J. Phys. Chem. R000,104,2613-2617 2613

Ab Initio Study of Peroxyacetic Nitric Anhydride and Peroxyacetyl Radical: Characteristic
Infrared Band of Peroxyacetyl Radical

Byung Jin Mhin* and Won Young Chang
Department of Chemistry, PaiChai Umrsity, 439-6 Doma-dong, Seoku, Taejun 302-735, Korea

Jin Yong Lee and Kwang S. Kim

National Creatve Research Initiatie Center for Superfunctional Materials and Department of Chemistry,
Pohang Uniersity of Science and Technology, San 31, Hyojadong, Namgu, Pohang 790-784, Korea

Receied: September 22, 1999; In Final Form: December 16, 1999

The equilibrium geometries, the bond dissociation energies, harmonic vibrational frequencies, and infrared
intensities of peroxyacetic nitric anhydride (PAN), peroxyacetyl radical (PA), angvid@h are important
species in environmental chemistry, have been studied using high level of ab initio calculations. The global
minimum energy conformation of the PAN molecule is found tostmés-PAN. The predicted enthalpy and
entropy changes at 1 atm and 298.15 K for the thermal decomposition of PAN are 25.8 kcal/mol and 42.3
cal/(mokK), respectively. These values are in excellent agreement with the experimental values. A characteristic
IR band of PAN appears at 1232 ctwhich is a CH rocking mode coupled with CO and OO stretches.

The corresponding band of the PA radical appears at 1218,about 10 cm?* lower than that of PAN.

Thus, determining the concentrations of PAN based on only this band would not be so reliable. We find that
the PA radical has a strong IR band at 1150 tadue to the G-O stretch mode, while the PAN molecule has

the corresponding band at 977 cnSince PAN and the PA radical do not have other IR bands at this
region, this characteristic band could be used for identification and measurement of the PA radical and thus
for spectroscopic study of thermal decomposition mechanism of PAN.

1. Introduction PAN is generated by the reaction of peroxyacetyl (PA) radical

Reactive odd-nitrogen compounds, abbreviated, @y an with nitrogen dioxidé and is removed from the atmosphere by
important role in the chemistry of the lower atmosphiet8lO, the reg_ction with OH, photolysis, thermal decomposition, and
has traditionally been defined as the sum of simple nitrogen deposition:

oxides (NO+ NO,) and atmospheric products of N@cluding .
all the intermediate oxidation states. It is involved in the CH,C(0)00+ NO, + M — CH,C(O)OONG, + M (1)

production of acidic rain and ozone, since these intermediate CH,C(O)OONG,— CH,C(0)00+ NO, )
oxidation state species serve as reservoirs for the storage and 3 $

transport of NQtO the regional a“‘?' gI(_)b_aI atmosphere. AMONG  The dominant atmospheric removal mechanism of PAN is the
the intermediate ones, peroxyacetic nitric anhy_drlde (PAN, ofte_n thermal decomposition and photolysis, which depends on the
called peroxyacetyl nitrate) is one of the mostimportant organic gyiryde. Thermal decomposition is dominant in the lower
species in the atmosphere due to its high stability compared atmosphere<7 km), while photolysis domonates in the upper
with other acyl peroxynitrates. This molecule was discovered troposphere. The reaction of PAN with OH radical is not
by IR measurement _Of photoch_emlcal smog in the late 1950s competitive with these processes in any region of the atmo-
and has been considered an important component of photo-gyhere Hence, most studies of PAN in the atmosphere have
chemical smog ever sinceSubsequent studies have shown that o\ that its lifetime in the troposphere is closely related to
not o_n_Iy PAN is found in NQrich urbar_1 enywonments, b_Ut_ the thermal decomposition procéégnd the important role of
also it is one of the most abundant reactive nitrogen-containing p o, depends on the equilibrium constant for the reactiéns.

