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The formation of three-dimensional self-assembled monolayers (3-D SAMSs) generated by the adsorption
of n-octadecyl disulfide onto colloidal gold and silver nanoparticles is described. The functionalized
nanoparticles were characterized by solubility, transmission electron microscopy, ultraviolet—visible
spectroscopy, 'H nuclear magnetic resonance spectroscopy, surface-enhanced Raman spectroscopy, Fourier
transform infrared spectroscopy, and X-ray photoelectron spectroscopy. On gold nanoparticles, this new
functionalization method affords crystalline 3-D SAMs that are indistinct from those prepared by the
analogous adsorption of n-octadecanethiol. On silver nanoparticles, however, the films derived from
n-octadecyl disulfide appear to be somewhat less crystalline than those prepared similarly from
n-octadecanethiol. The origin of this difference is briefly explored and discussed.

Introduction

Self-assembled monolayers (SAMSs) generated by the
adsorption of organic molecules onto two-dimensional (2-
D) surfaces represent an ever expanding field of research
due to their potential use in applications such as corrosion
prevention,® lubrication,! electrical conduction,?=> adhe-
sion,® and catalysis.” Perhaps the most thoroughly
investigated SAMs are those generated by the adsorption
of organic thiols or disulfides onto flat surfaces of gold.® 14
The adsorption of these species onto other metals such as
silver and copper is somewhat hindered by the facile
oxidation of the surfaces of these metals.*~1¢ One of the
current goals of this area of research is to use SAMs to
pacify the surfaces of the metals, thereby affording
protection against corrosion and degradation.'”18 SAMs
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have drawn special attention because the methodology is
simple,** and the resultant films are densely packed, highly
ordered, and largely free of defects.® Furthermore, the
ability to employ a wide variety of structurally diverse
organosulfur adsorbates offers great versatility in thin-
film design.'?

Recent years have also witnessed an explosive growth
in studies focusing on the adsorption of molecular species
onto colloidal particles of gold, silver, copper, and
platinum.'®~27 These functionalized nanoparticles have
found use in a wide range of technologies.?®=32 The sol
particleimmunoassay (SPIA), for example, exploits colloid
aggregation to monitor the interaction between an anti-
body or antigen bound to a colloid and its binding partner.28
Surface-passivated metal colloids serve as useful materials
for the manufacture of microelectronics.?® Other applica-
tions include colloid-modified electrodes,*° colored labeling
agents for electron and visible microscopy,** and quantum-
confinement materials.%?

The development of a two-phase liquid/liquid route3334
to n-alkanethiol-derivatized metal nanoparticles has
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further advanced this area of research.®>=°° Functional-
ized nanoparticles generated in this manner exist as dark-
brown/black solids that are easy to isolate, stable in air,
and soluble in a wide range of organic solvents. These
features permit facile manipulation and characterization
using a variety of techniques such as transmission electron
microscopy (TEM),*048-50 yltraviolet—visible (UV—vis)
spectroscopy,*®%® nuclear magnetic resonance (NMR)
spectroscopy,3®394% surface-enhanced Raman spectros-
copy (SERS),**?0 Fourier transform infrared (FTIR)
spectroscopy,33-35:37:3946-50 and X-ray photoelectron spec-
troscopy (XPS).22:50.72

While it has been demonstrated that SAMs on 2-D metal
surfaces (2-D SAMs) can be generated from either thiols
or disulfides to yield films having virtually indistinguish-
able differences, %2 few, if any, studies have explored
the use of disulfides to generate SAMs on colloidal surfaces
(3-D SAMSs). Previous research appears to be limited
exclusively to the adsorption of thiols, amines, and
silanes.®7%0 Disulfides offer several attractive features
for the preparation of 3-D SAMs. First, the use of
unsymmetrical disulfides having two distinct functional
groups at the molecular termini (RSSR’') offers the
possibility of generating mixed SAMs possessing a ho-
mogeneous distribution of functional groups.>* Studies
of nanoparticles that expose these multicomponent in-
terfaces might, for example, permit the modeling of
complex biological systems (e.g., cell—cell interactions).
Second, the use of unsymmetrical disulfides possessing
two distinct chain lengths (RSSR") offers the possibility
of generating 3-D SAMs with designed molecular “rough-
nesses”. This feature might prove useful in manipulating
the interactions between nanoparticles by controlling the
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degree of interdigitation of the molecular tail groups.*®
Third, disulfides can be used to generate functionalized
3-D SAMs in cases where the w-functional group is
incompatible with, for example, thiols or amines.5%
Herein, we describe the preparation, isolation, and
characterization of 3-D SAMs generated by the adsorption
of n-octadecyl disulfide, (C15S),, onto the surfaces of gold
and silver nanoparticles. On the gold nanoparticles, we
find that these disulfide-derived 3-D SAMs are well
ordered, highly crystalline, and indistinct from those
prepared in analogous fashion from the adsorption of
n-octadecanethiol. On the silver nanoparticles, however,
the films generated from the disulfide, while still well
ordered and highly crystalline, appear to be somewhat
less crystalline than those generated from the thiol.

