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The 212.8-nm photodissociation dynamics of formic acid was investigated utilizing degenerate
four-wave mixing spectroscopy. The background-free rotational spectrum of the nascent OH
radicals was obtained, and a cold rotational energy distribution peakit=a8 was extracted from

the DFWM spectrum. The distribution was well approximated by a Boltzmann distribution with a
rotational temperature of,,;~ 716 K, which corresponds to an average rotational energy4%8

cm™ 1. The observation of a nonstatistical spin—orbit state distribution, with a preference for the
low-energyF,; manifold, implies the absence of any interactions with nearby triplet states during
dissociation. Preferential population of tAedoublet was observed, indicating that theH—O-C
bending vibration in HCOOHX) and the recoil impulse are the principal sources of the OH
rotation. © 2002 American Institute of Physic§DOI: 10.1063/1.1514587

I. INTRODUCTION wanted noise, yielding a background-free spectrum. The ab-

. i . : sorption signal response makes it feasible to detect nonfluo-
Photodissociation reactions of organic molecules play a

. . . : ; rescing specie$’ Moreover, from a practical viewpoint this
vital role in a number of chemical reactions in the atmo- : . . .
sphere. For example, photolysis initiates the chain reactiongsgl]gio'liﬁgizr to implement because it requires only a
responsible for ozone-depletion in the stratosphanel con- :
tribEtes to the generatioﬁ and degradation g]?to@kit)or— , Formic_acid(HCOOH)_ Is the simples_t of the carboxyl?c
ganic compounds in the troposphérhe study of photodis- aC|d§, VgQ'Ch are .enV|ronmentaIIy important 'chem|cal
sociation phenomena and the related dynamics therefor%oe,c'eg" “HCOOH is produced by the oxygenation of or-
provides information that can be utilized to understand an@@nic compounds and is responsible for the acidification of
predict the molecular reactions in the atmosphere. Such stu@duatic and terrestrial ecosys.tef‘ma. addition, HCOOH is a
ies also help to elucidate the quantum mechanical electronf@20d source of the formyl radic@HCO), which is an impor-
structures of molecules in their excited states, because tHgnt intermediate in the oxidation of organic compounds in
corresponding processes are closely related to the nature §f€ atmosphere and in the combustion of fossil flelhe
and interactions between, the initially prepared excited elecarchetypal nature of HCOOH has led to the extensive study
tronic stateS. of its photodissociation dynamic8:1°

The detection of photoproducts is an essential aspect of In the UV region, the €O bond of HCOOH acts as the

the investigation of photodissociation dynamics. Severamain chromophore. Analysis of the UV absorption spectrum
techniques based on nonlinear optical phenomena have be@hHCOOH shows that the excitation in=€0 occurs via the
applied to the diagnosis of the atoms and radicals generatgifomotion of a nonbonding electron localized on the O atom
by photolysis. In most cases the number densities of the ndo the antibonding orbital of the==0O bond, leading to ex-
scent products are quite low; hence, only tools that ensurtensive progressions of the; C=0 stretching andv; in-
high signal-to-noiséS/N) ratios are suitable. One nonlinear plane G=C-O bending vibration¥>!'The absorption struc-
spectroscopic scheme that has been utilized successfully tnre beginning at about 260 nm and peaking at 210 nm is
several photodissociation studies is degenerate four-wavassigned to thid(n,=*)c_o transition’®!’ It has been sug-
mixing (DFWM).*=® In DFWM, three input waves with gested that the electronic excitation to th@,n*) state is
identical frequencies interact in a nonlinear medium to genaccompanied by a structural change from a planar geometry
erate a signal with the same frequefid@he spectrally bright with C; symmetry to a nonplanar pyramidal geoméfty.
signal resulting from a fully resonant process enables thélowever, the symbols o’ for the ground state andl” for
detection of species that are present in low concentrationshe excited state iC;, symmetry still apply because the per-
The collimated signal can be easily discriminated from un-mutation group is isomorphous with, if the molecule eas-
ily inverts 1® Therefore, the electronic correlations associated
JAuthor to whom correspondence should be addressed. Electronic maiWith each fragmentation route can be deduced withinAhe
khjung@mail.kaist.ac.kr — A’ transition regimé?
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TABLE |. Energetically possible dissociation pathways of HCOOH upon BS BS FR
the excitation to thé(n,#*) transition(Refs. 10 and 31 M'[I W\M
Product channel AH, <=L
@ BD Boi
OH+HCO 452 kd/mol I -—| L[JFR s
H+HCOO 389 kJ/mol @ g e . 8D
H+COOH 433 kJ/mol PP m [
Hy+ O, 35 kI/mol > 553 -] : ]4
H,0+CO 6 ka/mol Lo po| V1 N ~
g E L | e
[u]
o , ° i CT L
Upon excitation to the(n,7*) state, the energetically & |
possible fragmentation routes include OH radical formation,
two molecular eliminations, and two bond-fission channels .- / i M M
leading to H-atom formatiofiTable )).2%* Near 220 nm the BS M 8BS FR
dominant primary process is OH formation following C—OH c L E ’\\A \
bond scissiot?13At 222 nm, ~70% of HCOOH molecules S ¥ ,
dissociate to yield OH radicals; the remaining 30% undergo o - 2; E'”er
intersystem crossing to the neighboriagA” state, leading NJ:YAG Laser PH
to C—H and O—H bond fissions that produce H atdfi$:: -
The OH radicals produced in the photolysis of HCOOH in ==t

