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Characterization of Self-Assembled Bilayers:
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Layered materials composed of silver—alkanethiolate units are characterized and compared to self-
assembled alkanethiolate monolayers and thiolate-capped nanoparticies. A comprehensive infrared
spectroscopy study is presented for silver—alkanethiolate materials having chain lengths varying from 7
to 18 carbon atoms (AgSC7 to AgSC18). The high level of definition in these spectra will make this a
benchmark system for comparisans to other metal thiolate systems. An X-ray diffraction study of these
same materials is used to determine the tilt angle of the chains (12 & 3 }, whichis very close to that repoerted
for thiolate monolayers on Ag(111). These results are combined with a thorough characterization of the
AgSC12 material using X-ray photoelectron spectroscopy, electronic spectroscepy, differential scanning
calorimetry, and solid-state NMR. Overall, this provides a detailed description of the structure, the thermal
stability, and the high degree of conformational order in these materials, which have not previously been

extensively characterized at these chain lengths.

1. Introduction

Self-assembled monolayers (SAMs) composed of al-
kanethiolates are being extensively studied as a conve-
nient means of functionalizing metal surfaces. Mostwork
todate has been performed on flat gold surfaces, although
a number of studies on silver surfaces have been
reported.!=® Recently, it has been shown that thiolate-
capped gold nanoparticles provide unique opporturnities
to provide insight into the properties of thiclate mono-
layers.'®"'3 A recent report has shown that thiolate-
capped silver nanoparticles can also be prepared.'* Stud-
ies of nanoparticles are not limited to traditional surface
science techniques, and this has provided a wealth of new
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information. It is now known that monolayers on both
flat surfaces and on nanoparticles share many comrmon
properties. It is also known that the most important
differences between the two systems can be accounted for
because of the curvature of the nanoparticle surfaces,
which creates microfacets with small domain sizes.

A second class of materials exists that shows great
potential as a model system for SAM surfaces. Theseare
layered materials that are composed of metal—alkane-
thiolate units,'~" whose structure is shown in Figure 1.
Like SAMs on flat surfaces and on nanoparticles, these
materials self-assemble in solution. The resulting multi-
bilayer structure is clearly analogous to monolayers on
flar surfaces: in fact it is the limit of an infinite surface-
to-volume ratio. Unlike nanoparticles, thereis no inherent
surface curvature.

In the present work, the properties of silver—alkane-
thiolate layered materials will be presented, based on a
wide range of measurements. The overall picture that
emerges is that the layered systems are highly ordered,
with the chain conformations being almost exclusively
all-trans at room temperature. The ability to compare
and contrast three different alkanethiolate self-assembled
systems (bilayers, monolayers and nanoparticles) leads
to a better understanding of the basic properties of all of
these systems.

2. Experimental Section

Synthesis. Our two-phase method of preparation of the
layered compounds differs slightly from previous meth-
ods. 1517 The silver begins in the aqueous phase, in the form of
silver nitrate. The alkanethiol {in slight excess) is dissolved
in an organic solvent (toluene). When the two immiscible
phases are brought into contact the silver—alkanethiolate forms
near the interface as a solid suspension in the organic phase.

(£5) Dance, 1. G.; Fisher, K. J.; Banda, R. M. H.; Scudder, M. 1..
Inorg. Chem. 1991, 30, 183—187.
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Figure 1. A schematic drawing of the layered structure of
metal—alkanethiolate materials. The metal atoms are shaded
circles, the sulfur atoms are white circles and the alkyl chains
arerepresented by zigzag chains. The sizes are not toscale, but
the tilt angle shown is close to that determined in this work.
Tt is not known whether the metal atoms are confined to a
plane as shown in the drawing.

The reaction can be written as follows:

AgNO,(aq) + HS(CH,) ,CH,{org) —
HNO,(aq) + AgS(CH,),,CH,(org)

The exchange between the proton from the alkanethiel and the
silver ion is confirmed by an analysis of the aqueous phase after
the completion of the reaction. The pH of this phase is greatly
diminished and no silver can be detected via precipitation with
Cl~. The overall yields are in excess of 90%.

The two phases are then separated; the organic phase is
washed several times with water and the suspension is col-
lected by centrifuging. The resulting white powders are washed
several times with teluene to purify and centrifuged again. More
details can be found in ref 18. A scanning electron microscopy
(SEM) image of the powders shows that particies range in size
from 1 to 100 gzm and shew a characteristic lamellar morphology
(Figure 2).

