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Photodissociation of nitric acid and water in the vacuum 
ultraviolet; vibrational and rotational distributions of 
OH2,.!'+ 

H.Okabe 

Molecular Spectroscopy Division. National Bureau of Standards. Washington. D.C. 20234 
(Reeived 21 December 1979; accepted 26 February 1980) 

The absorption cross section~ of nitric acid have been measured in the 1100--1900 A region. The process 
HONO, I1v, OHe~) + NO, occurs below 1475 A, much shorter than the thermochemical threshold at 
2040 A. The OHC1:) fluorescence yield is less than 2%. The vibrational and rotational distributions of 
OHC1:) from HONO, photolysis at 1236 A have been measured and compared with those from H20 and 
H20, photolysis. The excess energy beyond that required to dissociate the molecule and to excite ground 
state OH to OH('1:) is converted to rotation and much less to vibration of OH('1:) in contrast with linear 
cyanogen molecules where the excess energy appears as vibration and much less as rotation of a eN 
product. The results of internal energy partitioning have been compared with calculations based on a 
simple quasidiatomic impulsive model. The deviation from the model is attributed to either a process 
involving a large change in bond angle or in bond length. The rotational distributions of OH(' 1:) at 
v' = 0 show a narrow peak at N' = 20 for H,O photolysis and a broad peak at N' = 10 for HONO, 
photolysis both at 1236 A. The extent of rotational excitation is expressed in terms of an impact 
parameter. The large impact parameter is found for H,O and H,O, photolysis while for HONO, 
photolysis the impact parameter is small. The rotational distributions of OH('1:) from H,O and H20, 
photolysis at 1236 A deviate completely from Boltzmann behavior while that from HONO, approaches 
the Boltzmann distribution. The process to yield the electronically excited NO, from HONO, photolysis 
at 1236 A is less than 0.5%. 

INTRODUCTION 

Nitric acid has recently been observed in the strato
sphere with a mixing ratio of about 5 x 10- 9 at an altitude 
of 20 km. 1,2 The photodissociation of nitric acid in the 
stratosphere may play an important role in determining 
the atmospheric ozone concentration. In this connection 
the absorption coefficients of nitric acid in the near 
ultraviolet have been measured by Johnston and Graham 3 

and by Biaume4 and in the vacuum ultraviolet, by Bed
dard et al. 5 The primary products of photodissociation 
in the near ultraviolet are found by Johnston et al. 6 to 
be OH(X 2n) and N02• • 

The production of OH(A 2~;+) and N02 is energetically 
possible below 2040 A. This work was initiated to as
sess the importance of the OH(A 2L+) production in the 
vacuum ultraviolet photolysis of HON02• The vibrational 
and rotational distributions of OH(2L+) are also obtained 
from the spectra of the OH(2L+) fluorescence produced 
in the photodissociation of HON02 and Hp by the Kr 
resonance lamp. 

Internal state distributions of photofragments in their 
ground and excited electronic states have been studied 
by many workers 7 with various techniques including 
time-of-flight distributions of photofragments, absorp
tion spectroscopy, laser induced fluorescence and fluo
rescence from photofragments. A previous work8 on the 
vibrational and rotational distributions of CN(B 2L ) 
formed from the photodissociation of linear triatomic 
cyanogen molecules is now extended to a study on in
ternal energy distributions of OH(2L) photodissociated 
from bent OH-containing molecules, namely, H20, H20 2, 

and HON02 • The vibrational and rotational distributions 
of OHfL+) observed are discussed on the basis of a 
simple quasidiatomic impulsive model and impact pa
rameters. 

Semiclassical and quantum mechanical models have 
been proposed by various workers in an effort to repro
duce the observed results. Most of the recent theories 
deal with vibrational distributions ofa diatomic photo
fragment dissociated from a linear triatomic molecule 
and only few 9,Io consider rotation and bending motion of 
the parent molecule to provide analytical expressions 
for rotational distributions of the diatomic product. 
However, the theory does not cover rotational distribu
tions of the fragment from a bent molecule. It appears 
that the same theory could be applied to small impact 
parameter photodissociation of the bent molecule. 

EXPERIMENTAL 

The absorption cross section of nitric acid was mea
sured as before" by a combination of a hydrogen lamp 
and a 1 m near normal incidence vacuum monochroma
tor. Nitric acid at the pressure range 13 to 66 Nm- 2 

(0.1 to O. 5 Torr) was introduced into a Monel cell with 
a path length of 6.95 ± 0.01 cm. The pressure was mea
sured with a calibrated pressure transducer. Because 
of the occurrence of slow degradation of nitric acid, a 
fresh sample was introduced into the cell in every 10 
min. 

