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The synthesis of GE(O)OONQ is accomplished by the reaction of (§KO))O with H,O, and subsequent
nitration of the resulting peracetic acid. The pure product is isolated by trap to trap condensation and removal
of the byproducts by treatment with NaHGOAt room temperature GE(O)OONGQ is stable for days in the
gaseous or liquid state. The melting pointi82 °C and the boiling point is extrapolated to 426 from the
expression Inp = —4045T + 19.77 p in mbar, T in K). The compound is characterized further by mass
spectrometry and vibrational, NMR, and UV spectroscopy. According to the NMR spectras6{CJOONG

as well as CHC(O)OONQ, both molecules exist in one single conformeric form at room temperature.

Introduction lifetime at low altitudes with respect to thermal dissociation is
expected to be a few days. In the upper troposphere it will be
stable for thousands of ye&ré. Nevertheless new investigations
based on photolytic sensivity suggest that FPAN has only a short
lifetime in the upper troposphebe.

Even though CEC(O)OONGQ is an important atmospheric
species, the pure compound has not been isolated and many of
its properties are still unknown. Therefore we developed an
improved synthesis and prepared the compound in a pure state.
The results of an extensive characterization are reported in this
paper. Included are alsii and13C NMR studies on ChkLC-
(O)OONQ, and related compounds for comparison. To our
knowledge no extensive NMR experiments onfCHD)OONQ
have been reported, although the pure compound has been
studied for a long period of timg.1!

The most advantageous property of CFC (chlorofluorocarbon)
replacements is their ability to be degraded in the troposphere
by attack via OH radicals. The fluorinated organic radicals
formed in this manner are rapidly converted by reaction with
molecular oxygen into peroxy radicdisThe currently used
alternatives to the CFC’s, like HFC-143 (€FHs), contain a
CR;C moiety that may convert into GE(O)O; radicals?3 They
can react with themselves or undergo reactions with other
atmospheric radicals such as NO, NEO,, etc. Of importance
is the reaction with N@ in which trifluoroacetyl peroxynitrate,
CRC(O)OONQ (FPAN), is formec* FPAN serves as a
reservoir species for GE(O)O, radicals. Its kinetics of
formation and its thermal stability and the implications of these
for atmospheric chemistry have been investigdtédin labora-
tory experiments, CIE£(O)OONQ is either formed by the
photolysis £ = 300-400 nm) of a mixture containing GE-
(O)H, Ch, NO,, O,, and N24or from CRC(O)OOH and HN@ Caution! Trifluoroacetyl peroxynit_rate (FPAN) and_ e_specially
in n-tridecane solution as described receﬁtlﬁome IR bands peroxyacetyl nltr'ate (PAN) are pote_ntlally explosive. It is important
and the UV cross sectioh the range 238305 nm are known. to take appropriate safety precautions when these compounds are

- . __handled in the pure liquid or solid state. Reactions involving them
From the temperature dependence of the kinetics of formation should be carried out only with millimolar quantiies.

General Procedures and Reagents.Volatile materials were
CF,C(0)G, + NO, + M == CF,(O)OONG, + M (1) manipulated in a glass vacuum line equipped with a capacitance pressure
gauge (221 AHS-1000 MKS Baratron, Burlington, MA) and valves
the CRC(0)OO-NGQ bond energy has been deduced to be 117 with PTFE stems (Young, London). The vacuum line was connected
+ 4 kJ molL2 very similiar to the respective bond energy in to an IR cell (optical pass length 200 mm, Si windows 0.5 mm thick)

. N6 . in the sample compartment of the FTIR instrument, in order to observe
CHsC(O),~NO, (119 & 4 kJ mol™).> The atmospheric the purification process and to follow the course of reactions instan-

