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Topochemical solid-state reactions
and problems of selective synthesis of fullerene derivatives
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The characteristic features of polyaddition of small functional groups to fullerenes are
considered. The review summarizes the results of experimental and theoretical studies of
topochemical solid-state fluorination of fullerene Cg, with inorganic variable-valence transi-
tion metal fluorides and elemental fluorine in chemically active matrices. The thermodynamic
and kinetic aspects of the reactions and the factors responsible for selectivity are considered.
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1. Introduction

Selective synthesis of fullerene derivatives is an im-
portant field of investigation in organic chemistry. Since
fullerenes are spheroidal closed-cage carbon molecules,
they exhibit the properties of both polyenes and aromatic
compounds. This has a strong effect on the reactivity of
fullerenes in polyaddition of functional groups. The char-
acteristic features of these reactions are associated prima-
rily with the facts that, first, fullerenes have a large num-
ber of possible binding sites at the double bonds and,
second, the C—X chemical bonds between the carbon
atoms belonging to the cage and the X groups that are
successively bound are similar in energy. A large number
of possible binding sites is responsible for the formation of
numerous derivatives. The appearance of mixtures of vari-
ous compounds and isomeric structures in the reaction
products resulting from similar C—X bond energies is the
major obstacle in the synthesis of individual fullerene de-
rivatives. The present review covers the characteristic
features of polyaddition of small functional groups to
fullerenes. Particular emphasis is placed on halogen de-
rivatives of fullerene Cgy.

Halogen derivatives of Cq, were among the first
fullerene derivatives, which have been successfully syn-
thesized. In spite of advances achieved in this field of
synthetic chemistry,!>2 publications summarizing and ex-
plaining the results of research in this area are lacking.
In the present review, solid-state fluorination of
[60]fullerene, which has been successfully used! to syn-
thesize the first individual compounds CgF;4 and CyF 5,
is considered in detail.

An important problem is to perform selective poly-
addition. In many cases, this problem can be solved fairly
easily, if the synthesis affords compounds containing such
a number of atoms that it hinders further addition for
thermodynamic or kinetic reasons (for example, CqF4g
or C¢yBryy). However, the selective synthesis of com-
pounds containing a smaller number of functional groups
requires fine adjustment of the reaction rate ratio in dif-
ferent steps of their successive addition to fullerene with
simultaneous removal of the desired product from the
reaction zone. The product can be removed by various
ways, such as sublimation, evaporation, dissolution,
chemical or adsorption separation (Scheme 1).

Scheme 1
Addition
of a group
> CgoXpq +X CeoXn >
Removal
of the product
CGOan1 CGOXn

Among halogen derivatives of fullerene, fluorine de-
rivatives are most diverse. This is associated with a favor-
able combination of a relatively small van der Waals ra-
dius of the fluorine atoms with a rather high C—F bond
energy (~300 kJ mol~!). For chlorides and bromides, only
compounds of composition CgpXg, CoXs, and CgpX,4 are
known, whereas all fluorides from CgyF, to CyoF,g with
even numbers of fluorine atoms are stable in the solid
state, although many of these fluorides have not yet been
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isolated as individual compounds. Due to high stability of
fluorinated fullerenes (fluorofullerenes), their synthesis
and studies have been made possible after the synthesis of
fullerenes in macroscopic amounts.

The principal results obtained in studies of the reac-
tions of Cgy and certain higher fullerenes with various
reagents serving as fluorine sources have been covered in
earlier reviews.!2 The present review deals primarily with
the energy aspects of fullerene fluorination. The results of
studies of topochemical solid-state fluorination (SSF) of
[60]fullerene with inorganic variable-valence transition
metal fluorides are summarized. These reactions occupy a
special place because they provide a way of synthesizing
such compounds as CgyF54 and CgyF g with selectivity,
which cannot be achieved in reactions with the direct use
of elemental fluorine or other fluorinating agents. Experi-
mental studies of solid-state fluorination primarily by mass
spectrometry revealed the main characteristic features of
these reactions and provided an insight into the factors
responsible for their selectivity. Based on these facts, we
constructed a model of solid-state fluorination, which not
only explains the phenomena observed in experiments
but also has a high predictive power.

2. Reactions of [60]fullerite with solid variable-valence
metal fluorides

According to the available data3—10 on the reactions of
fullerene Cg, with elemental fluorine and other fluorine-
containing reagents, the reaction products generally in-
clude a broad range of fluorofullerenes of different chemi-
cal composition. Since such mixtures of compounds with
similar properties are difficult to separate, the synthesis of
stoichiometrically homogeneous fluorine derivatives is a
rather complicated problem.

A significant progress in solving this problem was made
by performing solid-state fluorination in a mixture of Cg
with higher metal fluorides. When heated, the latter can
eliminate fluorine to give lower-valent metal fluorides.
Hereinafter, we will refer to these compounds as solid
fluorinating agents (SFA). It appeared that these reac-
tions can occur selectively with respect to CqyF34, and
this effect has been observed for the first time!! in the
reaction with MnFj.

The synthesis of fluorine derivatives of fullerene by
solid-state fluorination is based on heating a mechanical
mixture of fullerite and SFA in dynamic vacuum to de-
sired temperatures. Fluorine derivatives of C¢ (products),
whose extensive formation begins at 500—700 K, go from
the mixture to the gas phase and condense on cold sur-
faces of the reactor. Due to sufficiently high volatility, the
products cannot accumulate in the solid phase. At the
same time, fullerene sublimes in insignificant amounts,
and the oxidized and reduced forms of SFA remain com-

pletely in the condensed phase. The reaction products are
identified on a mass spectrometer with continuous moni-
toring of the composition of the gas phase over the reac-
tion mixture.

A broad range of compounds, such as FeF;, CoFj,
AgF,, AgF, CuF,, CuF, K,PtFg, and rare-earth fluorides
CeF, and TbF,, were examined as fluorine sources.12—15
The reactions of fluorides MnF;, CoF3, and CeF, with
Cg afford predominantly CgF36.1112 The reaction with
potassium hexafluoroplatinate selectively produces
CgoF 513 Tron trifluoride does not react with Cg,12
whereas TbF, (as the strongest SFA in this series) gives a
broad range of fluorofullerenes, including compounds in
which the number of fluorine atoms (#) is larger than 48,
and gives also small amounts of hyperfluorinated (# > 60)
molecules.14

Even the selective solid-state synthesis of fluoro-
fullerenes is accompanied by the formation of a number
of by-products of similar chemical composition in addi-
tion to the major product CyyF,,,. For example, C¢yF3,,
CgoF34, and CyyF;4 along with the major product CgoFs¢
escape from the C¢y/MeF; reaction mixture (Me = Mn,
Co) to the gas phase at 600—650 K.11 In the reaction with
MnF;, the percentage of CgyF3¢ can be much higher
than 90%.

Based on the results of earlier experimental investiga-
tions, 16 the following conclusions were drawn:

1. The reaction is terminated, if the products (fluoro-
fullerenes) are not removed from the reaction mixture in
a closed reactor. Evidently, if these products become
trapped between solid reagents, they retard the access of
fluorine to the reaction zone. Hence, it is necessary to
remove volatile products by performing the reaction in an
open reactor.

2. At conventional temperatures typical of the reac-
tions (600—650 K), fluorinated fullerenes CgqoF,,, are
chemically inert to both each other and the starting com-
pound Cg.

3. Under conditions of an open reactor, the solid-
state reaction at moderate temperatures (600—650 K) pro-
ceeds readily and leads to complete decomposition of
SFA in the presence of excess Cg, or to complete con-
sumption of the fullerene in the presence of excess SFA.

4. The reaction rate, which is monitored by measuring
the formation rate of volatile products, varies rather slowly
with time throughout the reaction, so that it is almost
always possible to perform SSF under steady-state condi-
tions over a long period of time. Exceptions are the very
initial step and short periods after forced temperature
changes.

Apparently, transport of fluorine, which is eliminated
from SFA, to the zone of the reaction with Cg, occurs
efficiently enough until the reaction was completed al-
though the reagents can be diluted with layers of decom-
position products of SFA depleted of active fluorine as
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Fig. 1. Principal scheme of mass-spectrometric experiments for studying the steady-state kinetics of solid-state fluorination: a, reactions
performed in a Knudsen cell, b, the mass-spectrometric analysis of gaseous products (fluorofullerenes), ¢, determination of the partial
pressures of products from the intensities of ion currents, d, calculation of the rates of solid-state fluorination from the partial

pressures of products.

the fluorine is consumed. The gas phase plays an insig-
nificant role in the fluorine transfer because the equilib-
rium pressures of both molecular and atomic fluorine are
low in a vapor of even relatively strong solid fluorinating
agents, such as CoF; (1.6+107 Pa at 600 K), and these
values do not correspond to the observed high reaction
rates. Evidently, the reaction is maintained through
chemical diffusion, which occurs due to a concentration
gradient of active fluorine. As a rule, solid fluorinating
agents are used as finely dispersed powders and, hence,
the rate of this process can be determined by surface
diffusion. High mobility of fluorine in solid metal fluo-
rides is well known.7-18

To summarize, 1) the formation of fluorofullerenes
occurs through successive addition of fluorine atoms re-
leased from SFA to the Cg4, carbon cage; 2) this process
can be divided into three steps: (a) surface diffusion of
fluorine to the reaction zone; (b) transfer of F atoms from
the low-valent metal fluoride adsorbed on the surface to
the chemically bound C—F state in the fluorofullerene
molecule; (¢) escape of fluorinated molecules to the gas
phase.

