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CO groups is significantly smaller than that of the axial 
ligands. The equatorial rate constant could not be 
calculated with any greater certainty than *SO%, and 
this precluded the evaluation of activation parameters 
for the equatorial exchange l 3  However, within this 
limit of accuracy, the rate constants for exchange a t  
the axial positions exceed the equatorial rate constants 
by a factor of approximately 4. 

On the basis of the observed first-order rate law and 
the activation parameters for exchange of the axial 
CO groups, it  is concluded that exchange a t  both the 
equatorial and axial positions occurs by a dissociative 
mechanism. The possibility of a mechanism involving 
opening of the chelate ring was recognized, but such a 
mechanism is not consistent with the observed zero 
order of the reaction with respect to CO concentration. 
Moreover, no Cr(C0)G was detected during the course 
of the reaction. 

The difference in the axial and equatorial rate con- 
stants is insufficiently large to allow an unequivocal 
interpretation of the energy differences involved. How- 
ever, on the assumption that the A S *  term is similar 
for exchange at axial and equatorial positions, the 
larger rate constant for the axial exchange reaction 
may be related to a smaller chromium-carbon bond 
energy. 

The u-bonding effect of the o-phenanthroline on the 
CO groups is expected to be largely isotropic. This is 
confirmed by the fact that both the axial and the 
equatorial CO groups undergo exchange more readily 
in the o-phenanthroline-substituted compound com- 
pared with the parent hexacarbonyl l4 Such a trans ef- 
fect due to u bonding as may exist for the amine ligand 
would lead to labilization of the equatorial CO groups 
over the axial ligands, in direct contrast to the ob- 
served results. The explanation of the different rate 
constants would appear to lie in the fact that  the n* 
orbitals of the axial CO groups compete for the same 
set of metal d orbitals, whereas the equatorial CO groups 
are trans to an essentially non-n-bonding ligand. 
Hence, the Cr-CO bonding to the equatorial CO groups 
is expected to have a greater degree of n character. 
This is in accord with the infrared spectrum of the 
compound, in which the symmetric and asymmetric 
C-0 stretching vibrations occur a t  higher frequencies 
for the axial than for the equatorial CO groups 

These results are in accord with the data provided by 
the recent studies of carbon monoxide exchange with 
Mn(CO)gX, 3 , 4  which showed the similarity of exchange 
rates of CO groups trans and czs to a halide ligand. 
In  this case, more accurate techniques may be required 

(13) The  low solubility of carbon monoxide in the solvent, combined with 
the factor that  there are four unlabeled CO groups on each molecule which 
can be released by exchange with the free C'SO, makes more accurate deter- 
mination of the equatorial rate constants very difficult The  apparent 
equilibrium distribution of the labeled molecule throughout the various 
species is defined by 

For a typical run, only 25% of the starting complex was converted to  labeled 
species. 

(14) G. Cetini and 0. Gambino, Atli Accad.  Sei. Touino, Classe Sci. Fis .  
Met.  Nat., 97, 1197 (1963). 

to detect what is now expected to be only a small dif- 
ference in the rate of exchange of axial and equatorial 
CO groups. 
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Little is known about the stability of chromyl fluoride. 
von Wartenberg2 first studied its stability toward heat 
and light and more recently Englebrecht and Grosse3 
found Cr02F2 to polymerize with light. von Warten- 
berg found CrOzFz to polymerize readily with ultra- 
violet irradiation. The polymer was described as 
being dirty white and melting around 200". No data 
seem to be available on the thermal stability of Cr02F2. 

Results and Discussion 
Cr02F2 when heated to 500" decomposed quantita- 

tively according to the equation 

Chromium oxide difluoride (CrOF2) is a brown-black 
solid (brown when in a finely divided state) and is in- 
soluble in water, in acids (HCI, HF, "Os), in bases 
(NH40H, NaOH, KOH), and in common organic sol- 
vents. CrOFz is stable at ~ 1 6 0 0 ~  in vacuo, but in a 
nickel crucible at atmospheric pressure and a t  -1600' 
it is converted to Crz03 and presumably NiFz. 

