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Final Technical Report 
for AFOSR Grant No. F49620-01-1-0193 

Alec M. Wodtke 

Department of Chemistry University of California, Santa Barbara, CA 93106 

Overview 

This document reports on work performed under the grant: F49620-01-1-0193, 

Air Force Office of Scientific Research. $455,000, Dec. 1, 2000-Nov. 30, 2003. At the 

outset of the last funding period, our main interest concerned the scattering of highly 

vibrationally excited molecules from solid surfaces and the microscopic dynamics of 

such processes. One of our principal results concerns the ability of vibrational motion to 

promote electron transfer from the metal to the incoming molecule when highly 

vibrationally excited molecules collide at metal surfaces. An update on our study of 

vibrational promotion of electron transfer is presented below. 

As part of this work we have been motivated to work on new ways of producing 

intense molecular beams of highly vibrationally excited molecules. To this end we have 

taken up efforts to transversely refocus molecular beams of highly vibrationally excited 

molecules using an electric hexapole field. The AFOSR has supported design and 

construction of a new apparatus in our laboratory that combines stimulated emission 

pumping of NO, and thereby state-selective optical excitation of highly vibrationally 

excited molecules, with hexapole focusing. This instrument has now been completed and 



recently, we have succeeded in transversely refocusing N0(v=18). Our preliminary 

results are described below. 

One of the ongoing objectives of our work has been to find other conditions 

where vibrational promotion of electron transfer might be important. Specifically, we 

have begun working toward finding evidence of similar electron transfer dynamics in 

bimolecular gas-phase collisions. In the course of commissioning a velocity map 

imaging apparatus for these studies, we have performed experiments on the 

photochemistry of CIN3, which is the commonly used precursor to NCl(fl'A), an 

important energy reservoir compound for the chemical iodine laser. The resuhs were very 

exciting. Velocity map imaging results on CLN3 photochemistry provide strong 

evidence of photochemical production of cyclic-Ns. These experiments represent the 

best available evidence that ring formation is possible in an all-Nitrogen molecule. 

The remainder of this report is organized as follows. First, we present a hst of 

publications and scientific presentations of the work supported by this grant. A brief 

review of the important resuhs fi-om our surface scattering and hexapole focusing 

experiments is presented. Finally, a rather detailed presentation of the new 

photochemical resuhs on CIN3 is presented the describes the most exciting work. 

Publications Resultins From This Work 

1. Observation of vibrational excitation and de-excitation for NO(v=2) scattering from 

Au(lll): Evidence for electron-hole pair mediated energy transfer, Y. Huang, A.M. 

Wodtke C.T. Rettner, and D.J. Auerbach, Phvs. Rev. Lett. 84 2985-8 (2000) 

2. Vibrational Promotion of electron transfer, Y. Huang, S.J. Guiding, C.T. Rettner, 
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DJ. Auerbach A.M. Wodtke, Science 290, 111-114 (2000) 

3. The Dynamics of "Stretched Molecules": Experimental Studies of Highly 

Vibrationally Excited Molecules With Stimulated Emission Pumping, Michelle Silva, 

Rienk Jongma, Robert W. Field Alec M. Wodtke, Annual Reviews of Physical 

Chemistry 52, 811-852 (2001) 

4. Chemistry with stretched molecules. Alec Wodtke, Phys. Chem. Earth (C) 26(7), 467- 

471 (2001) 

5. Non-Arrhenius Surface Temperature Dependence in Vibrational Excitation of NO on 

Au(lll): Evidence for the Importance of Surface Electronic States, Alec M. Wodtke, 

Huang Yuhui, Daniel J. Auerbach, Chemical Physics Letters 364(3-4) 231-236 

(2002). 

6. Interaction of NO(v=12) with LiF(OOl): Anomalously large vibrational relaxation 

rates, Alec M. Wodtke and Yuhui Huang, Daniel J. Auerbach, Journal of Chemical 

Physics (accepted) 

7. Transport and focusing of highly vibrationally excited NO molecules, Daniel Matsiey, 

Jun Chen, M. Murphy, A.M. Wodtke Journal of Chemical Physics (submitted) 

8. Photodissociation Dynamics of CIN3 at 203 nm: The NCI (a 'A/X ^Z) Product 

Branching Ratio, N. Hansen and A. M. Wodtke, A. V. Komissarov and M. C. 



Heaven, Chemical Physics Letters 368 568-573 (2003). 

