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Abstract. A combination of normal Raman spectroscopy, surface-
enhanced Raman scattering spectroscopy, and transmission elec-
tron microscopy has been used to demonstrate that phthalazine is
the predominant species on the surface of metallic silver nanopar-
ticles in the image at the final stage of development in photothermo-
graphic films. Evidence for a small amount of a cotoner,
4-methylphthalic acid, as Ag,(4-MPA), has also been found. In ad-
dition, the organic components around the developed Ag° nanopar-
ticles have been directly observed by transmission electron micros-
copy using RuO, staining techniques. A model system, based on
interaction between the toner chemicals with nanoparticulate Ag dis-
persions, has shown that PHZ can directly cause Ag nanoparticles
to aggregate but not coalesce. Based on these results, phthalazine
adsorption is proposed to play a major role, and the phthalic acid
component a lesser role, in controlling metallic silver formation of
the preferred metallic silver dendritic morphology. © 2007 Society
for Imaging Science and Technology.
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INTRODUCTION

Thermally developed imaging materials based on silver car-
boxylates have been commercially available for over
40 years."” The initial success of “dry silver” products can be
directly attributed to the simplicity of development, which
only involves a heating step (to ~120°C for 10—20 sec). No
wet processing is required. Major advances in the technology
enabled extremely high-quality images to be printed virtu-
ally anywhere. Only a data link and electricity are needed.
Consequently, the introduction of the DryView laser imag-
ing system to the medical x-ray film market in 1995 was
extraordinarily successful, and over 35, 000 imagers for that
product have been sold since. Considering this success and
the inevitable competition it provoked, it is somewhat sur-
prising how little has been published on the fundamental
understanding of the imaging processes.'”” Only in the past
few years have publications addressed the important mecha-
nisms that form the basis of this imaging technology.*'* For
example, the most preferred size and shape of the metallic
silver in the image was only recently demonstrated to be the
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“dendritic” form.">'* In this case, the dendrites consist of
10-30 extremely fine (5—30 nm diameter) but polydispersed
sizes of nanoparticle metallic silver with a minimum aggre-
gation size in the 50—200 nm diameter range, depending on
the aggregate shape. Filaments, on the other hand, are an
inefficient use of silver for optimum optical density and
tone. Now that the optimum metallic silver morphology has
been established, the next step in understanding the devel-
opment process is to determine how the optimum morphol-
ogy can be produced in preference to other morphologies
(such as filaments).

The “toner” component of the typical photothermo-
graphic (PTG) formulation is usually a pair of compounds
based on phthalazine (PHZ) and phthalic acid (PA) and
their derivatives, such as 4-methylphthalic acid (4-MPA),
Figure 1. This cotoner pair has been generally considered to
produce the desired tone by affecting metallic silver
morphology.""> However, there is currently no published
report that has provided evidence of any compound of any
type located on the metallic silver surface at any time in the
development process. The objective of this work is to deter-
mine exactly what organic compounds are on the growing
metallic silver nanoparticle surface in order to determine
which one(s) contribute most to the morphology of that
particle. With this knowledge, rational design of these com-
pounds should be possible for improved properties such as
improved silver efficiency.