rotational alignment £—J correlation and recoil anisotropy
(n—v correlation.***° These low vector correlations are at-
tributed to the force exerted perpendicularly on the reaction
coordinate(C—O bond axis induced by thenu; O-C=0
bending mode and the torque caused by the structural changgs. 1. Schematic diagram of the present experimental setup. PH, L, M, FR,
following electronic excitatiod?!° The nascent OH radicals PM, PP, BD, PO, and SHG denote pinhole, lens, mirror, Fresnel rhomb,
exclusively populate the” =0 level of the electronic ground photomultiplier _tube, PeIIin—Broca_prism, beam dump, polarizer, and
state!*1518 A small rotational excitation accompanied by Second-harmonic generator, respectively.
high recoil energy is observét!®

In the present work, DFWM spectroscopy was employed
to detect the nascent OH radicals produced during room tem-
perature photolysis of HCOOH at 212.8 rfifth harmonic  configuration, as shown in Fig. 1. The sample cell was made
of a Nd:YAG lase}, which is near the peak of the diffuse of blackened glass. Two lenses of equal focal length30
absorption band due to thén, 7*) transition. The rotational cm) were used to focus the incident DFWM beams into the
state diStribUtion, relative pOpUlationS of the two Spin—Orbitsamp|e Ce”, and the three beams crossed one another at the
manifolds, andA-doublet nonequilibrium were extracted fgoca| point with a matching angle between theobe and
from the background-free DFWM spectrum of the rOtaﬂO“a'forward—goingbeams 0f® oy =tan (2.5 mm/300 mm)
bands of the OHA ?S—X *IT (0,0 transition. The energy g 50 Each of the three DFWM beams had a typical power
partitioning was analyzed using_several dynamical modelsy, the range of 0.1—3@.J (corresponding to an energy den-
and the dynamics of OH-formation from HCOOH exposedsity range of 0.6—171 MWI/cf) at the focal point. The other

to short-wavelength UV radiation is discussed. Inspection o art of the 532-nm outpuwith two thirds of the total output
the dynamics of HCOOH should assist our understanding o, owej was used to produce the fifth harmoniz=212.8
the behavior of other aliphatic carbonyl compounds. nm). First, the light was frequency-doubled using a BBO
crystal. Mixing of the resultant fourth harmonic output (
Il. EXPERIMENT =266 nm with the fundamental output of the Nd:YAG laser

The experimental setup utilized in this work is depicted(A =1064 nm using another BBO crystal yielded the
schematically in Fig. 1. The second harmonic=(532 nmj ~ 212.8-nm photolysis light, which was also focused into the
of a pulsed Nd:YAG lasefLumonics HY-750 was divided ~Sample cell. The photolysis beam bisectedftivevard-going
into two parts. One parfwith one third of the total output DFWM beam at a right angle, and the power of the photoly-
powe) was used to pump a dye las@rumonics HD-500  Sis light was~1 mJ (5.7<10° MW/c?) at the focal point.
containing a dye solution of R640 in methari®d.9%, Car- The delay between the photolysis light and three DFWM
Ico). The dye laser output was frequency-doubled by a KDFeams was controlled by changing the beam paths; the value
crystal. The resultant UV laser beam<304—-312 nmwas  Wwas fixed at 3 ns to detect OH radicals under collision-free
then divided into three beams using a combination of opticatonditions. The resultant signal beam was separated by a
components. The three DFWM bealffisrward-going back-  beamsplitter and propagated through lenses, a pinhole, and
ward-going and probe were of identical intensity and an optical filter to remove interfering scattered light and un-
passed through the sample cell in the planar phase-conjugateanted fluorescence. The filtered signal was directed into a

the region from 220 to 250 nm are characterized by low |:|
PM

Personal
Computer

Boxcar
Average
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FIG. 2. Background-free DFWM spectrum including several rotational
bands of the OHA 23— 211 (0,0) transition after the photolysis of HCOOH
a}_ 2120"8 nm. All the DFWM beams and photolysis light were horizontally £i 3. saturation of DFWM signal. Open circles denote the signal inten-
aligned. sities at the line-center of th@,(6) line of the OHA 25—X 2II (0,0)
transition. The solid line is a curve fitted using E4). For comparison

o -~ purposes, the signal behavior without any optical saturation effects is dis-
photomultiplier tube(Hamamatsu, 1P21and the amplified played as a dotted line.
signal was averaged by boxcar averagers, which were linked

to a personal computer.

