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bstract. A combination of normal Raman spectroscopy, surface-
nhanced Raman scattering spectroscopy, and transmission elec-

ron microscopy has been used to demonstrate that phthalazine is
he predominant species on the surface of metallic silver nanopar-
icles in the image at the final stage of development in photothermo-
raphic films. Evidence for a small amount of a cotoner,
-methylphthalic acid, as Ag2�4-MPA�, has also been found. In ad-
ition, the organic components around the developed Ag0 nanopar-

icles have been directly observed by transmission electron micros-
opy using RuO4 staining techniques. A model system, based on
nteraction between the toner chemicals with nanoparticulate Ag dis-
ersions, has shown that PHZ can directly cause Ag nanoparticles

o aggregate but not coalesce. Based on these results, phthalazine
dsorption is proposed to play a major role, and the phthalic acid
omponent a lesser role, in controlling metallic silver formation of
he preferred metallic silver dendritic morphology. © 2007 Society
or Imaging Science and Technology.
DOI: 10.2352/J.ImagingSci.Technol.�2007�51:3�225��

NTRODUCTION
hermally developed imaging materials based on silver car-
oxylates have been commercially available for over
0 years.1,2 The initial success of “dry silver” products can be
irectly attributed to the simplicity of development, which
nly involves a heating step (to �120°C for 10–20 sec). No
et processing is required. Major advances in the technology

nabled extremely high-quality images to be printed virtu-
lly anywhere. Only a data link and electricity are needed.
onsequently, the introduction of the DryView laser imag-

ng system to the medical x-ray film market in 1995 was
xtraordinarily successful, and over 35, 000 imagers for that
roduct have been sold since. Considering this success and

he inevitable competition it provoked, it is somewhat sur-
rising how little has been published on the fundamental
nderstanding of the imaging processes.1–7 Only in the past

ew years have publications addressed the important mecha-
isms that form the basis of this imaging technology.8–12 For
xample, the most preferred size and shape of the metallic
ilver in the image was only recently demonstrated to be the

eceived Nov. 8, 2006; accepted for publication Feb. 16, 2007.
062-3701/2007/51�3�/225/10/$20.00.
dendritic” form.13,14 In this case, the dendrites consist of
0–30 extremely fine (5–30 nm diameter) but polydispersed
izes of nanoparticle metallic silver with a minimum aggre-
ation size in the 50–200 nm diameter range, depending on
he aggregate shape. Filaments, on the other hand, are an
nefficient use of silver for optimum optical density and
one. Now that the optimum metallic silver morphology has
een established, the next step in understanding the devel-
pment process is to determine how the optimum morphol-
gy can be produced in preference to other morphologies
such as filaments).

The “toner” component of the typical photothermo-
raphic (PTG) formulation is usually a pair of compounds
ased on phthalazine (PHZ) and phthalic acid (PA) and
heir derivatives, such as 4-methylphthalic acid (4-MPA),
igure 1. This cotoner pair has been generally considered to
roduce the desired tone by affecting metallic silver
orphology.1,3,15 However, there is currently no published

eport that has provided evidence of any compound of any
ype located on the metallic silver surface at any time in the
evelopment process. The objective of this work is to deter-
ine exactly what organic compounds are on the growing
etallic silver nanoparticle surface in order to determine
hich one(s) contribute most to the morphology of that
article. With this knowledge, rational design of these com-
ounds should be possible for improved properties such as

mproved silver efficiency.
While there are numerous techniques for probing the

hemical nature of surfaces, few can effectively probe directly
ithin a coated film. For the latter, those can usually only be
sed on surfaces significantly larger than the nanosized par-

icles that comprise the metallic silver in thermographic im-
ging materials. However, surface-enhanced Raman scatter-
Figure 1. Phthalazine, phthalic acid, 4-methylphthalic acid.
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ng spectroscopy (SERS) is ideally suited for this task. SERS
s surface selective, highly sensitive, and is not limited to
owder or model systems. In addition, it provides powerful
tructural information not easily obtained from traditional
urface science techniques like electron energy loss spectros-
opy or spin polarized electron energy loss spectroscopy.

