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The photodissociation dynamics of difluoroacetic acid (DFA) is investigated in both its ground and the first
excited electronic states employing, respectively, pulsedd®@ ArF (193 nm) lasers. DFA undergoes facile
infrared multiphoton dissociation (IRMPD) on irradiation with a pulsed,Q&ser to open up various

1. Introduction

Studies on fluoroacetic acids (FAAs) have attracted quite a
bit of attention due to their atmospheric relevance. Trifluoro-

dissociation channels from the ground electronic state. Energetically the most preferred primary dissociation
channel of DFA is 1,3-HF elimination, as demonstrated by ab initio molecular orbital (MO) calculations and
the unimolecular rates for all molecular channels using RRamspergerKasset-Marcus theory. Contrary

to an assumed dissociation mechanism for fluorinated carboxylic acids, the decarboxylation reaction is observed
as a primary dissociation channel in the IRMPD of DFA. The vibrationally excited photoproducts GO, CO
COFH, and HF have been detected by measurement of time-resolved infrared fluorescence. Photoexcitation
of DFA to the electronically excited;State at 193 nm leads to the cleavage of theGEl bond—a higher

energy channel absent in IRMProducing OH(,J), which was detected state-selectively employing the
laser-induced fluorescence technique. We measured partitioning of the available energy, and observed that
the nascent OH(J) is generated vibrationally cold (i.e., in= 0) with moderate rotational excitatioig =

630 + 80 K). But, a high fraction of energy goes to the relative translatipnvélue of 0.37) of the
photofragments. This observation is explained on the basis of the presence of an exit barrier feOtHe C

bond cleavage reaction, and supported by modeling of the measured partitioning of energy and ab initio MO
calculations. The transition-state structure for the@H bond cleavage producing OH could be calculated

in the electronically excited state;.T

soil bacteria, after it is drained out of the atmosphere, to form
monofluoroacetic acid (MFA), it is of significance to understand
removal of these acids through decomposition to assess their
impact on the environment.

acetic acid (TFA) is the end product of the atmospheric ) . ) ) .
degradation of hydrochlorofluorocarbons (HCFCs)sCRoH, Ther_e exists a long-standing interest in th_e_dlssomatmn
where X= H, F, or Cl, the environmentally friendly alternative dynamics of FAA:™® The replacement of nonacidic H atoms

to chlorofluorocarbons (CFCs). Since TFA is metabolized by N acetic acid by F atoms radically alters the mode of thermal
decomposition of FAA, particularly with respect to decarboxyl-

