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The photolysis wavelength dependence of the nitrate radical quantum yield for peroxyacetyl nitrg@e (CH
(O)OONG,, PAN) is investigated. The wavelength range used in this work is between 289 and 312 nm,
which mimics the overlap of the solar flux available in the atmosphere and PAN'’s absorption cross section.
We find the nitrate radical quantum yield from PAN photolysis to be essentially invaﬂ&ﬁﬁ;‘ =0.30+

0.07 @20) in this region. The excited states involved in PAN photolysis are also investigatedalsingio
calculations. In addition to PAN, calculations on peroxy nitric acid (HOQNRDA) are performed to examine
general photochemical properties of th®@ ONO, chromophore. Equation of motion coupled cluster calculations
(EOM-CCSD) are used to examine excited state energy gradients for the internal coordinates, oscillator
strengths, and transition energies for the-nt* transitions responsible for the photolysis of both PNA and
PAN. We find in both molecules, photodissociation of both@ and G-N bonds occurs via excitation to
predissociative electronic excited states and subsequent redistribution of that energy as opposed to directly
dissociative excitations. Comparison and contrast between experimental and theoretical studies of,HOONO
and PAN photochemistry from this and other work provide unique insight on the photochemistry of these
species in the atmosphere.

. Introduction CH,;C(O)OONGQ — CH,C(0)0, + NO, (3)
Photolysis properties of peroxy nitrate 0OONGQ,) species CH,C(O)OONQ, — CH,C(0)O+ NO, (4)

have become the subject of several experimental and theoretical

studies due in part to their importance as N&hd peroxyl Initial results indicate quite different photochemical quantum

radical reservoirs in the atmosphere. Both peroxy nitric acid yje|ds for PAN and PNA. In the case of PNA, a very recent
(HOONG;, PNA) and peroxyacetyl nitrate (GB(O)OONG, study by Jimenez et &lat 193, 248, and 308 nm showlig, o
PAN) are reservoirs for NDand peroxy radicals (HOand = 035+ 0.09, 0.08+ 0.04, and 0.05t 0.02 respectively. At
CHyC(0)O,).17> Peroxy nitrates (most notably PAN) form in = 5,q nm, & was also inferred from a measurementigi’®
polluted regions and can undergo long-range transport. Their— 344 o 16 by MacLeod et &.
subsequent decomposition, through either thermal or photolytic The trend ind"¥* indicates (2) is wavelength independent
means, releases HRO,, and NQ, which impacts ozone levels below 248 nm e{qr?é that (2) is a minor process in HOGNO
in regions far from the source of the pollution. For both PAN photolysis. However, the trend fob™ N appears markedly
and PNA, the majority of photolysis and all thermolysis results different Both—NOz 'and =0 chrorrN183bhores absorb in the
in the production of peroxyl radicals and u,Oshown.by UV, further complicating the dissociative processes within
processes 1 and 3. Below 248 nm, the Nfid NQ producing PAN* Eor PAN. AN has been measured at 248 nm to be
channels dominate the dissociation of both PAN and PNA for ' L NG

0.204- 0.0480.314 0.08 at 289 nmi! and 0.41+ 0.10 at 308

so11 ) X .
solar photolysi$ 1! The photolysis branching ratios for PAN nm# The bond energies for (3) and (4) are much less certain

and PNA are crucial _to accurately understand_mg the release Ofthan for the PNA dissociation reactions (1) and @} We
NO; and peroxyl radicals from these reservoirs.

estimateAgH(4) to be at least 16 7 kcal mol? higher in
energy tham\gH(3) at 298 K, whereas the difference between

HOONG, —~ HO, + NG, 1) the same dissociations for HOON®@ 15+ 1 kcal mol2. As
the photolysis energy decreases, the sNfuantum vyield
HOONO, — HO + NO, 2) apparently increases. This trend, if confirmed, would be

remarkable because it would imply as photolysis energy
decreases, dissociation via (4) increases per photon absorbed.
* Current address: Department of Chemistry and Biochemistry, Uni- Yet, at 308 nm, the results of Harwood et al. are sufficiently

