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We report on an H(D)-atom Rydberg tagging experiment for H(D)N; photolysis providing

detailed dynamical information on the wavelength dependence of the H(D) + N3 channel. We
observe subtle yet striking changes in the photochemical dynamics as the photolysis energy passes
through ~5.6 eV. In addition to producing linear azide with an average of ~40% of available
energy appearing as translation, a second H(D)-atom producing channel grows in above this
energy releasing only about 15%. An observed (inverse) isotope effect suggests that statistical

decomposition on S is unimportant. High level ab initio quantum chemical calculations reveal a
transition state to cyclization of the N3 moiety in H(D)Nj3 on the first excited singlet (S;) surface
that is close in energy to the experimentally observed threshold energy for this “‘slow channel”.
Furthermore, the translational energy release of the “‘slow channel” is energetically consistent
with cyclic-N3 formation. This work provides the clearest presently available insights into how

ring closure can occur in azide photochemistry.

Introduction

While a large number of all-nitrogen species have been pre-
dicted theoretically,'® there are to date only five allotropes of
nitrogen that have been identified experimentally,”® three of
which are N5, N3 and N3™. One of the fundamental barriers to
exploring the full diversity of all-nitrogen molecules is their
near pathological resistance to ring formation. Experimental
schemes that could demonstrate ring formation would provide
new possibilities to the expansion of this intriguing field of
chemistry. For some time, one of us (AMW) has proposed that
cyclic-N species might be produced from suitable photoche-
mical precursors. Several recent experiments’ '* provide evi-
dence that the UV photolysis of CINj leads efficiently to the
simplest cyclic all-nitrogen allotrope, cyclic-N3.'>'8

N\
—

These results stand, however, in stark contrast to the
paucity of theoretical studies on CIN; photochemistry and
consequently, the photochemical mechanism remains unclear
as to which azides may undergo photochemical ring-closure.
In the hopes of perhaps finding another example of photo-
chemical production of cyclic-N; and more importantly one
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where high-level quantum chemical methods could be used to
guide our analysis of the microscopic reaction mechanism, we
undertook a study of the photochemistry of hydrazoic acid,
HN3, the simplest member of the XN3 family.

The UV photochemistry of HN; (especially in its first
excited singlet state, S;, possessing A” symmetry) has attracted
much attention; one might even refer to it as a benchmark
system for the study of polyatomic ultraviolet photochemical
dynamics. All four of the products of HN; photolysis:

HN; —» H + N3 AE = 88.7 kcal mol™! - Channel (1)
— NH(a'A)+ N, AE = 63.5 kcal mol~!- Channel  (2)

are suitable for efficient detection by optical means, thus the

reaction has been studied with several quantum-state resolved
methods.'” =7 HNj is also particularly amenable to high level
ab initio quantum chemistry methods in both ground and
excited electronic states,*®* making comparison between
experiment and theory particularly useful for the analysis of
its photochemistry.

It is noteworthy that the possible formation of cyclic-Nj in
HNj; photochemistry has never been the focus of any of these
many high quality studies. Channel (2), which dominates at
photolysis wavelengths where branching ratios have been
measured,? has attracted much of the attention.'®2° Of those
experiments focused on channel (1), > most employed
photolysis wavelengths where cyclic-N3 was not energetically
accessible, A > 244 nm, or employed methods that would not
reveal the production of this molecule.

The H-atom Rydberg time-of-flight (HRTOF)*' method is
one of the few possible means by which the formation of
cyclic-N3 in HN; photolysis might be observed and studied.
Furthermore, it has already proven useful in understanding
the dynamics of channel (1).2”?® Cook er al. reported HRTOF
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results for photolysis wavelengths between 240 and 280 nm,
providing comprehensive characterization of the energy re-
lease to photoproducts after excitation to the S; state.”® Also
demonstrating the power of comparison between experiment
and theory for this system, analysis with an ab initio potential
energy surface using wave packet calculations helped support
the vibrational assignment of the well resolved features in the
HRTOF energy distribution.* This work produced no evi-
dence of cyclic-N3 formation despite the fact that some of the
reported photolysis wavelengths surpassed its energetic for-
mation threshold.*? Zhang et al. are the only group to report
HRTOF results on HNj; at shorter wavelengths still; they
carried out photolysis experiments at 248 and 193 nm.>” While
these results do not reveal the full nature of the wavelength
dependence of channel (1), photolysis at 193-nm clearly leads
to more internally excited N3 molecules than does photolysis
at all other wavelengths that have been studied.?” This sug-
gested to us the value of a more comprehensive and systematic
study of the wavelength dependent dynamics of photochemi-
cal H-production in HNj.