While there are numerous techniques for probing the
chemical nature of surfaces, few can effectively probe directly
within a coated film. For the latter, those can usually only be
used on surfaces significantly larger than the nanosized par-
ticles that comprise the metallic silver in thermographic im-
aging materials. However, surface-enhanced Raman scatter-
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Figure 1. Phthalazine, phthalic acid, 4-methylphthalic acid.
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ing spectroscopy (SERS) is ideally suited for this task. SERS
is surface selective, highly sensitive, and is not limited to
powder or model systems. In addition, it provides powerful
structural information not easily obtained from traditional
surface science techniques like electron energy loss spectros-
copy or spin polarized electron energy loss spectroscopy.
The SERS phenomenon is a consequence of the cou-
pling between the surface resonance plasmon on nanopar-
ticulate metals with the Raman-active vibrational modes of
an adsorbed or adjacent molecule.'®*" This unique cou-
pling, most commonly observed on copper, silver, and gold,
may enhance the vibrational intensities by factors exceeding
10°. There is an additional enhancement as a result of the
bonding of the adsorbate to the SERS substrate, which is
often referred to as the “chemical first-layer effect.” Extraor-
dinary, “giant” enhancements of 10" have been observed
when the SERS substrate fulfills certain morphology
requirements.”’ As a result, extremely low levels of chemi-
sorbed compounds can be detected in a matrix containing
large quantities of other components not chemisorbed to the
metal surface. Consequently, this technique should be di-
rectly applicable to the study of organic compounds on the
nanoparticulate silver that is generated in the thermal devel-
opment reaction of photothermographic imaging materials.
Of particular interest are the “toners” used in PTG media.
By comparison, transmission electron microscopy
(TEM) can usually provide morphology information on the
extent and thickness of most materials adsorbed onto the Ag
surface. Generally, organic molecules are made up of low
atomic number elements (consisting of such atoms as N, C,
O, or H, etc.), and these have low electron absorption cross
sections. Their resulting contrast in TEM is usually too low
to permit them to be differentially detected and analyzed.
However, it is sometimes feasible to take advantage of the
fact that local deposits of organic compounds with available
bonding ligands, such as the nitrogen-based azine group on
the PHZ, can react with heavier atomic numbered metals, so
that the resulting metallo-organic adduct can produce a
darker contrast from such local regions, and hence reveal the
morphology of the original organic species. Staining by tran-
sition metals is a sample preparation method often used in
the life science and polymer science fields to enhance the
electron contrast of otherwise electron-transparent organic
materials.”>” Once detected, the resolution of a TEM can be
applied to determine the morphologies of the organics at the
submicrometer, or even nanometer, size level. For the work
reported here, RuO, vapor, generated from RuCl, with
HCIO, (as found in the commercial bleach “Clorox”), was
used to stain the microtomed film sections, and the opti-
mum contrast was experimentally found by varying the
staining time. RuQy is considered a nonspecific staining re-
agent, i.e., capable of reacting with most organic ligand
groups. It is used here as our first attempt to identify the
potential of such a technique to directly elucidate the loca-
tion and morphology of key organic components in PTG
media. Since photothermographic constructions normally
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Figure 2. Silver nanosol dispersed in gelafin. Note the polydispersity
(5-40 nm) of the well-separated, individual Ag nanoparticles.

contain PHZ, the possibility of identifying and directly im-
aging this species seemed reasonable.

It has been suggested that the role of the toner in a
direct thermographic imaging construction is to promote
the aggregation of isolated silver nanoparticles.”**> Photo-
thermographic formulations are complex, multicomponent
systems. Possible synergistic effects make it difficult to use
the complete photothermographic formulation for probing
the role of each component. A complementary approach for
investigating the effect of toners on isolated Ag nanoparticles
is to use a simpler system based on a dispersion of discrete
Ag nanoparticles, similar to that of the original Carey Lea
silver (CLS)". Such an emulsion of Ag nanoparticles stabi-
lized in gelatin was prepared, and various toner solutions
were added, thermally processed, and any changes to the
resulting solutions were investigated. The starting silver
nanosol solution was also imaged by TEM and found to be
a polydispersed distribution of nanoparticulate Ag, Fig. 2.
The size of the individual particles in this nanosol
(5—40 nm) is similar to the constituent Ag nanoparticles in
directly developed thermographic film,'* as well as the den-
drites observed in photothermographic films." The effect of
a series of toner solutions on the silver nanosol was charac-
terized by TEM, SERS, and visual inspection.

Using a combination of Raman spectroscopy and elec-
tron microscopy, we have now been able to demonstrate that
phthalazine is the predominant species on the surface of the
metallic silver nanoparticles in the image at the final stage of
imaging in photothermographic films. Even though phthalic
acid is part of the “toner package,” phthalazine is the pri-
mary component observed on the silver nanoparticle surface
at this stage of the imaging process. The organics around the
developed Ag® nanoparticles have also been directly detected
by transmission electron microscopy using an RuO, stain.
Based on these results, phthalazine adsorption is proposed to
play a major role in controlling metallic silver formation of
the dendrites.

"The Ag nanoparticulate dispersion used here, stabilized in gelatin, which should not
be confused with the original preparation of CLS,” the product of silver nitrate
reduced with ferrous citrate. Both processes produce similar silver nanospheres, ap-
proximately 5-3 nm in diameter. A key feature of both of these silver nanosols is that
they are individual particles and not agglomerated in any way (see Figure 2). The
term CLS is commonly used to describe this type of silver nanoparticulate
dispersion.
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EXPERIMENTAL

Photothermographic Coatings

A photothermographic formulation typical for these materi-
als was used in this investigation, as described previously.”’
Our previous investigations~ showed that the temperature
and time of photothermographic processing affect the mor-
phology of the imaged silver particles. The standard formu-
lation coating, PTG-1, was exposed with a laser sensitometer
incorporating an 810 nm laser diode and was thermally pro-
cessed at standard conditions (122°C/15 sec).

