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Velocity Map lon Imaging of Chlorine Azide Photolysis: Evidence for Photolytic
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The method of velocity map imaging was applied to study the photodissociation dynamicszafeaiiN235

nm under collision-free conditions. Derived kinetic energy distributions of state-select@g;Cprovide a
medium-resolution energy spectrum of the fkagment. Markedly bimodal distributions are observed that
suggest simultaneous formation of the linear(X 2IT) isomer as well as an energetic form of, donsistent

with recent theoretical predictions of a cyclic isomer, resembling an isosceles triangle. Angular distributions
of the photofragments indicate thatA2 < 1'A’ excitation is the most important pathway to photoproducts.
Branching ratio measurements between the dominant-sphit excited-state CI*3P1,) and the spir-orbit
ground-state CPPs3;) showed CI*/Cl~ 0.8/0.2. The branching ratio between linearaMd cyclic-N formation

was determined to bes 0.8/0.2.

Introduction CIN; (X'A") + hw — NCI (X°S) + N, (A’S])  (4)
Recent interest in the photochemistry of chlorine azide ¢CIN
derives from demonstrations that the primary photoproduct NCI N (A3 Zg), presumably from channel 4, has been deteefed,
(a'A) can be used as an effective energy carrier in chemical along with NCI p * =*) which can be produced by a second
iodine lasers: 3 Therefore, the photolysis of CH\by near-UV spin-allowed channel (reaction 532
radiation has been examined by Coombe and co-wofkérs,
Henshaw et aP,and Komissarov et dP1! In these studies, CINg (X *A’) +hw —NCI (b '=) + N, (X ')  (5)
photodissociation was accomplished using pulsed excimer lasers
operating at 248 and 193 nm. Unfortunately, the present Coombe et af reported that formation of NCb(:=+) and N,
understanding of the primary photochemical dynamics of (A 323) amount to onlya~ 1% of the 193 nm photolysis
chlorine azide is still incomplete. products. Komissarov et &.examined the prompt and delayed
The UV photochemistry of CINis quite rich. Several  production of NCI A 35) using absorption spectroscopy after
dissociation pathways are possible. Reactions 1 and 2 cleavec|N, photolysis atl = 248 nm. They estimated that 80% of
the N—CI bond: the primary NCI was formed in tha A state and, apart from
_ ~ the 1% of NCI p 1=*), the remaining NCI was thought to be
CIN; (X*A") + hv — CI (°P)) + N, (X °IT) (1) produced in the electronic ground state. Similar measurements
for 193-nm photolysis indicated production f70% NCI @
CIN; (X*A") + hv — CI (°P) + Ny(cyclic)  (2) 'A) with 30% NCI (X 3%).1°
Until now, the importance of the atomic channels 1 and 2
Reaction 1 forms the linear-azide radical. Recent theoretical @S P€en unknown. Heaven e'gl‘alooked at the IR emission
calculations suggest that Ciighotolysis could form a doublet- ~ Produced by 193 nm photolysis of CINThey observed one

state cyclic-N structure that resembles an isosceles triatgle. modgrately strong ban_d which was a53|gne_d to tbe_ubym- .
Reaction 3a metric stretch. They estimated that the branching fraction leading

to Cl-atom production at 193 nm is of the order of B0%.
Recently, two additional papers on the velocity map imafing
of CIN3 photoproducts have appeared, from which valuable

thermodynamic data was derived. Reaction 6,
is believed to be the dominant channel, and also possible is a

spin forbidden analogue (reaction 3b): CINg (X*A") 4+ 2hw — CIN," + e —
NCI* + N, (X'5;) +e (6)

CINg (X *A") +hw — NCI (a*A) + N, (X '=))  (3a)

CINg (X *A") + hw — NCI (X °%) + N, (X '=])  (3b)

was observed by recording velocity map images of N&s$
well as state-selectedbf In a second paper, the neutral channel
3 above was observed via velocity map images of state-selected
17 i i i
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Production of NCI X 3%) is also possible via the spin-allowed
channel (reaction 4):
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Figure 1. Schematic top view of the velocity map imaging machine. Two molecular beam sources, fixéd atOéttached to the six-way 12-in.