An adequate description of solid-state fluorination can
be based only on a kinetic approach. Let us consider the
results of kinetic experiments, in which a complete set of
reaction products was detected during the reaction of Cg
with SFA in a Knudsen cell. These experiments made it
possible to monitor the change in the composition of the
products as a function of the extent of reactions with
various SFA at various temperatures. The scheme of ex-
periments is shown in Fig. 1. Fluorination of Cg, was
studied with the use of both binary transition metal fluo-
rides (MnF;, CoF3) and solid fluorinating agents, viz.,
complex lead(1v) fluorides MgPbF,, BaPbF4, Na;PbF,,
and K;PbF,, which differ in fluorinating ability. Here, an
effusion cell serves not only as a convenient reactor placed
in a mass spectrometer but also as a tool allowing a quan-
titative description of the formation rate W of each prod-
uct by its partial pressure P; = P(CgF;) in the gas phase
over the reaction mixture. Principal data on the systems,

conditions, and procedures for performing the reactions
have been published earlier.!?

3. Fluorination of Cg, with elemental fluorine
in chemically active matrices

Along with studies of solid-state fluorination, the re-
action of fullerite C¢, with elemental fluorine was investi-
gated by mass spectrometry on introducing gas in a
Knudsen cell. Experiments involved both direct fluorina-
tion of the fullerite and reactions of gaseous fluorine with
a fullerite sample in the presence of a large excess
(~98 mol.%) of magnesium difluoride MnF,.20-21 An in-
let cell is shown in Fig. 2.

Manganese difluoride is chemically inert to fullerite,
i.e., it does not serve as a fluorine source. Hence, MnF,
does not undergo chemical transformations and is not
consumed, but it ensures high selectivity of the reaction
with respect to CyyFz4 or CyoF5. Such additives can be
called chemically active matrices. Both the direct reac-
tion with F, and the reactions with the use of chemically
active matrices afford the same compounds with compo-
sition Cg,F,,,. However, particular products predominate

F,(gas)
— CgoFp(gas)

g

1

Cg0/CAM

Fig. 2. Knudsen cell equipped with a capillary tube for introduc-
tion of gaseous fluorine (7= 520—720 K); CAM is a chemically
active matrix.
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in the reaction mixtures in the presence of chemically
active matrices.

Figure 3 shows the mass spectra of the gas phase formed
by fluorofullerenes upon fluorination of pure fullerite with
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elemental fluorine (a, d), fluorination of fullerite in chemi-
cally active matrices (¢, f), and fluorination of pure
fullerite with SFA (b, e). Each peak corresponds to a
particular type of positive molecular ions produced by
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Fig. 3. Comparative data on fluorination of C¢, under different conditions: a, elemental fluorine, 615 K, 8 h; b, the solid fluorinating
agent MnFj3, 626 K, 10.3 h; ¢, the chemically active MnF,/F, matrix, 615 K, 11.4 h; d, elemental fluorine, 720 K, 5.5 h; e, the solid
fluorinating agent K,PtFg, 681 K; f, the chemically active MnF,/F, matrix, 720 K, 8 h. Hereinafter, the numbers above the peaks
correspond to the numbers of the fluorine atoms in the CqyF,,, molecule.
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electron impact (EI) ionization. Unlike direct fluorina-
tion giving rise to a broad range of gaseous fluorinated
products, the reactions in the presence of chemically ac-
tive matrices selectively produce CgF34. This result is
analogous to the results of solid-state fluorination. More-
over, a comparison of the mass spectra shows that both
CeoF36 and CgyF g can be selectively prepared with the
use of the same chemically active matrix (MnF,) by chang-
ing the reaction temperature, whereas solid-state fluori-
nation requires the replacement of SFA (MnFj3) by a less
active reagent (K,PtFg). In solid-state fluorination, a
change from one major product to another also occurs
(see Section 7). However, under the SSF conditions, this
change is much more difficult to control due to a direct
relationship between the reaction temperature and the
reaction rate. In the presence of chemically active matri-
ces, an additional degree of freedom, which is gained due
to independent control of the inlet gas rate and the tem-
perature, provides this possibility.

An analogy between SSF and chemically active matri-
ces can be accounted for by the characteristic features of
fluorine transport to the reaction zone and its transfer to
fullerene molecules. Actually, in all steps of solid-state
fluorination, except for the very beginning, Cg, occurs in
direct contact with the SFA surface depleted of chemi-
cally bound active fluorine, viz., the MnF, surface con-
taining chemisorbed F atoms. The concentration of
chemisorbed fluorine is maintained through diffusion of
active fluorine to the reaction zone from SFA regions
enriched in fluorine. In the presence of chemically active
matrices, gaseous fluorine does not immediately reach
fullerite grains due to the presence of a large excess of
MnF,; instead, it is initially chemisorbed on the devel-
oped surface of manganese difluoride. Then surface diffu-
sion of gaseous fluorine to the reaction zone occurs.
Hence, the conditions of solid-state fluorination are re-
produced, which accounts for similar results. In the present
review, the term "matrix" refers both to a chemically ac-
tive matrix and SFA.

4. Selectivity and thermodynamics

The processes with the use of the above-described
mode of fluorine transfer afford predominantly one par-
ticular product, whereas the reactions with F, and some
other gaseous fluorinating agents produce, as a rule, mix-
tures of fluorofullerenes with various compositions.

The possible reason is that the replacement of elemen-
tal fluorine by SFA or a chemically active matrix with
adsorbed fluorine gives rise to a slow step in successive
fluorination, resulting in the selective formation of one
particular compound (for example, CgyFs6) in a series
from CgyF, to CgoFyg (Scheme 2).

Scheme 2

Cgo = CgoF2 = ... & CgoFapm — ... = CgoFag = CeoFas

The selectivity of fluorination to the CgyF,,, com-
pound in a series of compositionally similar compounds
signifies that two inequalities, P(2m) > P(2m — 2) and
P(2m) > P(2m + 2), are simultaneously satisfied for the
partial pressures of the products containing 2m — 2, 2m,
and 2m + 2 fluorine atoms. The selectivity conditions can
be stated as a need to change the sign of the Gibbs energy
for two successive (6m = 1) reactions from minus (in the
reaction yielding C¢,F,,,) to plus (in the reaction yielding
CooFam+2):

Scheme 3

CeoFom-o(gas) + 2 MeF,(cryst) =

= CgoFam(gas) + 2 MeF,,_;(cryst), (3a)

CgoFom(gas) + 2 MeF,(cryst) =

= CgoF2ms2(gas) + 2 MeF,_;(cryst), (3b)

K, = [PQm + 2)/PQ2m)][a(McF,,_,)?/a(MeF,)?],
AG°(2m) = —RTInk,,,

where the equilibrium constants Kj,, are expressed in terms
of the partial pressures P and the activities a.

If the Gibbs energis of the reactions are approximately
equal in absolute value, the selective formation of C¢yF,,,
can be achieved already at |A,G°(3)| of as less as
5—6 kI mol~!, i.e., A,G°(3a) = —6 kJ mol~! and A,G°(3b) =
+6 kJ mol~! (Fig. 4).

Figure 4,a shows the compositions of adjacent prod-
ucts corresponding to the situation, where the Gibbs en-
ergies of the reactions (3) are equal in absolute value
(6 kJ mol~!). Figure 4,b corresponds to the Gibbs ener-
gies of —10 and +2 kJ mol~! for the reactions (3a) and (3b),
respectively (see Scheme 3).

It should be noted that the difference 5A,G° between
these energies corresponds to the reaction in the gas phase

CeoFom-o(gas) + CgoFopm+o(gas) = 2 CgoFopn(gas), 4)

in which the change in the entropy A.S° can reasonably be
ignored. Then we have:

8A,G°(4) = 2Dcp(2m — 2) — 2Dcp(2m) = 28Dcr, )

where Dcp(2m) is the average energy of binding of the
F atom to the C¢,F,,, molecule in the reaction giving rise
to the CyyF,,,+, molecule. Therefore, a negative jump in
the energy Dp of about 10—12 kJ mol~! on going from
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Fig. 4. Selectivity of solid-state fluorination from the thermo-
dynamic point of view; ng is the number of F atoms.

the CgyF,,, molecule to CyF,,,+, is sufficient for the
selective formation of the CgF,,, product.

