Vector correlations in the photofragmentation of HN,
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Hydrazoic acid was excited to its lowest electronic excited state A 'A " and the fragments were
analyzed by high resolution Doppler spectroscopy. The NH fragment is rotationally cold,
while N, is strongly internally excited f;,, (¥,) = 0.48. The A doublets are populated
statistically. The alignment of NH rotation vs the transition dipole moment of the parent is low
(B,s<0.14). The vector correlation between the translational (vyy ) and rotational (Jxu)
motion of the NH fragments is positive and increases with increasing Jyy, indicating a
preferential parallel alignment of vy and J (B, =~0.40). The observed correlation between
the transition dipole moment of the parent and the NH('A) recoil velocity is negative at low
NH rotations [B,,, (Jnu = 2) = — 0.4] and increases to positive values with increasing Jny .
The HN,; distorts from a nonplanar configuration after excitation of a linear-bent electronic
transition in the NNN framework, resulting in a strong N, rotation and relatively weak NH
rotation. The upper potential surface must be dependent on the torsional angle of the NN-NH

system.

I. INTRODUCTION

The four atomic molecule hydrazoic acid is an interest-
ing molecule for the study of the dynamics of a photofrag-
mentation process because a double bond (N = N) is excit-
ed. Detailed investigations have been carried out at an
excitation wavelength of 193 nm where most NH fragments
are formed in their singlet states (a 'A,b 'S, and ¢ 'I1) and
only a small partin the 4 *11 triplet state. The quantum yield
for formation of NH(X *3~) ground state products was
found to be less than 0.2%), the detection limit of the experi-
ment.!

The absorption spectrum of HNj in the region of its first
maximum at 265 nm is entirely continuous with very small
modulations,>* indicating a fast dissociation process. The
primary products NH and N, have been studied; but there
may be another (minor) fragmentation channel where a hy-
drogen atom and a N; molecule are generated.** At 248
and 266 nm, the NH products are generated exclusively in
the a'A state'® with low rotational excitation
fr(NH) =3.7% at 248 nm' and fR(NH)=3% at
266 nm.” The nascent rotational product state distribution of
NH('A, v = 0) produced by photolysis of HN, at 266 nm is
a non-Boltzmann distribution peaking at Jyy = 5-6.

In the present study, the photodissociation dynamics of
hydrazoic acid has been analyzed under collision-free condi-
tions by observation of scalar and vectorial properties of the
NH product. The vector correlations between the transition
dipole moment of HN; and the rotation, as well as the trans-
lation of the NH product, have been analyzed with sub-
Doppler resolution since the quantitative determination of
the {(pJ), (p+v), (vJ), and (pu-v-J) correlation gives a de-
tailed picture of the fragmentation process.

il. EXPERIMENTAL

The scalar and vector properties in the photoexcitation
of HN; were analyzed by sub-Doppler laser-induced fluores-
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cence measurements of nascent NH products under differ-
ent detection and polarization geometries. Details of the ex-
perimental setup have been published elsewhere.”® In short,
the photolysis pulse at 266 nm was delivered by a frequency
quadrupled Nd:YAG laser (Quanta Ray, DCR 1) operating
at a repetition rate of 10 Hz. The typical pulse energy was
about 15 mJ at a pulse length of 6 ns. The NH products were
probed by a frequency doubled dye laser (Lambda Physik,
F1 2002E) which was pumped by a second frequency dou-
bled Nd:YAG laser (Spectron SL2 Q). The delay between
both Nd:YAG lasers was kept constant at 30 ns with a time
jitter below 5 ns.

The tuning range of the dye laser (308-330 nm) is suffi-
cient to excite all rotational transitions of the (0,0) band of
the NH (¢ 'I1 —a 'A) electronic transition. The bandwidth
of the dye laser in the UV was 0.1 cm ™! using a stepping
motor tuned intracavity etalon. Both the photolyzing and
the analyzing laser beams were linearly polarized and their
planes of polarization can be rotated by A /2 plates. The laser
beam arrangement allowed experiments at three different
probe geometries (geometry II, IV, and VI as defined in Ref.
9).

