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Thermochemistry of the Gas Phase Reactions of Fluorofullerene Anions
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The ion—molecule equilibrium method has been applied to studies of the gas phase fluorine exchange reactions
between fullerene anions and metal fluoride anions. This has yielded the first quantitative determination of
the absolute values of Gibbs energies for addition of fluorine to the anions of higher fullergngs G =

0, 1, ..., 7) and sequential fluorine addition in the serigg=C (n = 0, 1, 2). Estimates for €F bond
dissociation energies of¢gF, and GoF, and electron affinities of monofluorinated [60]- and [70]fullerenes

in the gas phase are reported.

Introduction

Both gas phase chemistry and thermochemistry are of
fundamental importance in many fields of fullerene science.
Studies on gas phase iemolecule reactions involving singly
and multiply charged fullerene species provide better insight
into the chemical reactivity and stability of fullerenes and
derivatives. In some cases gas phase reactivity trends can be
extrapolated to reactions in solution. For example, for the higher
fullerene series and some endohedral metallofullerenes, a
remarkably linear correlation was found between the reduction
potentials in solution and electron affinities in the gas pHase.

Theoretical _calculat|ons have |nd|cayed that molecular anions Figure 1. Scheme of the experimental setup for the IME studies: (1)
are less reactlvg than the corresponding Caﬁomw studies alkali metal salt (KF-HF); (2) platinum ampoules; (3) effusion cell;
have been published on the gas phase chemistry of fullerene) ¢, (5) fullerene sample.
anions in contrast to the reactions of the cations of fullerénes.
At room temperature & reacted with N@, and an intense
CsoNO,~ peak was registered in the mass specttulmteraction
of Ceo~ with O, in the gas phase yieldeds§Or~ (n = 1, ...,
4)5 Observation of gF,~ (0= 1, 2) by the chemical ionization . .
(CIl) mass spectrometry method has been repdrted. molecules evaporating from the efqumn cell. . .

Several studies on the energetics of electron transfer reactions A thermal negative ion mode is also available in the

involving anions of fullerenes and their derivatives in the gas |n|strtumegt. Th_e eﬁqt3|r(])ndcef[lf |sEatth|gIt=_r2 k\Q p(_)tentElI; the K
phase have been matie? electron beam is switched off. Extraction of anions by a wea

We reported recently the method of generation of difluori- electrostatic field is followed by the monitoring of negative ion

: mass spectra. The anions are generated inside the effusion cell
nated fullerene molecules and anions at elevated temperatures

and determination of the EA's of difluorinated [60]- and as a r(_esult (.)f surface thermal _|on|zat|0n, _and they are in
X . . equilibrium with the neutral species at the given temperature.
[70]fullerenes which gave slightly higher valuesQ.2 eV) than e Lo .
Verification of the equilibrium is based on the mass action law,
those for the parent fullerenés. and it was previously performed on the higher fullerene
Here we describe the first quantitative thermochemical data P y P 9

: : . -7 systems12
on the apsolute values of lebs energies for fluorine addition The experiment is carried out under the effusion conditions
to the higher fullerene anions7&,n~ (n =0, 1, ..., 7) and

sequential fluorine addition in the seriesgG- (n = 0, 1, 2). when the mean free path of the species in the gas phase far

X . - ; exceeds the linear sizes of the cell and collisions in the gas
We also report our estimate of< bond dissociation energies g

. . I phase are practically negligible. Therefore equilibrium in the
for dlfluorlnat.ed [60]- and [7Olfullerenes and glectron affinities system is established through the collisions with the walls of
of monofluorinated [60]- and [70]fullerenes in the gas phase.

the cell. Similarly, products of the chemical reactions observed
in the present study are formed as a result of interactions in the
solid phase or on the surface but not through the direct collisions

The experimental method employed is the -ignolecule of the gas phase species. N
equilibrium method (IME) which is a modified version of the ~ Thus sequential measurements of the mass spectra of positive
Knudsen cell mass spectrometry method. A diagram of the and negative ions provide data on partial pressures of both
experimental setup is shown in Figure 1. neutral and charged (negative) species, and equilibrium constants

The operation of the instrument and the experimental condi- of ion—molecule, molecutemolecule, and iofrion reactions

tions are briefly described. The positive ion mode of the in the gas phase can be studied. The procedures involved have
been described previously.

