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bstract. Metallic silver formation, resulting from the thermal de-
omposition of silver behenate, AgBe, and from the thermally in-
uced reduction of AgBe incorporated into a photothermographic

maging construction, has been compared by in situ x-ray investiga-
ion. In the case of the thermal decomposition of individual AgBe
rystals, the main factor that determines the growth of the silver
articles is the change in the AgBe crystal structure, leading to the

ormation of intermediate mesomorphic phases that still retain char-
cteristic layer structure. By contrast, development of AgBe-
ontaining photothermographic films generates silver particles by
he reduction of intermediate silver complexes, which are in a liquid
tate during the development process. The silver nanoparticles re-
ulting from these processes exhibit different sizes and morpholo-
ies that are important for optimizing the optical properties of
hotothermographic films. © 2007 Society for Imaging Science and
echnology.
DOI: 10.2352/J.ImagingSci.Technol.�2007�51:4�386��

NTRODUCTION
ilver behenate, �Ag�O2C22H43��2, is one of the fundamental
omponents of photothermographic materials because it
rovides the silver ions for reduction in the thermal devel-
pment process that leads to the formation of a visible

mage.1–4 In the literature, there are a large number of re-
orts devoted to the investigation of the phase changes of

ong, saturated-chain silver carboxylates, including silver
ehenate, in thermal systems as well as the effect of indi-
idual components added to “dry silver” photo-
hermographic formulations.5–11 The x-ray investigation of
ilver carboxylates with carbon atoms from 2 to 2212 showed
hat all of these crystal structures fall into the triclinic class
nd contain two molecules in the unit cell. Among the
ominant characteristics of the silver carboxylate crystal
tructures, which are defined by their significant anisotropic
hysical and chemical properties,1,13 is the presence of a lay-
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red structure in which a double layer of silver ions separates
double layer of long methylene chains. For example, the

olid-state crystal structure of silver stearate (AgSt,
Ag�O2C22H43��2) shows that the molecules are actually
imers connected together forming a polymer.3

Thermally induced phase changes in the silver carboxy-
ate crystals have been investigated by various analytical

ethods, such as NMR, IR, conductivity, DSC, and XRD.
he temperatures of the multiple-phase transitions for silver
arboxylates having various chain lengths have been
haracterized.5,14–17 Upon transition from the crystalline
tate to the isotropic liquid, the silver carboxylates undergo
p to six to seven phase changes of the following sequence:
rystal state→curd→ super curd �SUC�→ sub-waxy �SW�

waxy �W�→ super waxy �SUW�→ sub-neat �SN�→neat
N�→ isotropic liquid.5,18 It may be relevant that the phase
hanges in the silver carboxylate from the crystalline state
nto the super curd (SUC) or sub-waxy (SW) phase occur in
he 120–125°C range, the temperature at which the thermal
evelopment in photothermography is normally carried out.

X-ray diffraction, calorimetric, and IR methods were
sed in the investigation of the structural changes in the
ilver stearate crystal lattice.5 It was shown that, upon heat-
ng, the silver stearate structure proceeded through a series
f mesomorphic states. That is, the first phase transition
ccurred at 122°C, which was associated with a packing
isorder of the aliphatic chains, manifested by a significant
ecrease in the separation between silver ion layers. It was
roposed that increasing the temperature above 130°C leads

o further disorder and the breakup of the silver ion layers,
nd it is responsible for the onset of the thermal decompo-
ition reaction of the silver stearate, resulting in the forma-
ion of metallic silver and paraffin byproducts.

