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Distributions of rovibrational states of secondary product NO X 211
from photodissociation of nitric acid at 193 nm

Gen-Hou Leu and I-Chia Chen?®
Department of Chemistry, National Tsing Hua University, Hsinchu, Taiwan 30043, Republic of China

(Received 27 May 1997; accepted 1 August 1997

The distributions of vibrational, rotational, spin—orbit and lambda—doublet states of hascent NO are
obtained using thé 23 —X 2II transition via the technique of laser-induced fluorescence. NO is
produced mainly from secondary dissociation of fragment, If@m nitric acid after photolysis at

193 nm. According to the measured distribution the partition of energy irXN is calculated to

be ~840 cnit in vibration and~1410 cm! in rotation. The spin—orbit statéll,, of NO is
populated about twice of that ifil, for the vibrational levelsy=0, 1, and 2. The measured
populations of vibrational states=0, 1, and 2 are 0.75, 0.19, and 0.07, respectively; these
populations agree with results calculated with the statistical model, prior theory. The distributions of
rotational states of NOX 2I1 for these three vibrational levels have single maxima of Gaussian
shape. The experimental data indicate that although, N@duced photochemically from nitric
acid, was proposed to be in an electronically excited state, the state distributions of NO from
unstable N@ agree with those from NQexcited with monochromatic light in the UV-vis range
after averaging for a broad distribution of internal energy. In the UV-vis range of excitation the NO
fragment dissociates from the ground electronic surface of. N\@nce, this unknown electronic
state of NQ is expected to be coupled to the ground electronic surface then leading to dissociation.
© 1997 American Institute of Physids$0021-96007)00642-9

I. INTRODUCTION a second photon at 193 nm to tBe?> " state. These pho-
toproducts NQ and HONO from nitric acid photolyzed in

OH radicals in the stratosphere. Nitric acid also plays as éhe UV range play |rn'po'rtant roles in the ozone cycle in th?
reservoir for NQ in the atmosphere. Turnipseetial® have atm_os.phere; hen_ce itis !m_portf_;mt to understand the photodis-
measured the quantum yield for the formation of OH usingSOciation dynamics of nitric acid. o
laser-induced fluorescen@elF) to be 0.330.06. Schiffman Previously in this laboratory we found OH from nitric
et al2 used direct infrared absorption to detect OH and foundgcid photolyzed at 193 nm to possess only 3% of available
a quantum yield equal to 0.470.06. Feldeet al® measured ~energy distributed to internal degrees of freedom of the OH
photofragment translational spectra of nitric acid and foundragment. The translational energies of OH and,Nide es-
the OH yield to be 0.6. Myeret al* used similar technique timated from Doppler widths of OH and momentum conser-
with a different method to determine the OH yield and ob-vation to be 2330 and 860 crh respectively, and 87.8% of
tained 0.330.04 for formation of NQ and OH, in agree- the excess energy attributed to the internal energy of. NI©
ment with the value of Turnipseet al.* In addition, Myers  order to have so much energy and from the estimated distri-
etal’ reported yields 0.53 for singlet channel HONO pytion of internal energy, Ngis expected to be formed in an
(X 'A")+O('D) and 0.13 for triplet channel HONO electronically excited state. Bai and S€gaiggested that the
(@ °A")+O(°P). Conclusively, one third of the product NO, 2B, state(2B, shown in their paper which is incorrégt
channels of nitric acid at 193 nm photolysis forms OH and;g orrelated to nitric acid 7', accessed by a 193 nm pho-
NO,. Felderetal® and Myerset al* found NO, formed ton. Furthermore, Myeret al? assigned stable NOpro-
from two pathways; one resulted in a stable electronic stat® \ced on photolysis of nitric acid to be in tAB, state and
whereas the other, about 69% of fragment JNB unstable, . . .

unstable N@to be in an unknown excited state lying above.

undergoing secondary dissociation to MO. Dissociation . . :
to form NO, and OH requires energy,~47.6 kcal mol .5 Hence both experimental results and theoretical calculations
0 ' ' indicate that NQ produced from nitric acid is in an elec-