Recently, we have completed such a study using the
HRTOF method, spanning the range of photolysis wave-
lengths between 280 and 188 nm in roughly 5 nm steps. A full
analysis of these results will be reported later. This paper
focuses on the 5-6 eV energy range (225-199 nm), where a
marked transition in the photochemical dynamics is observed.
We observe many of the same features seen previously corre-
sponding to formation of linear azide, where on average 40%
of the available energy is channeled to translation. In addition,
these results reveal a low-translational-energy, H-atom produ-
cing channel that grows in importance above a threshold of
~5.6 eV. The translational energy release of this “slow
component” is consistent with known thermodynamics for
formation of cyclic-N; Furthermore, a comparison to high
level ab initio quantum chemistry calculations reveals that the
experimentally observed threshold for this channel is coinci-
dent with an Nj-ring closing transition state for HNj on its S,
potential energy surface that leads to an electronically excited
cyclic intermediate of HN;. Theory shows that this intermedi-
ate may dissociate over a small barrier to H + cyclic-N3. These
results provide the first insight into the microscopic mechan-
ism for Nj ring closure in XNj; photochemistry.

Methodology

We used a multidisciplinary methodology to approach this
problem combining high level HRTOF experiments with the
best available quantum chemistry methods.

Experiment

The H/D-Rydberg-atom-time-of-flight (HRTOF) technique
has been described in detail elsewhere*** and only a brief
description of the more salient points is presented here. A
skimmed, pulsed, molecular beam of HNj, seeded in helium
(mixing ratio ~2%, total pressure ~ 1 atm), is crossed at 90°
with the output of the photolysis laser (UV power 0.1-4 mJ,
with the beam diameter > 0.1 cm), which consists of Nd:YAG
(Spectra Physics Pro-290) 3rd harmonic pumped dye laser
(Sirah, PESC-G-24) system. The second harmonic of the dye

laser light is generated using a BBO crystal (tunable in the
range of 225-280 nm). Photons in the range of 188 to 225 nm
are generated by combining the output of the second harmonic
of the dye laser with the Nd:YAG fundamental (1064 nm),
using a second BBO crystal. Distributions of recoiling H/D
atoms are probed using a detector positioned at different lab
angles. After a short time delay (~10 ns) recoiling H-atom
products from the photodissociation were tagged by excitation
to high-n Rydberg levels using a two color scheme: Lyman-a
radiation at 121.6 nm followed by UV radiation at ~366 nm.
Photons at the Lyman-o wavelength are generated by four-
wave mixing of two 212.5 nm photons and one 845 nm photon
in a cell filled with a 3 : 1 ratio Ar—Kr mixture of at a total
pressure about 70 Torr. Photons at 212.5 nm are produced by
doubling the output of a Nd:YAG (Spectra Physics Pro-290)
3rd harmonic pumped dye laser (Sirah, PESC-G-24) operating
at ~425 nm. A portion of the 532 nm output of the YAG is
used to pump another dye laser (Continuum ND6000) oper-
ating at ~845 nm. These beams are then focused into a cell
with Kr/Ar mixing gas where four wave mixing at 121.6 nm is
generated. The remainder of the 532 nm source is used to
pump a third Radiant dye laser (Radiant Dye Lasers- Jaguar,
D90MA), operating at ~732 nm, the output from which
frequency is doubled to ~366 nm, and used to promote the
H-atoms from the n = 2 level to a Rydberg state of high
principal quantum number (rn = 30-90), lying just below the
ionization threshold. The beam paths of both tagging lasers
have been set to ensure their maximum temporal overlap in the
interaction region, and all three beams are focused so as to
ensure their maximum mutual spatial overlap within this
volume. Any charged species formed at the volume of tagging
by initial laser excitation are extracted away from the TOF
axis by a small electric field placed across the interaction
region.