The modified photothermographic film without the in-
frared sensitizer, PTG-2, was exposed to a Xe discharge lamp
pulse and thermally processed at the same processing con-
ditions as the standard material (122°C/15 sec). The area
with D,,,,=3.28 (maximum optical density) was used for
further PTG-2 study.

The modified photothermographic films without the
toner, PHZ, or co-toner, 4-MPA, were the normal formula-
tion with these components selectively left out, PTG-3 and
PTG-4, respectively, and processed similar to that of PTG-1.

Silver Nanosol Preparation

Silver nanosol samples were prepared by the reduction of
silver nitrate with dextrine, as a 5 wt. % dispersion, and sta-
bilized in gelatin. A sample of 0.32 g of the nanosol was
heated gently and mixed with 5 mL of deionized, distilled
water. This served as the “stock” silver nanosol solution.
Equal volumes of the stock solution and 0.02 M solutions of
various toners were mixed in a glass vial. Several drops of
this mixture were placed on a glass slide, which was heated
on a laboratory hot plate (setting “2”) until the solvent
evaporated. Several of the toners were not soluble in acetone,
methanol, or water. In these cases, a dispersion of the toner
was added to the nanosol solution, and the mixture heated
as described above. In these cases, the total toner was obvi-
ously much higher than the cases of soluble toners, but the
solution concentration was unknown.

Model Compounds

Ag,(4-MPA) was prepared by stoichiometric metathetical
exchange of Ag" for Na* on the phthalate anion in water.
Washing and drying produced a white powder that is in-
soluble in most solvents. Attempts to prepare the 1:1 com-
plex, AgH(4-MPA), for comparison purposes, only yielded
Ag,(4-MPA) (by elemental analysis).

Raman Spectroscopy

Micro Raman spectra were collected with a JY Horiba
LabRam at 180° backscatter with an MSPlan 100X objective,
mounted in an Olympus 40XB microscope. The spot size
was approximately 2 um in diameter, and 8—10 um in
thickness (Z-direction). The excitation wavelength was
514 nm, 633 nm, or 785 nm, as appropriate. The power of
the unfiltered laser was about 250 mW. Neutral density fil-
ters were used to decrease the laser power until it was deter-
mined that the laser was not damaging the sample. The
power used depended on the sample and the laser wave-
length. Typically, film samples were probed with 785 nm
excitation at 2.5 mW.
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Figure 3. Raman spectral data for a full formulation photothermographic
film. (A) SER-specirum of the Dy, region of a photothermographic film,
Aexe=033 nm. (B) Normal Raman (NR) spectrum of PHZ powder,
Nexe=7/85 nm.

Transmission Electron Microscopy

The microstructures of photothermographic films were ex-
amined by transmission electron microscopy. Film cross sec-
tions were prepared in a Leica Ultracut S microtome using a
diamond knife, and thin sections were wet-transferred onto
a carbon-coated Cu grid. All electron beam imaging and
analysis were gathered with the sample kept at liquid nitro-
gen temperature in a JEM-2000FX instrument. For RuQO,
staining experiments, the microtomed cross-sections of pho-
tothermographic media were cut to a thickness of ~60 nm,
which was estimated based on their reflected color,”® and
exposed to the heavy metal oxide vapor. Our experience in-
dicated that various staining times were needed to find the
optimum condition necessary to image both the core den-
drite and the organic shell. Insufficient stain failed to reveal
the shell, while extended staining times usually resulted in
too dark a contrast that often covered up the dendrite’s fine
structures.

RESULTS

Recent evidence suggests that the nanoparticulate Ag in ther-
mographic formulations can serve as a suitable SERS sub-
strate for probing organic compounds in close proximity to
that silver.” In Figure 3, Raman spectral data demonstrate
that PHZ is the predominant organic species on the surface
of the imaged silver in the Dmax region in a full-
formulation photothermographic film (PTG-1, Table I). It is
important to note that this is not a model system. The data
demonstrate that this technique is directly applicable to in
situ investigation of actual imaging films. Trace A is a SERS
spectrum of that photothermographic film and trace B is the
normal Raman spectrum of PHZ powder. All of the Raman
bands in trace A are accounted for and can be attributed to
PHZ.