* Corresponding author. In the present work the fluorine exchange ttian reactions
® Abstract published irAdvance ACS Abstract&ebruary 15, 1997. were studied:
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mass analyser

combined
ion source

ion detector

combined ion source is a conventional electron ionization
technique which permits determination of the neutral vapor
composition and partial pressure. Cations are formed in the
ionization chamber via electron bombardment (70 eV) of

Experimental Section
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TABLE 1. Gas Phase Fluorofullerene Anions Observed in

CaFa TGy =Co +GFR the “Fullerene-Fluorinating Agent” Systems

K, =Pcg -Pe /P Pc p_ (1) no. of
P CoFo™ G G G system fluorinating agent T, K CiFm™
Using eq 1 and the relationship between partial pressure and 1 Fek+ UF,(50:50) 9571071 GoF B
the ion intensity of an aniofy one can obtain an equilibrium Fek 920-976 ' oo™, Cooe _
S . . 3 CooFas 957-1072 GoF~, CeoF2~, CeoFa
constant value from the measured ion intensitlgsof anions CrovaFr (K=0,1, .., 7)
and their molar masse$/(): 4 Cuk 826-951 GyoF , CroF™

TABLE 2: The Experimental Results of Gibbs Energy

K — I _I _ M _ 1/2 M _ 1/2/
P CR Cy [ CiF2 ' Cmn ] Change of lon—lon Reactions

112 112
|cn—|cmF2—[Mcn—] [Mcsz—] 2) ) no.of  AG0,
reaction system runs kJ/mol
The temperature of the effusion cell was measured by-a Pt 1 1 Go +FeR™ =CoF + FeR™ 22 47.1+£17
Pt/Rh thermocouple. Nickel and platinum effusion cells with g % gO_ ig'fsﬁ_:_c%ﬂ:;[ E:FZSF . 22 132-21 g-é
the inner surface to effusion area ratio of ca. 500 were used. > ZC%OF* ~ 260,:; fé’:si, € 5 220%0.2
Fullerenes were Ioa(_j_ed ir_1to a separate Pt containe_r with a hole 5 2 GsFs + Coo~ = 2CsoFs™ 2 —792+15
smaller than the orifice in the effusion chamber in order to 6 3 GeoFz + Cro- = Cso~ + CroF2™ 4 47+£26
reduce the partial pressure of fullerenes and by this meansto 7 3 GeoRo” +Cr2 = Ceo + G- 1 -304+45
extend the experimental temperature range. Thus reduction of g g g"?, i g”, _ gﬁ", i 274'52, i :gggi j'g
the partial pressure of fullerenes by a factor of-300 could 10 3 GoFr +Cn = Cor + CoFrr 1 258445
be achieved. Then (see Figure 1), an ampoule with fullerenes 11 3 GoF2 + Cgo~ = Ceo + CaoFz2™ 1 —49.4445
was placed into the effusion cell together with inorganic 12 3 GoFe +Cez” =Ceo + Cooo™ 1 —-446+45
fluorides and small amounts of alkali metal oxo- or fluorosalt. 13 3 GoFe 1 Cas =Ceo + Codr 2 —386x45
. . 14 4 Go + CroF =CeF + Cro 8 6.70+ 2.5
The latter was used to reduce the work function of the inner P~
. . . . 15 4 Go+Ciq =Ceo +Cro 9 8.89+ 2.0
surface. of the cell, thereby enabling effectlve_ negative ion 1g 4  Go+ CeoF = CeoF + Cog™ >252
generation at elevated temperatures. When fluorinated fullerene 17 4 Gpo+ CeoF = CeoF + Cro~ >15.4
was used, a fluorinating agent was placed into the second 18 4 Got CrF™ = CroF + Coo- =303

containet-separately from the fullerene mixture (inset in Figure
1).
The experimental conditions (compositions of the systems,

TABLE 3: Gibbs Energies and Enthalpies of the Reactions
of Fluorination of Fullerene Anions

. . oo . no. of AGY;, AHY, BDE,
temperatu_res) _and the anions of fluorofullerenes |(_jent|f|ed N aaction KIImok  kJ/mol  kJ/mol
the negative ion mass spectra are presented in Table 1. — — —

Fluorofullerenes were formed as a result of the reaction of 201 Go” +2F: Ceof2 —496 —744 372

. . 20.2 Go + 2F= CyoF —492 —740 370
fullerenes and metal fluorides (systems 1, 2, and 4) or highly 553 Gy + 2F = CroFy —527 —774 387
fluorinated fullerenes (system 3), and the corresponding anions 204 G4 + 2F = CyFo™ —548 —796 398
were observed in the mass spectra along with the anions of 20.5 Ge + 2F= CreFa™ —519 —767 384
parent fullerenes and metal fluoride anions. 20.6 Gs™ + 2F = CrgFa™ —523 =770 385

