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Photodissociation dynamics of HNj;.
The N; fragment internal energy distribution
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The H-atom velocity distribution of the photofragmentation of HN; at 243 nm has been characterized using resonant enhanced
multiphonon ionisation (REMPI) in combination with time-of-flight (TOF) measurements. The internal energy distribution of
the N; fragment has been determined from the experimental results. The structures in the N; internal energy distribution were
assigned to the excitation of the N symmetric stretching mode. The relative population of the (000): (100): (200): (300): (400)
modes was found to be 0.09:0.19:0.28:0.29:0.15. The means of the vibrational and rotational energies are () =2970 cm™!
and (E,,> =720 cm™'. The excitation of the symmetric stretching mode indicates the dominating influence of the N-N,H, No—

NH, and N;-H coordinates of the upper potential energy surface {PES) on the N; internal energy distribution.

1. Introduction

The photodissociation of HN; has been object of
extensive studies by several groups [1-9]. In an in-
frared multiphoton dissociation experiment Casassa
et al. [1-3] observed the NH product in the XX~
and the a 'A quantum state depending on the applied
IR wavelength. Several studies [4-9] were carried
out by excitation of the A 'A” state of the HN; mol-
ecule using various UV wavelengths. Scalar prop-
erties as well as vector correlations have been deter-
mined giving a detailed view into the dissociation
dynamics of the reaction

HN; +hv->NH(a'A)+N,(X'Z)) .

Another reaction channel leading to H atoms has
recently been verified [10] by the detection of nas-
cent H atoms using photolysis wavelengths of 193
and 248 nm. Two reaction paths leading to the sep-
aration of a H atom are energetically possible, al-
though the second one is spin-forbidden:

HN, +hv—H(2S)+N,(311)
HN; +hv->H(S) +N(*S) +N,(X '27) .

In a recent study some scalar properties as well as
the asymmetry ({u-») correlation) of the nascent

H atom have been determined at photolysis wave-
lengths of 248 and 193 nm using the sub-Doppler
laser-induced fluorescence (LIF) technique [11]. If
the available energy is increased by decreasing the
photolysis wavelength, the additional energy is re-
leased as internal energy of the N, fragment. The
strongly negative {u-») correlation suggests that the
fragments are ejected in the molecular plane. The N;
fragment is believed to be highly vibrationally ex-
cited but rotationally cold since the N5 chain in the
HN;, is elongated compared to the free N; radical. In
the present work, we intend to classify which inter-
nal modes are excited in the dissociation process in
order to determine which molecular coordinates are
involved in this elementary reaction.

The N, radical has already been observed by the
LIF technique [12,13] as a product of the photolysis
of HN,. But it was believed to be produced by the
secondary reaction HN;+NH(a'A)-NH,+N;
[12]. Unfortunately the A X state of the N; mole-
cule used for the LIF detection is predissociative
[12,14], and so the sensitivity of this experimental
technique is drastically reduced, making it difficult
to detect low N5 concentrations. Other than this,
several thousand rovibronic states can be populated
by the N; fragment within a range of 5000 cm~! in-
ternal energy [ 151, so the expected concentration per
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quantum state is low. Moreover, only a few of the
vibrational bands [12,13,16] have been resolved
until now. Thus the LIF technique is not an appro-
priate tool for investigating the nascent N product,

The easiest way to obtain information about the
population of quantum states of the N; fragment is
the determination of the H atom kinetic energy dis-
tribution which reflects the internal energy distri-
bution of the N; fragment.

2. Experimental

The H-atom velocity distribution is analyzed with
the (24 1)-REMPI-TOF technique [17-19] as a di-
agnostic tool. Because the influence of initial parent
molecule motion has to be minimized, the use of
supersonic expansion in a molecular beam is nec-
essary. The reaction chamber is made of stainless steel
and evacuated by two baffled 500 /s oil diffusion
pumps to a base pressure of 10~* Pa. The home-built
TOF spectrometer is mounted inside the reaction
chamber and evacuated by a 360 2/s turbomolecular
pump (Leybold Heraeus 360 CSV).

