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ABSTRACT: Tridentate cyclohexyl-based alkanethiolate SAMs generated
from a series of adsorbates of the form R,C¢H,(CH,SH), where R =
—(CH,),H and n = 3, 8 and 13 (3CnCyTSH), were examined.
Characterization of the SAMs by X-ray photoelectron spectroscopy (XPS)
revealed that all sulfur atoms of the tridentate adsorbates were bound to the
surface of gold, and that the tailgroups were in general less densely packed
than the SAM derived from octadecanethiol (C18SH). For each of the SAMs,
the relative molecular coverage on the surface was estimated from the XPS-
derived C,,/Auy ratios. The trend in conformational order for these SAMs as
determined by the surface interactions with contacting liquids and the relative
crystallinity of the alkyl chains as revealed by the PM-IRRAS spectra were
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found to decrease as follows: C18SH > 3C13CyTSH > 3C8CyTSH > 3C3CyTSH. A preliminary study of the thermal stability
of the SAMs as evaluated by XPS indicates that the SAM generated from the cyclohexyl-based adsorbate with the longest alkyl
chain, 3C13CyTSH, is markedly more stable than the SAM generated from C18SH. Overall, the results suggest that the stability
of the SAMs are influenced by both the length of the alkyl chains and the chelate effect associated with the tridentate adsorbates.

. INTRODUCTION

Self-assembled monolayers (SAMs) of organic alkanethiols on
gold have been used in the design and controlled fabrication of
nanostructured materials such as soft lithography resists,'
biosensers,” nanoparticles for drug delivery,® thin-film organic
electronic devices,* nanoscale coatings,5 and a variety of other
purposes.®” Although alkanethiolate monolayers have received
considerable interest in the scientific community, the stability of
these thin films is still a significant obstacle for their use in real-
world applications.sf14 In particular, these organic thin films
exhibit only moderate stability under ambient conditions'*"*
and decompose rapidly at elevated temperatures (e.g, ~80 °C
in hexadecane).®''™"3 Previous studies have also found that
certain thiol adsorbates partially desorb upon exposure to air
overnight'* and most readily undergo displacement when
exposed to a second organosulfur adsorbate in solution.'""
A variety of strategies have been devised by a number of
surface scientists to enhance the stability of these organic thin
films; these include interchain cross-linking and adsorbate
polymerization,">™"® multiple sulfur—gold interactions (chela-
tion by multidentate adsorbates),"”"”™>* and intermolecular
hydrogen bonding.** ' Of particular interest are the multi-
dentate adsorbates with three surface bonds that enable the
production of stable SAMs utilizing the “chelate effect”.'® Such
tridentate architecture was initially reported by Whitesell et al.
in 1993 for research involving the growth of helical peptides
from gold surfaces.”” But the number of applications has
broadened for these unique surfactants, as detailed in recent
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Our research group has been exploring the formation and
characterization of SAMs on polycrystalline “flat” gold and on
gold nanoparticles derived from the adsorption of various
multidentate alkanethiols.'*™'¥!9724323% A¢ 3 whole, we found
that SAMs generated from tridentate adsorbates are more
thermally stable than those generated from bidentate
adsorbates, which in turn are more stable than those generated
from monodentate adsorbates.®® Furthermore, independent
studies have found that long-chain alkanethiols fail to displace
tridentate adsorbates under conditions where monodentate
adsorbates were readily displaced.”® Of particular relevance to
this report, adamantane-based tridentate adsorbates have been
previously developed and used to generate SAMs on
gold.*”**™ For these adsorbates, all three thiomethyl legs
extend from a single cyclohexane ring of the framework of these
rigid cagelike structures and bind to gold in a fashion similar to
normal alkanethiols.**™*® However, there have been no reports
of more extensive studies of the stability of the films generated
from these trithiol adsorbates.