versity of Colorado at Boulder, Boulder, CO 80305-0219. Electronic mail: UNcertain to allow for an independent relationship between
bradley.flowers@colorado.edu. photolysis wavelength and N@Quantum yield. Beyond 308 nm
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there is no information forDZgN. Clearly the trend remains in ~ Below 248 nm,d)ﬁé): approaches unity rapidl/. In our
doubt for PAN at atmospher?cally relevant photolysis wave- previous work, we assumed)%h = 1.0 + 0.10 and we
lengths. Although the current results at 289 and 308 nm could propagate the same assumed error in our current analysis. The
agree, it is desirable to confirm the relationship between precursor number density is measured upstream from the
photolysis wavelength and)f,gN. To investigate the wave-  photolysis chamber by an FTIR spectrometer (Perkin-Elmer
length dependence of (4), we have measured the nitrate radicaParagon 1000). The precursor number densifigay n,0,) are
quantum yield at 289, 294, 299, 308, and 312 nm, using cavity combined with the absorption cross sectiongafi,n,0.), and
ring-down absorption spectroscopy (CRDS) to detectNO photolytic number densities [N»an,n,05 0 extract the quantum

In addition to quantum yield experiments) initio calcula- yield as follows.
tions have been used to study the ground and excited states .
involved in PNA and PAN photolysis. Previous studies of both paN _ n0s . INOslpay — Ono Ny,0,
PAN and PNA photochemistry indicate two-s* transitions no, = Pro, X [NOJ] X
on —NO; chromophore are dissociative transitidi8.The N2Os
results reported in Roehl et Gpredict two singlet excited states
for HOONG;, with vertical excitation energies near 5 eV using
both complete active space self-consistent field (CASSCF) an
multireference configuration interaction (MRCI) methods. In a
second study, Francisco and'tidentify three excited states
involved in the UV absorption spectra of PAN, the lowest two
states were-NO, n — z* excitations, and the third state was
correlated to an A~ sr* transition on the &0 moiety of PAN.
Their methodology was extended to include equation of motio
coupled cluster (EOM-CC) calculations for PAN. These calcula-

tions indicate that the third transition has the stronger transition h
dipole and that accounts for the observed difference in the &XPeriments at 289, 294, and 299 nm, 1.5 mJ at 308 nm, and

absorption spectrum of PAN relative to PNA. We have also 1.6 mJ at 312 nm, thereby staying well within the one-photon
used EOM-CC methods to calculate the vertical excitation PNOtolysis range for the reference gas. We assume the same
energies but for three PNA excited states and four excited states?OV&" dependence_for PAN .ph.otolysis. For these relative
for PAN. We include oscillator strengths for the predicted duantum yield experiments s is introduced to the chamber
transitions in our analysis. Additionally, we calculate excited 210 Torrand 0.1 SLPM flow rate for¢arrier gas. Following

state energy gradients for the internal coordinate displacementsan expenment, the chamber is evacuated, the carrier gas ﬂQW
for PNA and PAN singlet excited states. From these calculations, 'S switched to the PAN sample, th_en the CRDS sean 1S
we are able to estimate the instantaneous force along the internaP€/formed again. Another sequence is performed usig@sN
coordinates while the molecule is in its vertically excited state to bracket the PAN experiment. The precursor F‘“mber density
and attempt to understand the basis for the observed difference$N) for PAN and NOs is measured four times during the CRDS

between PAN and PNA photodissociation quantum yields scan. The precursor concentrations are normalized to their value
when the CRDS laser is at 662 nm. TAe spectrum is fit to

Il. Method the precursor decay profile to normalize the spectrum by the
] ) ) ) normalizedN decay.

A detailed discussion of our experimental procedure has been A |gcal version of theaces I guantum chemistry program
recently published! A brief description is given below. A \yas used in this stuck?. The ground state geometries were
frequency doubled dye laser is used to photolyge either PAN optimized for HOONQ using CCSD/DZP and CCSD/cc-pVTZ
or the NOs reference gas, and the N@roduced is detected  cajcylations, and CCSD/DZP calculations were used for PAN.
via CRDS using light from a second dye laser. Both photolysis Harmonic vibrational analysis indicated that all structures were
and probe beams are pumped by the second harmonic outpulopal minima on the respective potential energy surface. The
of a Nd:YAG laser (532 nm). For the photolysis wavelengths yertical excitation energy (VEE) calculations were performed
used in this study, Kiton 620 (294, 299 nm) and Sulforhodamine sjng the equation of motion coupled cluster singles and doubles

640 (308, 312 nm) laser dyes were used in addition t0 (EOM-CCSD) method® The oscillator strengthsf)(for the
Rhodamine 6G (289 nm). A mechanical shutter operated at 1 respective electronic transitions are calculated by

Hz in the beam path modulates photolysis. The CRDS beam
was generated by pumping the DCM laser dye. Two high- f =4.702% 1077 (cm sz)v u |2 @)
reflectivity mirrors were aligned to form the optical cavity. An e egred
avalanche photodiode detected the ring-down signal from the
optical cavity. Baseline ring-down timesg() were observed

up to 40us. The probe laser is scanned between 655 and 669
nm to detect the?B — 2X) NOj transition centered at 662 nm.

