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TOPICAL REVIEW — The third carbon: Carbyne with one-dimensional sp-carbon

Pulsed laser ablation in liquid of sp-carbon chains: Status and
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This review provides a discussion of the current state of research on sp-carbon chains synthesized by pulsed laser
ablation in liquid. In recent years, pulsed laser ablation in liquid (PLAL) has been widely employed for polyynes synthesis
thanks to its flexibility with varying laser parameters, solvents, and targets. This allows the control of sp-carbon chains
properties as yield, length, termination and stability. Although many reviews related to PLAL have been published, a
comprehensive work reporting the current status and advances related to the synthesis of sp-carbon chains by PLAL is
still missing. Here we first review the principle of PLAL and the mechanisms of formation of sp-carbon chains. Then we
discuss the role of laser fluence (i.e. energy density), solvent, and target for sp-carbon chains synthesis. Lastly, we report the
progress related to the prolonged stability of sp-carbon chains by PLAL encapsulated in polymeric matrices. This review
will be a helpful guide for researchers interested in synthesizing sp-carbon chains by PLAL.
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1. Introduction

The ability of carbon to produce a wide variety of nanos-
tructures with different dimensionality and peculiar properties
is demonstrated by the last thirty years of intense research on
fullerenes (0-dimensional), nanotubes (quasi 1-dimensional),
and graphene (2-dimensional). Besides these widely investi-
gated systems, research has also looked for other carbon struc-
tures such as linear carbon and carbyne. Carbyne is the ideal
linear carbon structure (1-dimensional) made by an atomic
chain of sp-hybridized carbon atoms, representing the lacking
carbon allotrope after graphite and diamond.!'~* While car-
byne represents an ideal and infinite system, experimentally
available systems are finite in length and endcapped by ter-
minating atoms or functional groups. The longest sp-carbon
chain ever reported is composed of 6000 atoms and is encap-
sulated in a carbon nanotube (CNT), the so-called confined
carbyne, by annealing CNTs in the form of buckypaper at
1460 °C for 1 h in vacuum.®! Nishide ef al. encapsulate short
polyynes by PLAL in CNT employing organic solvent and
drying treatment.'%! Zhao er al. showed how to prepare long
polyynes by fusion reactions of polyynes long 10 atoms of car-
bon that take place inside a CNT.!”! Isolated chains up to 48
sp-carbon atoms can be synthesized by chemical methods em-
ploying large terminating groups as stabilizing systems against
crosslinking or even by polyyne rotaxanes.®~19 The simplest
finite sp-carbon chains are terminated by hydrogen atoms and
can be prepared by physical techniques such as submerged arc
discharge in liquid (SADL)!'!! and pulsed laser ablation in
liquid (PLAL).[">13] Other physical techniques showing the
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synthesis of sp-carbon chains and sp—sp> carbon moieties are
cluster sources based on laser ablation or arc discharge in gas.
All these techniques share a common approach based on the
production of a carbon plasma that is confined by a gas or a
liquid to reach the out-of-equilibrium conditions needed for
the formation of sp-carbon chains (i.e., high temperature and
pressure gradients). Physical techniques in liquid are very effi-
cient in the production of isolated carbon chains mainly in the
form of polyynes (i.e., single-triple alternating bond structure),
while only rarely has been reported the physical synthesis of
cumulenes (i.e., all-double bond structure). 1413

PLAL is the most widely employed technique among the
physical methods in liquid and shows advantages in the fine
control of the ablation parameters and the low amount of car-
bonaceous byproducts present in the solution. PLAL allows
one to employ non-conducting targets, non-solid targets such
as suspensions, and even no target at all by directly ablat-
ing the solvent. Thanks to this versatility the research on the
synthesis of polyynes by PLAL has seen advances in the last
15 years in terms of control of the produced polyynes, max-
imum length achieved, and understanding of the formation
mechanisms by in situ characterization!'®) and nuclear mag-
netic resonance measurements.[!718] Moreover, PLAL has
been shown to produce polyynes in a polymeric solution for
the realization of nanocomposites.[19] In literature, the forma-
tion of polyynes was confirmed by spectroscopy characteri-

p,[21-24

zation as UV-Vis absorption,?’! IR absorptio 1 Jaser-

induced fluorescence,[®! laser-induced phosphorescence,[zé]

Raman,?7-28] and resonance Raman.[17-29]
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Here we review the status and progress made in the syn-
thesis of polyynes by PLAL with a focus on the role of the
main process parameters in the polyyne formation. To this
aim, the work is organized in a first section devoted to the
discussion of the principles of PLAL and the mechanisms of
formation of polyynes by PLAL. Three sections focus on the
role of the main parameters affecting the polyyne formation,
namely the laser fluence (i.e., energy density), the solvent, and
the target material. The last section reports the advances in the
development of polyynes embedded in polymeric materials to
form nanocomposites showing prolonged stability. Based on
our work and the literature, the discussion aims at reporting
a comprehensive review of the state of the art underlining the
crucial aspects to be considered when synthesizing polyynes
by PLAL.

2. Synthesis of polyynes by pulsed laser ablation
in liquid: principles and formation mecha-
nisms

In this section, we will summarize the main phenom-
ena that characterize pulsed laser ablation in liquid (PLAL),
mainly focusing on the case of ns-pulse lasers that were largely
used in the production of sp-carbon chains. We will briefly
introduce the main differences between ultrashort (=~ 1 fs—
100 ps) and short (= 100 ps—1 ns) laser pulses. Moreover,
we will illustrate the proposed mechanisms of formation of
sp-carbon chains and the influence of the process parameters
on the production, including a systematic study on PLAL pa-
rameters with acetonitrile. Finally, different in situ approaches

will be described to directly investigate the formation of sp-
carbon chains by PLAL.

2.1. Fundamental process occuring during PLAL

Before hitting the target, the laser beam passes through a
liquid layer that could extend from a few millimeters to sev-
eral centimeters in height (see Fig. 1). The effect of the liquid
layer on the laser beam should be considered when calculating
the deposited laser fluence onto the target, to analyze possible
defocusing effects and the optical absorption of the liquid it-
self. For example, it was found that the production of noble
metal nanoparticles is influenced by the height of the solvent

t.130-321 Moreover, the effect of the liquid

above the bulk targe
meniscus on the laser spot dimension, and thus on the laser
fluence, may be non-negligible, as discussed in Refs. [16,33].
In general, a good solvent (or solution) for PLAL experiments
should be transparent at the selected laser wavelength to max-
imize the fraction of laser energy that reaches the target or,
at most, the absorbed energy must be negligible compared to
that reaching the target surface. Usually, this condition is ful-
filled in PLAL experiments, even if some exceptions should
be considered, for example, the presence of absorbing solute
molecules, powders, or some nanomaterials (e.g., nanoparti-
cles) that can significantly absorb the laser beam. The solvent
employed in PLAL ranges from water to organic solvents, but
also more unusual liquids (e.g., ionic liquids or sol-gels) have
been used. The laser fluence is usually limited to specific
values to avoid optical breakdown or other nonlinear effects
within the liquid,?*7) even if some experiments may require
these conditions.
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Fig. 1. Scheme of the time evolution of the different phases of PLAL by fs (upper timescale) or ns (lower timescale) lasers. Formation of polyynes is
assumed to happen during the plasma lifetime, though it has not been yet demonstrated. See the text for more details.
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When the laser pulse hits the target, in general, the elec-
trons of the target absorb the optical energy and are heavily
heated up. Moreover, several nonlinear optical processes may
occur, usually more pronounced with ultrashort pulses, such as
multiphoton absorption and direct photoionization. 342! Sub-
sequently, the large amount of energy absorbed by the target
induces the detachment of materials from the target by ther-
mal and coulombic processes, within a volume approximately
equal to the spot size.[384344 The recoil pressure of the ab-
lated material generates two shockwaves traveling both into
the target and into the liquid (see Fig. 1), at a supersonic speed
(> 103 m/s).[4547]

These highly ionized and energetic species can be consid-
ered as a strong out-of-equilibrium plasma. Plasma tempera-
ture, pressure, and density are approximately 10° K, 10'° Pa,
and 10%*~23 cm™3, respectively.[*>#8-521 If the laser pulse is
comparable to the plasma lifetime (tens or hundreds of ns, as
reported in Fig. 1), then the plasma plume can absorb the laser
pulse — a phenomenon called plasma shielding—extending its
duration and preventing further absorption of the laser beam

38.33-551 The plasma plume expands after the

by the target.!
first 1 ns—10 ns (see Fig. 1) when it starts to be quenched
by the surrounding solvent. Indeed, the presence of a liquid
layer strongly confines the plasma plume compared to ablation
experiments performed in vacuum or low-pressure gas atmo-
sphere, reducing the area of target ablation to approximately
the laser spot and increasing the temperature and pressure in-
side the plasma.[3831:56571 At the plasma-liquid interface, the
high temperatures cause the degradation, ionization, and py-
rolisis of the solvent molecules.>'-38-%1 During this process,
highly reactive species (e.g., radicals, fragments of molecules,
and ions) can be generated and can react with the ablated target
species. >0 Tt is reasonable to assume that these processes
occur already during the plasma generation, thus from the pi-
cosecond time scale on, even if direct proofs are still missing.

As the plasma cools down, its thermal energy is trans-
ferred to the surrounding liquid that forms a hot vapor region,
called cavitation bubble, approximately 1 us after the laser
pulse (see Fig. 1). The bubble travels with supersonic speed
in the liquid, expanding and being cooled by the liquid. The
formation and the collapse of the bubble are accompanied by
the generation of shockwaves that propagate both toward the

t.[05-701 Although it is not clear if nanoma-

liquid and the targe
terials are formed during the plasma stage or within the cav-
itation bubble, it is reasonable to assume that the products of
the ablation travel in the front of the cavitation bubble or in-
side it.[3%70-74 Finally, the products of the ablation process are
rapidly spread over the surrounding liquid traveling with the
fast shockwaves (> 10° m/s). Considering the repetition rates
of the lasers employed in PLAL experiments, which usually
are 1 Hz—-100 Hz for ns-lasers and 1 kHz—10 kHz for fs-lasers,

the nanomaterials are already far away from the ablation site

before the laser hits again and thus can be considered as so-
lutes for the next incoming laser pulse.