The available experimental data demonstrate that, al-
though the energies of the C—F bonds in the composi-
tionally different fluorofullerene molecules differ only
slightly, the actual energy difference 3 D between CgyFy
and CgyF5¢ is most likely larger than the above values. In
early studies,? 10 almost equal estimates were obtained for
the D°(C—F) energies (365+2 kJ mol~!) by examining
the gas-phase equilibria involving Cg,F,,, for the overall
series of the molecules. According to the more recent
and, apparently, more reliable data obtained in studies of
CgoF36 22 and CgF45,23 by combustion calorimetry, the
average C—F bond energy <D°cg> in the CyyF;¢ mol-
ecule is 295 kJ mol~!, whereas the average energy of
265 kJ mol~! is required for abstracting the first twelve
fluorine atoms from the CgyF,;3 molecule. Assuming
that the individual energies change smoothly in the series
of the CqoF,—C¢oF34 and CgyF33—CqgF4g molecules,
the actual difference AD°cg = 0.5[D°(CgoF34 —2 F) —
D°(CgF36 — 2 F)] can be 15—20 kJ mol~!, and the limit-
ing value is 30 kJ mol~!. Taking into account that, due to
high stability of CqyF;4, the largest jump in the C—F
bond energies can be expected on going from CgyF34 to
CgoF3g we reached the conclusion that a weak difference
in the C—F bond energies in fluorofullerenes cannot pre-
vent the appearance of selectivity in solid-state fluorina-
tion. In this case, the energies of the reactions (3), which
are completely determined by the difference in the bond
energies Dcp(2m), can serve as a convenient criterion for
choosing an appropriate solid fluorinating agent.

Nevertheless, selectivity of SSF cannot be accounted
for by thermodynamic factors. Actually, taking into ac-

count the need to change the sign of A,.G°(3) if a chemical
equilibrium is established in the reactions (3), it can
be stated that the energy of abstraction Dyp =
AH°((MeF,_; — F) of the first F atom from the SFA
molecule should be in the middle of a narrow range
(<30 kJ mol~!) determined by the difference between
Dcp(2m —2) and Dcp(2m). However, the CyyF54 com-
pound is selectively formed in reactions involving SFA,
which differ rather substantially in fluorinating ability.
For example, the difference in the enthalpies in the reac-
tions MeF; = MeF, + F involving CoF; and MnF;
estimated in different studies varies in a range of
90—100 kJ mol~!. The ratios of the C¢yF34, C¢oF36, and
CgoF3g products are within one order of magnitude. If the
system is at equilibrium, this ratio is realistic for a case
where a change in the enthalpy in these reactions is no
higher than 10 kJ mol~!. Moreover, mass spectrometric
studies provided direct evidence that under the condi-
tions of solid-state fluorination, the equilibria (4) are not
established.16:24

Let us attempt to describe solid-state fluorination in
terms of a kinetic scheme. This approach is based on
consideration of the activation energies of elementary steps
in successive additions of fluorine atoms to the carbon
cage. The step (b) corresponding to the transfer of fluo-
rine atoms from SFA to fullerene Cg is taken as an el-
ementary step (see Section 2). This step together with the
step (c) can be represented by the following scheme:

CeoFn(gas) + {F}[SFA] — CgoF,+1(gas) + [SFA]. (6)

In this scheme, the braces enclose the fluorine atoms
in the chemisorbed state on the SFA surface, and the
brackets enclose the compound in the solid state. The
region, where fluorinated molecules are continuously gen-
erated (the reaction zone), is a thin layer at the grain
interface of the reagents, viz., Cqy and SFA. At each in-
stant of time, fluorofullerene molecules with different
chemical compositions are formed in the reaction mix-
ture. These molecules cannot form a crystalline phase due
to extensive sublimation.

5. Characteristic features of energetics of solid-state
fluorination and activation barriers

It is known that there is a particular relation between
the reaction rates and enthalpies. A knowledge of the
quantitative relations between these parameters opens up
possibilities of using the thermodynamic characteristics
of the reactions to estimate their relative rates. Generally,
this holds for a combination of these reactions (hereinaf-
ter, these reactions are denoted by the indices /), which
are derived from each other by replacing the functional
group responsible for the reaction with an analogous group
in one of the reagents.
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The reactions (3) or (6) represent such a one-param-
eter sequence. The number of fluorine atoms in the
fluorofullerene molecule involved in the reaction can be
used as the parameter. This allows us to employ a correla-
tion approach analogous to the so-called Bell—Evans—
Polanyi (BEP) model, which is well known in organic
chemistry.25

The BEP model is based on the principle of "indepen-
dence" of the dissociation and formation of chemical
bonds in elementary reactions. The "independence” as-
sumes that the plot of the energy of the starting com-
pounds—products system vs. the common reaction coor-
dinate, which describes the course of the reaction, can be
represented as two independent curves. One curve repre-
sents the dependence of the energy on the bond extension
(an increasing curve), whereas another curve describes
the dependence of the energy on the bond contraction (a
decreasing curve). The point of intersection of the curves
corresponds to a transition state and determines the acti-
vation energy.

Families of reactions, which obey the BEP principle,
are characterized by the linear dependence of the activa-
tion energy E,; on the enthalpy AH;:

E,;=A+ BAH, (7)

the latter should only slightly vary within a family.

The coefficient B tends to decrease with increasing
absolute value of AH. Hence, for two families of reac-
tions with substantially different enthalpies, the stron-
ger dependence of E,; on AH; will be observed in the
family, where the enthalpies are close to zero, because
even a small shift of AH; will lead to a substantial change
in the activation energy. This concept provides the basis
of the Brown selectivity relationship for aromatic substi-
tution.

The possible Evans—Polanyi curves for two pairs of
the elementary reaction steps (6) of fluorine transfer to
adjacent fluorofullerenes, which are involved in reactions
with two arbitrary solid fluorinating agents M'F, and
MUF, having substantially different fluorinating abilities,
were described in the study.1® It was demonstrated!® that,
in terms of the BEP concept, the differences in the acti-
vation energies for successive steps in these two families
of reactions can be substantially different even if the dif-
ferences in the enthalpy of the reactions within each fam-
ily are equal.

Ifthe BEP principles are applicable to solid-state fluo-
rination of fullerene, the requirement for a change in the
sign of the Gibbs energy in the corresponding step of the
addition reaction sequence is not a necessary condition
for the selective formation of the desired product. It makes
imperative that a decrease in the Gibbs energy in this
fluorination step should be accompanied by an increase
in the activation energy larger than that in other fluorina-

tion steps. The selective synthesis of the individual com-
pounds CgyFg and CgF;4 by solid-state fluorination is
associated with the fulfillment of this condition, which is
not met in fluorination with elemental fluorine.

Taking into account the specific features of fluorine
derivatives of fullerene associated with weak differences
in the C—X bond energies in the C¢F,,, series, it can be
stated that the directed synthesis of fluorofullerenes with
a specified stoichiometry can afford the desired product
only when the difference in the thermochemical proper-
ties of fluorofullerenes is extensively used.

The energy approach in terms of the BEP model pro-
vides an insight into a nonselective character of direct
fluorination of fullerene with molecular fluorine. Actu-
ally, the dissociation enthalpy of the F, molecule is ap-
proximately 150 kJ mol~! and, in combination with
Deyors, = 295 kJ mol=! and D, = 265 kJ mol~! (see
Section 4), indicates a pronounced exothermic character
(= —280 kJ mol~!) of the addition of two atoms to both
the C¢yF34 and CyyF5¢ molecules. Hence, the activation
energies in individual steps weakly depend on the enthalpy,
and even the largest difference (8D¢p) of 20—30 kJ mol~!
between D¢y p,, and Dy gy, is too small and does not
lead to substantial changes in the activation energy on
going from one step of the CyF,,, + 2 F = CgoF,,40
reaction to another one. On the contrary, a decrease in
the average enthalpy to = —50 kJ mol~! in the reactions
with MnF; or F, in the presence of an MnF, matrix with
the same difference 8 D leads not only to a total increase
in the activation energy but also to a selective increase
in E, of the step CgyF36 + 2 F = C¢yF33 due to a substan-
tially stronger dependence of E, on AH according to
Eq. (7). Both diagrams (Fig. 5) are characterized by equal
differences in the reaction enthalpies corresponding to
the same steps, whereas the absolute values of the enthal-
pies are substantially different. The reaction with MnFj is
selective to the C¢F34 product, whereas the reaction with
gaseous fluorine affords a broad range of products (see
Fig. 5, ¢, d). In the first reaction (see Fig. 5, ¢), the
differences in the activation energy were evaluated by
processing the experimental data on SSF in terms of the
kinetic model. In the second reaction (see Fig. 5, d), the
corresponding differences were estimated by a numerical
experiment, in which the activation energies were chosen
in such a way as to reproduce the product distribution
observed in the mass spectrometric experiment on intro-
ducing fluorine into the reaction.