(6)

Opan Npan

The synthesis of PAN followed the report of Gaffney etfl.
gand NOs was synthesized according to Davidson eteal.
Estimates of impurities in the precursor samples were performed
by FTIR analysis and found negligible. Both PAN angQy
samples were used without further purification. Our previous
study included a photolysis power dependence study $@sN
between 0.0 and 2.0 M3 We find the signal to be linear in
n Power up to 2.0 mJ and use increasing photolysis power to
overcome a decreasing PAN absorption cross section in this
region2%21 We used a photolysis energy of 1.0 mJ for the

wherevggis the transition energy in cm anduegis the transition
dipole moment in Debye. In addition to the VEE analysis, the
energy gradients for the internal coordinate representations of
- . ) each species in each-# 1A electronic states are calculated.
In the presence of the photolysis laser, the ring-down tR)(  The energy gradients are obtained by performing geometry
decays faster thar, due to additional absorption by photolytic 4 imizations of each 24 A electronic excited states, again
NOs. Ring-down times were recorded for both photolysis_states using the EOM-CCSD method. The optimizations are stopped
and subtra.cted from one anothgr to. extract the photolytie NO  afier one cycle to estimate the gradients along internal coordi-
concentration. The raw photolytic difference fit to a reference 5165 due to electronic excitation. Bonds elongated from their
spectruni® to obtain the photolytic N9number density. r. position in the ground state have negative energy gradients.
Therefore, internal coordinates with large negative energy
Ar = 1 (i - i) 1_ A[NOJ]oy, o, (5) gradients are stretched in each excited state and those with

clton  7al/ls positive gradients are compressed. By performing this analysis
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TABLE 1: Number Densities and Quantum Yields for

PAN/N,Os Photolysis Experiments between 289 and 312 rim

expt

no. N0y [PAN] NO; ratio DRoy
289 nm
1 1304010 649:089 0.14:001  0.34:0.10
2 2374002 277£003 023001 024001
3 1314010 337£0.19 008:001  0.36+0.08
4 8374018 2.76:002 008001  0.29+ 0.04
5 543+051 581+150 00240002 0.32+0.10
6 4.44+042 428055 0.024+0.001 0.29+0.07
294 nm
1 2174001 4.18:004 003:0003 0.25: 0.02
2 399+002 281+002 0.18:0.005 0.3L0.02
3 236+0001 855:0.02 0090004 0.28+003
4 14240007 2.44-0.007 0.03G:0.001 0.33+0.03
5 231+00l1 46.7+20 0374001 027+0.1
6 149+003 30.6-0.3  0.40+002  0.29+0.2
7 154+002 11.1+0.1  009+002  0.31+0.08
8 1.88+0.10 27.0£20  030+001  0.31+0.04
299 nm
1 273+002 5206002 003:001  0.29+0.05
2 206+002 233:030 015:001  0.28+0.03
3 2464002 330+1.0  016+001  0.27+0.02
4 246+002 11.0602  004£001  0.20+0.03
5 2.87+003 142+0002 008 001  0.36+0.02
6 175+003 432080 032£001 0.8 002
7  143+004 141+010 0.14:001  0.30+0.03
308 nm
1 248+001 31.6:40  007+001  0.17+0.05
2 158+00l1 37.8:070 028:001  0.34:0.02
3 166+003 115+1.0  005-001  0.24+0.05
4 1524001 135:060 008:001  0.28+0.04
5 2204001 16.8+004 008:001  0.330.02
6 153+004 525008 037£001  0.32+0.02
7 1704005 14.4+004 008:002  0.27+008
312 nm
1 1914002 154:0007 0.10:001  0.44+ 0.06
2 167+002 27.0£0001 017001  0.39+0.11
3 15440001 7.42:015 006£001  0.43+008
4 2424006 133:0.005 004001  0.29+0.04
5 159+003 349+004 026-002  0.43+0.04
6 220+002 280+005 015001  0.43+0.04
7  156+002 341+3.60 021+002  0.350.07
8 239+00l 521+010 020£001  0.34:0.03

aThe number densities are reported.0** molecule cm?®. The
uncertainties for the number densities ave Phe photolytic NQ ratio
and associated error are described in the text.

with the DZP and pVTZ basis sets on HOON@ve are able
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Figure 1. Photolysis difference spectrum taken during PAN photolysis
at 312 nm. The open circles are those derived from eq 5. The solid
line is the nitrate radical reference spectrum from the JPL refefénce.