Depending on the pulse duration (Tpyise), some differ-
ences can exist in the processes occurring during PLAL. In
principle, electronic and lattice heatings by the laser pulse
are temporally separated occurring at a time scale of (=
10~ 14~=12 5y and of (= 10712~ 105), respectively (see Fig. 1).
This is true when fs-lasers are employed when Tpye < ps.
In addition, nonlinear effects such as direct solvent dissocia-
tion, self-focusing, white light generation, and filamentation
are far more probable in this case than in ns-lasers.37.7>76]
When Tyuise > ns, instead, the absorption, heating, and energy
transfer from the electrons to the lattice occur simultaneously
(see Fig. 1) and plasma plume and the laser pulse overlap.

In the following, we will focus on ns-PLAL since most
of the works dealing with the physical synthesis of sp-carbon

chains employ this kind of lasers.

2.2. Mechanisms of formation of polyynes by PLAL

Despite the increasing number of works on the investi-
gation of sp-carbon chain properties and synthesis, a com-
plete and fully comprehended description of the formation of
polyynes during PLAL is still missing. One of the possible
reasons can lie in the fact that the fast time scales of the abla-
tion processes do not allow simple observation of the chemi-
cophysical reactions that bring to the formation of sp-carbon
chains. Moreover, the ablation environment is an intricate
system to be modeled and the current numerical simulations
cannot solve simultaneously the growth of nanomaterials, the
evolution of a strongly confined plasma plume, and the fast
chemical reactions involving both the solution and the target
material. It is, thus, difficult to predict and precisely select the
class of carbon nanomaterials formed during a PLAL exper-
iment. Indeed, each ablation simultaneously produces more
than one kind of carbon nanomaterials, from carbon quan-
tum dots (OD) to carbon nanotubes (1D) and graphene sheets
(2D).7778] By varying PLAL parameters, like the solvent, flu-
ence, laser wavelength, repetition rate, and pulse duration, we
can promote the formation of a certain type of carbon nanoma-
terial compared to the others. In general, it is widely acknowl-
edged that sp-carbon chains can be synthesized by PLAL and
the formation occurs during the plasma plume phase of the ab-
lation since these strong out-of-equilibrium conditions favor
their nucleation (see Fig. 1).[111:12]

In this framework, few models have been proposed over
the years that try to illustrate the formation of sp-carbon chains
during PLAL. In particular, these models refer to the forma-
tion of polyynes since none has detected cumulenes synthe-
sized by PLAL so far, to the best of our knowledge. The most
acknowledged model was advanced by Tsuji et al.!'”! and
is focused on ns-PLAL. This model suggests that hydrogen-
capped polyynes follow a step-wise growth by the addition
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Fig. 2. Scheme of the formation of polyynes during PLAL process. The polymerization reaction could occur via carbon atoms (Cy), C; or larger (Cp)

radicals. The termination process can involve different terminations (R and R’).

of C; atoms or larger radical or fragments (from C, on), as
shown in Fig. 2. This elongation process, called polymer-
ization, competes with the hydrogenation process that instead
tends to terminate the chain with a hydrogen atom.!'”! The
carbon radicals needed for the polymerization mechanism are
mainly provided by two sources: a carbon-based target or
powder and an organic solvent.5°! Indeed, after the absorption
of the laser beam, several atomic layers of the target or sus-
pended particles surface are atomized, generating free carbon

[12,13.59.791 Moreover, the high tem-

ions, atoms, and radicals.
peratures reached in the plasma plume induce the degradation
of the solvent promoting the release of carbon atoms and/or
C, radicals.['>13-5%791 Solvent molecules may also be di-
rectly fragmented by the high power density (> 10> W/cm?—
10'® W/cm?) generated by short pulses.[?-80-83] The processes
involving solvent molecules are fundamental since provide ad-
ditional carbon radicals, promoting the polymerization pro-
cess, but also produce other radicals essential for the hydro-
genation process. Indeed, the hydrogen atoms or ethynyl rad-
icals C,H needed for the hydrogenation process (see Fig. 2)

12,1391 The hydrogenation

can only come from the solvent.!
process can also involve atoms different from hydrogen, like
CN, CHs;, or more complex terminations, and in this case we
talk about the termination process!!>18:2439-84=80] aq will be
extensively described in Section 4. In this sense, we per-
formed an ablation of a graphite target in water where methyl-
terminations were found even if no methyl radical can be di-

t.°1 Thus, we proposed that

rectly produced by the solven
the formation of the —CH3 termination happened by the ad-
dition of three H atoms to the terminating part of a growing
chain. On the contrary, despite the use of aromatic compounds
as solvents, like benzene and toluene,!'? none has demon-
strated the formation of phenyl-capped polyynes or similar
compounds. The lack of bulkier terminations in polyynes pro-
duced by PLAL is a consequence of the peculiar conditions
of the plasma plume and its surroundings. Indeed, solvent
molecules can be atomized or broken into several small frag-
ments, thus if these building blocks reorganize themselves in
aromatic rings, probably they tend to produce other structures
(e.g., sp> molecules) than terminate sp-carbon chains.

The degree of polymerization and termination of sp-
carbon chains are strongly influenced by several ablation

parameters: the pulse duration, wavelength, and pulse

[12.59.87-891 Furthermore, the ablation solvent plays a

energy.
critical role since it determines the liquid environment in
which sp-carbon chains grow, varying the class of the possi-
ble terminations, the confinement and the thermal exchange
rate with the plasma plume, and the stability of sp-carbon

39.87.901 The radical production of the solvent is also an

chains. !
important aspect since the proposed mechanism for the growth
of sp-carbon chains is based on radical reactions. The effect
of the solvent will be discussed in more detail in Section 4.
Regarding the effect of the pulse duration on the synthe-
sis of carbon nanomaterials by PLAL, longer pulses (ms) have
proven to better produce nanodiamonds, while shorter pulses
(= 1 fs—100 fs) are necessary to break the C—C and C-H bonds
of the organic solvents and create C radicals.!”%80-°1] The pulse
duration also affects the formation of polyynes by PLAL since
no sp-carbon chain was detected using long pulses, and indeed
ns and fs pulses were mostly employed. Despite the different
dynamics of the overall ablation process (as shown in Fig. 1),
there are still no shreds of evidence that indicate different
mechanisms of formation of sp-carbon chains by employing
ns or fs lasers. Indeed, the growing mechanism of polyynes
by fs-laser ablation proposed by several authors is basically
similar to the one of ns-PLAL. The power densities reached
in the filament produced by femtosecond lasers in the solvents
are so high that the solvent undergoes direct dissociation in

(29.80-831 In this way, short

atomic, molecular, and parent ions.
polyynes or cumulenes such as HC,H, H,C3H,, and HC4 may
be formed in a single-step process. Long polyynes, instead,
cannot be formed directly from parent ions of the solvent and
thus they must require several secondary reactions.?-80-831 In
particular, Zaidi et al.'3*) proposed that long polyynes can be
formed by reacting with shorter cumulenes or polyynes al-
ready formed with C*, C2+ or C3+ ions, elongating the chains
of several units. This last mechanism is quite similar to the
radical growth experienced by polyynes in ns-PLAL, except
that here the building blocks are ionized species.

The laser wavelength determines the ablation thresh-
old and the synthesis yield for the formation of carbon
nanomaterials.[”8! Tn general, longer wavelengths favor the
production of carbon nanomaterials, while shorter wave-
lengths promote the growth of sp3-rich or oxygenated carbon
nanomaterials.[°>~%%! Regarding the synthesis of polyynes, the

effect of the wavelength was analyzed by Matsutani ez al.,[®7]
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Park et al.,® and Tsuji et al. [38] The first two works em-
ployed solid targets and different solvents, methanol, and n-
hexane in Ref. [8§7] and water in Ref. [89]. They found that the
production yield of polyynes and the maximum chain lengths
grow with increasing wavelength. In this geometry, short-
wavelength laser beams are more probably absorbed or scat-
tered by impurities or byproducts of the ablation, thus dimin-
ishing the fraction of laser energy that reaches the target.[®7]
Moreover, long polyynes (e.g., from HCyoH on) start absorb-
ing UV lasers and can be fragmented by the energetic laser
beam.!'®871 On the contrary, based on the results of Tsuji et
al.,!38] if the target is a suspension of carbon-based nanopar-
ticles, the formation yield of polyynes grows as the wave-
length decreases regardless of the solvent. In these cases,
we can assume that micro-plasma regions are formed in the
surroundings (= 100 um) of each carbon particle. As a con-
sequence, due to the low concentration of carbon and termi-
nating radicals, only small polyynes are produced in a lower
quantity.87-881 Moreover, shorter wavelengths have a larger
probability to be absorbed by the carbon powder improving

the yield in the case of graphite or fullerene powders. 87881

2.3. Investigation of the formation of polyynes via PLAL
by in situ techniques

During the last years, the use of in situ characterization
techniques has largely expanded granting a direct investiga-
tion of several phenomena and processes in a wide variety of
fields. Regarding the synthesis of nanomaterials by PLAL,
several techniques have been employed to analyze the differ-
ent aspects of PLAL depending on the objective. However, the
time scales involved, from a few fs to tens of ms, complicate
the analyses and reduce the number of characterization meth-
ods that can be exploited. Time-resolved shadowgraphy has
been used to investigate the shape of the plasma plume and
the cavitation bubble and to observe the shockwaves produced
during the ablation process.>% Optical emission spectroscopy,
instead, is mainly exploited to characterize the species con-

30511 Other techniques can

tained inside the plasma plume.|
imply the use of x-rays, UV, or visible light to investigate the
ongoing synthesis or specific properties of the growing nano-
materials.

Only a few examples of in situ analyses can be found
in the literature regarding the synthesis of sp-carbon chains
by PLAL. Hu er al.,'®%) Zaidi er al.,'’®>%1 Sato er al.,[*]
Wesolowski ez al.[83] investigated the synthesis of polyynes by
direct irradiation of solvents with femtosecond laser pulses. In
these papers, they employed time of flight mass spectroscopy
as the detection technique that, in this specific case, can be
considered equivalent to an in situ method. In this way, it is
possible to investigate the products of the dissociation of the
solvent or gas phase in which the ablation occurs and better un-
derstand the processes that lead to the formation of polyynes.

Though they did not observe directly the growth of sp-carbon
chains, these studies helped to understand the growing mech-
anism of polyynes in the case of fs-PLAL without the use of a
solid or powder target.

Taguchi et al. focused on the analysis of the plasma plume
by optical emission spectroscopy generated by ns and fs ab-
lation of hydrocarbon gas flow.””! Again, by employing this
characterization technique, it is possible to achieve informa-
tion about the species in the plasma plume that are the building
blocks for the formation of polyynes. The authors observed
the characteristic C, Swan band in the emission spectra which
is responsible for the formation of carbon clusters and also
polyynes. They also have the hints of the production of a con-
siderable amount of C,H even if they did not have direct evi-
dence from emission spectra due to the superposition of other
strong signals. In conclusion, in situ technique helped the au-
thors to better understand the efficiency of production of long
polyynes by changing the hydrocarbon gas.

