogenerated in the silver halide phase, because no en-
ergetically viable pathway exists for photoholes to trans-
port into the silver carboxylate phase.

This interface phenomenology is the basis for the “pho-
tocatalytic” mechanism of latent image formation in TDPM
introduced by Zou and coworkers.® This mechanism was
invoked to rationalize the silver halide grain size inde-
pendence of photocharge signals for silver halide—silver
carboxylate systems as well as the inapplicability of con-
ventional silver halide chemical sensitization schemes to
the enhancement of photosensitivity of TDPM. These dop-
ing strategies are designed grosso modo to introduce deep
electron or hole traps that thereby facilitate electron—hole
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Figure 5. High-resolution TEM of
preformed silver bromide—silver stear-
ate interface (Ref. 8).

100 nm

separation within the silver halide phase,* but are super-
fluous in the presence of the heterojunctions as illustrated
in Fig. 6.

Figure 6(b) illustrates the analogous silver chloride—sil-
ver carboxylate heterojunction. Formation of this
heterojunction is accompanied by observation of a new band
centered on 590 nm in the low-temperature photolumines-
cence emission spectrum.® As shown in the diagram, this
emission can be assigned to free hole-trapped electron re-
combination at the interface. The distribution of deep elec-
tron trapping states is accordingly centered ca. 0.4 eV above
the silver carboxylate Fermi level. A corresponding red (ca.
675 nm) emission might be expected from the silver bro-
mide—silver carboxylate system, but has not yet been re-
ported. These emission bands may, however, not be observed
at room temperature, insofar as the deep trapped electrons
may be consumed in latent image formation. Alternatively,
free hole-trapped electron recombination may then occur
as an activated, radiationless multiphonon transition.*

Latent Image Formation. In the previous literature
on TDPM it has been tacitly assumed that the photochemi-
cally generated, developable latent image comprises some
sort of silver cluster, by analogy to conventional silver
halide photography.’%'>!® Yet the experimental evidence
in support of this hypothesis has been minimal. On the
contrary, it was shown by Morgan (cited in Ref. 2) that
synthesis of a preformed TDPM using a fogged silver ha-
lide emulsion did not affect sensitometry or developability
of the TDPM vis-a-vis a material synthesized with a scru-
pulously fog free silver halide component.

Recently we reported® results of laser flash photolysis
of a silver bromide nanoparticle dispersion,® synthesized
without and with a silver stearate interface. The transient
absorption spectra recorded 0.2 to 5 ns after photolysis at
355 nm are shown in Figs. 7(a) and 7(b). In both cases the
transient absorptions can be assigned to formation of sil-
ver(0) clusters, for which the silver plasmon resonance
absorption®® at 400 to 450 nm is diagnostic. However, sig-
nificant differences exist in both the kinetics of appear-
ance of the transients and their spectral distribution in
the two cases. From this experiment we can infer that,
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Figure 7. Transient absorption spectra at various delay times following laser flash photolysis (355-nm, 30-ps FWHM) of silver bro-
mide nanosol: (a) as synthesized; spectra (bottom to top) correspond to 0.05-, 0.2-, 0.5-, 1-, and 2-ns delays; (b) with silver stearate
interface formed by treatment of the starting nanosol with sodium stearate; spectra (bottom to top) correspond to 0.2-, 0.5-, 1-, 2-, and

625 675

Wavelength (nm)

5-ns delays (Ref. 6).

like silver bromide itself, the silver bromide—silver car-
boxylate interface is photochemically reactive, leading to
separation of a silver(0) phase but that the morphology of
the photoproduct is somewhat different in the two cases.
The transients observed for the unmodified silver bro-
mide nanoparticles [Fig. 7(a)] strongly resemble those
reported® for conventional silver bromide and iodobromide
emulsions under similar conditions. Broad spectral absorp-
tion of silver formed by photolysis of silver halides has been
reported in the case of photochromic glasses.* In both these
media a second long-wavelength contribution to the absorp-
tion spectrum has been observed and assigned to a transi-
tion of the silver—silver halide interface,® i.e., from the
silver(0)-filled continuum of states to the silver halide con-
duction band at the interface. This is the same transition
assigned to the Herschel effect in conventional
photography®® and presumably responsible for the depen-
dence of the color of photolytic silver on the halide composi-
tion of the silver halide from which it is generated.?” This
transition is substantially quenched when photolysis oc-
curs with the silver bromide interfaced with silver stear-
ate, as shown in Fig. 7(b). This result implies that the
silver(0) photoproduct, and, by extrapolation, the latent im-
age in TDPM, is not largely formed in intimate juxtaposi-
tion with the silver halide phase. This inference is consistent
with the photocatalytic model of interface photolysis,® but
not with the frequently cited'® assumption that the silver
halide component itself forms the latent image in TDPM.

