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Abstract

This research investigates the impact of mixing oleylamine and oleic acid as the liquid matrix
for sputtering of metal nanoparticles and the mixed liquid composition on the particle size,
uniformity, and their colloidal and oxidation stability. The case study was conducted for Au
and Cu which are noble and non-noble metal, respectively. The results reveal that the mixed
liquids are more effective in producing smaller and more uniform metal nanoparticles. Smallest
Au nanoparticles with highly colloidal stability over a year were obtained with equal volume
of OA and OAm. OA/OAm 1/1 (v/v) also exhibited the best protection effect from oxidation
for Cu nanoparticles. The results can be attributed to the improved viscosity and synergistic

protecting capability of the mixed liquids compared with the single component liquids.
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Introduction

Sputtering onto liquid has been emerging as a green and new technique for producing
nanoparticles dispersed in liquid from the bulk metal foil/plates.}*? The liquid matrix serves as
a tool to manipulate the formation and growth, characteristics, and properties of
nanoparticles.'*>2® Because sputtering occurs under vacuum conditions, some liquids with low
vapor pressures have been used as the matrix, for example, liquid polymer/monomer (silicone
oil,! polyethyleneglycol (PEG),%?22 glycerol,® pentaerythritol ethoxylate (PEEL),*
pentaerythritol tetrakis(3-mercaptopropionate) (PEMP)™), ionic liquid,381016-2L.24 yegetable
oil,>” and molten salt.* The method allows for obtaining not only metal, %>** oxide,**?* and

alloy®12-20.22-24 nanoparticles but also small nanoclusters.*1%2%2

The studies in this field reveal important roles of the liquid matrix in the growth behavior,
size control, and colloidal stability of the sputtered nanoparticles.1513-1924-40 Evaluating the
impact of the physicochemical properties of the liquids on the particle size helped understand
the particle formation.®181%27-38 For example, when Au was sputtered onto ionic liquids, the
particle nucleation could occur on the liquid surface and growth could occur on the liquid
surface and/or in the bulk liquid.?3! The surface tension and composition affect initial
nucleation and staying of particles on the liquid surface?’2°3° whereas the temperature,?”3!
thereby viscosity,?” and composition?®2° of the liquid control the growth, particle size, and
aggregation of the particles in the bulk liquid during and after sputtering. Here, a higher
temperature, thereby a lower viscosity, increases the collision of clusters in an ionic liquid,

causing particle growth and aggregation.?’” Composition of the ionic liquid influences the
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interaction of liquid with particle and viscosity of the liquid regulates particle collision. This
consequently mediates the particle nucleation, growth, and stability.2”?° Different from ionic
liquids, when a liquid mercaptan, i.e., PEMP, or PEG or glycerol was used as the matrix for
sputtering of Ag nanoparticles, an increase in viscosity, however, led to a larger particle size
and/or a thin film on the liquid surface.3*% This suggests the nucleation and growth of particles
occurred on the surface of the viscous liquid. On the other hand, lowering the viscosity allowed
for the nanoparticles falling into the PEMP; the thiol group of the PEMP matrix tightly bound
to the surface of nanoparticles and stabilized them, thus, no further growth as observed in ionic
liquids.®® Addition of a thiol capping agent®®-38 to the based liquid, such as PEG, has been also
efficient to obtain small size, fluorescent metal nanoclusters by sputtering onto liquid. In
contrast, sputtering of Au, Ag, and/or their alloys onto pure liquid PEG, which weakly binds
to the particles, often resulted in big agglomerates, aggregations, and precipitates after a week
to several months of storage.®3"3® Thus, choosing a liquid matrix for sputtering is important

for achieving desired particle formation and size and good dispersion stability.

Aside from regulating particle size and colloidal stability via binding and mediating
particle growth, the liquid matrix has an impact on the chemical stability of the formed
nanoparticles as reported for Cu.***® Our previous researches show that sputtering onto liquid
polymers such as PEEL and PEG (M.W. = 600) produced plasmonic Cu nanoparticles of 2-6
nm.*>*3 However, they were quickly oxidized with an observation of complete fading of the
localized surface plasmon resonance after a week.*>*® On the other hand, adding thiol
molecules, e.g., mercaptoundercanoic acid (MUA), to PEG helped produce Cu nanoclusters
with negligible change for a month.3¢ Upon changing the liquid substrate from PEG containing
MUA to PEMP with a rich thiol moiety, i.e., four thiol group in a molecule, Cu nanoclusters
were converted to copper sulfides over time.® Thus, aside from thiol compounds, liquids with

other functional groups should be investigated for stabilizing and protecting Cu nanoparticles.



