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Suspensions of poly(bisphenol A carbonate) (PBAC) nanoparticles of varying size and 

shape have been produced by ablation of a PBAC target in liquid media with the fourth 

harmonic of a Q-switched Nd:YAG laser (wavelength 266 nm, full width at half 

maximum 4 ns, repetition rate 10 Hz). The polymer target was placed at the bottom of a 

rotating glass vessel filled with around a 10 mm column of liquid. Laser ablation in water 

leads to spherical nanoparticles with diameters of several tens of nanometers for fluences 

close to 1 J/cm2. Ablation at lower fluences, around 0.1 J/cm2, results in the production 

of nanoparticles of smaller diameters and also of non-spherical nanoparticles. Additional 

irradiations at the fluence of 0.1 J/cm2 were performed in several liquid media with 

different properties, in terms of density, viscosity, thermal conductivity, boiling 

temperature, isothermal compressibility and polarity. The different size distributions 

observed were related to the thermal conductivity of the systems, while their viscosity 

seems to be responsible for the development of nanostructures with different 

morphologies. 
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1. Introduction 

Interest in the properties of polymers confined into the nanometer scale is increasing in 

recent years [1]. Polymers are widely used in nanofabrication processes like wires of 

nanometer-scale diameters [2], nanoscale polymeric particles [3, 4] and nanoimprinting 

[1].  

Polymer nanoparticles have found use in a number of applications like coating and 

functionalization of surfaces [5], adhesives [6], drug delivery systems [7], enhanced 

polymer blends preparations [8], organic photovoltaic systems [9] and smart/stimuli-

responsive materials [10]. The applications of polymer nanoparticles are significantly 

affected by their physical properties as well as their surface morphology. Both factors can 

be controlled by the preparation method used to generate such particles. 

Different methods for preparing polymer nanoparticles have been proposed [11-13]. In-

situ polymerization can be carried out so that from a monomer it is possible to obtain a 

nanostructured polymer in the form of a particle [12]. A different approach consists of 

the use of a previously synthesized polymer in solution and the subsequent processing of 

the material to generate the nanostructures [4, 13, 14]. 

Pulsed laser ablation has evolved as one of the most efficient physical methods for 

nanofabrication [15, 16]. In particular, pulsed laser ablation of solids in liquid 

environment (PLAL) was reported for the first time in 1987 [17]. In that work, a 

metastable phase of iron oxide was synthesized by ablating an iron target in water. Since 

then, this technique has been extensively investigated for the s fabrication of nanoparticles 

of a large variety of materials, including metals, alloys, ceramics and semiconductors [17-

25]. More recently such approach has also been proposed to process insoluble organic 

compounds, like phtallocyanines [26, 27], aromatic hydrocarbons [27] and polymers [28]. 

Remarkable advantages of this method over chemical synthesis rely on the simplicity of 

the procedure, the weak aggregation effects, and the lack of impurities caused by chemical 

precursors. The nanoparticle concentration, size, polydispersity, shape, and solid phase 

(amorphous or crystalline) can be controlled by the adequate choice of laser wavelength, 

pulse duration, and fluence [18, 23, 29, 30]. 

In the case of PLAL of polymeric materials, nanoparticles of several polymers such as 

poly(ethylene terephthalate) (PET), polycarbonate (PC), polyimide (PI) and polystyrene 

(PS) have been obtained in water [28] upon ablation at 248 nm. However the role of the 
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liquid media on the characteristics of the particles obtained by PLAL has not been 

described in detail. In the present work we present results on PLAL of poly (bisphenol A 

carbonate) (PBAC) in several liquid media paying special attention to their different 

properties in terms of density, viscosity, thermal conductivity, boiling temperature, 

isothermal compressibility and polarity. 

 

2. Experimental 

As received poly (bisphenol A carbonate) (PBAC) (Lexan ML3021A, SABIC I-P 

(Innovative Plastics) was dried in a vacuum oven for 16 hours at 100 ºC. After drying 

PBAC pellets were heated in a thermoplastic press at 220 ºC for 2 minutes and a pressure 

of 20 bar was applied for 3 minutes. Then, the film was cooled down, inside the press 

using cold cartridges. The resulting PBAC films had a thickness of 0.9 ± 0.1 mm and 

were cut into disks with a diameter of 0.9 cm.  

