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Products of the reaction ofggwith H, gas have been monitored by high-resolution atmospheric pressure
photoionization Fourier transform ion cyclotron resonance mass spectrometry (APPI FT-ICR MS), X-ray
diffraction, and IR spectroscopy as a function of hydrogenation period. Samples were synthesized at 673 K
and 120 bar hydrogen pressure for hydrogenation periods between 300 and 5000 min, resulting in the formation
of hydrofullerene mixtures with hydrogen content ranging from 1.6 to 5.3 wt %. Highly reduggtl & >

36—40) and products of their fragmentation were identified in these samples by APPI FT-ICR MS. A sharp
change in structure was observed for samples with at least 5.0 wt % of hydrogen. Low-mass(G@a)
hydrogenation products not observed by prior field desorption (FD) FT-ICR MS were detected by APPI
FT-ICR MS and their elemental compositions obtained for the first time. Synthetic and analytical fragmentation
pathways are discussed.

Introduction Until recently, there were relatively few reports afg@acting
directly with hydrogen gas. That reaction requires elevated
temperature {573-673 K) and a hydrogen pressure of-50
120 bar and yields mixtures of hydrofullerenes with variable
compositiont?~1¢ The resultant mixture is rather complex, and
simple characterization methods (such as IR spectroscopy and
XRD) cannot speculate on the reaction products. The maximum
overall hydrogen content achieved after prolonged hydrogena-
tion (at 673 K and 100 bar #lis ~5 wt %. Upon prolonged
hydrogenation, the sample weight initially increases due to hy-
drogen addition and after reaching some maximum, starts to
decrease due to partial cage collaffsé/e recently showed that
the final products of g collapse are likely polycyclic aromatic
hydrocarbons (PAHY17 Surprisingly, not only collapse but also
fragmentation of the cage structure was found under conditions
of prolonged hydrogenation. In our previous study, we reported
synthesis of gHy and GgHx as major products after hydro-
genation at elevated temperature/presstitaro samples with
relatively high degree of hydrogenation were analyzed by high-
resolution field desorption Fourier transform ion cyclotron
‘fesonance mass spectrometry (FD FT-ICR MS). However, such
analysis destroys highly unstable hydrofullerene molecules
(highly reduced Gs-s0). Therefore, a complementary method
is required for analysis of “superhydrogenated” samples. Fur-
thermore, FD FT-ICR MS was performed only on highly re-
duced samples and the degree of hydrogenation required for
the onset of fragmentation (fromgfy to Csg—59Hx) was un-
known 1819
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Hydrofullerenes are products oggreaction with hydrogen.
Starting from the simplest hydrofullerenesg&,, many hy-
drofullerenes, ggHy, with various numbers of hydrogen atoms,

2 < x <44, have been synthesizétf. Hydrogen reaction with
Cso Occurs by addition of Hlat a G=C double bond, which
results in formation of two €H bonds. Therefore, only an even
number of hydrogen atoms is expected in neutrghHe
molecules. Of the several methods reported for synthesis of
hydrofullerenes, the most important are Birch reducfion,
reaction with molten dihydroanthracene (transfer hydrogena-
tion),2 and reduction by zinc and hydrochloric aéid@ypically,

the two most abundant hydrofullerene molecules from these
reactions are gHig and GoHszs and, consequently, most
hydrofullerene studies have been limited to those products.
Numerous characterization methods (X-ray diffraction (XRD),
NMR, IR, Raman spectroscopy, efc)® have been employed

to characterize those products. The high selectivity in synthesis
of CeoHss is explained by an inability of the above-mentioned
synthesis methods to reduce unconjugated double bonds (e.g
the minimum number of hydrogen atoms required to leave
unconjugated double bonds in each of the pentagong®isC
36). Recently, it was discovered that hydrofullerenes of the type
CsoHx with x = 38—44 can be synthesized by a Benkeser
reduction (reduction by lithium in ethylenediamirié)Highly
reduced G (with more than 44 hydrogen atoms attached) has
never been obtained in solid state.

