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bstract. The authors have previously reported a method for pre-
aring gold nanoparticles using silver halide photographic materials
nd gold deposition development. This process was investigated

rom the viewpoint of the effect of thiocyanate ion concentration.
old particles are formed on latent image specks on the exposed
ilver halide grains by the disproportionation reaction of gold(I) thio-
yanate complex ions. The ratio A of gold ions to thiocyanate ions in
reparing the gold(I) thiocyanate complex affects gold deposition;

hat is, the rate of gold deposition increases when the
bovementioned ratio A increases from 1:10 to 1:3. Optical mea-
urement, atomic absorption spectroscopy, and electron micro-
copic observation indicate that the growth rate of gold
anoparticles does not depend on the ratio A, while the total mass
f gold atoms increases with an increase in the ratio A. The mass

ncrease is due to the increase not in size but in the number of gold
articles. Excess thiocyanate ions inhibit the deposition of gold at-
ms on latent image specks. © 2010 Society for Imaging Science
nd Technology.
DOI: 10.2352/J.ImagingSci.Technol.2010.54.1.010507�

NTRODUCTION
e have previously reported a method for preparing gold

articles using silver halide photographic materials and gold
eposition development.1–5 When an exposed photographic
lm or plate is immersed in a gold(I) thiocyanate
Au�I��SCN�2

−� complex solution, gold particles are depos-
ted only on the exposed area and thus form an image. This
evelopment method has several advantages. It is well-
nown that gold particles have nonlinear optical effects. Fur-
her, by using this method, it is easy to fabricate image-wise
atterns of gold particles for optical elements, without the
oagulation of the particles. We have measured the nonlinear
ptical effects of gold particles in a gelatin layer.6 Moreover,
he image formed by the deposition of gold particles has a

IS&T Member.
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. Imaging Sci. Technol. 010507-
igh resolution similar to that of an image produced by
ormal development.7 We can therefore obtain an image
omprising a thin gold layer by burning the image with gold
articles. We have reported the preparation of a gold-layer
hotograph8,9 and gold-layer hologram7,10 by using this
ethod. Characteristics of gold particles are important to

he preparation of the gold-layer image because an image
ith a flat gold layer is obtained from the image with
onodispersed particles of a suitable size.

However, the process also has some disadvantages. One
s the long period required for treatment, that is, from sev-
ral hours to several tens of days.3,5,11 This period depends
n the photographic materials, but the factors determining
he period are not well understood. Therefore, an analysis of
he formation of gold particles is important for the prepara-
ion of suitable gold particles in a short period.

Such gold deposition development is a photographic
evelopment process. In normal development, latent image
pecks work as a catalyst to form developed silver grains.
imilarly, in gold deposition development, the latent image
pecks work as a catalyst to decompose the gold complexes
nd are the centers of deposition. The process is similar to
old latensification.12–15 The solution used in gold latensifi-
ation consists of an Au�I��SCN�2

− complex that is formed
y the reaction of gold(III) tetrachloroaurate �AuCl4

−� and
hiocyanate �SCN−� ions.16 Previous studies have reported
hat gold particles form upon the immersion of exposed

aterials into this solution.17–19 It has been suggested that
he deposition proceeds by the disproportionation reaction
f gold(I) ions as shown in the following equation:2,16

3Au�I��SCN�2
− → 2Au�0� + Au�III��SCN�4

− + 2SCN−.

�1�

e previously investigated the preparation of a gold com-
lex solution, particularly, the effect of the concentration of

−
uCl4 ions in producing the complex, and found an in-
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rease in the deposition rate when the concentration was
ncreased.3 However, in this case, only the concentration of
uCl4

− ions was altered and that of SCN− ions was not
hanged. We later found that the ratio of gold ions to SCN−

ons affects the deposition rate; therefore, in this study, we
nalyze the effect of the ratio of AuCl4

− ions to SCN− ions on
he preparation of the complex and consider the formation
rocess of gold particles.

XPERIMENTAL
commercial photographic glass plate for hologram record-

ng (Konica Minolta, P-5600) was used as the sample pho-
ographic material. On this material, ultrafine silver
odobromide grains with a diameter of approximately 40–50
m are coated with high silver coverage. This was the same
aterial used in our previous study.5 The light source for

xposure was the tungsten lamp of a JIS III sensitometer,
nd the exposure was provided through a step tablet for
00 s.