species in the clean troposph€rBAN forms in urban areas A recent theoretical study on the unimolecular dissociation
where the photochemistry of nonmethane hydrocarbons coin-paih\ays of PAN gave an implication for the atmospheric
cides with high NQ concentrations and exists in rapid equi- decomposition of PAN.

librium  with its radical precursors (PA radicals). PAN is  ghectroscopic methods have been particularly important in
transported by convection into the upper troposphere where ity “syydy of organic nitrate chemistry. Infrared absorption
may travel hundreds of kilometers before descending in a remotegsectroscopy has proved to be a powerful technique for structural
Iocatl_on. Since PAN is atemporary !‘,J@aser\_/ow_, the netresult  yetermination and is used for gas-phase mechanistic studies.
of this long-range transportation is to distribute N@om Thus, the temperature dependence of this reaction has been
polluted urban environments into pristine environments where ¢ died by several grous’® especially with IR spectroscopy.
normal NG concentrations are otherwise negligible. The experimental spectroscopy studfe¥” have shown that

* To whom correspondence should be addressed. Fe2—42—520— PAN has two characteristic IR bands at about 795 and 1165
5375. Phone:+82-42-520-5611. E-mail: mhin@woonam.paichai.ac.kr. ~cm~L The former is a characteristic frequency of all peroxy
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nitrates, which has inconsistent assignment as thél Gtretch-

ing or NO;, scissoring modes, and the latter is a feature of PAN.

Thus, most of the mechanism studies of thermal decomposition g

of PAN have been done with the IR absorption band at 1165

cm1, which was assigned to-€0 stretching. Our normal-mode

analysis shows that IR bands at 795 and 1165'@re assigned (a) (®) (©

as the N@ scissoring and Ckirocking modes, respectively. Figure 1. Structures ok-trans-PAN (a), s-cisPAN (b), and PA (c).
The determination of vibrational spectra and thermodynamic

quantities by ab initio computational methods has been exploited TABLE 1: Structural Parameters for s-cis-PAN,

to identify unknown structures of experimentally observed stransPAN, and PA + NO2

molecular species and clustéfsThere is no experimental s-cis-PAN s-trans-PAN PA NO,
structural information on PAN and the PA radical, while the B3LYP MP2 B3LYP MP2 B3LYP MP2 CCSD(T)
thermodynamic quantities for reaction 2 were determined " 1.4096 14258 14167 1.4265 1.3277 1.3328 1.3495
experimentallyt® The fundamental vibrational frequencies of rg_, 1.5074 1.5471 1.5150 1.5647

PAN are also available from experimepts. IN-01 1.1964 1.2034 1.1963 1.2031 1.2026 1.2164 1.2150

Jursi has computed the Structures and energies of PAN [ TISTL L2088 L1 12063 120z 1zist 121s0
using density functional theory and compared the stability of 11952 1.2060 1.1966 1.2073 1.1901 1.1991 1.1988
the conformation on the basis of the binding ener@y).(To re—c 1.5064 1.4999 1.5037 1.4989 1.5020 1.4964 1.5023
determine the conformation of the PAN compound based on 0OCCQ; 128.8 1288 127.6 127.3 129.8 129.9 129.6
the experimental data (thermodynamic quantities and vibrational bcco  107.6 107.4 117.8 117.6 107.7 107.2 107.6
frequencies), we investigated structures, energetics, and spectralOCQ; 1236 1238 1146 1150 1225 1229 1228
for PAN, NO,, and the PA radical. Presented here is a 581“82 1‘33'3 ﬁg% ﬁg'g igg'g 1340 1338 1338
comparison of the calculated vibrational spectra with the normal- DOiNO 1169 1162 1166 1156
mode analysis including potential energy distribution with ocoo  111.2 1102 1135 1124 113.0 1119 111.9
experimentsThe present study is the first theoretical attempt 0OON ~ 109.1 107.3 108.9 106.7

to characterize the vibrational spectra of PAN and the PA {0,C00] —3.1 —-4.7 -177.0 —178.4 0.0 0.0 00
radical. 7{COON] 85.1 80.7 —97.0 —-94.7
7[OONO] —26 —0.6 10.7 105