conflat cross main chamber. The molecular beams cross at the center of the main chamber on the axis of a time-of-flight tube between repeller and
extractor of the ion optics. The products are ionized by REMPI using UV lasers typically introduced via smaller ports on top of the machine.
Product ions are accelerated by repeller and extractor fields into a 1-m flight tube and strike the position-sensitive detector.

for decomposition of CIhlinto N, (X 1 z;) and NCI @A) or time-of-flight chamber, the molecular beams cross in the center

NCI (X 2%), respectively: of the ion source of a time-of-flight (TOF) mass spectrometer.
The products are ionized by REMPI using UV lasers introduced

CIN, (X A" + hv— NCI (a'A) + N, (X 1zg+) via smaller ports on top of the machine (perpendicular to the

plane of Figure 1). Product ions are accelerated by repeller and
extractor fields into a 1-m time-of-flight tube. To keep the
Sl 1 1t pressure lower tharl x 107° Torr, the region of the ion optics
CINg (X"A") + v = NCl (a"A) + N, (X"2,) and the time-of-flight tube is pumped by a second turbo-
AE = —0.93(9) eV (3b) molecular pump (Osaka Vacuum). Product ions strike the
position-sensitive detector, which is a 75-mm diameter dual
In this work, we report velocity map imaging data for one- mjcrochannel plate coupled to a phosphor screen (Galileo).
photon dissociation of ClijhearZ ~ 235 nm, providing another  Mass-selected images are obtained by pulsing the microchannel
detailed look at the photodissociation dynamics of Qlidder plate, typically pulsing from a DC value 6f1000 V to—1800
collision-free conditions. Velocity map images obtained using v, with 200 ns duration. A charge-coupled device (CCD) camera
resonance-enhanced multiphoton ionization (REMP') OFB»( (SONY) and a frame grabber (Matrix Vision) are used to
were bimodal in form and tentatively assigned to dissociation gownload the spatial distribution of the ion signals on the
channels 1 and 2. This interpretation ImplleS that the ring phosphor screen to a Computer_ |mage processing software
structure is located 1.353- 0.1 eV above the linear ground (LaVision) is used to acquire images_ Typ|ca||y 10 000 laser
electronic state and is therefore the most stable excited state okhots are used to produce the final raw image. The digitized
Ns. Branching ratio measurements between the dominant CI* two-dimensional (2D) images are converted to three-dimensional
(®P12) and the CI{Ps))) showed CI*/Cl~ 0.8/0.2. The angular  (3D) objects via an inverse Abel transformation using the Basis-
distributions of the photofragments observed at this wavelength Set Expansion method developed by Reisler &8 alelocity
are consistent with initial excitation of the'® — 1A and angular distributions are then extracted from the 3D
absorption system. representations.

For these studies, experiments were performed using a single
molecular beam source (Molecular Beam #1 in Figure 1) and a
The technique of velocity map imaging has been described single laser providing both dissociation and probe light. £IN

fully elsewhere> Here, we provide additional details concerning was formed by passing a mixture of 5%,@h He over the

the apparatus used for these experiments. A schematic of thesurface of moist sodium azide (NgNA standard drying agent
experiment is shown in Figure 1. The main chamber is a was used to remove water from the GIQI,/He mixture at the
modified six-way 12-in. Conflat cross. Two keying rings have exit of the generator. The mixture was then expanded through
been welded inside, to which the source differential cones area pulsed nozzle (General Valve) with a backing pressure of
bolted. All components have been manufactured to key togetherapproximately 0.5 bar. No evidence of decomposition of the
so that there is no adjustment of the molecular beam sources.CIN3; on passage through the pulsed valve was found. Tunable
Each of two source chambers is pumped by high-throughput laser light of A ~ 235 nm intersected the molecular beam
diffusion pumps. Before entering the main chamber, the between the repeller plate and the extractor electrode of the ion
molecular beams are collimated? cm downstream by electro-  optics. The laser beam was focused by a 40 cm focal length
formed skimmers (Molecular Dynamics). The six-way cross is lens. Laser light near 235 nm was chosen for state-selective
pumped by a turbo-molecular pump (Osaka Vacuum) to keep ionization of the CI{P;) products by 2-1 REMPI via the?D3/,

the pressure lower than 8 1077 Torr. After passing through  or 2Py, electronic state for CI2Ps,) and CI* (Py,), respec-
one stage of differential pumping and into a separately pumpedtively.1®