Ablation of PBAC targets was performed with the fourth harmonic (266 nm) of a Q-

switched Nd:YAG laser (Quantel Brilliant B, 5 ns pulse duration FWHM) operating at a 

repetition rate of 10 Hz. The experimental set-up is similar to the one reported in [23, 31]. 

In brief, the PBAC target was placed at the bottom of a glass vessel filled with a ca. 10 

mm column (1.0 mL) of different solvents. The laser beam was focused by a 12.5 cm 

focal length lens situated approximately at 10 cm from the target to achieve a spot 

diameter of 1 mm on its surface. The diameter of the laser spot was measured from the 

trace left by the laser pulse on an uncoated PVC plate. The vessel was rotated at about 10 

rpm during ablation to avoid target cratering. Several laser fluences in the range 0.1- 1 

J/cm2 were employed and total irradiation time was 1 hour (36000 pulses). 

As liquid media we used six different liquids: 1) deionized water (H2O), purified using a 

Milli-Q 18.2 MΩ reagent-grade water system from Millipore, 2) 2-propanol (2P) 

(99.98%, Aldrich), 3) n-hexane (HEX) (HPLC grade, Scharlau), 4) heptane (HEP) (99%, 

Aldrich), 5) carbon tetrachloride (CCl4) (99%, Panreac) and 6) ethylene glycol (99%, EG) 

(Panreac). Some pertinent physical magnitudes of every liquid are listed in Table 1. The 

solubility was tested in a macroscopic solubility experiment by immersing 24 mg of 

PBAC in 2 mL of the different liquids. In all the cases PBAC was not soluble except for 

carbon tetrachloride. In this case, and for time intervals comparable to the experimental 
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time used in the PLAL protocol, the PBAC target did not show any changes by eye 

inspection. However, after a few days, swelling and whitening of PBAC was observed.  

UV-Vis absorption spectra of all the liquids employed were recorded with a UV-Vis-NIR 

spectrophotometer (UV-3600 Shimadzu) using 1 cm optical path quartz cuvettes. Figure 

1 shows the absorption spectra collected in the 200-300 nm range. It is evident that at the 

irradiation wavelength of 266 nm, absorption of the liquids employed is negligible except 

for carbon tetrachloride which absorbs slightly more. 

 

Table 1. Density (), boiling temperature (Tb), thermal conductivity (k), viscosity, 

isothermal compressibility, polarity (normalized ET
N values) and solubility of PBAC on 

the different liquids employed. Size of the PBAC particles obtained upon irradiation at 

0.1 J/cm2 is also listed. 

Liquid n-

hexan

e 

Heptane Distilled 

water 

Carbon 

tetrachloride 

2-

propanol 

Ethylene 

glycol 

 (g/cm3) 0.66 0.68 1 1.6 0.79 1.1 

Tb (ºC) 68 98 100 77 82 197 

k (W/m K)[32] 0.120 0.123 0.606 0.103 0.141 0.254 

Viscosity  

(g/m s)[33] 

0.294

2 

0.3967 0.8909 0.9004 2.0436 13.8 

Isothermal 

Compressibility 

(at 20 °C) (10-

4/MPa–1)[34] 

16.69 14.38 4.59 10.50 13.32 3.64 

Polarity [35] 0.009 0.012 1 0.052 0.546 0.79 

PBAC 

solubility 

Non-

solubl

e 

Non-

soluble 

Non-

soluble 

Swelling Non-

soluble 

Non-

soluble 

PBAC particle 

size (nm) 

26 ± 3 27 ± 3 18 ± 2 40 ± 5 29 ± 3 25 ± 3 
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Figure 1. Optical absorption spectra of the different liquids used in PLAL experiments. 

The dashed line indicates the laser irradiation wavelength of 266 nm. 