The measurements were taken at 2 A intervals with a 
scanning speed of 5 A min-I. The absorption cross sec
tion, a, is defined as It=Ioz-anl, where It and 10 are the 
transmitted and incident light intensities, respectively, 
n is the number of molecules per cm 3 at room tempera
ture, and l is the path length in cm. Undispersed 
OHfL) fluorescence intensities were measured at right 
angles to the incident monochromatic beam through a 
broad band filter transmitting light of wavelengths from 
2200 to 4200 A. The scanning speed was 5 Amin- I with 
a time constant of 5 sec. The fluorescence efficiency 
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curve was constructed by plotting the fluorescence in
tensity normalized to that of incident light as a function 
of incident wavelength with a slit width of 200 Mm cor
responding to a nominal resolution of 3 A. In another 
series of experiments the OH(2~+) fluorescence was pro
duced by irradiating low pressure (0.1 to 0.2 Torr) 
flowing samples with the Kr (1165, 1236 A) resonance 
lamp. The fluorescence spectra were taken in the 
second order by means of a 0.3 m plane grating mono
chromator with a 1200 grooves mm-1 grating (blaze wave
length 5000 A) at a slit width of 80 Mm corresponding to 
a nominal resolution of 1 A. The scanning speed was 
10 Amin-1

• Anhydrous nitric acid was prepared by 
vacuum distillation from concentrated sulfuric acid and 
sodium nitrate3 and was kept at liquid nitrogen tempera
ture. 

RESULTS 

Absorption 

Figure 1 shows the absorption cross sections of nitric 
acid in the region from 1100 to 1900 A. The 1300 to 
1800 A region was measured at a slit width of 50 Mm 
corresponding to a nominal resolution of 1 A, 1100 to 
1300 A, at a resolution of 2 A and 1800 to 1900 A, at a 
resolution of 3 A. The estimated error in the 1800 to 
1900 A region is within 10% and in the region below 
1800 A, within 5%. The values at 1900 and 1850 A are 
about 20% to 30% lower than those by Johnston and 
Graham3 and by Biaume,4 while in the 1450 to 1700 A 
region values are in reasonable agreement with those by 
Beddard et al. 5 obtained with a resolution of 15 A. 
Higher absorption cross sections obtained by Beddard 
et al. below 1300 A may be ascribed to the presence of 
N02 impurities in their sample. No peaks have been 
found at 1640 and 1460 A predicted by Harris. 12 The 
absorption spectrum may be divided into several regions 
with absorption peaks at 1820, 1360, 1290, 1215, 1155, 
and 1105 A. The 1820 A absorption is very broad and 
very diffuse, followed by an absorption with the highest 
peak (a= 26. 5 x 10-18 cm 2) at 1360 A. Several diffuse 
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FIG .. 1. Absorption cross section a of nitric acid in the 1100 to 
1900 A region; pressure, 0.1 to 0.5 Torr; resolution, 3 A 
(1800 to 1900 A), 1 A (1300 to 1800 A) 2 A (1100 to 1300 A). (ll.) 

from Ref. 3; (e) from Ref. 4; (0) from Ref. 5. 
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FIG. 2. Fluorescence efficiency curve of OH('l;·) from 0.2 
Torr nitric acid in arbitrary units; fluorescence intensities 
normalized to incident intensities; resolution, 3 A; the abso
lute yield at 1236 A is O. 02. 

bands in the 1500 to 1700 A region may represent a vi
brational progression. Towards shorter wavelengths 
the absorption spectrum shows many less diffuse bands 
which may correspond to Rydberg transitions. 