We previously demonstrated that most of the silver
complexes detected in direct thermal films experienced deg-
radation at Raman excitation wavelengths that were shorter
than 785 nm.” It has also been reported in the literature
that PHZ adsorbed onto a silver SERS substrate decom-
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Table 1. Photothermographic materials processed at different temperature and devel-
opment time conditions.

D Sample Temp (°C)  Time (se¢) Dy Diex

] Control, PTG-1 122 15 0.221  3.745
2 No_PHZ, PTG-3 122 15 0.22 0.229

3 No_4MPA, PTG-4 122 15 0.22 0.231

4 Control, PTG-1 145 35 2.007 3.716
5 No_PHZ, PTG-3 145 35 0.253 0.263
6 No_4MPA, PTG-4 145 35 0.240 0.252
7 Control, PTG-1 165 35 4210 5.022
8 No_PHZ, PTG-3 165 35 0270  0.344
9 No_4MPA, PTG-4 165 35 4369  5.344

poses, even when 633 nm laser excitation is used.”® The full
photothermographic formulation imaging layer, PTG-I,
contains an infrared adsorbing dye (N\.,,,=810 nm in the
film), which strongly adsorbs 785 nm light. Consequently,
the Raman spectrum of photothermographic formulation
cannot be collected using 785 nm laser excitation, where less
PHZ decomposition would occur (compared to when the
data is collected using 633 nm excitation). Hence trace A (in
Fig. 3), collected with 633 nm excitation, represents the best
spectrum of the complete photothermographic formulations
possible, using the available instrumentation.

From the SERS data, PHZ is clearly the dominant spe-
cies in the imaged film. However, it is important to attempt
the observation of other organic formulation components
present at lower concentrations than PHZ (or slightly farther
away from the silver surface). Therefore, longer wavelength
laser excitation is necessary in order to minimize the degra-
dation of any silver:organic adducts that are formed at the
surface of the imaged silver. A slightly modified photother-
mographic formulation, PTG-2, containing everything ex-
cept the infrared dye, was prepared and imaged by exposure
to a Xe white light source and thermally processed similar to
PTG-1. Trace A in Figure 4 represents a typical spectrum
(785 nm excitation) of the imaged IR dye-free photother-
mographic film at D, ,,.

It can be seen that PHZ still dominates the SER spec-
trum, indicating that this toner is the predominant species
present on the silver surface. In addition to the bands attrib-
uted to PHZ, there are two bands (675 cm™! and 832 cm™!)
that may be attributed to Ag,(4-MPA). It is important to
note that these bands were very sensitive to laser irradiation
during the course of data collection. They were never ob-
served when 633 nm laser irradiation was used, and they
also diminished or disappeared during long collection times
using 785 nm excitation, so care must be taken in their in-
terpretation. In order to confirm the presence of
Ag,(4-MPA) it would be necessary to repeat the measure-
ments with very careful attention to exposure of the samples
to laser excitation (laser power and collection time). It would
also be prudent to attempt the same series of measurements
using laser excitation even further into the infrared. These
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Figure 4. (A) SER spectrum of a photothermographic film without an IR
sensitizing dye; (B) NR spectrum of PHZ powder; (C) NR spectrum of
Ag(4-MPA) powder.
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Figure 5. TEM image of developed Ag in photothermographic media.

experiments would be particularly useful in conjunction
with TEM. It might then be possible to determine the pref-
erence of particular compounds for particular silver mor-
phologies (dendrites or filaments). The spectroscopic data
suggests that PHZ passivates the dendritic silver nanostruc-
tures within the imaged film. A special application of a TEM
staining technique provides additional support for this con-
clusion.

Previously, it was shown that the reduction of silver
carboxylate in a photothermographic media resulted in the
formation of a unique combination of metallic silver forms,
which are the fundamental imaging elements in a PTG
film." It consists of a combination of filamentary and den-
dritic Ag, with the former usually attached to a AgBr grain
on which the latent image was originally formed during the
exposure process, Figures. 5 and 6(a).

The dendritic Ag is now known to be a spherical aggre-
gate of many nanosized Ag crystallites, formed in proximity
to each other, Fig. 6(b). Its “broccoli head” morphology pro-
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Figure 6. (a) High magnification image of the developed Ag combina-
tion in photothermographic film formulations. The boxed-in areas are en-
larged in (b) and (c). (b) High-esolution lattice image of dendrific Ag,
showing nanoregions of crystalline Ag in close proximity fo each other.
(c) Hig%fresoluiion lattice image of a filamentary Ag, showing the rela-

tively longrange structural order across the entire width of the filament.