Hence, the fragment NCcan have energy that exceeds the - ) ) o
dissociation energy, 25 132 cthto produce NG-O.8 Yeh tronically excited state. Because the strong vibronic interac-
etal’ observed emission of NO in the transition tion between théB, and the ground electronic stafd,

D 25" —A 25" in time-resolved Fourier-transform spectra; NO; initially formed in the?B, state would undergo relax-
they concluded that NO formed in the first vibrationally ex- ation in a subpicosecond time scale to vibrationally excited
cited state is a secondary fragment from N@oduced from  states in the ground electronic surface with mainly electronic
nitric acid photolyzed at 193 nm. The product NO absorbed:haracter ofA; .

The dissociation dynamics of NCare investigated by

0-33 \/ici ;
3Author to whom all correspondence should be addressed; E-mail addres§rany research. grouﬁé‘ Visible absorptlon SPeCtra of
icchen@faculty.nthu.edu.tw NO, are complicated because of strong interactions among

Solar photolysis of nitric acid is an important source of
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the lowest electronic states. When an N@olecule, pre- P T 7 s
pared in a supersonic jet, is excited to exceed the dissociatiorg; Ontl S 228
threshold of formation of N@ O with a monoenergetic light, =
the rotational state distributions of NO fluctuate, but, on av- >
erage, follow a statistical behavitt*® In this work, nitric g
acid was photolyzed at 193 nm, and the state distributions of ®
nascent NO were measured using LIF on #é3 " —X 2I1
transition. Statistical models such as the prior théoand
separated statistical ensembl&SEs® are used to fit the
experimental data. Internal state distributions of NGTI
produced photochemically from nitric acid and from pho-
tolysis of NQ, directly in jet-cooled and thermalized condi-

tions are compared. . . . L . ) . ! .
245 2452 2454 2456 24538 246

Il. EXPERIMENT wavelength /nm

Fuming nitric acid with a purity greater than 99.5% F|(23.+1. 2Part of quor_e‘scence excitation spe_ctrun_1 _of nas_cgnt NO
(Merck), after degassing, flowed continuously through a gaé‘:t 1293—n>r<n 11, (0,2 transition produced on photodissociation of nitric acid
cell at a pressure 20—30 mTorr and was photolyzed with an
ArF excimer lasefLambda Physik, Compex 1D@at a wave-
length 193 nm. The produced secondary photofragment NQjbrational levels of NOX 2II were obtained on recording a
was probed with LIF on the transitioA 2% *—X ?II. The  |ong spectrum including parts of these two bands. Scans
probe beam is from a dye lasérambda Physik, LPD3002  made on separate days were averaged to give the intensity
pumped with an XeCl excimefLambda Physik, LPX220  ratios to determine the vibrational population of NO. Only
after frequency doubling in a BBO crystal. The probe pulsesthe transitions from high rotational stateswf 0 were used
at a repetition rate 10 Hz, were collinear and delayedn determining the vibrational population of=0.
~50-150 ns after the photolysis pulses. The energy of the
probe pulses was kept below gJ/pulse (spot size 3
mm diam to avoid saturation in exciting th& 23" —X 21 lll. RESULTS AND MODEL CALCULATIONS
transition. We ensured a single-photon process by checking A portion of the fluorescence spectrum and assignments
the intensity ratio of the weak satellite peaks to that of thefor nascent NO in theA 23 —X 2II (0,2) transition are
main branches of NO to be small. Only 50— 1@®0/cnf per  shown in Fig. 1. The NOX 2II state has two spin—orbit
pulse of an ArF excimer laser was used to photolyze nitricstates®I1,,, and 2I1,,; each of them has two lambda—
acid to avoid multiphoton processes occurring in dissociatiordoublet components. These components can be selectively
of nitric acid. The power range of 10—2@Q)/cn? per pulse  detected on choosing different branches of transitions. In NO
of 193 nm light was checked and found to be in the linearA 23+ — X 2II, there are in total twelve branches. Limited
region of the LIF intensity of NO vs photolysis power. The by the experimental resolution, only eight branches are re-
total fluorescence of the excited NO was collected with asolved; theQ,4, branch overlaps with thE,; branch and,,
photomultiplier(PMT, Hamamatsu R212UtHhfter an inter-  with R;,. These overlapped branches are from the same
ference filter[Corion (239 12) nm], mounted perpendicu- lower state but to upper states that are spin components, only
larly to both laser beams. The signal from the PMT was senslightly split. The spectral intensities of transitions were di-
to a gated integrator, to an analog-to-digital ADC convertewided by their Hml—London factor® to obtain the relative
via a GPIB interface then to a personal computer for dataotational populations. All observed branches were analyzed
processing. to obtain the relative population of the NO states for the

