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Abstract

The dissociation of peroxyacetic acid (PAA, CH;C(O)OOH) was studied by UV laser photolysis in the gas phase under collision-free conditions.
Three pathways are proposed for PAA dissociation that ultimately produce CHjz + CO, + OH. Two pathways are stepwise with sequential bond
dissociation and the other pathway is concerted with simultaneous fission of the same bonds. The laser-induced fluorescence (LIF) spectrum of
OH was analyzed after 266 and 240 nm photolysis of PAA. OH is produced in the 2IT ground electronic state with no vibrational energy (v” = 0)
and rotational distributions that peak at N’ ~ 3—4 and extend to N’ =11 at both photolysis wavelengths. Spin-orbit population ratios of the ground
electronic state were slightly above unity for both studies. The average OH A-doublet ratio was 1.07 &£ 0.14 after 266 nm photolysis, which indicates
that OH is produced by torsional forces. At 240 nm PAA photolysis, the A-doublet ratio increased from unity at N’ =4 to a statistical value of ~2
at N =11. Average OH translational energies determined from Doppler profiles were 34 + 2 and 43 + 2 kcal mol~! at 266 and 240 nm photolysis,
respectively. The average speed of OH is used to determine the total translational energy of products for the proposed stepwise and concerted
pathways. The calculated total translational energies are compared to thermochemical available energy calculations for each pathway to determine
the viability of the reactions. Experimental results indicate that dissociation occurs from an excited state, so a comparison of 266 and 240 nm
photolysis data is made to discover the direct versus indirect nature of the mechanism. The UV spectra of PAA, acetic acid, hydrogen peroxide,
and methylhydroperoxide are reviewed in light of the results. This study concludes that PAA photolysis occurs through initial stepwise O—O bond
dissociation by a directly-dissociative mechanism from a highly-repulsive electronic state like the hydroperoxides and an indirect mechanism from
an exit channel barrier similar to acetic acid is not accessed at these wavelengths.
© 2007 Published by Elsevier B.V.
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1. Introduction observed physical properties of peroxy acids that distinguish

them from their similar carboxylic acids can be attributed to

This study investigates the possible photofragmentation path-
ways of a peroxy acid. The peroxycarboxylic acids, named
“peroxy” or “per” acids have the general formula, RC(O)OOH.
Peroxyformic acid, HC(O)OOH, is the simplest peracid but
is highly unstable [1]. Peroxyacetic acid, CH3C(O)OOH or
PAA, is often preferred for physical studies of this class of
compound because it is more stable. Peroxy acids in the lig-
uid and vapor phase exist solely as intramolecularly-hydrogen
bonded monomeric species unlike carboxylic acids, which have
monomer-dimer equilibrium in the gas phase [2]. Many of the
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intramolecular hydrogen bonding [3]. PAA has a lower boiling
point (110 °C) than acetic acid (118 °C) [4]. Likewise, the melt-
ing point of PAA (0.2°C) is lower than acetic acid (16.7 °C).
Intramolecular hydrogen bonding in peroxy acids also makes
them weaker acids than carboxylic acids. Early investigations
of the conformation of peroxy acids suggested a folded five-
membered ring with a dihedral angle of 72° [5]. Microwave
spectra of peroxyformic acid and PAA showed strong evidence
for a planar structure [6,7]. Calculations at the ab initio MO level
alsoindicated that an intramolecular hydrogen bonded cis-planar
ring structure was the most stable conformation [8].
Photodissociation of PAA may follow one or more of three
possible pathways: two stepwise and one concerted as shown
in reactions (R1-R3). The first stepwise reaction (R1) is initi-
ated by homolytic O—O bond cleavage, the weakest bond in the
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Fig. 1. Available energy (Eayai1) calculations for PAA photodissociation at 266 and 240 nm along three proposed pathways, two stepwise and one concerted (R1-R3).

All energy values are in kcal mol~!. See text for details concerning the calculations.

molecule, to generate two photoproducts. Secondary decompo-
sition of the acetyloxy radical, CH3C(O)O, ultimately produces
the three final reaction products. Reaction R2 follows a con-
certed mechanism with simultaneous fission of O—O and C—C
bonds. Reaction R3 is also stepwise but instead begins with C—C
bond cleavage, which is much stronger than the O—O bond and
may be followed by secondary decomposition of C(O)OOH.

CH;C(0)0O0OH — CH 3C(0)0 + OH

— CH 3 + CO; + OH (secondary) (R1)
CH3C(O)OOH — CHj3 + CO;,; +OH (R2)
CH3C(O)OOH — CH 3 4+ C(O)OOH

— CH 3 + CO; + OH (secondary) (R3)

The heats of formation and bond strengths in PAA and
its dissociation products are not known exactly. Heats of
formation presented here were estimated using group addi-
tivity methods, which can be accurate within 1-2 kcal mol~!
for many organic compounds [9]. The heat of formation
determined for PAA is —80.6kcalmol~! where the O—O
bond dissociation energy is 42.5kcalmol~'. These two val-
ues are used to determine the available energies (E,yai)) Where
OH is produced in Fig. 1 for reaction pathways (R1-R3).
Photolysis at 266 nm deposits 107.5 kcalmol~! of excitation
energy into the molecule. The stepwise O—O pathway has
Ejvail = 65 kcal mol~! for the two products. The concerted path-
way leaves Ejy,j=77.2kcal mol~! for three products. The
stepwise C—C pathway also has Eyy,j) = 77.2 keal mol—! but only
after secondary C(O)OOH decomposition, which produces CO,
and OH. Secondary decomposition is also the major source of

Eyy,i1 in this pathway. The heat of formation of C(O)OOH was
determined by subtracting the methyl radical heat of formation
from that of PAA and adding 94 kcal mol~! for the C—C bond
strength [10]. Available energy calculations for reactions R1-R3
at 240 nm photolysis, which deposits 119.2 kcal mol~! of exci-
tation energy into PAA, are shown on the right side of Fig. 1.
The stepwise O—O pathway now has Ejy,i =76.7 kcal mol !,
while the concerted and the stepwise C—C pathways both have
Eavail = 88.9 kcalmol~!. It is important to note that other cal-
culation methods indicate a heat of formation of PAA around
—76kcalmol~! [11], and some estimates place the O—O bond
dissociation energy as high as 48 kcal mol~! [12,13]. The heat
of formation of PAA and its photoproducts in Fig. 1 may vary
by more than 1-2kcal mol~!, but this should have little effect
upon the relative available energies between the stepwise and
concerted pathways.

The impetus for investigating gas-phase peroxy acid disso-
ciation comes from previous thermolysis and photolysis studies
of peroxy acids and the closely related peroxy esters. The
decomposition rates of peroxy esters are believed to be depen-
dent upon the acyl product stability and both stepwise and
concerted decomposition pathways are reported for these com-
pounds [14,15].

