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High-resolution powder X-ray diffraction and density functional plane wave pseudo-potential tech-
niques have been used to obtain an optimized structural model of silver arachidate, [Ag(O,C
(CH,),13CH3],. The unit cell is triclinic, space group P-1 with cell dimensions of a =4.1519(10) A,
b=4.7055(10) A, ¢ =53.555(4) A, o =89.473(15)°, B=87.617(5)° and y = 76.329(5)°. The structure
is characterized by an 8-membered ring dimer of Ag atoms and carboxyl groups joined by four-mem-
ber Ag—O rings with fully extended zigzag side chains, giving rise to one-dimensional chains along
the b-axis. © International Centre for Diffraction Data [doi:10.1017/S0885715612000309]
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I. INTRODUCTION

The silver source in thermal and photothermal dry ima-
ging media is reducible silver carboxylates (Morgan, 1991).
Although a number of silver carboxylate complexes have
been evaluated for dry-silver imaging applications, the simpler
fatty acids have been found to be the primary ligands of choice
in commercial applications (Cowdery-Corvan and Whitcomb,
2002). These fatty acid silver salts typically comprise 8-mem-
bered dimer rings, schematically illustrated in Figure 1 (Wu
and Mak, 1995).

A recent crystal structure determination of silver behenate
concluded that the 8-membered dimer rings are connected by
four-membered Ag—O rings giving rise to a one-dimensional
polymeric network (Blanton et al., 2011). This structure-type
results in diffraction patterns with a series of uniformly spaced
(in sinf) low-angle diffraction peaks that can be used to cali-
brate a diffractometer (Blanton et al., 1995). The X-ray dif-
fraction patterns in Figure 2 for silver arachidate, [Ag
(0,C50H30)]5, silver behenate [Ag(O,CyHy3)], and silver
mellisate [Ag(O,C30Hs9)], demonstrate the increase in long-
period d(001) spacing with fatty acid chain length.

Single-crystal analysis is the preferred method for struc-
ture elucidation when suitable samples are available.
However, the inability to grow single crystals with adequate
size and quality of silver arachidate (AgAra) has prevented
the use of this technique to determine the AgAra structure.
Powder XRD patterns of commercially available AgAra
show this silver carboxylate to be crystalline; however,
the diffraction peaks are too broad for indexing the diffraction
pattern. In this study, AgAra has been successfully recrystal-
lized, producing large particles that combined with a high-
resolution diffractometer, synchrotron radiation and density
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functional plane wave pseudo-potential techniques have
been used to obtain an optimized structural model of silver
arachidate.

Il. EXPERIMENTAL
A. Sample preparation

Arachidic acid (Kodak) was dispersed in water at a
few percent concentration and then heated to approximately
85 °C. An equivalent amount of sodium hydroxide in water
was added to make sodium arachidate. The temperature was
dropped to 50-55 °C followed by the addition of an aqueous
solution of silver nitrate. A white precipitate of AgAra was
stirred for 1 h, then filtered and washed with water twice.
The collected solids were air dried until all water evaporated.
AgAra prepared in this manner was composed of platelets
~0.1-um-thick and 0.5-1 um in the plane of the sample.
After drying, the AgAra was recrystallized by slow cooling
a hot (~70-75 °C) filtered solution of 1.0 g AgAra in 200
ml ethanol:pyridine (10:1 v/v). The resulting particles were
also observed to be platelets (Figure 3) with a thickness of
~1 um and planar dimension of 20-30 pm.

B. High-resolution synchrotron radiation diffraction

High-resolution powder diffraction data were collected on
the SUNY X16C beamline at the National Synchrotron Light
Source, Brookhaven National Laboratory. The direct synchro-
tron beam was monochromated by a double Si(111) crystal
tuned to a wavelength of 0.70052(1) A. The diffracted beam
was reflected by a Ge(111) analyzer crystal into a Nal scintil-
lation counter. Diffraction data were collected at room temp-
erature from 0.50° to 29° (d-spacing from 80.27 to 1.399 A)
with a count time increasing from 2 to 20 s/point.
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Figure 1. Schematic of Type A-D dimer structures of silver carboxylates.

C. Structure model determination

Elucidation of the crystal structure model from high-
resolution powder diffraction data followed a series of steps
applied in a systematic approach:

1. Unit-cell indexing using manual zone by zone-axis evalu-
ation with TOPAS and TOPAS-Academic (Bruker AXS,
2005; Coelho, 2007).