In the present study, we propose to use oleic acid (OA) paired with oleylamine (OAm) as
the liquid matrices for sputtering of metal nanoparticles with controlled particle sizes and
stability. They are commonly used ligands and solvents in colloidal synthesis of nanoparticles.
Each liquid can act as the capping agent for metal nanoparticles via binding its functional group
with the particle surface and as the liquid matrix to disperse the formed nanoparticles. In
combination, they can create acid-base complex and hydrogen bonding* to modify not only
the composition and viscosity of the mixture but also the functionality of the mixtures for
stabilizing metal nanoparticles. With using neither high temperature nor additional reducing
agents, we can expect to obtain small metal nanoparticles by sputtering onto OA/OAm. Further,
varying the ratio of OA and OAm, we could investigate the influence of mixing OA and OAm
to the particle size and the stability of the dispersion during storage. We found that among OA,
OAm, and OA/OAm liquids, equal volume OA/OAm is the most effective for producing Au
nanoparticles with small size, high uniformity, and good colloidal stability over a year. This
liquid also allowed for making stable concentrated dispersion of Au nanoparticles. Besides,
compared with the single component liquid, the mixed liquids showed an improved oxidation
suppression for Cu nanoparticles. The result can be attributed to a higher viscosity and

synergistic protection capability of the mixed liquids over the single component ones.

Experimental

Materials. OA and OAm were purchased from Sigma Aldrich. Au 99.99 % and Cu 99.5 %
pure targets (¢50 mm, 3 mm thickness) were purchased from Nilaco, Japan and used as

received. Ethanol, methanol, and hexane were used as received.

Sputtering of metal nanoparticles. OA and OAm were distilled under reduced pressure and

then vacuum dried at 120 °C. After that a solution of OA and OAm with a total volume of 10



cm?® was prepared by mixing OA and OAm at various volume ratios: 1/0, 3/1, 1/1, and 1/3 (v/v)
and used as the liquid matrix for magnetron sputtering. The volume ratio of OA and OAm was
used to name the samples, for example, Au OA/OAm 1/3 means Au nanoparticles synthesized
using OA and OAm with 1/3 (v/v). Noted that the volume ratio is similar to the molar ratio of
OA and OAm. OA and OAm were added to a petri dish (¢ 63 mm) and placed in the sputtering
chamber. The distance between the surface of the liquid and metal target (Au or Cu) was set 6
cm. The sputtering chamber was vacuumed and purged with Ar gas multiple times (>10 times).
The pressure was set 2 Pa with Ar as the processing gas, then sputtering was initiated. The
target was cleaned via 10 min sputtering to remove surface layers and during this period a
shutter was used to cover the liquid matrix. Then, the liquid was exposed to collect metal
nanoparticles. The sputtering was performed at a current of 20 mA for 30 min for Au and 30
mA for 1 h for Cu. During sputtering, the liquid was kept at 25 °C and stirred at 80 rpm. The
produced samples were analyzed using UV-Vis and TEM immediately after sputtering and
after various times of storage (0.5 h to 540 days) in air in a 12 mL glass container. The scheme
of the sputtering set-up has been reported elsewhere.#1>343643 \We noticed that using only
OAm as the liquid in sputtering did not allow for a stable plasma, possibly because OAmM

continuously evaporates in the vacuum chamber.

Copper(ll) oleate, of which UV-Vis spectrum was used for comparison with that of the
sputtered dispersions of Cu during storage, was prepared by referring to the published method

for the synthesis of iron oleate.* Instead of iron salt,* in the present study CuCl, was used.