20.7 Go + 2F = CgoF2~ —546 —793 397

; ; 20.8 G + 2F = CgF2~ —541 —788 394

Results and Discussion 509 G + 2F = CuFr- _535 _782 301

Gibbs Energies of Fluorine Addition Reactions. Gibbs %8-1(1) 80: i E= geoE *%%71 *ggg ggg
energy change values of the observed reactions were calculated <-- 0 = Lo - -

usin g){e 3: ’ 2012 GoF~ + F=CedF2” —237 —361 361

ge€qs 2013  GoFs +2F=CeFs  —412  —665 332

0 20.14  Go+F=CeF >-242 >-363 <363

AGt = —RTInK, 3) 20.15  Go+F=CyF >-253 >=-374 <374

. . . aEach valuet20 kJ/mol.
The averaged Gibbs energies for reactiorsld are sum-

marized in Table 2.

o . . . Hitherto, no experimental data on the energetics of fluorine
By combining reactions 1 and 2, one obtains reaction 19:

addition have been obtained for fluorofullerene anions. Hence,
as anchor compounds we used metal fluorides in systems 1 and
2. Fek and UR were studied previously by the IME method,
and thermodynamic functions of the reactions of fluorine
addition to the neutral and negatively charged metal fluorides
were measured accuratéfy.

Thus using data on Gibbs energies of reactions 21 aft 22

FeF, + UF; =FeR + UF, (29)

The value of AG%(19) = 12.6 kJ/mol derived from our
experiment is consistent with the previously published data
(AGOJ_ogg(lg) =113 kJ/moI)1.5

Reactions 14 represent combinations of two semireactions
of fluorine addition. Therefore the obtained Gibbs energy data

directly provide the relative energies of fluorine addition in the Fek, +F=Fef, (21)
fullerene series. To derive the absolute Gibbs energy values 3 _
of reaction 20 UFs + F=UF, (22)

C, txF=CF, (20) we calculated absolute values of Gibbs energies of reactions of
fluorine addition to fullerene anions (Table 3).
Partial Pressure of Fluorine. The use of transition metal

fluorides in the IME experiments allows one to monitor the

one needs to knowG°r(20) for at least one of the ions involved
in reactions +14.
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fluorine pressure in the system and thereby to control the gsFT T T T 1T 1T 1T 1T 1T 7T T7T]
fluorination products. It was found in the late 1980s that, due 3
to the formation of negatively charged species in different 800 E
S . . o / ~ ]
oxidation states in the high-temperature vapors of transition 4 / 3
metal fluorides, the partial fluorine pressure could be determined s - 3
in the system of intere$f. A number of transition metal fluoride =750 3
systems were studied, and thermodynamic functions for reac- g ]
tions S 75k >
“FFE=MF., Bt :

MF, + F=MF, (23) S 3

|F 4\ ]

were determined. Thus, by measuring thg,,, /Iy, ratio 300 {/ A
experimentally and using the known value of the equilibrium r / \/ ]
constantk,(23) one can obtain the partial pressure of fluorine 275 .
in the system, provided all the components of the system are C R ]
C N S Y Y I Ay Iy s

under thermodynamic equilibrium conditions: 250
58 606264 6668707274 7678580 82 84 &6

My, J(AK(23)) (4) .

P-=(l
F=( Figure 2. Plot of the fluorine affinity (FA) of fullerene anions (solid

M
Fnt1

. B 3 B B circles) and the electron affinity (EA) of fullereriégsolid triangles)
Anions Fefl~ and Fel;~ as well as UE™ and Uk~ were as a function of the number of carbon atoms. The verticle lines show
found in the mass spectra of systems 1 and 2 along with thetotal uncertainties in FA and EA values.

fluorofullerene peaks, and corresponding reactions of exchange
of fluorine with the fullerene anions were studied (Table 2). C, + 2F _2H) CoF,
Variation of the Feg/FeR~ ratio in systems 1 and 2 (0.003

and 100, respectively, at 9505 K) is indicative of the change . ( )
of the partial pressure of fluorine; therefore, the presence of di- * lEA(C") +elEA CoFy
and tetrafluorinated fullerene species in system 2 can be i ~H(2) i
accounted for by the higher pressure of fluorine whereas in Ca+ 2F > CaF
system 1 only monofluorofullerene anions were observed. Figure 3. Thermodynamic cycle for the calculation of BDE(E,)
Bond Dissociation Energy of Fluorofullerene Anions. One and BDE(GoF).
can r_easonably assume the entropy of isomolecular gas phaserABLE 4: BDE of C o, and CroF, and Electron Affinities
reactions 118 to be close to zero. It follows from eq 5 of CeoF and CroF
AH00= A(IDOTT + AGOT (5) 60 70 ref
EA(Cy), kd/mol 256 - 7
i 0, ~ 257 258 9
that if A®% = 0, pyed 12
EA(CnF2), kd/mol 263 272 13
0 0
AH = AG'; (6) AHS, (2), kd/mol? —743 —739 this work
AHY% (1), kJ/moP —736 —732 this work
Using the above assumption and the experimental data on BDE (CF), kd/mol 369 366 this work
Gibbs energies of reactions-14 (Table 2) together with the 365 17
literature data on the enthalpies of reactions 21 and 22, we EA(GF), ki/mol iggg =288 ;hs's work

