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Carbon cluster ions have been produced by pulsed Nd:YAG laser desorption of four sp2- 
hybridized carbon solids: glassy carbon-6 (GC-6), glassy carbon-25 (GC-251, highly oriented 
pyrolytic graphite (HOPG), polycrystalline graphite, and the oligomeric precursor to GC-6, 
poly(phenylenediacety1ene). The desorbed ions were detected by Fourier transform ion cyclotron 
resonance mass spectrometry. Under similar laser and mass spectrometry conditions, 
polycrystalline graphite yielded abundant fullerene ions (C44+ to C124+). GC-6, synthesized by 
a low-temperature route, gave increased ion populations from C14- to (225- relative to conven- 
tional GC-25. Laser desorption of the organic precursor, poly(phenylenediacetylene), yielded 
fullerenes from C60+ to Clb0+ in positive-ion mode, and C3- to Clo- in negative-ion mode. The 
present results show that (a) pulsed laser desorption of polycrystalline graphite produces a 
higher yield of fullerene cations compared to other spz-type carbon solids, (b) low-mass carbon 
cluster ions from CI4 to C30 are consistently produced from all four carbon solids as positive ions 
but not as negative ions, and (c) no fullerene anions are produced from any of the carbon solids 
under these experimental conditions, implying different formation mechanisms for positive and 
negative carbon cluster ions. 

Introduction carbon solids has allowed the incorDoration of doDanta 

Carbon-based materials are important for their utility 
as electrodes in a variety of electrochemical systems. 
Although most carbon electrodes used for electrochemistry 
are synthetic graphites, a variety of sp2-hybridized carbon 
materials with different microcrystalline structures exist, 
including glassy carbon (GC), highly oriented pyrolytic 
graphite (HOPG), and polycrystalline graphite. The 
microcrystalline structure of carbon solids critically affects 
their physical properties and their capacity to function as 
electrodes.’ 

Recently, Callstrom and co-workers discovered a low- 
temperature route (600 “C) to glassy carbon materialsz4 
as opposed to the preparation of GC by conventional 
thermolysis of polymeric materials at temperatures of 
1800-3000 O C q 7 - 1 4  This low-temperature route to glassy 
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into the carbon matrix, including nitrogen, silicon, flubrine, 
and platinum. The platinum-doped glassy carbon ma- 
terials exhibit excellent electrocatalytic behaviora2 

Laser desorption mass spectrometry (LD/MS) has been 
widely applied to the analysis of solid carbon samples, 
particularly after the identification of C60+ in 1984.15J6 In 
addition to graphite1L17 and diamond film,18 LD/MS 
studies have produced and detected fullerene ions from 
various precursors including polycyclic aromatic hydro- 
carbons,lg polyimide,20 ethylene-tetrafluoroethylene co- 
polymer,21 C8nOpn-type carbon oxides,22 and coal-derived 
coke.23 Carbon clusters of size up to C30 have long been 
observed in the laser desorption mass spectra of graph- 
ite2P28 and carbon uf0il”,29-31 but mass spectrometry of 
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Carbon Cluster Ions 

glassy or pyrolytic carbon solids is s ~ a r c e . ~ ~ ~ ~ ~  
The high mass-resolving power, selective ion ejection, 

and ion chemistry capabilities of Fourier transform ion 
cyclotron resonance mass spectrometry (FT/ICR/MS)- 
have stimulated numerous laser desorption/carbon cluster 
ob~eervations.~~*~~,~~~~ For example, carbon cluster positive 
ions produced by laser desorption FT/ICR/MS of HOPG 
(mass to charge ratio range, 70 < m / z  < 400) were recently 
reported.53 Here we compare GC-6, GC-25, basal plane 
HOPG, polycrystalline graphite, and the precursor to GC-6, 
poly(phenylenediacetylene), by pulsed laser desorption 
FT/ICR/MS, to see how carbon cluster ion distributions 
depend on the various sp2-type carbon structures. 
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Experimental Section 