The undispersed fluorescence signal was viewed perpen-
dicular to the laser beams regardless of polarization. The
influence of scattered light was reduced by an interference
filter [ peak transmission at 327 nm with 10 nm full width at
half-maximum (FWHM)]. For averaging and normaliza-
tion to photolysis and analysis laser output energies, the sig-
nals were fed into a boxcar integrator (Stanford Research
Systems, Model SR 250) and after A/D conversion stored in
a micro computer (PC AT 386/7).

Hydrazoic acid was generated in a vacuum line using
NaN;, in excess of stearic acid.'® When heated to 75-85 °C
sufficient amounts of HN, evolved and were pumped direct-
ly into the observation cell. The HN, pressure was about 0.6
Pa controlled by a capacitance manometer for the observa-
tion of nascent NH products. For measurements in a super-
sonic jet, helium was bubbled through the NaN,/stearic acid

© 1990 American Institute of Physics

Downloaded 08 Jan 2002 to 134.169.41.178. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpol/jcpcr.jsp



Gericke, Theinl, and Comes: Photofragmentation of HN,

mixture at a total pressure of 2 X 10* Pa. The pulsed nozzle
with a diameter of 0.5 mm operated with a pulse length of
less than 300 pus.!!

1ll. RESULTS

The detailed knowledge of the correlated vector proper-
ties of a molecular photoproduct can provide a three-dimen-
sional picture of the fragmentation process. Such experimen-
tal examinations in the dissociation of HN,; were
accomplished by the use of sub-Doppler polarization spec-
troscopy. The vectors of interest in these experiments are the
HN, parent molecule transition dipole moment p, the NH
fragment recoil velocity vector v, and the NH rotational an-
gular momentum J.

The theoretical framework required to convert the labo-
ratory frame experiments of line profiles into the required
bipolar moments that characterize the correlated (w,v,J)
distribution has been described by Dixon'? for laser-induced
fluorescence (LIF) and emission experiments. It has mean-
while been extended by Docker for (n + m) LIF experi-
ments'® and by Mons and Dimicoli'* for multiphoton ioni-
zation spectroscopy in connection with time-of-flight
analysis of the ionized product. The fluorescence intensity
for a single recoil velocity v = Av,c/v, can be expressed as a
function of  the relative Doppler shift
[xp = (v — v,)/Avp ] from line center v, in terms of bipo-
lar moments.

I(xo)=czgz-i'P2~i(xD) (D
i=0

when linearly polarized photons are applied, where the pos-
sible value of ; and the number of bipolar moments are deter-
mined by the number of photons 7 in the photolysis and the
absorption fluorescence sequence [# =3 for conventional
photolysis and (1 4 1)LIF analysis]. The terms g,., are lin-
ear combinations of bipolar moments 8 & (k k,) which para-
metrize the (pu,v,J) correlations. The coefficients of these
linear combinations depend on the polarization, the photoly-
sis detection geometry, and the rotational branch which is
used for analyzing the photoproducts.

Fortunately, one can simplify Eq. (1) for (1 + 1) LIF
according to Ref. 9 and neglect all but the first two terms in
the line shape function. The line profile function'

1
I(xo)"'—A—;[l +BeaPa(xp)] (2)

with B.r = g,/8, is fitted to the experimentally recorded
Doppler line shapes with suitable convolution of the laser
bandwidth, parent molecule translational motion, and N,
velocity distribution. The N, velocity distribution is very
well characterized by a Gaussian function which was deter-
mined by a high resolution pulsed dye laser system
(Av, = 50 MHz) when jet cooled HN; was photolyzed at
248 nm. The higher photolysis energy in that experiment in
comparison to the 266 nm excitation should not significantly
change the shape of the N, velocity distribution, since the
same electronic transition is excited. Furthermore, the exact
form of the velocity distribution does not strongly influence
the line profile.
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The anisotropy parameter 8.4 contains information on
the vector properties in the dissociation process

B = [bZpr + b8, + b4By.vJ]/[b0 + blﬂ,u.f]' 3)
The multipliers b,-b, of the bipolar moments 8,;,8,,,
B.;, and B,,,; include the excitation detection geometry and
angular momentum coupling factors. The numerical values
of the multipliers b, to b, were calculated for P, Q, and R
transitions and for the six different geometries I-IV defined
in Ref. 10. The fact of observing undispersed fluorescence
without using a polarizer has been taken into account. Tran-
sition probabilities were taken from the literature.'®'’

We have measured the values of B4 (Jny ) for three
different geometries and for all nonoverlapping P, @, and R
transitions. The system of Eq. 3 was solved with a least-
squares procedure and the bipolar moments and their rota-
tional dependence were determined. In Figs. 14, the evalu-
ated bipolar moments 8,,;,8,,,.8,,, and B,,,, are shown as
functions of Jy; within their theoretically defined range

—1<B,,,,< +0.5and — 0.5<B< + 1.0 for the remaining
bipolar moments.

