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ABSTRACT: A new carboxylic acid-terminated alkanethiol
having bidentate character, 16-(3,5-bis(mercaptomethyl)-
phenoxy)hexadecanoic acid (BMPHA), was designed as an
absorbate and protectant to form thermally stable carboxylic
acid-terminated organic thin films on flat gold and nano-
particles, respectively. The structural features of the organic
thin films derived from BMPHA were characterized by
ellipsometry, X-ray photoelectron spectroscopy (XPS), and
polarization modulation infrared reflection absorption spec-
troscopy (PM-IRRAS), and compared to those derived from
mercaptohexadecanoic acid (MHA) and 16-(4-
(mercaptomethyl)phenoxy)hexadecanoic acid (MMPHA).
This study demonstrates that films derived from BMPHA
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are less densely packed than films derived from MHA and MMPHA. However, the results of solution-phase thermal desorption
tests revealed that the carboxylic acid-terminated films generated from BMPHA exhibit an enhanced thermal stability compared
to those generated from MHA and MMPHA. Furthermore, as a nanoparticle protectant, BMPHA can be used to stabilize large
gold nanoparticles (~4S nm diameter) in solution, and BMPHA-protected gold nanoparticles exhibited a high thermal stability

in solution thermolysis studies.

B INTRODUCTION

The exploration of new adsorbates for the generation of organic
thin films on flat gold and nanoparticles is vital to emerging
applications in the fields of medicine, sensors, and electronics.
Among the many systems found in the literature, carboxylic
acid-functionalized thin film coatmgs have been mtensely
studied for use in biosensors,"” drug-dehvery systems,
switching devices,”” and optical components.® The broad
interest in films bearing this fundamental functional group is
due, in part, to the remarkable versatility of surfaces modified
with carboxylic acid terminal groups. For example, carboxylic
acids can readily be converted to esters and amides. Moreover,
upon exposure to basic conditions, surface bound carboxylic
acids can form ionic bonds with the positively charged terminus
of an appropriate surfactant. Additionally, hydrogen bonds can
be used to produce complex interactions between the terminal
groups and ambient molecules bearing polar moieties. Despite
the fact that hydrogen bonds (~21 kJ/mol) are weaker than
covalent and ionic bonds, they clearly play important roles in a
variety of phenomena (e.g., protein folding).”

The self-assembly of alkanethiol molecules is a simple and
useful method to form organic thin films on metal surfaces and
to functionalize metal nanoparticles. Self-assembled monolayers
(SAMs) on gold can be easily prepared under ambient
conditions and without complicated equipment such as
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ultrahigh vacuum systems.'® SAMs can be generated on both
curved surfaces as well as flat interfaces. In addition, control of
interfacial properties such as wettability and friction can be
readily achieved by changing the chemical nature of the
absorbates''™'* or by applying an electrical bias.'* However,
organic thin films and protection layers for nanoparticles
derived from alkanethiols are unstable under certain conditions,
such as exposure to excess heat,ls’lé uv light,17’18 and harsh
chemicals.'”*® The lack of stability under these conditions
limits the use of SAMs in many advanced applications.

Over the past 20 years, several strategies have been
introduced to increase the stability of SAMs. In 1997, Kim et
al. introduced photopolymerizable diacetylene groups into acid-
terminated alkanethiols for enhancing the thermal and chemical
stability of the fully formed SAM.>' Once cross-linked by UV
treatment, the organic thin films survived exposure to 200 °C
for 1 h and in hot basic solution for an extended time. The
difficulties associated with their synthesis, handling, and
manipulation, however, limited the widespread use of this
strategy.
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Several research groups explored an alternative method of
enhancing the stability of SAMs by utilizing the intermolecular
m—7n interactions of aromatic rings. Sabatani et al. successfully
improved the stability of SAMs on flat gold by increasing the
number of aromatic rings in the system.”” However, the loss of
conformational mobility for these highly conjugated adsorbates
can create problems for their use in nanoparticle systems.”* Tao
et al. explored the use of a single aromatic ring near the gold
surface’ and examined the influence of the number of
methylene units between the aromatic ring and the sulfur
headgroup on the durability of SAMs through electrochemical
measurements. These studies found that the monolayers
generated from the phenyl-incorporating thiols with a single
methylene spacer were better ordered than those derived from
absorbates with thiols directly attached to the aromatic ring.

