
Laser-Based Formation of Copper Nanoparticles in
Aqueous Solution: Optical Properties, Particle Size
Distributions, and Formation Kinetics*

Ashley J.Mulder,ARhysD. Tilbury,APhillip J.Wright,AThomasBecker,A

Massimiliano Massi,A and Mark A. BuntineA,B

ADepartment of Chemistry and Curtin Institute for Functional Molecules and Interfaces,

Curtin University, GPO Box U1987, Perth, WA 6845, Australia.
BCorresponding author. Email: m.buntine@curtin.edu.au

We explore the formation kinetics, optical absorption spectra, and particle size distributions of copper nanoparticles
(CuNPs) formed by direct laser ablation from the bulk metal via a process we refer to as Laser Ablation Synthesis in
Solution (LASiS). Comparisons are made between CuNPs formed in pure water versus those formed in the presence of
1� 10�4 M solutions of the N-donor ligands 4,40-bipyridine (4,49Bipy) and 1H-5-(4-pyridyl)tetrazole (T-4Py). CuNPs

formed in pure water and in the presence of 4,49Bipy display similar UV-visible absorption spectra and very similar
particle size distributions. In comparison, CuNPs formed in the presence of T-4Py display significantly different
absorption properties, with the surface plasmon resonance transition blue-shifted by ,55 nm, and a much smaller and

narrower particle size distribution compared with the former samples. Based on previous literature reports, it is possible to
ascribe these differences to differences in theCuNP surface oxidation states for samples prepared in the presence ofT-4Py.
However, an analysis of the formation kinetics of all three samples indicates near-identical behaviour.
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Introduction

Exploration of the chemical properties of metal nanoparticles
continues to attract considerable attention due, in part, to the
growing number of applications in which these materials are

being deployed.[1–4] Copper-based nanoparticles, in particular,
have been shown to offer new catalytic reaction pathways,[5,6]

and have the potential to increase the efficiency of water-based

cooling fluids in heat exchange[7,8] and reduce the coefficient of
friction in lubricating oils.[9–15] These applications have com-
monly exploited the addition of CuO nanoparticles to achieve

the desired outcomes. The thermal and chemical properties of
Cu nanoparticles have been shown to be dependent on the sur-
face oxidation states.[16–18]

In recent years, the use of laser-based methods to produce a

variety of metal nanoparticles has become increasingly com-
mon.[19–24] The laser-based preparation of copper nanoparticles
(CuNPs) has received attention,[25–27] in part owing to the

history of copper as a coinage metal. However, unlike, for
example, the laser-based formation of gold[23] and platinum[24]

nanoparticles, the susceptibility of CuNPs to surface oxidation

both during and following their formation has made studies of
CuNP chemistry more challenging.[28–30]

Muniz-Miranda et al.[31] have demonstrated that CuNPs

prepared via laser ablation in acetone do not form a surface
oxide layer and are quite stable in solution, whereas those

produced in pure water do have a surface oxide layer but are

relatively short-lived. These authors attribute the lack of stability
of these particles to ‘rapid aging through oxidation’ and fast
coagulation. The authors go on to recommend, ‘In general, it is

advisable to perform the ablation in solutions containing proper
particle stabilizers’.[31] CuNPs formed in the presence of aque-
ous solutions of 1,10-phenanthroline (phen) or 4,40-bipyridine
(bipy) have a surface oxide covering and are also quite stable in
solution. A key probe for the presence or absence of a CuNP
surface oxide layer is to monitor the surface plasmon resonance

(SPR) electronic transition. Muniz-Miranda et al. demonstrate
that oxide-free CuNPs result in an approximately 26-nm blue
shift in the maximum absorbance wavelength (lmax) of the SPR
transition, with the SPR lmax in acetone being 588 nmwhereas it

is 611 nm for CuNPs generated in aqueous solutions of phen and
614 nm for those generated in bipy.[31]