Experimental Section

: . . . . taneously.
T Dedicated to Prof. Hans Bger on the occasion of his 60th birthday. S ) .
* Author to whom correspc?r?dence should be addressed. y Cylindrical glass reactors (o_.d:. 30 mm,h = 80 mm) fitted with
® Abstract published i\dvance ACS Abstract&ebruary 15, 1997. a 10 mm tube and a valve with PTFE stem were carefully cleaned
(1) Francisco, J. S.; Maricq, M. M. Iidvances in Photochemistry with hydrochloric acid and distilled water prior use.
gleckefi D. $-,|2/131|gngasn,VD-l Hz-bvon'?gllééG-, Ed.; John Wiley & Vapor pressures were measured in a dewts 25 mL) consisting
ons: New vorx, » Vol. 20, pp ' of a capacitance pressure gauge (Model 205-21 00 mbar, Setra,
@ \Zlvzghggg.m' T.J. Sehested, J; Nielsen, OChem. Phys. Let1 994 Acton, MA) connected to a glass sphere of 10 mm o.d. at the end of
(3) Maricq, M.; Szente, J. J.; Khitrov, G. A.; Francisco, J.JSPhys.
Chem.1994 100, 4514. (7) Bruckmann, P. W.; Willner, HEnviron. Sci. Technol1983 17, 352.
(4) Zabel, F.; Kirchner, F.; Becker, K. Hnt. J. Chem. Kinet1994 26, (8) Nielsen, T.; Hansen, A. M.; Thomsen, E. Atmos. Emiron. 1982
827. 16, 2447. Gaffney, J. S.; Fajer, R.; Senum, Gbid. 1984 18, 215.
(5) Libuda, H. G.; Zabel, FBer. Bunsen-Ges. Phys. Chef®95 99, (9) Helmig, D.; Muler, J.; Klein, W. Atmos. Emiron. 1989 23, 2187.
1205. (10) Kravetz, T. M.; Martin, S. W. Mendenhall, D. Greiron. Sci. Technol
(6) Bridier, I.; Caralp, F.; Loirat, H.; Lesclaux, R.; Vegret, B.; Becker, 198Q 14, 1262.
K. H.; Reimer, A.; Zabel, FJ. Phys. Chem1991, 95, 3594. (11) Senum, G. I.; Fajer, R.; Gaffney, J.B.Phys. Cheml986 90, 152.
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a 10 cm long glass tube, 6 mm o.d., and a valve connecting the devicebench of the IFS 66v instrument using the 1064 nm exciting line of a
with the vacuum line. For vapor-pressure measurements, about 0.2 gNd-YAG Laser (ADLAS, DPY 301, Lbeck, Germany).

of the compound was condensed-at96 °C into the glass sphere.
The contents were warmed in a stirred ethanol cold bath with
temperatures in the range 660 to+20 °C. The data were fitted by

a least-squares method, using the equatign#n—A/T + B: p/mbar;
TIK.

For melting point measurements a stirred methylcyclohexane cold

(b) NMR Spectroscopy. The'®F, H, and**C NMR spectra of liquid
samples were recorded with a Bruker MSL 200 spectrometer and a
19F/'H dual or for'3C a multinuclear probe head, operating at 188.31/
200.13, and 50.33 MHz, respectively. For ea¥hNMR spectrum of
the FPAN (CBC(O)OONQ, neat) sample 20 scans were accumulated
in a 64 kbyte memory with a delay timé 5 s between two scans. For

bath in a clear view Dewar glass vessel was used. The temperaturethe **C NMR spectra 180 to 1000 scans of the same sample were
was measured with a small PT-100 sensor, attached to the sample tubgecorded with a delay time of 10 s.
(6 x 1 mm). For Raman measurements, the sample was condensed at For the'H and**C-spectra of the PAN (C¥€(O)OONG;, 25 mol

—196 °C via vacuum line techniques through a small NMR valve
(Young, London) into a glass capillary of 2 mm o.d.

NMR measurements were carried out with samples, flame sealed in
5 mm o.d. tubes, which were centered inside a 10 mm tube containing
the lock CDC} (Merck) and the reference CRLI

Details of the matrix-isolation apparatus and the conditions for
preparing noble gas matrices have been given elsevhefhe
products were stored in flame-sealed glass ampules in liquid nitrogen.
The ampules were opened and resealed by use of an ampulé key.

