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The principal unimolecular dissociation pathways for PAN (peroxyacetyl nitrateCEBJOONQ) have been

studied using a variety of theoretical methods. Reaction enthalpies calculated with the complete basis set
(CBS) method were evaluated against a set of atmospheric free radical reactions for which the experimental
thermochemistry is well defined. The validation procedure, which included two decomposition channels for
HOONG,, demonstrated that the CBS-Q method reproduced the experirrmlﬁfafK values with a rms

error of 5.7 kJ mot’. We report newAH?** values for PAN, CHC(0)QO,, and CHC(O)O of —240.1,

—154.4 and—192.5 kJ mol?, respectively. Accurate structural calculations for PAN, HOQNCH;C(O)-

0,, and CHC(0O)O augment the thermochemical calculations and show that the B3LYP density functional
method describes the chemical bonding in @ ONG;, linkage quite well. The implications of this study

for the atmospheric decomposition of PAN are discussed.

Introduction atmospheric conditions. The large uncertainties in the recom-
Peroxy nitrates, ROON£are important organic contributors ;ntﬁgged values of these key paraméfefsmotivated the present

to photochemical smog, acting as temporary reservoirs of both
RO, and NQ. The most well-known member of this class, PAN
(peroxyacetyl nitrate, CEC(O)OONQ), was first identified by
Stephens et al. during smog episodes in the Los Angeles basi

in the 1950s. Subsequent studies have shown that not only is CH,C(0)OONQ,— CH,C(0)00+ NO,  (Rla)
PAN found in NQ-rich urban environments, but that it also

constitutes one of the most abundant reactive nitrogen-containingith no contribution from the N@producing channel (peroxy
species in the clean troposphéfePAN forms in urban areas  §_q pond cleavage)

where the photochemistry of nonmethane hydrocarbons coin-

cides with high NQ concentrations and exists in a rapid CH,C(O)OONGQ — CH,C(0)O+ NO,  (R1b)
equilibrium with its radical precursors

Numerous experimental studfe$13-15 have shown that the
thermal decomposition of PAN occurs only via the NO
rProducing channel (nitrate -©N bond cleavage)

even though the channels are predicted to be nearly isoener-
CH,C(O)OONQ, + M — CH,C(0)O0+ NO,+ M (R1) getic1112 |t has been argued that the thermal decomposition
via R1a is favored over R1b because R1la dissociation proceeds

Convective action transports PAN into the upper troposphere Without a barrier; however, the thermochemistry of PAN,
where it may travel hundreds of kilometers before descending CHsC(0)0z, and CHC(O)O is poorly defined, so the actual
in a remote location. Since PAN is a temporary N€servoir, reaction enthalpies have uncertainties of at least 20 kJ‘mol
the net result of this long-range transport is to redistributg NO Additionally, the 248 nm photodissociation experiments per-
from polluted urban environments into pristine environments formed by Mazely, Friedl, and Sandet’ demonstrated sig-
where normal N@concentrations are otherwise negligible. ~ Nificant quantum yields for both channelsR1a) = 0.89 +
The weak G-O and G-N bonds in PAN and other peroxy ~ 0:09 and¢(R1b)= 0.30+ 0.10 so that, if there is a barrier to
nitrates cause these molecules to undergo facile thermaldissociation via R1b, it is surmountable at fairly low energies.

decomposition at ambient pressure and temperatures, ca. 760 Despite the interesting thermochemical and structural ques-
Torr and 300 K49 Thermal decomposition is, in fact, the tons posed by the bonding in PAN, there have been few
principal loss mechanism for PAN at ground level. However, thegggelglcal treatments of this molecule. Domaikistimated
PAN thermal decomposition rates decrease dramatically underAH;  of PAN at—238+ 8.4 kJ mof ™ using bond additivity

the conditions of the upper troposphere, ca. 100 Torr and 220 methods. Bridier et al. used Semiempil‘ical calculations in
K, and photolysis becomes the major loss process abovecombination with their experimental value AHrzxgr?KZ 118.8
approximately 8 kni? It is clear that accurate modeling of the 4 4.0 kJ mot? for R1a to estimate\H?** = —258 + 22 kJ
long-range transport of PAN requires reliable thermochemical mol~* for PAN.1® Jursié® calculated 104 kJ mot for R1a using
values for PAN and its radical constituents for all relevant density functional theory. There has been somewhat more effort
placed into calculations on PNA (peroxy nitric acid, HOONO

* Corresponding author. E-mail: cmiller@haverford.edu. the prototypical peroxy nitrate. Saxon and Liu explored the
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TABLE 1: Optimized HOONO , Structures and Energies
B3LYP
theory 6-31 6-31 6-31 6-311 6-311++ 6-311++ CCSD(T)
basis set CBS-Q G* G(d,p) G(2d,2p)  G(2df2pd) G(2df2pd) G(3df,3pd) cc-pvDZ  expt
Bond Lengths/A
HO, 0.948 0.978 0.975 0.971 0.969 0.970 0.970 0.976 0.965
0:0; 1.358 1.404 1.405 1.398 1.398 1.398 1.396 1.418 1.464
O:N 1.373 1.511 1.511 1.504 1.512 1.514 1.513 1.518 1.515
NO3 1.165 1.199 1.199 1.193 1.188 1.189 1.188 1.200 1.196
NO,4 1.167 1.198 1.198 1.192 1.187 1.187 1.186 1.200 1.226
Angles/deg
HO,0, 105.0 102.7 102.8 103.0 103.1 103.4 103.4 101.6 99.4
0O,0:N 111.4 109.1 109.0 109.1 109.3 109.8 109.6 108.1 101.2
O:NO; 1115 110.2 110.2 110.1 110.0 109.9 109.9 109.9 115.8
O,NO4 117.7 116.5 116.5 116.5 116.3 116.5 116.5 115.2
O3NO4 130.7 133.3 133.3 133.3 133.6 133.6 133.6 133.5 129.0
Dihedral Angle/deg
HO,0,N 84.8 85.3 84.6 84.0 85.5 88.0 87.5 84.2 106.2
0:0,NO3 165.9 171.0 170.8 171.5 171.3 171.7 171.9 177.9 180.0
010:NO4 —16.2 —10.5 —10.6 -9.9 —-9.9 —-9.3 —-9.2 —-12.2 0.0

