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Interaction of C60 with organo- and organoelement mercurials (CF3HgBr, PhHgBr, p-CH3C6H4HgBr,
p-CH3OC6H4HgCl, CF3HgPh, Ph2Hg, (o-carborane-9-yl)2Hg, (m-carborane-9-yl)2Hg, (p-carborane-9-yl)2Hg,
and (m-carborane-9-yl)HgCl) in the ionization chamber (IC) of the electron impact (EI) ion source of a mass
spectrometer at 250-300 °C results in the transfer of the corresponding organic or organoelement radicals
from the mercurials to the fullerene. Some of the processes are accompanied by hydrogen addition. C70 reacts
with Ph2Hg and (o-carborane-9-yl)2Hg at 300 °C in a similar fashion. A homolytic reaction path is considered
for the reactions. It suggests both the thermal and EI initiated homolytic dissociation of the mercurials to the
intermediate organic or organoelement radicals followed by their interaction with the fullerenes at the metallic
walls of the IC. When EI is involved, the dissociation is supposed to occur via superexcited states (the excited
states with the electronic excitation energies higher than the first ionization potentials) of the mercury reagents,
with possible contribution of the process proceeding via their molecular ions. In line with the results obtained
in the IC, C60 reacts with Ph2Hg and (o-carborane-9-yl)2Hg under UV-irradiation in benzene and toluene
solutions to furnish phenyl and carboranyl derivatives of the fullerene, respectively, some also containing the
acquired hydrogen atoms. EPR monitoring of the processes has shown the formation of phenylfullerenyl and
o-carborane-9-yl-fullerenyl radicals. g-Factors and hyperfine coupling (hfc) constants with 10B, 11B, and 13C
nuclei of both the latter and m-carborane-9-yl-fullerenyl radical formed in the reaction of C60 with (m-carborane-
9-yl)2Hg have been determined by the special EPR studies. The unusually great chemically induced dynamic
electron polarization (CIDEP) of the latter radical where even the 13C satellite lines are polarized has been
observed and is discussed in terms of both radical-triplet-pair and radical-pair mechanisms. The similar CIDEP
effect is also intrinsic to the o-carborane-9-yl-fullerenyl radical obtained under the same conditions. The
analogous transfer of the carboranyl radicals from (o-carborane-9-yl)2Hg to C60 occurs when their mixture is
boiled in tBuPh for 10-15 h.

1. Introduction

Ions registered in mass spectrometers can stimulate the search
for methods for the synthesis of the corresponding compounds.
The most striking examples of it are C60 and C70. Their
molecular ions were first found in the Smalley source of a mass
spectrometer,1 and the intensive 5-year investigations followed
allowed developing methods for the synthesis of the species in
bulk amounts.2,3 The aforesaid relates in full measure to the
results of the reactive mass spectrometry of fullerenes (reactions
of fullerenes with other species occurring within the ionization
chamber (IC) of a mass spectrometer and their mass spectral
monitoring). Those can supply chemists with valuable informa-
tion as to what fullerene reactions can be successfully imple-
mented in a “flask” or chemical reactor and what methods would
be suitable for this purpose. Since mass spectrometry did much
in the discovery of this class of compounds, it is no wonder
that reactions of fullerenes in reactors attached to mass

spectrometers4-8 or ones occurring immediately in mass spec-
trometers have been studied by several research groups. These
latter include processes occurring in the chemical ionization (CI)
plasma9-15 and ion/molecule reactions performed and monitored
by Fourier-transform ion cyclotron resonance mass spectral
(FTMS) technique or by application of other mass spectral
methods, such as “selected-ion flow tube” (SIFT),16 in combina-
tion with ion-generating techniques. Both FTMS and SIFT
modes allow one to get fullerene ions and collide them with
the neutral molecules of other reactants or conversely.17-31

However, besides the ion/molecule reactions, other types of
processes can occur in an IC or its walls, particularly radical
ones, provided the partial pressures of the reactants are
sufficient.32,33 McEwen and co-workers were the first who
observed addition of alkyl groups to C60 under conditions of
negative CI with methane as a reagent gas. They proposed a
radical scheme of the processes and provided some evidence
in favor of it. According to the scheme, alkyl radicals were
formed in the methane CI plasma and reacted further with C60

adsorbed at the walls of an IC. The paramagnetic species were
stabilized by acquiring hydrogen atoms or the next alkyl radicals,
and the products were vaporized from the surface to be
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registered after electron attachment.33 In our earlier papers, we
reportedthatthereactionsofC60andC70withperfluorocompoundssthe
Scherer radical (perfluorodiisopropylethylmethyl, C9F19

•), a
mixture of perfluorononenes, �-fluorosulphatotetrafluoroeth-
yldiheptafluoroisopropylmethyl radical (C9F18OSO2F•), mercu-
ry(II) trifluoroacetate, and with ketones Me2CO, MeCOPh,
Bu2CO, and MeCOBnsproceeded in the electron impact (EI)
ion source of a mass spectrometer and resulted in the transfer
of the CF3 and corresponding alkyl (phenyl) radicals from the
reactant to the fullerenes, respectively. A homolytic reaction
mechanism close to the above one was suggested, and findings
in its favor were given.34 Noteworthy, it is the homolytic
reactions that can be transferred more easily from an IC to
solution since they are less dependent on the solvent. Actually,
C60 was shown to react with the Scherer radical and acetophe-
none in solution (the latter reaction occurred under UV
irradiation) adding CF3, CH3, and Ph radicals, respectively.34a,c,35

To find other examples indicating that the reactive mass
spectrometry, especially a homolytic one, can serve as a tool
for predicting the reactivity of fullerenes in solution, we have
studied, in the present work, the behavior of organo- and
organoelement mercurials RHgX in an IC under EI in the
presence of C60 or C70. The results obtained have been compared
with those of several reactions between the same reagents in
solution. It should be added that the reactive mass spectrometry
of fullerenes as a test for their reactivity in a flask or chemical
reactor possesses some advantages: (i) the reactions require only
tiny amounts of reagents, (ii) the experiments can be completed
rather quickly, and (iii) products are identified in the course of
the runs.

