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The functionalization of metal substrates with organic ligands has become a standard practice
in surface science and nanomaterials chemistry. Perhaps the most prevalent example is the
chemisorption of thiols on Au, a simple yet versatile approach for preparing surfaces with
tunable physical or chemical propertieslv2 or with biological recognition elements.3- While
such chemistry has proven to be very useful for a multitude of applications, it also has
limitations; thiols can be displaced from the metal surface® or may be incompatible with other
functional groups associated with the ligand. Molecules with carbodithioate (—CS,) groups
may have superior chemisorption properties, as their interatomic S-S distances are nearly ideal
for epitaxial adsorption onto Au surfaces.” Such ligands would be attractive alternatives to
thiols if issues of accessibility and robustness of adsorption can be addressed.

In this Communication, we describe the spontaneous assembly of dithiocarbamate (DTC)
ligands on Au surfaces, by simple exposure to carbon disulfide and secondary amine (see Figure
1). DTCs are considered unstable in their acidic form and are often prepared as metal salts by
the condensation of dialkylamines with CS, under strongly basic conditions.8 More recently,
DTCs have been applied as structural motifs in supramolecular chemistry when complexed
with transition metal ions.9:10 Here, we show that a variety of secondary amines can condense
with CS, onto Au surfaces at room temperature without additional base to form ligands which
are stable in acidic and basic aqueous environments and in the presence of competing
surfactants.

Dithiocarbamate ligands 1-11 were readily formed by immersing Au substrates in solutions
with an equimolar ratio of CS, and the corresponding amines (see Figure 1).11'12 This one-
pot procedure could be performed in either aqueous or organic solvents, but was found to be
most efficient in alcohols. Contact angle measurements of DTC-functionalized Au surfaces
revealed marked changes in their wetting properties; smooth Au substrates coated with
dimethyl DTC 1 (64, = 60°) were more hydrophilic than bare Au (65, = 80°), whereas those
coated with dibutyl and didecyl DTCs 3 and 4 were more hydrophobic (64, = 107 and 108°,
respectively). By comparison, substrates treated with dialkylamines in the absence of CS, did
not exhibit significant changes in wetting behavior after rinsing.11

Dithiocarbamates could also assemble on colloidal Au nano-particles and modulate their
dispersion properties. For example, aqueous suspensions of 40 nm Au particles treated with
CS, and tetra(N-methyl)aminomethyl resorcinarene (TMAR)“'13 at millimolar
concentrations were encapsulated by DTC ligand 5 and could be subsequently extracted from
the aqueous phase into CH,Cl, (see Figure 2). No extractions occurred in the absence of
CS, or TMAR, demonstrating that phase transfer was successful only when the nanoparticles
were encapsulated by the DTC-resorcinarene surfactant Iayer.14

E-mail: alexwei@purdue.edu

Supporting Information Available: Experimental procedures, XPS data, contact angle measurements, additional SERS spectra, and
calculated Raman spectra of 1 and 2 on Au (PDF); movies of vibrational modes | and 11 calculated for 1 and 2 on Au3 (MPEG). This
material is available free of charge via the Internet at http://pubs.acs.org.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhao et al.

Page 2

Dithiocarbamate assembly on roughened Au substrates1® was further characterized using
surface-enhanced Raman spectroscopy (SERS; see Figure 3 and Supporting Information). In
the case of DTC ligands 1-4, the SERS spectra were found to be nearly identical with those
generated from preformed DTC salts, providing confirmation of structure. 11,16 viprational
modes were assigned according to density functional theory (DFT) calculations. Raman
frequencies were calculated for ligands 1 and 2 bonded to a Au cluster (1-3 atoms) using the
B3LYP method and LANL2DZ basis set. The calculated values correlate well with the
experimental SERS data, most notably for peak frequencies at 430-450 cm ™2 (1) and 540-600
cm~1 (11). These vibrational bands correspond with symmetrically coupled C-S stretching and
N-alkyl bending (scissoring) modes of the DTC moiety anchored to the metal surface (see
Figure 4). The SERS bands at 1450-1475 cm™1 associated with C—H bending modes are also
noteworthy and increase in prominence with hydrocarbon chain Iength.17

The dithiocarbamate ligands are remarkably robust in a variety of solution environments and
are resistant to displacement by competing alkanethiols. Roughened Au substrates
functionalized with ligands 1 or 2 were exposed to aqueous solutions ranging from pH 1 to 12
and monitored by SERS, which revealed minimal changes in the spectral profile after 1 week
of immersion at ambient temperature. The DTC-coated substrates were likewise immersed for
1 week in ethanolic solutions of dodecanethiol, again with minimal perturbations to their SERS
spectra.

Surface analysis by contact angle goniometry and X-ray photoelectron spectroscopy (XPS)
provided further evidence for robust DTC chemisorption. For example, a substrate saturated
with dibutyl DTC 3 was exposed to a millimolar solution of 2-mercaptoethanol for 24 h, a
condition known to completely displace alkanethiol monolayers.18 Minimal change in contact
angle was observed (A0, < 3°), and the S:N mole ratio remained constant at 2.14:1.11 The
limits of thermal stability under aqueous conditions were also examined, with a decrease in
contact angle finally observed after 12 h at 85 °C.

In summary, dithiocarbamate formation provides a simple method for conjugating secondary
amines onto metal surfaces to form strongly adsorbed species which are stable under various
types of environmental stress. The robustness of the DTC ligands and the ease with which they
can be formed should expand the range of synthetic or biomolecular structures for applications
involving surface or nanoparticle functionalization.
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Figure 1.
Dithiocarbamate ligands formed on Au surfaces.
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Figure 2.

(a) Extraction of colloidal Au nanoparticles (d = 40 nm) from the aqueous phase into
CH,Cl, by dithiocarbamate derivative 5, formed in situ from CS, and TMAR. (b) TEM image
(Philips EM-400, 80 kV) of extracted Au nanoparticles; scale bar = 100 nm.
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Figure 3.

Selected SERS spectra of dialkyl DTCs formed on roughened Au surfaces. Spectra were
obtained using a dispersive Raman microscope with a 20X objective lens (N.A. = 0.4), at an
excitation wavelength of 785 nm and an exposure time of 30 s. See Supporting Information
for additional SERS spectra.
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Coupled C-S stretching/N-alkyl scissoring modes for dithiocarbamates on Au, based on DFT
calculations (B3LYP/LANL2DZ).11 (Left) Mode I (1: calcd 436 cm™2; 2: 443 cm™1); (right)
mode I1 (1: calcd 562 cm™1; 2: 543 cm™1). See Supporting Information for movies of vibrational
modes | and I1.
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