Many research groups have also examined custom-designed
alkanethiol absorbates having multiple binding sites that
generate organic thin films with enhanced thermal stabil-
ity.”>7° In most cases, these multidentate alkanethiols readily
generate SAMs on both flat or curved gold surfaces at room
temperature and show an enhanced ability to withstand
exposure to elevated temperatures in thermal desorption
studies. The driving force of their stability is the chelate effect,
which is the entropically favored binding of a multidentate
adsorbate when compared to an equivalent number of
analogous monodentate ligands.*"*>

With the aforementioned results in mind, we designed,
synthesized, and studied a new carboxylic acid-terminated
alkanethiol, 16-[3,5-bis(mercaptomethyl)phenoxy]-
hexadecanoic acid (BMPHA), in an effort toward the
generation of highly stable carboxylic acid-terminated organic
thin films. To provide a more complete analysis of the
effectiveness of this class of adsorbate, we prepared a control
system having an aromatic moiety within a monodentate
analogue, 16-[4-(mercaptomethyl)phenoxy]hexadecanoic acid
(MMPHA), and compared SAMs formed from both of these
adsorbates against SAMs formed from the commonly used
monothiol 16-mercaptohexadecanoic acid (MHA) (see Figure
1). Herein, we explore carboxylic acid-functionalized organic

Og,, -OH Oy, -OH Os..OH
(H2C 113 H 15)1 3 (sz)n
HS i o
SH SH
HS
MHA MMPHA BMPHA

Figure 1. Structures of the carboxylic acid-terminated alkanethiols
studied.

thin films prepared from BMPHA, MMPHA, MHA, and an
octadecanethiol (C18SH) standard on evaporated “flat” gold
and gold nanoparticles utilizing analytical methods that include
ellipsometry, X-ray photoelectron spectroscopy (XPS), polar-
ization modulation infrared reflection absorption spectroscopy
(PM-IRRAS), and UV-—vis spectroscopy. Furthermore, we
evaluated the thermal stability of each of these systems to
estimate their potential as scaffolds for the development of new
materials and device architectures.

B EXPERIMENTAL SECTION

Materials. w-Hexadecalactone, dicyclohexylcarbodiimide (DCC),
4-(N,N-dimethyl-amino)pyridine (DMAP), lithium aluminum hydride
(LiAlH,), dimethyl S-hydroxyisophthalate, 4-(hydroxymethyl)phenol,
potassium carbonate (K,CO,;), methanesulfonyl chloride (MsCl),
triethylamine (Et;N), potassium thioacetate, and octadecanethiol
(C18SH) were purchased from Sigma-Aldrich and used as received.
Tetrahydrofuran (THF), methanol (MeOH), dichloromethane
(CH,CL,), and chloroform (CHCl;) were purchased from Sigma-
Aldrich. Hexanes, ethyl acetate (EtOAc), and acetone were purchased
from Mallinckrodt Chemicals. Anhydrous ethanol (EtOH) was
purchased from Decon Lab, Inc. Distilling over calcium hydride gave
dry tetrahydrofuran and dichloromethane. Water was purified to a
resistance of 18 MQ by use of an Academic Milli-Q Water System
(Millipore Corporation) and filtered through a 0.22 ym membrane
filter before use. Silica gel for column chromatography was obtained
from Sorbent Technologies. Flat gold substrates were prepared by the
thermal evaporation of gold (~1000 A) onto chromium-coated (~100
A) Si wafers under ultrahigh vacuum. The gold-coated wafers were cut
into slides (1 X 4 cm?), rinsed with ethanol, and dried with ultrapure
nitrogen before film formation. Citrate-stabilized gold nanoparticles
(AuNPs) were synthesized by the reduction of HAuCl, with trisodium
citrate according to literature procedures.>® The average diameters of
the gold nanoparticles used in this study were 25 and 45 nm as
determined by SEM and/or TEM.

Preparation of Carboxylic Acid-Terminated Alkanethiols.
Detailed synthetic procedures for the synthesis and characterization of
MHA, MMPHA, and BMPHA are provided in the Supporting
Information.