The SERS phenomenon is a consequence of the cou-
ling between the surface resonance plasmon on nanopar-
iculate metals with the Raman-active vibrational modes of
n adsorbed or adjacent molecule.16–20 This unique cou-
ling, most commonly observed on copper, silver, and gold,
ay enhance the vibrational intensities by factors exceeding

06. There is an additional enhancement as a result of the
onding of the adsorbate to the SERS substrate, which is
ften referred to as the “chemical first-layer effect.” Extraor-
inary, “giant” enhancements of 1013 have been observed
hen the SERS substrate fulfills certain morphology

equirements.21 As a result, extremely low levels of chemi-
orbed compounds can be detected in a matrix containing
arge quantities of other components not chemisorbed to the

etal surface. Consequently, this technique should be di-
ectly applicable to the study of organic compounds on the
anoparticulate silver that is generated in the thermal devel-
pment reaction of photothermographic imaging materials.
f particular interest are the “toners” used in PTG media.

By comparison, transmission electron microscopy
TEM) can usually provide morphology information on the
xtent and thickness of most materials adsorbed onto the Ag
urface. Generally, organic molecules are made up of low
tomic number elements (consisting of such atoms as N, C,
, or H, etc.), and these have low electron absorption cross

ections. Their resulting contrast in TEM is usually too low
o permit them to be differentially detected and analyzed.

owever, it is sometimes feasible to take advantage of the
act that local deposits of organic compounds with available
onding ligands, such as the nitrogen-based azine group on
he PHZ, can react with heavier atomic numbered metals, so
hat the resulting metallo-organic adduct can produce a
arker contrast from such local regions, and hence reveal the
orphology of the original organic species. Staining by tran-

ition metals is a sample preparation method often used in
he life science and polymer science fields to enhance the
lectron contrast of otherwise electron-transparent organic
aterials.22,23 Once detected, the resolution of a TEM can be

pplied to determine the morphologies of the organics at the
ubmicrometer, or even nanometer, size level. For the work
eported here, RuO4 vapor, generated from RuCl4 with
ClO2 (as found in the commercial bleach “Clorox”), was

sed to stain the microtomed film sections, and the opti-
um contrast was experimentally found by varying the

taining time. RuO4 is considered a nonspecific staining re-
gent, i.e., capable of reacting with most organic ligand
roups. It is used here as our first attempt to identify the
otential of such a technique to directly elucidate the loca-
ion and morphology of key organic components in PTG

edia. Since photothermographic constructions normally

d

26
ontain PHZ, the possibility of identifying and directly im-
ging this species seemed reasonable.

It has been suggested that the role of the toner in a
irect thermographic imaging construction is to promote

he aggregation of isolated silver nanoparticles.24,25 Photo-
hermographic formulations are complex, multicomponent
ystems. Possible synergistic effects make it difficult to use
he complete photothermographic formulation for probing
he role of each component. A complementary approach for
nvestigating the effect of toners on isolated Ag nanoparticles
s to use a simpler system based on a dispersion of discrete
g nanoparticles, similar to that of the original Carey Lea

ilver (CLS)†. Such an emulsion of Ag nanoparticles stabi-
ized in gelatin was prepared, and various toner solutions
ere added, thermally processed, and any changes to the

esulting solutions were investigated. The starting silver
anosol solution was also imaged by TEM and found to be
polydispersed distribution of nanoparticulate Ag, Fig. 2.

he size of the individual particles in this nanosol
5–40 nm� is similar to the constituent Ag nanoparticles in
irectly developed thermographic film,14 as well as the den-
rites observed in photothermographic films.13 The effect of
series of toner solutions on the silver nanosol was charac-

erized by TEM, SERS, and visual inspection.
Using a combination of Raman spectroscopy and elec-

ron microscopy, we have now been able to demonstrate that
hthalazine is the predominant species on the surface of the
etallic silver nanoparticles in the image at the final stage of

maging in photothermographic films. Even though phthalic
cid is part of the “toner package,” phthalazine is the pri-
ary component observed on the silver nanoparticle surface

t this stage of the imaging process. The organics around the
eveloped Ag0 nanoparticles have also been directly detected
y transmission electron microscopy using an RuO4 stain.
ased on these results, phthalazine adsorption is proposed to
lay a major role in controlling metallic silver formation of

he dendrites.

The Ag nanoparticulate dispersion used here, stabilized in gelatin, which should not
e confused with the original preparation of CLS,26 the product of silver nitrate
educed with ferrous citrate. Both processes produce similar silver nanospheres, ap-
roximately 5–3 nm in diameter. A key feature of both of these silver nanosols is that
hey are individual particles and not agglomerated in any way �see Figure 2�. The
erm CLS is commonly used to describe this type of silver nanoparticulate

igure 2. Silver nanosol dispersed in gelatin. Note the polydispersity
5–40 nm� of the well-separated, individual Ag nanoparticles.
ispersion.