*To whom correspondence should be addressed. E-mail: awadesh@at!On and dehydratior_] channels. For example, di_rECt decarboxyl-
apsara.barc.ernet.in. ation and dehydration channels, observed in the thermal
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decomposition of acetic acid, are stated to be absent orto avoid effects of the accumulation of products. The pressure
unimportant in all three FAAs, i.e., TFAS difluoroacetic acid was measured by a capacitance manometer (MKS Baratron).
(DFA),” and MFAS8 The primary dissociation channel of FAA  The IRF observed was negligibly small when DFA was
is assumed to be HF elimination in all these studies. In the irradiated by the unfocused laser beam having a low fluence
dissociation induced through infrared multiphoton excitation (~0.25 J cm?). Hence, all IRF experiments were performed
(IRMPE), a molecule can have different dissociation channels, using a tightly focused beam (energy250 mJ/pulse) using a
or the same channels as in the thermal dissociation but with aGe lens { = 10 cm). The apparatus for time-resolved IRF
different distribution of the products. This difference results experiments is described elsewr@iia detail. Briefly, the IRF
mainly because of the absence of surface effects and the highproduced by C®laser photolysis was detected at the right angle
vibrational temperature in IRMPE. In IRMPE, a molecule is geometry by a liquid N cooled InSb detector (J-10D, Judson
excited selectively to higher vibrational levels from which it or1S-2.00, Graseby) equipped with a matched preamplifier. The
dissociates without undergoing thermal equilibration, thereby output signal was fed to a LeCroy (9350A) digital oscilloscope
implying a high vibrational temperaturd\(). Results on the  for digitization, averaging, and background subtraction. The
infrared multiphoton dissociation (IRMPD) of TFA have been temporal profile of the IRF was stored in an IBM PC compatible
explained without involving direct decarboxylation and dehy- floppy diskette for further data processing. The IRF spectra were
dration channel&which is similar to its thermal dissociatidn.  obtained by using a circular variable filter (CVF, OCLI 902)
However, the theoretical calculations indicate that the direct with a band-pass (fwhm) of about 100 ch With CVF the
decarboxylation is an important dissociation pathway for PFA. IRF was greatly reduced, and hence cutoff IR filters (CVI 5800
Does this disparity between the experimental results and theor 5794) were employed to select fluorescence at wavelengths
theoretical predictions of the dissociation pathways with respect either <4.0 or >5.0 um.
to decarboxylation exist for other FAAs, such as DFA and MFA, UV photolysis of DFA in a flow system was performed using
also? Thus, to address this problem, we investigated dissociationan ArF laser at 193 nm. The nascent OH fragment was probed
pathways of DFA from its ground electronic state, both state-selectively using the LIF technique by exciting the (0,0)
experimentally employing IRMPD and theoretically using ab band of the A2Z—X 2IT system of OH and monitoring the total
initio molecular orbital theory. In addition, unlike TFA, this A—X fluorescence. The experimental setup for the laser
molecule offers an opportunity to explore the feasibility of the photolysis-laser-induced fluorescence (ERIF) is described
dehydration channel, which is stated to be absent in FAA. It elsewherd? Briefly, we employed an excimer laser (Lambda
will be interesting to investigate whether the dehydration channel Physik, Compex-102) operating at 193 nm as the photolysis
is absent or unimportant in IRMPD of DFA. Further, photo- laser and the second harmonic output of a dye laser (Quantel,
dissociation of DFA at 193 nm was also studied to compare TDL90) pumped by a seeded Nd:YAG laser (Quantel, YG980
the dynamics of dissociation of DFA on the ground potential E-20) at 532 nm as the probe beam. The dye laser operated
energy surface (PES) with that on the excited PES. Recently, with DCM special dye with a fundamental wavelength tuning
UV photodissociation of carboxylic acid®;2! in general, has  range of 606-640 nm. The photolysis and the probe laser beams
acquired importance because it generates OH, the radicaltraversed orthogonally through two pairs of Mgand quartz
scavenger of the atmosphere. The laser at 193 nm excites thevindows to intersect at the center of the stainless steel reaction
No(C=0)—x*(C=0) transition in carboxylic acids. Is the chamber. The fluorescence was collected perpendicular to both
dynamics of dissociation leading to OH formation in DFA the beams with a leng £ 50 mm), and detected with a PMT.
affected by F atoms, carriers of additional nonbonding electrons?We employed a broad band-pass filtégefier= 310 nm, fwhm

In the present work, multiple dissociation channels and the = 20 nm) to cut off the scattered light from the photolysis laser.
vibrationally excited photoproducts in the IRMPD of DFA are Subsequently, the integrated fluorescence signal after averaging
investigated. Time-resolved infrared fluorescence (IRF) is for 30 shots by a boxcar (SRS 250) was fed to a Pentium I
employed to detect vibrationally excited transient products. The PC, which controlled the scan. The time delayp ns) between
dynamics of dissociation of DFA at 193 nm was probed by the photolysis and the probe lasers was controlled by a digital
detecting the nascent OH product employing the laser-induceddelay generator.
fluorescence (LIF) technique. The partitioning of the available  The DFA vapor flowed through the reaction chamber with a
energy into various degrees of freedom of products was static pressure 0f~100 mTorr, which was measured using a
measured, and theoretically modeled. The activation barrier andcapacitance gauge (Pfeiffer Vacuum). We employed unfocused
the enthalpy of reaction are evaluated using ab initio molecular jaser beams with substantially decreased energies to avoid any
orbital theory. We employed RieeRampspergerKasset- multiphoton process and saturation by the photolysis and the
Marcus (RRKM) unimolecular theory to estimate the relative probe lasers, respectively. In our experimental conditions the
rate coefficients of the competing dissociation channels from | |F intensity depended almost linearly on the pressure of DFA,
the ground electronic state of DFA. implying a negligible contribution to the OH yield from the
photodissociation of the dimer of DFA.

The DFA (Aldrich, 98%) sample was thoroughly degassed
with several freezepump-thaw cycles before flowing in the
photolysis cell.