Characterization. After sputtering, metal nanoparticles in OA/OAmM were analyzed using a
Shimadzu-1800 UV-Vis spectrophotometer and a quartz cell with 1 mm and 10 mm optical
path for Au and Cu samples, respectively. UV-Vis spectra for Au samples were collected from
0 h to 540 days after sputtering. UV-Vis spectra for Cu samples were collected from 0.5 h to a
week after sputtering. Samples were kept in glass bottles with caps under air. The morphology
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of the metal nanoparticles was observed using a transmission electron microscopy (TEM, JEOL
JEM 2010 and FX2000, at 200 kV). TEM samples were prepared by dipping a TEM grid to
the dispersion and washed with hexane. The size distribution was plotted after measuring the
size of 200 or more particles in TEM images. The structure of the nanoparticles was examined
using X-ray diffraction (XRD, Rigaku Miniflex Il X-ray diffractometer, Cu Ko, 1.5418 A,
radiation). Fourier-transform infrared (FT-IR) spectra of pure OA, OAm, and Au nanoparticles
capped with OA/OAm were collected using a Jasco FT/IR-4600 equipped with ATR. The
nanoparticles used for XRD and FT-IR analysis were purified using hexane and excessive
acetone. Precipitates of particles were obtained after keeping over night or after centrifugation.
The process was repeated several times. In most cases, nanoparticles can be redispersed in
hexane. Viscosities of OA/OAm liquids were measured using a Brookfield HBDV-I Prime
viscometer at 25 °C with a rotation speed of spindle from 4 to 100 rpm (shear rate from 30 to

750 s).
Results and Discussion

Au nanoparticles sputtered onto OA/OAmM liquid matrix with various volume ratios

TEM images and size distribution of Au nanoparticles obtained after sputtering are shown in
Figure 1. Using only OA resulted in Au nanoparticles of 5.0 £ 1.5 nm (Figures 1a and 1e). By
adding OAm to OA, the particle size decreased to 3.3 £ 0.8 nm (Au OA/OAm 3/1, Figures 1b
and 1f) and 2.4 £ 0.4 nm (Au OA/OAm 1/1, Figures 1c and 1g). However, a further increase
of OAm (OA/OAm 1/3) did not help reduce the particle size any further. This resulted in the
formation of Au with both small (3.4 £ 0.6 nm, Figures 1d and 1h) and big sizes (>10 nm, inset
of Figure 1d). The particle size distribution (Figures 1e - 1h) reveals that the most uniform Au
nanoparticles were obtained with OA/OAm 1/1. Au OA/OAm 1/0 contained some

agglomerations and big particles of > 10 nm which was dominant in Au OA/OAm 1/3. UV-



Vis spectra of these samples are consistent with the TEM observation. Typical localized surface
plasmon resonance (LSPR) of Au at 515 nm was observed in the UV-Vis spectra of Au
OA/OAmM 1/0, 3/1, and 1/3. The broad absorption at long wavelength (~700 nm) for Au
OA/OAmM 1/0 agrees with TEM result on the presence of some Au agglomeration, which
reflects in the violet color of the dispersion (Figure 1j). The low intensity of Au OA/OAm 1/3
is caused by the fact that big size nanopartiles as the major fraction of the sample forming Au
film (Figure 1K) precipitated and assembled in the glass container (Figure S1) while small Au
particles remained dispersed in liquid OA/OAm for UV-Vis measurement. The LSPR peak is
not obvious for Au OA/OAm 1/1, which is consistent with small particle size, 2.4 £ 0.4 nm, as
observed in the TEM image (Figures 1c and 1g). Thus, these primary results indicate that

mixing OA with OAm allows for tailoring the particle size and uniformity.
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Figure 1. (a-d) TEM images and (e-h) size distributions of as-synthesized Au nanoparticles by
sputtering onto liquid OA/OAm of (a, ) 1/0, (b, h) 3/1, (c, g) 1/1, and (d, h) 1/3 (v/v). The inset
of (d) shows Au particles of more than 10 nm (so-called big nanoparticles) as the minor in the
liquid dispersion of Au OA/OAm 1/3 sample. (i) UV-Vis spectra of as-synthesized Au
nanoparticles prepared using various OA/OAm volume ratios wherein the dashed line at 515
nm is added for the visual guide of the LSPR peak position of Au nanoparticles. (j) Photos of
Au OA/OAmM dispersions in quartz cuvettes with 1 mm optical path used for taking the UV-

Vis spectra. (K) Au film formed on surface of OA/OAm 1/3 with the arrow pointing to the film.