energy/hartrees—355.620970 —356.007796 —356.012880 —356.033513 —356.140683 —356.153845 —356.157357 —355.196093

a Reference 52.

HOONG; equilibrium structure and vertical excitation energies
using SCF and MgllerPlesset perturbation theoty.More
recently, Chen and Hamilton have reinvestigated the HOQNO
structure using even more sophisticated levels of th&ofey
also calculated the HOENO, bond dissociation energy with
the complete basis géimethod. Jursic used density functional
theories to examine several possible structures for PNA for
comparison against his PAN resuits.

In an effort to understand the PAN thermal decomposition

as the G1"*8and G2°-51 algorithms. Temperature-dependent
CBS-Q reaction enthalpies were calculated in a series of rapid
jobs from the stored output of the initial CBS-Q results. Reaction
enthalpies were also estimated by adding the CBS-Q zero-point
energies to the B3LYP/6-3#1+G(3df,3pd) energies obtained
for all components of R1 and R2.

Results and Discussion
The goal of this project was to study the unimolecular

process and provide more accurate thermochemical data forgissqciation of PAN with accurate theoretical methods in an

PAN and its free radical decomposition products, we have

effort to reduce the large uncertainties in the thermochemical

investigate.d the decpmposition pqthways and molecular Strufz'[u“:‘parameters associated with this process. Preliminary calculations
of PAN using a variety of theoretical methods. The theoretical jomonstrated that MallePlesset perturbation theory, config-
enthalpies obtained in these calculations have been validated ,+0n interaction coupled cluster, and G2 approaches were

using a number of atmospheric free radical reactions for which
the thermodynamics are well-known. As an additional check,
we have investigated the dissociation pathways of HOMO
ensure that our results are not subject to systematic errors whe
treating peroxy nitrates. The results of this study provide useful
information for current atmospheric modeling efforts and will
guide future investigations into the thermochemistry of C2, C3,
and larger organic peroxynitrates.

Methodology

All structure optimizations and thermochemical calculations
were performed using the Gaussian 98 program 3tiifehe
project was initiated at Haverford College using a 400 MHz
Pentium Il based personal computer running Gaussian 98W.
However, the limited hardware resources of the personal
computer prevented it from completing the larger calculations
successfully. More computationally intensive calculations,
including most of the structure optimizations for PAN and the
organic radicals, were performed using Gaussiatf 88 the
JPL Cray J90.

Optimized structures were computed using the second-order

Mgller—Plesset (MP23>-28 Becke3-Lee-Yang—Parr (B3LYP)
density functiona® and coupled cluster with singles, doubles,
and partial triples (CCSD(T3 levels of theory. Basis sets 6-31G
through 6-31%-+G(3df,3pd§1-37 and cc-PVD28-43 contained

in Gaussian were used without modification. Thermochemical
information was calculated using the complete basis set (CBS)
methods CBS-4% CBS-q234°5 CBS-Q#* CBS-QB3%6 as well

not feasible for PAN-type molecules. Therefore, density func-
tional and the complete basis set (CBS) methods were employed
to produce reliable thermochemical predictions with reasonable

Lomputational expense. The theoretical and experimental data

for HOONG;,, the prototypical peroxynitrate, were compared
in detail to evaluate these methods. The strengths and weak-
nesses of the HOON alculations guide the interpretation of
the PAN results and suggest possible trends in the theoretical
estimates of thermochemical parameters for more complicated
PAN-type molecules.

1. Molecular Structures. The —OONGO, group in peroxy
nitrates provides a rigorous challenge to ab initio calculations
as well as to experiment. This is a branched-chain functional
group with five consecutive electronegative atoms. The nitrogen
atom bonds nonequivalently with the three oxygen atoms to
which it is connected and the orientation of the peroxy bond
influences the bonding characteristics of the two oxygen atoms
in the —NO; group. Finally, both the ROSGNO, and RO-
ONGO; bonds are relatively weak, with dissociation energies in
the 100-200 kJ motf? range!!-1?

