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Abstract

In the present work, a combination of imaging, spectroscopic and computational methods
shows that 1-dodecanethiol undergoes S-deprotonation to form 1-dodecanethiolate on the
surface of palladium nanoparticles, which then self-assembles into a structure that shows a
high degree of order. The alkyl chain is largely in the all-trans conformation, which occurs
despite the small size of the nanoparticle, (mean diameter = 3.9 nm). Inelastic neutron
scattering spectroscopy is readily able to characterise organic surface layers on nanoparticles;
the nature of the material is irrelevant: whether the nanoparticle core is an oxide, a metal or a
semiconductor makes no difference. Comparison to DFT calculations allows insights into the
nature and conformation of the adsorbed layer.
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Nanoparticle size materials have attracted a remarkable academic and industrial interest due
to the high surface atom to volume ratio. % The main challenges of academic and industrial
researchers in the area of nanoparticles is the controllable syntheses of metal nanoparticles
with desired shape, size and structure.® Solving these challenges will facilitate the
commercial utilisation of nanoparticles in many areas ranging across chemical sensing,
biolabeling, catalysis, photonics, and semiconductors. In the area of catalysis, the utilisation
of supported metal nanoparticles (Au, Pd, Pt) has been shown to be particularly effective for
a broad range of catalytic reactions such as oxidation, hydrogenation and combustion of
volatile organic compounds (VOC).*® These include the oxidation of CO,' ** the selective
oxidation of alcohols and polyols,**™ the epoxidation of olefins,** *° the hydrochlorination of
ethyne,'” ¢ the selective hydrogenation of unsaturated carbonyl and nitro groups,*® and the
direct synthesis of hydrogen peroxide from molecular hydrogen and oxygen.”® %' Typical
methodologies for the synthesis of supported metal nanoparticles are based primarily on
colloidal methods, and to a lesser extent impregnation methods. The main advantages of
colloidal methods are (i) control of particle size, shape and dispersity by tuning reaction
conditions such as the metal salt-to-ligand ratio, concentration and nature of reducing agent,
solvent and temperature, (ii) the large variety of functionalised ligands that can be introduced
and (iii) isolation, cleaning and redispersion of the particles in different solvents. However,
some disadvantages and challenges remain such as; (i) the effective removal of ligands after
the synthesis of metal nanoparticles, (ii) the excess use of solvents and (iii) the effective scale
up production of nanoparticles using chemical liquid phase methods in industry.

Nano-sized metal colloids are usually synthesised by performing an in situ reduction
method from a suitable metal precursor, by chemical reduction (with NaBH,4 or alcohol),
photoreduction, electrochemical reduction or thermal decomposition.? Small molecular
ligands, surfactants and polymers have been used to stabilise the so-formed metallic colloids.
In some cases, metal colloids are stable over long periods even without coagulation in a
solvent. However, for prolonged stability in a sol state, and in order to obtain a uniform,
controlled particle size, use of a stabilising ligand is essential. Typically, polymers such as
polyvinyl alcohol,?> % polyvinylpyrrolidone?*?® and ligands such as alkanethiols,””* and
alkylamines® are employed. Among these systems, alkanethiolate-capped nanoparticles are
considered as a well-defined system and many examples in the area of catalysis have shown
the potential applications of Pd alkanethiolate-capped nanoparticles. However, because of
their high ligand-surface coverage, they are not yet the most efficient catalytic materials for
organic reactions, although a few examples have shown promising catalytic results such as
C-C- coupling reactions,® hydrogenation reactions,®® oxidation reactions®*** and
isomerisation of allyl alcohols.3"*®

To understand and control the role of alkanethiolate ligands on the catalytic properties of
nanoparticles, it is essential, therefore to know the structure and conformation of the
alkanethiol ligand. Surface ligands play a critical role in catalysis because they determine the
accessibility of the reactant to the nanoparticle surface. In this paper we present our results
using a combination of techniques including inelastic neutron scattering (INS) spectroscopy.
INS spectroscopy***! is an ideal technique for studying the interaction of a metal with ligands
because the metal nanoparticle is essentially invisible to neutrons and therefore only the
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organic layer is visible. This approach builds on that used to characterise successfully, thes  omrc

hydroxyl and water layers on PdO.*
Experimental

Synthesis. The synthesis employed in this study is based on the two-phase Brust-Schiffrin
method?’ that has been popularly used for the synthesis of thiol-protected gold nanoparticles.
The Brust-Schiffrin method has been extensively documented and studied due to its ease of
use and is still popular more than two decades after the first publication.*®