J. Imaging Sci. Technol. 51(3)/May-Jun. 2007

vides a large surface area-to-mass ratio and represents a
highly efficient form of Ag for the purpose of light
absorption.'* By contrast, the filamentary silver is usually a
single strand of crystalline silver, made up of multiple twins,
Fig. 6(c). By itself, this is not the preferred image element
because its lower surface area-to-mass ratio would provide
poor covering power and imparts a brown tone which is
undesirable."

After exposing a thin microtomed cross-section of pho-
tothermographic media for 20 sec to RuO, vapor, TEM in-
vestigation of the stained components in photothermo-
graphic films identified the presence of an organic shell
around the developed Ag. However, under these long
reaction-time conditions, the stain was found to strongly
react with the organic species, and the high contrast shell
around the developed silver was easily detectable. Unfortu-
nately, at this high stain level, most of the morphological
details associated with the “broccoli-like” structure of the
dendritic Ag became obscured. Interestingly, an organic shell
around the AgBr or the filamentary Ag was not clearly seen
and suggested that these two features either are not exten-
sively passivated or are not passivated by the same organic
component.

In order to compensate for the strong affinity of the
RuOy vapor for the organic species, the staining conditions
were modified. Experimenting with successively shorter ex-
posure times showed that an exposure time of 5 sec was
sufficient to reveal the organic shell but not dense enough to
obscure the unique broccolilike morphology of the dendritic
Ag, Fig. 7(a). Focusing in on these lightly stained features,
higher magnification images revealed both the organic shell,
as well as the known morphology of the dendritic Ag,
thereby directly showing the core-shell relationship between
the internal dendritic Ag and the external passivation shell,
Fig. 7(b). The thickness of this shell was ~20-30 nm, i.e.,
significantly more than a monolayer deposit of the organic
species. Again, no clear evidence of a detectable layer around
the filamentary Ag or the AgBr grain was found. Therefore,
coupling this staining data with the SERS information sug-
gests that the PHZ toner plays a major role in passivating the
dendritic form of the metallic silver in the photothermo-
graphic image.

Additional information about the role of PHZ was ob-
tained using a model system designed to examine the inter-
action of toners on “simple” silver nanoparticles surfaces.
Monodisperse, CLS-like silver nanosol was diluted with wa-
ter and mixed with toner solutions. The resultant dispersions
were characterized by TEM and SERS. Diluted silver nanosol
is a pale yellow and transparent solution, which is the result
of 5—40 nm sized nanoparticles of Ag, Fig. 2.

The room temperature addition of a dilute solution of
PHZ to silver nanosol produced no change to the solution.
Upon heating to ~100°C and drying to a film, the yellow
color of the nanosol changed to dark green. TEM examina-
tion of the green film showed the individual Ag nanopar-
ticles had aggregated, with the majority of the clusters con-
taining a large number of particles (>20), and most were
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(b)

Figure 7. Lightly stained developed Ag in photothermographic media af
(a) lower magnification. The boxed-in area is enlarged in (b) where the
higher magnification revealed both the organic passivation shell and the
broccoliike dendrific Ag core.
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Figure 8. Silver nanosol nanoparticles aggregated with PHZ, visually
observed fo be dark green.

either linear or branched linear in morphology, Figure 8.
Smaller aggregates with <10 particles were less common.
The larger aggregates, in excess of 200 nm, should induce a
black tone, as these would be expected to absorb light
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Figure 9. (A) Raman dafa for PHZ with silver nanosol. SERS spectrum of
the film obtained by adding a dispersion of PHZ to silver nanosol, fol-
lowed by heating. (B) Normal Raman spectrum of PHZ powder.
Nee=7/85 nm for both spectra.

Figure 10. TEM image of RuO, stained silver nanosal in gelafin.

throughout the visible spectrum region, while the minority
mixture of smaller aggregate sizes (40—100 nm) contribute
to the greenish hue. Interestingly, we noted that while these
nanoparticles may have come in close contact with each
other, they were stable and did not coalescence with each
other within the aggregates. The PHZ toner brought the
particles together without significantly reducing the surface
area:mass ratio of the Ag in the aggregates. In contrast, ther-
mally aggregated CLS (prepared by the original 1889
procedure®) processed in polyvinylpyrrolidinone generated
Ag particles that not only were aggregated but also signifi-
cantly coalesced."

