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ABSTRACT: Here we explore the synthesis of alkanethiol-
coated Ni NPs following the one-phase reaction method by
Brust et al.' The reduction of NiCl, with NaBH, in the
presence of dodecanethiol (C,,SH) yields a complex product
that is difficult to identify as illustrated in the figure of merit.
We synthesized Ni(II) dodecanethiolate (C,,S) (without the
addition of NaBH,) for comparison and performed an
exhaustive characterization with TEM, HR-TEM, AFM,
MFM, XPS, XRD, UV—vis, magnetism, and FT-IR. It is
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found that the organic coating is not quite a well-organized self-assembled monolayer (SAM) surrounding the Ni cluster as
previously reported.”> XPS and XRD data show slight differences between both syntheses; however, Ni(II) thiolate appears to be
more stable than reduced Ni when exposed to ambient air, indicating the propensity of metallic Ni to oxidize. It has been shown
that irradiating with TEM electrons over various metal thiolates leads to nanoparticle formation.* We irradiated over Ni(II)
thiolate and observed no evidence of NP formation whereas irradiating a reduced Ni sample exhibited an ~3.0 nm nanoparticle
diameter. Magnetism studies showed a difference between both samples, indicating ferromagnetic character for the reduced Ni
sample. According to our results, the product of the synthesis is comprised of ultrasmall metallic clusters embedded in some form
of Ni(II) C,,S. In this work, we open a discussion of the chemical nature of the core and the shell in the synthesis of Ni NPs

protected with organomercaptan molecules.

B INTRODUCTION

The synthesis of chemically modified nanoparticles (NPs)
continues to be an exciting topic of research considering its
wide range of applications in the field of nanotechnology. Ni is
an attractive material because of its relatively low cost and
broad range of applications including catalysis,” sensing,® and
spintronics.” The versatile Brust-Schiffrin synthesis allows one
to obtain metal NPs of controlled sized and composition to
tailor functionality through the organic groups and to store the
product as a chemical reagent. Although Au is probably the
most studied metal because of its inertness and well-known
chemistry with organic-containing self-assembled monolayers
(SAMs),* ' there still remain some concerns about the actual
role of reactants and intermediates of synthesis during the
reaction. Recently, Lennox'' and our group'” began a
discussion of the one- and two-phase Brust-Schiffrin synthesis.
The former group demonstrated that the surfactant (tetraocty-
lammonium bromide, TOABr) not only acted as transfer agent
but also served as a precursor in the two-phase Brust-Schiffrin
reaction whereas the latter group showed that mercaptosuccinic
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acid (MSA)-coated Au NPs synthesis yielded small Au NPs
coated with an Au(I) alkanethiolate shell. Leff et al.'> assembled
primary amines on Au NPs and determined that a much larger
concentration (molar ratio) of amines to Au (~11:1) was
required as compared to conventional alkanethiol-coated Au
MPC. Eklund and Cliffel explored other metals and
demonstrated the need to use a stronger reducing agent
(lithium triethylborohydride) in place of NaBH, for the
synthesis of stable alkanethiol-coated Pt NPs.'* Since these
new inputs and others,'>'® researchers have been encouraged
to explore more in depth the actual chemistry evolved during
the Brust synthesis. Some examples include the use of X-ray
adsorption spectroscopy (XAFS)'” and kinetic studies of the
nanoparticle size evolution,'® the actual role of the surfactant-
forming micelles,"” and the implications of intermediates®® such
as Te, Au, and Ag, just to mention a few.
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The synthesis of less noble and catalytically active metal NPs
such as Pd,'®*"??* Nj>*?** and Ag24 brings about new
challenges in research because of their propensity to oxidize
and the potential formation of unexpected intermediates or
products. Moreover, if the metal precursor has magnetic
properties (i.e, Ni, Fe, and Co), then aggregation due to
magnetic interactions between NPs may occur. In the case of
alkanethiols on Pd, Murray and co-workers'® first demonstrated
that the synthesis of Pd monolayer-protected clusters (MPCs)
was sensitive to the thiol/Pd molar ratio. They observed that
thiol/Pd < (1:1) leads to metallic Pd(0) whereas > (2:1)
yielded a more complex material supposedly comprised of small
metallic clusters protected by some form of Pd(II)
alkanethiolate. Another example may include the work of
Zamborini and co-workers,* who unexpectedly found that as-
prepared alkylamine-coated Pd MPCs yielded to some form of
alkyl nitriles as evidenced in FT-IR experiments. Surprisingly,
the peak at 2167 cm™" assigned to nitriles disappeared during
H, sensing applications. Later, Corthey et al.”! followin§ the
study performed by alkanethiols SAMs on Pd thin films*® and
amine-coated Pd NPs place-exchanged with alkanethiolates™
confirmed the formation of a Pd sulfide (PdS) submonolayer in
the synthesis of alkanethiolate-coated Pd MPCs. The former
examples evidenced the formation of new compounds
(intermediates or products) during the Brust-Schiffrin syn-
thesis, which requires close attention regardless of the
implications that it may hold for the applied field.