Potassium tetrachloropalladate (K,PdCl,; 0.0188 mol) was dissolved in 0.627 L of Milli-Q
water. Tetraoctylammonium bromide (0.08356 mol) was dissolved in 1.67 L of toluene. Both
solutions were mixed and continuously stirred until the organic layer turned dark orange and
the aqueous layer cleared, indicating the completion of the phase transfer of [PdCl,]* to the
organic layer, 1-dodecanethiol (3.55g) was then added to the organic phase. Afterward, a
freshly prepared aqueous solution of sodium borohydride (0.4 M, 0.517 L) was slowly added
to the vigorously stirred reaction mixture. A rapid color change to black was observed,
indicating the formation of nanoparticles. Upon the completion of 8 h of continuous stirring,
the aqueous layer was removed by using a separatory funnel and the toluene was removed by
vacuum. The resulting crude nanoparticles were washed by using 2 L of ethanol to remove
excess thiol. The resulting nanoparticles were dried at room temperature. The preparation was
repeated four times to produce 8 g of Pd nanoparticles.

TEM-EDX. Samples for examination by TEM were prepared by first dispersing 5 mg of the
Pd nanoparticles in high purity ethanol using ultra-sonication. 40 uL of the black suspension
was dropped on to a holey carbon film supported by a 300 mesh copper TEM grid before the
solvent was evaporated. The sample was then examined using a JEOL JEM 2100 TEM model
operating at 200 kV. Elemental analysis was performed using mapping mode. Particle size
analysis was carried out with ImageJ.**

Inelastic neutron scattering (INS) spectroscopy. INS was spectroscopy was carried out on
the high resolution broadband spectrometer TOSCA® and the direct geometry spectrometer
MAPS* at the ISIS Pulsed Neutron and Muon Facility*’ (Chilton, UK). The sample, ~5 g,
was loaded into a thin-walled aluminium cell, which was inserted into the closed cycle
refrigerator of the spectrometer and cooled to <20 K. The two spectrometers are
complementary; for the present work the key features are that TOSCA provides good
resolution spectra over the 0 — 2000 cm™, while MAPS enables observation of the S—H and
C—H stretch region. Raman spectra (785 nm excitation) were recorded simultaneously with
the TOSCA INS spectra using a previously described system.*®

Computational studies. A five layer palladium slab with (111) termination was generated
from the bulk structure of palladium using the Materials Studio®® package. S-deprotonated
1-dodecanethiol was then added to one surface. A periodic system was created with a 30 A
vacuum gap between layers. The large gap was to ensure that there was at least 10 A between
the nearest atoms in different slabs. Two models of the thiol were investigated: one with the
carbon backbone in the lowest energy all-trans configuration. For the second, 5000 molecular
structures were generated via a molecular mechanics conformational search. This was done
using the mixed Monte Carlo multiple minimization and Large Scale low mode method, as
implemented in the MacroModel software (MacroModel v.10.3, Schrodinger).”® A high
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energy conformer with a significant number of gauche defects was then selected at Jantoms; oorc
and used for the second configuration. Periodic density functional theory (periodic-DFT)
calculations were carried out using the plane wave pseudopotential method as implemented in
the CASTEP code.”™ Exchange and correlation were approximated using the PBE
functional. The plane-wave cut-off energy was 940 eV. Brillouin zone sampling of electronic
states was performed on 8x8x1 Monkhorst-Pack grid. The equilibrium structure, an essential
prerequisite for lattice dynamics calculations was obtained by BFGS geometry optimization
after which the residual forces were converged to zero within +0.008 eV A™. Phonon
frequencies were obtained by diagonalisation of dynamical matrices computed using density-
functional perturbation theory®® and also to compute the dielectric response and the Born
effective charges. The structure with the all-trans dodecanethiol had Cm (no. 8) symmetry,
while the gauche structure had P1 (no. 1) symmetry. To make the phonon calculations more
tractable for the latter, the constrained lattice dynamics method> was used. In this case, all
the Pd atoms except those in the top layer were “frozen”, in essence, the atoms are assigned a
mass of infinity and the corresponding entries of the dynamical matrix are set to zero. It is not
necessary to perform any computations for perturbation of these atoms considerably reducing
the computational resources needed. The atomic displacements in each mode that are part of
the CASTEP output enable visualization of the modes to aid assignments and are also all that
is required to generate the INS spectrum using the program ACLIMAX.>® We emphasise that
for all the calculated spectra shown the transition energies have not been scaled.