The structure transformation of polycrystalline silver
ehenate was also studied by x-ray diffraction during in situ
eating.15 In contrast to the results reported in Ref. 5, these
uthors15 observed an increase in the interlayer spacing dur-
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ng the heating of silver behenate crystals. The authors also
ndicated that heating silver behenate over 120°C irrevers-
bly transforms it from a crystalline to an amorphous state.
urther, at 138–142°C, the first phase changes are observed,
stablished by the appearance of diffraction peaks at the
maller 2� Bragg angles, which correspond to an increase in
nterlayer distance in the silver behenate structure. In agree-

ent with these results, upon heating above 145°C, the sil-
er behenate crystals transform into a liquid-crystalline state
nd generate metallic silver phases at 180°C. The authors of
his report consider that the initial stage of heating is the
isordering of the silver behenate aliphatic chains. However,
espite the agreement in the explanation of the structure
ransformations occurring in the silver behenate15 and silver
tearate,5 there is a significant difference in the explanation
f the subsequent structure changes in the phase transfor-
ations of these silver carboxylates. While heating silver

tearate decreases its interlayer spacing,5 heating silver
ehenate crystals initially proceeds through an amorphous
hase followed by an increased distance between the layers.15

uch a contradictory heating behavior between the silver
tearate and behenate seems to be quite surprising because
f the close similarities between the silver stearate and
ehenate structures (C18 and C22 chain length, respectively)
nd their phase-transformation temperatures. In addition,
e have recently reported the thermal decomposition of sil-

er myristate, AgMy, �Ag�O2C14H27��2 under conditions
imilar to the AgSt and noted similar behavior.5 Considering
he importance of AgBe as a material for photo-
hermographic imaging products and the contradiction be-
ween the trend observed for thermal decomposition of
gMy and AgSt (in solids and in photothermographic films)

elative to the interlayer spacing differences reported for the
gBe, we have continued the systematic investigation of the
ffect of increasing the chain length on the thermal proper-
ies of the AgBe component in this series. Once the reasons
or the formation of the solid products from these chemical
eactions are better understood, novel routes to achieve con-
rol of these processes should be possible, and
hotothermographic properties can be further improved. In

his work, we show the results of our in situ x-ray diffraction
nvestigation related to the formation of metallic silver from
he thermal decomposition of pure silver behenate, as well as
rom the thermal development of photothermographic ma-
erials based on silver behenate.

XPERIMENTAL
he synthesis of silver behenate was carried out by the ex-
hange reaction between sodium behenate and silver nitrate,
s typically practiced.5 Photothermographic films were pre-
ared from pure AgBe (not a mixture of chain lengths as is
ommon in photothermography) and preformed AgBr,
long with the normal additional imaging components, as
escribed elsewhere.19

X-ray experiments were carried out at the time-resolved
iffractometry station—channel 5b of VEPP-3, BINP

�=1.506 Å�. Transmission mode was used for small-angle p

. Imaging Sci. Technol. 51�4�/Jul.-Aug. 2007
cattering (SAXS). X-ray patterns were obtained on the one-
oordinate detector OD-3 with a 0.01° angular resolution
nd a 30 s recording time per frame. Samples were heated at
°C/min in a special tube furnace, and sample tempera-

ures were controlled by a thermocouple.

ESULTS AND DISCUSSION
espite the fact that the thermal decomposition of silver

arboxylates and the development of photothermographic
lms both produce solid products of metallic silver, the
hemical transformations occurring within these processes
re completely different. If the thermal decomposition of
ilver carboxylate proceeds according to the following
cheme:7

Ag�O2CnH2n−1��2 → 2Ag + 2CO2 + C2�n−1�H2�2n−1� �1�

ith the formation of metallic silver and paraffin, then the
evelopment stages of photothermographic films are more
omplicated. Thermally induced reduction of the silver ions
uring film development can be summarized in a more sim-
lified form as follows:

�Ag�O2CnH2n−1��2 → �silver ion intermediates�

→ 2Ag + 2HO2CnH2n−1. �2�

his reduction reaction is the result of preliminary exposure
f the silver halide in the film, which forms active latent

mage centers that catalyze the thermal development step at
10–130°C. The silver ion intermediates are reduced at the

atent image centers, resulting in crystalline silver particles,
hich comprise the visible image. It is generally accepted

hat the silver ion source for silver particle formation at the
atent image center is the silver carboxylate,1–4 which is not
ight sensitive in the visible region of the spectrum, and that
he transport of silver ions from the silver carboxylate to the
atent image center is from the thermally initiated formation
f the various silver complexes obtained with the compo-
ents added into the formulation (developers, toners, and
ntifoggants).1–6

