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A Facile Trans to Gauche Conversion in Layered Silver Butanethiolate
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Raman, X-ray diffraction (XRD), UV-visible reflectance, antfC and1°°Ag CPMAS NMR studies have been
carried out on three different forms of the layered solid AgS{@EHs: a white all-trans compound, a bright
yellow gauche C(1)yC(2) conformational isomer, and a phase containing both species. The structure of these
compounds comprises a slab of Ag and S atoms, alkyl chains extending in both directions, and layer stacking.
Raman spectroscopy af#C NMR show that the all-trans species is less stable, converting cleanly to the gauche
form. This transformation, ~ 60 kJ/mol) is accompanied by a color change from white to yellow, a phenomenon
previously observed upon melting of mesogenic AgSR=(RIkyl) compounds. XRD shows that the 15.56 A
interlayer spacing in the trans form increases to 16.88 A in the gauche form. On the b®8sydlMR data

and bond lengths from structurally-characterized Ag thiolate model compourd®,spacings of 444.8 A

were found, which agree with those reported for two-dimensional self-assembled monolayers of organothiols
(SAMs) on well-defined Ag surfaces. These findings shed light on the molecular origins of AgSR mesogenic
behavior and reinforce the idea that A§ interactions play a dominant role in self-assembly of organothiols on

Ag.

Introduction Chart 1. Layered Structure of AgS(CHtCHs

Neutral, polycrystalline AgSR compounds R —(CHy),- ¢
CH3] have been described as layered solids with three key wto;
motifs: (i) parallel slabs of connected Ag and S atoms with
perpendicular alkyl chains extending in both directions; (ii)
triply-bridging («s-) S leading to three-coordinate Agnviron-
ments; and (iii) layer stacking based on van der Waals contact
between all-trans alkyl chains that leads to interpenetration of
methyl hydrogen atoms (Charts 1 and 2). These compounds
exhibit thermotropic liquid crystalline behavformand upon
melting undergo bilayer to micellar structural rearrange-
ments-unusual phenomena for covalent materials containing
transition metalsthat have been ascribed to augbridging

— up-bridging transitior? In addition, aspects of AgSR
structure are relevant to studies on two-dimensional (2-D) self-
assembled monolayers (SAMdprmed by exposure of Ag to
RSH56 In contrast to the more widely-studied R8u
system’ 10 which adopts a/3x+/3)R30° structure with fully
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Chart 2. Hexagonal Ag Lattice

Shaded circles and open circles refer to alkyl groups
projecting above and below the Ag-S plane.

the strength of the AgS interaction and has previously been
observed on single-crystal Ag surfaces treated wisB,F5Q,

S,, and even CEBSCH.1? While structural differences between
this 2-D film and the 3-D AgSR solid are obvious, a number of
features bear strong similarity. In particular, both materials have
hexagonal lattices of Ag and S, thiolate anigkg™ interactions,
triply bridging S, and perpendicular or nearly-perpendicular alkyl
chains.

Despite their relevance to materials chemistry, the structures
of these AgSR solids are poorly understood. For example, the
color of these compounds varies from white to almost white to
yellow, depending on synthetic conditioh%!2 Moreover, for
n = 3—17, the white compounds turn yellow upon melting. A
second unresolved issue concerns the alkyl chain orientation.
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The only evidence for the perpendicular orientation depicted
in Chart 1, as opposed to a tilted alkyl geometry, is based on
the supposition of a fully extended, all-trans chain and a
calculated Ag-S slab thickness of 1:01.5 A but no spec-
troscopic evidence exists for either assumption.