Organic-coated Ni NPs have been synthesized using
microemulsion techniques,” laser decomposition,28 or the
reduction of metal ions in the presence of various ligands
including dendrimers,” alkylamines,* alkanethiols,”* poly-
mers,”® and surfactants.>® The organic ligands passivate the
surface of the growing NPs controlling its diameter and
providing stability. However, the majority of the above
synthesis yielded to large NP diameter likely because of
difficulties in preventing NiO formation. Crooks and co-
workers™ successfully synthesized Ni NPs by reducing Ni ions
inside dendrimers and obtained NPs with diameters smaller
than 4 nm. Others have synthesized Ni/Au>* and Ni/Fe>* alloy
NPs coated with different dendrimer generations. Recently, Wu
and co-workers synthesized three generations of phosphine-
coated Ni NPs for further use in Suzuki coupling reactions.’
The synthesis of Ni nanorods in the presence of hexadecyl-
amine (HDA) or trioctylphosphine oxide (TOPO) has been
performed and has been proven to have magnetism.>® Legrand
et al.>® reduced Ni(II) ions with NaBH, in the presence of
inverse micelles (sodium bis (2-ethyl-hexyl) sulfosuccinate,
AOT) and characterized the formation of Ni,B NPs by means
of XPS. Surprisingly, the synthesis and characterization of
organomercaptan-coated Ni NPs have been scarcely explored
or incompletely characterized.”® Bai and co-workers® were
probably the first to report the reduction of Ni salt in the
presence of dodecanethiol (C,,SH). Later, Wan and co-
workers> synthesized Ni NPs in the absence and presence of
dodecanethiol-protected ligands with the use of hydrazine
hydroxide. Glavee et al.*’ studied mechanistic and stoichio-
metric issues for the reduction of Cu(II) and Ni(II) ions with
NaBH, in aqueous and nonaqueous (using diglyme) solutions.
A few groups assembled alkanethiols of various lengths on
mechanically polished,®® sputtered,® chemically reduced,* or
electrodeposited*' Ni thin films. The difference between their
approach and ours relies on the fact that alkanethiol SAMs
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usually chemisorb on a pretreated film in the absence of any
intermediate of synthesis.

Our initial goal was to use organic-coated Ni NPs in H,
sensing applications. Ni has been demonstrated to be an
excellent material for H, sensing because, when alloyed with
Pd, it suppresses intermediate a—f formation®* without
suffering structural changes after repeated H, cycles,* leading
to a faster and more stable sensor. However, it is well known
that sulfur-containing compounds poison the metal catalyst,
diminishing its sensing activity.”* It is also demonstrated that
long alkyl chains may prevent the metal-hydrogen inter-
action.”®> We failed in the attempt to synthesize short
alkylamine- and surfactant-coated Ni NPs following various
synthesis protocols. Table S1 in the Supporting Information
describes some of the synthesis performed before the actual
synthesis shown in this work.

Here, we report the synthesis and characterization of Ni NPs
and Ni(II) thiolate, Ni(II) C;,S following the one-phase
reaction method by the Brust-Schiffrin protocol. The metal salt
(NiCl,) dissolved in anhydrous ethanol was reduced with
NaBH, in the presence of 1-dodecanethiol. The solution
changed color from green to brown after the addition of the
protecting ligands and finally turned darker brown when
reduced with NaBH,. An exhaustive characterization proves
that the product of synthesis cannot be simply described as a
monolayer-protected Ni cluster. It is rather a complex material
comprised of some form of Ni(II) C,,S polymer in coexistence
with ultrasmall Ni clusters.

B EXPERIMENTAL SECTION

Chemicals. Sodium borohydride (96%), toluene (99.8%) for
HPLC, and ethanol anhydrous (99.8%) plus for HPLC were
purchased from Aldrich Chemical Co., ACS-grade methanol (99.8%)
and acetonitrile (99.9%) HPLC/Spectro were purchased from Tedia,
n-hexane (99.3%) was purchased from Anedra S. A., NiCl, (98%) was
purchased from Analar, 1-dodecanethiol (98%) was purchased from
Aldrich, and Milli-Q water (17.8 MQ cm) was employed for all
aqueous solutions. All reactions were conducted under ambient
conditions.