2. Experimental Section

2.1. Reagents and Solvents. C60 (99.98%) was purchased
from a producer in Nizhnii Novgorod (Russia). C70 was both
of the same origin and prepared by Roger Taylor and co-workers
at the University of Sussex (Brighton, England). The fullerenes
were used without additional purification. Diphenylmercury(II)
(1) was prepared by the reaction of PhMgBr and HgCl2 in ether
under argon according to the procedure of D’Ans et al.:36 mp
125 °C (from ethanol); EI ionization mass spectrum (EI-MS)
m/z of the maximal intensity ion in each isotope cluster, 356
(M+•), 279 ([M - Ph]+), 154 ([C6H5]2

+•), 153 (C6H5C6H4
+•),

152 ([C6H4)2]+•), 202 (Hg+), 77 (Ph+). Trifluoromethylmercu-
ry(II) bromide (2) was obtained from CF3HgOCOCF3 in water
via CF3HgOH according to the procedure described by Seythert
et al.:37 mp 88-90 °C; EI-MS m/z 350 (M+•), 331 ([M - F]+),
281 ([M - CF3]+), 271 ([M - Br]+), 202 (Hg+), 101 (Hg2+),
69 (CF3

+). Trifluoromethylphenylmercury(II) (3) and phenyl-
mercury(II) bromide (4) were synthesized by interaction of
equimolar amounts of species 1 and 2 in benzene.37 Compound
3: mp 140-143 °C, EI ionization mass spectrum is depicted in
Figure 1a. Compound 4: mp 275 °C, EI-MS m/z 358 (M+•),
281 ([M - Ph]+), 279 ([M - Br]+), 202 (Hg+). Samples of
bis(o-, m-, p-carborane-9-yl)mercury(II) (5a,b,c) and (m-car-
borane-9-yl)mercury(II) chloride (6) were kindly provided by
Dr. V. Kampel. The EI ionization mass spectrum of 5b is
presented in Figure 1b. The mass spectra of 5a and 5c were
similar. The mass spectrum of 6 m/z: 379 (M+•), {344, 343}
([M - Cl]+), 237 (HgCl+), 202 (Hg+), 178 (m-C2H2B10H9Cl+•),
143 (m-C2H2B10H9

+). The spectrum also showed a low-intensity
cluster of peaks with the maximal intensity peak at m/z 487
attributed to M+• of 5b, the compound being probably formed,
at least partly, due to disproportionation of 6 in the IC at 270
°C. p-Tolylmercury(II) bromide (7) was obtained according to

the protocol of Hilpert and Grüttner:38 mp 239-240 °C, EI-
MS m/z 372 (M+•), 293 ([M - Br]+), 281 (HgBr+), 202 (Hg+),
101 (Hg2+) 91 (C7H7

+), 89 (C7H5
+), 65 (C5H5

+), 63 (C5H3
+).

Two low-abundant peak clusters (with respect to that containing
the 372 u ion peak) corresponding to the molecular ions of
CH3C6H4HgCl and CH3C6H4HgI (the maximal intensity peaks
at m/z 328 and 420, respectively) were present in the spectrum.
The compounds may not be intrinsic to the sample but formed
due to halogen exchange, occurring in the IC at 270 °C, with
iodine and chlorine containing species adsorbed at the metallic
surface of the IC.39 A sample of p-anisylmercury(II) chloride
(8) used had a mp of 248 °C and EI ionization mass spectrum
m/z: 344 (M+•), 329 ([M - CH3]+), 309 ([M - Cl]+), 301 ([M
- CH3CO]+), 237 (HgCl+), 142 (CH3OC6H4Cl+•), 107
(CH3OC6H4

+), 99 (C5H4Cl+), 92 (OC6H4
+•), 77, 64, 63. The

spectrum also contained two low intensity peak clusters with
the maximal intensity peaks at m/z 388 and 436, respectively,
which were attributed to the molecular ions of CH3OC6H4HgBr
and CH3OC6H4HgI. Again, these compounds could be formed,
at least partly, owing to the halogen exchange reactions
occurring at the IC surface.

Commercial grade benzene, toluene, and t-butylbenzene were
distilled in argon prior to the experiments.

2.2. Technique and Methods. EI ionization mass spectra
for species 1-8 and the reaction mixtures of the reactions in
solvents were obtained on a Kratos MS890a instrument at 70
eV and the IC temperatures of 200-300 °C. The general
protocol for the reactions in the IC of the mass spectrometer
was described in ref 34a as procedure B. The EPR monitoring
of photochemical reactions “a” and “c” (see below) was
conducted with a Varian E-12A EPR spectrometer. The
measurements of EPR characteristics of m-carborane-9-yl-
fullerenyl and o-carborane-9-yl-fullerenyl radicals (9 and 10,
respectively) formed in the course of the photochemical
reactions between C60 and mercurials 5b and 5a, respectively,
and the CIDEP experiments were made on a Bruker EMX-10/
12 X-band (ν ) 9.3 GHz) digital EPR spectrometer equipped
with a Bruker N2-temperature controller.

Figure 1. EI ionization mass spectra of (a) CF3HgPh (3) and (b) (m-
C2H2B10H9)2Hg (5b). m-Cb stands for m-carborane-9-yl. The spectra
displayed were recorded at the energy of ionizing electrons 70 eV and
the IC temperature 200 °C.
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a. Interaction of C60 with Mercurial 5a under UV Irradia-
tion. C60 (5.0 mg, 6.9 × 10-3 mmol) was dissolved in 2 mL of
freshly distilled toluene. Compound 5a (17 mg, 3.5 × 10-2

mmol) was placed into a quartz ampule, and 1 mL of the
fullerene solution was added to it. A small sample of the mixture
for MS analysis was transferred by a capillary to a glass ampule,
which was soldered. The content of the quartz ampule was
degassed by a triple freeze-thaw procedure, and the ampule
was filled with moisture- and air-free argon and placed into the
resonator of the EPR spectrometer. No signals from radicals
were detected. The ampule was then irradiated by the unfiltered
focused light of a high-pressure mercury lamp DRSH-1000
(1000 W). The EPR spectra showed a signal with a g-factor of
2.0023 from paramagnetic carboranyl-containing derivatives of
the fullerene as a quadruplet due to the unpaired electron
hyperfine couplings to 11B nuclei. From time to time, the ampule
was taken from the resonator and the content agitated. The
samples for MS analysis were taken after the irradiation periods
of 10, 22, 34, 44, and 60 min. To reveal the couplings with 10B
nuclei and determine the hfc constants, the EPR spectrum after
60 min of irradiation was recorded on a higher sensitivity level.
The mass spectra for all samples, including one taken before
irradiation, showed peaks corresponding to carboranyl-contain-
ing derivatives of C60, the intensities of these peaks for the
samples after irradiation being, however, pronouncedly higher
than those for the sample taken before irradiation.