In this framework, we studied the polyynes formation in
solvents with nanosecond laser employing surface-enhanced
Raman spectroscopy in two different works.[1%%81 In the first
work, we developed a surface-enhanced Raman scattering sub-
strate to investigate the formation of polyynes during PLAL
in acetonitrile (see Fig. 3).['®) We exploited the Raman sig-
nal enhancement given by the interaction of metal nanoparti-
cles on the substrate with polyynes in the ablation solvent to
acquire SERS spectra during 60 min of ablation in acetoni-
trile (see Fig. 3(a)). In such a way, we observed the signal of
polyynes but also of the sp>-like byproducts that we used to
evaluate the efficiency of the synthesis and the ongoing degra-
dation phenomena (see Figs. 3(b) and 3(c)). One of the ad-
vantages of this technique consists in the improved sensitiv-
ity that allowed us to record information about the synthesis
even when the concentration of polyynes is too low for con-
ventional Raman, in particular at the beginning of the ablation
and in the case of longer species. Even if the time resolu-
tion of this technique cannot achieve the timescales of the for-
mation of polyynes, our in sifu technique is the first one to
achieve a direct visualization of the growth of polyynes during
the ablation. Moreover, we found that degradation processes,
as crosslinking reactions, start almost synchronously with the
formation of polyynes by PLAL and they depend on the con-
centration of polyynes and byproducts, as well as on the length
and termination of the chains.

In the second work, we studied a solution of polyynes in
poly(methyl methacrylate) (PMMA) dissoluted in acetone and
silver nanoparticles. The formation of sp-carbon chains was
characterized by in situ surface-enhanced Raman spectroscopy
measurements taken every 3 minutes of ablation, stopping the
laser of PLAL, as shown in Fig. 4(a).[”®! The sp? and sp carbon
signals start to be well defined after 6 minutes of ablation of
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graphite target. During the ablation, the sp> band is very broad
and does not reach the same intensity of sp signals, which are
characterized by four distinct features. To focus on the trend
of sp-carbon chains over time, SERS spectra were limited to
the sp region as reported in Fig. 4(b). Up to 15 minutes of
ablation the sp signal increases and then decreases between
16 min and 27 min. Additional SERS measurements were per-
formed after 2 min and 4 min of break, i.e., without ablation,
promoting another increase of sp signal. After other 3 min of
ablation, a further decrease of the sp intensity was observed.
This peculiar behavior can be associated to the degradation of
polyynes due to the laser irradiation, the saturation of SERS
active sites of Ag nanoparticles or to the resizing and reshap-
ing of metal nanoparticles by ns-laser pulses.””) Ag nanopar-
ticles can aggregate and diffuse in the liquid during the break,
allowing SERS signals to grow again while, re-irradiating, sil-
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ver nanoparticles were reshaped promoting once more the de-
crease of the sp signal.

Further development of in situ methods similar to the lat-
ter will help to better understand the mechanisms of formation
of polyynes and also the effect of the different parameters (e.g.,
laser, target, and solvent) on the synthesis yield of polyynes.
In general, ultrafast and high-gain techniques are required to
acquire enough information in the shortest timescale possible.
Ideally, probes with characteristic times of the order of fs to ns
are required to follow the inner formation of polyynes in the
plasma phase. Exploit resonances or inner signal amplifica-
tion of polyynes can be beneficial to reduce the measurement
times. In this sense, the recent advances in synchrotron light
sources, ultrafast laser setup, and free electron lasers are en-

couraging the improvement of in sifu techniques.
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Fig. 3. (a) The 2D plot of the evolution of the SERS signal during ablation in acetonitrile. (b) SERS spectra of the species attached to the SERS substrate at
fixed time intervals. Dashed colored vertical lines bound the sp? (1000 cm™'~1700 cm™') and sp (1800 cm™'-2200 cm™!) spectral regions. (c) Integrated

areas of the sp2 (Asp2 s

1000 cm~'-1700 cm™!) and sp (Asp, 1800 cm 12200 em™ 1) regions as a function of time. (d) Scheme of in situ surface-enhance

Raman scattering setup. A polyethylene pellet functionalized with silver nanoparticles is attached to the glass vial with a polyvinyl alcohol layer as binder.
The Raman laser beam is focused on the pellet surface from outside the glass vial. The ablation laser (PLAL laser) is directed on the graphite target far away

from the pellet.[1¢]
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Fig. 4. In situ SERS measurements (excitation line at 532 nm) performed between consecutive ablations of graphite in PMMA solution with Ag nanoparticles
for a total ablation time of 30 minutes. (a) Spectra with sp? and sp signals marked. (b) Focus on SERS sp signals in time: increase (left), decrease (centre)

and after breaks (right).
3. The role of fluence in synthesis of polyynes

Laser fluence is one of the most important parameters
concerning the synthesis of nanomaterials through laser abla-
tion. Indeed, the rate of growth of nanomaterials and many of
their properties can be directly connected to the choice of the
laser fluence employed in ablation experiments. Regarding the
synthesis of carbon nanomaterials by PLAL, it was observed
that higher fluence contributes to the formation of multilayered
structures and more irregular geometries and promotes phase
transitions towards diamond-like nanomaterials.[”3! Lower flu-
ence, instead, favors restacking and structuring of layered
structures but decreases productivity.!”®! However, the contri-
bution of the fluence to the formation of sp-carbon chains has
not been yet investigated in detail. Indeed, the throughput of
PLAL experiments with similar conditions seemed to be very
different, as reported in the works listed in Sections 4 and 5.
Also, the geometry of the ablation process appears to heavily
affect the synthesis of sp-carbon chains. Moreover, the de-
tection method employed can determine the ability to observe
specific sp-carbon chains.

In this framework, we propose a systematic study of the
synthesis yield of sp-carbon chains, in particular polyynes, by
PLAL in acetonitrile by deeply analyzing the two main param-
eters that contribute to the fluence, namely the laser energy and
the spot size. We have chosen acetonitrile due to the possibility
to synthesize a wide range of polyynes both in terms of chain
length and terminations.!!83°) We analyzed the solutions of
sp-carbon chains through high-performance liquid chromatog-
raphy (HPLC), as described in our works.!'®>*! HPLC turned
out to be one of the best detection methods to analyze the mix-
tures of polyynes in the most complete way. Indeed, simple
UV-Vis absorption spectroscopy does not allow efficient de-
tection of the different size- and termination-selected polyyne,
and the absorption of byproducts makes challenging the es-
timation of the concentration of polyynes.*?%97 From the
experimental point of view, we employed a graphite target of

8 mm in diameter sunk in the glass vial with 2 mL of ace-
tonitrile. The total height of the liquid above the target was
approximately 24.7 mm which is an important parameter to es-
timate the fluence. The laser beam passed through a lens with
a focal length of 200 mm and the target-to-lens distance was
varied to control the dimension of the spot size. The laser em-
ployed for the ablations was an Nd: YAG pulsed laser (Quantel
Q-Smart) operating at 10 Hz with a pulse duration of 6 ns. The
ablation time was fixed to 15 min for all the experiments. We
calculated the fluences following the method illustrated in the
Supporting Information of our paper.!%!

We first focused on the synthesis yield of hydrogen-
capped polyynes (HC,H) by looking at the fluence as the
parameter of merit. Figure 5(a) shows the concentration of
HCgH at different fluences that correspond to different combi-
nations of spot radii (size of circles) and laser energies (color
of circles). The production of HCgH does not show a clear ten-
dency with the fluence. Indeed, similar values of deposited flu-
ence, related to different pairs of spot radii and laser energies,
resulted in a completely different synthesis yield of HCgH. We
discovered analogous behaviors for all the detected hydrogen-
capped polyynes, i.e., from HC¢H to HCy,H. Thus, we can-
not rely only on the fluence to predict the synthesis yield of
polyynes but we should look singularly at the effect of the spot
size and laser energy also to better understand their roles. This
observation was already encountered in many studies in which
the synthesis yield, shape, and chemistry of nanomaterials are
affected in different ways by separately tuning the laser en-
ergy or the spot area.!!%-104] Indeed, in ablation experiments,
the spot size of the laser beam onto the target plays a simple
and intuitive role. Assuming a condition above the ablation
threshold of the employed target material, an increase of the
spot size increments the amount of material ablated, and thus
the synthesis yield is improved as a consequence. Instead, the
laser energy can have a more intriguing effect since not al-
ways an increase in this parameter coincides with a growth of
the synthesis yield.
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Fig. 5. (a) Experimental concentration of HCgH extracted from HPLC analysis of polyyne mixtures obtained at different fluences. The color scale follows
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circles, same as in panel (a), HCgH in panel (c), HC§CHj3 in panel (d) and HCgCN in panel (e) as a function of the spot radius and the laser energy. The
different 2D surfaces are obtained from a fit of the experimental points of each corresponding polyyne.

To investigate these parameters in the case of the produc-
tion of hydrogen-capped polyynes in acetonitrile, we gradu-
ally varied the laser energy and the spot size. Figure 5(b) re-
ports the experimental results, i.e., the concentration of HCgH,
reported by the colored circles, is fitted with an ad hoc func-
tion to predict the production of HCgH in conditions that have
not been tested experimentally, due to the possible presence of
dangerous splashes and the flammability of acetonitrile at high
fluences (e.g., at small spot radii and high energies). As shown
in Fig. 5(b), the growth of production yield of HCgH follows a
sigmoid-like shape, increasing as the overall fluence increase.
However, this behavior seemed to change in the case of siz-
able fluences featuring small spot radii where we observed a
decrease in the synthesis yield both in the experimental and fit-
ted data. The synthesis yield is also varying by increasing the
length of the chain as can be observed passing from Fig. 5(b),
i.e., HCgH, to panel (c), i.e., HC{cH. Indeed, the concentration
of HC¢H features a maximum at 86.5 mJ/pulse and 1.50 mm
of spot radius (fluence of 1.22 J/em?) and shows a limited re-
gion in which the formation of this polyyne is favored.

