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ABSTRACT: Palladium monolayer-protected clusters (MPCs)
coated with octylamines (C8NH, ), hexanethiolates (C6S), and
mixed monolayers of C8NH, and C6S exhibit significantly
different reactivities with hydrogen gas, depending on the
relative amounts of the two ligands coating the Pd nanoparticle
surface, as determined by UV—vis spectroscopy of Pd MPCs in
solution and electronic measurements of films of Pd MPCs as a
function of exposure time to hydrogen. The average estimated
composition of the ~3.0 nm diameter Pd MPCs was Pdg;o-
(C68S) 19, or Pdg;o(C8NHS,),77—,(C6S),, where x was varied to
be 0, 3, 10, 16, 32, or 81 by the synthesis of pure C8NH, Pd
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MPCs and subsequent liquid-phase place exchange with a varied amount of C6SH. When x = 0—10, the Pd MPCs react strongly
with H,, leading to aggregated particles in solution and large irreversible changes in the morphology of films accompanied by an
increase in film conductivity by 2—S$ orders of magnitude. Pdg;9(C6S) 9, MPCs are stable against significant aggregation in solution
and do not exhibit large film morphology changes, but they are also not highly reactive to H,, as determined by minimal changes in
the optical properties of solutions and the small, irreversible changes in the conductivity of films in the presence of H,. Finally, when
x1is 32 and 81, the Pd MPCs are fairly stable, exhibit minimal aggregation or morphology changes, and readily react with H, based on
the significant, reversible changes in film conductivity in the presence of H,. Pd MPCs with mixed monolayers have the benefit of
high H, reactivity while maintaining the structural stability necessary for sensing and catalysis applications.

B INTRODUCTION

Here we describe the reactivity between hydrogen and solu-
tions or films of palladium monolayer-protected clusters (MPCs)
coated with mixed monolayers of hexanethiolate (C6S) and
octylamine (C8NH,) ligands. This work is a follow up on our
previous reports on the reactivity between hydrogen and pure
C6S Pd, C8NH, Pd, C12NH, Pd, and C16NH, Pd MPCs,
tetraoctylammonium bromide (TOABr)-stabilized Pd nanopar-
ticles, and PdAu (10:1) or PdAg (10:1) alloys stabilized with C6S,
C8NH,, C12NH,, or TOABr."* Our main goal is to control the
reactivity between hydrogen and Pd-containing nanoparticles by
controlling the metal and ligand composition of the nanoparticles
for possible hydrogen sensing, storage, and catalysis applications.
We previously showed that solid-state films of C6S Pd MPCs do
not readily react well with hydrogen without prior ozone or heat
treatment and that C8NH, Pd and C12NH, Pd MPCs react readily
to the point of irreversible nanoparticle aggregation (i.e., unstable).
We undertook this study based on our hypothesis that mixed
monolayers of the two ligands would allow the benefit of both high
reactivity and stability in the presence of hydrogen.
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Hydrogen is light, clean, abundant, and sustainable. 3% 1t has
been used in large quantltles in a wide range of industries
including chemical, food, > and glass processing and is a
byproduct of steel making.” There is also a tremendous interest
in hydrogen as a chemical energy source. ® The low-cost produc-
tion and ability to separate, purify,” store,”'° and manipulate
hydrogen efficiently and safely would greatly benefit fuel cell
technology, improving its potential to compete with traditional
fossil fuels as an alternative energy source. There are safety concerns
since hydrogen is highly explosive above 4% in air, requiring the
development of hydrogen sensors. High capacity, effective, and
reusable hydrogen storage materials are needed for energy apphca—
tions since hydrogen suffers from low volumetric density.’ These
are some of the key challenges in the development of a hydrogen
economy that Pd nanostructures may be able to address.

It is well-known that hydrogen adsorbs and dissociates
spontaneously onto group VIII transition metals.”” Among the
many types of metals, the reaction between hydrogen and Pd or
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Pd alloys has attracted a great deal of attention due to its
relevance in aplplications in hydrogen sensing and storage and
in catalysis.'' "> The adsorption of hydrogen occurs in a two-
step process involving the reversible adsorption of hydrogen
molecules at the Pd surface, followed by rapid dissociation and
diffusion of atomic hydrogen into the metal lattice, where it
occupies octahedral interstitial sites with an increase in the lattice
constant.” At low hydrogen partial pressures @-phase PdH,
forms, which becomes [3-phase PdH, at higher pressures.14
The phase transition and associated increase in lattice constant
alters the physical,">"¢ electrical,'”** and optical®*** proper-
ties of Pd and its alloys, forming the basis for hydrogen sensors.””*°
The diffusion of hydrogen into the Pd lattice provides large
hydrogen storage capacity, and the dissociation of hydrogen into
the more active atomic hydrogen leads to its desirable catalytic
properties.