Preparation of Carboxylic Acid-Functionalized Organic Thin
Films on Flat Gold Surfaces. Organic thin films were prepared by
immersing slides (1 X 4 cm?) of freshly prepared gold-coated silicon
wafers in ethanolic solutions containing the appropriate carboxylic
acid-terminated alkanethiols at 1 mM concentration. The glass vials
containing the solutions were previously cleaned with piranha solution
(3:1 mixture of concentrated H,SO,/30 wt % H,0,) and rinsed
thoroughly with copious amounts of deionized water and finally with
ethanol. Caution: Piranha solution is highly corrosive, should never be
stored, and should be handled with extreme caution. We also prepared
SAMs using normal octadecanethiol (C18SH) as a reference, since
octadecanethiol provides well-defined organic thin films on flat gold
surfaces. All slides were incubated for 48 h, rinsed thoroughly with
deionized water, THF, and ethanol, and then dried with a gentle
stream of ultrapure nitrogen before analysis.

Characterization of Carboxylic Acid-Functionalized Organic
Thin Films on Flat Gold Surfaces. Ellipsometric Film Thickness
Measurements. The thicknesses of the organic thin films were
evaluated using a Rudolph Research Auto EL III ellipsometer
operating with a He—Ne laser (632.8 nm) at a fixed angle of
incidence (70°) from the surface normal. A refractive index of 1.45 was
assumed for all of the measurements. Values were taken from three
different regions on at least two slides for each adsorbate. The
reported values represent the averages of at least six data points
(reproducibility within +2 A).

Polarization Modulation Infrared Reflection Absorption Spec-
troscopy (PM-IRRAS) Measurements. Surface IR spectra were
obtained with a Nicolet NEXUS 670 FT-IR spectrophotometer
equipped with a liquid nitrogen-cooled mercury—cadmium—telluride
(MCT) detector and Hinds Instrument PEM 90 photoelastic
modulator operating at 37 kHz. The p-polarized light was reflected
from the sample at an angle of incidence of 80° with respect to the
surface normal. The spectra were collected over 128 scans at a spectral
resolution of 2 cm™".

X-ray Photoelectron Spectroscopy (XPS) Measurements. A PHI
5700 X-ray photoelectron spectrometer equipped with a mono-
chromatic Al Ka X-ray source (hv = 1486.7 eV) incident at 90°
relative to the axis of a hemispherical energy analyzer was used to
obtain X-ray photoelectron spectra of freshly prepared samples. The
spectrometer was configured to operate at high resolution with a pass
energy of 23.5 eV, a photoelectron takeoff angle of 45° from the
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surface, and an analyzer spot diameter of 2 mm. Spectra were collected
at room temperature and at a base pressure of 2 X 107 Torr. The
binding energies were referenced to that of the Au 4f,,, peak at 84.0
eV.

Solution-Phase Desorption of Carboxylic Acid-Function-
alized Organic Thin Films from Flat Gold Surfaces. According
to a previously developed analytical method,'** the relative
ellipsometric thicknesses of the films were used to determine the
fraction of SAMs remaining on the surface. Organic thin films on gold
slides were heated in unstirred solutions of either decalin or a mixture
of deionized water and ethanol (water:ethanol = 2:1) at 90 °C as a
function of time, followed by rinsing with deionized water, THF, and
ethanol and drying with ultrapure nitrogen. The ellipsometric
thicknesses of the sample were then immediately recorded.

Preparation of Carboxylic Acid-Functionalized Gold Nano-
particles. The carboxylic acid-functionalized gold nanoparticles were
prepared by ligand exchange between carboxylic acid-terminated
alkanethiols and citrate. A suspension of AuNPs in 20 mL of
phosphate buffer (10 mM, pH 7.0, with 1.0 mg/mL Tween 20) was
purged of oxygen by bubbling nitrogen gas through the suspension for
30 min. Then, the ethanolic solution of the appropriate carboxylic
acid-terminated alkanethiols (0.5 mM, 10 mL) was introduced via
syringe into the vials containing the AuNP suspension, and the final
mixture was stirred for 48 h under an atmosphere of nitrogen. To
remove excess carboxylic acid-terminated alkanethiol and Tween 20,
the final mixture was washed twice (using centrifugation) with a
mixture of phosphate buffer (pH 7.0, 10 mM) and ethanol (a 2:1 ratio
of phosphate buffer:ethanol) and finally dispersed in a mixture of
phosphate buffer (pH 7.0, 10 mM) and ethanol for testing. The
stability of these carboxylic acid-terminated gold nanoparticles is
influenced by the pH of the dispersion medium; therefore, pH 7.0
phosphate buffer was used for retainin§ a consistent carboxylic acid/
carboxylate ion ratio during testing.>>>