Experimental Section

Materials. The following reagents were purchased from the
indicated suppliers and used without modification: HAuCI,4
(Strem), AgNO; (Strem), (CgH17)4NBr (Aldrich), NaBH, (EM
Sciences), and n-octadecanethiol (Aldrich). A sample of n-
octadecyl disulfide was prepared by oxidation of the thiol with
iodine. Absolute ethanol was purchased from McKormick
Distilling Co.; Omnisolve grade toluene and hexane were
purchased from EM Sciences. All other solvents and materials
were obtained from commercial sources and used without
modification.

Preparation of 3-D SAMs on Gold Nanoparticles by the
Adsorption of (C15S)2. A 20.0 mL aliquot of a 2.54 x 1072 M
agueous solution of HAuUCI,4 (0.508 mmol) was transferred to an
empty 250 mL round-bottomed flask.5” To thisvigorously stirred
solution, 15.0 mL of a 7.52 x 1072 M solution of (CgH17)sNBr
(1.13 mmol) in toluene was added. Stirring was allowed to
proceed for at least 15 min to ensure complete transfer of the
gold into the organic layer. This transfer could be followed
visually by observing the disappearance of the faint yellow
coloration of the aqueous phase and the concomitant appearance
of a reddish-orange coloration of the organic phase. A 10.0 mL
aliquot of a 8.58 x 1073 M solution of (C15S)2 (0.0858 mmol) in
toluene was added dropwise to the vigorously stirred organic
phase. We chose a one to three molar ratio of sulfur to metal to
produce functionalized nanoparticles sufficiently large for facile
manipulation and ready imaging by TEM. A 50.0 mL aliquot of
a 1.12 x 101 M aqueous solution of NaBH, (5.58 mmol) was
then added dropwise over 30 min. With the addition of only a
few drops of the NaBH, solution, the color of the organic phase
changed immediately (ca. 30 s) from reddish-orange to dark violet.
The mixture was allowed to stir for approximately 12 h. The
organic phase was concentrated to ca. 3 mL using a rotary
evaporator, and the mixture was diluted with 300 mL of ethanol
and stored at —50 °C overnight. The functionalized gold
nanoparticles were then collected as a brownish black precipitate
by filtration through a 2.5 um polypropylene membrane filter
(Millipore). The precipitate was washed briefly with acetone (1
x 10 mL) and then exhaustively with ethanol (3 x 400 mL).

Preparation of 3-D SAMs on Gold Nanoparticles by the
Adsorption of Ci1gSH. The procedure detailed above was
employed with the substitution of C,sSH for (C15S),. Tomaintain
a constant ratio of sulfur to gold (i.e., 1:3), we used 10.0 mL of
a 1.71 x 1072 M solution of the thiol (0.171 mmol) in toluene.
Upon the addition of NaBH,, the rapid change in the color of the
solution from reddish-orange to dark violet was similar to that
observed in the procedure employing the disulfide.

Preparation of 3-D SAMs on Silver Nanoparticles by
the Adsorption of (C15S)2. A 20.0 mL aliquot of a 2.50 x 102
M aqueous solution of AGNO3 (0.500 mmol) was transferred to
an empty 250 mL round-bottomed flask.5” To this vigorously
stirred solution, 15.0 mL of a 7.40 x 10-2 M solution of (CsH17)4-
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NBr (1.11 mmol) in toluene was added. Stirring was allowed to
proceed for at least 15 min to ensure complete transfer of the
silver into the organic layer. A 10.0 mL aliquot of 2 8.40 x 103
M solution of (C15S), (0.0840 mmol) in toluene was added dropwise
to the vigorously stirred organic phase. A 50.0 mL aliquot of a
0.110 M aqueous solution of NaBH4 (5.50 mmol) was then added
dropwise over 30 min. With the addition of only a few drops of
the NaBH, solution, the color of the organic phase changed from
colorless to tan and then to dark brown after ca. 5 min (i.e.,
before the addition was complete). The mixture was allowed to
stir for approximately 12 h. The organic phase was concentrated
toca. 3mL using arotary evaporator, and the mixture was diluted
with 300 mL of ethanol and stored at —50 °C overnight. The
functionalized silver nanoparticles were then collected as a
brownish black precipitate by filtration through a 2.5 um
polypropylene membrane filter (Millipore). The precipitate was
washed briefly with acetone (1 x 10 mL) and then exhaustively
with ethanol (3 x 400 mL).

Preparation of 3-D SAMs on Silver Nanoparticles by
the Adsorption of C1sSH. These SAMs were prepared using
the above procedure, but employed the thiol rather than the
disulfide. To maintain a constant molar ratio of sulfur to silver
(2:3), we used 10.0 mL of a 1.67 x 1072 M solution of C15SH
(0.167 mmol) in toluene. In these preparations, the change of
the color to brown induced by the addition of NaBH4 was a bit
more rapid (ca. 2 min compared to 5 min).

