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Abstract

We report the synthesis and structure of the novel silver-halide-based organic–inorganic hybrids Ag2Br6(PPD)2, Ag2Br6
(CD-2)2 �H2O, Ag2Br4(TMBD), and Ag2I6(CD-2)2 �H2O. 1,4-phenylenediammonium hexabromodiargentate(I) [Ag2Br6(PPD)2]

crystals are monoclinic (P21/n), with unit-cell dimensions, a ¼ 10:1915ð3Þ (A, b ¼ 7:7562ð2Þ (A, c ¼ 12:4340ð5Þ (A and b ¼ 93:109ð1Þ1.

N,N-diethyl-2-methyl-1,4-benzenediammonium hexabromodiargentate(I) monohydrate [Ag2Br6(CD-2)2 �H2O] crystals are mono-

clinic (space group P21/c) with a ¼ 10:8434ð2Þ (A, b ¼ 11:4293ð2Þ (A, c ¼ 14:3729ð1Þ (A, and b ¼ 96:153ð1Þ1. N,N,N0,N0-tetramethyl-

1,4-benzenediammonium tetrabromodiargentate(I) [Ag2Br4(TMBD)] crystals are orthorhombic (space group Pbcn) with

a ¼ 17:0030ð6Þ (A, b ¼ 6:6163ð2Þ (A, and c ¼ 15:9762ð6Þ (A. N,N-diethyl-2-methyl-1,4-benzenediammonium hexaiododiargentate(I)

monohydrate, [Ag2I6(CD-2)2 �H2O], are monoclinic (C2/c), with unit-cell dimensions, a ¼ 21:4691ð4Þ (A, b ¼ 12:1411ð2Þ (A,

c ¼ 14:3102ð2Þ (A, and b ¼ 98:657ð1Þ1. The novel structures are members of a class of silver-halide-based organic–inorganic hybrids

based upon the assembly of [AgaXb]
n� clusters and protonated organoamines in aqueous mineral acids. The clusters display short

intracluster Ag–Ag distances, and computational methods are used to evaluate intracluster Ag–Ag bonding. The diverse

stoichiometries and cluster connectivities observed suggest a rich compositional and structural chemistry based upon the general

assembly method. We have extended the methodology to include a silver-halide–organoamonium chemistry in which the organic

moiety is chosen to serve a specific photographic function and demonstrate the first examples of such materials. The methodology

allows for the direct assembly of [AgaXb]
n� clusters with commercial photographic color developer molecules, and we show that

development is repressed but can later be ‘‘switched on’’ in a unique photographic scheme. The photographic properties of

Ag2Br6(PPD)2 are examined and show an extremely facile development rate owing to the fact that the developer molecules are

within molecular proximity to the clusters. As a result of their molecular nature, we anticipate that such materials could enable

conventional or completely new imaging technologies with very fast image access rates and very high resolution.

r 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Modern materials chemistry is marked by a persistent
evolution toward materials of greater and greater
complexity and function. Examples include nanoscale
molecular assemblies [1,2], polyelectrolyte multilayer
assemblies [3], composite materials [4], biomimetic
e front matter r 2005 Elsevier Inc. All rights reserved.
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materials [5] and inorganic/organic hybrids [6]. The
ordered assembly of materials at the nano- and
molecular scale is capable of producing materials, which
can simultaneously carry multiple functionalities that
can be ‘‘activate-able’’ with respect to a stimulus, and
can be integrated at unprecedented small scales. These
developments have been made possible by the revolution
in thinking that led to the ‘‘bottom–up’’ approach to the
design of devices: an approach, which imagines devices
being assembled one, or several, molecules at a time,
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Fig. 1. SEM images showing the evolution of photographic AgX microcrystals from (a) cube-shaped, to (b) octahedrally shaped to (c) high-aspect

ratio tabular crystals.
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integrated at a nanoscale, and incorporating diverse sets
of interacting molecules. We wish to reaffirm that
photographic chemistry has long incorporated such
complexities to reproduce images [7–16]. Nanoscale
integration in photographic film is evidenced by a
number of remarkable developments. Examples include
the chemical sensitization of AgX (X ¼ Cl, Br) micro-
crystals [8,9], which produces nanoscale clusters at
precise sites in the microcrystals [10], and spectral
sensitization including the development of two-electron
sensitizers [11]. The development of high-aspect ratio
microcrystals [12], surface modified by the assembly of
cyanine dye j-aggregates and providing spectral sensiti-
zation, is a commercial example of self-assembly of an
organic phase onto an inorganic substrate [13]. The
development of image formation chemistry is a remark-
able example of an activated system having a chemical-
feedback loop that is capable of self-inhibition [14].

One of the most well-known strategies for improving
the performance of photographic AgX microcrystals is
to maximize the surface-to-volume ratio of individual
microcrystals [15]. This increases the number of
adsorbed dye molecules per microcrystal and, hence,
increases the amount of light absorption per micro-
crystal. Based upon this straightforward hypothesis,
photographic microcrystals have undergone a contin-
uous evolution from cube-shaped, to octahedrally
shaped, to high-aspect ratio crystals, as shown in
Fig. 1. Conditions have been determined [16] that favor
the formation of crystals having multiple parallel twin-
planes, leading to hexagonal- or triangular-shaped
crystals, commonly referred to as ‘‘tabular’’ crystals.
The dimensions of tabular crystals typically range on the
order 0.5–4.0 mm in diameter (equivalent circular dia-
meter) and 0.05–0.15 mm in thickness. To further
improve light absorption per microcrystal, the photo-
graphic community continues to drive toward yet
thinner tabular crystals.

In this report, we propose a synthetic methodology
that, in principle, could allow photographic scientists to
explore the theoretical limits of tabular grain thickness,
i.e., thicknesses on the order of 10 Å. The methodology
is adapted from the work of Mitzi et al. [17] and utilizes
the assembly of alternating inorganic and organic
frameworks via Coulomb stabilization. In this manner,
pieces, or slices, of an inorganic sublattice having a net
charge are stabilized by a counter-charged organic
sublattice, and an alternating organic/inorganic struc-
ture is assembled. We have extended previously devel-
oped methodologies to include a silver-halide/organo
chemistry in which the organic moiety is chosen to serve
a specific photographic function and demonstrate the
first examples of such materials. We show the direct
incorporation of photographic-developer molecules into
an alternating crystalline sublattice of silver-halide
clusters. We describe the synthesis, structure, and
photographic properties of 1,4-phenylenediammonium
hexabromodiargentate(I) [Ag2Br6(PPD)2], N,N-diethyl-
2-methyl-1,4-benzenediammonium hexabromodiargen-
tate(I) monohydrate [Ag2Br6(CD-2)2 �H2O], N,N,N0,
N0-tetramethyl-1,4-benzenediammonium tetrabromo-
diargentate(I) [Ag2Br4(TMBD)] and N,N-diethyl-2-
methyl-1,4-benzenediammonium hexaiododiargenta-
te(I) monohydrate, [Ag2I6(CD-2)2 �H2O]. The goal of
this research is to produce materials that possess a
plurality of photographic functionalities for applications
in photographic, photothermal, and other imaging or
printing modalities. As a result of their molecular
nature, we anticipate that such materials could enable
conventional or completely new imaging technologies
with very fast image access rates and very high
resolution.
2. Experimental

Silver bromide was prepared by aqueous precipitation
of AgNO3 with NaBr and was washed with distilled
water and dried. Forty-eight per cent hydrobromic acid
and stabilized hydriodic acid were purchased from
Aldrich Chemicals. Paraphenylenediamine (PPD), 1,4-
phenylenediamine 2HCl and N,N,N0,N0-tetramethyl-1,
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4-benzenediamine dihydrogen chloride were purchased
from Aldrich Chemicals. N,N-diethyl-2-methyl-1,4-ben-
zenediamine (CD-2) and AgI were obtained from
Eastman Kodak Company. All operations were per-
formed in air unless otherwise noted.