Synthesis. Synthesis of Ni/C;,SH (1:1). Ni NPs were synthesized
by taking 10 mL of NiCl, (0.02 M) in ethanol, and 48 yL (0.2 mmol)
of pure 1-dodecanethiol (C;,SH) was added to the solution. Later, 2
mmol of NaBH, dissolved in S mL of Milli-Q water was added, leading
to an instant color change from green to dark brown accompanied by
gas evolution. The reaction was allowed to proceed until no gas was
observed. Then, toluene was added in order to transfer the NPs to the
organic phase, agitation was turned off, and the phases were separated.
The product was purified by precipitation with absolute ethanol,
centrifuged, and redispersed. This procedure was repeated at least
three times. The product obtained was stored in toluene and kept at
low temperature (—4 °C < T < 0 °C). The general reaction scheme
for the reduction of Ni ions is shown below:

2Ni(fon) + 4BHy,) + 10.5H,0 + 0.750,

— 2Ni’ + 4B(OH); + 12.5H,,

Synthesis of Ni(ll) Dodecanethiolate. Ni(II) dodecanethiolate
(C1,S) was synthesized in the same manner as Ni NPs but without the
addition of NaBH,. Briefly, 96 uL of pure C,,SH (0.4 mmol) was
added to NiCl, (10 mL, 0.02 M) dissolved in ethanol, followed by the
addition of 4 mL of 0.1 M NaOH (0.4 mmol). The reaction was
allowed to proceed until all thiolates precipitated. The product was
purified following the same procedure as for reduced Ni synthesis.

Synthesis of Au C;,S MPCs. It was synthesized following the Brust-
Schiffrin method."
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Spectroscopy. X-ray Photon—Electron Spectroscopy (XPS).
The samples were characterized by XPS using a Mg Ka source (XRS0,
Specs GmbH) and a hemispherical electron energy analyzer
(PHOIBOS 100, Specs GmbH). Samples were dispersed in toluene
followed by drop-cast deposition onto different substrates. Various
substrates were employed, including oriented Si, Si wafers covered
with sputtered Cr/Au (Si/SiOx/Cr/Au), and spectroscopically pure
vitreous carbon discs (Ted Pella, Inc.). Silicon substrates were treated
with piranha solution and thoroughly rinsed with nanopure water and
dried under an N, gun. (Caution! Piranha solution can react violently
with organic matter.)

UV—-Vis. UV—visible spectroscopy (UV—vis) was performed with a
Perkin-Elmer Lambda 35 spectrometer equipped with a double beam.
The sample dispersed in toluene was placed in a quartz cuvette for
UV—vis measurements. Because of the interference of the organic
solvent, the plot was run between 300 and 900 nm.

Fourier Transform Infrared (FT-IR). FT-IR measurements were
acquired on a PIKE Miracle Varian 600 instrument in transmission
mode by drop-casting the product of synthesis onto clean glass slides.
Once the solvent was evaporated, transmission FT-IR samples were
run under ambient conditions.

Powder X-ray Diffraction (XRD). X-ray diffraction measurements
were acquired with Cu Ka radiation (1 = 1.5406 A) using a Phillips
PW-1710 diffractometer with monochromatic radiation under Bragg—
Brentano geometry. An X-ray diffraction spectrum was acquired under
ambient conditions in the angle range from 2 to 100° with a step size
of 0.02° every 15 s. Samples were placed on nonabsorptive glass in the
form of fine powder or drop-cast deposited from toluene dispersions.

Magnetism. Magnetic studies were carried out on an AC
Susceptometer LakeShore 7130. Each susceptibility measurement
(x) was taken as an average (avg y) value after the temperature of the
system became stable. We employed a temperature range from 18.6 to
323 K run at 825 Hz, Hac = 1 Oe, Hdc = 0 Oe. M—H plots were
obtained from a vibrating sample magnetometer (VSM) LakeShore
7404 run at 26 °C from a —1.9 to 1.9 T magnetic field.

Microscopy. Transmission Electron Microscopy (TEM) and High-
Resolution Transmission Electron Microscopy (HR-TEM). Samples
were drop-cast onto ultrathin carbon films over Cu TEM grids, and
images were acquired using a FEI CM200 UT operated at 200 keV.