EUm_eé University. period, samples with a broad range of hydrogen content(1.4

, National High Magnetic Field Laboratory. 5.3 wt %) could be synthesized. The complex hydrofullerene
Florida State University. ) ) . . .
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form ion cyclotron resonance mass spectrometry (APPI FT- 50 W% SiL
ICR MS). The recently developed APPI FT-ICR MS metfod J
has been employed for the first time for analysis of hydrogenated _JL_J_AL a=15.12A L
) : 4.6 Wt% :
fullerenes and shows promise as less destructive than FD FT- = J
ICR MS. S |38 Wt%/ \ a=14.99/§{
k=
Experimental Section 2 [34w
o
Cso powder (0.5-1 g, 99.5% pure, MTR Ltd., Cleveland, OH) 126 Wt%} a=14.55A
was typically loaded in an alumina container. Hydrogenation . 2=14.35 A
at 120 bar H gas pressure, 673 K was performed for periods 16 W% An A
of 300-5000 min. Prior to hydrogenation the system was . . . . .
flushed with hydrogen at room temperature and degassed by 5 10 15 20 25 30 35
heating to 473 K in a vacuum for several hours. The samples Diffraction angle, @
were degassed by heating at 473 K in a vacuunt{Irr) Figure 1. X-ray diffraction patterns recorded from samples gf @ith

for several hours. Hydrogenation was performed with an different degrees of hydrogenation (shown as weight percent of
apparatus consisting of an alumina container inserted in a steelhydrogen for each sample). The cell parametealculated for a FCC
autoclave connected to a hydrogen pressure system. A stainlessiructure is shown for several samples. Silicon powder was used as an

steel sealed thermocouple was in a direct contact with the sample'mema1I standard.

to control the sample temperature during the reactions. In total, //
seven powder samples were synthesized and analyzed by powder 5.3 Wt% J/\._,
XRD, Raman and IR spectroscopy. The final C/H composition NN N
of the samples was determined from elemental analysis by flash > M JN_/
combustion gas chromatography (FC GC) (Mikro Kemi AB, 2 46 J/\_/
Uppsala, Sweden). Briefly, concerning the FC GC method, the = e NN
samples are first dried under vacuum, then completely oxidized 2 B
into gaseous C®and HO and subsequently analyzed by gas % Mxﬁfw\_/ML JL
chromatography. Gas concentration is determined by thermal ®
conductivity and the accuracy of the hydrogen analysis is W A
estimated to be:0.1%. w

Hydrogen composition analysis revealed that the hydrogena- 18 e
tion period did not consistently result in the same C/H ratio. T T T T T  f——
Some deviation in time dependence could be explained by slight 500 1000 1500 3000
contamination with metal alloy particles (the same apparatus v, cm’

was routinely used for work with hydrogenation of metal alloys). Figure 2. Infrared absorption spectra of samples with different degrees

The rate of hydrogenation depends strongly on powder grain of hydrogenation.

size, size of used containers, and purity of hydrogen. Therefore,

in the following discussions the samples will be denoted not described elsewhefé.To increase signal/noise ratio, transient

by the hydrogenation period but according to the degree of their time-domain ICR signals were summed prior to fast Fourier

hydrogenation determined from C/H analysis confirmed by XRD transformation and magnitude calculation. The experimental

and IR. event sequence for the FD FT-ICR MS experiment has
IR spectra were collected with a Perkin-Elmer Spectrum BX- Previously been described in detél.

Il spectrometer for powder samples pressed in a KBr pellet.

