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ethods to functionalize nanoparti-
cles are generally derived from
schemes used for modifying
macroscopic, planar substrates. The interac-
tion between a substrate and adsorbate
layer often controls the structure and prop-
erties of the layer and governs the types of
applications for which the modified sub-
strate can be employed. Covalent bonding
between organic molecules and substrates
such assilicon," glass,? and carbon® is known.
Electrochemical methods are used to chemi-
cally graft polymers to metal surfaces,” but
in general, organic molecules covalently
bound to metals are less prevalent. Organic
molecular layers on noble metal surfaces
have been used in a wide range of applica-
tions. The self-assembly of alkythiolate
monolayers is the most broadly applied
modification method for noble metals such
as gold.>® The monolayers are easily formed,
are highly organized, and provide a pathway
to create interfaces with a variety of func-
tional groups. The interaction between the
sulfur and gold is labile, which allows for the
self-organization of this monolayer system
but can also lead to instability under certain
conditions.® Despite the noncovalent na-
ture of the interaction, thiol-derived mono-
layers on gold are sufficiently stable to be
widely applied in fundamental studies, bio-
sensing, molecular electronics, and surface
patterning.®
The modification of conducting surfaces
with diazonium-salt-derived aryl layers has
been gaining significant attention.>” Diazo-
nium salts are electrochemically or sponta-
neously reduced at the surface of a conductor
to form an aryl radical that binds to the sur-
face. These films tend to form multilayers and
are relatively disordered®® The interaction
between diazonium-derived aryl films and

LAURENTIUS ET AL.

ABSTRACT Tailoring the surface chemistry of metallic nanoparticles is generally a key step for
their use in a wide range of applications. There are few examples of organic films covalently bound
to metal nanoparticles. We demonstrate here that aryl films are formed on gold nanoparticles from
the spontaneous reduction of diazonium salts. The structure and the bonding of the film is probed
with surface-enhanced Raman scattering (SERS). Extinction spectroscopy and SERS show that a
nitrobenzene film forms on gold nanoparticles from the corresponding diazonium salt. Comparison
of the SERS spectrum with spectra computed from density functional theory models reveals a band
characteristic of a Au—Cstretch. The observation of this stretch is direct evidence of a covalent bond.
A similar band is observed in high-resolution electron energy loss spectra of nitrobenzene layers on
planar gold. The bonding of these types of films through a covalent interaction on gold is consistent
with their enhanced stability observed in other studies. These findings provide motivation for the use
of diazonium-derived films on gold and other metals in applications where high stability and/or
strong adsorbate—substrate coupling are required.

KEYWORDS: gold nanoparticles - diazonium salt - covalent modification - SERS -
HREELS - DFT

the substrate is very stable, able to withstand
prolonged ultrasonic treatment, boiling in
various solvents, and long time exposure to
ambient conditions.” It is widely accepted that
the interaction between diazonium-derived
films and graphitic carbon substratesisa C—C
covalent bond. This is supported by Raman
spectroscopic evidence'® and more recently
by fragmentation patterns observed in time-
of-flight secondary ion mass spectrometry
experiments."" The bonding of diazonium-
derived films on metal surfaces has been
studied. Angle-resolved X-ray photoelectron
spectroscopy (XPS) revealed the presence of a

carbide layer at an aryl—Fe interface, suggest- ™ Address correspondence to

ing a covalent bond on Fe.'? Highly stable
films have been reported on Cu surfaces, and
XPS results indicated the presence of both
Cu—0—C and Cu—C bonds."

Several groups have reported on the for-
mation of aryl films on gold surfaces via the
reduction of diazonium salts.'*"'® The
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Scheme 1. Potential reaction between a gold nanoparticle
and diazonium salt.

structure and stability of electrochemically deposited
films are similar to those formed on carbon. We have
shown that diazonium-derived nitrobenzene (dNB)
films are more strongly bonded to gold surfaces than
the thiol analogue.'® Downard and co-workers have
recently examined the formation of diazonium-derived
layers on gold by spontaneous (open-circuit) adsorption.?’
It was shown that the growth of nitrobenzene films was
dependent on incubation time and observed films rang-
ing from a submonolayer to multilayers consisting of
2-3 layers.