Characterization Methods. TEM images were collected
on a JEOL JEM-2010 electron microscope operating at an
accelerating bias voltage of 200 kV. Samples were prepared by
evaporating a film of nanoparticles onto a 200 mesh copper grid,
which was coated with a carbon support film. UV—vis spectra
were measured using a Perkin-Elmer Lambda 3B spectropho-
tometer. The experimental data were corrected for the back-
ground absorbance of the solvent (benzene). NMR spectra were
recorded on a General Electric QE-300 spectrometer operating
at 300 MHz. The data were collected using CDClI; as the solvent
and internally referenced to ¢ 7.26 ppm. Raman spectra of the
gold samples were obtained by excitation with a Coherent K-2
Krtionlaserat647.1 nm. The typical applied laser powers were
100—200 mW with a 10 cm~tslitwidth. Scattered photons were
collected via backscattering from spinning NMR tubes.>® Raman
specta for the silver samples were obtained by excitation with
a Coherent 90-6 Art ion laser at 514.5 nm. The typical applied
laser powers were 100—200 mW with a 4 cm™! slit width.
Scattered photons were collected via backscattering geometry
from rotating solid samples in pressed KCI pellets.5® The
scattered radiation was dispersed by a Spex 1403 double
monochromator equipped with 1800 grooves/mm holographic
gratings and detected by a cooled Hamamatsu 928 photo-
multiplier tube.>® The datawere collected digitally using a Spex
DM3000 microcomputer at 0.5 cm~! increments and 1 s integra-
tion time per data point. To improve the signal-to-noise ratio,
5—10scans were collected on each sample. Infrared spectrawere
obtained on a Nicolet MAGNA-IR 860 Fourier transform
spectrometer. Spectra were recorded using 16 scans with a
spectral resolution of 1 cm~1. Samples of the nanoparticles in
solution were analyzed using carbon tetrachloride (CCl,) as the
solvent. Samples of the nanoparticles in the solid state were
prepared by placing a drop of the nanoparticle solution onto a
silicon wafer and allowing the solvent (CCl,) to evaporate. XPS
data were obtained on a PHI 5700 X-ray photoelectron spec-
trometer using an Al Ko X-ray source. Samples were collected
on the surface of a 2.5 um polypropylene filter and washed
exhaustively with ethanol before analysis.

Results and Discussion

I. 3-D SAMs on Gold Nanoparticles. Solubilities
of (C18S)./Au Nanoparticles. The gold nanoparticles
synthesized using the dialkyl disulfide-based procedure
dissolved readily in organic solvents such as hexane,
cyclohexane, benzene, CCl,, and THF. The particles could
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be repeatedly precipitated and redissolved without loss of
solubility. Since bare gold colloids are typically insoluble
inorganic solvents and tend to flocculate irreversibly upon
drying,33 the observed solubilities and dissolution behavior
strongly suggest that the dialkyl disulfides form at least
partial 3-D SAMs on the surfaces of the gold nanoparticles.

TEM Images of (C15S)./Au Nanoparticles. Imaging
by TEM is one of the primary tools used to characterize
metal nanoparticles.*®48~50 Figure la provides a TEM
image of the dialkyl disulfide-coated gold nanoparticles
produced using the procedure detailed above. The par-
ticlesare roughly spherical and comparable in appearance
to previously reported alkanethiol-coated gold nanopar-
ticles.®® A random sampling of 100 of the disulfide-
functionalized nanoparticles afforded the histogram shown
in Figure 1b, which illustrates that the particles range in
size from 1.0 to ca. 4.0 nm (with those having diameters
of 1.5 to 3.0 nm occurring most frequently). The histogram
in Figure 1c demonstrates that the analogous alkanethiol-
based procedure yields a similar size distribution. Since
both adsorbates afford nanoparticles having similar sizes
and morphologies, we infer that the constant ratio of sulfur
to gold (1:3) employed in the syntheses is a major factor
influencing the growth of gold nanoparticles.®®

UV—vis Spectroscopy of (C;5S),/Au Nanoparticles.
UV—vis spectra of the disulfide-coated gold nanoparticles
exhibited a strong absorption at 520 nm corresponding to
the gold plasmon resonance (data not shown).®® The
observed wavelength of absorption is consistent with that
reported for gold nanoparticles functionalized by the
adsorption of alkanethiols.3®

1H NMR Spectroscopy of (C15S)./Au Nanoparticles
and Nanoparticle Formation. In the present work,
we used solution-phase *H NMR spectroscopy to examine
the disulfide-functionalized gold nanoparticles. The use
of *H NMR spectroscopy in the characterization of 3-D
SAMs on metal nanoparticles permits a facile scan for the
presence of any unbound adsorbates, which can often be
difficult to remove completely in nanoparticle syntheses.*®
Spectraobtained in CDCl; showed three broad resonances
at00.8—-0.9,1.2—1.4,and 1.5—1.7 ppm (data not shown).
No free alkanethiol (e.g., 6 2.50 ppm) or dialkyl disulfide
(e.g., 0 2.67 ppm) was detected. These observations
suggest that the hydrocarbon species derived from the
disulfide are attached to the surface of the colloid via the
sulfur atom.*® Furthermore, the spectra are fully con-
sistent with those reported in the literature for alkane-
thiol-functionalized gold nanoparticles.*’

Since disulfides can be readily reduced to thiols, it
seemed plausible that NaBH, might at least partially
reduce n-octadecyl disulfide to n-octadecanethiol during
the two-phase synthesis. If thisreductionwere to happen,
the transient thiol might then serve as the active species
forming the 3-D SAMs. To test for this possibility, we
performed the two-phase reduction as described above
but omitted the addition of HAuCIl,. Separation of the
organic and aqueous layers followed by evaporation of
the organic phase yielded a white residue. Acidification
of the aqueous phase followed by extraction with hexane
(3 x 100 mL) and evaporation to dryness yielded a hardly
visible white residue. After dissolving each residue in
CDCl3, we examined the resulting solutions by *H NMR
spectroscopy. While n-octadecyl disulfide was readily
detected in the former sample, and tetraoctylammonium
bromide was readily detected in both of the samples,
neither sample exhibited resonances characteristic of
n-octadecanethiol (e.g., 6 2.5 ppm). Since these studies

(60) Henglein, A. J. Phys. Chem. 1993, 97, 5457.