 

Size analysis of the obtained nanoparticles was performed by Atomic Force Microscopy, 

AFM (Multimode 8 equipped with a Nanoscope V controller, Bruker) in tapping mode, 

using NCHV probes (Bruker). In all the cases, 20 L of the resulting suspensions were 

drop-casted on pieces of silicon wafer (100). Samples were left drying for ca. 20 hours at 

ambient conditions, except for the case of ethylene glycol, which was dried under vacuum 

at a temperature of 30 ºC. Images were analysed with the software Nanoscope Analysis 

1.50 (Bruker). For the nanoparticles size study five independent images were recorded 

and analysed. X-ray photoelectron spectroscopy (XPS) data were acquired using Al Ka 

radiation (hn = 1486.6 eV). All reported spectra were recorded at an electron take-off 

angle of 90 with a constant analyzer pass energy of 20 eV. All binding energies are 

referred to the Ru 3d5/2 signal, which was set to 280.0 eV. The spectra were fitted with 

pseudo Voigt line profiles and a Shirley background using the CasaXPS software (version 

2.3.16). 

 

3. Results 

3.1. Dependence on laser fluence 

Figure 2 shows AFM topography images of nanoparticles obtained in water upon 

irradiation at 266 nm and 3600 pulses at different fluences. For irradiation at fluences of 

1 and 0.4 J/cm2 the deposited material is mainly constituted by round nanoparticles. 
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Additionally, some larger aggregates are observed which can be related to possible 

agglomeration of material [36]. For lower fluences of 0.2 and 0.1 J/cm2 the resulting 

morphology follows a similar behavior, and spherical nanoparticles with smaller 

diameters are observed together with different morphologies, specifically strand-like 

structures which will be described below.  

 

Figure 2. Height AFM images of PBAC nanoparticles formed in water at (a) 1 J/cm2, (b) 

0.4 J/cm2, (c) 0.2 J/cm2 and (d) 0.1 J/cm2.  

 

The size distribution and average diameter of nanoparticles obtained from the AFM 

images are shown in Figure 3. For irradiation at fluences of 1 and 0.4 J/cm2 the mean 

diameters are 54 ± 10 nm and 48 ± 10 nm respectively. Aggregates had not been taken 

into consideration for the statistical size distribution analysis.  
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Figure 3. Size histograms of the PBAC nanoparticles obtained in water at (a) 1 J/cm2, (b) 

0.4 J/cm2, (c) 0.2 J/cm2 and (d) 0.1 J/cm2. Lines are fits to the lognormal distribution 

function.  

 

For lower irradiation fluences of 0.2 and 0.1 J/cm2 the mean diameters are 20 ± 5 and 18 

± 5 nm respectively. Figure 4 shows the variation of the mean diameter as a function of 

fluence for spherical nanoparticles. It is observed that nanoparticle mean size increases 

as fluence increases. Also, it seems that this variation follows a step-like trend, indicating 

that there is a critical fluence at which an increase in size occurs quite suddenly.  

 

Figure 4. Mean diameter of spherical nanoparticles of PBAC in water as a function of 

fluence in water. The dashed line is shown as a visual guide.  

 

In addition to the decrease of nanoparticle diameter when decreasing the ablation fluence 

another interesting observation is the appearance of different morphologies, specifically 

strand-like structures (see Figure 2c and 2d). Figure 5 shows enlarged AFM topography 

images of some structures obtained at 0.2 J/cm2. The height of these strands typically lies 

between 1 – 3 nm with lengths in the range of 100 – 450 nm.  
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Figure 5. Detailed height AFM images of nanostructured material formed by PLAL in 

water of PBAC at 0.2 J/cm2. 

 

XPS analysis of the material obtained at the lowest fluence employed, ie. 0.1 J/cm2, was 

performed and the obtained spectra are shown in Figure 6. To fit the PBAC spectrum, the 

C 1s spectra can be represented by five components which correspond to different 

bonding states. In particular, 284.3 eV corresponds to aromatic C–H, 285.1 eV to aliphatic 

C–H/C–C, 286.3 eV to aromatic C–O, 288.8 eV to O–C=O, and 290.4 eV, O–C–O [37]. 

The contribution of each one is listed in Table 2. In the case of nanoparticles obtained by 

PLAL there is a slight increase of the signal corresponding to O–C=O. The formation of 

new functional groups such as ketones, aldehydes, acid and ester groups, it has been 

reported previously for irradiation of polymers [38, 39] or other treatments for instance 

by plasma [37]. Another change observed is the increase of the ratio aromatic 

carbon/aliphatic carbon, which could be related to the oxidation of aliphatic methyl 

carbons.  
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Figure 6. C 1s XPS spectra from (a) PBAC target and (b) PBAC nanoparticles obtained 

by PLAL at 0.1 J/cm2. In both, the experimental data are shown with circles, components 

used in the fit are marked by thin lines and the resulting fit by thick lines. 

