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Abstract

In this work, a method is proposed for the simultaneous analysis of several pristine
fullerenes (Cgo, C70, Crs, Crs, and Cgs) and three Cgo-fullerene derivatives (N-methyl
fulleropyrrolidine, [6,6]-Phenyl Cg; butyric acid methyl ester and  [6,6]-Phenyl
Ce1 butyric acid buthyl ester) in environmental samples. The method involves the use of
ultrahigh performance liquid chromatography coupled to atmospheric pressure
photoionization mass spectrometry (UHPLC-APPI-MS) and allowed the
chromatographic separation in less than 4.5 minutes. The product ions from tandem
mass spectrometry studies of fullerene derivatives, were characterized and the most
abundant one (m/z 720), corresponding to [Ceo] ", was selected for quantitation. Selected
reaction monitoring (SRM at 0.7 m/z FWHM) by acquiring two transitions using both
isotopic cluster ions [M]™ and [M+1]" as precursor ions was proposed for quantitation
and confirmation purposes. For pristine fullerenes, highly-selective selected ion
monitoring (H-SIM) acquisition mode by monitoring the isotopic cluster ions [M] " and
[M+1]" was used. Pressurized solvent extraction conditions were optimized in order to
improve recoveries of the studied fullerene compounds from sediment samples. Values
up to 87-92% for Cgo-fullerene derivatives and lower but still acceptable, 70-80%, for
pristine fullerenes were obtained. Method limits of quantitation (MLOQs) ranging from
1.5 pg Lo 5.5 ng L™ in water samples and from 0.1 ng Kg* to 523 ng Kg* in
sediments were obtained with good precision (relative standard deviations always lower
than 13%). The applicability of the developed method was evaluated by analyzing
several environmental samples such as sediments and pond water and the detected
levels for C60-fullerene derivatives were of 0.1-2.7 ng Kg'and 1.5-8.5 pg L™
respectively. Cgo and C;o were the only pristine fullerenes detected in the analyzed

samples (0.1-7.2 ng Kg™ in sediments and 9-330 pg L™ in water pond samples).
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1. Introduction

Since their discovery [1], fullerenes have gained a prime role on the scientific
scene because of their exceptional properties and versatility. Fullerenes are used in a
wide range of applications such as in optical and electronic devices (polymer additives,
solar cells, photovoltaic and electro-optical devices) [2], in commercial cosmetic
products [3], as well as in biomedicine (antiviral, anticancer, and antioxidant agents, in
drug delivery systems, or as gene carriers) [4]. Nevertheless, nowadays surface-
functionalized fullerenes are produced in larger quantities than empty fullerenes in an
attempt to create more biologically compatible forms [5,6]. The most common
modification of fullerenes consist of the addition of esters of the butyric acid as in [6,6]-
Phenyl Cg; butyric acid methyl ester (PCBM) and [6,6]-Phenyl Cg; butyric acid butyl
ester (PCBB) and also the addition of azomethineylide groups to form N-
methylfulleropyrrolidines. N-methyl fulleropyrrolidine (Cgo-pyrr) is being used as an
intermediate for the synthesis of other fullerene compounds with medical and biological
applications [7] and PCBM and PCBB are commonly used as electron acceptors in solar
cells [8,9]. Pristine fullerenes, mostly Cgo and C;, are used in cosmetic products due to
their antioxidant behavior [10] as well as in organic photovoltaic cells [11]. The
industrial scale production (currently exceeding several tones/year) and extensive use of
fullerenes and fullerene derivatives would increase human and environmental exposure
although it has been reported that they also occur in a variety of natural materials [13].
The potential toxicity of fullerene compounds is an intensely debated issue. Several
reports showed that pristine fullerenes are non-toxic and that they have a wide spectrum
of positive and unique biological activity while other works are suggesting the
possibility of some adversary effects [3,14].

Nowadays, these compounds are being considered emerging contaminants
hence, sensitive and reliable methods for their analysis in environmental samples are
needed. Chromatographic separation of fullerenes has been studied since the 1990s
[15,16] but their detection in environmental samples occurred only recently [17-20].
This partly due to the lack of methodology for the detection and characterization of
fullerene compounds, especially functionalized fullerenes, in complex matrices, i.e.
water, soil, etc. Among the analytical methods reported in the literature for fullerene
determination in environmental samples , liquid chromatography-mass spectrometry
(LC-MS) is the method of choice for the quantification of low concentrations of

fullerenes, and the use of MS analyzers of both low [21] and high resolution [22,23],
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has been described. Regarding ionization sources, electrospray ionization (ESI) and
atmospheric pressure chemical ionization (APCI) are the most frequently used [21,24-
27] although lately, atmospheric pressure photoionization (APPI) has been proposed for
the analysis of fullerenes in water samples [27-29]. Most of the reported studies focus
on the analysis of pristine fullerenes, especially Cg and Cy [18,21,22,28-30] and only
few studies describe analytical methodologies for some functionalized fullerenes
[21,23,31]. Most of the works dealing with the analysis of environmental samples are
devoted to the determination of pristine fullerenes, especially Cgo and Co in industrial
effluents and surface waters [29], although recently their presence has also been
reported in airborne samples from the Mediterranean Sea as well as in some soil and
sediment samples [32]. Only one paper in the literature [21] reported the presence of a
Ceo-fullerene derivative, Cgo-pyrr, in wastewater treatment plant effluents.

