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The photodissociation of HONOs at 193 nm has been investigated by photofragment translational spectroscopy. Two compet- 
ing primary dissociation processes were found: (1) HONOs+OH+NOs (60%) and (2) HON02-+HONO+O(1D) (PO%). The 
translational energy distribution of reaction ( 1) shows two components which correspond to the formation of stable and unstable 
(hot ) NO* photofragments with a ratio of 1: 2. The decay of hot NOs produces the secondary fragments NC+ 0( ‘P). The recoil 
anisotropy parameters associated with the respective dissociation processes /I( 1) = -0.6 f 0.1 andj?(.2) = +0.6 If: 0.2 are consis- 
tent with an electronic transition dipole moment c of the excitation which is oriented parallel to the line connecting the two 
terminal 0 atoms in the parent molecule. 

1. Introduction 

The photodissociation of nitric acid HONOz has 
received considerable attention mainly because of its 
atmospheric relevance [ 1,2], but also due to fun- 
damental interest in the reaction dynamics of small 
molecules. For short reviews the reader is referred to 
the introductory sections of recent articles by Tur- 
nipseed et al. [ 3 ] and by Schiffmann et al. [ 41. It is 
now well established [ 3,4] that photolysis of HONOz 
in the first absorption band centered near 260 nm 
proceeds according to the reaction 

HONO +hv-+OH+NOz , (1) 

which has a dissociation energy 06’) =47.6 kcal/mol 
[ 5 1. Characterization of this process was achieved 
by probing the nascent OH fragments with state-of- 
the-art laser spectroscopic techniques [ 6,7 1. 

At shorter wavelength the absorption spectrum of 
HONO* shows a very strong band with a maximum 
at Ix 185 nm and an absorption cross section 
or85 z 2 X lo-” cm* [ 81. Using the laser-induced 
fluorescence technique Wolfium and co-workers [ 9 ] 
have probed the energy distribution of the OH frag- 
ments formed upon photolysis at 193 nm and found 
no detectable vibrational and only little rotational 
excitation. In addition to reaction ( 1 ), photolysis in 

this strong absorption band involves a further dis- 
sociation channel, the identity and relative impor- 
tance of which has still to be investigated. Turnip 
seed et al. [ 3 ] have measured the quantum yields for 
theformationofOH(X),0(3P),0(1D)andH(2S) 
following irradiation at 248, 222 and 193 nm. For 
the latter wavelength they reported an OH produc- 
tion with a quantum yield @(OH) =0.33 & 0.06. On 
the other hand, the quantum yield of 0 atom for- 
mation was found to be as high as 0.8 1 f 0.13, a re- 
sult which was rationalized by the occurrence of two 
processes, namely 

HONOz +hv+HONO+O(‘D) , (2) 

with D&*)= 117 kcal/mol [ 5 ] and, to a lesser extent, 
the secondary dissociation of hot NO2 formed in re- 
action ( 1): 

N02-+NO+O(3P). (3) 

Another primary dissociation channel which leads to 
H+N03 was found to be of marginal importance at 
193 nm. Further support for reaction (2) was pro- 
vided by Stuhl and co-workers [ lo], who observed 
in a pump-probe experiment a transient species 
which they attributed to HONO after careful con- 
sideration of all reasonable candidates. More re- 
cently, Nesbitt and co-workers have determined 
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@(OH) using flash kinetic spectroscopy with a tun- 
able infrared laser [ 41. Upon photolysis at 193 nm 
they found $( OH) =0.47 f 0.06, which again directs 
attention to the presence of a decay channel other 
than reaction ( 1). However, a direct identification 
of this dissociation pathway is still lacking and, fur- 
thermore, very little is known about the partitioning 
of the excess energy among the degrees of freedom 
of the photofragments. 

We have recently completed a detailed investiga- 
tion on the photodissociation of methyl nitrate 
( CH30N02), the methyl ester of nitric acid [ 111. 
Using photofragment translational spectroscopy 
(PTS) [ 12,13 ] we have established the presence of 
the reactions analogous to ( 1) and (2). In addition, 
we have characterized the energy disposal and the 
branching ratio of these reactions and observed the 
occurrence of secondary dissociation processes. The 
findings on methyl nitrate [ 111 motivated and sup- 
ported our investigation of HON02, the results of 
which are reported in this Letter. 