The results reported in Figs. 5(b) and 5(c) suggest that
high laser energies have beneficial effects if the spot radius
is larger than approximately 1.5 mm for quite every chain.
It seems that longer hydrogen-capped polyynes are produced
with higher efficiency for fluences less than 1 J/cm?, while
shorter chains are promoted for increasing fluence. Indeed, the
longest polyyne ever produced by PLAL, namely HC3oH, %!
was synthesized by ablation in decalin with a fluence of
0.57 J/cm?. In this sense, we can assume that for higher flu-
ences, other carbon nanostructures can be favored by PLAL
synthesis instead of long polyynes.!””-1%! Moreover, it should

exist an optimized concentration ratio between ionized carbon
atoms, carbon radicals, and terminating groups (in this case
atomic hydrogen) to promote the formation of long polyynes
compared to shorter ones or more stable allotropes of carbon.

Despite hydrogen-capped polyynes, we analyzed the
synthesis yield of methyl- and cyano-capped polyynes, in
Figs. 5(d) and 5(e), respectively. In particular, we chose
HCgCH3 and HCgCN to compare them with HCgH since
they are the most concentrated species of methyl- and cyano-
capped polyynes, respectively. As can be noted, the synthesis
yields of these two chains follow a trend with the analyzed
parameters, i.e., laser energy and spot radius, similar to that
of the corresponding hydrogen-capped polyyne. We can con-
clude that the formation mechanism and the influence of the
process parameters in the case of short hydrogen-, methyl-,
and cyano-capped polyynes are quite similar. However, the
concentrations of these species (i.e., HCgCH3 and HCgCN)
are almost one order of magnitude less than the corresponding
hydrogen-capped polyyne (i.e., HCgH). These results point out
a completely different efficiency of formation, probably con-
nected to a smaller availability of terminating groups as each
acetonitrile molecule can provide at most one -CN and one
—CH3s, while, in principle, it could supply 3 H atoms.

4. Solvent effect on sp-carbon chains synthesis

In this section, we focus on the effect of the solvent on
the synthesis of polyynes by PLAL. The solvent can indeed
have a crucial role in the formation of polyynes by acting as
a carbon source (if it is an organic solvent) and by providing

terminations. [!8:107]
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All types of polyynes synthesized by the pulsed laser ablation of a solid graphite pellet in a liquid are reported in Table 1,

which is divided into two different macro-groups: experiments performed in aqueous solutions and in organic solvents.

Table 1. Polyynes obtained from the ablation of a graphite pellet in different solvents.

Solvent A Freqgeuncy duration T Fluence, Energy pulse, Spot size

Polyynes

Aqueous Solutions

Water108] 1064 nm 10 Hz, 5 min 7 ns 5.1 J/cm?2, 160 mJ, 2 mm
Water[10] 532 nm 10 Hz, 20 min 5ns 0.4 J/cm?
Water!79-110] 532 nm 10 Hz, 20 min 5ns 0.4 J/cm?
Water!5! 532 nm 10 Hz, 15 min 6 ns 2.8 J/cm?
Water (841 532 nm 10 Hz, 20 min 5ns 0.5 J/em?
Water[39] 1064 nm; 10 Hz, up to 60 min 5ns 1.3 J/cm?, 20 mJ-40 mJ
532 nm;
355 nm;
266 nm
Water at different pH!!'!l 1064 nm 10 Hz, 20 min 5ns 40 mJ, 2 mm
Water + D, 0112 1064 nm 10 Hz, 20 min 5ns 40 mJ, 2 mm

C,H, (n=38, 10)
C,H, (n=6-10)
C,H, (n=6,8)
C,H; (n = 6-10), HCgCH3
C,H; (n=6,8)
C,H; (n =6-10);
C,H, (n=6-10);
C,Hy (n = 6-10);
C,Hy, (n=6,38)
C,H, (n=6-10)
C,H, (n=6-10)

Organic solvents

Acetonitrile[79:110] 532 nm 10 Hz, 20 min 5ns 0.4 J/cm?
Acetonitrile 532 nm 10 Hz, 20 min 5ns 0.5 J/em?
Methanol
c-hexane!8%

Ethanol 113 1064 nm 1 Hz 9 ns 20-200 mJ
Decalin!!!4] 532 nm 10 Hz, 15-80 min 5ns 0.31 J/em?
n-hexane!!19] 532 nm 10 Hz, 5 min 5ns 0.31 J/cm?
n-hexane!!16] 532 nm 10 Hz, 180 min 5ns 0.31 J/em?
Methanol 532 nm 10 Hz, 2.5-5 min 5ns 22 mlJ]
Ethanol
1-propanol
1-butanol

t-butyl alcohol
n-hexane!!!”!

Decalin!!”] 532 nm 10 Hz, 52.5 min 5ns 22 mJ
n-hexane!®7] 1064 nm 10 Hz 5ns 40 mJ
532 nm
355 nm
Decalin!10] 1064 nm 10 Hz; 180 min 5ns 0.57 J/cm?
n-hexane 1064 nm 10 Hz; 20 min 5ns 20 mJ
c-hexane
n-heptane
n-octane!! 18]
Acetonitrile 532 nm 10 Hz, 15 min 6 ns 2.8 J/cm?
Methanol
Ethanol
Isopropanol ]
Liquid N, %3] 800 nm 1000 Hz, 20 min 35fs 25 J/em?
Acetonitrile 1064 nm 10 Hz, 20 min 5ns 40 mJ, 2 mm
n-hexane
c-hexanel!12!
TEOS!'19] 1064 nm 10 Hz, 5 min 240 us 1J,0.055 mm
Isopropanol 532 nm 10 Hz, 5 min 6 ns 2.8 J/cmz, 50 mJ, 0.75 mm
Methanol
Ethanol
Decalin

Tetralin!!20!

C,H, (n = 6-16)
C,H, (n = 6-14),
HC,N (n = 7-11),
C,N> (n=6,8)

C,H, (n=6-12)
C,H, (n = 6-12)
C,H, (n=6-18)
C,H, (n = 6-26)
C,H, (n = 6-20)
C,H, (n=6-22)
C,H, (n = 6-16)
C,H, (n = 6-16)
C,H, (n=6-16)
C,H, (n = 6-16)
C,H, (n = 6-18)
C,H, (n = 6-18)
C,H, (n = 6-28)
C,H, (n = 6-22)
C,H, (n = 6-22)
C,H, (n = 6-20)
C,H, (n = 6-30)
C,H, (n = 6-14)
C,H, (n = 6-16)
C,H, (n = 6-14)
C,H, (n = 6-16)
C,H, (n = 6-22)

HC,CH; (n = 6-18)

HC,N (n = 7-13)

C,H, (n = 6-22)
HC,CH; (n = 6-18)

CsN2
C,H, (n=6-16)
C,H, (n=6-16)
C,H, (n=6-16)
C,H, (n=8-16)
Si—H doped carbon
nanoribbon

C,H, (n = 6-20)
HC,CH; (n = 8-18)
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4.1. Water and aqueous solutions

Water is a low-cost and environmentally friendly sol-

vent for the synthesis of polyynes by PLAL which was

employed as it iS[59’79’89’]08410’120]

s [19.111,112]

or to obtain aqueous
solution

Laser ablation in water has the advantage that avoids the
presence of any carbon source apart from that coming from
the ablated target (graphite) in the reaction environment.!!%!
Moreover, by employing water as a solvent, the contami-
nant carbon materials including carbon-based byproducts can
be greatly reduced compared to the organic solvents.[!%8]
Ablation in water preferentially produces short hydrogen-
capped polyynes, maximum of 10 carbon atoms as observed
in Refs. [59,79,108-110,120].

The formation of longer polyynes in water (i.e., CioHy)
is helped by employing the lower laser intensity (i.e., 20 mJ)
and longer wavelength (i.e., 1064 nm) proved in the work of
Park et al.!®! Together with hydrogen-capped polyynes we
also observed a type of methyl-capped polyyne, i.e., CsCHa,
even if at a much lower concentration than the corresponding
hydrogen-capped polyynes (~ 1076 M).[5°! This phenomenon
suggests that terminating the chain by a methyl group is pos-
sible thanks to the binding of three hydrogen radicals at one
end. We observed that water does not contribute to pro-
viding carbon atoms for the polyynes formation process and
its hydrogen generation rate, which is an important factor in
polyynes formation, is the lowest one with respect to the or-
ganic solvents.> This is justified considering that H-OH en-
ergy bond in water has the highest value (i.e., 4.8 eV) with
respect to the molecular bonds in organic liquids, such as C—
H (4.3 eV), C—C (3.6 eV), and C-O (3.7 eV).[107.121] The
yield of shorter chains can be increased in acidic media for
example by adding HCI to water.[''!] Indeed, the hydrogen
concentration in the plasma plume is of crucial importance to
determine which phenomenon prevails between polymeriza-
tion and hydrogenation.'3] Tt is supposed that water solvates
polyynes since the maxima of their absorption bands presented
a redshift compared to the theoretical data of UV-Vis spectra
regarding the isolated molecules.!”! If D,0O is added to wa-
ter, the absorption peaks of polyynes show an apparent blue
shift, which increases with the concentration of D,O. This is
an index of the change in the electronic structure of the chains
induced by D-termination.!'1?]

4.2. Organic solvents
Organic solvents have been extensively employed

for PLAL with the

polyynes in terms of length and terminations: ace-
(ACN) [59,79,84,110,112] [85]

intention of obtaining different

tonitrile liquid Ny, methanol
(MeOH) [59,84,117,120] (EtOH) [59,113,117,120] iso-
propanol (IPA),3%1291 1_propanol,!'!”! 1-butanol,!''7] t-butyl

ethanol

117] 87,112,115-118] | _

alcohol, ! c-hexane, 31121181 1 hexane,
heptane,“18J n-octane, 181 TEOS, 1! decalin, 105:114.117.120]
and tetralin.[120]

Organic solvents are decomposed by the absorption of
laser energy and undergo different rates of photolysis and py-
rolysis. Each solvent employed in literature for pulsed laser
ablation in liquid will be discussed in the following.