J. Imaging Sci. Technol. 51�3�/May-Jun. 2007
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XPERIMENTAL
hotothermographic Coatings
photothermographic formulation typical for these materi-

ls was used in this investigation, as described previously.27

ur previous investigations13 showed that the temperature
nd time of photothermographic processing affect the mor-
hology of the imaged silver particles. The standard formu-

ation coating, PTG-1, was exposed with a laser sensitometer
ncorporating an 810 nm laser diode and was thermally pro-
essed at standard conditions �122°C/15 sec�.

The modified photothermographic film without the in-
rared sensitizer, PTG-2, was exposed to a Xe discharge lamp
ulse and thermally processed at the same processing con-
itions as the standard material �122°C/15 sec�. The area
ith Dmax=3.28 (maximum optical density) was used for

urther PTG-2 study.
The modified photothermographic films without the

oner, PHZ, or co-toner, 4-MPA, were the normal formula-
ion with these components selectively left out, PTG-3 and
TG-4, respectively, and processed similar to that of PTG-1.

ilver Nanosol Preparation
ilver nanosol samples were prepared by the reduction of
ilver nitrate with dextrine, as a 5 wt. % dispersion, and sta-
ilized in gelatin. A sample of 0.32 g of the nanosol was
eated gently and mixed with 5 mL of deionized, distilled
ater. This served as the “stock” silver nanosol solution.
qual volumes of the stock solution and 0.02 M solutions of
arious toners were mixed in a glass vial. Several drops of
his mixture were placed on a glass slide, which was heated
n a laboratory hot plate (setting “2”) until the solvent
vaporated. Several of the toners were not soluble in acetone,
ethanol, or water. In these cases, a dispersion of the toner
as added to the nanosol solution, and the mixture heated

s described above. In these cases, the total toner was obvi-
usly much higher than the cases of soluble toners, but the
olution concentration was unknown.

odel Compounds
g2�4-MPA� was prepared by stoichiometric metathetical

xchange of Ag+ for Na+ on the phthalate anion in water.
ashing and drying produced a white powder that is in-

oluble in most solvents. Attempts to prepare the 1:1 com-
lex, AgH(4-MPA), for comparison purposes, only yielded
g2�4-MPA� (by elemental analysis).

aman Spectroscopy
icro Raman spectra were collected with a JY Horiba

abRam at 180° backscatter with an MSPlan 100X objective,
ounted in an Olympus 40XB microscope. The spot size
as approximately 2 �m in diameter, and 8–10 �m in

hickness (Z-direction). The excitation wavelength was
14 nm, 633 nm, or 785 nm, as appropriate. The power of
he unfiltered laser was about 250 mW. Neutral density fil-
ers were used to decrease the laser power until it was deter-

ined that the laser was not damaging the sample. The
ower used depended on the sample and the laser wave-

ength. Typically, film samples were probed with 785 nm

xcitation at 2.5 mW. t

. Imaging Sci. Technol. 51�3�/May-Jun. 2007
ransmission Electron Microscopy
he microstructures of photothermographic films were ex-
mined by transmission electron microscopy. Film cross sec-
ions were prepared in a Leica Ultracut S microtome using a
iamond knife, and thin sections were wet-transferred onto
carbon-coated Cu grid. All electron beam imaging and

nalysis were gathered with the sample kept at liquid nitro-
en temperature in a JEM-2000FX instrument. For RuO4

taining experiments, the microtomed cross-sections of pho-
othermographic media were cut to a thickness of �60 nm,
hich was estimated based on their reflected color,28 and

xposed to the heavy metal oxide vapor. Our experience in-
icated that various staining times were needed to find the
ptimum condition necessary to image both the core den-
rite and the organic shell. Insufficient stain failed to reveal

he shell, while extended staining times usually resulted in
oo dark a contrast that often covered up the dendrite’s fine
tructures.

ESULTS
ecent evidence suggests that the nanoparticulate Ag in ther-
ographic formulations can serve as a suitable SERS sub-

trate for probing organic compounds in close proximity to
hat silver.29 In Figure 3, Raman spectral data demonstrate
hat PHZ is the predominant organic species on the surface
f the imaged silver in the Dmax region in a full-

ormulation photothermographic film (PTG-1, Table I). It is
mportant to note that this is not a model system. The data
emonstrate that this technique is directly applicable to in
itu investigation of actual imaging films. Trace A is a SERS
pectrum of that photothermographic film and trace B is the
ormal Raman spectrum of PHZ powder. All of the Raman
ands in trace A are accounted for and can be attributed to
HZ.

