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The fundamental building blocks of light absorption in photothermographic imaging systems are the nanosized silver particles
formed from the thermally induced reduction of silver ions. The silver particles tend to be filaments or clustered agglomerations
of nanospheres (dendrites). While the silver particle size is well known to be important for light absorption properties, it is
shown here that the physical proximity between particles is also a critical controlling factor in obtaining a neutral black image
tone. It is further shown that the ideal form of metallic silver in any thermally developed black and white imaging system
comprises dispersed, tight (physically separated by 0—30 A) clusters of 10—-30 polydisperse, spherical silver nanoparticles, each
having diameters in the 5-30 nm range. The minimum cluster aggregation size should be in the 50-200 nm diameter range,
depending on shape. This understanding provides a target for silver efficiency, tone, and optical density for photothermographic

media constructions.
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Introduction

Conventional black and white silver halide photographic
films use the reduction of silver halide to metallic sil-
ver to generate a light absorbing component.! Ideally,
the metallic silver absorbs light uniformly throughout
the visible spectrum in order to achieve a neutral black
image. The ability of the silver to achieve this color,
however, is directly related to multiple properties of the
metallic silver deposit, including size, shape, morphol-
ogy, concentration, and relative juxtaposition between
silver particles. The normal size and shape of the silver
in conventional silver halide-based photographic prod-
ucts are filamentary,! as shown in Fig. 1. This form of
chemically developed silver is the most prevalent form
seen in most photographic films. It can appear either
as isolated silver slivers or as entwined “steel wool”
bundles, a shape that would modify its overall light ab-
sorption and tone properties.! Changes in silver filament

Original manuscript received January 6, 2005

A IS&T Member

Corresponding Author: D. R. Whitcomb, David.whitcomb@ kodak.com
©2005, IS&T—The Society for Imaging Science and Technology

370

size associated with tone changes in black-and-white
photographic films have also been documented.?

Black-and-white photothermographic (PTG) materials
can be viewed, at least superficially, to be based on
conventional silver halide chemistry.>-* However, as close
inspection reveals, there are a multitude of differences
that make direct comparisons between the two
difficult.”® For example, while Ag* is reduced to silver
in both cases, the source of the silver ions is quite
different, thereby requiring different chemistries to
efficiently convert the ion to metal. In addition,
development time and temperature profiles are
significantly different, not to mention the presence or
absence of solvent. Furthermore, while some information
is being published regarding the metallic silver in
photothermographic systems, *'2 the properties of the
metallic silver that are optimum for proper color tone
and silver usage efficiency in these systems are not well
established.

In determining the metallic silver properties that
control optical density and image tone in any B&W
thermally developed film, it is clear that the formulation
and imaging differences between thermographic (TG) and
PTG imaging constructions will be important factors.
First, it must be recognized that the development time-
temperature regimes are different by orders of
magnitude. For example, the thermal processing of



TABLE I. Toners and Developers for TG and PTG Imaging Formulations

Function Thermographic Photothermographic
Developer 3,4-dihydroxybenzoic acid Lowinox
HO OH OH
0
o T
OH
Toner benzoxazinedione phthalazinone PA PHZ
0 0
0] 0
\( ITIH OH A N
N\H or N OH or _N
0 0
AgBr Filamentary
\ Ag
200 nm

Figure 1. Transmission electron microscopy (TEM) image
of filamentary silver in Kodak Electron Microscope Film
4489, a conventional black-and-white (B&W) photographic
product.

current PTG materials proceeds at ~120°C over the course
of 15 seconds, while a thermal printhead produces intense
heat (~350-400°C) thermal pulses in a 5—-20 ms
timeframe.'>* The toners and developers, therefore, must
be chosen for optimum operation under the selected
conditions. The optimum silver sources for the current
developer/toner technology tends to be silver carboxylates
(salts of long chain fatty acids, such as stearic, Cy,
arachidic, C,,, and behenic, C,,) in both cases, but the
toners and developers in these formulations are quite
different. For example, TG formulations utilize highly
reactive catechol derivatives, such as 3,4-
dihydroxybenzoic acid,’ as developers, compared to the
less reactive bis-phenols, such as Lowinox™, in PTG
formulations. At the same time, TG formulations include
benzoxazinedione or phthalazinone for the toner, while
the phthalazine/phthalic acid combination is used for
PTG constructions,** Table I.