2. Experimental Section

The IRMPD of DFA with the 9R(24) line of a grating tuned
pulsed CQ laser (Lambda Physik, EMG 201) was carried out
in a stainless steel cell equipped with two pairs of KCl/BaF
windows. The laser was tightly focused in the center of the
reaction cell with a Ge leng € 10 cm). For the stable product
analysis, irradiation of DFA~1.0 Torr) was carried out in a Ab initio molecular orbital (MO) calculations were performed
static condition with about 200 laser pulses. The products were with the Gaussian 92 program to investigate the PESs for
analyzed using an FT-IR spectrometer (Magna-IR 550, Nicolet) various dissociation channels in the ground state and the OH
and a homemade gas chromatograph. channel in the excited electronic states of DFA accessible by

The time-resolved IRF experiments were performed under 193 nm excitation. The geometries of the ground electronic state
slow-flow conditions (with a steady pressure of about 1.0 Torr) of DFA, various products, and the transition-state (TS) structures

3. Theoretical Calculations
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were optimized with the B3LYP theory, which uses Becke’s
three-parameter hybrid exchange functional with the cor-
relational functional of Lee, Yang, and Parr, using 6-311G(d,p)

basis sets. The energies corresponding to the optimized geom-

etries were calculated using the second-order MelRdesset
(MP2) level of theory (in some cases at the coupled cluster
singles and doubles, CCSD, level) with 6-31G&(d,p) basis sets.
The harmonic vibrational frequencies and force constants were
calculated to ensure that the stationary points on the potential
energy surfaces are true saddle points. All transition-state
structures are characterized by only one imaginary frequency
and one negative eigenvalue of the force constant matrix.

Excited electronic state calculations were performed at the
configuration interaction with single electronic excitation (CIS)
level. Time-dependent density functional theory (TD-D#T)
with a 6-31H-G(d,p) basis set was employed to calculate the
vertical excitation energies of six low-lying electronic states.
MOs were analyzed to assign each electronic transition. Each
of the six excited-state geometries; {3, T:—T3) was then
fully optimized following the CIS method.

To understand the dynamics of the-O bond cleavage
leading to OH formation, potential energy (PE) curves were
calculated as a function of the-<®H bond length. Since TD-
DFT cannot optimize structures of excited states, we determined
PE curves of all six excited states by constraining the geometry
of DFA to the equilibrium position of the ground state with
only the distance of the €0OH bond varied. We attempted to
locate the TS structures for generation of OH on all probable
electronic states to understand the PES responsible for OH.

4. Results and Analysis

4.1. Dissociation from the Ground Electronic State4.1.1.
Stable ProductsThe DFA sample+{1.0 Torr) was irradiated
with the 9R(24) line of a grating tuned TEA GQaser in a
static cell with Bak windows. Four stable products, CO, €O
COFH, and CEH,, were identified using a combination of gas
chromatography (GC) and FT-IR absorption. Another photo-
product HF was identified by its IRF. When the IR absorption
spectra of DFA were measured in a photolysis cell equipped
with KCI windows instead of Baf; almost all the IR bands
were shifted with altered intensities. In addition, the photodis-
sociation yields of DFA were greatly reduced. These observa-
tions imply strong adsorption of DFA on the KCI windows.
Hence, all the experiments were performed in a cell equipped
with BaF, windows.

These observed stable products can originate from various
dissociation channels of DFA. One of the commonly observed
primary dissociation channels of a halogen-containing molecule
is the molecular elimination of HX. Thus, unimolecular dis-
sociation of vibrationally excited DFA, a multichannel system,
is expected to produce a HF molecule via 1,1- or 1,3-elimination
(reactions 1 and 2,

HF,C—COH "> FC—-COH + HF

1.3
——HFC—CO, + HF

1)
(2)
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Figure 1. Infrared fluorescence spectra of the nascent photoproducts
of DFA with a pulsed CQlaser at &s after dissociation in slow-flow
conditions at a steady pressure~af.0 Torr. The solid curve represents
the composite Gaussian function fit to the experimental points, and
the dotted curves represent the deconvoluted IR emission bands at 4.3,
4.6, 4.9, 5.2, and 5.5m.

channels from the ground electronic state of DFA. Other primary
molecular dissociation channels (reactions53

HF,C— CO,H — H,0 + F,C—CO 3)
—CO, + CF,H, 4)
— HCO,H + CF, (5a)
— FCOH + CFH (5b)

are expected to be the elimination ob® (reaction 3), CQ@
(reaction 4), and HC&H or FCQH (reaction 5), after 1,2-
migration of a H or F atom, respectively. Reaction 4 producing
CRH,, a greenhouse gas, is relevant to the atmospheric
chemistry. In addition to the above-mentioned molecular
pathways, dissociation of the vibrationally excited DFA can
occur involving the radical channels, e.g., the © (reaction

6), the G-H (reaction 7), and the €0OH (reaction 8) bond
ruptures.