Thermal Development Mechanisms in TDPM

Background. Early TDPM relied on thermolysis of the
silver carboxylate component for amplification of the
photocatalytically generated latent image.*'"%® Modern
materials include developing agents, usually hindered
phenols,?* and silver ion complexing agents, e.g.,
phthalazine, phthalimide, etc., that promote the
reaction.**%** One of the controversial questions with re-
gard to the mechanistic function of TDPM has been whether,
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under these conditions, silver ions from the silver halide
component as well as from the silver carboxylate become
reduced. Zavlin® specifically states that the reducing agent
develops the silver halide component, while Klosterboer*
denies this proposition, largely on the basis of Morgan’s
reported observations.® This discrepancy may be accounted
for in part by the wide variety of TDPM formulations used
both commercially and in experimental investigations over
the past 30 yr. It seems now generally agreed®**® that in
modern commercial TDPM the silver carboxylate is the only
source of silver ions for the image-forming redox reaction.
Up until now, physical development in conventional
photography has provided the only paradigm for descrip-
tion of the development process in TDPM.* Accordingly
the reaction is thought to proceed in a two-step fashion:'¢*3°
(1) conversion of the silver carboxylate to a silver com-
plex that has high mobility in the reaction medium
(2) diffusion of the silver complex to the development
center where it is reduced to metallic silver.

It has been proposed that molten fatty acid, which is a
by-product of step 1 at the development temperature, may
be the reaction medium.*’ Activation parameters deter-
mined in kinetic studies also suggest that in the second
step decomposition of the complex and one-electron reduc-
tion of silver ion occur in concerted fashion.®

Kinetic Studies. The kinetic studies®**' have also shown
that the basis for more rapid initiation of development in
exposed areas of a TDPM is a more positive entropy of acti-
vation for the development reaction compared to unexposed
areas. By comparison, in conventional photographic devel-
opment, image—fog discrimination is usually thought to be
based on a differential in enthalpy of activation.”? One pos-
sible physical interpretation of this result is simply the pres-
ence of more nucleation sites for the metallic silver phase
forming reaction, i.e., development centers, where the
TDPM has been light exposed.
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At the same time attempts at computer simulation of
development kinetics based on this interpretation and
assuming the two-step model above have had, at best, lim-
ited success.?® One reason is now apparent: namely, this
oversimplfied picture has failed to take into account the
operation of other reactions, e.g., further complex form-
ing reactions. Such chemistry tends to make silver ions
less available for reduction to silver and operates in com-
petition with the reduction reaction.*® This situation tends
to reduce contrast in the TDPM and improve image—back-
ground discrimination, but also may reduce the efficiency
of silver utilization in image formation. It furthermore may
contribute to shelf instability of the TDPM and/or lead to
artifactual results in Arrhenius testing of TDPM, insofar
as the reactions operate, albeit slowly, at temperatures
well below development temperature.*®

Arrested development of TDPM probed by TEM* has
shown that nucleation of development, i.e., formation of
new development centers, continues to occur over the
course of the reaction. Thus, many more development cen-
ters than silver halide grains may be present in an ex-
posed region of the TDPM. These centers are not
necessarily juxtaposed to the silver halide grains. Thus,
secondary nucleation of the phase-forming reaction con-
tinues to increase the multiplicity of reaction sites, thereby
further reducing the entropy of activation of the reaction.
As a consequence, positive feedback,* i.e., pseudo-auto-
catalytic kinetics,*' is observed in the development reac-
tion. The mechanism of formation of the secondary
development centers is not clear from the published re-
ports, however. It has been demonstrated with certain
developing agents** that infectious development may be
obtained in TDPM. We accordingly speculate that an in-
fectious component to development may exist with the
conventionally used hindered phenolic developers, just as
an infectious component to direct chemical development
often exists in conventional silver halide photography, e.g.,
when normal MQ developers are employed.*t