It is known that the microscopic image forming
element in PTG imaging materials, coated from organic
solvents, is a combination of different metallic silver
particles’ made up of the well-recognized filamentary

Dendritic
200 nm Ag

Figure 2. Typical silver in PTG imaging materials.

shape of conventional photographic films coupled to a
unique “dendritic” silver. The latter is characterized by
a composition of extremely fine silver nanoparticles (2—
10 nm diameter) tightly clustered together in a roughly
spherical, aggregated shape (~0.2 um diameter), Fig. 2.

The unique dendritic silver, which develops at the end
of the filamentary silver, has a grape cluster-like
morphology and contains a collection of nanoparticles
in close proximity to each other. This morphology
provides a much higher surface area-to-volume ratio
than that of filamentary silver.

Because of time-temperature and toner-developer
differences, the silver deposit formed in TG imaging
materials tends to be agglomerations of spherical
nanoparticulate silver (5-30 nm diameter range)
observed to cluster together to form linear aggregates
(~0.2-1 um long) that give a reasonably neutral black
image, such as in the Agfa DRYSTAR film, Fig. 3.
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200 nm

Figure 3. Silver agglomerations in TG imaging materials,
Drystar™.,

The objective of this report is to correlate silver physical
properties (size, shape, morphology, concentration,
juxtaposition) to optical properties, and, especially, to
demonstrate how agglomeration of particles changes the
light absorption spectrum from peaking in the blue part
of the spectrum, for isolated silver nanoparticles, to being
panchromatic for larger agglomerations of particles. In
addition, we shall predict how these properties apply to
PTG systems based on thermally generated silver.

Experimental

Transmission Electron Microscopy (TEM)
Microstructures of imaged films were examined via their
TEM cross sections using a JEM 2000FX electron mi-
croscope operating at 200 kV accelerating voltage. Cool-
ing the sample to a nominal temperature of —180°C
minimized electron beam induced silver printout. De-
tails of the fine features were resolved by high resolu-
tion imaging conditions, and composition analysis was
carried out by energy dispersive spectroscopy (EDS) with
the electron beam focused to areas as small as 5 nm.
Thin sections were prepared by microtomy, using a dia-
mond knife, and floated off on water onto Formvar
coated Cu grids. High resolution lattice images were
captured in a JEM 2010F electron microscope fitted with
an ultra-narrow gap pole piece, capable of 0.18 nm point-
to-point resolution.

Ultraviolet/Visible (UV/VIS) Spectroscopy

The absorption spectra of colored films were taken in a
double beam instrument (PerkinElmer Lambda 2), us-
ing an unprocessed, blue-base film in the reference
beam, and represented the preferred method to quan-
tify their color variations.

Preparation of Carey Lea Silver, CLS (Allotropic

Form of Silver A).""

Three solutions were prepared:

e 8.0 g Ferrous ammonium sulfate in 15 g H,0

e 7.01 g NaOH and 11.2 g citric acid (Aldrich) in 15 g
H,O0, both of which were dissolved in portions (NaOH
first) to avoid overheating. These amounts correspond
to 3:1 NaOH:citric acid.

e 2.1 g AgNO, dissolved in 20 g H,O. Note that the
reagents correspond to large molar excesses, relative
to Ag*, i.e., 15:58:11 mmol Fe**:citric acid:Ag*
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The trisodium citrate solution is added to the ferrous
ammonium sulfate solution and stirred about 1 min.
This lightly colored solution (pale green) is poured into
the silver nitrate solution with rapid stirring. The silver
solution is observed to change color and precipitate
rapidly, from white to red to purple to black. After 30
min of stirring, the reaction mixture is slowly filtered
through 0.2-0.6 um glass fiber paper. The blue, pasty
solid, when added to water, instantly redisperses to a
clear, deep blood red dispersion (colloid). Addition of
polyvinylpyrrolidinone produces a clear, stable red-
brown dispersion (colloid) that can be coated at different
thicknesses and concentrations.