Ag2Br6(CD-2)2 �H2O: Crystals of Ag2Br6(CD-2)2 �
H2O suitable for single-crystal X-ray diffraction were
prepared as follows: AgBr (4.00 g, 21.0 mmol) was
dissolved in 50.0 mL of warm 48% hydrobromic acid
and separately N,N-diethyl-2-methyl-1,4-benzenedia-
mine hydrogen chloride (4.51 g, 21.0 mmol) was dis-
solved in 50 mL HBr. The two solutions were combined
with stirring, heated gently to about 70 1C, and cooled
slowly to 0 1C, whereupon colorless, crystalline needles
formed. The needles were collected by filtration and
washed with a small amount of 50:50 H2O:HBr and
dried in a desiccator under flowing nitrogen. The yield
of the reaction was 5.11 g (44.8%). Elemental analysis
found (calc.) gave C ¼ 24.21% (24.33%); H ¼ 3.61%
(3.52%); N ¼ 5.11% (5.16%); Br ¼ 42.80% (44.15%);
Ag ¼ 20.00% (19.87%).

Ag2Br4(TMBD): Crystals of Ag2Br4(TMBD) suitable
for single-crystal X-ray diffraction were prepared as
follows: AgBr (4.00 g, 21.0 mmol) was dissolved in
40.0 mL, 48% hydrobromic acid and separately,
N,N,N0,N0-tetramethyl-1,4-benzenediamine dihydrogen
chloride (5.05 g, 21.0 mmol) was dissolved in 20 mL
H2O+34 mL HBr. The two solutions were combined
with stirring, heated gently to about 50 1C, and cooled
slowly to –4 1C, whereupon colorless, crystalline needles
formed. The needles were collected by filtration and
washed with a small amount of 50:50 H2O:HBr and
dried in a desiccator under flowing nitrogen. The yield
of the reaction was 4.12 g (54.9%). Elemental analysis
found (calc.) gave C ¼ 16.65% (17.16%); H ¼ 2.38%
(2.31%); N ¼ 3.81% (4.02%).

Ag2I6(CD-2)2 �H2O: Crystals of Ag2I6(CD-2)2 �H2O
suitable for single-crystal X-ray diffraction were pre-
pared as follows: AgI (4.00 g, 17.0 mmol) was dissolved
in 20.0 mL, 57% hydriodic acid and separately, N,N-
diethyl-2-methyl-1,4-benzenediamine (CD-2) (3.66 g,
17.0 mmol) was dissolved in 30 mL H2O+40 mL HI.
The two solutions were combined with stirring, heated
gently to about 40 1C, the container capped, and cooled
slowly to 3 1C, whereupon colorless, crystalline needles
formed. The needles were collected by filtration and
washed with a small amount of 50:50 H2O:HI and dried
in a desiccator under flowing nitrogen. The yield of the
reaction was 10.1 g (91.6%). Elemental analysis found
(calc.) gave C ¼ 19.31% (19.29%); H ¼ 3.26% (2.94%);
N ¼ 4.07% (4.09%); I ¼ 55.17% (55.59%).

Ag2Br6(PPD)2: Crystals of Ag2Br6(PPD)2 suitable for
single-crystal X-ray diffraction were prepared as fol-
lows: AgBr (4.00 g, 21.0 mmol) was dissolved in 50.0 mL
of warm 48% hydrobromic acid and separately, 1,4-
benzenediamine (2.30 g, 21.0 mmol) was dissolved in a
mixture of 50 mL HBr and 20 mL distilled water. The
two solutions were combined with stirring, heated gently
to about 70 1C, and cooled slowly to 0 1C, whereupon
colorless to light-violet, crystalline needles formed. The
needles were collected by filtration and washed with a
small amount of 50:50 H2O:HBr and dried in a
desiccator under flowing nitrogen. The yield of the
reaction was 7.92 g (81.2%). Elemental analysis found
(calc.) gave C ¼ 15.55% (15.74%); H ¼ 2.28% (2.20%);
N ¼ 6.05% (6.11%); Br ¼ 50.35% (52.36%); Ag ¼

23.06% (23.56%).

2.1. Data collection and structure determination

Single-crystal structure determination by X-ray dif-
fraction was performed on a Nonius KappaCCD [18] or
a Siemens Smart CCD diffractometer [19] equipped with
a normal focus, sealed-tube X-ray source (Mo Ka

radiation, l ¼ 0:71073 (A). Pertinent experimental details
for the structure determination are presented in Table 1.
The structures were solved and refined by using the
SHELXTL [20] suite of programs. The hydrogen atoms
were incorporated into idealized positions. Details of the
final refinement are given in Table 1.

2.2. Computational methods

Calculations of the electronic structure of the silver-
halide clusters were done using Gaussian 98 (Revision
A.9) [21], using crystallographically determined nuclear
positions. Calculations used the B3LYP ‘‘hybrid’’
density functional theory (DFT) method [22] and the
DFT-optimized DZVP basis set [23]. An important
reason for using the all-electron DZVP basis set was to
apply the atoms in molecules (AIM) methodology of
Bader et al. [24] to evaluate the possibility of Ag–Ag
bonding using the computed topology of the electron
density. As implemented in Gaussian 98, AIM does not
permit the use of pseudopotential basis sets. The
B3LYP/DZVP method has been shown, notably by
Shoeib and coworkers, to give good enthalpies for Ag-
ligand complexes in a number of situations [25], and
unpublished work in our laboratories has shown that
geometry optimizations using this method can reason-
ably reproduce Ag–Ag distances found in silver carbox-
ylate dimers. A similar use of AIM methods to evaluate
Ag–Ag bonding interactions (including a description of
AIM itself) has been published elsewhere [26]. In AIM,
the main topological properties of the electron density
rðrÞ of a molecule are summarized in terms of its critical
points (CPs), which represent extrema in rðrÞ. The CPs
are defined by the curvature of rðrÞ in the regions
between the atomic nuclei, which as ‘‘attractors,’’
generate local maxima in rðrÞ. Here we consider mostly
the bond CPs (BCPs) that are found between every pair
of nuclei, which are linked by a chemical bond (and are
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Table 1

Summary of crystal data, data collection and refinement parameters for the structural studies of Ag2Br6(CD-2)2 �H2O, Ag2Br4(TMBD),

Ag2I6(CD-2)2 �H2O, and Ag2Br6(PPD)2

Structure Ag2Br6(CD-2)2 �H2O Ag2Br4(TMBD) Ag2I6(CD-2)2 �H2O Ag2Br6(PPD)2

Crystal data

Empirical formula C11H21AgBr3N2O C10H16Ag2Br4N2 C11H20AgI3N2O C12H20Ag2Br6N4

Formula weight (g/mol) 544.90 699.63 684.86 915.52

Temperature (K) 293(2) 293(2) 193(2) 293(2)