2. Computational Methods 2Bond lengths are in angstroms, and angles and dihedral angles are
in degrees. See Figure 1 for the definition of structural parameters for

To investigate the structural properties and normal vibrational bond lengths and bond angles. The values{6f;COQ], 7[COON],

modes, we have carried out ab initio calculations at the levels andz[OONOy] are dihedral angles about<®, O—-0, and G-N bonds,

of hybrid Becke-3-Lee—Yang—Parr parameters (B3LYP) respectively.

density functional theory (DFT), MollerPlesset second-order

perturbation theory (MP2), and coupled clusters method with 3. Results and Discussion

single, double, and noniterative triple excitations [CCSD(T)].

The geometry optimizations were done at the above levels of

theory, and the optimized geometries were characterized as loca

minima by harmonic vibrational frequency analysis. All the

calculations were carried out with 6-31G(d) basis sets using a

Gaussian 94 suite of prograrfisThe bond dissociation energies

(De) were given with respect to the sum of the ground-state
total energies of the dissociation products. The predi@ed  © Pond lengthic—oq) decreases. The PAN compound has four

showed large discrepancies depending on the levels of theory Single bonds (CC, CO, OO, and ON); hence there are many
To evaluate th®. more accurately, we performed higher levels  POSSible rotational isomers. Among them, we studied two
of calculation (MP3, MP4SDQ, CCSD, CCSD(T)) at the MP2/ rotational isomers of PAN a_lbout the CO single bosetié-
6-31G(d) optimized geometries, where CC represents the PAN ands-transPAN). The dihedral anglesO4COO]) about
coupled cluster method, and S, D, and (T) denote single, double,th® C-O bond of these two isomers are4.7 and —178.4
and noniterative triple excitations, respectively. The thermody- fOr S-CiSPAN and s-transPAN, respectively. The dihedral
namic quantities and the zero-point vibrational energies were angles {{COON]) about the G-O bond are 80.7(85.1°) and
obtained from the harmonic vibrational frequencies by the —94.7 (=97.0) for the s-cisPAN and thes-transPAN,
standard statistical mechanical calculations with rigid rotor and "espectively.
harmonic oscillator approximatiors. The MP2-predicted bond lengths tend to be longer than
Generally, ab initio harmonic vibrational frequencies are B3LYP-predicted ones except for the CC single bond length
overestimated® Since this overestimation is found to be (r'c-c). The MP2-predicted structures for badttis-PAN and
consistent, the const&hbr exponenti&f scaling method is often  stransPAN are almost the same as B3LYP-predicted ones, and
employed. Constant scale factors suitable for MP2/6-31G(d)- the bond length difference for these two conformers is small
predicted frequencies are between 0.921 and 0.96. Rauhut andTable 1). The noticeable differences in bond lengthssfois-
Pulay® developed a scaling factor (0.963) for the B3-LYP/6- PAN, s-trans-PAN, and PA are shown ino-o andro-n. The
31G(d) method. We choose the internal coordinates, as shownvalues ofro-o andro-y for s-cis-PAN are shorter than those
in Figure 1, in accordance with Pulay’s recommendatforhe for stransPAN. The bond angles dffOCC anddJOCQ; are
normal vibrational modes were analyzed with these internal quite different ins-cissPAN ands-transPAN. The values of
coordinates, and the assignment of the normal modes was base@OCC and DOCQy for s-cissPAN are 107.6 and 123.6,
on potential energy distribution (PED) obtained from normal- respectively, while those fartransPAN are 117.8and 114.8,
mode analysis. and those for the PA radical are 107ahd 122.8. The bond

The geometrical parameters ®cis-PAN, stransPAN, PA,

nd NQ are listed in Table 1. There is no experimental data
or the structures of PAN and the PA radical. For PA, we used
CCSD(T) geometry optimization and find that the-O bond
length fo-o), C—O bond lengthrc—o), and C-C bond length
(rc—c) increase compared with the MP2 results, while tike C
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TABLE 2: Bond Dissociation Energies and Thermodynamic than the experimental enthalpy change (26 kcal/mol). The MP2