Fluorescence 

Figure 2 shows the OH(2~) fluorescence curve If/Io as 
a function of incident wavelength, where If is the fluo
rescence intensity and 10 is the incident intensity. The 
fluorescence appears only below 1475 ± 2 A, and the 
yield is still very low in the 1360 A region of absorption. 
It starts to increase below 1300 A and the absolute yield 
at 1236 A is about 0.02 in comparison with that of 0.05 
for water. 13 

VIBRATIONAL AND ROTATIONAL DISTRIBUTION 
OF OH(2~+) 

Both the (1,0) and (0,0) bands of OH(2~+) are formed 
in the photodissociation of Hp and HON02 by the Kr 
(1236, 1165 A) lamp. The fluorescence intensity ratios 
at 1236 and 1165 A can be estimated from the line inten
sity ratio of about 4 of the lamp14 and the ratios of ab
sorption coefficient of about 3 and 1. 4 at these wave
lengths for H20 (Ref. 15) and HON02, respectively. The 
fluorescence intensity ratios thus obtained are 12 and 6 
for H20 and HON02, respectively; that is, the OH(2~+) 
fluorescence arises predominantly from the 1236 A ex
citation. Figure 3 gives the low resolution (3 A) spectra 
of OH(2~+) fluorescence produced from irradiating 0.06 
Torr water by the Kr lamp. The integrated (1,0) to 
(0,0) intensity ratio is 0.1 when corrected for grating 
efficiency. Figure 4 shows the OH (2~+) fluorescence 
spectrum obtained from the photodissociation of O. 13 
Torr nitric acid by the Kr lamp. The (1,0) to (0,0) ratio 
is 0.1. The fluorescence spectra of the OH(2~ - 2rr ) 
(0,0) band are shown in Figs. 5 and 6 at a resolution of 
1 A when water and nitric acid at 0.2 Torr, respective
ly, are irradiated by the Kr lamp. Welge et al. 16 found 
no change in the rotational distribution within the pres
sure range O. 05 to 1 Torr of H20 indicating that rota
tional relaxation is much slower than electronic quench
ing by H20. No apparent change of rotational distribu
tion is observed in the 0.1 to. O. 2 Torr region of HON02• 

The rotational assignments follow those by Dieke and 
Crosswhite. 17 The vibrational population is obtained 
from the observed emission intensity, Iv' ,r!', divided by 
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FIG. 3. Low resolution (3 A) fluorescence spectrum of OlleL') 
from the photolysis of 0.06 Torr 1120 by the Kr lamp; the (1,0) 
to (0,0) band intensity ratio is about O. 1. 

A v' v" vv' v", where Av' v" is the Einstein transition 
pro'babillty and v v' ,v" i~ the wave number for the /i' to /i" 

transition. Since the ratio, Ao oVo o/AI OVI 0, is 2.75,18 
the population at 0' = 1 to that ~t Ii" = 0 is 0: 28 for 
OH 0z;) photodissociated from H20 and HON02 at 1236 A. 
On the other hand, the corresponding population for 
OHfz;) from H20 2 at 1236 A is less than 0.02.19 These 
results are presented in Table I. The rotational popula
tions at various N' (the rolational quantum number of the 
upper state) can be found from the observed intensities 
divided by the calculated transition probabilities by 
Learner. 20 

The rotational distributions of OHfz;) in /1' = 0 thus 
obtained are given in Table II for HzO, Hz02, and HON02 
photodissociation, and are shown in Figs. 7 and 8 for 
H20 and HON02, respectively. Because the rotational 
levels above N' c.c 23 predissociate, 21 populations given 
in Table II are corrected accordingly for lhese levels. 
The rotational distributions of OHfz;') from HzO show a 
sharp maximum at N' = 20, while in HON02 the peak is 

I 
3200 

I 
DIO 

(1,01 

FIG. 4. Low resolution (:l A) fluorescence spectrum of OlleL') 
from the photolysis of O. 13 Torr 1I0NO, by the Kr lamp; the 
(1,0) to (0,0) band intensity ratio is about O. 1. 

I i I I I I I I I t 

3150 3100 

FIG. 5. Fluorescence spectrum of the OlleL' - 'n) (0,0) band 
in the photodissoeiation of 0.2 Torr 1120 by the Kr lamp (main
ly 1236 AI; resolution, 1 A. The rotational quantum numbers 
N' arc those of the upper state. 

broader and shifts to N' = 10. The rotational distribu
tion of OHeZ;') from H20 is very similar to that obtained 
by Carrington originally l3 and more recently by Vikis. 22 

EMISSION FROM ELECTRONICALLY EXCITED N0 2 

An attempt was made to detect the production of an 
electronically excited N02 (NOt) in the photodissociation 
of HON02 by the Kr lamp. The emission from NOt pro
duced by 0 + NO chemiluminescence or by light absorp
tion above 4000 A lies in the 4000 to 14000 A region 
with a maximum at 6500 A. 23 With a 500 jlm slit width 
corresponding to a band width of 16 A, the photolYSis of 
0.12 Torr NON02 by the Kr lamp gave 60 divisions at 
the peak of OHeZ;_2 1l ) (1,0) band in the second order, 
while the signal in the 4600 to 6000 A region was less 
than one division wilh a photomultiplier of .s -13 spectral 
response. From the data the absolute yield of NOt is 
estimated to be less than O. 5!h. 