 

Table 2. Data from curve fitting of spectra displayed in Figure 5. 

Sample C aromatic C aliphatic C-O 

aromatic 

O-C-O 

C=O 

O-C=O C aromatic / 

C aliphatic 

PBAC 65 25 6 2 2 2.6 

PBAC 

NPs 

70 16 8 1 5 4.4 

 

3.2. Dependence on the liquid media 

In PLAL experiments the liquid environment confines the expansion of the plasma plume. 

Thus, the physico-chemical properties of a specific liquid might influence the interaction 

with the ablation plume [40, 41]. In order to address this point, we performed PLAL 

experiments in different liquid media whose properties are described in Table 1. The 

experiments were carried out at a fluence of 0.1 J/cm2 and 36000 pulses. Figure 7 shows 

height AFM images of the different samples. An image of the irradiation in water is also 

included for comparison, in which the elongated nanostructures, described in Figures 2 

and 5, are also observed. Some of these elongated structures were also observed for 

irradiation in carbon tetrachloride (Figure 7b) and n-hexane (Figure 7c).  

In carbon tetrachloride isolated spherical and elongated nanoparticles, as well as round 

particles with attached strands are observed. Although these results qualitatively resemble 

those obtained in water, the sizes of the nanostructures are different. In carbon 

tetrachloride, the strands emerging from the spherical particles have heights between 10 

– 20 nm and lengths between 100 – 200 nm. 
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Figure 7. Height AFM images showing in detailed the nanostructures formed by 

irradiation at an ablation fluence of 0.1 J/cm2 in (a) water, (b) carbon tetrachloride, (c) n-

hexane, (d) heptane, (e) 2-propanol and (f) ethylenglycol.  

 

Figure 8 shows the size distributions of the spherical particles obtained by PLAL in the 

different liquids, and the mean diameters are listed in Table 1. For carbon tetrachloride 

(Figure 7b), the spherical particles that serve as cores for the strands present a wide range 

of diameters, from 20 – 80 nm, having a mean size of 40 nm. Nanoparticles obtained in 

n-hexane (Figure 7c) feature a mean diameter of 26 nm and the observed strands have 

diameters and lengths in the same range as the ones observed for irradiation in carbon 

tetrachloride. However, in this case the amount of nanoparticles is higher than the amount 

of strands. For the rest of the liquids tested, the presence of these elongated nanostructures 

is not detected. In the case of heptane, only spherical particles are observed with a mean 

diameter of about 27 nm (Figure 7d).  

AFM images of the particles prepared in 2-propanol show two different size distributions 

(see Figures 7e and 8e). Smaller particles have a mean diameter of 29 nm, similar to those 

obtained for irradiation in heptane, while larger particles have mean diameters of about 

120 nm. Additionally, as can be seen in Figure 7e, a new feature is revealed, consisting 

of a toroid structure surrounding a particle, the latter appearing to be physically attached 

(a) (b)

(c) (d)

(e) (f)

5.0 nm 60.0 nm

10.0 nm 60.0 nm

20.0 nm 8.0 nm
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to the toroid through one of its sides. The toroids observed for irradiation in 2-propanol 

are not fully closed and have thicknesses and diameters around 10 and 350 nm 

respectively. This kind of structures is reproducible and observed in several zones of the 

deposited samples.  

Finally, in the case of irradiation in ethylene glycol a continuum of nanoparticles, without 

any specific geometry appears throughout the entire AFM image (Figure 7f). The 

roughness of this phase is about 1 nm, which is much higher than the underlying silicon 

substrate. Some spherical particles can be also observed in the continuum layer, having 

mean diameters of 25 nm. However, in this case the most important features are toroids, 

as observed for irradiation in 2-propanol. These toroids seem to emerge from the 

continuum, having thicknesses between 1 – 5 nm and mean diameters of about 140 nm. 