The general understanding of the formation and
structure of thiol-derived self-assembled monolayers
on planar gold substrates opened pathways for the use
of thiols in the modification of gold nanoparticles
(AuNPs) 2122 Following a similar train of thought, we
envision the formation of aryl layers on AuNPs via the
spontaneous reduction of diazonium salts. A general
scheme of the potential reaction is shown in Scheme 1.
Our efforts are focused on showing that this reaction
takes place and in exploring the type of binding
between the aryl groups and gold nanoparticles. The
use of diazonium-derived films for the stabilization of
metal nanoparticles has been examined by Schiffrin
and co-workers, who reported on the synthesis of gold
and platinum nanoparticles in the presence of diazo-
nium salts.>®> They postulated that the formation of a
gold—carbon bond would provide superior stability
compared to metal—sulfur interactions. A similar pro-
cess was used for the synthesis of aryl-stabilized palla-
dium nanoparticles.>* In both of these studies, the
existence of a metal—C covalent bond was assumed
but not proven. The use of diazonium salts for the mod-
ification of preformed nanoparticles has also been demon-
strated. Mangeney et al. reported on the sonication-
assisted, electroless modification of diamond nanopar-
ticles with 4-nitrobenzene diazonium salt.>®

We demonstrate here the functionalization of pre-
formed, citrate-stabilized AuNPs by spontaneous ad-
sorption of dNB, as shown in Scheme 1. We are motivated
by the potential applications of nanoparticles with
covalently bonded layers. In addition, this system will
afford the ability to probe the aryl group—gold inter-
actions by surface-enhanced Raman scattering (SERS).
The combination of SERS and density functional theory
(DFT) modeling is used to identify a Raman band
associated with a Au—C stretch. This vibrational mode
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Figure 1. Extinction spectra of unmodified 40 nm AuNPs,
AuNPs reacted with nitrobenzene (NB, control), and dNB-mod-
ified 40 nm AuNPs. All samples were suspended in water. The
mean value for three measurements is shown. The uncertainty
of the measurement (sd) is 0.3 nm.

is also observed on planar gold surfaces by high-resolu-
tion electron energy loss spectroscopy (HREELS). The
observation of a Au—C vibrational band is the first direct
evidence of a covalent bond in diazonium-derived aryl
layers on noble metals.

RESULTS AND DISCUSSION

Previous reports have shown that aryl films can be
formed on planar gold surfaces from the spontaneous
adsorption of diazonium salts.?®?® It has also been
shown that metal nanoparticles can be stabilized dur-
ing synthesis by a diazonium-derived layer.?*?* It has
not yet been demonstrated that diazonium salts will
spontaneously adsorb to preformed gold nanoparti-
cles (AuNPs). We describe here our results from spec-
troscopic studies that show aryl layers form on the
surface of 40 nm AuNPs from the spontaneous adsorp-
tion of the corresponding diazonium salt. Vibrational
spectroscopic data are used to probe the interaction
between the aryl groups and AuNPs.

A strong absorption band, known as the localized
surface plasmon resonance (LSPR), is observed in the
visible spectrum of AuNPs. It is known that the position
of this band is sensitive to the dielectric constant
surrounding the nanoparticle and, thus, responds to
surface modification. For example, the self-assembly of
an alkanethiolate monolayer on silver nanoparticles
was shown to red-shift the wavelength maximum
(Amax) Of the LSPR.?” The visible spectrum can also be
used to monitor the stability and flocculation of nano-
particles in solutions.”’?® Commercial 40 nm AuNPs
were reacted with nitrobenzene diazonium cations
(dNB) as well as nitrobenzene, for comparison. Figure 1
contains the extinction spectra centered around the
LSPR bands for unmodified, citrate-capped 40 nm
AuNPs and nanoparticles exposed to the various po-
tential adsorbates. The 1.« values of the LSPR bands
are also listed in Figure 1.