Vapor-phase thermolysis of PAA in toluene carrier gas
indicated two simultaneous decomposition reactions [16]. The
first reaction was homolytic O—O bond cleavage (R1) with
an estimated bond dissociation energy of 30-34kcal mol~!
followed by loss of carbon dioxide from acetyloxy radical. A
second heterogeneous reaction where PAA loses oxygen to form
acetic acid occurred on the glass walls of the reaction vessel.
Solution-phase thermal decomposition of PAA in aromatic
solvents also had two competing reactions [17]. Homolytic
O—O bond dissociation and a second reaction through an
oxygenated intermediate that lead to formation of acetic acid
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and phenol compounds were expected. The homolytic bond
dissociation energy of 31.5-33.0kcal mol~! was in agreement
with the vapor phase study [16] but both estimations are lower
than more recently reported values [12,13].

Photolysis studies of peroxy acids are few and many are lim-
ited to energy transfer from photo-excited aromatic solvents to
the peroxy acid. Photo-induced decomposition of PAA was stud-
ied in a variety of alkyl aromatic solvents [18-21]. A Hg lamp
was the light source in these studies but quartz and pyrex fil-
ters allowed passage of specific portions of the lamp spectrum
(253.7 nm majority and >290 nm excitation, respectively). Light
at 253.7 nm excited the aromatic solvent that transfers energy to
the peracid, which is not so relevant to our study. However, exci-
tation at >290 nm was predominantly absorbed by PAA (peroxy
acids absorb light to 300 nm where the alkylbenzene solvents do
not). These studies indicated that O—O bond homolysis in PAA
largely produced hydroxylated alkyl side-chain aromatic prod-
ucts. UV photolysis of PAA in cyclohexane likewise yielded
mostly cyclohexanol [22].

To the best of our knowledge there have been no pho-
tochemical studies of peroxy acid dissociation in the gas
phase under collision-free conditions. Our gas phase photodis-
sociation study of PAA has many advantages over previous
investigations. Low sample pressures (mTorr) and short time
scales (nanoseconds) allow measurement of dissociation prod-
ucts before collisional relaxation occurs. Laser excitation also
deposits a very specific amount of energy directly into the peroxy
acid to promote dissociation. The photochemistry of PAA will
be compared to gas phase studies of other related molecules.
Relevant here are the carboxylic acids and hydroperoxides.
The photodissociation dynamics of PAA may be similar to the
hydroperoxides or it may be more like the carboxylic acids.
The dynamics may also be entirely unique to the peroxy acid
group.

Initial results from PAA photodissociation at 266 nm clearly
indicated that dissociation likely occurs from an excited elec-
tronic state. Photolyzing a molecule at multiple wavelengths
within the same electronic absorption band can provide more
detailed information about the dissociation dynamics than a sin-
gle wavelength study. A good example of this comes from gas
phase studies of acetic acid photodissociation at 218 and 200 nm
[23,24]. The reaction thermochemistry and kinetic energy anal-
ysis of products were used to demonstrate that acetic acid
undergoes indirect dissociation after C—O bond breakage where
the OH product translational energy was generated from an
exit channel barrier. The direct or indirect nature of excited
state dissociation of PAA is investigated in a manner simi-
lar to acetic acid by comparing product energies at 266 and
240nm. The difference in the photolysis wavelengths results
in an 11.6kcalmol~! increase in the excitation energy. How
the added excitation energy is partitioned, whether it goes into
translation or internal excitation of products will reveal whether
the dissociation process is direct or indirect. The direct pro-
cess occurs from a repulsive excited electronic state and will
produce similar partitioning of the available energy into inter-
nal and translational excitation of products at both 266 and
240 nm photolysis. The indirect mechanism occurs on a sur-

face with an exit channel barrier where the barrier height is
the source of translational excitation as occurs in acetic acid
[23,24] and acetone [25]. A comparison of the product energy
distributions at each photolysis wavelength will show a decrease
in the translational energy partitioning if the indirect process
occurs.

This work has three main goals. The first is to determine the
primary photodissociation pathway for PAA, is photodissoci-
ation stepwise or concerted? The second goal is to determine
the nature of the reaction pathway, is dissociation direct or
indirect? Later reports will address the third goal, which is
to demonstrate the extent of control that can be exerted in
this class of compound to ultimately attempt to manipulate the
branching ratio between stepwise and concerted reaction path-
ways.

2. Experimental/materials and methods
2.1. Synthesis and analysis of PAA sample solutions

To achieve the concentration and purity necessary for these
experiments we chose to synthesize PAA in the laboratory by
the method of Krimm [26] using 50% H»>O;. The reaction yield
was 75% in conversion of acetic acid to PAA. H>O, and acetic
acid were removed by vacuum distillation at 15 Torr through a
40 cm vigreux column with a 22-26 °C boiling point at the col-
umn head and a pot temperature <55 °C. Residual H,O;, was
measured by cerium(I'V) sulfate titration then the PAA concen-
tration was determined iodometrically [27]. A separate NaOH
titration using thymolpthalien indicator (PAA pK, =8.2) gave
the total amount of acid (PAA and acetic acid) in the solu-
tion. The total acid minus the amount of PAA gave the amount
of acetic acid. Sample composition was 92 wt% PAA, <1 wt%
acetic acid, <0.02 wt% H»O»,, and the remainder was water. PAA
solutions were stored at 5 °C and were degassed and analyzed
before use.

2.2. OH LIF apparatus

The OH photofragment laser-induced fluorescence (LIF)
spectrum was measured after UV laser photolysis of PAA. The
main components of the LIF apparatus in Fig. 2 are the pump
and probe laser sources; the sample chamber and vacuum com-
ponents; the collection optics, PMT, and signal amplifiers; and
the instrumental control and data storage devices. The pump and
probe beams passed through the sample chamber in a parallel
counter-propagating manner. The pump laser initiated photol-
ysis of PAA in the reaction cell, which was followed by LIF
interrogation of the OH A%<+ — XI1 transitions with the probe
laser. The 266 nm photolysis beam was obtained from a Nd: YAG
laser (Spectra-Physics, GCR-11) operating on the fourth har-
monic (10Hz, 15ns pulse width, vertical polarization) that
produced 15 mJ pulse™!. The 240 nm photolysis beam was gen-
erated by Raman shifting (1st anti-Stokes with 1 mJ pulse ') the
266 nm beam within a 1 m stainless steel tube filled with 20 psi
of hydrogen [28,29]. A second Nd:YAG laser (Spectra-Physics,
DCR-11) operating on the second harmonic (532 nm, 10 Hz,
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Fig. 2. Experimental apparatus used to measure the OH LIF spectrum after UV laser photolysis of PAA. The Raman shifter at the upper right generates the 240 nm

photolysis beam.

