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The synthesis of GFOONG; is accomplished by UV photolysis (254 nm) of a mixture ofsCIRO,, and Q.

The pure product is isolated after trap-to-trap condensation. The removal of byproducts is accomplished by
treatment of the crude product withs OTo complement the known physical and spectroscopical properties of
CROONG;,, the IR and UV absorption cross sections are determined, and a complete vibrational analysis is
performed. On the basis of the UV data, the photolytic half-life in the troposphere is calculated to be 30 days.
The molecular structure of GBONGO; is determined by gas-phase electron diffraction and quantum chemical
calculations (HF/3-21G, HF/6-31G*, and B3PW91/6-313*). The peroxide CEOONO, possesses a skew
structure C; symmetry) with a COON dihedral angle of 105.1(16hd an extremely long ©N bond of 1.523-

(7) A, which is in accordance with its low ©N bond-dissociation energy. The HF/3-21G and B3PW91/6-
311+G* methods reproduce the experimental geometry satisfactorily whereas the HF/3-31G* approximation
predicts a much shorter-€N (1.390 A).

Introduction In the laboratory, CEOONQO, was first synthesized by

The most advantageous property of CFC replacements is theirPesMarteau and co-workéfsn the reaction of CROOH with
ability to be degraded in the troposphere by attack via OH N2Os or CROOF with NOs. In addition, it was synthesized
radicals. The fluorinated organic radicals formed in this manner N Situ in smog chambers by the photolysis of:8iB or Ckl
are rapidly converted by reaction with molecular oxygen into i the presence of £and NQ.!t™2 . .
peroxy radicald. The currently used alternatives to CFC’s, such ~ Because of the difficulties in performing the syntheSithe
as CRH, CRCHs, CRCHCIF, CRCHC, etc., contain a CF compound is still incompletely characterized. ;:0NG; is a
moiety that may be converted into @O radicals in the  colorless liquid with a boiling point of 0.9C. lIts mass, IR,
atmospheré-® These radicals can react with themselves or, Raman, and®F NMR spectra have been recordédRecently,
more likely, with other atmospheric radicals. The reaction with the thermal decomposition of @EONG, was investigate:'*
NO; in which trifluoromethyl peroxynitrate is formed is
important in this regard. GBDONO, may serve as a reservoir CF00 + NO, + M = CF,00NG, + M 1)
molecule for either C§O;, or NO; radicals, which may
contribute to the depletion of ozone in the stratosphere or to From the temperature dependence of the kinetics of formation
the transport of N@ from industrial zones into otherwise and decomposition, the GBO—NO, bond enthalpy was
pollution-free environments? deduced to be 102.% 2 kJ mol1®1 Therefore the atmo-

D Franci 3. S. Marica, M. M. Idances in Photochermist spheric thermal lifetime at low altitudes is short, but in the

@ Nreacrll(g?siob. C .\Y/olman,qI’D. H \/on'Bv;u, G., Eds.; John Wileyé trOpOSanS_e' it_may be about 1 yéat. The atmOSpheriC_
Sons: New York, 1995; Vol. 20, pp 7963. photochemical lifetime can be calculated from the absorption
(2) Ko, M. K. W.; Sze, N.-D.; Rodriguez, J. M.; Weisenstein, D. K.;  cross sections for wavelength290 nm. However, the UV

Heisey, C. W.Geophys. Res. Lett994 21, 101. ;
(3) Mogelberg, T. E.: Sehested. J.: Bilde, M- Wallington, TJ.JPhys,  SPectrum of CEOONG; is unknown.

Chem.1996 100, 8882. In earlier studies of CFO containing compounds of atmo-
(4) Maricq, M.; Szente, J. 1. Phys. Chem1992 96, 4925. spheric relevance, we have reported the synthesis and charac-
(5) Franklin, J.Chemospherd993 27, 1565. terization of FC(O)OONG* and CREC(O)OONG.® The
(6) Tuazon, E. C.; Atkinson, RI. Atmos. Cheml993 16, 301. . (O) ¢ . RC(O) . Q ..