Our approach suggests the energy of fluorine transfer
from SFA to fullerene as a measure for choosing reagents
to perform the selective synthesis of fluorofullerenes. In
searching for the desired SFAs, it is recommended that
the experimental energies of bond cleavage in molecules
be used as a measure. This principle may be useful for
preparing not only fluorine derivatives but also other in-
dividual fullerenes.
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Fig. 5. Effect of the enthalpies of elementary steps of fluorina-
tion of Cg, on the activation energy: a, a solid-state reaction
with MnF; characterized by low enthalpy, b, a reaction with
elemental fluorine characterized by high enthalpy; the distribu-
tion of gaseous reaction products is shown in the insets ¢ and d.

6. Selectivity and Kinetics

The model and its mathematical apparatus have been
described in detail in our earlier publications.!®24 From
the point of view of the formal kinetics, the steps b and ¢

(see Scheme (6)) in the overall fluorination sequence start-
ing with Cg, and ending with CgyF4g are of most interest
(Scheme 4).

In this scheme, the brackets and parentheses enclose
compounds in the solid and gas phases, respectively, k; are
the reaction rate constants (6), y; are the proportionality
coefficients between the concentrations C; of fluoro-
fullerenes in the solid state and their vaporization rates v;
per unit surface area: v; = y,C;. These coefficients can be
referred to as "sublimation rate constants," assuming first-
order reactions. The concentrations C; signify the mo-
lecular densities of CgF; in the microscopically thin re-
action zone.

The key question is how fluorine is transferred from
SFA to fullerene molecules. In our model, this transfer is
described as "desorption” of fluorine from the SFA sur-
face followed by the addition to the CgyF, molecules,
which are in contact with the starting fullerite crystals and
can either escape to the gas phase or be subjected to
deeper fluorination. The term "desorption” is enclosed in
quotation marks because intermediate fluorine transfer to
the gas phase does not occur. Many details of the mecha-
nism of fluorine transfer associated, for example, with a
particular form of existence of fluorine on the surface or
with charge transfer are insignificant for the phenomeno-
logical description and remain beyond the scope of the
model.

This sequence of similar reactions is characterized,
first, by an unusual length of the sequence, and, second,
by the occurrence of competitive processes in each step
associated with distillation of volatile products. When
comparing the model representation with the experimen-
tal data, we extensively used the similarity of the reac-
tions. This suggests that many parameters, which charac-
terize both the reactions and the compounds involved in
these reactions, can smoothly vary from step to step in the
reaction sequence. Since the number of fluorine atoms in
highly fluorinated CgyF; molecules changes relatively little
upon the addition of the next fluorine atom, the differ-
ences in certain values (for example, in volatility) for the
"adjacent” molecules can be ignored.

The kinetics of the reactions proceeding according to
Scheme 4 is described by a closed system of differential
equations. Steady-state solutions of this system for the
relative partial pressures of fluorofullerenes were obtained
and analyzed in accordance with the character of reac-
tions (formation of products in the gas phase) and the

Scheme 4
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course of the reactions studied experimentally.1%:24 It can
be seen that the partial pressure ratios of the products in
the cell differ from their concentration ratios in the reac-
tion zone by the multipliers

q;=P_\"/P? (8).

Here we give only the final equation, which was de-
rived using a common technique, when all concentrations
are initially assumed to be constant, but some of them are
then treated as parameters slowly varying with time:

0
LA
Pk

In this equation, Cg = f(¥) is the current surface fluorine
concentration in the reaction zone. The following nota-
tions are also used: u; = k;/k;_;, &; = x;/k,Cr. These values
play the key role in the chemical composition distribution
of the resulting fluorofullerenes.

%)
EJ qu,(1 +¢&). (9

The numerical values of these multipliers, which are
required for the practical use of Egs (9), can be calculated
from the experimental data on the saturated vapor pres-
sure of fluorofullerenes.26-27

The concentration Cg serves as the above-mentioned
slowly varying parameter. This parameter can be used to
study the effect of the active fluorine concentration in the
reaction zone on the relative yields of the products under
isothermic conditions. The data given in Table 1 provide
an insight into the real changes in Cg with time in selected
solid-state fluorination reactions.

In solid-state fluorination reactions, it often occurs
that, under particular temperature conditions or at a par-
ticular step, the formation of the major products (one or
two) is accompanied by the formation (although in sub-
stantially smaller amounts) of by-products, viz., fluoro-
fullerenes, similar in fluorine content to the major prod-
ucts. We arbitrarily call this situation for three successive
reaction products the local selectivity. Let us consider the

Table 1. Overall product flows and changes in the active fluorine concentration with time in isothermic regions of the

reactions of Cg, with solid fluorinating agents

Cgo(fcc)?/MnF, Cgy(fcc)/CoF; Cg(fec)/MgPbFy

t/min Svg? Cp(1)/Cr(0)¢  t/min VR Cp(#/Cp(0)  t/min VR Cr(1)/Cr(0)

T=626K T=653K T=593K
620 2.19-107 100.0 700 1.28-1018 100.0 235 4.07-107 100.0
630 2.19-107 100.3 740 5.90-10!7 47.1 280 1.99-10!7 49.0
660 1.75-107 79.9 760 4.75-107 38.3 310 1.59-10!7 39.2
675 1.55-107 71.0 770 3.91-107 31.8 345 1.13-10"7 27.9
750 9.64-10'6 44.2 790 3.43-107 28.3 375 9.02-10'6 22.1
772 8.76-10'6 40.2 805 2.91-10"7 24.2 425 6.78-10'6 16.6
780 8.47-1016 38.8 830 1.04-1017 8.9 480 1.41-1017 34.6
810 7.67-1016 35.2 905 4.58-1016 4.0 495 1.41-107 34.6
845 6.58-1016 30.2 1010 3.35-10!6 3.0
848 6.43-1016 29.5 1025 3.18-10!6 2.8 T=653K

T=663K T=703K 590 2.66+10!7 100.0
1070 5.83-1017 100.00 1107 2.18-10!5 100.0 605 2.39.10!7 90.0
1115 2.36-1017 58.32 1110 4.29-10'6 94.0 650 1.34-1017 52.2
1120 1.53-107 41.36 1115 3.32-10!6 72.3 675 1.07-107 41.8
1125 1.28-10'7 34.43 1120 1.41-10!5 66.6 705 9.23-10!6 36.8
1145 5.16-1016 16.18 1135 1.15-10'5 61.0 735 7.57+1016 30.8
1165 3.28-1016 10.62 1150 2.03-10!6 443
1190 1.39-10'6 4.62 1160 1.72-10'6 38.3 T=1709 K
1200 9.00-10'5 2.99 1165 1.52-10'6 33.9 935 3.39-1017 100.0
1210 5.76-1013 1.91 1185 7.30-10!5 16.3 945 1.80-10!7 53.2
1230 2.82-1015 0.93 1200 426105 9.5 951 5.98-1016 17.7
1260 5.31-10M 0.18 1215 3.16-10%3 7.1 975 1.40-10'6 4.1
1275 2.89-10'4 0.09 1235 2.01-10'5 4.5 990 4.87-10'5 1.4
1315 2.07-10'4 0.07 1265 8.39.1014 1.9 1005 3.25-101° 1.0

@ A face-centered cubic (fcc) lattice.

b The fluorine atom flow per unit reaction surface area calculated from the overall flow of fluorinated products to the

gas phase/atom m—2 s~ !,

¢ The point of time corresponding to the beginning of the column was taken as the reference point; the concentration

ratio was taken with a coefficient of 100.
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possibility of its occurrence according to the main equa-
tion (9).

The rate constants of elementary steps of the succes-
sive fluorine addition are included in Eq. (9) as u;; = k;/k;.
A low value of this ratio signifies the presence of a slow
step in the reaction sequence of successive fluorine addi-
tion. Evidently, this is a necessary condition for a particu-
lar product to be formed as the major one. Besides, the
relative formation rates of the products are controlled to a
large degree by the dimensionless combined parameters &;,
whose physical meaning is that they are the ratios of the
sublimation rate of the C¢F; product from the mixture to
the rate of its deeper fluorination.

The model mass spectra (Fig. 6), which are constructed
at substantially different &, illustrate the influence of this
parameter on the distribution of the products. For conve-
nience, fluorination of Cgy was simulated at equal activa-
tion energies. In this case, the parameter § is a function of
the fluorine concentration Cg only. The initial value of
the latter was chosen in accordance with reasonable
theoretical estimates. Simulation was carried out with the
use of the real saturated vapor pressures of the reaction
participants. The temperature of 626 K was chosen be-
cause it is close to the optimum temperature for the syn-
thesis of fluorine derivatives of Cg in reactions with MnFj;.
An increase in & caused by a decrease in the fluorine
concentration Cg leads to a shift of the composition of
the gaseous mixture to products with a lower fluorine
content.