HCOOH (98%, Junsgiwas purified by vacuum distilla- . . .
tion for several hours_ and degassed thr_ough several _freezeg—z 'QEVE?';) dag]eer géiar\?:a:)iutfemsr?;tgfl;gii isr']?enfslitsyat_llj_[]a;?:_
pump—thaw cycles prior to use. The purity of HCOOH in thetensity of the probe beam was maintained at0 14./&]

distilled sample was confirmed to be greater than 99% by gas’, . i .
chromatographic analysis. All inlet lines were made of Teflon}t’;/]t;mh eczgfsiﬁndﬁ;?aag en;zrgey gegf'g{[eo; 0'85(';/')\/\?;?:1
in order to avoid surface-catalyzed decomposition of present setuft Ser power Tiuctu by5%). Ro-

HCOOH. Before running the experiment, the sample Waéatipnal bands peaking al’=3 were clearly obsgrved, indi-
flowed through the lines and the sample cell for at least 2 ﬁatmg th‘?‘t the nasgent OH radicals were rqtat|onally cool.
to deactivate the surfaces. During the experiment the sam- The line-center intensity of the DFWM signal is propor-

! . ional to the third power of the intensity of the input beam
ple was flowed constantly, refreshing the sample during th%/vithin the low-power regime, and at the high-power limit it

acquisition of DFWM spectra. Because HCOOH tends LU :
to form dimers at high pressures, the pressure inside thgOes not show any significant dependence on the input beam

. 0,21 . . . . _
sample cell was maintained &80 mTorr to minimize the intensity?*? In the region between these limits, the relation

number of dimers in the gaseous sample. Based on the aB.t"p between the input beam intensity and the line-center

H H 120,21
sorption cross-sectidh and the equilibrium constantk( signal intensity i§
=[HCOOH]?/[ (HCOOH),]= 6.55x 10'® molecules/cr),*°

it was confirmed that<1% of OH radicals were generated o |3/(Igat)2
from the photolysis of the dimer (HCOOLI) Moreover, l'signa™=4A—————, (1)
several DFWM spectra were obtained in the pressure range (1411155
of 50—-5000 mTorr, but change in the rotational distribution
was not apparent. whereA is a constant that is determined by the field absorp-
tion coefficient and effective optical path length. The param-

lIl. RESULTS AND ANALYSIS etersl 3g,q 1, andl %, indicate the signal intensity, the inten-

. . sity of an input beam, and the saturation intensity at the
A. DFWM spectrum and signal saturation line-center, respectively. In the present study, the saturation

Background-free DFWM spectra of some rotationalintensity at the line-center was obtained by fitting the line-
bands of the OHA 23 —X 2[1(0,0) transition were obtained center signal intensitiesl&gna) obtained at various input
employing the planar phase-conjugate configuration. No inbeam intensitieslj using Eq.(1), as shown in Fig. 3. The
terfering signals due to processes such as fluorescence aadrve fitting process yielded an optimal valuelﬁgf 2.02
light-scattering were observed within the limit of the S/N =0.05 MW/cnt; the curve obtained by using this value in
ratios of the present experimental setup, e.g., the S/N rati&q. (1) is displayed in Fig. 3 as a solid line. This value of the
was found to be>15000:1 for theQ(6) branch. The line-center saturation intensity is in good agreement with the
forward-going, backward-going, probeand photolysis value of ~2.0 MWi/cn? in the literaturé?> Given that the
beams were linearly polarized. Figure 2 displays a typicabxperimental intensity of the probe beam was0.8
DFWM spectrum, which was obtained with all four incident MW/cm?, it can be concluded that the spectrum in Fig. 2
beams horizontally polarized. The DFWM signal was nor-was obtained at-40% of the saturation intensity of the
malized with respect to the intensities of tpbeobe beam  Qq(6) line.
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FIG. 4. Log—log plot using Eq(3) for the nascent OH radicals from the
212.8-nm photolysis of room temperature HCOOH. The intensity of the 0.75
input beam wa$=0.14 1J (0.8 MW/cn?). The linear least-squares fit with
M=2.02 is displayed as a solid line. The data points represent different
values of the rotational quantum numbsr

o
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B. Rotational state distribution