Materials and Techniques. Thealkanethiols (Aldrich) were
used without further purification. All other reagents were
acquired from general sources and used as received.

The following instruments were used: elemental analyzer,
Fisons Instruments EA1108; X-ray diffractometer, Siemens
135000; X-ray photoelectron spectrometer, VG ESCALAB; dift
ferential scanming calorimeter, TA Instruments 2810; UV—vis
spectrometer, CaryfVarian 5E; NMR spectrometer, Bruker DSX-
300; infrared spectrometers, Mattson RS-1 and Bomem MB-100.

3. Results

Silver—alkanethiolates have been synthesized having
chain lengths ranging from AgSC7 to AgSC18 (i.e. 7to 18
total carbons). All materials have heen extensively studied
using IR spectroscopy. The AgSC12 material was chosen
as a common reference, and a wide range of analyses were

{18) Bensebaa, IF.; Ellis, T. H.; Kruus, I.; Voicu, R.; Zhou, Y. Can.
J. Chein., in press.
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Figure 3. Powder XRD patterns from silver—alkanethiolate
materials of various chain lengths, using Co Ko radiation (A =
1.70021 A).

performedon it. Where required, other chainlengths were
measured as well.

(i) Elemental Analysis. The composition of the
AgSC12 material was determined using elemental analy-
sis (C 46.7%, H 8.2%, S 10.4%, all £0.2%)} and neutron
activation analysis (Ag 36 £ 29%). This confirms that the
material is of very high purity and that the stoichiometry
is one thiolate group per silver atom (calculated C 46.6%,
H 8.1%, S 10.4%, Ag 34.9%). This also shows that the
synthesis procedure yields similar results to other meth-
ods, which alse produced a precise 1:1 stoichiometry.'”

(ii) X-ray Diffraction (XRD). An XRD analysis ofall
of the materials confirms that our method of synthesis
produces the expected layered structure. The diffraction
patterns are dominated by the (0k0) reflections (Figure
3}, which can be used to determine the interlayer spacing.
Theinterlayer spacing of each material is plotted in Figure
4 as a function of chain length. The linear correlation
indicates that the materials share a cormmon structure.
Also plotted in the same figure are measured interlayer
spacings taken from other references.'®”!7 The agreement
with the present results proves that the final structure
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Figure 5. Survey XPS spectrum of the AgSC12 material.

1600 A0H

is not sensitive to variations in the synthesis conditions,
at least at these chain lengths.

Previous studies do not agree as to whether the
remaining lines can be analyzed to determine the mono-
clinic unit cell. %17 There are number of lines, both broad
and sharp, which are common to all chain lengths and are
therefore probably related to the in-plane structure.
Specifically, there is a sharp peak at 4.55 £ 0.03 A for all
chain lengths. [This can be compared to the measured
lattice constants of thiolate monolayers on Ag(111), as
determined by X-ray diffraction? (4.77 £+ 0.03 A}, He
diffraction? (4.67 £ 0.23 A), and STM"8 (4.61 £0.15 A and
4.40 + 0.15 A) ]

(iii) X-ray Photoelectron Spectroscopy (XPS).
Survey and high-resolution XPS scans are shown in
Figures 5 and 6. These can be compared to XI*S studies
on thiolate monolayers, which are numerous (see ref 19
and references therein). The present results confirm
minimal oxygen contamination. The narrow widths of
the peaks are consistent with a single coordination
geometry for each element. The SZpa, and Ag3ds, binding
energy values (162.3 and 368.4 eV, respectively, as
referenced to the 285.0 eV C1s peak) are typical for metal
thiolate bonds.?® However, the binding energy shift
between Ag(0) and Ag(l} is too small to be used to
determine the oxidation state of the metal.?® The S2pss
and S2pyz peaks have been fit using a fixed 2:1 intensity
ratio and a 1.2 eV separation. This is strong proof for a
single bonding site for the sulfur atoms.

(19) Castner, D, G.; Hinds, K.; Grainger, . W. Langmuir 1996, 1.2,
5083—5086.

(20) Bensebaa, F.; Zhou, Y.; Deslandes, Y.; Kruus, E.; Ellis, T. H.
Surf. Sci. 1998, 405, 1.472-1.4786.
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Figure 6. High-resolution XPS spectra of the AgSC12 mate-
rial: (&) S2pip and S2pss, () Cls, and (¢) Ag3dy, and Ag3dgp.