Let us consider what conditions should be met for
local selectivity. The selective formation of the CgyF,
compound with respect to the nearest neighbors CyyF,_;
and CgF, | means that the following conditions are ful-
filled:

L S By VE)
Pn n-1 kn—l kn—ICF
én = Xn/(knCF)ﬁ (10)
Fo = K (I+g,)= st | Kowt >> 1,
Pn+l kn kn knCF
Ert1 = An+1/ Ky 1 C). 11

When deriving the above inequalities, we ignored the
multipliers g, and g,,; which are close to unity, in Egs (9)
taking into account that the products are similar in fugac-
ity. For the same reason, ), and y,,+; can be assumed to be
equal.

Evidently, Eq. (10) will be fulfilled only if both di-

mensionless terms are much smaller than unity:
Kk, | << 1, (12a)

! K1 C) << 1. (12b)
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Fig. 6. Model mass spectra of fluorofullerenes prepared by fluo-
rination of Cg, with elemental fluorine at the equal activation
energies Ey = ... = E4 = 135 kJ mol~! and at different concen-
trations of active fluorine; 7 = 626 K. The numbers above the
peaks indicate the numbers of fluorine atoms in the CgF,,
molecule.

The inequality (12a) reflects the existence of a slow step
in the reaction sequence presented in Scheme 4. The
physical meaning of the inequality (12b) becomes clear
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when both its sides are multiplied by k,,_,/k,, after which
this inequality assumes the form

Xn/(knCF) < kn—l/kn' (13)

The latter inequality means that the ratio of the sublima-
tion rate of the compound formed selectively to the rate
of its further fluorination should be small compared to the
ratio of the rate constants of the fast (fluorination of
CgoF,_1) and slow (fluorination of C¢F,) steps.

Therefore, both the jump in the rate constant of fluo-
rination in one of the steps and the existence of a particu-
lar relationship between the terms involved in the com-
bined parameter , are the necessary (but not sufficient)
conditions for local selectivity. The inequalities (12) will
be referred to as the main selectivity conditions. If these
conditions are met, the formation of a product with the
index # (the central product in the triplet of the products
under consideration) becomes much more favorable than
the formation of its precursor (i =n — 1).

To find the conditions for the fulfillment of the in-
equality (11), which assumes also a rather low formation
rate of the next product C4(F,,; 4, it is necessary to con-
sider two situations.

1. The C¢yF,+; compound much more rapidly reacts
with active fluorine than the kinetically most stable C¢,F,
compound, i.e., k,./k, >> 1. In this case, the inequality
is fulfilled regardless of the combined parameter §,, i.e.,
regardless of the ratio of the distillation to fluorination
rates. Hence, the selectivity is provided at all sublimation
rates.

2. The CgyF, | compound is equally or even less reac-
tive than C¢yF,,, i.e., k,+1/k, < 1. Then, the condition (11)
is met only at rather high distillation rates. Since too high
sublimation rates can lead to violation of the main selec-
tivity conditions, a balance between the sublimation and
fluorination rates is required. This balance is mathemati-
cally described by the double inequality:

1< Xn/(knCF) < knfl/kn- (14)

The parameters k,_,/k, and &, responsible for selec-
tivity can vary with temperature and time to a different
degree during the reaction, resulting in a loss of or, on the
contrary, in an increases in selectivity.

The proposed model provides also a possibility for
determining the relative reaction rate constants of differ-
ent fluorination steps from experimental data. Assuming
the Arrhenius temperature dependence of the rate con-
stants, the differences §; = E; — E;_ can be evaluated by
statistical processing of an overdetermined equation sys-
tem derived on the basis of the relationships (9) in terms
of activation energies. This form of steady-state solutions
of the kinetic equations has the advantage that the differ-
ences 9;, unlike the corresponding reaction rate ratios, are
temperature independent. This enables one to include

points measured at different temperatures in the data pro-
cessing. By contrast, the parameters &; depend on both
the temperature and time because the fluorine concentra-
tion Cp changes during the reaction.

Experimental data processing requires the involvement
of the ratios of the preexponential coefficients as input
parameters. However, it is impossible to perform a com-
pletely justified theoretical evaluation of these parameters
because of the lack of the molecular constants for the
overwhelming majority of fluorofullerenes. To overcome
this problem, we invoked the similarity of all steps of the
reaction sequence under consideration assuming that the
parameters A; differ little for fluorofullerenes with similar
numbers of fluorine atoms.

The preexponential coefficients for practical calcula-
tions were evaluated based on the concepts of the acti-
vated complex theory. All values are close to unity.
A smooth change in the ratio of the preexponential coef-
ficients in the series of CgyF,,, can be violated due to the
different symmetry numbers assigned to fluorofullerene
molecules. This factor can be taken into account for com-
pounds in which the number of fluorine atoms is 0, 2, 18,
20, 36, or 48. For these compounds, experimental data on
the geometric structures of the molecules are available.

The differences in the activation energy (Table 2) are
indicative primarily of high kinetic stability of the Cqy,
CgoF 15, and CgoF34 compounds. For this reason, these
compounds are obtained as the major products in the
overwhelming majority of solid-state fluorination reac-
tions and reactions in the presence of chemically active
matrices. These facts agree well with the structural fea-
tures of the molecules. The initial step of fullerene fluori-
nation is characterized by the highest activation energy,
which is associated with higher stability of its n-electron
system. Already the addition of the first two fluorine at-
oms at the double bond irreversibly disrupts this sym-
metrical electronic structure, resulting in an increase in
the reactivity of the molecules in further fluorination. The
next "stability island" is observed for fluorofullerenes, in
which the number of fluorine atoms at the carbon cage
is 18 or 36. In the former molecule,?8 all 18 fluorine
atoms are bound at the same hemisphere of Cg,, due to
which the hemisphere of the cage free of fluorine is no-
ticeably flattened to form a benzene-like ring in its cen-
ter, which contributes to stabilization of the molecule.
The feature of the CgyF34 molecules, whose most abun-
dant isomer is characterized by the C; symmetry, is that
the molecule contains three isolated benzene-like rings
and three isolated double bonds.2%3? Hence, the addition
reaction requires that a higher energy barrier be over-
come. For reactions with various solid fluorinating agents,
the highest jump is observed in the Cq/BaPbFg reaction,
which is in agreement with the fact that this reagent pro-
vides the highest selectivity (>98%) in the synthesis of
CgoF36. Cobalt trifluoride, which is the strongest SFA
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Table 2. Differences A;; = E; — E; (kJ mol~!) for the reactions of Cg, with solid fluorinating agents

Ay BaPbF MgPbF¢ Na;PbF; K;PbF, MnF; CoF;
Aooy18 — —46.2+0.4 —57.8+£0.3 —71.8%£0.8 —24.7%2.3 —44.8+2.9
Arg/3 — —36.2+0.4 —37.1£0.4 — —659+1.4 —51.3%1.5
Alg/34 — — — —27.8%£0.8 —54.5+1.6 —41.4£3.0
A1g/20 — —27.140.6 - — — -
Asoy2 - —7.840.5 - _ _ —
Axy/s - ~3.240.7 - _ _ —
Asaas - 2.010.4 - — — -
Aze /a8 - ~0.5+0.3 - — — -
-
Asz/32 - —4.3x0. — — — —
A33/34 — 4.9+0.8 9.4+0.4 — 7.3£0.9 10.0£2.3
Az4/36 68.6+1.2 51.3£0.7 45.3+£1.9 36.6+1.7 51.1£3.2 30.3+1.6
Az6/38 —-20.2+2.8 —31.7£0.3 — — 352425 —2.940.7
Aszg/40 — — — — — 3.1£0.5
Ago/42 — — — — — 10.3£0.6
A42/44 — — — — — 16.4+1.7

studied by us, assists in decreasing the difference in the
activation energy, resulting in the formation of a set of
fluorofullerenes CqyF35—CgoF,46 in early reaction steps.

7. Comparison of theory with experiment

7.1. Rate-determining steps of reactions. For solid-state
fluorination to occur, relatively more volatile fluorinated
fullerenes should be removed from the reaction mixture
to the gas phase, due to which they cannot accumulate in
the reaction zone. Removal of these fullerenes is evi-
denced by the average surface concentrations of fluoro-
fullerenes in the reaction zone, which are represented by
the activities of the components of the reaction mixture
(Table 3). The activities are formally calculated by nor-
malizing the measured partial pressures to the correspond-
ing saturated vapor pressures. These calculations were
carried out only for the CyyF ;g and CqyF;4 products using
known data on the vapor tension.2 The activities of flu-
orinated fullerenes are several orders of magnitude
smaller than unity and, consequently, their surface con-
centrations are low compared to the concentration of the
molecules on the surface of pure fluorofullerene crystals.
Since the densities of solid fluorofullerenes are compa-
rable with that of fullerite, it can be concluded that the
fullerite surface in the reaction mixture is weakly occu-
pied by fluorofullerene molecules.