DISCUSSION 

Fluorescence excitation spectrum 

The thermochemical threshold energy for the process 
HON02-OH+ NO, is 199±1. 7 kJ mol-I 'Which can be cal
culaled from the heats of formation (in kJ mol-I), - 124 
to.4, 38.9 ± 1. 3, and 35.9 ± 0.8 at 0 OK for HONO" OB, 
arid NO, respectively. ,4 Since the eleclronic energy 17 

of OH ('6') is 388 kJ mol-I, lhe corresponding process to 
form OH('2;') requires 587 ± 1. 7 kJ mol- 1 which corre
sponds to the incident wavelength 2040 ± 7 A. However, 
the OH(22;') production is apparent only below 1475 A 
indicating that absorption of light in the 1820 A region 
yields ground slale OH and N02. Similar observation 
was made by Becker 1'1 al. 19 in the photolysis of H,O, 

HON02 

(0.01 O2 N1 25 

P 25 01 20 15. (O,OI l Nt 
1 P . (;.1l02N/~ 

.IP 
1.5. 

(1,11 2N' .0.1 .. 
PI 15 

41! 15 l~J 

10 .I! ~ .. 

, I , , , , 
3D) 3250 3200 

• A 
FIG. G. Fluorescence spectrum of the OlleL'-'II) (0,0) band in 
in the photodissoeiation of O. ~ Torr 1I0NO, by the Kt· lamp 
(mainly L2:j(j A); resoluti(~n, 1 A. The rotational quantum num
bers rde r to the upper state. 
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TABLE I. Vibrational populations of OII(~L;) in the photodis
soeiation of H~O, H~O~, and HONO,. 

Vibrational levela 

o 0 
1 29l:l9 
2 57l:l2 

aFrom Ref. 17. 
bFrom Ref. 1:3. 

Population 

H20, d at 
1236 A 1216 'A'; 1236 A C 

0.3 0.2l:l 
< O. 01 

< O. 02 

"This work. 
dI-'rom Hef. 19. 

HONO, C at 
123(; A 

0.2l:l 

o 10 
N' 

20 

OH, 2~+ 

• 0 Branch 
o P BranCh 

6645 

that OH(2Z;+) is not produced even at 1849 A, while the 
thermochemical threshold is at 2010 A. On the other 
hand the OHe~n production from H20 is observed below 
1360 A (Ref. 25) in excellent agreement with the thermo
chemical threshold at 1356 ± 3 it The results indicate 
that the OHeZ;) production process in H20 2 and HON02 

must involve a high potential energy barrier. The 
OHe~+) fluorescence efficiency curve of Fig. 2 shows 
almost no structure in comparison with the absorption 
spectrum of Fig. 1, indicating that the OHe~) state 
originates from direct dissociation of the molecule on a 
repulsive surface. 

FIG. 7. Rotational population distribution of OII('L;+), v' =0 

state in the photodissoeiation of 0.2 Torr 1I20 by the Kr lamp 
(mainly 1236 A) (e) Q branch; (0) P branch; N' is the rota
tional quantum number of the upper state. 

Energy partitioning in photodissociation 

Conceptually, photodissociation may be divided into 
two steps, that is, a fast initial step of light absorption 
from the ground to an electronically excited state fol-

TA BLE II. Rotational populations of OII('L;), v' = 0 in the photodissociation of 1120' H20" and 
HONO,. 