Sxaﬂtmgs for zsé%isigiN _:jplA +mN02 and strans-PAN — calculations seem to overestimate the “true” magnitude of the

2 at 298. and 1 at electron correlation effect. In previous theoretical w8# on
s-Cis-PAN— PA + NO;, s-trans-PAN— PA+ NO; bond breaking or formation, it is reported that ab initio

exp® B3LYP MP2 CCSD(Ty B3LYP MP2 CCSD(Ty calculations may not produce satisfactory results even at the

AE«De) 275 37.2 275 245 33.3 23.9 MP2 Ieyel. The CCSD(T)//MPZ results ShOWEq that the MP2

AEo(Do) 240 347 251 21.0 309 21.4 calculations overestimated the electron correlation. The CCSD-

AE 243 349 252 214 311 217 (T)-predicted D, is 25.1 kcal/mol, which is in excellent

ig 26+2 fg'sl) ggg fg’g 25.6(;) fé'g 292'12 agreement with experiment. The B3LYP-predicted (24.1

AS 424+ 2 42._7 42-_3 42-_3 44-.8 44._1 44._1 kcallmol) is very close to this value. The CCSD(T)/DFT-

. . predicted enthalpy and entropy changes at 1 atm and 298.15 K
@ De, Do, AE, AH, andAG are in kcal/mol, and\Sis in cal/(motK).

b Reference 195 CCSD(T) calculations were carried out at the MP2 are 25.8/24.9 kca”mOI and 42.3/42.7 Ca'/("‘.'“)' respectlve_ly.
optimized geometries. These values are in good agreement with the experimental

values. But, forstransPAN, the CCSD(T)/DFT-predicted

angles ofs-cis-PAN are similar to those of the PA radical. The €nthalpy and entropy changes at 1 atm and 298.15 K are 22.2/
other bond angles are similar. 22.0 kcal/mol and 44.1/44.8 cal/(mK)), respectively. This

Bond dissociation energies and thermodynamic quantities areSUPPOIs thas-cis-PAN should be the experimentally observed
listed in Table 2. We discuss the energetics on the basis of theStrUcture for PAN.
results of CCSD(T) if otherwise specified. Tisecis-PAN is Spectroscopic methods have been exploited in the research
more stable thastrans-PAN by 3.64 kcal/mol. The population ~ field of atmospheric chemistry, especially in organic nitrate
of stransPAN would be negligible at 298.15 K. In this paper chemistry. Infrared absorption spectroscopy has been proved
PAN represents thes-cissPAN. The enthalpy and entropy !0 be a powerful technique for structural determination and has
changes for the reaction 2 were experimentally determined to been used for gas phase mechanistic study. The PAN compound
be about 26t 2 kcal/mol and 42+ 2 cal/(motK) at 1 atm and was originally identified by long-path IR spectroscoigy,and
298.15 K, respectivel}® However, at the UHF level, the = most studies on the thermal decomposition mechanism of PAN
cleavage of the ©N bond of the PAN molecule was predicted have been done by the use of IR spectroscopy. Table 3 lists the
to be exothermic; therefore, an electron correlation was neces-MP2- and B3LYP-predicted harmonic vibrational frequencies
sary in this study. For MP2 results, the PAN molecule is and their IR intensities. The B3LYP-predicted IR spectra for
stabilized, and the reaction is correctly predicted as endothermic.PAN and PA+ NO; are shown in Figure 2. This provides a
However, the MP2-predicted, (34.7 kcal/mol) is much larger  reference for the chemical characterization or measurement of