Atomic Force Microscopy (AFM) and Magnetic Force Microscopy
(MFM). Samples were drop-cast onto highly oriented pyrolytic graphite
(HOPG). Magnetic force gradient (MFM) and topographic images
were acquired with a NanoScope V scanning probe microscope
(Bruker) run under ambient conditions. Lift heights ranging from S to
25 nm were used for the measurements. Images were taken at 1 Hz
using a magnetic MESP (60—100 kHz, 1-5 N/m) scanning probe
coated with a magnetic Co/Cr alloy thin film. Silicon FESP tips with
the same range of frequency, force constant, and dimensions were used
to compare the contrast phase signal obtained with both tips at
different sample heights. Prior to acquiring MFM images, the tips were
exposed to a 0.3 T magnetic field.

B RESULTS AND DISCUSSION

Shell. Figure 1A shows a selected transmission electron
microscopy (TEM) image of as-synthesized Ni NPs along with
an enlarged image of an individual nanoparticle. Figure SI
(Supporting Information) shows more TEM images along with
a histogram corresponding to a 3.16 + 0.5 nm average
diameter. The enlarged image in Figure 1A clearly shows a well-
defined “halo” or shell surrounding a Ni core attributed to
graphitic or amorphous carbon.** Similar TEM images have
been shown for nickel boride (Ni,B) NPs whose core—shell
structure is clearly observable.*® Williams and co-workers also
demonstrated the formation of core—shell structures with filled
and voided interiors caused by TEM irradiation on amorphous
metal oxides.*® We performed several different kinds of
synthesis (Table S1) employing different Ni/thiol molar ratios
and found that a molar ratio of <1 led to NP aggregation.
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Figure 1. TEM image of as-deposited reduced Ni NPs (A), XPS
spectra in the S 2p region (B), and FT-IR plot for C;,S Au MPCs (C),
showing as-synthesized reduced Ni and Ni(II) dodecanethiolate
(C1,S) samples. XPS and FT-IR plots are offset for better comparison.

The data shown in Figure 1B,C have something in common:
there is no distinct difference between plots for reduced Ni
(with NaBH,) and Ni(II) dodecanethiolate (no NaBH,). As an
example, XPS in Figure 1B shows no noticeable difference
between reduced Ni and Ni(II) C,,S, indicating that it is
difficult to distinguish between sulfur species in the synthesis. A
closer inspection of the fitting of the S 2p region shows two
peaks at low 162.5 eV and high 163.6 eV binding energies
attributed to thiolate and other species (ie., free thiol),
respectively. The percent ratio between thiolate and free thiol
corresponds to 86 to 14%, respectively. However, the ratio Ni/
S corresponds to 1.0:2.1, which is higher than the stoichiometry
used in the synthesis. The excess S observed in XPS with
respect to the concentration used in the synthesis indicates
excess sulfur-containing species, which may include Ni(II)
C,,S, chemisorbed C;,SH, physisorbed C,,SH, and Ni sulfide
(NiS). Because Ni is a catalytically active metal, it is reasonable
to expect the formation of NiS as recently demonstrated for
alkanethiols on Pd films®® and on Pd NPs.*' Unfortunately, it is
difficult to assign an NiS peak because the S 2p peak may
appear somewhere in between 161.0 and 162.2 eV, overlapping
the actual (~162.5 eV) S 2p thiolate peak.

Vibrational spectroscopy in Figure 1C provides important
information about the order and conformation of the organic
alkane chains assembled on a surface."”***” Accordingly, we
performed FT-IR experiments to gain insights into the alkane
chain order (ie., gauche defects) by looking at changes in the
asymmetric (d”) CH, stretching vibrations. Figure 1C shows a
comparison between dodecanethiolate Au monolayer-protected
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clusters, C;,S on Au MPCs (used as a model) with Ni(II) C;,S
and C,S on reduced Ni. The alkane chain organization follows
the order C,,S Au MPCs (2915.8 cm™) > Ni(II) C,,S (2917.7
ecm™') > Cp,S on reduced Ni (2921.6 cm™') > neat C,,SH
(2925 cm™).*® As expected, neat thiols (2925 cm™') were
more disorganized (at higher frequency or energy) than C,,S
on reduced Ni whereas the Ni(II) C,,S peak (2917.7 cm™)
exhibited the highest order among Ni compounds. Alkanethiols
usually chemisorb on metal surfaces in a well-organized and
packed arrangement caused by the strong coordination of thiols
to the surface accompanied by van der Waals interactions
between hydrocarbon tails. It has been proven, for instance,
that the longer the alkane chain the lower the gauche defects
indicated by a shift of the C—H stretching vibrations toward
lower wavenumbers.*” Our group recently demonstrated the
influence of polar and nonpolar vapors on the shifting of (d7)
CH, stretching vibrations of a surfactant-coated Au NP film.*
Surprisingly, the wavenumber reported in the literature for Ni
NPs reduced with hydrazine® falls within the value of our Ni(II)
thiolate peak (2917.7 cm™), indicating order for both
compounds despite their different chemistry. Our FT-IR result
for Ni(Il) thiolate is consistent with the formation of a recently
reported crystalline structure,*® with AFM images (Figure S2)
where clusters of thiolates can be clearly seen, and finally with
our XRD experiments (vide infra). According to our results, we
cannot define the organic coating for reduced Ni as a well-
organized alkanethiolate monolayer protecting a Ni cluster.
Core. Now we turn to a discussion of the chemical nature of
the core. Figure 2A shows XPS region for Ni 2p;/, from an as-
synthesized reduced Ni sample whose profile indicates metallic
character with no signs of oxidation. Our data are consistent
with octanethiol SAMs chemisorbed on pretreated Ni films
including those obtained by sputtering under high-vacuum