In a recent publication,39 we provided our initial assessment
of SAMs formed from simple cyclohexyl-based tridentate
adsorbates. In this initial investigation, two trithiols built with
this architecture were synthesized and used to prepare thin
films on gold (see Figure 1), CyTSH and 3C1CyTSH, where R
= —CHj in the illustration. Our studies revealed that while the
adsorption of CyTSH led to multilayer films containing
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Figure 1. Hlustration of the structure of the cyclohexyl-based trithiol
adsorbates.

oxidized sulfur species, the adsorption of 3C1CyTSH led to
monolayer films with ~90% of the sulfur atoms bound to gold.
The striking difference between these two adsorbates can be
attributed to the presence of the methyl groups in 3C1CyTSH,
which restrict the conformational flexibility of the cyclohexane
ring and thereby significantly enhance its chemisorption to
gold. The results suggest that derivatives of the 3C1CyTSH
architecture might be used to generate strongly bound SAMs
on gold.

On the basis of these earlier results, we chose to further
explore this new chemical architecture with the goal of
developing a more versatile class of multidentate adsorbate
that would produce stable, well-defined SAMs on gold. To this
end, we synthesized three new analogs of 3C1CyTSH having
the general formula RyC;H4(CH,SH);, where R = —(CH,),H
and n = 3, 8, and 13 (3CnCyTSH; see Figure 1). With the
3CnCyTSH adsorbates, the cyclohexane ring serves as the
platform between the three alkyl tailgroups and the three thiol-
containing headgroups. By varying the length of the pendant
alkyl chains, we wished to determine the degree to which this
parameter influences the formation, structure, and stability of
SAMs derived from these unique adsorbates. Specifically, we
anticipated that the chain length would influence the efficiency
of the bonding to the surface, the packing density of the
tailgroups, and the stability of the films. Even though
3C1CyTSH forms SAMs with ~90% of the thiols bound to
gold, the alkyl chain is too short to affect the packing
characteristics of these SAMs due to small interchain van der
Waals interactions. Therefore, we anticipated that analogs of
3C1CyTSH having longer chain lengths would yield an
increased surface packing density for the adsorbates and,
consequently, an enhanced stability for the SAMs. Studies of
SAMs created from this new class of adsorbate should further
advance our understanding of the structural factors that lead to
stable SAMs on gold. Moreover, this new tridentate
architecture provides a strategy for generating unique, chemi-
cally heterogeneous interfaces by synthesizing and utilizing
analogs of 3CnCyTSH for which the tailgroups in the
adsorbates are compositionally distinct.

For the current set of cyclohexyl-based trithiols, the SAMs
generated from these adsorbates were characterized by
ellipsometry, contact angle goniometry, polarization modu-
lation infrared reflection absorption spectroscopy (PM-IRRAS),
and X-ray photoelectron spectroscopy (XPS). Analyses by XPS
were also used to evaluate the thermal stability of the SAMs.

. EXPERIMENTAL SECTION

Synthesis and Experimental Procedures. The details of the
synthesis of the tridentate cyclohexyl adsorbates, along with the
materials used in their synthesis, the protocols for preparing the SAMs,

and the experimental procedures associated with the characterization
of the SAMs, can be found in the Supporting Information.

. RESULTS AND DISCUSSION

Ellipsometric Thickness Measurements. Ellipsometry
can be used to evaluate the average thickness of a self-
assembled monolayer film and also trends within a series of
SAMs.*® For the films prepared in this study, the relative
efficiency of the surface adsorption for these trithiol adsorbates
or the possible formation of surface-bound disulfides, might
noticeably distort the thickness measurements obtained for the
resulting thin films.2>2° Thus, with the current series of SAMs
formed from the new adsorbates, we included that of the
previously reported 3C1CyTSH as a reference film. Compar-
ison was also made to SAMs formed from n-octadecanethiol
(C18SH), providing both a means of verifying the quality of
our films and a standard for estimating the density of the
surface chains for the new 3CnCyTSH adsorbates.