9. Ion Dissociation Dynamics of the Chlorine Azide Cation (ClNs") Investigated by 

Velocity Map Imaging, N. Hansen, A. V. Komissarov, K. Morokuma, M. C. Heaven 

and A. M. Wodtke, Journal of Chemical Phvsics (accepted) 

10. The Simplest All-Nitrogen Ring, Nils Hansen, A.M. Wodtke, Science (submitted) 

11. The Cl + N3 channel in the UVphotochemistry ofClNs, N. Hansen and A. M. 

Wodtke, Journal of Physical Chemistry (Charles Parmenter Festschrift) (submitted). 

12. Rotational Analysis of the origin and the inversion bands in the Si ■(So spectrum of 

acetaldehyde, E. Jalviste, G. Berden, M. Drabbels, A. M. Wodtke, J. Chem. Phys. 

114(19)8316-27(2001) 

13. A new Approach to '^C isotope separation. Nils Hansen and Alec M. Wodtke, 

Chemical Physics Letters 356:3-4, 340-346 (2002) 

14. Invited Chapter for Advanced Series in Physical Chemistry, World Scientific, Chuik 

Ng Series Editor, Modem Trends in Chemical Reaction Dynamics Ed. 's Xueming 

Yang and Kopin Liu, 'Interactions of vibrationally excited molecules at surfaces: A 

probe for electronically non-adiabatic effects" Alec M. Wodtke (submitted). 



Scientific Presentations of the Work Supported by This Grant 

1. Invited Lecture, Department of Chemistry Colloquium Series, Emory University, 

Feb. 10, 2000. 

2. Invited Lecture,  Department of Chemistry  Chemical  Physics  Seminar  Series, 

California Institute of Technology, April 4, 2000. 

3. Invited Lecture,FOM for Plasma Physics Rijnhuisen, The Netherlands, April 26, 2000 

4. Invited Lecture, European Geophysical Society Meeting, Nice France, April 28, 

2000. 

5. Invited Lecture, Department of Chemistry EPFL, Lausarme Switzerland, May 1 2000. 

6. Invited Lecture, Department of Physics University of Bielefeld, Bielefeld, Germany 

May 3, 2000. 

7. Invited Lecture, AFOSR Contractors Meeting, Waltham, MA, May 22, 2000. 

8. Invited Lecture, Institute of Atomic and Molecular Science (lAMS), Taipei Taiwan, 

June 12, 2000 

9. Invited Lecture, Synchrotron Radiation Research Center, Hsinchu, Taiwan, June 13, 

2000 



10. Invited Lecture, CECAM Workshop on Molecular Aspects of Gas Dynamics, Lyon 

France, June 28 

11. Invited Lecture, University of Kiel, Physical Chemistry Colloquium, Kiel Germany, 

June 29 2000. 

12. Invited Lecture, Pacifichem 2000, Symposium on "Photon and Electron Induced 

Processes on Surfaces", December 14-19, 2000, Honolulu, Hawaii 

13. Poster Presentation: Gordon Research Conference on Molecular Energy Transfer, 

1/14/2001-1/19/2001, Ventura California 

14. Invited Speaker, ACS meeting Orlando Florida, April 7 2002. 

15. Invited   Speaker,   AFOSR  Contractors   Meeting,   May   19-22,   2002,   Waltham 

Massachusetts. 

16. Invited Speaker, Atomic and Molecular Interactions Gordon Conference, July 7 2002. 

17. Invited   Speaker,   "Physical   Chemistry   Seminar",   Boston   University,   Boston 

Massachusetts, Sept. 16 2002 

18. Invited   Speaker   "Physical   Chemistry   Seminar",   Massachusetts   Institute   of 

Technology, Boston Massachusetts, Sept. 17 2002 



19. Invited Speaker "Physical Chemistry Seminar", University of Sherbrooke, Quebec 

Canada, Sept. 18 2002 

20. Invited Speaker "Physical Chemistry Seminar", Emory University, Atlanta Georgia, 

Sept. 20,2002 

21. Invited Speaker "Conference on Stereo-Dynamics of Chemical Reactions" Schoorl, 

the Netherlands Dec. 1 - 6 2002 

22. Invited Colloquium Speaker, University of Leiden, Leiden, the Netherlands Dec. 10, 

2002 

23. Invited Speaker, "Meeting of the European Network on Cold Molecule Science", 

Rijnhuizen, Holland Dec. 11-12 2002. 