The analogous reaction was performed with 3.4 mg (7.0 ×
10-3 mmol) of 5a and 0.2 mL of the fullerene solution (6.9 ×
10-4 mmol of C60). A drop of the reaction mixture taken after
60 min of irradiation was chromatographed on a Silufol plate
using a mixture of hexane/toluene (4: 1) as eluent and I2 as a
developer. A brown spot remained at the start point, and two
spots with Rf 0.47 and 0.51 were developed (Rf of 5a and C60

were 0.47 and 0.54, respectively). The reaction mixture was
applied onto a large Silufol plate and chromatographed with
the above eluent. A part of the plate with compound 5a and
C60 was cut off, and the remaining one was turned 90° and
chromatographed with toluene. The mass spectrum of the eluted
products displayed peaks due to fullerene derivatives containing
one and two carboranyl moieties (the peaks grouping around
ones at m/z 864 and 1008). The 487 u ion and the other ions of
its isotope cluster (M+• of 5a) were virtually absent in the
spectrum indicating that the above fullerene derivatives could
not be formed due to the reaction occurring in the IC.

b. Thermal Reaction of C60 with Compound 5b. A reflux
condenser was connected to a flask with compound 5b (2.4 mg,
4.9 × 10-3 mmol). The air was replaced by argon. This
procedure was repeated twice, t-butylbenzene (2 mL) added,
and the content agitated. Argon was bubbled through it via a
capillary for 25 min. C60 (3.1 mg, 4.3 × 10-3 mmol) was then
added, and the mixture was again bubbled by argon for 25 min.
A small sample was taken for MS. A slow argon flow over the
reflux condenser was then maintained. The reaction mixture was
refluxed for 5 h and cooled to room temperature. The flask was
wrapped up by black paper and left overnight. A brown film
was scraped down from the flask walls, and the reaction mixture
was bubbled by argon, refluxed another 5 h, and left overnight.
On the next day, argon was bubbled through the mixture, a
sample for MS taken, and the same amount of 5b added. Argon
was again bubbled, and the reaction mixture was refluxed for
an additional 5 h followed by taking the sample. All three
samples contained products of carboranyl radical additions to
the fullerene, the monoadduct prevailing significantly. The
integrated peak intensities of the ion group due to it (859-869

u) derived from the spectrum obtained by peak-summarizing
over magnetic scans increased in a rowsbefore heating/10 h
reflux/15 h reflux as 1:1.29:1.65. It should be noted that the
intensities of the main signals significantly exceeded the
dynamic range of the instrument. That means the real increase
along the row should be greater. To eliminate errors that may
have been due to a possible increase in the amounts of samples
introduced in the mass spectrometer, the integrated intensities
were normalized to those of the [C60 - C10]+• ion. The later
ones were chosen since they were less than the intensities for
the monoadduct, while those of C60

+• were greater. The ratios
for the samples taken before, after 10 h, and 15 h heating proved
to be 1.47 ( 0.12 (SD), 2.13 ( 0.02, and 1.79 ( 0.05. A
decrease in the last value as compared with the second one can
be caused by the above-mentioned fact that the normalizing
intensities were lower than the product ones. The magnitudes
presented indicate that the samples taken after heating contained
carbonyl derivatives of C60, though some amounts of them were
formed during the MS analysis.

c. Photochemical Reaction of C60 with Mercurial 1. To C60

(3.0 mg, 4.2 × 10-3 mmol) was added benzene (2 mL) freshly
distilled over Na. The mixture was stirred and left overnight.
The solution acquired magenta color, but the fullerene dissolved
incompletely, ca. a third of the solid remaining. An amount of
0.2 mL of the suspension was added to species 1 (1.0 mg, 2.8
× 10-3 mmol) placed in a quartz ampule. The content of the
ampule was degassed by a triple freeze-thaw procedure, filled
with argon, and placed into the resonator of the EPR spectrom-
eter. The ampule was irradiated by the focused unfiltered light
of the DRSH-1000 lamp for 45 min. The solution acquired light-
brown color (the brown color is characteristic of aryl and
alkylderivatives of C60), and the EPR spectrum displayed a small
broadened (line width ∼1 G) signal of a radical with g-factor
of 2.0023. A sample from the reaction mixture was subjected
to MS, the mass spectrum showing peaks of ions due to the
addition of one and two phenyl radicals to the fullerene. The
same ions were detected for the control mixture not subjected
to irradiation. However, the integrated intensity of the corre-
sponding peak groups (at m/z 796-801 and 872-878) from
the spectrum obtained by peak-summarizing over magnetic scans
exceeded the analogous value for the control by a factor of 1.9.
The ratio of analogous integrated intensities for the C60

+• ion
(720-725 u) turned out to be 0.86, indicating that the above
increase could not be caused by an increase in the quantity of
the analyte introduced into the mass spectrometer.

d. Determination of Characteristics of Radicals 9 and 10
and CIDEP Studies. Ampules with a saturated toluene solution
of C60 contained either 5b or 5a (the molar ratio of the fullerene
to 5b or 5a ) 10:1) were degassed by 20-fold freeze-thaw
procedures, and their contents were photolyzed in the cavity of
the Bruker EPR spectrometer using a high-pressure mercury
lamp (1 kW; ARC lamp power supply, model 69920), the output
of which was focused onto the sample with a quartz lens and
filtered through distilled water to remove infrared radiation.

