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VIBRATIONAL SPECTRA AND NORMAL COORDINATE ANALYSIS OF 
CF, COMPOUNDS 

XXXIV *_ THE BIS(TRIFLUOROMETIIYL)DIFLUOROBORATE ANION: 
X-RAY STRUCTURE OF Cs[(CF,),BF,] 
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(Received December lOth, 1979) 

The l”B and llB IR and Raman spectra of the [(CF,),BF, J - anion are 
reported, assigned, and used to determine a quadratic local symmetry force 
field via a normal coordinate analysis. The crystal structure of Cs[(CF,),BF,] 
(P2,/m, a 5.958(l), b 7.628(l), c S-2997(9) A, p 100.50(1)“, 2 = 2, d, 2.863 g 
cme3) has been determined by X-my diffractometry. The most important force 
constants are f(BC) 3.68 X lo*, KBF) 4.17 X lo* and f(CF) 4.85 X lo* N/m, the 
respective mean bond lengths being 1.618,1.391 and 1.353 Ai. The F-B-F 
and C-B-C bond angles are 10&l(4) and 113.6(5)“, respectively. Apparently 
because of Cs-sF(B, C) interactions, one B-C bond has a staggered and the 
other an eclipsed conformation in the solid state. 

Introduction 

We recently reported [Z] the first synthesis of salts containing the (CF,),BF, 
anion, the first compounds in which more than one CF, group is bonded to a B 
atom. Indeed, B is the only element, E, of main Groups I, II and III known to 
form CF,-E linkages. 

Among other features, our interest in CF,B compounds centers on the 
nature of the C-B bond. Possessing an electronegativity below 2.5, B would be 
expected to bind less tightly to a CF, group than to a CH, group in the light of 
a comparison of CF,-E and CH,-E bond lengths with the electronegativity of 
E IS]. This behavior was not confirmed by our structural and spectroscopic 
investigation of K[CF,BF,] , but comparative data were scant [4]. The latter 

* For Part XxX111. see Ref. 1. 



306 

study [4] revealed a clear analogy between the vibrational spectra of CFJBFS- 
and CF,CF3. We now report a vibrational spectroscopic investigation of (CF,),- 
BF,-, compare the spectrum with that of the isoelectronic CF,CF,CF, [5], and 
describe the structure of Cs[(CF,),BF,] as determined by X-ray diffraction. 

X-ray structure analysis of Cs[(CF,),BF,] 

X-ray data coilec tion 
The needle-shaped crystals used in the X-ray study were glued to glass fibers. 

Precession and Weissenberg photographs indicated that the crystals belong to 
the monoclinic system, space groups P21 or PZJm. Precise lattice constants 
were determined by a least-squares method from 50 8 values measured with a 
CAD-4 diffractometer, which was also used for the intensity measurements_ 

During data collection, the variations of three periodically-monitored standards 
were less than r3% of their mean intensities. After an absorption correction, 
the intensities were converted into IF,l’s. Crystal data and details of data col- 
lection and reduction are given in Table 1. 

Solution and refinement 
Coordinates for the Cs atom were derived from a Patterson map. A differ- 

ence Fourier synthesis calculated assuming space group P21 revealed that the 
remaining atoms were arranged as required by space group PZ,/m. Thus the 
latter symmetry was used in all further calculations. The structure was refined 
by least-squares techniques, the function ZwA*, A = IIF,I - IF, II, being mini- 

TABLE 1 

CRYSTAL DATA FOR Cs[<CF3)2BF21 

crystal system monoclinic 
0 5.958(l) A 
& 7.628(l) A 
c 8.2997(g) A 

P 1oo.50(l)” 
z 2 

dc 2.863 g/cm3 
t 20% 
Systesatic absences Ok0 k=2n+ 1 
space gzor1p p21/m 
Qua&rant measured hkl. iikl 
A 0.7107 A (Mo-K,) 
Monochromator graphite 
MaximIml 0 30” 
Scan technique w-2a 

Scan width (w) 1.20 + 0.340 tan a 
Scanspecd(28) 0.45-5.00°1min 
Reffectiov measured 1219 
Unique reflections 1099 
Observed (IF91 > 6a<lFoI)) 999 
Weights UI observed [u*(lFol) + 0.0009 IFol*l-' 

unobserved 0 
Crystal size 0.06 X0.10 X 0.58 mm 
INMo-H,) 51 cm-1 
Transmission factors 0.590-0.738 
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mized. Dispersion-corrected [6a] relativistic Hartree Fock scattering factors 
[6b] were used for all atoms. Anisotropic refinement including an extinction 
correction converged * with R = XA/Z lF,-J = 0.028 and Rw = [XwA’/ 
X:w IFo12]“2 = 0.042 for the 999 observed reflections. 