HF,C—CO,H — HF,C + COH 6)
— HF,CCO, + H @)
— HF,CCO+ OH ®)

Detection of the stable products HF, gCand CRKH; in
combination with our theoretical calculations (vide infra) implies
that dissociation channels 1 and/or 2 and 4 are operative. The
stable product CO can result from the transient species FC
CO;H (produced in reaction 1). The stable products CO,,CO
and CRH, can also be formed as secondary products from
radical channel 6, which is calculated theoretically to be a
competing dissociation channel.

4.1.2. Measurement of Infrared Fluorescenthe available
energy with the dissociating DFA can be partitioned among the
various degrees of freedom of the photoproducts. We probed
the vibrational excitation of the photoproducts with real time

respectively), involving a three-centered or five-centered transi- measurement of the IRF in a flow cell. The dispersed fluores-
tion state, respectively. The relative importance of these channelscence spectrum peaking-a#.3 and~5.3um (shown in Figure

can be estimated experimentally by real time detection of the 1) could be measured only when DFA underwent dissociation.
carbene and the biradical, or by trapping these transient speciesThis suggests that the observed fluorescence is mostly from the
Alternatively, it can be investigated theoretically. We employed photoproducts. The observed spectrum in Figure 1 is deconvo-
ab initio MO calculations to find the low-energy dissociation luted into five Gaussian bands peaking at 4.3, 4.6, 4.9, 5.2, and
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Figure 2. Optimized structures of the transition states for various
molecular reactions from the ground electronic state of DFA, i.e.,
elimination of HF (both 1,1 and 1,3),8, CQ,, HCOH, and FCGQH

Kumar et al.

TABLE 1: Energies? of Different Transition States and
Products, at the MP2/6-31%#G(d,p) Level of Theory,
Relative to the Reactant DFA with the RRKM Rate
Coefficients of the Molecular Channels at 148 kcal mott

RRKM rate
dissociation channel of transition coefficient
DFA yielding the products staté producté (sh
Radical Channels
CRH + COH +87.9 (83.8)
HF,C CO+ OH +106.2
HF,C CO, +H +118.5
Molecular Channels

FC CQOH + HF (1,1-elimination) 80.4 (81.7}+73.9 3.1x 1¢°
FHC CG, + HF (1,3-elimination) 50.5 (55.1+31.8 1.2x 100

F.C CO+ Hz0 84.0 (90.3) +57.5 (57.2) 1.2« 108
CRH: + CO; 74.0 (81.2) —16.3 (10.8) 1.3« 1(P
CFR; + HCOH 86.9 (87.6) +59.1 (54.9) 7.6x 107
CFH+ FCOH 91.5(90.2) +82.9 (77.0) 2.1x 107

aKilocalories per mole® Values in parentheses are at the CCSD/
6-311+-G(d,p) level of theory.

to be the 1,3-HF elimination (reaction 2) with an activation
energy E,) of 55.1 kcal mot?. The 1,1-HF elimination (reaction

1, Ey= 81.7 kcal mot?) is the higher energy channel, implying
that the five-centered TS (1,3-HF elimination) is more stable
by 26.6 kcal mot?! than the three-centered TS (1,1-elimination)
for HF elimination from DFA. The high-energy HF elimination
is in competition with other lower energy molecular pathways
of CO; (reaction 4,E, = 81.2 kcal mof?), HCOH (reaction
5a,E, = 87.6 kcal mot?t), FCO:H (reaction 5bE, = 90.2 kcall
mol™1), and HO (reaction 3E, = 90.3 kcal mot?) elimination.
The qualitative importance of these channels based on the
calculated activation energies is supported by the RRKM
prediction of the rate coefficients. The rate coefficient of the
1,3-HF elimination channel is predicted to be 3.9 times that of

(marked as TS below the structures), at the B3LYP level of theory the 1,1-HF elimination channel at 148 kcal mblAlthough
using 6-311G(d,p) basis sets. Structures of the TSs (marked as TS1}the difference between activation energies of these two HF

of both CQ and CO elimination (reactions 9 and 10) from HFGCO

(a primary product of reaction 2) are depicted. The optimized structures

of S, Si, and T, of DFA along with the TS (marked as TS2) for OH
formation after the €0 bond cleavage from the Btate are also shown

elimination channels is 26.6 kcal mé] their unimolecular rates
are different by a factor of only 3.9. These low relative rates
are mainly because of the relatively low vibrational frequencies

in the last column. The breaking bonds are shown as dotted lines, ang@nd rotational constants of the TS corresponding to 1,1-HF

some important distances in angstroms are marked.