AE = +0.21(8) eV (3a)

Experimental Details
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Figure 2. Raw and inverse Abel transformed images of &f)
recorded with dissociation and probe/at= 235.336 nm on the g}
2D3j, < 2p 2P3pp transition and of CI* {Py;) recorded with dissociation
and probe afl = 235.205 nm on thepl?Py, <—— 2p 2Py, transition. Cl Kinetic Energy / eV
The laser polarization direction is vertical in the plane of the images.

Figure 3. The translational energy distribution for ground-state ClI

. . (?P31) derived from the velocity map image shown in Figure 2. The
To generate the 235-nm laser light for @P{) atom detection, 10w atEy, = 1.65 eV marks the maximum possible translational

the doubled output of a Nd:YAG pumped dye laser was mixed energy to form CI with linear-l (X 2IT). The double-headed arrow
with the 1064 nm output of the same Nd:YAG laser. Therefore, marked “cyclic-N" shows where a new feature of the Cl atom energy
~604 nm light was generated by pumping a pulsed dye laser spectrum appears reflecting formation of an excited form gfTie
(Continuum ND 6000 with Rhodamine 610/640 mixture) with most recent theoretical predictions of the cyclization energy (s

the 532-nm output of a seeded Nd:YAG laser (Continuum SnOWn as the black bar.

Powerlite 8000) and subsequently doubled in a KDP crystal. ) i )

The 302-nm output was then mixed with the 1064 nm IR beam ponent peaking at 1.26_ev_and a full width at half-maximum
in a second crystal. Approximately-2 mJ/pulse of linearly _of0.38 eV. A small contribution (9%) from a “slow” component
polarized light was generated in this manner, with a bandwidth is also Presem- In cqntrast, formation of &P¢) ground-state

of ~ 0.1 cnr. The laser was scanned back and forth over the &0mMs 1S accompanied by roughly equal amounts (0.56:0.44)

Doppler profile of the probed spectral line while the image was of the fast and slow channels, respectively. When ground-state
Cl atoms are detected, the fast component peaks at 1.31 eV

acquired. . . .
The velocity space was calibrated by observing the photo- with a full width at half-.m.a}xmum of 0.31 eV.
dissociation of NO — N (X155) + O (D,). The No (v = 0 To exclude the possibility that the observed Cl photofrag-
g ) ’

J= 72) fragment was detected by-2 REMPI via theQ branch ments are produced by photodissociation of @lolecules
of thea” X137 — X 137 systen?02l present in the beam, we performed experiments with a beam of
g 9 :