For the extraction of fullerenes from environmental waters, liquid-liquid
extraction (LLE) [18,24,25,30] and solid phase extraction (SPE) [19,22-24] are most
commonly used although recently, Chen et al. [29] reported ultrasound assisted
dispersive liquid-liquid micro-extraction for the extraction of Cgy, C70 and PCBM. In
general LLE provides higher recoveries [20,24,30] and the addition of salts is
recommended to destabilize the aqueous nCgp aggregates and facilitate its transfer into
the organic solvent [30,33]. Ultrasound extraction has been also proposed for the
extraction of fullerenes from the water suspended solids [21,28]. Very few reports have
been published regarding sediments and soil sample treatment. In general, Soxhlet and
ultrasound assisted extraction with toluene [32,34-38] are the most frequently used,
although pressurized liquid extraction (PLE) [32,39] has also been proposed. However,
most of the works evaluate the extraction of Cgy or Cso fullerene and very few are
devoted to functionalized fullerenes [21,23,37] and generally they do not report method
performance characteristics.

In the present work, a method based on LLE for water and PLE for sediments
and analysis by UHPLC-MS(/MS) of several pristine fullerenes (Cgo, C70, C76, C7g, and
Css) and three Cgo-fullerene derivatives (Cgo-pyrr, PCBM and PCBB), which present
increasing industrial applications, was developed. The behavior of the compounds in
different reversed phase columns and mobile phases was studied. Mass spectrometry
atmospheric pressure ionization sources (ESI, APCI and APPI) were evaluated for the
ionization of Cgo-fullerene derivatives and the obtained spectra were discussed. Tandem

mass spectrometry behavior of the derivatives was studied to characterize the product
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ions and to select the most abundant and selective ones for quantitation and
confirmation. Moreover, PLE conditions for the extraction of the compounds from
sediment samples were optimized. Finally the proposed method was applied for the

determination of the studied compounds in environmental samples.

2. Experimental
2.1. Chemicals and standard solutions

Ceo (CAS: 99685-96-8), C7o (CAS: 115383-22-7), C7s (CAS: 142136-39-8), Crg
(CAS: 136316-32-0), Cgs (CAS: 135113-16-5) fullerenes and Cgo fullerene derivatives:
N-methyl fulleropyrrolidine (Cgo-pyrr) (CAS: 151872-44-5), [6,6]-Phenyl Cg; butyric
acid methyl ester (PCBM) (CAS: 160848-22-6), and [6,6]-Phenyl Cg; butyric acid
butyl ester (PCBB) (CAS: 571177-66-7) were purchased from Sigma-Aldrich
(Steinheim, Germany). The chemical structures and abbreviations of these compounds
are given in Figure 1. Methanol, acetonitrile and toluene, all of them LC-MS grade,
were also supplied by Sigma-Aldrich. Sodium chloride (NaCl) was purchased from
Merck (Darmstadt, Germany) and diatomaceous earth sorbent (Hydromatrix) from
Varian (California, USA). Stock standard solutions of fullerenes (10 mg kg™) were
individually prepared by weight in toluene and stored at 4°C. Working solutions were
prepared weekly by appropriate dilution of the stock standard solution in
toluene/methanol (30:70 v/v).

Accucore C18 (150 x 2.1 mm, 2.6 um particle size) and Hypersil GOLD C18
(150 x 2.1 mm, 1.9 um particle size) chromatographic columns were both purchased
from Thermo Fisher Scientific (San José, CA, USA).

Nitrogen (99.98% pure) supplied by Claind Nitrogen Generator N2 FLO (Lenno,
Italy) was used for the API sources, and high purity Argon (Arl), purchased from Air
Liquid (Madrid, Spain), was used as a collision-induced dissociation gas (CID gas) in

the triple quadruple instrument.

2.2. Instrumentation

The chromatographic separation was carried-out using an ultrahigh performance

liquid chromatography (UHPLC) system (Accela system; Thermo Fisher Scientific),


http://www.sigmaaldrich.com/catalog/search?term=160848-22-6&interface=CAS%20No.&lang=es&region=ES&focus=product
http://www.sigmaaldrich.com/catalog/search?term=571177-66-7&interface=CAS%20No.&lang=es&region=ES&focus=product

165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197

equipped with a quaternary pump, autosampler, and column oven. The UHPLC final
separation of the studied compounds was performed with a Hypersil GOLD C18
column (150 mm x 2.1 mm, 1.9 pm particle size, Thermo Scientific). Toluene (mobile
phase A) and methanol (mobile phase B) at a flow rate of 500 pL/min (column back
pressure~600 bar) was used. Gradient elution was as follows: 1 min at 30 % of solvent
A, a linear gradient from 30 to 55% in 1 min, then an isocratic step of 3 min at 55 %,
and returning to initial conditions in 1 min which were maintained for 5 min in order to
prepare the column for the next analysis.

Mass spectrometric analysis was performed using a TSQ Quantum Ultra AM
(Thermo Fischer Scientific) triple quadrupole instrument, equipped with hyperbolic
rods that permit operation in enhanced mass resolution (isolation window: 0.1-0.04 m/z,
FWHM) and with an lon Max API source housing device (Thermo Fisher Scientific)
equipped with ESI and APCI probes. The working conditions for ESI and heated-
electrospray ionization (H-ESI) (Thermo Fisher Scientific) in negative mode were:
electrospray voltage -3 kV, capillary temperature 350 °C, vaporizing temperature for H-
ESI probe 300 °C. For negative APCI, the discharge current was 10 pA and the
vaporizing temperature 300 °C. When operating with negative APPI, the lon Max
source housing was equipped with a Syagen Photo Mate VUV light source (krypton
discharge lamp, 10.0 eV) (Syagen Technology Inc., Tustin, CA, USA), and the APCI
probe was used as a nebulizer-desolvation device (no corona discharge was applied).
For all studies, nitrogen (purity >99.98%) was employed as sheath gas and auxiliary gas
at a flow rate of 30 and 25 a.u. (arbitrary units), respectively. Tube lens offset was 180
V and the ion sweep gas was kept at 0 a.u. lon transfer tube and the vaporizer
temperatures were set at 300 °C. To optimize both API source parameters and mass
spectrometry conditions, infusions of fullerene standard solutions prepared in
toluene/methanol (40:60, v/v) of 1 mg L™, at a flow rate of 10 pL min™, were used.
Additionally, fullerene solutions of 100 pg L™ were chromatographically analyzed by
isocratic elution with toluene-methanol (40:60, v/v), at a flow rate of 500 pL min™, in
order to evaluate the purity of the standards used. Both, Cgo-pyrr and PCBB standards
showed a 10% contamination with pristine Cgo fullerene. This contamination has been
taken into account when working with mixed standard solutions for calibration. For
instrument control and data processing, Xcalibur v2.0 (Thermo FisherScientific)