2. Experiment 

A description of our high-resolution photofrag- 
ment translational spectrometer has been given else- 
where [ 141. A pulsed molecular beam of HONO 
seeded in helium was generated with a specially de- 
signed corrosion resistant valve driven by a piezo- 
electric translator [ 151. Fuming nitric acid with a 
purity > 99.5% (Merck) was degassed to remove air 
and traces of NOz. A gas mixture of 8% was then 
formed by flowing He carrier gas with a stagnation 
pressure of 225 mbar through a liquid sample of 
HONO* cooled in an ice bath. The molecular beam 
velocity distribution f(u) = Cexp [ - (v- ~~)~/a*] 
was determined by the laser-induced hole burning 
method [ 16 ] which yielded a most probable velocity 
uo= 1200 m/s and a width parameter (r=90 m/s. 

The photolysis at 193.3 nm was performed with an 
ArF excimer laser (lambda Physik EMG 10 1 MSC) 
which was mildly focused at the intersection with the 
molecular beam. Measurements with the unpolar- 
ized laser were carried out with a fluence of 500 mJ/ 
cm2 or 50 mJ/cm*, henceforth denoted as “high” and 
“low” power conditions, respectively. The photo- 
fragment recoil anisotropy [ 12,17 ] was obtained with 
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a linearly polarized photolysis laser (polarization 
degree 92%). All the time-of-flight (TOF) distri- 
butions have been corrected for the transit time of 
the ions through the mass filter. 

3. Results and analysis 

Photofragment TOF signals were detected with the 
mass filter settings m/e= 16, 17, 30 and 46. The 
interpretation was complicated by the highly effi- 
cient fragmentation of HONO and NO2 in the elec- 
tron bombardment ionizer and by the presence of 
products from secondary dissociation processes. To 
overcome these difficulties we proceeded as follows. 
Reaction ( 1) is known to occur and thus will cer- 
tainly contribute to the signals at m/e= 17 (OH+) 
and m/e=46 (NO;), but also at m/e=30 (NO+ 
from fragmentation of NO*). Reaction (2) is ex- 
pected to occur and should be manifested by a signal 
at m/e= 16 (O+ ) and, although not very likely, at 
m/e=47 (HONO+), since HONO is known [ 181 
to break down to form the daughter ions NO+ and 
OH+, as well as some NO;. However, since the re- 
coil velocities fo the members of each photofragment 
pair are strictly correlated through the conservation 
of linear momentum, the OH+ signals stemming 
from OH and HONO can be distinguished by taking 
into account the “momentum-matched” signals of 
their partner fragments NO2 and 0, respectively. The 
total translational energy distributions P(E,) in the 
center-of-mass (c.m.) frame of the fragment pairs 
were then obtained iteratively with a forward con- 
volution method [ 191. 

Neglecting the small residual internal energy of the 
parent molecules in the supersonic beam, the energy 
balance of the primary photodissociation process 
(i= 1, 2) is given by 

E,,,=hv-D6”=ET+EA+EB, (4) 

where h v = 148 kcal/mol is the photon energy at 193 
nm, 06’) is the dissociation energy of reaction (i) 
and EaV, is the available energy which is partitioned 
between the translational energy ET and the internal 
energies EA and EB of the two fragments A and B. 
The dissociation energies of reactions ( 1) and (2) 
are 06’) ~47.6 kcal/mol [5] and Oh*) = 117 kcal/ 
mol [ 51, respectively, assuming that reaction (2) 
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produces singlet oxygen atoms 0( ‘D) (see section 

4). 
The TOF spectrum recorded at m/e= 17 (OH+) 

with the laboratory scattering angle @= 2 lo and us- 
ing the photolysis laser at low power is displayed in 
fig. la. It consists of two main signals with flight times 
of w 100 and x 240 ps, respectively. The earlier peak 
is split into two components labelled A and B; they 
are somewhat better resolved at p= 42” shown in 
fig. lb. As will discussed below, the signals A and B 
can both be assigned to the OH fragments from re- 
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flight time (ps) 
Fig. 1. TOF distributions measured at m/e=17 (OH+) with 
8~ 2 lo (a) and 42” (b) , following photodissociation of HONO 
at 193 nm. Circles denote the experimental data and the solid 
line represents the best tit calculated with the P(&) shown in 
tig. 2b (peaks A and B, OH +NO1 channel) and tig. 2a (peak C, 
HONO+O channel). The insert in the lower panel shows the 
planar equilibrium structure of the parent molecule in the elec- 
tronic ground state. 