The alignment of the fragments, i.e., the correlation
between w and J, has only an indirect influence on the line
profile. The integral of the line profile depends only on g,:

f Tdvego=by+ b\8,. 4)

The value of 8, ;, which is the renormalized rotational align-
ment parameter 4 > = 48,,;, has been determined by mea-
suring the integrated line intensities for different geometries
and excitation branches. The rotational dependence of 8 ,; is
shown in Fig. 1. The NH(a 'A) products exhibit only a mi-
nor alignment in the photofragmentation at 266 nm which
does not significantly change with fragment rotation. How-
ever, the positive values of B, for all Jyy >2 indicate a
preferentially parallel alignment between the transition di-
pole moment of the HN; and the rotational vector of the NH
product.
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FIG. 1. Vector correlation between the transition dipole of the parent p and
the rotational motion of the NH fragment J as a function of product rota-
tion. The parameter B,; = 34} was obtained by measuring the integrated
line intensities for different geometries and excitation branches.
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FIG. 2. Spatial anisotropy of NH fragments characterized by the bipolar
moment 5, = }8 as a function of Jy.

The influence of B,,; on the evaluation of the other bipo-
lar moments is not important because of its low value. The
second bipolar moment B,,, (Fig. 2) describes the spatial
anisotropy of the photoproducts and is proportional to the
classical anisotropy parameter 8 = 28,,,. The negative val-
ue of p, for the lowest rotational state
[B.,(Unu = 2) = — 0.4] indicates a preferentially perpen-
dicular alignment between p and v. However, 8,,, increases
with increasing Jiyy and becomes positive for high product
rotations (Jyu > 9).

The mutual correlation of the photofragment transla-
tional and rotational vector vy and Jyy is described by the
bipolar moment £,,;. Since this moment is independent of
the lab frame, B, permits an insight into fragmentation dy-
namics directly in the molecular frame. Perfect alignment in
the high J limit between v and J is given when
B. = + lorB,, = — 0.5 indicating that v is either paral-
lel or perpendicular to J. We observe a positive (v-J) corre-
lation (Fig. 3) which increases with increasing Jyy - At high
J, we obtain a value of 8, ~0.40 indicating the preference
for a parallel alignment between v and J.
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FIG. 3. Vector correlation between the translational v and rotational J mo-
tion of the NH fragment. The positive value of 8, indicates a preferentially
parallel alignment between v and J. As a consequence, the NH rotation
must be an out-of-plane motion of the initial planar HN, parent molecule.
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FIG. 4. Multiple vector correlation between p, v, and J. The diminishing
{pv-J) correlation is a consequence of the low values for 8, and B, at
low J and of the low values for 8,,; and 8, at high J.

The last observed bipolar moment ,,,; describes the
mutual correlation between the HN, transition dipole mo-
ment g, the translational, and the rotational motion of the
NH fragment. Since only a low correlation between
Mun, and Jyy  as  well as  between p(yy,) and
vy for high Jiy; is observed, a strong three vector correla-
tion is not expected. Thus the low value of 8,,,,; for all Jyy is
not surprising (Fig. 4). We assume a value of
B,..; = 0.0 1 0.05 independent of fragment rotation.

IV. DISCUSSION OF THE DISSOCIATION PROCESS

The molecular structure of HN, in the electronic
ground state is shown in Fig. 5. The planar HN, molecule
consists of an almost linear N, chain (@ = 171.3°) anda
strongly bent NH bond (ayyy = 108.8°). The NH distance
in the HN; parent does not differ significantly from the
NH('A) bond length of the free molecule ryy = 1.034 A.
Also the bond length between the terminating nitrogen
atoms is comparable with the N,('2;") equilibrium dis-
tance ryy = 1.098 A.