Population (total = 1. OO)b 

Rotational levela H,O at H,02 eat HON02
d at 

N' cm-1 1216 A C 1236 Ad 1236 A 1236 A 

1 34 0.03 
2 102 0.009 0.01 0.04 
3 203 0.009 0.01 0.04 
4 338 0.009 0.016 0.02 0.04 
5 507 0.009 0.016 0.02 0.05 
6 709 0.009 0.019 0.02 0.05 
7 944 0.009 0.023 0.02 0.06 
8 1211 0.009 0.023 0.02 0.06 
9 1511 0.009 0.026 0.02 0.07 

10 1842 0.012 0.029 0.021 0.06 
11 2205 0.012 0.029 0.023 0.06 
12 2592 0.03 0.039 0.025 0.05 
13 3021 0.03 0.046 0.03 0.04 
14 3473 0.036 0.065 0.04 0.03 
15 3955 0.045 0.082 0.045 0.03 
16 4465 0.06 0.092 0.050 0.03 
17 5002 0.069 0.10 0.053 0.02 
18 5566 0.081 0.11 0.055 0.02 
19 6156 0.12 0.12 0.06 0.02 
20 6771 0.135 0.13 0.065 0.02 
21 7410 0.144 0.03 0.06 0.01 
22 8072 0.15 0.06 0.01 
23 8757 0.024 0.05 0.01 
24 9462 (0.049) 0.05 (0.008) 0.01 
25 10188 (0.036) 0.045 (0.006) 0.009 
26 10933 (0.26) 0.040 (0.005) 0.01 
27 11696 (0.016) 0.05 
28 12476 (0.007) 0.04 

aFrom Ref. 17. 'This work. 
bCorreeted for prodissoeiation for N' > 23. "From Ref. 19. 
cFrom Ref. 13. 
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(mainly 1236 A) (e) Q braneh; (0) P branch; N' is lhe rola
lional quantum number of the upper slale. 

lowed by a slow dissociating step on a repulsive surface 
into fragments. The transition probability of the first 
step is governed by the Franck-Condon factors involving 
the vibrational wavefunctions of the ground and upper 
states. Suppose the molecule is formed in the upper 
state with the equilibrium bond length different from 
those of the ground state and a diatomic photofragment 
vibration of the diatomic fragment may be excited in the 
dissociation process. The change in bond angle in the 
upper state provides a necessary torque to excite rota
tion as the fragments dissociate on a repulsive surface. 
On the other hand if the equilibrium conformation re
mains the same during light absorption, vibration of the 
diatomic fragment may be excited by a repulsive force 
acting along the internuclear axis and rotation may be 
excited by a torque produced by bending vibration of the 
parent molecule as the fragments separate on the repul
sive surface. 

To explain energy parititioning in photodissociation of 
a triatomic molecule Holdy et ai. 26 and Busch and Wil
son21 proposed a simple classical quasidiatomic model 
in which the molecule ABC is considered as diatomic 
A - (BC) and photon absorption only affects the breaking 
bond A -B. That is, the molecule is formed on a repul
sive surface and the dissociation is immediate without 
change in the B-C bond distance and the A-B-C bond 
angle. The available energy Eavl' the energy left over 
after bond scission and any electronic excitation of frag
ments, is initially converted into the translational energy 
of the two atoms A and B in a dissociation process 

ABC~A +BC . 

The kinetic energy in B is subsequently transformed into 
the vibrational, rotational and translational energies of 
BC. From the conservation of linear and angular mo
mentum between A and B and A and BC, respectively, 
the following relation are derived: 

(1) 

EjEavl ~(1-M.lMf)cos2X, 

E/ Eayle (1 - Ilal Mf) sin2 X , 

(2) 

(3) 

where E aYI is the available energy beyond that required 
to dissociate the molecule and excite the fragments elec
tronicaliy, E lnt is the sum of vibrational and rotational 
energies of the fragment I3C, and Ev and Ey are vibra
tional and rotational energies, respectively. The re
duced mass of the two atoms A and B and that of A and 
I3C are Ma and Mf, respectively, and X is the bond angle 
at the time of dissociation. 

Morse, Freed, and Band~·tO have recently developed 
a quantum theory of photodissociation of a linear tri
atomic molecule using the correct normal modes of the 
initial state of the molecule. To express the rotational 
angular momentum distributions of the diatomic product, 
the rotational and bending degrees of freedom of the 
parent molecule are included. The important conclusion 
of this theory is that when the deviation of the molecule 
from linearity is small, the distribution of diatomic ro
tational angular momentum j follows that of the parent 
molecule J, because of the imposition of the conserva
tion of angular momentum. It is also assumed that the 
interaction of the fragment vibration and rotation with 
the relative translational motion of the fragments may 
be neglected during the period of the final separation. 
However, the theory has not been extended to include 
the rotational distribution of a bent molecule or to cases 
where a large change in bond angle is involved. 