Wavelength (Å) 0.71073 0.71073 0.71073 0.71073

Crystal system Monoclinic Orthorhombic Monoclinic Monoclinic

Space group P2(1)/c Pbcn C2/c P2(1)/n

Unit cell dimensions

a (Å) 10.8434(2) 17.0030(6) 21.4691(4) 10.1915(3)

b (Å) 11.4293(2) 6.6163(2) 12.1411(2) 7.7562(2)

c (Å) 14.3729(1) 15.9762(6) 14.3102(2) 12.4340(5)

a (Å) 90 90 90 90

b (Å) 96.153(1) 90 98.657(1) 93.109(1)

g (Å) 90 90 90 90

Volume (Å3) 1771.01(5) 1797.27(11) 3687.6(1) 981.4(3)

Z 4 4 8 2

Density (calc.) (Mg/m3) 2.044 2.586 2.467 3.098

Absorption coefficient (mm�1) 7.898 11.058 6.109 14.215

F(000) 1044 1296 2512 848

Crystal size (mm3) 0.38� 0.34� 0.18 0.05� 0.17� 0.70 0.36� 0.24� 0.22 0.3� 0.06� 0.05

Data collection

Diffractometer SMART CCD SMART CCD SMART CCD KappaCCD

y range for data collection (1) 1.89–28.32 2.40–32.56 1.92–23.26 4.73–29.76

Scan width (1) 0.3 0.3 0.3 2

Exposure time (s/frame) 10 10 10 120

Index ranges �14php14 �24php25 �23php20 �13php13

�14pkp8 �9pkp9 �13pkp13 �10pkp10

�17plp18 �23plp23 �15plp14 �17plp17

Reflections collected 10229 17678 7940 16844

Independent reflections 4074 3121 2638 2429

R(int) 0.0332 0.0763 0.0225 0.1654

Completeness to y ¼ 25.001 98.10% 95.40% 99.20% 99.40%

Absorption correction SADABSa SADABS SADABS SORTAV

Refinement

Data/restraints/parameters 4074/0/163 3121/0/85 2638/0/181 2429/0/112

Goodness-of-fit on F2 1.062 0.751 1.089 0.946

Final R indices [I42sðIÞ], R1 0.0375 0.0346 0.0219 0.0449

wR2 0.0847 0.0742 0.0515 0.0873

R indices (all data), R1 0.06 0.068 0.0254 0.1145

wR2 0.091 0.0782 0.0529 0.1063

Extinction coefficient 0.0206(6) 0.00453(15) 0.00096(3) 0.0061(6)

Largest diff. peak and hole (e Å�3) 0.874 and �0.705 0.793 and �0.796 0.753 and �0.563 1.155 and �0.953

aThe SADABS and SORTAV programs are based on the method of Blessing [20(b)].
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absent if no chemical bond is present), and ring CPs
(RCPs) that are a different class of extrema found in the
interior of rings. A secondary criterion was used to
evaluate the nature of the BCPs, namely the Laplacian
of rðrÞ;r2rðrÞ, where a covalent bond is characterized
by (r2rðrÞo0) and a closed-shell interaction is char-
acterized by (r2rðrÞ40). An example of a closed-shell
interaction is a hydrogen bond or an ionic bond. The
computation of zero-flux surfaces for evaluating atomic
charges and bond orders by Gaussian 98 generally failed
and therefore are not reported.
3. Results

3.1. Synthesis and structure

Ag2Br6(PPD)2. PPD can be considered the proto-
typical molecule from which all modern color photo-
graphic developers are derived. The chemistry of color
photographic developers is described briefly (vide infra)
and at length elsewhere [7,8]. Given sufficient time, PPD
will react with AgBr, even in the absence of light or in
the absence of a latent image, reducing the silver ion to a
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Table 2

Atomic coordinates (� 104) and equivalent isotropic displacement

parameters (Å2
� 103) for Ag2Br6(PPD)2

x y z U(eq)

Ag(1) 436(1) 528(1) 1226(1) 50(1)

Br(1) �1515(1) 2504(1) 1935(1) 32(1)

Br(2) 2216(1) �1257(1) 2336(1) 32(1)

Br(3) 730(1) 2525(1) �421(1) 33(1)

N(1) 2599(6) 1018(7) 4653(5) 28(2)

N(2) 5311(6) 1088(8) 2007(4) 29(2)

C(1) 1011(7) �301(9) 5710(5) 26(2)

C(2) 1252(7) 505(9) 4829(5) 22(2)

C(3) 266(8) 789(9) 4108(6) 27(2)

C(4) 5142(8) 544(9) 965(5) 26(2)

C(5) 6177(8) �296(9) 544(5) 27(2)

C(6) 6022(8) �827(9) �431(6) 27(2)

U(eq) is defined as one-third of the trace of the orthogonalized Uij

tensor.
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silver metal with concomitant generation of oxidized
developer. This reaction proceeds readily at high pH but
is inhibited as the pH decreases. The reduction reaction
must be prevented altogether at the pH of preparation
(about pH 0–1) to allow for the successful synthesis of
Ag2Br6(PPD)2. The synthesis rendered clear, colorless
crystals of Ag2Br6(PPD)2, indicating the absence of
oxidation of the PPD precursor, given that the oxidation
product is known to be strongly violet colored. Details
of the structural refinement are given in Table 1, and a
view of the contents of a unit cell of the structure is given
in Fig. 2. Atomic coordinates are listed in Table 2, and
selected bond distances and bond angles are given in
Tables 6 and 7, respectively. The structure consists of an
interpenetrating lattice of silver bromide clusters and bi-
protonated 1,4-benzene diammonium cations. The
protonation of the amine functionalities essentially
prevents the reduction of the silver ions within the
clusters, which would be expected for a mixture of silver
bromide and ‘‘developer’’ at pH of about 5 or above.
The silver ions are tetrahedrally coordinated by bromide
ions, the tetrahedra sharing an edge with a neighboring
AgBr4

� tetrahedra to produce [Ag2Br6]
4� clusters. This

cluster geometry appears to be quite general because it is
observed in Ag2I6(CD-2)2 �H2O, Ag2Br6(CD-2)2 �H2O,
and in Ag2Br6(TMBD)2 (vide infra). However, the
three-dimensional connectivity of the clusters can vary
quite extensively. The tetrahedra are significantly
distorted with tetrahedral bond angles ranging from
about 901 to 1301. Upon close inspection of the
geometry of the Ag2Br6 cluster, it is observed that the
Fig. 2. A view of the unit cell of Ag2Br6(PPD)2 perpendicular to the ac

plane. The [Ag2Br6]
4� clusters are emphasized showing the tetrahedral

coordination of the silver atoms.
angle between the bridging bromide ions and silver
Br(3)–Ag–Br(3A) is 106.661, only slightly distorted from
the ideal tetrahedral angle. The intracluster Ag–Ag
distance is 3.23 Å. In related complexes, Ag2I6(CD-2)2 �
H2O, Ag2Br6(CD-2)2 �H2O and Ag2Br6(TMBD)2, the
intracluster Ag–Ag distances are 3.48, 2.99, and 3.31 Å,
respectively, and in some cases has led us to speculate on
the presence of weak Ag–Ag intracluster bonds (see
Section 4). Ag–Br bonds within the polyhedra range in
length from 2.59 to 2.81 Å.

A polyhedral representation of the structure showing
the long-range order is given in Fig. 3. In the polyhedral
representation, the AgBr4 tetrahedra (gray) are empha-
sized and the Ag atoms are not shown but reside in the
center of the tetrahedra drawn. The structure is
composed of alternating organic and inorganic lattices
in which sheets of [Ag2Br6]

4� clusters are separated by
layers of PPD molecules. The PPD molecules form
infinite chains oriented along the b-axis with an
alternating orientation of the para-amino groups at
very nearly 901. The precise overlap of the benzene rings
is very reminiscent of p�p stacking—although the rings
are not parallel—but slightly canted; the average
distance between adjacent benzene rings is 3.43 Å. The
structure is held together by Coulombic forces between
the clusters and the biprotonated color developer
molecules, and by hydrogen bonding interactions
between the halides and the protonated amines. Both
protonated nitrogens have five close contacts each to
neighboring bromide ions, which range from 3.15 to
3.68 Å, with an average distance of 3.37 Å. These forces
have been the basis of a very rich structural chemistry
for metal-halide organoamines [27], and the alternating
layer arrangement is a common motif among such
compounds prepared to date.

