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IR and Raman spectra of two fluorofullereneggfzs and GoFss, are thoroughly studied. Assignment of the
experimental spectra is provided on the basis of density functional theory (DFT) computations. Perfect
correspondence between experimental and computed spectra enabled us to confirm that the major isomer of
CeoF4s has D3 symmetry. It was found that as-synthesized samplesegfsE£consist mainly ofC; and C;

isomers in ca. 2:1 ratio and-8% of T-symmetric structures. Extensive AM1 and DFT computations have
shown that all three structures are the most stable isomerglefsCPrevious structural assignment of g

isomer (Gakh, A. A.; Tuinman, A. ATetrahedron Lett2001, 42, 7137 7139) was confirmed by the vibrational

data.

Introduction

In the past decade, considerable progress has been made in
the understanding of fluorinated fullerenel particular, Go
fluorine chemistry has yielded a wealth of new compounds and
substitution products which have been shown to exhibit many
remarkable physical properties. Among the most recent ex-
amples of the latter are the quantum mechanical wave nature
of CgsF4g2 and the ability of highly fluorinated fullerenes (FFs)
to considerably increase the conductivity of the diamond surface
due to their pronounced electron-accepting propefties.

Despite the current availability of the well-developed synthetic
and purification methods for producing some fluorofullerénes
along with ongoing interest in these compounds by different
research groups, many important properties of these compounds
have not yet been determined, including unambiguous structural
elucidations for GoFss or redundant proof of the currently
accepted (largely on the basis of NMR) structure of @
CasoF3s isomer’

CeoFss was the first FF selectively synthesized with ap-
preciable yield 1% NMR spectroscopy showed the main
product molecules (63% by NMR peaks integration) to have
eight sets of six fluorine atoms. With the help of 2D COSY
spectra, the molecular structure ofsEss was tentatively Figure 1. Schlegel diagrams of (a) one enantiomeiDgfCeoFss, (1)
assigned to th®; isomer (Figure 1a), though some anticipated = CsoF4e (€) Ca(N3)-CooFse, (d) Co(N64)-CeoFae, (€) T-Cooze, and (f)

F—F couplings were missing. Another isomer was found as a r-Coose

10—-15% admixture and was assumed to be $fsymmetric substantial degree of disorder, leading to concurrent interpreta-
mescdform of the major product (Figure 1B\While significant tions of 40-70% mixture of theD3 and S isomerd® or the S
improvements have since been made in the preparation techisomer aloné! Theoretical modeling predicted both structures
niques, purity, and yieldthe molecular structure of ¢gFss to be virtually isoenergeti€>13 A recent precise gas-phase
still retains an ambiguity. Analysis of the single-crystal X-ray electronographic study performed fogfss under the assump-
data on the GFig-2CsHsMes solvate was complicated by a  tion of the sole presence of eithBg or S symmetry species
showed no difference in the average geometrical parameters
*To whom correspondence should be addressed. E-mail: popov@ between the two structures, thereby precluding conclusions as

ph¥s.chem.msu.ru (A.A.P.); ovbolt@lamar.colostate.edu (O.V.B.). to the actual gas-phase isomeric compositibn.
Moscow State University. Formation of GgFss in the reaction of G with MnF3; was
* Colorado State University. . . 5 9 .
$ Freie University Berlin. first reported in 1993° and followed by**F NMR study which
'The University of Tennessee. indicated the presence of a mixture of isom&rddPLC
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separation of the two major isomers revealed that the mostbut none of those studies included reliable interpretation of the
abundant isomer ha@; symmetry, while the other belonged spectroscopic data or the use of vibrational spectra for structure
to T symmetry group (Figure le). A third isomer, &; elucidation. The only attempt of this sort was reported by Fowler
symmetry (Figure 1f), which was found to rearrange into more et al. who computed IR spectra of tBg and S isomers, but

stableCs isomer over time, was also isolated and characterized the accuracy of the semiempirical MNDO method used in that

by X-ray diffractionl’2 work was not sufficient for distinguishing these isom#rs.
The proposed structure of theisomer was confirmed by In this work, we apply vibrational spectroscopic methods in
the X-ray method7® while the original assignment of th@s combination with the theoretical analysis for the elucidation of