10% Cb in He. Under otherwise identical experimental condi-
tions as the CIN experiments we could not observe any Cl
fragments. This is undoubtedly due to the very small absorption
These experiments represent one-color studies of the photocross-section of Glat this wavelength.
dissociation of CIN at different wavelengths within a narrow Chlorine Atom Angular Distributions. From the images
range. As such, the photolysis wavelengths change slightly with of Figure 2, one may clearly see that the “fast channel” shows
the specific state probed. Since the absorption spectrum is nota substantially more polarized angular distribution than does
discrete in this regiof|t is assumed that small changes in the the “slow channel”. This is particularly obvious in the velocity
available energy do not dramatically influence the dissociation map images of the ground-state Cl-atom. The angular distribu-
dynamics. The availability of several lines for Cl and CI* tions derived from this image are shown in Figure 4 for the
provide a valuable check on this assumption. Both translational “fast” (upper) and “slow” (lower) channels. Fitting the observed
energy and angular distributions for the chlorine atom products angular distribution to the well-known expression s#(#% +
were insensitive to the particular state probed, confirming that SP2(cos#))?? yields an anisotropy parametg = 1.74(4), for
the dynamics do not change rapidly with wavelength in this the “fast” channel. In this expressiofi,is the angle between
region. the photofragment recoil vector and the electric field vector of
Chlorine Atom Translational Energy Distribution. Figure the dissociation laserPz(cos 0) is the second Legendre
2 shows velocity map images of the *Cproduced by laser ~ polynomial. The value obtained for the “slow” channepis=
excitation atl = 235.336 and 235.205 nm, which probe the ClI 0.41(2). The angular distribution for the excited-state chlorine
(?P310) and CI* Pys), respectively. The upper row shows the —atom is not shown in this work. However, the derived anisotropy
original data, while the bottom row shows the result obtained parameters are within the error limits the same as for the CI*
by applying the inverse Abel transformation. These images were atom, in particular = 1.70(5), for the fast ang = 0.39(1)
taken with the laser vertically polarized, such that the electric for the slow fragment, respectively.
vector was parallel to the image plane. lon intensities in these As will be discussed at length below, the bimodal velocity
representations increase from black to white. distributions as well as the clear difference in angular distribu-
An example of the translational energy distribution obtained tions for fast vs slow Cl-atoms is strong evidence that two
from the CI@Ps) ion image is shown in Figure 3. It is  distinct dissociation mechanisms are taking place whers CIN
immediately apparent that two mechanisms of dissociation areis dissociated to Nradicals and Cl atoms at235 nm.
present, producing “fast” and “slow” Cl atoms. The CP(),) Branching Fractions. The application of REMPI detection
translational energy distribution shows a dominant fast com- of Cl (?P;) photofragments to determine the relative spimbit

Results
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Figure 4. Chlorine atom CI{Ps) angular distributions obtained from good agreement with this is the work of Continetti efalyho

the images in Figure 2. The upper panel shows the observed angulardeterminedAHgo(NS) = 4.93 eV, by observing the high-
distribution of the “fast’ component, the lower panel represents the resolution translational energy distributions of the photodisso-
“slow” component. Squares are experimental points and the lines areciation products of the Nmolecule. Using the experimental
the fits yielding = 1.70(5), and3 = 0.39(1) for the fast and slow  yajye and the heat of formation of the Cl-atafH?(Cl) =
components, respectively. 1.24 eV) allows us to derive that;NX 2IT) + CI (2P) lies 6.17
TABLE 1: Branching Ratios of the C| Photofragments® eV above the zero-level. See Figure 5.

Using the heat of formation of N'§) and Cl €P), we may
place N (X 134) + N (*S) + CI (%P) at 6.12 eV. This shows
Cl (Psp) 0.1 0.1 0.2 that the linear-N (X 2I1) radical is nearly isoenergeti©g =
P (Pu) 0.1 0.7 0.8 —0.05 eV) with respect to the spin-forbidden dissociation to N

32N, + 120,

PR IR TS Y N ST N

Slow Fast Total

Total 0.2 0.8 1.00 RS o
] ) ' . o (S + N2 (X1 3). Using the known excitation energy from N
See. text for CfISCUSSIOI’l. of “fast” and “slow components.). (49 to N (2D) (2.39 eV), we also recognize that the spin-allowed
branching requires scaling factors to account for the different gissociation of linear-Bl(X 2IT) is endoergic by 2.34 eV. This
n-photon line-strengths for ionizing CiRs;2) and CI* (Pyy), experimentally derived result is in excellent agreement with a

respectively. For each spirorbit state, the REMPI intensity  recent ab initio calculation (2.37 eV4.