24. Plenary Lecture, "International Symposium on Molecular Beams", Lisbon, Portugal, 

June 8-13 200 

Hexapole Focusing and Surface^cattering of Highly Vibrationally Excited 

NO 

One of the major motivations for our work concerns the properties of highly 

vibrationally excited Nitric Oxide. This molecule produces an important source of non- 

thermal infrared radiation in the upper atmosphere that is controlled by molecular 

interactions in both gas-phase bimolecular and molecule-surface collisions. Because this 
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molecule is found far out of local thermodynamic equilibrium, it is necessary to 

understand its vibrational state-specific dynamics. We have in the past worked hard to 

understand bimolecular gas-phase collisions involving highly vibrationally excited NO. 

More recently we have focused on collisions of highly vibrationally excited NO with 

solid surfaces. 

Electron Mediated Vibrational Energy Transfer at Metal Surfaces ^ 

One of the most significant results of our work is the observation of efficient 

multi-quantum vibrational relaxation of N0(v=15) in specular collisions with a gold 

surface. See Fig. 1. This has been explained by vibrational promotion of electron transfer. 

In this picture, large amplitude vibrational motion strongly influences electron transfer 

dynamics as the stretched NO bond may easily accept electrons, while the compressed 

NO bond repels them (Fig. 2). This enables the stretched NO molecule to accept an 

electron near the Fermi-level of the metal and upon bond compression deliver it back to 

the metal at a far higher energy converting large amounts of NO-vibration to metal- 

electron excitation. These insights have lead us to carry out experiments that probe more 

deeply models of electron mediated vibrational energy transfer. In two studies we have 

carried out experiments that push the limits of the present model of vibrational excitation 

of molecules at metal surfaces. 

In the first, measurements of vibrational excitation and de-excitation of N0(v=2) 

scattering fi-om a Au(l 11) surface showed that the probability of both processes increases 

strongly with the kinetic energy of the incident NO. This qualitative result is consistent 

with a vibrational energy transfer mechanism involving electron-hole pairs but not with 

See the publication list: #l-#5. 



competing adiabatic models. The form of the energy dependence and other features of 

the measurements, are however not quantitatively in accord with existing calculations. 

In the second study, we reported the surface temperature dependence for Av=+1 

vibrational excitation of N0(v=2) due to collisions with Au(l 11) at two incidence 

energies. This was compared to previous measurements on Ag(l 11) and Cu(l 10). The 

standard model for electron-hole pair mediated vibrational excitation predicts that all 

three metals will exhibit a nearly Arrhenius temperature dependence with the same 

effective activation energy. While scattering on Ag(l 11) and Cu(l 10) obey this 

prediction, our new results show that the temperature dependence is non-Arrhenius on 

Au(lll). 

We suggested that the large spin-orbit interaction present for Au(l 11) surface 

electronic states may be important for vibrational excitation. These experiments indicate 

that the simple bulk electronic structure models of the dynamics of vibrational energy 

transfer at metals may be too simple. 

Vibrational Energy Transfer at Insulators ^ 

To compare the behavior on metals to that on insulators, we have made 

measurements of the vibrational survival probability of N0(v=12) suffering collisions 

with a LiF(OOl) crystalline surface. Survival probabilities are near xmity in all cases, 

showing the key observation associated with vibrational promotion of electron transfer is 

absent on an insulator. At the lowest reported incidence energies (5.3 kJ/mol) and surface 

temperatures (290K), vibrational relaxation is enhanced, scattering angular distributions 

approach Cos(9) and rotational temperatures of the scattered molecules approach the 



surface temperature. At higher incidence energies, rotational temperatures are higher than 

the surface temperature and angular distributions narrow approaching cos^G. These 

results suggest that trapping/desorption is occurring at least at the lowest incidence 

energies and surface temperatures. Substantial vibrational relaxation appears to occur 

when residence time are as small as a few ps. This is many orders of magnitude faster 

than has been reported for diatomic molecules relaxing from v=l on salt crystals. These 

experiments suggest that theoretical work is still needed to help us understand the 

vibrational relaxation of highly vibrationally excited molecules at insulator surfaces. 

Hexapole Focusing ofNO(v=18) ^ 
We have also obtained AFOSR support to develop a new means of producing 

highly vibrationally excited molecules in a molecular beam. This approach takes 

advantage of the state-specific nature of hexapole focusing and exploits this in 

combination with optical preparation of highly vibrationally excited NO. We have 

recently carried out experiments where hexapole focusing is combined with stimulated 

emission pumping in a molecular beam, providing control over the molecule's ro- 

vibronic quantum numbers, its laboratory frame velocity and its transverse divergence. 