software was used.
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For the acquisition, the chromatogram was divided in 2 segments, with different
acquisition modes for each one of them. For Cgo-fullerene derivatives (segment 1: 0-2.8
min), selected reaction monitoring (SRM, Q1 and Q3 at 0.7 m/z FWHM) by monitoring
two SRM transitions (using the isotopic cluster ions [M] ™ and [M+1]" as precursor ions)
was used (Table 1). For the analysis of pristine fullerenes (segment 2: 2.8-5 min)
highly-selective selected ion monitoring (H-SIM) mode working at enhanced resolution
in Q3 (0.06 m/z FWHM, with a mass resolving power higher than 12,500), and
monitoring the isotopic cluster ions [M]" and [M+1]", was used as previously described
[28]. For H-SIM mode, the scan width was set at 0.1 m/z and a 10 ms scan time (1

uscan) and for SRM mode 0.7 and 10 ms, respectively, were used.

2.3. Sampling and sample treatment

Water and sediment samples were collected from several ponds located around
Barcelona’s Airport (El Prat de Llobregat, Spain) and were stored at 4°C and room
temperature, respectively, and in the dark for a maximum of 2 weeks.

For method validation, blank water and sediment samples collected from a zone
located away from industrialized urban areas were used. Chromatograms of these blank

samples are included in supplementary data (Figure 1S).

Water samples

Liquid-liquid extraction (LLE) with toluene following a previously described
procedure [30] with some modifications was used. Samples (200 mL) were processed in
triplicate, without filtration, as follows: each sample was placed in a separatory funnel
and 20 % (w/v) of NaCl was added prior to the addition of 20 mL of toluene. After
shaking the funnel on a shaker (Selecta, Barcelona, Spain) for 10 minutes, the toluene
phase was collected. This procedure was repeated 3 times for each sample. The final
toluene extract (60 mL) was then evaporated to approx. 5 mL using nitrogen in a
Turbovap Il Concentration Workstation (Zymark Corporation, Hopkinton,
Massachusetts, USA), and finally evaporated to almost dryness (0.1 mL) with a Visidry
vacuum manifold (Supelco, Bellefonte PA, USA). The extract was reconstituted in
toluene-methanol (30:70, v/v) solution to a final volume of 0.5 mL and transferred to an
amber-glass injection vial. Finally, 10 pL of this extract was injected into the UHPLC-
APPI-MS(/MS) system.
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Sediment samples

Prior to extraction, the samples were air dried for 48 h, and then homogenized
using a mortar and pestle and then sieved using a 2 mm sieve. Two different extraction
methods were evaluated: ultrasound extraction and pressurized solvent extraction
(PLE). For ultrasound extraction, 15g of homogenized sediment sample were dispersed
in 50 mL toluene and sonicated for 1 hour in an ultrasound bath. The solution was then
centrifuged at 4500 RPM for 10 min using a Selecta Centronic Centrifuge (Barcelona,
Spain). The extraction was repeated three times collecting a total toluene extract of 150
mL. PLE extractions were performed on an ASE 100 Accelerated Solvent Extractor
system (Dionex, San Jose, CA, USA). Sediment samples were extracted as follows: 15¢g
of homogenized sample were placed in 34 mL steel cell, filling the remaining cell
volume with Hydromatrix (Varian, Harbor City, CA, USA). The cell was sealed at each
end by cellulose glass fiber paper circles. Samples were extracted at 150 °C with
toluene and working at a pressure of 1300 psi applying one static cycle of 10 minutes
and a flush volume of 100% (100 s of purge with Ny). The solvent was flushed out of
the cell by N, obtaining a final toluene extract volume of approx. 34mL.

Finally, toluene extracts obtained by both ultrasound extraction and PLE were

evaporated and treated as previously described for the pond water samples.

3. Results and discussion
3.1 Mass spectrometry studies

In a previous study carried out in our research group [28], high ionization
efficiency for pristine fullerenes was observed when using solvent-mediated negative-
ion APPI, in comparison to other API sources. One of the aims of this work was to
analyze three Cgo fullerene derivatives, whose presence in the environment is expected
to rise due to their increasing use, together with the five pristine fullerenes previously
studied. For this purpose, different API sources (APPI, ESI, H-ESI, and APCI) were
evaluated by infusing individual standard solutions of the Cgo fullerene derivatives (1
mg L™) in toluene/methanol (40:60, v/v) in both, positive and negative modes. For all
the evaluated API sources, higher ionization efficiency was observed in negative mode
and the MS spectra was always dominated by the isotope cluster of the molecular ion
[M]”, with m/z ions at M, M+1, M+2, and M+3, in agreement with previous reports
[23,29]. A comparison of the ionization efficiency of the tested API sources (APPI, ESI,

H-ESI, and APCI) is shown in Figure 2 where the signals obtained with each source for
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the molecular ion [M]™ of the three Cgo-fullerene derivatives (PCBM, PCBB and Cgo-
pyrr), normalized to the signal observed in APPI, is given. As can be seen, the
sensitivity of Cgo-fullerene derivatives is considerably higher when using solvent-
mediated (toluene) APPI as previously reported for pristine fullerenes [28] and also for
PCBM [29]. Among the other sources, APCI provided better results than electrospray in
both, ESI and H-ESI modes, which can be explained because electron capture is favored
in the APCI plasma.

