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Abstract-Infrared absorption spectra of gaseous (FCO),Os and (F&),0, have been obtained in 
the N&l and KBr regions. By comparison with the spectra of F&O and F&OF, most of the 
bands related to fundamental vibration modes of the molecules of both peroxides have been 
identified. Results agree with the structure previously postulated for both substances. 

INTRODUCTION 

BIS(MONOFLUOROCARBONYL)PEROXIDE (BMFCP) was recently discovered as the 
principal product of the thermal reaction between fluorine, carbon monoxide and a 
large excess of oxygen carried out in the range 0-50°C [l-3]. 

Years ago, bis(trifluoromethyl)peroxide (BTFMP) was isolated by SWAFGTS [4] 

from the electrolysis by-products of trifluoroacetic acid. Later PORTER and CADY [5] 

prepared BTFMP by allowing fluorine and carbon monoxide to react both diluted 
with nitrogen in the presence of fluorinated silver. They obtained the infrared 
absorption spectrum of this substance in the region between 1 and 10 p but did not 
discuss the details of the spectrum. In this paper spectra of both peroxides in the 
region 2.5-25 ,u have been analysed. This analysis is based on the similarities be- 
tween the spectra and also on the comparison with spectra of other molecules which 
contain the same atomic groups. In this way it was possible to identify a large 
number of bands due to fundamental vibrations and to relate them with the struc- 
tures previously postulated for those molecules. 

EXPERIMENTAL 

BMFCP was obtained by the reaction between fluorine, carbon monoxide and 
oxygen at room temperature [3]. It was purified by distillation at low temperature 
and reduced pressure. BTFMP was prepared according to PORTER and CADY [5] and 
also purified by distillation in the usual way. Infrared absorption spectra were 
recorded with a Perkin-Elmer double-beam Spectrometer Model 221, provided with 
the NaCl prism-grating or the KBr-prism interchange. Spectra were obtained of the 

[l] A. J. ARV~LP. J. AYMONINO, C. H. WALDOW and H. J. SCHUMACHER, Angew. Chem. 72, 169 
(1960). 

[2] J. M. HERAS, A. J. ARV~A, P. J. AYMONINO and H. J. SCHUMACHER, 2. physik. Chem. 
(F~unrcfurt) 28, 250 (1961). 

[3] A. J. ARV~A, P. J. AYMONINO and H. J. SCHUMACHER, 2. anorg. u. allgem. Chem. In press. 
[4] F. SWARTS, Bull. sot. chim. Belge 42, 102 (1933). 
[5] R. 8. PORTER and G. H. CADY, J. Am. Chem. Sot. 79, 5625 (1957). 
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gaseous samples at pressures between a few tenths of a mm of Hg up to ca. 600 mm 
of Hg in IO-cm path length cells, with SaCI or KBr windows attached with Halo- 
carbon grease. Cell and vaouum line taps were lubricated with the same grease. 
Pressures in the cell were measured with a Bodenstein manometer made of quartz. 
Another similar cell containing dry air at atmospheric pressure freed from carbon 
dioxide was used as a reference. As both cells had not exactly the same length, the 
contours of the bands were distorted in the regions where (atmospheric) carbon 
dioxide and water also absorb. By running blank spectra it was possible to allow for 
this interference. The dotted lines in Fig. l-4, which show the spectra of both 
peroxides, indicate the regions affected by the spurious absorption. Tables 1 and 2 
include the frequencies of the bands, their relative intensities and interpretation. 

Ihscvss10x 

In the molecules studied in this work, as in the case of hydrogen peroxide [6] and 
bis(pentafluorosulphur)peroxide [7], the chain formed by peroxidic oxygen and 
neighbour atoms (-C-O-O-C-) is probably not lying in a plane. Therefore, 
BMFCP and BTFMP molecules could be assigned to the point groups c’, or, less 
probably, to C,. Consequently their infrared spectra should have all the bands 
related to the 3X - 6 fundamental vibrations. Most of the bands we have obtained do 
not show any structure due, undoubtedly, to the complexity of both molecules. 

(a) The BMFCP spectrum 

Having eight atoms, the BMFCP molecule should have eighteen In-active 
fundamental bands. As it may be seen from Table 1, many of these, and their over- 
tones and combinations, have been identified. 