The average ellipsometric thicknesses for the tridentate
SAMs are ~4, 7, 10, and 11 A for 3C1CyTSH, 3C3CyTSH,
3C8CyTSH, and 3C13CyTSH, respectively, while that of the
SAM generated from C18SH is ~21 A. For the ellipsometric
measurements of these new adsorbates, the carbon count used
to equate these films with the total chain length of the normal
alkanethiolate SAMs is equal to the alkyl chain substituent (R)
carbon count plus two carbons: the ring carbon and the carbon
that links the thiol moiety to the ring. With the use of this
methodology, the total chain lengths were 3, S, 10, and 15 for
3C1CyTSH, 3C3CyTSH, 3C8CyTSH, and 3C13CyTSH,
respectively. These data points are plotted in Figure 2 and
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Figure 2. Ellipsometric thicknesses of the SAMs generated from
3CnCyTSH and C18SH. Error bars indicate the variance associated
with six measurements; standard deviations ranged from 0.3—2.4 A
The solid line extending through the first four data points corresponds
to a linear fit calculated for the 3CnCyTSH SAM data and weighted
for the associated standard deviations.

reveal that the new tridentate adsorbates generate monolayer
films rather than multilayer films; as such, they likely offer the
same characteristic features previously reported for the SAMs
generated from 3C1CyTSH.*

One observation from the plotted ellipsometric data is that
the thicknesses of these films increase with increasing alkyl
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chain length, and are in accord with the carbon counts for the
total chain lengths for these adsorbates.*® However, the data for
the SAMs formed from 3C3CyTSH and 3C8CyTSH show a
greater error associated with their measurements, which might
indicate inconsistent or poorly formed films. The linear fit
shown in Figure 2 was calculated from the first four data points
(the tridentate adsorbates) utilizing the “error as weight”
function in OriginPro 7.5. Using the standard equation for a
line, the y intercept was determined to be ~2.0 A, and the
increase in film thickness per each additional carbon atom in
the alkyl chain (from the slope of the line) was ~0.6 A. The y
intercept, a value attributable to the film thickness associated
with the sulfur moieties present at the base of the adsorbates, is
in line with previously reported values.*' However, prior
reports have provided calculated and imperically derived values
for film thickness of ~1.2—1.5 A per carbon for a normal
alkanethiolate chain, yielding a conclusion that the chains for
the 3CnCyTSH SAMs are either loosely packed or significantly
tilted from surface normal.®

XPS Analyses. XPS is a useful method for determining the
chemical compositions of SAMs. Additionally, the XPS spectra
can be used to evaluate the effectiveness of the chemisorption
of the sulfur headgroups to the gold substrate by monitoring
the XPS binding energies. Minor differences between various
S—Au bonds influences the distribution of electrons in the
bonding orbitals of interest (reflecting the local environment),
thus producing slight changes in the energy required to eject
those electrons.*~** By monitoring the S, region of the XPS
spectra, the nature of the bonds formed (and the degree to
which bonds fail to form) between the sulfur headgroups and
the gold substrate can be obtained.*>** For the XPS spectra of
SAMs generated from alkanethiols on gold, the binding energy
(BE) of the S,,3/, and S,,,/, peaks for surface-bound thiols is
known to be ~162.0 and ~163.2 eV, respectively. In contrast,
the S,,3/, and S, /, peaks for unbound thiols (and disulfides)
appear at ~164.0 and ~1652 eV, respectively. Incomplete
adsorbate bonding to gold, therefore, can be identified by the
presence of an S,, peak at ~164 eV and quantified by the
deconvolution of the peaks in this region of the spectra.
Moreover, oxidized sulfur species can also be detected by XPS
(an Sy, peak with BE > 166 eV). B

Previously,” we found that the SAMs derived from the
adsorption of 3C1CyTSH from THF showed a high level of
thiolate formation for these trithiols, with ~90% of the sulfur
atoms bound to gold as compared to the CyTSH-based SAMs,
which displayed a markedly lower percentage of bound thiolate.
Given the structural similarity of the new 3CnCyTSH
adsorbates to 3C1CyTSH, we anticipated that the new
adsorbates would also bind to gold with a high percentage of
bound thiolate, a characteristic that might improve as the
substituent alkyl chains are lengthened for these multidentate
adsorbates, leaving little, if any, unbound thiol.