HOONG; structural calculations provide a stringent test of
the performance of the theoretical methods used in this study
since an approximate experimental structure has been inferred
from the HOONQ microwave spectrurf® The optimized
HOONG; structures are collected in Table 1. The B3LYP
calculations converge to a single structure as the basis set
increases from 6-31G(d) to 6-3t#G(3df,3pd). The charac-
teristic structure consists of a nearly planar heavy atom
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density functional coupled with a large, high quality basis set
reproduces the salient structural features of the peroxy nitrate
group and should be reliable for predicting the PAN structure.
The optimized PAN structures are collected in Table 3. The
most interesting aspect of the PAN geometry is that the acetyl
group is oriented perpendicularly to the peroxy nitrate group.
In fact, the—OONGO, group in PAN is calculated to be more
planar than in HOON@ The molecular structure is shown in
Figure 2. There has been no experimental determination of the
Figure 1. A depiction of the optimized HOONftructure. The heavy  pAN structure, but the results presented here indicate that aside
atom frame is nearly planar with the H atom oriented perpendicular to from the orientation of the acetyl and peroxy nitrate groups there

the plane. are no unusual geometric parameters. Jursic reported a B3LYP/
TABLE 2: HOONO , Rotational Constants and Dipole 6-31+G(d) structure for PAN that is consistent with the results
Moments in Table 3 at low levels of theorsf.
B3LYP/6-311G B3LYP/6-31+G CCSD(T) The only previous report of any structural information for
(2df,2pd) (3df,3pd) cc-pVDZ  experimentdl the CHC(O)0O; radical is from the LCGTO-LSD calculations
Rotational Constant/MHz of _Sic_ilia_et al.ss th_erefor(_e, we provide the B3LYP structural
A 12061 12068 11788 11994  optimizations for this species in Table 4. There have been several
B 4642 4628 4613 4665  theoretical calculations of the GB(O)O structure due to its
c 3392 3384 3358 3397  high symmetry5455and these are compared with the results of
Dipole Moment/debye the present study in Table 5. The rotational constants and dipole
Un 1.304 1.383 1.662 1.185 moments for PAN, ChC(0)0,, and CHC(O)O are given in
He 0.532 0.517 0.553 0.940 Table 6. All three molecules are calculated to have substantial
#e 1.442 1.446 1.607 1.288 dipole moments and should present strong rotational spectra.
2 Reference 52. 2. HOONO; Thermochemistry. The calculation of thermo-

] ) chemical parameters for PAN and its dissociation pathways

fram.eWOI’k Wlth the hydrogen atom I’Otated a|mOSt perp?ndlcu|ar presented an imposing Cha"enge: In addition to Obtaining a
to this plane (see Figure 1). This agrees with the microwave ygjiaple AH?% for PAN, this also required obtaining accurate
spectrum in which tunneling splittings in the ground vibrational AH2® values for all of the radical decomposition products
e . - . f .

siate tragsmops mdulzgtte a.plarllaOON.Oz fl;art?; W't?v\;[he H. Since the most accurate thermochemical calculation methods

atom undergoing rapid torsional Inversion between o equiva- o iain accurate molecular energies by calculating higher order
lent conformers. The slight discrepancy between the HOON and corrections with post-Hartreg~ock methods, it was unclear how

OONG; d|'hedral angles in _the B3LYP "%‘“d experimental the G2 and CBS methods would perform for PAN or its radical
structures is not unexpected since the potentials along these 'arg%omponents. In contrast, the thermodynamics associated with
amplitude motion coordinates should be relatively flat, making HOONO, and its radicall components were relatively well

it difficult to identify the exact equilibrium positions. We note defined. Therefore, we investigated the HOONBcomposition
that the experimental structure was derived from the geometries;, yetai and used the results to guide our interpretation of the
of HNO; and HOOH?? a substitution structure has not been A gissociation thermochemistry

determined. Additionally, the actual equilibrium configuration 208 .
of the heavy atom frame may be nonplanar even though it tio-r:h\/?ar?r?gTrg?\?i?gern values for HOON@ decomposi-
appears to be planar in the vibrational ground state.

The reliability of the B3LYP/6-31++G(3df,3pd) structure
is further corroborated by the optimized CCSD(T)/cc-pvDZ HOONQ, = HO, + NO, (R2a)
structure (Table 1). The CCSD(T) result comes closer to — OH + NO;, (R2b)
reproducing the planar peroxy nitrate group and exhibits a slight
lengthening of the peroxy ©0 bond, but otherwise there is
little to distinguish it from the best B3LYP structure. It is
interesting to observe that both the B3LYP and CCSD(T)

were calculated from the tabulated heats of formation and are

presented in Table 7. All experimental studies to date indicate

structures predict that the HOON dihedral angle is slightly less that R2a is the sole pathwgy acc%%?“ in thermal decomplosmon
than 90 while the experimental estimate was slightly larger of HOONQ;. Zabel determinedHy,, = 99.6+ 3.1 kJ mof

than 96 52 for R2a based on the temperature dependence of the thermal
ddecomposition rate and the HG- NO, recombination raté.

The theoretical and experimental rotational constants an 298 _
t The JPL 97-4AH, " value of 97.1+ 8.6 kJ mol ! agrees with

dipole moments presented in Table 2 show good agreemen 7 rn o

The theoretical structures reproduce tBeand C rotational € experimental value S‘ggd can be modified to 98.2.0 kJ
constants very well; the small differences are probably due to MolI™* by using the AH"(HO,) = 13.8 + 3.3 kJ mot*
slight inaccuracies in the nonplanar deformation of the heavy determined by Litorja and RuséRtinstead of 11.74+ 2.1 kJ
atom frame. The experimental and theoretiéalrotational mol~*. In fact, calculating the HOONgheat of formation from
constants exhibit larger differences. Since the valu@as  the ZabelAHZ for R2a, the Litorja and RusciaH*(HO,)
dominated by contributions from the HOON dihedral angle and and AHP¥NO,) yields AH*HOONQ,) = —52.7 4+ 4.5 kJ
the HO bond length, the differences suggest that the theoreticalmol™. This is in excellent agreement with the value currently
values for these two parameters require further refinement. recommended by DeMore et at;52.3 + 8.4 kJ mot?, but
Surprisingly, the B3LYP/6-311G(2df,2pd) level of theory with about one-half the uncertainty. Atkinson etalecommend
reproduces the experimental values better than the BSLYP/G-AH?QS(HOONOZ) = —57 kJ moi® and this accounts for the
311++G(3df,3pd) or CCSD(T)/cc-pVDZ calculations. This is  discrepancy between the JPL and IUPAC reaction enthalpies
most likely a fortuitous result, but it appears that the B3LYP presented in Table 7.
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TABLE 3: Theoretical Structures for PAN

