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I. Introduction 

Vibrational spectroscopy is an important tool for the characteriza- 
tion of various chemical species. Valuable information regarding mo- 
lecular structures as well as intra- and intermolecular forces can be 
extracted from vibrational spectral data. Recent advances, such as the 
introduction of laser sources to Raman spectroscopy, the commercial 
availability of Fourier transform infrared spectrometers, and the con- 
tinuing development and application of the matrix-isolation technique 
to a variety of chemical systems, have greatly enhanced the utility 
of vibrational spectroscopy to chemists. 

Inorganic fluorine compounds are of considerable interest and im- 
portance not only because fluorides of nearly all known elements, 
including some of the rare gases, have been synthesized, but because 
a number of these compounds are quite different from other halides. 
Consider, for example, compounds SF, and SF, and their chloro 
analogs. The SF, is chemically a very inert and a very stable com- 
pound, whereas SF,, also quite stable, is quite reactive. The corre- 
sponding tetrachloride molecule is stable only at  low temperatures, 
whereas the hexachloride molecule is nonexistent. 

Many fluorides, particularly the interhalogens, are very reactive 
and require special handling techniques. Matrix isolation has proven 
to be a very useful technique in the study of inorganic fluorides; it 
is particularly helpful in the study of very reactive species, such as 
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the free radicals and high-temperature vapor species. Such molecules 
can be stabilized in a low-temperature matrix environment that effec- 
tively prevents reaction with cell and window materials. Because the 
molecules are effectively isolated from each other, problems involving 
molecular association are minimized. There is generally a good cor- 
relation between matrix and gas phase spectral data except in cases 
where strong interaction between the matrix material and the isolated 
molecule exists. Narrow bandwidths are a characteristic feature of 
matrix spectra, making it frequently possible to obtain structural 
information from bands involving different isotopes. Matrix-isolation 
data will be utilized, wherever possible, throughout this paper. 

In this review we summarize and attempt to correlate vibrational 
spectral data amassed from the literature for the main group, inorganic 
binary fluorides. In addition, a brief review of the matrix-isolation 
studies of both reactive intermediates and high-temperature fluoride 
vapor species is included, placing particular emphasis on the inter- 
halogen molecules. 

II. Inorganic Binary Fluorides 

In this section available vibrational data for the main group binary 
fluorides will be reviewed in an attempt to establish trends in both 
structures and bond-stretching force constants. The review is re- 
stricted primarily to molecular entities that were observed either in 
the gas phase or in inert matrices. The emphasis on the matrix data 
in this review is in contrast with the more general approach taken 
by Reynolds in an earlier review of the vibrational spectra of inor- 
ganic fluorides (I). 

Vibrational spectra, besides being utilized to establish molecular 
structures, can be used in the evaluation of molecular force constants. 
Considerable effort has been expended to relate bond-stretching force 
constants to bond order. Although no specific theoretical model has 
been found that will cover all types of chemical bonds, there exists a 
qualitative relationship between bond-stretching force constants and 
bond orders, permitting a comparison of bond strengths for molecules 
such as the binary fluorides. In making such a comparison, a con- 
sistent force field model must be adhered to. The general valence force 
field (GVFF) or an approximation of this field generally referred to  as 
the modified valence force field (MVFF) are the potential models that 
have become increasingly popular with chemists. Valence force con- 
stants normally exhibit good transferability between molecules pos- 
sessing similar types of bonds. Valence stretching force constants 
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further bear a close relationship to the chemical bonding forces. Force 
constants utilizing the valence force field were, therefore, chosen for 
comparison in this paper for the reasons just mentioned and because 
of the wealth of data available in the literature. Although a unique 
set of force constants rarely exists for a given polyatomic molecule, 
one preferred set can normally be chosen on a physical basis. Relating 
stretching force constants to bond energies should be treated with 
caution, particularly for molecules exhibiting a large percentage of 
ionic bonding, since the magnitude of the force constant is primarily 
a reflection of only the covalent character of a particular bond. 

Table I lists the symmetry point groups and X-F-stretching force 
constants for those main group binary fluorides for which the oxida- 
tion state of the element combined with fluorine corresponds to the 
group number. In Tables IT-VI vibrational spectral data (using matrix- 
isolation results if available), including the X-F-stretching force 
constants, are presented for the main group binary fluorides having 
formulas ranging from XF to XF,, respectively. Two force constant 
trends are apparent. First, the force constants decrease in magnitude 
from top to bottom for a given group in each of these tables with 
certain exceptions, as noted in the following. For molecules that 
possess both equatorial and axial X -F bonds, the axial stretching 
force constant exhibits the top-to-bottom trend opposite to that pre- 
viously mentioned. Going from left to right, the force constants in the 
periodic table first increase, reaching a maximum in a given period 
somewhere in the vicinity of the transition point from metal to non- 
metal; this is followed by a decrease in the force constant. These force 
constant trends are much more apparent for Tables 1-11] where a more 
complete set of data is available. 