For purposes of comparison, the XPS spectrum for CyTSH
is included in Figure 3 and shows that the SAMs formed from
CyTSH are contaminated with oxidized sulfur species.*****
This adsorbate also exhibits a substantial amount of unbound
sulfur as indicated by the peak at ~164 eV, revealing that
CyTSH either forms a disulfide upon partial bonding to the
surface or adsorbs, leaving unbound thiols. In contrast, for the
alkyl-substituted 3CnCyTSH adsorbates, there were no
oxidized sulfur species present, as determined from the spectra,
and the peaks associated with unbound thiol (and disulfide)
were minimal.
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Figure 3. XPS spectra of the S, region of the SAMs derived from the
series of cyclohexyl-based tridentate adsorbates, 3CnCyTSH and
CyTSH, compared to that of a C18SH SAM.

The relative amounts of bound and unbound sulfur were
deconvoluted using standard XPS processing software; the
deconvoluted spectra are provided in the Supporting
Information. All of the peaks were fit with respect to spin—
orbit splitting; specifically, two 80% Gaussian curves in a 1:2
ratio of areas split at 1.18 eV were used for analysis of the S,,
peaks. The data obtained from this analysis are summarized in
Table 1. The XPS data indicate a larger percentage of bound
thiolate for the new adsorbates when compared to 3C1CyTSH.

Table 1. Relative Amounts of Bound Versus Unbound Sulfur
Species Obtained from Deconvolution of the XPS Spectra in
Figure 3.7

adsorbate % bound thiolate % unbound thiol
CyTSH 33 67"
3C1CyTSH 65 3sb
3C3CyTSH 96 4
3C8CyTSH 100 0
3C13CyTSH 96 4
C18SH 100 0

“On the basis of these measurements, we estimate the accuracy of the
reported percentages of bound versus unbound thiol to be no better
than +5%. “Values were previously reported in ref 39.

In addition, the 3C3CyTSH, 3C8CyTSH, and 3C13CyTSH
adsorbates show the highest percentage of bound thiolates and
produce a statistically equivalent percentage of bound thiolates
as C18SH. Analysis of the XPS data from the deconvolution of
the peaks yields the following trend regarding the percentage of
bound thiolate: C18SH ~ 3C13CyTSH ~ 3C8CyTSH =~
3C3CyTSH > 3C1CyTSH > CyTSH. Therefore, we conclude
that, compared to 3C1CyTSH and CyTSH, the new tridentate
adsorbates bind more completely to the surface of gold with all
three sulfur atoms due to the presence of the longer alkyl chains
on these adsorbates.

One possible rationalization for this phenomena is that the
adsorbates adopt conformational structures that decrease the
1,3-diaxial interactions associated with the alkyl chains on the
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Table 2. XPS Binding Energies, C,,/Au Ratios, and a Stoichiometric Comparison for SAMs Derived from the Indicated

Adsorbates.?

binding energy (eV)

adsorbate (molecular formula) Cys Ss
3C3CyTSH (C,gH;S;) 284.4 161.7
3C8CyTSH (Cy3HeS5) 2843 161.6
3CI3CyTSH (Cy5HyeSs) 284.6 1619
CI8SH (C,4HysS,) 285.0 162.0

Cys / Auy ratios

C,, / Auy per carbon coverage compa.risonb

1.85 X 1072 1.03 X 1073 0.18
2.34 X 1072 7.09 x 107 0.13
471 X 1072 9.81 x 107 0.17
1.01 x 107! 5.61 x 1073 1.00

“Reflects the average values calculated from two independent measurements. The binding energies were referenced to Auyy,, at 84.0 eV.
®Normalized values of C,,/Auy per carbon. Additional details can be found in the Supporting Information.

