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Abstract. Alkylthiolates of palladium forming a homologous series (butyl to
octadecyl) have been prepared and characterized using X-ray diffractionand STM.
Thethiolates adopt an unusual bilayered lamellar structure, whose thicknessis
governed by the length of thealkyl chain. These mesophases melt in the temperature
range, 60° to 100°C, with the melting point increasing linearly with the thiol chain
length. Thereisevidence to suggest that the alkyl chains are orientationally disordered
especially prior to melting.
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1. Introduction

Lipid bilayers have long been recognized as being central to molecular organization.
Synthetic analogues mimicking biomembranes have been explored for potential
applications in catalytic systems, solubalizing agents and drug delivery matrices.
Following the pioneering efforts of Kunitake® and Fendler? it is known that many
synthetic amphipiles such as long chain fatty acids, quaternary ammonium salts with one,
two or three chains or their sulfonium analogues all form bilayers under favorable
conditions®. These bilayers have been characterized by employing avariety of techniques
such as X-ray scattering, electron microscopy, circular dichroism, differential scanning
calorimetry, Raman spectroscopy, NMR, UV-visible and infrared spectroscopy *™. In the
last few years, synthetic bilayers have been exploited to fabricate low dimensional
biphasic lamellar structures or porous solids by mesoscalar self-assembly . Typical
examples of such solids are nanocomposites of metal chal coginites and oxides®.

A hilayer is normally constituted of a long chain amphipile, with a hydrophilic head
and a hydrophobic tail. The transfer of hydrocarbon chains into agueous medium would
accompany a free energy loss originating mainly from entropy®’ which drives the
organic layer into ordered bilayers. Indeed, many synthetic bilayers have been realized in
this manner X, In this context, self-assembly of amphipiles in nonpolar organic media
assumes significance® since such organization is considered to be driven by enthalpy
rather than entropy °. Experimental successes in this pursuit have been few. Bilayers
formed by per-flouroalkyl derivatives in organic solvents®® and by halo-bridged Pt
composites in chloroform linked to long chain phosphates*® are the only examples known
tous.

In this paper, we report a study based on powder X-ray diffraction and scanning
tunnelling microscopy of a series of palladium alkylthiolates, butyl to octadecyl, obtained
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from toluene. Complexation of palladium ions with short alkane thiols has been known
since the early work of Mann et al** who were intrigued by the waxy nature of the higher
members and their high degree of association. Our work has shown that the palladium
thiolates adopt an unusual lamellar structure, which is stable in organic liquid media. The
free solubility in organic solvents distinguishes the Pd-thiolates from other heavy metal
thiolates such as Ag and Cu, which precipitate out on forming alayered structure '3, we
have also investigated the melting behaviour of the alkyl chainsin the thiolates and found
some evidence for the presence of fluid rotator phases.

2. Experimental

The procedure adopted by us for the synthesis of palladium thiolates is as follows. To
50mmol of Pd(OAc), in toluene was added 5% mmol of the alkanethiol (butyl to
octadecyl) and the resulting mixture was stirred vigorously. Following the reaction, the
solution became viscous and the yellow colour deepened to orange yellow. Complete
replacement of the acetate ligands by the thiolates was confirmed by estimating the acetic
acid liberated. The obtained thiolates were freely soluble in organic solvents and such as
toluene, methanol and heptane. A film obtained by drying a few drops of the toluene
dispersion on a glass slide was used for X-ray diffraction (XRD) measurements. XRD
patterns were obtained using Siemens Seifart 3000TT diffractometer employing CuKa
radiation. A custom designed heating cell equipped with a precession thermometer was
used for changing the temperature of the sample plate in-stu during X-ray diffraction
measurements. Scanning tunnelling microscopy (STM) was performed on a Omicron
Vakumphysic instrument equipped with a piezo with a sensitivity of 10 nm/V inal x y, z
directions. Samples for imaging were prepared by depositing a droplet of the dilute
thiolate dispersion on freshly cleaved highly oriented pyrolytic graphite (HOPG) surface.
Imaging was carried out in the forward | channel, typically with a bias voltage of 045V,
feedback current of 2 nA and a scan speed of 1000 nnV/S.