From the data presented in Tables I -VI, it appears that a particular 
structure is maintained for molecules of the same formula and within 
a given group with the exception of BeF, and MgF,, which are linear 
whereas the remaining members of that group have bent (C,,) struc- 
tures. The vibrational data for the diatomic fluorides presented in 
Table I1 are taken from gas-phase electronic and matrix-isolation 
spectral studies; both sets of data are available for a number of the 
diatomic molecules in this table. The gas-phase frequencies have all 
been corrected for anharmonicity except in the case of fluorine; this 
is apparently the reason for its force constant being lower than that 
for C1F. If the matrix data for the diatomic molecules of Group VIIA 
are examined, however, the expected top-to-bottom trend is observed. 
The apparent reversal in the magnitudes of the gas phase and matrix 
frequencies for MgF is a rather unusual occurrence that is also worth 
noting. 



TABLE I 
STRETCHING FORCE CONSTANTS AND SYMMETRY FOR MAIN GROUP BINARY FLUORIDES" 

Parameterb IA IIA IIIA IVA VA VIA VIIA VIIIA 

LiF* (23. 24) BeF,* (26) BF3* (29.30) CF,* (33,34) - - - - 

- - - - 
Td 

__ 
Sym. c,, D~ h D 3 h  

- - __ K F - X  2.12 5.15 7.29 6.70 

NaF* (9) MgF2* (8 ,27 ,28)  AlF3* (31, 32) SiF,* (35, 36) PF, (39) SF,* (40, 41) - - 

1.51 3.23 4.91 6.11 6.32,' 4.47' 5.26 - 

KF* (25) CaF,* (27) - GeF,* (37, 38) AsF,* (4,  39) SeF, (42) - - 

- - Sym. c,, D 3 h  Td D 3 h  Oh 
K F - X  

Sym. c,, c* i' - Td D,, 0, 

- 

- - 

KF-x 1.18 2.21 - 5.45 5.47,' 4.51d 5.01 - - 

RbF* (9) SrF,* (27)  - - SbF,* (3,  4. 39, TeF, (43) IFT(44-46) - 

152) 
- Sym. c,, C,, - - D3h Oh D 5 h  

1.01 1.97 - - 5.38,' 4.75' 5.07 3.01,'4.1@ - KF-x 

Sym. c,, c,, 
- - __ CsF* (9) BaF,* (27)  _- - - 

- - - - - - 

- - - - - - K F - X  0.95 1.59 

Asterisk (*) indicates that  matrix data are available; references are given in parentheses. 
Units for force constants are in millidynes per angstrom. 
Equatorial fluorine atoms. 
Axial fluorine atoms. 



TABLE I1 

VIBRATIONAL DATA FOR MAIN GROUP BINARY FLUORIDES WITH FORMULA XF” 

Parameterh IA IIA IIIA IVA VA VIA VIIA 

LiF (23, 24,47) 
2.48 2.12* 
906 840* [Ar] 

NaF (9, 47) 
1.76 1.51* 
536 496* [Ar] 

KF  (25, 47) 
1.37 l.lS* 
426 396* [Ar] 

RbF (9, 47) 
1.30 1.01* 
376 332* [Ar] 

CsF (9, 47)  
1.22 0.95* 
353 312* [Ar] 

BeF (47) 
5.77 
1266 

MgF (47, 48) 
3.22 3.41* 
718 738* [Kr] 

CaF (47 )  
2.62 
587 

SrF (47) 
2.30 
500 

BaF (47) 
2.16 
469 

BF (47) 
8.05 
1400 

AlF (31,47) 
4.36 4.05* 
815 785* [Ne] 

GaF (49, 50) 
3.25* 
609* [Ne] 

InF (51) 
2.75 
535 

TlF (47, 52) 
2.31 1.99* 
475 441* [Ar] 

CF (53) 
7.09* 
1279* [Ar] 

SiF (54 )  
4.91 
858 

GeF (47) 
3.93 
665 

SnF  (47) 
3.28 
583 

PbF (47 )  
2.64 
507 

N F  (55.56) 
6.18 5.90* 
1141 1115* [Ar] 

P F  (57)  
4.98 
847 

AsF (58) 
4.20 
686 

SbF (47) 
3.65 
614 

BiF (47) 
2.68 
511 

F2 (6 ,47)  
4.45( 4.43* 
892’ 890* [N,] 

C1F (6, 47) 
4.56 4.24* 
793 764* [N,] 