TABLE 3: Predicted Harmonic Vibrational Frequencies and Their IR Intensities (in Parentheses) for PANs, PA, and NG

s-cis-PAN s-trans-PAN PA- NO,
expt ref 15 DFT MP2 DFT MP2 DFT MP2
CHgs str 3013 3020 (27) 3186 (1.8) 3251 (0.7) 3188 (2.2) 3252 (1.0) 3188 (2.5) 3255 (1.0)
CHs str 2950 3144 (1.7) 3219 (0.4) 3148 (1.4) 3225 (1.0) 3135 (1.4) 3216 (0.2)
CHgs str 2950 3076 (0.1) 3130 (0.0) 3080 (0.5) 3135 (0.5) 3073 (0.1) 3129 (0.1)
C=0 str 1720 1841 (322) 1909 (194) 1890 (157) 1907 (237) 1978 (165) 1929 (194) 1921 (155)
NO,asym str 1737  1741(808)  1847(348) 1978 (179) 1844 (354)  1879(205) 1727 (324) 2299 (2114)
CHzasym def 1478 1430 (27) 1501 (11) 1534 (13) 1509 (12) 1543 (12) 1497 (10) 1532 (14)
CHsasym def 1428 1372 (48) 1498 (12) 1533 (12) 1495 (6.1) 1529 (7.5) 1495 (13) 1532 (11)
CHzsym def 1418 1422 (28) 1454 (37) 1423 (33) 1455 (39) 1424 (29) 1457 (36)
NO,sym str 1397 1302 (405) 1373 (231) 1335 (164) 1373 (221) 1333 (148) 1407 (0.6) 1384 (0.1)
CHsrocking 1092 1163 (477) 1193 (249) 1232 (245) 1210 (284) 1249 (284) 1182 (61) 1216 (87)
CHsrocking 1087 1055 (25) 1077 (7.7) 1097 (6.6) 1073 (7.1) 1090 (6.0) 1062 (9.2) 1088 (8.2)
CHsrocking 1040 990 (35) 1007 (30) 1028 (27) 1023 (24) 1044 (22) 1001 (24) 1026 (24)
OO str 1286 9291 (61) 977 (35) 937 (44) 946 (63) 933 (64) 1143 (124) 1150 (184)
CO str 841 (51) 853 (46) 805 (43) 817 (26) 750 (72) 780 (93)
NO;bending 744 7931 (247) 807 (190) 768 (176) 792 (151) 760 (166) 749 (8.0) 753 (7.3)
CC str 884 822 (22) 727 (1.6) 721 (10) 728 (23) 700 (22) 653 (32) 665 (28)
NO,wagging 645 718 (17) 724 (11) 697 (7.1) 688 (9.7) 672 (15)
610 (38) 596 (19) 560 (17) 564 (10)
580 (12) 575 (45) 553 (21) 510 (49) 544 (5.2) 553 (5.3)
NO str+ CCO+ 904 574 493 (8.7) 450 (45) 502 (14) 505 (18)
CCQy
371(3.7) 361 (23) 409 (9.9) 367 (58)
332(3.2) 325 (11) 329 (1.8) 329 (9.0) 414 (1.5) 422 (1.3)
315(2.0) 319 (1.8) 318 (5.7) 324 (8.0) 303 (1.6) 311 (1.6)
7[COON] + 82 98 (0.5) 116 (0.3) 178 (0.3) 200 (0.2)
7[OONG]
7[HCCQO] + 62 94 (1.4) 100 (2.0) 93 (1.2) 94 (0.4) 136 (0.2) 143 (0.4)
7[04CO0]
7[COON] + 55 81 (1.6) 80 (1.0) 83 (1.3) 82 (0.4)
7[OONG]
7[HCCQO] + 49 44 (0.8) 46 (1.4) 72 (1.6) 77 (1.7) 69 (0.4) 88 (0.3)
7[04CO0]

arl, 12, 13, andt4 represent the dihedral angles about@ C—O, O—0, and O-N bonds, respectively. Frequencies are in"gnand IR
intensities are in km/mok. Reference 11.
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Figure 2. IR spectra for (a)s-cisPAN, (b) stransPAN, and (c)
PA+NO..

these compounds. The MP2-predicted vibrational frequencies
are larger than DFT-predicted ones for stretching and bending
modes, as expected from the scaling factors. Furthermore, th
MP2/6-31G(d)-predicted frequencies for Bl@nd the nitro-
peroxy group £O—0O—NO,;) were seriously deviated, as
previously reported® But, the bending and torsional modes
show the opposite behavior.