We describe herein Ramal?Ag cross polarization magic
angle spinning (CPMAS) NMR3a14X-ray diffraction (XRD),
13C CPMAS NMR, and absorbance measurements on three
forms of solid AgS(CH)sCHg, a white all-trans compound |,
a bright yellow conformational isomer with a gauche geometry
about the C(1)C(2) bond G), and a pale yellow phase
containing both trans and gauche phaggérj. Conditions
leading to formation ofG, T, andG/T have been elucidated;
the color change associated with tlie— G transformation
results from changes in the Agoordination environment and
is inconsistent with a decrease in coordination numbEris
less stable tha@®, converting cleanly with an activation energy
(E) of roughly 60 kJ/mol. XRD experiments indicate an
interlayer spacingncreasefrom 15.56 A inT to 16.88 A inG.
Moreover, geometric constraints imposedBAg NMR data
coupled with bond lengths from X-ray crystallographically-
characterized Ag thiolate model compoutdkead to three
additional conclusions about the structure of these materials:
() There exist two different three-coordinate environments for
Ag™ in both T andG. (ii) The identification of solely three-
coordinate Agd in G shows that thes-bridging— u2-bridging
transformation in all-trans AGSR compounds proposed to occur
upon melting is inconsistent with the associated appearance of
gauche environments and the concurrent color change from
white to yellow. (iii) The S-S spacing in these materials is
between 4.44.8 A, values that correspond well to those
previously observed for organothiol SAMs on well-defined Ag
surfaces.

Experimental Section

Materials. AgNOs; (99+%, Aldrich) and CH(CH)sSH (99%,
Aldrich), spectroscopic grade GEN and CHOH (Fisher Scientific),
and GHe (J. T. Baker, Baker Analyzed reagent) were used as received.
Water was distilled and deionized on a Barnstead Nanopure Analytical
Water Filtration System (18 K2). Syntheses were carried out in Al-
foil-wrapped flasks to protect reactants and products from light
exposure. Elemental analyses were performed by Schwarzkopf Mi-
croanalytical Laboratory.

Synthesis of AgS(CH);CH3 (Form T). A 1.67 g sample of AgN©®
in 20 mL of HLO was added dropwise with stirring to 0.90 g of
butanethiol in 20 mL of CBCN. The pale yellow precipitate was
filtered off, and 1.4 g of wet product was placed in an Erlenmeyer
flask. A 20 mL portion of CHOH and 100 mL of GHs were added
slowly with heating to the precipitate, and the resulting suspension was
refluxed for 25 min and hot-filtered. The filtrate was dried in air,
yielding a white solid, mp 146142 °C. Anal. Calcd for GHsAQS:
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C, 24.38; H, 4.60; S, 16.27; Ag, 54.74. Found: C, 24.38; H, 4.57; S,
16.24; Ag, 54.49.

Synthesis of AgS(CH)s;CH; (Form G/T). A 3.79 g amount of
AgNO; in 60 mL of H,O was added dropwise with stirring to 2.02 g
of butanethiol in 60 mL of CHCN. The very pale yellow precipitate
was filtered off, washed with ¥0, and allowed to dry in air. The
compound slowly turned yellow on drying. Part of the solid melted at
140-142 °C; the remaining solid decomposed at 185. Anal.
Found: C, 24.27; H, 4.69; S, 15.99; Ag, 55.01.

Synthesis of AGS(CH)s;CH3; (Form G). A 1.67 g sample of AgN©®
in 60 mL of CH{CN was added dropwise with stirring to 0.90 g of
butanethiol in 20 mL of CKCN. The resulting white precipitate turned
bright yellow after approximately 10 min at room temperature, and
the mixture was stirred for an additional 45 min. The precipitate was
filtered off, washed with CBCN, and dried in air; mp 185C dec.
Anal. Found: C, 21.44; H, 4.10; S, 14.29; Ag, 54.29; N, 0.99.

Temperature Dependence of the 7= G Conversion. The same
synthetic procedure as used for preparatioGofias employed, with
the modification that the entire bolus of AgN®as added at once
with stirring, at temperatures ranging from 267 to 296 K. The time
for the solution to develop the first visibly discernible yellow color
was recorded.

Instrumentation. Diffuse reflectance electronic spectra were

obtained with a Perkin-Elmer Lambda 9 double-beam, double-mono-

chromator U\~visible/infrared spectrophotometer using an integrating
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Figure 1. Solid-state diffuse reflectance spectra of AgS{zEH;
compoundss (top), G/T (middle), andT (bottom). For clarity, spectra
are offset vertically.