Acetonitrile highly degrades during laser ablation and
has a higher tendency towards carbonization compared to
alcohols.[122] Indeed, the C/H ratio of ACN is equal to 0.66,
while it is 0.33 for MeOH, 0.4 for EtOH, and 0.5 for IPA. The
promoted coking reaction of acetonitrile helps in the forma-
tion of polyynes thanks to the presence of carbon species in
the plasma region. This allows reaching a concentration of
1.42 x 10~ M for the case of polyyne 8 carbon atoms long.
However, also the concentration of carbon-based byproducts is
higher and this leads to higher UV-Vis background and lower
index of purity (i.e., ratio between polyynes and byproducts
absorption defined by Taguchi er al.®") as we described in
Ref. [59]. In this paper, we also discussed that acetonitrile
is a good environment for polyynes because has the slightest
value of oxygen dissolved and the lowest polarity. In general,
solvents with low polarity and a low quantity of oxygen dis-
solved help in preserving sp-carbon chains, which are nonpo-
lar molecules and are likely to oxidize in presence of oxygen.
Pulsed laser ablation in acetonitrile of a graphite pellet led to
the formation of hydrogen-capped polyynes with a maximum
length of 14,1841 16,[79’“0’“2] and 22159 carbon atoms. In
addition to hydrogen-capped polyynes, it was possible to ob-
serve after the ablation in acetonitrile methyl-capped polyynes
up to 18 carbon atoms,>° cyano-capped polyynes up to 11
carbon atoms,®* and in our work up to 13°! and dicyano-
capped polyynes up to 8 carbon atoms. [¥#! This is an evidence
of the degradation of the liquid due to the high plasma tem-
perature in molecular radicals (i.e., methyl and cyano groups),
which can terminate the sp-carbon growing chain. ! We ob-
served methyl-groups also in the case of PLAL in water, which
is not characterized by such functional groups. This means
that also single atomic radicals can bind together forming
molecular structures, as the methyl group, able to terminate
the sp-carbon chains.[®®) Reference [85] showed that the fs-
ablation of graphite in liquid nitrogen induces the formation
of dicyano-capped polyynes long 8 carbon atoms. The species
was found only in specific conditions of fluence, i.e., in the
range between 20 J/cm? and 30 J/cm?, where N; can be ion-
ized and attach to polyynes, thus forming cyanopolyynes.

When we used methanol as a solvent for graphite ablation
we synthesized hydrogen-capped polyynes with a maximum
length of 20 carbon atoms!'?! while in other literature works
lengths up to 16 and 12 were detected in Refs. [84,117], re-
spectively. In the paper of Forte et al., it was observed that po-
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lar solvent, like methanol, increases the negative charge along
the chain inducing a positive charge onto hydrogen atoms. [34]
As the chain increases in length, the net charge in the cen-
tral region tends to become neutral. In the focus region, the
high energy density is able to promote the formation of carbon
chain anions that are immediately neutralized by the acidity of
polar solvent.®*] Methanol resulted as the solvent for PLAL
by which the polyynes solution has fewer byproducts com-
pared to acetonitrile, ethanol, and isopropanol and is able to
allow hydrogen-capped polyynes up to 22 carbons, as reported
in our work.">®! Moreover, we also analyzed methyl-capped
polyynes up to 18 carbon atoms.[>%12]

Employing ethanol as a solvent for PLAL, hydrogen-
capped polyynes up to 16 carbon atoms were found in
Ref. [117] and up to 18 in Ref. [113]. With the same sol-
vent, we were able to reach a length of 22 carbon atoms for
hydrogen-capped polyynes®®! and methyl-capped polyynes
up to 18 carbon atoms. >%121 We also showed that ethanol en-
sures slightly greater stability for polyynes than isopropanol.
This effect is presumably linked to the lower quantity of oxy-
gen dissolved in ethanol.[>°]

Other alcohols such as 1-propanol, 1-butanol, and t-butyl
alcohol were studied as solvents for PLAL by Matsutani et
al.,/"""! from which hydrogen-capped polyynes up to 16 car-
bons for the first two solvents and 18 carbons in the case of
t-butyl alcohol were synthesized. Matsutani et al.!''7! did not
observe the effect of the solvent polarity on polyynes forma-
tion when a graphite pellet is ablated. With a different set of
solvents, we observed an increasing yield of polyynes obtained
by ablating graphite pellet as the solvent polarity decreases. >°!
We widely explored the effect of the C/H ratio of the solvent on
polyynes yield.['?”) We observed an overall decrease in short
polyynes from low to high C/H solvent (i.e., O for water, 0.33
for MeOH, 0.4 for EtOH, and 0.5 for IPA), as well as an in-
crease in the concentration of longer ones.

Cyclohexane (i.e., c-hexane) was used to obtain
hydrogen-capped polyynes up to 12, 14, and 16 carbon atoms
in Refs. [84,112,118], respectively. In Ref. [84], c-hexane
shows a saturable absorption mechanism due to the high en-
ergy density which is able to promote the formation of carbon
chain anions in the focus region. They are not visible in the
UV-Vis spectrum because their lifetime is limited to the laser
pulse.

N-hexane was widely employed for the production of
polyynes by PLAL, reaching hydrogen-capped polyynes as
long as 14 carbons, [16:18.20.2287.112.115-118] The higher concen-
tration of polyynes synthesized in n-hexane compared to water
can be linked to the ease of fragmentation of carbon-carbon
bonds of the n-hexane. The fragmented species interact with
the graphitic plasma leading to longer polyynes.[!!?]

In the work of Park et al., properties of different sol-

vents (i.e., c-hexane, n-hexane, n-heptane, n-octane) as bond
dissociation energy, thermal conductivity, and total mass of
hydrogen atoms per volume of solvent are not affecting the

18] Conversely, the polyynes yield

production of polyynes.!
is strongly affected by the ratio of the hydrogen and carbon
atoms in the solvent molecules. The maximum length of the
hydrogen-capped polyynes presented in this work is 16 in the
case of c-hexane and 14 for the other alkanes.

Pulsed laser ablation in liquid was also performed using
tetraethyl orthosilicate (TEOS) as a solvent and graphite pellet
as a target, finding hydrogen-capped polyynes up to 16 carbon

1191 Graphite pellet and TEOS provide proton and car-

atoms. !
bon species to the laser plume for polyynes production, which
takes place following four steps:

(i) Decomposition of TEOS.

(ii)) Generation of C, radicals from both TEOS and
graphite target.

(iii)) mC; (from target, from reaction 1) and nC, (from
solvent, from reaction 2) = (Cy)1x.

(iV) (C2)n +2H = H(Ca)psnH.

Together with polyynes, PLAL of graphite in TEOS gen-
erated also carbon nanoplates/ribbons composed of graphene-
based lamellae with Si-H dopant.!!!"}

The longest hydrogen-capped polyynes ever produced so
far by PLAL was 30 atoms of carbon long.['%! This was pos-
sible after finding the optimized PLAL parameters for the pro-
duction (i.e., fluence, wavelength, ablation time, glass bottle
diameter) and the optimized HPLC parameters for the separa-
tion. A fundamental parameter to obtain the longest polyynes
by PLAL was the choice of decalin as a solvent. Indeed, the
ablation in decalin allows the formation of long polyynes also
in other literature works: 20 carbon atoms in Ref. [120], 26 in
Ref. [114], and 28 in Ref. [117]. We detected methyl-capped
polyynes up to 18 atoms of carbon.!!?% Decalin has a viscos-
ity coefficient (3.042 mPa s at 25 °C) higher than the other

[114] 50 the density of C, radicals in the plasma re-

solvents,
gion may be higher due to the suppression of radical diffusion.
This effect may hinder the termination reaction on both ends of
polyynes promoting the growth of the chain.!'!'¥ In addition,
decalin has a relatively low number of hydrogen atoms com-
pared to the other studied solvents (i.e., its C/H ratio is equal
to 0.56), so the termination reaction on both ends of the sp-
carbon chains hardly occurs leading to the synthesis of long-
chain polyynes. Furthermore, decalin has a low polarity, i.e.,
its dielectric constant is equal to 2.1 at 20 °C.!"?3 This con-
tributes to the preservation even of the most unstable polyynes,
i.e., longer polyynes, leading to their higher concentration in
decalin than in the other solvents.

When we employed tetralin as a solvent for PLAL, which
has an higher C/H ratio (i.e., 0.83) compared to that of decalin,
we observed an overall decrease of short polyynes, as well as
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an increase in the concentration of longer ones.!'?! As with
decalin, the concentration of long polyynes has been further
related to its high viscosity (2.015 mPa-s at 25 °C[1?#]) and its
low polarity (i.e., its dielectric constant is 2.7 at 20 °C[123]),
Decalin and tetralin could ideally contribute to the chain
growth thanks to 10 consecutive C—C bonds, assuming a com-
plete opening of the hexagonal rings.

4.3. Differences between water/aqueous solutions and or-
ganic solvents

Despite water possesses many appealing qualities as a
solvent for PLAL, the synthesis of polyynes in water is un-
doubtedly less efficient compared to organic solvents. Indeed,
the absence of carbon atoms in water implies the reduction of
the carbon radicals and a consequent sharp fall in the produc-
tion of polyynes and also other carbon nanomaterials.>%77-78]
Thus, the concentration of polyynes in organic solvents ex-
ceeds that in water by at least one order of magnitude and the
maximum chain length achieved is more than twice that of
water, %105 110.112,125] However, the large number of byprod-
ucts produced by PLAL in organic solvents may reduce
the stability of polyynes due to crosslinking reactions. 71171
Moreover, water and aqueous solutions can be considered oxy-
genated solvents since oxygen and hydroxyl radicals can be
generated during PLAL, hindering the stability and the growth
of sp-carbon chains and promoting the formation of other car-
bon nanomaterials, like carbon nanoparticles, graphene oxide
sheets or quantum dots.””78] Instead, organic solvents, apart
from those containing oxygen (for example, alcohols), favor

the production of polyyne, as well as graphene nanosheet or

quantum dots, nanodiamonds. %7778 Furthermore, the low
solubility of polyynes in water and aqueous solutions reduces
their stability and thus deprecates the ablation efficiency in
these solvents. ]

In this section, we have emphasized the key role of the
solvent during and after the polyynes formation by PLAL.
Moreover, it has turned out that all the different solvent proper-
ties (e.g., oxygen dissolved, carbonization tendency, C/H ratio,
hydrogen donation power, thermal conductivity, viscosity, di-
electric constant) can contribute to the yield of polyynes, their
stability in the liquid environment and tunability of length and
terminations. The complexity of the phenomenon involved
during polyynes synthesis by PLAL prevents fully understand-
ing the specific contribution of each solvent property, so fur-
ther investigations are needed.

5. Target effect on sp-carbon chains synthesis

In this section, we focus on the effect of target on the
synthesis of polyynes by PLAL. The target, indeed, heavily
affects all the ablation process since it determines the funda-
mental interaction with the laser pulses and all the cascade of
optical and thermal phenomena that follows it,[107:126]

A large variety of target has been adopted for the synthe-
sis of polyynes by PLAL which are listed in Table 2, apart
from graphite pellet which was discussed in the previous Sec-
tion. This Section is divided based on the kind of target em-
ployed: ablations with solid targets, powders and without tar-
get, i.e., by simply irradiating the pure solvents with femtosec-
ond laser pulses, and metal targets.