The tagged H-atoms then fly away from the interaction
region to reach a micro-channel plate (MCP) detector. The
Rydberg H-atoms are efficiently ionized by the strong electric
field applied to the MCP detector. The total distance from the
interaction region to the front face of the detector is ~333
mm. The signal obtained is amplified by a preamplifier,
discriminated by a discriminator, sent to both a digital oscillo-
scope for visual display and a multi-channel scaler (P7888-2(E)
FASTCOMTEC) for accumulation (typically more than 10°
laser shots per TOF profile) and subsequent data analysis.

HN; was prepared by heating sodium azide (NaN3) in
excess stearic acid under vacuum for 3-4 h at ~80-100 °C.
DN; was produced by reacting NaN;3 with an excess of
deuterated phosphoric acid, which is generated by reacting
D,0 with P,Os under vacuum conditions. The H(D)N5 sample
was stored in a stainless steel container and He gas was filled to
produce 1-2% H(D)N3/He ratio (the total pressure made up
to ~1—4 atm with pure helium). Purity was checked by mass
spectrometry (SRS, RGA200).

Theory

Geometries of potential energy minima and transition states
were optimized using the analytical gradient at the state-
specific (ss)-CASSCF (complete active space self-consistent
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field) level.* In ss-CASSCF calculations, the full valence
active space, (16e/130), consisting of 16 electrons in 13 mole-
cular orbitals, was used with the cc-pVTZ (VTZ), Dunning’s
correlation consistent polarized valence triple-zeta basis set.*
The Hessian matrix, vibrational frequencies and the zero point
energy (ZPE) were calculated by numerical differentiation of
the energy gradient at the same ss-CASSCF/VTZ level as in
geometry optimization. Energetics were further refined by the
internally contracted configuration interaction with single and
double excitations (MRCISD)***® plus multi-reference ver-
sion of Davidson’s correction (Q)***° with the Dunning’s
correlation consistent augmented polarized valence triple zeta
basis (AVTZ),* where a pre-determined ss-CASSCF(16e/
130)/AVTZ wave function was selected as the reference con-
figuration. In the MRCISD calculation, only the 1s orbitals of
nitrogen atoms were kept doubly occupied in all configura-
tions and the remaining 16 electrons were correlated, denoted

as MRCISD(Q)(16e/130)/AVTZ. MOLPRO 2002.6°! was
used for all the CASSCF and MRCISD calculations.

Results and discussion

Fig. 1 shows the center-of-mass translational energy release
distribution for the H(D) + Nj; channel at a few selected
photolysis wavelengths obtained by direct inversion of the raw
TOF data obtained at the magic recoil angle (O = 54.7°) with
respect to the original direction of the polarization of the
photolysis laser. This angle is useful in that signal intensities
are thereby independent of the H-atom angular distribution.
In each panel, the isotope (H or D) is indicated as is the
photolysis wavelength in nm. For example, D-208 was a
D-atom Rydberg tagging experiment at a photolysis wave-
length of 208 nm. The downward pointing arrows indicate the
thermodynamically-determined limit to the translational

0 5000 10000 15000 20000

Wi e
A" |
|

i
o

0 5000 10000 15000 20000

M,h: Y ¥
L}E ‘M““H}l“ D-225
1
‘.fd.'i' *"ﬂk l
n'uﬂ ; W

W Wi

A
ff‘
AN |
Ll 'H‘ W
0 5000 10000 15000 20000

0 5000 10000 15000 20000

Translational Energy Release (cm™)