The EPR spectra were recorded at microwave power 0.5 mW,
100 kHz magnetic field modulation of 0.7 G amplitude, sweep
time 671.1 s, conversion time 81.9 msec, time constant 1310
msec, and receiver gain 5 × 104. The digital field resolution
was 8192 points per spectrum allowing all hyperfine splittings
to be measured directly with accuracy better than 0.1 G. The
spectra processing and simulation were performed with the
Bruker WIN-EPR and SimFonia Software. The g-factor values
were determined using 2,2,6,6-tetramethylpiperidine-N-oxyl
(TEMPO) as a reference (g ) 2.0058).
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3. Results and Discussion

3.1. Interactions of C60 and C70 with RHgX in the
Ionization Chamber (IC) of a Mass Spectrometer. Figure 1
displays EI ionization mass spectra of trifluoromethyl-
phenylmercury(II) (3) and bis(m-carborane-9-yl)mercury(II)
(5b). The loss of CF3 and m-C2H2B10H9 radicals, respectively,
is clearly seen. In the case of compound 3, the peak of the
CF3

202Hg+ ion with m/z 271 formed due to the elimination of
the phenyl radical from the molecular ion is of a very low
intensity. The other process PhHg+ (279 u)f Ph• + Hg+ (202
u) (both intensive ions are present in the spectrum) that formally
could furnish the phenyl radicals is forbidden according to the
even-electron rule. Thus, it can occur only to a negligible extent.
However, a peak at m/z 69 due to the CF3

+ cation formed from
the molecular ion is present in the spectrum. This indicates that
fragmentation CF3HgPh+• f CF3

+ + HgPh• f Hg + Ph• can
furnish the phenyl radicals. At the same time, both radicals R•

and X• are eliminated from the molecular radical cations of all
other RHgX compounds examined: Ph2Hg (1), CF3HgBr (2),
PhHgBr (4), (o-carborane-9-yl)2Hg (5a), (p-carborane-9-yl)2Hg
(5c), (m-carborane-9-yl)HgCl (6), p-CH3C6H4HgBr (7), and
p-CH3OC6H4HgCl (8) (see the respective mass spectra in the
Experimental Section and ref 40). The radicals may also be
generated due to the decomposition of the molecular ions via
the routes analogous to above that for M+• of 3. Some of the
molecular ions RHgX+• produce radical cations RX+• that can
further decompose affording radicals. Besides, organomercurials
RHgX are capable, in principle, of dissociation at high tem-
peratures to give the corresponding radical R•, some such as 1,
below 300 °C, the reaction, however, being very slow in this
temperature region.40,41 On the other hand, it can be accelerated
by the stainless steel walls of an IC and catalytic amounts of
various metal-containing compounds that ought to be present
at the surface of the IC if a mass spectrometer is permanently
used for analysis of organometallic species (and it is in our
case).40 As to closo-carborane-9-yl-mercury(II) derivatives 5a-c
and 6, they may decompose effectively even in the gas phase
since the “B-Hg” bond is significantly weaker than the “Ph-
Hg” one and thus should be inclined to thermal homolytic
dissociation to a greater extent.

All the foregoing indicates that compounds 1-8 producing
active radicals under EI ought to be suitable reactants for
interaction with fullerenes in an IC or, in other words, for the
“homolytic reactive mass spectrometry of fullerenes”.

In fact, C60 reacted with these species in an IC with the
transfer of the corresponding organic or organoelement radicals
from the latter to the former (Scheme 1).

The results of the reactions are exemplified below by EI
ionization mass spectra recorded in the course of the reactions
between C60 and compounds 5a-c carried out in the IC at 270
°C (Figure 2).

Scheme 1 involves hydrogen addition to some products,
especially paramagnetic ones, as it was observed earlier for the
reactions of C60 with the Scherer radical, mercury(II) trifluo-
roacetate, a mixture of perfluoronones, radical C9F18SO2F•, and
ketones in an IC.34 Table 1 indicates that it is also intrinsic to
the reactions between C60 and compounds 5b,c and 6. It presents
the first ionic group of the reaction products in the “spectra of
ions” (trios composed of the formulas of ions, their average
masses, and the integrated peak abundances of ions of all
isotopic combinations constituting the formulas). The spectra
of ions of this group for the reactions have been calculated by
the program AELITA42,43 based on the spectra obtained by peak-
summarizing over magnetic scans. They have then been

averaged over several runs. The ion intensities from Table 1
display that the main recorded products of the reactions are those
containing a hydrogen atom attached to the fullerene core.

Another example is provided by Figure 3 and Table 2
illustrating the reaction between C60 and Ph2Hg (1). Since the
products are wholly organic in this case and thus the contribu-
tions from 13C- and, to a very small extent, 2H-containing ions
to the intensities of product ions only count, another calculation
method has been used. It involves the consecutive subtraction
of the above contributions calculated with the help of the
program SCIPE44 taking the first peak of each group as the

SCHEME 1

Figure 2. EI ionization mass spectra in the high mass region recorded
during the reactions of C60, in an IC at 70 eV and 270 °C, with (a)
bis(o-carborane-9-yl)mercury(II) (5a), (b) bis(m-carborane-9-yl)mer-
cury(II) (5b), and (c) bis(p-carborane-9-yl)mercury(II) (5c). m-, o-, and
p-Cb stand for m-, o-, and p-carborane-9-yl, respectively, and together
with the numerals at the peaks for the numbers of the corresponding
radicals attached to the fullerene core.
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starting one. As in the previous cases, the summarized single
magnetic scan spectra have been treated.

Again, ions with hydrogen atoms attained have high peak
intensities in the spectra, though C60Ph2

+• dominates in the
second group. The latter can be easily explained in terms of a
homolytic reaction mechanism.

Earlier, we reported several facts evidencing that the hydrogen
atoms present in products from the reactions between C60 and
some perfluoroorganic compounds in an IC were mainly
provided by hydrogen-containing compounds adsorbed at the
metal surface of the IC.34a This finds support in the present study
since some products from the reaction of C60 with compound 2
contain hydrogen atoms, whereas 2 itself lacks them. All this
is not surprising since the experiments were made with a mass
spectrometer constantly used for the analysis of organic- and
organoelement compounds and its IC had to be contaminated
with them. However, when C60 was reacted with hexadeuteroac-
etone, some products obtained had deuterium atoms attached
to the fullerene core.45 This indicates that reagents themselves
can provide hydrogen if they contain hydrogen atoms.

Thus, both sources, hydrogen-containing compounds adsorbed
at the IC surface and mercurials themselves, especially 5a,b
and 6-8 amenable to homolytic hydrogen abstraction, could

provide those hydrogen atoms that added to the fullerene core
in the course of the reactions considered.