cyclohexane ring, which then creates favorable alignments of
the cis,cis-trithiols on one side of the ring. These conformational
effects lead to a more favorable adsorption to the surface of
gold when compared to the thiol moieties of CyTSH. The
bulkier the substituents, the greater the 1,3-diaxial interactions
and the improved chemisorption of sulfur to gold. However,
the alkyl chains of these adsorbates also tend to phase-associate
in solution, with the van der Waals attractions of the longer
alkyl chains increasing the likelihood of chain alignments on
one side of the cyclohexane ring. Such a phase separation of
nonpolar and polar groups on opposite sides of the ring can
also encourage S—Au bonding by limiting the number of
accessible cyclohexane ring conformers, or at least reducing the
mobility of the substituents and thereby increasing the degree
to which the thiol groups are oriented in the same direction.

XPS spectra can also be used to quantify the relative surface
coverage of hydrocarbon adsorbates for a series of SAMs
through an analysis of the ratio of the peak intensities for the
C,, and Auy; signals.*** An example of this approach can be
found in research involving binary mixed-SAMs where the XPS
C/Au ratio data was applied to determine the relative presence
of the two components that produced the film.** Similar efforts
on our part to use this ratio to characterize SAM films involve
the analysis of a homologous series of alkanethiolate SAMs
(even-numbered chains C8SH through C18SH) and produced
a linear relationship for a plot of the C/Au ratio versus SAM
thickness (r* value of 0.98; see Figure S16 in the Supporting
Information). Such trends reflect the fact that the consistent
methodical addition of the same structural moiety to each
homologous adsorbate in these series of SAMs produces an
increase in the C, signal for the overlying hydrocarbon chains
equivalent to the most attenuated carbon signal, the carbon
next to the sulfur. However, from the perspective of how each
additional methylene group contributes to the attenuation of
signal for the existing structure (impact on escaping electrons),
these added methylene groups can be considered as lying under
the methyl group, exhibiting a proportional marginal impact
upon the attenuation of signal for the existing hydrocarbon
layer (C,;) as for the underlying gold (Auy). Therefore, in our
efforts to define the relative packing density of the adsorbed
molecules of our newly developed series of SAMs, we chose to
use the C/Au ratio to determine the relative surface coverage of
the various adsorbates on gold.

Although the exact nature of the bonding of the trithiols to
the surface of gold is unknown, we can examine the monolayer
coverage of the cyclohexyl-based adsorbates normalized against
the coverage of a normal alkanethiol SAM (see Table 2). To
perform these estimations, the C/Au ratio for each of the SAMs
was divided by the number of carbon atoms per adsorbate
(based on their molecular formulas). The resulting C/Au ratio
per carbon for each SAM was normalized with the C/Au ratio

14111

per carbon for the C18SH SAM, providing an estimated
stoichiometric surface coverage for each adsorbate.

As shown in Table 2, the relative coverages of the SAMs
formed from 3C3CyTSH, 3C8CyTSH, and 3C13CyTSH were
determined to be ~0.18, 0.13, and 0.17, respectively, as
compared to 1.00 for the C18SH SAM. The data for
3C1CyTSH were not included in this analysis because of the
high level of unbound thiol present in this SAM. Overall, our
analysis indicates that the 3C3CyTSH and 3C13CyTSH
adsorbates cover an area on the surface that is comparable to
the area covered by ~5—6 alkanethiols, with the 3C8CyTSH
SAM being more loosely packed (i, ~7—8 alkanethiols).
These values are consistent with a model in which the
headgroups of these molecules are closely packed, given that
each headgroup is comprised of a 1,3,5-trialkyl-substituted
cyclohexyl ring oriented parallel to the surface.*”