In order to visualize its normal modes of vibration, the BMFCP molecule could 

/F 
be divided into two O=C groups by a plane bisecting the O-O bond. Probably, 

‘0 
those groups are planar as in the carbonyl halides. We could expect, therefore, bands 
due to the C=O, C-F and C-O stretching vibrations and to the out-of-plane and 
the angular deformations (symmetric and asymmetric with respect to the C=O 
bond). The remaining bands should involve the following motions: the torsion of the 

/F 
O=C groups around the common O-O bond, the torsion of the F-C=0 groups 

‘0 
around the C-O bonds, the deformation of the O=C-0 angles and the stretching 
of the O-O bond. 

,/F 
The comparison between the O=C groups and the carbonyl difluoride molecule 

‘0 

[6] P. A. GICUI?RE and 0. IJAIN, J. Phye. Chem. 66, 340 (1952). 
[7] R. B. HAKVEY ant1 S. H. RACER, J. rim.. C/tern. Sot. 76, 859 (1954). 
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has proved to be particularly useful. Oxygen and fluorine are immediate neighbours 
in the periodic system differing little in electronegativity and atomic weight, there- 
fore the replacement of one element by the other in a molecule should not change 
essentially the position of the bands originated by their stretching and deformation 
vibrations (compare Ref. [S]). For instance, the C-X (X=F, OH) stretching bands 
in methyl fluoride and methyl alcohol are very close (1048 and 1034 cm-l, respec- 
tively } . 

On the other hand, the C-F asymmetric and symmetric stretching bands in 
WAVELENTGH (,b) 

15 16 17 16 io 

FREUUENCY (CM-‘) (FCU),Oa 
Fig. 2. Infrared absorption spectrum of gaseous (FCO),O,. (e) 10 mm Hg (f) 

26 mm Hg (g) 48 mm Hg. 

F.&O [9] are located at 1249 and 965 cm-l, precisely in the regions where alkyl 
carbonates also have their stretching bands [S] (between 1205 and 1280, and at ca. 
950 cm-l, respectively). 

Those facts suggest that the C-F and C-O stretching bands, associated with the 

/F 
O=C groups in the BMFCP molecule, should be located in the neighbourhood of the 

\ 
'0 

above mentioned frequencies. The most intense of those bands should be those 
related to the C-F stretching vibration becaus, 0 it always gives rise to bands of 
exceptionally high intensity. Furthermore, bands due to the C=O stretching vi- 

/F 
bration and to the O=C out of-plane (“skeletal”) deformation should be expected 

'0 

[i] B.A. NYQUXST and W.J. ~oTTs,~~~~~~~~~.~c~~ 17,679 (1961). 
[Q] A. H. NIELSEN, T. G. BURKE, P. J. H. WOLTZ and E. A. JONES, J. Chem. Php. 20,596 (1952). 



Infrared absorption spectra of peroxidee 1303 

1” 0 
8 
Q 

cu 
0 



1304 A. J. &i&A and I?. J. AY~IONINO 



Infrared absorption spectra of peroxides 1305 

Table 1. Infrared spectrum of gaseous (FCO),O, 

Frequency (cm-r) Description Intemretation 
I 

582 

586 
592 I 
660 

s F-C-O symmetrical deformation (bending) 

m F-C-O asymmetrical deformation (rocking) 

749 S 

817 W 

912 m 

954 S 

1016 m 

1085 sh w 

1101 w 

1178 vvs 
1221 S 

1283 W 

1319 m 
1345 sh vvw 

1371 W 

1501 W 

ca. 1580 W 

1610 W 

ca. 1660 VW 

ca. 1734 W 

ca. 1763 VW 

1899 
1905 1 
1934 
2028 
2095 
2134 
2177 
2239 

ca. 2351 
2401 
2452 
2654 
2818 
2855 
2898 
2947 
3046 
3079 sh 
3116 

VS C=O stretching 

X’S 

m 
w 
w 
m 
VW 
W? 
m 
W 

VVW 

VW 

W 

W 

VW 

vvw 

vvw 

VW 

3182 vvw 

3306 vvw 

3343 VVW 

3399 vvw 

3535 vvw 

ca. 3712 vvw 

ca. 3800 m 
ca. 3820 m 
ca. 3868 VW 

o=c 
<” 

out-of-plane deformation 
0 

fundamental? 
O-O stretching 
C-O stretching 
C-O stretching 
combination 
combination 
C-F stretching 
C-F stretching 
combination 
660 x 2 = 1320 
combination 
combination 
749 x 2 = 1498 
660 + 912 = 1572 
660 + 954 = 1614 
749 + 912 = 1661 
817? + 912 = 1729 
586 + 1178 = 1764 
749 + 1016 = 1765 