Near the ground state geometry X '4’, only singlet
states of 4’ or A" geometry can be excited to a significant
amount. The transition probability to the >4 or °4 " states

dHx-a

FIG. 5. Equilibrium configuration of the parent HN,. The line between the
centers-of-mass of NH of N, defines the R coordinate using a Jacobian coor-
dinate system. The transition dipole moment u for the lowest electronic
transition 4 'D " — X '4 " is perpendicular to the symmetry plane of the par-
ent (Ref. 19).
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will be lower by several orders of magnitude. If we neglect
the influence of the terminating H atom on the electronic
transitions, then we expect two electronic excited states of
!4’ and '4 " geometry both at the same energy. The transi-
tion moments to these states will be aligned perpendicular to
the N, chain and in the molecular plane for one transition,
but perpendicular to the plane for the other one. In this case,
the photoexcitation of HN, will not strongly align the parent
molecule in the lab frame and the ejected NH fragments
should show a spatial isotropic distribution, i.e., a vanishing
{p+v) correlation with 5,,, = 0. However, for the lowest ro-
tational state of the NH('A) product, a value of
B,, = — 0.4 is observed which is close to the theoretical
limit of B,,(max) = — 0.5 for a perfect perpendicular
alignment between the transition dipole moment of the par-
ent and the recoil velocity. Thus, only the 4 '4 ” state of HN,
will be populated.

Ab initio calculations of Meier and Staemmler'®'° dem-
onstrate that five of the six singlet states (34 'and 34 ") of the
HN; in its equilibrium geometry of the ground state corre-
late with N, (2" ) and different NH states: NH(a 'A) with
X'4’and A'4”, NH(b'Z*) with B'4’, and NH(c ')
with C '4 " and D '4 “. In the photolysis of HN at 248, 266,
and 308 nm, all NH products are formed exclusively in the
a 'A state.**2! Therefore, one would expect to excite only
the 4 '4 " state of the HN, parent molecule. Furthermore,
the vertical excitation energies were calculated to be 4.96 eV
for the 4'4”«~X'A4’ transition and 6.57 eV for the
B'A'<X'A’ transition.”® Experimentally, one observed
4.68 and 6.2 eV for the corresponding transitions.® Thus, at
wavelengths >248 nm, only the A 4" state will be excited
and the transition dipole moment (4 '4 * — X '4’) must be
aligned perpendicular to the HN; plane (Fig. 5). At higher
excitation energies (B '4 ' X '4 ') also NH products in the
b '3 state can be generated as observed in the experiment
at 193 nm.!

In order to discuss the origin of NH rotation, we will
first consider the influence of initial vibrational motion of
the parent. At room temperature, the NH stretch
[v,(a’) =3336 cm™'], the NNN asymmetric stretch
[v,(@’) =2140 cm™!'], the NNN symmetric stretch
[vs(a’) = 1274 cm '], and the NNH bent [v,(a’) = 1150
cm™ '] vibrational modes are not excited. Only the NNN in
plane bent [vs(a’) = 522 cm™'] and the NNN out-of-plane
bent [v¢(a”) =672 cm™!'] vibrational excited levels are
populated to a small extent. The total initial vibrational ener-
gy of the parent E,;, (HN,,7 = 300 K) = 76 cm ™! is negli-
gibly small.

From all normal modes of HN,, only zero point motion
of the NNH v, bending vibration can induce NH rotation.
Zero point motion of the other modes will essentially be re-
leased as NH translation. If the upper potential surface of
HN, (4 '4 ") is only repulsive along the R coordinate (see
Fig. 5) and does not induce any torque in the NH rotor, i.e.,
the anisotropy of the upper surface is zero, then the distribu-
tion of final rotational states P(J) in the energy sudden ap-
proximation is determined by the expansion of the ground-
state wave function V¥, (y) in terms of the free rotor
eigenstates Y, (7,0)*%

P(J) = |a,|2/z |a,|? &)
J
with the expansion coefficients

a,=(‘lfy|Y,o)=21rJ. dy sin y¥,, (¥) Y, (7,0). (6)
0

Since the parent molecule is initially in its v, vibrational
ground state, the distribution of angles y is a narrow Gaus-
sian-type function centered at the NNH equilibrium angle
Yo = 108.8".