Table 2. Polyynes by ablating different targets in liquid.

Target Solvent A Frequency, Duration T Fluence, Energy pulse, Spot size Polyynes
Solid targets
Shungite!'?7! water 1064 nm 50 Hz 2 ms 1131 SERS Sp-band

PTCDA pellet!!!5! n-hexane 532 nm 10 Hz, 5 min 5ns 0.31 J/em? C,H (n=6-18)
PTCDA pellet!!!7] Methanol 532nm 10 Hz; 30 min45min ~ 5ns 22 mJ C,H; (n=6-10)
Ethanol C,H, (n =6-10)
1-propanol C,H, (n =6-10)
1-butanol C,H, (n =6-16)
t-butyl alcohol C,H, (n=6-18)
n-hexane C,Hy (n =6-18)
Fullerene pellet!37! n-hexane 1064 nm 10 Hz 5ns 40 mJ C,H, (n=6-22)
532 nm C,H; (n=6-22)
355 nm C,Hy (n =6-20)
Fullerene pellet 187] Methanol 1064 nm 10 Hz 5ns 40 mJ C,H; (n = 6-20)

532 nm

355 nm
Naphthalene pellet!!?%! water 532 nm 10 Hz, 5 min 6 ns 2.8 J/em?, 50 mJ, 0.75 mm C,H; (n = 6-10)
isopropanol C,H; (n =6-18)

methanol HC,CHj (n = 8-16)
ethanol
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Table 2. (continued)

Powder targets

Graphite particles!!?8] water 800 nm 1000 Hz 160 fs (0.5, 1) mJ C,Hy (n=4-12)
n-hexane C,H, (n =4-20)
Graphite particles“o81 water 1064 nm 10 Hz, 5 min 7 ns 5.1 J/cm?2, 160 mJ, 2 mm -
Graphite powder n-hexane 532 nm 10 Hz, 5 min 5ns 0.31 C,H, (n =6-20)
PTCDA powder!! 15] C,H; (n =6-18)
Graphite particles(®!7} n-hexane 532 nm 10 Hz, 60 min 5ns 100 mJ, 100 mm C,H, (n=8-12)
Diamond nanoparticles“zg] ethanol 532 nm 20 Hz, 0-120 min 7 ns 1.3 J/em?, 2 mm C,H, (n =8-16)
Diamond nanoparticles!3%! ethanol 532 nm 20 Hz, 0-160 min 7 ns 1.3 J/em? C,H; (n = 8-20)
Diamond nanoparticles ethanol 532 nm 20 Hz, 5-10 min 7 ns 1.3 J/cm?, 2 mm C,H; (n =8-16)
Carbon onions C,Hy (n=28-14)
Graphite powder!13!! C,Hy (n=8-14)
Graphite powder!(?8] ethanol 532 nm 10 Hz, 180 min 5ns 0.21 mJ, 9 mm C,H; (n = 8-16)
Graphite powder!!?! benzene 355 nm 10 Hz 5-9ns 200 J/cm?, 40 mJ C,H; (n = 10-16)
Graphite powder!!?] toluene 1064 nm 10 Hz 1 ps 200 J/em?, 40 mJ C,H, (n=10-14)
532 nm 5 ns-9 ns C,H; (n =10-16)
355 nm 5 ns-9 ns C,H; (n =10-16)
Graphite powder[lz] n-hexane 355 nm 10 Hz 5-9 ns 200 J/em?, 40 mJ C,H; (n=28-14)
Fullerene particlesm] n-hexane 1064 nm 10 Hz, 40 min—120 min 5 ns-9 ns 200 J/ecm?, 20 mJ-80 mJ CgH
532 nm C,H; (n=28, 10)
355 nm C,H; (n=8-12)
266 nm CgHz
Fullerene particles!!! methanol 1064 nm 10 Hz, 40 min—-60 min 5 ns-9 ns 200 J/cm?2, 20 mJ-80 mJ -
532 nm -
355 nm C,H; (n=28, 10)
266 nm CgHz
Graphite particles(?*] n-hexane +iodine 1064 nm 10 Hz 5ns 800 mJ C,HyIg (n = 10-18)
CCly + iodine C,Halg (n = 10-14)
Graphite powder! '8! acetonitrile 532 nm 10 Hz, 300 min S5ns 0417 C,Hy (n=8-14)
HC,N (n =7-13)
Direct ablation of the solvent
No target!®! acetone 800 nm 1000 Hz 90 fs 300 wJ, 10 pm CeHa
No target(86-132] toluene 800 nm 1000 Hz 35 fs 300 uJ C,H, (n=12-18)
HC,CH3 (n =12, 14)
No target[?”! n-hexane 800 nm 1000 Hz, 30-300 min 100 fs 0.9 mJ C,H, (n=8-12)
decane C,H, (n =8-10)
No target[®3] benzene 800 nm 1000 Hz, 90 min 120 fs 300 puJ C,H, n=8, 14)
No target!(8!-82] n-octane 800 nm 100 Hz, 120 min 100 fs 300 wWJ C,H; (n=28-14)
Metal targets
Gold target[!33 ethanol 532 nm SHz 10 ns 500 mJ, < 1 mm carbyne
(finite length)
Gold target[!34 ethanol 532 nm 20 Hz 9ns 400 mJ, < 1 mm Au-pseudocarbyne
Graphite target!13%] colloidal solution 1064 nm 10 Hz Sns 0.4 J/ecm? Pt nanoparticles

of Pt nanoparticles

encapsulated in
linear carbon
chains (Pt@LCC)

5.1. Solid targets

carbon, silver, and/or gold nanoparticles.

The authors ob-

Besides graphite pellet, other solid targets have been
used to produce polyynes by PLAL as shungite,!'?’] PTCDA
pellet,l''5-117] fyllerene pellet,®”] and naphthalene pellet.[!>"!

In the work of Kuche ez al.,l'*”] shungite has been used
as the solid target for the ablation in colloidal solution with

served the presence of the characteristic vibrational bands of
sp-carbon chains in surface-enhanced Raman scattering spec-
tra. These bands change shape and intensity by changing
the concentration of metal nanoparticles dissolved in the so-

lution before the ablation, thus pointing out that the structure

125202-13



Chin. Phys. B 31, 125202 (2022)

of polyynes and cumulenes synthesized in the solution is in-
fluenced by the concentration of these nanostructures. 127}
PTCDA pellets were employed as the target for ablation
in different solvents.!!'>!71 Hydrogen-capped polyynes were
efficiently synthesized up to 10 carbon atoms in methanol,
ethanol, and 1-propanol,''”1 16 in 1-butanol,[''7} 18 in t-butyl
alcohol, and n-hexane.l''>!7 The production of polyynes,
both in terms of maximum chain length and concentration,
with PTCDA pellets is lower compared to graphite pellets
when ablating in n-hexane.!!'] Indeed, the presence of car-
boxylic dianhydride at the side of PTCDA molecules reduces
the total amount of C; radicals that can be formed by the

151 Moreover, these side groups

action of the laser pulses.!
easily transfer the laser energy received to the surrounding
molecules of polar solvents via electrostatic interaction and
hydrogen bonding, hindering once more the formation of C;
radicals.!'7! For this reason, the production of polyynes with
PTCDA pellet is maximized when nonpolar solvent are em-
ployed, as n-hexane.

Matsutani et al. ablated fullerene pellets in methanol
and n-hexane with different harmonics of the Nd:YAG laser,
namely at 1064, 532, and 355 nm. They observed an efficient
production of polyynes up to 20 carbon atoms in methanol
and 22 in n-hexane.!®’! However, the overall polyyne concen-
tration and the production of long-polyynes decrease passing
from 1064 nm to 355 nm laser wavelength. This behavior is
justified by considering that fullerene particles, that can be re-
leased during the ablation, start absorbing below 600 nm, re-
ducing the amount of energy that reaches the fullerene pellet
by employing 532-nm and 355-nm lasers. %7l

We were the first ones in employing naphthalene pellet as
an ablation target for PLAL in water and alcohols (methanol,
ethanol, and isopropanol).'?’] The ablation in water proved
that naphthalene pellet can be employed for the production of
polyynes since water does not act as a carbon source. More-
over, the amount of polyynes produced with the naphthalene
target in water is larger compared to ablation with a graphite
target in the same conditions. We found the same results also
in alcohols and, in particular, the production of long polyyne
featured a sizeable increase compared to the use of a graphite
pellet. Indeed, it was suggested that the aromatic rings of
naphthalene can be opened due to the action of the laser pulses
and furnish long carbon radicals, from C; to maximum Cjg,
that promote the formation of longer polyynes. ['2"]

5.2. Powder targets

The powder targets employed to synthesize polyynes
by PLAL were different
particles, (617241081281 diamond nanoparticles,'>*-1311 car-

of a nature: graphite
bon onions,!3! graphite powder,!!!328115.1311  fy]lerene

particles,[!*! and PTCDA powder.!' 1!

Graphite particles, under laser irradiation, undergo the
break of carbon—carbon links obtaining single ionized atoms
and the plasma formation. Carbon atoms start to assemble into
chains and terminate with H atoms.!'?8] The work of Aru et
al. showed the formation of hydrogen-capped polyynes of 12
atoms long in the case of ablation of graphite particles in water
and 20 carbon atoms if n-hexane is employed.!'?®! The work
of Choi et al., employing water as a solvent and graphite parti-
cles and graphite pellet as targets, observed that polyynes were
only formed in the case of the graphite pellet.!'°) Hydrogen-
capped polyynes up to 12 carbons were obtained in n-hexane
ablating graphite particles in Refs. [6,17].

Diamond nanoparticles 5 nm in diameter can successfully
be used as a target for the production of polyynes by laser
ablation in ethanol.!">”) Compared to when graphite particles
are ablated, the amount of long polyynes (up to 16 carbon
atoms) is larger with diamond nanoparticles. Those results
suggest a two-fold process of polyynes formation: the direct
evaporation of carbon atoms from diamond nanoparticles and
the subsequent evaporation of carbon atoms from graphitic
nanoparticles transformed from initial diamond nanoparticles
by laser ablation.!'?°! Tt was shown in Ref. [131] that the chain
length distribution of the polyynes produced from diamond
nanoparticles depends on the ablation time. Shorter time in-
duces larger fractions of long polyynes, which corresponds to
polyynes produced by the direct evaporation of carbon atoms
from initial diamond nanoparticles. The relative fraction of
long polyynes decreases with the irradiation time.