Since compounds 5a-c are isomers, an obvious question to
be considered is whether the results of the reactions of C60 with
them in the IC depend on the isomer reacted, besides the
certainty that isomeric products were formed. In fact, only one
difference in the results was revealed: in the case of 5c, we
reliably found products of double addition of the p-carboranyl
radicals to C60 (see Figure 2c). The ratio of the integrated
intensity of their ion peaks at m/z 1002-1014 to that of the
monoadduct (peaks at m/z 859-870) derived from the spectrum
obtained by peak-summarizing over magnetic scans is 8% (
1% (SD). At the same time, we failed to register the respective
products with assurance in the cases of isomers 5a and 5b. This
can not be, however, due to properties intrinsic to the last two
reactions, but since the corresponding products may be less
volatile, their molecular ions are less stable, even owing to some
technical reasons. Taking into account such a low value of the
relative intensity and the above uncertainties, one can consider
the specificity of the reaction with 5c as insignificant.

TABLE 1: Distribution of the Ion Intensities (Irel) in the
First Ion Group of the Products in the Spectra of Ions
Derived from Mass Spectra Recorded in the Course of the
Reactions between C60 and Carboranylmercurials 5b,c and 6
in the ICa

reactant ion, [.. .]+ average mass, u Irel, %b

H2C60B10H9-m-C2H2 865.88 9
5b HC60B10H9-m-C2H2 864.88 53

(C60B10-m-C2)H10 862.86 38

H3C60B10H9-p-C2H2 866.89 4
HC60B10H9-p-C2H2 864.88 55

5c (C60B10-p-C2)H11 863.87 38
(C60B10-p-C2)H10 862.86 2
(C60B10-p-C2)H8 860.84 1

HC60B10H9-m-C2H2 864.88 70
6 (C60B10-m-C2)H11 863.87 22

(C60B10-m-C2) H8 860.84 8

a The calculations were also made for the reaction with
compound 5a and the second ion group of the products from the
reaction with compound 5c. However, the pronounced scatter of the
results of the runs was observed. This occurred probably because of
insufficient intensities of the corresponding ion peaks so that the
background ones contributed significantly to the intensities. That is
the reason why we have not included these data in the table.
b Normalized to 100% total for each reaction.

Figure 3. High mass region mass spectrum recorded during the reaction
of C60 with Ph2Hg (1) in an IC at 70 eV and 270 °C (for simplicity of
the spectrum, the background peaks are omitted).

TABLE 2: Abundances (Irel)a in the Monoisotopic (12C, 1H)
Mass Spectra of the First Three Groups of the Products
from the Reaction between C60 and Ph2Hg (1) in the IC

group no. nominal mass, u ion, [.. .]+ Irel, %

I

796 C60C6H4 4
797 C60Ph 13
798 HC60Ph 83
799 - 0

II

873 C6H4C60Ph 11
874 C60Ph2 54
875 - 3b

876 H2C60Ph2 25
877 - 0
878 H4C60Ph2 7

III

950 C6H4C60Ph2 9
951 C60Ph3 19
952 HC60Ph3 43
953 H2C60Ph3 9
954 H3C60Ph3 20
955 - 0

a Normalized to the integral intensity of the corresponding ion
group and averaged over several runs. b The ion is not specified
since mass spectra of C60 recorded under conditions when the
molecular ion peak intensities fell within the dynamic interval of the
instrument and treated in a similar manner showed the calculation
error to be e3%.

SCHEME 2
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C70 reacted in the IC with compounds 5a and 1 similarly to
C60. The results of the reactions and calculations of the spectra
of ions by the AELITA program, averaged over two runs for
each reagent, are presented in Scheme 2.

At the beginning of the paragraph, we have indicated that
the reactions discussed can in principle be EI and thermally
initiated. In our earlier works, we showed that the reactions of
C60 in an IC with the Scherer radical (C9F19

•) and radical
C9F18SO2F• were initiated though mostly by EI, but the thermal
reaction occurred as well. On the contrary, EI was necessary
for the reactions of the fullerene with a mixture of isomeric
perfluorononenes C9F18 or acetone to proceed. For revealing
these facts, special procedures including ones “with the filament
switched off” were developed and employed.34a,c In the present
work, we used one of these methods slightly modified. C60 was
applied onto the outer surface of a capillary ampule, a dot of
compound 1 placed inside it, and the ampule inserted into an
IC. The experiments were made in pairs; viz., the first run was
carried out with the filament switched off, then the probe with
the ampule extracted from the instrument, and the filament
switched on that allowed registering the products evaporating
from the surface of the IC. This was followed by the second
run in which the filament was turned on in the course of the
entire experiment except for the time required for the removal
of the probe. In both cases, the summarized ion currents due to
products with masses 796-801 u registered after the extraction
of the probe were computed, and the ratio of the first value to
the second one was obtained. The experimental pair was
duplicated, and the ratios were averaged to give a value of 0.294
( 0.017 (SD). The magnitude obtained indicates that the process
was EI activated by ca. 70%, while a thermal reaction was
responsible for the remaining ca. 30%.

The mechanistic investigations of the reactions in an IC
between C60 and the above-mentioned perfluororadicals, per-
fluorononenes, and acetone counted in favor of the fact that the
process involved the formation of active radicals from the second
reactants that further reacted with the fullerene at the surface
of the IC. The experiments with C60 and acetone effected by a
procedure with the potential of the repelling electrode relative
to the IC cage set to zero showed that the positive ions were
not involved in the process.34a,c The same proved to be valid
for the reaction of C60 with PhCOH.45 Since the participation
of the negative ions seems highly improbable, this suggests that
the intermediate methyl (phenyl) radicals should have been
formed via the homolytic dissociation of acetone (benzaldehyde)
molecules being in a superexcited state (the state with electronic
excitation energy higher that the first ionization potential).46

However, this statement can be invalid (or incompletely valid)
for some organo- and organoelement mercury compounds since
their first ionization potentials (IPs) can be lower than those of
acetone and benzaldehyde. For example, the following IP values
(in electronvolts) were reported for mercurial 1: 9.4 ( 02
measured by an EI method,47a 9.03 (the first vertical IP)
determined by photoelectron spectroscopy (PE),47b and 8.30 (
0.03 obtained by means of photoionization (PI).47c At the same
time, the IP values are 9.92 ( 0.0447d and 9.71 ( 0.0347e (EI),
9.71 ( 0.02 (PE),47f and 9.69 ( 0.01 (PI)47g for acetone; and
9.82 ( 0.0447d and 9.74 (EI),47h 9.71 (PE),47i and 9.51 ( 0.02
(PI),47g for benzaldehyde. Thus, the IP values for mercurial 1
measured by all three methods are less than those for acetone
and benzaldehyde. Since the reactions discussed occur under
EI and the ionization is governed by the Franck-Condon
principle, it is better to compare the vertical IP values determined
by EI (EI-IP) or PE (PE-IP). The gaps between the EI-IP value

for 1 and those for acetone and benzaldehyde are less than the
corresponding gaps of PE-IP ones. However, the EI-IP of 1
reported seems to be too high since the difference between it
and the IP measured by PI (PI-IP), 1.1 eV, is too great and the
EI-IP of Hg(CH3)2 that lacks benzene ring π-orbitals determined
by the same EI method, 8.90 ( 0.2,47j is lower, with the
difference between it and the PI-IP, 9.10 ( 0.05, being
reasonable.47k