Functionalized Nanoparticles

25+
] () (C1gS)2/ Au
20-: Mean: 2.35 nm
h SD: 0.58 nm
2 15
c 4
3 .n]
57
b
0 1 2 3 4 5
Particle Diameter (nm)
25 4
{© CygSH/ Au
20-: Mean: 2.39 nm
: SD: 0.56 nm
h : 100
8 157 "
c ]
3 ]
o 10-::
5
04

1 2 3 4 5
Particle Diameter (nm)

Figure 1. (a) TEM image of gold nanoparticles functionalized
with n-octadecyl disulfide. (b) TEM-derived nanoparticle size
distribution for gold nanoparticles functionalized with n-
octadecyl disulfide. (c) TEM-derived nanoparticle size distribu-
tion for gold nanoparticles functionalized with n-octadecane-
thiol.

o

provide only indirect evidence that the reducing conditions
employed here are insufficient to reduce the disulfide to
the thiol, we are hesitant to conclude from these observa-
tions that the active species in the disulfide-based forma-
tion of 3-D SAMs on gold is the disulfide itself rather than
the corresponding thiol. We note, however, that analogous
studies on silver nanoparticles (vide infra) provide much

Langmuir, Vol. 14, No. 26, 1998 7381

h )
(8

744 UCS)TT

[0
9
@
[2)
X
©
]
®

@

659 C-S)gT

698 CH, rock

523 WS-S)GT

(b)

= 702 UC-S)T

b )]
T T | T T T T T
500 520 540 660 680 700 720 740 760

Raman shift (cm1)

Figure 2. Raman spectra in the 480—550 and 650—770 cm™1
region for solution (CsHs) samples of (a) free n-octadecyl disulfide
and (b) gold nanoparticles functionalized with n-octadecyl
disulfide. The insert shows the Raman scattering of the former
sample in the range of 720—760 cm~! obtained with 40 scans
at 250 mW ataresolution of 0.2 cm~1s1. The asterisk indicates
the solvent band (benzene).

stronger support for the direct, exclusive participation of
the disulfide. Consequently, we feel confident that the
disulfide is also the active species involved here.

Raman Spectra of (C15S)./Au and C;3SH/Au Nano-
particles. Raman spectroscopy has proven to be a useful
tool in the characterization of 3-D SAMs on gold.1%20
Bonding of the disulfide to the surface of gold nanoparticles
can be followed by monitoring the loss of the S—S stretch
(500—540 cm™1) and shifts of the C—S stretches (600—750
cm™1). Figure 2 shows the Raman spectra of n-octadecyl
disulfide and the 3-D SAMSs produced from the adsorption
of n-octadecyl disulfide on the gold nanoparticles. Un-
adsorbed (or free) n-octadecyl disulfide exhibits bands at
523 and 508 cm™? (Figure 2a), which arise from the »(S—
S) stretches of the gauche—trans (GT) and gauche—gauche
(GG) conformations, respectively.®1-64 Upon adsorption,
these two bands disappear, and a new band appears at
702 cm~? (Figure 2b). This new band also appears upon
the adsorption of octadecanethiol onto the gold nanopar-
ticles (data not shown).

We assign the 702 cm™?! band, which shifts from 744
cm~* for the free disulfide (Figure 2, inset), as the »(C—S)
stretch of the trans—trans (TT) conformer. This assign-
ment is consistent with those in the literature for 3-D
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8284.



7382 Langmuir, Vol. 14, No. 26, 1998

SAMs on gold derived from alkanethiols.®* Accordingly,
we conclude that these data, when combined with the
observed loss of the S—S stretches, provide the first direct
support for the disulfide-based covalent functionalization
of gold nanoparticles. Furthermore, the loss of the »(C—
S) GT band at ~659 cm™* upon adsorption suggests that
the 3-D SAMs consist of highly ordered alkyl chains in
the region near the sulfur headgroup.5264

IR Spectroscopy of (C45S)/Au and C13SH/Au Nano-
particles. Remarkably detailed insight into the struc-
tures of 3-D SAMs on metal nanoparticles can be obtained
from infrared spectroscopy.33-3537:3946-50 Examination, for
example, of the C—H and C—C stretching regions provides
information regarding the orientation, order, and packing
of these thin films. Analysis of the C—H stretching region
is perhaps the most informative. Consider, for example,
the C—H stretches of a model hydrocarbon such as
polyethylene in which the antisymmetric (v,5) and sym-
metric (vs) methylene stretches appear as relatively broad
bands at v,s(CH;) = 2928 cm~! and vs(CH,) = 2856 cm™!
when the polymer is dissolved in solution (i.e., randomly
oriented and poorly packed). Incrystalline form, however,
these bands sharpen and shift to v,(CH,) = 2920 cm™?
and v5(CH,) = 2850 cm~%.5% Similar information can be
gleaned from the IR spectra of 3-D SAMs: broad bands
at high wavenumbers are interpreted to indicate poorly
ordered chains having many gauche defects, while sharp
bands at relatively low wavenumbers are interpreted to
indicate highly ordered chains having predominantly trans
zigzag conformations.5®