0 lo 20 30 
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Fig. 2. Center-of-mass translational energy distribution P(&) of 
the fragments from the photodissociation of HONO at 193 nm, 
(a)HONO+O(‘D)channel,correapondingtopeakCoftheTOF 
distributions in figs. 1 and 3. (b) 0H+N02 channel, corre- 
sponding to peaks A and B of the TOF distributions in fig. 1. The 
arrow marks the threshold energy for secondary dissociation of 
NO2 which is accessible if the translational energy of the 
OH +NOx fragment pair is smaller than EF = 28.5 kcal/mol 
(see text). 

action ( 1) while the broad peak labelled C is attrib- 
uted to HONO formed in (2). With this assignment 
we obtained the best-fitting P(&) displayed in fig. 
2; the corresponding fits of the TOF signals are shown 
as thick solid lines in figs. 1 a and 1 b. When the laser 
fluence was increased from 50 to 500 mJ/cm2, the 
shape of the TOF signal at m/e= 17 remained es- 
sentially unchanged, but the intensity of peak C with 
respect to A and B decreased by about 10%. This ef- 
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m/e = 16 
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Fig.3.TOFdistributionsmeasuredat (a)m/e=46 (NO,+), (b)m/e=30(NO+),and(c)m/e=16(0+)with8=21”.Thesolidlines 
in (a) and (b) were calculated with P(&) of components A (stable NOr fragments) and C (HONO fragments) given in fig. 2, but 
without the component B (unstable NO2 fragments). The solid line in (c) is the TOF spectrum of the 0 atoms from reaction (2) and 
was calculated with the P(E,) given in fg 2a. Note that the TOF spectrum (a) was obtained with a reduced molecular beam velocity 
(1080 instead of 1200 m/s). 

feet is consistent with the expectation that at higher 
laser power the secondary photodissociation of 
HONO becomes important. 

Fig. 3a shows the TOF distribution at m/e=46 
(NO;) with 8=21”. The narrow peak at k: 160 us 
is in good agreement with the signal calculated for 
component A of reaction ( 1) (see fig. 2b) and is 
therefore assigned to stable NOz product. However, 
no feature which would correspond to peak B in fig. 
2b is observed at m/e=46. Considering the fact that 
any NO2 produced with an internal energy exceeding 
Ej&& ~06~) = 7 1.8 kcal/mol [ 201 will rapidly de- 

cay, and taking into account that the OH fragments 
from reaction ( 1) possess little internal energy [ 9 1, 
we find from the energy balance (4) that NOz with 
a translational energy of the fragment pair smaller 
than ~28 kcal/mol is unstable. (EF=*=hv- 
06” -Dh3’ = 148-47.6-71.8=28.6 kcal/mol). 
This threshold value in conjunction with the P(ET) 
of fig. 2b strongly indicates that peak B is due to the 
formation of OH fragments with an unstable NOz 
partner. Since the broad signal C at longer flight times 
in fig. 3a is also observed at m/e= 17 and 30, and 
since a corresponding signal of the oxygen atom is 
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found at m/e= 16 (see below), we assigned peak C 
to HONO formed in (2 ). Note however, that this 
signal also contains a small contribution from the 
products of the photodissociation of residual HONO 
clusters which are inevitably present in the super- 
sonic molecular beam. 

The TOF spectrum at m/e=30 (NO+) with 
8= 2 lo is exhibited in fig. 3b. The central portion of 
the peak at x 140 us stems from stable NO2 frag- 
ments, as shown by the solid curve A which was cal- 
culated with the P(&) pertaining to stable NOz 
(component A of fig. 2b). Secondary dissociation 
(3 ) of unstable NO1 generates NO fragments which 
give rise to a broadening of the TOF peak. Because 
the slow and intense feature in fig. 3b is well repro- 
duced by the signal calculated for reaction (2 ), it is 
identified as NO+ from HONO cracked in the de- 
tector. A further small signal at = 100 us was found 
to be strongly enhanced at higher excitation laser 
power and was therefore attributed to NO from the 
photoinduced secondary dissociation of NOz and 
HONO. 

The reaction scheme including ( 1 ), (2) and (3) 
outlined so far is further supported by the TOF dis- 
tribution measured at m/e= 16 (O+ ) and shown in 
tig. 3c. The strong peak near 140 ps is due to oxygen 
atoms formed in reaction (2)) whereas the broader 
signal with a maximum at z 230 ps originates from 
the secondary 0 atoms produced in the decay of un- 
stable NOz. A part of this broad signal might also 
arise from O+ daughter ions of the HONO product. 
Finally, a power-dependent feature observed at early 
flight times in the TOF spectrum of fig. 3c is very 
probably the effect of 0 atoms formed via secondary 
photodissociation of NO*. 