Results and Discussion

The results and discussion are divided into two sections:

I. Carey Lea silver — the fundamental building block of
the light-absorption component within the dendritic
component of the image in PTG imaging systems.
Changes in its morphology represent changes to
image tone and silver usage efficiency.

II. Computational modeling of light absorption by
nanosized metallic silver particles, and the
correlation of their physical properties (size, shape,
morphology, concentration and relative juxtaposition
between them) to image tone.

The results of this work have direct application to the
various aspects of light absorption of silver particles in
thermally developed imaging materials.

I. Carey Lea Silver (CLS) - Correlation of Particle
Size to Light Absorption
In order to systematically investigate the correlation of
light absorption by nanosized silver particles with their
physical properties, a relatively controlled composition
is needed. Systematic studies of the properties of coin-
age metals in the nanometer size range first began with
Faraday’s work on gold in 1857.8 The nature of the prod-
uct, in terms of size, shape, and morphology, was found
to be highly dependent upon the use of the reducing
agent, as well as the experimental conditions.'® The sta-
bilizing nature of citrate anion has been examined by
surface enhanced Raman spectroscopy.?’ Faraday’s col-
loidal gold was recently characterized by TEM to con-
sist of a polydispersed mixture of nanoparticles in the
30-300 nm size range.?°

Reproducible preparation of nanosized silver particles,
however, was more difficult, and it was accomplished
much later through some very careful work by M. C.
Lea,!" therefore the term “Carey Lea silver” (CLS). Lea
prepared an insoluble (in high ionic-strength aqueous
solutions) metallic silver powder, which readily
redisperses in pure water (low ionic strength), that he
referred to as one of three “allotropic” forms of silver. A
highly diluted sample of this silver has an excellent
bright yellow color, a property that has been utilized by
the photographic industry as a blue filter in conventional
color negative photographic films.?! According to the
original literature, CLS can be precipitated as a blue-
black solid that readily redisperses in pure water to
produce yellow, red, and brown solutions. On further
dilution, the red solution first becomes orange and then
bright yellow. Of particular interest, as shown below,
was that coatings from aqueous polyvinylpyrrolidinone
(PVP) solutions not only dry to different colors,
depending on initial solution concentrations, but the
darker reddish-brown colored films can be thermally
treated to generate black. These series of observations
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Figure 4. Color images of CLS coated in PVP (Photoshop simulations that best represented the transmission color ob-
served). The colors are the result of changes in silver concentration.

were good indications that physical changes were
occurring with the nanosized silver particles that could
be directly correlated to optical properties.

The surface properties of CLS have been studied by
surface-enhanced Raman spectroscopy (SERS), which
confirmed Lea’s original analysis regarding the possible
passivation property of residual citrate, and showed that
the nanoparticulate silver is covered by a monolayer of
citrate ion from the reduction process.?? In addition, the
carboxylate bands of the citrate in the IR were found to
be consistent with monodentate coordination. This
surface complexation with an anionic ligand is expected
with a surface known to comprise silver ions.?-2

Calculation of tone changes in silver-based transfer
image systems have suggested that particle aggregation
plays a role in changing a brown tone toward black.26-28
In addition, spherical, more or less, silver particles have
been reported as a route to create different color images
in “chromogenic imaging” materials.?*! In these cases,
the particle size was observed to be a major contributor
to the image color, although particle shape also played
a role. The particle sizes studied were large, typically
above 100 nm diameters, quite outside the CLS size
range important for thermographic imaging materials,
as noted below.

Following the original CLS preparation method,
except for the addition of PVP binder, we made a highly
dilute and crystal clear yellow CLS (colloidal) solution,
which dried to a correspondingly crystal clear, yellow
film, Fig. 4(a). With less dilution, a light red solution
gave a similarly crystal clear deep red film, Fig. 4(b).
More concentrated solutions produced various brown
(Fig. 4(c)), black (Fig. 4(d)), and metallic-sheened films.
The colors of these films are shown as simulation color
patches, made in Photoshop™, Fig. 4. (These simulated
patches are shown because direct imaging of the film
colors using transmitted light did not produce realistic
colors). While the use of these color patch simulations
rendered color closer to that of the original film, this
property is best quantified by their UV/VIS absorption
spectra, Fig. 5.