5.5um. The peaks at 4.3 and 4.6n are assigned to G{Othose

at 4.6 and 4.9m to CO, and those at 5.2 and %t to COFH.
The spectral bandwidth of the circular variable filter (CVF;
OCLI) is too large ¢100 cnT?) to permit the measurements
of the vibrational distributions of the nascent hot products

elimination (the higher energy channel). Even the rate coefficient
of the high-energy HF elimination channel is greater than that
of the CQ and HO elimination channels by factors of 2.4 and
25.8, respectively. The H atom migration producing, @ad
HCO,H (reaction 5a) is preferred to the F atom migration
(reaction 5b) by a factor of 3.6.

In earlier experimental works;® the 1,3-HF elimination is

observed, and with the CVF employed the fluorescence intensity assumed to take place in dissociation of FAA to explain the

was too small to measure the vibrational relaxation of the hot stable products observed. Our ab initio theoretical calculations

products. Therefore, IR filters were employed to measure the support this assumption, and suggest that the 1,3-HF elimination

fluorescence at4.0um, which is attributed mainly to the hot  is the lowest energy dissociation pathway from the ground

HF besides some other emitter(s), and that@0um, assigned  electronic pathway of DFA. The primary product HFCO;,

primarily to COFH. can have sufficient internal energy to undergo secondary
4.1.3. Theoretical Result¥he structures of DFA and the dissociation, producing the molecular products:g@action

transition states of the molecular channels (reactionS)lare 9) and CO (reaction 10). TS structures for these two channels

depicted in Figure 2. The figure displays structures of all four- were calculated, and are given in Figure 2 (TS1fC&hd TS1-

and five-centered TSs to be planar or nearly planar. The relative(CO)). The channel leading to the CO produgs & 16.8 kcal

energies for several dissociation channels are depicted in Tablemol™?) is preferred to the C&channel Ea = 34.3 kcal mot?).

1. To further support the relative importance of these molecular

channels, we employed RRKM unimolecular ther§f using HFC-CO, — CFH+ CO, ©)

our theqretically cqlcullated va[ues of rotational constants, — COFH+ CO (10)

frequencies, and activation energies, to calculate rate coefficients

at 148 kcal mot!. These calculated rate coefficients are also  Thus, reaction 10 explains the observed product COFH. The

shown in Table 1. effective E; (assuming a similar frequency factor) for CO
Among various molecular and radical pathways of DFA, generation from DFA through reaction 10 (71.9 kcal mpl

unlike those of TFA, the lowest energy pathway is predicted being lower than that for COformation reaction 9 (89.4 kcal
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Figure 3. A portion of the fluorescence excitation spectra (at 50 ns 0) with the rotational temperatur@z = 630 + 80 K.

delay) of the (0, 0) band of the A *—X 2I1 system of OH generated
from photodissociation of difluoroacetic acid {00 mTorr) at 193 nm. 02

mol~1), the major fate of the coproduct biradical is to undergo
dissociation, giving mainly CO and COFH. Although the
frequency factor for reaction 9, which involves simple-C
bond cleavage, is expected to be higher than that for reaction
10, which involves a strained cyclic structure for the TS, it
cannot offset the effect of the exponential energy factor of
activation energy, and reaction 10 remains the preferred channel
for the biradical. For the molecular channels involving the@
bond cleavage (reaction 5) with simultaneous F and H atom
migration in DFA, both channels are predicted to be almost
equally probable energetically, with the latter having a small
preference (Table 1).

4.2. Dissociation from an Excited Electronic State at 193
nm. DFA dissociates to produce the OH radical on excitation Figure 5. A typical Doppler-broadened (%) line of the A2X*—X
to the S state via B—x* co transition at 193 nm. We measured 21 (0, 0) system of OH, produced from irradiation of DFA at 193 nm.
the state distribution of OH to understand its dynamics of
formation. The average translational energy of the photoproduct OH was

4.2.1. Nascent OH DistributioriThe nascent photoproduct €stimated using widths of Doppler-broadened rotational lines.
OH(v,J) was detected by LIF. Figure 3 shows the partial The measured width was deconvoluted with the instrumental

fluorescence excitation spectra of the (0, 0) band of the A function (0.07 cm?), which was measured by the line width of

2s+—X 2[T system of OH. In assigning the line positions of thermalized OH at high pressure (50 Torr90.1% DFA in

OH, we use the standard notatind(N) for the transition and ~ He) and a longer delay time (114s). A typical Doppler-

denote transitions associated with the spinbit states YTz, broadened line is shown in Figure 5. A few rotational lines were

and X[y, with subscripts “1” and “2”, respectively. There is fitted to a Gaussian function, and their widths (fwhmy, after

an insignificant vibrational excitation with most of the OH deconvolution were used to calculate the translational temper-

generated in the vibrational ground state. The average rotationaPture, Tr, using the Doppler relation

and translational energies were determined using relative

intensities and widths of lines, respectively. Av = (7.16x 10 )(T,/m) % (12)
4.2.1.1. Rotational and Translational Energy. The rotational

lines of the (0, 0) band of OH were measured upite 9. The  where m is the mass of the fragment OH. The average
integrated area of each line was normalized with respect to thetransiational energy channeled into OH was estimated to be 12.9
Einstein absorption coefficients (taken from ref 27) and energies kcal mol-* from the averagdr.