depends both on the quantum State population and the ionization We may use the results of the present experiment to gain
efficiency. Therefore, scaling factors must be applied to the ratio jnsight into the values 0Do(Cl—N3) and with help of the

of REMPI intensities in order to identify the relative spin - AH? (N5) obtain AH%,(CIN3). The general procedure for the

orbit branching. , o analysis of two-body decay like the one seen here:
In this work, the relative contributions for the Cl and CI*
were obtained by scaling the integrated REMPI signals using a CIN, + hw —Cl (zp) +N, 1)

scaling factor of 0.8(1) for detection of CI* at 235.205 nm with
that for Cl at 235.336 nr®® The branching into the different
distributions for the Cl and CI* are summarized in Table 1. In
addition to the spirrorbit branching, yielding 79% CI*, the
distributions are further subdivided according to the relative
amounts of “fast” and “slow” components. The result gives

about four times more fast than slow Cl atom product, with the hy — Do(CI—N.) = E._(CI) + ELCI) + E. (N.) + E-(N
bulk of the fast Cl appearing as CI*. of 3 = EnlC) + B(CD + En(Ng) + Bo( ?;)

is based on both the evaluation of energy conservation and linear
momentum conservation in the center-of-mass frame of the
parent molecule. Evaluation of energy conservation can be
expressed as shown in eq 7:

Discussion whereEjn; represents the internal energies dxdthe transla-

Thermodynamic Results.In this section we present newly tional energies of the fragmentsy is the photon energy, and
derived thermodynamic results and review the known thermo- Do is the dissociation energy of the parent. Linear momentum
chemistry of the CI/N/N/N system, which will be helpful inthe conservation can be expressed as shown in eq 8:
analysis that follows. Figure 5 shows the energy levels ofzCIN

and related photodissociation products. Here, th@idducing Mg, Er(Cl) = my Er(Ny) (8)
channels (left side) as well as the-Nroducing channels (right
side) are shown. All quantities&i0 K heats of formation. wherem is the mass of th¢" fragment. Note that use of eqgs

The heat of formation of the (X 2IT) radical was calculated 7 and 8 allows one to derive the total center of mass release of
most recently by Martin et & (AHEO(N:;) = 4.73 eV). In translation energy from velocity measurements of only one of
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the two fragments. Furthermore, using the velocity map imaging
technique allows us to observe the velocities of the Cl-atom
fragment by a state-selective method, which yidggCl) and
Er(ClI), leavingEjn((N3) andEr(N3) as unknown quantities. These
are then unambiguously determined from eqs 7 and 8.

Figure 3 shows the derived translational energy distributions
for CI(?P3;). We may use this to obtain an upper limit to the
dissociation energy of CIijylby measurement of the maximum
observable translational energy relea@g;*™ = 1.65+ 0.1
eV. To obtain most accurate values for the maximum observable

translation energy release, the two components of the transla-

tional energy distribution have been fitted to an asymmetric peak
function also known in the field of statistics as the Gumbel
Minimum Distribution. If we assume that Cl-atoms with this
translational energy are formed along withy Molecules
containing little or no internal excitation, we may use eqs 7
and 8 to obtainDo(CI—N3) = 2.24 + 0.1 eV. The extent to
which the assumption regarding; Mternal energy is in error
lowers the bond energy.

The heat of formation of CIjwas first determined experi-
mentally with calorimetric methods by Paillard et?&lto be
AH?(CIN3) = 4.04 eV. In the same work, those authors
determined the Hplheat of formation which is in agreement
with recent value¥ at the 0.2 eV level of accuracy. This
suggests that the calorimetric results for gihibit a similar
level of accuracy for CIN Furthermore, Otto and Frenkiffg
performed MP2 calculations on the 6-31G(d,p) level of theory-
derivedDo(Cl—N3) = 2.10 eV andAH?(CINg) = 4.02 eV.

In light of the present as well as previous experimental and
theoretical work, a consistent picture emerges regafdyigl—

N3). Using the previously known heats of formation of the
chlorine atom, the azide radical, and the parent{idlecule,
we may calculate the dissociation enefgp(Cl—N3) = 2.15+

0.1 eV. We note that the agreement of the literature bond energy
with the present analysis is confirmation that the fastest detected

Cl atoms correspond to formation of the linear-azide radical
with little or no internal excitation.