isomer to a particular structure (Figure 1c) proved to be the molecular structures ofs@sg and G—CeoFss. We report
incorrect; subsequent detailed 1D and ¥ NMR analysis that comprehensive IR and Raman spectroscopic studies of
allowed the authors to conclude that the otBigisomer (shown  CeoFag combined with the DFT vibrational simulations can
in Figure 1d), which was also calculated to be the most stable distinguishDs andSs isomers of GoF4s and thus confirm earlier

of all Cs structures, is the most likely structure for the Structural assignment of the major isomer g symmetric

experimentally studied abundant product of the Mréaction structure and identify characteristic spectral features of the minor
of Ceo” S structure. This work provides detailed vibrational assignments

Due to the unique sensitivity of vibrational (IR and Raman) for Ds-CeoFas and Cs-Ceose fluorofullerenes.

spectroscopy to molecular structure, its application can assist
substantially in structure elucidation, especially when other
commonly used direct methods of structural analysis have failed The samples of Fss were synthesized by directs&

to provide unambiguous answers. Nevertheless, until very fluorination using the following procedure. Finely groungoC
recently, application of vibrational spectroscopy in the fullerene powder was placed in the Ni boat and was treated with the F
chemistry was very limited; it suffered from the lack of Ar (1:7) gas flow for 24 h at 350°C (see also ref 42).
theoretical background, since the required first-principle vibra- Electrospray ionization mass spectrometric analysis (ESI MS)
tional calculations were hardly feasible for molecules of such showed the compositional purity to be-8%; !°F NMR data
large size i(C) > 60). Reported examples included mainly indicated (from integrated peak intensities) that 85% of the solid

Experimental Section

vibrational analysis of the parent fullereneg,&1°C;(,2° and sample consisted of the major isomer, the minor isomer (also
Cg4,2! azafullerené2 some endohedral metallofullererfés26 with eight equal-intensity lines in F NMR) constitutee- 3%,
Cso polymers?’-32 and four exohedral derivatives g§Bro4,33 and the remaining ca. 8% could be accounted for tbe¢4

CsoF20,3* CsoCls,35 and GoClzp.36 The B3LYP/6-31G* approach ~ admixture, which is also indicated by mass spectrometry. Several
was successfully used to provide complete assignmengef C batches of the §Fss samples were used in this study. They
and Gy vibrational spectra with reported deviations from were prepared by the MaFnethod at 356:400 °C.'® HPLC
experimental data of less than 5 ch#®2°Computations of the ~ analysis detected very little presence (if any) @b Gr CeoFis,

IR spectra of two @ isomers at this level of theory have also and those samples were used without further purification. Some
shown qualitative agreement with experimental datdowever, samples (prepared at higher temperatures) were subjected to
first principle vibrational calculations, at least with 6-31G* or  Subsequent sublimation (29Q) in order to separate less volatile
comparable basis sets, were hardly feasible for larger systemdmpurities of unreacted & and/or GoFs.

such as exohedral fullerene derivatives, since in these cases the FT-Raman spectra were measured on a Bruker RFS 100
increased number of atoms was typically accompanied by a SPectrometer (excitation_ with 1064 nm line of Nd:YAG laser;
symmetry reduction. The increased computational demands werg?ower, 120 mW; resolution, 3 cm for CeoFagand 1 cit for
prohibitive for these molecules since the interpretation of the CeoFss; 1000 scans were accumulated). Raman spectra excited
spectra of lower symmetrical compounds requires a more DY the 676.4 nm line of the Krlaser were measured on a Dilor
accurate prediction of vibrational frequencies and relative XY triple grating spectrometer with CCD detection; spectra were
intensities than for the parent fullerenes. The use of smaller basis'ecorded in a subtractive mode using micro-Raman sampling
sets (such as 3-21G) with HartreBock or density functional ~ at 1.5 cn* resolution averaging 30 accumulations of 15 s
theory (DFT) method@26 as well as application of semiem-  integration. IR spectra were measured on a Bruker Equinox 55
pirical methods either of MNDOZ or tight-binding typed?27.31.32 FT-IR spectrometer. Samples for IR measurements were either
resulted in computational data of sufficient accuracy to provide Pressed pellets of pure fluorofullerenes—(L5 mg of the