previously seen in the pale yellow mixture. Synthesis of the
all-trans formT was initially carried out under a;Nitmosphere,
and isolation involved the use of a vacuum. When the vacuum
was released, we observed the—~ G transformation, leading
us to suspect the involvement 0£.0In fact, sample warming

sphere with BaS@as the reference. Raman spectra were obtained was responsible: synthesis ®fat room temperature under a
using the 647.1 nm line of a Spectra Physics Model 164 laser equippedrigorous|y inert atmosphere leads @

with an Excitek mixed-gas (AVKr*) plasma tube. Detection was

carried out using a Spex 1877 triple monochromator equipped with a
1200 groove/mm spectrograph grating, a 600 groove/mm filter stage

grating, and a UV-coated, liquid#tooled CCD detector. A more
detailed description of this apparatus is found elsewHergolid state
109g and®*C spectra were acquired at 294 K on a Chemagnetics CMX-

Sensitivity in AGSR chemistry to synthetic conditions has
been briefly describéd but never quantified. Further inves-
tigation revealed that the rate of conversion frdnto G is
extremely dependent on reaction conditions, with decreased
conversion rates at lower reactant concentration, in more basic

300 spectrometer operating in the quadrature mode at 13.85 MHz for solutions, at higher HSR:AgN{Datios, decreased mass transport

109g, 74.78 MHz for'3C, and 297.37 MHz fotH. A Doty Scientific
multinuclear double-tuned 10 mm Supersonic probe was uséedar

(i.e. slower stirring or addition rate), and lower temperatures.
A very rough estimate of activation energy can be obtained from

experiments, and a Chemagnetics multinuclear double-tuned 7.5 mma pjot of In() vs temperature’, wherek 1 is the time required

Pencil probe was used f&fC experiments. AgOCCHwas used as a
secondary standard reference [382.7, 401.2 ppm relative to AGRO
for 1%Ag NMR experiments, and hexamethylbenzene [132.21 ppm
relative to Si(CH)4] was used as the reference f6€ NMR experi-
ments. X-ray diffraction data were obtained in steps of 02ZR2with

a Rigaku Geigerflex automated diffractometer using graphite-mono-

chromated Cu K radiation and Si as an external standard.

Results

Syntheses of T, G/T, and G.Dance et al. have previously

synthesized a series of layered Ag alkanethiolate compounds:

compoundr in this work is identical in appearance and physical
characteristics to the white all-trans AgS(g4CH3; compound
synthesized under other experimental conditibh&l Initial
attempts to synthesize white all-trans AgSEHE&H; under

for appearance of yellow color as judged by eye. Such a plot
is linear (Supporting Information) and yields an activation
energy Eg) of ~60 kJ/mol.

Previous work on structurally characterized Ag thiolates led
to the conclusion that trigonally-coordinated Ag thiolates are
yellow, while solely two-coordinate species are whieThe
pale yellow color ofG/T and intense yellow color o arise
from low-energy ligand-to-metal charge transfer bands; a similar
trend toward lower energy transitions upon increasing coordina-
tion of d'9 metal complexes was previously obser¢édn the
solid state reflectance spectra (Figure T),has peaks or
shoulders at 220, 251, 293, and 315 BT at 228, 266, 298,
380, and 440 nm, an@ at 230, 265, 315, 380, and 449 nm.

The intense color o is unusual in Ag thiolate chemistey.

conditions other than those previously published led to synthesesUnfortunately, the extreme insolubility of neutral AgSR com-

in CH3;CN/H,O, which produced a pale yellow compound

pounds with primary alkyl groups precludes measurement of

subsequently determined by XRD to be a mixture of layered solution state optical spectra for, G/T, andG once isolated.

all-trans AgS(CH)3sCHs and an unknown layered phase. Con-
firmation of the mixed-phase character of this pale yellow
compound is seen in its melting point behavior, in which part

Optical measurements have been carried out on solubfe Ag
substituted metalloproteinsvith Ag* coordination environ-
ments consisting solely of (primary)SCH, side chains from

of the solid melts at the same temperature as the all-transcysteiné®1®—either via absorban&gor through acquisition of

compound (146 142°C) and part decomposes at 185 Both
the all-trans 1) and the mixed-phaseé5(T) compounds give
satisfactory elemental analyses.

a fluorescence excitation spectrdin.ln both cases, neither
peaks nor shoulders were observed at wavelengths longer than
300 nm. However, a soluble species formed by reaction of Ag

Further attempts to isolate the unknown phase led to the and HSCHCH;OH in Tris buffer at pH 8.0 has an intense

observation that, under ambient conditions inzCN, the white

AgS(CH,)3CH3z compound turned rapidly and irreversibly to
bright yellow; the XRD and melting point of the bright yellow
compound (formG) indicated that it was the unknown phase