The band for the unmodified NPs exhibits a max-
imum at 525 nm. Nanoparticles reacted with NB yield a
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Figure 2. (A) Raman spectrum of solid dNB (top spectrum, red) and SERS spectra of dNB-modified 40 nm AuNPs (solid black
line), 40 nm AuNPs reacted with NB (dashed blue line), and unmodified 40 nm AuNPs (solid green line). (B) Raman and SERS

spectra of all the samples in (A) expanded near 400 cm .

Amax that is indistinguishable from unmodified AuNPs,
implying there is negligible physisorption through the
aromatic ring or the nitro group. The band position for
NPs reacted with dNB is located at 528 nm, red-shifted
significantly from that for unmodified NPs. This shift in
Amax IS consistent with the formation of an adsorbate
layer on the surface of the nanoparticles. We note that
the intensity of the LSPR band for the dNB-modified
AuNPs is lower than that for the unmodified AuNPs.
This is due to loss of a portion of the AuNPs during
separation of the modified nanoparticles from un-
reacted diazonium salt via centrifugation. However,
the dNB-modified AuNPs that are resuspended remain
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stable in the aqueous solution. The spectrumin Figure 1
provides no indicators of nanoparticle aggregation as
we observe no absorption bands in the region be-
tween 600 and 800 nm. We have found that 40 nm
AuNPs modified with dNB are stable in solution for at
least 1 month with no evidence of aggregation. We
conclude from Figure 1 that reaction of dNB with
AuNPs results in the formation of an adsorbed layer
on the nanoparticle surface.

We have further characterized the diazonium-
derived layers on AuNPs with SERS. Gold nanoparticles
with diameters in the 20—100 nm range are excellent
substrates for SERS.?? In addition, NB and NB-containing
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TABLE 1. Band Assignments Listed for the Raman
Spectrum of Solid dNB and the SERS Spectrum of NB on
the Surface of 40 nm AuNPs (References 30 and 31 Were
Used for Some Assignments)

band position (cm ")

dNB dNB on

assignment powder AuNPs
N=N stretch 2309
ring stretch 1577 1589
asymmetric NO, stretch 1545
symmetric NO, stretch 1358 1344
(—N, stretch 1130
(—N stretch + ring stretch 1107 1110
CH i.p. bend 1073 1080(w)
ring breathing 1010 1005(w)
ONO scissor + ring stretch 860 852

asymmetric Ar C—C stretch + C—N—N i.p. deformation 635

films have been the subject of a number of normal
Raman®® and SERS investigations.?*®! In addition to
providing structural information of an adsorbed layer,
vibrational spectroscopy is particularly useful for prob-
ing the nature of the bonding between various adsor-
bates and gold substrates; a number of studies have
reported evidence of a carbon—gold covalent bond.
Recently, infrared photodepletion spectroscopy was
used to study gold cluster carbonyls. The vibrational
spectra obtained show Au—CO stretching and Au—C—0O
bending bands between 250 and 400 cm ™' .*? Cyanide
adsorption to gold has been probed with SERS. One
study observed a band at 375 cm ™, which was tenta-
tively assigned to Au(CN), .33 Other investigations have
reported a Au—C stretching mode for Au—CN at
370 cm™'3473%