On the final cycle no parameter (Table 2) shifted more than 0.04 0. The 
peaks (1.0 to -0.6 e/A3) on the final difference map confirmed the structure, 
only one feature (0.6 e/B3) greater than 0.4 e/-A3 not being near the Cs atoms. 
Plots of (wA~)*‘~ versus IF& sin 8/X and various groupings of the Miller indices 
verified the relative validity of the weighting scheme. The numbering scheme is 
specified in Fig. 1. Selected distances and angles are listed in Table 3. The com- 
puter programs have been described previously [4]. 

Description of the structure 
The successful refinement to relatively low discrepancy indices affords fur- 

ther justification for our choice of space group, P2,/m. Therefore with 2 = 2, 
each ion must possess either crystallographic m or I symmetry; in fact, the 
former symmetry was found for both ions, the anion atoms B, C(l), C(2), F(1) 
and F(3) occupying the mirror plane. Because the conformation of B-C(l) is 
staggered while that of B-C(2) is eclipsed, the symmetry of the anion, which 
might otherwise have been as high as mm2 (C,,), is no higher than m (C,), in 
the solid state. Possible structural effects of the difference in conformation will 
be delineated later. 

Bond lengths and angles in various borate structures are tabulated in Table 7. 
The similarity of the average values for CS[(CF~)~BF,] and KCCF,BF,] [4] is 
striking. Except for the l-8(6)” smaller F-B-F angle in the Cs salt, none of 
the variations are statistically significant. Furthermore, substituting one or two 
F atoms of BF,- by CF, groups has no apparent influence on the remaining 
B-F bond lengths. The B-C distances in Table 7 are relatively constant ** and 
are similar to the l-620(5) Avalue found in three diethylbis(l-pyrazolyl)borato 
(Et,Bpz,) complexes [S]. The C(l)-B-C(2) angle, 113.6(5)“, compares well 
with those reported in the E&Bpz, complexes (114.0(4)” ) 183 and in CF,CFI- 
CF, (113.2(12)“) [9]. 

The most surprising structural feature is the different conformation of the 
two B-C bonds. Steric repulsions along B-C(2) must be greater than those 
along B-C(l), and the anion displays several distortions which can be related 
to this difference. First, the B-C(2) bond length is significantly longer, 
O-029(12) A, than the B-C(l) bond. Second, Fig. 2 shows that the plane 
through F(3), F(4), F(4)’ is O-051(8) and O-026(11) ,& further removed from 
the B and bonded C atom, respectively, than the F(l), F(2), F(2)’ plane is ***. 
Third, as measured by the mean F---F distances in the same CF, group, the F 

* To reduce the chances of refining to a false minimum. the B-C distances were equalized and the 
CF3 geometries were optiied assuming local 3 m symmetry before anisotropic refinement was 

commenced. 
** The B-C(CF3) distances in the Cs and R salt are 0.01-0.02 A shorter than the mean B-C(CH$ 

bond lengths in IZB(II.ZH~)~ [?I: however. the latter bonds display variations which might be due to 
the two different types of CH3”*Li interactions present. Thus for the linearly bridged B-CHS-.-Li 
fragments. the X-ray results [?I yield a B--C bond length. l-626(8) a, which agrees well with the 
B-C(CF$ distances. 