(7) Rattigan, O. V.; Rowley, D. M.; Wild, O.; Jones, R.L.Chem. Soc. results of an improved synthesis, an extensive characterization,

Faraday Trans1994 90, 1819.
(8) Saathoff, H.; Zellner, R.; Bednarek, G.; Hoffmann, A.; Kohlmann, J. (12) Chen, J.; Young, V.; Zhu, T.; Niki, H.. Phys. Chenl993 97, 11696.

P.; Mars, V. Ber. Bunsen-Ges. Phys. Chei®94 98, 141. (13) Wallington, T. J.; Hurley, M. D.; Schneider, W. Ehem. Phys. Lett.
(9) Becker, K. A.; Mayer-Figge, ABer—Bergische Uni. Gesamthochsch. 1993 213 442.
Wuppertal, Fachbereich 9, Phys. Chet997 No. 42, 1-158. (14) Scheffler, D.; Schaper, I.; Willner, H.; Mack, H. G.; Oberhammer, H.
(10) Hohorst, F. A.; DesMarteau, D. Inorg. Chem.1974 13, 715. Inorg. Chem.1997, 36, 339.
(11) Mayer-Figge, A.; Zabel, F.; Becker, K. A. Phys. Cheml996 100, (15) Kopitzky, R.; Beuleke, M.; Balzer, G.; Willner, thorg. Chem1997,
6587. 36, 1994.
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and an electron-diffraction study of @BONO, are reported
in this study.

Experimental Section /\ {X f\ fr\e £

RV
Caution! Trifluoromethyl peroxynitrate and especially ozone are W \/

potentially explosive. It is important to take the appropriate safety
precautions when these compounds are handled in the liquid or solid
state. Reactions involving these compounds should be carried out only
with millimolar quantities.

General Procedures and Reagents.Volatile materials were
manipulated in a glass vacuum line equipped with a capacitance pressure
gauge (221 AHS-1000, MKS Baratron, Burlington, MA) and valves
with PTFE stems (Young, London). The vacuum line was connected i
to an IR cell (optical pass length 200 mm, Si windows 0.5-mm thick) L i o s
in the sample compartment of the FTIR instrument. . ) ) ) ) . . )

For Raman measurements, the sample was transferred into a 2-mmno 5 10 15 20 25 30 35
glass capillary. NMR measurements were carried out on samples in s/A?
flame-sealed, 5-mm-o.d. tubes, which were centered inside a 10 MMEjgyre 1. Experimental (dots) and calculated (full line) molecular
tube containing CDGI (Merck) and CFG (Merck) as lock and  jntensities and differences for long (upper curves) and short (lower
reference. curves) nozzle-to-plate distances.
Details of the matrix-isolation apparatus and the conditions for
preparing noble gas matrixes have been given elsewherEhe 3,504 i
products were stored in flame-sealed glass ampules in liquid nitrogen.
The ampules were opened and resealed by use of an amputé key. 3,001
Synthesis of CROONO,. A 5-L photoreactor equipped with a 1
water-cooled, 15-W low-pressure mercury lamp was connected to the , 2,504 ~
vacuum line, loaded with 55 mbar of @Fand 40 mbar of N@ and £ 1 ox0.1
filled with oxygen up to 1 atm. The vacuum line was connected to an wo 2,004
IR cell in the sample compartment of a Nicolet FTIR spectrometer in ™
order to observe the reaction process. The photolysis was accomplishet ~ 1,504

at 0°C. Every 30 min, a small amount of the gas mixture was analyzed \b

by IR spectroscopy. The highest concentration of@BNO;, was 1,00
detected after about 2 h. Because of the similar vapor pressures of
CR0OONG; and CHl,8 it was impossible to separate the compounds 0,50-
by trap-to-trap condensation.Therefore, the photolysis of the gas mixture

was continued until all Cff was depleted (about 5 h). The concentra- 0,004~
t|0_n5 of the decomposition productsz(l_{), FNQ) increased during 1SIOO 16|00 14'00 12‘00 10'00 8(l)O 660 460 2(')0
this process. Subsequently the gas mixture was passed through thre: 1

traps immersed in liquid nitrogen, and the collected crude product was Wavenumber / cm

separated by repeated trap-to-trap condensation in vacuo in a series ofigure 2. IR spectra of CKOONG; in the gas phase.