XPS measurements have also been performed on the
other chain length malerials. A linear relationship is
found between the C/S intensity ratio as a function of the
number of carbons, as shown in Figure 7. The intercept
at # = 1.4 £ 1.0 could reflect a slightly different
environment for the carbons at the each chain end.

(iv) Electronic Structure. It has been shown by
Natan and co-workers!” that short-chain layered materials
such as silver—butanethiolate can exist in two different
forms, each having a 1:1 silver to thiolate stoichiometry.
These two forms were denoted by T {for trans) and G (for
gauche), on the basis of Raman spectroscopy showing
gauche defects in the G form. A distinguishing feature
of these two materials is the fact that T is white and G
is bright yellow. This was quantified through the mea-
surement of the electronic spectra. Cur synthesis leads
to solids with a slight pale yellow tinge, so the spectra of
the AgSC12 material was measured in diffuse reflectance
mode, as shown in Figure 8. The pronounced maximum
in the spectrum at 340 nm is characteristic of the T form
of silver—butanethiolate. In fact, as discussed below, the
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Figure9. DSC traces for the AgSC12 material in both heating
{upper trace) and cooling (lower trace) cycles. The ramping rate
was 3 K/min.

electronic structure is indicative of the bonding geometry
of the silver atom.

We have also synthesized silver—butanethiolate using
our procedures, and this leads to a bright yellow material
that has a maximum at 400 nm, so it is clearly the G form.
It is therefore likely that longer chains show a tendency
to form the T form.

{v) Differential Scanning Calorimetry (DSC).
Phase transitions in these layered materials have been
previously studied by Baena et al.’ A typical heating
and cooling scan for our AgSC12 material is shown in
Figure 9. The well-defined phase transition occurring at
402 K (upon heating) has been assigned to a crystalline-
to-micellar structural transformation.!® The position of
the transition was found to increase only slightly with
chainlength {5 K from AgSC8 1o AgSC18). The transition

Bensebaa et al.
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Figure 10. 13C CP-MAS NMR spectrum of the AgSCI12

material. Conditions: contact time, 5 ms; pulse delay, 4 s;
spinning rate, 5§ kHz; transients, 1282,

is reversible, and we have not detected any significant
structural change in materials after having been cycled
through the phase transition. We are currently studying
the details of this transition using temperature-dependent
FTIR and NMR. The initial results show that the chains
remain highly conformationally ordered up to the transi-
tion, followed by a sharp increase in disorder at the
transition. We have detected the presence of an interest-
ing preiransition starting at low temperature.

(vi) Solid-State '*C NMR. Cross-polarization magic
angle spinning (CP-MAS) 13C NMR measurements have
been performed on the AgSC12 material, and the results
areshownin Figure 10. The chemical shift of the midchain
methylenes (34.4 ppm) indicates a very high degree of
conformational order. Fhe order is comparable to crys-
talline bulk atkanes, and higher than that observed with
thiolate-capped nanoparticles (below 34 ppm), where a
significant population of conformationally disordered
chains was detected.?! In the case of the latter, il was
puinted out that the outermost methylene group (C11}
must also contain gauche defects, because the shift of 24.2
ppm is well below that observed with solid alkanes (25.0}.
This group is observed at 25.8 ppm for the AgSC12 layered
material, more proof of the high degree of conformational
order throughout the chain.

A number of recent studies have shown that the
formation of gold-thiolate bonds has a significant effect
on the first two carbon atoms in the alkyl chain {C1 and
C2). We assign the peak at 39.9 ppm and the shoulder
at 39.2 ppm to C2Z and C1, respectively. This compares
to values of 40.1 (C1) and 39.4 {C2) measured by Badia
et al.?2 for a gold—thiolate compound, We have reversed
the assignment compared to that work based on a
preliminary temperature-dependent study, which shows
a larger variation for the 39.2 ppm peak. Although we
have only measured the AgSC12 material, we suggest
that the peaks at 40.5 and 39.3 measured by Fijolek st
al.!” for the trans form of silver—butanethiolate layered
materials should be assigned te C2 and C1, respectively.

Badia et al.?? argue that the magnitudes of these
chemical shifts, particularly the large C1 shifts compared
to thiols, are characteristic of the bonding in metal—
alkylthiclate systems. They alse point out that this is not
the result of the metallic character of the metal atom. The
present results confirm this, since the silver atoms tn the

(21) Badia, A.; Gao, W.; Singh, 8.; Demers, L.; Cuccia, L.; Reven, L.
Langmuir 1096, 12, 1262—1269.