0.4

03

®NO,

021

0.0 L1 ! ! ! |
240 260 280 300 320

wavelength / nm

Figure 2. Nitrate radical quantum yields from PAN photolysis plotted
vs wavelength. The square is the data from Mazely €f #@he circle

is data from Harwood et af.and the triangles are the results of our
experiments at 289, 294, 299, 308, and 312 nm. The error bars are
+20 in accordance with the data in Table 1.

= 2.1 x 1071°.16 By quantifying the photolytic number density
measurement with a reference spectrum, we ensure that the
photoproduct measured represents the absorption gfViit®
no significant photochemical impurity

The wavelength dependenceﬂb N measured from these
experiments is shown in Figure 2. Our measurementb,@N

to qualitatively infer the effects of photoexcitation on the bare are indicated by the solid triangles at 289'r0.31+ 0. 07),
—OONGO;, chromophore and the quality of the DZP results. The 294 mn (0.2%+ 0.07), 299 nm (0.28 0.07), 308 nm (0.2&
calculations are extended to PAN using only the DZP basis set.0.05), and 312 nm (0.3% 0.07). Additional data points are

I1l. Results and Discussion

shown for the experiments of Mazely et'@lat 248 nm (solid
box), and the study of Harwood et%aht 248 and 308 nm (solid
circle). We can directly compare our result at 308 nm with that

Table 1 contains the normalized precursor number densitiesof Harwood et al. and find the values to be within experimental
N for PAN and, NOs, the ratio of photolytic N@ from PAN
and NOs photolysis, UV absorption cross sections, and the between 290 and 308 nrﬁ)PAN is not increasing and is equal
derived quantum yield for each experiment at each photolysis to 0.29, on averaging th@ﬁg’% results at 289, 294, 299, and
wavelength. The(IDPAN measurements depend on measuring 308 nm. Our data at 308 and 312 nm are in experimental

the precursor number densities alidas accurately as possible.

uncertainty. Our experimental results indicate that, at least

agreement, though an increasedifja" at even longer wave-

Previous work indicates our photolysis measurement has alengths cannot be ruled out. Th|s *fluctuation at the longer
detection limit of 2 x 10" molecule cm3! A photolytic
difference spectrum for PAN photolysis at 312 nm is shown in in the measurement of photolytic NGrom PAN photolysis.

Figure 1. The open circles are the difference)(measured
between photolysis off and on states converted tg Bigorp-

wavelengths in our data is potentially due to more uncertainty

At the weakest absorbing photolysis wavelength used kg (
= 5.40 x 102 cn® molecule’?), we detect an average of (1.2

tion spectrum. The solid line represents the reference spectrumd= 0.7) x 10° molecule cn® NOs for our eight experiments.

reported in the JPL reference, though scaledyg,(662 nm)

The same statistic for the 289 nm photolysis of PAN is (8.9
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Figure 3. Peroxy nitric acid (PNA) structure used in current study.

0.10) x 10° molecule cm?® NOs (opan = 5.95 x 1072 cn?
molecule’l). As opan decreases, we are detecting a smaller and
relatively more uncertain amount of NOConsidering the
behavior of opan with wavelength, it is unlikely that at
wavelengths beyond 312 nm th@f2" would still be increas-
ing. For atmospherically relevant pﬁotolysis wavelengths, it is
appropriate to considabyg' = 0.30.