The chain length distributions of the polyynes produced
by laser ablation in ethanol with carbon onions as targets is
very similar to the case of the ablation of graphite powder.
This result shows that the chain length distribution of the sp-
carbon chains using graphite sources is intrinsic and indepen-

[131

dent from the particle size. ] Conversely, in the case of dia-

mond nanoparticles, the chain length distribution of polyynes

[130] The amounts of short

depends on the size of the particles.
polyynes with 6 and 8 carbons are larger when they are pro-
duced from larger diamond nanoparticles. On the other hand,
the amounts of long polyynes such as Ci4H; and C ¢H, are
larger when they are produced from smaller ones. Since short
polyynes constitute the majority of polyyne in the mixture, the
total production yield of sp-carbon chains is therefore larger in
the case of diamond nanoparticles with larger diameter. [13%]
Tsuji et al. employed a target of graphite powder dis-
persed in different solvents (i.e., benzene, toluene, n-hexane)
for laser ablation in liquid, which was the first time that
polyynes were synthesied by PLAL.[!?] Different wavelengths
were exploited (i.e., 355, 532, 1064 nm) for polyynes synthe-
sis. Hydrogen-capped polyynes of different length were pro-
duced in this way reaching the maximum length of 16 carbon

atoms. It was claimed that the chain length is independent
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from the energy density of the radiation and there is an op-
timum yield of polyynes at specific concentration of graphite
powder in the solvent. When the graphite dispersed in the lig-
uid is too high, scattering of the laser can happen leading to a
decrease in the efficiency of the process. Moreover, the forma-
tion of polyynes seemed to decrease with increasing the laser
wavelength, even if the synthesis of polyynes was achieved in
all the cases.!'?! Conversely, a work of Matsutani et al. de-
clared that higher yield of polyynes were observed at higher
laser wavelength.!87! This effect can be explained considering
the different type of target employed. If a solid pellet is located
at the bottom of the cell, instead of graphite powder dispersed
in the solvent, the laser beam crosses the whole liquid volume
and can be scattered or absorbed from the by-products pro-
duced during the ablation. This phenomenon is enhanced if
the wavelength is short, i.e., 355 nm, which is closer to the
absorption of impurities and long polyynes, that may be bro-
ken from the laser irradiation. In the work of Matsutani et al.,
graphite and PTCDA powders were dispersed in n-hexane and
the results were compared to the case of graphite and PTCDA

1151 The amount of short polyynes (i.e.,

pellet, respectively.!
CgH,) was four times larger in the case of powder, while the
longer chains up to 20 carbons are relatively less produced in
the case of the target. In general, the total amount of polyynes
produced is greater in the case of powders. When the pow-
der is irradiated by laser pulses, the diffusion rate of C; radi-
cals into the solvent is larger and the density lower compared
to the pellet, in which radicals are formed locally on its sur-
face in high density promoting longer polyynes. However,
powder samples has a greater surface area compared to that
of the pellets, which allows the formation of a larger number
of C, radical, hence increasing the total amount of polyynes.
Hydrogen-capped polyynes up to 14 carbons were obtained
ablating graphite powder in the work of Wakabayashi ez al.['8]
and up to 16 carbons in the work of Tabata et al.?%!

Tsuji et al. employed fullerene particles obtaining
hydrogen-capped polyynes up to 12 carbon atoms.!'3! C; rad-
icals coming from Cgg particles undergo polymerization and
hydrogenation of carbon clusters.

5.3. Direct ablation of the solvent

Polyynes were produced, even when no target was
used, simply by irradiating pure solvents with femtosec-
ond laser pulses. In particular, the employed solvents are
acetone, 8% toluene, 801321 n-hexane,?* benzene,®3! and n-

[29.81.82] Tndeed, the power densities reached in the fo-

octane.
cus of femtosecond lasers, up to 10'> W/cm?, are so high that
can cause the direct dissociation of the solvent itself in atomic
carbon and carbon radicals, allowing the growth of polyynes
without the need for a physical target.[?>-80-81.83.1321 A]] the

works listed in the “No target” section of Table 2 agree with a

common description of the formation mechanism of polyynes
by fs laser pulses. As described in Section 2, short polyynes as
HC>H or HC4H can be produced directly from the dissociation

29,81,83,132] LOIlg

of the solvents as hydrocarbons and alkanes. !
polyynes (i.e., longer than 6 carbon atoms) seemed not to be
formed in a single-step way by parent ions but are the product
of secondary reactions of fragments and radicals formed dur-
ing the dissociation of the solvent by the action of the fs-laser.

In particular, ablation in pure acetone by Hu et al. al-
lowed the synthesis of HCg¢H that has been detected by
surface-enhanced Raman spectroscopy.l®”! The power den-
sity employed in this case was estimated to be approximately
101 W/em?,

Sato et al. synthesized hydrogen-capped polyynes up to
12 carbon atoms from ablations in n-hexane and n-octane.?”!
They found that by employing n-octane (CjoH,) as solvent
there is no evident enrichment of the concentration of HCoH
as expected, confirming that direct parent ions do not lead to

S. [29

the formation of long polyynes.!?®! Ablation in n-octane was

carried out also by Zaidi et al. who found hydrogen-capped
polyynes up to HC4H.3%81]

Benzene and its deuterated form, instead, were employed
by Wesolowski et al. with the aim of producing both polyynes
and amorphous carbon nanoparticles.!®! They synthesized
hydrogen-capped polyyne up to 14 carbon atoms. Moreover,
they found that linear or cyclic polyyne may act as bridges be-
tween sp?-carbon aromatic rings, building up a peculiar sp-sp?
amorphous carbon material.

Furthermore, toluene was recently employed as a solvent
for fs-laser ablation and demonstrated to be an efficient solvent

s.[1321 Indeed, hydrogen-

for the formation of long polyyne
capped polyynes were detected ranging from 12 to 18 car-
bon atoms, while shorter chains were produced but not ob-
served by the chosen HPLC method. Moreover, methyl-
capped polyynes (HC,,CH3) with 12 and 14 carbon atoms were
also identified.!'3! The formation of methyl-capped polyynes
was due to the dissociation of toluene that can release several
ions with methyl groups inside. Once again, the production of
long polyynes cannot come from single-step rearrangement of
parent ions of toluene but is due to secondary reactions.[!3?]
Moreover, cumulenes can also be synthesized but they decay

too quickly to be detected.!'3?]

5.4. Metal targets

The sp-carbon chains were synthesized by also employ-

ing metal targets, i.e., gold,[133’134]

or exploiting the catalytic
effect of metal nanoparticles.!'3%! Pan et al. achieved the syn-
thesis of “carbyne” with finite length made by 10 carbon atoms

133 The authors sug-

from ablation of a gold target in ethanol.!
gested that both the gold target and ethanol played a funda-

mental role in the formation mechanism of carbyne by PLAL.
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Indeed, the gold atoms produced by the ablation process act as
catalyzers for the dehydrogenation of ethanol, allowing for the
formation of carbon—carbon triple bonds within the remaining
part of the solvent molecule. Ethanol, instead, possesses the
correct structure for this reaction because its C—C bond is the
building block of the carbyne chain and the hydroxyl group
initiates the reaction by forming the Au-H intermediate.!33]
Other alcohols, like methanol, n-propanol, and isopropanol,
did not show the generation of carbyne. Moreover, the au-
thors found an energy threshold for carbyne generation (i.e.,
above 200 ml/pulse). The detection of the carbyne chains
was performed by UV-Vis absorption, Raman, and FT-IR

1331 Carbyne crystals have been also obtained

spectroscopy. !
by drying the solution and were analyzed by x-ray diffraction
(XRD) and selected area electron diffraction (SAED), SEM,
and TEM.!33] High-resolution TEM has been employed to ac-

133

quire images of the carbyne crystals.!!33 Carbyne nanocrys-

tals resulted to possess giant nonlinear optical response!!3¢]
and paramagnetic behavior.!'3”]

Similar to the previous work, Kim ef al. ablated a gold
target immersed in ethanol.!'*¥ However, the authors pro-
posed that the products are sp-carbon chains, whose lengths
scale up to 16 carbon atoms, interacting with subnanometer
Au nanoparticles, the so-called Au-pseudocarbyne. '3 More-
over, the presence of the metal clusters improved the stabil-
ity of the sp-carbon chains such that Au-pseudocarbyne re-
mained stable after drying. The characterization of the Au-
pseudocarbynes was performed by UV-Vis absorption, Ra-
man, and FTIR spectroscopy, and further supported by DFT
calculations. The spectra obtained by Kim et al.!'3* resemble

1331 although the authors disagree in the

those of Pan er al.,!
description of the two compounds, i.e., carbyne crystals and
Au-pseudocarbyne, and this topic is still debated.

The catalytic role of metal targets is further investi-
gated by Condorelli et al.!'3>! Indeed, they managed to pro-

duce Pt nanoparticles encapsulated in sp-carbon chain shells

by PLAL of a graphite target in a colloidal solution of Pt

1351 These compounds were investigated by Ra-

nanoparticles.!
man and x-ray photoelectron (XPS) spectroscopy. The growth
of sp-carbon chains around Pt nanoparticles prevents the ox-
idation of the latter, while the formation of Pt-C bonds stabi-

(1351 Finally, these compounds seem

lizes the sp-carbon chains.
to feature interesting photocatalytic activity that could be ex-

ploited in the oxidation of organic pollution.[!33]

6. The sp-carbon chains-based nanocomposites

In this section, we focus on works in which polyynes are
embedded in polymer matrices marking a first step for the po-
tential use of these nanocomposite for new technological ap-
plications. There are three approaches to prepare sp-carbon
chains-based nanocomposites. The first method involves the
production of polyynes by PLAL, which were then embed-
ded in a polymeric solution of PVA, left to dry to obtain the
nanocomposite film!!38 The second one is based on the dip-
ping of a PVA film in a solution of boric acid and polyynes by
PLAL.["3! The last approach is the method developed in our
laboratory in which polyynes were directly produced in a poly-
meric solution, where PLAL was performed!!*?%1401 poly-
mers are characterized by a large variety of Young modulus,
tensile strength, electrical and thermal conductivity. More-
over, they confer lightweight and flexibility when used as a
matrix in nanocomposites at a low cost. The few works in the
literature dealing with the fabrication of nanocomposites with
polyynes synthesized by pulsed laser ablation in liquid are re-
ported in Table 3.

As shown in Table 3, the majority of the works em-
ployed poly(vinyl alcohol) (PVA) as a matrix due to sev-
eral advantageous properties of this polymer. Indeed, PVA
is widely exploited in the formation of carbon or metal-based
composites because it is a low-cost, chemically stable mate-
rial, and soluble in water displaying also good film formation

properties. [141-142]

Table 3. Polyynes by PLAL embedded in polymeric matrices.