In the full scan MS spectra of some of the fullerene derivatives obtained by
infusion of the standard solutions, in addition to the isotope cluster of the molecular ion
[M], there is another cluster at m/z 720 corresponding to the isotopic pattern of the
molecular ion [M] of the Cgo buckyball structure. Figure 3a shows, as an example, the
full scan MS spectrum of Cgo-pyrr in negative APPI mode where both the molecular
ions [M]”" (m/z 777) and the cluster at m/z 720 appeared. This could be due to the
presence of Cgo fullerene residues in the commercial Cgo-pyrr standard or to the loss of
the pyrrolidine functional group by in-source fragmentation. In the LC chromatogram of
the Cgo-pyrr standard two peaks appeared, one at the retention time of Cgo-pyrr and
another one at the retention time of Cgo fullerene indicating a contamination of Cgo-pyrr
by Ceo (~10%). PCBB standard also contained a 10% contamination by Cgo fullerene.
Additionally, a minor contribution (5%) of an ion at m/z 910 was present in the
spectrum of this compound, resulting from the loss of propene (CH,=CH-CHj3). This ion
was caused by thermal degradation and its intensity increased with the vaporizer
temperature. In contrast, no contamination by Cgowas observed for PCBM standard.

As previously reported [28], pristine fullerenes presented isotopic patterns with
relative abundances of m/z M+1, M+2, and M+3 higher than the theoretical ones,
because of the addition of hydrogen to a double bond of the fullerene structure. In
contrast to this behaviour, for the Cgo-fullerene derivatives studied in this work, the
isotope patterns obtained using APPI matched with those obtained by H-ESI, APCI, and
also with the theoretical ones (Figure 3a). A possible explanation for this different
behavior can be the presence of the functional groups which reduces the tendency of
hydrogen addition to the double bonds. In addition, it must be mentioned that when
analyzing low concentration levels of C60 the isotope cluster matched with the
theoretical pattern, in contrast to the previously reported behavior of pristine fullerenes.
This fact seems to indicate that addition of hydrogen to the fullerene double bond in the

ion source could be related to the fullerene concentration. In order to confirm this

9
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assertion, the LC-MS spectra of Cgo and Cyq (isocratic elution with toluene-methanol,
40:60, v/v) were obtained by injecting standard solutions at several concentrations (0.1-
1000 pg L™), and the variation of the ion ratio (M/M+1) with the concentration was
evaluated. The results showed that the isotope pattern matched with the theoretical one
at low concentration levels (<100 pg L™) while at higher concentrations, the ion ratio
M/M+1 decreased, showing abundances of M+1, M+2 and M+3 higher than the
theoretical ones. A similar behavior with a decrease in the signal of the [M+1] " ion of
the isotopic cluster at low concentrations (<10 pg L™) was also observed for the
fullerenes of higher size.

With the objective of charactering the product ions obtained in tandem mass
spectrometry and selecting the most abundant and selective ones for quantitation and
confirmation purposes, negative APPI MS/MS spectra of Cgo-fullerene derivatives were
obtained by analyzing individual standard solutions (100 pug L™) under chromatographic
isocratic conditions (toluene/methanol, 40:60, v/v). In contrast to the behavior observed
for pristine fullerenes which cannot be fragmented [28], Cgo-fullerene derivatives did
show fragmentation. The product ion scan spectra of each compound at different
collision energies were acquired. Table 1 shows the product ions obtained for the [M]”
of each compound in the triple quadrupole MS/MS spectrum (relative abundance >5%),
the collision energies (CE) and the corresponding ion assignment. All the compounds,
showed a product ion at m/z 720 corresponding to the radical [Cgo] ™ which was always
the most intense product ion of the spectra and whose intensity increased with the
applied collision energy. No additional fragmentation occurred for Cgo-pyrr at any of the
evaluated collision energies (10 to 100 eV). In contrast, for PCBM and PCBB, with
larger functional groups, the loss of both, the propyl acid alkyl ester group,
(CH2),COO(CH)sH, and the butyl acid alkyl ester group, (CH,)3sCOO(CH)xH, was
observed in the product ion spectra at collision energies lower than 80 eV (m/z 823). For
PCBB, an additional product ion was observed at m/z 896 corresponding to the loss of
the butyl group of the carboxylate ester. Moreover, the loss of propene (CH,=CH-CHj3)
was also observed at collision energies lower than 30 eV (m/z 910). The cleavage of the
carboxylate ester for fullerenes with large alkyl moieties and the loss of the propyl acid
alkyl ester group in the MS/MS spectra of PCBM and PCBB have been reported
[23,29]. However, no information has been found in the literature about the fragment
ion at m/z 809 corresponding to the loss of the butyl acid alkyl ester group observed in
the MS/MS spectra of PCBM and PCBB, at CE < 80eV with a relative abundance from

10
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5 to 10%. At high collision energies ([Ceo-pyrr]™: 80 eV, [PCME]™: 100 eV, [PCBE] ™
150 eV) only the loss of the functional groups, (CH,);N-CHs; for Cgo-pyrr,
CsHs(CH,)3COOCH; for PCBM and CgHs(CH,)3COO(CH,)3CH3 for PCBB, occurred
providing for all the compounds a product ion at m/z 720 corresponding to the [Ceo]”
and this fragment ion was selected for quantitation. Hence, for Cgo-fullerene derivatives
two SRM (Q1 and Q3 at 0.7 m/z FWHF) transitions selecting as precursors the ions
[M]™ and [M+1]" of their isotopic cluster, and as product ions [M]" and [M+1]"
corresponding to the buckyball (Cg) (Table 1) is proposed. As an example, Figure 3b
shows the MS/MS spectra with the two SRM transitions selected for Cgo-pyrr. For
pristine fullerenes, H-SIM (Q3 at 0.06 m/z FWHM, mass resolving power >12,500
FWHM) acquisition mode by monitoring the two most intense ions of the fullerene
isotope clusters ([M] ‘and[M+1]) was used [28].