For each film, the microstructure of the silver particles
was examined by TEM using microtomed cross sections.
The yellow film contained a dispersion of isolated,
nanoparticulate silver, each spherical in morphology,
and polydisperse in size, Fig. 6(a). In the other films,
aggregates predominated. In the red film, clusters were
small, consisting predominantly of 1-3 nanoparticles,
Fig. 6(b), while in the brown film, aggregates were
primarily made up of 2-5 nanoparticles, Fig. 6(c). In
the black film, aggregate size had a much broader range,
consisting of from 3 up to more than 50 nanoparticles,
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Figure 5. Absorption spectra of colored films prepared from
the CLS via the 1889 procedure in Ref. 17 and coated at
different concentrations from PVP/water: (a) yellow, (b) red,
(c) brown, and (d) black, corresponding to Fig. 4.

Fig. 6(c). In these, it was possible to discern the
component particle size within each aggregate and the
size changes among the four films. Clearly the change
in film color is accompanied by significant increases in
both component as well as aggregate silver size
variations, Table II.

Detailed examination of small, spherical silver
nanoparticles in the yellow film provided an
understanding of the basis for aggregate formation in
the other films. A high magnification image of the
dispersion showed that the particles are very small and
isolated, Fig. 7. High resolution lattice imaging (HRLI)
using an ultra-narrow gap pole piece microscope (JEM
2010F) was used to unravel their internal crystal lattice
orientation in order to understand the particle growth
process. Most particles, particularly the smaller ones
(5—15 nm) contained only one crystalline orientation,
Fig. 8(a). However, many particles, even those with a
spherical shape, contained “polycrystalline” lattice
orientations, Fig. 8(b). These particles, 5-30 nm in
diameter, represented the smallest and fundamental
“building blocks” that form the aggregates found in the
other colored CLS films.

High resolution lattice imaging also provided insight
into the microstructure of silver aggregates in the red,
brown, and black CLS film. While this is discussed further
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Figure 6. Microstructure of silver in different colored CLS films: yellow (a), red (b), brown (c), black (d), corresponding to

Fig. 4.

TABLE Il. Diameter of Component and Aggregate Particles in
Colored CLS Films

Component Particle size Aggregate size
Yellow CLS film 5-30 nm None

Red CLS film 10-50 20-80 nm
Brown CLS film 10-80 20-250

Black CLS film 20-150 60-500+

below, it is noted here that the room temperature,
concentration induced change in film tone is accompanied
by minimal coalescence of both single and polycrystalline
nanoparticles (see Figs. 6(b), (¢) and (d)), both which are
similar to those described in Figs. 8(a) and (b).

An alternative route to produce a black CLS film was
found by heating the brown CLS film to about 200°C for
a few seconds. This film contained a high density of large
silver clusters, with most ~150-200 nm in diameter, Fig.
9, dispersed in a background of smaller particulates (50—
100 nm) that are similar to those seen in the brown CLS,
Fig. 6(c). Clearly, heating has caused aggregation,
suggesting that these particles have become mobile in
the binder and have fused after aggregation. This is not
surprising since the water content of the PVP film is
sufficiently high that particle mobility can be expected
to occur at relatively low temperatures (differential
thermal analysis of the film showed phase change
transitions occurring beginning at 50°C). The silver
particles exhibit morphological differences from those in
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Figure 7. High magnification TEM image of isolated, poly-
disperse silver particles in the yellow

the concentration induced silver aggregates of Fig. 6(d).
They appear significantly more fused, and the component
particles are distinctly larger. This thermally induced
“condensation” of the silver aggregate is expected to
decrease its surface area to volume ratio, as the aggregate
changes from an irregular to a near-spherical shape,
accompanied by a reduction in aggregate size. It may be
noted that a related phenomenon of fusion of aggregated

Whitcomb, et al.
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Figure 8. High resolution lattice image of a silver nanoparticle in the yellow film, showing one set of lattice fringes (a),

showing multiple lattice faces (b).

clusters of gold nanoparticles by application of a laser
pulse has recently been reported.??