Ag2Br6(CD-2)2 �H2O. N,N-diethyl-2-methyl-1,4-ben-
zenediamine (hereafter referred to as CD-2) is a
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Fig. 3. Polyhedral representation of the structure of Ag2Br6(PPD)2
showing the interpenetrating arrangement of organic and inorganic

layers.

Fig. 4. A view of the unit cell of Ag2Br6(CD-2)2 �H2O perpendicular to

the ac plane. The [Ag2Br6]
4� clusters are emphasized showing the

tetrahedral coordination of the silver atoms. Water molecules are

excluded for clarity.

Table 3

Atomic coordinates (� 104) and equivalent isotropic displacement

parameters (Å2
� 103) for Ag2Br6(CD-2)2 �H2O

x y z U(eq)

Ag(1) 5805(1) 6033(1) �136(1) 63(1)

Br(1) 8244(1) 6047(1) 16(1) 45(1)

Br(2) 4854(1) 8019(1) �850(1) 70(1)

Br(3) 5046(1) 5560(1) 1561(1) 44(1)

O(1) 3597(4) 9550(4) 677(3) 93(1)

N(1) 3566(3) 8188(4) 2219(3) 53(1)

N(2) �1428(3) 7813(3) 2979(3) 49(1)

C(1) 682(4) 8564(4) 3373(3) 41(1)

C(2) 1908(4) 8623(4) 3192(3) 43(1)

C(3) 2260(4) 8126(4) 2394(3) 37(1)

C(4) 1435(4) 7570(4) 1738(3) 36(1)

C(5) 1811(4) 7082(4) 842(3) 53(1)

C(6) 220(4) 7487(4) 1939(3) 41(1)

C(7) �150(4) 7967(4) 2751(3) 38(1)

C(8) �2396(5) 8314(6) 2265(4) 75(2)

C(9) �2185(6) 9581(7) 2106(5) 95(2)

C(10) �1732(5) 6519(5) 3155(4) 71(2)

C(11) �877(7) 5993(5) 3925(6) 95(2)

U(eq) is defined as one-third of the trace of the orthogonalized Uij

tensor.
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commercial color photographic developer. Its reaction
with AgBr in hot concentrated HBr afforded colorless
needles upon cooling. The structure of CD-2 is
qualitatively similar to that of Ag2Br6(PPD)2. Details
of the structural refinement are given in Table 1, and a
view of the contents of a unit cell of the structure is
presented in Fig. 4. Atomic coordinates are listed in
Table 3 and selected bond distances and bond angles are
given in Tables 6 and 7, respectively. The structure
consists of an interpenetrating lattice of silver bromide
clusters and biprotonated color developer molecules.
The silver ions are tetrahedrally coordinated by bromide
ions—the tetrahedra sharing an edge with a neighboring
AgBr4

� to produce [Ag2Br6]
4� clusters—a nearly iden-

tical arrangement to that of Ag2Br6(PPD)2. Ag–Br
bonds within the polyhedra range in length from 2.63
to 2.82 Å. The tetrahedra are somewhat distorted with
tetrahedral bond angles ranging from about 1001 to
1151. This distortion gives rise to a relatively short
Ag–Ag intracluster distance of 2.99 Å. This distance is
only about 0.1 Å longer than the Ag–Ag distance in Ag
metal (2.89 Å) and is considerably shorter than the
Ag–Ag distance in AgBr, which is 4.08 Å. Upon close
inspection of the geometry of the Ag2Br6 cluster it is
observed that the angle between the bridging bromide
ions and silver Br(3)–Ag–Br(3A) is 114.71, considerably
distorted from the ideal tetrahedral angle. Further, the
bonds between silver and the bridging bromide ions are
the longest within the tetahedra. As for Ag2Br6(PPD)2,
the structure is held together by Coulombic forces
between the clusters and the biprotonated color devel-
oper molecules and by hydrogen bonding. The smallest
distance from the bromide to the protonated tertiary
amine nitrogen is a short 3.27 Å.

A polyhedral representation of the structure showing
the long-range order is given in Fig. 5. In the polyhedral
representation, the AgBr4 tetrahedra are emphasized
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Fig. 5. Polyhedral representation of the structure of Ag2Br6(CD-2)2 �H2O viewed along the c-axis showing the interpenetrating arrangement of

organic and inorganic layers.

Fig. 6. A view of the unit cell of Ag2I6(CD-2)2 �H2O slightly canted of

the b-axis. The connectivity of the [Ag2I5]
3� chains are emphasized

showing the tetrahedral coordination of the silver atoms (light gray).

Water molecules are excluded for clarity.

J.F. Bringley et al. / Journal of Solid State Chemistry 178 (2005) 3074–30893080
and the Ag atoms are not shown. As is shown in Fig. 5,
the structure is composed of alternating organic and
inorganic lattices in which sheets of [Ag2Br6]

4� clusters
are separated by layers of color developer molecules.
The rings of the aromatic amines are not cofacial along
any crystallographic direction, presumably prevented
from being so by the steric restrictions of the ethyl
groups on the tertiary nitrogens. Thus, it appears that
only Coulombic and hydrogen-bonding forces hold the
lattice together. The primary amine of the structure has
four close contacts with bromide ions, ranging from 3.27
to 4.77 Å with an average of 3.78 Å. The tertiary amine
of the structure also has three close contacts with
bromide ions, ranging from 3.26 to 4.69 Å, with an
average of 4.19 Å. The larger average distance, when
compared with that of the primary amine, is again
indicative of steric constraints.

Ag2I6(CD-2)2 �H2O: The solubility of Ag halides in
aqueous mineral acids decreases along the order
AgI4AgBr4AgCl, so the synthesis of corresponding
iodide phases can be accomplished under less acidic
conditions. However, the decreasing volatility of the
dihalogen (I2) and the decreasing stability of the acid
increase the likelihood for impurities and inclusions
contained within the crystals. Several washings were
required to free the crystals of the color of iodine, and
the dried crystals were unstable unless stored under dry
nitrogen. Details of the structural refinement are given
in Table 1, and a view of the contents of a unit cell of the
structure is given in Fig. 6. Atomic coordinates are listed
in Table 4 and selected bond distances and bond angles
are given in Tables 6 and 7, respectively. The structure
contains silver atoms tetrahedrally coordinated by
iodide atoms, which are further arranged into [Ag2I6]

4�
polyhedra. The polyhedra are similar to those observed
for the bromide phases (vide supra) but the [Ag2I6]

4�

clusters share alternate edges and corners to produce
infinite one-dimensional chains of AgI4 polyhedra, ex-
tending along the c-axis, having the overall composition
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[Ag2I5]
3�. The tetrahedra are somewhat distorted with

relatively short Ag–Ag distances of 3.48 Å; Ag–I bonds
within the polyhedra range in length from 2.81 to
2.88 Å. The CD-2 molecules occupy the interstices
between the infinite chains, and the composite structure
is held together by hydrogen bonds between the
ammonium ions and the [Ag2I5]