8 ns pulsewidth, 80 mJ pulse ™) pumped a dye laser (Lumonics
HD-300B) using a 50/50 mixture of R640 and DCM to produce
tunable light from 612 to 624 nm. The dye laser output was fre-
quency doubled in a KDP crystal (Inrad Autotracker II) to make
a tunable probe beam from 306 to 312 nm. A colored glass filter
(Schott UG-11) was used to separate the LIF probe beam from
the visible fundamental. A 3x expanding telescope decreased
the UV probe beam fluence and a polarizing beamsplitter cube
and ¥2 waveplate allowed for polarization adjustment and energy
maintenance. Another filter (Schott WG-280) blocked photoly-
sis light from entering the probe beam optics. A CaF, window
in the beam pathways allowed for sampling of both laser beams
with photodiodes to correct the LIF signal for power fluctuations.

The gas sample chamber was of stainless steel construc-
tion with two arms with baffles to reduce scattered light from
both beams. The pressure of PAA was maintained at 20 mTorr,
which was admitted directly into the chamber. An additional
40 mTorr of Ar (Oxarc, 99.995%) buffer was applied as needed
through ports behind the fused silica windows to prevent deposit
buildup after long-term UV irradiation. A turbomolecular pump
evacuated the chamber and the pressure was monitored with
a capacitance manometer. LIF from OH was collected using
two CaF; lenses (f/2) through a 3 mm slit. Glass filters (UG,
WG280) and an interference filter (Melles-Griot, 310 £ 10 nm
at 16° mount angle) were used to block scattered photolysis
beam light. OH LIF fluorescence was detected with a PMT
(Hamamatsu 943-02). The PMT signal was amplified with a
DC-100 MHz video amplifier and sent to a boxcar integrator
(Stanford Research SR250) using a 1.5 s collection gate. Thirty
laser shots were averaged for each data point in the LIF spectrum
(Fig. 3). 100-shot averaging was used for Doppler profile anal-

yses (Fig. 7). The signals were sent to a 16-bit analog-to-digital
converter (National Instruments) interfaced to a PC running Lab-
view software. A delay generator (Stanford Research DG535)
controlled all the experimental timing. A delay time of 100 ns
was used between the pump and probe beams.

2.3. Probe beam saturation studies

In the absence of saturation the LIF signal is directly pro-
portional to the lower level population in the probed transition
[30] but OH LIF transitions are easily saturated at elevated laser
intensities. Saturation refers to the nonlinear behavior of the LIF
signal intensity that can be avoided at low laser power [31]. Two
methods were used to confirm that LIF signals were not satu-
rated. The first method was to measure the signal dependence
upon the probe beam fluence. This was done for both Q4 and
R4 OH lines because they are the first to saturate. The Q4
transition was linear with probe laser fluence below 30 wJ cm ™2
and the R4 line below 60 wJ cm™2. The second saturation test
was to compare the Q4 line intensity with that of the Q4
satellite as a function of the probe beam fluence [32]. Q and Q’-
branch transitions probe the same initial population, so in the
absence of saturation the signal intensity ratio should equal the
ratio from the Einstein B-factors. The Q4 to Q;4’ signal ratio
was similar to the B-factor ratio at fluences below 30 uJ cm™2.
Athigher fluence levels, the Q4 signal began to saturate and the
Q14 to Q14 signal ratio decreased. For the OH rotational spec-
tra, the probe beam fluence was kept well below the Q-branch
saturation level at 1 pJpulse™' with 3mm beam diameter. R-
branch Doppler profiles were measured at 3 w.J pulse ™! to obtain
a greater signal-to-noise ratio.
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Fig. 3. OH A2X* — X 21 (0-0) LIF spectrum from PAA dissociation at 266 nm.

3. Theory and calculations
3.1. OH radical spectroscopy

OH radical has a large rotational constant and is easily
probed by LIF detection. The spectroscopy of OH is well known
and the molecular constants and term values have been well
characterized [33]. The spectrum of the OH A2E*(v =0) — X
235,12 (v =0) transitions in the 300-320nm region were
assigned according to Dieke and Crosswhite [34]. Diagrams
showing the A>%* — X 2IT branch transitions and selection
rules are available elsewhere [35,36]. The 2I1 ground elec-
tronic state vibrational and rotational quantum numbers are
designated v/ and N”. Angular momentum coupling splits
the 2IT ground state into f; and f> (*IT3» and 2I1y;) spin-
orbit states. A-doubling further splits each spin-orbit state. The
Q and R-branches include all the populations in the ground
electronic state and thus provide the full OH quantum state
distribution.

3.2. OH collision factor

The average translational energy of OH products from PAA
dissociation was obtained by Doppler spectroscopy. OH reaction
products are generated with high velocities and may lose a por-
tion of their initial translational energy via collisions with parent

or buffer gases (PAA or Ar). Collisional relaxation results in nar-
rowing of the Doppler linewidth that correspondingly decreases
the product translational energy, which ultimately may result in
misinterpretation of the major reaction pathway. Ar buffer gas
was not used in the Doppler profile analysis to minimize the
effects of collisional relaxation. The OH product collision rate
is proportional to the relative speed of OH and PAA and also to
their molecular sizes. The number of collisions per unit time, Z,
that OH will experience with PAA is approximated in Eq. (1)
[37].

2
Z = 71 by Ur NPAAX

ey

The collisional impact parameter bpyax is the sum of the
hard-sphere molecular radii, v; is the center of mass (COM)
velocity of OH relative to PAA, and npaa* is the number den-
sity of PAA molecules. The radius of OH is 0.97 A [38] and the
estimated radius for PAA is 2.2 A [11]. The maximum impact
parameter between the two molecules is by =3.2 A. The aver-
age COM velocity of OH from a typical experiment at 266 nm
is 4100ms~! and the average velocity of PAA under thermal
conditions is 300ms~!, which gives a relative velocity, vy, of
4110 ms~!. At 20mTorr, npas*™ is 6.43 x 1029 molecule m—3.
This gives a collision rate of Z=8.5 x 10° collisions s~!. With
a 100 ns time delay between pump and probe lasers, the average
OH product experienced ~0.085 collisions before LIF measure-
ment. Further decreasing the pump-probe delay did not change
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the Doppler linewidth, which confirmed that OH was measured
collision-free.

3.3. Doppler profile analysis to determine OH translational
energy

The average OH translational energies were determined by
Doppler spectroscopy. The OH fragment LIF spectral lines are
Doppler-broadened due to the velocity of the product relative to
the probe beam propagation vector. Doppler profiles were mea-
sured by scanning the probe laser using a small scanning step size
(0.0002 nm). The R;8 feature (Fig. 7) was chosen to determine
the average OH translational energy. Assuming an isotropic dis-
tribution of OH velocity vectors, the data were fit with a Gaussian
function which includes the experimental nascent OH linewidth,
AVexpnas, With a full width half maximum (FWHM) in em™~!
[39].