The X-ray powder diffraction analysis was performed by use

of the Cu ku line from a Philips powder diffraction system X-ray Diffraction Characterization. Figure 1 shows XRD

with a PW1820 goniometer. patterns recorded from samples with different degrees of
High-resolution mass spectrometry was performed with 9.4 hydrogenation. Under normal conditions (room temperature,

T Fourier transform ion cyclotron resonance mass spectrometersaatmospheric pressure), thggCrystal structure is face-centered

Results and Discussion

equipped with atmospheric pressure photoionizatiand field cubic (FCC) with a cell parametex,= 14.17 A24 The structure
desorption/ionizatio?# sources. Samples were dissolved in of hydrogenated g remains the same, but the cell parameter
toluene and either delivered at a flow rate of 200min into increases in proportion to the degree of hydrogenation @ to
the APPI ion source or deposited in280 nL amounts onthe = 15.12 A for the sample with 4.6 wt % of hydrogen. Stronger

filament emitter of the FD ion source in vacuo. The nebulizing hydrogenation results in amorphization of the structure. Some
gas was supplied to the APPI ion source at 80 psi and the low-amplitude peaks were still observed for the sample with 5
nebulizer temperature was operated in the range of-260 wt % of hydrogenation, whereas the sample with the strongest
°C. APPI produces both radical cations (loss of an electron) hydrogenation (5.3 wt %, not shown in Figure 1) was completely
and protonated cations. Radical ion formation in the APPI source amorphous with only some very broad and weak features instead
results from 10 eV photons emitted by a krypton vacuum UV of diffraction peaks. This result is in good agreement with our
lamp or charge exchange reactions with toluene cations, whereagprevious data show that5 wt % is a stability limit for Go
protonated cations are formed via proton-transfer reactions with hydrofullerenes.

toluene cations3® The generated ions were accumulated in an IR Spectroscopy Characterization. Figure 2 shows IR
external (to the magnetic field) octopole ion trap for-62Ls spectra recorded from samples with different degree of hydro-
prior to injection into an open cylindrical Penning ion trap genation. The IR spectra of hydrogenated fullerenes exhibit cage
located in a homogeneous 9.4 T magnetic field. Trapped ions vibrations (<1700 cnt!) and G-H vibrations (~2700-3000
were excited and detected following standard procedurescm™). Figure 2 shows some clear modifications in both spectral
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TABLE 1: Peak Positions for C—H Vibrations from the IR
Spectra Recorded on Hydrofullerene Samples with Different
Degrees of Hydrogenation (Compared to Literature Data for

CeoH 1315 and CeoH 3625) (A) 1.6
Wt % Wt %
1.6 2851 2877 2896 2928 I DT I
2.6 2847 2882 2897 2925 660 680 700 720 740 760 780 800 820
3.4 2845 2895 2922 n:
3.8 2832 2857 2897 2917
4.6 2828 2859 2913
5.0 2831 2861 2913 2948 (B) 3.4
53 2826 2858 2909 2946 Wt %
CsoH1g'® 2847 2920
CooHs?® 2829 2849 2911 e MLMJ Ll -
regions upon increased degree of hydrogenation. In agreement 660 680 700 720 740 760 780 800 820
with the XRD data of Figure 1, a strong change is observed for m
highly reduced samples (5 and 5.3 wt %). According to our (C) 3.8
previous data and in agreement with XRD data shown above, Wit %
partial collapse of the cage structure begins for samples with
~5 wt % of hydrogen content and higher. New peaks at 751,
810, 837, 866, 1179, 1123, 1274, 1369, and 1444'are found T T o
in both the 5 and 5.3 wt % spectra (Figure 2) and can be 660 G0 700 70 ™0 70 78 80 820
attributed to modified cage vibrations. The region of fullerene
C—H vibrations shows peaks at 2831, 2861, 2913, 2948'cm (D) 5.0
(for the 5 wt % sample); see also Table 1. Also some broad Wt %
weaker peaks centered at approximately 3020 and 3044 cm
are found in the spectral region typically indicative of valence
C—H vibrations for aromatic compounds and PAH. As sug- 660 680 700 720 740 760 |780 800 820
gested earlier, those peaks are due to partial collapse of cage mz
structure with formation of relatively large hydrocarbon frag-
19 (E) 5.3
ments of GoHy. Wt %
Samples with lower hydrogen content4.6 wt %) are
composed of hydrofullerenes with different numbers of hydro- bl
gen atoms. Precise identification of alk#lx species in these 660 680 700 720 740 760 780 800 820
samples from IR spectroscopy is not possible because each mz