*** Corresponding distances in R[CF3BF31 are 2.165(5) and O-539(4) A respectively. 
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Fig. 1. Perspective drawing of the anion in Cs[<CF,),BF,I Using 20% probability thermal ellipsoids_ 

atoms of C(2) (2.122(4) _&) are forced closer together than are those of C(1) 
(2X%(5) A). F or comparison, the mean value in K[CF,BF,] is 2.129(5) d. 
Indications of angular distortions were obtained by examining the acute angIes 
(Fig. 2) formed by the B-C vectors and by the normals to the F(l), F(2), F(2)r 
and F(3), F(4), F(4)’ planes, P, and P,, respectively, with the normal to the B, 
F(5), F(5)’ plane P,. The following observations can be made. First, while P, is 
essentiahy cohnear with B--C(l), P, deviates by 4.1” from colinearity with 
B-C(2) t . Second, since Z(P,, Ps) is 2_O” larger than 4(P,, P3), the F substitu- 
ent plane of C(2) tilts slightly further away from the borate F atoms than does 
that of C(l)_ Third, B--C(2) is inclined 6.2” more steeply to P, than is B-C(l). 
The second and third points are consistent with the relatively short C(2)-F(3) 
bond length, l-318(8) d, and the large B-C(2)-F(3) bond angle, 119.5(6)“. 
Despite these distortions, the F(4)---F(5) contact, 2.632(4) _&, is considerably 
less thanthe fluorine van der WaaIs diameter, 2.94 a [lo], as well as the 
F(l)---F(5) distance, 2.839(7) & and nearly equal to the shortest F---F distance 
between different CF, groups in the overcrowded N(CF,),, 2.60(4) d ] 111. 

Interestingly, since the contacts C(l)---C(2) (2.71(l) A), F(3)--C(l) 
(2.94(l) A) and F(2)---F(3) (2.967(S) A) are not unusuahy short, nonbonded 
repulsions between CF, groups are certainly not severe. To evaluate the non- 
bonded repulsions in a structure with both CF, groups staggered relative to the 
BF2 fragment, distances were calculated after rotating the F atoms bonded to 
C(2) by lSO”_.around the B-C(2) bond. Because of the above-mentioned 

t Correspondingly. PO significant deviation horn 3m symmetry.is found for tie bond distances and 
en&es of C(1) while those of C(2) would show significant deviations (x2 tests) even if the u’s are 
underestimated by a factor of two. 
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TABLE3 

SELECTEDDISTANCES(A)ANDANGLES(")INCs[(CF3)2BFzl 

B-C(?) 1.6?3(9) Cs-F(l)IIb 3.330(7) 

B-C(2) 1.632(S) CS-F(~)~~~ 3.354<5)= 
B-F(5) 1.391(4)" Cs-F(3) . 3.258(6) 
C(l)_F(l) l-342(11) CS-F(~)~~ 3.385(a)= 
C(l)_F(2) 1.365(6)O Cs-F(4)v 3.391(4)0 
C(2)-_F(3) 1.318(S) CS-F(~)~ 3.048(3)O 

c(a--~~4) 1.365(5)D CS-F(S)~~ 3_216(3)O 

C(l)_B-c(2) 113.6(5) F(1)--C(l)_F(2) 105.8(5)a 
C(l)-B-F(S) 107.1(4)n F(2)--C(U-F(2)1 104.3(S) 
C(2)-B-F(5) 110.3(3) a B--C(2)_F(3) 119.X6) 
F(5)-B-F(5)I 108.1(4) B--C(2)-F(4) 112.2(3)" 
B-C(l)_F(l) 113-S(7) F(3)-C(2)_F(4) 101.6<6)a 
B-C(l)-F(2) 113.2(5)O F(4)--C(2)_F(4)1 104-S(4) 

a Two suchmirror-cdatedvalues. b Coordinates r of primed atoms are related to those of the asvmmetic 
unitasfo~owstr~=:x.o.~-~y,z:r~~=x,y.~-z;,~~~~,,y-o.~.~--r;r~~=x--_.y,~;r~=~-xX. 

y-O.&l--z:rw=x-l,y,z-1. 

angular distortions, this model will place the F atoms of C(2) somewhat too far 
from F( 5) and somewhat too near C(2) and F(2) than expected for an anion 
with exact mm2 symmetry. Since the model yields F(5)---F(C(2)) distances alI 
greater than 2.96 A while shortest F(2)---F(C(2)) and C(l)---F(C(2)) contacts 
are 2-86 and 3-08 A respectively, nonbonded repulsion would appear to favor 
a staggered conformation over that found in the crystal. However, such a model 
is incompatible with the observed anion packing because of an impossibly short 
F(C(2)).--F(C(2)) contact (1.89 it) over the inversion centre at l/Z, 0, l/Z. In 
the real structure, the shortest contact between anions is F(4)-**F(4) (2 - X, 
l-y, l--z), 3X1(8) A. 