Thermalized NO remaining in the gas cell interferedvarious lambda—doublet and spin—orbit states. Figure 2
with detection of nascent NO in the vibrational ground state shows a distribution of relative population of rotational states
Hence, during the scan we recorded a spectrum by alternadf v=1 obtained from eight branches of tf&1) band. The
ing the probe pulses 100 ns before and after the photolysigsopulation of theA” component ofIl,,, is determined from
pulses; from each data point was subtracted the backgrourite spectral intensity of4,+ P»; andR,; and theA’ com-
signal from NO taken before the photolysis pulses then avponent fromP;; and R;;+Q5;, and analogously thé”
eraged over 60 laser shots. After application of the subtraccomponent ofIl, from Q,,+R;, and P;, and A’ from
tion, the uncertainty of spectral intensity fdr<15.5 is too  P,,+Q4, andR,,. The populations obtained from separate
large to be included in the data. Spectra of NObranches are approximately equal within the experimental
A23*-X 21 (0,0, (0,1), and (0,2) bands were recorded error for the same spin—orbit state except for the2 level.
and the intensity was normalized for fluctuations of bothThe obtained populations for the same rotational state are
photolysis and probe pulses detected with photodiodesaveraged, and displayed in Fig. 3 for NO?II v=0, 1, and
About 30-50 laser shots were averaged for each data poiri2. states. The populations fd15.5,v=0 are not shown in
The ratios of spectral intensity between transitions from twahe plot because of a large experimental uncertainty arising
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FIG. 2. Distributions of population of rotational states of nascentXNéil
v=1 obtained from various branches corrected for the rotational line
strength.

from background NO remaining in the gas cell. For the mea-
sured vibrational states, the population?®f,, is approxi-
mately twice of?I15,, shown in Fig. 4, althougRII,, is
only 120 cm ! lower in energy. These ratids-1.9 on aver-
age seem to be invariant with rotational quantum number.
The maximal populations for the three vibrational levels are
aboutJ=20.5—-25.5. The/=2 state has a smaller maximum
J value~42.5 than the other vibrational states limited by the
available energy, shown in Fig. 3. Fer=2 state the ob-
served population of thA" exceeds slightly than that of the
A" state but not for the other vibrational states. All rotational
distributions of these three vibrational levels show a non-
Boltzmann behaviofFig. 5 and can be fitted with Gaussian
functions(Fig. 3).

The population ratios among vibrational states were ob-
tained on comparing the spectral intensities of transitions for
various vibronic bands corrected for the Franck—Condon
factors®® oscillator strengths, frequency factors, and
weighted for the rotational population for that vibrational
level. Because all three levels were obtained on exciting to
the same upper level, there is no need to correct the spectral
response of the detector and optical filters. In Table | we list
experimental measurements for vibrational populations of
NO X 2II. Vibrational levels up tov=2 were observed.
Most NO produced was formed in the vibrational ground
state,~75%. From the distributions of product states, the
energy distributed in average to vibration of NO~840 and
~1410 cm't in rotation.