TABLE I 
POWDER SPECTRUM FOR CrOFz 

d ,  A Intensity d ,  .l Intensity d ,  b, 
6.32  S 2 .27  W 1.760 
5 .84  S 2 .11  v w 1,745 
3 . 7 5  S 2 .07  V w 1.713 
3 .66  m 2 .01  V W  1.620 
3 .24  VI?' 1.984 VW 1.587 
3 .17  VS 1.949 w 1.546 
3.06 W 1.882 W 1 .528  
2 .93  W 1 .831  m 1.458 
2 .42  V w 1.791 W 1.417 
2.30 W 
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The X-ray powder photograph (see Table I for d 
spacings) did not correspond to CrO, Cr02, Cr203, 
Cr304, CrzOj, CrsOs, CrF3, CrFl, CrF3.3Hz0, FeF2, 

(1) T o  whom correspondence should be addressed. 
( 2 )  H. von Wartenberg, Z .  Anovg. Allgem. Chem., 247, 135 (1941). 
(3) A. Englebrecht and A. V. Grosse, J. Am. Chem. Soc., 74, 5262 (1952). 
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Fe2F6, FeF3, NiF2, and NiF2.4H20, which are possible 
decomposition and reaction products. 

The magnetic susceptibility of CrOF2 is 1.1 BM. 
This value is noticeably lower than that calculated for a 
Cr(1V) state (theoretical: 2.8 BM) and presumably is 
caused by the CrOF2 not being magnetically dilute. 
Other transition metal oxides4 and fluorides5 with a 
probable d2 configuration for the metal constituent show 
this magnetic effect. 

The stability of the oxides of chromium has been 
studied6 and it was found that CrO3 a t  441' under 
oxygen pressure (25 psi) was converted to CrsOs while 
Cr02 a t  545" under oxygen pressure (900 psi) was slowly 
converted to Cr203. In  vacuo, however, CrO3 and 
Cr02 are less stable.6 Below 360°, CrO3 decomposes 
giving CraOs, Cr205, and CrOz, and a t  360-460°, the 
main product is Cr203 with small amounts of CrOz. 
From these results it appears that CrOFz is more stable 
than CrOz. 

Among the known chromyl compounds, CrOzF2 
has the greatest thermal stability as no appreciable 
decomposition was observed a t  -400". CrOzC12 
decomposes a t  -180°7 while the other chromyl com- 
pounds are unstable around room temperature [CrOz- 
(N03)2 undergoes slow decomposition at  room tem- 
perature' and Cr02Brz decomposes below room tem- 
perature*]. 

The ultraviolet decomposition of Cr02F2 was studied 
in a fused-silica vessel. The products of all runs were a 
brown solid, 0 2 ,  and SiF4. In the presence of sunlight 
a t  room temperature, only a very small amount of 
polymer was formed during a 6-hr period. The mate- 
rial was a light yellow-brown solid that appeared to be 
"dirty white'' with Cr02F2 present. With ultraviolet 
irradiation a t  room temperature in 1 hr, however, the 
amount of polymer increased fourfold. With warming 
(-90") and ultraviolet irradiation for 1.25 hr, the 
yield increased eightfold. Analyses of these and other 
samples gave an empirical composition CrO,F, where 
x: = 1.6-2.0 and y = 1.4-1.6. For long irradiation 
time (greater than 1 hr), it appears that the following 
reaction occurs 

CrOzFz + 1.15sioz -+ CrOl.eFl,4 + 0.3502 + 0. 15SiF4 (2) 

Shorter irradiation time (less than 1 hr) results in less 
loss of oxygen from the chromyl group. An infrared 
spectrum of the solid formed in ( 2 )  showed weak but 
broad Cr=O stretching vibration in the 960-1000-~m-~ 
region. This absorption is in the region for Cr=O 
stretching vibrations as found by Hobbsp for Cr02F2 
and Cr02CI2, and Rochat and Gard1° for Cr02(S03F)z. 
Also, the product of (2) is amorphous (no lines were 
observed in a powder spectrum), dissolves in excess 
base forming a green Cr(II1) precipitate and a Cr(V1) 

1 hr 

uv, 900 

(4) B. T. Tjabbes, Koninkl. Ned .  Akad.  Welenschap., PYOC., 86,693 (1932). 
( 6 )  R. S. Nyholm and A. G. Sharpe, J .  Chem. Soc., 3579 (1952). 
(6) R. S. Schwartz, I. Fankuchen, and R. Ward, J .  Ana. Chena. Sa., 74, 

(7) W. H. Hartford and M. Darrin, Chem. Rea., 68,  19 (1958). 
(8) H. L. Krauss and K. Stark, Z .  Natuuforsch., 17b, 1 (1962). 
(9) W. E. Hobbs, J .  Chem. Phys. ,  28,  1220 (1958). 
(10) W. V. Rochat and G. L. Gard, Inoug. Chem., 8 ,  158 (1969). 