Figure 2A contains the Raman spectra in the region
between 300 and 1700 cm ™' for the various NB—AuNP
combinations as well as the normal Raman spectrum of
dNB powder. The spectra for the two control samples
(unmodified and NB) exhibit no major bands, consis-
tent with negligible physical adsorption of NB to Au
nanoparticles. The spectrum of the dNB-modified
AuNPs is significantly enhanced and features numer-
ous bands that are consistent with those observed in
the dNB powder spectrum. Band assignments are
listed in Table 1. The relative intensities of some of
the more prominent bands as well as band positions in
the SERS spectrum agree well with the dNB powder
spectrum. Despite these similarities, there are notable
differences between the two spectra. First, bands in the
powder spectrum associated with the diazonium moi-
ety are not observed in the SERS spectrum. A strong
band is observed in the powder spectrum at 2309 cm ™"
(not shown), which corresponds to the N=N stretch of
the diazonium group. This band is not observed in the
SERS spectrum of dNB on AuNPs. In addition, bands at
1130 and 635 cm ™" in the dNB powder spectrum also

LAURENTIUS ET AL.

involve the diazonium moiety (Table 1) and are not
observed in the SERS spectrum. Taken together, these
observations are strong evidence for spontaneous
reduction of the diazonium cation to the aryl radical
and the formation of a NB layer at the AuNP surface.

A second major difference in the spectra in Figure 2A
is evident in the region between 1200 and 1300 cm ™.
The SERS spectrum of dNB on AuNPs exhibits bands at
1201, 1250, and 1282 cm ™' that are not present in the
dNB powder spectrum. We believe these bands are
due to the multilayer nature of the dNB film on the
AuNPs, and assignment of these bands will be dis-
cussed below. Finally, a low intensity band at 412 cm ™'
is observed in the dNB spectrum. This band is high-
lighted in the expanded region of the spectra in
Figure 2B. A band centered at 412 cm ™' is clearly
present in the dNB spectrum and not in the spectra
of the powder or either of the control spectra. We have
also observed this band in SERS spectra of other
diazonium salts spontaneously adsorbed to AuNPs. A
band for nitroazobenzene diazonium salt on 40 nm
AuNPs appears at 416 cm ™', and a band at 410 cm ™' is
observed for phenyl acetic acid diazonium salt. As
noted above, previous work has assigned bands at
375 cm ' to a Au—C stretch for Au—CN. We thus
tentatively assign the band at 412 cm ™' observed in
Figure 2B to a Au—C stretch. The modeling studies
described below support this assignment.

It is well accepted that electrochemically deposited
diazonium-derived layers are bound to carbon materi-
als through a C—C covalent bond.” Although it has
been shown that these types of aryl films are strongly
bonded to gold and other metals'®'® and a Au—C
bond has been predicted computationally,®”>® direct
spectroscopic evidence of a Au—C covalent bond has
not yet been reported. The attachment and configura-
tion of phenyl groups to gold have been previously
explored using density functional theory (DFT). It has
been predicted using DFT that the bond between the
phenyl group and the gold surface is chemical in
nature and that the upright configuration of the phenyl
ring is favored.?” Other modeling efforts have used and
optimized DFT calculations to compliment SERS ex-
perimental results.>® Schatz and co-workers have de-
veloped a time-dependent DFT method for calculating
SERS enhancement factors and predicting band posi-
tions. The model is based on a pyridine molecule
adsorbed to a 20 atom silver cluster.*®*' Building upon
these previous reports, we model dNB adsorbed to gold
nanoparticles as a NB molecule covalently bonded to
the vertex of a Au,, pyramidal cluster and label it
Au,oVNB (Figure 3). The effect of NB multilayer forma-
tion on Raman spectra is modeled by a NB trimer
bonded to the vertex of a Au,, cluster, labeled as
Au,evNBs. In Figure 3, we show the optimized geome-
tries of the structures containing NB and NB; bonded
to the vertices of Auyg pyramids. Binding configurations
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Figure 3. Optimized structure of a nitrobenzene monomer
(Au,ovNB) and trimer (AuyovNB3) covalently bonded to pyr-
amidal Auy, clusters.
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Figure 4. Calculated Raman spectra (Gaussian 09) of Au,,vNB
and Au,ovNB; compared to the SERS spectrum of dNB bonded
to AuNPs.

containing NB and NB; covalently bonded to the
vertex of the Au,o pyramid are more stable by 44 and
39 kJ/mol, respectively, than the configurations
bonded to the face of the pyramid. Optimization of
structures containing NB bonded to the rim of the Auy,
pyramid converges to either a vertex or a surface-
bonded structure. The optimized Au—C bond lengths
are 2.05 A for both Au,ovNB and Au,ovNBs.