Orf the photol|yS|s and the pfrobe I;;:lsers to ex(tjraclt 'f‘for_ma“of‘_on 4.2.1.2. Spia-Orbit andA-Doublet Population. The ground
the rotational temperature from the corrected relative intensities. o tronic state of OH beingIl, there are two spinorbit

The roltationgl pqpulatipn al, P(.J)‘ i.S proportional to the components 21z, and 2I1;,. The relative population, duly
norma_lllzed line intensity, and is given by the Boltzmann corrected, ofITa), to ?I1y, states of the product OH is plotted
equation againstN (depicted in Figure 6). The LIF intensities of only
P12(N) lines are used to obtain the spiorbit population. The
In(P(J)/(2] + 1)) = —ehdkTg + constant  (11)  figure shows the distribution of OH population in two spin
orbit states to be nonstatistical with a spiorbit ratio 213,/
The slope of eq 11 gives the rotational temperatliges= 630 Iy, of ~0.7; i.e., it has a small preference fa,. The
+ 80 K (depicted in Figure 4). Only;fN) and B(N) rotational deviation of the measured spiorbit ratio cannot be ascribed
lines were used for calculatinr, because these lines were to a difference in energies of tR&ls, and?l1,, states, as the
mostly free from interference from other lines. latter is higher in energy. It can originate from the sparbit

LIF intensity (a.u.)

0.0
Doppler shift / cm’
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Figure 7. A-doublet ratio [T*/IT") of the product OH as a function
of the rotational quantum numbeéX, Different data sets are plotted
with different symbols.

interaction of the singlet with the nearby triplet state, or from
inelastic scattering between the recoiling fragméhis.

Each spir-orbit state of OH has twa.-doublet components,
denoted adI* (or A') and IT~ (or A"), depending on the
orientation of ther lobe of the unpaired electron on OH with
respect to the plane of rotation. In the higlimit, the ITT and
ITI- A-doublets refer to ther lobe being in the plane or

Kumar et al.

TABLE 2: Partitioning of the Available Energy, 2 Both
Experimental and Theoretical, into Translation and Internal
Modes of the Photofragments (OH and HRLCCO) of
Difluoroacetic Acid at 193 nm

energy of the photofragment (kcal mé)

type of energy measured  statistical impulsive hybrid
[Er(OH + HF,CCO)Y1 15.6+ 3.0 6.0 20.5 155
[Er(OH)O 1.2+0.2 1.7 0.9 1.9
[Ev(OH)O 0.0 0.7 0.1 0.2
En(HF.CCOYJ 25.0+ 6.0 334 20.3 24.2

aE, = 41.8 kcal mot?. P With an exit barrier of 13.0 kcal mot.

4.2.2. Product Energy Distributiohe available energ¥ay,
is the energy remaining after the dissociation to be partitioned
between primary photoproducts. It is the sum of the photon
energy and the internal energy of the parent molecule minus
the bond dissociation energy. Thi,, of the primary photo-
products OH and HEE—CO, E,((OH + HF,C—CO), can be
expressed as

E,(OH + HF,C—CO) = hw(193 nm)+ E, (DFA) —
Dy(HF,C—CO—0H) (13)

We estimated theoretically the bond dissociation enddgy
(HF2,C—CO—0H) to be 106.2 kcal mol. With the energy of

the photonhv(193 nm) being 148.0 kcal mol and after
ignoring the small internal energy of the parent DFA molecules,
the value ofE,y is estimated to be 41.8 kcal mal This energy

is partitioned among various degrees of freedom between the
photofragments witlay = Eini(OH) + Ein(HF2C—CO) + Epans

(OH + HF,C—CO), whereE;,; consists of both the rotational
and vibrational excitations. We estimated the average rotational
energy of the OH fragmenflE[Jto be 1.2+ 0.2 kcal mot?

after summing over the rotational excitation in the vibrational
state populatedy(= 0):