HN; is generated by dropwise addition of phos-
phoric acid to NaN; under vacuum and stored in a
glass bulb at a maximum pressure of 10% Pa. The HN,
is expanded through a pulsed nozzle (General Valve)
into the reaction chamber. The molecular beam is
collimated by a skimmer before it enters the TOF
spectrometer, where it is intersected by the photo-
lyzing/analyzing laser beam. During the measure-
ments the background pressure is 10~ Pa in the TOF
tube.

The (2+41) REMPI process uses the H(22S)«
H(12S) resonant transition as an intermediate step.
The photolyzing and analyzing light is delivered by
an excimer laser pumped (LPX 6051 Lambda Phy-
sik) dye laser system with SHG (LPD-3000 Lambda
Physik) and focused tightly into the spectrometer by
a 6 cm quartz lens. The laser power is carefully con-
trolled to avoid space charge effects and is typically
kept below 1 mJ. H ions are detected by a double
stage multichanne! plate (MCP) assembly (Galileo).

The TOF spectrometer (fig. 1) is designed for
maximum kinetic energy resolution. All metal parts
inside the spectrometer are gold plated to avoid dis-
turbing electric fields due to anisotropic work func-

CHEMICAL PHYSICS LETTERS

15 January 1993

field free field free Chevron
drift region acceleration region drift region assembly
TTITTTIITT — 1
10cm 38cm . EE a
I
]

L#LLLLLL%f\mﬁ“J’

i I:I pum— { N S O, S By i
|
t .
—+ Ua

MCP signal

Fig. 1. Schematic diagram of the TOF spectrometer.

tions {11]. The spectrometer is divided into three
parts: a 9 cm long drift region, a 10 cm long accel-
eration region, and a second 38 cm long drift region
which is separated from the acceleration region and
the MCP assembly by two gold plated stainless steel
meshes. TOF drift profiles were obtained by apply-
ing an electric field between the last six electrodes,
so that the H ions are produced in a field free region.
Therefore, only ions which initially fly directly to-
wards the detector will hit the detector. In this op-
eration mode only a few ions will reach the MCP as-
sembly, resulting in a weak H ion signal. Therefore
an amplifier/discriminator unit (7011 FAST) in
combination with a multihit time to digital con-
verter (7885 FAST) has been used to process the sig-
nal. The TOF signal is obtained by adding over a large
number (103-10%) of laser shots. The advantage of
this operation mode is a high resoiution of the H atom
recoil velocity distribution.

To compensate for any systematic errors due to
inhomogeneous electric fields inside the TOF spec-
trometer, the H atom velocities were calibrated by
observing H atoms produced in the following
reaction:

HI+Av(243 nm)->H(*S) +1(*P3,,) ,

HI+Av(243 nm)->H(S) +1*(?P,,5) .

Since the dissociation energy [20] of HI and the spin
orbit splitting of the I atom are well known it is pos-
sible.to calculate the two discrete H atom recoil ve-
locities belonging to the different I states.

3. Results and discussion

To obtain precise information on the H atom ve-
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locity distribution which represents the N, internal
energy distribution, several TOF drift profiles were
recorded. A typical TOF drift profile is shown in fig.
2 which was obtained by accumulation over 5x 10°
laser shots.

The relation between the H atom velocity and the
measured time of flight is given to a good approxi-
mation by

t(vH)=t0+d/vHv (1)

where d is the distance between the laser focus and
the beginning of the acceleration region. The con-
stant [, accounts for the time of flight between the
beginning of the acceleration region and the MCP
assembly. In our experiment ¢, is assumed to be in-
dependent of vy since the additional kinetic energy
of the acceleration (109 €V) is much larger than the
kinetic energy release in the photodissociation (&1
eV).

The system is calibrated with HI as a standard to
evaluate the constant /.. The conversion of the TOF
drift profile into a H atom kinetic energy spectrum
is shown 1n fig. 3 where the following equation has
been used:

Egin(H) = dmu{d/[t(ve) —L]}2. (2)

The intensity normalization was carried out using
the relation f(E) dE=f(¢t) dt1.
Since linear momentum has to be conserved, the

HNz + 243 nm —»H + N;