Particle growth and colloidal stability of Au nanoparticles during storage

The change of the particle size and the stability of the sputtered Au nanoparticles dispersed in
OA/OAmM over times, 0-540 days of storage, were studied. The results of the particle sizes
measured from TEM images are summarized in Table 1 and plotted in Figure 2. TEM images
of the samples after 100 days of storage are shown in Figure 3 whereas the TEM images of
samples stored for other periods of time with the corresponding size distribution are shown in

Figures S2-S7.

Figure 2a reveals that among the four samples and for any storage time, OA/OAm 1/1
stabilized Au nanoparticles always possess the smallest size and the best uniformity. When the
storage time increased, the particle size of this sample increased from 2.4 £ 0.4 nm (as-
synthesized) to 2.5 + 0.6 nm (14 days), 3.2 = 0.5 nm (52 days), and 3.6 £ 0.4 nm (100 days,
Figure 3). After that, the mean size did not increase any further while the size distribution was

slightly broader, that is 3.6 £ 0.9 nm after 540 days of storage.
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Table 1. Particle size of Au nanoparticles sputtered onto OA/OAm liquids during storage

Particle size Au OA/OAM (V/v)
during storage  1/0 3/1 1/1 1/3 1/3 (big)
(hm) 2 (small)
0 day 50+15 33+0.8 24+04 34+06° 11.0~31.0°
15 days 41+10 47+08 25106 35+10 198%6.0
52 days 44+09 44+08 3205 42+14 183%58
71 days 41+10 40+£08 35+x03 43%12 151+28
100 days 44+10 4309 36204 50x15

47+0.9° 51+£0.09° 16.4 +4.3°
260 days 46+11 38+10 36+£07 6710 20.7+4.8°
540 days 49+ 13 56+16 36+£09 8819 19.2+4.2(solid)
540 days, XRD, 4.2 3.3 3.5 6.2
liquid part
540 days, XRD, 5.4 5.3 3.7 10.5
bottom part* 8.9°

aThe particle size measured from TEM images of 300-600 particles. ®The number of
nanoparticles for measuring particles size is less than 100. “The size of nanoparticles obtained
at the bottom of the storage glass container which contain precipitate or agglomerates observed
in OA/OAm 1/0, 3/1 and 1/3 but not in 1/1 (v/v). “The grain size of nanoparticles estimated
from the line broadening of the main XRD peak using Scherrer equation. Big nanoparticles are
the major population in TEM images of Au OA/OAm 1/3 after 15 days. ¢Grain size of big
nanoparticles which were redispersed well in hexane.

In general, the increase of particle size over time was also observed for samples Au
OA/OAmM 1/0 and 1/3 but at larger amounts of increase compared with that of sample Au
OA/OAm 1/1. The mean particle size of Au OA/OAm 1/0 sample slightly increased after 100
days (100 days: 4.4 £ 1.0 nm; 540 days: 4.9 £ 1.3 nm) whereas that of small nanoparticles in
sample Au OA/OAm 1/3 kept increasing almost linearly with time from the 0 to 540 days of
storage (0 day: 3.4 £ 0.6 nm, 100 days: 5.0 £ 1.5 nm; 540 days: 8.8 + 1.9 nm). Interestingly,
during the storage from day 0 to 100, the particle size of big nanoparticles in sample Au
OA/OAmM 1/3 decreased with time (Figure 2b). With increasing storage time, agglomeration
of big Au particles (>10 nm) becomes more dominant. Their agglomerations assembled and
gathered on the surface of the glass bottle used for containing the sample (Figure 4g). The
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phenomena suggest that the size-focusing occurred in the sample during storage. The results of
particle size for sample Au OA/OAm 1/0 shows that a decrease occurred first (15 days of
storage) and followed by a gradually increase in particle size. The decrease of particle size in
the initial storage period can be caused by the dissolution of the big particles and their
agglomerations in OA which is attributed to the repulsive force of Au coated OA as reported
by Fujita et al.*® The disappearance of the optical absorption in long wavelength (Figure S8)
compared with that of the as-synthesized sample (Figure 1i) is in good aggreement with the
TEM result of the size focusing after 15 days of storage. In contrast, particle size of Au
OA/OAm 3/1 first increased (4.7 £ 0.8 nm, 15 days), then slightly decreased with storage time
up to 260 days (100 days: 4.3 £ 0.9 nm; 260 days: 3.8 £ 1.0 nm), and finally reached 5.6 + 1.6
nm (540 days). UV-Vis spectra of this sample during storage show similar phenomenon as

observed for Au OA/OAm 1/0, which indicates the size focusing and growth of Au.