(22) Badia, A.; Demers, L.; Dickinson, F. G.; Morin, G.; Lennox, R.
B.; Reven, L. J. Am. Chemn. Soc. 1997, 119 11104—11105.
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Figure 11. IR spectra (transmission mede} for, from bottom
totop, AgSC7, AgSC8, AgSC12, AgSC16, and AgSC 18 materials.
The C—H stretching region is shown. Each spectra has been
normalized tothe r—, peak at 2952 cm™!. Peak assignmenis are
given in Table 1.

layered compounds are not likely to have a metallic
character. Finally, it is interesting that the C1 and C2
peaks are difficult to observe on thiolate-capped gold
nanoparticles, because the peaks are very broad. Both
are located at 40.1 ppm, as determined by isotopic
enrichment experiments.?? The large widths were as-
signed to aninhomogeneous broadening whichis the result
of a distribution of bonding sites. The sharpness of these
peaks in the case of layered materials indicates a single
bonding site in these systems,

{vii) Infrared Spectroscopy. Infrared speciroscopy
has been used extensively for the study of long alky! chain
systems, including thiolate monolayers on metal sur-
faces,'# thiolate capped nanoparticles,''!'* phaspholipid
bilayers,?® and bulk alkanes.?%%" We have measured IR
spectrain transmission mode on layered material dropcast
onte NaCl windows, in reflection/absorption mode on
particles partiatly aligned on flat gold mirrors, and directly
on powders using photoacoustic (PA-FTIRS) spectroscopy.
In all cases, the degree of order, as judged from the high
number of clearly resolved peaks, is typical of highly
ordered crystalline bulk alkanes. Such a high degree of
order has never been observed in other metal-thiolate
systems and allows a wealth of informatior to be obtained
from the spectra.

Figure 11 shows the C—H stretching region. These
spectra were chtained in transmission mode, on material
that has been dropcast onto a NaCl window. The high
degree of conformational order is best evidenced by the
positions of the symmetric (d*) and antisymmetric (d™)
CH; stretching peaks. Average values of 2847 & 1 and
2916 + 1 cm™! for these peaks indicates an extremely
high percentage of all-trans conformations. Disordered
systerns, such aliquid alkanes, display much higher values
(2856 and 2928 cm™!, respectively), which has been
correlated to the higher number of gauche defects 26 The

(23) Senak, L..; Moore, D.; Mendelsohn, R, J. Phys. Chern, 1092, 96,
2749—2754.

{24) Snyder, R. G.; Schachtschneider, J. H. Spectrochim. Acta 1993,
19, B5—1186.

(25) MacPhail, R. A; Strauss, . L.; Sayder, R. G.; Elliger, C, A. J.
Phys. Chem. 1984, 88, 334—341.

(26) Snyder, R. G.; Strauss, H.L.; Elliger, C. A. .J. Phys. Chern. 1982,
886, 5145—5150.

(27) Maroncelli, M.; Qi, 8. P.; Herbert, L. S.: Snyder, R. G. J. Am.
Chem. Soc. FAB2, 104, 62376247,
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values measured for the layered materials are similar to
those of well-ordered solid rr-alkanes.?s In fact, at room
temperature, the layered materials are one of the most
conformationally ordered alkyl chain systems ever re-
ported. The high degree of order is even observed in
AgSC7, whereas all rralkanes shorter than hexadecane
are liquids at room temperature. The C—H stretching
frequencies are even lower than the best results obtained
for thiolate monolayers on metals.

Figure 12 shows the region between 700 and 1500 cm™?,
for materials ranging from AgSC7 to AgSC18, as measured
directly on dried powders in photoacoustic mode. Similar
results have been obtained in transmission mode. This
is the first time that many of these features have been
clearly resolved in a metal—thiolate system. It is clear
that many peaksin this region vary with the chain length.
All of the peaks can be straightforwardly assigned (see
Table 1), and many result from CH; wagging and rocking—
twisting modes. These modes are highly coupled and
result in a progression of peaks, which is characteristic
of an all-trans chain conformation. In fact, these peaks
have previously been used as order parameters in other
alkyl chain systems.?