1676 (1952). 

solution, and is stable up to -300" in silica. 
500°, 0 2 ,  Sip4, and CrOFz are produced. 

Above 

Experimental Section 
1. Chemicals and Equipment.-CrOzFz was prepared by 

essentially the method of Flesch and Svec.11 Instead of pump- 
ing away the CrOzF2 in vacuo, a slow stream of nitrogen swept 
away the Cr02Fz. Using this method it was found that even a t  
N I O O O ,  CrOzFz was being formed and that a t  450' (3 hr later), 
the reaction was complete. The infrared spectrum agreed with 
the l i t e ra t~re .~  Any HF present was removed by contacting 
the Cr02F2 with dried NaF. 

The infrared spectra were recorded on a Perkin-Elmer 137 
Infracord spectrophotometer. 

X-Ray powder spectra were obtained using an XRD-5 General 
Electric camera. Nickel-filtered copper radiation (Cu Ka)  was 
used. The procedure was standardized using known compounds 
(CrOa, CrzOa, CrFs.3Hz0) in which the calculated d values 
agreed with the published ASTM values. 

Magnetic Susceptibility.-The Gouy method was used. 
Measurements were made a t  a field strength of about 5 kG, using 
an Alpha A1 7500 water-cooled magnet with 4-in. pole faces and 
a 1.5-in. air gap. The Gouy tube was calibrated a t  room tem- 
perature (-23') and the gram-susceptibility of the calibrant, 
mercury(I1) tetrathiocyanatocobaltate(II), was calculated using 
the data cited by Cotton, et  uZ.l2 Diamagnetic corrections were 
made using Pascal's constants13 for oxygen and fluorine. 
3. Preparation of C~OFZ.-C~OZP~ was transferred into a 

Hoke stainless steel cylinder ( V  = 75 ml) equipped with an 
Autoclave Monel space-saver valve. ilfter heating a t  500-525", 
the reaction vessel was quenched in cold water and then cooled 
to - 195.8" where the volatiles were pumped away. In a typical 
run, 3.9 X 10-2 mol of CrOzF2 gave 3.9 X mol of CrOF2 
and1.9 x 10-2molofO~(calcdforOz: 1.9 X 10-zmol). AnuZ.14 
Calcd for CrOFz: Cr, 49.0; F, 35.9. Found: Cr, 50.0; F, 
35.1. A molecular weight determination of the volatile mate- 
rials a t  - 195" gave a value of 32.0 (calcd: 

4. Preparation of the Polymer CrO,F,, 3: = 1.6-2.0, y = 
1.4-1.6.-CrOzF~ was transferred to a previously dried 250-1111 
silica vessel equipped with a Kontes Teflon valve. The reac- 
tion vessel and 100-W Hanau uv lamp were placed inside a metal 
container ( V  = 3.5 l.), the light source being about 3 cm from 
the reaction vessel. During irradiation the silica vessel was 
rotated every 15 min in order to expose a new silica surface as a 
brown polymer coated the walls nearest the lamp. 

mol of CrOzFz was transferred 
into the silica reaction vessel. The vessel was irradiated for 
1.25 hr at -90'. The reaction vessel was cooled to -195.8' 
and the volatile materials of mol wt 31 (calcd for 0 2 :  32) were 
pumped away. At -78", an infrared spectrum showed SiFa 
present (some carbon fluorides were also detected). The volatile 
materials a t  room temperature were pumped away leaving a 
brown solid (0.1246 9). And.  Found for the brown solid:14 
Cr, 50.2; Assuming that the only other element is 
oxygen, then an empirical formula CrOl.sF~.4 is found. The 
amount of O2 produced and the oxidizing capacity support this 
composition. For irradiation time less than 1 hr, analyses14 
of the brown solid gave 45% Cr and 26.5% F (empirical formula 
is Cr02Fl.n). Apparently, the polymer is slowly decomposed by 
prolonged ultraviolet exposure. 
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In a typical run, 3.23 X 

F, 24.8. 

(11) G. D. Flesch and H. J. Svec, J. A m .  Chem. Soc., 80, 3189 (1958). 
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