2. Peak profile fitting for peak position and intensity using
Pawley refinement (Pawley, 1991).

3. Structure solution using PSSP (Pagola and Stephens,

2010).

Structure refinement using TOPAS.

Density functional geometry optimization using CASTEP

(Clark et al., 2005)

wos

lll. RESULTS AND DISCUSSION

The high-resolution powder diffraction pattern of AgAra
is shown in Figure 4. The first step in structure solution
from powder diffraction data is to index the unit cell, i.e. to
find a lattice that permits the assignment of Miller indices
(hkI) to each observed peak, within the error of measurement.
While, in general, indexing is a routine task using established
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computer programs if data of the present quality are available,
the large disparity between unit-cell parameters renders it dif-
ficult in this case. In particular, the (hk0O) zone, which is
required to establish the unit-cell parameters, first appears at
the 54th allowed peak, the (110) at 260=11.63°. Many iter-
ations of indexing using commercially available programs
yielded candidate lattices, but none of them resulted in a pro-
file fit sufficiently better than others to determine the lattice
decisively. With such a large number of closely spaced dif-
fraction peaks, the profile fits were highly metastable.
Ultimately, we used the following procedure based on the
fact that the c-axis is much longer than a and b, so that the reci-
procal lattice vectors a* and b* are very much longer than c*,
and can be chosen to be nearly perpendicular to c¢*. This
approach means that in a powder pattern, each peak (hk0)
will be the source of a series of closely spaced peaks extending
to higher angles.

The first 11 diffraction peaks can be indexed as (001) to
(0011). The first peak that could not be indexed as (00/) at
8.78° provided an estimate for b*, and the correct assignment
of any two peaks in that region sets b* and reciprocal lattice
angle o*. In the present case, assigning indices (012) to the
strong peak at 8.91° allowed indexing of all peaks below
10°. Assignment of a* and reciprocal lattice angle B* is less
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[Ag(0,CaoHso)], d(001)= 79.50 A
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Figure 2. Low-angle powder X-ray diffraction patterns for recrystallized silver arachidate, Ag(O,C»oHzo)],, recrystallized silver behenate Ag(O,Cy,Hy3)], and
silver mellisate Ag(O,C30Hso)]> showing (00/) diffraction peaks. Collected using synchrotron radiation.
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Figure 3.
pyridine.

Scanning electron micrograph of AgAra recrystallized in ethanol:

immediately obvious because the (101), (100) and (101) peaks
are relatively weak, but careful examination of the diffraction
pattern in the range of 9-12.5° found the indexing to be cor-
rect. To establish reciprocal lattice angle y*, one has to cor-
rectly assign one peak in the (11/) series. All the (11/)
peaks are noticeably broader than the other peaks, suggesting
that anisotropic strain is present, which gives rise to some
ambiguity in the assignment (this broadening was modeled
in the profile fitting and refinement stages by an extra par-
ameter, adding a Lorentzian strain term to peaks with /4 and
k both non-zero). Finally, the most prominent peak not
assigned in the first two zones turns out to be the (113) at
11.78°. This assignment was subsequently confirmed by the
structure model. At each stage of indexing, TOPAS was
used to compute a Pawley fit of the pattern to a lattice contain-
ing the established zones, and to fit the positions of the unin-
dexed peaks to predict the reciprocal lattice parameters of the
next zone to be included. A final Pawley fit was carried out,
establishing a set of intensities and correlation coefficients,
used as input to the real-space simulated annealing structure
solution program PSSP. Using correlated estimates of
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Figure 5. (Color online) IR spectrum of AgAra.

intensities is known to be important in handling overlapped
peaks in powder diffraction patterns (David et al., 1998).

Lee et al. (2002) have described the IR spectra for silver
stearate. Accordingly, assignments to the major IR bands of
AgAra (Figure 5) are made.

The band at 718 cm™" is the CH, rocking vibration, the
bands at 1421 and 1519 cm ™" are assigned to the symmetric
and anti-symmetric stretching vibrations of the carboxylate
group. Note the lack of a strong band at 1700 cm ™', indicating
the absence of C = O that would be due to COOH. The single
band at 1472 cm™ ' suggests that AgArachidate exists in a tri-
clinic cell with a single type of alkyl chain per subcell. The
two bands observed at 2850 and 2919 cm™" are assigned to
the symmetric (v{(CH;)d+) and asymmetric (v,s(CH,)d—)
stretching vibrations of the methylene groups, respectively.
The small bandwidth of 1472 cm_l, and the location of the
2850 and 2919 cm ™' bands are indicative of a highly ordered
all-trans configuration of the alkyl chains.