Pd nanomaterials have been widely used as resistor-based
hydrogen sensors.*”*" The sensing mechanism relies on a change
in resistance of the Pd nanostructure or nanostructured film
upon exposure to hydrogen. For example, hydrogen sensors
fabricated with well-connected Pd films show an increase in
resistance in the presence of hydrogen due to the formation of
the more resistive PdH, material.""**** In contrast, films or
nanostructures that contain high-resistance break junctions or
discontinuities exhibit a decrease in resistance in the presence of
hydrogen due to the volume enhancement of the material,
leading to improved connectivity,">*' 22631323542 A third
mechanism involves Schottky contacts formed by depositin%
Pd nanoparticles on n-type semiconductors (e.g, GaN,> GaAs,
Sn02,24’ 7 carbon nanotubes,*® InP,** and DNA),** where the
formation of PdH, lowers the Schottky barrier height and
increases the device current. In general, chemiresistive hydrogen
sensors based on Pd nanostructures are promising due to their
simplicity, high sensitivity and selectivity, reversibility, and low
cost and portability.**°

The capacity of Pd as a hydrogen-storage metal is given by the
miscibility gap between the hydrogen solubilities of the o.- and f3-
phases.** The benefits of storing hydrogen in the form of metal
hydrides include high volume efliciencies, relative ease of recov-
ery, indefinite storage capabilities without loss of hydrogen, and
high degree of safety.® To date, many groups reported that the
hydrogen storage properties of Pd nanoparticles are different
from those of their bulk counterparts,*~*’ which is attributed to
the large surface fraction in the particles and discreteness of their
electronic states.”® The hydrogen solubility increases in the o.-
phase but decreases in the f-phase, exhibiting miscibility gaps
narrower than those compared to bulk Pd,*' implying that Pd
nanoparticles have fast kinetics for hydrogen decomposition/
reformation on the metal surface and higher storage density in
the inside/outside of the particles.’® Several groups recently
investigated the hydrogen sorption properties of Pd nanopar-
ticles embedded into crystallized porous coordination ?oly—
mers, also labeled metal —organic frameworks (MOFs),' 02754
demonstrating enhanced hydrogen uptake at room tempera-
ture due to the presence of the Pd nanoparticles incorporated
into the pores of the polymer. Yamauchi and co-workers
demonstrated the size dependence of the hydroégen storage
properties in polymer-coated Pd nanoparticles.’® Other Pd
composites include zeolites,” activated carbons,*® polymers
of intrinsic microgorosity (PIMs),%” and hyper-cross-linked
polymers (HCPs),® with potential applications in heterogeneous
catalysis as well.** ¢!

There is an increasing interest in the use of chemically
synthesized, reusable metal nanoparticles to catalyze reactions
with high activity and selectivity. Generally, metallic nanoparti-
cles are functionalized with organic stabilizers (polymers, surfac-
tants, or ligands) to prevent aggregation in solution and/or
facilitate recycling of the catalyst.62 In addition, the stabilizers
play an essential role in controlling both the size and shape of the
nanoparticle during the catalytic reaction.”® Transition-metal
nanoparticles have been widely used as catalysts either in solution
or adsorbed on solid supports for various reactions, such as the
hydrogenation of olefins.*******> Crooks and co-workers re-
ported the use of dendrimer-encapsulated Pd nanoparticles for
catalyzing the hydrogenation of olefins®® and C—C coupling
Heck® and Stille®® reactions. They studied the effect of nano-
particle size on the hydrogenation of allyl alcohols® and devel-
oped a fluorous phase Pd-dendrimer catalyst that could be
recycled and reused in multiple cycles.® Herrmann described
the use of Pd nanoparticles stabilized with tetraoctylammonium
bromide (TOABr) to catalyze Heck coupling reactions.”® El-
Sayed and co-workers reported the use of polyvinylpyrrolidone
(PVP)-stabilized Pd nanoparticles in Suzuki couplin%
reactions.”~”° Pd nanoparticles immobilized on resin,”” silica,”
or charcoal’® were employed to perform the hydrogenation of
conjugated dienes into monoolefins.

For applications in sensing, storage, and catalysis, it is clearly of
interest to synthesize Pd nanomaterials that are highly reactive
with hydrogen in a reversible manner and stable throughout
many reaction cycles. This report describes results for Pd
monolayer-protected clusters coated with mixed monolayers of
C8NH, and C6S. As the C8NH,/C6S ratio increases, the
reactivity increases, but stability decreases. Importantly, we
report the optimum ratio where both high reactivity and stability
occurs based on optical measurements of mixed C8NH,/C6S Pd
MPCs in solution and electronic measurements of solid-state
films. The results here represent a significant improvement over
our previous work on single component Pd MPCs, since those
materials suffered from either: (1) irreversible aggregation or
morphology changes, (2) low, irreversible reactivity, (3) the need
for pretreatment and/or significant conditioning for reversible
hydrogen reactivity and sensing, (4) use only as solid-state films
(not in solution), and (5) the presence of a large amount of
excess surfactant during synthesis, which would need to be
separated for applications in catalysis.