3.2. Chromatographic separation

For the chromatographic separation of fullerenes C18 reversed-phase
chromatography with conventional LC columns (5 um particle size) [18,21,24,40] and
mainly with toluene/methanol or toluene/acetonitrile mixtures as mobile phase are
usually used. In a previous work, the separation of pristine fullerenes was achieved
using a Hypersil GOLD C18 column (150 x 2.1 mm, 1.9 um particle size, 175 A) and
toluene/methanol as mobile phase under isocratic elution conditions [28]. In the present
work, in order to optimize the separation of pristine fullerenes and the Cgo-fullerene
derivatives, two columns, the previously used Hypersil GOLD C18 column and a core-
shell Accucore C18 column (150 x 2.1 mm, 2.6 pm particle size, 80A) with
superficially porous particles, were evaluated. As expected, Cgo-fullerene derivatives
eluted first in both C18 columns because of their higher polarity, followed by Cg, and
the other pristine fullerenes, their retention time increasing with the number of carbon
atoms and, consequently with their hydrophobicity. The analysis time (retention time of
Css) was significantly shorter when Hypersil GOLD column was used, 4.3 min instead
of 11.2 min in the Accucore C18 column, under isocratic conditions (toluene/methanol,
60:40, v/v). This can be due to higher interactions between fullerenes with big size and
symmetric shape and the column with the smaller porous size packaging, as previously
reported [51]. Among the studied Cgo-fullerene derivatives, only Cgo-pyrr presented a
slightly higher retention in the Accucore C18 column (1.9 min) than in the Hypersil
GOLD one (1.7 min). This could be related to the size of the functional groups of the
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fullerene derivatives, and therefore, their symmetry. Cgo-pyrr has the smallest functional
group, and therefore its symmetry and retention behavior is more similar to that of
pristine fullerenes. The other two Cgo-fullerene derivatives showed lower retention
times in the column with superficially porous particles as currently happens when core-
shell columns and columns with totally porous particles (sub-2 um) are compared [41-
43]. Since shorter analysis time and better asymmetry factors were obtained with the
Hypersil GOLD column, it was selected for the separation of the studied compounds.

Two mobile phases, toluene/methanol and toluene/acetonitrile were evaluated
using the Hypersil GOLD column under isocratic elution conditions (40% toluene and
60 % methanol or 60% acetonitrile). Figure 4 shows the chromatograms obtained in
both cases. Although the eluotropic strength of the mixture toluene/acetonitrile is higher
than that of toluene/methanol, fullerene compounds presented higher retention times
when acetonitrile mixtures were used, behavior that was also observed by Jinno et al.
[44]. For instance, the retention time of Cgs increased from 4.3 min in toluene/methanol
to 7.1 min in toluene/acetonitrile. This curious behavior of fullerenes can be related to
their ability to form aggregates in polar solvents that explains for instance, their
solubility in water [45,46]. It has been reported that stable dispersed colloidal particles
are formed when Cgp and C dissolved in non-polar solvents such as toluene, are added
into polar solvents, like MeOH, ACN, ethanol or THF and that the hydrodynamic
diameter of these small particles depends on the properties of both solvents, mainly
their miscibility and the dielectric constant of the polar solvent [47,48]. Moreover, it has
been suggested that increasing the polarity of the solvent leads to the formation of
smaller aggregates [48]. On the bases of this assumption, fullerene clusters in
toluene/ACN would be bigger than in toluene/MeOH and as a result, fullerenes will be
more retained when toluene/ACN is used compensating the higher eluotropic strength
of this mobile phase.

Furthermore, higher responses were observed with LC-APPI-MS when
toluene/methanol solutions were used in agreement with the results previously reported
by Chen et al. [29] for Cgo, C70, and PCME. Since lower retention times and better
sensitivity were obtained, toluene/methanol was selected as the optimum mobile phase.
Finally, gradient elution was optimized to improve the separation of the first two eluting
compounds, PCBM and PCBB. Under gradient elution (see Experimental Section) the

resolution between PCBM and PCBB increased from 1.2 (isocratic conditions) to 2.0 .
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3.3. Sample treatment

In this work, pond water samples were extracted by LLE with toluene after the
addition of NaCl to facilitate the transfer to the toluene phase, following a procedure
based on the one described by Chen et al. [30] for the analysis of Cg in water (see
Experimental Section). Recoveries were evaluated by spiking blank pond water samples
(200 mL) with fullerene and fullerene derivatives standard solutions in toluene at 5
concentration levels between 1 and 10 ng L™ for PCBM, PCBB, Cgo-pyrt, Ceo, and Crg,
and between 10 and 100 ng L* for Cys Css and Cgs fullerenes. Recoveries were
calculated from the slope of the plot of the calculated amount versus the added
concentration and the values obtained were always higher than 83% and slightly better
for Ceo-fullerene derivatives (93-96 %) than for pristine fullerenes (83-89 %) (Table 2).

