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A range of carbon nanoparticles together with polyyne chains are formed when liquid ben-

zene is irradiated with 120 fs pulses of intensity � 1 · 1014 Wcm�2. The morphology and

composition of these nanoparticles are reported. Atomic force microscopy (AFM) shows

irradiation result in the formation of spherical, ellipsoidal and toroidal nanoparticles with

sizes between 1 and 50 nm. Surface enhanced Raman spectroscopy (SERS) indicates that

the composition of these particles is primarily amorphous carbon reinforced by polyyne

chains with 8–14 carbon atoms. Time of flight mass spectroscopy (TOF-MS) has been used

to determine the precursor molecules created in the irradiation of benzene and shows the

importance of ring-opening reactions in particle formation. A simple chemical mechanism

is proposed to explain the appearance of polyyne chains in irradiated benzene.

Crown Copyright � 2010 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Polyynes are 1-D carbon chain with sp bond hybridization and

chemical formula C2nH2. The synthesis of these molecules

has garnered much attention because of their unique proper-

ties and potential applications in nanotechnology. Polyynes

are molecular conductors [1] with high mechanical strength

[2] and are therefore excellent candidates for use as wires in

molecular electronics. Such applications require the develop-

ment of generic synthesis methodologies whereby molecules

having specific lengths can be generated in a reproducible

manner.

The first stable polyynes were synthesized using chemical

techniques such as oxidative coupling [3]. These syntheses

are complex and can also be quite dangerous in certain cases

[4]. While preparative chemical techniques are still in current

use, other simpler techniques have recently been shown to be

effective. Submerged electric arc, D.C. magnetron sputtering,

combustion flame, and laser ablation of graphite and carbo-

naceous material in solution, have all been used with varying
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degrees of success to synthesize polyyne molecules [5]. We

have recently shown that certain polyyne molecules can be

formed by the irradiation of pure liquid hydrocarbons, such

as acetone, hexane or octane, with high intensity femtosec-

ond laser pulses [6–8]. This method is of interest because it

is simple and yields a high concentration of polyynes. As re-

ported previously [8], the primary step in the growth of poly-

yne chains in irradiated solutions involves C2 and C3 insertion

reactions in smaller chains. These, and other small molecules

and molecular ions, are generated in the dissociation of the

hydrocarbon precursor by multi-photon excitation. The disso-

ciation of the precursor molecule is then a critical step in the

formation of polyynes via fs-laser irradiation. This process is

expected to be more difficult in ring compounds because of

the inherent stability of the ring structure. Previous studies

[9–11] have shown that C6H6
+ is the dominant ion produced

in the fs-dissociation of benzene, although other molecules,

indicative of ring opening have also been detected in mass

spectra. Given these constraints, it is of interest to see if poly-

yne molecules analogous to those seen in the fs-irradiation of
Elsevier Ltd. All rights reserved.
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other hydrocarbons can also be generated in the irradiation of

liquid benzene.

2. Experimental

High performance liquid chromatography (HPLC) grade ben-

zene (P99.9%) was irradiated with 120 fs pulses from a

300 lJ regeneratively amplified Ti:Sapphire tabletop laser with

a 1 kHz repetition rate and wavelength of 800 nm. Liquid ben-

zene was placed in a rectangular polished quartz cuvette

(3.5 ml capacity, 1 cm path length) and irradiated for 1.5 h.

The incident beam was focused with a 4 cm focal length lens

resulting in a peak intensity of 1014 Wcm�2 at the focus. After

irradiation particles were examined using atomic force

microscopy (AFM) and surface enhanced Raman spectroscopy

(SERS).

A 50 ll droplet of solution was placed on a standard glass

microscope slide and dried in air. The topography of the

resulting film was studied with a Nanowizard II AFM (JPK

Instruments AG, Berlin, Germany) in intermittent air contact

mode using Nanoworld NCH tips with 42 Nm�1 spring con-

stants. SERS measurements were carried out using a Reni-

shaw micro-Raman Spectrometer with an objective

magnification of 50· and an excitation wavelength of

488 nm (0.5 mW). Silver nanoparticles were added to the irra-

diated benzene solution to facilitate the SERS effect. The

spectral resolution of this system was better than ±1 cm�1.

Time of flight mass spectrometry (TOF-MS) was used to study

the atomic and molecular species produced from fs-irradia-
Fig. 1 – Precipitates form in benzene (a) when it is irradiated by

dispersed nanoparticles (b) as seen by AFM. The inset shows the

2 lm micrograph.
tion of gaseous benzene. The dual stage TOF system is of Wi-

ley-McLaren type with a drift region of 0.92 m. The same

Ti:Sapphire laser used for irradiation of liquid benzene was

utilized as a dissociation source [8].

3. Results and discussion

When the laser beam was focused into liquid benzene an in-

tense region of filamentation, accompanied by the emission

of a white light continuum, was immediately observed. Fila-

mentation is common when ultra-short laser pulses pass

through transparent nonlinear dispersive media and has the

effect of capping the focal intensity (1013–1014 Wcm�2) and

increasing the interaction volume. The emission of a white

light continuum is also typical under these conditions [12].