Synthesis of CRC(O)OONO; (FPAN). The reaction vessel was
loaded with about 1.0 g (24 mmol) of.B, (80%, Peroxid-Chemie),
and after evacuation 3.2 g (15 mmol) of ({CKO))O (Solvay,
Hannover) was condensed on top of itet96 °C. After warming up
to —20 °C, the contents were stirredrf@ h while the temperature
increased to OC. Under dry nitrogen and cooling with liquid nitrogen,
18 g of a mixture of HN@—H,SO, (mass ratio 1:8 of the pure acids)
was slowly poured into the reaction vessel through the valve.
Subsequently after evacuation the reaction vessel was warme20to

% diluted in CDC}) sample, 100 scans were recorded with delay times
of 10 and 15 s, respectively. Low-temperature studies were carried
out by using a Bruker variable-temperature controller with a copper
constantan thermocouple.

(c) Mass Spectrometry. Mass Spectra were recorded on a MAT
112-S mass spectrometer (Varian) with a resolutiom@fm = 800
and an ionization energy of 70 eV. The vapor over a@P)OONGQ
sample, held at-25 °C, was introduced into the mass spectrometer
via a PTFE needle valve (Young, London). During the recording of
spectra, a background pressure ok 8.0-° mbar in the spectrometer
was maintained.

(d) UV Spectroscopy. UV spectra were recorded with a 1024 diode
array spectrometer (Spectroscopy International). As light source a CLD
30 W deuterium lamp (Hamamatsu) was employed. Hg emission lines
from penray lamps (Oriel) were used for wavelength calibrations. The
gas phase spectrum of @F{O)OONQ was recorded by using a glass
cell (10 cm optical path length) equipped with quartz lenses (Suprasil,
Heraeus). Vapor pressures were measured with a capacitance mano-
meter (MKS Baratron 122 A, 100 mbar absolute). To eliminate

°C for a few minutes. Under these conditions small amounts of gaseousghsorption from atmospheric,Cthe monochromator and the housing

oxygen evolved, and the volatile products were slowly pumped through
three U-traps kept at 60, —90, and—196 °C. The trap at-90 °C
retained abatl g of thecrude product containing 25% of trifluoroacetic
acid. It was possible to remove the trifluoroacetic acid and the/NO
HNO; impurities by treatment with NaHGO For this purpose a second
reaction vessel was loaded with a few grams of solid NagiCThe

of the absorption cell were flushed with,N

Results and Discussion

Synthesis and Thermal Properties of CEC(O)OONOs,.
The synthesis of GE(O)OONQ was accomplished by nitration

crude product was condensed in 1 mmol batches onto the powderedof trifluoroperacetic acid using commercially available chemi-

NaHCGQ;. After warming to 0°C the vessel was shaken for a minute.
Final purification was achieved by repeated fractional condensation,
as described above. No impurities were detected in the IR%¥nhd
and!F NMR spectra of the product (0.5 g, 2.9 mmol). The purity of
the final product was estimated to be©99%.

Synthesis of CHC(O)OONO, (PAN). PAN was prepared by a
modified literature proceduré® A 25 mL round-bottom flask fitted
with a PTFE-coated spin bar was loadedhwit g (~24 mmol HO,)
of aqueous bD,, (80%, Peroxid Chemie) and cooled to°G. A
mixture of 1.2 g (11 mmol) of acetic acid anhydride (Merck) and a
few drops of concentrated sulfuric acid were added slowly to #@&H
and the reaction mixture was held afO for 4 h. Under continous
stirring, 10 g of n-tridecane (Merck), 0.4 g of concentrated sulfuric
acid, and 0.5 g of nitric acid (65%, 3.5 mmol) were added slowly.
After a reaction time of a few minutes the contents of the flask were
poured into 15 mL of ice-cold water in a separatory funnel. The
tridecane layer was washed with 10 mL ice-cold water and then filtered
through a thin layer of NaHCZMg(CIO4), into a container for
fractional condensation through a series of cold traps hetdtat —80,
and—196 °C. The trap at-80 °C contained pure C4C(O)OONQ.