(16) Grabar, K. C.; Allison, K. J.; Baker, B. E.; Bright, R. M.; Brown, K.
R.; Freeman, R. G.; Fox, A. P.; Keating, C. D.; Musick, M. D.; Natan,
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Figure 2. 3C CPMAS NMR spectra o6 (top), G/T (middle), andT
(bottom) forms of AgS(ChH)sCHs. Conditions: pulse delay, 4 s; contact
time, 5 ms; ring-down delay, 20s; spinning rate, 3 kHz. Transients:
G, 864;G/T, 1104;T, 1896. *
LW T
absorbance peak centered around 365%hme have noted
similar optical properties in solutions of AgSR with secondary | ] 1 1 1
300 400 500 600 700

and tertiary alkyl groups, and these features are retained in the
solid statez? Wavenumber (cm™)

It is important to note that features in the optical spectrum Figure 3. Raman spectra o& (top), G/T (middle), andT (bottom)
of G/T appear to be a near superposition of those seen in theforms of AgS(CH)sCHs. Conditions: 647.1-nm laser line, 20 mW at
spectra foiG andT. Moreover, this is true for all the spectral sample, 10-s integration time. The symbotefers to a laser plasma
properties described belowW3C, 1°Ag, Raman, XRD). Ac- line. Bands assigned to gauct®)(and trans T) conformations of the
cordingly, the imperfect elemental analysis @&rwhich appears carbon backbone are so marked.
to result from the inclusion of1% N (but not from CHCN,
since the C:S ratio is correct), in no way impacts the results
reported herein. It is worth noting that the slight deviation in
Ag percentage iiG is identical to that reported by Chadha et
al. for AgS(CH)3CHs obtained by anodic dissolution of Ag
metal in a solution containing only GECH,)sSH and CHCN .12

scattering (SERS] studies exist for both for aromatfcand

aliphatic thiols?®3%including butanethiot! This body of work

allows definitive assignment of several bands to gauche and

trans conformers of the butanethiolate ligant.has bands at

243, 359, 410, and 715 crh while G exhibits Raman peaks

e at 253, 330, 479, and 646 cth Information regarding the
Molecular Structures of T, G/T, and G. The possibility  conformation of the €C bond adjacent to the S is contained

that the color differences ifi, G/T, andG result from changes  jn two 1(C—S) bands at 656 and 730 cifor neat butanethiol,

in metal coordination environment suggested the use of probesyhich have been assigned to gauche and trans-@()

more sensitive than electronic spectroscopy. An obvious choiceyiprations, respectivel3£28-31 When butanethiol binds to Ag,

is NMR, and Figure 2 depicts tHéC CPMAS NMR spectra of  these bands shift to lower frequency and are seen at 646 cm

compoundsG, T, and G/T. Four peaks due to the carbon

backbone are visible in the spectrum of compoindt 15.8,

26.4, 39.3, and 40.5 ppm. These same four peaks are visible

in the spectrum of compour@/T, in some cases as shoulders

of new peaks. Four new peaks shifted upfield are seelfor

(and also forG/T) at 15.0, 22.1, 35.0, and 37.8 ppm. The

locations for thé'3C chemical shifts of these compounds are in (28)

the regions expected for alkarés.More importantly, the

systematic +5 ppm upfield shift for each peak in the spectrum

of G indicated the presence of a gauche bond in the C backbone,

a conclusion based on numerot¥¢ NMR studies of alkane

conformationg®

Raman studies showed that this gauche interaction was
present at C(1)C(2). Low-wavenumber Raman spectra of the
three AgS(CH)3sCH3; compounds are shown in Figure 3. A
tremendous amount of data exists on Raman spectra of
organothiols in solutio?¥ and arganothiols adsorbed to Ag
surfaces. For the latter, detailed surface-enhanced Raman
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Wiley and Sons: New York, 1991; pp 21277.
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Figure 4. X-ray powder diffraction patterns @ (top), G/T (middle),
andT (bottom) forms of AgS(Ch)sCHs. Above each diffraction pattern
are magnified views of largef2regions.

for compoundT and 715 cm? for G. This result shows that
the white compoundl exhibits an all-trans geometry. In
contrast, the butanethiolate in the bright yellow compoGd
exists in the gauche C(%)C(2) conformation, evidenced by the
complete absence of the trans 8 stretch. Several other bands
between 250 and 600 crh(Figure 3) are in agreement with
this assignment. Compoui@&'T once again exhibits a mixture
of the bands seen for the two compounds separately. Identifica-
tion of yellow G as the C(1)-C(2) gauche isomer arill as the
all-trans form comprises the first molecular information regard-
ing the origin of color in these compounds.