The angular distribution of the photofragments in 
the c.m. frame is given by w(8)al+/lP~(cos0), 
where P2 is the second-order Legendre polynomial 
and 8 is the angle between the electric vector of the 
laser light and the c.m. fragment recoil direction 
[ 17 1. The anisotropy parameters /I of the different 
dissociation processes and associated with the sig- 
nals, A, B and C were derived from the relative in- 
tensities of the TOF signals measured at m/e= 17 
with 8~21” and the laser polarization an- 
‘gles 4= -2O”, 25”, 70” and 115”. We obtained 
B(A) =B(B) = -0.6kO.l andB(C)=+0.6+0.2. 

Having established the P(&) distributions and 

the /I parameters we are in the position to assess the 
relative importance of the primary dissociation 
channels. If the ionization cross sections and the mass 
spectra of HONO and OH are known, the integrated 
signal intensities of the three components in the TOF 
distribution measured at m le= 17 can be used to ex- 
tract the branching ratio for the formation of these 
species according to the procedure described by 
Krajnovich et al. [ 2 11. The ionization cross sections 
of HONO and OH were estimated from the rela- 
tionship [ 22 ] Oion= 36 X (Y”’ - 18, where aion is the 
maximum ionization cross section (in units of A*) 
which is expected to be approached with the electron 
energy of = 100 eV used in our experiments. The 
molecular polarizability (Y [A31 is approximated by 
the sum of the atomic polarizabilities found in the 
literature [ 23 1. The ion cracking pattern of HONO 
was measured from the signal intensities of peak C 
at m/e= 17,30 and 46, whereas for the OH fragment 
we expect no significant cracking. Based on these data 
we obtained the correction factors which, applied to 
the weighting factors derived from the TOF simu- 
lations, yielded the relative photodissociation yields 
for reactions (1) and (2) of 0.6+0.1 an 0.4f0.1, 
respectively. Furthermore, in the case of reaction ( 1) , 
the branching ratio between the two decay modes 
giving rise to peaks A and B is roughly 1: 2 as esti- 
mated directly from the integrals of the correspond- 
ing P(&) peaks shown in fig. 2b. 

4. Discussion 

Using the PTS method we have investigated the 
photodissociation of HONO excited at 193 nm in 
a cold molecular beam. While the occurrence of re- 
action (2) as a process competing with reaction ( 1) 
has previously been proposed on the basis of indirect 
evidence [ 3,4,10], we have now been able to deter- 
mine the recoil distributions of all the four primary 
product species formed in ( 1) and (2). From these 
data we have obtained an independent estimate of 
the branching ratio between reactions ( 1) and (2)) 
have gained additional information on the dissocia- 
tion dynamics of HONO and, finally, have ob- 
served the existence of the secondary dissociation 
(3). 

The relative yields of reactions ( 1) and (2) were 
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determined to be & = 0.6 f 0.1 and & = 0.4 * 0.1, re- 
spectively, with no evidence for other primary dis- 
sociation channels. Since fluorescence from the ex- 
cited continuum of HONO is negligible [ 24 1, our 
relative yields should be directly comparable with the 
results of the photochemical quantum yield mea- 
surements. The value 4, = 0.6 is in reasonable agree- 
ment with the most recent one reported by Schiff- 
maim et al. [4], who determined #(OH)=0.47 
f 0.06. Furthermore, we found the relative yields of 
O( ‘D) atom formation via reaction (2) and of 
O(3P) from the secondary dissociation of unstable 
NOz (component B of reaction 1) to be 0.4 each, 
which have to be compared with #(O( ID) ) = 
0.28f0.13 and @(O(3P))=0.53~0.13 determined 
by Turnipseed et al. [ 3 1. 

In the case of reaction ( 1 ), an interesting new re- 
sult emerges from our measurements of the trans- 
lational energy release which reveals a bimodal P(E,) 
distribution (see fig. 2b) strongly indicating the ex- 
istence of two distinct pathways A and B for reaction 
( 1). Channel A produces OH+NOz pairs with an 
average kinetic energy of 38 kcal/mol which, ac- 
cording to the energy balance (4)) corresponds to an 
average internal energy of 62 kcal/mol. The OH 
fragment is known to carry very little internal energy 
[ 91, but even if all the internal energy were chan- 
neled into the NOz product it would not be sufficient 
to overcome the barrier for unimolecular decay. 
Consequently, the NO1 fragments formed in decay 
mode A should be stable and, indeed, we detected 
(undissociated) NOz at its parent ion mass m/e= 46 
(see fig. 3a). In contrast, channel B produces slower 
fragment pairs with an average internal energy of 84 
kcal/mol so that the NO2 fragments are expected to 
be unstable. This is confirmed by the fact that peak 
B, due to OH and NO* fragments, was observed at 
m/e= 17 (OH fragment, fig. 1) but not at m/e=46 
(NO2 fragment, fig. 3a). Obviously, the secondary 
decay of NO2 accounts for the relatively large yield 
of 0 (3P) atoms reported by Turnipseed et al. [ 3 1. 