After approximately 20 min of irradiation the liquid began

to develop a light yellow/brown color. This was followed by

the appearance of precipitates after further irradiation

(Fig. 1a).

A similar result was recently reported by Nakamura et al.

[13] when liquid benzene was irradiated with 780 nm, 100 fs

laser pulses at 9 · 1018 Wcm�2. They found that the liquid

contained a mono-disperse solution of amorphous carbon

nanoparticles roughly 10 nm diameter. The typical topogra-

phy of precipitates produced in the current experiment is

shown in Figs. 1b and 2. Numerous nanoparticles of varying

size are shown in the 2 lm · 2 lm atomic force micrograph

(Fig. 1b). The diameter of particles cannot be accurately deter-

mined due to probe broadening however it is common prac-
fs-laser pulses and are composed of agglomerated poly-

cross-sectional height profile of the white line in the 2 lm by



Fig. 2 – Atomic force micrograph of the smallest nanoparticles created by the irradiation of benzene with fs-laser pulses. The

inset is a magnified image of the toroidal particle contained by the white square.

Fig. 3 – Surface enhanced Raman spectra of pure benzene

(blue), irradiated deuterated benzene (cyan), and irradiated

benzene (green). Vibrational modes in the fingerprint

regions of sp (polyynes) and sp2 (amorphous) carbon are

clearly present in the irradiated benzene solution(For

interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this

article.).
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tice to assign particles a given geometry and then use a height

profile to attain approximate estimate of their size [14]. A rep-

resentative cross-sectional height profile (Fig. 1b) indicates

that the smallest particles in our samples are � 1 nm in

height while the largest structures, which appear to be cluster

assembled from smaller particles, are about 25 nm in height.

A higher resolution (1 lm · 1 lm) image of the smallest parti-

cles was taken to better characterize their shape and size.

Three distinct types of nanoparticles are visible (Fig. 2); spher-

ical particles with heights ranging between 1 and 3 nm, pro-

late spheroids with similar heights, and toroidal particles

that occasionally encircle a small spherical particle with

heights of 1 nm (Fig. 2 inset). The spherical and prolate parti-

cles appear similar to those previously observed in fs irradi-

ated benzene [13] and are composed of amorphous carbon.

The toroidal particles on the other hand exhibit a novel qua-

si-molecular morphology. These may consist of fullerenes [15]

or cyclic polyynes [16] however it is also possible that these

structures are assembled from smaller amorphous carbon

nanoparticles.

In order to determine the molecular structure of these par-

ticles and of the overall irradiated benzene solution we use

surface enhanced Raman spectroscopy (SERS). Fig. 3 shows

the SERS spectra for both pure and irradiated liquid benzene.

The spectrum of pure sample shows all of the characteristic

benzene peaks with the two strongest modes being the a ring

stretching mode (991.6 cm�1) and the b C–H stretching mode

(3060.7 cm�1). The irradiated sample has spectral features

associated with benzene, amorphous carbon and polyynes.

The energies of features present in the SERS spectrum of irra-

diated benzene were determined by fitting with Gaussian or
Lorentzian functions and are summarized in Table 1. The dis-

order induced D (1363 cm�1) and combination G (1560 cm�1,

1601 cm�1) bands clearly indicate the presence of amorphous

carbon in this material. The additional peak in this region at



Table 1 – SERS peak positions for irradiated benzene.

Peak position (cm�1) Assignment

991.6 C6H6 (a)
1175.7 C6H6

1288.6 C2H2 (sp)
1363.7 D (sp2)
1560 G (sp2)
1601 G (sp2)
1605.9 C6H6 (sp)
1974.3 C14H2 (sp)
2075.1 C8H2 (sp)
2135 C„C or C„O (sp)
2948.2 C6H6

3060.7 C6H6 (b)
3165.4 C6H6

3186.2 C6H6

Fig. 4 – Normalized time of flight mass spectrum resulting

from the irradiation of gaseous benzene (bottom) and

deuterated benzene (top) by a 120 fs pulse at 800 nm and

peak intensity of 1014 W/cm2.
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1289 cm�1, has been previously associated with acetylene or

poly-acetylenic compounds [17,18]. The fingerprint region

for linear chain polyynes occurs between 1800 and 2200 cm�1,

and within this region there are three large spectral features

in the spectrum of irradiated benzene occurring at 1974,

2075 and 2135 cm�1. The first two peaks can be attributed to

C14H2 and C8H2 respectively [19], while the third peak at

2135 cm�1 is most probably the carbyne anti-symmetric

stretching mode [20]. It is also possible that this feature may

originate from the C„O bond of carbon monoxide [21] as

the irradiation was carried out in air. The vibration modes

of medium sized monocyclic polyyne isomers also occur in

this region [22,23], and suggest that cyclic polyynes could be

present in the irradiated sample. These data indicate that

the nanostructures present in the residue extracted from irra-

diated benzene are primarily amorphous carbon but that they

also contain a variety of polyynes. These polyyne molecules

are the result of laser-induced dissociation of benzene to-

gether with subsequent radical reactions in solution.

The dissociation of benzene in the gaseous phase by fs-

pulsed laser irradiation has been studied extensively [9–11].