Regarding the colloidal stability of the dispersion, it is noticeable that Au OA/OAm 1/1
is the only sample which did not have any precipitation during storage (0-540 days). The
precipitation was not observed clearly in other OA riched samples, e.g., Au OA/OAm 1/0 and
3/1, but there were agglomerations or highly concentrated Au nanoparticles gathering at the
bottom of the samples for 100 days of storage or longer (Figures S8e and S9). Such
agglomerations comprised of Au nanoparticles with sizes, that is 4.7 = 0.9 nm (Au OA/OAmM
1/0, Figures 4a, 4d, and 4h) and 5.1 £ 0.9 nm (Au OA/OAm 3/1, Figures 4b, 4e, and 4i), slightly
bigger than the ones in the bulk liquid. In contrast, Au OA/OAm 1/3 contained precipitates at
the bottom and assembly of big Au nanoparticles with a mean size of 16.4 + 4.3 nm (Figures
4c, 4f, and 4j) on the wall of the glass bottle (Figure 4g). The longer the storage time, the more
nanoparticles join the assembly and the more dilute the dispersion of the small Au nanoparticles

in the top liquid.
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Figure 3. (a-d) TEM images and (e-h) size distribution of Au nanoparticles sputtered onto

OA/OAm liquids of (a) 1/0, (b) 3/1, (c) 1/1, and (d) 1/3 (v/v) after stored for 100 days. The

inset of (d) shows particles near the bottom of the container.
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Figure 4. (a-f) TEM images and (h-i) size distribution of Au nanoparticles at the bottom of
OA/OAm liquids of (a, d, h) 1/0, (b, e, i) 3/1, and (c, f, j) 1/3 (v/v) after stored for 100 days.
(d-f) are zoom-in images of the particles in orange squares in (a-c). (g) Photograph of Au

OA/OAm 1/3 in the container for storage.

The grain sizes of Au nanoparticles estimated from XRD line broadening (Figure 5) using
Scherrer equation are consitent with the results obtained from TEM observation (Figure S7)
for samples stored for 540 days. Aggromerates or precipitates at the bottoms of Au OA/OAm
1/0, 3/1 and 1/3 have bigger particle size and grain size compared with Au nanoparticles

dispersed in the upper liquid (Table 1). It also suggests that the small Au nanoparticles are
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likely single crystal while the big Au nanoparticles (i.e., in Au OA/OAm 1/3) are polycrystal,
which is consistent with the HR-TEM results (Figure S10). Judging from the change of particle
size and the colloidal stability, it is clear that the equal volume OA/OAm liquid matrix provides

the best colloidal stability for Au nanoparticles.
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Figure 5. XRD patterns of Au OA/OAm 1/0, 3/1, 1/1, and 1/3 after 540 days stored in
OA/OAmM from (a) particles in the bulk liquid and (b) the bottom part of the dispersion
containing some agglomerates or solids. The black pattern marked with star is for Au OA/OAmM

1/3 of the bottom part which could be well re-dispersed in hexane.



Discussion: Impact of OA/OAmM volume ratios on the particle size and colloidal stability