The calculated Raman spectra for the model systems
as well as the experimental SERS spectrum of dNB on
AuNPs are shown in Figure 4. The electronic absorption
maximum for nitrobenzene is 263 nm, and we do not
expect any resonance Raman effects with the 785 nm
excitation used here. Thus, the Raman scattering in-
tensities for the model systems were calculated for the
static case (w = 0). Band assignments for the two
models as well as the experimental SERS spectrum
are listed in Table 2. Qualitatively, in terms of relative
band intensities and band positions, the spectrum
derived from the Au,ovNB model agrees more closely
to the experimental SERS spectrum. This implies that
the majority of the nitrobenzene molecules bound to
the 40 nm AuNPs are in a single layer. The spectrum
yielded by the Au,ovNB3; model contains a number of
additional modes assignable to the NB groups in the
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TABLE 2. Assignment of Raman Bands from the SERS
Spectrum and from Calculated (Gaussian 09) Spectra of
the Au,ovNB and Au,,vNB; Structures

band position (cm ")

assignment SERS dNB on AuNPs AuVNB Au,oVNB;3
ring stretch 1589 1553 1598, 1510
symmetric NO, stretch 1344 1322 1365, 1325
ring breathing 1282, 1250 1277 (weak) 1289, 1248
C—H i.p. bend 1201, 1170 1169 1174, 1152
(—N stretch —+ ring stretch 1110 1086 1091
ONO scissor -+ ring stretch 852 836 825
Au—NB stretch 412 439 414

second layer. Of particular interest are ring breathing
modes for the second layer of NB groups at 1289 and
1248 cm ™. These modes agree well with bands ob-
served at 1282 and 1250 cm ™' in the SERS spectrum.
Multiple bands for in-plane C—H bending modes in the
spectrum of Au,ovNB; are also consistent with the SERS
spectrum. A number of other bands predicted for
Au,ovNB3 are not observed in the SERS spectrum.
These differences may be due to the structure of the
branched units in the dNB layer on the AuNPs relative
to the model trimer structure. The model also does not
account for coverage effects, which will certainly influ-
ence the bands observed in the SERS spectrum. De-
spite this, the agreement of the SERS spectrum with the
calculated spectra of the two model structures is con-
sistent with a diazonium-derived NB film bound to the
AuNPs that contains branched multilayer structures.
A number of reports have addressed the interaction
between diazonium-derived films and metals based on
the stability of the film to various treatments.'®'>1819
We and others have previously shown that electroche-
mically deposited dNB remains bound to planar gold
surfaces following severe ultrasonic treatment'>'? and
exposure to boiling solvents.” In addition, the dNB
layer cannot be entirely displaced by long chain alkane
thiols that completely displace a mercaptonitroben-
zene monolayer. Recently, it was shown that a portion
of a spontaneously adsorbed dNB film on planar gold
remains following ultrasonic treatment in acetonitrile.?°
It has been suggested that these observations were due
to a covalent linkage between the diazonium-derived
film and the gold surface. However, direct evidence of a
Au—C covalent bond has not yet been reported. The
calculated Raman spectra from the two model systems
both contain bands due to modes involving a Au—C
stretch. As listed in Table 2, this band appears at
439 cm™! for AuyvNB and 414 cm ™' for Au,ovNBs.
The modes responsible for these bands are shown in
Figure 5. As noted above, we observe a band at
412 cm™ " in the SERS spectrum of dNB on AuNPs that
is observed in neither the Raman spectrum of the dNB
starting material nor the control spectra. There are also
no other bands in that vicinity of the SERS spectrum.
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Figure 5. Illustration of the calculated (Gaussian 09) vibrational modes at 439 cm ™" (AuyoVvNB) and 414 cm ™" (AuyovNBs;) that
involve Au—C bond stretching coupled with out-of-plane aromatic ring bending modes.