Fig. 1 H-Atom Rydberg TOF derived translational energy release distributions for HN; and DNj; photolysis at representative wavelengths. Two
channels are observed at wavelengths shorter than about 220 nm. The low translational energy channel (dashed line) is consistent in energy release
with formation of cyclic-N3, the formation of which cannot lead to translational energies larger than that shown by the upward directed arrows.
The high translational energy release channel (dotted line) produces linear-N3 which has a thermodynamically defined limit to the translational
energy release shown by the downward pointing arrows. The double headed arrows represent the uncertainty in our knowledge of the heat of
formation of cyclic-N3. The notation on each panel indicates the isotope (D or H) as well as the photolysis wavelength in nm.
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energy release assuming the detected H(D)-atoms are pro-
duced with linear Nj-radicals. The partially resolved structure
seen in panel H-225 can also be successfully assigned to
vibrational states of the linear N5 -radical as in ref. 27 and 28.

At photolysis wavelengths less than or equal to ~220 nm, a
second component to the translational energy release is clearly
observable, and is notably stronger for D than for H. This
component exhibits a smaller translational energy release,
suggesting formation of a form of N3 with high internal
energy. Energy release distributions corresponding to photo-
lysis wavelengths longer than 225 nm qualitatively resemble
the 225 nm results and show no sign of this second low-
translational-energy component. In order to better quantify
the two contributions to the translational energy release
distribution, the data was fit to two Gaussian functions, shown
as dashed and dotted lines in Fig. 1. One can see that the data
is well fit by this simple strategy. The upward pointing arrows
(best value) and double-headed horizontal arrow (error bars)
show the thermodynamically-determined limit of translational
energy release assuming formation of H(D) with cyclic-N5."'>¢

The fraction of the H(D)-producing photochemistry that
results in the high energy form of Nj3 can be estimated by
integrating the Gaussian components used to fit the transla-
tional energy release distributions of Fig. 1. This is shown for
both isotopes in Fig. 2 for photolysis wavelengths: 220, 217,
213, 208, 203 and 199 nm. We found no detectible branching
between channels at longer photolysis wavelengths. The ob-
served threshold at a photolysis energy of 5.65 £+ 0.05 eV
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53 1199 1245 1291 1337 1384 143.0 1476
b T L T L T 2 T . T L T L T

o ISR

0.10 4

$(HNNN): 138.8

132.01

0.05

fxn of H(D) product
in "slow-H-atom" channel

T T

0.00 — T ——
5.0 5.2 5.4 56 5.8 6.0 6.2 6.4
Photolysis Energy (eV)

Fig. 2 Observations of barriers in the S; state of HN3. The solid
squares show the derived fraction of H-atom channel appearing at low
translational energies. This represents the fraction of H-atoms formed
together with a high energy form of N3 (possibly cyclic-N3). The solid
arrow shows the theoretically predicted threshold energy for ring-
closure on the S; surface of HNj;. The accuracy of this prediction is
expected to be better than +0.2 eV. The structure of the calculated
transition state to ring closure on the S; surface is shown as an inset.
This comparison between theory and experiment provides strong
evidence for the observation of ring closure in the UV photolysis of
HNj3. Open squares show the results of DN3 photolysis. The isotope
effect favoring D-atoms may be indicative of competition between
direct dissociation and ring-closure.

compares favorably with the calculated barrier to ring closure
on the S; surface at 5.72 ¢V (shown as the solid arrow). The
structure of this transition state is shown as an inset to Fig. 2.
Fig. 2 also reveals a marked “inverse” isotope effect increasing
with incidence energy, where DN3 leads with about twice the
efficiency as HNj to the high energy form of Nj, reaching a
maximum of ~10% of the radical channel at about 6 eV. Note
that the observed threshold is well below the energetic thresh-
old for spin allowed secondary dissociation to form H + N, +
N(*D), which requires 6.2 eV.

Fig. 3 shows the energetics of the relevant pathway for the
formation of the cyclic-Nj species on the S; potential surface,
extracted from an extensive and highly accurate quantum
chemical study of the S,, S;, T, and S, potential energy
surfaces. Here, energies (with zero point energy correction)
are shown in kcal mol™! along with the optimized structures
for local minima and saddle points. Both the barriers to ring
closure and to dissociation of the ring closed intermediate are
in good agreement with the experimentally observed threshold
for the low-translational-energy H-atom producing channel.
This leads us to postulate a reasonable mechanism for cyclic-
N3 formation in HNj photolysis (Fig. 3); namely, the excita-
tion of HNj3 in this energy range leads to the ring closing
transition state with observable efficiency and subsequent
formation of the ring-closed intermediate that may then
dissociate to the products.