Figure 3 presents a summary of the C—H stretches
observed for the following samples both in the solid state
and dissolved in CCl,: n-octadecyl disulfide and 3-D SAMs
on gold generated by the adsorption of n-octadecyl disulfide
and n-octadecanethiol. Here, we omit the bands for the
free thiol since they are indistinct from those of the free
disulfide in this spectral region. Figure 3a shows the IR
spectrum of free n-octadecyl disulfide in solution, which
exhibits va5(CH») at 2927 cm~* and vs(CH,) at 2855 cm™1.
In contrast, however, Figure 3b shows that in the solid
state, these bands sharpen and shift to lower wavenum-
bers: v,(CH) = 2919 cm~! and vs(CH;) = 2850 cm™1. By
analogy to polyethylene,®® these changes suggest an
ordering (or crystallization) of the methylene chains in
the solid state.

Figure 3c shows the C—H stretches for the dissolved
3-D SAMs prepared by the adsorption of n-octadecyl
disulfideongold. The stretches appear atv,s(CH,) =2924
cm~tand vs(CH,) = 2854 cm~. Comparison of these data
tothose in Figure 3a of the dissolved free disulfide suggests
that the adsorption process induces a faintly detectable
ordering of the methylene chains. Asshown in Figure 3d,
evaporation of the solvent further sharpens and shifts
the methylene stretches to v,s(CH,) = 2918 cm™! and
vs(CH,) = 2850 cm™%, indicating a further increase in
crystallinity.

Parts e and f of Figure 3 present the analogous IR data
for dissolved and solid-state 3-D SAMs prepared by the
adsorption of n-octadecanethiol on gold. The spectra
cannot be distinguished from those obtained with the
disulfide-based samples (Figure 3c,d). Consequently,
these data suggest that 3-D SAMs on gold prepared from
n-octadecyl disulfide are indistinct from those prepared
from n-octadecanethiol. Furthermore, the data obtained
using the characterization methods described above are
consistent with this interpretation.

(65) Snyder, R. G.; Strauss, H. L.; Elliger, C. A. J. Phys. Chem. 1982,
86, 5145.
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Figure 3. FTIR transmission spectra in the 2700—3100 cm™*
region for solution (CCl,) and solid-state samples of (a, b) free
n-octadecyl disulfide, (c, d) gold nanoparticles functionalized
with n-octadecyl disulfide, and (e, f) gold nanoparticles func-
tionalized with n-octadecanethiol.

Itis interesting to note that the vibrational frequencies
used to judge the degree of crystallinity are the same for
all three solid-state samples. The observed increase in
crystallinity upon removal of the solvent can arise from
at least two plausible processes: (1) loss of solvent from
the interchain matrix and (2) increasing interdigitation
of neighboring tail groups. While the present data do not
distinguish between these processes, it is further inter-
esting to note that the high degree of crystallinity
suggested by the solid-state data is comparable to that of
high-quality 2-D SAMs of alkanethiols on evaporated
gold.’® Since the latter data were obtained, first of all,
from a geometry that excludes interdigitation of neigh-
boring tail groups, and second, in the absence of a
contacting solvent, we conclude the high degree of
crystallinity observed for solid-state 3-D SAMs on gold
arises froman increase in the interchain interactions upon
the loss of solvent from the interchain matrix.

Further support for the formation of highly crystalline
3-D SAMs in the solid state was indicated by the
appearance of twisting-rocking and wagging progression
IR bands between 1180 and 1375 cm~! 46 and the ap-
pearance of a sharp scissoring band of the methylene
groups at 1470 cm~1 for all of the solid-state samples (data
not shown).*¢ In contrast, the latter band appeared at
1466 cm~*for the free disulfide and the 3-D SAMs dissolved
in CCl,. Again, these data argue for a higher degree of
crystallinity in the solid state. Additionally, the data are
consistent with the interpretation that alkanethiols and
dialkyl disulfides form indistinct 3-D SAMs on gold.
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I1. 3-D SAMs on Silver Nanoparticles. Solubility
of (C18S),/Ag Nanoparticles. We briefly probed the
solubility of the functionalized silver nanoparticles and
found them to dissolve in a wide range of organic solvents
(e.g., hexane, cyclohexane, benzene, CCly, and THF). The
particles could be repeatedly precipitated and redissolved,
showing no loss of solubility over time. Since bare silver
and gold nanoparticles are known to flocculate upon
removal of solvent,® this observation strongly suggests
that the disulfides at least partially coat the surfaces of
the nanoparticles.