a qualitative understanding of the vibrational structure but did ¢0mpound pressed mta 3 mmdiameter pellet) or pressed
not allow peak-to-peak assignment of the whole set of experi- Pllets of fluorofullerenes diluted with KBr (typically, 0.5 mg
mental data. Taking advantage of the density fitting techrigue, of fluorofullerene d!spersed in 20 mg of KBr). Resolution was
which allows considerable acceleration of pure DFT computa- S€t to 1 cm* for mid-IR range and 2 crt for far-IR range;
tions, we have applied the PBETZ2P approach to interpret 128 scans were accumulated.

vibrational spectra of polymeric &2°2° and bromo®° and
chlorofullerenes?36The method was found to be quite accurate
in predictions of the carbon cage vibrations, while the frequen-  Force fields and IR intensities were calculated at the DFT
cies of C-Hal bending and stretching modes were underesti- level of theory with the PRIRODA packagfeusing Perdew-
mated. However, due to the systematic character of these error8urke-Ernzerhof (PBE) function® and implemented TZ2P-
they could be effectively corrected with the use of the scaling quality basis set. The gquantum-chemical code employed ex-
procedure of Pulay et &%.Recently, we have succeeded in the pansion of the electron density in an auxiliary basis set to

Computational Details

measurement and DFT-based interpretation of theLIR and accelerate evaluation of the Coulomb and exchange-correlation
Raman spectra, which in turn provided unambiguous structural terms. DFT force fields were transferred into redundant internal
assignment for th®sq-CeoF20 isomer isolated from the metal coordinate systems comprising all chemical bonds and angles

fluoride reaction product* Some IR and Raman spectroscopic and scaled with the use of scaling factors transferred from the
data on GoFss and GoFsg have been previously reportédit CeoF20 molecule®* Raman intensities were computed numeri-
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Figure 2. (a) Raman spectrum ofg@4s (1064 nm); calculated Raman
spectra for (b)D; and (c)S isomers. Inset shows th€C=C) range;
the arrow denotes the spectral feature assigned t&tisomer. The
broad band at 1500 crhin the experimental spectrum belongs to
unidentified impurity.

Raman Intensity

300 250 200, 150
Raman Shift (cm™)
Figure 3. (a) Experimental Raman spectrum ofos (676.4 nm);

calculated Raman spectra for (B} and (c)S isomers.
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cally at the HF/6-31G level using the PC versiwof the
GAMESS (U.S.) packag¥. Force field scaling and potential
energy distribution (PED) analysis were performed using the
DISP suite of program®.

Results and Discussion

Identification of D3 and Ss Isomers of GsoF4s. According
to group theory, vibrations of §gF4g isomers span the following
irreducible representations:

T,,(Ds-CooFae) = 54A,(R) + 52A,(IR) + 106E(IR,R)

Tin(S-CooFae) = 53A,(R) + 53E,(R) + 53A(IR) +
53E(IR)

where (R) and (IR) designate Raman and IR activity, respec-
tively. Accordingly, more than 100 modes are expected in the
IR and Raman spectra of both isomers. It is noteworthy that
the E modes of th®; isomer are both IR- and Raman-active,
whereas spectra of tt# isomer should obey the rule of mutual
exclusion.

The Raman spectrum ofgg-4g is compared to the simulated
spectra forDz and S isomers in Figure 2. Although at first
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Figure 4. (a) Experimental IR spectrum ofefFss in the 100-800
cm!range; calculated IR spectra for () and (c)S isomers. Arrows
denote spectral features assigned to$hesomer.
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Figure 5. (a) Experimental IR spectrum ofsf4s in the 806-1800
cm! range; calculated IR spectra for (B} and (c)S isomers. Inset
shows the/(C=C) range; the arrow denotes the spectral feature assigned
to the S isomer.

experimental peaks to within-3 cnt, whereas the simulated
spectrum of thé&s isomer fails to provide a match in this range.