As shown in Figure 2, the vibrational frequencies of PAN
and PA+ NO; are quite different. It should be noted that the
O—O0 stretching frequency is drastically shifted from 980@ém
at PAN to 1150 cm!® at PA. Furthermore, since there are no
other interfering IR active bands in this region, this band can
be used as a characteristic signal for identification of the PA
radical, which is useful for the thermal decomposition mecha-
nism study. There are five strong IR bands observed for PAN;
three strong bands related to the nitroperoxy groupsCC
stretching {(C=0)], and CH rocking modes. Our calculations
show that the nitroperoxy group has three strong infrared bands
which were NQ asymmetric stretchingvl(NO7)], NO, sym-
metric stretchingifs(NO)], and NQ scissoring §(NO-)], while
experimentd reported that three bands argNO,), vs(NO,),
and the O-N stretching §(NO)]. Therefore, the’(NO) should
be assigned ay(NO,). Since the intensity for the NQvagging
[yw(NO)] is very weak, it is difficult to assign this band
experimentally. The other two strong band&C=0) and CH
rocking modes appear at 1909 (1890) and 1192 (1232)}tcm

1000 2000 2500

Mhin et al.

respectively. The Cglrocking mode is coupled with the-€C

and the C-O stretching modes. The identification and the gas-
phase mechanistic study have been performed with this band,
and Gaffney et al® have assigned this band to the-O
stretching mode.

NO, and PA radicals are generally less active than PAN in
IR spectra. The N@radical shows one strong band at 1727
(2299), which isvy(NO,). The intensities ofvs(NO,) and o-
(NO,) modes are weak. The PA radical shows four strong bands
at 1929 (1921), 1182 (1216), 1144 (1150), and 751 (780)cm
which correspond ta(C=0), CHs; rocking, O-O stretching
[v(O—0)], and C-0 stretching $(C—0)] modes, respectively.
Thev(C=0) band for PAN appears at 1909 (1890)dnwhich
is shifted by about 20 cnt from the PA radical with almost
the same intensity. Two bands at 1143 (1150) and 751 (780)
cm~1 for the PA radical appear at quite different wavenumbers,
977 (937) and 841 (853) cm, for PAN, as shown in Figure 2.
PAN and PA showed strong IR bands fgO—0), which can
also be observed in experiments. Furthermoreg,NA, and
CHsCO; have no G-O [v(0O—0)] stretching mode. Thus, the
vibrational frequencies and the IR intensities of the @ [v-
(O—0)] stretching mode are useful in identifying the reaction
mechanisms.

4, Conclusion

We have studied PAN using B3LYP, MP2, and CCSD(T)
methods and compared the predicted results with the experi-
mental data available. ThecissPAN compound was found to
be the global minimum. The predicted enthalpy and entropy
changes for the thermal decomposition of PAN are 25.8 kcal/
mol and 42.3 cal/(meK), respectively, which are in good
agreement with the experimental values. The experimentally
observed IR band at about 790 chiior PAN should be assigned
as the N@ scissoring §(NO,)] mode. A characteristic IR band
of PAN appears at 1232 crhy which is a CH rocking mode
coupled with CO and OO stretches. The corresponding band
of the PA radical appears at 1216 cthabout 10 cm? lower
than that of PAN. Thus, determining the concentrations of PAN
based on only this band would not be so reliable. We find that
the PA radical has a strong IR band at 1150 ¢mue to the
O—0 stretch mode, while PAN molecule has the corresponding

eband at 977 cmt. Since PAN and the PA radical do not have

other IR bands at this region, this characteristic band could be
used for identification and measurement of the PA radical and
for study of the thermal decomposition mechanism of PAN.
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