In[pX/(2J+1)]
e

The line-center signal intensity is proportional to the
square of the population differencAN=Ng—[(2J4+ 1)/
(2J.+1)INg, and to the square of the total geometric factor,
G{, as formulated by the relationsfip

(23g+1) ]2

9 (2J.+1) ©
Mr~T . 2 FIG. 5. (a) Rotational state distribution of OHX(?II) radicals probed by
X[BQE(NQ Ne) I"[Gr(es €1, €3, €5 Ng Ne)I% the R, band, andb) corresponding Boltzmann plot. The solid line indicates
2) the linear least-squares fit witfy,,=716 K, which corresponds to an aver-
) age rotational energy @&a¢=498 cm 1,
whereN4 andN, are the populations of the ground and ex-
cited states, respectivelgy, represents the Einstein absorp-

tion coefficient(the value of which was adopted from Ref. e jine-center signal strengths of two rotational lines with a

24), and the analytical exp_ression_f@rl is given in Ref. 23. common ground state through the following modification of
The parameteM is a quantity that is related to the degree of g (2):56

saturation of the corresponding transition, and varies from 1

3

225

1 1 1
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0
l signaV

(the strong-field limit to 4 (the weak-field limi1.2% However, |g{gR§aﬁN) BSQ(N) GL(N) @
this expression applies only to spatially isotropic ensembles, 'gi'gﬁéﬁN) Bsgl(N) Gl’Rl(N)

and care should be taken in its application. Theoretical de-
scriptions of four-wave mixing response in the presence of Thus, the value oM can be obtained as the slope of a
angular momentum anisotropy have been developed recentlgast-square fit of this log-log plot. A representative plot is
by two groups. Vaccaro’s grodpand Attal-Treéout’s groug®  presented in Fig. 4. The input beam intensity wa0.14 J
have described the four-wave mixing response using tensdcorresponding to an energy density 6f0.8 MWi/cnt),
recoupling analyses and a density matrix formalism. How-which corresponds to 40% of the line-center saturation inten-
ever, these theories are difficult to apply directly to thesity of the Q,(6) line. The resultant linear least-squares fit
present work because they were developed either under thygves a slope oM =2.02+0.03. Accordingly, the rotational
assumption of the weak-field liMdt or for a different state distribution for theR; band (corresponding to the
DFWM geometry’® The signal expressions developed by X 21, state of OH in the lowest vibrational level was ex-
Vaccaro’s group can, however, be reduced to the presemtacted using Eq(2) (Fig. 5).

form? for isotropic ensembles. This reduction should be  To test the possibility that the results were influenced by
valid for the present work because previous LIFinnate errors in theignal-to-populationconversion process,
experiment¥"’® have shown that the quadrupolar tensorwe additionally measured the DFWM spectrum of OH radi-
componen®A{?) has very small values that scatter about zerccals in a butane/air flame under the same conditions. The
with small deviations, which implies that the nascent OHflame provides a thermally equilibrated ensemble of OH
products are almost spatially isotropic. The valuevbfit a  radicals; thus, a perfect Boltzmann distribution should be
specific degree of saturation can be obtained by comparingbtained if the conversion process is reliable. A Boltzmann
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distribution was indeed obtained. Therefore, we could safely 20
assume that the theoretical recipe for the data conversfon
was appropriate.

As shown in Fig. %a), the OH radicals are born rotation-
ally cool with a distribution peaking at” = 3, implying that %
a very small portion of the available energy is disposed to theZ { %
rotational energy of OH. At the same time, no vibrationally g oo % -----------------
excited OH radicals were observed. Based on the S/N rati(ﬂi 3
of the present setup0.5% of the OH radicals seem to be & 10}
vibrationally excited. A corresponding Boltzmann plot is rc; %
given in Fig. 5(b). Previous studies carried out in the range
of 220-250 nm revealed that the product rotational state
distribution of the nascent OH fragments in this region is 05 : . : . : . . .
well characterized by a single Boltzmann rotational N"
temperaturé®~1>® We also found that a Boltzmann-type
distribution provides a good depiction of the nascent rotaF!G. 6. Spin—orbit state ratios between ffig,, andll,, states £, /F,) as

. _— . . p . . . a function ofN” extracted from the relative populations of tRg and R,
tional state distribution, as is evident in Figbh The solid bands. Statistical weights for the individual states were considered. The

line in this figure indicates the linear least-squares fit for thejotted line indicates the statistical distribution. The nonstatistical distribu-
Boltzmann plot. As a result, the rotational temperature wasion shows a preference for ttig, level.

determined to bd&,;~716x1 K, which corresponds to an

average rotational energy &=498+1 cm .