To the best of our knowledge, no EI-IP value has been
reported for compound 4, but its PE-IP value is 8.77 ( 0.05,47l

which is also lower than the foregoing EI-IP and PE-IP values
for acetone and benzaldehyde.

Thus, one cannot exclude the possibility that the competition
between the superexcited states and molecular ions of these
mercurials generated by EI resulted in enhanced relative amounts
of the latter as compared with those for acetone or benzaldehyde.
In other words, the homolytic dissociation of the molecular ions
of some organo- and organoelement mercurials could provide
the radicals in quantities sufficient for the reactions to proceed.

Taking into account all of the preceding, Scheme 3 of the
discussed processes seems plausible.

According to Scheme 3, the reaction begins with the
generation of active intermediate radicals R• and X• occurring
thermally and/or under EI. The thermal process can proceed in
the gas phase and/or at the surface of an IC. When EI is
involved, the gas-phase homolytic dissociation of the reactant
can occur via a superexcited state and the preliminary formed
molecular ion. The radicals generated further react with the
fullerenes adsorbed at the IC walls, the paramagnetic species
obtained being stabilized by the addition of the second radicals
or abstracting hydrogen atoms from the reactant or a hydrogen-
containing compound adsorbed on the surface of the IC. All
such products vaporize from the surface to be registered after
EI ionization. If X ) Hal (Cl, Br), the halogen-containing
products cannot be registered since they are known to be
unstable under EI.48 However, one cannot exclude a certain
contribution to the process from the reaction occurring wholly
in the gas phase.

3.2. Reactions of C60 with Bis(o-, m-carborane-9-yl)mer-
cury(II) (5a,b) and Diphenylmercury(II) (1) in Solution. The
above results of the homolytic reactive mass spectrometry of
C60, when the second reactants were organo- and organoelement
mercurials, indicated that one could try to implement the
analogous reactions of C60, trifluoromethylation, arylation, and
carboranylation of the fullerene, with suitable reagents of this

SCHEME 3
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type in solution. The EI initiated reactions contributed signifi-
cantly to the processes in the IC, as shown by the example of
mercurial 1. That suggested the use of UV irradiation in the
quartz region, as the simplest substitute for the irradiation with
electrons, in order to initiate these reactions in solution. It is
especially so, since organomercurials are known to undergo the
homolytic decomposition producing the corresponding organic
radicals when UV irradiated in solution.40 This was reported to
be valid for carboranylmercurials 5a-c.49

A mixture of C60 and compound 5a at a molar ratio of 1:10.1
in toluene solution was irradiated with unfiltered focused light
of a high-pressure mercury lamp DRSH-1000 (1000 W) directly
in the resonator of a Varian E-12A EPR spectrometer. The
reaction was monitored by EPR and MS; namely, the EPR
spectra were recorded and samples for MS taken before and
after 10, 22, 44, and 60 min irradiation. No signal was recorded
in the first spectrum, while signals from carboranylfullerenyl
radicals with a g-factor of 2.0023 were found in the last four
spectra (Figure 4). On the contrary, ion peaks of products of
carboranyl radical additions to the fullerene were registered for
all samples subjected to MS including the first (control) one,
taken before irradiation (a spectrum obtained after 1 h of
irradiation is given in Figure 5). However, the intensities of

the peaks for the samples taken in the course of the irradiation
were more than an order of magnitude greater than those for
the first sample. Moreover, in the second run the final reaction
mixture was subjected to TLC that allowed us to remove C60

and compound 5a from the products. The EI ionization mass
spectrum of the isolated mixture of products showed the same
peaks as before. From this, one can conclude that the bulk of
the products was formed during the photolysis, though a small
contribution to the spectra of crude reaction mixtures came from
the reaction occurring directly in the mass spectrometer.

The Figure 5 spectrum and the other magnetic scan spectra
in this analysis were obtained with relatively high both
sensitivity level of the instrument and quantity of the sample
introduced into it. This was done to catch the peaks correspond-
ing to products of polyaddition of the carboranyl radicals. In
the case of the monoaddition product, however, it caused the
multiplets due to the isotope- and hydrogen-containing ions to
merge into singlets (see Figure 5, the peak at m/z 864). It

Figure 4. EPR spectrum of the reaction mixture of C60 and mercurial
5a in toluene solution recorded at 293 K under UV irradiation (in 1 h
from the beginning). The lines in the spectrum are slightly broadened
due to the presence of mono- and polycarboranylated paramagnetic
derivatives of C60; thus the hfc constants depicted [a(11B) and a(10B)]
are averaged ones (for more detailed characteristics of o-carboranyl-
fullerenyl radical and its polarization, see below).

Figure 5. EI ionization mass spectrum in the high mass region of the reaction mixture of C60 and mercurial 5a in toluene solution after 1 h of UV
irradiation. For the better quality of the spectrum, especially in the inset, the background peaks are deleted. Also, the hydrogen atoms in the
carboranyl moieties are not shown.

Figure 6. (a) EPR spectrum of a 5b-containing saturated toluene
solution of C60 (molar ratio C60:5b ) 10:1) under UV irradiation at
250 K. (b) Simulated EPR spectrum of radical 9.