The experimental nascent OH linewidth also includes con-
tributions from the parent thermal linewidth (Avpaatherm) and
the probe laser linewidth (Avprebe). The probe linewidth was
determined by thermalizing OH products from 266 nm PAA
photolysis with 1Torr of Ar gas, which gave a Gaussian
linewidth Avexptherm = 0.209 cm~! FWHM. The experimen-
tal thermalized linewidth includes contributions from the OH
thermal linewidth, Avomerm =0.0977 cm™' FWHM, and the
probe laser linewidth, Avppe. The probe laser linewidth,
Avprobe =0.186 cm~! FWHM, was determined from Eq. (2).

(A Vexptherm)z =(A l)Ocherm)z +(A l)probe)z ()

The nascent OH linewidth, Avggnas, is then determined from
the nascent experimental linewidth in a similar manner where
(Avexpnas)2 =(A VOHnaS)z +(A VPAAtherm)2 +(A Vprobe)2~

The average OH fragment speed, v,,(OH), was deter-
mined from Avoppas according to Eq. (3), where ¢ is the
speed of light and vg is the line center transition frequency
(R28=32591.337 cm™!). The values for Vavg(OH) are used in
the conservation of linear momentum calculations to determine
the total average translational energy, E(total), of products for
reaction pathways (R1-R3).

12
02(AVOHna5)2 )

7 Ln(2)v3 )

vavg(OH) = <

4. Results

Fig. 3 shows the LIF spectrum of OH from photodissoci-
ation of PAA at 266 nm. The spectrum was obtained using a
fast scan program where some portions of baseline were not
collected between spectral transitions in order to speed data col-
lection times. OH radical Ry, Ry, Q1, and Q,-branch data were
all collected to gather the complete 2IT state population distri-
bution. The spectrum was collected using counter-propagating
beams and the integrated line intensities showed no particular
polarization dependence.

The relative OH rotational state populations were determined
by dividing the area of each transition by its Einstein B-factor
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Fig. 4. OH R;-branch rotational distributions from PAA dissociation at 266 and
240 nm. The distributions, which peak at N’ ~3—4 and extend to N” =11, are
nearly identical at both photolysis wavelengths. Also included are results from
a statistical PST calculation.

[40] and the laser intensities. The OH rotational population
distributions, spin-orbit ratios, and A-doublet ratios at each pho-
tolysis wavelength were all determined from the R and Q-branch
population data.

The OH X 2I1 (v/ = 0) R, rotational branch distributions from
266 and 240nm PAA dissociation are shown in Fig. 4. The
R, distributions peak around N’ ~3-4 and extend to N' =11
and are well fit with Boltzmann distributions. All OH products
were produced at the v/ =0 level as there was no measurable
signal at v/ =1. Also shown in Fig. 4 are results from a sta-
tistical model using a phase-space approach for stepwise O—O
dissociation. Phase space theory (PST) assumes a loose transi-
tion state and relies upon conservation of energy and angular
momentum [41-44]. The PST calculation largely overestimates
the experimental OH rotational distribution. PST also indicates
a small degree of vibrational excitation that was not seen in our
experiments.

Boltzmann plots of the experimental data from all four main
branch rotational population distributions were used to calculate
the average OH rotational energies and rotational temperatures
in Table 1. At both photolysis wavelengths the average OH rota-
tional energies and temperatures are indistinguishable from one
another.

The OH X 2IT ground state spin-orbit population ratios
(fi/f2) at each excitation wavelength are plotted in Fig. 5. The
filf> ratios were determined from R;/R; and Q1/Q; average
population ratios and are scaled by the myj state degeneracy
[N"/(N" +1)]. The average scaled ratios are 1.1440.18 at
266 nm and 1.16 £0.12 at 240 nm, which are both within the

Table 1
Average OH product rotational energies and temperatures after 266 and 240 nm
PAA dissociation

Photolysis A (nm) Rotational energy (kcal mol~") Trot(OH) (K)

266 1.47 £ 0.16
240 1.51 £0.13

742 £ 57
748 £+ 66
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Fig. 5. Ratios of OH f; (3I3p) and fz(zl'[l/z) spin-orbit split population ratios
scaled by the [N"/(N” + 1)] state degeneracy after photolysis of PAA at 266 and
240 nm.

statistical value near unity but the trend suggests that formation
of the fi state is slightly preferred.

The OH A-doublet ratios (A'/A”) for N’ > 4 after 266 and
240nm PAA excitation are shown in Fig. 6. A-doublet pop-
ulation ratios indicate whether OH is produced with its single
electron occupied p-orbital nominally aligned parallel or perpen-
dicular to the plane of molecular rotation. An A’/A” ratio of 2/1
indicates a statistical distribution of the A-doublet population
[45,46]. The average A-doublet ratio after 266 nm photolysis
is 1.07 £0.14, which indicates a preference to generate the A”
state with its lone p-orbital pointing perpendicular to the plane
of rotation. This indicates that torsional forces are at work in
the dissociation mechanism. The A-doublet ratios after 266 nm
PAA photolysis increase only slightly with rotation with a ratio
of 1.29 £+ 0.26 for N’ = 11. At 240 nm photolysis, the A-doublet
ratio increases more dramatically with a ratio of 2.19 4+ 0.38 at
N’'=11.

A'14"
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Fig. 6. A-doubletratios of OHA’ and A” states generated from PAA dissociation
at 266 and 240 nm were obtained from R;/Q; and R,/Q; average population
ratios.
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Fig. 7. Experimental Doppler profiles of the OH R;8 transition after PAA dis-
sociation at 266 and 240 nm shown with Gaussian functions with linewidths
AVexpnas =0.68 and 0.77 cm~! FWHM, respectively.

Doppler profiles were obtained for many of the R and Q-
branch OH transition lines. The R, 8 lines after 266 and 240 nm
PAA photolysis appear in Fig. 7. The average OH translational
energies were determined from the linewidth of the Gaussian-
fit profiles. The experimental nascent Gaussian-fit linewidth is
AVexpnas =0.68 cm™! FWHM for the OH R,8 line after PAA
dissociation at 266 nm.

Gaussian linewidth contributions from the probe laser
(Avprobe =0.186 cm™! FWHM) and the thermal velocity
of PAA (Avpaatherm=0.046cm™! FWHM) were removed
from the experimental nascent linewidths. The deconvo-
luted nascent OH product linewidth at 266nm photolysis
was Avopnas =0.66cm™! FWHM, which gives an average
speed vag(OH) = 4100ms~! and an average OH transla-
tional energy Ey(OH)=34+2kcalmol~!. At 240nm PAA
photolysis the experimental nascent linewidth is 0.76 cm™!
FWHM and the deconvoluted nascent OH linewidth is
AVOHnas =0.74 cm™! FWHM with v,y (OH) = 4600 ms~! and
E(OH)=43 +2kcalmol~!. The OH translational energies,
speeds, and the corresponding translational temperatures after
266 and 240nm PAA photolysis are summarized in Table 2.
There is an increase of 9 kcalmol~! in E.(OH) when the exci-
tation wavelength is decreased from 266 to 240 nm.