From the observation of the particle size, the size increase during storage, and the colloidal
stability, it is obvious that OA/OAm 1/1 liquid is efficient for obtaining small and uniform Au
nanoparticles. Using pure OA and OA-rich mixed liquids, that is, OA/OAm 1/0 and 3/1, results
in Au nanoparticles (<10 nm) with slightly bigger size and less uniformity. In contrast, big Au
nanoparticles of about 20 nm, which precipitated and assembled over time of storage, were
achieved with OAm-rich liquid, that is, OA/OAm 1/3. The impact of the liquid on the size of
nanoparticles produced by sputtering onto liquid and particle growth can be caused by several
factors such as the viscosity of the liquid and their capping capability which play important
roles in particle growth. De Luna et al. have reported that a viscous liquid which does not bind
strongly with particle surface can lead to the formation of a thin metal film on the liquid
surface.® In contrast, a liquid with suitable viscosity can allow the sputtered nanoparticles to
fall into it and also the liquid can stabilize the nanoparticles from collision and growth, 27283335
The chemical properties of the liquid are important in stabilizing the formed nanoparticles.
Torimoto et al. reported the tunable size of Au nanoparticles from 1.9 to 5.5 nm by varying the
ionic liquids as the matrix for sputtering.? Using liquid polyethylene glycol, Au nanoparticles
were also obtained.® However, owing to the weak capping of PEG to Au nanoparticles, the
particles have bigger size (3-5 nm)®*° and less colloidal stability (precipitate and
agglomerations after few weeks of storage).®° The addition of thiol ligands, which strongly
bind to the surface Au as well as other metals, to PEG significantly reduce the particle size and
improve the colloidal stability of metal nanoparticles and clusters.?%-38 Thus, we need to
consider both the viscosity and the capping power of the liquid when discussing its impact on
size control, particle growth, and colloidal stability. In the present study, OA and OAm are

viscous liquids with carboxylic and amine groups, respectively. The functional group of OA
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and OAm can bind to the surface of the nanoparticles and therefore help stabilize Au

nanoparticles.
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Figure 6. Viscosity of OA/OAm liquid (black filled squares) with various volume ratios of OA

and OAm. Relative viscosity of a liquid (green filled circle) is estimated by dividing its

viscosity by the viscosity of OAm. All liquids exhibit Newtonian behavior in the measurement

range (shear rate from 30 to 750 s1) at 25 °C. Dashed and solid lines connecting the data points

are for visual guide.

Figure 6 shows the viscosity of OA, OAm, and the mixed liquids. The viscosity substantially
increases by mixing OA and OAm with the peak belonging to OA/OAm 1/1. OAm has the
lowest viscosity followed by OA whereas OA/OAm 1/1 has viscosity about 30 times of that of
OAm. This result explains for the small size and good stability of Au OA/OAm 1/1 sample

compared with others.

However, the viscosity itself could not explain everything. Particularly, viscosity of

OA/OAmM 1/0 liquid is close to that of OA/OAm 1/3 and almost half of that of OA/OAm 3/1.
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However, the Au nanoparticles produced in the OA/OAm 1/0 has the size similar to Au
OA/OAmM 3/1 while much smaller than Au OA/OAm 1/3. This is to say, the particle size is not
solely controlled by the liquid viscosity. Therefore, the interaction of OA and OAm and their
combination effect for stabilizing the nanoparticles should be taken into account. OA and OAm
can interact with each other and the deprotonation of carboxylic group in OA can occur,
resulting in the formation of carboxylate anion and amine cation. The electrostatic interaction
of the formed ions is possibly stronger than the weak Van der Waals one in OA or OAm itself.
Thus, mixing OA and OAm can improve the viscosity. Further, the carboxylate anion and/or
amine cation bind stronger to the surface of nanoparticles for more effectively stabilizing
nanoparticles, leading to formation of nanoparticles with small sizes. Especially, carboxylate
can make bidentate binding to metal particles which is believed stronger than binding via
monodentate or amine group. Therefore, OA/OAmM 1/1 resulted in smallest and most stable Au
nanoparticles. Even without OAm, OA can deprotonate to some extent, forming carboxylate
anion which has good binding with particle surface. However, this process is not that much in
pure OAm. Thus, the stronger binding of OA compared with OAm to the particle surface can
be expected. The deprotonation of OA becomes more easily and occurs to a larger fraction of
the OA molecules when OAm is added. This can explain for the big difference in the particle
size obtained using OAm-rich liquid, that is OA/OAm 1/3, and OA-rich liquids, that is,

OA/OAmM 1/0 and 3/1 even though their viscosities are not substantially different.