A critical question that remains to be addressed is to what

extent does the (aqueous) environment in which CuNPs are
formed by laser ablation affect the mechanism of their forma-
tion. In the present paper, we report on studies that employ

monitoring the CuNP SPR transition to probe the nanoparticle
formation kinetics in pure water and in the presence of two N-
donor ligands, 4,40-bipyridine (4,49Bipy) and 1H-5-(4-pyridyl)

tetrazole (T-4Py). CuNPs are produced by a technique we
refer to as Laser Ablation Synthesis in Solution (LASiS).[20,21]
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The technique involves focussed laser irradiation of a bulkmetal

target in a liquid. Previous studies from our laboratory have
involved the production of gold nanoparticles (AuNPs) encap-
sulated by anionic[19,21] and cationic[20] surfactants in aqueous

solution. A motivation for the study is to explore the fundamen-
tal chemistry involved in CuNP production in the presence of
N-donor ligands via the LASiS approach. In particular, we are
interested in how the N-donor ligands influence the formation of

CuNPs via LASiS and to compare the formation kinetics with
those determined for AuNPs.

Experimental Methods

N-Donor Ligands

The structures and abbreviated names of the N-donor ligands

used in this study are reported in Chart 1. 4,49Bipy was
obtained from Sigma–Aldrich and used as received without
further purification. T-4Py was prepared according to previ-

ously published procedures.[32]

Copper Nanoparticle Formation

The LASiS experimental method employed in our laboratory
has been previously reported.[19–21] Only salient details are
reported here. CuNPs were prepared in a manner similar to that

reported by Haram and Ahmad,[33] either in ultrapure water
(purified with aMerckMillipore Synergy UVwater purification
system; Millipore S.A.S, Molsheim, France) or in the presence

of either 4,49Bipy or T-4Py at a concentration of 1� 10�4 M.
Laser ablation was performed for 60min at 1064 nm using a
Continuum Surelite II Nd:YAG laser operating at 10Hz and

7.5mJ pulse�1. The laser radiation was focussed onto a solid
copper plate with a 250-mm focal length plano-convex lens. The
copper substrate is high-purity, electronic-grade, oxygen-free

copper alloy C101 (99.99%). UV-visible absorption spectra of
samples prepared by the method described above following
60min of 1064-nm irradiation were recorded using a Cary 4000
UV-vis spectrometer.

Atomic Force Microscopy

All samples synthesized following 60min of 1064-nm irradia-
tion were prepared for atomic force microscopic (AFM) anal-
ysis. The nanoparticles were deposited via spin-coating for

4min at 2000 rpm on a freshly cleaved mica substrate for the
AFManalysis. AFM topographymeasurements were performed
using a Dimension FastScan AFM system (Bruker, Santa
Barbara, CA, USA) in tapping mode operation. AFM probes of

type TESPA (Bruker) with a resonant frequency of 320 kHz, a
spring constant of 42Nm�1 and a tip radius of 8 nm were used
for the acquisition of all AFMdata. The data were processed and

analysed with the Gwyddion AFM analysis software pro-
gram.[34] Processing steps included data levelling bymean plane
subtraction, horizontal scar correction, and a plane level. If

needed, a second-degree polynomial background subtraction
was executed. The size distribution data of the imaged nano-
particles were extracted from the height distribution, i.e. the

diameter, of the nanoparticles, the data then being processed in
Sigmaplot

TM

to generate the size distributions. A representative
AFM image of CuNPs formed in 4,49Bipy is presented in Fig. 1.

Kinetic Studies of Copper Nanoparticle Formation

During LASiS-based formation of CuNPs, at regular intervals
up to 100min of irradiation time, a small portion of the sample

being irradiated was placed in a UV-vis spectrometer (PG
Instruments T90þ) where its visible absorption spectrum was
recorded. Errors in absorbance measurements between experi-

ments have a maximum uncertainty of�0.01 absorption units;
the uncertainty in absorbance within a given experiment
(investigating the same sample) is several orders of magnitude
smaller. These time-dependent absorption measurements were

used to explore the CuNP formation kinetics.

Results and Discussion

In amanner consistent with previous reports from our laboratory
on the formation and stability of AuNPs,[19–21] CuNPs are

directly prepared in aqueous solution by laser ablation.[35,36]

Although the SPR peak position of all metal nanoparticles
(MNPs) is affected by particle size and shape, the SPR peak

position and intensity in CuNPs are reported to be particularly
susceptible to oxidation at the NP surface, with the formation of
Cu2O and CuO.[28–30]

The UV-vis absorption spectrum of CuNPs in pure water,

produced after 60min of 1064-nm laser irradiation (at 10Hz, see
Experimental Methods), is shown as the solid grey trace in
Fig. 2. The spectrum has been normalized for the maximum

intensity of the SPR transition. The SPR transition has an
absorption maximum at ,650 nm, reportedly indicative of
oxidation of the nanoparticle surface.[30] Long and coworkers

have demonstrated that the peak of the SPR transition shifts to
,580 nm on removal of the CuNP oxide layer by treatment with
glacial ethanoic acid.[30] All experiments reported herein were
undertaken under identical conditions, with the only variable

N N

N
N

N

NHN

T-4Py4,4�-BiPy

Chart 1. Formulae of the ablation solution ligands and their corresponding

abbreviations used in this study.