3� chains. In addition,
Table 4

Atomic coordinates (� 104) and equivalent isotropic displacement

parameters (Å2
� 103) for Ag2I6(CD-2)2 �H2O

x y z U(eq)

Ag(1) 4603(1) 5823(1) 5713(1) 33(1)

I(1) 5424(1) 6547(1) 4437(1) 28(1)

I(2) 5000 6826(1) 7500 25(1)

I(3) 3366(1) 6645(1) 5320(1) 31(1)

I(4) 10000 5350(1) 7500 32(1)

N(1) 9139(2) 3923(4) 9135(3) 27(1)

N(2) 6665(2) 3642(3) 7100(3) 18(1)

C(1) 7301(2) 3698(3) 7648(3) 17(1)

C(2) 7808(2) 3569(3) 7174(3) 20(1)

C(3) 8410(2) 3623(3) 7675(3) 21(1)

C(4) 8494(2) 3815(3) 8640(3) 20(1)

C(5) 7982(2) 3915(4) 9139(3) 24(1)

C(6) 7378(2) 3855(4) 8612(3) 24(1)

C(7) 6301(2) 2624(3) 7296(3) 25(1)

C(8) 6662(2) 1583(4) 7167(4) 34(1)

C(9) 6276(2) 4677(3) 7173(3) 23(1)

C(10) 6605(2) 5684(4) 6879(4) 31(1)

C(11) 8067(3) 4092(5) 10192(3) 44(1)

O(1S) 9355(2) 5804(3) 303(3) 56(1)

U(eq) is defined as one-third of the trace of the orthogonalized Uij

tensor.

Fig. 7. Polyhedral representation of the structure of Ag2I6(CD-2)2 �H2O s
the unit cell contains an iodine atom located on special
positions (0, y, 3

4
) that is not bonded to silver (the

shortest Ag–I(4) distance is 6.07 Å) but presumably
shares a hydrogen bond with the primary amine of N,N-
diethyl-2-methyl-1,4-benzenediamine. The distance from
this iodine to the primary amine nitrogen is a short
3.63 Å.

A polyhedral representation of the structure showing
the long-range order is given in Fig. 7. In the polyhedral
representation, the AgI4 tetrahedra are emphasized, and
the Ag atoms are not shown. As is clear from Fig. 7, the
structure is composed of alternating organic and
inorganic layers, a common feature among templated
structures [27]. In addition, water molecules occupy
interstices between the [Ag2I5]

3� chains. The N,N-
diethyl substituents on the CD-2 molecules are oriented
as alternating between ‘‘up’’ and ‘‘down’’ positions
along both the a- and b-axes, presumably for steric
reasons. Both ethyl groups are symmetrically placed
above and below the plane of the phenyl ring (Fig. 6).

Ag2Br4(TMBD): Details of the structural refinement
are given in Table 1 and a view of the contents of a
unit cell of the structure is given in Fig. 8. Atomic
coordinates are listed in Table 5 and selected bond
distances and bond angles are given in Tables 6 and 7,
respectively. The structure consists of silver atoms
tetrahedrally coordinated by bromide atoms—the tetra-
hedra sharing trans edges to produce infinite one-
dimensional chains of AgBr4 polyhedra—extending
along the b-axis, having the overall composition
[Ag2Br4]

2�. The structures show a greater degree of
‘‘condensation’’ of the Ag-halide sublattice than either
howing the alternating arrangement of organic and inorganic layers.
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Fig. 8. A view of the unit cell of Ag2Br4(TMBD) canted slightly off of

the b-axis. The infinite [Ag2Br4]
2� chains are emphasized showing the

tetrahedral coordination of the silver atoms.

Table 5

Atomic coordinates (� 104) and equivalent isotropic displacement

parameters (Å2
� 103) Ag2Br4(TMBD)

x y z U(eq)

Ag(2) 2437(1) 5759(1) 1527(1) 58(1)

Br(1) 1544(1) 3275(1) 2485(1) 50(1)

Br(2) 3473(1) 3415(1) 750(1) 53(1)

N(1) 6083(2) 1664(4) 1148(2) 44(1)

C(1) 5054(2) �725(5) 803(2) 40(1)

C(2) 5525(2) 816(5) 541(2) 33(1)

C(3) 5480(2) 1572(5) �256(2) 39(1)

C(4) 6884(2) 1928(7) 784(3) 79(2)

C(5) 5804(4) 3576(7) 1504(3) 100(2)

U(eq) is defined as one-third of the trace of the orthogonalized Uij

tensor.
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of the three structures previously described, and the
variation among the condensation schemes suggests a
very rich structural chemistry for this relatively new
class of Ag-halide compounds. The tetrahedra are
somewhat distorted with tetrahedral bond angles ran-
ging from 1001 to 1241. This distortion gives rise to
relatively short Ag–Ag distances of 3.31 Å, probably too
long to be considered a bond but again, significantly
smaller than the Ag–Ag distance in AgBr (4.08 Å). The
TMBD molecules occupy the interstices between these
chains, and the composite structure is held together by
Coulombic forces and by hydrogen bonds between the
ammonium ions and the [Ag2Br4]

2� chains. The TMBD
molecules form cofacial stacks along the b-axis but the
nearest distance between two adjacent benzene rings is a
long 4.89 Å. The smallest distance from bromide to the
tertiary amine nitrogen is a short 3.23 Å, with four
additional contact distances of 4.51, 4.59, 4.63 and
4.71 Å. Ag–Br bonds within the polyhedra range in
length from 2.65 to 2.85 Å.

A polyhedral representation of the structure showing
the long-range order is given in Fig. 9. In the polyhedral
representation, the Ag2Br4 tetrahedra are emphasized
and the Ag atoms are not shown. The structure is
composed of interpenetrating organic and inorganic
lattices. The [Ag2Br4]

2� infinite chains are hexagonally
packed along the b direction, and the amine molecules
can be seen as occupying interstices between the chains.
4. Discussion

4.1. Structural design

As mentioned previously, the most common strategy
for improving the performance of AgX microcrystals is
to maximize the surface-to-volume ratio of the indivi-
dual crystallites [15]. The increasing surface area allows
for greater dye adsorption (necessary for sensitization to
visible light) and, concomitantly, better photon collec-
tion per crystal. This strategy has been exploited
extensively to produce high-aspect ratio crystals with
dimensions on the order of 4.0� 0.05 mm, commonly
referred to as tabular crystals. Silver chloride and silver
bromide are isostructural and have the simple rock-salt
structure. A silver-halide tabular microcrystal is or-
iented with its thin axis perpendicular to the [111]
direction and, thus, has two parallel [111] faces. We note
that tabular crystals at their current lower limit of
thickness (ca. 0.03 mm) contain about 80 AgBr layers. A
view of the rock-salt structure perpendicular to the [111]
axis is given in Fig. 10(a). If one theoretically takes slices
of the structure perpendicular to [111], it is possible to
imagine the theoretical limit to tabular grain thickness, a
structure consisting of infinite [AgBr2]

� sheets that
comprise silver-halide octahedra sharing trans edges.
Such structure would require charge compensation by
an alternating sublattice, as shown in Fig. 10(b). It is
possible to imagine such an arrangement in a silver-
halide structure, as depicted below, in which [1 1 1] slices
of the silver-halide lattice are stabilized by alternating
layers of organic cations. This strategy has been
exploited by Mitzi et al. [17,27,28] to prepare a variety
of alternating organic/inorganic, metal-halide perovs-
kite-like structures. This strategy may be evolved so that
the organic cation (typically an onium ion) can further
carry a hydrocarbon ‘‘payload,’’ which can be chosen to
provide a specific function. Here, the term payload is
used simply to mean a molecule having a particular
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Table 6

Selected bond distances for Ag2Br6(CD-2)2 �H2O, Ag2Br4(TMBD), Ag2I6(CD-2)2 �H2O, and Ag2Br6(PPD)2

Ag2Br6(CD-2)2 �H2O Ag2Br4(TMBD) Ag2Br6(PPD)2 Ag2I6(CD-2)2 �H2O

Ag1–Ag1a 2.9867(8) 3.3150(1) 3.234(2) 3.4808(5)

Ag1–X1 2.6311(6) 2.6502(5) 2.599(1) 2.8125(5)

Ag1–X2 2.6535(7) 2.6546(5) 2.615(1) 2.8447(4)

Ag1–X3 2.7112(6) 2.7112(5) 2.696(1) 2.8616(5)

Ag1–X3a 2.8209(6) 2.8477(5) 2.809(1) 2.8852(5)

aDistance by symmetry transformation.