The results of the present work are discussed on the 
basis of the preceding qualitative quasidiatomic impul
sive model and theory of collinear dissociation of tri
atomic molecules. Without further information on the 
structure of the excited states and the shape of the re
pulsive potential surfaces involved, more sophisticated 
quantitative treatment of energy disposal may not be 
justified. 

Energy partitioning in bent and linear molecules 

The fraction of the available energy E aYI going into 
vibration and rotation has been calculated and is pre
sented in Table III for the photodissociation of OH-con
taining (bent) and CN -containing (linear) molecules. The 
available energy E avl is given by Eayl = hv - Do - Eo, 
where hv is the incident photon energy, Do is the disso
ciation energy of the breaking bond, and Eo is the elec
tronic energy of the fragment. The following bond dis
sociation energies24 and the electronic energies are used 
to calculate Eaol in Table III; Do (H-OH) = 41280 ± 100 
cm- t, Do(HO-OH)=17400±140cm- t , Do(HO-H02) 

= 16 700 ± 140 cm-I, Eo (OH, 26 ) (Ref. 17) = 32440 cm- t , 
Eo(CN,B 26 )(Ref. 28)=25800 cm-I, Eo(CN,A 211)(Ref. 28) 
= 9118 cm- t . The bond dissociation energies for cyano
gen compounds are taken from Ref. 29 (Table vI). The 
fractions of Eavi going into vibration and rotation for 
H20, HP2, and HON02 photodissociation are calculated 
using the data of Tables I and II. It is clear from Table 
III that the fraction of E,vI converted to rotation of 
OHf6) is much greater than that converted to vibration 
for bent molecules HP, H20 2, and HON02. The results 
can be explained from Eqs. (2) and (3) that if dissociation 
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TABLE III. Distribution of excess energy in photodissociation. 

Molecule 
A~XC 
(A) Processb 

Ground state 
bond angle 

Conversion of excess energy 
into diatomic fragments 

vibration rotation Ref. 

(a) Bent molecules 

1236 7200 H+OH (A) H-O-H angleC 0.10 0.61 This work 
1216 8540 1050 0.08 0.68 13 

1236 31100 OH+OH (A) H-O-O angled < O. 002 0.23 19 
980 

1236 31800 H-O-N angle" 0.02 0.07 This work 
1030 

(b) Linear molecules 

HCN 1236 14000 H+CN (B) 1800 ' 0.12 0.07 g 
1216 15300 H+CN (B) O. 12 0.06 h 

ClCN 1236 21200 Cl+CN (B) 1800 , 0.28 0.21 g 
1470 8300 Cl+CN (B) j 0.08 0.12 32 
1700 25000 Cl+CN (X) j 0.05 0.05 calc. from Ref. 33 

BrCN 1236 26100 Br+CN (B) 1800' 0.21 0.07 g 
1216 27400 Br+CN (B) 0.15 0.05 

ICN 1236 29600 I+CN (B) 1800 , 0.23 0.10 g 

C2N2 1600 8600 CN+CN (A) linearc 0.18 0.11 38 

aEavl =hv-Do-E o, see text. 
bUnspecified products are those formed in the ground state. 
cFrom G. Herzberg, Molecular SPectra and Molecular Structure. III. Electronic Spectra and Electronic Structure of Poly
atomic Molecules (Van. Nostrand, Princeton, N. J., 1966). 

dFrom P. A. Giguere and T. K. K. Srinivasan, J. Mol. Spectrosc. 66, 168 (1977). 
"From Ref. 41. 
'From Ref. 24. 
eFrom Ref. 8. 
hFrom S. Tatematsu and K. Kuchitsu, Bull. Chem. Soc. Jpn. 50, 2896 (1977). 
I From S. Tatamatsu, T. Kondow, T. Nakagawa, and K. Kuchitsu, Bull. Chern. Soc. Jpn. 50, 1056 (1977). 
lThe upper state may be bent to give more rotation than expected from linear conformation. See text. 

occurs near a bond angle of 100°, rotational excitation 
is much more favored than vibrational excitation. The 
fractions of Eav! released to vibration are much less than 
those expected from equipartitioning of all vibrational 
degrees of freedom, indicating that the dissociation is 
immediate for the three molecules. The absorption 
spectra of H20, 30 HP2, 31 and HON02 are very diffuse at 
1236 A suggesting direct dissociation. 