traps held at—=100, —120, and—196 °C, respectively. The trap at
—120 C. retamgd CEOONG,; contaminated with N© To remove IFS 66v instrument. The 1064-nm exciting line of a Nd:YAG laser
the NG impurities, batches of about 0.5 mmol of the crude product .

were condensed into a 250-mL vessel and equal amounts of ozone WeréADLAS’ DPY 301, Libeck, Germany) was used.

condensed onto it. The vessel was allowed to warm to room  (B) NMR Spectroscopy. The9F and**C NMR spectra of the neat
temperature, and the mixture was separated in the same manner aiquid sample were recorded with a Bruker MSL 200 spectrometer and
described above. 10s was retained in the-100°C trap, and the-120 a %F/*H dual head (for*°F) or a multinuclear probe head (féiC),

°C trap contained pure GBONO,. No impurities were detectable in  operating at 188.31 and 50.33 MHz, respectively. For é#NMR

the IR, % NMR, and**C NMR spectra. The yield of GOONO; spectrum of the sample, four scans were accumulated in a 64-kB

amounted to 3670% (2.5-5.5 mmol, based on N{) depending on  memory, with a delay time of 2.2 s between scans. Foi¥aeNMR

the conditioning of the inner surface of the photoreactor. spectrum, 132 scans of the same sample were recorded with a delay
Instrumentation. (A) Vibrational Spectroscopy. Gas-phase  time of 60s. Low-temperature measurements were carried out by using

infrared spectra were recorded with a resolution of 2tim the range a Bruker variable-temperature controller with a coppaonstantan

of 4000-400 cn1?, using a FTIR instrument (Nicolet Impact 400 D).
In the range 45680 cn1?, a Bruker IFS 66v FTIR instrument fitted ) )
with a gas cell (20-cm optical path length) equipped with polyethylene  (€) UV Spectroscopy. UV spectra in the 196290 nm region were
windows was used. The same instrument was used for recording matrixecorded with a 1024 diode array spectrometer (Spectroscopy Inter-
infrared spectra in the range 400800 cnT?, with a resolution of 1 national). A CLD 30-W deuterium lamp (Hamamatsu) was employed
cmt, as the light source. Mercury emission lines from penray lamps (Oriel)
FT Raman spectra of a liquid sample were recorded with a Bruker were used for wavelength calibrations. To eliminate absorption from
FRA 106 FT Raman accessory mounted on the optical bench of the atmospheric oxygen, the monochromator and the housing of the
absorption cell were flushed with nitrogen. Spectra in the-2540-

thermocouple.

(16) Bodenbinder, M.; Ulic, S. E.: Willner, HI. Phys. Chem1994 98, nm region were recorded with a Lamda 900 (Perkin-Elmer) spectrom-
6441. eter. The gas-phase UV spectrum o;OPNQ, was recorded by using
(17) Gombler, W.; Willner, HJ. Phys. E: Sci. Instruni987 20, 1286. a glass cell (100-mm optical path length) equipped with quartz lenses
(18) Banks, A. A.J. Chem Socl94§ 2188. (Suprasil, Heraeus) or by using quartz cells (50-mm optical path length,
CF;l: log(p) = 7.5665— 1174.291 Suprasil, Hellma). Pressures were measured with a capacitance

manometer (100 or 1000 mbar absolute; 122 A, MKS Baraton,
CF,0O0NOQO,: log(p) = 7.567— 1284.4T (20) Burlington, MA).