15

"H(N"+1)]

bers. Each nondegenerate state is defined as eitHgAa)
C. Nonstatistical spin—orbit state distribution or II(A”) A-doublet*?® When the molecule rotates at high
and A-doublet nonequilibrium speed, the symmetry of the angular momentum is well de-
fined with respect to the nuclear motion. In the hifHimit,
IT(A") corresponds to the unpairep2 lobe lying in the
plane of rotation, whered$(A") corresponds to that aligned
perpendicular to the plane of rotatidi® Since the unpaired
pm lobe is associated with the covalent bonding orbital
(C-0O of the parent molecule, the distribution over the two
A-doublet states contains dynamical information on the ge-
spond to rotational motions with opposing directions. coy-ometry of the electronic wave functions concerned with the

pling betweenA (orbital angular momentuirandS, occurs photodissociation processThe relative distribution between
in OH (Y=A/B,=—7.41, whereA is a measure of the two A -doublets can be represented by the ratios of the popu-

strength of the coupling between the spin and orbital angulaf2tions of theR ”[corresponding tdI(A")] and Q, [corre-
momenta andB, is a rotational constajtleading to the sponding talI(A”)] rotational bands. The ratio between the

splitting of each rotational level into|2|+1=2 spin—orbit two A-doublet states_is plotted as a functionNf in Fig. 7.
manifolds?’ These two spin—orbit sublevels are designatedThe values of the ratio were extracted from the relative peak

as F, for the [A+3|=2 (214, state andF, for the intensities of theR; andQ, bands. The average value of the

The electronic configuration of the ground state of OH is
K(2s0)?(2pa)2(2pm)3. In this configuration, three elec-
trons populating the tw@r orbitals of OH are spatially
aligned perpendicular to the molecul®—-H) axis. The un-
paired p electron has a spin £ ==*3 and an angular
momentum ofL; the projection ofL onto the body-fixed
z-axis corresponds td =+ 1, whereA=+1 and—1 corre-

[A+3|=3 (°l1,,,) state. The energy splitting between the
states is several hundred wave numbers. In this case, for the
sameN” theF level (probed by théR; band lies lower than
theF, level (probed by thdR, band. The relative population
distribution between the two spin—orbit sublevels gives in-
formation on the effect of the spin during the photodissocia- g
tion process, because this distribution is associated with cor®.
relations between the potential energy surfaces and the spin&
orbit interactions in the exit channéldn the experiments <. [ % """"""""""""""""""""""""""""""""""""""""""
reported here, the relative populations of the and F, - %

states were measured as the rdip/F,. The statistically $ s 2 °
weighted ratios are given as a functionNf in Fig. 6, which
shows the statistical distribution as a dotted line. The average¢
value was determined to be 1:88.05 indicating that the
lower-energy spin—orbit stateF() is preferentially popu- Yo 2 4+ s s
lated. N

Coupling between the rotational motions of nuclei and ) )
FIG. 7. Population ratios between the twedoublets [I(A"”)/TI(A")) as a

electrons is also induced in a rotating molecule. This COLI?unction of N” extracted from the relative populations of tRg and Q,

p”r_‘g_ breaks the degeneracy of each rotational level with @ands. The dotted line indicates the equilibrium distribution. Nonequilib-
splitting energy on the order of several hundred wave numeum with a preference for thEl(A’) doublet is observed.
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IT(A")/TI(A’) ratio was 0.630.05, indicating that the TABLE Il. Experimentally determined and theoretically estimated fractions

H(A’) A-doublet state is favored. No inversion was ob- of the available energy that is released into the rotational degree of freedom
served irrespective dfl” ' of OH. Superscript gnd and exc indicate fractions calculated using the geo-

metrical parameters for the ground and excited states of HCOOH reported in
Ref. 11. Values in parentheses give the corresponding energies ih cm

fexlp fsotﬂ,gnd fsolh,exc f riglid,gnd f riglid,exc
IV. DISCUSSION ° ° ° ° ©
0.052 0.023 0.024 0.034 0.036
The UV absorption band of HCOOH starts from 260 nm (499 (216 (227 (326 (342