B3LYP/
theory 6-311 6-311 6-311 6-311++
basis set CBS-Q 6-31G* G(d,p) G(2d,2p) G(2df,2p) G(3df,3pd)
Bond Lengths/A
C—-H1 1.082 1.091 1.088 1.085 1.085 1.085
C—H2 1.086 1.095 1.093 1.090 1.090 1.090
C—H3 1.086 1.094 1.090 1.089 1.089 1.089
Cil-C2 1.500 1.506 1.502 1.502 1.501 1.500
C=01 1.167 1.195 1.187 1.187 1.186 1.186
Cc-0O 1.378 1.406 1.408 1.405 1.402 1.403
02-03 1.352 1.410 1.403 1.404 1.401 1.398
O3—-N 1.378 1.508 1.524 1.512 1.512 1512
N—04 1.163 1.197 1.187 1.189 1.186 1.185
N—-O5 1.165 1.197 1.188 1.188 1.186 1.185
Angles/deg
C1-C2=01 129.1 128.9 129.0 128.8 128.9 128.9
C1-C2-02 108.3 107.5 107.6 107.7 107.6 107.8
01=C2-02 122.6 123.5 123.4 123.5 123.5 123.3
C2-C1-H1 108.7 108.6 108.6 108.6 108.7 108.7
C2-C1—-H2 109.5 109.4 108.8 109.4 109.4 109.5
C2—C1-H3 110.0 111.0 111.3 110.7 110.8 110.7
H1-C1-H2 110.1 109.5 109.2 109.8 109.7 109.8
H1-C1-H3 110.3 110.4 110.7 110.5 110.5 110.4
H2—-C1-H3 108.2 107.9 108.1 107.9 107.8 107.8
C2-02-03 112.4 111.3 111.9 111.4 111.7 111.9
02-03-N 111.4 109.2 109.5 109.4 109.5 109.6
03—-N—-04 110.8 109.4 109.4 109.3 109.3 109.4
03—-N-05 118.0 117.0 116.6 116.8 116.7 116.6
04—-N—-05 1311 133.6 134.1 133.8 134.0 133.9
Dihedral Angles/deg

H1-C1-C2=01 1.9 11.4 19.8 8.0 9.4 7.0
H2—C1-C2=01 —118.5 —108.0 —99.0 —111.8 —110.4 —112.9
H3—-C1-C2=01 122.7 133.0 142.0 129.5 130.9 128.4
H1-C1-C2-02 —178.5 —169.7 —161.6 —172.8 —171.6 —173.9
H2—-C1-C2-02 61.2 70.8 79.7 67.4 68.7 66.2
H3—C1-C2-02 —57.6 —48.2 -394 —51.4 —50.0 —52.5
C1-C2-02-03 176.5 177.8 178.1 177.2 177.4 177.0
01=C2-02-03 -3.8 -3.3 -3.1 -3.6 -35 -3.8
C2-02-03-N 88.5 85.1 85.4 85.9 85.7 85.6
02-03-N—-04 175.6 177.4 177.2 177.3 177.4 177.8
02-03-N-05 —-4.3 -2.3 -2.5 —2.4 —-2.2 -1.8
energy/hartrees —507.351997 —508.671708 —508.817626 —508.835209 —508.850462 —508.870163

and NQ using each of the methods listed in Table 7. All of the

theoretical methods predict thaH2*§R2a) is substantially

lower thanAH?*%(R2b), but there is a noticeable variation in
the quantitative agreement between the different predictions and
the experimental thermochemistry. The G1 and G2 methods
overestimateAH>. for each of the dissociation channels and
the net separation between channels by approximately 10 kJ
mol-1. The CBS-4 and CBS-q calculations predidd’.(R2a)
more reasonably, but severely underestimate the enthalpy
difference between R2a and R2b. The CBS-Q and CBS-QB3
Figure 2. Anillustration of the optimized PAN structure demonstrating  calculations provide thermochemical predictions that reproduce

the perpendicular orientation of the acetyl and peroxy nitrate groups. Zabel’s experimenta\H>(R2a) to within experimental un-
certainty.