B EXPERIMENTAL SECTION

Chemicals. Toluene (99.9%), 2-propanol (99.9%), acetonitrile
(99%), and ethanol (200 proof) were purchased from VWR Scientific
Products. Hexanethiol (95%), sodium borohydride (99%), and potas-
sium tetrachloropalladate (II) (98%) were purchased from Aldrich
Chemical Co. Tetraoctylammonium bromide (98%) and octylamine
(99%) were purchased from Alfa Aesar Co. Barnstead nanopure water
(18.3 M2-cm) was employed for all aqueous solutions.

Synthesis of Hexanethiolate-Coated Pd MPCs (C6S Pd
MPCs). All glassware was cleaned in aqua regia (3:1, HCI:HNO;)
for at least 30 min (Caution: aqua regia is highly corrosive and should be
handled with care under a fume hood.), thoroughly rinsed with deionized
and nanopure water and acetone, and then dried at room temperature
prior to use. Hexanethiolate-coated (C6S) Pd MPCs were synthesized as
reported previously.">”””® First, 0.53 g of K,PdCl, was dissolved in
10 mL of water, and 1.32 g of TOABr was dissolved by sonication in
150 mL of toluene in a 250 mL Erlenmeyer flask. The two solutions were
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then combined and stirred until the PdCl,>~ was transferred into the
toluene phase, as indicated by the colorless toluene layer becoming deep
red (~30 min). The colorless water layer was removed and discarded,
and 114 uL of hexanethiol was added with stirring to the toluene
solution in a 1:2 C6SH/Pd ratio. The solution was cooled in an ice bath
for 30 min and removed before adding 0.61 g of NaBH, dissolved in 10
mL of water with stirring. The solution was stirred overnight, the water
layer was removed, and the toluene removed by rotary evaporation
keeping the temperature below 40 °C. The black Pd MPC product was
suspended in 100 mL of acetonitrile and collected by vacuum filtration.
The clusters were washed with an additional 100 mL of acetonitrile and
100 mL of ethanol before thoroughly drying and collecting. Toluene was
added to the filter frit, and the soluble C6S Pd MPCs were collected in
the filter flask. The toluene was removed by evaporation, and the solid
collected. The average diameter of Pd MPCs prepared this way is 3.0 nm
according to transmission electron microscopy (TEM) images and

. 77
literature.

Synthesis of Octylamine-Coated Pd MPCs (C8NH, Pd
MPCs). Octylamine-coated Pd MPCs were synthesized according to
our previous report.” Solutions of 0.50 g (1.54 mmol) of K,PdCl,
dissolved in 10 mL of water and 1.68 g (3.07 mmol) of TOABr dissolved
in 70 mL of toluene were combined and stirred until all PdCl,>~
transferred into the toluene phase. Then, 2.8 mL of octylamine was
added, and the solution rapidly stirred for 1 h. Next, 0.87 g of NaBH,
dissolved in 10 mL of water was added to the two-phase solution while
stirring. The solution was stirred overnight, the water layer removed, and
the toluene layer removed by evaporation, keeping the temperature
below 40 °C. The black Pd MPC product was suspended in 100 mL of
acetonitrile and collected by vacuum filtration. The clusters were washed
and collected as described for C6S Pd MCPs. The average diameter of
the C8NH,-coated Pd MPCs is 3.0 &= 0.8 nm, as determined previously
by atomic force microscopy (AFM).”

Synthesis of Pd MPCs Coated with Mixed Monolayers of
Hexanethiolates and Octylamines. Approximately 0.0S g of
C8NH, Pd MPCs was dissolved in 5.0 mL of toluene before addition
of a variable amount of C6SH (0 to 5.0 uL). The solution was stirred
overnight (or $ h for 5.0 uL C6SH), and the toluene layer removed by
rotary evaporation. For optical experiments, the Pd MPC product was
suspended in 50 mL of acetonitrile, collected by filtration with a syringe
filter using a 0.2 #m PTFE membrane, and washed with 20 mL of
acetonitrile and 10 mL of ethanol. Finally, the Pd MPCs were dissolved
in 10 mL of toluene that was passed through the membrane. For sensing
experiments, the Pd MPC product was suspended in S0 mL of
acetonitrile, collected by filtration, and washed with an additional 60
mL of acetonitrile and 20 mL of ethanol on a filter frit. The filter frit was
then rinsed with toluene to dissolve the soluble MPCs, and the solution
concentrated by evaporation.