A recent investigation into the composition of phase
hanges occurring during the development process raised
oubts about the source of the silver ions forming the visible

mage coming only from the silver carboxylate phase.20 Con-
rary to all other literature,1–4 the reduction of a model sys-
em composition (AgBe/AgBr with phthalazine (PHZ,
igure 1) 4-methyl-phthalic acid (4MPA, Fig. 1), and devel-
per) resulted in a significant decrease ��45% � in the x-ray

Figure 1. Phthalazine and 4-methylphthalic acid.
eak intensity for the AgBr phase. This change was proposed
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o be related to the contribution of silver ions from the AgBr
n the formation of the metallic silver particles of the image.
s discussed below, in the full photothermographic imaging

ormulation, we see no change in the AgBr signal.
The in situ investigation of the structural and phase

hanges in the thermal decomposition of silver behenate and
he development of the photothermographic films prepared
rom it showed that the processes accompanying the thermal
ormation of the silver particles are significantly
ifferent.

n Situ Investigation of the Phase Formed in the Process
f Thermal Decomposition of AgBe
he change in the diffraction characteristics of AgBe in the

mall angle region �2�=0.4–10° � during in situ heating
rom 20–220°C is shown in Figure 2(a).

Increasing the temperature through this range is accom-
anied by a change in the AgBe x-ray diffraction pattern that

s due to phase transformations occurring within the heated
owder. As the temperature is increased, the reflections of

he high temperature phases shift to the high diffraction
ngle regions, which confirm the decrease in the interlayer
pacing in the silver carboxylate structure. Analysis of the
iffraction data of these phases in this temperature interval
llows us to separate out at least six phases that have differ-
nt structural characteristics, Fig. 2(b).

It should be noted that the similar structural changes in
gBe and AgMy, with the formation of intermediate phases,
ere established previously.5,6,21 According to the authors,5

he first three phases correspond to the transitions within
he AgBe crystalline state, but then at 155°C, silver behenate
ransforms into a liquid-crystalline material.

The x-ray diffraction patterns of the intermediate
hases formed during heating, Fig. 2(b), include at least two
eries of layer reflections, which are evidence for the forma-
ion of a two-dimensional structure. Increasing the tempera-
ure above 230°C leads to the disappearance of the diffrac-
ion image of a layered structure. At the same time in the
mall 2� angle region, an increase in SAXS intensity is ob-
erved, the maximum of which is at �1.17°, Fig. 2(c).

Subsequent heating to 250°C corresponds to a change
n the shape of the small angle scattering peak, which ap-
ears as a decrease in the intensity of the SAXS maximum.
imultaneously, peaks appear in the small angle scattering
ngles at 2��0.8°.

The in situ x-ray diffraction of the thermal decomposi-
ion of AgBe in the wide-angle region is (WAXS,
�=25–55°). Figure 3 showed that heating the powder to
40°C does not appear to significantly change the diffrac-
ion pattern. Upon heating to higher than 145°C, the
rystal-phase reflections of AgBe disappear, and beginning at
30°C broad reflections are observed because of the (111)
nd (200) planes of metallic silver, Fig. 3, the intensity of
hich increases as the temperature is increased. Given that

he first phase transition in silver behenate occurs at 128°C,
he presence in the x-ray diffraction of the crystalline phase
88
f AgBe is evidence that the first phase transition occurs
rom one crystalline state to another.

igure 2. �a� Change in the x-ray diffraction pattern of silver behenate
uring in situ heating. �b� X-ray diffraction pattern for the initial �20°C�
nd intermediate phases formed in the heating of AgBe. �c� SAXS of
gBe.
J. Imaging Sci. Technol. 51�4�/Jul.-Aug. 2007
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n situ X-ray Diffraction Investigation of Phase
ormation During Development of Photothermographic
ilms Prepared with AgBe
he in situ x-ray investigation of the formation of phases
uring the development of photothermographic films pre-
ared with AgBe showed that the formation of the silver
hases occurs at temperatures significantly lower than the

emperature of the first phase transformation �126°C�.
here are no shifts in the AgBe reflections observed during
eating the photothermographic films from 20–80°C. After
0°C, however, the intensity of the x-ray diffraction peaks
elated to the layered structure of AgBe (001) decrease,
hich corresponds to the simultaneous increase in the in-

ensity in the small-angle scattering region of SAXS
�=0.4–1.2°, Figure 4.