Glassy carbon-6 (thermally treated to 600 "C, see Figure 1) 
was synthesized by heating poly(pheny1ene diacetylene) to 330 
"C under pressure followed by vacuum heat treatment to 600 "C 
at the rate of 1 "C min-1.24 The resulting GC-6 disks measured 
10-mm-0.d. by 1 mm thick. The Raman spectrum of GC-6 
confirmed the microcrystalline structure of glassy carbon, with 
characteristic bands near 1590 and 1350cm-l. Additionally, GC-6 
exhibited similar density (1.5 g ~ m - ~ ) ,  Young's modulus (28 500 
MN m-2), and shear modulus (10 800 MN m-*) to conventional 
GC-25 (1.5 g ~ m - ~ ,  29400 MN m-2, and 12000 MN m-2, 
respectively). LD/MS was performed on one face of a GC-6 disk. 
A disk of poly(pheny1ene diacetylene) measuring 10 mm by 1 
mm was fabricated by compressing the powder for laser 
desorption. (Warning: poly(phenylenediacety1ene) is a highly 
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GC6 
Figure 1. Schematic synthesis of GC-6 from poly(pheny1ene- 
diacetylene) precursor. Typical dimensions of the graphitic 
"sheets" in GC-6 are 2 X 2 nm in the basal plane and 1 nm in the 
perpendicular direction. The graphitic sheets are nonuniform 
in size, and disordered with respect to each other. 

reactive material and it should be handled and stored with care.) 
GC-25 (thermally treated to 2500 "C) was obtained from 
Atomergic Chemetals Corp. (Farmingdale, NY) as 15-mm-0.d. 
by 2-mm-thick disks. Raman spectroscopic analysis of GC-25 
gave two major bands near 1590 and 1350 cm-'. LD/MS was 
performed on one face of a GC-25 disk. 

HOPG samples were obtained from Union Carbide Corp. 
(Parma, OH) and cut into 10 mm X 10 mm X 1 mm plates. The 
Raman spectrum of the HOPG sample gave bands near 1580 and 
2720 cm-l. A fresh basal plane surface of HOPG material was 
exposed prior to laser desorption by the use of Scotch tape to 
remove several graphitic layers. LD/MS was done on the basal 
plane face of an HOPG plate. Polycrystalline graphite was 
obtained as cylindrical rods from Carbone U.S.A. (Ultra Carbon 
Division, Bay City, MI) and was of "ultra F" purity. Its Raman 
spectrum yielded three bands near 1350,1580, and 2710 cm-1. A 
6-mm-diameter rod was cut (perpendicular to the long axis) into 
2-mm-thick disks, polished with 600 grit sandpaper, and washed 
with methanol prior to mass spectrometry. LD/MS was done on 
the face of a polycrystalline graphite disk. 

Mass spectra were obtained with an Extrel FTMS-2000 
instrument (Extrel FTMS, Madison, WI) operated a t  3.02 T, 
equipped with dual cubic 4.763-cm ion traps, each pumped by 
a Helix Technology CryoTorr-8 cryopump. All mass spectra were 
collected at ion trap pressure below 5 X Torr. The 
experimental event sequence was controlled by an Extrell280 
data station, which also collected and reduced the data. Typical 
FT/ICR/MS parameters included a trapping potential of 1 V 
(+1 V for positive ions, or -1 V for negative ions), no reaction 
delay between the laser pulse and rf excitation, direct-mode 
frequency-sweep excitation (-110 V,,,,, swept at 1000 Hz ~s-1, 
from 20 to 1000 kHz), and 1 MHz direct-mode detection from 
the source trap. 128K time-domain points were collected and 
Fourier transformed to produce each 64K magnitude-mode mass 
spectrum. 

A pulsed Nd:YAG laser (Continuum Inc., Santa Clara, CA, 
Model YG-660A) provided a beam of unseparated 1064 and 532- 
nm light for carbon cluster desorption. Laser-desorbed neutrals 
were not post-ionized. The maximum laser energy was measured 
to be -300 mJ pulse-' as measured by a power meter (OPHIR 
Optics Ltd, Wilmington, MA), and the pulse width is reported 
by Continuum, Inc. to be -10 ns. The beam was focused to a 
0.5-mm-diameter spot, yielding a laser power density of -1.5 X 
1O1O W cm-2. An 1%" mechanical iris (Melles Griot, Irvine, 
CA) was used to control the beam diameter prior to focusing. In 
general the target surface was subjected to repeated laser shots 
(at the same spot) in order to remove any surface contaminants 
prior to collecting a mass spectrum. Due to pulse-to-pulse 
variability in the power output of the Nd:YAG laser, 10 laser 
shots were averaged per mass spectrum. 