In previous work of photodissociation of HN@t wave-
length 193 nnf the distribution of internal energy NGvas
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. . . FIG. 3. Distributions of rotational states of nascent productXé1l,,, and
estimated from the Doppler quths of product OH transitions, 211, (@) v=2 (b) v=1, and(c) v—0 levels for lambda—doublet Statas
and from assuming conservation of momentum. In the samge) and A” () of 211, and A’ (x) and A" (A) of 2Il,. The best-it

work, OH was formed in only the ground vibrational state Gaussian functions for these distributions are displayed in solid line.
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LI L B L L B BB L B B L LB B TABLE I. Comparison of vibrational populations of NX0 I1 from experi-
3l v=0(@) | mental data and results calculated with prior and SSE models.
v=1(e)
v=2(a) - Prior SSE
B - Vibrational level
o .“ NO X 2TT Experimental (1) 2 ) 2
S s A % 5.
i TR SR WA 0 0.75 071 077 056 061
W . Sops ®ieee L0 @ :ﬁ * oo0n o 1 0.19 0.21 0.19 0.26 0.28
l:? . a R . 2 0.07 0.07 0.04 0.12 0.10
— I "o L ] 3 ~0 002 001 005 0.02
=]
1+ _ 1) and(2) using the internal state distribution of N@om curve(—) and
(e000) in Fig. 6, respectively.
O P T T TN TR TN NN WD N N T N T T N T T O A Y T S O Y
0 10 20 30 40 50 other assumption, that the velocity of the OH fragment is
J—05 isotropic, was made. However, within the experimental un-

_ _ _ certainties, the distributions from these two methods agree
FIG. 4. Population ratio of NOX ?I1,,,/X 1y, as a function of NO rota-  \vith each other. shown in Fig. 6. Nevertheless, the second
tional quantum number for three vibrational levels. . ] !
method is a direct measurement of the translational energy;
presumably, the distribution of internal energy of NQ

and with little rotational energy, indicating that much avail- expected to be more accurate. Hence, we use this distribution

able energy is expected to be distributed as internal energy (EnP 0%2|f%;TClT;?:r:SC3JﬁEI?;'gr:( aggr::rzrt}glaéitg]eArcecsé)urlctjisnfrci?
the other fragment N© The second distribution for the NO P ) 9

internal energyPyo,(Er), Was calculated from the distri- the second distribution of NQinternal energy, the internal

. . . energy is, on average, to be27 100 cm?, and the average

bution of translational energyP(E;) obtained by Myers : L ~1

4 ) available energyE,,i~3700 cni-.
etal* and the average internal energy of GHE,,(OH)
=950 cmi ! given the relationship the,(NO,)~Epn— Ep, B B .
—E,(OH)— E,. The photon energ{,,=51 810 cm* and Eavai= e >252130 o (Pno,(Eim) X (Eini—25 130 cm™)
the threshold energy of formation N®OH from nitric acid "
is Ey,=16 660 cm*. The distribution from the OH Doppler . 2
width is expected to have a large experimental uncertainty '
because the Doppler width was obtained from convolution
the spectral width of a transition with the laser width. The
line shape of the laser beam was not purely Gaussian. An-

[PNOZ(Eint)]) : @

Ejnt>25 130 cmi t

LIN S B B R B N B S N R BN NN SN SN BN R
— o v=2 i 4
.‘g B hhk. @
S r =
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E Ll 0 10000 20000 30000 40000
©
=0 internal energy of NO, /cm™

6000 8000 FIG. 6. Distributions of internal energy of fragment N®om nitric acid
photolyzed at 193 nm, obtained from subtracting the internal and transla-
tional energies of the fragment OH obtained from LIF spectrum of @H)

and translational energy of products from molecular beam experi(Rexfit

FIG. 5. Boltzmann plots of NOX 2II v»=0, 1, and 2 states rovibrational 4) (ccc0), respectively; see text. The position of the arrow shows the disso-
energy of NO. ciation threshold for formation of N®O.