Electrode Devices. Two Au electrodes separated by 23 um were
fabricated in a clean room facility by photolithography on a Si/SiO,
substrate as described previously.">*>”**® Wire leads were attached to
the Au contact pads with Ag epoxy (cured 12 h, 80 °C), which was
further insulated with an overlayer of Torr-seal epoxy (cured 12 h,
80 °C). The electrodes were cleaned by rinsing in acetone, ethanol, and
2-propanol before drying under N,. The device was then placed in a
UVO ozone cleaner (Jelight Company Inc., Irvine, CA) for 10 min prior
to film deposition. Films containing C6S, C8NH,, and mixed C8NH,/
C6S monolayer Pd MPCs were drop-cast deposited using 1—2 drops of
a 10 mg/mL toluene solution, which leads to many multilayers of
nanoparticles with film thicknesses well above the thickness of the
electrodes.” The deposition of MPCs was carried out by placing the
drop(s) onto a vertically hanging electrode device and allowing the
solvent to evaporate under the fume hood.

Electronic Measurements. Electronic measurements were per-
formed with a CH Instruments 660A (Austin, TX) electrochemical

workstation operating in chronoamperometry (CA) mode. One elec-
trode device lead was connected to the working electrode lead, and the
other electrode was connected to both the counter and reference
electrode leads. The current was monitored at a potential of 0.3 V,
while the device was exposed to alternating flows of pure N, carrier gas
and H, mixed with carrier gas. The H, concentration was varied by
mixing H, and N at different flow rates controlled by Cole Parmer flow
meters located between the sample and the gas cylinders and operated
by a three-way valve.” All samples were exposed to 100, 6.0, and 1.0% H,
for 450 s to monitor the electronic response to H,. Stable, reversible
sensor devices were also tested in the presence of 9.6 to 0.3% H,.

Spectroscopic Measurements. The optical properties of Pd
MPCs were evaluated over the range of 300—900 nm using a Varian
Cary 50 Bio UV—vis spectrophotometer. At room temperature, 2 or 3
drops of toluene solutions containing 10 mg/mL Pd MPCs were placed
in a 1 cm path length quartz cuvette and diluted further with toluene.
The baseline of each spectrum was corrected using the spectrum of the
solvent (toluene). The absorbance spectrum of the solutions was
measured following exposure to pure H, bubbling through the solution
at a flow rate of 4.50 4 0.12 mL/min for 0, 5, 15, 30, and 60 min. Pd
MPCs synthesized within a day were used for these experiments to
improve experiment reproducibility.

Other Characterization. After exposing a dilute toluene solution
of C6S Pd MPCs or C8NH, Pd MPCs to 4.50 & 0.12 mL/min H, for 60
min, the solution was sonicated for 2 min and drop-cast deposited onto a
copper grid-supported holey carbon film for electron microscopy
measurements. Images were obtained at different magnifications using
a FEI Tecani F20 field-emission transmission electron microscope
(TEM) operating at an accelerating voltage of 200 keV. Thermogravi-
metric analysis (TGA) data of pure C6S Pd and C8NH, Pd MPCs were
obtained over a temperature range of 25—800 °C at a heating rate of
20 °C/min on a 2950 TGA HR VS.4A instrument under nitrogen (55,
75 mm scale), using sample sizes of 18.4—19.8 mg.

B RESULTS AND DISCUSSION

Synthesis and Analysis of Pd MPCs. As described in the
Experimental Section, we synthesized C6S Pd, C8NH, Pd, and
mixed C8NH,/C6S Pd MPCs. The average diameter of the C6S
Pd and C8NH, Pd MPCs was 3.0 nm, which corresponds to 919
Pd atoms based on a simple spherical model. TGA of C6S Pd and
C8NH, Pd MPCs (Figure S-1, Supporting Information) re-
vealed that the MPCs contain 18.83 and 18.93% organic
composition, respectively, giving average formulas of Pdy;o-
(C6S),9, and Pdg;o(C8NH,),7;. As illustrated in Scheme 1,
we prepared different ratios of C8NH,/C6S Pd MPCs by a
liquid-phase place-exchange reaction between C8NH, Pd and
free C6SH ligands in solution. The reaction proceeds as follows:

Pdglg(CSNHz) 177 + xC6SH —
Pdglg(cgNH2)1777x(C68)x + XCSNHZ + 1/2xH2 (1)

We assume that the C6S ligands stoichiometrically replace the
C8NH, ligands during this reaction since the Pd—S—R bond is
much stronger compared to Pd—NH,—R."* Nuclear magnetic
resonance (NMR) spectroscopy of solutions of C8NH, Pd
MPCs and C6SH supports this assumption. We also estimate
the total number of ligands as 177, even though replacement of
C8NH, with C6S could lead to a higher density of C6S ligands
on the surface. Table 1 summarizes the synthesis of Pd MPCs
with various C8NH,/C6S ratios. The different Pd MPCs pre-
pared include x = 0, 3, 10, 16, 32, and 81 and pure Pdg;9C6S;,.
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Scheme 1. Preparation of Mixed Monolayers of Hexanethiolate (C6S) and Octylamine (C8NH,) Pd MPCs by Liquid-Phase Place