The PHZ-aggregated silver nanosol is an excellent SERS
substrate, as demonstrated by the significant Raman sensi-
tivity for PHZ in the green films, Figure 9. This is completely
consistent with the current understanding on the effect of
substrate morphology on the enhancement factor. As dis-
cussed above, substrates with fractal-like morphologies re-
sult in the largest enhancements.” Stockman has described a
theoretically ideal substrate morphology to support giant
SERS.” The TEM of PHZ-aggregated silver nanosol, Fig. 8,
demonstrates that morphology empirically.

RuO, staining experiments on the yellow silver nanosol
and on the dark green nanosol-PHZ dispersions revealed the

J. Imaging Sci. Technol. 51(3)/May-Jun. 2007
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(b)

(©)

Figure 11. (a) High-magnification TEM view of PHZ on silver nanosol, without staining. Note the aggregate
morphology is linear, or branched linear, and the primary nanoparticles remain uncoalesced with its neigh-
boring particles. (b) RuOy, stained silver nanosol +PHZ. The PHZ toner appears as a thin shell around the Ag
aggregates. (b) and (c) are TEM images of the same area of view, except one is tilted 5° to the other, to reveal
the location of the Ag particles through diffraction-contrast enhancement. Many particles do not appear fo be

completely passivated by the organic foner (arrows).

presence of a thin organic shell around these Ag nanopar-
ticles. For the nanosol in gelatin, a thin stained shell was
seen around most of the well-dispersed nanoparticles,
Figure 10. While the shell thickness varied between particles,
most appeared to have at least a thin coating around them.

In the presence of PHZ, however, staining revealed a
shell that engulfed most of the Ag aggregates, Figure 11.

J. Imaging Sci. Technol. 51(3)/May-Jun. 2007

Some uncoated Ag surfaces were found, suggesting different
degrees of passivation between nanoparticles. Since PHZ
caused the observed aggregation of Ag particles, this toner
must have a higher affinity for the Ag surface than the origi-
nal gelatin.

The aggregation mechanism for the formation of den-
dritic silver from small silver nanoparticles has not been es-
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Figure 12. Raman data for PA. (A) SER spectrum of the film obtained by
adding a dispersion of PA to silver nanosol, followed by heating. (B)
Normal Raman spectrum of PA powder.

tablished and is barely discussed in the PTG literature. One
route is the agglomeration of individually formed Ag® into
the spherical dendrites.'’ However, there are many arrested
development studies in the literature, and none have de-
tected significant quantities of preagglomerated particles. Al-
ternatively, supersaturation of silver intermediates might de-
velop the dendrites at the end of the development cycle, as
suggested by some arrested development TEMs." In either
case, simple electrostatic forces on such high surface-area
particles may be sufficient to drive agglomeration. Presum-
ably, the Ag® surface is positively charged because excess sil-
ver ions arriving at the surface late in the development pro-
cess do not reduce as the temperature is dropping. It is
known that normal silver surfaces under ambient conditions
are positively charged.” Under these conditions, anionic
compounds should be suitable stabilizers for colloidal par-
ticles, such as proposed previously."* Electron-rich donor
ligands, such as PHZ, may be reasonable alternatives, which
would be consistent with the observed PHZ shell. However,
the resulting PHZ shell is apparently not as effective as gela-
tin in compensating for the charge on the Ag surface because
neighboring particles come together to form aggregates.
While the mechanism behind such aggregation is not yet
clear, the ability to only partially compensate for the charge
on the Ag surface, resulting from the reaction by the organic
species with Ag surface atoms, is likely the root cause for the
aggregation process.

The effect of PA® on silver nanosol aggregation was also
studied. Unfortunately, the solubility of this acid was insuf-
ficient under these circumstances to enable a completely
analogous comparison to PHZ. When a slurry of PA was
added to the silver nanosol solution, and the mixture was
heated, it was difficult to tell by visual examination if a color
change had occurred. The resultant film was reddish/orange,
and its Raman spectrum contained a strong spectrum, which
is assigned to the silver complex, Ag,PA, Figure 12.