The in situ x-ray diffraction pattern over 24–54° 2�
howed that the reflections that were due to the metallic

Figure 3. WAXS of AgBe during in situ thermal decomposition.

igure 4. Change in the x-ray diffraction pattern of AgBe during the
evelopment of photothermographic films: Initial decrease in the AgBe

ayer peak intensities with a simultaneous increase in the signal intensity of
he small-angle scattering peaks.
ilver appear as low as 80°C, Figure 5. Upon increasing the t

. Imaging Sci. Technol. 51�4�/Jul.-Aug. 2007
emperature (or the development time), the peak intensity of
he silver reflections increases.

It is important to note that the in situ investigation of
he thermal development of films did not reveal any kind of
dditional reflections from intermediate solid phases. More
ignificantly, the reflection intensity for silver bromide (200)
p to and after processing remained completely unchanged,
ig. 5.

Comparing the half-widths of the silver reflections
111) and (200) recorded during the decomposition of
gBe, Fig. 3, and the developed photothermographic films,
ig. 5, provide clear evidence that the size of the silver crys-
als in the developed films are significantly larger than that
ormed in the process of the thermal decomposition of pure
gBe, similar to that observed in AgMy.6

All of these results on the thermal decomposition of
gBe and thermal development of photothermographic
lms can be summarized as follows.

The formation of metallic silver phases from the ther-
al decomposition of pure AgBe occurs through the forma-

ion of a series of intermediate mesomorphic phases. The
ormation of silver particles, established by the appearance in
he x-ray diffraction pattern of in situ heated signal in the
mall-angle scattering, proceeds after the destruction of the
gBe layer structure.

The development of the photothermographic films
hows the formation of silver phases at 80°C that corre-
pond to the decreasing intensity of the silver behenate layer
tructure reflections with a simultaneous increase in the in-
ensity of the SAXS. In particular, it must be emphasized
hat the formation of the silver phase does not proceed
hrough any change in the intensity of the silver halide
eaks, and it is clear that the silver particles form from the
eduction of silver ions originating only from the AgBe crys-

igure 5. Change in the x-ray diffraction pattern of photothermographic
lms during thermal development.
als.
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Overall, all of these results are in good agreement with
revious reports.22,23 That is, the initial stages of thermal
ecomposition of individual silver carboxylate form nano-
ized �2–5 nm� particles of silver, which subsequently ag-
lomerate up to 10–15 nm, crystallizing on the lateral
lanes of the silver carboxylate crystals. In our opinion, this
tage of silver particle growth is the cause of the curve shape
hanges in the small-angle scattering in which a decrease in
ntensity and a shift to the small-angle region of the SAXS

axima was observed. Finally, it should be noted that the
ifference between the thermal behavior of pure AgBe de-
cribed in here and Ref. 16 could be attributed to the differ-
nces in the preparation procedures. The same effect may
nfluence the x-ray results during the study of the role of
gBr in the photothermographic process.15

ONCLUSIONS
he differences in the diffraction data during the develop-
ent of photographic films and the thermal decomposition

f pure AgBe are related to the differences in the chemical
ransformations in these processes: in contrast to the ther-

al decomposition of pure AgBe, development of the
hotothermographic films generates silver particles by the
eduction of intermediate silver complexes, which are in the
iquid state (not observable by x-ray diffraction). In the case
f the thermal decomposition of individual AgBe crystals,
he main factor that determines the growth of the silver
articles is the change in the structure, leading to the forma-
ion of intermediate mesomorphic phases, which still retain
he characteristic layer structure.
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