4, Discussion

(i) Chain Orientation. Onthebasis of the XRD data,
it is known that the overall structure of the layered
materials is a central plane of silver atoms with thiolate
chains extending out from both sides, as shown in Figure
1. Since the interlayer spacing is close to that expected
for two extended thiolate chains, this rules out complete
interdigitation between different layers. A linear rela-
tionship between the interlayer spacing and chain length
is observed, with a slope of 2.48 £ 0.02 A per pair of CH,
segments (Figure 4). This is slightly smaller than cne
would expect for an all-trans chain which extends per-
pendicularly from the silver plane (2.54 A per pair of CH,
segments, based on a survey of a XR1 data from a large
number of ordered alkyl chain crystals). From this one
can conclude that the chains are tilted by 12 £ 3 *from the
normal. Such a value is in good agreement with the
measured tilt angle of alkanethiclate monolayers on silver
surfaces, where a tiltangle of 13 £ 2 “has been determined
by a detailed analysis of the infrared spectrum.?

Theinterceptin Figure 4is 7.4+ 0.2 A, whichrepresents
the thickness of the central layer (the separation between
the C1 atoms on either side of the central plane) plus the
separation between methyl groups of adjacent layers. It
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Table 1. Mode Assignments for the Silver—Alkanethiclate Layered Materials®

wavenumber intensity assignment wavenumber intensity assignment wavenumber intensity assignment
AgSCT
721 s P, 1196 W 2846 5 dt
755 m P2 1240 W 2869 w rt
814 w Py 1287 W 2896 sh FR
899 m f+Ps 1329 Wy 2916 s d-
988 w Ps 1371 U+Ws 2926 w FR
1065 m X 1421 d; 2952 m b
1117 w Rz 1466 3 2960 w s
AgSC8
720 s P, 1120 W Ra 1467 s é
741 m Pa 1193 Wi 2847 . s d+
782 VW Py 1232 W 2872 w r+
847 w Ps 1273 W 2896 sh FR
890 w B 1312 Wy 2916 s d-
926 v Ps 1343 Ws 2936 w FR
1002 w Ps 1376 U+We 2953 m Iy
1066 m X 1421 ds 2959 w .
AgSC12
720 5 Py 1067 X 1377 w u
724 sh P3 1081 R; 1423 m ds
734 sh Py 1127 R: 1469 Vs [+
753 W Ps 1186 W, 2847 Vs d*
784 vw Ps 1212 We 2872 w rt
828 w Py 1240 Ws 2895 sh FR
879 vw Pg 1267 W, 2916 vs d-
891 w g 1293 W 2934 sh FR
932 w Ps 1318 We 2953 s )
0983 v P 1339 W7 2958 sh I a
1028 w Pu 1356 ?
AgS5C16
721 s P 1097 VW Rs 1377 W &
761 w Py 1129 VW Rz 1424 m ds
786 vw Ps 1183 w W, 1468 s 4
818 w Ps 1202 w Wy 2847 Vs dt
856 vw P 1222 311 Wa 2872 w rt
893 w B 1243 w W, 2894 sh R
936 W Pys 1263 W W; 2915 Vs d-
9741 w Pia 1283 W W 2934 sh kR
1010 vw Pua 1303 W Wy 2952 s T™h
1040 vw P 1321 VW We 2961 sh s
1087 w 1338 vw Wy
AgSC18
721 3 P 1068 w X 1322 vw Wy
745 w P 1102 VW Rs 1378 w U
764 sh Pg 1129 vw R; 1424 m ds
787 w Pg 1182 W W 1469 vs J
8i4 YW P 1199 w W 2847 Vs d+
B48 w Py 1217 w Wy 2872 w rt
889 w f+Pis 1235 w Wy 2894 sh FR
919 w Pia 1253 w Ws 2915 vs d-
954 VW Py 1271 w We 2934 sh FR
989 T w Py 1288 w Wo 2952 s b
1021 VW Pis 1306 VW Wsg 2961 sh ra

2 Peak positions and intensities were cbtained from transmission IR spectra. They correlate very well with the photoacoustic results,
except that thelatter were taken with lower resolution, and some strong peaks were saturated. Abhreviations are asfollows: vs, very strong;
s, strong; m, medium; w, weak; vw, very weak; sh, shoulder. Nomenclature conforms to refs 24 and 25.

has been suggested by Dance et al.'® that the latter may
interdigitate to a small extent, soit is difficult to estimate
any individual distances from this one number. It would,
for example, be useful to determine the height of a sulfur
atom above the silver plane, to learn about the bonding
coordination, or to determine the degree of "buckling” of
the silver plane. However, we can only say that any
proposed structural model will have to respect the total
layer thickness determined by XRD.