(the A< X band origin is assigned to 259.45 hand peaks
near 210 nm%’ This absorption band is attributed to the
m*(10a')—n(3a") transition'®'’ The transition giving rise .
to this band is localized on the=€O chromophore, leading frot Was calculated to be 0.052e., 5.2% of the available

to the long progression in the, C=0 stretching vibratio®  €nergy f!oweq mto the rotational degree of freedom of OH
Other progressions pertinent to thg O=C—0 bending mo- during dissociation o

tion and a number of unassigned vibrations have also been The rotational energy of OH can originate from four
observed® In addition, four vibrational modes have been different sourcestl) thermal energy partitioned in the rota-
observed in a fluorescence excitation spectrum of HCOOHional degrees of freedom of the parent molec@ torque
recorded in the 268257 nm region, i.2;,C—O0 stretching, mdqceq by the geqmetncal char)ge associated with electr9n|c
v; 0O=C—0 bending, v C—H wagging, andvy O—H excitation, (3) recoil |_mpulse acting aloqg th_e C-0 coordi-
torsion?® The activities of the antisymmetrieg aldehyde hate, and4) zero-point energy of the vibrational quanta of

wagging andvg hydroxyl torsional modes coincide with the parentmolecule. If the rotational energy of OH originates
those of the nonplanar pyramidal structure of HCOOHrom the thermal rotational motion of HCOOH, its distribu-

(A).% In a study of magnetic field quenching of fluorescencelion should be well characterized by a single Boltzmann dis-

~ . . tribution, as is the case in the present work. In addition, the
N = ’ ’

from the A “A stat.e in the region 37 2(.)0__40 300 chy a amount of energy corresponding to the rotational motion of
sudden decrease in the quenching efficiency was Observ‘?-(leOOH is predicted to be-311 cmi !, which implies a

- ~1y 30 Thi ;
Sbove ;thgbgt Izvtel ( ?jB 600. ctm )I. Jh'stbi?]av'or_ has arge contribution to the average rotational energy of OH.
een atlributed to predissociation feading 10 the primary owever, the center-of-mass of OH is located near the O

H H 4,15,17-19,3
atom and OH radical formation channéfs: Near atom, and the angle between C—O and O—H is close to a

t_he band origin, HC_OOH_A) primarily decays nonradia- right angle ¢ COH=108° and 109° forcis- and trans-
tively but does not dissociate to OH and HCOHowever,  conformers in the ground state, respectiveyence, all ro-
the OH formation channel becomes more probable with inyational motions of HCOOH defined by y, andz molecular
creasing photon energy. It has been found that the primanjyes are hardly transferred to the rotational motion of ‘OH.
dissociation channel yielding OH radicals is the dominan; therefore does not seem plausible that the initial thermal
dissociation process in molecules absorbing UV radiationgtational energy in HCOOH is released into the rotational
near 220 nnt**°1""1A detailed theoretical study has sug- gegree of freedom of OH. Similarly, the OH rotation cannot
gested that the H atoms are formed via fission of the C—Hya a5cribed to the ©C—0 bending torque that is induced
(O—H) bond, which is achieved either by passing over relatyy excitation to thé'(n,#*) state!!
tively_high barriers on singlet surfac_:es or by intersystem © \yhen OH is rotationally excited by the recoil impulse
crossings to nearby triplet statsScission of the C~O bond  giong the C~O coordinate, the fraction of the available en-
is thus the main photochemical process at 212.8 nm, near thgqy released into the OH rotation can be estimated by using
center of the'(n,*) state. . the two radical limits of the impulsive mod&.In the soft

In the present study, the OH radicals were found to bgagical limit [Eq. (6)], both the vibrational and rotational
rovibrationally cold with an average rotational energy of aycitation of fragments is considered to be induced by the
Efor~498 cm * (Tio~716 K). The following relationship  recoil impulse. In the rigid radical limifEq. (7)], on the

was used to determine the fraction of the available energyther hand, all bonds are assumed to be sufficiently stiff that
that is released into the rotational degree of freedom of OHyiprational excitation can be ignoréd,

hc _ Mc-o| .

Eai= N + Ei?ft“_ DOC O! 4 ffcc))tﬁz 1- sir? XCOH> (6)
212.8 Iu’C—OH
ave o I -1

frot= Ef0t , 5) fra=| 1+ = 5— SI xcon| (7)
avl Muco-oH com

whereE,,, represents the amount of energy that is availablewhereffgtft andf{‘ogtid are the fractions expected at the soft and
during dissociationEP?" indicates the internal energy of the rigid radical limits, respectively. uc_o, ac_on, and
parent molecule at room temperature, which was estimatefl,co_onare the reduced masses of C and O, C and OH, and
to be 2kT~3.72 kd/mol; andD§~° denotes the dissociation HCO and OH, respectivelyoy, indicates the moment of in-
energy required to break the C—0O bond, which was assignegitia of OH, andr-g) is the distance from the center-of-

a value of 452 kJ/mol from the literatuf.Consequently, mass of OH to the hydroxyl O atom. The geometrical param-
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TABLE Ill. Fundamental frequencies of the ground and excited states ofTABLE IV. Fractions of the energies that are transformed fromithend
HCOOH. Values are in cit. vg modes of HCOOH to OH rotation, as calculated using E§sand (9).
Values in parentheses give the corresponding energies irt.cm