Hexapole focusing profiles can be quantitatively reproduced by classical frajectory 

simulations. These experiments provide new ways of manipulating beams of 

vibrationally excited molecules including: 1) transverse refocusing and concomitant 

improved efficiency for transport of the vibrationally excited molecules, 2) relative 

enrichment of the concentration of the vibrationally excited molecules with respect to the 

^ See the publication list: #6. 
^ See the publication list: #7. 
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unexcited portion of the beam and, 3) orientation of vibrationally excited molecules. See 

Fig. 3. 

The remainder of this report concerns velocity map imaging investigations into 

the photochemistry of CIN3. This work has led us to conclude that CIN3 is a 

photochemical precursor to cyclic-Ns, which will be the focus of the next funding period. 

Thus the following sections serve to introduce the topic of cyclic-Ns production as well 

as present our prior results. 

Production of Cyclic-Ns: Velocity Map Imaging of CIN3 Photochemistry'' 

Overview ofClNs Photochemistry 

Using a new velocity map imaging apparatus developed under the support of the AFOSR, 

we (in collaboration with Prof Michael Heaven^ of Emory University) have recently 

carried out the first collision-free experiments on the ultraviolet photochemistry of 

chlorine-azide (CIN3). We have studied three photochemical channels: 

CIN3 + hv-> Cl + N3 (Rl) 

CIN3 + hv-> NC1( fl ^A or Z ^S) + N2 (R2) 

CIN3 + 2 hv-> NCr + N2 + e" (R3) 

Recent interest in the photochemistry of chlorine azide (CIN3) derives from 

demonstrations that the primary photoproduct NCl(fl A) can be used as an effective 

energy carrier in chemical iodine lasers, a topic of significant relevance to the AFOSR 

" See the publication list: #8 - #11. 
' Professor Heaven and Dr. Anatoly Komissarov spent about two weeks teaching us the use of the CIN3 
generator used to form molecular beams of this molecule and after returning to Atlanta have been very 
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mission (1-3). This stimulated several past studies of the near UV photolysis of CIN3, in 

particular by Dehnicke et al. (4), Coombe and co-workers (5-9), Henshaw et al. (10), and 

Komissarov et al.(ll, 12). 

Despite substantial effort, basic features of this chemistry still had not been 

established prior to our work. For example, the thermochemistry of the two most 

important reactions used to form NCl(a A): 

CIN3 + hv-> NCI (a ^AorX 'S) + N2 (R2) 

CI + N3     ->NCl(a^AorZ'S) +N2 (R4), 

remained unclear, as did the singlet/triplet branching ratio for both reactions. In our 

experiments, we were able to obtain the maximum release of translational energy from 

the velocity map image of recoiling REMPI-detected N2 in reaction R2. This allowed us 

to obtain an accurate experimental value for this reaction's thermochemistry"^ and led to a 

measure of the singlet/triplet branching ratio for reaction R2 (13) that supported prior 

experiments done under collisional conditions (12). 

Velocity map imaging experiments on all of the products of reaction R3 led to 

accurate thermochemistry for this reaction. Through knowledge of the ionization 

potentials of NCI (14) and CIN3 (15) an independent determination of the 

thermochemistry of reaction R2 was also possible. The two independent experiments 

were in quantitative agreement with one another on the 0.1 eV level of accuracy. The 

helpful in performing some theoretical calculations and performing some complementary experiments not 
described in this report. 
* The mechanics of this kind of analysis is presented in more detail below when we come to a consideration 
of the evidence supporting the photochemical production of cyclic-N3. 
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latter work also provided a detailed look at the dynamics of the decomposition of the 

unstable ClNa"" ion {16). 

By deriving the maximum release of translational energy for Cl-atoms recoiling 

from reaction Rl, we were likewise able to experimentally determine the bond energy, 

Do(Cl-N3), {17, 18). This thermochemistry could be combined with the thermochemistry 

of reaction R2 to obtain accurate thermochemistry of the second important NCl(a A) 

forming reaction R4. 

The results of our new experiments, together with past work now provides 

accurate (within 0.1 eV) thermochemistry for all molecules containing one Cl-atom and 

three Nitrogen-atoms, providing a better foundation for understanding the chemistry of 

NCl(a'A). The derived thermochemistry is sunmiarized in Fig. 4. 

Photochemical Production ofCyclic-Ns 

In the course of these studies, we discovered what is certainly the most significant 

result of the last funding period, both from a fundamental point of view and from the 

point of view of AFOSR mission. Our experiments provide strong evidence that CIN3 

is a photochemical precursor of the simplest all-Nitrogen cyclic molecule, cyclic-Ns. 