The calculated IR spectra of thedEss isomers also provide
sufficient information allowing us to distinguisB; and S
isomers. Figure 4 shows the experimental and calculated IR
spectra of GgF4g in the 100-800 cnt! range. Even prior to
comparison with the computed spectra, the centrosymnt&tric
structure can be discarded on the basis of the mutual exclusion
rule since several experimental Raman bands have their
counterparts in the far-IR spectrum, albeit with much lower
relative intensities. Comparison of the calculated and experi-
mental IR spectra (Figures 4 and 5) also unambiguously favors
the D3 structure. According to potential energy distribution
analysis (see Supporting Information), normal modesgF4s
below 800 cm! have complex forms involving a mixture of
C—F bends and radial cage displacements (mostly in CC(F)C
angles). Clear distinction between the spectra of very similar
isomers is another manifestation of the ultimate structural
sensitivity of the carbon cage radial modes that was already
demonstrated in our previous work o34

The range of(C—F) stretching modes can hardly be expected
to be structure sensitive due to the very high density of
vibrational modes arising from 48-F bonds. The situation is

sight both calculated spectra appear to reproduce the topologyadditionally complicated by their mixing with the stretching

of the experimental spectrum equally well, a more detailed
analysis of the 100400 cnt! region, where the strongest

C(F)—C(F) vibrations which also occur in the same frequency
range. However, the strongC—F) absorption of GFss has

Raman lines are observed, allows a clear distinction betweenwell-defined fine structure (Figure 5; see also refs 9 and 41),

the calculated; and S spectra to be made (Figure 3). In the
250-350 cnt! region of the experimental spectrum, four
medium bands at 279, 288, 312, and 325 trand weaker
features at 258, 264, 273, and 302 ¢nmare observed. A
simulated spectrum of thB3 isomer reproduces each of these

which is reasonably well reproduced by the computed spectrum
of theDz isomer. This is best illustrated in the range from 1150
to 1300 cnl, where the experimental spectrum exhibits a
system of four strong lines at 1199, 1215, 1228, and 1238 cm
with a weaker band at 1257 crh This pattern is perfectly
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reproduced in the simulated spectrum of Bisomer, while
only two intense bands are predicted for ®&eisomer. C-F
bonds in GoF4s can be divided into two groups according to
their neighborhood: (1) those with two and (2) those with three
C(sp’) neighbors. Our calculations (and experimental X-ray
datd% have shown that different topology results in substantial

Popov et al.

and it is realized inT-CgoF36). Three IBRs can be located on
the Gy surface in two different ways. One motif (series |, Figure
S1la of the Supporting Information) is just a substructure of the
T isomer, while another one (series Il, Figure S1lb of the
Supporting Information) comprisé3; symmetric arrangement
of IBRs (to our knowledge, this motif has not been considered