Results and discussion

Fig. 1 shows a TEM image of the Pd nanoparticles and a histogram of the resulting particle
size distribution. It can be seen that the synthesis has resulted in small particles with a
uniform distribution. The EDX data, Fig. 2, confirms that sulfur is uniformly spread over the
particles.
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Fig. 1 Left: TEM image of the 1-dodecanethiol coated Pd nanoparticles and right: the
particle size distribution derived from the image.
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Fig. 2 Top left; Dark field STEM image, Top right; EDX spectrum, Bottom; Pd and S Kal
elemental intensity maps

Fig. 3 shows the INS and Raman spectra in the S—H and C—H stretch region. Adsorption
of the 1-dodecanethiol, 3a, on the Pd nanoparticles, 3b, results in a 20 cm™ blueshift, which is
more clearly seen in the derivative-like difference spectrum, 3c. This also shows a negative-
going peak at 2545 cm™ (arrowed) that, by comparison to the Raman spectrum of solid
1-dodecanethiol, 3d, is assigned to the S—H stretch. The peak is negative indicating loss of the
thiol functionality, while the EDX shows the presence of sulfur, in combination the data show
that 1-dodecanethiol, C1,H25SH, is present as a thiolate, C1,H2sS.
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Fig. 3 INS spectra recorded on MAPS at 20 K of: (a) solid 1-dodecanethiol, (b)
1-dodecanethiol coated Pd nanoparticles and (c) the scaled difference spectrum (b) — (a), (c)
IS x2 ordinate expanded relative to (a). (d) Raman spectrum of solid 1-dodecanethiol.

Figs. 4 and 5 show the Raman and INS spectra of solid 1-dodecanethiol and the coated Pd
nanoparticles respectively. The Raman spectrum of the nanoparticles, Fig. 4b, only shows
one band attributable to the thiolate at 1075 cm™. In contrast the INS spectrum, Fig. 5b,
shows many more features. Comparison with the INS spectrum of 1-dodecanethiol, Fig. 5a,
shows both similarities and differences.

A useful similarity is that both INS spectra exhibit the CH, rocking mode near 720 cm™.
This band occurs when there are sequences of methylene groups in the all-trans conformation
and is diagnostic of them.>® For an infinite polymethylene (CH,), chain the band occurs at
720 cm™ and shifts to higher energy as n decreases. For solid 1-dodecanethiol, the band
occurs at 726 cm™ and is at 728 cm™ for the thiolate, suggesting a shorter sequence of all-
trans methylene groups in the adsorbed material, indicating some disorder in the chemisorbed
layer.
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Fig. 4 Raman spectra at 20 K of: (a) solid 1-dodecanethiol and (b) 1-dodecanethiol coated Pd
nanoparticles and (c) the sapphire window of the sample cup.
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Fig. 5 INS spectra recorded on TOSCA at 20 K of: (a) solid 1-dodecanethiol and (b)
1-dodecanethiol coated Pd nanoparticles.
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In order to analyse Fig. 5 it is necessary to understand the spectra of the thiol. To our
knowledge, the structure of 1-dodecanethiol has not been reported in any phase. However, the
crystal structure of 1,12-dodecanedithiol is known.” In the crystal there is no evidence for
hydrogen bonding, thus the molecule can reasonably be treated as an isolated system.
Accordingly, one of the thiol groups was replaced by a hydrogen atom to generate
1-dodecanethiol from 1,12-dodecanedithiol. Using the computational techniques, the
structure was then geometry optimised and the vibrational spectrum calculated. A comparison
of observed and calculated INS spectra is a stringent test of the model and as Fig. 6 shows the
agreement is excellent. By setting the cross section of all the atoms to zero, except for the
hydrogen of the thiol group, it is possible to isolate the modes that involve motion of this
group. In particular, it can be seen that there are prominent modes at 217, 246 and 682 cm™.
Inspection of the mode visualisations shows that these are due to the out-of-plane C-S-H

7
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bend, the bend coupled to the methyl torsion and the in-plane C-S—H bend. The first and.last s oo
of these are diagnostic of the thiol functionality and are observed in the experimental

spectrum at 232 and 708 cm™. Inspection of Fig. 5b shows no trace of these modes,

consistent with Fig. 3 and adsorption as thiolate. None of the spectra of the adsorbed species

show any evidence for unreacted thiol, our experience is that this means that, at most, ~10%

of the adsorbate could be unreacted thiol.