0 2000 4000

rovibrational energy of NO / ¢cm ™’
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FIG. 7. Plot of experimental distribution of nascent NO’I1,, v=0, 1, FiG. 8. Plot of rotational distribution of secondary product NG11,, v
and 2 from photolysis of nitric acid at 193 nm and calculated curves dis— 3 from experimental data and according to the prior model with internal
played in solid and dashed lines with the prior model using the distributiong,nergy of NQ given below: Solid line—distribution obtained from transla-
of internal energy of N@shown in Fig. 6 ag—) and (cceo), respectively. tional energy spectroscopfshown in Fig. 6 as(cew)], dashed line—
distribution obtained from LIF spectrum of OFghown in Fig. 6 ag—)],
and dotted—dashed line—fixed available enefgy,;=6000 ni'%. The cal-

. . . L . culated curves were scaled on the ordinate axis to obtain a best fit to the
An oscillatory behavior was observed in the distribution experimental distribution.

of rotational states of NO dissociated from jet-cooled ,NO
photolyzed with monochromatic light-21272839-3Rejs|er
et al1®1” showed that, on average, these distributions of NO
rotational states agree with the calculated results using a sta-
tistical model, phase-space thedqRST); this theory is de-

scribed elsewher¥. According to this model both total N- ons because from the results of Reisrall’ the SSE
ergy and angular momentum are conserved durin

dissociation. In our experimental conditions, thermalized ni- odel agrees with experimental data better than the PST.
i P ' The SSE model assumes the vibrational adiabaticity during

tric acid has a large average rota_tion_al angular_momentun%he process of dissociation. We used a loose, bending fre-
Although OH was not produced in highly rotationally ex- quency 100 crm suggested by lonoet al22 for the transi-

mted_states, the average rotational g_ngula_r momentum %on state of the dissociation channel to form MO and the
NO, is expected to be large. In addition, given the broad

distribution of internal states of NQthe prior model is ex- frequency for stretching mode is similar to Fhat of the NO
fragment. Both calculated values and experimental data are

pected to give results similar to those of the PST. Hence, WE tad in Table I. The bending mode cannot be treated as an
used the prior theory that includes no constraint on angular !

: . . . internal rotor in which the SSE model will predict equal
momentum. In Fig. 7 we display a comparison of experimen-

tal and calculated prior distributions for three vibrational population .for t'he vibratipnal level giver! a fixed phqtoly;is

: : o . energy. This will overestimate the vibrational excitation dif-
states given internal energy distributions of N€éhown in ferent from the experimental observation
Fig. 6. For thev=0 level, the prior distribution using the '
internal energy of N@ calculated from the translational
spectroscopy agrees with the experimental data but not for
the other vibrational states. Energetically, ttve 2 state is
dissociated from N@with high internal energy. Hence, we |V. DISCUSSION
compare thev=2 distribution with the calculated distribu-
tion shown in Fig. 8 in which the calculated distribution was  Yeh et al.” discussed the production mechanism of NO
scaled on the ordinate axis to obtain a best fit to the experin the ground electronic state from nitric acid photolyzed at
mental distribution. As in the case of singlet ketenel193 nm and concluded that the main mechanism is from NO
dissociatior?’ at high available energy the prior model over- undergoing secondary dissociation. They reported that the
estimates the NO population for the states of lbwnd un- NO was produced within the pulse duration of the excimer
derestimates the population for states with highSimilar  laser ~20 ns. lonovet al?> And Miyawaki et al?® have
phenomenon is observed for the=1 distribution when measured directly the apparance of NO at the dissociation
compared with the prior distribution. The prior distributions threshold of NQ to be in the picosecond range. Combining
predict the shape of distributions of rotational states of NQall the results, the secondary dissociation rate of nitric acid is
incorrectly. expected to be fast. From the recent results of the transla-

Another statistical model, separated statistical ensemble
theory (SSB, was used to calculate the vibrational popula-

J. Chem. Phys., Vol. 107, No. 18, 8 November 1997
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TABLE Il. Summary of photodissociation work on NO