A further consequence of this mechanism of development
is that higher levels of density, whether the result of longer
development time or higher exposure, correspond to for-
mation within a given volume of the TDPM of more par-
ticles of metallic silver, rather than just larger ones.* In
this regard, silver ion reduction in the TDPM is much like
the process occurring in other colloidal silver forming sys-
tems, e.g., the reduction of aqueous silver ion by p-
phenylenediamine and by Eriochrome T and the
base-catalyzed formation of colloidal silver in silver ion
containing isopropanol solution (Refs. 47, 48, and 49, re-
spectively). Because the number of reduced silver particles
rather than their size increases with development time,
development of TDPM corresponds to the so-called “granu-
lar” limiting case of conventional photographic develop-
ment,*® with expected consequences on image quality and
detective quantum efficiency of the TDPM.5!

More massive deposits of image-forming silver can re-
sult by aggregation of these “elementary,” spheroidal par-
ticles to form complex, fractal deposits.* These aggregates
correspond to a black appearance of the reduced silver
(neutral image tone), compared to the yellow-brown color
characteristic of the silver plasmon resonance absorption
of spheroidal, colloidal silver deposits.*> Adsorption of the
silver complexing reagents to the spheroidal particles
formed in the primary development reaction may mediate
their aggregation, thus accounting for the apparent func-
tion of these compounds as “toners™

Influence of the Interface. Recently, Bokhonov and co-
workers® have shown that the morphology of the silver de-
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posit formed on development of a TDPM may reflect the
mode of formation of the photosensitive silver halide—sil-
ver carboxylate interface. Thus, when the interface is pre-
formed, typical deposits formed by aggregation of spheroidal
particles are consistently observed. In the case of in situ
halidization filamentary silver may result. (Depending on
the particular TDPM formulation employed, however, this
is not always the case?®). In silver halide photography,
filamentary silver formation is usually associated with “di-
rect development” and spheroidal silver deposits are usu-
ally associated with “physical development.” In real systems,
both mechanisms may operate in parallel.®

The classical mechanism of filamentary silver forma-
tion in conventional photographic development® posits
rate-limiting diffusion of silver ions in the silver halide
crystal to a small region of the interface with the develop-
ment center where reduction occurs. Recall that under con-
ditions of in situ halidization, the silver halide grains form
on the lateral planes of the silver carboxylate crystal (see
Fig. 4). The formation of silver halide nanocrystals at these
sites implied transport of silver ion to the reactive site
along the (001) ionic planes of the silver carboxylate, i.e.,
significant silver ion mobility along these planes (see
above). Photocatalytically generated latent image centers
in these systems should be similarly situated: the mecha-
nism of latent image formation reviewed above implies
that these centers will form in the interfacial zone that
may extend only a few tens of angstroms from the silver
halide phase itself.” As in the case of conventional silver
halide photography under conditions of silver ion trans-
port limitation, electrons transferred to the growing me-
tallic silver center from the developing agent can reduce
mobile silver ions transported to the reaction site along
the ionic layer of the silver carboxylate phase with simi-
lar morphological consequences. This proposal® corre-
sponds to a “direct development” mechanism for silver
carboxylate. Under given conditions of silver halide—sil-
ver carboxylate interface morphology and, presumably,
complexing agent concentration, it may operate in paral-
lel with the well-established “physical development” path-
way.*® The mechanism of development in TDPM
accordingly reflects the morphology of the original silver
halide—silver carboxylate interface.

Conclusions

Recent studies have revealed much new information
about structure and morphology of the interface formed
between silver halide and silver carboxylate phases formed
in the fabrication of TDPM. This information has proved
relevant not only to understanding how latent images may
form in TDPM, but has also revealed that morphological
features of this interface may govern the course of the de-
velopment reaction as well. /&
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