The method for producing the gold complex
olution for gold deposition was similar to that used in
arlier studies.1–11 The concentration of sodium
etrachloroaurate(III) �NaAu�III�Cl4� was fixed as
.0�10−4 mol/L and that of potassium thiocyanate
KSCN) was changed within the range 1.0–5.0�

0−3 mol/L. Consequently, the ratio of AuCl4
− ions to SCN−

ons changed from 1:10 to 1:2. Hereafter, we refer to the
oncentration ratio AuCl4

− :SCN− as A. The concentration of
otassium bromide was fixed at 8.0�10−3 mol/L. The ex-
osed plates were immersed in this complex solution at
5°C for 3–24 h. Fixation was carried out with a normal F-5
hotographic fixer for 5 min after gold deposition.

We investigated the characteristics of gold particles us-
ng photographic characteristic curves, absorption spectra,
mount of gold atoms deposited on a plate, and size distri-
ution of gold particles. The optical density (OD) of the
late with deposited gold particles in a gelatin layer was
easured using a densitometer and green light, and photo-

raphic characteristic curves for the relationship between the
D and the exposure value were obtained. The absorption

pectra for the same plate were measured with a double-
eam spectrometer (Shimazu, UV-2600). The amount of
old deposited on the plate was measured with an atomic
bsorption spectrometer (Varian, SpectrAA). We prepared
he sample solutions by dissolving the gold particles on the
late with aqua regia.

The size distributions of the gold particles were deter-
ined using a transmission electron microscope (JEOL,

200 EX). We prepared the sample grids for microscopy us-
ng the following suspension technique. The gelatin layer
ontaining the gold particles was scraped from the plate and
ecomposed in an enzyme solution. The suspension con-

aining the gold particles was then dropped onto a grid cov-
red with collodion and dried. We observed the gold clusters
n the grids and measured their size on electron micro-
raphs in order to obtain the distribution of the cluster size.
A

. Imaging Sci. Technol. 010507-
XPERIMENTAL RESULTS
hotographic characteristic curves for gold deposition devel-
pment with different development periods are shown in
igure 1. The OD because of gold particles increased with an

ncrease in the development period; this rate of increase was
ffected by ratio A. The rate was maximum for A=1:3 and
rastically low for the highest ratio A=1:2. The character-

stic curves steepened at almost the same exposure value
egardless of A. This suggests that A does not affect the
hotographic sensitivity of the process.

The increase in OD with an increase in the development
eriod is shown in Figure 2 for different values of A. The
ate of increase was maximum for A=1:3, with the rate
eing approximately twice that for A=1:10, although the
ates were similar for A=1:3–1 :5. The increase in OD was
lmost constant for A=1:3–1 :5, while there seemed to be
n induction period for the lowest ratio A=1:10. Gold
eposition hardly proceeded when A=1:2.

The absorption spectra of the gold particles in the gela-
in layer for different development periods are shown in Fig-
re 3 for A=1:3 (top) and 1:10 (bottom). The spectra show
sharp peak of plasmon absorption around 550–560 nm

ue to the presence of gold particles. The peak absorbance
ncreased with an increase in the development period, while
he spectra had similar shapes and peaked at nearly the same
avelength. The peak wavelength and the half-width (on the

onger wavelength side) of the peaks compared at similar
bsorbance are given in Table I. Both have similar values for

igure 1. Photographic characteristic curves for gold deposition develop-
ent in the developer with gold�I�thiocyanate complex prepared at differ-
nt concentration ratios of AuCl4

− to SCN−. Open circles with a solid line
ndicate results for a ratio of 1:2, closed circles with a dashed line indi-
ate results for a ratio of 1:3, open triangles with a dotted line indicate
esults for a ratio of 1:4, closed triangles with a dashed-dotted line indi-
ate results for a ratio of 1:5, and reversed open triangles with a double-
otted-dashed line indicate results for a ratio of 1:10. Development peri-
ds are �a� 3, �b� 6, �c� 12, and �d� 24 h.
=1:3 and 1:10. Because both the peak wavelength and the
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alf-width are affected by the size distribution of gold par-
icles, this result suggests that the size distributions are simi-
ar for different values of A.