BrF (47, 60) 
4.07 3.93* 
671 660* [Ar] 

IF (61) 
3.62 
610 

- 

- 

~ 

~ 

Asterisk (*)indicates that  matrix data are available; references are given in parentheses ;matrix materialis indicated within brackets 
Force constant units are  in millidynes per angstrom, and frequency is expressed per centimeter. 
Uncorrected for anharmonicity. 
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RbF,* (9) 
Sym. c2, 

KF-x - 

Obs. freq. v l ,  462 
v,, 266' [Ar] 

CsF,* (9) 

Sym. Gc 
K F - X  

Obs. freq. v1, 459 
- 

\ I , ,  248' [Ar] 

SrFZ* (27) 

1.97 
v , ,  441 

v 3 ,  442 [Kr] 

BaF,* (27) 

1.59 
v l .  390 
v 3 ,  413 [Kr] 

c,, 

\ I 2 ,  82 

CZ c 

SnF,* (63,64) 

3.41 
v , ,  605 
VZ, 201 
v3. 584 [Ne] 

PbF,* (63. 64) 

2.92 
v, ,  546 
v,. 170 
v3, 523 [Ne] 

c, u 

c, L 

XeF,* (5,  68, 69) 

2.84 
v l ,  512 

v3, 547 [Ar, Xe] 

D,h 

v,, 213' 

' There are no data  for Group IIIA XF, compounds. Asterisk (*) indicates that  matrix data are available; references are given in  parentheses; 
matrix material is  indicated within brackets. 

Stretching force constants units are in millidynes per angstrom, and frequency is expressed per centimeter. 
These assignments are subject t o  uncertainty. 
Estimated from electronic spectra. 

-3 

' Gas-phase frequency. 



TABLE IV 
VIBRATIONAL DATA FOR MAIN GROUP BINARY FLUORIDES WITH FORMULA XF," 

Parameterb IIIA IVA VA VIA VIIA 

Sym. 

Obs. freq. 
K F -  x 

Sym. 
K F - X  

Obs. freq. 

Sym. 

Obs. freq. 
K F - X  

Sym. 
K F - x  

Obs. freq. 

BF,' (29,30, 70) 

7.29 
v , ,  888' v3, 1439 [Kr] 
v 2 ,  680 v ~ .  480 

AlF,* (31, 32) 

4.91 
v2, 280 v4, 252 [Ne] 

D 3 h  

D 3 h  

v 3 . 9 4 9  

CF3' (33) 
c3, 

5.48 
v l ,  1087 v3, 1251 [Ar] 
v2, 703 v4, 512 

SiF3* (71) 

5.49 
v l r  832 v , ,  954 [Ar] 

c, " 

Y 2 ,  406 Y4, 290 

KF,' (60. 72, 73) 

4.16 
v , ,  1029 v,, 898 [Ar] 

c3*, 

1 1 ,  649 v4. 4Y5 

c3, 

vz, 484 v 4 ,  349 

PF3* (36, 74) 

5.34 
vl, 887 v,, 850 [Ar] 

GaF,* (49) 

D3* 

v,, 759 

- 

v2, 190 v4, 190 [Ne] 

AsF3 (75) 
c3, 
4.64 
v l ,  740' v3, 702d 
v 2 ,  336' v4, 262' 

SbF,* (76) 

3.89 

v , ,  654 v3, 624 [N2] 

v 2 ?  259 

c3, 

- 

- 

- 

- 

- 

C1F3' (77) 

4.19.'2.70 
v I ,  751 v4. 677 [Ar] 
v2, 523 v5, 431 
v3, 328 v6, 332 

BrF,' (77, 78) 
c2 L 

v l r  674 va, 597 [Ar] 
v2, 547 v 5 ,  347 
v,, 238 v 6 ,  253 

CZ c 

4.08' 3.01 

Asterisk (*) indicates that  matrix data are  available: references are given in parentheses; matrix material is indicated 

Stretching force constant units a re  in  millidynes per angstrom, and frequency is expressed per centimeter. 
Calculated from combination bands in the gas-phase IR spectrum. 
Gas-phase frequencies. Unique fluorine atom. ' Solid-state frequencies. 

within brackets. 
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TABLE V 

VIBRATIONAL DATA FOR MAIN GROUP BINARY FLUORIDES WITH FORMULA XF," 

239 

Parameterh IVA VIA VIIIA 

Sym. 

Obs. freq. 
KF-X 

Sym. 
KF-X 
Obs. freq. 

Sym. 
K ,  - X  
Obs. freq. 

Sym. 

Obs. freq. 
KF-X 

Sym. 
KF-X 
Obs. freq. 