Exchange

C8NH, Pd MPCs

C8NH,/C6S Pd MPCs

Table 1. Quantities of Reagents Used and Estimated
Composition for CSNH,/C6S Pd MPCs Synthesized by Place
Exchange

mg C8NH, Pd mol C8NH, uL C6SH mol C6SH Pd/C8NH,/C6S

500 733x10° 0 0 919/177/0
508  7.45x 10 ° 02 142x10°° 919/174/3
501 735x10°° 06  425x10°°  919/167/10
498  730x 10°° 1.0 7.09x10°°  919/161/16

497 729 x10°° 2.0 142 x10°°  919/145/32
500 733x10°° 50  354x10° 919/96/81
C6SPd - - - 919/0/192

Overall, the compositions provided are rough estimates, and
although Scheme 1 shows a random mixture of C6S and C8NH,
ligands, phase segregation®' of the ligands or preferential ex-
change at surface atom defects®® ™ ®* could occur. In all cases, the
solution of C8NH, Pd MPCs and C6SH was stirred overnight,
except for the case where x = 81 (5.0 uL C6SH). In that case, we
stirred the solution for only S h, since UV—vis data showed that
Pd° converts to Pd(II) after longer stirring times (see Figure S-2,
Supporting Information for more details).

Hydrogen Reactivity with C6S and C8NH, Pd MPCs. UV—
vis spectroscopy and TEM imaging provided information about
the reactivity and stability of Pd MPCs in solution in the presence
of H, for different amounts of time, while films of Pd MPCs
provided information on the reactivity in the solid state. Figure 1
shows normalized UV—vis spectra of diluted toluene solutions
containing pure C6S Pd and C8NH, Pd MPCs, which were
exposed to 100% H, at a constant flow of 4.50 &£ 0.12 mL/min
for 0, S, 15, 30, and 60 min. The spectrum of the C6S Pd MPCs
(Frame A) changed minimally after H, exposure over 60 min
compared to the spectrum of the C8NH, Pd MPCs, which
exhibited a dramatic absorbance decrease with time (Frame B).
The loss in absorbance was accompanied by the noticeable
precipitation of the C8NH, Pd MPCs, likely induced by the
formation of PdH, (see Figure S-3, Supporting Information for a
picture of the precipitated Pd MPCs).

We used TEM to directly correlate the UV—vis data with the
morphology of the Pd MPCs. Figure 2A and B shows TEM
images of C6S Pd and C8NH,, Pd MPCs before H, exposure,
respectively, while Figure 2C and D shows the images of the
corresponding samples after H, exposure. Before exposure, both
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Figure 1. UV—vis spectra of a toluene solution of (A) C6S Pd MPCs
and (B) C8NH, Pd MPCs before and after exposure to 100% H, at a
flow rate of 4.50 mL/min for different times.

samples show the presence of metal nanoparticles in the expected
3.0 nm diameter size range. All of the C6S Pd MPCs are well-
isolated and spherical (Frame A). In contrast, several of the
C8NH, Pd MPCs appear oddly shaped or slightly aggregated
(Frame B). Figure 2C and D show the TEM images of C6S Pd
and C8NH, Pd MPCs, respectively, after exposure to 100% H,
for 60 min at a constant flow of 4.50 &= 0.12 mL/min. The images
of the C6S Pd MPCs show a few well-isolated nanoparticles and
several that have undergone some aggregation. The extent of
aggregation is similar to that of the C8NH, Pd MPCs before
exposure to H, (Frame B). The image of the CSNH, Pd MPCs is
dramatically different after H, exposure. All of the clusters
aggregated into large superstructures with dimensions in the
several hundred nanometer to micrometer size range. There was
no evidence of individual, isolated nanoparticles in the images.
Figure 3 shows current—time (i—t) plots of films of pure C6S
Pd and C8NH, Pd MPCs at a voltage of 0.3 V in 100% N,
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Figure 2. TEM images of drop-cast films of C6S Pd MPCs and C8NH,
Pd MPCs before (A, B) and after exposure to 100% H, for 60 min
(C, D).

initially from 0 to 50O s, then exposed to 100% H, (®) for 450 s
and exposed back to 100% N, (¥) for 100 s. The current was
stable for both films during the initial 100% N, exposure from 0
to 50 s. In the presence of 100% H, at S0 s, the current passing
through the film of C6S Pd MPCs increased irreversibly from
136 x 10 ° to 1.64 x 10" ® A over the 450 s period. The plot
appears flat in Figure 3 because of the large current scale, but
there was a small increase in the current that did not return to
baseline upon exposure back to N, at 500 s (see inset). In
contrast, the current passing through the film of C8NH, Pd
MPCs displayed a large irreversible four order of magnitude
current increase from about 1.54 X 10~ to 1.71 x 10> A upon
exposure to 100% H, for 450 s.