Regarding the extraction of fullerene compounds from sediments, both
ultrasound extraction and pressurized liquid extraction (PLE) using toluene as
extraction solvent were evaluated. For this purpose, blank sediment samples were
spiked with standards prepared in toluene at levels of 50 ng Kg™ for PCBM, PCBB,
Ceo-pyrT, Ceo and Cyo, and at 50 pg Kg* for the higher fullerenes and kept at room
temperature (25 °C) for 24 h before extraction. The extracts obtained in both, ultrasound
and PLE extractions were collected, evaporated and analyzed as described in the
Experimental Section.

For ultrasound extraction, the recoveries obtained were very low, ranging from
<1 % to 33 % and decreased for the pristine fullerenes of high molecular weight. These
values are lower than those reported by Sanchis et al. [32] (35-108 %) for the extraction
of Cgo, Cro and some fullerene derivatives from sediments. However these authors used
a very long extraction time, 2 cycles of 4h each and the shorter extraction time (1h) used
in our work can explain the lower recoveries obtained.

PLE extractions were initially carried out following a procedure proposed by
Shareef et al. [39] for the extraction of Cgo from soils. In our work, beside Cg fullerene,
the extraction of C;o and higher pristine fullerenes together with three Cgo-fullerene
derivatives (Cgo-pyrr, PCBM and PCBB) was studied. Sediment samples were extracted
with 100% toluene, at 50 °C and applying 5 static cycles of 10 minutes each. At these
conditions, recoveries between 15 and 45% were obtained which were lower than those
reported by Shareef et al. [39] (84 -107 % for Cgp). However, it is worth mentioning that
in the present work the recoveries where calculated in sediments spiked at much lower

concentration levels (ng Kg™- pg Kg™) than the soils reported in the Shareef work (mg
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Kg™)[39]. Ceo-fullerene derivatives showed higher recoveries (40-45%) than pristine
fullerenes (15-34%) and the extraction efficiency decreased with the molecular weight
as previously observed by ultrasound extraction.

In order to improve PLE recoveries, several parameters such as the extraction
temperature and the number of extraction cycles were optimized. The effect of the
extraction temperature, 50 °C to 200 °C, was evaluated by maintaining all the other
conditions unchanged (5 cycle number of 10 minutes each) and the recoveries obtained
are shown in Figure 5. As can be seen, an important improvement on recoveries was
obtained up to 150 °C. Since no significant increase was observed at higher
temperatures, 150 °C was chosen as optimum temperature for further studies. The effect
of the number of extraction cycles was also evaluated and it was observed that the
recoveries decreased with the number of cycles mainly for the pristine fullerenes of
higher molecular weight, probably due to the co-extraction of interfering compounds
from the matrix as the cycle number increased. The highest recoveries were obtained by
using only 1 extraction cycle. Thus, one static extraction cycle of 10 minutes at 150 °C
was chosen as optimum conditions for the extraction of the studied fullerenes from
sediment samples.

Recovery values were determined by the standard addition method fortifying
blank sediment samples at 5 different concentration levels, between 10 and 100 ng Kg™
for Ceo-fullerene derivatives, Cgo and C7oand from 1 to 50 pg Kg'1 for larger fullerenes.
The recoveries were then calculated from the slope obtained by plotting the found
concentration versus the added one, and values between 70 and 92 % were obtained
(Table 2). These recoveries are higher than the ones reported by Sanchis et al. [32]
(around 60 %) for the extraction of Cgp, C7o, PCBM and Cgo-pyrr from sediments by
using PLE.

3.4. Method performance and application

Both instrumental and method quality parameters were determined, and are
given in Table 2. Instrumental limits of detection (ILODs), based on a signal-to-noise
ratio of 3:1, calculated using the confirmation ion (for pristine fullerenes) or the
confirmation SRM transition (for Cgo-fullerene derivatives), were obtained by analyzing
solutions of the studied compounds at very low concentration levels. ILODs down to
0.001 pg injected were obtained for the Cgo-fullerene derivatives, while values between

0.007 and 5.5 pg injected were found for pristine fullerenes. Calibration curves based on
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the peak area of the studied fullerenes at concentrations between ILOQ and 100 pg
L *were obtained, showing good linearity (r>>0.998) for all the compounds. To evaluate
method detection limits (MLODs), blank pond water and blank sediment samples were
spiked at low concentration levels and were subjected to the sample treatments
previously described. For water samples, MLODs values between 1.4 and 3.4 pg L™
(PCBM, PCBB, Cgo-pyrr, Ceo and Cro) and between 0.6 and 1.6 ng L™ (higher
fullerenes) were obtained. These values are in agreement with those reported previously
for pristine fullerenes [28] and lower than the ones reported by Farre et al. [21] for Cg,
Cro and Cgo-pyrr. MLOD values for sediment samples, ranged between 45 and 250 pg
Kg™ for PCBM, PCBB, Cgo-pyrr, Ceo and Cro and between 31 and 158 ng Kg™ for
higher fullerenes and were also lower than those reported by Sanchis et al. [32] for Ceo,
Cro, Ceo-pyrr and PCBM (9-21 ng Kg™) in sediment and soil samples. MLOQs, based
on a signal-to-noise ratio of 10, were also calculated following the same procedure, and
the values are indicated in Table 2.

The matrix effect was evaluated by comparing the peak areas obtained by
analyzing a standard solution of target fullerenes (500 ng L™ for PCBM, PCBB, Cgo-
pyrr, Ceo and Cyo and 50 pg L for Cy, Crg, and Cgs) with those of the extracts spiked
post extraction treatment at the same concentration level. A reduction of the peak areas,
ranging from less than 10% for water samples to 20% in sediments, was observed for
large pristine fullerenes (C7-Cgs). The higher matrix effect observed for sediments
compared to water samples which is more pronounced for larger fullerenes is due to the
higher content of organic matter. To prevent this effect, matrix matched calibration is
proposed for quantitation.