Frequency
- o — — N frvost,gnd f:‘;,exc frvégt,gnd f;/OQt,exc
Symmetry  Mode  Approximate description X A2 A A"

- . 0.031 0.032 0.016 0.006
A’ v,y C—H stretching 2942 (2962
A’ V3 C=0 stretching 1777 1115
A’ vy H—-C=O0 bending 1381 (1336.5
A Vg H-O-C bexling 1223 (12425
A’ Ve C~O stretching 1104  (107.8 the soft radical limit. Therefore, we propose that the recoil
2' 7 3—(C3=8 bending 1%2353 ggg impulse is responsible for a rotational energy corresponding

4 Vg —C-0 wagging ~92 49 i i
A v H—O—Ctorsion 642 oe1 to ~2.4% of the total available energ¥able Il). This value

is much lower than the experimentally determined fraction of
Reference 35. _ foP, which implies that the recoil impulse is not be the only
R_eference 35. Values in parentheses are the a_veraged values of the frequ%le)—urce of OH rotation. The vibrational motions that can po-
cies for thecis- andtrans-conformers reported in Ref. 29. . . . .

tentially induce OH rotation ares (the in-planeC—-O-H

bending vibratioh and v4 (the out-of-plane OH torsigr*=°

Nine vibrational modes and their fundamental frequencies in
eters of HCOOH were adopted from Ref. 11, and the bondjround and excited state HCOOH are listed in Table
length of ground state OKD.970 A was adopted from Ref. 1I1.2%3%3®\When thevs bending mode induces OH rotation,
33. The calculated fractions are listed in Table Il. The valueghe resultant plane-of-rotation lies parallel to the molecular
for the ground and excited states are presented to show th@ane of HCOOH. On the contrary, the rotational motion of
change in fractions with respect to the equilibrium geom-OH induced byvq torsion has a rotational plane that lies
etries. No dramatic change in fraction with respect to theperpendicular to the molecular plane of HCOOH. The
structural parameters was observed. On the other hand, vGaussian distribution of the parent bending vibrational mo-
brationally excited HCO has been observed in a previousnentum is transformed into a Gaussian diatomic fragment
study near the band origii. This may suggest that the vi- rotational momentum distribution, and therefore the overall
brational motions in fragments cannot be treated adiabatidistribution is characterized by a rotational temperatfie.
cally, which would imply that the soft radical regime is more order to estimate the amount of vibrational energy that is
appropriate than the rigid radical limit. SingeCOH is close transformed into the rotational motion of OH, a dynamical
to a right angle in the ground state geometry, little vibrationalmodel devised for tetra-atomic molecule such as HONO was
excitation is expected in the soft radical limit. The fact thatused®* Although HCOOH contains five atoms, the negligibly
no vibrationally excited OH has been observed in the presergmall mass of the H atom allows one to consider this mol-

work or previous studiés—1>18s consistent with behavior at ecule as a quasi-tetra-atomic molecule of structure HOCO,

2
£vs_ 95 MyMofr c_o/ My — (I oHCOS 1 — T c_o)/ Mo} ®

ot 4 5 ) 9 r%H '
Mo I'c—of Mu+ (Fon— 25 oWl coCOS ¢1+ 1 co)/ Mo+ ma

12 w . . .
S TQ[mHmo{rc—osm b /My +(FopSin( by — ) +1 c_oSin o)/ Mok?re_c]

+[ Mo (I c_of c—0SiNg2) 2/ M+ E_o(1 opSIN( by — o) + T c_cSiN )% Mg

+15(r c_oSIN 1= T c_oSIN( 1= b)) M+ (ol c_cSiN 1) 2/ Mo} ], (9)

wherem is the massr is the bond length, anep; and ¢»»  tively. The main sources of OH rotation are therefore ex-
denote the angles o€-O-H and O-&=0, respectively. pected to be ther; C—O—-Hbending mode in HCOOH and
The results, listed in Table 1V, were calculated based on théhe recoil impulse.