The UV—vis, TEM, and electronic data consistently show that
C8NH, Pd MPCs are much more reactive to H, compared to
C6S Pd MPCs. The reaction between C8NH, Pd MPCs and H,
presumably leads to the formation of PdH,. The PdH,, formation
leads to cluster aggregation, as evidenced by the decrease in
absorbance with time, noticeable precipitation, and presence of
large aggregated structures in the TEM images. Exposure to H,
leads to strong Pd—H interactions, loss of the C8NH, ligands,2
and cluster aggregation in solution. In the solid state, H,
exposure to the film of C8NH, Pd MPCs leads to a large
irreversible conductivity increase due to an irreversible film
morphology change associated with Pd—H formation. The film
morphology change leads to a more connected, lower resistance
Pd film.> The TEM images also reveal that there was a small
degree of aggregation of the C8NH, Pd MPCs even before H,
exposure. This is again due to the weak Pd—NH, interactions,
which leads to less stable clusters compared to those protected with
C6S ligands. Further evidence of this is the fact that some CSNH,
Pd MPCs eventually precipitate when stored in solution for more
than a week, and they are generally not as stable when stored in
solution or air compared to C6S Pd MPCs. The initial current of the
film of C8NH, Pd MPCs was 1.54 X 10~/ A compared to 1.36 x

2.0
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2 1.5 .
) _ ‘C8NH, Pd
hat 13+ 4
= 1.0 0 100 200 300 400 500 60
c Time (s)
g o H,“on”
5 ¥ N,“on”
©os
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Figure 3. Current—time plots of drop-casted deposited films of C6S Pd
(green plot) and C8NH, Pd MPCs (black plot) measured at 0.3 V
during exposure to 100% H, (®) and 100% N, (¥) over a 450 s time
period. (Inset) Expanded plot for the film of C6S Pd MPCs.

10~ ® A for the film of C6S Pd MPCs. This is also consistent with the
TEM images, which shows that the C8NH, Pd MPCs underwent
some aggregation even before H, exposure. This likely led to the
higher initial conductivity in the solid-state films.

The small changes in the UV—vis spectra of the C6S Pd MPCs in
the presence of H, shows that these clusters are much less reactive to
H, or that they react with H, in a manner that does not lead to as
much aggregation or morphology changes compared to CSNH, Pd
MPCs. This is supported by the minimal change in the morphology
of the MPCs shown in the TEM images after H, exposure. Both the
UV—vis and TEM data consistently show that there is a small
degree of aggregation of Pd MPCs resulting from the reaction
between H, and C6S Pd MPCs. The small conductivity increase for
solid-state films of C6S Pd MPCs after exposure to H, is also
consistent with some reactivity with H,. The irreversible conductiv-
ity increase could be due to the small degree of aggregation and
morphology changes, as shown by the TEM images and UV—vis
spectra or due to the inability of atomic H to combine and reform
H, in the presence of the C6S ligands poisoning the Pd surface.*>*°

Scheme 2 illustrates the differences between the reaction of H,
with C6S Pd and C8NH, Pd MPCs. Based on the data, C6S Pd
MPCs show little reactivity with H,. Only a small amount of
cluster aggregation or film morphology change occurs. In con-
trast, the C8NH, Pd MPCs readily react with H,, which leads to a
larger degree of cluster aggregation and film morphology changes
accompanied by a large loss of the C8NH, ligands from the
cluster surface, as shown by our group previously.” The H, does
not readily react with C6S Pd MPCs since they are coated with a
strong binding thiolate ligand. The Pd—H bond is likely inhib-
ited by the Pd—S bonds. PdH,, can readily form on the C8NH,
Pd MPCs because of the much weaker Pd—NH, interaction.

Hydrogen Reactivity with C8NH,/C6S Mixed-Monolayer
Pd MPCs. Figure 4 shows plots of the normalized absorbance at
310 nm of toluene solutions of C8NH, Pd, C6S Pd, and C8NH,/
C6S Pd MPCs of varied ratio as a function of exposure time to
pure H, bubbling through the solution at a flow rate of 4.50 &+
0.12 mL/min. The points and curves represent the average of
three samples prepared for each ratio with the standard devia-
tions shown. The absorbance of C8NH, Pd MPCs decreased
rapidly with time, almost reaching 0 after 60 min as also shown in
Figure 1B. As the number of C6S ligands on the MPCs increased,
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Scheme 2. Illustration of the Reactivity of (A) C6S Pd MPCs
and (B) C8NH, Pd MPCs upon Exposure to 100% H,

A. C6S Pd MPCs

- PdH, formation

- Highly reactive
- Aggregation
1,0 4
£
c
© 08
=
™
® o6 — C6S Pd
® ~——96/81 C8NH,/C6S Pd
2 0.4 ~——145/32 C8NH,/C6S Pd
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5 — 167/10 C8NH,/C6S Pd
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Figure 4. Plots of the normalized absorbance at 310 nm of toluene
solutions containing C6S Pd, 96/81, 145/32, 161/16, 167/10, 174/3
C8NH,/C6S Pd, and C8NH, Pd versus exposure time to 100% H,
bubbling through the solutions at a flow rate of 4.50 £ 0.12 mL/min.

the rate of aggregation decreased, and the overall stability against
aggregation increased. For C8NH,/C6S ratios of 174/3, 167/10,
and 161/16, the Pd MPCs displayed a stable absorbance at A
~0.2—0.4, showing that a little more than half of the Pd MPCs
became insoluble. The normalized absorbance of the solutions of
145/32, 96/81, and pure C6S-coated Pd MPCs was stable at A
~0.8—0.9 after 60 min, indicating a small change in absorbance
and high stability against aggregation in the presence of H.,.
Assuming that the H, reactivity leads to aggregation, this
suggests that less reactivity occurred.