alteration in the bond lengths, being 1.38.392 A for the previously). Each motif with three IBRs allows hundreds of
firstand 1.368-1.374 A for the second group. In the vibrational variants for location of the three remaining=C bonds, and it
spectra these alterations manifest themselves in an almost perfeds not possible to perform calculations for all these structures
separation of the longer and shorter bonds’ modes, the formerat the DFT level at the present time.
appearing at 10701170 cn* with the latter at 11761240 It was shown earliéP that semiempirical AM1 method
cmt substantially underestimates the stability enhancement provided
Comparison of the experimental and computed IR and Ramanby IBRs, and therefore relative energies for isomers with
spectra of GoF4g unambiguously demonstrates that tbg different numbers of IBRs are not very reliable. However, for
isomer is the major component of the product. According to the isomers with the same number of IBRs relative AM1
NMR data, it constitutes 85%, whereas Sestructure is present  energies are close to the DFT ones, which allows one to use
in the amount of ca. 10%, which is in principle detectable by the semiempirical method for exploratory search of the stable
vibrational spectroscopy. We found several IR features that canisomers. Using the AM1 method, we have performed computa-
be assigned to th& isomer (see Supporting Information for a tions for all possible isomers ofggF36 (total of 261 structures
complete list). Due to overlap with the strong absorptions of in series | and 390 in series Il; see Supporting Information for
the major isomers bands mostly appear as shoulders and their complete list of the isomers and their relative energies). Then,
assignment is somewhat difficult, except for those at 272, 414, DFT//AM1 single-point energies were computed for all stable
and 735 cm? (see arrows in Figure 4) which appear as resolved isomers in the 100 kJ/mol range (26 isomers), and finally, full
peaks. Whereas the 272 and 414 érfeatures are rather weak geometry optimization was performed at the DFT level for the
and also require special experimental equipment for the far-IR 9 most favored isomers (Table S5 of the Supporting Informa-
measurements, the 735 chline is accessible by all IR  tion).
spectrometers and hence may be used for analytical purposes. |n agreement with the earlier resulsCsF3s With four IBRs
In the Raman spectra the only clearly resolved feature o&he s the most stable isomer at the DFT le#®$1followed by Cs-
isomer is found in thev(C=C) range. According to our  CgiFs6 (isomer N64) (PBE/TZ2P relative energy 10.7 kd/mol)
calculations, &C bonds of theS isomer are 0.0026 A shorter  and X-ray characterize@-CsoFss (16.9 kd/mol). Similar values
than in theDs, andv(C=C) frequencies of th& should be  were obtained for these three isomers at the B3LYP/6-31G*
10-12 cnt! higher than those of th®; isomer. In the  |evell” the relative energies @&; (N64) andC, isomers being
experimental spectra,#€C stretching modes dd; are observed 11,5 and 18.4 kJ/mol, respectively. In the whole set of the
at 1720/1724 (IR, weak) and 1722 cim(Raman, medium),  calculated isomers, these three structures demonstrate outstand-
whereas shoulders at 1733 (Raman, Figure 2 inset) and 1736ing stability and are separated from all others by the gap of 30
cm™* (IR, see arrow in Figure 5 inset) can be reliably assigned kJj/mol (i.e. relative energy of the fourth most stable isomer is
to the S structure. 47.4 kJ/mol). The relative energy of tkg (N3) isomer, which
Stability of CgoF3s ISomers. Uncertainties with NMR data  was considered in ref 46 on mechanistic grounds, is 270.4 kJ/
on theCs isomer of GoF36*%*” has provoked several theoretical mol. Note that the isomers with two IBRs were not studied in
studies of GoFss isomers with the aim to find the most stable this work. The total number of such isomers may exceed 2
ones. The broadest selection of isomers was considered by Clard.(°, and it is hardly possible to compute formation enthalpies
and Kepert4°who have studied more than 100 isomers of for all of them even at the AM1 level. The most stable isomer
CsoF36 In their works. The most recent NMR analysis Gg- of CgoF36 With two IBRs found so far by the other$ss (N88)—
CeoF36 Shows the best match to the most staBiésomer of all is 46.5 kJ/mol less stable thdrCsoF36 at the B3LYP/6-31G*//
those calculated to date, which has three isolated benzenoid ringAM1 level.*°

(|BRS) and three isolated double bonds in its strucfu@ﬁ: Isomeric Composition of the GsoF36 Samp|es'|n this WOFk,
CeoFs6, as found by X-ray single-crystal analysis, has nearly the experimental vibrational study was done not on the pure
the same structure with only one double bond “migrated" to CsoF3s isomers but on the as-prepared Samp|es_ We did not use
the adjacent pOSitiOH. This C; isomer was also found to be HPLC isolation of pure isomers of ¢gFs6 for the fo||owing
among the most stable structures @ffe3s*” and GoHzs.>° Thus, reasons: (1) this procedure notoriously results in the significant
all three isomers of 3Fs6 isolated so farT, Cs, C1) seemto  sample degradation on the column producing numerous oxides
be the most stable structures of this compositiahleast among and hydroxide&2 (2) as demonstratedthe presence of th&
the hundreds of studied isomers. This is in line with other isomer was much lower than that of tﬁ% isomer (I-:CB =
examples of multiply functionalized fullerenes gfl36,°0°* 1:10-15) in all samples, so it was not expected to significantly
CooH18,°% CeoF18,°° CeoClog,>* CroF3s>® CsoClao,®® C7oClog,’ interfere with our spectroscopic studies, under the assumption
Cr4F33,%8 C7Brig® and GaFao™), which all demonstrate that  that theCs isomer constitutes 9993 mol % in the samples.
formation of the IBRs is a very important stabilizing factor for However, our analysis of®F NMR spectra performed for a
these derivatives. However, without an exhaustive search of all gozen of the crude &F3s samples of different origin showed
possible isomers for a given composition, no guarantee can bethat they contained not only the expected-£3 lines due to
prOVided that all the most stable isomers were identified. C; and T isomers but the third component with ca. 36 equa]-
In search of the other possible stable structures fF4g, intensity lines was present comprising as much as3®x% of
we have considered a much broader selection of isomers, whichthe total F signals. For example, one of the typical samples
involved all structures with three IBRs (the case with four IBRs contained 65 mol % of th€; isomer of GoFs, less than 3 mol
is trivial since there is only one way to locate four IBRs o C % of theT isomer, while the remainder of the integrated F signal
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Figure 7. Comparison of thé°F NMR spectra of the 6:C5:C;-CeoF3s
mixture from ref 64 and the crudesfFzs sample used in this work.