TEM Images of (Ci3S)./Ag Nanoparticles. We
examined the morphology and size distribution of the
disulfide-functionalized silver nanoparticles by TEM.
Figure 4a shows that the nanoparticles are slightly
elliptical; this type of morphology has been observed
previously for alkanethiol-functionalized silver nanopar-
ticles.® Analysis of the TEM images afforded a detailed
size distribution based on 100 counts. The plot in Figure
4b illustrates that the particles ranged in size from
predominantly 4 to 10 nm (with diameters of 6—7 nm
occurring most frequently). The plot in Figure 4c shows
that the distribution afforded by the thiol is comparable
tothatof the disulfide. Bothdistributions are comparable
to those reported in the literature in which the data are
unbiased by size-selective precipitation methods or other
separation techniques prior to analysis by TEM.%¢ Fur-
thermore, we observe in separate studies that a doubling
of the concentration of the disulfide affords substantially
smaller nanoparticles (ca. 4 nm). Taken together, these
data support the hypothesis that the sulfur-to-silver ratio
(rather than the molecule-to-silver ratio) is the predomi-
nant factor controlling the average size of the nanopar-
ticles.®

UV—vis Spectroscopy of (C15S)./Ag Nanoparticles.
UV—vis spectra of the functionalized nanoparticles ex-
hibited a strong absorption at 475 nm (data not shown).
This absorption corresponds to the silver plasmon reso-
nance;” the observed frequency is indistinct from that
previously reported for alkanethiol-functionalized silver
nanoparticles.®®

IH NMR Spectroscopy of (C15S)./Ag Nanoparticles
and Nanoparticle Formation. Analysis of the func-
tionalized silver colloids by *H NMR spectroscopy in CDCl3
showed three broad resonances at 0.8—0.9, 1.2—1.4, and
1.5—1.7 ppm (data not shown). We were unable to detect
any resonances attributable to the presence of free
alkanethiol (e.g., 0 2.50 ppm) or free dialkyl disulfide (e.g.,
0 2.67 ppm). These observations suggest that the hy-
drocarbon species derived from the disulfide are attached
to the surface of the colloid via the sulfur atom.*®
Furthermore, the spectra are fully consistent with those
reported in the literature for colloidal nanoparticles
functionalized with 3-D SAMs derived from alkanethiols.*’

To test for the possibility that NaBH, might generate
transient thiol which could serve as the active agent in
SAM formation, we performed the type of blank H NMR
experiment outlined above for the gold nanoparticles but
omitted the AgNO; (instead of the HAuUCI, as described
above). Asin the gold case, we were unable to detect the
presence of n-octadecanethiol. While these studies provide
only indirect evidence that the disulfide is the active agent
in the formation of 3-D SAMs on silver, the IR studies

(66) Murray, C. B.; Norris, D. J.; Bawendi, M. G. 3. Am. Chem. Soc.
1993, 115, 8706.

(67) Duff, D. G.; Baiker, A.; Edwards, P. P. Chem. Commun. 1993,
96.

(68) Henglein, A. J. Phys. Chem. 1993, 97, 5457.

(69) Joo, T. H.; Kim, K.; Kim, M. S. J. Phys. Chem. 1986, 90, 5816.
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Figure4. (a) TEM image of silver nanoparticles functionalized
with n-octadecyl disulfide. (b) TEM-derived nanoparticle size
distribution for silver nanoparticles functionalized with n-
octadecyl disulfide. (c) TEM-derived nanoparticle size distribu-
tion for silver nanoparticles functionalized with n-octadecane-
thiol.
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detailed below provide much stronger support for this
hypothesis.

Raman Spectroscopy of (C,5S)./Ag and C13SH/AgQ
Nanoparticles. The characterization of thiol-function-
alized silver nanoparticles by Raman spectroscopy has
been reported by anumber of research teams.'®2° Bonding
of the disulfide to the colloid can be followed by monitoring
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Figure 5. Raman spectra in the 600—1400 cm™? region for
solid-state samples of (a) free n-octadecyl disulfide, (b) silver
nanoparticles functionalized with n-octadecyl disulfide, and (c)
silver nanoparticles functionalized with n-octadecanethiol.
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the disappearance of the S—S stretch (500—540cm™t) and
shifts of the C—S stretches (600—750 cm™1). Figure 5
shows the solid-state Raman spectra of n-octadecyl
disulfide and the 3-D SAMs produced from the adsorption
of n-octadecyl disulfide and n-octadecanethiol on silver
colloid. Unadsorbed (or free) n-octadecyl disulfide exhibits
a strong band at 526 cm~! with a shoulder at 511 cm™!
(Figure 5a), which arise from the v(S—S) stretches of the
gauche—trans (GT) and gauche—gauche (GG) conforma-
tions, respectively.®1-6 Upon adsorption, these two bands
disappear, and two new bands at 707 and 635 cm~! appear
(Figure 5b). These new bands also appear with the
adsorption of n-octadecanethiol onto the silver colloid
(Figure 5c). These data provide, to our knowledge, the
first direct support for disulfide-based covalent function-
alization of silver colloid.

We assign the 707 cm~! SERS band, which shifts from
746 cm~! for the free disulfide, as the »(C—S) stretch of
the trans—trans (TT) conformer; the 635 cm~! band
corresponds to the »(C—S) stretch of the GT conformer
(parts b and c of Figure 5). For the free disulfide, the
absence of a GT band suggests highly ordered alkyl chains
in the region near the sulfur atoms.%? In contrast, for the
3-D SAMs, the relative intensities of the 707 and 635cm—?
v(C—S) stretching bands suggest a small concentration of
gauche defects in this region.’® These observations are
consistent with reports of relatively large TT/GT ratios
for crystalline samples.®® We were also able to detect the
»(C—S) GT band at 655 cm™ in a sample of the free
disulfide dissolved in benzene (data not shown).