The data in Figure 4 interestingly show that partial coverage
with C6S ligands provides a large amount of stability against H,-
induced aggregation. Even with only 32 C6S ligands out of 177
total, the Pd MPCs were quite stable. It may be that there are only
a limited number of reactive sites (edges and vertices, for
example) on the Pd MPCs and that these sites are protected
with a low C6S coverage. Others have shown that thiol place-
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Figure 5. Current—time plots of drop-cast deposited films of (A) 174/
3 and 167/10 and (B) 161/16, 145/32, and 96/81 C8NH,/C6S Pd
MPCs measured at 0.3 V during exposure to 100% H, (®) and 100% N,
(W) over a 600 s period.

exchange reactions occur preferentially at nanoparticle edge and
vertex sites,**” %% which might also be the most reactive sites for
H, adsorption and subsequent aggregation of the PdH, MPCs. A
3.0 nm diameter nanoparticle shaped as a truncated octahedron
has about 31% defect surface atoms (edge and vertex).”” Cover-
ing the edge and vertex atoms would require an estimated 5S
ligands out of the 177. This is larger than the Pd MPCs with 32
C6S ligands that showed high stability against H,-induced
aggregation but within range considering that our composition
is an estimate.

Figure § displays current—time plots for films of CSNH,/C6S
Pd MPCs with various ratios as indicated in the presence of N,
initially from 0 to S0 s, followed by exposure to 100% H, (®) for
450 s and finally exposed back to 100% N, (¥) for 100 s.
Figure SA shows that for a film of 174/3 C8NH,/C6S Pd MPCs,
the current increased irreversibly from about 4.06 x 10~ to 4.06
x 10 S A. Similarly, the current through the film of 167/10 Pd
MPCs increased from 1.91 x 1077 to 1.05 x 10 ° A upon
exposure to 100% H,. The current increase is due to irreversible
aggregation of the Pd MPCs upon PdH, formation and removal.
Interestingly, this is significantly smaller than the four order of
magnitude increase observed for pure C8NH, Pd films
in Figure 3. The presence of a low coverage of C6S ligands
(x = 3—10) leads to a smaller current increase in the film
following the 100% H, exposure, but it is still significant. This
is consistent with a smaller amount of H,-induced aggregation
for Pd MPCs with 3—10 C6S ligands compared to pure C8NH,
Pd MPCs, as observed in the spectroscopy studies (Figure 4).

Figures SB shows the current—time plot of films of 161/16,
145/32, and 96/81 C8NH,/C6S Pd MPCs upon exposure to
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Figure 6. The log of the relative change in current of Pd MPCs exposed
to different H, concentration for 450 s followed by N, for 100 s.

100% H,. The current increased by approximately 3 or 2 times
(132 x 107" t03.22 X 1077 A,1.02 X 10~ " t0 1.63 x 107 A,
and 246 x 10" ° to 417 x 10 ° A, respectively) following
exposure to 100% H,, which is dramatically less compared to the
2—4 order of magnitude current increase observed with x = 0—
10 C6S ligands. Another major difference between the Pd MPC
films with 0—10 C6S ligands compared to those with 16—81 C6S
ligands is that the current continued to increase in the presence of
N, following the exposure to 100% H, for the former and that the
current decreased back toward the original baseline current for the
latter. The morphology of the film continues to change in the
presence of N, even after H is removed from Pd for the films of Pd
MPCs with 0—10 C6S ligands. The films of Pd MPCs with 16—81
ligands, in contrast, remain stable and exhibit more reversibility
during H insertion and removal from Pd. Films of 96/81 C8NH,/
C6S Pd MPCs, in particular, displayed a fairly stable current increase
during the 450 s exposure to H, and then exhibited a decrease in
current close to the baseline upon subsequent N, exposure.