Solution Thermolysis of Carboxylic Acid-Functionalized
Gold Nanoparticles. To evaluate the thermal stability of gold
nanoparticles coated with MHA, MMPHA, and BMPHA, the optical
properties of the carboxylic acid-functionalized gold nanoparticles as a
function of thermal treatment in a mixture of phosphate buffer (10
mM, pH 7.0) and ethanol (phosphate buffer:ethanol = 2:1) at 90 °C
were monitored by UV—visible spectroscopy”® over the range 300—
1000 nm using a Cary 50 scan UV-—visible optical spectrometer
(Varian) with Cary Win UV software. UV—visible spectra were
recorded at room temperature by placing 3 mL aliquots of the samples
in a quartz cell having a 1 cm optical path length.

Analysis of Carboxylic Acid-Functionalized Gold Nano-
particles by TEM. We analyzed the gold nanoparticles both before
and after thermolysis by using a JEOL 2000 FX microscope equipped
with an energy dispersive spectrometer operated at 200 kV. The
samples for the TEM analyses were prepared by placing a drop of the
colloidal solution from a pipet onto a TEM copper grid coated with an
amorphous holey carbon film and then allowing the samples to dry in
air.

B RESULTS AND DISCUSSION

Characterization of Carboxylic Acid Functionalization
Organic Thin Films on Flat Gold. For the SAMs generated
on evaporated “flat” gold, we characterized the organic thin
films derived from C18SH, MHA, MMPHA, and BMPHA
using ellipsometry, XPS, and PM-IRRAS.

Measurements of Film Thickness. Table 1 shows the
ellipsometric thicknesses of the SAMs generated from C18SH,
MHA, MMPHA, and BMPHA and a comparison with those of
the same or similar absorbates evaluated in previous
studies.'>** Within experimental uncertainty (+2 A), the
ellipsometric thicknesses obtained in this study correspond well
with values for the same or analogous SAM systems found in
the literature.">** However, a detailed evaluation of the
thickness of the SAM derived from BMPHA is warranted.

Table 1. Ellipsometric Thickness Measurements versus
Previously Reported Thicknesses for Organic Thin Films
Generated from C18SH, MHA, MMPHA, and BMPHA

absorbate ellipsometric thickness® (A) reference thickness (A)
C18SH 23 2"

MHA 21 21"
MMPHA 27 26"

BMPHA 20 -

“The reproducibilites of the ellipsometric thicknesses were within +2
A hEllipsometric thickness of [4,4’-(hexadecyloxy)phenyl] methane-
thiol.** “No previous report.

Both MMPHA and BMPHA possess aromatic moieties along
their backbones, and they are similar in molecular composition
and chain length. Nevertheless, the ellipsometric thickness of
the film generated from BMPHA is ~7 A lower than that of the
film generated from MMPHA (see Table 1). With two sulfur
headgroups, BMPHA occupies more space on the surface of
gold surfaces than does MMPHA.?” Accordingly, the distance
between BMPHA molecules on the surface must be greater,
and the aliphatic chains of BMPHA are more tilted from the
surface normal than those of MMPHA to optimize van der
Waals interactions between the aliphatic chains. As a
consequence, the SAM derived from BMPHA exhibits a
smaller ellipsometric thickness than the SAM derived from
MMPHA.

XPS Data Analysis. XPS can provide three aspects of
important information in SAM studies: the nature of the bonds
between the headgroups of the absorbates and substrates, the
atomic composition of the organic thin films, and the relative
packing densities of these films.**** Figure 2a shows the Au 4f
region of the spectra obtained for all of the SAMs examined in
this study; the spectra are all similar and otherwise
unremarkable. Figure 2b shows that the binding energies for
S 2p appearing at ~162—163.2 eV indicate bound thiolate for
all of the adsorbates.** For these films, unbound thiol or
disulfides (~164—166 eV) and oxidized sulfur (~169 eV) were
not detected.*"** These data are therefore consistent with a
model in which all of the sulfur atoms are fully bound as
thiolate to the surface of gold. To be more specific, the XPS
data indicate that BMPHA is adsorbed onto the surface of gold
via both sulfur headgroups simultaneously.