We previously demonstrated that most of the silver
omplexes detected in direct thermal films experienced deg-
adation at Raman excitation wavelengths that were shorter
han 785 nm.29 It has also been reported in the literature

igure 3. Raman spectral data for a full formulation photothermographic
lm. �A� SER-spectrum of the Dmax region of a photothermographic film,
exc=633 nm. �B� Normal Raman �NR� spectrum of PHZ powder,
exc=785 nm.
hat PHZ adsorbed onto a silver SERS substrate decom-
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oses, even when 633 nm laser excitation is used.30 The full
hotothermographic formulation imaging layer, PTG-1,
ontains an infrared adsorbing dye (�max=810 nm in the
lm), which strongly adsorbs 785 nm light. Consequently,

he Raman spectrum of photothermographic formulation
annot be collected using 785 nm laser excitation, where less
HZ decomposition would occur (compared to when the
ata is collected using 633 nm excitation). Hence trace A (in
ig. 3), collected with 633 nm excitation, represents the best
pectrum of the complete photothermographic formulations
ossible, using the available instrumentation.

From the SERS data, PHZ is clearly the dominant spe-
ies in the imaged film. However, it is important to attempt
he observation of other organic formulation components
resent at lower concentrations than PHZ (or slightly farther
way from the silver surface). Therefore, longer wavelength
aser excitation is necessary in order to minimize the degra-
ation of any silver:organic adducts that are formed at the
urface of the imaged silver. A slightly modified photother-

ographic formulation, PTG-2, containing everything ex-
ept the infrared dye, was prepared and imaged by exposure
o a Xe white light source and thermally processed similar to
TG-1. Trace A in Figure 4 represents a typical spectrum
785 nm excitation) of the imaged IR dye-free photother-

ographic film at Dmax.
It can be seen that PHZ still dominates the SER spec-

rum, indicating that this toner is the predominant species
resent on the silver surface. In addition to the bands attrib-
ted to PHZ, there are two bands (675 cm−1 and 832 cm−1)

hat may be attributed to Ag2�4-MPA�. It is important to
ote that these bands were very sensitive to laser irradiation
uring the course of data collection. They were never ob-
erved when 633 nm laser irradiation was used, and they
lso diminished or disappeared during long collection times
sing 785 nm excitation, so care must be taken in their in-

erpretation. In order to confirm the presence of
g2�4-MPA� it would be necessary to repeat the measure-
ents with very careful attention to exposure of the samples

o laser excitation (laser power and collection time). It would
lso be prudent to attempt the same series of measurements

able I. Photothermographic materials processed at different temperature and devel-
pment time conditions.

D Sample Temp �°C� Time �sec� Dmin Dmax

Control, PTG-1 122 15 0.221 3.745
No�PHZ, PTG-3 122 15 0.22 0.229

No�4MPA, PTG-4 122 15 0.22 0.231

Control, PTG-1 145 35 2.007 3.716
No�PHZ, PTG-3 145 35 0.253 0.263

No�4MPA, PTG-4 145 35 0.240 0.252

Control, PTG-1 165 35 4.210 5.022
No�PHZ, PTG-3 165 35 0.270 0.344

No�4MPA, PTG-4 165 35 4.369 5.344
sing laser excitation even further into the infrared. These t

28
xperiments would be particularly useful in conjunction
ith TEM. It might then be possible to determine the pref-

rence of particular compounds for particular silver mor-
hologies (dendrites or filaments). The spectroscopic data
uggests that PHZ passivates the dendritic silver nanostruc-
ures within the imaged film. A special application of a TEM
taining technique provides additional support for this con-
lusion.

Previously, it was shown that the reduction of silver
arboxylate in a photothermographic media resulted in the
ormation of a unique combination of metallic silver forms,
hich are the fundamental imaging elements in a PTG
lm.13 It consists of a combination of filamentary and den-
ritic Ag, with the former usually attached to a AgBr grain
n which the latent image was originally formed during the
xposure process, Figures. 5 and 6(a).

The dendritic Ag is now known to be a spherical aggre-
ate of many nanosized Ag crystallites, formed in proximity

igure 4. �A� SER spectrum of a photothermographic film without an IR
ensitizing dye; �B� NR spectrum of PHZ powder; �C� NR spectrum of
g2�4-MPA� powder.