E avail Q A Preparation
(em™} v J (241?14, (A'IA") conditions Reference

1949 72.9%w =0, Oscillatory 3.4 ~1 Jet-cooled 17
27.1%v=1

1998-2061 79.5% =0, Oscillatory 3.4-3 ~1 Jet-cooled 17
20.5%v=1

2200-3038 56%—-58%=0, Oscillatory 27-24 ~1 Jet-cooled 17
44%—-42%v =1

3360 57%v =0, 44%v=1 Oscillatory Jet-cooled 31

7222 44%v =0, 28%v=1 Oscillatory 1.9 ~1 Jet-cooled 32
16%v=2, 12%v=3

7336 29%v =0, 28%v =1, Single peaked 1.3-1.9 ~1 298 K 11
18%v =2, 23%v =3,
2.5%v=4

15530 Inverted, v=0-1, 3-8 single peaked, ~1 1.6 Effusive jet 14
peaked ab =5 v=2 double peaked

This work  75%v =0, 19%v=1 v=0, 1, 2 1.9 ~1 HNO;

(0-10000 7%v=2 Gaussian shaped

tional spectroscogya minor channel of HONOg 2A”) pro-  model incorrectly predicts the shape of the rotational distri-
duction was observed. Larrieat al3® performed the quan- butions. The rotational distributions of NO from thermalized

tum chemical calculations and suggested that this excitejO, photolyzed at various wavelengths display singly
state correlates to fragment GHO without an energy bar- - maximal®**The oscillatory phenomena in the rotational

H 3AM
ner. Heg%e,bHON%&’ IA ) 'f e>:jp_ected tod_be ””Stﬁ‘bl?_% Ken- gistributions were averaged from contribution of various dis-
neret al.” observed a long-lived intermediate with a lifetime sociating NQ states. According to the same explanation the

g;%ﬂiggig;&?;:ggrmtélgi:g?oaggrl_ﬁ) g%f’; a;i?]ienm oscillatory behavior is expected to be smoothed for NO from
' ' pitric acid. At a low available energy, PST was found to

in the time scale of detection used in this work the amount o ] i e
HONO (& 3A”) dissociation is expected to be small. Two predict the averaged rotational .dlstr|but|on correctly,
photon processes like HONO absorbing another 193 nm phd¥hereas not for large excess enefgGiven the shape of the
ton will produce NO. In this work we kept the power of €xperimental rotational distributions it leads the assumption
photolysis laser low to be in the linear region to minimize thethat at energy greater than the dissociation threshold the dis-
NO production from these multiphoton processes. Venytribution of rotational states of NO is resulted from Franck—
small amount of NO may be produced via two photon pro-
cesses, but the major mechanism of NO production is from
the unstable N@

Comparison of this work with results obtained on NO
dissociation under thermalized and jet-cooled conditions is
listed in Table Il. Comparing the population ratios of
2I1,/,/%I14, obtained at various photolytic energies, as the
available energy increases this ratio decreases and reaches
two. At E,=15530m? the 2I1,,,/%I1,, ratio reaches
unity.** The production of spin—orbit states in our work was
unequal. This experimental ratfdl,;,/*I15,, ~1.9, agrees
with the results of NO from photolysis of NGt low avail-
able energy and of theoretical predictBibut shows no de-
pendence on the rotational quantum number. According to
our work, the two lambda doublet states have about equal ]
population similarly to other results except that B, C ]
—15530 ' the population raticA'/A” is 1.6 r E E E E ]

Under the cold jet conditions of NQOhe populations of (o hf a a a 1aq]
product NO in the ground vibrational level lie between 20 30 40
80%—-56% atk ,4=1949—-3360 cm™.l’ Our experimental N’
value falls within this range and agrees with those results _ o
that the energy distribution in vibrational degrees of freedonf G- 9: Stick spectra of emission of the branch of NOD *5* ~A %X "

27 . obtained previouslyRef. 6 (solid stick and simulated data using experi-
behaves Stat'Stlca|IY- However, our value agrees S“ghtly betr'nental population of rotational states of N@=1 obtained in this work
ter with the prior prediction than that of the SSE but the prior(shaded stick The simulation was done as described previousef. 7).

intensity (arb. units)
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