600.0 nm

16.0 nm

0

Fig. 1. Typical tapping-mode AFM topography scan of CuNPs on a mica

substrate (3� 3 mm with 615� 615 data points). The height of the nano-

particles was extracted from the AFM data to generate the reported

histograms describing the particle size distributions. Agglomerates of

particles were excluded from the size distribution analysis.
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being the nature of the N-donor ligand present in solution during
the laser-based production of CuNPs. We thus assume that SPR

transitions for CuNPs formed in the presence of these ligands are
a measure of the presence or absence of CuNP oxidation, and
that CuNPs formed in pure water are oxidized.

Also presented in Fig. 2 are the normalized UV-vis spectra of
CuNP samples prepared in 1� 10�4M aqueous solutions of
4,49Bipy (long-dashed line) and T-4Py (short-dashed line).

Inspection of Fig. 2 indicates that CuNPs prepared in the
presence of 4,49Bipy display an SPR peak at wavelengths of
,630 nm, only slightly blue-shifted from that of CuNPs pre-
pared in pure water. This suggests that the surface chemical

composition and electron density are very similar for CuNPs
formed in pure water or the presence of 4,49Bipy. It is also clear
that the T-4Py ligand induces a significant blue shift of the

CuNP SPR peak of ,55 nm (to ,595 nm).
Based on the report of Long and coworkers,[30] we attribute

the T-4Py spectral shift to oxidation state changes of the CuNP

surface atoms. That is, the CuNP SPR spectral blue shift when
the nanoparticles are formed in the presence of T-4Py is
attributed to them being oxide free. This is a unique demonstra-

tion of the potentially profound influence of the ablation ligand
solution on the oxide-mediated plasmonic behaviour of the
laser-formed metal nanoparticle.

It has been well established that for larger MNPs (tens of

nanometre diameter), the peak position of the SPR transition is
influenced by nanoparticle size.[37] However, El-Sayed and
coworkers have reported consistently that for AuNPs of dia-

meters less than ,20 nm, this effect is not expected to be
significant.[38–40] Rice et al. discuss how copper and gold can
be expected to behave in a similar manner owing to both metals

having similar band structures and optical properties.[41] More-
over, these workers demonstrate that changes in CuNP optical
properties can be primarily attributed to changes in surface

oxidation rather than NP size. Sun et al. demonstrate that CuNPs
synthesized with diameters of 7.5 and 12.2 nm display very

similar absorption spectra.[42] Finally, El-Sayed and coworkers

show that CuNPs with diameters of 12 and 30 nm display nearly
identical absorption spectra.[43] Therefore, although we do not
expect the T-4Py spectral blue shift evident in Fig. 2 to be

attributable to significantly smaller particle size distributions for
CuNPs produced via LASiS in the presence of this tetrazole-
based ligand, a determination of the CuNP particle size distribu-
tions is required as confirmation.

Particle size distributions were measured via AFM. Repre-
sentative particle size distributions and associated cumulative
distribution functions fromAFMmeasurements for bare CuNPs

(those formed in pure water) and for those formed in the
presence of both 4,49Bipy and T-4Py are presented in Fig. 3.
To improve the statistics of the particle-size distribution deter-

minations, each histogram was generated by analysing multiple
images (see Experimental Method for details).

The particle size distributions for bare CuNPs and those
formed in the presence of 4,49Bipy in aqueous solution are very
similar, with the former having a maximum in the size distribu-
tion of 8 nm. The latter exhibit a size distribution maximum of
6 nm that is a little narrower, as indicated by the sharper

cumulative distribution function. Full particle size distribution
function statistics are presented in Table 1. Here, the uncertainty
in the measurements represent one standard deviation from the

mean. The distribution of CuNPs formed in the presence of
T-4Py is somewhat smaller and narrower (see Fig. 3), with a
maximum in the size distribution of 3 nm. As such, there may

indeed be a correlation between the observed SPR spectral blue
shift and the smaller particle size distributions of CuNPs formed
in the presence of T-4Py.