Using Jacobian coordinates, this angle will be trans-
formed to an equilibrium angle of ¥, = 113.5° for repulsion
along the R coordinate. Figure 6 shows the calculated prod-
uct state distribution (circles) in comparison to the experi-
mental data squares. The electronic momentum of the 'A
state is added to the nuclear motion. The pronounced struc-
ture of the calculated distribution [Eq. (5)] will vanish
when the distribution of initial parent rotational states is
taken into account.”

If final-state interaction is negligible, the product state
distribution should be identical to that prepared in the first
step: In the Franck—Condon limit, the final distribution is a
direct reflection of the parent nuclear wave function. Since
the observed product rotation is hotter than in the FC limit,
final state interaction is responsible for the observed distri-
bution.

The (v+J) correlation contains detailed information
about the origin of product rotation. We observe a positive
B ., parameter which increases with increasing J;; (Fig. 3).
For high J, we assume ittobe 8, = + 0.45. It is well under-
stood that an alignment between v and J strongly influences
the Doppler line profile. For v||J the center of the O lines will
show increasing intensity in favor of the wings, whereas the
Pand R lines behave in just the opposite direction that the
center of the lines decreases in intensity in favor of the wings.
The reason for this behavior is the relation between the tran-
sition dipole moment p of the product with the fragment
rotation J. In the high J limit,  is parallel to J for Q lines,
whereas u is perpendicular to J for Pand R lines.

0.2

o —p
oas 4 / \
4
: [
018 . s
0.4 | \
4 : n
§ 012 A , \
. .
E o]
2 " .
O 008 - .
0.08 - "
. . A n
0.04 : ““oa’ . o \.
0.02 - o TN o N
0 ] o OO O
r—T—T— T =¥
1 3 s 7 » 1 13

NH ROTATIONAL QUANTUM NUMBER J

FIG. 6. Rotational product state distribution of NH(a 'A) in the photodis-
sociation of HN, at 266 nm (filled squares). The circles represent the
Franck—-Condon limit without considering the electronic structure of
NH('A).
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In the one electron X —II transitions, the Q transition
probes one A doublet IT (4 ”), while Pand R lines probe the
other A component I1(A4').%* In the analysis of NH prod-
ucts, the two-electron 'A state is excited to a 'II state. Each
rotational transition consists of a pair of lines. The initial
level of one line is of A (A ) symmetry, while the origin of the
other line is the asymmetric A(4 ") state. For an under-
standing of the line profiles, it is important to know the ori-
entation of the transition dipole moment for these line pairs.
In Fig. 7, the P, R, and Q branches for the NH "Il - 'A tran-
sition are shown. Right to the energy levels the symmetry of
the electrons with respect to reflection of the spatial coordi-
nates in the plane of rotation is shown.

The A(A’) and A(4 ") states are linear combinations of
two  electrons which are identified by indices 1 and 2 in Fig.
7. The symmetry of Il states for a 7! electron is directly given
by its symmetry. 7 lobe in the plane of rotation for 'TI(4 ")
and 7 lobe parallel to J for 'TI(4 ").>*

The possible transitions and the direction of the transi-
tion dipole moment p is obtained by the matrix elements
considering the parity rules + - —, — —» +:

('A(4")|u(4")|'TL(4 ")) =Qbranch  pJ;
("A(A4")|u(4")|'TI(4 ")) =P,R branch plJ;
('A(4")|u(4")|'TI(4")) =Qbranch  p||J;
('A(4")|pu(4")|'TI(4 ")) =P,R branch plJ. @)
Here ;1(A4 ") represents a transition dipole moment perpen-
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FIG. 7. P, Q, and R branches in the 'II —'A system. The energy splitting in
the A doublets is much larger in the I state than in the A state. The symme-
try of the A doublets is shown to the right of each level. The wave function of
the upper A component of the IT system and of the lower A level of the A
system is symmetric with respect to reflection of the spatial coordinates of
the electrons on the plane of rotation, while the wave functions of the other
A components are antisymmetric. Each transition consists of a pair of lines
and the transition moment p of each line lies parallel to J for the Q branch,
but perpendicular to J for the P and R branches. The parity of the levels is
given for even J.
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dicular to the plane of rotation and z(A4 ') is the transition
moment in the plane of rotation. The other transitions are
forbidden:

(A4 |p(4)|'TIA4 "))
= {'A(4")|u4M)|'I(4"))
= ('AA") | ")|'TIA4"))
= ('A(4 ") |p(4")]'TI(4")) =0.