Figure 5. TEM image of developed Ag in photothermographic media.
o each other, Fig. 6(b). Its “broccoli head” morphology pro-

J. Imaging Sci. Technol. 51�3�/May-Jun. 2007
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ides a large surface area-to-mass ratio and represents a
ighly efficient form of Ag for the purpose of light
bsorption.14 By contrast, the filamentary silver is usually a
ingle strand of crystalline silver, made up of multiple twins,
ig. 6(c). By itself, this is not the preferred image element
ecause its lower surface area-to-mass ratio would provide
oor covering power and imparts a brown tone which is
ndesirable.13

After exposing a thin microtomed cross-section of pho-
othermographic media for 20 sec to RuO4 vapor, TEM in-
estigation of the stained components in photothermo-
raphic films identified the presence of an organic shell
round the developed Ag. However, under these long
eaction-time conditions, the stain was found to strongly
eact with the organic species, and the high contrast shell
round the developed silver was easily detectable. Unfortu-
ately, at this high stain level, most of the morphological
etails associated with the “broccoli-like” structure of the
endritic Ag became obscured. Interestingly, an organic shell
round the AgBr or the filamentary Ag was not clearly seen
nd suggested that these two features either are not exten-
ively passivated or are not passivated by the same organic
omponent.

In order to compensate for the strong affinity of the
uO4 vapor for the organic species, the staining conditions
ere modified. Experimenting with successively shorter ex-
osure times showed that an exposure time of 5 sec was
ufficient to reveal the organic shell but not dense enough to
bscure the unique broccolilike morphology of the dendritic
g, Fig. 7(a). Focusing in on these lightly stained features,
igher magnification images revealed both the organic shell,
s well as the known morphology of the dendritic Ag,
hereby directly showing the core-shell relationship between
he internal dendritic Ag and the external passivation shell,
ig. 7(b). The thickness of this shell was �20–30 nm, i.e.,
ignificantly more than a monolayer deposit of the organic
pecies. Again, no clear evidence of a detectable layer around
he filamentary Ag or the AgBr grain was found. Therefore,
oupling this staining data with the SERS information sug-
ests that the PHZ toner plays a major role in passivating the
endritic form of the metallic silver in the photothermo-
raphic image.

Additional information about the role of PHZ was ob-
ained using a model system designed to examine the inter-
ction of toners on “simple” silver nanoparticles surfaces.
onodisperse, CLS-like silver nanosol was diluted with wa-

er and mixed with toner solutions. The resultant dispersions
ere characterized by TEM and SERS. Diluted silver nanosol

s a pale yellow and transparent solution, which is the result
f 5–40 nm sized nanoparticles of Ag, Fig. 2.

The room temperature addition of a dilute solution of
HZ to silver nanosol produced no change to the solution.
pon heating to �100°C and drying to a film, the yellow

olor of the nanosol changed to dark green. TEM examina-
ion of the green film showed the individual Ag nanopar-
icles had aggregated, with the majority of the clusters con-
igure 6. �a� High magnification image of the developed Ag combina-
ion in photothermographic film formulations. The boxed-in areas are en-
arged in �b� and �c�. �b� High-resolution lattice image of dendritic Ag,
howing nanoregions of crystalline Ag in close proximity to each other.
c� High-resolution lattice image of a filamentary Ag, showing the rela-
aining a large number of particles ��20�, and most were

229
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ither linear or branched linear in morphology, Figure 8.
maller aggregates with �10 particles were less common.
he larger aggregates, in excess of 200 nm, should induce a

igure 8. Silver nanosol nanoparticles aggregated with PHZ, visually
bserved to be dark green.

igure 7. Lightly stained developed Ag in photothermographic media at
a� lower magnification. The boxed-in area is enlarged in �b� where the
igher magnification revealed both the organic passivation shell and the
roccoli-like dendritic Ag core.
lack tone, as these would be expected to absorb light a

30
hroughout the visible spectrum region, while the minority
ixture of smaller aggregate sizes �40–100 nm� contribute

o the greenish hue. Interestingly, we noted that while these
anoparticles may have come in close contact with each
ther, they were stable and did not coalescence with each
ther within the aggregates. The PHZ toner brought the
articles together without significantly reducing the surface
rea:mass ratio of the Ag in the aggregates. In contrast, ther-
ally aggregated CLS (prepared by the original 1889

rocedure26) processed in polyvinylpyrrolidinone generated
g particles that not only were aggregated but also signifi-
antly coalesced.14

The PHZ-aggregated silver nanosol is an excellent SERS
ubstrate, as demonstrated by the significant Raman sensi-
ivity for PHZ in the green films, Figure 9. This is completely
onsistent with the current understanding on the effect of
ubstrate morphology on the enhancement factor. As dis-
ussed above, substrates with fractal-like morphologies re-
ult in the largest enhancements.30 Stockman has described a
heoretically ideal substrate morphology to support giant
ERS.31 The TEM of PHZ-aggregated silver nanosol, Fig. 8,
emonstrates that morphology empirically.