This evidence indicates that both the thermally
generated and concentration induced aggregates can
give neutral tones, even though the latter is composed
of individual nanoparticles, each which, by itself, should
impart a yellowish tone. Hence, these data point to the
concept of “optical cooperation” between nano-
particles?628—a topic further explored computationally
in detail below. Furthermore, since both types of large
aggregates produce a similar tone, aggregate size—and
less so the degree of coalescence is the primary factor
controlling tone. This suggests that a detailed probing
of CLS-type aggregates is directly applicable to
understanding the microstructure of silver aggregates
in photothermographic films.

CLS Conclusions

Beginning with simple, isolated metallic silver

nanoparticles in the 5-30 nm diameter range, the fol-

lowing conclusions can be drawn:

® [solated silver nanoparticles of this size exhibit a
yellow tone. As dilute silver particle solutions be-
come more concentrated, the observed change in
light absorption (bathochromic shift) properties can
be correlated directly to optical cooperation between
particles as they begin to aggregate.

e Sufficiently concentrated solutions show signifi-
cant particle aggregation and ultimately appear
black.

®  Sufficiently concentrated solutions show an increase
in the average component and aggregate particle
sizes, indicating that particle coalescence can oc-
cur at room temperature.

® Some individual CLS and component particles are
found to be single crystals, while others are found
to be polycrystalline, which provides the basis for
understanding coalescence of silver nanoparticles.

Figure 9. TEM image of silver in the brown CLS film that
turned black upon heating to ~200°C.

® (Concentration induced aggregates show a lower de-
gree of particle fusing than those caused by ther-
mally induced aggregation.

II. Computational Modeling of Light Absorption by
Nanosized silver Particles

Calculating absorption spectra of isolated spherical me-
tallic silver particles, and studying the relationship be-
tween size and peak position, can be done directly from
the well-known Mie theory.?” A summary of the applica-
tion of the Mie theory to photographic emulsions has been
provided by Gasper and DePalma (see chapter 20 in Ref.
1). In pioneering work done by Klein and Metz in the
early 1960s, a reasonable correlation between the calcu-
lated absorption spectra and experimental spectra ob-
tained from silver particles prepared by physical
development techniques was observed. The differences
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dius spherical silver particles immersed in an n = 1.481
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were attributed to the deviations from sphericity (because
the particles were nearly, but not perfectly, spherical),
deviations from monodispersity in the particle size dis-
tribution, and deviations in the optical constants of the
particles from pure silver as a result of contamination of
the silver by adventitious halide.?® However, the limita-
tions in the calculations themselves, done in a time of
rather primitive computational resources, must also be
noted: they were performed on a coarse wavelength grid
and only over a very limited number of terms in the infi-
nite series that constitutes the Mie solution. There were
also errors presumably introduced by the uncertainties
in the measured wavelength-dependent optical constants
used for silver, which (as Klein and Metz,* as well as
Bird and coworkers,** noted) vary considerably, depend-
ing on the source of the measurements. Note also that no
attempt was made to correct the optical constants from
the bulk values for the finite size of the particles.

In a series of studies,?®3° Skillman and Berry extended
the work of Klein and Metz to include less spherical
shapes. They included the effect of the departure from
sphericity, as well as the effect of variations in size,
refractive index of the silver and the medium, etc. They
found, for example, that the absorption spectra of
dispersed silver particles are affected more by small
departures from the spherical shape than by changes
in size or in the refractive index of the medium. They
also included many other aspects, such as the optical
properties of filamentary silver, concluding, for example,
that the optical characteristics of clumps of filamentary
silver were quite different than those of a solid sphere
of silver having roughly the same outline.