After purification, the nanoparticles can be easily re-dispersed in hexane, indicating that
the carboxylic and amine functional group bind to the particle surface and the alkyl tails
heading towards to hydrophobic solvent. To get more in depth of the OA/OAm stabilized Au
nanoparticles, the FT-IR patterns of the purified nanoparticle samples and the pure liquids at
various volume ratios were collected (Figure 7). Figure 7a shows the symmetric and as-

symmetric stretching of (-CHy-) at 2853 and 2925 cm™, respectively, and bending of C-H
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bonding in C=CH and of -CHs group at 3006 and 1465 cm, respectively, for all Au samples,
which is also identical to pure OA, OAm, and mixed OA/OAm liquids (Figure 7b). These
signals come from the unsaturated alkyl tails of OA and OAm, indicating the presence of the
capping ligand on the particle surface. The stretching of C=0 at 1712 cm™ (in —COO group)
was observed for Au OA/OAm 1/0, 3/1, and 1/1 but not visible in Au OA/OAm 1/3. Similar
phenomenon was observed in liquid OA/OAm 1/3 without Au. The decrease of FT-IR peak
from C=0 in the Au OA/OAm is consistent with what was observed in the mixed liquid. This
indicates the formation of carboxylate anion (R-COQ") and amine cation (R-NHs*) in the mixed

liquids, which makes the free C=0 stretching disappear.

The peaks at 1542 (Au OA/OAm 1/0 and 3/1), 1559 (Au OA/OAm 1/1), and 1569 cm™
(Au OA/OAM 1/3) belong to the bidentate of carboxylic group (-COO") with Au surface.*64’
The peak from the bindentate of carboxylic group is significant compared with the weak
bending mode at 1581 cm™ of —NH. in OAm.* With an increase in OAm used in the liquid
matriX, the peak from bidentate -COO-Au shifts to a longer frequency. Similar phenomenon
was observed for the mixed liquids themselves wherein no carboxylate peak associated with
pure OA. The significant signal from carboxylic anion and substantial decrease of free C=0 in
the mixed liquids compared with pure OA indicates that adding OAm to OA helped generate
carboxylate and/or OA-OAmM complex for binding and stabilizing the metal nanoparticles. The
peak marked by black dashed line at 1654 cm™ appeared in all mixed liquids and Au OA/OAmM
1/0, 3/1, 1/1, and 1/3 samples can be assigned for as-symmetric mode of carboxylate group®
and/or —C=0 stretching in amide compounds.*® It is not likely that this peak belongs to -C=C
bending mode which was observed very weak and at higher wavenumbers in pure OA and
OAmM.*® Because the peak associated with carboxylate and/or —C=0 amide is clear in OA/OAmM
and Au OA/OAm 3/1, 1/1, and 1/3 but not obvious in pure OA and Au OA/OAm 1/0, the results

indicate that there is definitely interaction between OA and OAm to form OA-OAmM complex,
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amide, or carboxylate and amine cation. It is suspected that combination of OA and OAm at
1/1 vlv ratio can allow the most anion-cation formation and the densely and sufficiently
bidentate capping of particle surface. The FT-IR result, therefore, is consistent with the
observed colloidal stability and the change in particle size when moving from OA rich or OAm
rich liquids to OA/OAm 1/1. This can be the second reason, aside from the highest viscosity
of the OA/OAm 1/1 liquid, for the formation of the most uniform and smallest Au nanoparticles

as well as their best colloidal stability over a year of storage in Au OA/OAm 1/1 sample.
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Figure 7. FT-IR spectra of (a) Au nanoparticles sputtered onto OA/OAm after 540 days of
storage and (b) of pure OAm, OA/OAm 1/0, 3/1, 1/1, and 1/3 where v is the stretching mode,
vs IS symmetric stretching, vas is asymmetric stretching, and & is the bending mode. The black
solid lines mark the peaks position common in all samples. Dashed lines with green, blue, and
black color are used for visual guide of the peaks position of C=0 stretching in OA (1712 cm™)

and -NH; bending in OAm (1581 cm™), and a position at 1654 cm™.
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Discussion of the impact of OA/OAmM on the oxidation suppression