While the C—S stretching region provides structural
information regarding the portion of the molecule adjacent
to the sulfur headgroup, the C—C stretching region
provides structural information regarding the more
distant carbon skeleton. The free disulfide exhibits three
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Figure 6. FTIR transmission spectra in the 2700—3100 cm™1
region for solution (CCl,) and solid-state samples of (a, b) free
n-octadecyl disulfide, (c, d) silver nanoparticles functionalized
with n-octadecyl disulfide, and (e, f) silver nanoparticles
functionalized with n-octadecanethiol.

intense bands in this region (1061, 1104, and 1131 cm™1),
which we assign as trans v(C—C) vibrations (Figure 5a).
In the 3-D SAMSs prepared from both the disulfide and the
thiol, we observe a substantial enhancement of the trans
»(C—C) band at 1104 cm™* (parts b and c of Figure 5).
Bands located at 1200 and 1222 cm™! also exhibit
enhancement as observed previously with SAMs on
silver.5® These data indicate that the SAMs orient with
their alkyl chains predominantly normal to the surface.
In addition, the absence of gauche v»(C—C) vibrations
suggests that the alkyl chains are oriented in trans zigzag
conformations.5?

IR Spectroscopy of (C15S)./Ag and C,3SH/Ag Nano-
particles. Figure 6 shows the methylene C—H stretching
vibrations of the following samples taken both in the solid
state and dissolved in CCl,: n-octadecyl disulfide and 3-D
SAMs on silver generated by the adsorption of n-octadecyl
disulfide and n-octadecanethiol. In this spectral region,
the IR bands of the free thiol cannot be distinguished
from those of the free disulfide and are thus not shown.
The IR spectrum of free n-octadecyl disulfide in solution
(Figure 6a) shows v,5(CH,) at 2927 cm™! and v5(CHy) at
2855 cm™1. In the solid state (Figure 6b), however, the
bands sharpen and downshift to v,(CH,) = 2919 cm™!
and vs(CH,)=2850cm™1. Asnoted above for polyethylene,
these changes are consistent with ordering (or crystal-
lization) of the methylene chains in the solid state.

The solution IR spectrum for the 3-D SAMs prepared
from n-octadecyl disulfide (Figure 6¢) exhibits the following
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bands: v,(CHy) = 2926 cm™! and vs(CH,) = 2854 cm™2.
Comparison of this spectrum to that of the free disulfide
in CCl, (Figure 6a) reveals that the adsorption process
induces no detectable ordering of the methylene chains.
Evaporation of the solvent, however, sharpens and shifts
vas(CHy) to 2918 cm and v(CH) to 2850 cm™1 (Figure
6d), indicating an increase incrystallinity. The magnitude
of the sharpening and shifting of the CH;, bands upon
evaporation of the solvent for both the free disulfide and
the 3-D SAMs formed from the disulfide are indistinct.
These observations therefore suggest that the mechanisms
leading to an apparent ordering of the chains of the 3-D
SAMs in the solid state are similar in nature to the
mechanisms leading to the bulk crystallization of hydro-
carbon chains.

The 3-D SAMs prepared by the adsorption of n-
octadecanethiol, however, exhibit markedly different
behavior (Figures 6e and 6f): in both the solid state and
in solution, the methylene stretches appear as sharp bands
atvys(CH,) =2915cmtand vs(CH,) =2847cm~1.7° These
features suggest that the 3-D SAMs produced from the
adsorption of alkanethiols onto silver are highly crystal-
line, both in the solid state and in solution. Furthermore,
the similar shape and frequency for the solid state and
solution v(CH,) bands suggest that the crystallinity arises
from the self-assembly process rather than from tail-group
interdigitation.*> While we cannot rule out the possibility
that clustering (and thus tail-group interdigitation) of the
particles occurs to some extent in solution, it seems
untenable that this phenomenon would characterize the
thiol-derived SAMs but not the disulfide-derived SAMs.
Furthermore, our studies of 3-D SAMs on gold derived
from either thiols or disulfides show no support for tail-
group interdigitation (vide supra). Consequently, for
alkanethiol-derived 3-D SAMs on silver, the mechanisms
leading to crystallinity must be distinct from those leading
to the bulk crystallization of hydrocarbon chains.

Since the solution and solid-state IR spectra of the 3-D
SAMs prepared from adsorption of the alkanethiol on silver
are identical, one might conclude that these SAMs are
more tightly packed than those formed from adsorption
of the disulfide on silver. Biebuyck et al. reported that
2-D SAMs generated from the adsorption of disulfides
onto gold exhibited contact angles of hexadecane that were
3° lower than those observed on analogous thiol-derived
SAMs.®  Exposure of the disulfide-derived SAM to a
solution of the thiol, however, led to a “healing” of the
SAM, with limiting contact angles observed.

Using this type of approach, we explored the possibility
of “healing” the 3-D SAMs derived from the adsorption of
the disulfide on silver. Exposure of these SAMs to a 1
mM solution of n-octadecanethiol in toluene for 12 h,
however, caused no discernible difference in the IR
spectrum (data not shown). Furthermore, we were unable
to increase the crystallinity of these disulfide-derived 3-D
SAMs by either (1) extending the reaction time from 12
h to either 24 or 48 h or (2) doubling the molar concentra-
tion of the disulfide.