F(3) F/2). F(2) I 
Fig_ 2. Projectiondown b of B-C(l)and B--C(2)vecto~~d~fP~~~~~~F1. P2adP3. 
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These observations imply that the anion conformation is dictated by the 
requirements of best possible anion packing about the cations. The Cs cations 
make twelve contacts (Table 3) shorter than 3.68 ii with F atoms in eight dif- 
ferent anions. Of these, the shortest four (2 X 3.048(3) Ai, 2 X 3.216(3) Ai) are 
with boron-bonded F atoms, which may be compared with eight such distances 
(3.11(1)-3.211(S) Ai) reported for CsBF, 1121. That five of the remaining 
eights Cs--F contacts are with substituents-of C(2) further indicates that Cs---F 
interactions favor the observed anion conformation. 

Vibrational spectra 
General. In the discussion of the CF,BF,- anion 141, the relationship 

between the isoelectronic species CF,BF,- and CF,CF, proved to be very use- 
ful for the interpretation of the vibrational spectra, and analogous behavior 
might be expected for the isoelectronic species (CF,),BF,- and CF$F,CF, 
which were studied recently [5]_ Since the structure determination of Cs- 
[ (CF,),BF,] established that the anion conformation in the solid state is proba- 
bly influenced by the cation, ideal C zV symmetry appears to be justified for the 
solution spectra and for the normal coordinate analysis (NCA). The notation of 
the normal vibrations of (CF,),BF,- rvib = 9a 1 + 5a, + 7b 1 + 6bz is that of Ta- 
ble 1 in Ref. 5. The notation is also indicated in Table 4 of this paper. The vibra- 
tional spectra of (CF,),“BF,- (natural abundance 80.4% I’B) and of (CF,), 
“BF,- (92.4% “B; Oak Ridge National Laboratory) are reproduced in Table 5. 
Fig. 3 shows the Raman spectra of aqueous (CF3),BF,- and of C,Fs. Fig. 4 
shows the IR spectrum. From Fig_ 3 it is evident that not only the intensity 

TABLE 4 

VIBRA?IONAL SPECTRA (cm-l ) OF THE <CF&BFz- ANION 

RamaIl IR Assignment 

(natural B) l~BllQB 

286s~ 
305<sh) 

311m 
334mp 
430vw 

515mp 
553(&l) 

564m 
59 5mp 
689~ 

725~s~ 

1010vw 
-1055w 

-1095m 
1319mp 

-70s 
122<sh) 
180m 
234m 
286~ 

31ovw 
334m 
429vw 

514m 

595m 
6891691s 

725~ 
asoi907vs 

1011/1038vs 

-1050s 

-109ovs 
-1100/112(hrr 

132011334s 

Lattice Vibration 

vs (a11 
Y25 <b2) 
y13.v21 b2, bl) 

v6<al) 

v12 (a21 

vl9(bl) 
v5 <al) 

?24@2) 

V4bl) 

vm(bl) 

v23(b2) 

v9 <a11 

"16<bl) 

V2bl) 

~20.~25 (al. b2) 

V7<Ul) 

q7.qo<bl."2) 

v3 (al) 

~2z~W 

vts<W 
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TABLE5 

v,WF~) 11=1615 6.65 

&(CF3) 22=16X 1.80 

V&x3) 33=1010=1717=2222 3.95 

6&CW 44=1111=1818=2323 1.80 

HCF3) 55 0.90 

v,(BC~) 66 3.96 

v,(BFz) 77 5.56 

6,(BC2) 88 1.18 

&<BFz) 99 1.20 

C(FCB) 1212 0.99 

G<FBC) 1313 0.80 

p<CF3) 1919 1.17 

v,(BCZ) 2020 3.40 
QFBC) 2121 0.60 
6(FCB) 2424 1.35 

va5(BF2) 2525 2.78 
B<FBC) 2626 0.66 

12=1516 0.60 

16=1520 0.25 
26=1620 -0.25 
34=1011=1718=2223 -0.75 
35=1012=1719=2224 0.40 

38 0.08 
45=1112=1819=2324 -0.25 

48 -0.08 
57 -0.20 

67 0.20 

68 0.10 

69 -0.30 

78 -0.60 

79 0.60 
89 0.25 

1213 0.05 
1920 0.10 

1921 0.18 
2021 0.24 

2425 a.23 
2426 -0.04 

2526 0.53 

pattern but also the absolute and relative positions of the Raman lines are sur- 
prising& consistent for both species, though there is a general shift to lower fre- 
quencies in the anion. 