H ion intensity [arb. units]
>
©
<o
N

*
a
8 9
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Fig. 2. TOF drift spectra of H ions generated in the HN; (upper
curve), and HI (lower curve) photodissociation/ionization at
243.12 nm. The H signals generated by the photolysis of HI were
used for velocity calibration.
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Fig. 3. H atom kinetic energy distribution of the HN; photolysis
at 243.12 nm. The solid line is a least-squares fit of eq. (5). The
five markers indicate the height and position of each Gaussian
function. The lower curve represents the H atom kinetic energy
distribution of the HI photolysis at 243.12 nm, from which the
width of the response function was obtained.

total kinetic energy of both fragments is given by
Ein(tot) =Ey (H) (1 +my/my,) . (3)

So the internal energy distribution of the N, frag-
ment can be calculated from the total kinetic energy
distribution to be

E(N3)=E,, — Ey(tot) . (4)

E,, is the available energy for the products,
E,w=hv+E,(HN;3) —Eg,, wWhere Eyg is the dis-
sociation energy of the H-N; bond, and E,,,(HN;)
is the internal energy of the parent molecule which
1s negligible since HNj; is cooled in a molecular beam.
It can be seen from fig. 3 that the observed H atom
kinetic energy distribution consists of five nearly
equally spaced maxima which are well fitted by the
sum of five Gaussian functions of the same width:

2
I
=0 kin

(3)

B is the height of the baseline, the factors 4; are the
intensities, Ey;,,(H) are the center positions, and
AE;,(H) is the common width (fwhm) of the five
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Gaussian functions. The results of the fitting pro-
cedure are summarized in table 1.

The tail of fast H atoms in fig. 3 with kinetic en-
ergy of more than 11000 cm~! can be assigned to a
minor secondary dissociation of NH(a'A) frag-
ments into N(?D) and H(?S). However, the internal
state distribution and the kinetic energy distribution
of the NH(a 'A) product from the 248 nm photol-
ysis [8,21] suggest an almost constant background
signal of H atoms due to secondary processes in the
kinetic energy range under consideration falling off
to zero at 3000 cm~' respectively at 14000 cm™—'.
Therefore the height of the baseline B is set approx-
imately equal to the value at the edge of the profile
of fig. 3 at 11000 cm~". This procedure is justified
by the fact that within the experimental error it yields
the same values for the mean fragment energies as
the preceding experiments by Lock et al. [11] where
secondary dissociation can be excluded.

In order to obtain the dissociation energy E gy { H-
N3) it is necessary to determine the maximum H
atom kinetic energy Ey, max (H) from these fitted
spectra. Since the data shown in fig. 3 are a convo-
lution of the H atom kinetic energy spectra with the
response function of the TOF spectrometer, one has
to consider the width of the response function for a
correct evaluation of the maximum H-atom kinetic
energy. Assuming the response function to be Gaus-
sian with a width of AE, ., and the kinetic energy dis-
tribution to be described by eq. (5), the maximum
H-atom kinetic energy is given by

Euinme{H) =Exino(H) + (1 +1//6)a, (6)

where Ey;, o(H) is taken from the fitting procedure
(eq. (5)) and o is given by

Table i

Positions ( Eyp ;(H) ), intensities (4;), and width (AEy, (H)) of
the five maxima in the H-atom kinetic energy distribution.
E;,(N;) is the related internal energy of the Nj fragment. All
energies are given in wavenumbers

i 4; Epins(H) Ein(N3) AEg,(H)
0 0.09 9210 890 1270
1 0.19 7940 2200 1270
2 0.28 6700 3470 1270
3 0.29 5590 4610 1270
4 0.15 4350 5870 1270
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0= [(AEm(H)*— AELy)/(4In2)]'2. (7

Since the dissociation of jet-cooled HI leads to
monoencrgetic H atoms, the observed signal can di-
rectly be regarded as the response function of the
spectrometer. The width of the response function was
determined to be ~950 ¢m ~! by evaluating the width
of the H atom calibration signal from the HI pho-
tolysis. A value of 10270 cm~! was obtained for
Eyin, max (H). Assuming that H atoms with maxi-
mum kinetic energy can be correlated with N frag-
ments having zero internal energy and, if further-
more no internal energy for the HN; molecule is
considered, we can write

Eiss(H-N3) =hv = Eyin, max (H) (1 + my/my;). (8)

The value obtained for E g (H-N;)=30850%400
cm~' is in good agreement with previous measure-
ments [11]. The error is mainly due to the response
function regarded as Gaussian shaped which is a
fairly crude approximation.

