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Infrared Spectrum of the Formylperoxy Radical in Solid Argon

Rongjing Yang, Liang Yu, Aihua Zeng, and Mingfei Zhou*

Department of Chemistry & Laser Chemistry Institute, Shanghai Key Laboratory of Molecular Catalysts and
Innovative Materials, Fudan Uniersity, Shanghai 200433, People’s Republic of China

Receied: February 5, 2004; In Final Form: March 8, 2004

Infrared spectra and frequency assignments of various isotopomers of formylperoxy radical HC(O)OO in
solid argon are presented. The formylperoxy radical was produced through the discharge production of formyl
radical followed by the association reaction of formyl radicals with molecular oxygen in solid argon. Quantum
chemical calculations indicate that the observed spectrum can be assigned to formylperoxy radical with the
O—0 bond in a cis position relative to the-& bond.

Introduction experimental setup for high-frequency discharge and matrix
isolation Fourier transform infrared (FTIR) spectroscopic in-
vestigation has been described in detail previolsBriefly,

two separated gas streams containingA® and CHOH/Ar

| were co-deposited omta 4 K Cslwindow simultaneously for
2—4 h at a rate of 35 mmol/h. One of the gas streams was
subjected to discharge from a Tesla coil. The tip of the Tesla
coil was connected to a copper cap on one end of a quartz tube
extending into the vacuum chamber. The other end of the quartz
tube was connected to a copper tube with ground potential.
Discharge takes place between the cap and the copper tube.
Infrared spectra were recorded on a Bruker Equinox 55
spectrometer at 0.5 crh resolution using a DTGS detector.
Matrix samples were annealed at different temperatures, and
selected samples were subjected to broad-band irradiation using
a high-pressure mercury arc lamp. The {OHl/Ar (1:1000 to
1:2000) and @Ar (1:100 to 1:200) mixtures were prepared in

a stainless steel vacuum line using standard manometric
technique. CHOH was cooled to 77 K using liquid Nand
evacuated to remove volatile impurities. Isotopically labeled
samples®O, (Cambridge Isotope Laboratories, 99%), £ID

Formyl radical HCO is a very important intermediate species
that participates in many chemical reactions, such as the
combustion of hydrocarbons and the photochemistry of the
atmosphere. The kinetics and chemistry associated with formy
radical have been reported. The reaction between HCO and O
is one such study, which is thought to produce HOCO and
OH + C0,.1* The HO~forming process was directly confirmed
by laser magnetic resonance spectroscopic experirhghis.
initio Hartree-Fock calculations suggested that the reaction of
HCO with O, proceeded through the formation of a formyl-
peroxy radical, HC(O)O® When initially formed, the formyl-
peroxy radical was highly excited: the initial internal energy
for the formylperoxy radical cannot be deactivated rapidly
enough to stabilize the radical with respect to dissociation in
the gas phase.

Matrix isolation provides a powerful method for trapping
reactive intermediates and free radicals. In a low temperature
solid matrix, the reaction can be very effectively quenched after
the primary reaction or, at most, the earliest stages of the overall

process. Transient reaction intermediates, which fragment readily -
in the gas phase, can be stabilized with removal of the internal (Merck, 99%), and*CH;OH and CH'®OH (99%, Cambridge

thermal energy when they are trapped in the matrix environ- Isotopi_c Laboratories) anq seleqted mix_turgs were alsc_) pre_pared
ment” Lee and co-workers suggested the formation of the HC- to elucidate the effeqts of isotopic substitution on the vibrational
(0)0O formylperoxy radical in studies of the photochemical SPectra of the reaction products. _
oxidation of formaldehyde in solid £at 13 K&° Two infrared Quantum chemical calculations were performed using the
absorptions at 1790 and 1089.9 thhave been assigned to ~Gaussian 98 prograﬂﬁ..The three-parameter hybrid functional
the C=0 and G-O stretching vibrations of the HC(0)OO according to Becke with additional correlation corrections due
radical. However, as the authors pointed out, it is probable thatto Lee, Yang, and Parr was utilized (B3LYF):* Additional

the observed frequencies may not be those of isolated formyl- comparison ab initio calculations were also done using the
peroxy radical, since the radical could be either complexed to Second-order MollerPlesset perturbation theory (MP2) as
or perturbed by the cage partner b In this paper, we report ~ Well.1 The 6-311#+G** basis sets were uséé.!*The geom-
the infrared absorption spectrum of the isolated formylperoxy €tries were fully optimized; the harmonic vibrational frequencies
radical produced by the association reaction between HCOWere palculated vylth analytic second dgrlvatlves, and zero point
radical and molecular oxygen in solid argon. The HCO radical Vibrational energies (ZPVE) were derived.