In a previous study observing the translational energy release
in quantum-state-resolved,fphotofragments produced by reac-
tion 3, Hansen et alestablished rigorous upper limits to the
energetics of reactions 3a and 3b):

CINg (X *A") + hw — NCl (@A) + N, (X ' =)
AE, < +0.21+ 0.08 eV (3a)

CINg (X *A") + hw — NCI (X *Z) + N, (X =)
AE, = —0.93+0.08 eV (3b)

In another velocity map imaging experiment, Hansen et al.
observed the translational energy release of \@toduced by
reaction 6:

CIN; (X'A") + 2hw — CIN, " + & —
NCI™ + N, (X'Z) + e (6)

Hansen and Wodtke

Using the experimental results and the heat of formation of
CIN3, the heats of formation for NCI can be foundH¢(NCI
alA) = 4.34+ 0.1 eV andAH(NCI X 3%) = 3.19+ 0.1 eV.
This may be used to derive the dissociation energies of NCI
(@A) — N (?D) + Nz (X13) and NCI X 3Z)— N (S + N
(X134):

Dy(N—Cl, a)=4.17+ 0.1 eV

Dy(N—Cl, X) = 2.93+ 0.1 eV

There have been several calculation®efN—CI, X) which
tend to converge from below as the level of theory is
improved32-37 In the most recent and highest level calculations,
Xantheas et & obtainedD. = 2.8 eV, in good agreement with
this work.

These new results, and the analysis and the review of past
work represent the most definitive exposition of the thermo-
dynamics of the CIhlchemical system presently available. All
of the recommended thermochemistry is summarized in Figure
5. We believe this picture of the thermochemistry of the CI/N/
N/N system to be accurate to better than 0.1 eV in all cases.

The Primary Photochemical Pathways: Formation of
Linear- and Cyclic-N3. The azide free radical, # has been
extensively studied both experimentally and theoretically. The
electronic absorption spectrum near 270 nm was first recorded
by Thrusli® and assigned by Douglas and Jdfi¢e anA 23,

— X 24 transition of the linear-§lmolecule. Laser-induced
fluorescence (LIF) spectra are also available from Beaman et
al.*® A Fourier transform IR study has shown the ground
electronic state to be ®@.., symmetry with an equilibrium bond
length, R = 1.18115 A. Vibrational frequencies of ;Nare
available from several experimental studi&$2*3High-quality
experimental results revealing the photochemical behavior of
the linear-N molecule have also been reported by Continetti et
al.2544 Calculations of vertical excitation energies of lineay-N
have been performed at the MRD-CI level by Petrondbélde
predicted theA 23, state to be 4.52 eV above the groukdll,
state, in reasonable agreement with the experiment (4.56%YV).

Returning to a consideration of Figure 3, the markedly
bimodal translational energy distribution of the Cl-atoms
requires explanation. There can be little doubt that the peak at
1.3 eV is due to the formation of the lineat {IT) state of the
N3 radical as this peak extends cleanly to the thermodynamic
limit. On the basis of the above-mentioned facts concerning the
N3 radical, it is clear that the Cl-atoms traveling with about 0.5
eV translational energy cannot be due to the production of
electronically excited linear-§\l as the first excited electronic
state is energetically out of reach by more than 2 eV. We
postulate that the slow channel corresponds to a previously
unobserved cyclic isomer of Nwhich lies higher in energy
than the linear ground state ofsNWe estimate from the
maximum release of Cl-atom translational energy within the
slow channel (0.9t 0.1 eV—indicated in Figure 3) that the
excitation energy of this isomer above the linear ground state
is AE=1.35+ 0.1 eV.

and showed that little or no energy was released as translational Although never observed experimentally, nonlinearido-

energy of the electrotf. Using published values for the
ionization energies of CIN® as well as NCE° the energetics

mers have been studied at various levels of théd#§.48 These
calculations indicate that a cylicsNsomer with a?B; ground