The threshold of the low-translational-energy channel at
5.65 eV is close to the onset of a strong HN; absorption that
peaks near 210 nm,>* which we attribute to the So(A’) —
S,(A’) absorption. The slow channel production efficiency also
shows a leveling off at ~6.1 eV mimicking the energy depen-
dence of the Sg — S, absorption spectrum. In addition, we
observe a rapidly changing value of f near the threshold
indicative of the increasing importance of the Sy, — S,
absorption. Specifically f’s are between —1 and —0.5 for the
“fast channel”, resulting from Sg(A’) — S;(A”), but near 0 for
the “slow channel”. It is therefore reasonable to suspect the
S,-state and its subsequent photodynamics as playing an
important role in the production of low translational energy
N3 + H. Our ab-initio calculations on the S,-state show a
trans-minimum with the structure shown in Table 1 and a
seam of crossing (conical intersection) between the S,- and the
S,-state near the frans-minimum structure of the S, state, also
shown in Table 1. Considering the structure of the ground
state (also shown in Table 1) excitation to the S, Franck—Con-
don region would result in N-N-N bending and N-N stretch-
ing between both N-N-bonds as well as some HNN bending
and stretching motion. Molecules excited to S, and subse-
quently transmitted to the S;-state through the S,—S; seam
crossing (conical intersection) would be excited exactly with
the proper kind of vibration to provide access to the ring
closed transition state of S;. Thus, the internal conversion to
S, state will be a dominant process with low excitation energy.
Thus excitation to S, followed by S, — S, internal conversion
appears to offer a reasonable explanation for the mechanism
of ring closure.

Our ab initio calculations also revealed a nearby conical
intersection that could transmit S, population to Sg. An
alternative mechanism for slow atom formation was therefore
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Fig. 3 Postulated cyclization mechanism in HN3 photolysis. 4 initio quantum chemical calculations of isomerization on the S; state of HNj. All
energies are shown in kcal mol~! and are corrected for zero-point energy. The near linear Nj in the S HNj is thought to be strongly excited in the
bend and N-N stretch leading some reactive flux to the ring-closing barrier and formation of the electronically excited cyclized HN;. This

intermediate may dissociate producing cyclic-Nj.

considered. Here we modeled the fast H-atom production
channel as derived from Sy—S; excitation and slow atom
production as resulting from Sy—S, excitation followed by
S,—So internal conversion and statistical decomposition on
the Sy state. We used an RRKM program™ to model the
branching between reactions (1) and (2) on S, for both
isotopomers, employing reactant and transition state frequen-
cies and energies obtained from our electronic structure
calculations. See Table 2. Two major discrepancies with ob-
servation arise from this analysis. First, the RRKM analysis
predicts a significant (1.7) normal, i.e. favoring H-atom pro-
duction, isotope effect; whereas experiment reveals an isotope
effect of similar magnitude but opposite direction, i.e. favoring
D-atom production. Furthermore, the RRKM predictions
cannot reproduce the energy dependence of the isotope effect
apparent in Fig. 2. Second, due to the fact that the S,

absorption is growing rapidly with energy (~100x stronger
than the S| absorption at 6 eV), this model predicts that about
90% of all H-atoms would appear in the slow channel (at
6 eV); whereas experiment shows only 5-10%. This analysis
strongly suggests that S-S, internal conversion does not play
a role in the production of slow atoms.