The XPS spectra highlighting the C 1s binding energy for the
SAMs in Figure 2c exhibit three noteworthy results. First, the
binding energies of the carboxylic acid carbon (around 289 eV)
are detected only for the SAMs derived from MHA, MMPHA,
and BMPHA.* Second, the peaks for the SAMs derived from
MMPHA and BMPHA (at about 285 eV) are slightly broader
than those for the SAMs derived from C18SH and MHA due
to the overlapping of the peaks of the methylene carbons with
those of the carbon atoms of the aromatic rings in the former.**
Finally, the binding energies of the methylene carbons and the
carbons of the aromatic ring of the BMPHA SAMs are shifted
slightly lower than those of the other SAMs (~0.1 eV), which
can be attributed to the fact that the positive charges generated
by photoelectrons leaving loosely packed SAMs are more easily
discharged than those in densely packed SAMs.**® This result
supports a model in which the alkyl chains of the BMPHA
SAMs are less densely packed than those of the other SAMs.

To obtain quantitative packing densities for the SAM:s in this
study, we used the areas of the peaks of the bands associated
with the S 2p and Au 4f binding energies to derive sulfur-to-
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Figure 2. XPS spectra of the (a) Au 4f, (b) S 2p, (c) C 1s, and (d) O
1s spectral regions of the films derived from C18SH, MHA, MMPHA,
and BMPHA.

gold (S/Au) ratios as described previously.*” Assuming that the
packing density of the C18SH film is 100%, we determined that
the relative packing densities of the alkyl chains of the SAMs
derived from MHA, MMPHA, and BMPHA films are 88, 75,
and 45%, respectively (see Table 2). This quantitative analysis

Table 2. Relative Packing Densities for Organic Thin Films
Derived from C18SH, MHA, MMPHA, and BMPHA

XPS peak area
absorbate Au 4f S 2p S/Au relative packing density (%)
C18SH 93.98 6.02 0.064 100
MHA 94.69 5.31 0.056 88
MMPHA 95.44 4.59 0.048 75
BMPHA 94.44 5.56 0.029¢ 45

“To compare with monodentate absorbates, the S/Au ratio for
BMPHA was divided by a factor of 2.

not only indicates that the BMPHA films have the lowest
packing density, as was demonstrated with the XPS spectra of
the C 1s binding energies, but can also be used to predict the
relative conformational order or “crystallinity” of these
monolayer films: C18SH > MHA > MMPHA > BMPHA.
PM-IRRAS Spectra. In organic thin film studies, surface
infrared spectroscopy provides useful information such as
characteristic peaks for functional groups and unique spectral
trends for alkyl chain conformations.”® With regard to the
latter, the band position of the antisymmetric methylene C—H
stretching vibration (v,“™) obtained from polarization
modulation infrared reflection absorption spectroscopy (PM-
IRRAS) can be used to evaluate the degree of order of organic

thin films.**° For example, v,“™ for a well-ordered

heptadecanethiolate SAM appears at ~2919 cm™, while that
of the corresponding disordered film generated via partial
thermal desorption appears at ~2924 cm™'.>' Figure 3 shows

v,CH,

2918 cm -
C18SH

2919 cm !
MH

2920 cm -
MMPHA

2925 cm -
Bl

2700 2800 2900 3000 3100
Wavenumber (cm-1)

Figure 3. PM-IRRAS spectra of the C—H stretching region for the
films generated from C18SH, MHA, MMPHA, and BMPHA.

that the band positions for v,“"> for SAMs generated from
C18SH, MHA, MMPHA, and BMPHA are 2918, 2919, 2920,
and 2925 cm™!, respectively. These results indicate that the
relative conformational order of these films is CI8SH > MHA
> MMPHA >> BMPHA. These results are consistent with the
relative packing densities obtained from XPS (vide supra).
Apparently, the enhanced steric bulk of the BMPHA
headgroup exerts a marked deleterious effect on the ordering
of the resultant SAMs. Prior research using infrared spectros-
copy that compared the conformational order of alkanethiolate
SAMs on flat gold and on unsolvated AuNPs demonstrated that
the ordering of the adsorbates on the two different surfaces was
indistinguishable.”> Because of this prior work, we believe the
relative packing densities of the alkyl chains of the adsorbates
on the AuNP surfaces should be in accord with the relative
packing densities for these SAMs on the “flat” gold surfaces.