CF,* (33, 34, 80) 

6.70 
v l ,  909' v j ,  1267 
v 2 ,  435' v4, 631 

SiF,' (35, 36, 81) 

6.11 

v 2 ,  268' v4, 384 'Arl 

Td 

[Arl 

T d  

V I ,  800' v3, 1022 

GeF,* (37, 38, 82) 

5.45 
11 740' v3, 799 
v2,  200' v,, 260' 

T,, 

"el 

SnF,* (64)  

Td 
- 

1s3, 687 [ArJ 

PbF," (64) 
Td 
- 

v 3 ,  663 [Ar] 

5.04,d 3.38' 

"21 
\ ' I ,  743 ~ 4 .  - 160' us, 723 
~ 2 ,  589 v g ,  596 v q ,  254 
Y ~ ,  406 v,, 364 

TeF,* (85) 
c2 " 
4.62,d 3.53' 
1'1, 695 v h ,  587 
v2,  572 v,, 273 "'I 
~ ' 3 ,  333 YS, 682 

XeF,* (69,86, 87) 
D d h  

3.09 
v l ,  554' v4, 216 I' I!,, 161',' 
v2, 290 v5,  524' [Ar] 
v3,  218' v6, 568 

" There are no data for Groups VA and VIIA XF, compounds. Asterisk (*) indicates that  matrix 
data are available; references are given in parentheses ; matrix material is indicated within brackets. 

* Stretching force constants units are  in millidynes per angstrom, and frequency is expressed per 
centimeter. 

Gas-phase frequencies. 
Equatorial fluorine atoms. 
Axial fluorine atoms. 

r Evaluated from overtone observed in the Raman spectrum. 

In Table I11 there are several points to be considered. For both 
Groups VA and VIIIA, there appear to be deviations from the apparent 
normal top-to-bottom trend with PF, and XeF, having slightly larger 
force constants than NF, and KrF,, respectively. All molecules in 
Table 111 have bent (C,,) structures with the exception of KrF, and 
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TABLE VI 

VIBRATIONAL DATA FOR THE MAIN GROUP BINARY FLUORIDES WITH FORMULA XF,“ 

Parameterb VA‘ VIA VIIA 

Sym. 

Obs. freq. 
KF- x 

Sym. 
&-X 

Obs. freq. 

Sym. 
K - X  

Obs. freq. 

~ 

- 

PF, (39, 88) 

6.32,d 4.47” 
v I ,  817’ v4, 576’ v,. 175’ 
v2, 640’ v 5 ,  1026’ v8,  514’ 

D,, 

v3, 945’ vg, 533’ 

4, 

v , ,  734’ vq, 397 v,, 130’ 

As@’,* (4, 39, 88) 

5.47,d 4.51‘ 

v 2 ,  644l v5, 808 v 8 ,  366 [Ar] 
v3, 782 I,,,, 372’ 

SbF,* (3 ,4 ,  39, 152) 

4, 
5.38,’ 4.7Y 
v , ,  683’ \ s 4 ,  285 I S * ,  272’ 
v 2 .  636/ I , , ,  726 [Ar] 
i s 2 ,  726 \if,, 263 

SF,* (89) 

C4” 
- 

v 7 .  812 v8, 552 [Ar] 
- 

CIF,* (90, 91) 

2.75, 3.668 

v2,  539 vg. 375’ vg, 299 [N,] 
v 3 ,  493 v7, 726 

BrF,* (77, 78, 91) 

3.26, 4.01g 
v I 1  681 v4, 536’ v g ,  415 
v2,  582 vh, 312’ vq, 240 [Ar] 
v 3 ,  366 v,, 636 

c,,, 
v l ,  722 v4, 480’ v8,  482 

C4” 

IF, (91) 
C4” 
3.64, 4.68” 
v,, 698’ v4, 575’ v8, 374’ 
v 2 ,  593’ vg. 273’ v g ,  189’ 
v 3 ,  315’ v7. 640’ 

~ 

‘ There are no data for Group VIIIA XF, compounds. The asterisk (*) indicates that matrix 
data are available; references are given in parentheses, matrix material is indicated in 
brackets 

* Stretching force constant units are  in mil1idynt.s per angstrom, and frequency is expressed 
per centimeter. 

‘ See text for a discussion of SbF, 

‘ Axial fluorine atoms ’ Gas-phase frequencies. 
Unique fluorine atom 

Equatorial fluorine atoms 

XeF,, which are linear (Dor,,J as are BeF, and MgF,, as previously 
noted, and the MF, molecules of Group IA, which are apparently 
triangular (C,”) .  For the series of molecules, CF,, NF,, and OF,, the 
v1  mode is observed to have a higher frequency than the v3 mode; this 
is an apparent deviation from normal trends. This behavior may be a 
result of dynamic effects due to the similarity in the masses of the 
various atoms making up this series of triatomic molecules (2). The 
assignment of the v1 mode to a higher frequency value than v 3  has 
been made for a number of other molecules in Table 111. In some cases, 
however, these assignments are subject to some uncertainty. Raman 
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data, which could be utilized to clarify such situations, are largely 
unavailable for molecules in Table I11 because the majority of the 
data come from infrared matrix-isolation studies. 