6210 Inorganic Chemistry, Vol. 37, No. 24, 1998 Kopitzky et al.

Table 1. Wavenumbers (cnt) of the Vibrational Bands of GOONQ, and Their Assignments

IR assignm/approx
gas o? Ar matrix |b Raman liquid ab initié description of modé
3505 0.91 3522 2.9 12
3056 6.00 3052 2.3 v+ v
2611 1.40 2606 0.2 ]
2588 0.90 2567 0.2 13
2482 1.25 2465 0.9 13
2375 0.80 2367 0.2 12
2122 1.32 2116 0.3 Vs + v
2071 1.25 2068 0.3 vs+ vg
1986 106 V1 + 41/20 — V20
1838 3.36 V1 + 21/20 — V20
1762(P) 241 1762 71 1759(1) 1811 (354) v1 v2d{NOy)
1576 2.90 2vg
1415 4.55 1418 1.2 1415(0.5) (2%
1314 sh 139 1308 40 1335 (220) v2 v(NOy)
1303 210 1290 70 1308(5) 1277 (288) v3 v{(CFs)
1244(P) 238 1238 100 12350.5) 1227 (316) v4 vadCF)
1192 349 1187 79 1179(2) 1150 (526) 5 vadCFs)
1054 1.96 vg + Vig
958 17.7 960 br 13 955(2) 970 (43.5) v6 v(0O—0)
860 br 35 880 br 4.1 881(9) 854 (1.8) v7v(C—0)
792 126 787 38 785(3) 814 (189) vg O(NOy)
710 9.6 708 3.4 700(0.5) 733 (16.6) V9 000 (NO2)
715(1.1) v10 0§(CF)
674 11.3 676 3.6 673(2) 684 (15.3) v11 0 CF)
608 4.37 609 1.8 604{(0.5) 605 (7.5) V12 02 CF)
565 6.85 570 2.8 565(4) 576 (10.6) v13 p(NO2)
495 6.96 498 3.4 492(7) 483 (9.5) v12v(N—0O0)
445 1.35 450 49 445(3) 444 (0.64) v15 p(CF)
380 6.8 367(7) 375(7.0) v16 p(CR)
286 1.2 287(2) 287 (1.2) v17 6(0O0—NOy)
256 2.6 257(10) 261 (1.0) 118 0(00—CR)
~180 br ~0.1 190(0.5) 220
103 (0.002) 119 T(FsCO—ONQO,)
94(10) 85 (0.089) V20 T(FsCOO-NO,)
60 (0.008) v21 T(F;C—OONGQ,)

a Absorption cross section in & cn?. P Rel. integrated intensitie$(v,) = 100.° BSPW91/6-31G*, wavenumbers of the stretching modes are
scaled by a factor of 0.95; values in parentheses are IR intensities in knh. thel= stretching = deformation, oop= out of plane,0 = rocking,
andz = torsion.

(D) Gas Electron Diffraction (GED). Electron-diffraction intensi- Ck;+ O,—~ CF,00 (3)
ties were recorded with a Gasdiffraktograph KD&2t 25- and 50-
cm nozzle-to-plate distances and an accelerating voltage of ca. 60 kV. The resulting radical may now react with a seconga@B
The sample reservoir was kept-a70 °C (ca. 15-mbar vapor pressure), molecule (eq 4), C¥(eq 5), or NQ (eq 1).
and the inlet system and gas nozzle were at room temperature. The

photographic plates (Kodak electron image platesx1B8 cm) were CF00+ CF,00— CF,00CK + O, (4)
analyzed by the usual metho¥s.Averaged molecular intensities in

—1 (i = —1
the s ranges of 2-18 and 8-35 A~* (in steps ofAs = 0.2 A™%) are CF,00+ CF,— CF,00CF, (5)

shown in Figure 1.