The formation of highly crystalline 3-D SAMs in the
solid state is further supported by the presence of
twisting—rocking and wagging progression bands located
between 1180 and 1375 cm™! “6 and the appearance of a
sharp scissoring band of the methylene groups at 1470
cm~ for all of the solid-state samples (data not shown).5°

(70) The values observed here for the methylene resonances are lower
than those observed for bulk hydrocarbon crystals® or for 2-D SAMs
on gold or silver.®4 At present, we are unable to rationalize this
observation. We note, however, that similar low values have been
obtained for solid-state samples of 3-D SAMs on silver nanoparticles.*®
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For the free disulfide dissolved in CCl,, the latter band
appears at 1466 cm~1. For the solution spectra of the 3-D
SAMs, this CH, scissor vibration appears at 1466 cm™!
for the disulfide-derived sample and at 1468 cm™1 for the
thiol-derived sample. Again, these data argue that the
SAMs derived from the thiol are slightly more crystalline
than those derived from the disulfide.

XPS of (C18S),/Ag and C,3SH/Ag Nanoparticles.
Analyses of SAMs by XPS provides information regarding
the atomic composition of thin organic films and their
underlying substrates.” This technique has been used
to characterize thiol-derived 3-D SAMs on gold’? and
silver?? nanoparticles. In our studies of 3-D SAMs on
silver, we felt that XPS might reveal the origin of the
observed differences between disulfide-derived and thiol-
derived SAMs. A tenable hypothesis centered on the
known propensity of silver to form a native oxide coat-
ing.’>1 The adsorption of adisulfide onto such a partially
oxidized surface might be disfavored compared to that of
a thiol since the thiol moiety might serve as a reducing
agentto partially remove the oxide layer from the surface,
thereby promoting further adsorption. If this hypothesis
were true, the XPS data might be expected to reflect a
reduced percentage of oxygen for the thiol-derived 3-D
SAMs. While examination of both SAMs by XPS revealed
no oxygen in either sample, the predominant sulfur species
in the disulfide-derived sample appeared at higher binding
energies (e.g., Sypaz = 163.1 eV) than those in the thiol-
derived sample (e.g., Sxpz2 = 161.9 eV) (data not shown).
Literature studies of SAMs on evaporated gold have
assigned sulfur species with similarly high binding
energies as unbound thiol or disulfide.”® In the present
work, we have no independent data to confirm these
assignments. We do note, however, that the *H NMR and
Raman spectroscopy studies presented above show no
evidence of unbound sulfur species in either sample.
Future studies will explore the origin of these differences
in greater detail.

Conclusions

Our studies have demonstrated a new procedure for
the preparation of 3-D SAMs on gold and silver nano-
particles. To our knowledge, the studies represent the
first use of dialkyl disulfides to effect this type of
functionalization. The gold nanoparticles functionalized
in this manner exhibited solubilities and size distributions
that were comparable to those prepared by the analogous
adsorption of alkanethiols. Raman spectroscopy showed
that the new 3-D SAMs form by the covalent attachment
of the sulfur atoms of the disulfide to the surface of gold.
The alkyl chains appeared to be highly ordered in the
region near the sulfur headgroup. Analysis by IR spec-
troscopy revealed that the new 3-D SAMs are indistinct
from those prepared via the adsorption of alkanethiols.
While the solution-phase adsorption process led to a
moderate increase in the crystallinity of the methylene
chains of the adsorbate, the subsequent removal of the
solvent led to a further increase in crystallinity. The high
degree of crystallinity observed in the solid state appears
to arise from an increase in the interchain interactions of
the SAM upon the loss of solvent from the interchain
matrix.

(71) Ulman, A.; Elman, J. F. in Characterization of Organic Thin
Films; Ulman, A., Ed.; Butterworth-Heinemann: Boston, 1995.

(72) Johnson, S. R.; Evans, S. D.; Mahon, S. W., Ulman, A. Langmuir
1996, 12, 51.

(73) Castner, D. G.; Hinds, K.; Grainger, D. W. Langmuir 1996, 12,
5083.
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Disulfide-functionalized silver nanoparticles exhibited
size distributions and solubilities that were comparable
to those of thiol-functionalized silver nanoparticles. Ra-
man spectroscopy showed that the newly derived 3-D
SAMs form by the covalent attachment of the sulfur atoms
of the disulfide to the surface of silver. The alkyl chains
were highly ordered with their molecular axes oriented
along the surface normal. IR spectroscopy showed that
the newly derived 3-D SAMs were highly crystalline in
the solid state but not in solution. In contrast, 3-D SAMs
produced by the adsorption of alkanethiols on silver are
highly crystalline both in solution as well as in the solid
state. While the present studies were unable to pinpoint
the origin of these differences, the data nevertheless
provided strong support that the adsorbing species in
disulfide-derived 3-D SAMsonsilver is in fact the disulfide

Porter et al.

itself rather than the corresponding thiol, which could
tenably be generated in small concentration under the
reducing conditions employed in the synthesis of the
nanoparticles. By inference, this conclusion likely holds
as well for the adsorption of disulfides onto gold nano-
particles.
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