To see whether th& to G conversion influenced the layer
structure, X-ray diffraction (XRD) studies were carried on out
the three AgS(ChH)sCHs compounds (Figure 4). XRD studies
of layered silver salts dates baeld0 years, when the technique
was used to identify long-chain fatty acitfs.Examination of

Fijolek et al.

attempts to solve the unit cell structure without any approxima-
tions or constraints used by Dance were unsuccessful. The lack
of exact agreement between the expected and observed reflec-
tions indicate a symmetry lowering, a finding we confirm below.
The important point is that while the in-plane structure of these
compounds is uncertain, the interlayer spacing is not: the large
number of lines in the X-ray diffraction spectra indicate a high
degree of order foil, G/T, andG.

Further verification of the existence of the gauche conforma-
tion of the alkane chain 5, as well as proof of distortion
from a purely hexagonal lattice (Chart 2), comes friiiig
CPMAS NMR, a technigue that is extremely sensitive to the
coordination environment of Agand provides a detailed view
of Ag—S bonding (Figure 5). We observed a dramatic
improvement in signal/noise fo relative toT. Since the
efficiency of spin transfer fromH to 19%Ag in this experiment
increases with decreasing A¢ distance'?? the NMR data
indicate close proximity of a hydrogen to the Aglane. Chart
3 shows that if the alkyl chain is perpendicular to the"4dane,
the trans-gauche interconversion places a C(3) H atom very
close to the Ag plane. Note, however, that trangauche
isomerizations inilted alkane chains also increase the proximity
of the C(3) H to the surface (Supporting Information).

Table 1 lists the isotropic chemical shifts, chemical shift
anisotropiesAo), and asymmetry factorg) for the two unique
Agt environments present in each compound. Comparison with
analogous!®Ag NMR data for structurally-characterized Ag
thiolated3@ and for the protein Ag$S clusters of Ag
(metallothionein) in solutiok#¢permits the following conclu-
sions to be drawn about the Ag coordination environments in
AgS(CH)sCHs: (i) The isotropic chemical shifts for both Ag
environments in the gauche isomer appear in the strictly three-
coordinate range, while those f@& and 4 lie between two-
coordinate and three-coordinate regimes. (ii) The high
values forl, 3, and4 indicate highly distorted environments.
(iii) The low Ao and the presence of a symmetry axjs< 0)
in 2 is consistent with a trigonal planar geometry. (iv)
Environment3 also exhibits axial symmetry; coupled with the
high Ao and upfield chemical shift, a Y-shaped geometry with
two short Ag-S bonds and one long (secondary)-Ag bond
is proposed. Chart 3 shows the predicted geometries fay the
= 0 Ag' sites in the gauche and all-trans AgS(J4€Hs,
incorporating average lengths for three-coordinate (2.55 A) and

the data indicates that two different phases appear to be presen§econdary (3.0 A) AgS bonds:132.15

in compoundG/T, one of which is shared with compouid

and one of which is present i6. Dance et al. previously
postulated a monoclinic unit cell with ~ 8.7 A, interlayer

spacingo = 15.45 A,c ~ 4.35 A, and8 ~ 12C for their AgS-

(CH):CHs compound, which compoundT very closely

resembles.

From thed spacing data for compounds in these studies,
interlayer spacinggj for the pronounced @) reflections were
calculated usindp = kd, wherek is the order of the reflection.
The data show that the interlayer spacings preseiit (£5.56
A) and G (16.88 A) are essentially identical to those seen in
compoundG/T (15.45 and 16.90 A). This supports the melting
point evidence that two distinct phases exisGifi. Additional
reflections present i@ which are not seen ifi or assigned to
0kO reflections confirm that there are structural differences
between these two compounds other than the interlayer spacing
Dance et al. previously noted the presence of numefb0§
spacings for a series of layered AgSR compoundseir
presence is indicative of registry between layers, and they in
fact were used to approximate the monoclinic unit cell. Our

(32) Matthews, F. W.; Warren, G. G.; Mitchell, J. Anal. Chem195Q
22, 514-519.