RuO4 staining experiments on the yellow silver nanosol

Figure 10. TEM image of RuO4 stained silver nanosol in gelatin.

igure 9. �A� Raman data for PHZ with silver nanosol. SERS spectrum of
he film obtained by adding a dispersion of PHZ to silver nanosol, fol-
owed by heating. �B� Normal Raman spectrum of PHZ powder.
exc=785 nm for both spectra.
nd on the dark green nanosol-PHZ dispersions revealed the

J. Imaging Sci. Technol. 51�3�/May-Jun. 2007
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resence of a thin organic shell around these Ag nanopar-
icles. For the nanosol in gelatin, a thin stained shell was
een around most of the well-dispersed nanoparticles,
igure 10. While the shell thickness varied between particles,
ost appeared to have at least a thin coating around them.

In the presence of PHZ, however, staining revealed a

Figure 11. �a� High-magnification TEM view of PH
morphology is linear, or branched linear, and the
boring particles. �b� RuO4 stained silver nanosol+P
aggregates. �b� and �c� are TEM images of the sam
the location of the Ag particles through diffraction-c
completely passivated by the organic toner �arrows
hell that engulfed most of the Ag aggregates, Figure 11. d

. Imaging Sci. Technol. 51�3�/May-Jun. 2007
ome uncoated Ag surfaces were found, suggesting different
egrees of passivation between nanoparticles. Since PHZ
aused the observed aggregation of Ag particles, this toner
ust have a higher affinity for the Ag surface than the origi-

al gelatin.
The aggregation mechanism for the formation of den-

lver nanosol, without staining. Note the aggregate
nanoparticles remain uncoalesced with its neigh-

e PHZ toner appears as a thin shell around the Ag
of view, except one is tilted 5° to the other, to reveal
enhancement. Many particles do not appear to be
Z on si
primary
HZ. Th
e area
ontrast
�.
ritic silver from small silver nanoparticles has not been es-
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ablished and is barely discussed in the PTG literature. One
oute is the agglomeration of individually formed Ag0 into
he spherical dendrites.11 However, there are many arrested
evelopment studies in the literature, and none have de-

ected significant quantities of preagglomerated particles. Al-
ernatively, supersaturation of silver intermediates might de-
elop the dendrites at the end of the development cycle, as
uggested by some arrested development TEMs.13 In either
ase, simple electrostatic forces on such high surface-area
articles may be sufficient to drive agglomeration. Presum-
bly, the Ag0 surface is positively charged because excess sil-
er ions arriving at the surface late in the development pro-
ess do not reduce as the temperature is dropping. It is
nown that normal silver surfaces under ambient conditions
re positively charged.32,33 Under these conditions, anionic
ompounds should be suitable stabilizers for colloidal par-
icles, such as proposed previously.14 Electron-rich donor
igands, such as PHZ, may be reasonable alternatives, which
ould be consistent with the observed PHZ shell. However,

he resulting PHZ shell is apparently not as effective as gela-
in in compensating for the charge on the Ag surface because
eighboring particles come together to form aggregates.
hile the mechanism behind such aggregation is not yet

lear, the ability to only partially compensate for the charge
n the Ag surface, resulting from the reaction by the organic
pecies with Ag surface atoms, is likely the root cause for the
ggregation process.

The effect of PA§ on silver nanosol aggregation was also
tudied. Unfortunately, the solubility of this acid was insuf-
cient under these circumstances to enable a completely
nalogous comparison to PHZ. When a slurry of PA was
dded to the silver nanosol solution, and the mixture was
eated, it was difficult to tell by visual examination if a color
hange had occurred. The resultant film was reddish/orange,
nd its Raman spectrum contained a strong spectrum, which
s assigned to the silver complex, Ag2PA, Figure 12.

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

As noted above, PA and its derivatives are used interchangeably in PTG formula-

igure 12. Raman data for PA. �A� SER spectrum of the film obtained by
dding a dispersion of PA to silver nanosol, followed by heating. �B�
ormal Raman spectrum of PA powder.
vions. PA was selected for this model study.