Because Au is chemically stable, therefore, to evaluate the effect of mixing OA and OAm in
chemical stabilization of metal nanoparticles, sputtering of Cu target was conducted. The
results help understand oxidation stability of Cu formed in liquids with different OA/OAmM
volume ratio. Immediate color change to blue from the top liquid surface was observed in the
dispersion of Cu OA/OAmM 1/0 after the synthesis and exposure to air. UV-Vis spectra reveal
the formation of Cu oleate with an absorption peak top at 680 nm for 0.5 h after the synthesis
(Figure 8). This can occur via oxidation of Cu with air and reaction of Cu oxide with OA
(scheme in Figure 8). The absorption peak of Cu oleate increased with exposing time and no
more change was observed after one day. The mixed liquids with higher viscosity and less
acidity than pure OA can be beneficial for shielding the dispersed particles from direct contact
with air and particle corrosion, respectively. It was observed that mixing with OAm (OA/OAmM
3/1 and 1/1) helped reduce the oxidation of Cu. UV-Vis spectra of sample Cu OA/OAm 3/1
shows that it took longer time for observing the absorption associated with Cu-oxide and/or
Cu-oleate and it took 2 days for the peak to be stable. Similar phenomenon was observed for
Cu OA/OAmM 1/1. The peak top of Cu OA/OAm 3/1 and Cu OA/OAm 1/1 is 1/3 and 1/2 that
of Cu OA/OAm 1/0, respectively. This indicates that the formation of Cu oxide and oleate was
suppressed and/or occurred at a lower speed. When higher amount of OAm was used, i.e.,
OA/OAm 1/3, UV-Vis absorption associated with oxidation and oleate formation was observed
after 0.5 h and increased with time which reached the stable state after 1 day. This is similar to
the phenomenon observed for Cu OA/OAm 1/0, but the peak top of Cu OA/OAm 1/3 is half
that of Cu OA/OAm 1/0. Thus, the overall results of mixing OA and OAm and OA itself
suggests that the deprotonation of OA by OAm to form carboxylate and amine cation for
stabilizing the particle can help suppress the oxidation of Cu. However, purification of Cu for

collecting the particles in powder form was challenging. As soon as solvents (hexane, acetone)

21



were added to Cu OA/OAm, the oxidation of Cu followed by its dissolution proceeded
substantially fast, resulting in no solid material after centrifugation. This phenomenon also
occurred (Figure S11) when we increased the sputter current to 100 mA for 20 min sputtering
for obtaining similar mass of Cu with expecting bigger particle size, thereby, to some extent,
lowering the oxidation and dissolution speed. TEM images of the as-prepared samples
sputtered at 100 mA for 20 min (TEM grid was dip for ~ 40 s in hexane) show some particles
left on the grid, which had similar sizes for both Cu OA/OAmM1/0 and 1/1 samples. In both
samples, Cu oxides were observed in SAED and HR-TEM (Figure S12). Thus, it can be
concluded that OA/OAmM mixture is better than pure OA in terms of slower oxidation and

dissolution of Cu, however, the oxidation still occurred at high speed upon purification.
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Figure 8. UV-Vis spectra of the obtained dispersions using OA/OAm with various volume
ratios over time. The peak associates with the formation of Cu-oleate (in Cu OA/OAm 1/0)
and/or Cu oxide (in Cu OA/OAm 3/1, 1/1, and 1/3). Black, dashed curve is the absorption
spectrum of the synthesized Cu(ll) oleate. The oxidation and dissolution to form oxidized

compounds (copper oxides (CuOx), and Cu-oleate) from the sputtered Cu particles in the OA

containing liquids is depicted in the scheme at the bottom of the figure.

23



Conclusions

The results in this study indicate the advantage of mixing OA and OAm to form more viscous
liquid and more powerful stabilizing capability as the matrix for sputtering of metal
nanoparticles. The size control and tunability (2.4-20 nm) as well as colloidal stability were
demonstrated for Au nanoparticles. The best uniformity and colloidal stability over time of Au
nanoparticles were achieved for OA/OAm 1/1 in which the reasons are ascribed for high
viscosity and synergistic stabilization effect by oleate and amine cations. The mixed liquid is
efficient dispersing medium over a year of storage. In addition, by mixing OA and OAm,

oxidation of metal nanoparticles could be suppressed compared with using only OA.
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Synopsis: Viscosity and interaction of oleic acid and oleylamine matrix help control particle size and

stability of the sputtered metal nanoparticles.
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