3. Resultsand discussion

The XRD patterns obtained from nanocomposites of Pd and alkanethiols are shown in
figure 1. All except the butanethiol complex are crystalline exhibiting patterns typical of
a lamellar mesophase. The d spacings of the Bragg peaks vary as 1:2:3:4 and so on.
For example, the pattern obtained from dodecylthiolate exhibits peaks with d values of
3411, 1911, 1404, 0876, 0684 nm corresponding to the 001 to 005 reflections res-
pectively. The (001) reflection, which is a direct measure of the bilayer thickness,
increases from 2298 nm in case of hexylthiolate to 4%78 nm in case of octadecylthiolate.
The increase is linear with the number of methylene groups in the alkyl chain as can be
seen from the inset of figure 1. A linear fit for this variation yields a slope of 02248 nm
per methylene and an intercept of 0%662nm. It is instructive to examine these values
closely to arrive at the structure of the diffracting lamellar solid. The C-C distance along
the backbone plane of a fully extended all-trans conformer of an alkane chain is
0423 nm. Thus, if the chains were to adopt the all trans form, a 0247 nm increase in the
thickness of the bilayer for every additional methylene group is to be expected ***°. This
is indeed in close agreement with the experimentally obtained value of 0248 nm per
methylene unit. The structure of the head group could be ascertained from the intercept.
We first carried out a search in Cambridge structural database® for unstrained sulphur



Sdf-assambling bilayers of palladiumthiolatesin organic media 613

(001} spacing
.
|

L]
1

| FEE NS [ TN [ YR |
§ 10 15 20
Mo of melhylone units

Tl
L

Intensity (arbitrary units)
2
=]

T

177
|
|

M —

8 (deq.)

Figurel. X-ray patternsobtained from nanocomposites of palladium with alkane
thiols of different chain lengths (buty! to octadecyl). The numbers given alongside
show the number of C atoms in the parent thiol. Inset shows the variation of
the observed dy; peak position with the number of methylene groupsin the alkane
chains.
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Figure2. A schematic illustration of the structure of palladiumdecylthiolate.
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bridged Pd motifs containing C-S bonds. The mean values obtained from 15 hits are
0481+ 0004 and 0232+ 0003 nm for C-S and Pd-S bonds respectively. Therefore, the
length of the C—nS—Pd motif along the C-S bond is 0279 nm. Since the diffraction is
from a bilayer, twice this value (0%657 nm) should correspond to the intercept, which is
indeed the case (0662nm). A schematic illustration of the structure of the
nanocomposite is given in figure 2. Moreover, the sulphur bridged palladium
configuration as shown is similar to that observed in single crystals of palladium n-
propylthiolate®” (see figure 3a). The crystal structure of Pd ethylthiolate obtained by us*®
is given in figure 3b. Thus, shorter thiolates can be crystallised out into hexameric ring
structuresin clear contrast to lamellar phases formed by the higher members.

We sought to image the lamellar mesophases formed by palladium thiolates
using STM. Imaging was performed on a sample of dodecylthiolate obtained
from toluene dispersion on a graphite substrate (figure 4). STM images revea a
large number of string-like features generally in bunches of four or five, with
the lengths ranging between 30 and 65nm (see figure 4a). The observed thickness
of the strings, 3¥4+08nm closely maiches the 329nm dy: Spacing.

Figure 3. Hexameric Pd-ring motifs in the crystal structures of (a) Pd n-
propylthiolate, (b) Pd ethylthiolate.
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Scanning in smaller areas reveals additional details (figure 4b). We observe hairy
structures corresponding to alkyl chains with a uniform separation of 0x48 nm between
them. Such a separation distance is also typical of self-assembled akane thiol molecules
on planar metal surfaces™® and the other known metal thiolates**3,

The supramolecular assemblies described above are readily obtained in a variety of
solvents such as heptane, benzene, toluene, tetrahydrofuran, dichloromethane and acetic
acid. The free solubility in al the above solvents, displaying a high degree of
association! suggests that the thiolates adopt a bilayered structure in the organic
medium, thereby joining the class of covalent amphipiles. Similar lamellar phases are
also obtained from water starting with an aqueous solution of H,PdCl, and a solution of
akanethiol in benzene. The versatility exhibited by these nanostructures is indeed
remarkable.

In an effort to observe the lattice melting, the palladium thiolates were subjected to a
controlled heat treatment in the in-stu XRD cell. The dyo; peak was monitored in the
heating and cooling cycles over the temperature range of 19° to 90°C. As a typical
example, we show in figure 5, the dy; peak from decylthiolate for a few select
temperatures. The 19° and 38°C peaks are slightly asymmetric and display shoulders at
low angles. Above 40°C, the peak becomes narrower and symmetric. The peak position
shifts by ~0%8° before it vanishes above 70°C. On cooling, the peak intensity start
regaining only below 50°C and the position shifts dlightly towards lower angles.
Interestingly, the peak is now symmetric and narrow close to room temperature unlike in
afreshly formed lattice.