An important question to ask based on the data presented thus

far is ‘To what extent does the presence of the ablation ligand
solutions during LASiS influence the formation kinetics of the
CuNPs?’ We have previously reported the development of a

kinetic model for the laser-based formation of AuNPs under our
experimental conditions,[19,21] and we seek to explore the CuNP
formation kinetics using this same approach.

In Fig. 4 we present the absorbance at the SPR lmax as a
function of the number of laser irradiation pulses for CuNPs
formed in pure water (top panel) and in the presence of
1� 10�4 M 4,49Bipy (middle panel) and T-4Py (bottom panel).

The data points represent absorbance readings taken after a
specified number of laser pulses, whereas the solid lines repre-
sent fits using our previously published kinetic model,[19,21]

which is discussed below when applied to CuNP formation. A
key aspect of the equivalent kinetic data previously reported for
AuNP formation is that after ,2� 104 laser pulses, the SPR

lmax absorbance increases linearly, with significant curvature in
the data evident at early irradiation times.[19,21] For CuNPs, no
such linearity is observed over the timeframe investigated

(60000 laser pulses¼ 100min), indicating (from a kinetics
perspective) that a CuNP SPR lmax sink channel (or channels)
is operating concurrently with a source channel (or channels).
Moreover, the growth in the SPR lmax absorbance appears

qualitatively similar irrespective of the nature of the LASiS
ablation solution. This qualitative observation suggests that the
CuNP formation kinetics are not significantly different in the

presence of T-4Py compared with 4,49Bipy or pure water.
Further insight into the CuNP formation chemistry is

obtained by fitting the time-dependent absorbance data to an

appropriate kinetic model. As discussed, we have previously
reported a model that explains the production of AuNPs by our
LASiS approach.[19,21] This model was used to fit the
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Fig. 2. SPR-normalized UV-visible absorption spectra of CuNPs prepared

by laser ablation for 60min in pure water (solid grey line) and 1� 10�4 M

aqueous solutions of 4,49Bipy (long-dashed line) and T-4Py (short-dashed

line).
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experimental data presented in Fig. 4, and the quality of the fits
is evident by inspection. The basis for the model is presented in

Scheme 1. In brief, the model considers (i) CuNPs of a size too
small to support a SPR transition[37] (denoted CuNP(small)); (ii)
‘medium-sized’ CuNPs having a weak, but measurable SPR

molar absorbance (denoted CuNP(med)); and (iii) ‘large’ CuNPs
with a greater SPR molar absorbance (denoted CuNP(large)).
Interconversion between each type of CuNP is allowed, in
principle.

We have previously reported the rationale for employing a
three-size kinetic model for AuNP formation.[21] Importantly,
we demonstrated that a simpler two-size model invoking only

AuNPs too small to support an SPR transition (AuNP(small)) and
those able to support this transition (AuNP(large)) is not able to
account for the experimental observations under any circum-

stances. Importantly, in support of this previous work, detailed
analysis involving non-linear least-squares fitting of this two-
size model for CuNP formation also cannot account for the

experimental data presented in Fig. 4. This requires the more

flexible three-size model to be employed and points to the more
general applicability of the three-size kinetic model for LASiS-
based MNP formation.

The kinetic model presented in Scheme 1 contains up to 12
unique CuNP transformation channels. Rate expressions, all
first-order, for the formation of each type of CuNP (‘small’,

‘medium’ or ‘large’ CuNPs) immediately follow:

dðeSPR‘½CuNPðsmallÞ�Þ
dðpulseÞ ¼ ks þ eSPR‘f�k�s½CuNPðsmallÞ�

� ksm½CuNPðsmallÞ� þ kms½CuNPðmedÞ� � ksl½CuNPðsmallÞ�
þ kls½CuNPðlargeÞ�g;

dðeSPR‘½CuNPðmedÞ�Þ
dðpulseÞ ¼ km þ eSPR‘f�k�m½CuNPðmedÞ�

� kms½CuNPðmedÞ� þ ksm½CuNPðsmallÞ� � kml½CuNPðmedÞ�
þ klm½CuNPðlargeÞ�g;

dðeSPR‘½CuNPðlargeÞ�Þ
dðpulseÞ ¼ kl þ eSPR‘f�k�l½CuNPðlargeÞ�

� klm½CuNPðlargeÞ� þ kml½CuNPðmedÞ� � kls½CuNPðlargeÞ�
þ ksl½CuNPðsmallÞ�g

where all rate constants are defined in Scheme 1, eSPR refers to

the absorption extinction coefficient at the wavelength of the
SPR absorption maximum and l refers to an (arbitrary) absorp-
tion path length.