13706 J. Phys. Chem. A, Vol. 113, No. 49, 2009 Lyakhovetsky et al.



excluded the possibility to calculate the spectrum of ions from
these data by the aforesaid method and thus to reveal hydrogen-
containing ions. To get the resolved peaks with the intensities
falling within the dynamic interval of the instrument, the analysis
was repeated with less sensitivity and amount of the sample.
The treatment of the summarized over 43 magnetic scans
spectrum by the AELITA program package produced values
of the relative intensities (in percentage of the total intensity of
the group) of 36 and 64 for C60C2B10H11

+ (863.87 u) and
HC60B10H9C2H2

+• (864.88 u), respectively. Thus, the main peak
in this ion group turns out to be one due to monohydro-o-
carborane-9-yl-[60]fullerene. This indicates that hydrogen ad-
dition takes place. The sources of hydrogen atoms appear to be
the solvent (toluene) and/or the mercury reagent itself. However,
some hydrogen attainment, especially by paramagnetic species
present in the reaction mixture, could occur, as we have shown
above, in the course of the MS analysis. Moreover, carbora-
nylfullerenyl radicals formed during the reaction produce the
corresponding dimers (see below). When the reaction mixture
is introduced in a mass spectrometer, they should decompose
in the IC returning the corresponding radicals. These can acquire
hydrogen atoms, abstracting them from hydrogen-containing
compounds adsorbed at the metallic walls of the IC and/or from
5a present in the sample.

The reactions of C60 and C70 with compound 5b performed
in toluene solution under UV irradiation were reported earlier
by some of us.50,51 In the first case, m-carborane-9-yl-
[60]fullerenyl radical (9) was registered, which underwent
reversible dimerization with the rate constant of ca. 106 l mol-1

sec-1 at 0 °C and ∆H ca. -10 kcal mol-1. The longer irradiation

(30 min) of a toluene solution of C60 containing excess 5b
resulted in multiple additions of the carboranyl radicals to the
fullerene.

In the present work, to get more detailed information on the
radical formed and the processes occurring, the study has been
prolonged with the use of a Bruker EMX-10/12 EPR spectrom-
eter. UV irradiation of a saturated toluene solution of C60

containing compound 5b in a molar ratio C60:5b ) 10:1 within
the cavity of the instrument with unfiltered focused light of a
high-pressure mercury arc lamp (1000 W) leads to the appear-
ance of an intensive spectrum (g ) 2.0022) (Figure 6) consistent
with radical 9 formed according to Scheme 4.

The spectrum exhibits hyperfine couplings (hfc) of the
unpaired electron with the magnetic nucleus of a 10B atom and
that of a 11B atom: a(10B) ) 6.23 G, seven lines [10B: average
natural abundance 19.8%,43 I ) 3], a(11B) ) 18.54 G, four lines
[11B: average natural abundance 80.2%,43 I ) 3/2], and with
several carbon nuclei of the C60 framework [aC(113C) ) 17.6
G; aC(413C) ) 8.8 G; aC(213C) ) 6.1 G; aC(413C) ) 3.9 G]
(Figure 7). The constants similar to those given in Figure 7 were
observed for the hfc of the unpaired electron with 13C nuclei of
alkyl-, silyl-, and phosphorylfullerenyl radicals.52-54 Besides, a
signal with g ) 2.00135 is present in the spectrum and assigned
to 3C60, the lowest triplet state of C60.55

At 250 K, when the UV light has been turned off, a fast
decrease in the intensity of the EPR signal of 9 (τ1/2 < 0.1 s)
due to dimerization of radical 9 has been observed, with its
increase up to the primary value upon the irradiation resumption.

SCHEME 4

Figure 7. Hfc constants of the unpaired electron with 13C nuclei of
the C60 framework in radical 9.

SCHEME 5

Figure 8. EPR spectrum of a 5b-containing saturated toluene solution
of C60 (molar ratio C60:5b ) 10:1) under UV irradiation: (a) at 380 K
and (b) at 200 K.
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These findings indicate that the photodissociation contributes
significantly to the overall process of the dissociation of the
dimer at this temperature.

A fascinating feature of this EPR spectrum appears to be the
fact that all low-field lines have a phase corresponding to
emission (E), while the high-field ones correspond to absorption
(A). This spectral pattern is an example of manifestation of the
unprecedented strong chemically induced dynamic electron
polarization (CIDEP). For the first time, even the polarization
of the 13C satellite lines has been observed. The CIDEP effects
for other radical adducts of fullerenes were reported and
discussed in terms of radical-triplet-pair and radical-pair mech-
anisms.56 Obviously, the CIDEP of radical 9 originates due to
the same reasons, with the triplet state 3C60 likely participating
(Scheme 5). However, a question to be considered is: what
caused such a strong CIDEP in a radical formed due to addition
of boron-centered one to C60? Evidently, it resulted from several
“successful” properties of radical 9 such as long-time spin-lattice
relaxation, photochemical stability (irradiation with unfiltered
UV light of a 1000 W mercury lamp does not lead to its
degradation), and relatively high values of hyperfine interaction
of the unpaired electron with the 10B and 11B nuclei.

We have elucidated that three factors are essential to achieve
the maximal CIDEP effect: (i) very accurate vacuumization of
the sample to remove the traces of oxygen; (ii) great excess of
C60 relative to mercurial 5b, and (iii) temperature of the reaction
of 250-260 K. CIDEP has not been observed at 380 K (Figure
8a) because of the temperature-activated dissociation of dimer
m-H2C2H9B10C60-C60B10H9C2H2-m and the faster spin-lattice
relaxations in radical 9 and 3C60 occurring at this temperature.

The viscosity of toluene is greater at 200 K so that the rates of
both processes responsible for polarization decrease. As a result,
the CIDEP falls significantly, the emission (reverse-phase effect)
being absent, and the signal from 3C60 dominates in the spectrum
(Figure 8b).

Experiments on the Bruker spectrometer have also revealed
the following characteristics of the analogous spin adduct formed
in the reaction of C60 with o-carboranylmercurial 5a: g ) 2.0022,
aB(10B) ) 6.23 G; aB(11B) ) 18.51 G, aC(113C) ) 17.8 G;
aC(413C) ) 8.7 G; aC(213C) ) 6.0 G; aC(413C) ) 3.83 G. The
CIDEP effect similar to that described above has been observed
(Figure 9).

Since experiments in an IC showed the possibility of the
thermal reactions between organomercurials and fullerenes in
it by way of the example of C60 and Ph2Hg (1), we have
examined the possibility to implement such a reaction in
solution. We decided on the reaction between C60 and 5bsthe
bond Hg-B10H9C2H2 should be inclined to thermally activate
homolytic dissociation more than the Hg-Ph one since the
carboranyl radicals forming in the process are more stable than
phenyl ones. In fact, C60 reacted with 5b in tBuPh solution under
reflux to yield carboranylated derivatives (Figure 10).