We obtained the diffractograms from the different thiolates at various temperatures.
The variation in the intensity of the peak with temperature is shown in figure 6 for heptyl,
decyl and dodecylthiolates as illustrative examples. We notice that in the case of
heptylthiolate, the intensity decreases gradually in the range, ~42° to 60°C. On the other
hand, the peak intensities do not decrease monotonically in the case of decyl and dodecy!
thiolates but instead exhibit two distinct regions interspersed by a plateau. The first
region extends from 35° to 42°C in decylthiolate and from 40° to 57°C in
dodecylthiolate. The corresponding ranges for the second region are 60° to 75°C and 72°
to 85°C respectively. This variation of the diffraction peak seems to indicate the presence
of two domains, which melt at different temperatures. The melting temperature was
found to increase linearly with the thiol chain length as shown in the inset of figure 6.
The slope of the line is 58°C per methylene unit. The behaviour on cooling is strikingly
different in the three cases (figure 6). The hepty! thiolate stages no observable recovery,
whereas the decyl and dodecyl lattices recover with intensities overshooting the room
temperature values prior to melting by as much as 100%. We found that the hysterisis
associated with crystallization of thiolates is critically dependent on the akyl chain
length. Thus, the dyo; peak intensity recovered up to only 10% and 75% of the original in
the case of octyl and nonyl thiolates.

A closer look at the dgo; peaks in figure 5 help understand the stepwise decrease in
intensity in case of the longer thiolates (decyl and dodecyl). We have fitted the peaks of
the heating cycle with two Lorentzians by iteration, having given the initia peak
positions at the shoulder and the main peak. The fits are also shown in figure 5. The
intensity of the peak corresponding to the low angle shoulder fell sharply between 35°
and 42°C (see Figure 7a). The intensity of the second peak, however, remained
unchanged in this range. Its intensity decreases gradually at higher temperatures (figure
7a) accompanied by a small reduction in the d value of ~0 nm (figure 7b). The two
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Figure5. The dyq; peaksat varioustemperatures during the heating and the cooling
cycles. The asymmetric peaks at 19° and 38°C are corrected for nonlinear background

and are fitted with two Lorentzian peaks.

steps in the variation of the total intensity (figure 6) therefore, correspond to successive
vanishing of the two peaks. The peaks of the cooling cycle could be fitted satisfactorily
with just one peak whose intensity increased monotonically with the d value decreasing
by ~04 nm (see figure 7b). The peaks from decyl thiolate separated from one another by
04 nm probably represent two different structural domains in the as-prepared
nanocomposite arising from thiol chains adopting different rotator phases®®. The
existence of the thiol chains in fluid rotator phases would also account for the small
changes in the d values. Indeed, long chain alkanes have been found to undergo a
transition between as many as five different rotator phases before melting®®. Upon
cooling, the nanocomposite crystallizes to asingle lamellar phase.
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Figure6. Variationintheintensity of the dy 1 peak with temperaturein the case of
heptane, decane and dodecanethiolates.
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Figure7. (a)Variationintheintensitiesof thefitted Lorentzian peaksin the case of
decylthiolate with temperature; the peak under the shoulder, circles; the main peak,
squares. (b) Variation in the d values of the fitted peaks. The variation corresponding
to the cooling cycle is shown by filled triangles.
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4. Conclusions

Nanocomposites of palladium with alkane thiols of various lengths, hexyl to octadecyl,
adopt robust lamellar structures, which can be obtained from a variety of solvents. The
composites are bilayered with alkyl chains predominantly in the al trans conformation.
Our study also provides evidence for an extended sulphur-bridged geometry of the head
group. Shorter molecules such as butanethiol yield composites with no long range order,
while ethane and n-propane thiols yield crystals containing hexameric Pd-rings. The
lamellar phases formed by the higher members melt over arange of temperatures with the
melting temperature increasing with the increasing chain length from 60° in hexylthiolate
to 83°C in dodecylthiolate. The longer thiolates such as decylthiolate consist of two
structural domains with different melting temperatures. The ability to recrystallize is also
chain-length dependent, the longer ones recovering to well-annealed structures and the
shorter thiolates remaining glassy. The observed hysteresis in lattice melting and the
accompanying small changes in structure seem to indicate the presence of the chainsin
fluid rotator phases.
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