Thus both transition dipole moments for the Q lines
probing different A levels are parallel to J and the transition
dipole moments for Pand R lines are perpendicular to J. In
the analysis of the Doppler profile, both A levels are treated
equally and the observed vector correlations as a function of
product rotation represent the average of the 'A(4’) and
1A(4") states.

Since we observe a dip in the line profiles of Por R lines
and an increased intensity in the center of the line when Q
transitions are excited, v and J are aligned preferentially par-
allel to one another. In the high J limit, the average angle 6,
between v and J is given by

B = {Py(cos 6,,)).
With B, = + 040, we obtain an average angle of
(6,,) =39". If the influence of initial parent rotation on the
dissociation dynamics is negligible, then a parallel alignment
between the translational and rotational motion of the NH
product can only be generated by a torsional motion of the
NH-N, system due to conservation of angular momentum.

The fraction of rotational energy induced by torsion
j;orsion = <Etorsion )/ Erot’ or bending mOtion
fbend = (Ebend )/Erot iS given by

f;orsion = ( 1 + 2BUJ)/3§60%,

Joena =2(1 = B,;)/3=40%. (8)

Thus the major part of rotational energy is induced by a
nonplanar (torsional)motion of the NH rotor during the
fragmentation process.

The influence of parent rotation on Jy can be estimat-
ed by simple classical calculation where parent rotation
about the three axes of inertia will be transferred into frag-
ment internal rotation or orbital angular momentum. In the
case of HN, (kT /2 = 104 cm ™! for each degree of freedom ),
Jy = 2.2 % will be transferred into NH rotation where the
rotational vector is aligned along the recoil R axis and
J, = 0.4 #i for a perpendicular alignment between v and J.
Since much more product rotation is generated in the disso-
ciation process (see Fig. 6), the observed positive (v-J) cor-
relation is not caused by parent rotation, but mainly by the
dynamics of the fragmentation process. This is confirmed by
the analysis of Doppler broadened NH lines in the photodis-
sociation of HN, at 248 nm in a molecular beam, where the
initial parent motion is significantly reduced to a rotational
energy of less than 10 K. Since in this beam experiment a
positive (v-J) correlation is also observed, the product rota-
tion must be generated via a nonplanar motion of the NH
rotor. ‘

Another hint for the nonplanarity of the dissociation
process is the population of the A doublets. HNj is excited to
the 4 !4 ” state which has an antisymmetric wave function
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with respect to reflection in the molecular plane. For a
planar fragmentation, i.e., the N, and NH bond will always
lie in this plane, the wave function of the NH fragment
should also be antisymmetric with respect to reflection, since
the wave funcion of the N, (X ’2;‘ ) is symmetric. Thus, the
A(A ") levels of the NH(a 'A) product should be preferen-
tially populated, because the wave function of this state is
antisymmetric (Fig. 7). However, no preferred population
has been found within the experimental error of 10%.”

While the vector correlation between v and J is indepen-
dent of the dissociation lifetime, since v and J are only pro-
duced at the moment of fragmentation, the vector correla-
tion between the transition dipole of the parent p and the
recoil velocity v depend on the time scale of the dissociation
process for a rotating parent, since p is aligned with E, the
electric field vector of the photolyzing laser beam, at £ =0,
but the velocity is determined at the moment of separation
and is analyzed for a period of time much longer than the
fragmentation lifetime

B;w = <P2(|1‘t=0'vt=m))' €))
OnlytheZ 14" — X '4"electronictransition isexcited, where
the transition dipole moment is perpendicular to the plane of
the parent.'®'® If this planar geometry is conserved during
the fragmentation process, £, should be negative (and
close to — 0.5) for all product rotations. However, the ob-
served increase of the {u-v) correlation with increasing frag-
ment rotation to positive values implies a motion of the di-
rection R towards the E vector during fragmentation. Since
p is perpendicular to the initial plane of the parent HN,
molecule, this motion corresponds to an out-of-plane wag-
ging vibration comparable to the v¢(a”) mode. Thus a lin-
ear-bent electronic transition in the NNN frame is excited
and the HN distorts from a NN-NH bent configuration.