sample is a complex mixture of many hydrofullerenes. The
literature data on IR spectroscopy provides information for the
two most studied materials: g@H3zs and GoHis. Although those
hydrofullerenes were isolated in a reasonably pure state, precisehydrofullerene. Indeed, peaks due te-B vibrations found for
analysis is difficult due to large number of possible isomers. samples with 4.6 and 3.8 wt % are similar to those described
The GoHig species can be confidently identified as a main for CgHs6.2°> No clear signatures for ggHszs can be found in
component of the 2.6 and 3.4 wt % samples (see Figure 2).the cage vibration regions. Many of the sharp peaks observed
Several sharp peaks, often overlapped, are in good agreementor these two samples below 1600 chare exactly the same
with data provided by Darwish et al. foregs.1° as peaks from samples with less hydrogen contegtl {g, but

The agreement is also good for-El vibrations (see Table less intense. All observed peaks in this region are broader and
1). The most distinct peaks for the 3.4 wt % sample are found less intense, which typically are the attributes of complex sample
at (asterisk marks the data from ref 15): 463 (463*), 476 (476*), composition. From the IR data, the nature of the 4.6 wt %
484 (484*), 502 (502*), 510, 534 (535*), 543 (544*), 573 sample cannot be explained by suggesting that most of the
(574%), 600 (601*), 606, 641, 659, 689, 702, 730, 740, 767, sample consists of dggH3zs Species, as might be inferred from
1180 (1179), 1189, 1120, 1243 (1243*), 1265, 1272 (1272*), the high abundance of this particular hydrofullerene in samples
1298, 1316, 1333, 1340, 1348, 1418, 1442, 1450, 1471 (1471*), obtained by different chemical reduction methods. Nevertheless,
and 1500 cm! The GygHig composition corresponds to a high degree of hydrogenation is confirmed by similarity of
hydrogen content of2.4 wt %. Therefore, it is not surprising  peaks from C-H vibrations to those observed ins¢Elss.
that most of the 2.6 wt % sample (Figure 2) can be assigned to It is clear that IR spectroscopy can be used as a tool to
CsoH1s. IR spectra from samples with less hydrogen (1.6 wt estimate degree of hydrogenation and to identify some hydro-
%) also contain some peaks frorgoB1s, as well as some peaks fullerenes (GoH1s in our case) if they compose the major part
from other hydrofullerenes. Besides peaks assigneddig; of the sample, but the method cannot distinguish elemental
some unidentified peaks (probably from hydrofullerenes with compositions in complex mixtures of hydrofullerene materials.
number of hydrogen below 18) were found at 526, 552, 789, For that purpose, high-resolution mass spectrometry is required.
819, 830, 860, 1200, 1220, 1426, and 1460 ErfPeaks due to APPI FT-ICR MS of Hydrogenated Samples. High-
C—H vibrations were also found at somewhat different positions resolution APPI FT-ICR mass spectra were recorded from five
(see Table 1). Finally, the color of the 1.6 wt % sample is black samples of g with different degrees of hydrogenation (Figure
(whereas other samples are red or orange) and solubility in3) and a non-hydrogenated referencgy Gample (data not
toluene was much lower. shown). Note that prior to analysis, the samples were dissolved

The 4.6 wt % hydrogen content corresponds approximately in toluene and only molecules soluble in that solvent will be
to the composition of gHss which is the most studied detected. Due to the difference in solubility for different