Although a rigorous rotational alignment study was not
undertaken in this work, we did observe evidence supporting
a degree of OH product vector correlation. Specifically we

Table 2

Nascent OH linewidths Avopnas (FWHM after deconvolution of probe laser
and parent PAA linewidths), average speeds v,yg(OH), average OH translational
energies Ei(OH), and translational temperatures 7i.(OH) after 266 and 240 nm
excitation

Photolysis 1 AVOHnas Vavg(OH) E(OH) Tw(OH)
(nm) (cm™) (ms~h (kcal mol~—1) (K)

266 0.66 4100 34 +2 13500
240 0.74 4600 43 +2 17 000
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Fig. 8. Experimental Doppler profile of the OH R; 1 transition after 266 nm PAA
dissociation shown with a Gaussian function of 0.87 cm~! FWHM. The profile
shows evidence for a v,J vector correlation.

observed an anisotropy in the lineshape of the OH Doppler pro-
files that is dependent upon the OH rotational level. Lower level
rotational transitions, where N” = 1-4, have the strongest degree
of anisotropy, but this begins to disappear between N’ =5-7.
At N’ >7, the profiles become completely isotropic and are
well approximated with Gaussian functions. Fig. 8 shows the
OH Rj;1 transition after 266 nm photolysis of PAA, which is
obviously not fit by a Gaussian function. Vector correlations
have been measured in the hydroperoxides, e.g. H O, [47],
CH30OO0H [48], and (CH3)3COOH [49]. These peroxides show
positive v,J correlations. This study of PAA photodissociation
is focused on discovering the main reaction pathway but a future
study is planned to understand the rotational anisotropy. An
OH vector correlation study will reveal more specific dynam-
ical information for the dissociation pathway in peroxyacetic
acid. The intramolecular hydrogen bond in PAA will probably
influence the vector correlations.

5. Discussion
5.1. Total energy analysis of reaction pathways

The reaction pathways (R1-R3) are tested by comparing the
total calculated translational energy content of photofragments
to the thermochemistry of PAA. The average speed v,yz(OH)
from experiment is used to determine the total translational
energies E(total) for the reaction pathways. A pathway is not
considered viable if Ey;(total) exceeds the thermochemical E,y,i;.

After 266 nm PAA photolysis, OH was produced solely
within the ground IT electronic state at the v” = 0 vibrational
level with an average rotational energy of 1.5kcalmol~! and
an average translational energy Ey(OH)=2342kcalmol~!.
The internal excitation of OH after 240nm photolysis is
similar to 266 nm results but the broader linewidth of the
Doppler profile indicates a 9 kcal mol~! increase in E(OH) to
43 +2kcalmol~!. The average speeds of OH are v,yz(OH) =
4100ms~ ! and4600 ms~! at 266 and 240 nm PAA photolysis,

CH;C(0)O +— —— OH

Fig. 9. Linear momentum is conserved between OH and CH3CO, fragments
after stepwise O—O dissociation (R1) of PAA. The average OH velocities from
experiment are vayg(OH) = 4100 and 4600 m s~! after 266 and 240 nm photoly-
sis, respectively. Linear momentum yields 1180 and 1325 m s~! for the acetyloxy
average velocities at 266 and 240 nm. E(total) =44 and 55.4 kcal mol~! for the
two products at 266 and 240 nm photolysis, which are both below the E,y,; for
this pathway.

respectively. These velocities are used in the following energy
analysis of reactions (R1-R3) by applying conservation of lin-
ear momentum to the other reaction products in various limiting
case dissociation geometries.

5.1.1. Stepwise O—0O bond homolysis

In reaction R1 following stepwise O—O dissociation, linear
momentum is conserved between CH3C(O)O and OH. An aver-
age speed of 1180 m s~ ! is calculated for the acetyloxy fragment
in Fig. 9 according to Eq. (4).

m(CH3C(0)0) v(CH3C(0)0) = nm(OH) vayg(OH) )

The product translational energies, E(CH3C(0)O)=10
kcalmol™!' and E,(OH)=34kcal mol~!, give E(total)=44
kcal mol ™!, which is below the Ejy,i) =65 kcal mol~! for step-
wise O—O dissociation after 266 nm PAA photolysis (Fig. 1).
240nm dissociation has vuye(OH) = 4600 ms—! and gives
E(OH) =43 kcal mol~! and E(CH3C(0)0) = 12.4 kcal mol !
with  Eg(total) =55.4kcalmol™'. The thermochemical
Eavail =76.7kcalmol™!, which indicates that this pathway
is still energetically accessible. Furthermore, subtracting out
3.9kcalmol~! for the R,8 OH rotational energy leaves 17.1
and 19.8kcalmol™' in internal energy of CH3C(O)O after
266 and 240nm dissociation, respectively. The extrapolated
activation energy for decarboxylation of the acetyloxy radical
[50] is 6.6kcal mol~! and the estimated activation energy for
HC(0)O dissociation [51] is 16 kcalmol™!. It is likely that
there is enough energy for secondary decarboxylation of the
acetyloxy radical.

5.1.2. Concerted C—C and O—0 bond dissociation

The concerted pathway (R2), involving simultaneous break-
age of O—0O and C—C bonds, has three photoproducts with
Eavail =77.2 and 88.9kcalmol~! at 266 and 240 nm photoly-
sis, respectively (Fig. 1). The E(total) of the three products
was calculated through conservation of linear momentum using
the experimental average OH velocities. Consideration of the
PAA molecular geometry was used in the calculations in a man-
ner similar to acetic acid [23,24]. For acetic acid a C—C—O bond
angle of 109° was assumed because the n — * transition results
in a planar to pyramidal change at the carbonyl carbon. For PAA,
absorption likely occurs through an n — o* transition on the per-
oxy chromophore and the geometry at the carbonyl carbon is not
expected to change. The following calculations assume that the
planar conformation of PAA is conserved in the excited elec-
tronic state. The first geometry or case (a) simple concerted in
Fig. 10 has all three photofragments departing from one another
symmetrically at equal angles (6 =120°) within the molecular
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CO, CO,