Instrumental run-to-run precision was evaluated by analyzing a total of five replicates of
a standard at 100 ng L™* for PCBM, PCBB, Cgo-pyrt, Cso, Cro, and 10 pg L™ for higher
fullerenes on the same day. The relative standard deviations (RSDs) based on
concentration ranged from 5 to 7 %. Method day-to-day precision was evaluated by
performing 15 replicate determinations on 3 nonconsecutive days (five replicates per
day) of spiked blank water and sediment samples at two concentration levels, a low
level (MLOQ values) and a high level (10 ng L™* for PCBM, PCBB, Cgo-pyrr, Ceo, and
Cro, and 100 ng L™ for higher fullerenes in water samples, and 100 ng Kg™* for PCBM,
PCBB, Cgo-pyIT, Ceo and Cro, and 50 pg Kg * for Cs6, C7g and Cgs in sediment samples).

Relative standard deviations (RSDs) based on concentration ranged from 10 to 13 %
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(high level) and from 14 to 21 % (low level) showing an acceptable performance (Table
2).

In order to evaluate the applicability of the developed method for the analysis of
Ceo-fullerene derivatives and pristine fullerenes in complex matrices, 6 pond water
samples and 7 sediment samples collected from different ponds located close to
Barcelona’s Airport (El Prat de Llobregat, Spain) were analyzed and the results are
given in Table 3. Fullerene derivatives were detected in all the analyzed sediment
samples at low ng Kg? concentration levels. Figure 6 shows as an example, the
chromatogram obtained for one of the samples. PCBM and Cgo-pyrr (Table 3) were
quantified at levels between 0.14-2.7 ng Kg™, while PCBB was detected at slightly
higher concentration levels, up to 5.1 ng Kg™. To the best of our knowledge this is the
first report of the presence of PCBM, PCBB and Cgo-pyrr, compounds in sediment
samples. Among pristine fullerenes, Cgo and C7o were detected in most of the samples,
but they could only be quantified in some of them, at levels up to 1.1 ng Kg™ and 2.1 ng
Kg™?, respectively, while higher fullerenes were not detected. Ceo and Cro fullerenes
have been recently found in sediments and superficial soils [32], also at low ng L™
concentration levels and in samples from highly industrial and urban areas and near
international airports. Thus, their presence in the samples analyzed in this work could be
related to the location of the sampling points, close to the landing strips of Barcelona’s
airport (El Prat de Llobregat, Spain). The Cgo-fullerene derivatives were also detected in
almost all the analyzed water samples at low pg L™ concentration levels (Table 3), and
the highest concentration detected was ~8 pg L™ (PCBM and Cg-pyrr). There are no
previous reports of the presence of these compounds in water samples, except for Ceo-
pyrr that has been found in wastewater effluents [21]. Regarding pristine fullerenes, our
results are in agreement with previous reports about the presence of these compounds in
environmental water samples, which are detected usually at low ng L™ levels [21,28,32]
except in one paper [21] where Cg was found at pg L™ levels. As regards larger
fullerenes which have not been found in the analyzed samples, the presence of Cgq4 in
water has been recently reported [28], although C;s and C7g have not yet been found in

environmental samples.

4. Conclusions
A fast and sensitive UHPLC-APPI-MS/(MS) method was developed for the analysis
three Cgo-fullerene derivatives (PCBM, PCBB and Cgo-pyrr) with increasing industrial
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applications together with five pristine fullerenes. So far there are no other works
describing a comparable analytical method suitable for the simultaneous analysis of all
these fullerene compounds, and at the very low detection levels (ng L™) relevant for
environmental analysis. Among the different MS API sources tested, APPI was selected
because it showed the best sensitivity. In contrast to pristine fullerenes, the molecular
ion [M]” isotope pattern of the studied Cgo-fullerene derivatives match with the
theoretical ones probably due to a lower tendency of hydrogen addition to the double
bonds caused by the presence of their functional groups reducing the carbon cage
insaturation. Unlike pristine fullerenes, these compounds did present fragmentation,
mainly losing the functional groups and providing the buckyball structure [Ceo]". The
specific characteristics of fullerene compounds regarding their size, their peculiar
solubility behavior and tendency to form aggregates allowed us to explain their
retention behavior in different chromatographic columns (totally porous vs core-shell)
and mobile phase mixtures (toluene-MeOH and toluene-ACN). Cgo-fullerene derivatives
were detected at low ng Kg™* and pg L™ levels, in sediments and water samples
collected from highly industrialized areas (near Barcelona’s airport). This work is the
first report of their presence in these matrices. Among pristine fullerenes, Cg and C7o
were detected in most of the samples, while higher fullerenes were not detected. The
results presented in this work demonstrate that the developed method can be proposed

for the analysis of fullerene and Cgo-fullerene derivatives in environmental samples.
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Figure Captions

Figure 1. Pristine fullerenes and Cgo-fullerene derivatives chemical structures
Figure 2. Signal of the [M] " ion of Cgo-fullerene derivatives with different API sources.

Figure 3. LC-APPI-MS spectra of Cgo-pyrr. (@) Full scan MS spectrum, (b) MS/MS
spectrum of the precursor ion at m/z 777 (CE: 80 eV), and (c) MS/MS spectrum of the
precursor ion at m/z 778 (CE: 80 eV).

Figure 4. UHPLC-APPI-MS(/MS) separation of fullerenes in a Hypersil GOLD C18
column (150 x 2.1 mm, 1.9 um) using (a) toluene:methanol (40:60, v/v) and (b)
toluene:acetonitrile (40:60, v/v ) as mobile phase, Flow rate: 500 pL min™.