The H atom kinetic energy distribution can be
converted into the N; internal energy distribution
{fig. 4) using eq. (4). The detected structure in the
N; internal energy distribution already gives a hint
on the energy release, e.g. the internal motion of the
N, fragment. First of all, the measured energy dis-

HN; + 243 nmy = H + N,

0 2000 4000 6000
N, int. energy [cm"]

Fig. 4. Internal energy distribution of the N fragment generated
in the photolysis of HNj at 243.12 nm. The solid line is the least-
squares fit of the H atom kinetic energy distribution (eq. (5))
after transformation into the N, internal energy distribution (eq.
(4)). The five markers indicate the height and position of each
Gaussian function.
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tribution can hardly be attributed to pure rotational
excitation of N3, because we would not expect to see
structure unless well separated selected groups of ro-
tational states would be populated, which is unlikely.
It remains that the observed structure is essentially
from vibrational excitation of the N5 product. Here
again, pure excitation of the degenerated v, bending
mode cannot be attributed to the observed N; energy
distribution, because one quantum of vibrational en-
ergy of the », mode carries 457 cm~! [13] which is
also far too low to be resolved in this experiment.
Thus, only the Nj; stretching modes are responsible
for the structured N; internal energy distribution. In
order to discriminate between the symmetric stretch,
»;=1320 cm~', and the asymmetric stretch,
v3=1644 cm~', a quantitative analysis of the TOF
spectra is necessary.

With the positions of Ey:, ;(H) and the intensities
A; of the five maxima of the kinetic energy distri-
bution (fig. 3) one can calculate the position and the
height of each maximum (table 1) in the N; internal
energy distribution (fig. 4). The energy differences
between the peaks are indicative for the type of
stretching mode. Table 2 lists the possible vibra-
tional modes, their energy and the remaining rota-
tional energy of each maximum of the N; internal
energy distribution [15]. Excitation of the asym-
metric stretching mode (table 2, record 1) cannot
explain the internal energy distribution of the N,
fragment, since in that case the vibrational energy
exceeds the observed N, internal energy. By the same
argument, excitation of a combination mode con-
sisting of a bending mode and several symmetric
stretching vibrations (table 2, record 2) can be ex-
cluded. Only the excitation of the symmetric stretch-
ing mode (table 2, record 3) leads to a reasonable
energy for the N; rotation. However, it should be
mentioned that excitation of at most one quantum
of the »; mode (table 2, record 4) cannot be ex-
cluded. So it is evident that excitation of the ¥, mode
is responsible for the structures of the N; internal en-
ergy distribution. The population of the symmetric
stretching mode is shown in fig. 5. If we assume an
exclusive excitation of the »; mode, then the mean
vibrational energy is given by:
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Table 2

Energies (cm~') of selected vibrational modes of the N5 (%IT)
molecule [15]. The vibrational energies E.;, are averaged over
the different spin states and the Renner-Teller splitting, Only
those vibrational modes which yield a positive value for the re-
maining energy ... (N3) can explain the experimental results

Record Vib. mode E,, E. ..(N;)
(viv213)
1 000 35 860
001 1680 520
002 3330 140
003 4980 -370
004 6630 —760
2 010 570 320
110 1890 310
210 3210 260
310 4530 ~80
410 5850 20
3 000 35 860
100 1360 840
200 2680 790
300 3990 620
400 5320 550
4 000 35 860
001 1680 530
101 2980 490
201 4240 370
301 5500 370
HN, + 243 nm-=H + N,
0.40
0.35 1
0.30 4

025 4
0.20 -

0.15 1

0.10 1
0.05
0.00

Fig. 5. The relative population of the , mode of the N fragment
generated by the photolysis of HN; at 243.12 nm.
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4
(Ep(N3) )= ‘ZOAiEvib(ia 0,0)

~2970cm ! . 9)

The mean remaining rotational energy ( E.o(N3))
is determined to be 720 cm~! where the values of
record 3 in table 2 have been used. The partitioning
of the available energy is calculated to be: fians=0.64,
fip=0.29, and f,,,=0.07.