127° |122.5°

~ =
~ -
120° 110.5° >

CH; OH CHs

(a) simple concerted

(b) molecular conformation

CH; CO, OH
(c) linear concerted CH; & OH

CO, = CH; OH
(d) linear concerted CO; & OH

Fig. 10. Diagram for concerted dissociation of PAA. The experimental v,yg(OH) = 4100 and 4600 m s~! at 266 and 240 nm and the calculated values for v(CH3)
and v(CO,) in the following cases are given sequentially for 266 and 240 nm dissociation. For case (a) simple concerted, v(CH3) = 4650 and 5210ms~! and
v(COy) = 1580 and 1780 m s~L. Ei(total) =86.1 and 108.2 kcal mol~'at 266 and 240 nm, both higher than the E,y,i1. In case (b) molecular conformation, the ab
initio geometry of PAA is used. The velocities are v(CH3) = 4660 and 5220 m s~!and v(CO,) = Oms~! at both wavelengths. Ey(total) =73.1 and 91.8 kcal mol~!at
266 and 240 nm, each very near the E,y,i1. The case (c) linear concerted CH3 and OH scenario where CO» is stationary gives results similar to the case (b) calculations
with v(CH3) = 4650 and 5210 m s ! and E(total) =72.9 and 91.7 kcal mol L. The case (d) linear concerted CO» and OH calculation where CH3 remains stationary

gives v(CO2) = 1580 and 1780 m s~! and E(total) =47.4 and 59.6 kcal mol .

plane. Momentum is conserved between OH and the two other
fragments in the vertical and horizontal directions of the molec-
ular plane according to Egs. (5) and (6) where «,5=0/2. After
266 nm dissociation Eg(total) is 86.1 kcal mol~!, which is sub-
stantially higher than the E,y,j of 77.2 kcal mol ™ I After 240 nm
photolysis, the three products have E(total) = 108.2 kcal mol !,
which is also greater than Ejyaj =88.9 kcal mol~!. Case (a)
simple concerted can be eliminated because the calculated trans-
lational energies are higher than the E,y4; for the pathway.

m(CO2)v(CO;y) = m(CH3) v(CH3) cosa
+m(OH) vayg(OH) cos B 5)

m(CH3)v(CH3) sin « = m(OH) v(OH) sin 6)

Another case for concerted dissociation utilizes the molecular
conformation of PAA [7,8] to calculate Ey.(total). The geome-
try shown in case (b) uses a C—C=0 bond angle of 127° and
a C—0O-0 bond angle of 110.5°. The center of dissociation is
still the same as in Fig. 10 case (a). To perform the calculation
the OH velocity vector is moved to the dissociation center along
the dashed line so all three product velocity vectors originate
from the same point. Ey(total) determined from Egs. (5) and (6),
where o =55.25° and $=90° + 35° =125°,is 73.1 kcal mol~! at
266 nm, which is 95% of the Eayi1 = 77.2 keal mol ~!. At240 nm,
Eq(total) of all three fragments is 91.8 kcalmol~!, which is
slightly higher than Egy,j = 88.9 kcal mol~!.

Similar to case (b) is the case (c) linear concerted CHj3
and OH pathway. In case (c) momentum is partitioned linearly
between OH and CH3, which leaves CO; stationary. For case (c)
Ei(total) =72.9 and 91.7 kcal mol~! at 266 and 240 nm and like
case (b) the E(total) values are very near the concerted pathway
available energies.

Another possibility for concerted linear dissociation is case
(d) where linear momentum is shared between OH and CO,, and
CHj3 remains stationary. Ey(total) of products for this scenario
at 266nm photolysis is 47.4 kcal mol~!, which is within the
Eavail =77.2 kcalmol~!. At 240 nm Ey(total) = 59.6 kcal mol !
where Ejyqil = 88.9 kcal mol 1. Case (d) cannot be ruled out as it
is energetically possible but such a scenario is unlikely for a con-
certed reaction because substantial molecular rearrangement is
necessary to channel so much kinetic energy into the CO; prod-
uct. Itis more likely that two relatively equal and opposing forces

would be applied to CO, during simultaneous bond breaking in
PAA more like case (c).

5.1.3. Stepwise C—C bond homolysis

The second stepwise pathway beginning with C—C bond
cleavage (R3) has E,yy=77.2 and 88.9 kcalmol™! after 266
and 240 nm photolysis but produces OH only after secondary
C(O)OOH decomposition. Two cases for dissociation along this
pathway are shown in Fig. 11. Case (I) considers the possibil-
ity that all E+(OH) comes from C—C bond breaking. The E,y4i)
after initial C—C bond homolysis are 13.5 and 25.2 kcal mol~!
at 266 and 240 nm photolysis, respectively (see Fig. 1). Homol-
ysis of the C—C bond in case (I) is insufficient to produce OH
in the form of C(O)OOH product translation with the E.(OH)
values measured in these experiments. In case (II), all E(OH)
comes from secondary O—O fission of C(O)OOH, which imparts
63.7kcalmol~! of available energy to OH and CO, regard-
less of the photolysis energy. The calculated Ey(total) of OH
and CO; in case (II) after 266 nm photolysis is 47 kcal mol !
(34 and 13 kcal mol~! for OH and CO, respectively), which
is below the E,y.j from secondary dissociation. The calcu-
lated Ey(total) after 240 nm photolysis is 59.6 kcal mol~! (43
and 16.6 kcal mol~! for OH and COy,), which is very near the
Eavail (still 63.7 kcal mol~!). Because E+(OH) from experiment
increases significantly from 266 to 240 nm PAA photolysis and
the high calculated Ei(total) at 240 nm compared to the E,yqil
(59.6 compared to 63.7 kcal mol ~!) are both indications that case

OH

|

CH; +— —» C(0)O0OH
CO,

(IT) CO,0H secondary
decomposition

CH; ¢=— =+ (C(0)O0OH

(I) C-C homolysis

Fig. 11. Conservation of linear momentum for stepwise C—C dissociation (R3)
of PAA. Case (I) C—C homolysis of PAA gives CHz and C(O)OOH frag-
ments but the E,yqil after 266 and 240 nm excitation, 13.5 and 25.2 kcal mol !,
are insufficient to produce OH at the experimental velocities. In case (II)
C(O)OOH secondary decomposition produces OH and CO, with v(CO;) =
1580 and 1780 ms~!. Case (II) is energetically allowable but several arguments
can be made to limit it as an unlikely pathway.
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(IT) is not followed. It is unlikely that a secondary decomposition
process would generate such high OH product velocities. Also,
the O—O bond is the weakest in PAA at 42.5kcal mol~! while
the C—C bond is estimated to be 94 kcal mol~!. UV absorbance
in PAA occurs in the peroxy chromophore so it seems highly
unlikely that energy could be so easily transferred to break a
much stronger bond.