of reactions 3a and 3b were derived and found to be in excellentstate is stable with respect to dissociation or isomerization to
agreement with the values presented above. Very recently thethe linear form. According to Bittererova et &t.the 2B, ring
energetics of reaction 3a has been calculated at the MRSDCI structure is the most stable excited state gflbcated 1.30 eV
CASSCF(12e/100/D9Bd) level of theory and was found to be  above the linear ground electronic state at the HEZESD(T)
+0.52 eVs! level of theory. The excellent agreement between the theoreti-
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cally predicted energetics of the cyclicznd the observed to a value ofa = 18°. This is consistent again with photo-
translational energy distributions suggests that the “slow” chemistry via the 2\<—1'A’" absorption system, where the-g|
channel be assigned to the formatior?Bf N3 cyclic isomer. bond rupture creates momentum between the Cl gyuutdducts
Recent calculations by the group of Morokuma show the ground at a finite angle to the middle NN bond, consistent with the
state of the cyclic isomer may exhibif\, symmetry. This structure of the ground state. We may also calcutafer the
transition state is nearly isoenergetic with & state, and channel where Cl-atoms are formed with cyclig-Mcyc = 47°.
exhibits a different geometry and markedly different bonding. In contrast, this much larger value suggests substantial structural
Both states are rings and represent structures relevant to a pseud@arrangement involving dissociation through another transition
rotating triatomic moleculé! state. The time scale of dissociation has been recently calculated

This is, to our knowledge, the best experimental evidence by Morokuma'’s group to be less than 25 fs. This time is too

for the formation of an all-nitrogen ring molecule.

The energy level of N(?B;) + CI (?P) is included in Figure
5. According to theory the Nring radical dissociates to the
same products as thesMNnear ground electronic state:

N (T, 2By — N, (X' =4) + N (°D) 9)

short to lead to a broadened angular distribution resulting from
parent molecule rotation during dissociati@riNevertheless,
since these calculations are still quite preliminary, it cannot be
ruled out that cyclic-M formation proceeds through a “long-
lived” intermediate. For example, a 300 fs lived intermediate
would lead to a similar broadening of the angular distribution
observed in experiment.

From the experimentally derived energies, a dissociation energy e now consider translational energy distributions of Figure

of Dg(cycl) = 0.99 eV can be determined. This is in good
agreement with calculations presented by Bitererova. &t/

3. The high-energy peak in Figure 3 liesE&{(CIl) = 1.32 eV.
On the basis of our recommended thermodynamics, we can

the MR-AQCC computational level, the energy difference derive the most probable release of relative translational energy

between the Bl (?B,) structure and the dissociation products

in the center-of-mass frame using eq 8. This leadsi{€l) +

corrected for ZPE is 1.00 eV. Furthermore, they showed that ET(NS) = 2.45 eV, which is~80% of the available energy. This
dissociation of the ring isomer appears to occur over a small corresponds to a most probable internal energy of the N

barrier ¢~ 0.3 eV), which is very similar in height to the ring-
to-linear isomerization barrier.
Dynamics of the Cl+ N3 Channel. We begin a consideration

fragmentEi((N3) = 0.74 eV. We may estimate thes Kotational
excitation, using an impulsive pseudo-triatomic model, where
the exit impact parameter is fixed to agree with a value. of

of the photodissociation dynamics with analysis of the angular 1g°. While only an estimate, this analysis suggests thar2

distributions shown in Figure 4. The angular distribution of ClI-
atoms formed with linear-is characterized by an anisotropy

eV is channeled to Nrotation. With this in mind, it appears
that linear-N is formed with highest probability with-0.5 eV

parametef = 1.74. This is similar to recently measured values yijprational energy. The translational energy distribution of the

of the anisotropy parameter for reactions 3 at 203 nm.

CINg (X *A’) + hw — NCI + N, (X ' =)
p=1.95+0.06 (3)
The anisotropy parameter for Cl-atoms formed with cyclic-N

is # = 0.39. First of all, it should be clear that the time-scale
for dissociation is on the order of a single-€l vibrational

period for all of these reactions. This suggests that dissociation
occurs from a repulsive excited potential surface, an idea

CI* (?Py) photofragment looks qualitatively similar. These
results are quite similar to results found on the prototypical CH
photodissociation, where direct dissociation on a repulsive
potential governs the dissociation dynanfib&?

In contrast to the formation of lineargNthe translational
energy distribution for cyclic-Bl formation channels a larger
fraction (~ 50%) of the available energy to internal excitation
of the N; fragment. Indeed compared to the lineayfirming
channel, there is more internal energy (0.95 eV), despite the
substantially smaller amount of available energy. We believe

consistent with the broad featureless nature of the absorption, o+ this is further evidence for formation of the cyclig-bis

spectrum.