A pictorial view of the photofragmentation of hydrazoic
acid is shown in Fig. 8. The NNN frame is bent and the

X &

FIG. 8. A pictorial view of the fragmentation of hydrazoic acid at 266 nm. A
linear-bent electronic transition within the NNN frame is excited and HN,
becomes distorted from a strongly bent configuration.
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direction of repulsion is given by the dissociation coordinate
R. The average angle of 6,, = 49.8° is calculated from the
observed B, value at high NH rotations
B;w = (PZ(COS 0;;0))‘

Since the mass of the terminating hydrogen atom is
much lower than that of the nitrogen atoms, the bending
vibration is essentially determined by the NNN framework.
Consequently, the N, fragment should exhibit a much high-
er rotational excitation than the NH fragment. The internal
energy of the N, product can be measured by (2 +2)
REMPI, or by an accurate measurement of the velocity vy,
of the NH partner fragment which is generated in the same
dissociation process®®

Eint (NZ) = Eav - Eint (NH) - %m%ﬂ-l U?QH//‘NINH’ ( 10)

in which E,, is the available energy and py_ny is the re-
duced mass of the N,-NH system. Figure 9 shows the mean
internal energy of the N, partner fragment as a function of
NH rotation obtained by linewidth measurements of the
¢ 'T1 —a 'A transitions. Final resolution of the dye laser and
residual Doppler motion of the parent has been considered.
The internal energy of the N, product shows only a minor
dependence on the rotation of the NH fragment. The aver-
age value of internal N, energy is extremely high
(E; (N;)) =9900 cm™".

The exact shape of the N, internal energy distribution
could not be determined because of the remaining HN,
Doppler motion, the resolution of the dye laser, and the nar-
row energy spacing of N, rotational quantum states. How-
ever, high resolution experiments (Av,<50 MHz) in a mo-
lecular beam at a photolysis wavelength of 248 nm show no
structure in the line profile which is to be interpreted as N,
vibrational energy. Therefore, we conclude that in the pho-
todissociation of HN; at 266 nm, the N, products are genera-
ted with extremely high rotational excitation. The product
state distribution is fitted to a Gaussian distribution. The
average rotational energy of 9900 cm ™' corresponds to a
mean N, rotation at quantum number of (Jy,) = 70. The
width AJ of the rotational state distribution P(Jy, ) is deter-
mined by the width of the fitted Gaussian velocity distribu-
tion
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FIG. 9. Mean internal energy of the N, partner product as a function of NH
rotation.
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_ 2
P(JN2)~exp[ - (ﬂ) 41In 2] (11)

AJ

with AJ = 15 (FWHM).

These observations are supported by the results of
(2 + 2) REMPI measurements performed by Dagdigian
and co-workers> where high power laser beams ~283 nm
were used to photolyze HN, and to analyze the N, product
through its @ 'TI state with the same light pulse. The N,
products were found to be vibrationally cold, but highly ro-
tationally excited with an average rotational excitation of
~6.400 cm . A lower rotational excitation in the REMPI
work can be expected since a lower HN, excitation energy is
used. The N, product state distribution in the photodissocia-
tion of HN; at 283 nm is roughly Gaussian shaped with the
most probable N, rotation at (Jy,) = 56 and a width of
AJ = 13-14 (FWHM).?® The results at 283 and 266 nm
photolysis wavelength indicate that the increase of HN, ex-
citation energy will essentially be transferred into N, rota-
tion.