5.1.4. Other possible pathway considerations

Another pathway for PAA not shown in Fig. 1 involves
C—O single bond cleavage resulting in CH3C(O) + OOH. This
pathway also requires a large amount of energy for bond break-
ing, 80kcalmol~! according to group-additivity methods or
84 kcal mol~! based upon MO ab initio calculations [10]. This
leaves only 23.5-26.3 kcal mol~! of available energy. Secondary
decomposition of OOH through O—O bond dissociation requires
68.3 kcal mol~! to form O (*P) + OH (X 2IT) on the ground state
potential surface [52]. This pathway is not a likely source of OH
production from PAA dissociation.

5.2. Review of UV absorption spectra of PAA, acetic acid,
H»0,, and MHP

To get a better understanding of the dissociation process of
PAA it is worthwhile to discuss its absorbing chromophores
and compare to other similar molecules. PAA contains both
peroxy and carbonyl chromophores. The absorption spectra of
PAA, acetic acid, H,O;, and methylhydroperoxide (MHP) are
shown in Fig. 12. The UV spectrum of PAA in solution was
measured some time ago and is similar to HyO, but with some-
what reduced extinction [53]. The spectra of gas phase PAA and
acetic acid monomer were measured recently [54]. The spec-
trum of acetic acid monomer begins at 244nm. A previous
vapor phase absorbance measurement of acetic acid, assum-
ing monomer only but likely having dimer contribution, had
Amax =203 nm for the n — w* (§9 — S1) band [55]. The spectra
of HyO, and MHP both have a rising continuum from 340 to

40

—O— CH;C(O)OH (monomer)
354 \ —— H,0,

—0— MHP-CH,00H

304 —0— PAA-CH{C(O)OOH

254

204

Absorption cross section 107 (cm” molecule™)

200 210 220 230 240 250 260 270 280 290 300 310 320 330 340

Wavelength (nm)

Fig. 12. Gas phase UV absorption spectra of PAA-CH3C(O)OOH (circles),
acetic acid monomer-CH3C(O)OH (diamonds), H,O» (triangles), and MHP-
CH3OOH (squares) [54,56].

210nm [56]. MHP is reduced in absorption cross section rela-
tive to H,O» at each wavelength. HyO»> and MHP both absorb
in the UV via n — o* transitions in the peroxy group. The spec-
trum of PAA is reduced in cross section relative to MHP in
the long wavelength tail. At around 228 nm the spectrum of
PAA increases in cross section above MHP, which continues to
210 nm. The increased absorbance of PAA above MHP at shorter
wavelengths is possibly due to additional absorption from the
carbonyl chromophore.

It is important to address the electronic transitions that occur
at each excitation wavelength in these experiments because the
dissociation dynamics are likely to change if different elec-
tronic manifolds are accessed. PAA absorption from 340 to
244 nm is due solely to a peroxy n— o* transition but below
244 nm there may be additional absorbance from a carbonyl
n— ¥ transition. At 266 nm PAA absorbs specifically by
a peroxy n— o* transition similar to HyO, and MHP. The
absorption cross section for PAA is higher at 240 nm than at
266 nm (5.03 and 1.21 x 10729 cm? molecule ™!, respectively).
As indicated by the spectrum of acetic acid, some of the
absorption by PAA at 240 nm may be from the carbonyl chro-
mophore. At 240 nm the absorption cross section for acetic acid
is 1.64 x 10720 cm? molecule ™! and the estimated maximum
ratio of peroxy to carbonyl absorption in PAA would be about 3
to 1. This suggests most of the OH signal measured from PAA
at 240 nm is still due to peroxy absorption.

5.3. Direct versus indirect dissociation

Dissociation from either a repulsive excited electronic state
or from a predissociative bound state with a large exit channel
barrier is expected for PAA because OH is produced with a
large amount of translational energy. The difference in excitation
energy between 266 and 240 nm photolysis (11.6 kcal mol~!)
becomes added available energy to the reaction pathways, which
provides a means to determine the direct versus indirect nature
of the dissociation process and the type of electronic transition
accessed by PAA. If the mechanism is directly dissociative, an
increase in the average E(OH) at the higher photolysis energy
is expected and the fraction of Ejy,j imparted into translation
would be similar at both excitation wavelengths. If dissociation
is indirect, the average E(OH) should be nearly the same at both
photolysis wavelengths and the percentage of E,y,; partitioned
to translation should decrease at the higher photolysis energy.

The stepwise O—O pathway (R1) is most likely for PAA and
is therefore the only pathway considered in the direct versus
indirect mechanism analysis. Table 3 lists the photolysis wave-

Table 3

Energy partitioning into OH and CH3C(O)O products along the stepwise O—O
pathway (R1) from PAA photolysis at 266 and 240nm (all energies are in
kecal mol™1)

Photolysis Photolysis Eavail Ein(OH), E(OH) E(total),

A (nm) energy % of Eavail % Of Eqyail
266 107.5 65.0 1.5,2.3% 34.0 44.0, 67.7%
240 119.2 76.7 1.5,2.0% 43.0 55.4,72.2%




20 B.K. Keller et al. / Journal of Photochemistry and Photobiology A: Chemistry 195 (2008) 10-22

lengths and energies, the Ejy,j for the stepwise O—O pathway,
Eint(OH) the average OH internal energy, Ei(OH) the aver-
age OH translational energy, and E(total) the calculated total
translational energy. The percentage of E,y,j partitioned into
Eit(OH) and E.(total) is also listed. The average OH rotational
energy is 1.5kcalmol~! for both photolysis wavelengths and
the portion of E,y,i going into OH rotation decreases slightly
at the higher photolysis energy. The average E(OH) increases
from 34 to 43 kcal mol~! between 266 and 240 nm photolysis.
The Ei(total) of the two stepwise products increases from 44 to
55.4 kcal mol~! from 266 to 240 nm excitation. The percentages
of Eavail going into Ey(total) are 67.7% at 266 nm and 72.2%
at 240 nm photolysis. Perhaps not coincidently, the increase in
Eq(total) of 11.4kcal mol~! for the stepwise O—O pathway is
nearly equal to the 11.6 kcal mol~! of increased Egyail provided
by increasing the photolysis energy. The increases in E(OH)
and Ey(total) and the nearly identical OH rotational distribu-
tions between 266 and 240 nm indicate the dissociation process
is likely direct from a repulsive excited state. The nearly simi-
lar but slightly increasing percentages of E,y,; partitioned into
E;(total) between the 266 and 240 nm studies confirms the pro-
cess is direct. An indirect mechanism would produce nearly
equal amounts of E(OH) and E.(total) at both excitation wave-
lengths, and the partitioning of energy into translation would
decrease.