Additionally, strands can be seen in the AFM image with thicknesses of around 1 nm and 

lengths in the micrometer scale.  

 

Figure 8. Size distribution histograms of nanostructures obtained in (a) water, (b) carbon 

tetrachloride, (c) n-hexane, (d) heptane, (e) 2-propanol and (f) ethylenglycol. Lines 

correspond to the lognormal fitting. 
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Irradiation of PBAC in a liquid environment at fluences above the polymer ablation 

threshold induces the ejection of material and the generation of a plasma plume. As 

material is ejected from the polymer target, the liquid phase provides efficient thermal 

quenching. Also, the liquid confines the evolution of the plasma plume [22, 42].  

From the results shown above it is clear that there is a dependence of the nanoparticle 

formation, in terms of size and shape, both on the laser fluence and on the liquid media. 

The different size distributions and types of structures as the ablation fluence is varied in 

the range of 0.1 to 1 J/cm2 are related to the fact that material can be ejected from deeper 

layers as the fluence increases, thus higher amount of material is ejected. For lower 

fluences, the reduction of size and the appearance of new geometrical structures might 

indicate that the ablated species experience a higher degree of interaction with the liquid 

surroundings. In the PLAL setup, as the laser beam heats the PBAC target, the liquid 

environment is also affected. Previously, Leveugle and Zhigilei [43] have shown, via 

molecular dynamics simulations, that during the ablation process, the original randomly 

oriented molecules in the target have a tendency to extend along the flow in the ablation 

plume and to thread through the liquid regions. In their simulations, the polymer-liquid 

environment leads to the formation of complex polymer elongated structures in the 

direction of the ablation plume expansion [43]. Also, these authors have shown a 

dependence of this process with the laser fluence. For low fluences, elongated polymer 

structures appear, while as fluence is increased, the material was ejected as clusters [43, 

44]. These facts can be compared to the results shown herein. Also, at high fluences, the 

amount of ejected material is higher and is ejected with a higher kinetic energy in 

comparison to the low fluence ablation. This might induce more collisions in the ablation 

plume that ultimately lead to coalescence of material and thus to higher diameters of the 

resulting nanoparticles, as observed. 

The shape of the observed nanostructures is shown to be highly dependent on the liquid 

environment, and nanospheres, strands, cylinders and toroids have been observed by 

AFM. In a first approach this could be related both to different mechanisms of molecular 

ejection and to the different physical properties of each liquid (Table 1). As the PBAC 

target is being ablated, the high temperatures at the target surface lead to the formation of 

bubbles due to the evaporation of the solvent. These bubbles could be linked to the 

formation of the different nanoparticle structures. According to Lazare [45], the 

temperature increase (T) at the target surface can be estimated as ∆T=αF/(ρCp) where F 
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is the laser fluence,  is the absorption coefficient at the irradiation wavelength of 266 

nm (18000 cm-1), is the density (1200 kg/m3) and Cp is the heat capacity (1207 J/kg K) 

of PBAC [46]. The estimated temperature increase at the target surface under irradiation 

at 0.1 J/cm2 is 1240 K, which is much higher than the corresponding boiling points of the 

liquids used in this work. This implies that the formation of bubbles due to local 

evaporation of the solvent should be similar for all the liquids tested. In consequence, the 

different sizes and morphologies cannot be explained by invoking bubble formation. To 

this point is worth mentioning that cavitation bubbles are not visually detected. The mean 

diameters of the polymer nanoparticles as a function of the boiling point of the different 

liquids are displayed in Figure S1. 

Another factor that could affect the formation of nanostructures is the density of the liquid 

medium. Since we worked at a fixed volume (1 mL), density is proportional to the mass 

of liquid in the vessel. Thus, a higher density implies a higher mass of liquid surrounding 

the target ablation site. This fact could affect the ablation plume expansion and thus the 

formation of nanostructures. Table 1 and Figure S2 show the mean diameter of 

nanoparticles in different liquid media where it becomes evident the lack of relationship 

between the density and particle size.  