32
ied out for the Ag-PA adduct because the dried film could
ot be redispersed in water to allow a suspension to form, a
roperty necessary for deposition on a TEM grid. The ab-
ence of a distinct color change suggests poor aggregation.
ncreasing the concentration of PA:Ag to force aggregation
as not possible because of poor PA solubility. It might be

uggested that trace A can be attributed to microcrystalline
A. The major bands in trace A, occurring at the same wave-

engths as in the PA reference spectrum (trace B), have dif-
erent relative intensities. This has been widely observed
hen comparing SERs spectra (species adsorbed onto Ag)
ith the normal Raman spectra of the free powder species.
omparison of the color of the films resulting from addition
f either PA or PHZ to silver nanosol suggests that PA causes
he nanosol to aggregate but to a much lesser extent than
HZ. Even an extremely dilute solution of PHZ will cause a
anosol solution to turn dark green upon heating to dry-
ess. Another explanation for the smaller degree of aggrega-

ion caused by PA is mobility. Given that PA is poorly water
oluble, the concentration of PA at each silver surface is
ikely small by comparison to PHZ. The model silver nano-
ol system has shown an observable interaction between
anoparticulate Ag with PA. The degree of interaction ap-
ears small compared to the interaction of silver nanosol
ith PHZ.

ISCUSSION
our roles have been identified for the compounds typically
escribed as toners: (1) Silver ion extraction, (2) silver ion
ransport, (3) silver redox potential modification, and (4)
dsorption and control of metallic silver growth.15 Literature
iscussion of the chemical role of the toners PA and PHZ in
etallic silver formation in PTG materials is very limited.
ther than general comments regarding the presumed role

n crystal growth,1–3 or particle aggregation,24,25 the chemis-
ry related to this question remains generally unexplored.
he current consensus regarding the role of the PA compo-
ent is that it is involved with Ag+ extraction and possibly

ransport from the silver soap to the development site [roles
1) and (2)]. The structure of the silver phthalate complex
ntermediate is claimed to be either an asymmetric silver
arboxylate dimer15 or Ag2PA8 (but not the monosilver ph-
halate). Some evidence for the formation of intermediate
ilver complexes containing PHZ has been interpreted as
upport for its role in silver ion transport.8 The facile reduc-
ion of silver phthalazine carboxylate complexes with com-

on PTG developers at room temperature, however, argues
gainst that possibility.34,35 The role of a toner such as PHZ
ould be to form a silver complex with a lower redox poten-
ial than the original silver source and thereby be reduced

ore easily [role (3)15]. The PHZ could also be directly ad-
orbed onto the metallic silver surface and therefore direct
he deposit of subsequent silver atoms [role (4)]. This latter
tep is crucial to the control of the metallic silver morphol-
gy.

The role of organic species related to Ag surface passi-

ation can be probed directly within a coated film with a
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ombination of SERS and TEM. The ultimate goal is to
ontrol silver morphology. Chemical identification by SERS
nd direct imaging of both the Ag and its surface passivant
y TEM now opens the door for probing the various roles
layed by organic species in a photothermographic formu-

ation at different stages in the formation of the metallic
ilver image. Photothermographic formulations contain at
east seven different components that have the ability to
ond to silver, such as PHZ, 4-MPA, other carboxylates, and
romatic amine-based compounds. It is significant that only
HZ, and to a lesser extent Ag2�4-MPA�, is on the surface
ven though Butvar and free fatty acid are in high concen-
ration in the Dmax region. (Free fatty acid has been observed
o be a stabilizer for silver nanoparticles).36,37

The discovery of PHZ around the dendritic Ag in the
odak DryView laser imaging film, and around the Ag
anoparticle in the silver nanosol model system, reveals im-
ortant features about this toner. First, PHZ is capable of
isplacing such silver ligand “competitors” as 4-MPA (con-
idered a co-toner), fatty acid carboxylates (as reported in a
imple thermal decomposition process36,37), tetrachlo-
ophthalic acid and even strong silver ligands such as mer-
aptobenzimidazole. Most interesting is the apparent strong
apability of PHZ to adsorb nearly exclusively onto the Ag
urface but yet not sufficiently well to completely passivate
he nanoparticles, since the nanoparticles still aggregate. Its
assivation property is good enough to prevent the aggre-
ates from coalescing, given that the dendritic Ag clusters are
ow known to be made up of individual Ag nanoparticles
nd have very large surface areas, Fig. 6. Some aspects of this
nique property are revealed by the results on the silver
anosol model system. Those results confirm this organic
pecies to be capable of displacing other adsorbants from the
g surface, given that silver nanosol is normally well passi-
ated by gelatin. The presence of PHZ apparently destabi-
izes the surface charge making it possible for the Ag nano-
articles to aggregate into small clumps without coalescing.