Based on XRD and IR data, and Ag carboxylate chem-
istry, and similarity to the previously solved AgBehenate
structure, a preliminary structural model comprising an
8-membered dimer ring with an all-trans aliphatic chain for
AgArachidate was proposed. In this model, the 8-membered
dimer rings in neighboring molecules are connected in a
polymeric-like network by four-member rings of Ag and O,
referred to as a “type D” dimer structure for silver (I) carbox-
ylate complexes. However, Rietveld refinements of this model
were unstable and resulted in implausible bond distances. This
result is likely due to the fact that reflections contributing to
the refinement all had |4l and Ikl < 1, so the atoms were poorly
triangulated in the a—b-plane.

The next approach was to optimize the preliminary
AgArachidate structure model (fixed unit cell) using density
functional plane wave pseudo-potential techniques as
implemented in CASTEP. The Perdew—Wang 91 functional
was used, with a 340-eV plane wave basis set cut-off. The
Brillouin zone was sampled using 15 k-points. The density
functional theory calculation results indicate that the charge
in the Ag ion is +0.80, and the charges on the oxygen atoms
are —0.55 and —0.58. The Mulliken overlap populations:

. 5 10 15 20 25
26(%)
Agl-02 2207A  02le
Figure 4. High-resolution powder X-ray diffraction pattern of recrystallized Ag1-01(8-membered ring) 2348 A 0.22¢
AgAra collected using 0.70052(1) A synchrotron radiation. Intensity plotted Ag1-0O1(4-membered ring) 2629A  0.05¢
as square root counts for better visualization of low-intensity peaks.
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Table I.  Crystal data for AgAra
Empirical formula CyoH39Ag0,
Formula weight 4194
Crystal system Triclinic
Space group P-1

a=4.1519(10) A
b=4.7055(10) A
c=53.555(4) A
Volume 1015.8(3) A3

z 2

Density (calculated) 1.371 kg/m®

Unit cell dimensions a=89.473(15)°
B=287.617(5)°

¥=76.329(5)°

Table II.  Selected bond distances (A) and bond angles (°) for
AgAra

AglA-Ag2A 2.746 Ol(a)-AglA-O2 112.77
AglA-02 2.201 Ol(a)-AglA-O1(b) 78.65
AglA-Ol(a) 2.239 AglA-Ol(a)-Cl 127.59
AglA-O1(b) 2.393 Ol(a)-C1-02 124.33
01-C1 1.288
02-C1 1.271

(a) Ol in 8-membered ring.
(b) Ol in 4-membered ring.

indicate that the Ag—O bonds have significant covalent char-
acter. The highest energy occupied states (highest occupied
molecular orbit (HOMO)) consist of mixtures of Ag d and
O p orbitals. The lowest energy unoccupied states (lowest
unoccupied molecular orbit (LUMO)) are Ag d orbitals.

The details of the AgAra structure model unit-cell data are
summarized in Table I, selected geometric parameters are

Table III.  Final coordinates and equivalent isotropic displa-
cement parameters of the non-hydrogen atoms for AgAra.
Atom Xa /b e U (A%
Agl 0.2423 —0.1745 0.0137 0.0475
01 —0.3505 0.3925 0.0237 0.0475
02 0.0050 0.0693 0.0471 0.0475
Cl —0.2269 0.2974 0.0447 0.0475
C2 —0.3653 0.4753 0.0677 0.0475
Cc3 —-0.4197 0.2953 0.0907 0.0475
C4 —0.5695 0.4896 0.1129 0.0475
Cs —0.6396 0.3200 0.1361 0.0475
Co6 —0.7842 0.5157 0.1583 0.0475
Cc7 —0.8628 0.3488 0.1814 0.0475
Cc8 —1.0108 0.5469 0.2035 0.0475
Cc9 —1.0872 0.3823 0.2268 0.0475
C10 —1.2230 0.5814 0.2490 0.0475
Cl1 —1.2941 0.4177 0.2725 0.0475
Cl12 —1.4237 0.6167 0.2949 0.0475
C13 —1.4940 0.4524 0.3183 0.0475
Cl4 —1.6226 0.6505 0.3408 0.0475
CI15 —1.6951 0.4850 0.3641 0.0475
C16 —1.8280 0.6825 0.3864 0.0475
C17 —1.9024 0.5171 0.4097 0.0475
C18 —2.0506 0.7165 0.4316 0.0475
C19 —2.1168 0.5528 0.4552 0.0475
C20 —2.2631 0.7562 0.4769 0.0475

shown in Table II, and atomic co-ordinates are listed in
Tables III and IV.