I T I T T I T 1 '

=

=

s

= a

< (a)

B

i~

93]
(b)
(c)

T | T I T | T I T
0 200 4 6(}0 800 1000 1200 1400 1600

Wavenumber / cm’’

Fig. 6 [INS spectra recorded of solid 1-dodecanethiol: (a) experimental, (b) calculated by
CASTEP and (c) as (b) but only including the modes that involve motion of the thiol proton.

To model the adsorbed thiolate, the anion was placed with the sulfur atom above the
threefold site and the C-S bond almost perpendicular to the surface, which resulted in a tilted
structure with the carbon backbone at ~30° to the surface normal. The geometry optimised
structure is shown in the left part of Fig. 7. It can be seen that the thiolate occupies a twofold
bridge site (C-S = 2.291 A) with the carbon backbone almost perpendicular to the surface. To
model a disordered system, a thiolate with a large number of gauche defects was used. To
prevent intermolecular contacts, it was necessary to use a doubled unit cell. This structure
optimised to that shown on the right of Fig. 7.

The calculated INS spectra of the two structures are compared to the experimental data in
Fig. 8. It can be seen that neither result exactly matches the data, although the all-trans
conformation, Fig. 8b, is the closer match. In particular, in the 0 — 600 cm™ region the in-
plane C—C-C bending modes (longitudinal acoustic modes, LAMSs)® occur and overlap with
the lower energy, 0 — 200 cm™, out-of-plane C—C—C bending modes (transverse acoustic
modes, TAMs).>® As can be seen from Fig. 8b and 8c, these modes are conformationally
sensitive. The disordered chain predicts a sequence of almost constant intensity modes up to
the bandhead at 510 cm™, whereas the envelope of the ordered chain more closely matches
the experimental profile. We also note that the disordered model does not reproduce the
shape of the CH, rocking mode at 728 cm™. If the adsorbed thiolate was compleletely in the
all-trans conformation, then individual LAM modes in the 200 — 500 cm™ region would be
visible, as seen in Figure 5a for the parent thiol. The disordered example used has only four
gauche defects, yet this is sufficient to drastically alter the spectrum as compared to the all-
trans arrangement, this indicates that there can only be one or two defects per chain. On


http://dx.doi.org/10.1039/C6CP00957C

Page 9 of 12

Published on 05 April 2016. Downloaded by University of Southampton on 09/04/2016 14:15:27.

Physical Chemistry Chemical Physics

balance, the modelling and the INS spectroscopy strongly suggest that the thiolate,is largely, s ooee

but not completely, ordered on the nanoparticle surface.

Fig. 7 Structures used to model the adsorbed thiolate on Pd(111). Left: all-trans thiolate.
Right: thiolate with gauche defects.
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Fig. 8 (a) Experimental INS spectrum of thiolate on palladium nanoparticles and as
calculated by CASTEP for thiolate on Pd(111) in the (b) all-trans conformation and (c)
gauche conformation.
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In the present work, a combination of imaging, spectroscopic and computational methods
shows that 1-dodecanethiol undergoes S-deprotonation to form 1-dodecanethiolate on the
surface of the nanoparticle, that then self-assembles into a structure that shows a high degree
of order. The alkyl chain is largely in the all-trans conformation. This occurs despite the
small size of the nanoparticle, (mean diameter = 3.9 nm), even for a perfect nanocube there
would only be ~100 molecules per face, the real material undoubtedly has fewer than this.
The Hirshfeld analysis from the CASTEP results shows that there is a small positive charge
(+0.03 electron) on the hydrogens and a small negative charge (-0.07 electron) on the
carbons, providing a very weak electrostatic attraction. The ordered structure maximises this
attraction which provides a driving force for the order.

In this paper, we have shown that INS spectroscopy is readily able to characterise organic
surface layers on nanoparticles; the nature of the material is irrelevant: whether the
nanoparticle core is an oxide, a metal or a semiconductor makes no difference. This is
because the scattered intensity depends on the inelastic cross section, which is independent of
the electronic state of the atom. Since the scattering is dominated by modes involving
hydrogen motion, provided that the nanoparticle core is actually (or almost) non-
hydrogenous, the core will be invisible to INS spectroscopy. The capability to view just the
adlayer is a major advantage of INS spectroscopy that is under-exploited. Comparison to
DFT calculations allows insights into the nature and conformation of the adsorbed layer.
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