(ii) Chain Conformation. The above interpretation
assurned fully extended, all-trans chains, and evidence
for this comes from both the NMR data (as discussed above)
andtheIR data. Theverylow frequencies of the methylene
stretching modes indicates a very low number of gauche
defects. A second test is the chservation of the band

progressions between 700 and 1500 cm™'. Senak et al.?
have used these peaks as a measure of order and have
shown a strong correlation to the methylene stretching
frequencies. Snyder et al.?! have shown that a simple
coupled oscillator model can be used to assign all wagging
modes from different chain lengths. Given alinear array
of midentical coupled oscillators, it can be shown that the
frequencies vary directly with the phase difference
between adjacent oscillators, as given by

kn

gﬂkzm k= 1,2,3,...,1’1‘1‘

Table 1 shows a summary of all of the wagging peaks
(W), and Figure 13 shows that all of these peaks fall close



Characterization of Self-Assembled Bilayers

1400 T T T— ™ T T
12350 4 b
|3|:|‘]J

1250 4

Wavenumber [cri ]

12004

1150 ——————
60 01 02 D3 04 05 06 07 08

Phase /=

Figure 13. Individual peak positions of the methylene wagging
progression (Wy) are plotted as a function of phase shift (see
text): {0) AgSCT,; (O0) AgSCS8; (A} AgSC12; (@) AgSC16; and (W)
AgSC18. Also shown are the best fits to a similar analyses
performed for: (solid line) bulk alkanes from ref 24 and {dashed
line) lipid bilayers from ref 23.
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Figure 14. Individual peak positions of the methylene
racking—twisting progression (Py) are platied as a function of
phase shift (see text): (O) AgSCT. (O) AgSCS8,; (a) AgSCI12; (@)
AgSC16; and (M) AgSC18.

to auniversal curve. Alsoshown are the best fits to similar
wagging progressions measured for solid alkanes® and
phospholipid bilayers.?® Theslopes aresimilar for all three
systems. The frequencies observed inthelayered systems
aresystematically lower. The two sherter chains (AgSC7
and AgSCB8) are also systematically lower than the loanger
chains.

Another series of peaks can be easily assigned as
belonging to the rocking—twisting progression (P}, glving
rise to the curve shown in Figure 14. The most intense
peak in this series {P) is observed at 721 £+ 1 cm™! for all
chain lengths. Once again all of the peaks belonging to
this series lie on a universal curve when analyzed using
the simple coupled oscillator model, which assumes an
all-trans structure. A third series, the carbon—carbon
stretching progression (Ry), follows a less straightforward
trend. Figure 15 shows the peak positions of all of the
measured peaks located between 700 and 1500 cmv !, The
carbon—carbon stretching peaks are known to fall between
850 and 1150 cm~!. However, they fall into two regions.
Asstated by Snyder and Schachtschneider,? thereis clear
regularity above 1065 cm™! (known as region A) in the
case of salid n-alkanes, which is true also for the layered
compounds. In the lower wavenumber region B, the
patterns are more subtle and we have not assigned peaks
from this progression in this second region. Apart fram
these few peaks, all of the other peaks seen in Figure 12
can be straightforwardly assigned, and in some cases,
useful information can be extracted from them.
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Figure 15. A summary of the progressions of all peaks inthe
reglon between 700and 1500 cm . Individual peak assignments
are shown, and the frequencies are given in Table 1. This type
of plot emphasizes the regularity of the peak positions.

Table 2. Spacing of the Peaks in the Wagging Band
Progression as a Function of the Number of Methylene

Oscillators
no. of Wa—W, layered Wi—W,
CH;z groups  n-alkanes? {em™Y) materials {em™ 1)
4 nCg 111
5 n-Cq 100
8 nCy 93 AgSCT7 3
7 n-Cy 33 AgSC8 B0
8 H7C10 75
9 n—Cu 66
10 nCiz G2
11 n-Ciz 56 AgSC12 53
12 n-Cuy 52
13 nCis 418
14 nC 16 44
15 n-Cyz 42 AgSC16 39
16 nCig 41
17 m-Cig 325 AgSC18 35

2 Taken from ref 24. ® This value does not follow the expected
pattern, suggesting that the peak assignments may not be
accurate.