geometrical parameters taken from Ref. 11 and the funda- The analysis used to explain the moderate rotational ex-
mental frequencies given in Table Ill. This analysis predictscitation can also account for the negligibly small vibrational
that the zero point vibrational energies of tlre and vq  excitation observed for this system. After excitation, the re-
modes in HCOOH contribute-305 cm'* (0.032<E,,) and  coil impulse along the O—H coordinate, and any torque ex-
60 cm ! (0.006x E,,) to the OH rotational energy, respec- erted on this coordinate, are very small. As discussed earlier,
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TABLE V. Orientation of the unpairegr orbital with respect to the plane  midal geometry of HCOOH in its excited staﬁ‘éthe out-of-
of rotation. The \_/alu_es qu)R were calculated using Eq10) based on the plane angle in thé(n,’JT*) state is~32°,16 which causes the
H(A)TI(A) ratios in Fig. 7(Refs. 34 and 3t rotational plane of OH to be poorly aligned.

N" 1 2 3 4 5 6 7 8 9 The relative populations between the two spin—orbit
manifolds provide information on the contribution of the
nearby triplet state or inelastic scattering between the OH
and HCO moieties® For the isoelectronic molecule
HONO, inversion ofF,/F, has been discussed in terms of
near-resonant inelastic scattering between the NO and OH
the angle between the C—O and O—H bonds is close t0 fgagments and intersystem crossing to the nearby triplet
right angle in both the ground and excited states Ofstatds).3* This type of inelastic scattering seems probable
HCOOH;" and consequently the recoil impulse cannot effechecause the spin—orbit splittings in OKEIT) and
tively excite the O—H stretching vibration. In addition, the NO(X 2I1) are very similar in magnitud®. In HCOOH,
Y(n,7*) transition mainly induces vibrational excitation of however, the spin—orbit splitting in HCO is not close to that
the v3 C=0 stretching mode, and the change in the O—Hin OH(X2I1), leading to the absence of such inelastic scat-
stretching coordinate is negligiblghe O—H bond length of tering. In addition, the HCO fragment has a nonlinear struc-
the excited state HCOOH is as large as that of the free Ohyre, and its angular momentum is quenched during
radical(0.97 A)].****The initial transition thus leads to the gissociatiori* Since theF , state lies lower than the, state,
generation of vibrationally cold OH radicals. This dynamical 3 preference for th€, state is expected unless interactions
picture was deduced based on the assumption of fast predigetween the nearby triplet stége are involved during the
sociation on thed *A” surface'®!*If the dissociation occurs dissociation process. Consequently, the valué pfF ,>1
slowly, allowing complete redistribution of energy, the pre-found in the present study indicates that there are no inelastic
vious vibrational distribution can be calculated using statis-scattering processes or spin—orbit interactions in the exit
tical theory. In this case, 11% of OH fragments are expectedhannels.
to be distributed into the” =1 level® which disagrees with
the experimental findings presented here and in otheY. SUMMARY
studies3-1518

A A-doublet nonequilibrium in favor of thE(A") state
was observed in this work, indicating that the unpaipeel
lobe of OH lies preferentially in the plane of rotatioff
This alignment is expected when the rotation of OH is in
duced by the recoil impulse and thg C—O-H bending
mode in HCOOH because the unpaired72 orbital in the
OH fragment is associated with the C—O bonding ortit4l.
The orientation of the 7 lobe can be expressed in terms of
the parameter\ =(cog ¢—sir? ¢), where ¢ indicates the
angle between the favored plane of rotation and phe
orbital 33" Given thelI(A’)/TI(A") ratio, the anglep, be-
tween the plane of rotation and unpairpa lobe can be

¢r 38° 34° 26° 21° 24° 32° 35° 27° 36°

In this study the 212.8-nm photodissociation dynamics
of HCOOH was investigated using DFWM spectroscopy.
The phase-conjugate configuration, in which the linearly-
polarized photolysis light intersects the incident beams at a
“right angle, was used to obtain background-free rotational
spectra of the nascent OM{II). Both scalar and vector
properties of the fragments were extracted from these spec-
tra. The OH rotational energy distribution was well charac-
terized by a Boltzmann rotational temperaturd gf~ 716 K
(corresponding to the average rotational energy EGff
~498 cm1). No vibrational excitation of OH was ob-
served. The observation of &-doublet nonequilibrium in
favor of thell(A') state indicates that the zero point vibra-

4,37
deduced: tional energy of thevs; C—O—Hbending mode in the parent
A )y coR(d' —dyn) molecule and the recoil impulse are responsible for the rota-
= —, (100  tional excitation of OH. The nonstatistical population over
(A" )N COS(¢" =y ) two spin—orbit statesK; /F,>1) implies that no interaction
with nearby triplet stai@) occurs during dissociation.
¢'=cos 1\i+A, (1) y P © J
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