Results and Discussion 
Carbon Electrode Solids. Laser desorption of the four 

carbon materials, at or above a power density of -2 X 108 
W cm-2, gave carbon cluster ions ranging from Cg to C124 
(the combined range for all four materials). The positive 
ion cluster distribution of each carbon material differed 
significantly from its corresponding negative ion cluster 
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Table 11. Negative Ion LD/FT/ICR Mass Spectra of 
Carbon Materials 

cluster abundant ions 
range (high to low) other ions 

GC-6 c5-Cl7 Cat C9, C7r CIZ, c6 C I O K  CIZH, CZI, c25 
GC-25 c5-Cl3 CS, c9, c7, c6, c5 
HOPG c5-Cl3 CS, c9, c79 c51 ClO 
polycrystalline C5-C14 C7, c69 C9, CIO, CII CZI 

graphite 

GC-6 

15 119 

GC-6 
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Figure 2. Positive-ion (left) and negative-ion (right) laser 
desorption FT/ICR mass spectra of GC-6, GC-25, HOPG, and 
polycrystalline graphite over the mass range 50 < m/z < 1000. 
The more abundant carbon cluster ions, C,+ and Cn-, are  identified 
by their n values. 

Table I. Positive Ion LD/FT/ICR Mass Spectra of Carbon 
Materials 

cluster abundant ions 
range (high to low) other ions 

graphite 

distribution. Increasing the laser power density from 2 X 
lo8 to 1.5 X 1Olo  W cm-2 had little effect on the relative 
abundances of carbon clusters from C5 to c30, although 
the kinetic energy of laser sputtered CZ dimers from 
graphite is known to be a strong function of laser fluence 
under some  condition^.^^ Laser desorption produced a 
cylindrical channel (diameter -0.5 mm) on the carbon 
surfaces, where the density of carbon radicals immediately 
after the pulse is estimated to be >lo1' cm-3. Positive and 
negative ion FT/ICR mass spectra of GC-6, GC-25, HOPG, 
and polycrystalline graphite are compared in Figure 2. 
Tables I and I1 summarize the full range of carbon clusters 
observed, the most abundant ions detected, and other ions 
of interest. 

Carbon Electrode Solids: Positive Ions. Polycrys- 
talline graphite, uniquely among the four carbon materials, 
yielded a bimodal carbon cluster distribution with one 
family from Clo+ to C34+, and another composed of even- 
numbered fullerenes from C44+ to c124+. Figure 2 (left- 
hand spectra) shows these positive ion carbon clusters 
over the range 50 < mlz < 1000. Table I contains a 
summary of the observed relative abundances for "magic 

number" cluster sizes (CII+, c15+, C19+, c23+, c60+, and 
CT~+);  these observations are consistent with previous 
work on g r a ~ h i t e . ' ~ ? ~ ~ , ~ ~  

Laser desorption of basal plane HOPG yielded abundant 
magic number cluster cations in the low-mass region (C11+, 
C15+, C19+, CZ~+)  but no fullerene ions. This somewhat 
remarkable result appears to correlate with the minimal 
laser damage on HOPG samples compared to the other 
carbon solids. The visible absence of a macroscopic crater 
(channel) on HOPG may explain the lack of detectable 
c60+ formation: efficient fullerene production by means 
of direct laser desorption from graphite has been correlated 
with high laser power and the generation of a channel on 
the sample surface.56 

The positive ion mass spectra of GC-6 and GC-25 both 
showed abundant low-mass magic number clusters (see 
Table I). The absence of fullerene cations upon laser 
desorption of GC-6 and GC-25 is not readily explained. 
One possibility is that it is difficult to attain a high-density 
laser plasma at  the surface of glassy carbon since it is 
mechanically harder (and presumably more difficult to 
vaporize) than graphite. Recently, a lower macroscopic 
fullerene yield from the soot of arc-welded glassy carbon 
rods vs graphite rods (-1.3% vs -12%) has been 
observed.57 LDIMS of both GC-6 and GC-25 gave 
abundant ions from c14+ to c32+, although C Z ~ +  to c32+ 
were relatively more abundant for the GC-6 material. The 
minor differences in C,+ ion relative yields between GC-6 
and GC-25 may be the result of larger graphitic crystallites 
for GC-25 than GC-6. 