The increase in the amount of gold deposited in a unit
rea with an increase in the development period, as mea-
ured by the atomic absorption spectroscopy, is shown in

igure 2. Increase in optical density for gold deposition development in
he developer with gold�I�thiocyanate complex prepared at different con-
entration ratios of AuCl4

− to SCN−. Open circles with a solid line indicate
esults for a ratio of 1:2, closed circles with a dashed line indicate results
or a ratio of 1:3, open triangles with a dotted line indicate results for a
atio of 1:4, closed triangles with a dashed-dotted line indicate results for
ratio of 1:5, and reversed open triangles with a double-dotted-dashed

ine indicate results for a ratio of 1:10.

igure 3. Absorption spectra of gold particles in a gelatin layer for gold
eposition development in the developer with gold�I�thiocyanate complex
repared at concentration ratios of AuCl4

− to SCN− of 1:3 �top� and 1:10
bottom�. Development periods are 24 h �solid line�, 12 h �dashed line�,

h �dashed-dotted line�, and 3 h �double-dotted-dashed line�.
igure 4 for A=1:3 and 1:10. The amount of gold deposited d

. Imaging Sci. Technol. 010507-
or A=1:3 was more than that for A=1:10. This result
uggests that the deposition rate increased with an increase
n A. The rate for A=1:10 seems to have an induction pe-
iod. Both results correspond to the increase in OD shown
n Fig. 2.

Electron micrographs of gold particles developed for 24
are shown in Figure 5 for A=1:3 and 1:10. The size of

old particles for A=1:3 seemed to be similar to or only
lightly larger than that for A=1:10. Diameters of gold par-
icles were determined from the electron micrographs. An
ncrease in the mean diameter with an increase in the devel-
pment period is shown in Figure 6 for A=1:3 and 1:10.
he bars on the plotted points indicate standard deviations
f the diameters. In contrast to the results presented in Figs.

Table I. Analysis of absorption spectra.

uCl4
− : SCN− 1:3 1:10

evelopment period �h� 12 24

bsorbance of the peak 3.12 3.11

eak wavelength �nm� 548 552

alf width of the peak �nm� 51 52

igure 4. Increase in amount of gold deposited in a unit area measured
y atomic absorption spectroscopy for gold deposition development in

he developer with gold�I�thiocyanate complex prepared at concentration
atios of AuCl4

− to SCN− of 1:3 �open circles with a solid line� and 1:10
closed circles with a dashed line�.

igure 5. Electron micrographs of gold particles for gold deposition de-
elopment in the developer with gold�I�thiocyanate complex prepared at
oncentration ratios of AuCl4

− to SCN− of 1:3 �left� and 1:10 �right�. The

evelopment period is 24 h.
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and 4, the rates of increase did not differ greatly. Fig. 6
ndicates only a slightly lower growth rate for A=1:10 than
or A=1:3 in the initial stage of growth. The standard de-
iations were also similar; this suggests that the size distri-
utions were similar, which corresponds to the results for the
bsorption spectra presented in Fig. 3 and in Table I.

We pretreated exposed samples prior to the gold depo-
ition development by immersion in a 5�10−3 mol/L
SCN solution for approximately 16 h or by immersion in
ater. Characteristic curves for the samples for different de-

elopment periods are shown in Figure 7. The curves for the
ample pretreated in the KSCN solution are consistently be-
eath the curves for the sample pretreated in water, while all
urves rise at the same exposure value. The latter result sug-
ests that sensitivity did not change with pretreatment. The
ates of increase in the OD for the samples in Fig. 7 are

igure 6. Growth rates of the average diameter of gold particles for gold
eposition development in the developer with gold�I�thiocyanate complex
repared at concentration ratios of AuCl4

− to SCN− of 1:3 �open circles
ith a solid line� and 1:10 �closed circles with a dashed line�. Bars on

he circles represent standard deviations of the diameter.

igure 7. Photographic characteristic curves for gold deposition develop-
ent after pretreatment by immersion in solution for approximately 16 h.
pen circles with a solid line are results for pretreatment in KSCN solution
f 5.0�10−3 mol/L, and closed circles with a dashed line are results
or pretreatment in water �control�. The developer is gold�I�thiocyanate
omplex solution prepared at a concentration ratio of AuCl4

− to SCN− of
:4. Development periods are �a� 3, �b� 6, �c� 12, and �d� 24 h.
hown in Figure 8; these also indicate a decrease in the rate R

. Imaging Sci. Technol. 010507-
f gold deposition due to pretreatment with the KSCN so-
ution. SCN− ions seem to interact with latent image specks,
hereby, decreasing the deposition rate. This is not a desen-
itization effect, in which the effect of exposure decreases,
ecause the pretreatment does not change the steepening
oints in the characteristic curves.