Instrumentation. (a) Vibrational Spectroscopy. Gas phase
infrared spectra were recorded with a resolution of 2tim the range
4000-400 cn1?! using an FTIR-instrument (Nicolet Impact 400 D)
which was directly coupled with the vacuum line (s.a.). In the range
450-80 cn! a gas cell (20 cm optical path length) equipped with PE
windows and a Bruker IFS 66v FTIR-instrument were used. The same
instrument was used for recording matrix infrared spectra in the range
4000-400 cnr® with a resolution of 1 cmt.

FT-Raman spectra of a liquid @&O)OONQ sample were recorded
with a Bruker FRA 106 FT Raman accessory mounted on the optical

(12) Bodenbinder, M; Ulic, S. E.; Willner, HJ. Phys. Chem1994 98,
6441.
(13) Gombler, W.; Willner, HJ. Phys. E., Sci. Instrunl987, 20, 1286.

cals. Initially trifluoroperacetic acid is formed in situ:
(CF,C(0)),0 + H,0,= CF,C(O)OOH+ CF,C(0),0 (2)

The peracetic acid is nitrated by the nitronium ion, present
in the mixture of HNQ/H,SQy, according to

H,SO, + HNO,=NO," + HSO, + H,0  (3)

—20°C

o —

CF,C(O)OOH+ N02+ CF,C(O)OONG, + HY (4)
while some of the compound decomposes withe®olution.
Nitration of CRC(O)OH to the unknown CGE(O)ONG, was

not observed. The product was separated from the reaction
mixture by distillation in vacuo and purified as described in
the Experimental Section. Despite the low yield, this route to
CRC(O)OONQ, which is based on a similar procediréis
preferred over the photochemical synthésisin this manner,
millimolar quantities can be prepared from commercially
available chemicals within a day.

Pure CEC(O)OONQ is a colorless liquid with a freezing
point of —92°C. The boiling point extrapolated from the vapor
pressure curve recorded betweeB0 and+20 °C is 42.5°C.

As is typical of perfluoro compounds, with respect to their alkyl
analogs, this value is below the boiling point of €3{O)-
OONG;, (106 °C).” The boiling point pair of CEC(O)OH (73
°C) and CHC(O)OH (118°C)!“ serves as another illustration.
In dry glass vessels gaseous or liquidsCFED)OONQ is stable

(14) Handbook of Chemistry and Physié&&nd ed.; The Chemical Rubber
Co.: Cleveland, OH, 1971.
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Figure 1. IR spectra of CEC(O)OONQ in the gas phase.

Table 1. Vibrational Wavenumbers (cm) for CRC(O)O,NO, and
Their Assignments

IR
Ar Raman, d assg tr_]ts/a[?prméjre
gas o® matrix 1°  liquid escription of mo
3693 1.79 3711 0.5 17
3497 (Q) 1.18 3522 3.0 12
3040 8.77 3032 3.0 v+ vs
2590 1.61 2581 0.5 3
2104 2.04 2102 1.5 13
1857 118 1855 53 1851 mw; »(C=0)
1761 (Q) 355 1754 100 1757 wv, vadNOy)
1405 521 1404 2 1402 vws »(C—C)
1303 210 1306 24 V4 (C-0)
1297sh 169 1296 45 1298 swvs v(NOy)
1243 193 1238 95 1240 vws vad CF)
1206 210 1195 77 1193 vw- v{CFs)
1055 384 1054 87 1086 vwsg v{CFs)
920 9.93 921 4 919s g r(0—-0)
862 9.26 863 4 863s v »(C-C)
793 121 796 14 Vi1 O(NOy)
785 35 786m v »(C-0)
750 29.8 748 8 747Tm wvi3 000 CRC=0)
704 511 701 3 V14 04CRs)
648 20.6 647 8 645m w5 000 NOy)
577 11.6 572 4 576w v 0a{CR3)
522 5.63 522 3 V17 0a{CFs)
476 16.2 474 8 474vS vig »(N—0)
416 1.25 415m vg  p(NOy)
340 9.60 351m vy p(CR)
317 450 316vs vy o(CR)
257 1.05 V22 6(OO_N02)
236 1.65 238s vy 0(00—-C(O)CR)
188 1.40 192 m vy 7(0—-0)
157 m vy 7(CRC(0)-0)