Eol= ) PQ) Eo(d)

whereP(J) is the state distribution an,o(J) is the energy of

a given rotational statd in » = 0. The average translational
energy in OH is estimated from the Doppler profile to be 12.9
kcal molt, which implies that the relative translational energy
of the fragment pair[EyandOH + HF,C—CO)[] is 15.6 kcal
mol~%. These measured data are summarized in Table 2. Thus,
the remaining available energy of 25.0 kcal mdk about 60%

of the total energy, and is channeled into the internal energy of

(14)

perpendicular to the plane of rotation, respectively. The popula- the coproduct HFEC—CO.

tion of theIT* andIT~ levels can be easily measured by probing

4.2.3. Theoretical Results on Excited Electronic Stefesh

the P- and R-rotational and Q-rotational lines, respectively. The of the six excited electronic state geometries«Ss, T1—Ts)
A-doublet ratio depends on the process of generation of OHwas optimized following the CIS method. The optimized
upon dissociation; that is, it gives information on the mechanism structure of the Sstate (shown in Figure 2) has a nonplanar
of dissociation. If the impulse is responsible for the dissociation geometry for the carboxylic acid group in contrast to its almost
process, OH rotates in the plane containing the dissociating planar geometry in the ground state. The major change in bond

C—OH bond axis due to in-plane dissociation. But if the

lengths is the extension of the=® bond from 1.19 to 1.27 A.

torsional motion of the parent molecule plays a significant role The C-OH bond is also slightly extended from 1.34 to 1.36
upon dissociation, out-of-plane dissociation occurs. In Figure A. Thus, the structural changes coupled with analysis of

7, we have plotted th&-doublet ratio [I*/IT), measured by
the intensities of EN) and Q(N) lines, as a function df. The
A-doublet states of OH (XI1z,, v = 0), for N = 1-6, were
found to be unequally populated, with thedoublet population
ratio IT*/IT~ varying from 0.7 to 1.6 withN. Thus, the?IT*
levels are populated in preference to #& levels at higher
N. This implies that mainly impulse upon dissociation is
converted into rotation of products.

molecular orbitals suggesbfe—o)—n* c—o transition for the $
state. The lowest triplet statg volves a transition similar to
that of the $ state. But the &0 bond (1.38 A) is extended
more than that in S The next higher triplet state,has a mixed
character involving §c—oy—7* c—o and ryoHy—* c—o transi-
tions. Thus, as all the excited states of DFA accessible at 193
nm do not involve nonbonding electrons on F atoms, excitation
of DFA is not affected due to the presence of F atoms.
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200 The molecular products GOCO, and COFH are formed
involving cyclic TS structures. An appreciable amount of the
exit barrier is expected to be partitioned to the relative translation
of the photoproducts. Thus, only a small fraction of the available
energy going to the internal states of the products is responsible
for the IR fluorescence from GOCO, and COFH. Although

we could not resolve the distribution of energy over vibrational
levels, only lower levels (mostly; = 1) of these products are
expected to be populated.

In addition to the molecular reaction channels, the@hond
cleavage (reaction 6) among possible radical channels (reactions
6—8) can operate in the IRMPD of DFA. However, the other
two high-energy channels, including the-O bond cleavage

180 1

-1

160

Energy / kcal mol

140 4 giving OH, cannot operate from the ground electronic state of
DFA. Such high-energy dissociation channels can open up from
a higher electronic state on UV excitation. We detected the OH
photoproduct on photoexcitation of DFA at 193 nm, and
120 measured the state distribution of the nascent OH radical.

5.2. Dissociation from the Excited State: Energy Parti-
tioning. A significant fraction fr value 0.37) of the available

Tl energy is transferred into the translational energy of the

— T T T T photofragments with a small fraction into the internal states of

1.2 1.4 L6 18 20 22 OH. The remaining energy is transferred into the internal states
R (C—OH) / angstrom of the cofragment of OH, which implies dir(cofragment)

value of 0.60. Other measurementsfpivalues involving the
Figure 8. Potential energy curves for six lower excited electronic states C—OH bond cleavage in acetic aét¢and TFA* at 193 nm
of DFA calculated with the time-dependent B3LYP/6-31G(d, p) show similar results within experimental error. The averige
fmethc’d af] a f”rTl‘?tt)'c.’” of th‘?.{OHf tr)1ond 'e"%th' The georr;etry Was yalue of 0.35+ 0.06 and théiyt(cofragment) value of 0.6%
rozen to the equiiporium pOSItIOI'] of the groun state except or variation . . . . .
in the C-OH bond distance. 0.07 for acetic acid an_d its fluor_o o!erlvatlves at 193 nm suggest
that the effect of fluorine substitution on energy partitioning is
not significant.