Finally, Bird and co-workers investigated the image
tone in diffusion-transfer photographic images. In one
paper,** they used the Mie theory to study the effect of
the contamination of the silver on the resulting tone,
assuming that the contamination changed the dielectric
constant (and thus the complex refractive index) of the
silver by shortening the mean free path of the conduction
electrons. In another paper, Jones and Bird?® studied the
effect of aggregation of silver particles on the absorption
spectrum; their results provided some evidence that
aggregation did cause the tone to become more neutral.
However, it is important to note that in order to perform
the calculations, they had to make several important
simplifying assumptions or approximations. For example,
only very specific cluster geometries were considered,
namely a linear chain of 2 or 4 equal sized silver particles
with light incident from a direction perpendicular to the
chain axis and with polarization either parallel or
perpendicular to the chain axis. One approximation that
they made was to assume the individual particles were
small enough, compared to the wavelength of light, that
only the lowest order term in the Mie expansion (the
electric dipole term) was needed. The second
approximation was what they called “the equivalence
assumption,” an approximation for how the scattered
fields from the particles interact with each other. In that
approximation, they assumed that the scattered field
from one particle could be assumed to be uniform across
the other particles. They noted that this assumption,
while good in the limit of well-separated particles, was
worse as the particles came closer together, which is, of
course, exactly the situation that they were interested
in studying. Thus, it is hard to know how broadly those
results can be applied. In fact, the results discussed below
for linear chains of particles are quite different from those
of Jones and Bird, agreeing with their approximate
results only in the most basic qualitative sense of also

showing a tendency for chains to result in a broader and
bathochromically shifted absorption spectrum.

We have proceeded to build on this previous work for
application to TG imaging systems, and specifically for
nanoparticles in the range observed in the image area
of those materials, 5~30 nm diameters, Figs. 2 and 3,
the fundamental building block of the dendritic cluster
in PTG imaging materials.?#1 The first calculations for
isolated spherical silver particles were performed using
a code we wrote in MATLAB that implements the Mie
theory results.*® Several Mie codes are also freely
available on the web.**? The refractive index of the
medium was chosen to be n = 1.481, and the spectrally
dependent optical constants for silver were taken from
the literature**** and interpolated over the visible
spectrum. Next, they were corrected for the finite
particle size (and resulting decrease in the mean free
path of the conduction electrons) using the approximate
formula discussed by Kreibig,*

.2
La)va ﬂ
3

&(,r) = epyk (@) + eh)

where ¢, is the bulk dielectric constant, m, is the plas-
mon frequency, v, is the Fermi velocity, o is the (angu-
lar) frequency of the light, i = 41 denotes the imaginary
unit, r is the radius of the particle, and 7 is a model
dependent constant which we take to be 0.5. For silver,
®, = 1.38 x 10 s7%, v, = 1.4 x 10% m/s.* The refractive
index is given by n = /¢ . This particle size dependent
correction to the refractive index produces only modest
changes in the quantitative results and has no effect on
any qualitative conclusions. The more complicated ex-
pression given in Eq. (3) of Ref. 46 reduces to Kreibig’s
expression above in the limit I' << © which is satisfied
for visible light unless r < 2 nm. Note that v,,,, = v/a,.u,
where the bulk mean free path for silver is a,,, = 55 nm.

Results of these calculations for isolated single silver
particles, of the radii indicated, are given in Fig. 10.
Note that the results show both scattering and
extinction efficiencies. The latter is the sum of the
scattering and absorption efficiencies.

These calculated results correspond well to similar
calculations reported by others.?*38 It can be seen that,
as long as the silver particles are separated from each
other, the calculated spectrum corresponds well to that
of the TEM-observed silver particles, as well as to the
UV-visible absorption spectra shown above. How black
is obtained from these very same size particles, simply
aggregated together, is not clear from these results. It
is plausible from Fig. 10 that an aggregation would
simply behave like a larger particle. However, one of
the main questions then becomes, at what separation
distance do the individual particles begin to behave
different optically? That is, knowing that isolated
particles appear yellow-brown, but agglomerated
particles behave roughly as one large particle, and thus
appear neutral-black, how does the absorption spectrum
begin to exhibit optical cooperation between particles
as they come closer together?

The phenomenon of electronic and optical cooperation
between nanoparticulate metal particles has been noted
in the literature.?®?® Generally, as the particles come
closer together, electronic coupling begins, starting
around 5 A. This can lead to dramatic changes in optical
characteristics. The degree of coupling is a function of
the particle size and the separation between them. More
specifically, and key to the formation of a neutral black
absorption, as the separation between particles shortens
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to physical contact, a new absorption peak appears in
the visible region as shown in Fig. 11.