In Table IV, NF, appears to be an  exception as its stretching force 
constant is lower than that for PF,. It should be noted also that the 
force constants for CF, and SiF, are very nearly the same. The XF, 
compounds of Group VIIA possess two equivalent axial X-F bonds 
and one equatorial or unique bond. The equatorial-type bonds are 
stronger than the axial bonds for all molecules in Tables IV-VI that 
exhibit bonding of this type with the exception of the XF, molecules 
of Group VIIA. The range of point-group symmetry for the molecules 
in Table I11 is D,, for Group IIIA, C3” for Groups IVA and VA, C, for 
Group VIA, and C2” for Group VIIA. The frequency data for Group VA 
indicate that v1 is greater than v 3  for each member of that  series. 

Vibrational data for the main group binary fluorides with the for- 
mula XF, are restricted to compounds of Groups IVA, VIA, and VIIIA 
as exemplified in Table V. Molecules of Group VIA possess two axial 
and two equatorial X---F bonds. The range of point-group symmetry 
for the molecules in Table V is Td for Group IVA, C,, for Group VIA, 
and D,, for Group VIIIA. 

The XF, molecules of Group VIIA possess C,, symmetry and have 
four equivalent equatorial X--F bonds and one unique axial bond, 
as indicated in Table VI. The equatorial stretching force constant 
exhibits the reverse of the normal top-to-bottom trend previously 
noted for bonds of this type. The XF, molecules of Group VA have 
D,, symmetry. It appears appropriate a t  this point to present a brief 
discussion of SbF,, since there has been considerable uncertainty in 
the interpretation of the vibrational spectra and the assignment of a 
structure to the monomer. A recent report involving a temperature- 
dependent study (3)  of the Raman gas-phase spectrum of SbF, indi- 
cates that previous vibrational assignments were apparently in error.” 
This study shows that SbF, is strongly associated in the gas phase 
even at  temperatures as high as 25OOC. The association apparently 
occurs through bonds involving &-fluorine bridging. An assignment 
of a ClV structure to the monomer for SbF, from a previous matrix- 
isolation study ( 4 )  appears to be negated, because the experimental 
conditions that were utilized could not preclude the predominance of 
the associated species. The force constants presented in Table VI for 
SbF, are based on an incorrect vibrational assignment. It would ap- 
pear, however, that a corrected assignment might produce very little 

* Additional matrix studies of monomeric SbF, have been recently reported (152). 
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effect on magnitudes of these reported siretching force constants, and 
so they are included for comparison. 

Vibrational data for various isoelectronic binary fluorides with the 
formula XF, are listed in Table VII. For the first series in the upper 
left of this table, the force constant increases in going from BF,- to 
CF, and then decreases slightly for NF4+. It would appear that the 
next series beginning with AlF4- would follow a similar trend except 
that data for PF4+ are unavailable. The fluorides of these two series 
all have Td symmetry. Very little can be said with regard to the three 
series in the lower right section of Table VII since the data are largely 
incomplete. The symmetry, however, for the various species in these 
series is C2". 

Vibrational data are presented in Table VIII for various isoelec- 
tronic series of the formula XF6. All the species in Table VIII possess 
0, symmetry. The left-to-right, horizontal, force constant trends are 
similar for each of these series, as the magnitudes are observed to 
increase to Group VIA and then decrease slightly for Group VIIA. 
The exception to this particular trend occurs in the lower series that 
increases continuously from left to  right. There is a general decrease 
in the force constants in going from top to bottom for all groups in 
this table with the exception of VIIA that exhibits the reverse trend. 

In the compilation of force constant data for the inorganic binary 
fluorides, it would be of interest to examine how bonding of additional 
atoms such as oxygen might affect the bond strengths of selected X-F 
bonds. Vibrational data have been compiled in Table IX for NF, ClF, 
NF,, and ClF, along with various oxygenated forms of these com- 
pounds to illustrate this effect. The N-F and C1-F stretching force 
constants are observed to be reduced to approximately one-half of 
their original values in going from NF to FNO and from CIF to FC10, 
respectively. Further addition of oxygen atoms in both series appears 
to have little effect on the corresponding X-F stretching force con- 
stants, except for an eventual slight increase over the value for the 
mono-oxygenated species. The N -F stretching force constant is 
essentially unaffected in going from NF, to NF,O, whereas the C1-F 
force constants are mildly reduced from ClF, to ClF,O. The force 
constant for the unique bond of ClF,O exhibits a much larger reduc- 
tion than that for the axial bonds. On addition of a second oxygen 
atom to yield the molecule ClF,O,, both unique and axial force con- 
stants increase over the values for ClF,O, with latter force constant 
having a value equal to that of ClF,. 