Recently, Russo et al [47] prepared copper nanoparticles by laser ablation in different gas 

media, such as argon (Ar) and helium (He). These authors have found that the particle 

size was dependent on the surrounding gas, being the mean diameters smaller for 

irradiation in He than in Ar. Experimental results and simulations led to conclude that the 

different size distributions were a consequence of the much higher thermal conductivity 

of He (ten times larger than Ar). Consequently, the vapor plume cools faster for ablation 

in He. The faster cooling rate induces a higher supersaturation ratio and a shorter 

condensation duration, which result in smaller particles from condensation. Also, De 

Bonis et al. [48] have performed PLAL experiments in different liquids, namely water 

and acetone, using palladium as ablation target. They found that the mean diameter of the 

nanoparticles obtained in acetone was slightly higher than those obtained in water under 

the same irradiation conditions and related these results to the thermal properties of the 

liquids which could affect the cooling times of the plume. Since thermal conductivity of 

water is larger than that of acetone, a faster cooling of the plume leads to smaller particles. 

Figure 9 shows the mean diameter of nanoparticles obtained by PLAL of PBAC as a 

function of the thermal conductivity of the liquids tested in this work. The distribution 
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obtained by considering only spherical nanoparticles shows that as the thermal 

conductivity of the liquid increases, the nanoparticle diameter decreases. This result is in 

line with the reports by Russo [47] and De Bonis [48] and indicates that a faster cooling 

rate, induced by the liquid, leads to smaller nanoparticles, just like in a thermal quenching 

procedure.  

 

Figure 9. Mean diameter of nanoparticles as a function of the thermal conductivity of the 

liquid media for PLAL. The dashed line is a guide for the eye.  

 

Additionally, the possible influence of viscosity, polarity and compressibility of the 

different liquids employed has been considered since they have been reported to have an 

effect on the nanoparticles formation in other cases [49-51]. With this purpose, the mean 

diameters of the nanoparticles as a function of these physical properties have been plotted 

in figures S3, S4 and S5, showing no clear dependence. 

Regarding the different shapes of the nanostructures obtained, thermal conductivity does 

not completely explain all the observations and some other factors must be taken into 

account. In fact, the shape of the different nanostructures can be discussed in relation to 

the viscosity of the liquid media (Table 1). For n-hexane and heptane, which have the 

lowest viscosity of the studied liquids, the obtained nanoparticles are very similar in terms 

of size and shape and only some strands are observed in the case of irradiation in n-

hexane. As viscosity increases, the appearance of strands is more significant (irradiation 

in water and carbon tetrachloride). For even higher viscosity liquids, like 2-propanol and 

ethylene glycol, a new type of structure appears with a toroidal shape. These differences 

seem to be related to the different expansion dynamics of the ablation plume that finds a 

0.2 0.4 0.6

20

30

40

50

H
2
O

EG

2P
HEP

HEX

 

 

D
ia

m
e
te

r 
(n

m
)

Thermal conductivity (W/m K)

CCl
4



15 
 

higher opposing force in the case of liquids with a higher viscosity. This influences the 

homogeneity of the ablation plume and prevents the ablated polymer nanostructures of 

inhomogeneous shapes to rearrange into spherical particles. 

 

5. Conclusions 

Pulsed laser ablation of poly(bisphenol A carbonate) was performed in different liquids 

leading to the formation of nanoparticles. The effect of laser fluence was first studied by 

irradiating the polymer in water at different fluences in the range 0.1-1 J/cm2. A decrease 

of the size of round nanoparticles together with the appearance of strands also in the 

nanometer scale is observed when decreasing the irradiation fluence. For high fluences, 

more and faster material is ejected leading to more collisions within the ablation plume 

that ultimately favor formation of larger nanoparticles. The effect of the liquid media on 

the structures obtained is studied using liquids with different physico-chemical 

parameters. The different size distributions are studied as a function of density, viscosity, 

thermal conductivity, boiling temperature, isothermal compressibility and polarity. It is 

observed that they are related to the thermal properties of the liquids, which affect the 

cooling times of the ablation plume expanding in the liquid medium. In particular, as the 

thermal conductivity of the liquid increases, the faster cooling of the plume results in 

smaller particle size. On the other hand, the viscosity of the liquid seems to influence the 

development of the different nanostructures. Thus, as viscosity increases the different 

expansion dynamics of the ablation plume promotes new types of structures like strands 

and toroids. 
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