There has been no experimental determinatiakf(R2b), The ability of the CBS-Q and CBS-QB3 methods to calculate
but this value may be calculated from the tabulated heats of accurate HOON@bond energies is further emphasized by the
formation. We note that the enthalpy difference between R2a go0d agreement between the experimental and theoretical values
and R2b may be determined independently Afif*(HO- for AHZJ(R2b). The best experimental estimateAti5{(R2b)

xn
ONG;). Values fOfAHrzxgnB(ngb) range from 165 to 170 kJ  appears to be 16% 6 kJ molL. The CBS-Q value of 173.6 kJ
mol~! depending on thé\H;™(HOONQ,) assumed, but there  mol! lies just above the experimental uncertainty limit,

is good agreement that th(AH%) is 66.5+ 1.0 kJ mot™. although it falls within the uncertainty limits of the JPL 97-4
This large energy difference is consistent with the observed recommendation. The CBS-QB3 calculation produces
products of HOON@thermal dissociation. AHZ¥(R2b) = 163.8 kJ motf! which is somewhat low, but

Theoretical AHZ® for R2a and R2b were determined by well within the experimental uncertainty. Note that the CBS-Q
calculating theAHf298 values for HOONG, HO,, NO,, OH, and CBS-QB3 reproduce both the absolute values of
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TABLE 4: Optimized Structures for CH 3C(0)0O,

B3LYP
theory 6-311 6-311 6-311 6-3114+ LCGTO
basis set CBS-Q 6-31G* G(d,p) G (2d,2p) G (2df,2p) G (3df,3pd) LSD?
Bond Lengths/A
H1—Cy 1.082 1.090 1.088 1.085 1.085 1.090 1.103
Ho—Cy 1.086 1.095 1.092 1.090 1.090 1.090 1.098
H3—Cy 1.086 1.095 1.092 1.090 1.090 1.090 1.098
Ci—C 1.502 1.501 1.498 1.496 1.496 1.495 1.475
C=0, 1.167 1.190 1.181 1.180 1.180 1.179 1.189
C—0O; 1.380 1.447 1.452 1.450 1.446 1.452 1.456
0,—03 1.305 1.328 1.322 1.322 1.319 1.316 1.310
Angles/deg
H1—Ci—H> 110.2 110.0 10.2 110.2 110.2 110.2
H1—Ci—Hs 110.2 110.0 110.2 110.2 110.2 110.2
H1—C1—C; 109.0 109.2 109.2 109.2 109.2 109.3 109.0
H,—Ci—Hs 107.9 107.4 107.4 107.4 107.4 107.4
H—C1—C; 109.8 110.0 109.9 109.8 109.9 109.8 109.7
H;—C1—C; 109.8 110.0 109.9 109.8 109.9 109.8 109.7
C1—C=0 128.3 129.9 130.3 130.0 130.2 130.3 131.2
C1—C—0, 108.6 107.6 107.6 107.7 107.6 107.6 107.5
0;=C,—0, 123.1 122.5 122.2 122.3 122.4 122.2
Co—0,—03 114.2 1131 113.6 1131 113.4 1135 113.0
Dihedral Angles/deg
H1—C1—C>=0 0.0 0.0 0.0 0.0 0.0 0.0
H1—C1—C— 0, —180.0 —180.0 —180.0 —180.0 —180.0 —180.0
H,—C1—C=0; —120.8 —120.9 —121.0 —121.0 —121.0 —121.0
H,—C1—C— 0, 59.2 59.1 59.0 59.0 59.0 59.0
H3—Cy—Co=04 120.8 120.9 121.0 121.0 121.0 121.1
H3—C1—Co—0; —59.2 —59.1 —58.9 —59.0 —59.0 —58.9
C1—Co—0,—0s 180.0 —180.0 180.0 —180.0 —180.0 —180.0
0;=C,—0,—03 0.0 0.0 0.0 0.0 0.0 0.0
energy/hartrees —303.151450 —303.556092 —303.643931 —303.654395 —303.662179 —303.674406
a Reference 53.
TABLE 5: CH 3C(O)O Optimized Geometries
theory B3LYP/ B3PW91 MP2 LCGTO
basis set CBS-Q 6-311++G (3df,3pd) 6-311++G (3df,3pd} 6-31G(dY LSDe
Bond Lengths/A
H,—C 1.094 1.088 1.092 1.092 1.102
H,—C 1.096 1.090 1.089 1.092 1.103
H3—C 1.096 1.090 1.089 1.092 1.103
c-C 1.515 1.489 1.485 1.491 1.471
C-O, 1.210 1.254 1.252 1.265 1.260
C-0; 1.339 1.256 1.252 1.265 1.260
Angles/deg
H;—C-C 107.7 110.3 110.1 109.6 110.3
H,—C—-C 110.5 109.3 108.8 109.6 108.7
H;—C—-C 110.5 109.3 108.8 109.6 108.7
C-C-0O; 127.6 124.4 124.4 124.2
C—C-0O; 110.8 124.0 124.4 124.2
0;—C-02 121.6 1115 110.2
H,—C—H> 109.9 109.9
H,—C—Hs 108.3 108.0
Hi—C—Hs 109.9 109.9
Dihedral Angles/deg
H,—C—C—0Os 0.0 .
H,—C—C—-04 —120.1 —121.0
H3—C—C—01 120.1 121.0
H,—C—-C-0O; 180.0 180.0
H,—C—C-0; 59.9 59.0
H;—C—C—-0, —59.9 —59.0
energy/hartrees —228.079108 —228.501617 —228.748962

aReference 55° Reference 54¢ Reference 53.