Of interest is also the effect that additional electrons have on the 
structures and stretching force constants for a given fluoride series 



TABLE VIII 

VIBRATIONAL DATA FOR VARIOUS ISOELECTRIC BINARY FLUORIDE SERIES OF FORMULA XF,” 

Parameterb IIIA 

A1F,3 - (98) 
Sym. Oh 
KF-x 
Obs. freq. 

~ 

v,, 355 v 5 ,  345 
v 2 ,  390 

Sym 

KF-x 
Obs. freq. - 

- 

Sym. - 

K F - X  

Obs. freq. - 

~ 

IVA 

SiF,’- (99) 

3.01 
0.5 

v,. 741 

GeF,’- (99) 

0, 
2.71 
v l r  624 v4, 359,339 

v3, 603 

SnF,’- (99) 

2.77 
Oh 

Y 3 ,  559 

VA 

PF,- (43) 

0, 
4.39 

v3, 817 

AsF, (43) 

0, 
3.98 

v,, 696 

SbF,- (43) 

0, 
3.90 

v3.  667 

VIA 

SF.5 (40,100,101) 

5.26 
v,,774v4,614 [gas] 
v2,642 v,,525 

0, 

v 3 ,  939 

SeF, (42,200,101) 

Oh 

5.01 
v l ,  707 v4, 437 [gas] 

VIIA 

ClF, * (40) 

4.68 
Oh 

v3,890 

BrF, + (43,102) 

0, 

v, ,  658 v4, 430 [solid 
4.90 

1 
v2, 659 v 5 ,  405 
v3,780 v3.775 

v2. 668 v,, 405 LBrF,’AsF, -1 
TeF, (43,100,101) IF,’ (43,103) 

5.07 5.42 

v2. 670 v5. 314 

Oh Oh 

i t 1 ,  697 v4, 325 [gas] 

v3, 752 v 3 .  794 

References are given in parentheses; the state for which the frequencies were observed is denoted in brackets. 
Stretching force constant units are in millidynes per angstrom: and frequency is expressed per centimeter. 



TABLE IX 
VIBRATIONAL DATA FOR SELECTED NITROGEN AND CHLORINE FLUORIDES 

CONTAINING OXYGEN" 

F-X 
0 bserved stretching 

frequencies force constant 
Compound Symmetry (cm ~ I )  (mdyn/A) 

1. N F  
NF* (55, 56)h 
FNO (104) 

FNO, (105) 

NF3* (72, 73)' 
NF,O (106,107) 

2. C1F 
ClF* (6, 47)b 
FClO* (108) 

FClO, (109) 

FC10, (110, 111) 

ClF,* (77)' 
ClF,O* (112) 

C1F,02* (113) 

- 

v l ,  1877 

v, ,  521 
v I ,  1310 v4, 1792 
v 2 ,  822 v 5 ,  560 [gas] 
v j ,  569 v6,  742 

v l ,  1689 v4,  880 
v2 ,  740 v 5 ,  522 [gas] 
v , ,  534 v 6 ,  398 

v , ,  775 [gas] 

- 

- 

v , ,  1038 
v 2 ,  594 [Ar matrix] 
v , ,  315 
v , ,  1106 v4, 402 
v 2 ,  630 v S ,  1271 [gas] 
v g ,  547 v6. 351 
\sl. 1061 v4,  1315 
v 2 ,  715 v s ,  589 [gas] 
v , ,  549 v 6 ,  405 

v I ,  1223 v 4 ,  478 v , ,  652 
v 2 ,  686 v 5 ,  323 v 8 .  499 [N, matrix] 
v , ,  484 v 6 ,  224d 1',,414 
v , ,  1093 v5 ,  287 v g ,  372 
I ' ~ ,  683 v 6 ,  417 v l o ,  1331 
vj ,  519 v , ,  686 v l l ,  531 
i s 4 ,  487 v 8 ,  591 v 1 2 ,  222' 

5.90 
2.26 

2.66 

4.16 
4.25 

4.24 
2.59 

2.53 

2.79 

4.19,e 2.70 
3.16,' 2.34 

3.35,' 2.70 

" Asterisk (*) indicates that  matrix data are available; references are given in paren- 
theses; the state for which the frequencies were observed is denoted in brackets. 

Observed frequencies are given in Table 11. 
' Observed frequencies are given in Table IV. 