a Absorption cross section in 1% cn?. ® Relative integrated intensi-
tiesl(v4) = 100.°¢ v = stretchingd = deformation, oop= out of plane,
p = rocking, T = torsion.

Kopitzky et al.

Table 2. NMR Data for CX%C(O)OONQ (X = F, H) and
Related Compounds

d/ppm or

\l?liljﬂzﬁl CX3C(O)O:NO, [CX3C(0)L,0P CX3C(O)OH CXC(O)OOH
Oc(CRs) 115.¢0 113.8 115.9 115.0'
0c(CO) 155.4 150.4 163.14 159.0¢
OF —73.9 —78.0 —78.7 -74.9
Ucr 286.0 284.0 282.9 285.2
2)cg 45.8 48.4 43.8 43.9
Oc(CH3) 17.¢ 22.6 18.6 21.6¢
0c(CO) 167.0 168.3 172.5 178.F
OH 2.49 2.47 2.28 2.2%
Weh 132.6 130.7 131.7 130.C¢
2JcH 7.2 7.3 6.8 6.7

a All samples at—30 °C; external CDGJCFC as reference and/or
lock. PNeat compound Solution in CDC} (25%). ¢ Solution in
[CRC(0))O. ©Mixture of neat compounds.

three IR absorption cross sectionsi 10720 cn?, base e) at
3503 cnT! (0 = 1.194 0.12), 3043 cm? (0 = 8.42+ 0.84)

and 1857 cm! (o = 115+ 12) were derived from the carbon
mass balance of the thermal decomposition of@B)OONG

in the presence of NO. They are in good agreement with the
cross sections of the pure substance found by us, which are
uncertainly less than 5%.

CRC(O)OONQ possesse€; symmetry, and all 27 funda-
mentals are expected to be active in the infrared and Raman
spectrum. They can be subdivided into 10 stretching, 13
deformation, and 4 torsional modes. Altogether 25 fundamen-
tals were detected. Of these 23 are found in the infrared and
20 in the Raman spectrum. The two torsional modes of lowest
energy ¢(CR—C), 7(O—NOy)) are missing, because they are
expected to appear outside the range of our spectrometers.

As in FC(O)OONQ?® the substituents GEO and NQ have
a gauge orientation relative to each other. The@P)OO
and QNOO moieties are expected to be planar or nearly planar
with the CBC(O)O0 moiety in two different orientations.

., CFs3
F3C~c<
0—0

syn

The presence of only one rotamer is indicated by the IR
spectrum of matrix-isolated GE(O)OONQ, because beside
the stretching fundamental bands of the3;CB® group no
additional satellite bands are observed. The presence of only
one single rotamer is confirmed BSF and'3C NMR measure-
ments in a wide temperature range (vide infra).

Vibrational data observed in the gas phase, in an argon matrix,
and for a liquid sample together with a tentative assignment
are listed in Table 1. The assignment is based on a comparison
with the spectra of CJ£(0)F6 and FC(O)OON@1> At high
wave numbers all stretching modes are characteristic and easy

for days at room temperature. This observation is in accordanceassignable, except for (€C), (C—0O) and (G-N) fundamentals

with the results of decay kinetics under atmospheric condifions.
Spectroscopic Properties. (a) Vibrational Spectra.Figure
1 shows the gas phase infrared spectrum ofCEE)OONQ.

which are mixed with deformation modes, like in {LRO)F16
It is interesting to note, that the analogous stretching modes in
FC(O)OONQ® and CRC(O)OONQ occur within a few