Even at larger separation distances, where electronic
cooperation between the particles is negligible, the close
proximity of the particles to each other can still have
important effects on optical absorption and scattering,
provided that the separation distance is on the order of,
or smaller than, both the wavelength of light and the
diameter of the particles.

The calculation of the optical extinction, absorption,
and scattering by a cluster of non-overlapping spherical
particles is considerably more complicated and
computationally intensive than the Mie calculation for
an isolated spherical particle. Nonetheless, with
increasing computer power, such computations have
become feasible at least for very small clusters.*™*°
Furthermore, FORTRAN codes to perform such
calculations have recently been made freely available
on the web.?® We have used these codes, with some
modifications to the input and output facilities, to
calculate the extinction, scattering, and absorption cross
sections of small randomly oriented clusters of silver
nanospheres. The same optical constants for silver as
for the isolated sphere case were used, except ignoring
the correction for the finite size of the particles, since
this had been found to have only a small effect.

In the first and simplest case studied, Fig. 11, two 5
nm radius spheres are allowed to approach. The
calculated extinction spectrum shows a splitting that
begins at a particle separation of nearly 2 nm. The long
wavelength peak moves further into the visible region
as the separation between the particles becomes smaller.
At a separation of 1/10 the radius (0.5 nm, in this case),
the peak for this size particle is around 510 nm. Again
for a separation of 1/10 the radius, larger particles give
the second peak further bathochromically shifted, to
~520 nm for 10 nm radius particles, and ~540 nm for 20
nm radius particles, Fig. 12. Thus, we see a modest
bathochromic shift in the second peak as the size of the
particles is increased. Note here that we have compared
the peak location for different size particles at a constant
ratio of separation distance to radius. If the peak location
for pairs of particles at a constant value of the separation
distance (such as 2 nm) were compared, the
bathochromic shift with increasing particle size would
be even more pronounced.

For completeness, the calculated extinction and
scattering spectra for 40 and 80 nm radii particles were
also studied (not shown), which demonstrated that, as
particles become larger, the extinction spectrum
becomes more neutral.

When a third particle is included in the calculation,
the new absorption peak is shifted further into the visible
region, compared to the same-sized pair. For example,
the 5 nm radius pair of particles had its peak at ~510 nm
(for the 0.5 nm separation), but for three particles, the
peak moves to ~530, Fig. 13. Not surprisingly, addition
of a fourth particle (not shown here) shifts the peak even
further, in this case, to ~550 nm.

As expected, based on the results for isolated particles
and for pairs of particles, increasing the particle size
for chains of three or more particles simply moves the
new peak further into the visible region and broadens
it into a more neutral observed color (not shown here).

The physical effect of a fairly long linear collection of
particles is also of interest. The calculated spectrum of
a linear chain of six 5 nm radius particles suggests that
the physical proximity between particles provides the
splitting of the absorption band, and different
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separations between different particles would be
expected to provide absorption bands that span the
visible spectrum. In order to approximate the case of
silver filaments, the optical extinction, absorption, and
scattering by randomly oriented infinite-length
cylinders of silver having various diameters, Fig. 14,
were investigated. As for the cluster calculations, we
made use of a computer code that is freely available on
the web.5! Since this code does not perform an average
over all orientations of the cylinder, we performed such
an average numerically. An infinite cylinder is, of course,
only an approximation to the filament geometry, which
is not generally straight like the cylinder, and it is
clearly not infinite. Comparing the results here to the
case of isolated spheres shows a basic similarity in the
qualitative features that would determine the general
color. In particular, they show an extinction peak in the
blue spectrum that flattens out into more uniform
extinction as the diameter of the cylinders becomes
larger.

There are, however, some notable differences too: for
small cylinders, the peak is actually off-scale in the
ultraviolet spectrum. Also, there is a less dramatic drop
off in the extinction, with increasing wavelength, than
for the spheres, with the extinction dropping to a fraction
of its peak value and leveling off, rather than dropping
off to nearly zero in the green and red, as it does for the
small spheres. Finally, as the cylinder size increases,
there is no apparent tendency for a well-defined peak
to shift to larger wavelengths, i.e., the peak always
remains off scale in the ultraviolet; rather, the spectrum
just gradually flattens out.