AHZYR2a) andAHZ*¥R2b) as well asA(AH?%) extremely  reported to date agree that the decomposition proceeds exclu-
well. The excellent performance of the CBS-Q and CBS-QB3 sively via Rla for temperatures less than 350 K. However,
methods in evaluating the thermochemistry associated with HO- inspection of the parameters in Table 8 reveals that the
ONGQ;, dissociation suggests that these methods should be well,ecommended thermochemical values pladd’*YR1a) only
suited for evaluating the thermochemistry of PAN dissociation. 5 kJ mol- below AH2%,

3. PAN Thermochemistry. PAN dissociates via cleavage alues is so large ”{’k‘g:ls)::dﬂtlzate:z ugt(.:frtoarggr?f t2$3;e
of the weak ROG-NO, or RO—~ONO, bonds values | 9 v geti ing

dissociation channels should be questioned. The small differ-
CH;C(O)OONQ, — CH;C(0)O0+ NO;, (R1a) ences inAH?® predicted from the recommended thermo-

rxn
chemistry clearly contradict the experimental evidence since

— CH,C(O)O+ NG, (R1Db) there should have been some observation of; M® CHs-
All experimental investigations of PAN thermal dissociation C(O)O in the PAN thermal dissociation measurements if
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TABLE 6: Rotational Constants and Dipole Moments for
PAN, CH3C(0)O,, and CH5C(0)0?2

PAN CHC(0)O, CH;C(0)O
Rotational Constant/MHz
A 5079 10474 13441
B 1290 4419 9271
C 1283 3168 5680
Dipole Moment/debye

ux —2.869 —3.094 —3.352
Ly 1.660 —1.864 —0.078
Uz 0.815 0.000 0.000
Utot 3.413 3.612 3.353

a All values calculated from the optimized B3LYP/6-32:3G(3df,3pd)
structures.

TABLE 7: Calculated Reaction Enthalpies (kJ mol?) for

HOONO, — HO; + NO, (R2a)
— OH + NO;  (R2b)
R2a R2b R2b— R2a
theory AHZE AHZB A(AHZE
G1 113.4 190.9 775
G2 109.0 187.2 78.2
CBS-4 106.8 154.9 48.1
CBS—q 96.7 142.6 45.9
CBS-Q 100.1 173.6 735
CBS-QB3 102.8 163.8 61.0
CBS-¢f 92.0 133.8 41.8
B3LYPP 88.4
IUPAC VI 104.8 170.0 65.2
JPL 97-4 97.1+ 8.6 164.8+ 9.4 67.7+ 4.7
JPL 97-4 adj 99.2- 9.0 164.8+ 9.4 65.6+ 5.3
expte 99.64+3.1  (167.3:56)  (67.7+4.7)
(165.2+6.1)  (65.6+5.3)

2 Reference 222 Reference 20. B3LYP/6-311G(3df,3pd)//B3LYP/
6-31+G(d) calculation® Reference 119 Reference 12¢ Reference 4.
fEstimated from refs 4 and 11.

TABLE 8: Calculated Reaction Enthalpies (kJ mol?) for

CH3C(0)OONO, — CH3C(0)0; (Ria)
— CH5C(0)O + NO3  (R1b)
Rla R1b R1b-Rla
theory AHC23K AHo238K A(AH°228
CBS-4 140.5 154.7 14.2
CBS-q 133.8 139.1 5.3
CBS-Q 128.4 157.4 29.0
B3LYP2 106
IUPACP 119.2 124.2 5.0
JPL97-4¢ 120.9+ 29.6 1255+ 23.5 4.6+ 235
exptH 118.844.0
expte 120.6+ 5.8

a Reference 20. B3LYP/6-3#1G(3df,3pd)//B3LYP/6-31+G(d) cal-
culation.? Reference 12. No uncertainties listédReference 119 Ref-
erence 19¢ Reference 4.

AHZBR1b) were only 5 kJ mof more endothermic than
AHZ¥R1a).

rxn
The only reliable experimental information for PAN concerns

AHZ?¥R1a) which has been reported as 118.8.0 kJ mot?

rxn

by Bridier et al*® and 120.6+ 5.8 kJ mot? by Zabel? These

the PAN system have been deduced fr&i?*¥(R1a) and

rxn

some estimate of\H?*® for PAN and/or CHC(O)O, The

Miller et al.

TABLE 9: Comparison of Recommended and Theoretical

Reaction Enthalpies (kJ mol1) for
Free Radical Reactions

Relevant Atmospheric

reaction JPL97-4 A2
H+ O, — HO, —206.2 -2.9
OH+ O—HO, —276.4 —-3.2
NO,—NO+ O 306.4 —-6.9
NO;— NO,+ O 208.7 7.5
NO; — NO + O, 16.6 0.9
HO, + NO— OH + NO, —-30.0 10.1
OH + NO, — HONO, —207.1 -1.9
H + NO, — OH+ NO —-121.9 —6.2
HO, + NO, — OH + NOs 67.8 —4.3
HOONQO, — HO; + NO, 97.1 -3.0
HOONO, — OH + NO3 164.8 -7.3
0=5.68

aA = AH7 (JPL 97-4) — AH?** (CBS-Q).

TABLE 10: PAN and ROy Reaction Enthalpies (kJ mol™)

reaction JPL A2 A(ad))
CH;z + CO— CH3CO —459 1.2 -1.1
CH3CO + O, — CH3C(0)O, —-161.5 -17.1 0.0
CHsCO+ O— CH3C(0)O —446.7 —13.6 14
CHs + CO, — CH3C(0)O 396 -201 51
CH3;COOH+ OH — CH3C(0O)O+ H,0 -56.1 -16.2 -1.2
CHsCOOH+ HO; —~ CHsC(O)O+ HOOH  76.6 —135 —-0.6
CH3C(0)G; + NO — CH3C(O)O+ NO> —93.2 10.1 8.0
CH3C(0)O; + OH — CH3C(O)O+ HO» —63.2 0.0 -0.1
CH3C(0)G; + O — CH3C(O)O+ O2 —285.2 35 14
PAN + HO, — CH3C(0)O; + HOONOG, 238 —45 —8.7
CH3C(0)O+ NO — CHzCO + NO» 140.3 20.5 5.6
CH3;C(0)O+ OH— CH3CO + HO, 170.3 104 -25
CHsC(0)O+ O — CHsCO + O3 —51.8 139 -10
PAN + OH— CHzC(O)O+ HOONG; —39.3 —45 —8.8
0=12.800=4.62
PAN — CH3C(0)O; + NO» 1209 75 -9.6
PAN — CH3C(O)O+ NO3 1255 -11.9 -16.2
CH3C(0)Q + NO, — CH3C(0)O+ NO3 4.6 —4.3 —6.5

aA = AHZ (JPL 97-4) — AHZ®¢ (CBS-Q).