The overall conformation and its atomic numbering
scheme are shown in Figure 6(a). As expected from the pro-
posed structural model, Figure 6(b) illustrates an 8-membered
ring dimer of Ag atoms and carboxyl groups joined by four-
membered Ag—O rings with fully extended zigzag side chains,
giving rise to a one-dimensional polymeric network in the
bc-plane of the unit cell, viewed along the x-axis.

The close interaction (2.809 A) between two Ag atoms in
the 8-membered ring dimers is not unusual for silver carbox-
ylate structures (Chen and Mak, 1991; Jaber et al., 1996;
Olson et al., 2006; Whitcomb and Rajeswaran, 2006), and
consistent with the EXAFS 2.8 A Ag—Ag distance observed
for AgBehenate (Blanton et al. 2007).

IV. SUMMARY

The crystal structure of silver arachidate has been pro-
posed. Unable to use standard single-crystal techniques, a
synergistic combination of (1) optimal AgArachidate powder

Table IV. Hydrogen atom positions and isotropic displace-
ment parameters for AgAra.

Atom Xa /b e U (A%
H2a —0.1890 0.6097 0.0717 0.0475
H2b —0.5969 0.6303 0.0631 0.0475
H3a —0.5849 0.1537 0.0861 0.0475
H3b —0.1824 0.1493 0.0956 0.0475
H4a —0.4027 0.6304 0.1176 0.0475
H4b —0.8021 0.6402 0.1075 0.0475
H5a —0.4087 0.1659 0.1414 0.0475
H5b —0.8110 0.1834 0.1315 0.0475
H6a —1.0124 0.6722 0.1528 0.0475
H6b —0.6108 0.6497 0.1631 0.0475
H7a —0.6346 0.1937 0.1871 0.0475
H7b —1.0347 0.2135 0.1766 0.0475
H8a —1.2395 0.7015 0.1978 0.0475
H8b —0.8388 0.6829 0.2081 0.0475
H9a —0.8594 0.2238 0.2321 0.0475
H9b —1.2646 0.2506 0.2224 0.0475
H10a —1.4520 0.7390 0.2438 0.0475
H10b —1.0457 0.7141 0.2531 0.0475
Hlla —1.0656 0.2582 0.2776 0.0475
H1lb —1.4739 0.2870 0.2685 0.0475
Hl2a —1.6524 0.7763 0.2899 0.0475
H12b —1.2437 0.7471 0.2989 0.0475
Hi3a —1.2655 0.2924 0.3233 0.0475
H13b —1.6743 0.3223 0.3144 0.0475
Hl4a —1.8505 0.8114 0.3358 0.0475
H14b —1.4417 0.7794 0.3449 0.0475
Hi5a —1.4670 0.3252 0.3692 0.0475
H15b —1.8743 0.3547 0.3599 0.0475
H16a —2.0559 0.8420 0.3813 0.0475
H16b —1.6494 0.8131 0.3908 0.0475
H17a —1.6726 0.3643 0.4154 0.0475
H17b —2.0731 0.3795 0.4052 0.0475
Hig8a —2.2841 0.8654 0.4261 0.0475
H18b —1.8834 0.8586 0.4358 0.0475
H19a —1.8835 0.4040 0.4608 0.0475
H19b —2.2848 0.4114 0.4512 0.0475
H20a —2.5008 0.9021 0.4722 0.0475
H20b —2.0965 0.8953 0.4817 0.0475
H20c —2.3079 0.6347 0.4938 0.0475
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Figure 6.  (Color online) (a) Bottom: conformation
of AgAra, with the atomic numbering scheme.
(b) Top: unit-cell packing in AgAra sheets in the
b—c-plane.

sample, (2) high-resolution synchrotron radiation powder data
and (3) density functional structure optimization was necess-
ary to carry out structure determination. Two AgArachidate
molecules form an 8-membered ring dimer composed of
two Ag atoms and two carboxyl groups with dimers joined
by four-member Ag-O rings, creating a one-dimensional
polymeric network. The remaining C,;9 alkyl chains were
modeled with trans configuration. These results also agree
with IR data and known silver carboxylate structures, support-
ing the structure model.
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