We quantified the current change exhibited by films of Pd
MPCs coated with C8NH,, C6S, and mixed C8NH,/C6S upon
initial exposure to different H, concentrations. We calculated the
relative change in current by the equation:

Airelative = (lr - lb)/lb = Al/lb

where iy, is the initial baseline current in 100% N, i, is the current
in the presence of the H,/N, mixture after 450 s, and Ai = (i, —
i,). Figure 6 shows the log of the relative change in current as a
function of the varied composition of (C8NH,/C6S)-coated Pd
MPCs after exposure to 1.0, 6.0, and 100% H, for a period of 450
s and subsequent exposure to 100% N, for 100 s. The points
represent the average of several samples prepared for each ratio
with the standard deviations also shown. When x = 0—10 C6S
ligands, the Pd MPCs were highly reactive to 1.0, 6.0, and 100%
H,, as indicated by the large irreversible 2—4 order of magnitude
increase in current. Films of pure C6 Pd MPCs (x = 192 C6S
ligands) were not highly reactive to H,, as determined by
minimal changes in resistance in the presence of H, at different
concentrations (log[response] ~ —1). When x = 16—81 C6S
ligands, the Pd MPCs exhibited a slightly larger current response
to H, compared to pure C6S Pd MPCs but not as large as those
with fewer C6S ligands (x = 0—10). More importantly, the films
of these Pd MPCs were fairly stable and showed a somewhat
reversible change in current in the presence of H,.

Figure 7 displays current—time plots for a film of 96/81
C8NH,/C6S Pd MPCs in the presence of 100% N, initially and
then exposed to 1.0% H, (Frame A) and various concentrations

o
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Figure 7. Current—time plots of a film of 96/81 C8NH,/C6S Pd
MPCs exposed to (A) 100% N, (¥) and 1.0% H, (®) for five cycles, and
(B) 100% N, (¥) and 9.6—0.3% H, (®).

of H, (Frame B). Figure 7A shows the high reversibility of a film
of 96/81 C8NH,/C6S Pd MPCs following alternating exposure
to 1.0% H, (®) and 100% N, (V) for five cycles. The current
through the film quickly increased by a factor of 1.2 (from about
5.46 x 10" % to about 6.24 x 10~ A) in the presence of H, and
reversibly returned close to its original value upon exposure back
to 100% N,. This result indicates that films containing 96/81
C8NH,/C6S Pd MPCs are responsive reversibly to H,. They are
also highly stable against aggregation and large morphology
changes, as indicated by UV —vis data for solutions of the MPCs.

Figure 7B shows a current—time plot for a film of 96/81
C8NH,/C6S Pd MPCs that was exposed to H, concentrations
from 9.6% down to 0.3% H,. The film was initially exposed to
100% N, and then exposed to cycles of various concentrations of
H, (®) and 100% N, (¥). The sensing experiment in Figure 7B
occurred after some conditioning of the film until it displayed the
reversible behavior shown in Figure 7A. Figure 7B shows that the
film of 96/81 C8NH,/C6S Pd MPCs exhibited a reversible
increase in current in the presence of 9.6—0.3% H,. The increase
in current was likely due to the volume enhancement of the Pd
MPCs upon PdH, formation, which lowers the resistance
between the Pd MPCs in the film. The Supporting Information
(Figure S-4) shows the calibration curve, where the experimental
detection limit is about 0.3% H,. Because of the stability and the
relatively fast and reversible response to H, over a range of
concentrations, these Pd MPCs are not only potentially useful for
H, sensing but also excellent candidates for H, storage and
catalysis studies involving H, as a reactant.

B CONCLUSIONS

We synthesized pure C8NH, Pd and C6S Pd and mixed
monolayer C8NH,/C6S Pd MPCs with varying C8NH,/C6S
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ratios by a liquid-phase place-exchange method and compared
their reactivity and stability to H, gas by UV—vis spectroscopy,
TEM, and electronic conductivity measurements. While C8NH,
Pd MPC:s are highly reactive, they are not stable in the presence
of H, since they irreversibly aggregate. C6S Pd MPCs are highly
stable but only react minimally with H, based on UV—vis and
conductivity data. Mixed monolayer C8NH,/C6S Pd MPCs
show properties intermediate of the two pure Pd MPCs. The
reactivity and stability strongly depend on the C8NH,/C6S ratio
of the mixed monolayers on the Pd MPCs. At high ratios (x = 3—
16 C6S ligands), the Pd MPCs behave similarly to the pure
C8NH, Pd MPCs, although they are slightly more stable. At
medium ratios (x = 32 and 81 C6S ligands), the Pd MPCs are
fairly stable based on UV—vis data of solutions and show
reversible reactivity to H, based on reversible increases in current
for solid-state films in the presence of H,. This was particularly
evident for the 96/81 C8NH,/C6S Pd MPCs, which showed
excellent stability against H,-induced aggregation in solution and
a reversible electronic response to H, for at least five cycles and
down to 0.3% H, as solid-state films. These are the most
promising for sensing, storage, and catalysis applications. Future
experiments will explore the details of H, sensing and catalysis
applications of these interesting materials.

B ASSOCIATED CONTENT

© Ssupporting Information. TGA of C6S Pd and C8NH,
Pd MPCs, UV—vis data of Pd MPCs coated with different ratios
of ligands, digital photo of diluted solutions of C6S Pd and
C8NH, Pd MPCs before and after H, bubbling for 60 min at a
constant flow of 4.50 & 0.12 mL/min, and H, sensing calibration
curve. This material is available free of charge via the Internet at
http://pubs.acs.org.
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