Gas-phase frequency. 
' Unique fluorine atom. 
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TABLE X 

VIBRATIONAL A N D  STRUCTURAL DATA FOR ClF2" (n = + 1,0, - 1) SERIES" 

F-Cl 
Observed stretching 

CIF, frequencies Bond force constant 
species Symmetry (cm-') angle (mdyn/A) 

looo 4.74 

- 150' 2.48 
CIFz- (116) D*, v 3 ,  476 solid 180° 2.35 

ClF2+ (6,  114, 115) C2" 

CIF, (6, 20)* c,,, 
v 3 ,  830 
- 

v j ,  635 Na+ClF2- 
[Rb+CIF,] 

References are  given in parentheses; the state for which the frequencies were ob- 

Observed frequencies given in Table 111. 
served is denoted in  brackets. 

having the same molecular formula. This effect is illustrated in Table X 
for the ClF,', ClF,, and ClF, series. The structures range from bent 
(C,,) for ClF,' and C1F2 with bond angles of 100' and .v150°, respec- 
tively, to linear (Dmh) for CIF,-. The stretching force constants for 
ClF2 and C1F2 - are 2.48 and 2.35 mdyn/A, respectively, which is ap- 
proximately half the value for that  of ClF,' and indicates that the 
additional electrons for ClF2 and ClF,- are largely antibonding. A 
more complete discussion of ClF, will be made in the next section. 

In concluding this section, a list of other main group binary fluorides 
for which there are either complete or partial vibrational data avail- 
able is presented in Table XI. 

I l l .  Matrix Isolation Studies of Transient, Inorganic, 
Binary Fluoride Species 

The area in which matrix isolation is perhaps of greatest value is 
the stabilization of transient species such as free radicals and high- 
temperature vapors. Until quite recently, infrared spectroscopy was 
utilized almost exclusively for the vibrational studies of matrix- 
isolated species. With the introduction of laser sources and the de- 
velopment of more sensitive, electronic, light detection systems, 
Raman matrix-isolation studies are now feasible and have recently 
been applied to  a limited number of unstable inorganic fluoride species 
including the molecules OF ( 5 )  and ClF, (6).  Both of these species 
were formed for Raman study by a novel technique that utilizes the 



TABLE XI 
LIST OF OTHER BINARY FLUORIDES FOR WHICH VIBRATIONAL DATA ARE AVAILABLE' 

IA IIA IIIA IVA VA VIA VIIA VIIIA 

(LiF),* (24, 217) BeF,,- (120) B,F,* (121) C2F,*(33, 123) N,F' (126) O,F,* (134, 135) 
(LiF),* (118) (BF3)2* (29) C2F6* (33,124) N,F,* (56,127,128) O,F,* (136) 

N , F + (129) ~ 

N,F,* (65,130,131) - 
N,F* ~ 

(NaF),* (9,119) (MgF2),* ( 4 2 8 )  (AIF),* (31,49) Si,F, (125) P,F,*(36. 132,133) S,F,,* (11,137,138) 
(AIF,),* (31,122) - PF3=PF* (36) SzF, (139) 

(SF,),* (77) 
S2F4 (140) 
SF,- (141) 

F, - * ( 1  0) 
~ 

- 

- 

- 

ClF,- (142) 
C12F+ (143, 244) 
C12F* (21, 145) 
C12F2* (21, 145)  
Cl,F,* (21. 145) 

BrF,+ (115) 
BrF,- (142) 
Br,F* (21) 
Br2F2* (21)  
(BrF3),* (77) 
IF,- (142) 
IF,- (146) 
1 ~ ~ 3  - (14.2) 
12F* (21) 

(C1F3)2* ( 1 4 5 )  

I2F2* (21) 

- 
KrF* (147)  
KrF+ (148,149) 
Kr,F3+ (149) 

- 

XeF* (247) 
XeF+ (150) 
Xe,F,+ (150) 
XeF6* (151) 

a Asterisk (*) indicates that matrix data are available; references numbers are given in parentheses 
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4880-A output from an Ar ion laser as both the photolysis source and 
the Raman excitation source. The examples of ClF, (6), GeF, (7), and 
MgF, (8) illustrate the complementary data that Raman matrix- 
isolation spectroscopy can provide. Other binary fluoride molecules 
for which Raman matrix data are available include OF, (5) ,  MF, and 
MF, (M = alkali metals) (9, l o ) ,  S2F1, (II), KrF, and XeF, (5 ) ,  with 
the latter two molecules having been formed by the same laser pho- 
tolysis method as previously mentioned. Raman matrix-isolation 
spectroscopy has recently been reviewed by Ozin (12), and, although 
merely in the early stages of development, it is anticipated that this 
area will continue to grow and become a valuable counterpart to the 
infrared technique. 