The next most complicated aggregate, a small cluster
of eight spherical silver particles arranged in a cubic
array, was also calculated. The results for a cluster of
10 nm radius silver particles are shown in Fig. 15. Asin
the case of just two particles, a peak splitting develops
as the particles move closer together. However, unlike
in the two-particle case, the higher wavelength peak is
the more dominant of the two peaks. Note that this trend
toward the higher wavelength peak becoming more
dominant was also seen for the case of the chain, as the
chain length was made longer.

From all of the TEMs obtained of PTG imaging
films, it is clear that the image never contains
monodisperse metallic silver particles. Thus, while the
above data explain the observed neutral black image
in these materials, it is of interest to also consider a
calculation for the case of light absorption by two
different-sized particles at various separations.
Simulations based on this disparity were carried out
where two particles of unequal size were brought
together. In this case, the smaller particle had radii 5
nm, 10 nm, 20 nm, and 40 nm, and the larger particle
was twice as large. The results were quite similar to
the results obtained when two equally sized particles
were brought together thus demonstrating that the
basic conclusions reached here do not depend on all
the particles being the same size.

We can define the important optical properties of
nanosize metallic silver particles based on literature
reports and on our results of the light extinction
calculations and CLS TEM/absorption spectral
observations as follows:

1. The absorption spectra of spherical silver
nanoparticles as a function of their size can be
calculated using the Mie theory. As noted previously
by others,?3 the larger the size, the broader the peak,
and the greater the shift into the visible range.
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2. Spherical silver nanoparticles begin to absorb light
further into the visible when they become physically
close to each other.?6.2

3. Optical cooperation becomes significant when particle
separation distance approaches the particle size and
smaller. It is important to recognize that the particles
do not need to be in direct physical contact to optically
cooperate.26:28

4. A distribution of spherical silver nanoparticle sizes,
when physically close enough to optically cooperate,
should be sufficient for neutral black image.

5. Within the distribution of spherical particle sizes,
only a few (10-30) optically cooperating nanoparticles
would be needed for efficient light absorption to
obtain a black image. This minimum number requires
a distribution of individual particle sizes, ranging
from 5-30 nm, and separations, from physical contact
up to multiple nm.

6. Isolated silver nanoparticles in images contribute to
poor image tone (yellow) as well as poor silver
efficiency.

Conclusions
Using a combination of fundamental investigations of
nanosilver particles with theoretical light absorption
calculations and direct correspondence to imaging ma-
terials, we have demonstrated the underlying principles
to achieving optimum light absorption by the metallic
silver in photothermographic imaging systems. Specifi-
cally, the fundamental building blocks of color are
spherical 5-30 nm diameter nanoparticles of silver, and
while the size and shape of silver particles are impor-
tant factors that affect the image optical density and
tone, silver particle physical proximity that results in
optical cooperation is just as important. Moreover, we
can further say that the filamentary shape is an ineffi-
cient use of silver, compared to any other shape, spheri-
cal, oblate, etc. Consequently, for photothermographic,
as well as thermographic, imaging systems, the opti-
mum silver for the highest optical density, with a neu-
tral tone, of a black-and-white image using the least
amount of silver, can now be defined:

1. The silver particles must be in the nano range of 5—
30 nm. Larger particles are an inefficient use of silver.

2. The silver particle size must be polydisperse in order
to produce a wide variety of absorption peaks
throughout the visible region.

3. The silver nanoparticles must be agglomerated
(isolated silver nanoparticles constitute yellow CLS).

4. The optimum optical cooperation between silver
particles occurs when the nanoparticles are separated
by much less than the particle size.

5. The separation between silver particles should
preferably comprise polydisperse distances, which
provides a polydisperse set of absorption peaks
throughout the visible spectrum.

In other words, the ideal silver for achieving a neutral
black image with the least amount of silver is an
aggregation consisting of 10-30 extremely fine (5-30 nm
diameter), but polydisperse, nanoparticles of metallic
silver. The minimum aggregation size should be in the
50—200 nm diameter range, depending on the aggregate
shape. These are exactly the types of metallic silver
dendrites component that are observed in PTG imaging
systems. 34811 A\
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