radical reactions, including two HOON@issociation reactions,

were calculated using the CBS-

Q method to verify that this

method accurately reproduces experimental thermochemistry for
peroxy nitrates and their decomposition products. The results
of these calculations are presented in Table 9 as absolute

H298

differences from the\H;

values calculated from the DeMore

et al. recommendatiori$. The rms deviation of the CBS-Q

AH298

rxn

values was 5.68 kJ mol which provides an ap-

proximate figure of merit for comparison with other reaction
sets and is consistent with the findings of other grotip%:

The CBS-QAH?® values for R

‘ rxn
reaction

CH,C(0)O, + NO, — CH,C(0)O+ NO,

presented in Table 10 differ from

la, R1b, and th&AH?

~xn

(R3)

the recommended values by

as much as 11.9 kJ mdl This is beyond the limits of the

expected error limits of the CBS-

Q calculations established in

Table 9 and suggests systematic errors in the recommended
reaction enthalpies were determined from the temperaturethermochemistry. This conclusion is verified in Table 10 where
dependence of the thermal dissociation rate and the recombinaywe demonstrate that the rms deviation between the JPL and
tion rate. All other thermochemical parameters associated with CBS-Q reaction enthalpies is 12.80 kJ miofor a series of

PAN and RQ reactions. The second column of Table 10

provides evidence of our initial

assumption that the PAN

large uncertainties in these estimates account for the largethermochemistry currently recommended for atmospheric mod-
uncertainty limits for the enthalpies calculated from the recom- eling contains gross inaccuracies. The remaining problem is to
develop a PAN thermochemistry that is theoretically consistent
as well as consistent with all existing experimental data.

mended value’t-12
Enthalpies for a series of HCGand NQ atmospheric free
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Accurate PAN thermochemistry necessarily hinges on the TABLE 11: PAN Thermochemistry?

experimental determination

CH,C(0)OONQ, — CH,C(0)0, + NO,
AH??%®=118.84+ 4.0 kJ morl'*

rxn

(R1a)

and heats of formation for two of the three molecular compo-
nents; the remaining\H?%® value could then be determined
from the thermochemical cycle. The simple formation chemistry

of the acetyl peroxy radical
CH,CO+ O, — CH,C(0)G, (R4)

suggests thahH?*(CH;C(0)O,) may be readily determined if
AHZ¥CH5CO) is known. Fortuitously, the heat of formation

for the acetyl radical has been accurately determined by recent _ NOs

experiment&Pand theoreticdfwork: AH?CH;CO)=—10.0
+ 1.2 kJ mof™. A comparison of the experimental and CBS-Q
AH?% for

rxn

CH, + CO— CH,CO (R5)

AHf298K
molecule this study JPL97-4 IUPAC literature
CH3;C(O)OONQ —240.14+ 7.2 —2594+20.8 —258 —239+8.4°
—258+ 22
—259+ 20.8
CHsC(0)O: —154.4+5.8 —1724+20.8 —172 —1724 204
—-162
CHsC(0)O —192.5+5.8 —207.5 —207.5 —233
—216
N
reaction thisstudy  JPL97-4 IUPAC literature
PAN — CH;C(O)O; + 118.8+ 4.0 120.9+ 29.6 119.2 118.&4.C°
2
120.6+ 5.8

PAN — CHsC(O)O+ 121.2+ 8.4 125.5+ 23.5 124.2

CH;C(O)O, + NO,— 2.4+7.3 5.0
CHsC(0)O+ NO3
a All values in units of kJ mol'. ® Reference 18 Reference 19.

d Reference 4¢ Reference 53\ Reference 64.

4.6+ 235

explain the large number of thermal dissociation experiments
that show PAN decomposes exclusively via channel R1a under

demonstrates that the CBS-Q value is in near perfect agreemen@mbient conditions. One should also note that the discrepancies
with the experimental value (Table 10). We thus assume that between the experimental and CBS-Q reaction enthalpies for

CBS-Q AH>(R4) = —144.4 kJ mot! is an exact result and
combine this withAH?*(CH3;CO) = —10.0 + 1.2 kJ mot?
and AH?%0;,) = 0 kJ mol? to obtain AH?*}CH3C(0)Q,) =
—154.44 1.2 kJ moll. A more realistic assessment of the
uncertainty in this result incorporates5.7 kJ mof? for the
CBS-Q enthalpy (see Table 9) to yieldl54.4+ 5.8 kJ mot™.
One may then substitute the new §HO)O, heat of for-
mation into the expression forAHZYR1a) to obtain
AH?¥CH;C(0)OONGQ) = —240.1+ 7.1 kJ mot ™.