Figure 5. Effect of the extraction temperature on PLE. Blank sediment samples spiked
at 50 ng Kg™ for Cgo, C70 and Ceo-fullerene derivatives, and at 50 pg Kg* for the higher
fullerenes (5 extraction cycles of 10 min each).

Figure 6. UHPLC-APPI-MS/(MS) chromatogram of (a) standard mixture (100 ng L™)
and (b) sediment sample.
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Table 1.Product ion spectra of Cgo-fullerene derivatives and selected SRM transitions

Compound  Precursor Product ion spectra Selected reaction
ion [M]” monitoring
(m/z) m/z lon assignment Transitions
(%Rel.Ab.) (CE, eV) (CE, eV)
PCBM 910 910 (40%)  [M] ™, 80 910—720 (100)
823(5%) [M-(CH,),COOCH,] 911—721 (100)°

809(10%)  [M-(CH,);COOCH,]
720 (100%)  [M-CgHsC(CH,);COOCH;]

PCBB 952 952 (30%)  [M]", 80
896(5%) [M-(CH,)sCH3] 952720 (150)*
823(5%)  [M-(CH,),COO(CH,);CH;] 953721 (150)°

809(5%) [M-(CH,)3COO(CH,)5CH3]
720 (100%)  [M-CgHsC(CH,)sCOO(CH,)sCHa]

Ceo.pyrr 777 777 (40%)  [M] ", 50 777—720 (80)°
720 (100%)  [M-(CH,),NCH;] * 778—721 (80)°

*Quantitation °Confirmation



Table2. Quality parameters

Compound  Instrument quality parameters Method quality parameters
ILODs Standard Water Sediment
pg ngL? lonratio* Runtorun MLODs MLOQs Recovery Day to day MLODs MLOQs Recovery Day to day
injected precision®  (pgL™)  (pgLH (%) precision® (ng KgY) (ngKg?h) (%) precision®
Low High Low  High
level level® level’ level®
PCBM 0.004 0.4 1.40+£0.07 7 14 45 93 16 12 0.045 0.15 87 21 13
PCBB 0.002 0.2 1.42+0.07 6 0.9 3.0 94 14 10 0.036 0.12 92 20 11
Ceo-pyrr 0.001 0.1 1.35+0.06 7 0.4 15 96 15 12 0.030 0.10 87 19 12
C60 0.007 0.7 1.28+0.10 5 2.3 75 85 14 10 0.23 0.78 80 16 10
C70 0.01 1.0 1.10+0.10 6 34 11.2 89 15 11 0.25 0.82 78 18 12
C76 2.0 200 1.07£0.09 7 1200 4090 87 16 12 46 154 76 15 11
C78 1.0 97 0.95+0.07 5 600 1870 83 14 10 31 103 70 17 12
C84 5.5 550 0.98+0.05 6 1600 5460 85 16 12 158 523 73 18 13

3(M/M+1)S.D; "%RSD (n=5); “%RSD (n= 3 x 5); “"MLOQs, ¢10 ng L1 (PCBM, PCBB, Cgo-py'T, Ceo, and C), 100 ng L™ (C76-Cas)



Table 3. Analysis of Fullerenes in Water and Sediment Samples by UHPLC-APPI-MS/(MS)

Sample PCBM PCBB Ceo-pyrr Ceo Cqo Cs: Css Cas
Pond water Concentration® lon ratio Concentration® lon ratio Concentration® lon ratio Concentration® lon ratio Concentration® lon ratio

1 52+05 1.38+£0.04 <MLOQ 85+05 1.32+003 15%1 1.30+£0.06 330+20 1.18+£0.02 n.d. nd. nd.
2 8.0+0.9 1.38+0.04 5.0+05 1.40+£0.04 2.0+0.1 1.34£0.05 25%2 1.20£0.02 312 1.11£0.06 n.d. n.d. nd.
3 n.d. n.d. MLOD <MLOQ 22+1 1.15+£0.04 n.d. nd. nd.
4 MLOD MLOD 5.1+0.6 1.34+£003 111 1.24 +0.04 <MLOQ nd. nd. nd.
5 MLOD <MLOQ n.d. 9+1 1.27£0.06 n.d. n.d. nd. nd.
6 6.1+0.7 1.39+0.05 nd n.d. 22+1 1.25+0.03 <MLOQ nd. nd. n.d.
Sediment  Concentration® lon ratio Concentration® lonratio  Concentration® lon ratio Concentration® lon ratio Concentration® lon ratio

1 0.15+0.01 1.36+0.02 2.45+0.04 1.40£0.05 0.36 £0.01 1.36 £0.03 <MLOQ <MLOQ nd. nd. nd.
2 MLOQ 0.18 £0.01 1.43+£0.05 0.140£0.001 1.32+0.01 <MLOQ MLOD nd. nd. nd.
3 0.16 £0.01 1.41+0.04 0.23+0.01 1.43+£0.07 0.562+0.003 1.35+0.02 1.0£0.01 1.26 £0.08 MLOD nd. nd. nd.
4 <MLOQ 0.91 +£0.03 1.41+0.06 0.220+0.002 1.32+0.02 n.d. n.d nd. nd. n.d.
5 26+0.3 1.37+£0.02 5103 1.40£0.04 2.74+0.3 1.30£0.01 1.1#0.1 121+ 0.02 21+0.1 1.17+£0.02 n.d. nd. nd.
6 <MLOQ 0.18 £0.02 1.38£0.02 0.52+0.02 0.82 £0.04 120+ 0.02 7.2+0.2 1.13+£0.03 n.d. nd. nd.
7 MLOD <MLOQ <MLOQ MLOD n.d. nd. nd. nd.

ng L ’ng Kg'* Concentrations given as X +S.D; n.d. = not detected
lon ratio values given as (M/M+1)+S.D.