PE curves of the six low-lying excited states,(S,, T1—Ta) A higher fraction of energy going to the relative translation
are shown in Figure 8 as a function of the-OH bond length,  implies either the impulsive dissociation of the FEO—OH
varied from 1.05 to 2.25 A at intervals of 0.05 A. All of these pond or the presence of an exit barrier. As an impulsive
states of DFA are bound with respect to the @H bond. But dissociation occurs from a repulsive PES with a high dissociation
the figure shows the distinct presence of exit barriers for the rate coefficient, the observed results can be explained if the

C—OH bond cleavage reaction from the, 3,1, and T; states. dissociative state of DFA is repulsive in nature. Our calculations
This implies that we should .obtaln Fhe TS structures for the (shown in Figure 8) suggest that the dissociative state is not
C—OH bond cleavage producing OH in thg $1, and T, states. repulsive. Thus, the impulsive dissociation of DFA is not

We could characterize the TS structure, shown as T§2(T responsible for the high relative translational energy in the
Figure 2, in the T state using the CIS method. The TS is located products. The other plausible explanation, i.e., the presence of
126 kcal mot* above the ground electronic state, implying that - an exit barrier, can explain the observed results. An exit barrier

the exit barrier for the €0OH bond cleavage is20 kcal moi™. to the CG-O bond cleavage is observed for a simple bond
Thus, initial excitation at 193 nm leads to population of DFA  cleavage leading to OH in photodissociation of ac&i,
in the § state, which relaxes to the lower statq My acrylic}! pyruvict? and thiolactié® acids and, as expected,

nonradiative intersystem crossing. Subsequently, DFA dissoci-which has been subsequently substantiated by theoretical
ates from T involving the C-O bond cleavage to generate OH.  calculations:# in photodissociation of propiolic aci.

The observed partitioning of the available energy among
various degrees of freedom of the two photofragments can be
5.1. Dissociation Mechanism from the Ground Electronic examined considering two limiting models, the impulSiand
State Our studies reveal that the lowest energy primary the statisticaf’ We employed both models to calculate parti-
dissociation channel from the ground electronic state of DFA tioning of the available energy of 41.8 kcal méinto various
is 1,3-HF elimination. The coproduct of HF, the biradical, in degrees of freedom of photofragments OH and®#CO. The
the 1,3-elimination reaction undergoes further dissociation to structures of the ground and several excited electronic states of
generate C@and CFH (reaction 9) and CO and COFH (reaction DFA along with the photofragments OH and #FCO were
10). CG s also a primary photoproduct generated involving a calculated using the Gaussian 92 program at the B3LYP/6-
four-centered TS in reaction 4. This primary channel for,CO 311+G(d,p) level. The statistical model assumes that all possible
yield is expected to compete with the secondary source as itcombinations of product states are equally probable under the
has a lowelE, of 81.2 kcal mot!. Whether CO is a primary  constraint of conservation of energy. Our calculated vibrational
product could not be answered as the corresponding TS wasfrequencies and the rotational constants of the fragments were
not found. The dehydration channel of DFA, whose TS structure used to estimate the density of states. This model, results given
was calculated with a high, of 90.3 kcal mot?, is not expected in Table 2, underestimates the relative kinetic energy of the
to compete with other low-energy channels and, hence, will be products, overestimates the internal energy o$GHCO, and
an insignificant reaction in the IRMPD of DFA. thus fails to explain the measured energy partitioned between

5. Discussion
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photofragments. The impulsive model is based on the assump-cleavage producing OH to be absent. But, on excitation to the
tion that the amount of available energy acts as a repulsive S; state at 193 nm, DFA undergoes-OH bond cleavage,
potential along the dissociating bond, i.e., the @H bond in generating the OH radical, which is produced vibrationally cold
DFA. Then, the energy partitioned between fragments is with moderate rotational excitation. A significant fraction
determined by conservation of linear and angular momenta. The(~40%) of the available energy is partitioned to the relative
impulsive model predicts partitioning of the available energy translation of the photofragments due to the presence of an exit
relatively closer to the experimental values (Table 2). However, barrier for the CG-OH bond cleavage. Ab initio MO calculations
the impulsive model cannot be responsible for the observed highfor the excited states of DFA were performed to understand
translational energy in the fragments, because our calculationsthe origin of the exit barrier. Like carboxylic acids, which
show (depicted in Figure 8) that none of the accessible excited dissociate mostly from thesIstate, DFA also dissociates from
states of DFA at 193 nm are repulsive in nature. the T, state.
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