Table 7

Selected bond angles for Ag2Br6(CD-2)2 �H2O, Ag2Br4(TMBD), Ag2I6(CD-2)2 �H2O, and Ag2Br6(PPD)2

Ag2Br6(CD-

2)2 �H2O

Ag2Br4(TMBD) Ag2Br6(PPD)2 Ag2I6(CD-

2)2 �H2O

X–Ag–X 100.83(2) 100.91(2) 90.55(4) 100.02(1)

X–Ag–X 108.15(2) 102.67(1) 92.14(4) 105.44(1)

X–Ag–X 109.039(19) 106.33(2) 106.66(4) 108.17(1)

X–Ag–X 111.87(2) 109.81(2) 106.89(4) 109.36(1)

X–Ag–X 112.07(2) 113.05(2) 128.69(4) 114.65(1)

X–Ag–X 114.68(2) 123.81(2) 129.13(4) 119.59(1)

X–Ag–Ag 55.57(2) 51.27(1) 50.34(3)

X–Ag–Ag 59.12(2) 51.39(1) 56.32(3)

X–Ag–Ag 121.23(3) 51.52(1) 106.41(4)

X–Ag–Ag 126.18(3) 55.31(1) 120.71(4)

X–Ag–Ag 122.72(2)

X–Ag–Ag 122.97(1)

X–Ag–Ag 129.87(1)

X–Ag–Ag 134.36(2)

Ag–X–Ag 65.32(2) 73.17(1) 73.34(4) 74.56(1)

Ag–X–Ag 77.35(1) 129.30(2)

Ag–Ag–Ag 172.64(2)
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function or property. Given that onium ions are
virtually ubiquitous in photographic chemistry, the list
of functional molecules can include developers, inhibi-
tors, dyes, couplers, electron transfer agents, etc. [7,8]
The strategy then, in essence, attempts to exploit
structural complexity to expand the chemical and
physical functionality of the system.

The idealized structure shown in Fig. 10(b) is not
observed for any of the materials synthesized herein;
however, we would like to point out some similarities
(and dissimilarities) and further highlight the structural
diversity of the compounds. The most obvious dissim-
ilarity between the idealized structure and the reported
structures is the coordination of the silver ion, which is
octahedral in the idealized structure but tetrahedral in
the compounds reported. Ag(I) can form compounds
having a wide range of coordination numbers, generally
2, 3, 4, and 6 with halides, but also 7 and 8 in oxy
compounds [29]. For halides other than simple binary
compounds (XQF, Cl, and Br), coordination number 4
appears to be the most common. It has been noted that
the lower the coordination number the greater the
covalent character of the bond [29]. We anticipate that a
higher degree of condensation of the clusters would be
necessary to stabilize higher coordination geometries.
The degree of condensation varies quite considerably in
the compounds reported, beginning with isolated
[Ag2Br6]

4� clusters in Ag2Br6(PPD)2 and Ag2Br6
(CD-2)2 �H2O, to [Ag2I6]

4� clusters condensed at the
apexes to form one-dimensional [Ag2I5]

3� chains in
Ag2I6(CD-2)2 �H2O and, finally, edge-condensed tetra-
hedra, [Ag2Br4]

2� in Ag2Br4(TMBD). The degree of
condensation must depend upon a number of factors,
including the charge, size, and packing constraints of the
organoamine moiety, and the Coulombic periodicity
established.

4.2. Electronic structure of silver-halide complex ions

We have noted that the [Ag–X] clusters of the
compounds reported herein have short Ag–Ag contacts.
For example, in Ag2Br6(CD-2)2 �H2O, the Ag–Ag
distance of 2.99 Å is only about 0.1 Å longer than the
Ag–Ag distance in Ag metal (2.89 Å) and is considerably
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Fig. 9. Polyhedral representation of the structure of Ag2Br4(TMBD) showing the interpenetrating arrangement of organic and inorganic chains and

the one-dimensional nature of the [Ag2Br4]
2� chains.

Fig. 10. (a) The AgBr structure viewed perpendicular to its [111] direction. (b) An idealized view of the structure in which ‘‘slices’’ comprising

[AgBr2
�]-infinite sheets are taken along [111]. The charge of the sublattice is compensated by organic cations (M+) that can further carry an organic

molecule chosen to provide a specific function (represented by elongated ovals).
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shorter than the Ag–Ag distance in AgBr, which is
4.08 Å. Further, the angle between the bridging bromide
ions and silver Br(2)–Ag–Br(2A) in the cluster is
considerably distorted from the ideal tetrahedral angle,
and the bonds between silver and the bridging bromide
ions are the longest within the tetrahedra. All of these
observations seem to indicate the existence of a
metal–metal bond character within the clusters. How-
ever, this is puzzling given that Ag2Br6(CD-2)2 �H2O is
not colored and because the stoichiometry of the
material strongly suggests a cluster whose charge is
[Ag2Br6]

4�, i.e., the charges are simply Ag+ and Br�.
We, therefore, have examined the electronic structure of
the compounds reported herein via the AIM methodol-
ogy [24] to elucidate the nature of their Ag–Ag
interactions. If present, an Ag(I)–Ag(I) bond is inter-
preted as a metallophilic d10–d10 closed-shell attraction.
Metallophilicity promotes aggregation of coinage metal
(Au, Ag, Cu) centers in the +1 oxidation state, and has
been studied using crystallographic, spectroscopic, and
computational methods [30] The propensity for metal-
lophilicity is, in general, Au(I)4Ag(I)4Cu(I), because
of the reinforcing influence of relativistic effects [31a,c].
As a rough guide, both ‘‘aurophilic’’ and ‘‘argentophi-
lic’’ bonds have been estimated as approximately as
strong as hydrogen bonds [31].
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For Ag2Br6(CD-2)2 �H2O and Ag2Br6(PPD)2, the
Ag–X anion for electronic structure calculations is the
monomeric [Ag2X6]

4� species (XQBr) shown in
Scheme 1.

For the polymeric anions ([Ag2I5]
3�)n and ([Ag2Br4]

2�)n

in the Ag2I6(CD-2)2 �H2O and Ag2Br4(TMBD) struc-
tures, respectively, it was necessary to select representa-
tive fragments. For evaluating argentophilic bonding, a
proper fragment must contain two or more silver atoms,
but another issue of concern is edge effects caused by
abrupt termination of the fragment at a silver atom, i.e.,
at a partially bare metal ion. Owing to concerns about
edge effects, it was thought to be desirable (if possible)
to maintain a full coordination sphere of four halide
X

AgAg

X

X X

XX

Scheme 1.