This section represents a brief review of matrix-isolation studies 
of the main group, binary fluoride free radicals and high-temperature 
vapor species. A discussion of the halogen fluoride molecules will be 
stressed since this is an area of considerable interest to  our laboratory. 
A list of main group binary fluorides that have been characterized by 
matrix isolation appears in Table XII. It is apparent from Table XI1 
that there are large gaps in the existing data for species such as the 
halogen fluoride radicals, which must be filled in order to gain a better 
understanding of the structural properties and bonding characteristics 
of these systems. Presently, ClF, and C1,F are the only halogen fluo- 
ride radicals for which vibrational data have been published. The 
ClF, (13, 14), ClF, (14, 15), BrF, (15, 16), and IF, (15) radicals have 
recently been prepared by y-radiolysis and characterized by ESR, 
although no vibrational spectroscopic data are available. Other inter- 
halogen radicals, C1, and Br,, which were reportedly formed by 
microwave discharge (17, 18) may in fact be the ionic X,- species (19). 

The ClF, radical is of sufficient chemical significance to merit a brief 
discussion. This particular radical is an  interesting species because it 
possesses 21 valence electrons and appears to have an intermediate 
bond angle of -150". Such a bond angle is apparently unique for 
interhalogen species since the bond angles for most of these molecules 
are very near 90' or 180". The ClF, radical was first prepared in our 
laboratory through the matrix reaction ClF + F + ClF, (20). This 
reaction was initiated by production of F atoms through in situ UV 
photolysis of molecular fluorine. From the infrared data, the three 
vibrational fundamentals were assigned. On this basis and on the basis 
of 35Cl, ,'Cl isotopic shift data for v , ,  compound ClF, was assigned 
a bent (C,") structure with a bond angle of -135'. Very recently, 
however, Andrews' group (6) has repeated the infrared work and, in 
addition, has successfully prepared ClF, by the laser photolysis tech- 
nique for Raman study. Based on the new Raman data, the v1  mode 



TABLE XI1 
INORGANIC BINARY FLUORIDE FREE RADICALS, INTERMEDIATES, AND HIGH-TEMPERATURE VAPOR 

SPECIES CHARACTERIZED BY MATRIX ISOLATION' 

IA IIA IIIA IVA VA VIA VIIA 

LiF (23.24) BeF, (26) - CF (53) 
CF, (33) 
CF3 (33) 

NaF (9,119) MgF (48) AlF (31) SiF, (37, 62) 
MgF, (8,  27, 28) AlF, (31, 32) SiF, (71) 

KF (9)  CaF, (27) GaF (49, 50) GeF, (7 ,37)  

SnF, (63,64) 
SnF, (64) 

- BaF, (27) TlF (52) PbF, (63,64) 
PbF, (64) 

GaF, (49) - 
- SrF, (27) - 

NF (56) 
NF, (33,65) 

- 

- 
SbF, (76) 
- 

- 
ClF, (6,20) 
C1,F (21. 145) 

BrF, (21) 
Br,F (21) 

- 

~~~~~~~~ 

a There are no listings for Group VIIIA. References are given in parentheses. 
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was reassigned from a value of 536 cm-’ to that of 500 cm-I. It ap- 
pears that the principle of mutual exclusion holds for the ClF, radical, 
which is indicative of a linear triatomic species, but, as Andrews points 
out, mutual exclusion is valid only within the limits of detectability, 
which may be a problem for weakly active modes in dilute matrices. 
In a reassessment of the data, Andrews favors a slightly bent structure 
with a bond angle of -150’. 

Recently we have completed (in collaboration with E. S. Prochaska 
and L. Andrews of the University of Virginia) a matrix-isolation 
study of the halogen fluorine systems (21). Evidence for the formation 
of BrF,, Br,F, Br,F,, 1,F and 12F2 as well as more definitive data 
for C1,F and Cl,F, were obtained. These experiments involved UV 
photolysis of matrix mixtures and microwave discharge experiments. 
The microwave experiments were stimulated by a recent mass spectro- 
metric kinetic study (22) that appeared to present a method producing 
BrF in a much purer form. The data for BrF, are of considerable interest 
for the purposes of comparison with ClF,. A doublet near 569 cm- with 
a 2.2 cm-’ isotopic splitting was attributed to BrF,, and a calculation 
of 152’ f 8’ for the lower limit of the F-Br-F valence angle strongly 
indicates that, like ClF,, compound BrF, is also obtusely bent. Bands 
observed at  555 and 507 cm-’ were attributed to Br,F, and Br,F, 
respectively, based on photolysis behavior similar to their chlorine 
analogs. 

Vibrational data for the majority of the molecules in Table XI1 were 
presented in Section I, and these species will not be discussed further. 
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