Figure 3. APPI FT-ICR mass spectra ofggsamples with different
degrees of hydrogenation.
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Cathe” APPI, 300 min
(A)
C..H..13C C60H19
CeoHas™ 59" 18
13
c:59H18 C2
C60H31 N CSOH43 +
C60H25+
I ‘ CooHs1*
Ll il .||llhm m”l h.u‘i 739133 739484 miz
700 720 740 760 780 L L L
m/z 739.082 739.246 739.41m/z739.574 739.738 739.901
Figure 4. APPI FT-ICR MS from the 3.8 wt % sample. The most
abundant ions are assigned.
C.,H
CyoHys™ 60" 19
(A) APPI FT-ICR MS e B P
1FTCR (B) APPI, 1300 min
CogHis® S CeoHs1*
- N CogHap C59H31
N CeoHar®
CyHyi* 60" 147 J C58H43
\‘ Pg CooHas" |
739.082 739.246 739,41 739.574 739.738
m/z
(C) _
660 680 700 720 740 760 780 APPI, 5000 mln

9 CeoHsr*
(B)  5.30 Wt% ‘ \ CooHao® s0f 51
x"
739.082 739.246 739.41 739.574 739.738 739.901
| CooHlar” Figure 6. Scale-expandeah/zsegment, 739740 Da, for samples with
T con.- different hydrogen contents.
60" '43
o Ll thlhl I mm CsoHso. An increase in the degree of hydrogenation to 3.8 wt
660 680 700 720 740 760 780 % results in a significant increase in relative abundances of ions
m/z

with hydrogen numbers > 24, especially for gHz4 molecular
ions ([GeoHzs4 + H]™); see Figure 4. Moreover, some low-
abundance ions fromdgHy and GgHy with x > 28 appear.

hydrofullerenes as well as differences in ionization efficiency, ~ Fragmentation increases markedly in the samples hydroge-
the relative ion abundances in the mass spectrum may notnated to 5.0 and 5.3 wt % (Figure 5). Major peaks in the
correlate to the abundances of the corresponding neutralspectrum of the 5.3 wt % sample are from highly hydrogenated
synthesized hydrofullerenes. The ultrahigh resolution and ul- Cgo with hydrogen numbers above 40, with the highest relative
trahigh mass accuracy of FT-ICR Nfallow for the unique abundance for gHs;™ ions (Figure 5b). The most abundant
elemental composition assignment of each peak in a complexfragmented fullerenes seem to follow two different pathways.
mass spectrurf. Several signals can be explained by Qbss from GoHs;™ ions,

APPI FT-ICR mass spectra of pureggaand low hydrogen  whereas some others, for exampleghtis™ and GgHas™, differ
content (1.6 and 2.6 wt %) hydrofullerene mixtures demonstrated by the mass of one carbon.

the presence of only Ot@"x species with no fragmented The most important question arising from Figure 5 is how to
fullerenes. The 1.6 wt % sample consists mostly @ftGs, relate a mass spectrum to the chemical composition of the
Ceot1o, CeoHs and Geo. Most likely, hydrofullerenes with 210 g5 i the fragmentation reaction a result of instrument-

hy?hr oge_?_slare Igss .Soll.l;b:e in torl]uls_nﬁ; thtllis thtf]'r concentragoninduced effects or are fragmented hydrofullerenes the result of
In the Initial powder IS likely much higher than the correspond- synthesis? It is clear that more than one mechanism of
ing relative ion abundances in Figure 3. Note that the 1.6 wt % . .

fragmentation can be deduced from Figure 5a,b, and the data

sample was much less soluble than other samples. In goodanal sis is further complicated by formation of both radical
agreement with IR spectroscopy data (Figure 2), MS analysis ™ . y P y
cations and protonated molecules.

of 2.6 wt % (data not shown) and 3.4 wt % (Figure 3 b) samples
shows that they are composed mostly @ftdis (observed as Mass scale-expanded segments demonstrate the resolved
protonated [GoH1g + H]™). The most abundant ions in Figure isotopic cluster and increased abundance of fragmented fullerene
3b for 3.4 wt % sample can be interpreted as protonated ions (GgHast and GgHsi™) generated from samples with higher
molecules originating from §gH24, CeoHzo, CeoHz4, CsoHa42 and hydrogen content (Figure 6). The absence of ions originating

Figure 5. APPI FT-ICR mass spectra from the samples with maximum
hydrogenation (5.0 and 5.3 wt %).
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Figure 7. Carbon and hydrogen compositions obtained from APPI
FT-ICR mass spectra (for mass spectral peaks with S/R).