Results and Discussion CR00+ NO, + M = CROONG, + M (1)

Synthesis of CROONO,. According to the literaturthe  Because of the low concentrations of £2fid CROO radicals,
synthesis of CEDONG; is accomplished by the reaction of reaction (1) occurs preferentially. The photolytic cleavage of

photolytically generated GFadicals with Q and NG in a NO, takes place as a side reaction.
modified procedure.
In the first step, CEkradicals are formed in situ by NO,—NO+ O (6)
CF,4 v CF,+1 @) Nitrogen monoxide depletes the prodéét,
CF,00NQ, = CF,00 + NO, Q)
In the presence of oxygen the €radicals add @to form
CR0021.22 CF00+ NO— CF,0 + NO, @)
(19) Oberhammer, HMolecular Structure by Diffraction MethodJhe CF3O +NO,—~ CRO + FNQ, (8)

Chemical Society: London, 1976; Vol. 4, p 24.

(20) Oberhammer, H.; Gombler, W.; Willner, Bl. Mol. Struct.1981, 70, and CRO, FNO, and FN@are found in the crude product.
(21) 2Sg{neider W. F.; Wallington, T. J. Phys. Cheml993 97, 12783. During the handiing of t.he. pure substance, very Sma” amounts
(22) Fockenberg, C.; Somnitz, H.; Bednarek, G.; ZellnerB&. Bunsen- of NO, are formed. This is in accordance with its thermal

Ges. Phys. Chem997 101, 1411. instability at room temperatuife:!
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Table 2. Selected IR Absorption Cross Sections of Gaseous

Inorganic Chemistry, Vol. 37, No. 24, 1998211

Table 4. Experimental and Calculated Geometric Parameters for

CFROONG, CROONG;,
0/10-2 crr? HF/ HF/  B3PWOL/
- - * - b
mode position/cmt this work ref9 ref 12 GED* 321G 6-31G*® 6-31HG*
vdNOy)  1762(P)1768(R)  241/237  —/90 69 0-0 1.414(8) 1441 1364  1.394
v{CFy) 1303 210 68 61 O—N 1.523(7) 1.494 1.390 1.538
vCF)  1244(P)1250(R)  238/229 7170 110  9°C 1378[12f 1393  1.372  1.392
vdCF) 1192 349 100 130 N=0 1.187(3) 1.205 1.169 1.179
/O-0) 958 177 5 83 4 C—F 1.322(3) 1327  1.302 1.325
5(NOy) 792 126. 23' 37 O—0O—N 108.4(13) 107.1 110.6 109.1
5 0-0-C 107.7(14) 107.6  108.7 108.7
;’gtglga& UV Absorption Cross Section of Gaseous:0PNQ; at %“Sg 1375_';(21) 13.366 1;’.12'8 173_3'2
(02-N=04) —
Alnm 011020 cn? Alnm /1020 cn? (02—N=03)
F—-C-F 108.8(9) 109.7 109.7 109.4
185 430 265 8.2(0.3) )
190 370 270 58(02) tilt (CFg)e 46"‘ 3.7 3.9 4.6
195 290 275 4.0(0.2) ¢(C—0O—0—N) 105.1(16) 104.7 106.2 104.5
200 220 280 2.6(0.1) $(O—O0—N=03) 178.3 173.4 176.7 178.3
205 150 285 1:7(0:1) ¢(O—0—-C—F1) 181.8 185.0 182.0 181.8
210 96(7) 290 1.0(0.05) ar, values are in angstroms and degrees. Error limits areafues
215 74(4) 295 0.69 and include possible systematic errors (see text). For atom numbering,
220 54(4) 300 0.45 see Figure 3 Mean values are given for parameters which are not
225 46(3) 305 0.28 unique.© Not refined but varied within the range given in brackets (for
230 38(2) 310 0.20 estimations of possible systematic errofd)lot refined.e Tilt between
325 gg(i) 3%5 0.13 the C; axis of the Ck group and the ©C bond direction. The tilt is
24g 2251; gzg 882 away from the G-O bond.
ggg ii'ggg'g ggg 8'821 v4(NO,) fundamentalsiz andv,, respectively), which overlap
260 11.1(0.5) 340 0.014 strongly in the infrared gas spectrum. The assignment,of
. ] o andvs is based on the results of the ab initio calculation. The
meé:gi'feersems brackets arer — 1 standard deviations of -5.0 skeletal bending modes are strongly mixed, and the proposed