Pulses from a Ti:Sapphire laser operating at 800 nm produce

little ionization in benzene at intensities in the 1013 Wcm�2

range. For both 50 fs [9] and 200 fs [10] pulse durations the

parent ion C6Hþ6 was the predominant species in TOF spectra

at this intensity. At higher intensities (up to 2.5 · 1014 Wcm�2)

the benzene ring was found to dissociate into numerous

molecular fragments, CnHþn where n is from 1 to 6. At intensi-

ties between 1016 and 1017 Wcm�2 it was found that multiply

charged carbon ions dominated in time of flight mass spectra

[11]. The relative role of ionization and fragmentation in irra-

diated benzene is therefore a strong function of intensity, so

that the products produced as the result of irradiation will

be dependent on the particular laser system used. Fig. 4

shows the TOF spectrum resulting from the irradiation of

pure gaseous benzene with the present Ti:Sapphire laser. As

reported by Castillejo [9] the predominant carbon species

are seen to be the parent ion C6Hþ6 , as well as fragments such

as C3Hþn , CHþn , C+, and C2+ produced from the dissociation of

the benzene ring. The same distribution of dissociation prod-

ucts is also seen in the TOF spectrum of C6D6 obtained under

identical radiation conditions (Fig. 4), but significantly we do
not detect polyynes or amorphous carbon in the SERS spec-

trum of irradiated liquid C6D6 (Fig. 3). The clamping intensity

of a fs-laser filament depends inversely on the nonlinear

refractive index, n2, and is given as I ¼ qðIÞ=2n2qc, where,

qðIÞ, is the photo-generated electron density and, qðcÞ, is the

critical plasma density [9]. The ratio of intensities within each

liquid is ID
IB
� 0:4 indicating that the maximum intensity within

the C6D6 is less than half of that of the C6H6 which accounts

for the lack of fragmentation within the liquid benzene-d6.

Laser-induced multi-photon ionization is the source of frag-

mentation of the benzene ring and is the process that domi-

nates in the generation of the reactive fragments that

initiate a complex chemistry in irradiated liquid benzene.

The products of this chemistry include an amorphous carbon

precipitate as observed in AFM images and detected in the

SERS spectrum.

While polyynes have been detected in solution after irradi-

ation of alkane and acetone liquids, [6,8] no evidence has pre-

viously been found for the formation of amorphous carbon. In

a model proposed recently [8] to explain the formation of

polyynes in the fs irradiation of liquid alkanes, long chain

polyynes are the result of the insertion of C, C+, C2, and other
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primary dissociation products into small carbon chains. The

present study shows that the formation of amorphous carbon

is initiated by the reaction of primary dissociation products

with C6H6 molecules in solution. A variety of substituted ring

compounds would result from these reactions leading even-

tually to amorphous carbon. Polyynes appear to be the sp-

bonded component of this structure, and it seems likely that

the compounds seen in the SERS spectrum are not separate

molecular species, but take the form of chains attached to

aromatic rings. These chains probably act as bridges between

clusters of sp2-bonded rings. We note that SERS spectra do

not show a feature at 3330 cm�1 that would be typical of ter-

minal CH groups attached to free polyyne molecules. There is

also no evidence for spectral features at 2946 and 2924 cm�1

associated with CH3 and CH2 groups suggesting that the

amorphous carbon generated by fs-irradiation of liquid ben-

zene has a (sp, sp2)-bonded structure rather than the (sp3,

sp2)-bonded structure that is characteristically observed in

amorphous carbons [24]. A similar composition has also been

observed in the fs-irradiation of graphite surfaces [25]. The

absence of amorphous carbon and polyynes in solution after

fs irradiation of C6D6 is consistent with this reaction scheme,

since the laser intensity in liquid C6D6 is insufficient to pro-

duce fragmentation.
4. Conclusion

We have shown that the irradiation of pure liquid benzene by

fs-laser pulses leads to the formation of nanoparticles with

three distinct morphologies. Spherical, prolate and toroidal

nanoparticles ranging in height from 1 to 25 nm were ob-

served by AFM. The composition of these nanoparticles was

determined by SERS to be amorphous carbon, however not

of the characteristic the (sp3, sp2)-bonded structure. Linear

or cyclic polyynes (C8, C14), appear to act as bridges between

clusters of sp2-bonded aromatic rings resulting in a (sp,

sp2)-bonded amorphous carbon material. The dissociation

of gaseous benzene by fs-laser pulses was shown by TOF-

MS to produce a number of predominant carbon species

including the parent ion C6Hþ6 , as well as fragments such as

C3Hþn , CHþn , C+, and C2+. In liquid benzene laser-induced ioni-

zation is the source of fragmentation. The formation of (sp,

sp2)-bonded amorphous carbon is initiated by the reaction

of primary dissociation products with C6H6 molecules in solu-

tion. A variety of substituted ring compounds result from

these reactions leading eventually to the observed amor-

phous carbon. This process was not observed in deuterated

benzene since the laser intensity in liquid C6D6 is insufficient

to produce fragmentation due to its higher nonlinear refrac-

tive index.
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