We thus assign the 412 cm ™' band to a mode involving
a Au—C stretch as predicted in the Raman spectra of
our models. This provides direct evidence for the
existence of a Au—C covalent bond for this system.

The observation of a Au—C stretch in SERS spectra is
compelling evidence for the existence of a gold—carbon
covalent bond in diazonium-derived films on nanopar-
ticles. Confirmation that this mode of bonding occurs
on planar surfaces requires a highly surface-sensitive
vibrational spectroscopic method. We thus studied dNB
films on single-crystal Au(111) surfaces with high-reso-
lution electron energy loss spectroscopy (HREELS). In
HREELS, vibrational modes of adsorbed molecules can
be identified by analyzing the energy loss of inelasti-
cally scattered electrons. Dipole-active modes tend to
dominate HREELS spectra in the specular scattering
geometry; however, non-dipole-active modes can be
observed, as well. Thus, HREELS spectra are very com-
parable and complementary to SERS spectra.

Figure 6 contains HREELS spectra for Au(111) modified
with dNB by both electrochemical grafting and sponta-
neous adsorption. The bottom spectrum in Figure 6 is that
for the electrochemically deposited film plotted at full-
scale and showing the relative intensities between the
elastically scattered and inelastically scattered electrons.
The signal intensities for the other two spectra in Figure 6
were normalized to the elastic bands and were expanded
for clarity. The electrochemically deposited film yields
bands at 1524, 1342, 1102, 845, and 420 cm™ in the
region shown. The band at 845 cm ™" is assigned to the
ring stretch + ONO scissor mode and is in good agree-
ment with the SERS peak observed at 852 cm™'. The
1102 cm ™! band is assigned to a mode involving a ring
stretch and a C—N stretch (Table 1). The bands at 1342
and 1524 cm ™' are assigned to symmetric and asym-
metric NO, stretching based on previous publica-
tions.'”*? The peak observed at 420 cm ™' is assigned
to the Au—C stretch due to its proximity to the
412 cm™ ' band in the SERS spectra.

The bands due to inelastic scattering for the sponta-
neously adsorbed dNB are much less intense than
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Figure 6. HREELS spectra for dNB films on Au(111) by sponta-
neous adsorption (top, red curve) and electrochemical grafting
(middle and bottom, black curve). The lower spectrum is for the
electrochemically deposited film plotted at full scale. The other
spectra are plotted with expanded y-axis to better observe the
vibration bands.

those for the electrochemically deposited film. On the
basis of our previous work, we expect that the condi-
tions used here for electrochemical deposition results
in a dense, multilayer film of dNB with a thickness
of ~2 nm. Since, in general, the inelastic scattering
intensity will increase with surface coverage, the lower
loss peak intensities observed for the spontaneous
adsorbed film indicate that the coverage of dNB
groups is substantially lower than the electrochemi-
cally deposited film. Despite the difference in cover-
age, the HREELS spectrum for the spontaneously
adsorbed dNB film contains bands with similar position
as the electrochemically deposited film. An interesting
observation is the higher relative intensity of the band at
420 cm ' in the spectrum of the spontaneously ad-
sorbed film. We believe the enhanced intensity of this
mode results from a relatively thin spontaneously
adsorbed film compared to the electrochemically de-
posited film. A less intense band for a mode located at
the metal—film interface is expected for a thicker,
multilayer film due to the limited probing depth of
the electrons. This observation also provides support
for our assignment of the 420 cm ™' band to a Au—C
stretching vibration. We thus conclude that a Au—C
covalent bond is formed upon either spontaneous
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Scheme 2. Reaction scheme for the spontaneous adsorption of dNB to 40 nm AuNPs illustrating the proposed film structure

on the surface of the nanoparticle.

adsorption or electrochemical grafting of dNB to
Au(111).