A rough estimation of the lifetime of the dissociation
process can be extracted from the S, value at the lowest
rotational state. We start with the model assumption that the
parent molecule become distorted in a plane. For an instan-
taneous planar dissociation with p perpendicular to the mo-
lecular plane the limiting value of 5, = — 0.5 is expected.
A deviation from this value can be attributed to a deflection
of the recoil velocity by the tangential velocity v, of the rotat-
ing parent and to a HNj rotation through an angle § = w7
before fragmentation where @ describes the angular velocity
and 7 the lifetime of the parent in the excited state.”’ Since
the tangential velocity is very small (v, =290 m/s) in com-
parison to the recoil velocity (v==3300 m/s), the value of
B,., is reduced mainly by the finite time of dissociation (an-
gle of deflection~5°). Following the work of Bush and Wil-
son,?” we obtain for a first order decay the upper limit for the
fragmentation time 7< 100 fs. This short dissociation time on
the femtosecond time scale is in accordance with the broad
and only weakly modulated HN, absorption spectrum.
However, the value of 7 can only be interpreted as an upper
limit because the strong NNN bending motion mainly in-
fluences the 8, parameter as can be seen for high NH prod-
uct rotations where 8, becomes positive (Fig. 2). As a con-
sequence, the dissociation geometry becomes dependent on
the dissociation lifetime. This can also be seen when the ratio
of the {p+v) and the (u-J) correlation is considered. Corre-
sponding to Eq. (9) B,,; can be written in the classical limit

BW=<P2(HT=0.JT=QQ)>' (12)
Following the work of Docker et al.*® and the azimuthally
averaged addition theorem described by Barnwell et al.?® we
can separate the complete fragmentation process into two
parts, one part before dissociation has started (up to time 7)
and the other part after dissociation has begun:

ﬁ;d'_" (P2(|Lz=0'p't=f)PZ(p't=r'Jt=w)); (13)
ﬂpu = <P2(p't=0.p‘t=f)P2(H’t='r‘vt= © ))' (14)

If the dissociation geometry is independent of the fragmenta-
tion lifetime, then the ratio of the two expressions cancels the
lifetime factor

1.28
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B,d _ (Pz(l-"t=f'Jt= © )

ﬂ,uu (PZ(“t=T'vt=eo)>
This “geometry index” 8,,;/8,,,%® should be approximately
independent of the lifetime if the dissociation geometry is
independent of the time of separation. Since we observe a low
B .; value independent of Jy;, but a strongly increasing 8,,,
parameter with increasing Jy;;, the fragmentation geometry
should depend on the dissociation lifetime.

From the knowledge of the NH('A) and N,('X,")
product pair rotation information about the orbital angular
momentum Ly and the impact parameter b can be ex-
tracted. In general, conservation of angular momentum lim-
its the range of the orbital angular momentum for a nonro-
tating HN, parent to

JN, + JNH >I‘NZ—NH > |JN2 - JNH |‘ ( 16)

Furthermore, the available phase space is also limited by
energy conservation

LNz—NH =b \/ 2.UN,—NH [Eav —E. (Ny) — E,,(NH) ] ’
an

(15)

where the relation

LN,-NH = UN,-NH bvN;—NH (17)
is used, with vy _ny being the relative velocity of the prod-
ucts N, and NH('A).

Since the NH partners exhibit only low rotational exci-
tation and the N, fragments are formed with high rotation
[even for a nonrotating NH('A) partner fragment at
Jau = 2, see Fig. 9], the orbital angular momentum is essen-
tially  characterized by N, rotation?®  For
Ly nu = (Jx,) = 70 #i and vy, = 3300 m/s, we obtain an
impact parameter of 5=0.9 A which is not strongly depen-
dent on Jyyy rotation. This impact parameter is larger than
the distance between the N, center-of-mass and the HN,
center-of-mass in its equilibrium position (d = 0.64 A) A
completely different situation is observed in the photodisso-
ciation of H,0,, where the rotational vectors of the OH
products are oriented essentially in the opposite direction
and an extremely low value for the orbital angular momen-
tum is observed.!

The range of the impact parameter Ab is essentially giv-
en by the spread of the observed recoil velocity and one ob-
tains Ab=0.26 A. The correlation of product quantum
states as indicated in Fig. 9 gives some further hints on the
impact parameter distribution. If more energy is released
into internal product excitation, the translational energy
slightly decreases (Fig. 9). If b is constrained, a lower veloc-
ity of vy results in less orbital angular momentum [Eq.
(1D] and therefore in less N, rotation
Ly, nu =|Inu + Inu|- In this case, rotationally excited
NH products correlate with N, partner fragments in lower
rotational states.
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