conditions®® or by electrochemically reducing Ni oxide.*!
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Figure 2. XPS spectra for Ni 2p;,, (A) and UV—vis plot for C;,S Pd
MPCs (B) showing as-synthesized reduced Ni (A) and Ni(II) Cy,S.
UV—vis profiles are offset for better comparison.
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However, reported benchtop synthesis performed for dodec-
anethiol-coated Ni NPs exhibited oxidation.? It was speculated
that NP oxidation took place either during the synthesis
(reducing with hydrazine hydroxide) or later during sample
manipulation in air. At first glance, our XPS data may seem
relevant because we obtained metallic Ni, with no signs of
oxidation, via a simple benchtop synthesis. Nevertheless, XPS
for Ni(II) thiolate exhibits similar profiles to the sample
reduced with NaBH,. In summary, XPS provides information
about the presence or absence of oxides on the Ni surface but
cannot discriminate between zero-valent Ni and Ni(Il) in
Ni(I) C,,S samples.

The UV—vis plot in Figure 2B again shows no distinct
difference between reduced Ni and Ni(II) C,,S. Transition-
metal NPs such as Pt, Pd, and Ni usually scatter light (no
plasmon or absorbance) in the UV—vis range similarly to C,S
Pd MPCs used as comparison in Figure 2B. Here, both Ni
syntheses show three absorbance peaks at ~522, ~412, and
~336 nm consistent with those observed in the literature for
Ni(I) butanethiolate® and Pd(II) hexanethiolate'® and
attributed to metal-to-ligand and ligand-to-metal charge-
transfer bands. It is clear from the figure that UV—vis profiles
for Ni species are similar between them but different when
compared to metallic Pd MPCs. To the best of our knowled%e,
reports that claimed to obtain alkanethiol-coated Ni NPs™?
have not shown profiles characteristic of metallic Ni. At this
point, UV—vis data indicate the presence of some form of
Ni(Il) C;,S with profiles different from those of transition-
metal NPs (ie, Pd). These data impart some degree of
complexity, driving us to the use of other characterizations
techniques.

Microscopy data in Figure 3A and Figure 3B—D show AFM
and TEM images of as-synthesized reduced Ni drop-coated on
highly oriented pyrolytic graphite (HOPG) and reduced Ni and
Ni(II) thiolate deposited on a TEM grid, respectively. The
selected AFM image shows some aggregates along with the film
height range between 0.7 and 3.6 nm obtained by the cross
sections shown next to the figure. Figure S2 shows more AFM
images. The selected TEM image shown in Figure 3B exhibits
NPs polydispersity with one prominent size population
corresponding to ~3.2 nm (vide supra) and two other
secondary populations with ~2 and ~4 nm diameters as
described by the histogram in Figure S1. Interestingly, it also
shows small rings pointed out with arrows and depicted with
numbers next to the main figure. Figure 3C shows high-
resolution TEM image of a larger (~6 nm) individual
nanoparticle with a (110) crystalline domain surrounded by a
well-defined shell. Figure S3 shows interesting TEM and HR-
TEM images exhibiting atomic row dislocations within a single
nanoparticle. Finally, Figure 3D shows a TEM image taken after
1 h of irradiation over Ni(II) thiolate previously deposited on a
Cu grid. Next to the figure, an Electron Diffraction Spectros-
copy (EDS) plot confirms the presence of Ni and S from the
sample and Cu from the grid.