Thermal Stability of the SAMs on Evaporated “Flat”
Gold. To evaluate the thermal stability of the monolayer films
generated from C18SH, MHA, MMPHA, and BMPHA, we
carried out a series of solution-phase thermal desorption
studies. In an initial set of experiments, we used ellipsometric
thickness measurements to determine the average amount of
absorbate remaining after prolonged heating at 90 °C in a large
excess of the nonpolar solvent decalin (decahydronaphthalene).
Figure 4a highlights the remarkable difference between the
films derived from BMPHA and those derived from the other
absorbates: while more than 80% of the BMPHA species
remained on the surface after 12 h of heating, less than 40% of
the adsorbates in the other SAMs remained under the same
conditions. These results can be interpreted to indicate that the
SAMs derived from BMPHA are markedly more stable than the
SAMs derived from C18SH, MHA, and MMPHA.

To examine the influence of solvent (and adsorbate
solubility) on the thermal stability, we performed analogous
desorption experiments using the polar protic mixture of water
and ethanol (2:1, v:v, respectively). When using this mixture as
the desorption medium, the SAMs derived from BMPHA were
still found to be the most stable (Figure 4b), but the differences
between BMPHA SAMs and the other SAMs were less
pronounced. As a whole, these results demonstrate that the
SAMs derived from BMPHA are the most stable of all SAMs
examined here; moreover, we can conclude that the bidentate
headgroup is responsible for the enhanced stability, dominating
the stabilization afforded by interchain packing effects.”*>*
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Figure 4. Solution-phase thermal desorption profiles of the indicated
SAMs in (a) decalin and (b) a mixture of water and ethanol
(water:ethanol = 2:1, v:v, respectively) at 90 °C.

Thermal Stability of SAM-Functionalized Gold Nano-
particles. As demonstrated in previous reports,>>® the
stability of gold nanoparticles dispersed in solvents can be
estimated by UV—visible spectroscopy. For such studies, the
particle size, stabilizer, and surrounding medium each have an
influence on the surface plasmon resonance (SPR) bands for
gold nanoparticles.>* Furthermore, in cases where the gold
nanoparticles aggregate and ultimately precipitate, red-shifting,
broadening, and ultimately reduction of the intensity of the
SPR bands are commonly observed.”®

In the present investigation, Figure Sa shows that, for small
gold nanoparticles (25 nm) dispersed in a mixture of phosphate
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Figure S. Visible spectra of (a) small and (b) large gold nanoparticles
functionalized with citrate, MHA, MMPHA, and BMPHA.

buffer (10 mM, pH 7.0) and ethanol (2:1, v:v, respectively),
there are no significant differences between the SPR bands of
nanoparticles stabilized with MHA, MMPHA, BMPHA, and
citrate. In contrast, noticeable differences in the SPR spectra of
large gold nanoparticles (45 nm) are observed with the same
set of adsorbates (see Figure Sb). The SPR band of citrate-
stabilized gold nanoparticles having a diameter of 45 nm
dispersed in deionized water appears at 531 nm. In contrast, the
SPR bands of gold nanoparticles modified with MHA,
MMPHA, and BMPHA dispersed in the aforementioned
mixed buffer solution appear at ~536 nm.*® Additionally,
substantial broadening is observed only for the SPR band of the
MHA-coated gold nanoparticles. It is likely that the observed
red-shifts of the SPR bands are related to changes in the
dielectric constant associated with the combination of the
stabilizer and solvent.>>>*>* On the other hand, the broadening
of the SPR band for the MHA-coated gold nanoparticles is
likely due to nanoparticle aggregation.>>® On the basis of these
considerations, we conclude that MHA is ineffective at
stabilizing the larger (45 nm) gold nanoparticles under the
experimental conditions employed.

To evaluate the thermal stability of the carboxylic acid-
functionalized gold nanoparticles, we monitored the changes in
the SPR spectra of the 45 nm gold nanoparticles coated with
citrate, MHA, MMPHA, and BMPHA as a function of time.
For this experiment, the nanoparticles were suspended in a
mixture of phosphate buffer (10 mM, pH 7.0) and ethanol (2:1,
v:v, respectively) and placed in a bath maintained at 90 °C. For
the citrate-capped nanoparticles, Figure 6a shows that the SPR

(a) Citrate 05h (b) MHA
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Extinction (a.u.)