To understand better our theoretical results for PAN excited

J. Phys. Chem. A, Vol. 111, No. 45, 200171605

TABLE 2: Vertical Excitation Energies (eV) and Oscillator
Strengths for HOONO, and PAN?

transition DZP cc-pVTZ f
HOONO, 21A — 11X (18a—21a) 5.14 5.35 3.& 105
31A — 11X (19a— 21a) 5.87 6.11 3.% 10
41A — 11X (20a— 21a) 7.05 7.30 1.%10°3
CH3;C(O)OONGQ 21A — 11X (28a—32a) 5.22 5.2 10
31A — 11X (29a— 32a) 5.98 3.% 104
41A — 11X (31a—33a) 6.07 1.9 10°3

5IA — 11X (30a— 32a) 7.15 0.24

aThef values are calculated using the DZP basis set.

the UV—B wavelengths, (3) will continue to be the dominant
HOONG; photolysis pathway.

The dissociation of the ‘GO and O—N bonds in Figure 3
is responsible for the formation of either [HOONQO;] or [HO,
+ NO;] from PNA. Therefore the energy gradient for these
coordinates in each of tHé\ excited states is of interest. The
energy gradients for these and other bonding internal coordinates
for each excited state are included as Supporting Information.
For PNA, we calculate the gradients using both the DZP and
cc-pVTZ basis sets, observe little difference between the DZP
and cc-pVTZ energy gradients, and are confident the DZP

states and quantum yields, we have also performed excited statgesults accurately describe the energy gradients upon excitation.

calculations for peroxy nitric acid (PNA) and compared our
theoretical results with the recently reported experimental

In the 22A excited state, the terminalNO" and N-O""" bonds
are stretched, and there is a minimal energy gradient predicted

measurements of PNA photolysis quantum yields reported by for either the G-O' or O—N bonds. The same is found for the

Jimenez et al.and in the work by Roehl et &lPeroxy nitric
acid is the simplest species containing th® ONGO, moiety
and has a ground state molecular orbital configuration ef (1
17)218a19&202 with C; symmetry. There have been previous
calculations of the vertical excitation energies for PNA, with
which our calculations agree quite well. The work presented
by Roehl et al. indicates two PNA singlet excited states
resulting from n— x* excitations at 5.05 and 5.52 eV (MRCI/
cc-pVDZ). Roehl et al. also report potential energy surfaces for
low lying 2 A and 3 'A states calculated as a function
internuclear separation along the dissociated@and C-N

3 1A excited state. Hence, for the first two excited states of
PNA, the termina-NO, bonds are stretched. The redistribution
of this energy causes the relatively weak-® bond (24 kcal
mol~?) to dissociate. The ©0' bond is stronger (39 kcal mol)

and is dissociated to a much lesser extent. This is evident in
the experimental results of Jimenez et al. whfg,. = 0.08

and 0.05 at 248 and 308 rfi. ’

We have extended our calculations to the third singlet excited
state of PNA as well. The ¥A state corresponds to the 26a
21a excitation between the nonbonding HOMO of the terminal
—NO; group and the LUMOr* —NO, orbital. Here, we predict

bond coordinates. These potential surfaces indicated predissoy much larger transition energy of 7.3 eV with an oscillator

ciative surfaces calculated along the-N coordinate cross
within the Franck-Condon region (within+0.25 A of the

strength off = 0.125. The energy gradients in the!4 state
indicate the N-O" and O-O" bonds are stretched and the

equilibrium bond length), whereas the curve crossings along second N-O'"" bond is stretched to a lesser extent. The situation

the O-0O coordinate occur at further separations. By virtue of
the curves crossing at smaller separation, i.e., closer tosthe
value, the O-N coordinate dissociates more readily, which is
reflected in their N@ quantum yield measurement at 248 nm
of 0.56 4+ 0.177 The NG, quantum yield of Roehl et al. is in
agreement with the H{yuantum yield measurement of Jimenez
et al. of 0.894 0.268 confirming at 248 nm that (3) dominates
PNA photolysis at 248 nm.

We have calculated the structure for PNA using both CCSD/
DZP and CCSD/cc-pVTZ methods. The resulting structure is
in excellent agreement with the high level analysis of the PNA
global minimum strucuture reported by Matthews et‘dfor

is similar to that of the previous excited states in that the terminal
—NO, group is affected, but due to the additional excitation of
the O-0 stretch, there is a competition between dissociation
reactions 1 and 2. The excitation of the-O' bond presumably
leads to dissociation production [H® ONOy]. The results

of Jimenez et al. at 193 nm indicate the Nfuantum yield is
0.35 + 0.09. This enhancement in the M@Quantum yield,
relative to ®py. at 248 and 308 nm, is possibly due to
competition between direct €0 bond rupture and the
redistribution of energy partitioned into the terminaNO,
bonds.