d L

N i | ' '

N A N N

8

1197 +
154

115

1725,
1Y
1457
1397
1050
1004
941
838
312

T T T
1300 1200 1100 1000 900 800 700 600 500 400
wavenumber (cm™7)

Figure 6. IR spectra ofCs-CsoFz6: (a) 90+ mol % sample from this
work; (b) calculated IR spectrum d@®3(N64)—CeoFs6. IR spectra of
T-CeoF36:. (C) experimental spectrum from ref 46; (d) calculated IR
spectrum forT-CgoF36. Wavenumbers in the experimental spectrum of
the T isomer are arbitrary within 5 cm.
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Using a recrystallization technique, we were able to partially 1800 1600 1400 1200 1000 800 600 400 200

purify one crude sample to ca. 90 mol %®@f-CesFss, and for Raman Shift, (cm™)

such a compound a mid-IR spectrum was recorded (see Figurerigure 8. (a) Experimental Raman spectrum ofsEss (1064 nm); (b)

6a). However, data on the overall composition of the crude calculated Raman spectrum of the 20(N64)/C; mixture; (c)
samples and identification of the third component were needed calculated Raman spectrum of the ZZN3)/C, mixture.

for interpretation of the Raman and far-infrared data.

Apparently, this third component has low symmetry and could C1 > T. Similarly to the case of hydrogenated fullerene,
be assigned to either an oxidesE:c0 or CsgF340), hydroxide, CsoHze,°! this order does not exactly follow DFT-calculated
or nonsymmetric guFzs. However, a close inspection of the relative thermodynamic stabilities (formation enthalpies) of the
mass spectral data did not show the presence of oxides or speciegespective isomerg(0 kJ/mol) > C5(10.6 kJ/mol)> C; (16.9
with higher F content in any appreciable amounts that could kJ/mol), which can be tentatively explained by the entropy
account for almost 30% in the samples. In addition, comparison difference effect, which favors less symmetric species formation.
of the®F NMR spectra of our samples with those of the purified On the other hand, we also found that some enhancement in
Ce0F340,62 C1-CgoF3s,83 CeoF3s0H 84 and C1-CeFs6 17 allows us the relative content of the most stabfeisomer occurs when
to conclude that, in fact, the third component and the second either the higher temperature of synthesis or that of resublima-
most abundant component in the crudgFas samples is the  tion was applied. This may indicate that equilibrium isomeric
C, isomer of GoFss. We were not able to perform direct composition has not yet been reached at lower temperatures.
comparison of our NMR spectra with that of the repor@&d Vibrational Assignment for CgoF36. Vibrations ofC3-CsoF36
isomer because the precise conditions of the NMR experimentspan 94A(IR,R% 94E(IR,R) irreducible representations, result-
in ref 17 are not given. Further complication brings the fact ing totally in 188 either IR and Raman active modes. Groups
that the nature/composition of the NMR solvent affects the theory analysis folC;-CsoF3s is trivial with all its 282 modes
absolute values of the chemical shifts in these compounds;being both IR and Raman active. As can be anticipated from
especially significant changes in different solvents were ob- these numbers, experimental vibrational spectra of th€s6
served in the—140 to —150 ppm regior. Nevertheless, the  sample are rather complex with more than 100 detectable bands.
relative positions of most of the corresponding NMR peaks were Nevertheless, computed spectra of the @;IN64)/C; mixture
found to be very close; especially convincing is the comparison almost perfectly reproduce experimental frequencies with aver-
of the presented reference 6:1 mixture3fC,; isomers obtained  age errors less than 5 ci(except for the/(C—F) range, where
after partial conversion of pur@;-CsoF3s (See Figure 7) to the  computed frequencies are systematically lower at ca. 20);m
crude samples obtained in this work and ealfi¢see more in while simulated spectra of the 2@3(N3)/C; mixture cannot
the Supporting Information). account for all features observed in the experimental spectra