C=O stretching 
1016 x 2 = 2032 
912 + 1178 = 2090 
954 + 1178 = 2132 
954 + 1221 = 2175 
1016 + 1221 = 2237 
1178 x 2 = 2356 
1178 + 1221 = 2399 
749 x 2 + 954 = 2452 
749 f 1902 = 2651 
912 + 1902 = 2814 
954 + 1902 = 2856 
954 + 1934 = 2888 
1016 + 1934 = 2950 
912 x 2 + 1221 = 3045 
1178 + 1902 = 3080 
1178 + 1934 = 3112 
1221 + 1902 = 3123 
1221 x 2 + 749 = 3191 
1178 x 2 + 954 = 3310 
1221 x 2 + 912 = 3353 
749 x 2 + 1902 = 3400 
1178 x 3 = 3534 
combination 
1902 x 2 = 3804 
1902 + 1934 = 3836 
1934 x 2 = 3868 

v: very, s: strong, m: medium, w: weak, sh: shoulder. 
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Table 2. Infrared spectrum of gaseous (F&),0, 

Frequency (cm-l) Description 

ea. 400 ? 

480 m 
556 w 
606 8 

625 8 

673 m 
715 m 
775 VW 
821 W 

865 sh vvw 

886 m 
935 W 

974 W 

1062 m 
1122 8 
1167 vvs 
1238 vs 
1265 vvs 
1285 vvs 

ca. 1375 W 

ca. 1391 W 

ca. 1449 W 

ca. 1508 W 

ca. 1599 W 

ca. 1647 W 

ca. 1731 VW 

ea. 1778 VW 

ca. 1855 VW 

1930 W 

1996 W 

2058 W 

2141 m 
2181 vvw 
2241 VW 
2263 VW 

ca. 2323 ? 

ca. 2350 ? 

2415 w 

2493 W 

2540 m 
2590 VW 

Interpretation 

fundamental 
F,C asymmetric deformation 
FsC asymmetric deformation 
F,C asymmetric deformation 
FsC asymmetric deformation 
FsC symmetric deformation 
FsC symmetric deformation 
? 
O-O stretching 
ca. 400 + 480 = ca. 880 
C-O stretching 
combination? 
C-O stretching 
ca. 400 + 673 = ca. 1073 
FsC symmetric stretching 
FsC symmetric stretching 
FsC asymmetric stretching 
F,C asymmetric stretching 
FsC asymmetric stretching 
480 + 886 = 1366 
673 + 715 = 1388 
625 + 821 = 1446 
625 + 886 = 1511 
715 + 886 = 1601 
673 + 974 = 1647 
480 + 1265 = 1745 
480 + 1285 = 1765 
625 + 1238 = 1863 
956 x 2 = 1912 
715 + 1285 = 2000 
821 + 1238 = 2059 
974 + 1167 = 2141 
886 + 1285 = 2171 
1122 x 2 = 2244 
974 + 1285 = 2259 
1167 x 2 = 2334 
1122 + 1238 = 2360 
1122 + 1285 = 2407 
1251 x 2 = 2502 
1251 + 1285 = 2536 
673 x 2 + 1251 = 2597 

v: very, 8: strong, m; medium, w: weak, sh: shoulder. 
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within the regions 1928-1750 cm-r and 774-800 cm-l, which are the extreme fre- 
quencies observed in F&O and organic carbonates for those vibrations. As may be 
seen in Table 1 the IR spectrum of BMFCP shows the predicted bands, some of them 

clearly split by interaction with the O=C groups. The splitting found for the C=O 

‘0 
stretching frequency (32 cm-l) is close to the value expected for the acyl peroxides 
[lo]. The C-F stretching vibration shows a larger splitting (43 cm-l) which may be 
caused by a greater interaction. In the region of the C-O stretching, the strong 
band located at 954 cm-l occurs between other two bands of lower intensity. Al- 
though they are very similar, we have assigned that at 1016 cm-l to the second C-O 
stretching vibration because it is in the expected region. As for each pair of bands 
due to the C=O and C-F vibrations, the higher the band frequency, the lower its 
intensity. 