In addition to the S; ring-closing transition state, the
transition state for 1,2 H-atom migration, producing a planar
minimum with H attached to the middle N atom, was also
found. This barrier is, however, 4.5 kcal mol™! higher in
energy than the ring closing barrier. More importantly, in
going from the S, structure, access to the 1,2 H-atom migra-
tion transition state requires a large HNN bending motion,
while the ring closure transition state is associated with a large
NNN bending motion. The geometrical differences between
the S, and/for S; state global minimum and the

Table 1 Theoretical structure (in A and °) of the S, state and the energy-minimum of the seam crossing (MSX, conical intersection) from S; to S;.
The structure of the ground state minimum (S,) is shown for comparison. All the structures except S; ring-closing TS are coplanar (dy_~n1-N2-N3
= 180.0°)“. Notice how Sy — S, — S, leads toward the structure of the S; ring closing TS. This is particularly evident for the N;—Nj3 distance and
the N|—N,—Nj3 angle, which are critical to cyclization

RHl—Nl RNI—NZ RNZ—NS @H—NI—N?_ @NI—NZ—N,? RNI—NS
So-min 1.028 (1.001) 1.257 (1.251) 1.136 (1.143) 107.3 (108.8) 171.6 (171.4) 2.386 (2.388)
S,-trans-min (0.992) (1.301) (1.286) (134.9) (102.2) (2.013)
S,-S; MSX (0.992) (1.302) (1.287) (136.7) (102.1) (2.014)
S,-ring closing TS 1.041 1.393 1.378 — 72.5 1.638
S,-trans-min 1.038 1.467 1.188 100.7 119.8 2.301

“ The geometric parameters in parentheses were optimized at 3 states (Sp, S; and S, with equal weight) averaged CASSCF(16e/120)/cc-pVTZ level
of theory with o*N_y orbital removed from the full valence CASSCF space.
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Table 2 Input data for RRKM calculations”

Ey vy %) v3 Vg Vs Ve
HN; 0.0 338 2189 1313 1155 601 524
H+N;TS” 865 —° 1645 1320 595 505 95
NH + N, TS 50.5 3233 2340 —° 739 157 120
DN, 0.0 2475 2181 1172 1003 589 492
D+N;TS” 878 —° 1645 1320 595 505 95
ND + N, TS 50.7 2362 2340 —° 540 124 116

“ Ey (corrected for zero point energy) in kcal mol™', vibrational
frequencies in cm~'. ® No barrier to dissociation was found. Transi-
tion state for N-H(D) bond cleavage was taken as the products
H(D) + N3. “ Imaginary or zero.

Franck—Condon geometry suggests that the ring-closure tran-
sition state is more easily accessible than the 1,2 H-migration
transition state and is more likely to be important.

A word regarding the “inverse” isotope effect is also in
order. An unambiguous interpretation awaits detailed theore-
tical analysis; however, we speculate that the time available for
isomerization to the cyclic structure is approximately double
for DNj3 vs. HN3;. Remember that isomerization to the cyclic
intermediate proceeds in competition with H(D)-atom elim-
ination to form linear Nj3. The large negative anisotropy
parameter (§ ~ —0.7)* for this process indicates sub-picose-
cond dissociation dynamics. As velocities of the D-atom
undergoing direct dissociation will be approximately half that
of H-atoms, it is possible that more time is available for the
N-atom motion required to close the ring in the case of the
heavy departing atom.

In summary, a wavelength dependent study using H-atom
Rydberg time-of-flight revealed an energetic threshold for a
previously unobserved dissociation pathway in the UV photo-
lysis of hydrazoic acid, exhibiting a threshold that is coincident
with a calculated barrier to ring closing on the S; (A”)
potential energy surface. Theory shows that passage over this
barrier leads to a local minimum in the potential, which
exhibits an Ns-ring-closed, non-planar structure, which may
dissociate to cyclic-N3 + H. The translational energy release of
the newly observed dissociation channel is consistent with the
thermodynamics of cyclic-N3 formation. Through analysis of
all experimental observations we propose a detailed photo-
physical mechanism for cyclic-N; formation in HNj photo-
lysis. Specifically, we propose that S, — S, photo-excitation is
followed by S, — S; internal conversion through a conical
intersection located near the energy minimum of the S, state
and traversal of the cyclization barrier on S; and subsequent
N-H bond cleavage. We have analyzed other possible mechan-
isms of producing “slow atoms” and found them inconsistent
with experimental observations.
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