On the other hand vibrational excitation of CN(B 2~) 
(and CN,X2~ for C2N2) must be more favorable than ro
tational excitation for the linear triatomic cyanogen 
molecules, if dissociation take place near an angle of 
180°, which is supported by the results. This Simple 
interpretation does not always hold at other wavelengths 
where a bent excited state may be involved. Such are 
the cases for the photolysis of CICN at 1470 A (Ref. 32) 
and near 1700 A, 33 where the fraction of EaTl converted 
to rotation is greater than or equal to that to vibration. 

The fractions of Eav! partitioned into internal energies 
of fragments are calculated for several simple mole
cules from Eq. (1) and are shown in Table IV. Large 
discrepancies between the calculated and observed 
values for H20 and H20 2 at 1236 A indicate the breakdown 
of the assumption that there is little change in bond angle 

during photodissociation, while the photolYSiS of H20 at 
1600 A must occur without change in configuration, be
cause of the agreement between the calculated and ob
served results. According to the results of recent cal
culation of the potential energy surface of the A (I Bd 
(Ref. 34) and B(IA1) (Ref. 35) states of H20, which cor
relate with H +oH0n) and H +oH0~), respectively, the 
A (I B1) state dissociates directly into the products with
out change in configuration, while the BeA1) state is 
linear in its equilibrium conformation. 

The internal energy [mostly in vibration of CN(B 2~)l 
found for HCN photolysis at 1216 A is much larger than 
that expected from the impulsive model, suggesting that 
the CN bond length in the excited state may be very dif
ferent from that in the ground state, the assumption 
neglected in the impulsive model. Much smaller frac
tion of EIDt than that expected from the model is found 
for the photolysis of CICN near 1700 A. The results 
may be understood on the basis of another model pro
posed by Holdy et al. 26 for the photolysis of ICN, where 
they assume a repulsive force formed between the 
breaking I-C bond acting on the harmonic oscillator CN. 
The calculated results show that only a small fraction of 
Eav! is partitioned into the internal energy of CN. 
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TABLE IV. Internal energy partitioning by a quasidiatomic impulsive model. 

A~%C Eavl 
E Int/Eavl 

Molecule (A) (cm-!) Processa Calc. Obs. Ref. 

H2O 1236 7180 H+OH (A) 0.003 0.71 This work 
1600 21100 H+OH 0.003 0.01 39 

H20 2 1236 31140 OH+OH (A) 0.06 0.36 t 19 

HCN 1216 15300 H+CN (B) 0.04 0.18 b 

CICN 1236 21200 CI+CN (B) 0.40 0.49 c 
1700 25000 CI+CN 0.40 0.10 33 

BrCN 1236 26100 Br+CN (B) 0.47 0.28 c 

lCN 1236 29600 l+CN (B) 0.49 0.33 c 

CINO 3471 16000 Cl+NO 0.38 0.30 d 

N02 3471 4130 O+NO 0.28 0.40 e 

aUnspecified photofragments are those formed in the ground state. 
bFrom S. Tatematsu and K. Kuchitsu, Bull. Chern. Soc. Jpn. 50, 2896 (19(7). 
cFrom Ref. 8. 
dFrom G. E. Busch and K. R. Wilson, J. Chern. Phys. 56, 3655 (1972). 
"From Ref. 27. 
tBoth OH radicals are assumed to have the same rotational energy. 

Rotational distribution in photodissociation 

If we assume that upon light absorption a molecule 
dissociates into two fragments Rl and R 2 , with masses 
ml and m2, the degree of rotational angular momentum 
of the fragments may be expressed by the impact pa
rameter b, defined by the perpendicular distance from 
the center of mass of the fragment RI to a line extrapo
lated back from the distant straight line trajectory of the 
fragment R 2• 13 

A large impact parameter Signifies a long range inter
action of noncentral character between the two departing 
photofragments involving a large change in bond angle. 
A large rotational angular momentum of Rl is accom
panied by an equally large rotational angular momentum 
of R2 in opposite direction, if the contribution from the 
angular momentum of the parent molecule is neglected. 
Then the impact parameter is given by 

(4) 

TABLE V. Impact parameters in photodissociation. 