The treatment of the summarized over 83 magnetic scans
spectrum by means of the program AELITA yielded the
following relative ion intensities, normalized to 100% total of
the first product group, in the spectrum of ions: C60C2B10H10

+•

(862.86 u) 23%, C60C2B10H11
+ (863.87 u) 0%, HC60C2H2B10H9

+•

Figure 9. EPR spectrum of a saturated toluene solution of C60

containing (o-C2H2B10H9)2Hg (5a) (molar ratio C60:5a ) 10:1) under
UV irradiation at 250 K.

Figure 10. EI ionization mass spectrum in the high mass region of
the reaction mixture of C60 and compound 5b in tBuPh after 15 h reflux.

Figure 11. Part of the EI ionization mass spectrum in the high mass
region of the sample from the reaction mixture of C60 and 1 in benzene
solution after 45 min of UV irradiation.

TABLE 3: Distribution of Ion Peak Abundances (Irel),
Normalized to 100% Total of Each Group, for Two Groups
of the Products in the Spectrum of Ions (AELITA) and
Monoisotopic (12C, 1H) Mass Spectrum (SCIPE, Repeated
Use)a of the Reaction Mixture of C60 and Mercurial 1 in
Benzene Solution after 45 min of UV Irradiation

Irel, %

method

group no. nominal mass, u ion, [.. .]+ A Sb

I
796 C60C6H4 14 14
797 C60Ph 13 12
798 HC60Ph 73 74

II

872 C6H4C60C6H4 10 12
873 C6H4C60Ph 6 7
874 C60Ph2 65 62
875 HC60Ph2 9 10
876 H2C60Ph2 9 9

a Both spectra have been derived from that obtained by
summarizing 67 single magnetic scan mass spectra. b “A” stands for
AELITA and “S” for SCIPE.
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(864.88 u) 61%, H2C60C2H2B10H9
+ (865.88 u) 16%.57 These

values indicate that the main product in the first group (and,
apparently, among all registered) turns out to be monohydro-
m-carborane-9-yl-[60]fullerene. The source of hydrogen atoms
appears to be the solvent (and, probably, 5b itself), but hydrogen
partly can be acquired during the MS analysis, as we have shown
above, especially since the reaction itself partly proceeded
immediately within the IC in the course of the analysis (see
Experimental Section).

Analogous results were obtained for the photochemical
reaction of C60 with Ph2Hg (1). The process was monitored by
EPR and MS. A small broadened singlet with g-factor ) 2.0023
appeared in the EPR spectra when the reagents in benzene
solution were irradiated by a quartz region UV light. The signal
can be attributed to paramagnetic phenyl derivatives of C60.
Figure 11 depicts a mass spectrum of the sample taken from
the reaction mixture after 45 min of the irradiation. The ion
peaks due to fullerene derivatives containing one and two phenyl
groups are clearly seen. Though these peaks are present in the
control spectra of the unirradiated reaction mixture, as it
occurred with the product peaks in the case of experiments with
C60 and 5a (cf. above), their integrated intensity in the
summarized over magnetic scans spectrum is nearly twice as
large as that in the control (see Experimental Section). Most
probably, the peaks in the control spectra arose owing to the
reaction between C60 and 1 which occurred in the IC.

Both methods described above, the AELITA program and
the iteratively used SCIPE program, have been employed for
examining the possibility of hydrogen addition to the fullerene
core to occur in the course of the reaction. They gave similar
results indicating that the hydrogen addition also took place in
this case (Table 3). The source of the hydrogen atom appears
to be the solvent (benzene) or crystallization solvent in the C60

sample (toluene). Since dimers of phenylfullerenyl radicals had
to be present in the reaction mixture and decompose in the IC
heated at 300 °C recovering the radicals, the hydrogen addition
could partly occur in the IC.

4. Conclusions

All organo- and organoelement mercurials examined are
capable of transferring the respective organic or organoelement
radicals to C60 while reacting with the latter in the ionization
chamber (IC) of the EI ion source of a mass spectrometer heated
at 250-300 °C. No differences that would be significant have
been revealed between the results of the reactions of C60 with
isomeric bis(o-, m-, p-carborane-9-yl)mercurials. By way of the
examples of Ph2Hg and (o-carborane-9-yl)2Hg, it has been
shown that these reactions are also intrinsic to C70. The most
plausible scheme of the reactions involves the formation of
active organic or organoelement radicals from the reactants due
to EI or thermal activation of the reactant molecules followed
by the dissociation. When EI is involved, the dissociation may
proceed via superexcited states. However, the reaction pathway
involving the ionization of the molecules to the molecular ions
and their further dissociation providing the radicals can also
contribute to the overall process. The radicals formed react with
the fullerenes at the metal walls of the IC to give the
corresponding fullerene derivatives. The radical centers in
paramagnetic species are capped with the next radicals or
hydrogen atoms abstracted from hydrogen-containing com-
pounds, including the mercury(II) reagents, adsorbed at the IC
surface. The products vaporize from the surface to be registered
after EI ionization. To some extent, the analogous process can
occur totally in the gas phase.

Ph2Hg, (o-carborane-9-yl)2Hg, and (m-carborane-9-yl)2Hg are
capable of entering the same reaction with C60 in solution
activated by UV irradiation. The last named compound reacts
with the fullerene in a similar fashion under reflux in t-
butylbenzene. In the UV light activated reactions, EPR studies
have exhibited the formation of the corresponding (phenyl-,
o-carboranyl-, and m-carboranylfullerenyl) radicals, and the
characteristics of the two last named radicals, including hfc
constants for the unpaired electron coupling with 13C nuclei of
the C60 cage, have been determined. The unusually high CIDEP
effects for these last radicals that first revealed polarization of
the 13C-sutellites have been observed and explained in terms of
radical-3C60 and radical-pair mechanisms. Parameters that allow
obtaining the maximal CIDEP in such radicals are specified.

In general, these findings provide additional evidence, to ones
already obtained from the reactions of some perfluoroorganics
and ketones with C60, in favor of the fact that the results of the
homolytic reactive mass spectrometry can serve as a quick and
efficient tool for elucidating what reactions of fullerenes can
be implemented in solution or solid phase/state and by what
means.
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