Carbon Electrode Solids: Negative Ions. Table I1 
contains a summary of the carbon cluster negative ions 
observed for the various carbon solids. A consistent 
characteristic of the negative ion FT/ICR mass spectra of 
the four carbon materials is the presence Of  C5- to CIS-. As 
seen in Figure 2 (right-hand spectra), the mass spectra of 
polycrystalline graphite and HOPG are very similar over 
the range 50 < mlz < 180, with the exception of Ce- at  low 
apparent abundance for polycrystalline graphite (possibly 
an artifact of insufficient digital resolution). On occasion, 
laser desorption of basal plane HOPG yielded abundant 
c60- and (270- ions. Since the basal plane of HOPG is 
atomically flat,' we believe that HOPG efficiently reflected 
the focused high-power laser pulse onto the ICR trap 
electrodes, where residual carbon soot may have previously 
been deposited. 

Negative ion laser desorption FT/ICR/MS of GC-6 
revealed carbon cluster ions extending up to C17-, as well 
as CZI- and C25- (see Figure 2). GC-6 also gave relatively 
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laser power was reduced by a factor of - 100, time domain 
data were collected from individual laser shots, and the 
sample disk was degassed to a pressure of -6 X lo4 Torr 
prior to LD/MS. Repeated laser shots on the poly- 
(phenylenediacetylene) changed the color of the disk from 
yellow to black near the laser spot. Fullerene ions from 
c60+ to at least c150+ were obtained in positive-ion mode. 
No significant signal was obtained for low-mass carbon 
cluster cations (C5+ to c30’). In contrast, only low-mass 
carbon cluster ions were obtained in negative-ion mode 
(C3- to Cl0-, principally (26- to (29-1. Poly(pheny1enedi- 
acetylene) also gave abundant C6H- and C8H- ions. The 
detection of fullerene cations from poly(pheny1enediaceb 
ylene) is consistent with previous LD/MS of other organic 
 precursor^,^^-^^ in support of the hypothesis that fullerene 
cations are readily formed by ion-molecule reactions, 
whereas fullerene anions are generated by a different 
mechanism (resonant electron attachment). 

500 1000 1500 2000 

. r - . ! L ” l k , ’ r !  I , , , ,  a l , h a , : , , ’ 7 :  / I , , , , , , , , /  

50 100 150 200 
mlz 

Figure 3. Positive and negative ion laser desorption mass spectra 
of poly(phenylenediacety1ene) over the range 20 < m/z < 2000 
for positive ions and 20 < m/z  < 200 for negative ions. The more 
abundant carbon cluster ions, Cn+ and Cn-, are identified by their 
n values. 

abundant C,H- ions for n = 8,10, and 12. Abundant CsH-, 
CloH-, and C12H- ions were also observed in the laser 
desorption FT/ICR mass spectrum of GC-6 doped with 1 
atom % of platinum (not shown). Other investigators 
have previously noted abundant C,H- ions from laser 
desorption mass spectrometry of polycyclic aromatic 
hydrocarbons,58 carbon and carbon oxides.22 The 
laser desorption FT/ICR negative ion mass spectra of GC- 
25 and GC-6 in the range C5- to C13- are quite similar. 

Poly( phenylenediacetylene). For comparison, the 
laser desorption mass spectrum of poly(pheny1enediacet- 
ylene), the organic precursor to GC-6, is shown in Figure 
3. Since poly(phenylenediacety1ene) is quite reactive, the 

(58) Balasanmugam, K.; Viswanadham, S.; Hercules, D. M. Anal. 
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1990, A8, i533-1537. 

Conclusions 

We have compared the NdYAG pulsed laser desorption 
FT/ICR positive and negative ion mass spectra of GC-6, 
GC-25, HOPG, and polycrystalline graphite under similar 
experimental conditions. Polycrystalline graphite is dis- 
tinguished from the other three carbon materials in positive 
ion mode by the presence of fullerene ions from CU+ to 
c124+. All four carbon solids yielded abundant C11+, c15+, 
CK,+, and c23+ ions. GC-6 gave somewhat more abundant 
C14- to C1,-, CloH-, and C12H- ions compared to the other 
carbon materials. The negative ion FT/ICR mass spectra 
of GC-25, HOPG, and polycrystalline graphite were 
qualitatively similar, exhibiting clusters from C5- to CIS-. 
Laser desorption from a disk of poly(phenylenediacety1- 
ene) yielded fullerene cations, but only C3- to Clo- carbon 
cluster anions. The differences in positive- and negative- 
ion mass spectra of carbon clusters suggest different ion 
formation mechanisms for these species. 
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