from the GoHig molecule ([GoH1g + H]™) in the high hydrogen

content sample is due to higher degree of hydrogenation during

synthesis.
Elemental compositions were assigned for all APPI FT-ICR

mass spectra obtained from samples with different degrees of
hydrogenation. The results of such analysis are shown in Figure

7. Fragmentation is clearly observed only for hydrofullerenes
with a high number of hydrogen atoms (more than 28). That
observation is in good agreement with our previous FD FT-
ICR MS resultsl® The second observation is the chain of
fragmentation products is not long: no hydrofullerenes with

fewer than 54 carbons were observed. The presence of ions Witl‘b5

composition G;Hy is most likely explained by addition of GH
ions formed during fragmentation of some molecules. Similar
addition of G units was observed during fragmentation of pure
Cso by a G loss mechanisr?® Interestingly, the longest chain
of fragmentation is not observed for the sample with the highest

degree of hydrogenation (see also Figure 5). Also note that the

most abundant ions for the 5.0 wt % sample originate from
CsgHy with x ~ 44—48, whereas for the sample with the highest
degree of hydrogenation they originate fromgldso by forma-
tion of [CeoHso + H]™. The increased amount of highly
hydrogenated ions ([§gHso + H] 1) is in a good agreement with
stronger hydrogenation of this sample.

APPI versus FD FT-ICR MS. The 5 wt % sample was also
analyzed by FD FT-ICR MS and the results are compared to

Talyzin et al.

FD FT-ICR MS
of 5 Wt% sample

820

760
CosoHyo*
CeoHs1*

660 680 700 720 p,/, 740 780 800

APPI FTIICR MS
of 5 Wt% sample

+
CooHys" —>

CsgH,

+
43 —p

660 820

Figure 8. FT-ICR mass spectra of 5.0 wt % samples: (top) FD;
(bottom) APPI.

760

680 700 720 gy, 740 780 800

for Csg hydrofullerene ions. Note that “parent” ions from

CeoHa2-44 are present in both spectra and show similar
abundances relative to fragmentation products.

The most prominent difference between the two observations
is for CsoHx with x > 50. The APPI mass spectrum shows a

very high-magnitude peak corresponding tedfdso + H]* ions,
whereas the corresponding species in the FD mass spectrum is

much lower in abundance. The APPI mass spectrum also shows
major peaks from ions likely produced as a result afof€so +
H]* fragmentation by a Cilloss mechanism (see Figure 5b).
We propose the following interpretation of the data shown
in Figures 5-7. Some of the fragmented fullerenesgl@, and
oHy are produced during synthesis after prolonged hydrogena-
tion periods, as previously propos&dThat is why the most
abundant ions in both FD and APPI FT-ICR mass spectra
originate from GgH42-44 molecules. Instrument-induced frag-
mentation is relatively weak in our new optimized experiments
(Figure 7) for ions with fewer than 44 hydrogen atoms but is
seen for ions with a higher number of hydrogen atoms. For
example, [GoHso + H] T ions in Figure 7 undergo fragmentation
by CH, loss. Note that this mechanism (€Hkbss) is clearly
different from that observed by FD FT-ICR MS (in which
fragmentation occurred by loss ofid, unitst9). The difference
is most likely due to specific features of each method: different
ionization mechanism/ions, different pressure and temperature
conditions.
Low-Mass lons. APPI mass spectra of samples with 5 and

the APPI mass spectrum in Figure 8. The mass scale-expanded; 3 \t o4 also exhibit low-mass ions, 360mz < 600. Most
segments of similar mass spectra demonstrating resolved isotopigikely these ions form hydrocarbon molecules as a resultsf C