If we consider a small Ni core surrounded by a well-ordered
alkanethiol monolayer, then the height of the nanoparticle
measured by AFM should be ~4 nm (~3 nm accounted for by
the dodecanethiol shell plus an ~1-nm-diameter cluster), which
falls a little above the upper height range obtained by AFM in
Figure 3A. The different film heights measured in AFM may be
in line with the organic chain disorder observed through FT-IR
experiments, making it difficult to predict the structure or
morphology adopted by the organic material (thiolate) after
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Figure 3. AFM image along with cross sections taken in three different regions (A), TEM image with arrows pointing to ringlike structures (B), and
HR-TEM image of a single nanoparticle of as-deposited reduced Ni synthesis (C). A TEM image of Ni(II) thiolate along with an EDS plot after a

long irradiation time (D).

reduction with NaBH,. On the contrary, AFM images of Ni(II)
thiolate exhibited an overall constant ~2.3 nm average film
height obtained from various cross-section (Figure S2). It has
been shown that thiolates form well-defined and ordered
crystalline structures*® consistent with the FT-IR (vide
supra) and XRD results discussed below. From the above
results, we assume that the wide cross-section range observed in
AFM along with ring structures observed in TEM indicates the
presence of some form of Ni(II) C,S (~2.3 nm average height
value) in coexistence with a dodecanethiolate-capped ultrasmall
Ni core® (upper height value in AFM for reduced Ni).
Figure 3B shows a TEM image for as-deposited reduced Ni,
which exhibits larger NPs than AFM (assuming the existence of
a small metallic core of ~1—1.5 nm diameter). Figure 3B shows
two interesting aspects. First, it is likely that there are two other
size populations corresponding to ~2 and ~4 nm diameter.
Second, there are small, hollow ring-shaped structures. The
relatively larger NP diameter seen in TEM could be attributed
to electron irradiation while acquiring the image. Accordingly,
Figure 3C shows the HR-TEM image of an individual
nanoparticle that is 2 times larger (~6 nm) than the actual
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average diameter. It has recently been demonstrated that TEM
irradiation over Au(I) octadecanethiolate led to NPs nucleation
and growth with sizes ranging from 2 to 5 nm diameter
depending on the TEM accelerating voltage.4 In their work,
they demonstrated (a) new nucleation centers of ~2 nm
diameter were formed by in situ reducing thiolate at high
irradiating voltage (200 KeV) and (b) from those clusters larger
NPs (~S nm) were eventually grown. That report clarified the
usual discrepancy about nanoparticle size observed between
TEM and other techniques.'®"*> For instance, it has been
determined that there were two different diameters for
thiomalate-coated Au NPs: ~1.0 and 3.5 nm depending on
the characterization technique used.'” In their work, they
indicated that alkanethiolated polymer surrounding a small Au
nanoparticle (~1 nm) increased its size by more than a factor
of ~3 from an initial measurement by small-angle X-ray
scattering (SAXS) toward larger NPs observed by HR-TEM. As
a control experiment, we exposed as-synthesized Ni(II) C,,S to
200 keV and observed no NP formation as indicated in Figure
3D. Our results differ from the above report,4 where Au(I)
alkanethiolates evolved to Au NPs and grew under TEM
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irradiation. Furthermore, Kulkarni and co-workers obtained
nanoparticle patterns by irradiating over numerous different
metal ion complexes including Au, Pt, Pd, Ag, Pb, and Cu but
surprisingly not Ni.>> Our results may shed light on the
importance of the metal composition and its role during the in
situ reduction of metal ions. In summary, the presence of well-
defined and crystalline NPs observed by TEM may indicate that
ultrasmall Ni NPs are needed for further NPs growth. The large
polydispersity and high irradiating energy used in our TEM
(200 keV) is consistent with the small NPs that are formed (1
to 2 nm), which grew further to different extents, either ~3.2 or
4—6 nm. Others have synthesized Ni,B NPs under anaerobic
conditions and discussed their stability when using TEM as a
result of severe structural changes.>® Therefore, the presence of
small ring-shaped structures could be caused by strong TEM
irradiation. We also observed astigmatism in TEM experiments
for reduced Ni samples and attributed this to the magnetic
properties of Ni. By means of magnetic force microscopy
(MFM) we corroborated the existence of magnetism in
reduced Ni NPs (Figure S4).