assignment is arbitrary.
: . T . For comparison, literature values of the absorption cross
Spectroscopic Properties. (A) Vibrational Spectra. Figure .
2 shpows the gas-phgse infra(rezi spectrum ojF()ZEFNOZ. gFor section82 of vadNOy), v{(CFs), vadCFs), ¥(00), andd(NO,)
are listed in Table 2. Because the literature data are deduced

guantitative analysis, the ordinate scale is presented in the om complex reaction mixtures. their absolute and relative
absorption cross section, and selected values at all band centerLI P '

are collected in Table 1. The cross sections are determinedvaIueS are strongly affected by overlapping bands of impurities.
according to (B) UV Spectra. In the UV region, gaseous GBONO,

shows an absorption ranging from 340 nm with increasing
intensity toward 190 nm. The absorption cross sections listed
in Table 3 are obtained from several samples at pressures
between 0.5 and 807 mbar. At high pressures, the characteristic
absorption pattern of N£appears. The spectrum recorded with
optical path length (cm). a pressure of 807 mbar shows an absorption of 0.07 at 380 nm.
CROONQ;, possesse€; symmetry (vide infra), and all 21 By comparison with a pure NOsample, this absorption
fundamentals are expected to be active in the infrared andcorresponds to a partial pressure of ca. 1 mbar of,.NO
Raman spectra. They can be subdivided into 8 stretching, 10Therefore, the raw spectra are corrected by subtracting the
deformation, and 3 torsional modes. Altogether, 20 fundamen- respective N@ content.
tals are detected in the IR and Raman spectra. Of these, 19 are The UV spectrum of CEDONG; is similar in shape to the

found in the infrared spectrum and 19 in the Raman spectrum. spectrum of CHOONO;;24 however, CEOONG; has absorption
The torsional mode of lowest energy( €F—0)] is missing, cross sections lower than those of £MONG; by a factor of
because it is expected to appear outside the range of ourgbout 2.
spectrometers. From the absorption cross sections, the photolytic half-life
All vibrational data observed in the gas phase, in an argon for CROONQ; in the troposphere is calculated using the solar
matrix, and for the pure liquid are listed together with the flux data of Zepp and Cline and Zepp’s GCSOLAR prog#am
calculated wavenumbers (ab initio) and a tentative assignment(sea level, Greenwich meridian, all latitudes, unity quantum
in Table 1. The observed band positions are, within a few yield). A half-life of about 26 days is derived. For the northern
wavenumbers, in general agreement with the literature vafues. hemisphere mid-latitudes, a half-life of about 30 days is
However, the assignment given by Hohorst and DesMarteau is calculated using the data of Frank and pffer26 These values
based orCs symmetry, and four fundamentals were not observed are higher than those reported in the literafifewhich were
in their spectra. Our assignment is based on a comparison with
the spectra of CJ£(O)FZ FC(O)OONQ,* and CRC(O)- (24) Morel, O.; Simonaitis, R.; Heicklein, Chem. Phys. Lett198Q 73,
OONQ,.25 All stretching modes at high wavenumbers are 38.

_ - - (25) Zepp, R. G.; Cline, D. MEnviron. Sci. Technol1977 11, 359-366.
characteristic and easily assignable, except fowt{eFs) and (26) Frank, R.; Kipffer, W. Chemosphera98g 17, 985.