In systems, where fullerene is initially present in an
excess amount (for example, in the Cgy/NasPbF; reac-
tion), the activity of Cg is close to unity in all reaction
steps, including the initial step. In other words, fullerene
vaporization under the conditions of a reaction mixture,
occurs analogously to that of the pure compound. In the
presence of excess SFA (the Cy—K;PbF; system), the
activity of Cg is substantially lower than unity already in

Table 3. Activities of fluorofullerenes and overall flows of fluori-
nated products from an effusion cell in the Cgy/Na3;PbF; reac-
tions

t/min T/K a(Cg)? a(CgF1g)  a(CgoFsg) Vprod /s ™!
Na3PbF7
195 643  0.68 — 3.56-1073  5.60-104
235 643 0.28 — 2.58.1073  4.11-10'4
805 653 0.71 — 1.43-1073  3.46-10'4
864 648 0.55 4.55-107% 6.32-107*  1.21-101
889 648 0.51 4.09-1073 5.26-107*  1.16-104
1104 686 0.97 1.54-1072 6.55-1075  2.04-10!4
K;PbF;
540 620 0.344 — 1.53-1072  5.48-104
595 637  0.079 — 3.00-10-3  2.13.10'4
1271 699  0.020 2.41-107* 6.30-1075  4.73-1013
1346 699  0.017 1.28-10~* 2.38-1075  1.83-10!3
1490 711  0.003 8.41-107% 4.68-10-7  6.87-10!!

4 Calculated as a(i) = P(i)/P°(i), where i is the number of fluo-
rine atoms in CgF; molecules.

b The absolute value of the molecular product flow through an
effusion orifice: vy,roq = Zv(CgoF;) — v(Cgp).

the initial reaction steps, the activities of fluorinated prod-
ucts remaining low.

In both cases, we observed virtually equal overall fluo-
rination rates, all other factors being the same. In our
experiments, these rates were monitored by measuring
the overall product flow from an effusion cell. For ex-
ample, using the data given in Table 3 and taking into
account the ratios of the total reaction surface area to the
effusion surface,!® the overall molecular flow (including
evaporation of Cq) from the unit surface area in the
Cgo—Na;zPbF; system (a deficient amount of SFA) was
evaluated to be 1.1+10'6 m=2 s=!. This value was deter-
mined from the partial pressures of all reaction products,



Topochemical solid-state reactions of fullerene

Russ.Chem.Bull., Int.Ed., Vol. 54, No. 1, January, 2005 43

which were measured at 643 K within 235 min after the
beginning of the reaction. In the Cg—K;PbF; system
(excess SFA), the corresponding value (7 = 637 K and
t =595 min, respectively) is 1.2+1010 m=2 s~1,

Under the conditions of a constant inlet flow of fluo-
rine, the Cgy/F, reactions in the presence of chemically
active matrices also retain the overall fluorination rate,
while the composition of the products sharply changes.2!

Below we propose an explanation for the above-de-
scribed experimental facts. At not too low temperatures,
the rate of topochemical reactions is often limited by re-
agent diffusion to the reaction zone. In reactions between
two solid reagents, there are two contradirectional diffu-
sion flows: (1) the active fluorine flow and (2) the fullerene
flow. The Cg crystals belong to the so-called plastic crys-
tals characterized by high imperfection. When consider-
ing fullerene diffusion to the reaction zone, one should
consider the flow of defects to the crystal surface, which is
in mechanical contact with SFA or its decomposition
products.

In the Cqy/Na3;PbF; and Cg,/K;PbF; reactions, dif-
ferent macroscopic steps are, apparently, the rate-deter-
mining steps depending on whether the reaction mixture
contains an excess or deficient amount of SFA. If the
reaction mixture contains an excess of SFA in the absence
of deficiency of fluorine, the fluorine concentration in
the reaction zone remains high throughout the reaction.
This is favorable for the formation of highly fluorinated
products, and the fullerene flow to the reaction zone is a
rate-determining step. In the presence of excess fullerite,
the initial reaction step also affords highly fluorinated
products, which are changed for lowly fluorinated prod-
ucts as fluorine becomes deficient. Since the latter prod-
ucts are substantially less volatile, they can be detected
only at higher temperatures. If fullerite is present in an
excess amount, its activity remains equal to unity through-
out the experiment. In the presence of excess SFA, the
activity of fullerite decreases from the very beginning of
the reaction and finally decreases by several orders of
magnitude. Since the activity of fluorofullerenes is low, a
decrease in activity of fullerite can be explained only by
the fact that C4y molecules that are evaporated react with
the SFA surface.

In reactions proceeding in the presence of chemically
active matrices, fullerene diffusion to the reaction zone is
always a rate-determining step, because an excess of fluo-
rine is provided by its rather extensive flow from the out-
side. Experimental data demonstrate that the activity of
C¢o can decrease even more substantially and lead to the
complete disappearance of the Cg,* ion from the EI mass
spectrum of the gas phase.

7.2. Changes in the composition of the products during
the reaction. Experimental data on solid-state fluorina-
tion provide evidence that the reaction is accompanied by
a gradual shift to less fluorinated fullerenes, which dis-

place the major product in the final step. This phenom-
enon is observed in all reactions with excess Cgy. As an
example, the mass spectra, which were successively mea-
sured during the reaction with CoF; (where this effect is
most pronounced), are shown in Fig. 7. It can be seen
that rapid redistribution of the reaction products occurs
in a particular reaction step, which makes it possible to
selectively prepare CgyFg. This compound is generally
synthesized with the use of a much stronger SFA, K,PtF.

If the reaction is performed under isothermic condi-
tions, the parameter § is the only variable in Eqs (9)
describing the successive partial pressure ratios of the prod-
ucts. An increase in the parameter & during the reaction
occurs due to a decrease in the fluorine concentration Cg
as a result of gradual accumulation of decomposition prod-
ucts of SFA in the reaction zone. The influence of this
factor on the composition of the products is demonstrated
in Fig. 6. Under real conditions, a change in the compo-
sition is not smooth, because a slow change in the param-
eter & is combined with the factor associated with the
jumps in the activation energies. As a results, the observed
dynamics of distribution of gaseous products can be de-
scribed as a rapid transformation from highly fluorinated
to low fluorinated fullerene, avoiding products from
CeoF 15 to CyoF5 (see Fig. 7).

From the kinetic model, it follows that, at constant
temperature, a linear correlation between the ratios of the
rate constants of fluorine addition is held for each three
successive products, C¢F,, C¢F,,, and CgF,:

a(k,/k,,) + ki/k,, = b. (15)

Experimental data on the relative instantaneous for-
mation rates of fluorofullerenes by solid-state fluorina-
tion, which were determined from their partial pressures,
confirmed that the linear dependence (15) is actually ful-
filled, and it was demonstrated how this dependence can
be used to experimentally determine the differences be-
tween two successive activation energies.19:24

In the cited studies, using the reaction with MnF; as
an example, the rapid change to another major product in
solid-state fluorination was shown to be adequately de-
scribed in a quantitative way in terms of the proposed
model. It appeared that the relative change in the forma-
tion rate of the C¢yF 5 and CgyF34 products by more than
two orders of magnitude can occur in the case of a smooth
increase in &34 by only a factor of five. In this case, local
selectivity within three CgyF4, CgoF34, and CqF;5 com-
pounds is not violated. Simple estimates show that a loss
of selectivity occurs if the parameter &,¢ increases much
more substantially (by a factor of 30—40), which is pos-
sible only if the concentration Cg decreases proportion-
ally, i.e., in the case of a sharp decrease in the overall
reaction rate. Therefore, the relative yields of composi-
tionally similar products are determined by the difference
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Fig. 7. Changes in the composition of products with time for the reaction of Cg, with cobalt trifluoride; the time intervals from the
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in the activation energy between the successive reactions
of addition of F to CgyF34 and CgyF4. This difference is
about 50 kJ mol~! for the C4p—MnF; reaction system.
This parameter can be controlled only by varying SFA.
For compositionally different products, such as CgyF g
and CgyF54, large relative changes in the yields can be
achieved by varying the fluorine concentration even if the
activation energies are equal. This follows from the theory
and was confirmed by experimental data. Therefore, the
compositions of the products can be varied by controlling
the concentration C.