Table 1. Descriptive statistics of the particle size distributions deter-

mined by AFM of CuNPs generated by 60min of LASiS in the listed

solutions

Ligand [10�4 M] Mean [nm] Standard

deviation [nm]

Distribution

max [nm]

None (pure water) 12.7 7.4 8

4,49Bipy 10.2 5.0 6

T-4Py 5.4 5.1 3
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Fig. 3. Particle size distributions and cumulative function distributions of bare CuNPs produced by the LASiSmethod in purewater, together with those from

CuNPs formed in the presence of 4,49Bipy or T-4Py. See text for a discussion of these size distributions.
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As previously reported by us in relation to AuNPs,[21] at the

SPR absorption maximum wavelength (lSPR) contributions
from both the SPR absorption itself as well as a broader
absorption (and scattering) process are active. The relative

contribution of the SPR and non-SPR transitions in CuNPs
can be readily determined by irradiating LASiS-prepared nano-
particle solutions at lSPR. We have previously shown that in the

case ofAuNPs, laser irradiation at 532 nm results in nanoparticle
photofragmentation such that the SPR transition can no longer
be supported.[21] Undertaking equivalent laser irradiation

experiments for CuNP samples at 600 nm (5mJ pulse�1;

10-min irradiation; 250-mm focal length plano-convex lens)
completely destroys the SPR transition, leaving only the non-
SPR absorption contribution. The relative contribution of the

non-SPR absorbance at lmax is determined to be 073. Using the
well-established notion that the SPR extinction coefficient
increases with MNP size,[21,37] the CuNP absorbance at the

SPR lmax can thus be expressed as:

ASPRðlmaxÞ¼ elmax
‘f0:73ð½CuNPðsmallÞ� þ ½CuNPðmedÞ�

þ ½CuNPðlargeÞ�Þ þ X ½CuNPðmedÞ� þ Y ½CuNPðlargeÞ�g

where the values of X and Y represent the extinction coefficient
ratios of the SPR component of the SPR-supporting
nanoparticles.

Numerical integration of these rate expressions, combined
with non-linear least-squares fits to the absorbance data (includ-
ing allowing the values of X and Y in the equation above to vary)

yields the lines of best fit presented in Fig. 4. Themost important
aspect of the data fitting is that to generate the curves in Fig. 4,
only four of the twelve possible transformation channels are
required to fit the experimental data. However, unlike in the

previous studies into AuNP formation, a single unique solution
with a minimum set of parameters was not found. Rather, two
indistinguishable pathways are able to account for the experi-

mental observations. The values of the critical rate constants for
each ablation solution (pure water, or N-donor ligand solutions)
are reported in Table 2.

The data presented in Table 2 represent two four-parameter
fits to the experimental results that are indistinguishable. These
are identified as Scenarios 1 and 2. These two scenarios were the

only identified four-parameter fits to the experimental data. No
two- or three-parameter fits converged to agreement with
experiment. In our previous reports on the formation kinetics
of AuNPs,[19,21] we found that in all cases where surfactant (as

distinct from N-donor ligands in the present study) concentra-
tions were 1� 10�4 M or lower, only three channels were
required to fit the experimental data, viz., kl, km and k2m.

Attempts to limit fits to involving only these three channels
for CuNP production yielded x2 (residual) values up to two
orders of magnitude larger than those reported in Table 2.

Careful analysis of the resultant fits showed poor agreement
with experiment during the first 10min of LASiS irradiation.
This confirms the need to invoke a four-parameter fit to the

experimental data over the entire 100-min timeframe.