calculated enthalpies of reactions 2620.15 involving fullerene
anions Goi2n~ (N=5, 6, ..., 12). The results given in Table 3 aValues used for calculationgFor reaction, see Figure 3.
also include the calculated-& bond dissociation energies ] )
(BDE) per bond. requwed to perform mass spectrometry st.udles. Therefore at

Interestingly, plots of the reversed enthalpies of reactions this stage it is not possible to obtain experimentally thermody-
20.1-20.9 which characterize affinity of fullerene anions to Namic data on the reactions involving single isomers of the
fluorine (FA) and electron affinities of higher fullerene mol- higher fuIIerenes_. To our knowledg_e no theorencal calculanqns
eculed? as a function of the number of carbon atoms (Figure hav&la. been publlshed on the relative energies of the fluorine
2) uncovered similar trends of both thermodynamic quantities @ddition to the various isomers of the higher fullerenes.
in the fullerene series. Furthermore abnormally high values of _ Bond Dissociation Energy of Difluorinated [60]- and
FA should be noted fon(C) = 74 as it was previously found [?O]Fullerenes. psmg the thermoc_hemlca_l cycle shown in
for EA(C74)2while [60]- and [70]fullerenes have the lowest in Flgure 3 and available thermody.namlc functions of the reactions
the series and practically the same values of FA and EA. The |n_voIV(_ed, we also obtained estimates for BDE of the neutral
detailed analysis of electronic structure of fullerene molecules difluorinated [60]- and [70]fullerene molecules.
and their anions must be called on to explain the observed
regularities in FA and EA change in the higher fullerene series. AH% (1) = EA(C,F,) — EA(C,) + AH% (2)

Strictly speaking, the obtained thermodynamic quantities
should be related to the mixture of isomers of the higher The data used in calculations and the obtained values are
fullerenes. It is well-known that in the raw fullerene soot higher presented in Table 4.
fullerenes (G-74) are present as mixtures of twodfLor even Electron Affinity Estimates of Monofluorinated [60]- and
more isomersthe number of isomers increases dramatically [70]Fullerenes. The lower bounds for electron affinities of
with the size of the molecule. Although some progress has beenmonofluorinated [60]- and [70]fullerenes were estimated from
achieved in separating single isomers of higher fulleréhttgy the present experiments. The iongfE and GoF" were not
are still not readily available in milligram quantities which are registered in the mass spectra of system<l.1 Taking into
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account the dynamic range of the instrument which i ih0
the electron impact mode and using experimental data from

J. Phys. Chem. A, Vol. 101, No. 14, 199577

We are currently carrying out the measurements of fluoride
anion exchange reactions of higher fullerenes and electron

system 4, we estimated equilibrium constant values and enthalpytransfer reactions of endohedral metallofullerenes by the IME

change values for reactions-168 (Table 2).
This subsequently leads to electron affinities of monofluori-
nated [60]- and [70]fullerenes (see Table 3). There is a

satisfactory agreement with our earlier data for EAFRJ3 when
monofluorinated species were first observed in the positive ion

method.
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The possibility of the formation of monofluorinated species
through fragmentation/degradation of the higher fluorinated

molecules under electron bombardment conditions must not be

ruled out. In other words, generation of stable radicals with an
odd number of fluorines at elevated temperature is not improb-

able. Furthermore in systems 1 and 4 no species with more

than one attached fluorine was observed.

Since our first publication on monofluorofullerene anid#s,
new evidence for formation of the species with an odd number
of fluorines attached to fullerenes in both gas pkased in
solution’® has been reported.

Conclusions

In summary, the results presented in this paper show that

addition of fluorine to a fullerene molecule or an ion is a
thermodynamically favorable process. The-E bond in
fluorofullerene species with few fluorines attached appears to
be much weaker than that of ©@91 kJ/mol)}° It is, however,
stronger than was predicted theoreticdhfwynd its value is very
close to the &F bond in the difluoroethane molecule (353 kJ/
mol).2° We did not find a significant difference in the energetics
of the addition of fluorine to neutral molecules or to the
negatively charged species.

The remarkable similarity of the trend in FA and EA in the
higher fullerene series was observed; particularly, abnormally
high FA for [74]fullerene should be noted. Further theoretical
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