A significant amount of rotational motion will
broaden the width AE,,(H) of the kinetic energy
distribution. If we compare the value AF,;,(H)
=1270 cm~! obtained by the fitting procedure with
the width of the response function AE,.,,, we can es-
timate the width of the rotational energy distribution
AE.

AErot = [AEkin(H)z— AEIZ'esp]l/2
~840cm-!, (10)

where the response function and the internal energy
distribution of a single stretching mode are assumed
to be Gaussian.

For dynamical calculations it is of advantage to
use Jacobian coordinates to describe the photodis-
sociation process. However, the upper PES can be
visualized easier when normal modes are used for a
qualitative description of the fragmentation process
of HN,. The rotational excitation of the N5 product
is related to initial motion of the parent and to the
torque provided by the gradient of the upper PES
with respect to the NNH bending angle which de-
scribes the v, mode of the parent. A strong N, ro-
tation could be induced by a v, bending motion of
the NNH frame. Since the energy release in rotation
is relatively low, the NNH bending angle depen-
dence of the upper PES should be similar to that of
the ground state. This is confirmed by ab initio cal-
culations [22].

If the upper PES causes only a separation of the
two products, 1.e. the dissociation process is char-
acterized by the Franck-Condon limit, then the re-
lease of the available energy in kinetic and internal
energy of the N; fragment is determined by the
quantum state distribution of the HN, parent mol-
ecule in its ground state and the internal energy dis-
tribution of the N, fragment should be nearly in-
dependent of the photolysis wavelength, Thus any
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additional available energy should be released as ki-
netic energy of the fragments. Since the N, fragment
1$ a linear and symmetric molecule (N-N bond length
118 pm) and the HN, molecule has two different N-
N bonds (113 and 124 pm), one would also expect
an excitation of the N; asymmetric stretching mode
from this asymmetrically elongated N frame. Com-
parison of the experimental results with the predic-
tions of the Franck-Condon limit indicates that the
dissociation process cannot be described by the
Franck-Condon limit because:

(1) the N; fragment is strongly excited [11],

(2) any additional available energy is released as
internal energy of the N; fragments [11], and

(3) the symmetric stretching mode of the N, frag-
ment is excited.

Thus the experimental data suggest that the pho-
tofragmentation process can be described by the
strong coupling case, i.e. the motion of the fragments
is essentially determined by the upper PES of the
A 'A” state and only to a minor extent by the ground
state distribution of the HN; parent. So we expect
steep gradients along the coordinates which lead to
excitation of the », mode.

The fragmentation process is governed by anhar-
monic coupling phenomena on the upper PES. In a
simplified mechanistic picture of the dissociation
process this may be described in such a way that the
original N;-N, bond length of 113 pm is prolonged
to 124 pm, or the N,-Nj; bond length is compressed
to 113 pm before complete fragmentation into H+ N,
in order to explain the observed N, symmetrical
stretching vibration in the dissociation of the asym-
metrical elongated N;-N,-N; chain of the N;-N,—-
N;—H parent. The observed v, vibrational distribu-
tion is centered around v;=2. A quantum-mechan-
ical calculation of the maxima of the | |2 function,
describing harmonic N vibrations, shows that the
N-N bond length of the free N; molecule is changed
by about 6 pm for v, =2 relative to the | ¥|? maxi-
mum of the v; =0 state. This shift in the bond length
is necessary when the N,~N,-N; frame of the parent
is “transformed” into the free N3 product. The dis-
sociation process may be visualized as follows:

While the H atom is recoiling from the neighbor-
ing N atom, this N atom approaches the N;-N, frame
to a distance of about 113 pm. During this approach
the length (113 pm) of the strong N,~N, bond should
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not be changed significantly. When the symmetrical
configuration of the N,-N,-N; frame is reached the
influence of the recoiling hydrogen becomes negli-
gible resulting in symmetrical vibrational motion of
the N; product. Less likely is a fragmentation pro-
cess which involves lengthening of the N,-N, bond
length to about 124 pm while the N,-N; bond length
remains essentially unchanged when the H atom is
leaving the excited HN; complex. The influence of
the hydrogen becomes unimportant for the fragmen-
tation process when a symmetrical N,-N,-N; con-
figuration is reached and the #, mode of the product
is excited.
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