Further magnetic studies were conducted using magnetrom-
etry for both samples involved in this work. Figure SS shows a
field-cooled magnetization analysis for reduced Ni and Ni(II)
thiolate run from 18.6 to 323 K. The plot also shows a Curie—
Weiss temperature of ~+25 K for the reduced Ni sample,
where the positive sign indicates the ferromagnetic interaction
between spins. Figure 4A,B shows room-temperature magnet-

A

R . )
000545466 260 o 260 400 600
(Ce)

-0,1
-18-16-14-12-10-8 -6 4 -2 0 2 4 6 8 1012141618

B
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-0,002 Reduced Ni
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-18-16-14-12-10-8 -6 -4 -2 0 2 4 6 8 1012141618

Magnetic Field (kOe)

Figure 4. M—H plots run at 25 °C over the indicated magnetic field
for both samples (A) and for reduced Ni with a subtracted background
(B). The inset shows M—H loops at low magnetic field.

ization versus the magnetic field (M—H) loops for both
samples and a linear subtracted background for the reduced Ni
sample, respectively. Although the profiles and slopes in Figure
4A are similar, the reduced Ni sample exhibited ferromagnetic
behavior at low magnetic field as indicated in the inset and
Figure 4B. The s-shaped curve in Figure 4B demonstrates the
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ferromagnetic contribution from the reduced Ni sample with
corresponding magnetic saturation (Ms) and coercivity (Hc)
values of 2.5 X 107> emu/g of sample and 40 Oe, respectively.
It is known that the magnetic properties are dependent on the
size of the magnetic materials and how this is affected by the
thermal energy. It has been demonstrated that magnetic
saturation in nanomaterials occurs at lower values than for their
counterparts (bulk materials).>* For instance, bulk Ni and Ni
NPs with 4.6 nm diameter exhibited saturation magnetization
values of $5°* and 26.2 emu/g,>* respectively. Others observed
even lower magnetization values for smaller NPs corresponding
to 10 emu/g>” of Ni and 3.4 emu/g”’ of Ni for 3.0 nm NiAu
alloyed NPs and an ~0.8 nm Ni NP diameter (comprised of
>140 atoms), respectively, run at S K. Surprisingly, our
magnetic saturation value (~2.5 X 107> emu/g) is almost 3
orders of magnitude smaller than that reported for dendrimer-
coated Ni NPs.*” It is worth noticing that both syntheses of
NPs resemble each other because they are comprised of
minority Ni centers surrounded by a vast majority of polymer
(dendrimers or alkanethiolates). The key difference, though,
relies on the fact that our experiments were run at 295 K higher
temperature and magnetization values were expressed in grams
of sample, resulting in a significantly lower magnetic
susceptibility. Importantly, our results showed some difference
between both samples, indicating ferromagnetic behavior for
reduced Ni consistent with the higher magnetic susceptibility
shown in Figure SS. These data again support the presence of
ultrasmall Ni NPs with ferromagnetic properties at room
temperature. Ni(II) thiolate exhibited paramagnetic properties
over the entire magnetization field.

Figure S shows XRD data for reduced Ni and Ni(II) C,,S.
There are more similarities than differences between both
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Figure 5. XRD spectra at low angles (A) and high angles (B) for
Ni(II) C,,S (i) and reduced Ni (ii). The height and position of tick
marks at the bottom show assignments reported in the literature as
indicated.
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syntheses. First, XRD at low angles for Ni(II) C,S shows a
progression of reflections, which represents the diffraction
pattern from a layered structure. This peak periodicity is
associated with the interlayer spacing between planes
(comprised of S and Ni atoms) separated by dodecanethiolate
chains whereas small peaks in between represent intralayer
distances. The dotted vertical lines in Figure SA indicate the
reflection patterns for Ni(II) C,S, in good agreement with
peaks observed for Cu(II) C4S (ticks marks at the bottom of
Figure SA)*® and Ag(T) C1,S”” (not shown here). Sanyal and
co-workers*” proposed a bilayer structure for Ni(II) alka-
nethiolates of various chain lengths comprised of two fully
extended alkanethiolate chains with S and Ni atoms placed in-
plane. In their work, they observed that the spacing between
reflections increased linearly from ~13 to ~43 A as the organic
chain length increased from 3 to 15 methylene units. In view of
their results and on the basis of our calculations, the spacing
between reflections corresponds to 33.97 A, which is close to
the value for an ideal bilayer structure (28 A). (Table S2 and
Figure S6 show calculations via the Bragg formula.) Some
groups have demonstrated that Pd and Ni complexed with
sulfur compounds form stable crownlike structures via a tetra-
coordinated metal—ligand interaction.>**® Second, note that
even at lower intensity, some reflections for reduced Ni match
up well with those for Ni(II) C,,S. In conclusion, as-prepared
reduced Ni exhibited 010, 020, 030, and 080 reflections that fit
well with those corresponding to Ni(II) C,,S. It is important to
point out that the XRD results for Ni(II) C;,S showed well-
ordered bilayer structure consistent with the alkane chain order
observed in FT-IR experiments (Figure 1C) and constant film
height determined by AFM (Figure S2) .