[
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Figure 6. Time evolution of the visible extinction spectra in a solution
of 10 mM phosphate buffer (pH 7.0) and ethanol (phosphate
buffer:ethanol = 2:1, v:v) at 90 °C for 45 nm gold nanoparticles
modified with (a) citrate, (b) MHA, (c) MMPHA, and (d) BMPHA.

band is almost nonexistent after 0.5 h of heating, suggesting
rapid aggregation of the citrate-stabilized gold nanoparticles.”
In contrast, parts b and c of Figure 6 show a relatively slow
decrease in intensity and increase in broadening of the SPR
peaks for the MHA- and MMPHA-modified gold nanoparticles,
indicating that the aggregation of the nanoparticles is slower
than that observed for the citrate-stabilized gold nanoparticles.
Interestingly, Figure 6d of the BMPHA-coated gold nano-
particles shows a decrease in SPR intensity of only 12% after 12
h, indicating a substantially greater stabilizing influence of
BMPHA compared to the other adsorbates.
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Figure 7 provides additional evidence of the thermal stability
of the BMPHA-coated gold nanoparticles at 90 °C in the

Figure 7. Photographs of dispersions of 45 nm gold nanoparticles in a
solution of 10 mM phosphate buffer (pH 7.0) and ethanol (phosphate
buffer:ethanol = 2:1, v:v) (a) before and (b) after thermolysis.

buffer:ethanol mixture. In particular, the solution of gold
nanoparticles protected with BMPHA retains a red color after
heating for 12 h, while the solutions of gold nanoparticles
capped with citrate, MHA, and MMPHA turn either blue or
clear due to aggregation and sedimentation, respectively.

We also collected TEM images of the carboxylic acid-
functionalized gold nanoparticles before and after thermolysis
(see Figure SS in the Supporting Information). Even though
AuNPs often aggregate as solvent is lost when preparing
samples for analysis by TEM, we found systematic differences
in the spacing of the nanoparticles in the TEM images. Before
thermal treatment, only the MHA-coated AuNPs made contact
with each other; the AuNPs functionalized with MMPHA and
BMPHA had noticeable gaps between them. After thermolysis,
the MHA-coated AuNPs clearly agglomerated, and the
MMPHA-coated AuNPs made contact with each other.
However, the BMPHA-coated AuNPs still had gaps between
the particles. These results are consistent with the relative
SAM/nanoparticle stabilities indicated by the optical data in
Figures 6 and 7.

For a more quantitative evaluation of thermal stability, we
utilized a modification of a prior method.”® In Figure 8, the
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Figure 8. Profiles of the normalized SPR peak shifts for gold
nanoparticles functionalized with citrate, MHA, MMPHA, and
BMPHA.

normalized SPR shift is introduced as a semiempirical
parameter. After 12 h, the position of the SPR band of the
BMPHA-coated gold nanoparticles shifts by only 2 nm from
the wavelength of the SPR band at 0 h, while those of MHA-
and MMPHA-coated gold nanoparticles shift by 18 and 13 nm,
respectively. As a whole, these profiles provide further evidence
that the carboxylic acid-functionalized gold nanoparticles

protected with BMPHA are quantitatively more stable than
those protected with the other adsorbates.

B CONCLUSION

The new bidentate carboxylic acid-terminated alkanethiol,
BMPHA, readily forms monolayers on flat and curved gold
surfaces, with >80% of the sulfur atoms bound to gold.
Although the SAMs generated from BMPHA were less densely
packed and less conformationally ordered than those generated
from MHA, and MMPHA, the SAMs (and SAM-protected
nanoparticles) derived from BMPHA are markedly more stable
in both nonpolar and polar protic solvents when heated to 90
°C. The thermal stability of the BMPHA films can be attributed
to the formation of multiple bonds between the absorbates and
the surface of gold via the “chelate effect”. We believe that our
new bidentate carboxylic acid-terminated alkanethiol will offer a
viable strategy for generating stabile thin-film coatings with a
pendant transformable functional group, leading to new
applications for organic thin films as nanoscale coatings and
nanoparticle protectants.

B ASSOCIATED CONTENT

© Supporting Information

Detailed descriptions of the synthetic procedures for the
carboxylic acid-terminated alkanethiols along with the 'H and
3C NMR spectra of BMPHA and MMPHA and TEM images
of the nanoparticles before and after thermolysis. This material
is available free of charge via the Internet at http://pubs.acs.org.
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