(27) Libuda, H. G.; Zabel; F. Presented at the International Conference on
Ozone in the Lower Stratosphere, Halkidiki, Greece, May-26,
1995. Zabel, F. Personal communication.

0 =31.79 log I/l x (pd) /10 % cn? (9)

with T = temperature (Kelvin)p = pressure (mbar), andl=

(23) Pacansky, J.; Waltman, R. J.; Ellinger, J¥.Phys. Chem1994 98,
4787.
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Table 5. Interatomic Distances and Vibrational Amplituées
distance ampl GED ampl HF/3-21G distance ampl GED ampl HF/3-21G
N=0 1.19 0.03% 0.039 F204 2.99 0.199(39) 4l 0.159
C-F 1.32 0.043(3) al 0.043 NF2 3.03 0.199(39) 4l 0.161
Oo-C 1.38 0.047 0.047 CN 3.19 0.108 0.108
0-0 1.41 0.045 0.045 CO4 3.28 0.199(39) Jl 0.162
O—N 1.52 0.054 0.054 O2F1 3.39 0.0641 0.061
FF 2.15 0.060(6) d 0.057 0103 3.41 0.063 0.063
0304 2.18 0.047 0.047 F203 3.89 0.216(44) sl 0.225
0203 221 0.060(6) P 0.061 NF3 3.90 0.216(44) sl 0.205
OlF 2.15-2.24 0.060(6) P} 0.058 F104 4.02 0.216(44) sl 0.237
02C 2.26 0.067 0.067 CO3 4.13 0.144(33) 6l 0.133
0204 2.32 0.060(6) > 0.057 NF1 3.22 0.144(33) 6l 0.143
O1N 2.38 0.068 0.065 F304 4.30 0.256 0.256
0104 2.53 0.091 0.091 F303 4.60 0.275 0.275
02F2 2.66 0.129(19) I3 0.142 F103 5.28 0.136 0.136

aValues are in angstroms; error limits are @alues. For atom numbering, see Figure Blot refined.

derived from comparison with C@;_ OONGO2* or from
preliminary UV date&Z” On the basis of our data, @GONG;

may play a more important role than previously expected in

the transport of N@from industrial zones into pollution-free
environments.

(C) NMR Spectra. In the %F NMR spectrum of a liquid
CFROONG; sample of high purity at-30 °C, only one signal
at —71.4 ppm relative to CF@lis observed. The coupling
constanfJcr determined from the positions of tAeC satellites
is 269.5 Hz. The*C NMR spectrum of the same sample at

—30°C shows one quartet at 123.7 ppm relative to TMS and a

1Jcr coupling constant of 269.5 Hz as observed in'flreNMR
spectrum.

It is interesting to note that the isoelectronic compoung-CF
OOC(O)F8 shows very similiar data for the Ggroup (liquid,
~50°C, 0 = —71.8 ppmoc = 122.3 ppmiJer = 269.5 Hz)2°

(D) Gas-Phase Structure. The structure of CFOONG; is

determined by theoretical methods, as well as by GED.

Geometric parameters are fully optimized with the HF/3-21G,
HF/6-31G*, and B3PW91/6-31G* methods®® These results

|
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Z0O00ZOTQOQOQOZOO0QO0OZ0O O
EhESoZnRERIREL PR R Re @
T QBQRIN/NTRIZIESaL I
w w
1 2 3 5 6
R/A

Figure 3. Experimental radial distribution function and difference
curve. The positions of interatomic distances are shown by vertical
bars.

are included in Table 4. Cartesian force constants (HF/3-21G) tias and known complex scattering factors are d8eBecause

are transformed to symmetry constants, and vibrational ampli-

tudes are calculated with the program ASYM4(QTable 5).

CROONG; possesses some very similar bond distances which
cause high correlations in the least-squares analysis, #@ O

Stretching and bending constants are scaled with 0.85 andy 4 length is constrained to the value derived fos@BOCHK

torsional constants with 1.0.