was formed by co-deposition of GBH/Ar with high frequency

discharged @Ar mixture. Results and Discussion

Experimental and Theoretical Methods Low power microwave or radio frequency discharges have

The f | dical db q i ; often been used in matrix isolation spectroscopic studiéEree

CH C;aH/oArmy pgroxyAra Ica r\:ya; fprepare 3&;02 ensa 'IIE)hn " radicals are formed and trapped by co-condensation of the argon
s r and G/Ar via high-frequency discharge. € beam passed through the discharge with the precursor molecules.
* To whom correspondence should be addressed. E-mail: mizhou@ The power level of discharge can control the fragmentation of

fudan.edu.cn. the precursor molecules to some extent. In the present experi-
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0.15 Za TABLE 1: Infrared Absorptions (cm ~1) Observed for
Various HC(O)OO Isotopomers in Solid Argon
l fj \'\/\N._./\/\xx_ 9 =0 c-o
R HCOOO 1821.5 957.3
H3COO0O0 1783.7 938.7
8 010 | — — HC*000 17825 953.8
© HCO®0®0 1816.9 933.6
£ HC(PI00 HCO#00 936.7
2 HC(0)0O HCOO®0 955.3
< (b) DCOOO 1775.2
0.05 -
\J 0" aThe G=0 stretching frequencies of HC(8pO and HC(O)&O
4

cannot be resolved.
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Figure 1. Infrared spectra in 18701800 and 976930 cn? regions
from co-deposition of 0.05% C®H/Ar and discharged 0.5% ABAr

at 4 K. (a) After 120 min deposition, (b) after 25 K annealing, (c) after
20 min broad-band irradiation, and (d) after 30 K annealing.

ments, CHOH was used as the precursor molecule. Condensa-
tion of CHsOH/Ar with discharged Ar &4 K resulted in
fragmentation of CHOH to CHOH (1182.7 and 1047.5
cm™1),18 H,CO (1742.1 cm?), HCO (1863.4 and 1084.8
cm1),1° and CO. The relative intensities of these fragments
depend on the power level of discharge. Generally, the formation
of CH,OH dominated at low power level of discharge, while

on broad-band irradiation. Similarly, 531039.4 cm?l), Os~

(803.9 cn1),29 04~ (953.6 cntY),2t and QT (1118.4 cnrl)22

were produced after discharge o#/@r and condensation at 4

K. The G; and G~ absorptions increased whereas the @nd

O4+ absorptions decreased on annealing. All these oxygen

cluster absorptions were eliminated on broad-band irradiation.
New absorptions were observed when {OHi/Ar was co-

deposited with discharged,@vr. Figure 1 shows the spectra

in the 1876-1800 and 976930 cnt! regions from co-

deposition of 0.05% CEDH/Ar with discharged 0.5% £DAr.

Besides the above-mentioned absorptions, HOO (3412.1, 1388.32

and 1100.7 cmb23 and ArHAr" (903.0 cnt1)24 absorptions
were observed after sample deposition. Annealing to 25 K
(Figure 1b) markedly decreased the HCO absorptions and
produced new 1821.5 and 957.3 chabsorptions, with little
effect on the other absorptions such as HOO,CH, and H-
CO. The 1821.5 and 957.3 cthbands virtually disappeared
on broad-band irradiation (Figure 1c), and slightly regenerated
on further annealing to 30 K (Figure 1d).

Experiments were repeated with tH€HzOH/O,, CH3'80H/
0O,, CD3;OD/O,, CH3;OHM0O,, °CH3OH + 13CH3OH/O;,
CH3%0H + CH3'80H/O,, and CHOH/%0, + 180, samples.

regions using different isotopic samples are shown in Figures
2 and 3.
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CO and HCO became the major fragments when relatively high gigure 2. Infrared spectra in 18701760 cmi* region from co-
level power was employed. These fragment absorptions re-deposition of CHOH/Ar and discharged £Ar at 4 K. Spectra were
mained almost unchanged on subsequent annealing to 25 andaken after 25 K annealing. (a) 0.05% &»H + 0.5% Q, (b) 0.05%

30 K. The CHOH and HCO absorptions markedly decreased CDsOD + 0.5% G, (c) 0.05% CHOH + 0.5%'%0,, (d) 0.03% CH'*-
OH + 0.03% CH*0OH + 0.5% Q, and (e) 0.02%°CH;OH + 0.04%

13CH3;OH + 0.5% Q.
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Figure 3. Infrared spectra in 970925 cn1* region from co-deposition
of CH;OH/Ar and discharged £Ar at 4 K. Spectra were taken after
25 K annealing. (a) 0.05% GBH + 0.5% Q, (b) 0.02%"CHz;OH +
The new product infrared absorptions using these isotopic 0.04%*CHz;OH + 0.5% Q. (c) 0.03% CH*OH + 0.03% CH!®OH
samples are listed in Table 1. The infrared spectra in selected+ 0.5% Q, and (d) 0.05% CEDH + 0.4% %0, +0.4% 'O,