a 1 Vibrations. Six of the nine cz 1 vibrations are immediately recognized from 

KF,), BF, 8 

I 
ICF,12CF, 

j;LJ+f+yLl 
lLO0 1200 1000 800 600 coo *bo crh 



[%T 1 

60 

LO 

20 

0 
I I I I I I I I I I I I I 

--- _,. 
x00 12cdJ 1000 800 fmJ LOO mu cm 

Fig. 4. Infrared spectra of Cs[(CF,),BF,]: a. polyethylene disc. natural B; b. c. KBr disc. natural B; d. 
KBr disc. l”B. CF3BF3 - impurities are marked with asterisks. 

their polarized Raman lines at 286,334,515,725 and 1319 cm-‘. Their coun- 
terparts in C,F, are observed at 3X3,389,547,665,781 and 1369 cm-‘. The 
three (I~ vibrations stiI.i missing correspond to the C,F, vibrations at 151,115l 
and 1262 cm-‘. Assuming a decrease of the C,F, frequencies in (CF,),BF,-, 
and taking into account the results of the NCA and the expected “/“B shifts, 
the IR absorptions observed at 122 cm -l for the CBC bending and at 1038/ 
1011 and -llOO/-1090 cm-’ (l”/llB) for the BF and CF stretch, respectively, 
are most Iikely to be associated with the missing a; vibrations. The mixing of 
the two Iatter vibrations, as indicated by the ‘?/“B shift, should be noted. 

b r Vibrations. The seven b 1 vibrations which are symmetrical to the CBC 
plane should be associated with IR absorptions. In CaFs these are observed at 
276,337,537,731,1068,1210 and 1350 cm-i. These correspond to IR 
absorptions of (CF,),BF,- at 234,310,553,691/689,907/880,1055 and 
1334/1320 cm-‘. This assignment is supported by the NCA results. From these 
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it is concluded that the CBC stretch (v,,) associated with the absorption at 
907/880 cm-’ accidentally coincides with the BF stretch yzS, which again 
exhibits the same “/“B shift. 

b2 Vibrations. The nontorsional b2 fundamentals of C3Fs are located at 219, 
461,618,1155 and 1268 cm-‘. Taking into account the accidental coincidence 
of vzo and 1)25 and the expectation that the b, vibrations are active both in the 
IR and Raman effect, the vibrations observed at 180,430, 564,907/880 and 
1100 cm-’ are assigned to b,. 

a, Vibrations_ As in CSF,, the a, vibrations, which are only Raman active, are 
barely observable. Either their intensities are very low or they coincide with 
fundamentals of other symmetry species, a shoulder on the Raman line a5 305 
cm-’ being the only experimental evidence for an a2 vibration. From the NCA 
the nontorsional frequencies are calculated to be 236, 305, 558 and 1050 cm-‘, 
which compares well with the a2 fundamentals of C,F, for which 276,347, 537 
and 1369 cm-’ were calculated [ 51. 

There is no experimental evidence for the torsions vi4 and v27 for which a 
frequency of - 50 cm-’ is most likely. From intensity considerations the strong 
IR absorption at 70 cm-’ is assigned to a lattice mode. 

TABLE 6 

OBSERVEDANDCALCUL_4TEDVIBRATIONALFREQUENCIES,*o'~1BShIFTS(cm-')AND 
PGTENTIALENERGYDISTRIBUTION V(k)= FORTHE<CF3)211BF2ANION 

“CdC’lB Avcalc V(k)=(*lB) 
(16B-eIlB) 

01 1319 
725 

-1090 
595 
515 

1011 
334 
286 
122 

27 

=2 

305 

bl 1320 14 133.9 12 52(20).40(16).35(15) 
689 2 693 3 49(16).30(15) 

1050 1047 1 86(17),25(18),18(19) 
553 551 65(18).13(17) 
880 27 880 26 37(15).37(20).18(21) 
311 311 86(19).18(18) 
234 234 1 77(21) 