The C-O stretching bands in BMFCP show therefore a separation of 62 cm-l 
which is larger than the splitting observed for other stretching modes, possibly 
because the C-O groups are immediate neighbours. 

The medium band located at 912 cm-l has been tentatively assigned to the O-O 
stretching vibration because many organic peroxides, specially the acyl peroxides, 
absorb in the same region [l I]. As SHEPPARD has pointed out [ 121, the low intensity 
of this band is probably due to the slight change produced in the dipole moment of 
the molecule by the relatively symmetrical O-O vibration. This band is useful in 
explaining several combination bands. 

On the above basis, the band found at 749 cm-l could be assigned to an out-of- 

/F 
plane deformation of the O==C group because it coincides with the low frequency 

‘0 
branch of Ye in F&JO. The interpretation of the weak band at 817 cm-l becomes 
difficult because the information given by the IR spectrum is not enough to decide 
about its nature. Since it is close to the high-frequency branch (located at ca. 794 

cm-l) of the out-of-plane deformation band of F&O (Y&, it could be the second 

fundamental band related to the same deformation mode of the O=C groups in the 
\ 
‘0 

BMFCP molecule. This would imply a splitting of 68 cm-l between the two out-of- 
plane vibration bands for the peroxide molecule. Moreover, if it is taken as a 
fundamental band, one can explain the weak band located at ca. 1734 cm-l. Never- 

theless, we cannot exclude the possibility that it could be a combination band, which 
would involve a fundamental band located beyond 400 cm-l. 

[IO] L. J. BELLAMY, The Infra-red Spectra of Complex Molecules, Chap. 8. Methuen, London 
(1956). 

[ll] L. J. BELLAMY, Chap. 7. 
[12] N. SHEPPARD, Discussions Faraday Sot. 9, 322 (1950). 
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Between 749 cm-l and the limit of the region covered by the KBr prism, there are 
only two bands at 660 cm-l and 586 cm- l. These bands are near to the other two 
bands observed in the F&O spectrum, which are due to different deformation modes. 
In connexion with the assignments of these bands it should be noted that recently 
OVEREND and SCHERER [13] have questioned the interpretation given by NIELSEN 
et al. [9] to the F,CO bands found at 626 and 584 cm- l. Their calculations to deter- 
mine the force constants according to Urey-Bradley, indicated that t,he band at 626 
cm-l should result from the F-C-F asymmetric deformation (rocking) and that at 
584 cm-l from the symmetric deformation (bending). Following those authors we 
can tentatively assign the band at 660 cm-l in the BMFCP spectrum to the asym- 
metric deformation and the band at 586 cm-l to the corresponding symmetric 
deformation. As in the case of the band of F&O the latter shows three branches of 
nearly equal intensity. The remaining fundamental bands are expected below 400 
cm-l, beyond the range of the recorded spectra. The weak bands which have no 
assignments in Table 1 could probably be explained as combinations involving these 
bands. 

(b) The BTFMP spectrum 

The BTFMP molecule has ten atoms. Therefore, if there is no degeneracy, it 
should give rise to a maximum of twenty-four fundamental bands. 

Formally, the BTFMP molecule could be considered as consisting of two tri- 
fluoromethoxyl radicals bonded through the oxygen atoms. Consequently, it would 
be interesting for comparison to consider the spectra of molecules containing that 
radical. Trifluoromethyl hypofluorite (F&OF) is undoubtedly the best studied from 
that point of view [la]. 

Each one of the pentatomic groups (F&O) in BTFMP should be associated to 
nine fundamental vibrations : three C-F stretching vibrations (two asymmetrical 
and one symmetrical), three F,C deformation vibrations (two asymmetrical and one 
symmetrical), the F,C rocking and wagging and the C-O stretching vibration. To 
these eighteen vibrations we have to add the O-O stretching vibration, the F&O 
torsion around the O-O bond, the F,C torsions around the C-O bonds and finally, 
the CO-O angular deformations. 