The characterization of these three excited states in PNA are

reference, a ball and stick representation of our PNA structure relevant when considering the photoexcitation of PAN. The VEE

is shown in Figure 3. In our work we identify the saméA2
and 3'A excited states at 5.35 and 6.11 eV, resulting from 18a
and 19a— 21a excitations, shown in Table 2. The 18a and 19a
MOs correspond to 60" and O—N bonding orbitals and 21a

is az* antibonding MO in—NO,. Table 2 indicates relatively
weak oscillator strengths for these transitiofiss 3.8 x 1073

and 3.9x 1074, respectively. Therefore, the first two excited

and energy gradient calculations and experimental results for
PNA have provided a clear picture of the photochemistry of
the bare—OONO, moiety. The low lying n— s* transitions

of PNA have small oscillator strengths, and the transition energy
and oscillator strengths of the analogous transitions in the
photoexcitation on PAN are of interest in characterizing the
primary excitations involved in its atmospheric photolysis.

states, though weakly absorbing, promote the respective electronAdditionally, the presence of the carbonyl bond in the acetyl

into the anitbonding 21a orbital and lead to dissociation of the

moiety will have its own n— s* transition. A significant red

HOO —NO, bond. Presumably as photon energies decrease toshift of the third —OONGO, state could also account for the
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states of PNA. In the 3A state, the O-N bond is stretched
significantly as well. Thus, the first two excited states of PAN
are completely analagous to those of PNA,; the termifld,
bonds are stretched in the absorption by-t¢O, chromophore

and that energy is redistributed to break weakest bond in the
molecule. The 4A state of PAN is dominated by the=€D
absorption. The largest energy gradient predicted in this state
is for the G=0 bond and the €0 bond. Also, the GO’ bond

is stretched in this state, whereas it had been compressed in the
previous two excited states. This is a direct excitation of the
coordinate responsible for reaction 4, though there is more
energy deposited in the' ©N coordinate responsible for reaction

3. The 41A state absorbs strongly £ 0.0019), so it is likely
that this transition is excited by solar radiation.

The final state considered here is th&5state of PAN. This
state has the largest oscillator strength of any in this sthiely (
0.24) and nearly every coordinate is excited to a relatively large
degree. With the exception of the excitation of the @ and
enhanced®yo, in PAN relative to PNA. The excited state  O—0O' bonds, this state is similar to the!A state for PNA.
energy gradient calculations are also helpful to characterize theThe internal coordinate results show the elongation of one
dissociation of PAN. terminal —NO, bond. The O-N bond is excited in this state

All calculations on PAN were performed using CCSD/DZP. as well as the ©0' bond, and both coordinates have their
The results for the structure are similiar to the CCSD[T]/cc- largest repulsive gradients in this state. Thus, the situation for
pVDZ results reported by Francisco and'BiA ball and stick ~ PAN photoexcitation is similar to that of PNA, with the two
picture of our PAN structure is shown in Figure 4. The vertical |owest states due teNO, n to zz* orbital excitations.
excitation and oscillator strength results for PAN excited states |t appears then that the acetyl group of PAN has little effect
are also presented for direct comparison to PNA in Table 2. in terms of providing a direct mechanism for the increase in
The PAN ground state h& symmetry and a 1-3%anolecular @0, for PAN relative to PNA. The carbonyl bond absorbs
orbital configuration. We have identified the same primary n radiation in the 4A state, but there is little direct excitation of
to 7* (28a— 32a, 29a— 32a) transitions as in PNA and an  O—0O' bonding orbitals accompanying this relatively strong
additional n— s* transition involving the G=O group present  excitation. The other states in PAN are like PNA, the excitation
in the acetyl moiety (31a~ 33a). The 28a and 29a MOs are primarily affects the terminal NO bonds and the energy
mixed with O-O" and O—N bonding character ane-NO; redistributes to break either the-@ or O—N bonds to produce
nonbonding character, respectively. Therefore transitions from NO; or NO, (and the corresponding organic radical), respec-
these orbitals are analogous to the low lying 2 artd @xcited tively. The difference, then, can be attributed to a smaller gap
states of PNA. The acetyl group does relatively little to change between the bond energies of@' and O—N in PAN relative
the location of the three OONG, n — 7* and = — n* excited to PNA. Because there is no evidence for a direct dissociation
states in PAN. We calculate these energies at 5.22, 5.98, andof either coordinate in either molecule, the differences in the
7.15 eV (compared to 5.14, 5.87, and 7.05 eV for PNA) using thermochemistry of the dissociation reactions could be the cause
EOM-CCSD/DZP at the CCSD/DZP optimized geometry for for the differences in the observed photochemical behavior. In

Figure 4. Peroxyacetyl nitrate (PAN) structure used in current study.