The intense peak observed at 1468 & 1 cm! for all
chain lengths is assigned to the methylene symmetric
bending mode (3). In addition, there is always a clearly
resolved second peak at 1422 + 2 ern™!, which has been
assigned to the bending mode of the methylene group
located next to the sulfur atom (8.1 Tt has previously
been observed as shoulder in measurements of thiclate-
capped nanoparticles. Due to the well-resolved peaks,
we can clearly see that its intensity decreases relative to
the main bending peak as the chain length increases,
which supports its assignment. Therefore, the first
methylene group in the chain is clearly different from the
others. Despite this, the methylene wagging modes can
still be treated as “identical” to the rest of the chain, at
least with respect to the coupled oscillator medel. For
example, if the AgSC12 material was treated as having
onky 10 identical methylene groups rather than 11, then
the data points in Figure 13 would lie tar below the curves
that characterize solid n-alkanes and lipid bilayers.
Another proof of this is the spacing between peaks in the
wagging progression. As shown inTable 2, the difference
between the W and W; peaks decreases continuously with
increasing chain length for solid m-alkanes. (W; is not
used for this calculation because it is not cbserved in the
even n-alkanes, for symmetry reasons.) Following this
trend, it is clear that the layered materials behave in a
similar fashion as linear alkanes with the same number
of methylene groups. The slightly different environment
of the first methylene group does not change this, or, in
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Figure 16. Normalized intensities of the methylene stretching
peaks as a function of chain length: (W) antisymmetric mode
d- and (®) symmetric mode d*. Each peak has been normalized
to the corresponding rp peak at 2952 crn™ L.

other words, the peaks in these progressions are not
sensitive to minor perturbations.

Other peaks that do not shift in frequency are assigned
to the methyl symmetric bending, or umbrella mode (U)
at 1377 + { em™! and the in-plane methyl rocking mode
{f) at 889+ 1 cm . Less certain is the relatively intense
peak observed at 1067 4 2 em™!. The spectrum of the
solid n-alkanes often have a peak near this value, which
represents the upper limit of the B region of the carbon—
carbon stretching (R) progression. An alternative expla-
nation is that this is vibrational mode of a defect.
Maroncelli et al. have observed such a mode at 1078 cm 1.#7
This assignment is less likely, given the significant
difference in wavenumbers, and the fact that we do not
observe the other peaks which are characteristic of this
same defect (1341, 1164, 955, and 873 em™1).27

We conclude this section with a discussion on the peak
intensities. First,itis worth noting that there is no eveny
odd intensity variation in the wagging band progression,
in contrast to the behavior of the solid rr-alkanes.* This
lack of variation was also observed with phospholipid
bilayers? and explained in terms of the broken symmetry.
Next, as shown in Figure 16, the intensities of the
methylene stretching peaks (d* and d7) follow a linear
increase with chain length, once they have been normal-
ized to the ™ peak. This curve also indicates that the
first two or three methylene groups do not contribute to
the intensity at the wavenumber of the measurements.
A similar result has been observed in the case of thiclate
SAMs on Ag(111),! except that the extrapolation to zero
intensity occurs between four and five methylenes. In
the case of the layered materials it is certain that this
effect is not related to dipole selection rules specific to
metal surfaces. Itismorelikely that there is a significant
frequency shift for the first methylenes. A recent deu-
terium enrichment experiment showed such a shift for
the first methylene in a thiolate-capped geld nanoparicles
(2123 cm™! compared to 2088 em™! for the rest of the chain,
for the d* mode).!3

(iii) Structural Model in the Plane. Inthe absence
of a detailed XRD determination, the structure of the
central plane of the bilayer can only be inferred from
indirect evidence. Previously proposed models are best
described as a distorted hexagonal lattice of alternating
Ag and S atoms. Fijolek et al. have proposed a more
detailed model for silver butanethiolate layered com-
pounds which takes into account the two different forms
which have been isolated for this short chain system (T
and G)." Qur present results for longer chain systems

Bensebaa et al.

. . S R
Figure 17. A proposed moedel for the in-plane structure of
metal—alkanethiolate layered materials. The metal atoms are
represented by shaded circles, and the sulfur atoms are white
circles. This model differs in some details from previous
madels.’®'" By placing the metal atoms in a hexagonal ar-
rangement, the sulfur atoms can adopt a digonal bonding
arrangement while at the same time templating a close-packed
geometry for the alkyl chains (not shown).