CONCLUSIONS

The results presented here show that aryl films can be
formed on gold nanoparticles by the spontaneous adsorp-
tion of diazonium precursors. Nanoparticles modified with
diazonium-derived nitrobenzene yield excellent quality
SERS spectra. Both UV—visible extinction spectroscopy
and SERS are consistent with the formation of a nitroben-
zene layer. The nitrobenzene-modified nanoparticles are
stable in solution for at least 1 month. Comparison of the
SERS spectrum with Raman spectra from DFT modeling
indicates a degree of multilayer formation on the nano-
particles. The results are consistent with a reaction such as

METHODS

Reagents and Materials. 4-Nitrobenzenediazonium tetra-
fluoroborate (dNB, 97%), silver nitrate (99%), and tetrabuty-
lammonium tetrafluoroborate (TBATF,) were obtained from
Sigma-Aldrich and used as received. Nitrobenzene (NB, 99%)
was purchased from Fisher Scientific. Reagent grade aceto-
nitrile (CH;CN) was purchased from either Caledon Labora-
tories or ACP Chemicals Inc. Anhydrous ethyl alcohol was
obtained from Commercial Alcohols. Sulfuric acid (96%) and
hydrogen peroxide (30%) were obtained from Mallinckrodt.
The 40 nm citrate-capped gold nanoparticles (AuNPs) were
purchased from BBInternational with a concentration of 9 x
10" particles/mL. Deionized water with a resistivity of 18 MQ
or better was filtered in a Barnstead Nanopure purification
system.

Gold Nanoparticle Modification. The 40 nm AuNPs were mod-
ified by mixing 10 uL of 2 mM 4-nitrobenzenediazonium
tetrafluoroborate in acetonitrile with 1 mL of citrate-capped
gold nanoparticle solution. Control samples were prepared by
adding 10 uL of 2 mM nitrobenzene in acetonitrile to 1T mL of
AuNPs. The reagents were left to incubate for 24 h after which
time the nanoparticles were separated from solution via cen-
trifugation at 8000 rpm for 10 min in an Eppendorf a5417R
microcentrifuge. Next, the AuNP pellet was redispersed in 1 mL
of deionized water. A second centrifugation step was added to
wash the particles further. The suspended modified particles are
stable and stored at 7 °C until use.

Extinction Spectroscopy. All nanoparticle solutions were di-
luted by a factor of 4 with deionized water before analysis.

LAURENTIUS ET AL.

that shown in Scheme 2. Although Scheme 2 implies
propagation of the multilayer solely through aryl—aryl
attachment, propagation via radical attack of the nitro
group is also a possibility. Importantly, the DFT modeling
leads to the assignment of a SERS observed band at
412 cm™ ' to a Au—C stretching mode. This is the first
direct evidence of a gold—carbon covalent bond in these
systems. Results from HREELS experiments confirm the
existence of a Au—C bond for diazonium-derived films on
planar surfaces. The anchoring of these types of films
through a covalent interaction explains their enhanced
stability compared to thiol-derived monolayer analogues.
Diazonium-derived films on gold and other metals will
continue to find applications where high stability and/or
strong adsorbate—substrate coupling are required.

The extinction spectra were obtained in transmission mode on a
double-beam Perkin-EImer Lambda 35 instrument.