Fig. 11. Comparison of AIM/B3LYP/DZVP results for silver-halide cluster a

structure e is derived from structure d, by end capping with two Ag+ ions, us

For clarity, the Ag–Br bond critical points are not shown. The features of int

labeled in the figure. Because structure a contains an Ag–Ag BCP, there are
ions about the silver ions. Alternatively, a partially
uncoordinated silver ion might have been used as an
‘‘end cap’’ to neutralize some of the negative charges.
Thus, for Ag2I6(CD-2)2 �H2O and Ag2Br4(TMBD), it
still seemed reasonable to use [Ag2X6]

4� as a starting
point to model the polymeric anion, and in the case of
Ag2Br4(TMBD), additional calculations were done with
two silver ions added as end caps, yielding an [Ag4Br6]

2�

structure.
Fig. 11 shows five clusters for which AIM/B3LYP/

DZVP calculations were done, e.g., one model cluster
for Ag2Br6(CD-2)2 �H2O, Ag2Br6(PPD)2, and Ag2I6
(CD-2)2 �H2O, and two different fragments for
Ag2Br4(TMBD). The results of the AIM analysis are
summarized in Table 8. Note that the only structure
that contains an argentophilic bond, as determined by
AIM/B3LYP/DZVP, is the [Ag2Br6]

4� cluster of
Ag2Br6(CD-2)2 �H2O. This cluster has a relatively short
2.99 Å Ag–Ag distance. For the central Ag2Br2 unit of
this cluster, a BCP is found on the attractor-interaction
line between the silver ions, and two (three-membered)
RCPs are found, thereby defining a fused-bicyclic ring
system. As a consequence of symmetry, the BCP is
nions. Structures a–d are tetraanionic, whereas e is dianionic. Note that

ing the crystallographic positions found in the ([Ag2Br4]
�2)n polyanion.

erest are certainly the CPs in the Ag2Br2 ring systems of the clusters, as

two RCPs in this Ag2Br2 unit.
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Table 8

Summary of the results of the AIM analysis

X-ray structure Model cluster Ag–Ag distance (Å) AIM: Ag–Ag BCP present? AIM: RCPs in central Ag2Br2 array

Ag2Br6(CD2)2 �H2O [Ag2Br6]
4� 2.987 Yes 2 (three-membered)

Ag2Br6(PPD)2 [Ag2Br6]
4� 3.234 No 1 (four-membered)

Ag2I6(CD2)2 �H2O [Ag2I6]
4� 3.481 No 1 (four-membered)

Ag2Br4(TMPD) [Ag2Br6]
4� 3.315 No 1 (four-membered)

Ag2Br4(TMPD) [Ag4Br6]
2� 3.315 No 1 (four-membered)

Fig. 12. Plots of orbital #115 (HOMO-39) illustrate how distortion of the [Ag2Br6]
4� cluster away from idealized D2h symmetry influences the

directionality of the metal orbitals; in this case, the 5p(x) bonding combination. (This p orbital is shown because it is readily illustrated, but the same

result is found for the d orbitals as well.) Note that in cluster a (from Ag2Br6(CD-2)2 �H2O) the p orbitals are well-aligned, compared to cluster b

(from Ag2Br6(PPD)2), which is further distorted from D2h, so there is more tilting of the orbitals. The distortion-induced misalignment of structure b

can lessen the potential for Ag–Ag bonding.
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exactly halfway between the silver ions, with a density
Laplacian ðr2rðrÞÞ value of +0.072. r2rðrÞ40; there-
fore, this is a closed-shell interaction, as expected for
the interaction of two d10 Ag+ ions. The remaining
structures b–e in Fig. 11 have longer Ag–Ag distances,
and contain (four-membered) RCPs Ag2Br2 rings, but
no Ag–Ag BCPs. For clarity, the Ag–Br BCPs are not
shown.

It was thought molecular orbital (MO) theory might
explain why only one of the clusters shows Ag–Ag
bonding. Examination of the fairly complicated MOs
for the clusters reveals little about the ordering of MOs,
or structure of the MOs, in the vicinity of the HOMO,
that explains bonding. One observes many doubly
occupied Ag–Ag bonding/antibonding orbitals with
few obvious patterns to implicate any particular
orbital(s). However, the directionality of the silver p

and d orbitals is strongly influenced by the positions of
the Br ligands (which, in turn, are probably influenced
by crystal packing forces). For example, the [Ag2Br6]

4�

cluster from Ag2Br6(CD-2)2 �H2O is closer to ideal D2h

symmetry than the analogous cluster from Ag2Br6
(PPD)2, which shows more distortion of the Br ligands
in the 7y and 7z directions (e.g., from the orientations
shown in Fig. 11), in the latter case. Fig. 12 compares
two orbitals, for which this is easily seen. Note the
differences in alignment, e.g., the lobes are both parallel
and (roughly) collinear in one case (Fig. 12(a)), whereas
in the other case, they are parallel but not collinear.
Such differences were entirely typical of the p and d

orbital comparisons between these two clusters, and
points to metal–metal p and d orbital alignment as a
potential contributor to Ag–Ag bonding.

This orbital-directionality argument can also apply to
Ag2Br4(TMBD), where the [Ag2Br6]

4� fragment has
similar distortions, like that found in structure (b) of
Fig. 12, which could explain the lack of Ag–Ag bonding.
This argument, however, does not seem to apply to
Ag2I6(CD-2)2 �H2O, where the [Ag2I6]

4� cluster is close
to D2h symmetry, yet no Ag–Ag bond is present. An
alternative hypothesis was tested that assumed that the
additional electrons in iodide might counteract Ag–Ag
bonding by involving more of the Ag orbitals in Ag–I
orbital overlaps. A computational experiment was done
of using the X-ray coordinates of the [Ag2Br6]

4� cluster
with the 2.99 Å Ag–Ag distance but replacing the
bromide ions with iodide to give a hypothetical
[Ag2I6]

4� cluster. AIM/B3LYP/DZVP analysis showed
that the Ag–Ag bond was still present, eliminating the
iodide-orbital hypothesis.

At present, the best explanation for the lack of Ag–Ag
bonding in three of the four crystal structures is that the
Ag–Ag bond is potentially present but can be nullified
by subtle structural factors. This is reasonable because
argentophilic bonding is considered to be a relatively
weak interaction. One structural factor that might
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nullify the Ag–Ag bond could be positioning of the
halide ligands in such a way to cause orbital misalign-
ments between the metal ions. In the case of iodide as a
bridging ligand for two silver ions, the greater (	0.15 Å)
Ag-I vs. Ag–Br distance presumably tends also to
increase the Ag–Ag distance. This structural factor
may make Ag–Ag bonding more difficult. While the
electronic structure calculations suggest that Ag–Ag
bonding interactions can exist in the [Ag–X] clusters,
such bonding is apparently not important in driving the
formation of the clusters because the intracluster Ag–Ag
distance does not appear to correlate with the size or
geometry of the organic moiety or with the identity of
the halide or with the condensation and degree of
connectivity of the clusters.
4.3. Functional design

The photographic process, in its most basic form,
comprises silver halide (capable of capturing electro-
magnetic energy and storing it as a latent image) and
developer chemistry (capable of converting the latent
image to a visible image). These two chemistries,
however, are incompatible, i.e., unexposed silver halide
is thermodynamically unstable with respect to reduction
in the presence of developer molecules. The consequence
is that the photographic subsystems must be kept
spatially or temporally separate, with each function
performed in sequence, and thus, silver-halide photo-
graphy requires multiple steps. Incorporation of devel-
opment and other reactive chemistries directly into film
formulations has long been a goal in the photographic
industry, and is particularly important for photother-
mographic media [32]. Because of the inherent instabil-
ities eluded to above, however, direct incorporation
most often results in temporal instability of the film and
has been, for the most part, impractical. We have
attempted here to design a synthetic process whereby
developer molecules are incorporated directly into the
crystalline lattice of a silver-halide complex. Commercial
color developer molecules are derived from parapheny-
lene diamine and some common developers are shown in
NH2

NH2 N

NH2

N

NH2

OH

 PPD    CD-2  CD-4 

Fig. 13. Molecular structures of photographic color developers.
Fig. 13. Color developer molecules are oxidized by
interaction with latent image clusters on silver halide
and in turn react with photographic ‘‘coupler’’ mole-
cules to produce dye, i.e., color image [7]. For a detailed
description of the chemistry of the development process,
we refer the reader to several excellent reviews on this
subject [7,8].