5.4. Comparison of PAA photodissociation results to
carboxylic acid and peroxide studies

The first n — 7* electronic transition in formic acid excites
vibronic bands in carbonyl stretching and O—C—O bending
motions as well as C—H out of plane and O—H torsional motions
[57]. Formic acid photolysis studied at 225 nm places 78 % of the
available energy into translation of HCO and OH and the remain-
ing energy into HCO internal excitation and OH was produced
in the ground electronic state with no vibrational and only a
small amount of rotational energy [58]. The high partitioning of
energy into translation was indicative of a high exit barrier that
appeared to be insensitive to vibronic state selection [59].

Photodissociation of acetic acid from the ! (n,7*) state is step-
wise starting with C—O bond fission where OH was produced
in the ground electronic state over an exit channel barrier after
S1 — T intersystem crossing [23,24]. Secondary decomposi-
tion of CH3CO to produce CH3z + CO was possible at 200 nm.
After 218 nm photolysis of acetic acid, CH3CO and OH prod-
ucts were generated with a large amount of translational energy
(49% of the available) and OH was produced with little rota-
tional (4%) and no vibrational energy [23]. After 200 nm acetic
acid dissociation, the energy partitioning was 36% in total trans-
lation and 3.4% in OH rotation [24]. The remaining available
energy in both experiments was deposited into internal excita-
tion of the acetyl fragment. Photodissociation of acetic acid at
193 nm produces OH with nearly the same translational energy
as 218 and 200 nm photolysis [60]. The exit channel barrier with
a height around 14 kcal mol~! and attributed to the 77 surface
similar to acetone [25,61], was the likely source for translational
energy production.

H»O; photodissociation has been studied at many UV wave-
lengths. At 266 nm OH products were generated with 90% of
the energy available in translation [47]. The remaining available
energy went into OH rotation, which had no measurable vibra-
tional energy. The long wavelength tail of the HyO, spectrum
corresponds to n — a* absorption and electron promotion from
the X 'A ground state to the A' A repulsive excited state. Doppler
and polarization spectroscopy of OH fragments showed that the
repulsive A'A excited electronic state of H,O5 is exclusively
accessed at 266 nm.

Methyl hydroperoxide (MHP, CH30OH) photolyzed in a
molecular beam at 193 and 248 nm produced CH3O + OH exclu-
sively at both wavelengths [62]. The average translational energy
of the two photofragments was 65% and 67% of the available
energy at 193 and 248 nm, respectively. The bulk of the remain-
ing available energy was imparted into internal excitation of
the CH30O fragment. The large product translational energies
and similar energy partitioning at each photolysis wavelength
indicated that dissociation was direct from a highly repulsive
potential energy surface. Energy partitioning of MHP photofrag-
ments after 266 nm excitation was similar [48].

Photodissociation of tert-butyl hydroperoxide at 248 nm
produced #-BuO and OH with 60% of the available energy par-
titioned into translation of the products, 5% in OH rotation, and
the remainder in -BuO internal excitation [49]. The dissociation
process was also consistent with a directly-dissociative repulsive
excited electronic state.

The increase in molecular complexity from HyO; to larger
alkyl hydroperoxides puts more of the available energy into the
internal degrees of freedom of the larger photofragment but OH
is still produced with very high translational energies. All the
hydroperoxides show evidence of direct dissociation from repul-
sive surfaces after UV excitation in the long wavelength tail of
the absorption continuum. The percent of Ej,y,j partitioned into
translation of CH3C(O)O and OH after 266 nm PAA photoly-
sis (67.7% from Table 3) is similar to the translational energy
partitioning (67%) into CH30 and OH after 248 nm MHP dis-
sociation. It is reasonable to conclude that PAA undergoes UV
photodissociation in a manner similar to the hydroperoxides
based upon the likelihood of the stepwise O—O reaction and
the evidence for direct dissociation.

6. Conclusions

The dominant photodissociation pathway of PAA at 266 and
240 nm excitation results in CH3C(O)O and OH photofragments
through reaction R1, the stepwise pathway initiated by O—O
bond breaking, which is likely followed by secondary acetyloxy
radical decomposition. The concerted reaction R2 with simul-
taneous O—O and C—C bond dissociation is not likely based on
our analysis. The only energetically feasible analysis of the con-
certed pathway is in Fig. 10 case (d) where all of the momentum
opposite of OH is applied to CO», but this case seems highly
unlikely in terms of the molecular geometry of PAA. A second
stepwise reaction (R3), beginning with C—C bond dissociation
also cannot be entirely eliminated as a possible minor path-
way as there are no energetic constraints but is expected to be
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very unlikely because a large fraction of the excitation energy is
needed to cleave the C—C bond.

A comparison of experimental OH energy distributions to
those calculated by a statistical model for stepwise O—O bond
dissociation indicate that the reaction shows effects of excited
state dissociation. A comparison of the OH product energy con-
tent after 266 and 240 nm photolysis provides strong evidence
for direct dissociation likely from a repulsive electronic state.
The increase in the average E(OH) and the similar translational
energy partitioning at both photolysis wavelengths lead to the
direct mechanism. This argument was made using the average
translational energy of OH, which actually consists of a distri-
bution of velocities. Analysis of slower translational products
may lead to discovery of minor dissociation pathways.

Absorption of PAA at both 266 and 240 nm is largely due to an
n — o* transition on the peroxy chromophore. The direct nature
of the stepwise O—O dissociation pathway indicates that the
mechanism in PAA is similar to H,O; and the alkyl hydroperox-
ides. PAA does not absorb by the n — w* carbonyl transition at
the wavelengths studied here and does not follow indirect disso-
ciation over a barrier like formic and acetic acid. At wavelengths
shorter than 240 nm, PAA may have some carbonyl absorption
and dissociation may proceed like acetic acid but the results
would likely be drowned out by dissociation from peroxy bond
excitation due to its larger absorption cross section.

To further understand the photodissociation process of per-
oxy acids as a group, it will prove useful to investigate
other peroxy acid compounds. Peroxybenzoic and phenylper-
oxy acetic acid are two other interesting aromatic peroxy
acids planned for study. Peroxybenzoic acid should generate
a highly unstable phenyl radical in the concerted reaction,
which eliminates the favorable thermochemistry for this path-
way. Phenylperoxyacetic acid, on the other hand, produces a
very stable benzyl radical, which increases the available energy
in the concerted pathway. This will test whether favorable
thermochemistry may drive dissociation towards the concerted
pathway and will also test whether adjusting the stability of
the R radical can influence the dissociation pathway branch-
ing ratio to favor one mechanism over the other as has been
suggested in thermal decomposition studies of peroxy esters.
Changing the relative available energy between stepwise and
concerted pathways by changing the R group in the molecule
may effectively change the branching ratio between the reac-
tion pathways unless photodissociation is again determined by
electronic excited states. Increasing the molecular complexity
of the peroxy acid will also test the degree of non-statistical
behavior in the dissociation process. A larger peroxy acid
with many more degrees of freedom is more likely to dis-
sociate on the ground state potential surface by a statistical
mechanism.
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