It is also possible to use the binding energies of the C,; peaks
in the XPS spectra to provide a qualitative evaluation of the
relative packing density for a series of SAMs. In general, the BE
of an electron in an atom will reflect both its chemical state and
its environment.*® Thus, the formation of bonds between
atoms can change the electron distribution of the atom of
interest, which can be evaluated by monitoring the shifts in BE
from similarly structured SAMs. The relative insulating
character of the samples is another factor that can influence
the BE.*® Previous studies of normal alkanethiolate SAMs have
shown that the BE of the C;, photoelectron shifts to a lower
value when the alkyl chain length or packing density
decreases.*”*® This shift in BE has been rationalized on the
basis of changes in the polarizability of the SAMs by assuming
that the nature of the sulfur—gold interaction is unaffected by
the length of the alkyl spacer. For example, the C;; BE for a
C18SH SAM is shifted to a lower energy when this SAM is
partially decomposed or disordered due to the loosely packed
SAM acting as a poor insulator.”® Thus, the positive charges
derived from the photoelectron emission can be more easily
discharged by the partially decomposed loosely packed SAM
than by the densely packed analogs. As a whole, the C,; binding
energy can be used to provide a rough estimate of the relative
chain packing density for a series of compositionally similar
SAMs.

Table 2 and Figure 4 show a small but reproducible shift of
the C, peak to a lower binding energy for the 3CnCyTSH
SAMs when compared to the densely packed C18SH SAM.
The shift to lower binding energy for the 3C3CyTSH and
3C8CyTSH SAMs is notably larger (ABE = ~0.7 eV). From
the observed shifts and the estimated coverage comparison, the
relative alkyl chain packing density of the new cyclohexyl-based
SAMs as compared to that formed from C18SH can be
estimated as C18SH > 3C13CyTSH > 3C3CyTSH >
3C8CyTSH. We note, however, that the C;; binding energy
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series of cyclohexyl-based tridentate adsorbates, 3CnCyTSH, as
compared to a SAM derived from C18SH. A dashed line is included
to highlight the relative peak positions.

can be influenced by other factors, including the orientation of
the alkyl chains.*’

PM-IRRAS Analyses. The orientation and conformational
order of self-assembled monolayer films can be evaluated by
monitoring the C—H stretching region of the surface infrared
spectra.*>**! In particular, the frequency and bandwidth of the
methylene antisymmetric and symmetric C—H stretching
vibration bands (v,"™ and v,“™) are known to be strongly
influenced by the conformational order and packing character-
istics of hydrocarbon chains, such as those found in normal
alkanes and alkanethiolate monolayers.

As shown in Figures 5 and 6, the v, bands of the SAMs
derived from 3C3CyTSH, 3C8CyTSH, and 3C13CyTSH
appear at 2928, 2927, and 2926 cm ™!, respectively, indicating a
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Figure S. PM-IRRAS spectra of the series of SAMs formed from the
new 3CnCyTSH adsorbates as compared to the spectra for the SAMs
formed from CyTSH and C18SH. The dashed lines indicate the v,
and ,°™ band positions for the SAM derived from C18SH.

Figure 6. Average v,°™ band position for the SAMs derived from
C18SH and 3CnCyTSH, where n = 3, 8, 13. The line connecting the
data points is provided solely as a guide to the eye.

conformationally disordered or liquidlike arrangement for the
alkyl chains in these three SAMs. For comparison, the v,“™
band of the SAM formed from C18SH appears at 2918 cm ™,
which indicates a crystalline-like conformational order for the
alkyl chains of this SAM.>" A trend can be found in the data for
the new 3CnCyTSH adsorbates: as the length of the alkyl
tailgroups are lengthened, there is a slight increase in the
conformational order of the SAMs, with the overall trend being
C18SH > 3C13CyTSH > 3C8CyTSH > 3C3CyTSH.