For quantitative analysis the ordinate scale is presented inwavenumbers. Hence a very similar geometry of the skeletons
absorption cross section, and selected values at all band centerfor both peroxynitrates is expected (syn).
are gathered in Table 1. The cross sections were determined (b) NMR Spectra. Inthel®F NMR spectra of a liquid Cfe-

according to:

o= 31.797(log I/1)(p x d) /10 *°cn?;
T/K; p/mbar;d/cm (5)

Dilution of FPAN in dry nitrogen (1:1000) has no significant
(< 5%) influence on the absorption cross sections. In ref 5

(O)OONG, sample of high purity only one signal is detectable
in the temperature range 6f60 to +20 °C. The position of
the signal shows little temperature dependence (ca. 1 ppm). The

(15) Scheffler, D.; Schaper, I.; Willner, H.; Mack, H. G.; Oberhammer, H.
Inorg. Chem 1997, 38, 339.

(16) Pacansky, J.; Waltman, R. J.; Ellinger, X¥.Phys. Chem1994 98,
4787.
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coupling constantJcr deteremined from the positions of the Table 3. UV Absorption Cross Section of Gaseous
13C satellites amounts to 286.0 Hz. THE NMR spectrum of ~ CRC(O)OONQG at 28°C

the same sample at30 °C shows two quartets at 115.0 and Alnm 0/1072 cn? Alnm ol10-20 c?
155.4 ppm. The coupling constants are 286.0 Hz for the signal 190 590 245 276
at 115.0 ppm, as observed in tHE NMR spectrum, and 45.8 195 467 250 20.0
Hz for the signals at 155.4 ppm. All data are collected in Table 200 348 255 14.1
2 and compared to data of the related compoundsQ@B)].0, 205 245 260 9.95
CFC(0O)OH, and CEC(O)OOH. The NMR data of all these gig igi ggg ggg
related compounds are quite different from the data of FPAN. 220 90.6 575 305
The same should be true for a second rotamer of FPAN. 225 74.6 280 2.00
Because in a pure sample of FPAN no additional signals are 230 61.1 285 1.35
detectable, FPAN exists in the temperature range-50 to 235 47.3 290 0.95
+20 °C in one rotameric form only. 240 36.2 295 0.70

For comparative purposes a similar NMR study was per- ) _ o
formed on CHC(O)OONG. In theH NMR spectra only one @ factor of about 2. The absorption cross sections are within
strong signal at 2.49 ppm was detected, accompanied by a smalthe margin of error in agreement with the literature data.

satellite at 2.31 ppm of about 1% at room temperature, which  (d) Mass Spectrum. The 70 eV mass spectrum of g

decreased in intensity with decreasing temperature. All ob- (0)OONG, shows the following fragment ion pattenmz (%,
served NMR data are collected in Table 2, and the presence ofio)- 28 (49, CO), 30 (13, NO), 44 (14, CGQ*), 46 (100

only one rotamer (most likely syn) is indicated. The chemical NO, "), 69 (62, CE*), 97 (10, CEC(O)
shift for PAN of 2.28 ppm mentioned in refs 9 and 10 is in ' ' ; '
accordance with the chemical shift of GE{O)OH.

(c) UV Spectrum. In the UV region gaseous GE(O)-
OONOG; shows an unstructured absorption ranging from 295

nm with intensity increasing toward 190 nm. The absorption Acknowledgment. Financial support by the Deutsche For-

cross sections listed in Table 3 (uncertaintie$0%) were schungsgemeinschaft and Fonds der Chemischen Industrie is
obtained from 10 samples at pressures between 1 and 100 mbar

The UV spectrum is very similar in shape to the spectrum of gratefully acknowledged.
FC(O)OONGQ,* but the absorption cross sections are larger by 1C9612109

*). The appearance of
the base peak, N©, is in accordance with the high stability of
this cation and the weak-€NO, bond, which is also responsible
for our inability to detect the parent ion peak.