Preliminary studies on longer chain AgS(&JkCHs com-
pounds 0 = 5, 7, 9, 11) also indicate plasticity in Ag
coordination environment and alkyl chain conformation. When
prepared at room temperature, each of these compounds was
white, but when synthesized in hot @EN, they turned yellow
and subsequently decomposed. More importantly, for lpoth
= 7 and 11, temperature-dependent Raman spectra indicated
changes in AgS modes and in C-backbone conformation-
sensitive bands occurred at temperatures as low a&d.6elow
the melting points of the compourfdgwhere color changes
from white to intense yellow occuf).

Discussion

Layered AgS(CH)sCHjs exists in two distinct phases, a fully
extended, all-trans fornT( that is white and a form exhibiting
a gauche conformatiory) at C(1)-C(2) that is bright yellow.
The latter is more stable, as evidenced by the temperature-
dependent conversion @fto G and by the substantially higher
melting point. No external reagents are required to effect this
transformation. Information gleaned frolf¥’Ag NMR spectra
indicate the presence of two distinct Agnvironments in both
T andG,; for the latter both are strictly three-coordinate, while
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Figure 5. 19°Ag CPMAS NMR spectra of AgS(ChHCHs formsG (top), G/T (middle), andT (bottom). Conditions: pulse delay, 3 s; contact time,
15 ms; ring-down delay, 4@s. Top: spinning rate, 3.9 kHz; 5152 transients. Bottom: spinning rate, 4.1 kHz; 29024 transients. See Table 1 for

peak assignments; bold labels correspond to isotropic peaks.

Chart 3. Chain Orientations and Coordination
Environments for AgS(ChEsCHs
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Table 1. Chemical Shift Parameters for AgS(@CHs
Compounds

isotropic  chem shift
AgS(CH):CH; type of Ag chem anisotropy asymmetry
conformn  environment shift (ppm) (Ao, ppmy factor ()2
all-gauche 1 1083 —1863 0.56
2 1048 512 0.00
all-trans 3 962 —1703 0.00
4 952 —1631 0.61

aFor definitions of Ao and %, see ref 13 and: Fyfe, C. ASolid
State NMR for Chemist€RC Press: Guelph, Ontario, Canada, 1983.

Chart 4. Distorted Ag Lattice with Two Types of
3-Coordinate Ag-S Environments
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Shaded circles and open circles refer to alkyl groups
projecting above and below the Ag-S plane.

possibility of increasing buckling or deformation close to the
plane edges, which would also explain the noticable lack of
observation of two-coordinate edge environments inlffag
NMR spectrum.

An interesting mechanistic issue is the impetus TorG
conversion: Is it driven by changes in A§ coordination
chemistry, or does it cause the observed changes? A clearly
attractive feature of gauche conformers, given the 50% per layer
vacancy, is the increased molecular footprint in the direction
of the surface normal. In other words, the gauche conformers
take up more space, and that space is available because-of up
down alkyl chain alteration. It is thus tempting to speculate
that the tendency to fill space drives thie-G change, leading
to changes in AgS coordination environment.

Several Raman studies of organothiolate SAMs on Ag support
this notion. (i) Ag sol SERS spectra of>2 10~* M solutions

the former exhibits chemical shifts between those previously of 1-butanethiol show only the trans configuration for adsorbed

observed for two-and three-coordinate Ag thioldfes.

butanethiolate, but at 5 107® M concentrations, a roughly

Taken together, what do these spectroscopic data reveal about:1 trans:gauche mixture of conformers is obse’d(ii) A

the structure of layered AgS(GHCHs? The presence of two
distinct Ag" environments in botfl and G indicates that the
regular hexagonal lattice illustrated in Chart 1 is an over-
simplifcation: all Ag™ sites cannot be equivalent. On the other
hand, theG form does possess one trigonal planar, three-
coordinate Aggenvironment as depicted in Chart 2. The other

similar phenomenon obtained for adsorbed 1-propanethiol on
Ag sols2%@ moreover, from a plot of gauche:trans ratio vs
solution concentration, it was suggested that the onset of
appearance of gauche C{¢(2) bonds coincided with less-
than-full monolayer coverage. (iii) The-€S stretch of 1-hexa-
decanethiol adsorbed to Ag island films exhibited a 20-tm