F , Fl ,E Ise,
Matrix Solvent Target A requ?ncy T uen?e nierey puise Polyynes
Duration Spot size
PVAII38I methanol graphite powder 532nm 20Hz 7 ns 1.2 J/em? -
PVALI¥I methanol? carbon particles - - - - C,H;y (n =10-14)
PVAI!9I water graphite pellet 532nm 10 Hz, 15 min-30 min ~ 5ns—7ns 5.2 J/cm?, 1.4 mm C,H, (n = 6-10)
PVALI40] water:acetonitrile; Ag pellet; 532nm 10 Hz, 15 min; - 10.06 J/em?, 30 mJ; -
water:methanol;  Ag pellet + graphite pellet 10 Hz, 15 min+ 15 min 10.15 J/ecm?, 30 mJ;
water:ethanol 9.93 J/em?, 30 mJ
PMMAI®8!  acetone Ag pellet + graphite pellet 532nm 10 Hz, 5min+15min  5ns—7ns 2 J/em? -

 Boric acid is mixed with the size-selected polyynes and then PVA is added to the solution
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Okada et al.!'38] were the first group, in 2011, to fabri-
cate a nanocomposite film by employing PVA to prevent the
tendency of polyynes to transform into more stable sp® struc-
tures. They ablated a suspension of graphite powder dispersed
in methanol under the action of a magnetic stirrer to homog-
enize the solution and favor the formation of polyynes. The
polyynes solution was then mixed with Ag colloidal solution
in a volume ratio of 1:4. For the fabrication of the nanocom-
posite film they added PVA granules to the polyynes/Ag solu-
tion employing a temperature of 373 K to allow the complete
dissolution of the polymer. Then they casted the solution on
glass substrate and uniformly dried in air for 48 h at 303 K
to obtain the nanocomposite film. In order to assess the sta-
bility of polyynes in nanocomoposite film, SERS spectra were
measured in time proving that the sp-carbon chains were sta-
ble for at least a month. UV-Vis spectra were also carried out
both on PVA/Ag colloid and on the nanocomposite film. For
what concerns the PVA/Ag colloid a narrow absorption band
located at 425 nm corresponding to the surface plasmon res-
onance (SPR) of Ag nanoparticles was detected. The result
on the nanocomposite film showed instead that the SPR ab-
sorption band was shifted to a longer wavelength and broad-
ened. This feature was already attributed to aggregation of Ag
nanoparticles when mixed with polyyne solutions.[!43]

More recently Sata et al.!'3"]

investigated angular depen-
dence of absorption intensity of linearly polarized UV light
in solid films embedding aligned polyyne molecules. This
work goes in the direction of real application since the study of
the linear dichroism (LD) is of great importance for the liquid
crystal display (LCD) where the polarized absorption of light
is utilized under the control of molecular alignments.'44! The
research group started from the fabrication of the PVA film
after drying a solution of PVA distilled water in a flat con-
tainer of stainless steel for a week. Laser ablation of car-
bon particles in methanol was performed and followed by
separation using HPLC eluted by methanol in order to size-
select three polyynes (i.e., C,Hy, n = 10-14). Concentra-
tion was controlled to be 10~® mol/L for each solution of the
polyynes. Then a PVA film was dipped in the polyyne/boric
acid (H3BO3) solution in methanol at 313 K for 3 hours. Boric
acid was added to the solution to harden the nanocomposite
film by favoring the crosslinking bonds between the polymer
chains. In order to align the polyynes trapped in the interstitial
space of the polymer, the nanocomposite film was stretched in
one direction and then held in place at the desired length and
allowed to dry to recover its hardness. To verify the align-
ment of the sp-carbon chains inside the PVA film, the au-
thors employed a home-built low-magnitude UV microscope
equipped with a light source of linearly polarized light. The
performed measurements revealed that the absorption inten-
sity was maximum for each vibronic band of the size-selected

polyynes when the polarization angle of the incident light was
in parallel with the stretching direction of the nanocomposite
film. Moreover, the intensity of the maximum absorption peak
of the chains decreases reaching the minimum when the in-
cident light is perpendicular to the stretching direction of the
nanocomposite film.

For the first time, we synthesized polyynes by perform-
ing the laser ablation in a solution in which PVA was already
dissolved.[”! The choice to employ the polymer directly in the
ablation solution (see Fig. 6(a)) can be justified by the follow-
ing reasons. When the polymer is added after the ablation pro-
cess, the solution containing the synthesized polyynes needs to
be heated to allow the dissolution of the polymer affecting the
sp-carbon chains integrity since they are susceptible to tem-
perature rises.!'*3] Another aspect related to the addition of the
polymer after the synthesis of polyynes is that it could prevent
the complete blending between polyynes, metal nanoparticles
and polymer. Indeed, to overcome these critical issues in the
preparation of polyynes-based nanocomposite, we performed
the ablation of a graphite solid pellet in an aqueous solution
of PVA obtaining hydrogen-capped polyynes up to 10 carbon
atoms. We also investigated the role of the polymer concentra-
tion affecting the viscosity of the solution finding an optimum
value, both for the ablation process and for the nanocompos-
ite fabrication, of 1 wt%. In order to perform SERS analy-
ses on the nanocomposite film, Ag nanoparticles were pre-
pared using the Lee—Meisel method,!'#%! and then added to
the PVA/polyynes solution. To fabricate the nanocomposite
film (see Fig. 6(b)), the Ag/PVA/polyynes solution was drop-
casted in a small plastic vessel and left to dry for 24 hours
at room temperature. To asses if there was an improvement
of the stability of the sp-carbon chains we performed SERS
measurements over time on both Ag/PVA/polyynes liquid and
solid samples, see Fig. 6(c).

In the case of the liquid, after just 1 week the well-defined
polyyne features of the SERS spectrum were replaced by two
broad bands, still detectable after 3 weeks, and after 2 months
these characteristic features were no longer visible. For what
concerns the nanocomposite, we observed a decrease in the in-
tensity of the polyynic SERS bands after 1 week but no other
substantial changes occurred in the following 11 months. Our
results indicate that the stability of polyynes, especially in the
case of nanocomposite, is greatly enhanced due to the pres-
ence of the solid matrix which inhibits the reactions between
sp-carbon chains by immobilizing them. As a final consid-
eration this simple method of synthesis of hydrogen-capped
polyynes in PVA was performed in water, which is a low-cost
and environmental friendly solvent, proving to be a promis-
ing route for future optical and mechanical characterization of
polyyne-based films.
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Fig. 6. (a) Sketch of the pulsed laser ablation in an aqueous solution of PVA. (b) Free-standing film based on PVA, Ag nanoparticles and polyynes. (c)
Evolution in time of SERS spectra (excitation line at 514.5 nm): (left) Ag/PVA/polyynes liquid sample and (right) Ag/PVA/polyynes nanocomposite.

We also performed PLAL in solution where PVA was
dissolved in a mixture of water and organic solvents.['*" In
this work, PVA was dissolved in water and then three differ-
ent solutions were prepared by adding three organic solvents:
acetonitrile, ethanol and methanol. The addition of organic
solvents was investigated in order to increase polyynes pro-
duction during the ablation process. For what concerns the
PVA/acetonitrile solution it was possible to reach up to 42%
vol of ACN without having PVA aggregation phenomena. The
ablation was performed using an Ag pellet as a target in order
to obtain in one step both polyynes and Ag nanoparticles for
the subsequent SERS characterization. A nanocomposite film
was fabricated by drop-casting technique on Si substrate and
the SERS analysis revealed that the polyynes signals were vis-
ible at least up to 18 days. In the case of methanol and ethanol
a double ablation process was performed since these solvents
have a lower yield of polyynes with respect to acetonitrile. !
The two-step ablation process involved a 15-min ablation of

Ag pellet followed by 15-min ablation of graphite pellet. All
the ablations with organic solvents were performed in 1.5-ml
polymeric solution, with a laser energy of 30 mJ. For what
concerns methanol the volume fraction added to PVA/water
solution was up to 75%, instead with ethanol it was possible
to reach up to 50%. The nanocomposite film obtained from
these solutions showed a SERS signals in the polyynes region
at least up to 6 weeks and 8 weeks for ethanol and methanol,
respectively.

We were the first to investigate the synthesis of polyynes
by pulsed laser ablation in a PMMA solution.[*] PMMA was
selected because it is transparent, high-compatible with silver
nanoparticles and insoluble in water. This latter aspect allows
the preparation of a water-resistant nanocomposite, which is
of interest for waterproof technological applications. Also in
this work a two-step ablation was performed. The first step
ablation of Ag pellet was carried out in a PMMA/acetone so-
lution for 5 minutes. The second step involved the ablation of
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a graphite pellet for 15 minutes in the solution obtained after
the first step. Although the concentration of Ag nanoparticles
was several orders of magnitude lower than those obtained by
chemical synthesis the SERS signal was clearly visible once
the nanocomposite film was fabricated. The nanocompostie
film was monitored in time showing that the two main bands
of carbon-atom wires were preserved at least for 5 months.
The result of our work demonstrates that a prolonged stability,
compared to hydrogen-capped polyynes not encapsulated in a
polymeric matrix, was achieved.

7. Conclusions

We have here reviewed the state of the art of research on
the synthesis of polyynes by PLAL. PLAL is a versatile tech-
nique able to efficiently produce different types of polyynes
with various terminations and lengths. The use of laser ab-
lation enables the adoption of different targets and the con-
tactless process based on laser—matter interaction allows the
adoption of in situ characterization techniques aimed at under-
standing the formation mechanisms. The solvent turns out to
play a fundamental role in the production yield and in pro-
viding the chain terminations. Notwithstanding the recent
progress, work still needs to be done to shed light on the
complex mechanisms leading to the formation of polyynes.
Such mechanisms include laser-target interaction, target abla-
tion, plasma formation, and expansion in a liquid environment,
polyyne formation and diffusion in the liquid. Some works
have shown the use of in situ characterization techniques to get
some information into the fundamental processes at play, even
though much efforts still need to be spent to fully illustrate
the formation mechanisms of sp-carbon chains. The possibil-
ity to produce different chains with tailored terminations and
the realization of solid materials with long-term stability can
open to the exploitation of the peculiar properties of sp-carbon
chains in advanced applications. The peculiar nonlinear opti-
cal properties are appealing in optoelectronics while applica-
tions in biosensing and organic electronics have been recently

reported. [147-149]
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