Figure SB shows no drastic difference between Ni(II) C;,S
and reduced Ni except for the weak intensity of the latter and
the appearance of a large reflection peak at 20 = 39 (0150) for
the former. The tick marks depict the crystalline domains along
with their intensity (height of the tick) from metallic Ni used as
a reference (PDF no. 011260). Interestingly, none of the
metallic assignments matched up with peaks observed for the
reduced Ni sample. Unfortunately, XRD cannot resolve the
presence or absence of crystalline domains for the reduced Ni
sample because the signal (peaks) lies within the noise level of
the instrument. Therefore, the appearance of weak reflections
with no signs of crystalline domains could be consistent with
TEM images where we observed hollow ringlike structures.
TEM images also showed small and large NP populations for
reduced Ni synthesis whereas the irradiation of Ni(Il) thiolate
caused no nanoparticle formation.

Sample Stability and Postsynthesis Treatments. We
studied the effects of sample stability and postsynthesis
treatments for as-prepared reduced Ni NPs kept in toluene
and as-deposited Ni films exposed to ambient conditions for a
week. We believe it is fair to characterize Ni films by XRD, XPS,
FT-IR, and AFM because postsynthesis treatments were
conducted similarly. For instance, samples used in XRD and
FT-IR required the drop-coating of the NPs on a substrate,
which involves exposure of the film to air after solvent
evaporation. Figure 6A—C shows XPS and XRD plots with
apparent differences between as-prepared and aged samples.
Figure 6A shows signs of oxidation noticed by the increase in
the NiO peak developed at the Ni 2p;/, satellite whereas the
Ni(II) thiolate sample showed almost no oxidation under the
same conditions (Figure 6B). To better prove oxidation, we
examined O, 1s and confirmed oxidation for the reduced Ni
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Figure 6. XPS data in the Ni 2p;, region for reduced Ni (A) and the
Ni thiolate sample (B) as prepared and after 7 days of exposure to air.
XRD plot (C) for as-prepared reduced Ni and after 7 days of exposure
to ambient conditions. The height and position of tick marks at the
bottom represent assignments for Ni(OH), as reported in the
literature.

sample (Figure S7). The kinetics of oxidation is shown in
Figure S8, indicating quick oxidation for the reduced Ni sample
after 12 h of air exposure. Figure 6C shows XRD plots for the
oxidation of reduced Ni after 7 days of exposure to air. The
XRD plot after air exposure shows two broad, weak peaks near
the position of the most intense tick marks assigned in the
literature to Ni(OH),,*® shown at the bottom of the figure.
There is again evidence that the Ni cores may readily reacted
with O, to form NiO, consistent with XPS results. XPS data in
Figure S9 shows good sample stability for as-synthesized and
~2-month-old reduced Ni samples kept in toluene at —2 °C.

Bl CONCLUSIONS

We synthesized and fully characterized the synthesis of reduced
Ni and Ni(Il) Cj,S following a modified Brust-Schiffrin
synthesis. The characterization techniques used in this work
exhibited similarities and differences between both products of
synthesis. For instance, XPS, UV—vis, and XRD showed no
drastic differences between both samples. AFM (cross-section)
showed a height range of 0.7 to 3.6 nm whereas TEM exhibited
various size populations and hollow ringlike structures. XRD
showed reduced Ni with some reflections similar to those of
Ni(II) C,,S with no signs of metallic domains likely as a result
of the small signal-to-noise (S/N) ratio. However, irradiating
with TEM on Ni(II) C,,S showed no nanoparticle formation,
suggesting that large NPs arose from the in situ reduction of
Ni(II) thiolate on the surface of metallic Ni cores present in the
reduced sample. In addition, XPS and XRD showed oxidation
for reduced Ni over 7 days of exposure to ambient conditions
attributed to the presence of readily reactive metallic centers.
Magnetic studies showed a higher magnetic susceptibility for
reduced Ni samples, suggesting the presence of metallic NPs.
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From these data, it is feasible to define the product of synthesis
as the coexistence between some form of alkanethiolate
polymer and an ultrasmall Ni cluster. When reduced Ni
synthesis is carried out in an organic solvent, it lasts for long
periods of time without signs of oxidation. More experiments
including EXAFS will be performed in order to determine the
structure of the material better.
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