The synthetic methodology chosen for preparation of
AgX-organoamine composites was adapted from that of
Mitzi et al. [17]. The method had been employed to
prepare metal-halide-organoamine composites utilizing
Sn, Ge, Cu, Pb, Eu, and other metals; and remarkable
rich structural chemistry and diverse physical properties
have been found [27]. Comparatively few AgX-orga-
noammonium complexes have been prepared and the
majority of compounds reported are based upon silver-
iodide, with relatively few silver-bromides reported.
Mukherjee et al. [33] reported the formation of adducts
of tetraethylammonium and tetrabutylammonium ca-
tions with AgBr in organic solvents. Peters et al. [34]
reported the structure of [N(CH3)4]AgI2 and Owens et
al. [35] reported the formation of a series of AgI adducts
having the general formula, Ag8I9[N(R4)]. Thackeray
and Coetzer [36] described the synthesis and structure of
[(CH3)3NCH2CH2N(CH3)3]Ag2I4, a structure which
contains infinite chains of edge-sharing [Ag2I4]

2� tetra-
hedra that are similar to those reported herein for
Ag2Br4(TMBD). Many additional silver-iodide-based
organoammonium compounds have been reported
including those by Geller and Owens [37] and the
tetra-metal cluster reported by Estienne [38]. Perhaps
the one common feature of nearly all silver-halide-based
organoammonium structures is the tetrahedral coordi-
nation of the silver ions, the condensation and three-
dimensional connectivities of which forms the basis of a
rich diverse structural chemistry. The compounds
reported herein can be considered members of this
potentially large class of silver-halide-based organic–
inorganic hybrids based upon the assembly of [AgaXb]

n�

clusters and protonated organoamines in aqueous
mineral acids.

The first step in nearly any synthetic design involves
the selection of a suitable solvent. In the case of silver
halide, solubility is limited to a few systems but includes
some organic bases, such as dimethylformamide, spar-
ing solubility in concentrated aqueous salt solutions,
and solubility in hot, concentrated (4ca. 1 N) aqueous
acids. The solubility decreases along HI4HBrbHCl,
and we note that we were not successful in attempting to
grow crystals from hydrochloric acid. In our case, the
aqueous acid serves two additional functions. The first is
to protonate the organoamine to produce a positively
charged organoammonium cation, which can ‘‘assem-
ble’’ with the negatively charged silver-halide sublattice
(vide infra). The second is to prevent the reduction of
silver halide to silver metal by the developer—or to
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Fig. 14. The photographic response (optical density versus exposure)

curve for a Ag2Br6(PPD)2 emulsion exposed by 365 nm light. The

emulsion was coated onto a plastic support in gelatin at an Ag

concentration of 0.54 g/m2 and a gelatin concentration of 2.12 g/m2.

The solids content (gelatin+Ag2Br6(PPD)2) of the aqueous emulsion

before coating was 4.51% by weight, and was blade coated with a gap

of 50mm. The emulsion was developed by immersion in 5% aqueous

NaOH for 10 s, and rinsed with distilled water.
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at least temporarily ‘‘turn off’’ the function of the
developer molecule. The method further relies on the
formation of complex heteronuclear species having
the general formula [AgaXb]

n�, whose negative charge
drives the crystallization with the positively charged
organoammonium sublattice. Complex species are
known to form in aqueous salt solutions of silver
halides [8].

The incorporation of developers into the structures is
particularly obvious given that many are amines and can
form onium ions, but it is also an especially interesting
case because developers are active only at high pH
(4	5) and are inactive below the pH of 2, i.e., in their
fully protonated state. Thus, the assembly of the
organo-inorganic hybrid structure is essentially accom-
plished with the developers in an ‘‘off’’ state. This leads
to unique equilibrium chemistry that, when the title
compounds are placed in water, dependent upon the pH,
they can disassemble according to the equation

½AgaX b�
n�½R-NHþ

3 �
nþ$AgX þ R-NH2 þ HX : (1)

The disassembly at an elevated pH yields silver halide
and developer in an active state and, thus, the materials
are switchable with pH. The disassembly and activation
may be exploited quite simply in existing photographic
systems, since pH at development is typically between
about 9 and 11. The equilibrium and the rate of
disassembly can be controlled somewhat by choice of
amine and halide. Amines which contain hydrophobic
constituents and are less soluble in water will slow
disassembly, and the disassembly rate will follow
Cl4Br4I, i.e., the order of solubility of the silver
halides. The ‘‘switch-ability’’ is demonstrated by the
observation that gelatin suspensions of this material
immediately turn black upon addition of a few drops of
base and by the fact that coatings of this material may
be developed imagewise (i.e., proportional to light
exposure) by suspension in 5% aqueous NaOH only
for 5–10 s at room temperature. Fig. 14 shows the
optical density versus relative exposure for a gelatin
emulsion of Ag2Br6(PPD)2 coated onto a plastic
support. The data show a typical sensitometric response
as the optical density increases with increasing exposure.
The light-sensitivity of the emulsion may arise in part, or
entirely, from a slight ‘‘decomposition’’ of the com-
pound during the preparation of the aqueous emulsion.
We note that the emulsion appeared white when
observed in room light, and no visual indication of
AgBr (bright yellow coloration) could be ascertained.
However, it seems likely that the light-sensitivity arises
from the formation of a small or catalytic amount of
AgBr formed in the emulsification process. This follows
from the equillibrium reaction shown in Eq. (1). The
light-sensitivity of the emulsion was not directly
compared to that of commercial photographic emul-
sions but is likely at least an order of magnitude less
sensitive. This would be expected because the AgX

emulsion is not ‘‘chemically sensitized,’’ as are commer-
cial photographic emulsions. The sensitization process is
known to increase sensitivity by several orders of
magnitude [8].

It is not clear if the intrinsic sensitivity of the emulsion
as observed in this experiment is due to Ag2Br6(PPD)2
or the formation of a small amount of AgBr that results
from the equilibrium reaction given above—we note
that the pH at coating was about 4.6. What is
particularly remarkable, however, is the effortlessness
of the development step, which occurs in less than 10 s at
room temperature and probably considerably less than
5 s. Commercial photographic emulsions typically re-
quire 2–3 min at elevated temperature for complete
development [8,9,15]. The facileness of the development
likely is due to the fact that the PPD developer
molecules are dispersed at a molecular level within the
structure, and the average distance from a silver atom is
only on the order of a few angstroms. Thus, diffusion to
the latent image site, which is known to be a limiting
step in conventional development [39], is not a limiting
factor. As a result of the molecular nature of the title
compounds, we anticipate that these materials could be
exploited to enable conventional or completely new
imaging technologies with very fast image-access rates
and possibly high resolution.
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