The nature of the two decay channels of ( 1) is not 
clear at present, but it is interesting to note that two 
distinct pathways for the formation of NOz have also 
been found in the case of the photodissociation of 
nitromethane (CH,N02) [ 251 and methyl nitrate 
( CH30N02) [ 111. Bai and Segal [ 261 have carried 
out calculations for the potential energy surfaces of 
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the four lowest singlet states of HON02. According 
to their results the photolysis at 193 nm accesses the 
third excited state Sj (2 l A’) which is correlated with 
the fragment species OH(X) +N02(82B,) while the 
formation of ground state NO2 (x ‘Ai ) requires in- 
ternal conversion to one of the lower lying states 
S,( 1 ‘A”) or S,( 1 lA’). Since Suto and Lee [27] have 
determined the fluorescence quantum yield of elec- 
tronically excited NO2 photoproducts to be <OS%, 
we have to conclude that the stable NO2 product 
formed in pathway A is in the electronic ground state. 
For the competing and predominant pathway B, the 
formation of electronically excited NO2 (B 2B, ) is 
conceivable (and consistent with the correlation 
[ 261) but experimental evidence for such a species 
could not be provided because of the highly efficient 
unimolecular decay of N02. Therefore, we cannot 
rule out that both decay mechanisms A and B pro- 
ceed indirectly via internal conversion to a lower 
electronic state. This possibility is consistent with the 
relatively low average kinetic energy release ob- 
served for both decay modes (38% and 16W of E,,,, 
respectively) and by our anisotropy measurements 
(see below). 

The high efficiency of reaction (2) is remarkable 
in view of the large dissociation energy, 06”) = 117 
kcal/mol as opposed to 06’) ~47.6 kcal/mol for re- 
action ( 1). The analogous behaviour was found in 
the case of the photodissociation of methyl nitrate 
[ 111, which appears to be a consequence of a lo- 
calized photoexcitation of the nitro group in these 
two systems. While our detector does not allow us to 
distinguish between the ID and 3P states of the 0 
atom, the following argument provides good evi- 
dence that reaction (2) forms the oxygen atoms pre- 
dominantly in the singlet state. The translational en- 
ergy distribution ranges from 0 to w 20 kcal/mol with 
an average of 8 kcal/mol (see fig. 2a). For a given 
electronic state of the 0 atom, P(E,) directly re- 
flects the internal energy distribution fo the HONO 
fragments since, according to the energy balance (4), 

&ONO=&VI- ET. If the oxygen atom were formed 
in the ground state 0( 3P), the available energy 
E avl = 76 kcal/mol would imply EHoNo to be between 
56 and 76 kcal/mol, i.e. all the HONO fragments 
formed with partner 0 (3P) would have an internal 
energy well above the dissociation threshold D,,( HO- 
NO) ~48 kcal/mol [ 51. However, since the P(E,) 
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of reaction (2) was obtained from the TOF spectra 
of undissociated HONO fragments, we conclude that 
the oxygen atoms are created in a spin-allowed pro- 
cess yielding the excited electronic state ‘D. 

Finally, we address the anisotropy of reactions ( 1) 
and (2). The transition dipole moment ,u of the 
S3 (2 ‘A’) cSO ( 1 ‘A’) excitation lies in the molecular 
plane of HON02. Within CZV symmetry obtained by 
treating the OH group as a pseudo-atom, the S3 state 
has *B2 symmetry and p is thus parallel to the line 
connecting the two terminal 0 atoms (see insert of 
fig. 1 b). The measured /I parameters are fully con- 
sistent with this orientation. For reaction ( 1) the re- 
coil direction is approximately perpendicular to p 
and, consequently, /3(A) and j?(B) should be close 
to - 1 in the limit of prompt dissociation [28]. In 
reaction (2), on the other hand, the oxygen atom is 
expelled approximately along the direction of the 
breaking N-O bond which implies a positive /3 value, 
as is indeed observed. Furthermore, the calculated 
geometry of the S3 state [26] predicts the angle be- 
tween recoil direction and transition moment to be 
z 34”) from which a limiting value [ 28 ] of jl( C) k: 2 
P2( cos 34” ) = 1.1 is derived. The fact that the mag- 
nitudes of measured anisotropy parameters, 

B(A)=B(B)= -0.6 and /3(C) = +0.6 are roughly 
half the respective limiting values is probably due to 
the lifetime of the excited state [ 281 and would, 
therefore, be consistent with an indirect (predisso- 
ciation) mechanism. 
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