CuNP(small) CuNP(large)CuNP(med)

Cu(s)

ksl

kls

ksm

kms

k–s

ks

km k–m

k–l

kl

klm

kml

Scheme1. Model reaction scheme highlighting the reversible formation of

CuNPs too small to support an SPR transition, CuNP(small); those just large

enough to support an SPR transition, CuNP(med); and those large enough to

easily support an SPR transition, CuNP(large), frombulk copper, aswell as the

interconversion between the forms of copper.
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Fig. 4. Variation in absorbance of the CuNP samples in aqueous solution

with no N-donor present (top trace), with 1� 10�4 M 4,49Bipy present

(middle trace) and with 1� 10�4 M T-4Py present (bottom trace) as a

function of 10-Hz 1064-nm laser irradiation at the SPR lmax. See text for a

discussion of the phenomena involved.

1216 A. J. Mulder et al.



In both Scenarios 1 and 2, the production of ‘large’ (kl) and
‘medium’ (km) CuNPs directly from bulk copper is operative as

the source channels. There is no evidence of direct production of
‘small’ CuNPs. In Scenario 1, two sink channels are required to
account for the experimental observations. These the sink

channels represent the conversion of the ‘large’ (k2l) and
‘medium’ (k2m) CuNPs back to the bulk. In Scenario 2, only
one sink channel involves the return of ‘medium’ CuNPs back to

the bulk (k2m). However, this scenario also involves the conver-
sion of ‘large’ CuNPs into ‘medium’ CuNPs (klm).

To within the precision reported herein, both Scenarios 1 and
2 return near-identical rate constants for all ablation solutions,

with identical resultant x2 (residual) values. The key reason we
are unable to distinguish between the k2l (Scenario 1) and klm
(Scenario 2) channels is that these rate constants are each almost

two orders of magnitude smaller than the rate constant for the
dominant sink channel, k2m (see Table 2). Irrespective of
whether ‘large’ CuNPs return to the bulk (k2l) or convert into

‘medium’-sized CuNPs (klm), the rapid conversion of ‘medium’
CuNPs back to the bulk dominates. Interestingly, our previous
studies into the LASiS-based formation of AuNPs demonstrated

that the k2m transformation is the only operative sink channel,
yet the fourth parameter is required to adequately describe
CuNP formation.

An important conclusion from the kinetic analysis presented

above is that, apart from demonstrating the applicability of the
model to another MNP system in addition to gold, we have
demonstrated that although the CuNPs formed in the presence of

T-4Py have different optical (SPR transition lmax) properties
and particle size distributions, the formation kinetics are essen-
tially indistinguishable from those formed in the presence of

4,49Bipy or in purewater. This raises interesting questions about
the oxidation of copper during the NP formation process.

Recall that CuNPs formed in the presence of an aqueous
solution of T-4Py display optical absorption behaviour very

similar to those reported to be formed in acetone.[27] The
acetone-formed CuNPs are said to be oxide free. Thus, it is
possible to conclude that those formed here in the presence of

T-4Py are also oxide free. By contrast, CuNPs formed in pure
water or in the presence of 4,49Bipy display optical properties
consistent with reports of oxidation having occurred.[31] The

significantly smaller particle size distribution determined for

CuNPs formed in the presence of T-4Py compared with those

formed in pure water or the presence of 4,49Bipy would seem
consistent with different CuNP surface oxidation chemistry
occurring. However, the near invariance in the formation kinet-

ics of all CuNP samples reported herein suggests that there is no
significant difference in the formation chemistry. We are
undertaking further studies to unambiguously characterize the
CuNP oxidation chemistry as a function of LASiS ablation

solution.

Conclusions

We have explored the formation mechanism and properties of

CuNPs formed by direct laser ablation from the bulk metal via a
process we refer to as laser ablation synthesis in solution. Dif-
ferences in the optical properties and particle size distributions

of CuNP samples prepared in the presence of a 1� 10�4 M
solution of T-4Py compared with those prepared in pure water
and a 1� 10�4 M solution of 4,49Bipy are clear. Based on lit-
erature reports, these differences may be attributable to changes

in the CuNP surface oxidation chemistry under the former
conditions. However, analysis of the CuNP formation kinetics
under all experimental conditions shows, within experimental

uncertainty, identical formation rates. Apart fromdemonstrating
that our kinetic model previously developed to explore the
formation kinetics of AuNPs is more generally applicable, this

analysis suggests that different CuNP oxidation chemistry dur-
ing laser-based production is not operative. Further studies are
under way to better characterize this issue.
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