T
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absorptions were produced when §£HH/Ar was subjected to
The 1821.5 and 957.3 crh bands appeared together on discharge and co-deposited with/@r. The 1821.5 and 957.3

annealing, and can be grouped together by their consistentcm absorptions appeared on annealing, during which the HCO
behavior upon annealing and broad-band irradiation, which absorptions markedly decreased. The intensities of these two
suggests different vibrational modes of the same molecule. Theseébands strongly depended on the HCO absorptions. They were
two bands were appeared in the experiments whegOEHAr weak in the low power level discharge experiments, in which
was co-deposited with discharged/@& sample. The same the HCO absorptions were weak. These observations suggest
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(0] o TABLE 2: Calculated Structures (Bond Lengths in A, Bond
’ ' Angles in deg), Vibrational Frequencies (cm?), and

_C Intensities (km/mol) for cis- and transsHC(O)OO
H N ~C 0 -
0 H \O/ cisHC(0)00 transHC(0)OO
0/ B3LYP MP2 B3LYP MP2
¢is-HC(0)00 trans-HC(0)00 R(C=0) 1.179 1.185 1.178 1.186
Figure 4. Structures of the formylperoxy radical HC(O)OO. Sgg:g; 1232 1223 13% 1232
R(O—0) 1.328 1.315 1.326 1.319
_ _ 0Ccoo 111.0 110.1 114.1 112.9
that the new product species were formed by the reaction of bo=co 119.9 120.2 125.3 125.6
HCO, which was produced from GBH during sample EHS=O éts)g'?:l?(m) 1331%3 113 13?37% 024) 15?-410 5(24)
deposition. The 1821.5 critband exhibited a very small shift —H str : : ' '
wh%n CHOH/#0, sample was employed in theyex eriment. C=O St 1888.2(280) 1884.8(286) 1878.3(245) 1868.3(230)
_ 2 pie v ploy p ' HCOin-plane  1334.5(0) 1334.5(0) 1361.9(0) 1392.4(0)
but shifted to 1783.7 cnd with 13CH3;OH/O;, to 1782.5 cmt bend
with CH3'®0OH/O;,, and to 1775.2 cm with CD3OD/O,. The O—Ostr 1145.4(26) 1205.1(86) 1100.5(46) 1128.8(123)
isotopic frequency ratios of 1.0212 fSCHz;OH/A3CH3;OH and Hct?er?;t")f -plane1009.3(0)  1023.4(0)  975.4(0)  999.3(0)
1.0219 for CHOH/CH;'80H are very similar to those of the  c—o str 953.3(226) 987.8(308) 865.1(176) 905.4(227)
C=0 stretching vibration of the HCO molecule €O/ COO in-plane 586.2(16) 602.6(16) 776.6(39) 803.5(17)
H13CO, 1.0219; and HEO/HC80O, 1.0246), which indicates bend 404.3(16) 420.1(15) 322.6(3)  334.8(3)
that the 1821.5 crmt band is due to a €0 stretching vibration. 1755(19)  178.1(17)  244.4(18)  246.0(17)

In the mixed 2CH;O0H + 13CH3;OH/O, and CH!®OH + i ) .

CH3L%0H/O, experiments, only the pure isotopic counterparts Staté With the unpaired electron occupying thé &zolecular
were presented in the spectra (Figure 2), indicating that only orbital which is largely antibondingorbital of the Q subunit.
one HCO subunit is involved in the new species and that the AS listed in Table 2, the calculated vibrational frequencies
HCO subunit came from the GBH precursor. The 957.3 crh and intensities of the two HC(O)OO structural isomers are quite
band showed a very small shift (3.5 cHwith the CH;!80H/ different. For the cis structure, the=© and C-O stretching

O, sample. This mode was observed at 938.7 kim the vibrations were predicted to be at 1887.9 and 955.6%anith
13CH;0H/O; experiment. In the mixeéCHzOH + 13CH;OH/ 280 and 226 km/mol IR intensities at B3LYP/6-3#1t3+G**

0O, and CH!OH + CH;!80H/O, experiments, no obvious level. MP2/6-31%+G** calculations gave frequencies of
intermediate components were observed, suggesting that onel884.8 and 987.7 cnt with 287 and 308 km/mol IR intensities.