The absorption spectrum for Gié diffuse but shows a weak
absorption, 2'A" — 1A’ peaked near 250 nm with a much
stronger absorption systemtA? — 11A’ peaking near 211 nm
and another weak absorptiobAl' < 1A’ near 380 nnt? None

of the observed angular distributions can be explained by

excitation to anA”-state, which would be expected to lead to

anisotropy parameters less than zero. Rather it is clear that all

of the photochemical products from reactions3lresult from
initial excitation in the parallel & — 1A’ system.

Busch and Wilson have shown that the anisotropy parameter
may be related to the average angle of departure of the

photofragmentsy, with respect to the transition dipole moment:
50

B =2P,(cosa) (10)
We note thaj for reaction 3, formation of N+ NCl is close

to the largest theoretically possible valfie= 2 ando. = 0°.77
This is consistent with the direction of the transition dipole
moment nearly parallel to the middleNN bond in CIN;s. See
the inset of Figure 4. Considering now reaction 1, forming Cl
+ linear-Ns, we have obtained a value gf= 1.7. This leads

the closing of the ring is likely to lead to larger amounts of
vibrational excitation.

These experiments do not allow us to investigate a subsequent
fate of the cyclic-N fragment. Indeed nothing is known about
how this molecule might decompose by spontaneous unimo-
lecular processes. Specifically, there is nothing known about
the dissociation barrier for the spin-forbidden dissociation
channel. However, we can say that the great majority of the
cyclic-N3 formed here appear to be at energies less than that
required to dissociate in the spin-allowed channel, formiag N
(X13;) + N (?D).12

For the slow-moving Cl atoms there are in principle other
explanations possible. For instance a bimodal distribution of
vibrational energies in the ;N\fragment cannot be ruled out.
But preliminary theoretical calculations on the first two excited
electronic states show that dissociation to form the linear-azide
radical occurs on a purely repulsive potential energy surface
where one expects a large fraction of the available energy to
be channeled to translatiSh Therefore it seems unlikely that
the photodissociation of CBNorming linear-azide radical would
result in a bimodal vibrational distribution. Furthermore, Figure
5 shows that the three-body dissociation of chlorine azide to
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Cl(®P5) + N (*9 + N (X lz;“) is energetically equal to the (6) Coombe, R. D.; David, S. J.; Henshaw, T. L.; May, DChem.

i i N (X 2 2 it ; Phys. Lett.1985 120 433.
formation of linear-N (X IT) + CI (?P;). But it is unlikely that (7) Coombe. R. D.- Vanbenthem, M. BL.Chem. Phy<1984 81, 2084,

the angular distributions of Cl atoms coming from three-body (8) Jensen, R. H.; Mann, A.; Coombe, R. D.Phys. Chem. 200Q
dissociation would appear as sharply peaked as is observed inl04 6573.

this work. And in addition, the three-body dissociation mech- (9) Henshaw, T. L.; Herrera, S. D.; Haggquist, G. W.; Schlie, L. A.
. id b in-forbidd | h b d V. J. Phys. Chem. A997 101, 4048.
anism would be spin-forbidden. Recently, we have observed " 10y Komissarov, A. V.: Manke, G. C., II; Davis, S. J.; Heaven, M. C.

velocity map ion images of NeD) that result from photolysis ~ Proc. SPIE-Int. Soc. Opt. Eng200Q 3931, 138.
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slow-moving Cl atoms no such K) signal would be expected.  9740.

In summary, both the observed energetics and dynamics,w%‘o’) Pritt, A. T.; Patel, D.; Coombe, R. . Chem. Phys1981, 75,

including broader product angular distribution and more internal (14) Heaven, M. C. Private communication.

excitation, support the assignment of the slow channel to cyclic-  (15) Eppink, A.; Parker, D. HRev. Sci. Instrum.1997, 68, 3477.
N3 formation. (16) Hansen, N.; Wodtke, A. M.; Komissarov, A. V.; Morokuma, K.;
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Sci. Instrum.2002, 73, 2634.
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