However, an essential drawback of solid-state fluori-
nation is that the concentration of active fluorine and,
consequently, the fluorination rate at given reagent
dispersity and density depend only on the temperature,
and this makes it difficult to vary Cg within the required
limits. The use of a F, flow in the presence of chemically
active matrices offers an advantage, because the tempera-
ture and fluorine flow can be varied independently, thus
providing additional possibilities to control the yields of
the products. For example, an increase in the temperature
at a given flow level makes it possible to virtually com-
pletely terminate the reaction at the step of formation of
CgoF 13- The use can be made of a sharp increase in the
distillation rate of this product to the gas phase, which
hinders a further increase in the degree of fluorination.
An increase in the fluorine flow at this new tempera-
ture can resume the formation of higher fluorinated
products.

All concepts of the SSF model are applicable to the
Cgo(solid)/F,(gas) reactions in the presence of chemi-
cally active matrices because the mode of fluorine transfer
to fullerite in the presence of chemically active matrices is
similar to that in solid-state fluorination. In Fig. 8, the
time dependences of the EI mass spectra of gaseous prod-
ucts, which were obtained with the use of a MnF, matrix
at constant temperature and a steady-state fluorine
flow (a—e) and in the Cg,/MnF; reaction (f—j), are given
for comparison. It can be seen that the reaction in the
matrix proceeds through the steps identical to those in-
volved in the analogous SSF but in the reverse order. This
is attributable to a gradual increase in the surface concen-
tration of adsorbed (active) fluorine, resulting in a de-
crease in the parameters &. In turn, Cg increases due to a
fluorine flow from the outside, which is excessive com-
pared to the diffusion flow of Cg, to the reaction zone.
The concentration Cg can be decreased by controlling the
fluorine flow, thus again obtaining low-fluorinated prod-
ucts. By contrast, late reaction steps of solid-state fluori-
nation are always accompanied by depletion of the solid
reagent mixture in fluorine. Hence, the use of chemically
active matrices offers additional possibilities of searching
for the reaction conditions with the aim of preparing the
desired products even without changing the matrix.

We described the above phenomenon with the use of
only the relative formation rates of the major products in
the gas phase. For the practical synthesis of fluoro-
fullerenes, in which the amount of the product is also of
importance, the corresponding absolute rates are of sig-
nificance. Here, one can use the temperature dependences
of the absolute rate constants of fluorination and the satu-
rated vapor tensions of fluorofullerenes, which, unlike the
dependence of the relative rate constants, are sufficiently
strong (characteristic activation and sublimation energies
are 120—180 kJ mol~!). Due to a large difference in the
vapor tensions of CgoF g and CyF34, one or another of
the reaction products is removed from the reaction by
sublimation at substantially different temperatures. An
extensive escape of one compound to the gas phase can be
provided by changing the temperature and thus virtually
terminate the reaction as soon as the desired product is
formed.

7.3. Activation energies in reactions with the use of
various matrices. The activation energies of fluorination
vary with changes in the nature of SFA or chemically
active matrices. There is a general tendency for an in-
crease in the activation energy in reactions with the use of
weaker agents. However, the activation energies in differ-
ent steps of addition of fluorine to fullerene increase to a
different degree. According to the BEP principles, the
largest increase should be observed in the step (see
Scheme 4), where the enthalpy is closest to zero, which
can give rise to a slow step with an activation energy
sufficiently high for the selective formation of the corre-
sponding product.

Let us consider the results of the kinetic study of SSF
from this point of view. The numerical values of the acti-
vation energy jumps (see Table 2) clearly show the rela-
tionship between the differences in E, and the chemical
nature of SFA. For the solid fluorinating agents MnF;
and CoFj, this relationship is most obvious, because their
relative arrangement on the fluorinating ability scale is
known. The latter compound is a stronger fluorinating
agent than the former compound, which is reflected in
the ~20 kJ mol~! difference between the activation ener-
gies for the same pair of reactions

CeoFas + 2 F = CgoFsg,
CeoF3s * 2 F = CgoFgs.

The replacement of MnF; with CoF; leads to a negative
shift of this difference, which signifies that a decrease in
the absolute value of E, for the latter reaction was larger
than that for the former one.

Two families of similar reactions are exemplified by
two pairs of the reactions (6) (CgoF34 and CyyF54 as
the starting reagents): (1) the reaction involving MnF;
and (2) the reaction involving CoF;. The families are
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Fig. 8. Comparison of an evolution with time of the distribution of products prepared by fluorination of C4, with elemental fluorine in
the presence of a chemically active matrix (a—e) and by solid-state fluorination (f—j):

T/K t/h T/K t/h
a 720 44 d 720 11.7 f
720 80 e 720 14.9 g

c 720 10.2

denoted by the Roman numerals I and II, respec-
tively, and the reactions are indicated by the Arabic indi-
ces 1 and 2, respectively. Then, using Eq. (7), we can
write the following equations for the jumps within each
family

SEI = BI(AH2 — AH]), SE“ = B“(AHZ — AH]) (16)

The values AH = AH(6) include the enthalpies of
abstraction of the fluorine atom from the SFA sur-
face (AHyr) and the enthalpies of addition of the
fluorine atom to the carbon cage (AHcr = Dcp):
AH = AHyp — Dcp. In each family (in the presence of the

T/K  t/min T/K
626 620 ho 663 1115
626 845 i 663 1145

t/min

j 663 1315

same SFA), this parameter is a function of only Dcp,
so that

8E; = —Bi(Dcr2) — Dcrary)s
8Ey = —By(Dcr2y — Derqy)- (17)

Based on the results of combustion calorimetry, it can
be stated that Dcp(y) < Dep(py- Hence, the differences in
the parentheses are negative. The difference between the
jumps gives:

8E; — 8Ey = (Dcr(a) — Deray)(Bu — By). (18)
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Hence, if By < By, this difference has the required
positive value observed in experiments. The latter inequal-
ity is valid in terms of the BEP approach, if the elemen-
tary reactions of both CgyF34 and CyF;4 with CoF; are
more exothermic than the analogous reactions with MnFj.
This, in turn, indicates that the enthalpy of abstraction of
the fluorine atom from the SFA surface is smaller for
CoF; than for MnFj3, as it must for a stronger SFA.

Hence it follows that the BEP principles are appli-
cable to the solid-state reactions under consideration.
A comparison of the reactions of Cg, with MnF; and
CoF; provides a good example of how a decrease in the
difference in the activation energies for two reactions with
the use of a stronger SFA (CoF3) leads to a loss of selec-
tivity to CgoF3 (see Fig. 7). This is also evident from the
composition of the resulting condensate,!® in which
CgoF4, was present as the major compound combined
with a substantial fraction of compositionally similar com-
pounds.

The opposite effect associated with a decrease in the
exothermic effect of the reaction is observed, for example,
on going from MnF; to BaPbF¢. Both reactions afford
CgoF36 as the major product. However, selectivity of the
reaction with a complex salt is much higher. The use of
this complex fluoride provided very high (higher than 98%)
selectivity to CgoFs6. Evidently, BaPbF; is a weaker flu-
orinating agent than MnF3, due to which the enthalpy
of the elementary fluorine exchange reaction approaches
zero. Correspondingly, the difference in the activation
energy E;q — E34 increases approximately from 50 to
70 kJ mol~!. Unfortunately, the lack of reliable thermo-
dynamic data on complex fluorides makes it impossible to
construct a quantitative dependences of the difference in
the activation energy on the fluorinating ability of SFA.

The diagram presented in Fig. 9 can serve as a qualita-
tive illustration of the correlation between the thermody-
namic and kinetic energy parameters. It can be seen that a
large negative jump in the C—F bond energy in a fluoro-
fullerene molecule is always accompanied by a substantial
positive jump in the corresponding activation energy. In
the interval between the C¢)Fg and CgyF54 compounds,
where the energy D changes more smoothly, the activa-
tion energies also vary only slightly. The same is true for
the C¢yF, 536 products. From analogous considerations,
the negative jump in the C—F bond energy can be pre-
dicted between CgoF g and CqyF,, for which an estimate
is lacking. According to the kinetic data, this jump should
be smaller than that between CqF34 and Cg(Fsg.

The results given in Table 2 demonstrate that, due to
small differences in the activation energies of the attach-
ment of F atoms to molecules stoichiometrically different
from CgyF g and CgyFs¢, the steps giving rise to these
compounds appear to be equally fast. Hence it follows
that the fine tuning of solid fluorinating agents for the
selective synthesis of the intermediate CgyF, compounds

E,/kJ mol~!
ﬁ H C—F
350 F / CeoFn
300 | ?
<30

250

Ceo/MgPbFg
200 ap <

Ceo/CoF
150 L 60. 3

8 16 24 32 40 n

Fig. 9. Activation energies of different fluorination steps of Cg
with SFA and the enthalpies of C—F bond cleavage in fluoro-
fullerene molecules: n is the number of F atoms in the molecule,
HC50F,,C_F are the enthalpies of C—F bond cleavage in CgyF,
molecules.