B?_ -1100 -205 1110 7 69(22).30(24).22(23). ll(26) 
564 560 4?(23).19(22).10(25) 
880 27 880 28 88(25).17(22).14(26).12(24) 
180 179 86(26).26(24) 
430 428 1 39(23).36(24).13(25) 

1311 8 44(2).43(6).38(l) 
725 52(1).26(2) 

1084 6 74(3).24(4).17(5).16(S) 
600 2 21(3).14(4).10(7).19(S) 
520 1 47(4).25(9).13(6) 

1014 23 83(7).13(9) 
329 64(9).11(5) 
286 44(5).27(6).14(4).12(2) 
122 77(8).24(5) 

1050 91(10).27(11).13(12) 
558 60(11).16(10) 
305 71<12).25<11).19(13) 

236 75(13),22(12) 

a V(k) = FdiaLik* loo[zijFqLikLjk for V(k) > 10. ' Uncertain- 



315 

Normal coordinate analysis 
In order to gain support for the assignment mainly based on comparison 

with C&F,, a NCA was undertaken to obtain force constants for the interpreta- 
tion of the bond’mg in the (CF,),BF,- anion, particularly in comparison with 
CF,BF,-, and to describe the vibrational behavior properly. Following the FG 
matrix method a G matrix was calculated /13] assuming C2_ symmetry with 
staggered orientation of the CF, groups and averaged bond lengths and bond 
angles taken-from the X-ray data. A starting F matrix following the principle of 
the quadratic local symmetry force field 1141 was adopted transferring force 
constants from the CF,BF,- anion [4] _ This force field reproduced both exper- 
imental frequencies and 1°/llB shifts very satisfactorily. It was refined accord- 
ing to the following criteria: 

(i) exact fit with fundamental frequencies obtained from solution spectra 
whenever possible, 

(ii) precise reproduction of experimental l”/llB shifts, 
(iii) reduction of the F matrix multiplicity according to the principle of 

meaningful potential energy distribution [ 151. Fii’s corresponding to identical 
Gji’s were given the same value, and Fif’s corresponding to G, = 0 were taken 
as zero, In classes a2 and b2 the torsions were not considered, 

The final non-zero symmetry force constants are given by Table 5. Experi- 
mental and calculated vibrational frequencies for the l”B and llB species as well 
as the calculated potential energy distribution in terms of diagonal force con- 
stants (not eigenvectors) are collected in Table 6. Calculated frequencies and 
‘O/“B shifts are in acceptable agreement with observation. 

Discussion 

That the force constants for CS[(CF,)~BF,] are normaT is shown by the eom- 
parisons given in Table 7. A qualitative correlation at least between the force 
constants and bond lengths may be discerned if one assigns an uncertainty to 
the force constants of about 0.2 [ lo2 N/m] _ 

In contrast to f(BFt), NBC) appears to be less sensitive to the coordination 
number of the B atom; similarly, the change from borane to borate influences 
r(BF) more_than rfBC). The substitution effect of the CF, group on B---C and 
B-F bond lengths appears to be relatively small. Thus investigations of further 
CF,--B compounds will be necessary before a weakening or strengthening of 
the B-C bond in CF,-B compounds with respect to analogous GE,-B species 
can be detected with certainty. 

In general, large cations are believed to have little influence on anion geome- 
try. In K[CF,BFJ, only 8” deviations of the F-C-B-F torsion angles from - 
exactly staggered values were found 141. However in Cs[(CF,),BF,], anion- 
cation packing forces appear to determine the conformation of the anion. 
While the anion-cation interactions must be essentially electrostatic in nature, 
their effect on structure is clearly not negligible and difficult to predict 

Experimental 

&[(cF,),BF,] was prepared according to Ref. 2, the l”B sample being ob- 
tained from ‘“Bzb3, Raman spectra of an aqueous solution in a 1 mm i-d, eagil- 
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lary were recorded with a Gary 82 instrument, excitation Kr‘ 6471 A., 200 mW 
at the sample, spectral slit width 3 cm-‘, wavenumber accuracy +l-2 cm-‘. IR 
spectra were obtained from KBr and polyethylene discs employing tiBeckman 
IR 12 (2000-200 cm-‘) and a Nicolet Series 8000 FT instrument (500-50 
cm-‘). Wavenumber accuracy 51-2 cm-‘. 
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