- S

are not fully consistent with these structures, for two
reasons. First, the high degree of conformational order
in the alkyl chains suggests a close-packed, all-trans
environment, which is inconsistent with previous models.
Second, the UV—vis spectra of our compounds has a peak
maximuwimn at 340 nim, which, based on numerous studies
of inorganic compounds, is consistent with a digonal
S—Ag—S environment, rather then the proposed trigonal
arrangement.28

An alternative model can be proposed, as shown in
Figure 17, which is motivated by the structure of close-
packed thiolate monolayers on (111) hep metal surfaces.
Insuch systems, thereis one thiolate group for every three
surface metal atoms. A bilayer has thiolate chains an
either side of the central layer, which results in a "%
coverage” of metal atoms, to preserve the measured
stoichiometry. A hexagonal arrangement of Ag atomsin
the central layer fulfills all requirements. By placing the
thiolate groups in “bridge sites”, it is also possible to
achieve the required digonal coordination. We have
suggested that this moedel can apply te both silver and
copper layered materials.’

The above model also allows the silver atoms to come
into close contact with each other, as close as they would
on the surface of solid silver. It has been ohserved by
Dance et al.?® that the silver—silver distance in man
inorganic compounds of the form (AgSR), is about 2.9 A,
which isidentical to the interatomidc spacing in bulk silver.
However, in the latter case there exist strong metal—
metal bonds, whereas it is believed that the spacingin the
inorganic compounds results from the repulsive interac-
tion between nonbonded silver atoms. According to this
interpretation, it is purely coincidental that the equilib-
rium spacing between Ag(0) atoms is equal to the
equilibrium spacing between Ag(l) atoms.

{(iv) Relevance to SAMs on Ag(111) Surfaces. Itis
informative to compare and contrast the layered com-
pounds and thiolate monolayers on metal surfaces. In
the former, the silver layer is composed of only Ag(1) atoms,
whereas the oxidation state of metal atoms on the silver
surface is unknown. More importantly, the layered
compounds allow for the stable linear S—Ag—S5 coordina-
tion preferred in inorganic compounds,® whereas thiolate
monolayers can accormmodate only S—Ag, bonds, depend-
ing upon the bonding site. Despite these differences, the

(28) Dance, L. G.; Fitzpatrick, L. J.; Rae, A. D.; Scudder, M. L. Inorg.
Chem. 1983, 22, 3785—3788.
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two systems share many common properties, such as
similar tilt angles of the methylene chains.

Closely related to the issue of tilt angles is the fact that
SAMs on Aufl111) are commensurate with the underlying
lattice, whereas for Ag(111) they are incommensurate.*7
There must be a driving force for the incommensurate
structure, and it is possible that this is related to the high
degree of order and the stability of the layered materials.
Since monolayers and bilayers share the same tilt angle
they most likely have asimilar packing density. Itshould
also be pointed out that bilayers may be formed during
the preparation of SAMSs on silver surfaces. It has been
noted that. prolonged exposure to thiol solutions can de-
grade the surface, and silver can be detected in the solu-
tions."® Walczak et al. reported that thick multilayer
films were grown when very short chain thiols were used
in the preparation of SAMs on Ag(111).! It has been
reported that multilayer films can be grown on copper
surfaces,?® and we have recently shown that copper layered
materials are very similar to silver ones.'® All this sug-
gests that great care must be taken during the prepara-
tion of SAMSs on silver and copper surfaces. One caneven
speculate that the elevated islands seenin the STM images
of Dhirani et al.® could be bilayer islands. Since mono-
layers and bilayers have very similar structures, it will
be difficult to distinguish between them using most
techniques.

(29) Kellor, H.; Simak, P.; Schrepp, W.: Dembowski, J. Thin Solid
Films 1994, 244, 799.
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5. Conclusion

Silver—alkanethiolate layered materials have been
characterized by a wide range of experimental techniques.
The alkyl chains are found to tilt by 12 “with respect to
thesurfacenormal. There are thus likely to be similarities
between the layered materials and the incommensurate
thiolate monolayers previously observed on Ag{111), which
have a similar tilt angle. The thermal stability and the
degree of chain conformational order in the layered ma-
terials is found to be the highest of any alkanethiolate
system yet studied. The order extends even to the outer-
most methylene group at room temperature. Theinfrared
spectra of these materials are particularly rich in infor-
mation, and it has been possible to provide a compre-
hensive assignment of individual features. These mea-
surements provide a useful reference point in study of ail
alkanethiolate self-assembled systems.
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