Fig. 3 and Table 2 show that in the region corresponding to the C-F stretching 
vibrations the BTFMP spectrum has three very strong bands located at 1285, 1265 

and 1167 cm-l and two others of lower intensity, at 1238 and 1122 cm-l. 
The fact that the band at 1238 cm-l has an asymmetric contour suggests it could 

be formed by the approximate overlapping of two bands having nearly equal in- 
tensity. If this interpretation is correct, there would be six bands in this region of 
the spectrum forming two sets, one consisting of four and the other of two bands. 
Six are precisely the F&Y stretching vibrations expected from the two F&O groups in 
the BTFMP molecule in the case of interaction. Therefore, four of those bands 
should be related to the F,C asymmetric stretching and two to the symmetric 
stretching vibrations. 

As the FE’,COF molecule has its F,C asymmetric stretching bands at higher 

[13] J. OVEREND and J. R. SCHERER, J. Chem. Phys. 32, 1296 (1960). 
[ 141 R. T. LAGEMANN, E. A. JONES and I?. J. H. WOLTZ, J. Chem. Phys. 20, 1768 (1952). 



Infrared absorption spectra of peroxidca 1309 

frequencies (1282 and 1259 cm-‘) t,han iS symmetric band (1220 cm-‘), it is reaaan- 
able to assign the 1285, 1265 and 123X cm-l hands of BT~~~ to the F$2 ~ynlm~tri~ 
modes and the I 167 and 1 I%2 cm-’ band8 to the symrIletric ones, The band locaLf?d 
RL $86 cm-’ in BTFME’ spectrum can be directly assigned to a C-0 stitching 
vibration because F,COF has this band at 880 cm-‘. 

The second G-0 vibration in BTE‘MP could be related to one of t.hc bands located 
at 935 or (374 cm-l. Although t.hey are nearly the same intensity, the latter h&q been 
selected as the fundamental of this type because it is useful to explain several eom- 
bination bands. On the other hand, the band at X35 cm-‘“, Jvhieh appa~rltl~ does 
not enter in any ~~rnhinatioI1~ could he int~rp~~d as a ~~~~hirlation itself which 
~~r~nt~ia~l~ would inelude a fundamental band located in the ~gi~n of the s~~~,rurn 
beyond 400 cm- I. 

If the assumptions made here are correct, the bands related to the C-0 stret,ching 
vibrations are shifted towards lower frequencies and split more widely in BTFMP 
(88 cm-l) than in WMFCP (62 cm-l). Supporting this assignment it may be men- 
tioned that other molecules containing the atomic group F&.X3, such as perfluoro- 
rr~et,h3~1 ether [lEi] and t~~fluoroxneth~l esters isolated from the reaction pr~u~t~ of 
trifluorol~lethoxyl fluoride with s~ilphur trioxide [ 161, show stron bands ~twe~n 920 

and %30 cm-1 which, by exclusion, could be assigned to the C---O stretching vibration. 
Comparing BTFMP with alkyl peroxides, its 0-O stretching band would be ex- 
pected in the region between 820 and 880 cm-’ [I I]. The BTFMP spectrum shows 
only a weak band in the region located at 821 cm-l, which could be tentatively 
assigned to that vibration. 

Between 715 and 480 cm-’ there are bands which could be related to the F,C 
deformation vibrations, by a com~arj~n with the F&OF spe&rum. The latter 
substance shows three bands centered at 679, 609 and 586 ~rn--~ which were finned 
to the F3C defor~lati~~ls. In BTF%W the six bands expected from the two tri- 

ffuoromethyl groups would cover a wider region of the spectrum than in F3COF, tts 
it seems to occur with the bands originated by the C-F stretching vibrations. The 
six bands found between the above mentianed limits and asGgned to the F,C defor- 
mation vibrations could be further divided into two groups according to their 
qmmetry ras listed in Table 2 by direct, eamparison with the F&OF spectrum. 

Finally, there is w band located at ca. 400 cm-l Lehigh is ~~rohabfy originated by 
one of the wa~giI1~ or rocking vibrations, the rest? of which are expected at still lower 
frequencies. 
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