Thus, the study of the isomeric compositions of several crude (Figures 8-10). Thus, our data confirm previous structural
samples of g3 demonstrate that the relative abundance of assignment forCs-CeoFss, and reliable assignment of the
the three GoFss isomers is highly reproducible regardless of experimental vibrational spectra can be performed now. While
the differences in reaction conditions, and it follows tGat> vibrational frequencies of §gF3¢ are continuously distributed
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" underestimate the experimental ones at ca. 20'¢ibut the
whole pattern is still satisfactorily reproduced, so that well-
resolved low-temperature data can be analyzed with some
confidence. As in the case 0§§F4s, C—F bonds in GoF3s can

be classified into different groups according to their topology
and lengths: (1) 9 bonds with three C{speighbors and lengths

of 1.362, 1.364, and 1.366 A; (2) 24 bonds with two Gfsp
neighbors, falling into the 1.3791.395 A range; (3) three bonds
with only one C(sp) neighbor and the length of 1.396 A. As
follows from the PED analysis, IR and Raman bands at 1217
and 1224 cm? are due to the stretching modes of E bonds

T
©
(=]
wn

Absorbance

1000 900 800 700 600 500 400 300 200 100 with three C(sp) neighbors, while the peaks at 1100200 cnv?
wavenumber (cm™) are due to the longer€F bonds.
Figure 9. (a) Experimental IR spectrum ofgfss in the 100-1000 Stretching vibrations of the ordinary carbecarbon bonds
cm~*range; (b) calculated IR spectrum of the Z{N64)/C, mixture; have very low IR and Raman activity and appear in the spectra

_(c)tﬁalculate_d IR tspl)ectrurp of tze 2?3(';13)/?1 rtnixture. The aorlr%wtsh only as admixtures to €F stretches (this maxim mostly
In the experimental spectrum adenote the tfeatures assi
isomer. P P gned fo.the concerns the longest C(Fy’_:(F) bonds). (_:(s%)—(_: stretc_hes fall
into the 1246-1400 cnt! interval, partially mixed with CC-

(F)C (below 1250 cm) or C=C—C deformations (13081400
cm 1) and are not detected in the experimental spectra. CC
stretches in benzene rings are predicted to be at-136680
cm~1, and in the experimental spectra they appear as a weak
broad IR band at 1516 cth, medium Raman line at 1397 cfn
and a few weak Raman features at 1457, 1695, and 170%.cm
C=C stretches do not appear in the IR spectrum as well, while
in the Raman spectrum they constitute a doublet at 1725/1736
cm L,

T Isomer of CsF3s. 1% NMR data have shown only a
marginal presence of th&-CeoFss in our sample, and its

Absorbance

1800 1700 1600 1500 1400 1300 1200 1100 1000 900 characteristic vibrations are hidden in the more complex spectral
wavenumber (cm™) pattern of the less symmetric isomers. However, earlier, one of

Figure 10. (a) Experimental IR spectrum ofsf3s in the 906-1800 us*® succeeded in the isolation of tlieandCz isomers by three-
cm~* range; (b) calculated IR spectrum of the Z{N64)/C, mixture; stage HPLC procedure, and IR spectra of isomerically pure

c) calculated IR spectrum of the 2@3(N3)/C; mixture. The inset :
gh)ows the IR speth)rum of the matrigai(solgltelngeg from ref 41 in samples could be measured. The IR §pectrum oCﬁheomer .
comparison to the calculated spectrum of @¢N64) isomer. from ref 46 corresponds well to our F|gure 6a, while the mid-
IR spectrum of theT isomer from ref 46 is compared to the
results of our calculations in Figure 6c,d. As in the case of the
Csisomer, the scaled DFT spectrum provides a very good match
to the experimental data. The IR spectrum of Th€goF36 is
much simpler compared to that of tlg-CesoF36, Which naturally
follows from the higher symmetry (vibrations of tHeisomer
span 24 A(R)+ 24E(R)+ 70F(IR,R) irreducible representa-
tions). At the same time, the overall spectral patterns for these
molecules are very similar, and normal-mode analysis given
above forCs-CeoFss is valid for T-CggF3 as well, excluding the
C=C stretching range since isolated double bonds are absent
in the latter.

in the 106-1750 cnT?! range, distribution of the IR and Raman
intensities is not uniform with several domains formed, which
we will analyze further in this sectioft.