patterns can be found in the inset of Figure 6a of the presentcage collapse. Partial collapse of hydrofullerenes during pro-
paper (APPI) and in Figure 4 of the previous publication (FD). |onged hydrogenation was reported in our previous publications,
Conditions for the FD FT-ICR mass analysis were optimized but analysis of fullerene fragments was limited to IR spectros-
to minimize fragmentation. Indeed, the chain of fragmentation copy and low-resolution matrix assisted laser desorption/
products is much shorter in Figure 8 compared to our previously jonization time-of-flight mass spectrometry (MALDI TOF
published spectra for a sample of similar hydrogen contént.  MS)17 Because the sample synthesis was performed under
The two mass spectra in Figure 8 demonstrate some generatonditions of carborhydrogen reaction, relatively large fullerene
similarity but also major differences in relative ion abundances. fragments terminated by hydrogen atoms could survive from
For APPI FT-ICR MS, the presence of mostly odd number of the collapse. Most likely, these molecules consist of hexagons
hydrogens,x, in CgHx is explained by the dominance of and pentagons, but rings with seven and eight carbons could
protonation over radical cation formation. The most abundant appear as previously discusséd.
ions in both mass spectra argd8yx. the FD mass spectrum An APPI mass spectrum recorded with instrumental param-
shows maximum abundance for species with 42 and 44 eters that provide significant enhancement of sensitivity in the
hydrogen atoms, whereas the APPI mass spectrum has dow-mass region is shown in Figure 9. In general, the mass
maximum at 44 (taking into account that one hydrogen in APPI spectrum shows very good agreement with MALDI TOF mass
MS is from protonation). Similarly, good agreement is observed spectra obtained previously for one of HPLC fractions separated
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Hydrogen number

Carbon number

320 400 480

720

msz 560 800

Figure 9. APPI FT-ICR MS of the 5.3 wt % sample under conditions
that favor higher abundance of low-mass ions. Filled triangles denote
higher-abundance species.

640

from a highly hydrogenated sample. The common feature of
these mass spectra is a sharp reduction in abundance of ion
with molecular weight below~350 Da. Because the synthesis
of this sample was performed at high temperature (673 K), all
light hydrocarbons with low melting points (and high vapor

pressures) had evaporated. Preserved hydrocarbons show a broal

distribution of different compositions with a maximum near
~380-420 Da and the highest abundance fopHGs™. In
general, the highest abundance is observed for the ions with al
approximate carbon/hydrogen ratio of 2:1 (Figure 9, inset).

IR spectra recorded from this sample (Figure 2) show some
specific features in the region typically associated withHC
vibrations of polycyclic aromatic hydrocarbons (PAH). Perhaps
some of the peaks shown in Figure 9 originate from flat
molecules. It is also likely that collapse o§g3orms fragments
with both pentagons and hexagons in the structure. In that event,
molecules with some curvature must form. “Bowl-like” mol-
ecules similar to corannulene £§110)2° but of a larger size are
probably a significant part of the studied sample.

Elemental Composition of Hydrofullerene Mixtures. Con-
sidering the remarkably high stability and selectivity gfid;g
and GoHss molecules during synthesis by chemical reduction
methods, one might anticipate that reaction ef ®ith H, gas
would also lead to formation of relatively high amounts of
CsoH1s and GoHse. That prediction appears to be only partly
true: both IR spectroscopy and APPI FT-ICR MS show high
selectivity for the synthesis of ggH1g (hydrogen composition
for the GoH1g compound is estimated to be2.4 wt %) only
on the initial stages of hydrogenation. In fact, the toluene-soluble
portion of the samples with 2.6 and 3.4 wt % of hydrogen
appears to be essentially purgyd:s (see Figure 3 for 3.4%

J. Phys. Chem. A, Vol. 110, No. 27, 208533

determination of the number of hydrogen atoms inyCiHits.

The true mechanism of CHinit loss is not yet clear: obviously
only C—H units are present indgHx molecules. The source of
the second hydrogen atom and how the,Cidits are formed
will be a subject of future experiments. Probably the presence
of not only radical cations but also protonated molecules in APPI
MS can lead to a different fragmentation pathway.