Contact Angle Measurements. For the current series of
SAMs, the advancing contact angles (6,) were measured for
several contacting liquids in contact with the SAMs derived
from 3C3CyTSH, 3C8CyTSH, 3C13CyTSH, and C18SH.
The average values for the collected data are presented
graphically in Figure 7. For this study, we chose liquids ranging
from polar protic water (H,0) and formamide (FA) to slightly
polar aprotic a-bromonaphthalene (a-BN) and nonpolar
aprotic hexadecane (HD) to provide a more complete
evaluation of the interfacial properties of the SAMs.** Due to
the small molecular size of H,O and FA, these probe liquids
also tend to be highly sensitive to small changes in the
interfacial packing of the chains that form these surfaces.
Moreover, hexadecane serves as a particularly sensitive probe of
the interfacial structure/packing of SAMs terminated with
hydrocarbon tailgroups.*’

The trends displayed in Figure 7 are consistent with trends
found in the ellipsometric and PM-IRRAS data; specifically, the
advancing contact angles increase progressively through the
series from 3C3CyTSH to 3C13CyTSH as the films become
less liquidlike and exhibit a maximum contact angle on the
densely packed SAM formed from CI8SH. A complete
interpretation of the data is hindered by the confluence of at
least two fundamental interactions: (1) the intercalation of the
liquid molecules into the loosely packed alkyl chains, as
exemplified by the complete wetting by HD but not the bulkier
a-BN molecules and (2) the interfacial energy of the liquids
involved, as exemplified by the differences in the surface
tensions of H,O (~73 mN/m),”>"** FA (~58 mN/m),***®
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and a-BN (~45 mN/m),*® as juxtaposed to the resulting
contact angles. Nevertheless, the trends indicate that the chain
length of the 3CnCyTSH SAMs influences the contact angles,
owing to the degree of conformational order for the alkyl
chains, which increases with increasing chain length.51

Preliminary Evaluation of the Thermal Stability of the
New 3CnCyTSH SAMs. Studies have shown that multidentate
SAMs are more chemically and thermally stable than their
corresponding monodentate analogs.'"'* The enhanced
stability can be rationalized largely on the basis of the chelate
effect. Given this background, we anticipated that our new
tridentate cyclohexyl-based thiol adsorbates would also form
monolayers on gold that are more stable than normal
akanethiolate SAMs.

We used XPS to evaluate the thermal stability of the SAMs
derived from the new 3CnCyTSH trithiols, utilizing the
C18SH SAM as a standard.’” In these studies, we monitored
the peaks in the S,, region of the XPS spectra collected during
the heating procedure outlined in the Experimental Section.

Notably, XPS survey spectra taken before the heating
protocol are provided in the Supporting Information, and
they indicate that the C18SH SAM and all of the 3CnCyTSH
SAMs contain a small amount of adsorbed oxygen. The
presence of this element within a SAM matrix has been credited
with the degradation of SAM integrity either through direct
attack on the headgroup or in a catalgztic process involving “hot”
electrons from the surface of gold.>® Figure 8 shows the sulfur
Sy, spectra of SAMs generated on gold as a function of
annealing temperature under vacuum. For the SAM formed
from C18SH, a peak associated with oxidized sulfur (broad
band at 167—170 eV) was observed upon completion of the
heating protocol. The presence of this peak for this tightly
packed film might reflect the barrier characteristics of the alkyl
chains effectively blocking the escape of adsorbed oxygen from
the matrix of the film. Further, the weak peak that appears in
the same region in the final spectrum for 3C3CyTSH is so
poorly resolved that it might simply reflect fluctuations in the
baseline of the spectrum. As for SAMs formed from