The range of 108400 cnt?is characterized by strong Raman
and very modest IR intensity. According to the PED analysis,
most of the modes below 400 cthhave a prevailing (59
80%) contribution of the €F bends, partially mixed with the
carbon cage radial deformations. The latter resemble the
squashing lgmode of the parent fullerene, most likely owing
a part of their Raman intensity to this fact. At the higher
frequencies (408900 cnt?!), CCF contributions decrease to
30—40%, while contribution of CC(F)C bends rise to-280%.
Starting from 700 cm?, stretching C(F)}C(F) modes also
contribute ca. 1615% to some modes. Raman scattering is  Experimental vibrational spectroscopy in conjunction with
nearly silent in the 406900 cnT* range, with only a few weak  DFT quantum chemical calculations was applied to characterize
features hardly distinguishable from the background noise, buttwo fluorofullerenes, GFss and GgFss. Excellent agreement

Conclusions

the IR spectrum of goFss comprises a wealth of medium well-  petween the experimental and DFT-computed IR and Raman
resolved peaks, which are perfectly reproduced by the computedspectra allowed us to distinguish the very similzy and S
spectrum. isomers of GgF4s. Our study shows that vibrational spectros-

In the range of/(C—F) stretching modes, room-temperature copy, supplemented with reliable theoretical modeling, can
IR spectrum shows one broad band with a maximum at 1164 provide a powerful structural tool to meet the challenges of the
cm™! and shoulder features at 1068, 1133, and around 1210structure determination for fullerene derivatives when other
cm~1. Much better resolution for these modes was obtained in methods, such as X-ray or NMR are unable to provide
the Cs-enriched sample (Figure 6a) or in ref 41 for the matrix- unambiguous solutions to the problem. Richness, intensity, and
isolated GoFss at 12 K (Figure 10, inset), and we will use those high structural sensitivity of the Raman spectra in the-100
data in the further analysis (see Table S9 of the Supporting 400 cnt! range and IR spectra in the 46000 cn1! range
Information). The room-temperature Raman spectrum also endorse these spectral ranges as fingerprints of the different
shows rather fine structure in this range. Computed frequenciesfluorofullerene molecules. Mixing of the carbon cage vibrations
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with C—F bending modes results in a change in the spectral

J. Phys. Chem. A, Vol. 110, No. 28, 2008651

(19) Menendez, J.; Page, J.lBght Scattering in Solids VIIITopics in

pattern of fluorofullerenes compared to that of fullerenes, which APplied Physics; Springer-Verlag: Berlin, Heidelberg, Germany, 2000; Vol.

is the most evident as a considerable downshift of the strong

76, pp 2795.
(20) Schettino, V.; Pagliai, M.; Cardini, Q. Phys. Chem. 2002 106,

Raman modes. Besides, isolated double bonds in the fluorof-1815-1823, and references therein.
ullerenes are very short and thus have unusually high stretching (21) Bettinger, H. F.; Scuseria, G. Ehem. Phys. LetR00Q 332, 35—

frequencies, ca. 100 crh above the normal values. Finally,
detailed interpretation of the vibrational spectralafCsoFss

and Cs-CgoF36 isomers proposed in this work represents a rare

42.

(22) Kuzmany, H.; Plank, W.; Winter, J.; Dubay, O.; Tagmatarchis, N.;
Prassides, KPhys. Re. B 1999 60, 1005-1012.

(23) Krause, M.; Hulman, M.; Kuzmany, H.; Dennis, T. J. S.; Inakuma,

example of the vibrational assignment for molecules of this size. M.; Shinohara, HJ. Chem. Phys1999 111, 7976-7984.
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