Similar methodology applied to the reactions

CH,CO+ O — CH,CO(0)O (R6)
CH, + CO, — CH,CO(0)O (R7)
CH,COOH+ OH— CH,CO(0)O+ H,0  (RS8)

CH,COOH + HO, — CH,CO(0)O+ HOOH  (R9)

yields AH?*%CHsC(0)0) = —192.5+ 5.8 kJ mol? which
may then be substituted into R1b to obtakH2R1b) =
121.2+ 8.4 kJ mot? or into R3 to yieldA(AHZ) = 2.4+
7.3 kJ mof. It is important to note the internal consistency of
the CBS-Q enthalpies for RER9 (see Table 10) since there is

Rla and R1b slightly increase when the adjusted formation
enthalpy values are used. This deviation is directly linked to
the difference between th&aHZ*(PAN) value determined in
this study and the CBS-QHZ*(PAN).

The heats of formation determined in this work suggest that
PAN, CH;C(0)0,, and CHC(O)O are all less exothermic than
currently recommended. It is interesting to note that Dom#lski
estimated a PAN heat of formatioAH*(PAN) = —238.5+
8.4 kJ mot?, in very good agreement with the value-e240.1
+ 7.1 kJ mot? derived above. It should be further noted that
Bridier et all® based their determination afH?*(PAN) =
—258 £+ 20 kJ mot? on their experimental measurement of
AHZ¥R1a) and a MNDO semiempirical calculation that yielded
AHZYCH3C(0)0y) = —172 + 20 kJ mot. Our determina-
tion of AH?PAN) has employed the same thermochemical
cycle, but the accuracy of the CBSAH?%CHsC(0)0,) has
produced a much improved overall thermochemistry. The
LCGTO-LSD calculations of Sicilia et af3 AH>*(CHsC(0)O,)
—163 kJ motll, are consistent with the present results.

The noticeable discrepancy between the CBS-Q derived
AH?¥CH;C(0)0) = —192.5+ 5.8 kJ mot? and the experi-
mental value of—236 & 8.2 kJ mof! obtained from photo-
ionization measuremefifgemains somewhat puzzling. We note

no single reaction with a well-determined experimental reaction that the CBS-QAHZ*¥CH,C(0)0) is consistent with the

enthalpy that may be used to deri&iZ*§CHsC(0)0). How-
ever, the symmetry breaking observed in the CBS-QGH

thermochemistry of CEC(O)O formation from CHCO, with
hydrogen abstraction from GBOOH, and with oxygen atom

(O)O structure (Table 5) suggests that there may be a smallloss from CHC(O)O,. We suggest the possibility that Holmes

systematic error in the CBS-Q energy for §340)O.
The PAN thermochemistry derived from the hybrid experi-

et al. were not probing the GE(O)O radical in these
experiments.

mental/CBS-Q approach is summarized in Table 11. These 4. Implications for Atmospheric Chemistry. The thermo-
AHf298 values are then used to recalculate the experimental chemical analysis of HOONLand PAN dissociation pathways
reaction enthalpies in Table 10 and the differences between thepresented above has demonstrated that the Ry and RO-
modified experimentalHZe and the CBS-Q\HZy. are listed ONO; bond strengths are significantly different in these two
as theA(adj) column. The change reduces the rms deviation molecules, yet the peroxy nitrate group dominates the decom-
for the entire reaction set from 12.80 to 4.62 kJ molThe position chemistry for both species. The RONO, bond in
modified thermochemistry now yields a description of the PAN/ HOONGO;, is approximately 20 kJ mol weaker than the
RO reaction set that is consistent with the performance expectedcorresponding bond in PAN, and tma(AHrzng) between the
from the CBS-Q level of theory. Paradoxically, the energy RO + NO; and ROO + NO, channels in HOON® is
difference between R1la and R1b, 4.3 kJ motl, becomes approximately 65 kJ mol while the PAN decompositions

smaller with the modified thermochemistry and still cannot appear to be nearly isoenergetic. Despite these differences, all
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experimental evidence indicates that the thermal dissociationssociation with NQ product detection might provide a measure
of HOONGO, and PAN occur solely via the ROG NO, of this barrier height.

channel. This suggests that there is a substantial barrier to

decomposition via RO+ NOs whether or not that channel is Acknowledgment. The authors thank S. P. Sander (JPL)
significantly more endothermic. Kirchner et*4lhave recently ~ for helpful discussions. We acknowledge the Jet Propulsion
reported a systematic procedure for evaluating the thermal Laboratory, California Institute of Technology, for allowing us
stability of peroxy nitrates; it will be interesting to discover to use their Cray computers to complete this work. The Cray
whether the thermal decomposition branching ratios observedSupercomputers were provided by funding from the NASA
for HOONG;, and PAN persist for other members of this class. Office of Mission to Planet Earth, Aeronautics, and Space
However, thermal dissociation into RO® NO, must be Science. C.E.M. acknowledges the Camille and Henry Dreyfus
considered as the principal atmospheric fate of peroxy nitrates Foundation for a Faculty Start-up Grant. The Gaussian 98W

at low altitudes until a counterexample has been found. software used at Haverford was purchased in part with funds

The HOMO and LUMO orbitals for PAN suggest that the
lowest energy electronic transition is localized on the ;NO
chromophore, as is typical for RNOmolecules$>-%7 The

photodissociation process should thus reflect the redistribution

of the photoexcitation energy from the N@roup throughout
the remainder of the molecule. Since the weak ROND, and

from the Quaker Chemical Foundation.
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