ISCUSSION
reparation of Au�I��SCN�2

− Complex
he Au�I��SCN�2

− complex is the main component of the
old deposition solution. Its preparation from Au�III�Cl4

−

nd SCN− ions comprises two steps. The addition of AuCl4
−

ons to the solution of SCN− ions results in the following
eaction:

Au�III�Cl4
− + 4SCN− → Au�III��SCN�4

− + 4Cl−. �2�

he solution becomes reddish brown owing to the forma-
ion of Au�III��SCN�4

− just after AuCl4
− is added. The color

isappears upon mixing immediately for a warm solution
nd slowly for a cold solution. In this process, the
u�I��SCN�2

− complex ions form through the reduction of
u(III) to Au(I) by SCN− as shown in Eq. (3),

Au�III��SCN�4
− → Au�I��SCN�2

− + �SCN�2. �3�

ccording to Eqs. (2) and (3), four SCN− ions are required
or forming one Au�I��SCN�2

− ion. However, Reeder and
pencer pointed out that the compound �SCN�2 in Eq. (3) is
ot stable.16 It decomposes easily and forms CN− ions and
O4

2− ions by the oxidation of sulfur. Hence, Eq. (3) can be
ewritten as follows:

6Au�III��SCN�4
− + 8H2O → 5Au�I��SCN�2

− + Au�I��CN�2
−

+ 12SCN− + 2SO4
2− + 16H+.

�4�

−

igure 8. Increasing in optical density for gold deposition development
fter pretreatment by immersion in solution for approximately 16 h. Open
ircles with a solid line are results for pretreatment in KSCN solution of
.0�10−3 mol/L, and closed circles with a dashed line are results for
retreatment in water �control�. The developer is gold�I�thiocyanate com-
lex solution prepared at a concentration ratio of AuCl4

− to SCN− of 1:4.
eformed SCN ions are reused in Eq. (2). Ultimately, 6/5
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uCl4
− ions and 12/5 SCN− ions are necessary to form one

u�I��SCN�2
− ion,

6Au�III�Cl4
− + 12SCN− + 8H2O → 5Au�I��SCN�2

−

+ Au�I��CN�2
− + 2SO4

2− + 16H+. �5�

herefore, the total ratio of AuCl4
− ions to SCN− ions to

orm Au�I��SCN�2
− is 1:2. The ratio of AuCl4

− to SCN− was
pproximately 1:10 in the formula proposed by James et al.12

nd Spencer et al.15 for gold latensification; thus, this for-
ula had an excess of SCN− ions. It was perhaps thought

hat the Au�I��SCN�2
− complex ions would be stabilized by

he excess of SCN− ions.
Although the minimum ratio A for forming the

u�SCN�2
− complex is 1:2 as discussed above, gold deposi-

ion did not proceed at this ratio. Therefore, if there is no
xcess SCN− ion, the Au�SCN�2

− complex becomes unstable
nd gold deposition does not proceed.

eposition of Gold Atoms
he mechanism for the deposition of gold atoms was ana-

yzed by Reeder and Spencer16 and the present authors,2 and
he process seems to proceed by the disproportionation re-
ction of gold(I) ions as in Eq. (1). Silver clusters formed by
he exposure on silver halide grains work as the catalyst, and
old atoms deposit on the exposed area to form an image.
ccording to Eq. (1), excess thiocyanate ions interfere with

his reaction. This indicates that the higher ratio A is favor-
ble for the deposition of gold atoms as the concentration of
xcess SCN− ions becomes low.