3C8CyTSH and 3C13CyTSH, there is no indication of the
formation of oxidized sulfur species in these films. Significantly,
3C13CyTSH showed a larger, better-defined bound thiolate
peak than the SAM derived from 3C8CyTSH; a contrast that is
apparent for each of the offsetting spectra in the two sets of
collected data. However, this weakness in the intensity of the
S, peaks of the 3C8CyTSH SAMs during the heating protocol
is also apparent in comparison to the data for the 3C3CyTSH
SAMs and might reflect an inherent structural limitation
associated with the intermediate alkyl chain length, where the
chains are insufficiently long to create tightly packed chain
assemblies and insufficiently short to act as noninteracting ring
substituents. This potential rationalization is supported by
some of the data presented above. For the XPS analysis of the
surface density of the cyclohexyl-based SAMs, the SAM formed
from 3C8CyTSH produced the lowest surface coverage of the
new adsorbates. And one aspect of the PM-IRRAS data in
Figure § also lends support to our conclusion; the peak for the
methyl antisymmetric C—H stretching vibration (v,“™*) for the
3C8CyTSH SAM at ~2965 cm™ is broader and less well-
defined than that for the SAMs formed from 3C3CyTSH and
3C13CyTSH, which indicates that the terminal methyl groups
are not uniformly oriented in the 3C8CyTSH SAM. However,
most of the other collected instrumental data points to a
general trend of increasing film order in tandem with increasing
chain length for the substituent chains on the cyclohexyl rings.

On the basis of these preliminary thermal stability studies, we
conclude that the formation of oxidized sulfur species within
the SAM film under the conditions of our experimental
procedures cannot be used as a general indicator of the thermal
stability of these monolayers. The film that shows the greatest
loss of signal in the XPS spectral region examined in this study
was the SAM formed from 3C8CyTSH. The SAM formed from
C18SH produced data indicating that a large number of the
headgroups were oxidized during the heating protocol, yet the
final spectrum also indicates that a substantial number of
thiolate headgroups remain. Nevertheless, the best performing
SAM in these preliminary studies of thermal stability appears to
be the SAM formed from 3C13CyTSH. The enhanced stability
can be partially attributed to the length of the overlying alkyl
chains, which provide sufficient attractive van der Waals forces
to form a better ordered film and also to the multiple bonds of
these adsorbates to the surface of gold.'”*

. CONCLUSIONS

A series of tridentate adsorbates based on a trialkylcyclohexane
structure supported by three methylthiol headgroups were
synthesized and used to generate SAMs on gold. Thickness
measurements obtained by ellipsometry indicate that the new
SAMs exhibit reduced thicknesses as compared to alkanethio-
late SAMs of comparable chain lengths. The conformational
order for these SAMs as determined by the surface interactions
with contacting liquids and the relative crystallinity of the alkyl
chains as revealed by the PM-IRRAS spectra suggest an overall
decreasing trend as follows: C18SH >> 3C13CyTSH >
3C8CyTSH > 3C3CyTSH. Characterization of the SAMs by
XPS revealed that the sulfur atoms of the 3CnCyTSH
tridentate adsorbates are bound to the surface of gold, and
the alkyl tailgroups are loosely packed, with a notable reduction
in chain packing density as compared to normal alkanethiolate
SAMs. However, the molecular surface coverage of the trithiol
SAMs, as calculated from the XPS data and the relative
stoichiometries for the surface coverage of the molecules, are
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Figure 8. XPS spectra of the S,, BE region of the SAMs derived from the new 3CnCyTSH trithiols and C18SH, collected after exposure to the

indicated temperatures under vacuum.

consistent with a model in which the headgroups of the
molecules are closely packed, given that each headgroup is
comprised of a 1,3,5-trialkyl-substituted cyclohexyl ring
oriented parallel to the surface. A preliminary study of the
thermal stability of this series of SAMs shows that the SAM
formed from 3C13CyTSH proved to be the most stable film
under our experimental conditions, with the SAM formed from
C18SH exhibiting significant headgroup oxidation during the
heating protocol. The enhanced stability of the SAM formed
from 3C13CyTSH was attributed to a combination of the
stronger interchain van der Waals attractions associated with
the longer overlying alkyl chains and the chelate effect.
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Detailed synthesis procedures, materials used for synthesis and
experimental work, experimental procedures for SAM charac-
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