Raman Spectroscopy. The gold nanoparticles were analyzed by
surface-enhanced Raman scattering (SERS). A 20 uL volume of
the modified AuNPs was deposited on a gold-coated 3 x 1 in.
premium microscope slide (Fisher Scientific) and analyzed. SERS
spectra were recorded with a Renishaw inVia Raman micro-
scope. Radiation of 785 nm from a high-performance, air-cooled
diode laser was used for excitation. The integration time for the
Raman spectrum of solid dNB was 10 s with a 17 & 0.5 mW laser
power at the sample. The SERS spectra of dNB-modified 40 nm
AuNPs, 40 nm AuNPs reacted with NB, and unmodified 40 nm
AuNPs were integrated for 30 s, and the laser power at the
sample was 5 £+ 0.5 mW. A Molectron Power Max 5100m was
used to measure the laser power at the sample. All spectra were
collected with a 50x objective. Care was taken to deposit
equivalent amounts of particles on the slide and to focus the
laser beam in areas of similar nanoparticle density for each
sample.

High-Resolution Electron Energy Loss Spectroscopy (HREELS). A po-
lished Au (111) single-crystal disk oriented to within 0.5° of the
(111) plane (metal crystals and oxides) was cleaned in 3:1 v/v
concentrated H,50,4/30% H,0, at 120 °C for 30 min, followed by
copious rinsing with Milli-Q water. (The concentrated H,SOy:
H,0, piranha solution is very dangerous, particularly in contact
with organic materials, and should be handled with extreme care).
Then the electrode was continuously cycled in aqueous 0.5 M
H,S0, solution between 0 and 1.75 V (SHE) at 100 mV/s until
repeatable cyclic voltammograms were obtained. Cycling was
halted and then maintained at 0 V for 60 s in order to obtain an
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oxide-free surface. Electrochemical grafting employed an Auto-
lab PGSTAT potentiostat (Eco Chemie, Utrecht, The Netherlands),
a homemade reference electrode consisting of a silver wire
submergedina0.01 M AgNOs solution in acetonitrile with 0.1 M
tetrabutylammonium tetrafluoroborate (TBABF,), and a plati-
num wire as the counter electrode. Electrochemical grafting
was carried out using three full sweeps from 400 to —600 mV at
a sweep rate of 200 mV/s and a diazonium salt (4-nitrobenze-
nediazonium tetrafluoroborate) concentration of 2.5 mM in
acetonitrile with 0.1 M TBABF,. Diazonium salt solutions were
deaerated for 10 min with Ar gas prior to depositions. Sponta-
neous grafting was carried out by immersing cleaned Au
substrates in a 1 mM solution of the diazonium salt in acetoni-
trile in the dark for at least 24 h. After the molecular grafting, the
modified Au samples were rinsed and sonicated for 30 min in
acetonitrile to remove the residual diazonium salt and the
physisorbed materials.

The modified Au sample was attached to a molybdenum
plate sample holder with a tungsten filament behind the sample
to enable radiative heating. Upon transfer to the ultrahigh
vacuum system (UHV), samples were heated to less than 400
°C to remove physisorbed species. HREELS was carried out with
an LK Technologies LK3000 spectrometer. Spectra were ac-
quired in the specular geometry (60° with respect to the surface
normal) at an incident beam energy of 6 eV and a nominal
spectrometer resolution of 6 meV (56 cm ™).

Computational Techniques. The geometry optimization of
AuzoNB and AuyNB3 in Cs symmetry was performed using the
Becke—Perdew (BP86) exchange-correlation functional,**** as
implemented in the Gaussian 09 computational chemistry
package.*® The BP86 functional often yields harmonic frequen-
cies that are close to the experimental values.*'® For compar-
ison, the PBE1PBE functional is also employed.”” The Au,oNB
and Au,oNB;3 contain an odd number of electrons, and the
electronic structures are modeled as unrestricted using double
determinants. The Stuttgart—Dresden (SDD) effective core po-
tential (ECP) was used for relativistic treatment of the [1s%-4f']
core electrons of Au.*® The (8s7p6d)/[6s5p3d] Gaussian-type
orbital (GTO) was applied for the valence shell of Au. The all-
electron double-¢ basis set 6-31G* is used for O, N, C, and H
atoms.*>>° The Raman polarizability derivatives were calculated
by numerically differentiating the analytic dipole derivatives
with respect to an electric field.
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