PAN. Hence, the first two A~ z* transitions are blue-shifted
in PAN by ca. 0.1 eV relative to PNA and the third—n =*
transition is red-shifted by ca. 0.1 eV. We calculate the n*
transition of the &0 molecular orbitals at 6.07 eV. The
oscillator strengths for the PAN transitions also show little
change for the 2 and 3A transitions of the —OONQ,
chromophore. The 4A state corresponding to the=@

PAN, the thermochemistry of the reactions producingsid@d
NO, are much less certain than for the reaction enthalpies of
PNA. An estimate of the differences in reactions4l was
reported by Miller et al* using theab initio model chemistry
CBS-Q to estimate the difference iky,H between reactions
(1) and (2) of 17.6 kcal mot. Our own estimate from current
experimental results is 196 1 kcal moll, assuming\H(298

transition is predicted to be an order of magnitude larger than K) HOONO, = —12.6+ 1.0 kcal mot1,25 AH(298 K, NO)

the 2 and 3!A states. The strongest transition in PAN is
calculated for the third > z* transition (30a— 32a). This is
the third state correlating to theOONG; group in PAN. It is

= 8.12 4 0.012% and AH(298 K, HQ,) = 2.94 + 0.06 kcal
mol~1,26 A{H(298 K, NOs) = 17.6 & 0.327 and AfH(298 K,
OH) = 8.93 + 0.0125 In PAN, the difference in reaction

calculated to be another 2 orders of magnitude stronger thanenthalpies for the N@and NG producing channels was

the 41A — 1 IX transition. The three-OONGQ; transitions in

PAN are of similar intensity to the same transitions in PNA.
Only the 21A state varies in predicted intensity, it is predicted
to be an order of magnitude smaller in PAN than in PNA. The
—OONG; electronic excited states in PAN and PNA are very

calculated by Miller et al. to be 6.9 kcal mdl(CBS-Q). We
estimate the same difference experimental results of 10.3 kcal
mol~1, assuming the sam&:H(298 K) for NO, and NG as
before, AH(298 K, CHC(0)O) = —41.0 &+ 3 kcal moi1,12
AfH(298 K, CHC(0)O0) = —41.1 £+ 5 kcal mol1,28 and

similar and apparently unaffected by the presence of the acetylA;H(298 K, PAN) = —57 + 5 kcal mol 128 Therefore the

group in PAN.

The internal coordinates in PAN of interest are the @
and O—N bonds, as well as the terminatNO, bonds.
Additionally, any excitation of the €0 and C-O bonds of
PAN will be important factors due to the absorption of the
carbonyl moiety of PAN. In the 2 and 3\ states of PAN, the
terminal —NO; bonds are excited as they are in the 2 arfié 3

differences between reaction enthalpies for the two decomposi-
tion channels in PAN are closer than those for PNA, resulting
in more NQ being produced by its photolysis.

IV. Conclusions

We have measured the nitrate radical quantum yield from
peroxyacetyl nitrate photolysis at several wavelengths relevant
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Figure 5. Nitrate radical quantum yields for PAAhd PNA photolysis,
plotted vs wavelength. Compared to Figure 2, the additional bowtie
data are for PNA photolysis reported by Jimenez éfTaie data show
the difference in®yo, between the two molecules, where®(g!
0.30 anddyg < 0.10.

for atmospheric photolysis. Between 289 and 308 nm we
measuredy, to be~0.30+ 0.07. At 312 nm, we measure
@E@N to be 0.39+ 0.07. This discrepancy is most likely
related to reduced accuracy in the photolytic ]N\N@easure-
ment at 312 nm where the production of pj@om PAN
photolysis is lowest, though we note that the results are still
within experimental agreement. It would be beneficial to carry

J. Phys. Chem. A, Vol. 111, No. 45, 200171607

ROONG should provide a needed picture of the photolysis and
thermolysis of these atmospherically relevantRdd NG
reservoir species.

Supporting Information Available: Tables of excited state
energy gradients. This material is available free of charge via
the Internet at http://pubs.acs.org.
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