Further investigation into how PHZ is bonded to the Ag
urface should complement the results shown here. In par-
icular, it would be extremely useful to characterize the sur-
ace species at all stages of the silver particle formation dur-
ng the various stages of the thermal development process,
articularly that on the filaments. In this way, compounds
ay be found that have the ability to further enhance the

endritic silver formation over the filamentary form.
It is worth noting that the diameter of the dendritic Ag

luster is �100–200 nm, Figures. 5 and 7.13 By comparison,
he size of the Ag aggregates caused by PHZ addition to the
g nanosol is about 20–200 nm in diameter, Fig. 8. The
esired Ag aggregate size distribution for the proper cold
nd neutral tone in commercial PTG media is a size range
pread around an average diameter of 100 nm.14 Hence the

icrostructure data indicates that PHZ is a toner that has
he ability to passivate Ag nanoparticles and induce
ggregation—without coalescence—of Ag clusters in this
nique aggregate size range. It should also be noted, how-

ver, that there is a key difference between the systems j

. Imaging Sci. Technol. 51�3�/May-Jun. 2007
hown here. Dendritic Ag in photothermographic films is
pherical, while the aggregated Ag in the nanosol is pre-
ominantly linear or branched linear. In either case, PHZ is

he only SERS-active species detected on their surfaces.
hile a direct comparison of the aggregate morphology in

he silver nanosol model system to photothermographic me-
ia is difficult to make since there are many more compo-
ents in the latter, the spherical nature of the dendritic Ag
ppears to suggest that other organic species may be present
n the (TEM-detected) passivation shell. The possibility that
-MPA (considered as a cotoner) may be present to induce a
pherical morphology and, hence, minimize the Ag aggre-
ate surface energy, is worth considering. Our findings do
uggest that 4-MPA plays an interactive, and not indepen-
ent, role with PHZ.

We have briefly explored this possible relationship by
oating and exposing photothermographic formulations and
eliberately leaving out either PHZ or 4-MPA. By compari-
on to the full-formulation photothermographic formula-
ion, which is processed with a cold tone, neither of the
oatings lacking PHZ or 4-MPA developed any images un-
er comparable conditions, and they only showed density at

emperatures beyond 150°C (which developed to a
ellowish-brown tone).

As can be seen from Table I, under standard processing
onditions, there is no optical density in the coatings with-
ut PHZ or 4-MPA. By increasing the temperature and time
f processing to 145°C/35 sec, the control material com-
letely fogged (Dmin density is close to Dmax). However, nei-

her PTG-3 nor PTG-4 show significant optical density. By
urther increasing the processing temperature to 165°C
35 sec�, the PTG-4 (no 4-MPA) becomes completely black
no visible difference between Dmin and Dmax areas), the
ame as the control, while the no PHZ coating density, in
TG-3, is still very low—close to initial Dmin at standard
rocessing conditions. The interactive nature of the toner
PHZ) with the cotoner (4-MPA) is currently under study.

ONCLUSIONS
or the first time, direct analytical evidence has been ob-
ained that shows the formation of metallic silver nanopar-
icles within an actual (not model) PTG construction during
he late stage of development that is controlled primarily by
he surface adsorption of PHZ. Complementary examina-
ion and comparison to the effect of PHZ on a silver nanosol

odel system suggests that PHZ is highly reactive within a
imited thermal processing window, but it only partially pas-
ivates nanoparticulate Ag. Incompletely passivated surfaces
re induced to aggregate but not coalesce. The data reported
ere suggest that PHZ is the predominant passivant on Ag
anoparticles. The co-toner, PA was not observed directly in

his work. However, it is reasonable to infer that the role of
A is to direct the aggregate morphology towards the ob-
erved spherical shape. In the absence of PA, liner Ag aggre-
ate chains are produced.

Raman spectroscopy and heavy metal staining, in con-

unction with TEM investigation, have provided the initial
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vidence for how toners such as PHZ affect the developed
ilver morphology in a photothermographic construction
ased on silver carboxylate. We are now in a position to
etermine what organic compounds are present on various
etallic silver morphologies at different stages of thermal

evelopment. It is particularly important to establish what is
n the first-formed silver filaments in order to understand
he filament-to-dendrite transition. Routes to encourage the
ormation of the dendrites sooner in the development pro-
ess should provide for improved silver efficiency.
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