This suggests that PA had adsorbed onto the silver
nanosol, causing it to aggregate. TEM analysis was not car-

SAs noted above, PA and its derivatives are used interchangeably in PTG formula-
tions. PA was selected for this model study.
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ried out for the Ag-PA adduct because the dried film could
not be redispersed in water to allow a suspension to form, a
property necessary for deposition on a TEM grid. The ab-
sence of a distinct color change suggests poor aggregation.
Increasing the concentration of PA:Ag to force aggregation
was not possible because of poor PA solubility. It might be
suggested that trace A can be attributed to microcrystalline
PA. The major bands in trace A, occurring at the same wave-
lengths as in the PA reference spectrum (trace B), have dif-
ferent relative intensities. This has been widely observed
when comparing SERs spectra (species adsorbed onto Ag)
with the normal Raman spectra of the free powder species.
Comparison of the color of the films resulting from addition
of either PA or PHZ to silver nanosol suggests that PA causes
the nanosol to aggregate but to a much lesser extent than
PHZ. Even an extremely dilute solution of PHZ will cause a
nanosol solution to turn dark green upon heating to dry-
ness. Another explanation for the smaller degree of aggrega-
tion caused by PA is mobility. Given that PA is poorly water
soluble, the concentration of PA at each silver surface is
likely small by comparison to PHZ. The model silver nano-
sol system has shown an observable interaction between
nanoparticulate Ag with PA. The degree of interaction ap-
pears small compared to the interaction of silver nanosol
with PHZ.

DISCUSSION
Four roles have been identified for the compounds typically
described as toners: (1) Silver ion extraction, (2) silver ion
transport, (3) silver redox potential modification, and (4)
adsorption and control of metallic silver growth." Literature
discussion of the chemical role of the toners PA and PHZ in
metallic silver formation in PTG materials is very limited.
Other than general comments regarding the presumed role
in crystal growth,'™ or particle aggregation,”**’ the chemis-
try related to this question remains generally unexplored.
The current consensus regarding the role of the PA compo-
nent is that it is involved with Ag"™ extraction and possibly
transport from the silver soap to the development site [roles
(1) and (2)]. The structure of the silver phthalate complex
intermediate is claimed to be either an asymmetric silver
carboxylate dimer'” or Ag,PA® (but not the monosilver ph-
thalate). Some evidence for the formation of intermediate
silver complexes containing PHZ has been interpreted as
support for its role in silver ion transport.® The facile reduc-
tion of silver phthalazine carboxylate complexes with com-
mon PTG developers at room temperature, however, argues
against that possibility.**** The role of a toner such as PHZ
could be to form a silver complex with a lower redox poten-
tial than the original silver source and thereby be reduced
more easily [role (3)"]. The PHZ could also be directly ad-
sorbed onto the metallic silver surface and therefore direct
the deposit of subsequent silver atoms [role (4)]. This latter
step is crucial to the control of the metallic silver morphol-
ogy.

The role of organic species related to Ag surface passi-
vation can be probed directly within a coated film with a
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combination of SERS and TEM. The ultimate goal is to
control silver morphology. Chemical identification by SERS
and direct imaging of both the Ag and its surface passivant
by TEM now opens the door for probing the various roles
played by organic species in a photothermographic formu-
lation at different stages in the formation of the metallic
silver image. Photothermographic formulations contain at
least seven different components that have the ability to
bond to silver, such as PHZ, 4-MPA, other carboxylates, and
aromatic amine-based compounds. It is significant that only
PHZ, and to a lesser extent Ag,(4-MPA), is on the surface
even though Butvar and free fatty acid are in high concen-
tration in the D, region. (Free fatty acid has been observed
to be a stabilizer for silver nanoparticles).®*

The discovery of PHZ around the dendritic Ag in the
Kodak DryView laser imaging film, and around the Ag
nanoparticle in the silver nanosol model system, reveals im-
portant features about this toner. First, PHZ is capable of
displacing such silver ligand “competitors” as 4-MPA (con-
sidered a co-toner), fatty acid carboxylates (as reported in a
simple thermal decomposition process®”), tetrachlo-
rophthalic acid and even strong silver ligands such as mer-
captobenzimidazole. Most interesting is the apparent strong
capability of PHZ to adsorb nearly exclusively onto the Ag
surface but yet not sufficiently well to completely passivate
the nanoparticles, since the nanoparticles still aggregate. Its
passivation property is good enough to prevent the aggre-
gates from coalescing, given that the dendritic Ag clusters are
now known to be made up of individual Ag nanoparticles
and have very large surface areas, Fig. 6. Some aspects of this
unique property are revealed by the results on the silver
nanosol model system. Those results confirm this organic
species to be capable of displacing other adsorbants from the
Ag surface, given that silver nanosol is normally well passi-
vated by gelatin. The presence of PHZ apparently destabi-
lizes the surface charge making it possible for the Ag nano-
particles to aggregate into small clumps without coalescing.