environment is also three-coordinate, but distorted. Chart 4 shift to lower frequencies with decreasing solution concentra-

shows a distorted lattice that still has half the*Aig trigonal
planar sites. For th& form, the lattice presumably deviates to

tion.3° The common conclusion reached by these studies is that
gauche C(1)C(2) conformers are preferred at low coverages

an even greater extent than the structure shown in Chart 4.of adsorbed thiolate. Note that while the crudely estimated
Another putative source of distortion in these compounds is the activation energy for formation o& (=60 kJ/mol) is higher
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than the calculated trangauche rotational barrier of 21 kJ/  to significant structural changes upon melting. However, it is
mol for the C(1}-C(2) bond of 1-propanethidfit is still quite unlikely that these structural changes result from decreased S
accessible at room temperature. bridging? 1%%Ag NMR clearly shows that each Agion in
Conversion of T to G leads to an increase in interlayer gauche AgS(CHsCH;z is three-coordinate, necessitating triply
spacing of 1.32 A, as measured by XRD. How can this be bridging S as well. This conclusion is supported by the color
understood, given the decreased span of the gauche conformer@hange from white to yellow that is known to be associated
There are three feasible explanations. (i) Dance et al. claim with an increase in coordination number rather than a de-
the alkyl chains in AgS(CksCHs extend perpendicular to the — creasé>23
Ag™ plane. This argument is based in part on incorrect values The stability of the layered form of th& isomer suggests
for van der Waals radf*3%> meaning the alkyl groups could [-substituted alkyls may be capable of forming liquid-crystalline
actually be tilted. Indeed, if the alkyl chains are tilted at layered structures and SAMs. For example, 2-methyl-2-
approximately 30 relative to the surface normal, the gauche butanethiol has an all-trans carbon backbone and a permanent
conformation is actually slightly longer than the fully extended gauche interaction with the methyl group; the "Agomplex
conformation. This can be easily seen with the use of CPK should form a single phase that is yellow. SAMs with
models (Supporting Information). (ii) According to Dance, the substituted and/or heteroatom-containing alkanethiols were
thickness of the AgS slab is 1.6-1.5 Al However, a plot of recently describeéf If such a SAM did form, wavelength-
observed interlayer spacing vs alkyl chain length (from the data dependent in-situ ellipsometry (i.e. 36800 nm) may give rise
in that paper) shows an intercept of 0.9 A (Supporting to resonant signal enhancement from ligand-to-metal charge
Information). While this value does show that the-A§ slab transfer transition’
is not planar, it certainly allows for an increase in slab thickness Summary
in the gauche form, given that the A& covalent bond lenth ] ] o
is 2.37 A for linear digonal coordination and 2.55 A for trigonal ~~ Raman, X-ray diffraction, Utvisible reflectance, an&C
coordination. Thus, slight differences in interlayer spacing can @hd ‘*Ag CPMAS NMR have been used to detect and
be accounted for by minor increases in slab thickness associated!nderstand structural changes associated with a@@) trans
with changes in coordination geometry. (iii) The head group [0 9auche isomerization in AgS(GJICHs, a layered solid. This
interpenetration thought to be present in all-trans AgSR (Chart transformation, which is accompanied by a color change from
1) is sterically less favorable for the gauche form. The extent White to bright yellow, leads to an increase in interlayer spacing
of alkyl chain interdigitation is not measured but rather Putnotto a decrease in Agcoordination number. The-S5
calculated from the observed interlayer spacing, the alkyl chain SPacing in 3-D Ag(SCh)sCHs, derived from'®Ag NMR data
length, and the slab thickness. Since values for the last two @nd crystallographically-known AgSR bond lengths, is very
parameters are uncertain, the actual amount of chain interpen-Similar to that observed in closed-packed 2-D organothiol SAMs
etration in the all-trans form is not known, but this mechanism ©n Ag, even though the thiol occupancy in the 3-D material is
should be less important foB, leading to increased layer ~©ONly 50% that in the SAM.
spacing. At present, the indivual effects of alkyl chain tilt, slab ~ Acknowledgment. We acknowledge partial support of this
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