C atom and one O atom that contributed from the;OH These two modes were predicted to have the largest IR
precursor are involved in this mode. When a {OHf/280, intensities at both levels of theory. There are nine vibrational
sample was used, the band was observed at 93378. dthe modes for the formylperoxy radical. Besides the@and C-O

160,/180, isotopic frequency ratio of 1.0254 and tR&C/13C stretching modes, the other modes such a$iGtretching (14
isotopic frequency ratio of 1.0198 imply that this band is-a@ km/mol) and G-O stretching (26 km/mol) modes were predicted
stretching vibration. In the mixed G®H/0, + 180, experi- to have much lower IR intensities than the=O and C-O
ment, a quartet at 957.3, 955.3, 936.7, and 933.6'cwas stretching modes. For the trans isomer, tte@ and C-O
observed, indicating that two inequivalent oxygen atoms are Stretching modes were predicted at 1879.5 and 8646 writh
involved in this vibration, and that these two oxygen atoms came 245 and 176 km/mol IR intensities by B3LYP, and at 1868.3
from the oxygen molecule. These isotopic substitution experi- and 905.4 cm* with 230 and 228 km/mol intensities using MP2.
ments confirmed that the new product species involves one HCOAIthough the calculated €0 stretching frequencies of the cis
subunit and one ©subunit with two inequivalent O atoms, and ~ and trans isomers are very close and both fit the experimental
was produced by the reaction of HCO with @ solid argon. value very well, there is 91 (B3LYP) or 82.3 cih(MP2)
Accordingly, we assign the 1821.5 and 957.3 érbands to difference between the-€0 stretching frequencies of the two
the G=0 and C-O stretching vibrations of the formylperoxy isomers. The predicted-€0 stretching frequency of the cis
HC(O)OO radical. structure is only about 1.7 crh lower with B3LYP or 30.4

Quantum chemical computations were performed to support ™ * higher with MP2, whereas the frequency of the trans
the experimental assignment and to provide insight into the Structure is about 92.7 (B3LYP) or 51.9 ch(MP2) lower than
geometry and electronic structure in HC(O)OO. Two stable the experimentally observed value of 957.3 énDue mainly
structural isomersa trans and a cis form so labeled depending !0 the neglect of anharmonicity, computed vibrational frequen-
upon the G-O bond geometry with respect to the-€l bond— cies are generally higher than _the expenmgntal values. Appar-
were found on the doublet potential energy surface as showneéntly .the calculated frequencies of the cis structure fit the
in Figure 4, and the optimized geometric parameters and expenm_en.tal values much better than that of the trans structure.
vibrational frequencies and intensities are listed in Table 2. As These indicate that the experimentally observed HC(O)OO
can be seen, excellent agreement was found between the g3Lypadical has a cis structure. The same conclusion can also be
hybrid density functional theory and the second-order Meller deduced from the relative stability prediction as has already been
Plesset perturbation theory. These calculations indicated thatmentioned. As listed in Table 3, the calculated isotopic
both the trans and cis isomers have a doublet ground state withfrequency shifts of the cis structure are in good agreement with
a planar structure and are very close in energy. The cis form the experimental values.
was predicted to be more stable than the trans form by about According to our calculations, the trans structure is stable;
2.0 kcal/mol at B3LYP/6-31%+G** level and 1.9 kcal/mol however, no spectroscopic evidence was found for the trans
at MP2/6-313%-+G** level. The optimized bond lengths of the  structure. Although the trans and cis isomeric forms are similar
cis and trans structures are very similar, with only about 0:001 in energy, they are separated by a calculated potential energy
0.002 A differences. Both structural isomers ha#& ground barrier of 8.4 kcal/mol (cis to trans) with B3LYP. No indication
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TABLE 3: Comparison between Observed and Calculated
Isotopic Frequency Differences (cm?) for the Product
Molecules

Cc=0 Cc-0

calcd obsd calcd obsd
HCOOO 0.0 0.0 0.0 0.0
H¥COO00 40.5 37.8 20.3 18.6
HC®000 42.9 39.0 2.0 3.5
HCOB0%0 0.7 4.6 22.0 23.7
HCO®¥00 0.5 17.9 20.6
HCOQO*®O 0.2 3.4 2.0
DCOOO 58.9 46.3 20.0
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chemical calculations. The formylperoxy radical was produced
by the association reaction between HCO radical and molecular
oxygen in solid argon. The HCO radical was formed by co-
deposition of CHOH/Ar with a high frequency discharged,O

Ar mixture. On the basis of the isotopic substitution experiments,
absorptions at 1821.5 and 957.3 ¢nare assigned to the=€0

and C-0 stretching vibrations of the formylperoxy radical with
the O-0 bond in a cis position relative to the-& bond.
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of a possible IR-induced conformational process was observedReferences and Notes

during FTIR measurements.
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expected to be similar to the matrix shifts in solid. @s a
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