Impact 

Eexc E tr parameter 
Molecule (A) (em-!) Proeessa (A) 

H2O 1236 640b H+OH (A) 3.42 
1216 680b 3.6 

H20 Z 1236 17600c OH+OH (A) 0.22 

HON02 1236 28100d NOz +OH (A) 0.07 

lCN 1236 26400 I+CN (B) 0.22 

aUnspeeified fragments are those formed in the ground state. 
bzoo cm-! thermal energy is assumed for H20. 
COH is assumed to have the same rotational anergy as OH{A). 
dN02 is assumed to have the same rotational energy as OH(A). 
"From Hef. 8. 

where JJ. = mlm2/ ml + m 2, N is the rotational angular mo
mentum of the fragment, and E tr is the translational 
energy of both fragments. Table V shows that both H20 
and H20 2 dissociate into the respective products with a 
large change in bond angle, while HON02 and ICN disso
ciate into the products with only a small change in bond 
angle and a small bending vibration would be sufficient 
to excite the observed rotation of diatomic fragments. 

In a series of papers Morse, Freed, and Band9,Io have 
proposed the general quantum theory of collinear photo
dissociation of triatomic molecules. By including 
hitherto neglected rotational and bending degrees of 
freedom of the parent molecule, the theory provides 
analytical expressions for rotational angular momentum 
distributions of the products. Under the assumption 
that the product state distribution is governed by the 
Franck-Condon factor alone, the theory concludes that 
because of the conservation of angular momentum the 
product rotational distributions follow those of the 

Change 
of 
angle 
(deg) Her. 

75 This work 
13 

20 19 

~3 This work 

5 e 
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FIG. 9. Plots of In rotational population of OH(~), v' = 0 
against N 'IN' + 1). (a) OH(~) from the photolysis of H20 at 
1236 A. (b) OHe~) from the photolysis of H20 2 at 1236 A; pre
dissociation for N' > 23 is corrected; data taken from Ref. 19. 
(c) OHe~) from the photolysis of HON02 at 1236 A; predissocia-
tion for N' > 23 is corrected. 

parent molecule for small impact parameter dissocia
tion, that is, the product rotational distribution approxi
mates the Boltzmann distribution of the parent molecule 
at room temperature. This Boltzmann behavior has 
been observed for CN(B) from HCN photolysis36 at 1470 
A, BrCN (Ref. 37) at 1580 A, and for CN(X) from C2N2 
(Ref. 38) near 1600 A, all linear molecules in the ground 
state. The Boltzmann distribution is also found for 
OH(X 2n) from 1600 A photolysis of HP, 39 wh-ere ground 
state OH has a maximum at Nil = 2, while H20 has a 
maximum at J" = 3 at room temperature. To a first 
approximation it can be assumed that the axis of rotation 
in H20 is the c axis, perpendicular to the molecular 
plane, at room temperature, since the rotational con
stant about the c axis is the smallest. As the H atom 
separates from H20 on the molecular plane during mo-
1ecular rotation, the c axis becomes the axis of rotation 
of OH radical. Because the rotational constant of H20 
(9.285 cm,l) is much smaller than that of OH(X2n) 
(18.515 cm,I), Eavl is partially dissipated to provide re
quired rotational energy of OH by bending vibration. In 
HON02 photodissociation, the axis of rotation is also the 
c axis perpendicular to the molecular plane and the c 
axia becomes the axis of rotation of OHf~) as N02 
moves away from OHf~). The dissociation process is 
similar to that of a linear triatomic molecule in which 
the axis of rotation of the molecule COincides with that 
of the dissociating diatomic fragment. Hence it is ex
pected that the rotational distribution of OHf~) exhibits 
Boltzmann character in the photodissociation of HON02, 

although calculation of the rotational distribution of the 
fragment has not been extended to the photodissociation 
of bent molecules. 10 

To see whether the rotational distribution follows 

Boltzmann character, InOHe~) rotational population is 
plotted against N'(N' + 1) for HP, HP2, and HON02 
photodissociation at 1236 A, which is shown in Fig. 9 
using the data from Table II. A correction has been 
made for predissociation of OHe~), v' = 0 above N' = 24. 
As expected the OHf~) rotational distributions·for H20 
and HP2 photodissociation deviate entirely from the 
Boltzmann plot, while for HON02 photodissociation, the 
distribution approximates that of Boltzmann except for 
N' < 10 with a rotational temperature of 6600 OK. The 
conservation of angular momentum requires J = jl + h 
(Ref. 40) for dissociation of polyatomic molecules, 
where J is the rotational angular momentum of the par
ent molecule and ll' h are those of the fragments. The 
maximum J at room temperature is 22 using a rotational 
constant of 0.2088 cm,1.41 Sincejl(OH2~)=10, jz(N02) 

becomes 12, indicating that the two fragments are 
formed with almost equal rotational distribution. 
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