In our prior studies, we also suggested that some fragmenta-
tion with loss of CH units could occur during the synthesis of
hydrofullerenes under prolonged hydrogenation. Hydrogenated
fragmented fullerenes,sg-s9Hy, are proposed to be present in
our 5.0 and 5.3 wt % samples, but analysis of those fragmenta-
tion products is further complicated by fragmentation of highly
reduced hydrofullerene ions during MS experiments.

As seen in Figure 5, the main fragment species agel "
and GgHag™ (Which correspond most likely to protonateghs,

And GeHug). Both hydrofullerenes show their own set of

fragmentation products differing by increments of £Hhe
CsoHag" ion could be a fragmentation product fromyeHs;*
Oéiginating from fragmentation during MS analysis.
Fragmentation during Hydrogenation. One of the possible
mechanisms of hydrofullerene fragmentation during the hydro-

ngenation process was discussed in our previous publications.

In that model, highly reducedggHx species withx > 40 are

not stable and can eject single carbon atoms (or more precisely,
a CH unit). If a carbon atom is removed from a hexagon
pentagon edge, two bonds can re-form within the cage structure
(forming a pentagon and 8-carbon ring) and formation of a
dangling bond on the neighboring carbon atom that is then
immediately saturated by a hydrogen atom. The mass change
in such a process corresponds to one carbon atom. For example
CeoHa4 could fragment to yield €Ha4. Ejection of a neighboring
carbon atom with a saturated dangling bond is most likely the
next step of fragmentation, resulting in formation of a 7-carbon
ring and a pentagon. The result of that two-step loss of two CH
units will be GgHaa, An ejected CH unit in this model must
react with hydrogen gas to form GHRemoving the next two
carbons will result in formation of aggHy structure, consisting

of only hexagons and pentagons. This mechanism is similar to
a well-known G loss fragmentation described for purge®

and could lead to progressively smaller fullerene cages down
to Cys. The only difference is gloss from GoHy is a two-step
process that can result in the existence of odd numbered
hydrofullerene cages as well.

An alternative suggestion is that re-forming of bonds within

sample analysis). That result is especially interesting becausetn€ cage structure does not occur and, once the carbon (or CH

CeoHzs (~4.76 wt % of hydrogen) was not especially abundant
in samples with higher degree of hydrogenation. That composi-
tion (CsoHse) is limiting for several hydrogenation methods; for
example, Birch reduction does not produce any hydrofullerenes
with a higher number of hydrogen atofmBor high-temperature
reaction of Gp with hydrogen gas, the limitation is obviously
not valid and hydrofullerenes with hydrogen atom numbers up
to ~52—-56 are formed. IR spectra of these complex mixtures
are devoid of sharp peaks and show only broad and poorly

unit) is ejected, all three dangling bonds are immediately
terminated by hydrogen atoms with formation of a hole. We
believe that this variant is less likely because formation of a
crown-like 11-carbon ring would be required.

A somewhat more “chemical” mechanism ofg@ragmenta-
tion can be considered. In that model, hydrogen attacks@ C
bond between two hydrogenated carbons. When that bond
breaks, both carbon atoms expose dangling bonds terminated
by hydrogen atoms. As a result, two gthits, each connected

resolved features (Figure 2). These highly hydrogenated specied0 the cage by two €C bonds, are formed. If that-€C bond
are less stable and mass spectrometric analysis of samples thdireaks at a hexagerpentagon junction, a nine-carbon ring with

contain GeHx with x > 36 is complicated by significant
fragmentation induced during mass analysis. Remarkably, the
fragmentation mechanism observed by APPI FT-ICR MS (loss
of CH, units) is different from the dominant /8, loss
previously reported for FD FT-ICR MS.A similar fragmenta-

tion mechanism was previously reported fayldss,3° but the

low resolution of their methods did not allow the exact

a hole in the cage structure will be formed. Next, a,GHit
may break from the cage, initiating re-formation of two dangling
bonds into a &C bond and formation of a pentagon. Alter-
natively, hydrogen attacks a€ bond again and the hole size
increases.

It is easy to see that both models lead to the same result but
require a different number of steps. The main question remains
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