(n = 20—34) is a complicated problem. However, it is
easy to provide a high percentage of the desired com-
pounds in the sample synthesized and prepare mixtures,
in which their concentrations are sufficient for chromato-
graphic isolation as individual compounds, by indepen-
dently varying (with the use of a matrix) the fluorine
pressure and temperature.

The results of the reaction with CoFj; giving rise to a
large percentage of products with a high (compared to
CgoF36) fluorine content can be supplemented by the re-
sults of the reactions with MgPbF¢ and MnF;, which give
all fluorofullerenes in a range from Cy(F 5 to CgoF34 when
performed over a rather long period of time (~2 and 3 h,
respectively). The percentage of each product estimated
from the partial pressures in the gas phase is 5—10%.
Therefore, the starting compound for the preparation of
individual fluorine derivatives in a range from CgyF,g to
virtually CqyF4g can be synthesized using the available
matrices of low-valent metal fluorides produced by re-
moving fluorine from SFA.

8. Isomers of fluorine derivatives of Cg in solid-state
fluorination

Due to a wide variety of the arrangement modes of
fluorine atoms at the carbon cage in fluorofullerene mol-
ecules, numerous isomers of these compounds can occur,
although only a few of them are generated by solid-state
fluorination. A series of isomers were isolated for some
compounds synthesized in a stoichiometrically pure form.
For example, only one isomer with the C3, symmetry, was
identified and structurally characterized for CgFg,28
which was prepared by the reaction with K,PtF.13 In this
isomer, all 18 fluorine atoms are bound to one hemi-
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sphere of the cage. For CgyFs6, tWwo most abundant iso-
mers??-30 with the C; and T symmetry, which are formed
simultaneously in the reactions with MnF;,11 were de-
tected. Fluorination of Cg, with molecular fluorine also
affords two structurally similar isomers of C¢yF4g, one of
which (its percentage in the mixture is higher) occurs as
an enantiomeric pair with the D; symmetry, and another
isomer is an achiral form with the S symmetry.3!

The results of the study32 cast doubt on the hypothesis
of the successive addition of fluorine atoms in solid-state
fluorination giving fluorinated fullerenes. The CgyF,
compound was chromatographically isolated from the
condensate accumulated after the reaction of Cg, with
potassium hexafluoroplatinate diluted with KF. X-ray dif-
fraction study of C¢yF,, revealed a very unusual equato-
rial arrangement of the fluorine atoms at the carbon cage.
Evidently, the molecule with this structure cannot be pre-
pared by the direct addition of two F atoms to the CgF g
molecule having the above-described geometry.

This contradiction can easily be accounted for by the
data, according to which the rate of solid-state fluorina-
tion corresponds to the flow density of active fluorine to
the reaction zone of about 101°—101!7 atom s~! m—2 (see
Table 1). Taking into account the surface molecular den-
sity of Cg crystals (~10'7 m~=2), this indicates that the
fullerene molecule binds, on the average, one fluorine
atom per second. Even with the need to consider only a
small portion of surface-active molecules as reacting with
fluorine, the lifetime between two events of the fluorine
attack is much longer than the characteristic time of any
intramolecular motion. Hence, the fluorofullerene mol-
ecule has time to adopt a structure corresponding to a
thermodynamically stable isomer.

The authors of the study33 reasoned that the geometric
structures of CqyF;3 and the most abundant isomer of
CgoF3¢ with the C; symmetry are incompatible with both
forms of CgyF,g, because the latter cannot be generated
by the simple addition of pairs of fluorine atoms at free
double bonds. Nevertheless, experiments demonstrated
that the C¢yF,g product with an identical isomeric com-
position was prepared by the reaction with F, regardless
of whether Cg,, CyoF34, or even a CgyF—CyoF,4, mix-
ture is used as the starting reagent. This result can be
explained only on the assumption of easy intramolecular
migration of fluorine atoms during the reaction.

It is not inconceivable that, due to a favorable combi-
nation of the activation energies in the reactions with the
use of particular new solid fluorinating agents, the addi-
tion of fluorine in a certain step can follow a pathway
different from that giving rise to the already known iso-
mers of fluorofullerenes. Nevertheless, the proposed ki-
netic model ignores the difference between isomers, al-
though the corresponding changes can be easily intro-
duced if required. In this case, the reaction sequence (see
Scheme 4) will involve competitive reactions responsible

for different pathways of addition of fluorine atoms. How-
ever, it is unlikely that this modification is of practical
importance nowadays taking into account the lack of ad-
equate data on isomers and a wide variety of possible new
pathways. In any case, it is necessary to preliminarily
select the most stable isomers using calculation methods.
Experimentally, mass-spectrometric detection of gaseous
reactions products should be supplemented with analysis
of the condensate with consideration for taking into ac-
count the isomeric composition. Analysis should be per-
formed at different instants of time during the reaction,
i.e., the reaction should be interrupted to withdraw samples
of the condensate.

9. Conclusion

The above-considered theoretical concepts and ex-
perimental procedures, which were developed for the de-
termination of the kinetic parameters of the reactions
based on these theoretical concepts, can be extended to
solid-state fluorination of C;( and higher fullerenes. Stud-
ies devoted to the synthesis of fluorine derivatives were
carried out independently, although primarily in sifu, and
were limited by the fact that the starting reagents are less
readily available.211 It was found?!! that the reactions
with Cqy most easily produce CgyF5¢ and CgyF g, whereas
C59, C76, and Cgy give compounds with the magic num-
ber of fluorine atoms having the formulas C;,Fg, C;6Fy,
and Cg4F,, respectively. The degree of selectivity, which
can be achieved for higher fullerenes, is substantially lower
than that with respect to CgyFs6. Apparently, the differ-
ences in the C—F bond energies of higher fullerenes are
less pronounced than those of Cgy.

All the aforesaid is also true for endohedral fullerene
derivatives, because the presence of atoms or even chemi-
cal groups within the closed carbon cage should not lead
to a change in the reaction mechanism of exopolyaddition,
although it can exert an effect on the reactivity. Recent
investigations3435 have demonstrated that the structures
of the most stable isomers of endohedral fullerenes can
differ from those of the corresponding molecules with an
empty cage. This should be reflected in the character of
the resulting derivatives. Pioneering studies on solid-state
fluorination of endohedral metal derivatives of Cg, are
presently underway.

As for fullerene derivatives with other small functional
groups, it should be noted that solid-state reactions, analo-
gous to solid-state fluorination, cannot be used for the
synthesis of chloro- or bromofullerenes because of low
thermal stability of these compounds. We failed to bind
CN groups to Cg in the solid state through the reactions
with complex cyanides containing, as in the case of fluo-
rides, variable-valence metals. This is associated with the
fact that heating leads to the predominant transfer of these
groups to the gas phase in the dicyane form. Finally,
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studies on the synthesis of trifluoromethylated fullerenes
C0(CF3), according to a procedure analogous to SSF are
presently underway, CF;COOAg being used as a source
of CF; groups.3%-37 Mass-spectrometric analysis provided
evidence for the formation of derivatives with the number
of group in a range of kK = 2—20. Apparently, a high
degree of functionalization indicates that these reactions
not only superficially resemble SSF (solid reagents are
mixed) but also proceed by a similar mechanism associ-
ated with the successive addition of the functional groups
in the solid state. However, this problem remains to be
explored. Therefore, the reactions between solid com-
pounds analogous to SSF were carried out only with
fluorides.

A different situation arises with the reactions in solu-
tion, which are often used to prepare chlorine and bro-
mine derivatives of fullerene. An analogy with solid-state
reactions will be observed if a particular step of the addi-
tion reaction could be substantially slowed down by choos-
ing appropriate reagents and if one will succeed in sharply
increasing the rate of removal of the corresponding prod-
uct from the reaction zone through precipitation from the
solution upon complexation or crystallization. This, in
principle, can be achieved by decreasing solubility as a
result of a change in the temperature or a choice of an
appropriate solvent.

The main conclusions can be briefly summarized as
follows. Fluorination of fullerene allows one to find a
slow step in the sequence of successive addition reactions
and selectively prepare the desired product using even a
small change (~20 kJ mol~!) in the energy of the C—F
bond cleavage on going from Cg,F,,, to CcyF5,,+5. This is
achieved by decreasing the exothermic effect of the reac-
tions with the use of softer fluorinating agents. An appro-
priate agent can be chosen based on the Evans—Polanyi
principle, according to which the activation energies de-
pend linearly on the enthalpies of the corresponding el-
ementary steps. Additional possibilities for performing se-
lective reactions are associated with the control over the
rate of removal of volatile products from the reaction
mixture.

This study was financially supported by the Russian
Foundation for Basic Research (Project Nos 03-03-32756a
and 03-03-32856a).
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