In contrast, Kawasaki and Oku found that sensitivity
ncreased when the film was treated by gold latensification,
hich involves immersion in the Au�I��SCN�2

− solution and
uccessive washing in potassium bromide solution or
ater.20 As Kawasaki’s Au�I��SCN�2

− solution contained ex-
ess SCN− ions �A=1:5–5000�, this increase in sensitivity
ay be due to the removal of the excess ions. However, this

s not the removal of interference by SCN− ions in the lat-
nsification process, which is the same process as Eq. (1).
xcess ions are occluded in the emulsion layer, and it is
ossible that these inhibit the development.

ormation of Gold Particles
he formation of gold particles depends on A. The concen-

ration of free SCN− ions increases with A decreasing to
:10. These excess ions should affect the process. The effects
f A or the concentration of SCN− ions on the process are as

ollows:

1. The deposition rates determined from the OD and
the amount of gold atoms increased with an increase
in A from 1:10 to 1:3, as shown in Figs. 2 and 4.

2. The growth rates of the average diameter of gold
particles were almost the same for different values of
A, as shown in Fig. 6.

3. There was no difference in the size distributions of
gold particles with similar average diameters for dif-

ferent values of A, as shown in Table I and in Fig. 6. t

. Imaging Sci. Technol. 010507-
4. The photographic sensitivity was not affected by A
or the concentration of SCN− ions, as shown in Figs.
1 and 7.

The size characteristics of gold particles were almost the
ame for different values of A, while the amount of depos-
ted gold increased with an increase in A. This suggests that
he increase in the amount of gold deposited is due to the
ncrease not in the size but in the number of gold particles.
herefore, the ratio A affects the nucleation rate of gold
articles rather than the growth rate. The relative rates of
ucleation and growth on many processes can be affected by
any parameters, and some processes forming nanometal

articles exhibit the same characteristics.21,22

The sensitivity does not change for different values of A,
nd this suggests that the catalytic activity of latent image
pecks in gold deposition is not affected by A. Some latent
mage specks lose their developability with excess SCN−

ons. The number of specks beginning the gold deposition is
mall for a small value of A; gold deposition begins with the
emaining latent image specks. The gold particles grow in
he same manner and show the same size characteristics.

When the exposed film was immersed in the KSCN
olution before gold deposition, the deposition rate de-
reased, while the sensitivity was not affected, as shown in
ig. 7. The behavior was similar to the phenomenon ob-
erved by Kawasaki and Oku as described above.20

Therefore, excess SCN− ions occluded in the emulsion
ayer decreases the probability of development, both normal
evelopment and gold deposition development. This de-
rease is more severe with a greater concentration of the
xcess ions.

One possible explanation for this is the adsorption of
CN− ions. The latent image specks, on which a certain
umber of SCN− ions adsorb, lose their developability as the

ons cover the latent image specks and inhibit the approach
f developing reagents or gold complex. There is a threshold

or the number of adsorbed ions to cover latent image
pecks compactly. Decreasing A increases the amount of ad-
orbed SCN− ions by increasing the number of excess free
ons. The ratio of latent image specks that lose developability
ncreases with decreasing A.

In contrast, excess SCN− ions dissolve silver halide
lowly to form silver thiocyanate complexes. The removal of
CN− ions in the dissolving process decreases the number of
xcess ions, and so SCN− ions desorb from the latent image
pecks. Then gold deposition begins, and an induction pe-
iod is observed, after which the gold particles grow with
imilar rates.

ONCLUSION
process for preparing gold nanoparticles on exposed silver

alide photographic materials with Au�I��SCN�2
− complex

as investigated from the viewpoint of the effect of the
CN− ion concentration. Ratio A of AuCl4

− ions to SCN−

ons in the preparation of the complex affected the deposi-

ion of gold atoms:

Jan.-Feb. 20105
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1. The deposition rates determined from the OD and
the amount of gold atoms increased with an increase
in A from 1:10 to 1:3.

2. The growth rates of the average diameter of gold
particles were almost the same for different values of
A.

3. There was no difference in the size distributions of
gold particles with similar average diameters for dif-
ferent values of A.

4. There was no difference in the photographic sensi-
tivity for different values of A.

These results indicate that the growth rates of individual
old nanoparticles did not depend on A, while the total mass
f gold atoms increased. The mass increase was due to an

ncrease not in the size but in the number of gold particles.
xcess SCN− ions should decrease the probability of depo-
ition of gold atoms on a latent image speck, although the
eposition begins with the remaining latent image specks in

he same growth rate.
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