The experimental radial distribution function (RDF) is
calculated by Fourier transformation of the GED intensities
(Figure 3). A preliminary structural model derived from the
RDF is refined by least-squares fitting of the molecular
intensities. A diagonal weight matrix is applied to the intensi-

(28) DesMarteau, D. Dinorg. Chem.197Q 9, 2179.

(29) Willner, H.; Kopitzky, R. Unpublished results.

(30) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson,
B. G.; Robb, M. A;; Cheeseman, J. R.; Keith, T. A.; Petersson, G. A;;
Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
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[1.378(12) A]3® The bond length is varied within its uncertainty

of £0.012 A for estimating possible systematic errors in refined
parameters caused by this constraint. The@Bup is assumed

to posses€s, symmetry, the tilt angle between tkig axis and

the O-C bond direction, and the torsional ang@©OCF1) are
fixed at the calculated values. The Op@roup is constrained

to planarity, the difference between the twe-8=0O angles
AONO = (02—N=04)—(02—N=03), and the torsional angle
¢(OONO3) is constrained to the B3PW91 values (for atom
numbering, see Figure 3). The bond lengths®B and N=

O4 are set equal. The calculated difference (B3PW91) is only
0.003 A. Vibrational amplitudes for similar interatomic dis-
tances are collected in groups, and amplitudes which cause high
correlations or which are badly determined in the GED
experiment are set to the ab initio values (see Table 5). Through
the use of these constraints, nine geometric parameters and six
vibrational amplitudes are refined simultaneously. The follow-
ing correlation coefficients have values larger tharb: CF/
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1994 320, 91.

(39) Casper, B.; Lambotte, P.; Minkwitz, R.; Oberhammer,JHPhys.
Chem.1993 97, 9992.

(40) Casper, B.; Dixon, D. A.; Mack, H.-G.; Ulic, S. E.; Willner, H.;
Oberhammer, HJ. Am. Chem. S0d.994 116, 8317.
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OOC= —-0.52, CF/FCF= 0.63, OOC/FCF= —0.63, OOl; =
—0.64, FCH, = —0.87. The final results are listed in Tables
4 (geometric parameters) and 5 (vibrational amplitudes
CROONG; possesses a skew structure w@h symmetry
and a COON dihedral angle of 105.1(16)This angle is
intermediate between those for {TFOCHK; [¢(COOC)= 123.3-
(40y°]3*and for FC(O)OONQ@[¢(COON)= 86.2(14}].14 This
comparison indicates that Spybridized substituents, such as
FC(O) or NQ, tend to decrease the dihedral angle in peroxides.
Within the experimental uncertainties, the-O bond length
in CFRROONQ; [1.414(8) A] is equal to those in GBOCR
[1.419(20) A] and FC(O)OON®[1.420(6) A]. These bonds
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gativity of the substituent X. For the electropositive SiMe
group, a very short NO bond of 1.383(5) A is observéd.
The bond length increases with increasing electronegativity to
1.410(2) A in HONQ,®8 1.493(3) A in CIONG,®* and 1.507-
(4) A in FONQ,.4% The result for CEOONO, suggests that
the CRO group is even more electron withdrawing than fluorine.
Both methods, low-level HF/3-21G and high-level B3PW91/
6-311+G*, reproduce the refined experimental geometric
parameters satisfactorily, i.e., to withir0.03 A and+£3°. The
HF/6-31G* approximation predicts ‘€N and O-O bond
lengths which are too short by 0.13 and 0.05 A, respectively.
All three methods predict COON dihedral angles which are

in peroxides with electronegative substituents are shorter thanindistinguishable from the experimental value.

those in hydrogen peroxide [1.475(4)%br dimethyl peroxide
[1.457(12) A]3® The most remarkable structural feature obCF
OONGQ; is the extremely long ©N bond of 1.523(7) A.
Structural studies of covalent nitrates XOnave shown that

the N—0O single bond length depends strongly on the electrone-
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