Further investigation into how PHZ is bonded to the Ag
surface should complement the results shown here. In par-
ticular, it would be extremely useful to characterize the sur-
face species at all stages of the silver particle formation dur-
ing the various stages of the thermal development process,
particularly that on the filaments. In this way, compounds
may be found that have the ability to further enhance the
dendritic silver formation over the filamentary form.

It is worth noting that the diameter of the dendritic Ag
cluster is ~100—200 nm, Figures. 5 and 7."> By comparison,
the size of the Ag aggregates caused by PHZ addition to the
Ag nanosol is about 20-200 nm in diameter, Fig. 8. The
desired Ag aggregate size distribution for the proper cold
and neutral tone in commercial PTG media is a size range
spread around an average diameter of 100 nm.'* Hence the
microstructure data indicates that PHZ is a toner that has
the ability to passivate Ag nanoparticles and induce
aggregation—without coalescence—of Ag clusters in this
unique aggregate size range. It should also be noted, how-
ever, that there is a key difference between the systems
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shown here. Dendritic Ag in photothermographic films is
spherical, while the aggregated Ag in the nanosol is pre-
dominantly linear or branched linear. In either case, PHZ is
the only SERS-active species detected on their surfaces.
While a direct comparison of the aggregate morphology in
the silver nanosol model system to photothermographic me-
dia is difficult to make since there are many more compo-
nents in the latter, the spherical nature of the dendritic Ag
appears to suggest that other organic species may be present
in the (TEM-detected) passivation shell. The possibility that
4-MPA (considered as a cotoner) may be present to induce a
spherical morphology and, hence, minimize the Ag aggre-
gate surface energy, is worth considering. Our findings do
suggest that 4-MPA plays an interactive, and not indepen-
dent, role with PHZ.

We have briefly explored this possible relationship by
coating and exposing photothermographic formulations and
deliberately leaving out either PHZ or 4-MPA. By compari-
son to the full-formulation photothermographic formula-
tion, which is processed with a cold tone, neither of the
coatings lacking PHZ or 4-MPA developed any images un-
der comparable conditions, and they only showed density at
temperatures beyond 150°C (which developed to a
yellowish-brown tone).

As can be seen from Table I, under standard processing
conditions, there is no optical density in the coatings with-
out PHZ or 4-MPA. By increasing the temperature and time
of processing to 145°C/35 sec, the control material com-
pletely fogged (D, density is close to D,,,,). However, nei-
ther PTG-3 nor PTG-4 show significant optical density. By
further increasing the processing temperature to 165°C
(35 sec), the PTG-4 (no 4-MPA) becomes completely black
(no visible difference between D, and D, areas), the
same as the control, while the no PHZ coating density, in
PTG-3, is still very low—close to initial D, ;, at standard
processing conditions. The interactive nature of the toner
(PHZ) with the cotoner (4-MPA) is currently under study.

CONCLUSIONS
For the first time, direct analytical evidence has been ob-
tained that shows the formation of metallic silver nanopar-
ticles within an actual (not model) PTG construction during
the late stage of development that is controlled primarily by
the surface adsorption of PHZ. Complementary examina-
tion and comparison to the effect of PHZ on a silver nanosol
model system suggests that PHZ is highly reactive within a
limited thermal processing window, but it only partially pas-
sivates nanoparticulate Ag. Incompletely passivated surfaces
are induced to aggregate but not coalesce. The data reported
here suggest that PHZ is the predominant passivant on Ag
nanoparticles. The co-toner, PA was not observed directly in
this work. However, it is reasonable to infer that the role of
PA is to direct the aggregate morphology towards the ob-
served spherical shape. In the absence of PA, liner Ag aggre-
gate chains are produced.

Raman spectroscopy and heavy metal staining, in con-
junction with TEM investigation, have provided the initial
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evidence for how toners such as PHZ affect the developed
silver morphology in a photothermographic construction
based on silver carboxylate. We are now in a position to
determine what organic compounds are present on various
metallic silver morphologies at different stages of thermal
development. It is particularly important to establish what is
on the first-formed silver filaments in order to understand
the filament-to-dendrite transition. Routes to encourage the
formation of the dendrites sooner in the development pro-
cess should provide for improved silver efficiency.
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