For Nitrogen unlike most elements, the energy of an N-N single bond is 

substantially less than one-third, and the energy of an N=N double bond is substantially 

less than two-thirds of an N=N triple bond. Consequently, all-Nitrogen species that form 

rings at the expense of multiple bonds are subject to a strong chemical driving force 

toward dissociation to N2. 
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AH«0 ^K| 
           N^"^ + N 

Not surprisingly, the ability of Nitrogen to form cyclic structures has been difficult to 

verify. Several experiments have led to the postulate of a cyclic poly-nitrogen species; 

but these have either remained unconfirmed or later been disproved (19-22). Recently, 

the stabilization energy of an ionic crystal was exploited, allowing production of N5" in 

an ionic salt (23). Still the possible existence of isolated cyclic all-Nitrogen allotropes has 

remained largely a topic for theory (22, 24-41) and the question of how such molecules 

might be produced in the laboratory has remained unanswered (42). 

Partly due to the fact that this class of molecules is so unstable, they have been 

vigorously sought as materials capable of storing large amounts of energy in minimal 

volumes, so-called "high energy and density materials" (43). Their natural tendency to 

decompose to N2 also makes them high on the list of environmentally friendly explosives 

and propellants. 

The most studied example, tetraazahedrane (19, 22, 24, 25, 28-35) better known 

as tetrahedral Nitrogen, molecule (1), is illustrative of the chemical properties of this 

family of molecules. 

N 

Molecule (1) 

Formally in compliance with the octet-rule, it is a closed shell-species of singlet spin- 

multiplicity (24) that may release more than 760 kJ/mole by decomposition to 2 N2 (22, 
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28). Theory shows that the barrier to decomposition to ground state N2 is greater than 250 

kJ/mole, strongly suggesting that it is an isolable molecule (28, 30). However, 

decomposition via "spin-forbidden" curve-crossings forming electronically excited 

products, which is predicted to occur over a smaller barrier (3i), may lower the stability 

of molecule (1). Molecule Qj, like all other gas-phase cyclic poly-N molecules, has yet 

to be observed (19, 22). 

The simplest all-Nitrogen allotrope from which a ring can be formed is N3 (25- 

27). Recent high-level calculations (25) predict a C2v molecule of Bi symmetry and 

doublet spin-multiplicity with two long (1.455 A) and one short (1.218 A) N/N bonds 

(44), molecule (2). 

Molecule (2) 

Isomerization to the well-known linear isomer (the azide radical) is predicted to be 

exoergic by 125 kJ/mole, spin-allowed but limited by a 140 kJ/mole barrier (25). 

Dissociation to ground state N(''S3/2) and N2 (^' Dp is exoergic by ~ 125 kJ/mole, but 

spin-forbidden (25). The lowest energy spin-allowed dissociation forms N(^D) and N2 

(X'Sp and is endoergic by ~96 kJ/mole (25). Theoretical calculations also suggest that 

cyclic-Ns may undergo barrierless exoergic recombination with N(^D) to form tetrahedral 

N4 (25). This makes cyclic-Ns one of the only suggested precursors to tetrahedral N4 

(39). 
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In the course of these studies, we have measured accurate velocity maps of Cl- 

atoms formed in reaction Rl. Like photoelectron spectroscopy where the translational 

energy distribution of the electron reveals quantum-level structure of the simultaneously 

formed ion, velocity-map images of quantum-state-selected Cl-atoms recoiling from 

photolyzed CIN3 reveal a medium resolution energy spectrum of N3. These experiments 

indicate the presence of a low-lying excited state of N3 at 1.35 ± 0.1 eV, which compares 

well with recent theoretical predictions of the energy of cyclic-Na, molecule (2) (25). 

Fig. 5a shows the observed velocity map image of ground-state Cl-atoms 

produced in reaction (Rl). Here, the direction of the CIN3 molecular beam is out of the 

plane of the paper pointing directly at the reader. The polarization direction of the laser 

light beam is also indicated (E ). The position at which a Cf ion is detected in the image 

reflects the velocity (both direction and speed) of the recoiling Cl-atom from which it was 

formed. 

One will immediately notice that there is a limiting speed (indicated by the dotted 

circle) beyond which no Cl-atoms are detected. This limit is found when the maximum 

possible fraction of the absorbed photon energy beyond that required to break the N-Cl 

bond in CIN3 is charmeled into translational energy of the photoproducts, leaving N3 with 

a minimum of internal energy. This limiting velocity provides a means of obtaining an 

upper limit to the N-Cl bond energy in CIN3, Do(Cl-N3). It can be shown that this velocity 

is given by Eq. (1). 

vr^ihv-Do(Cl-N3)]        l^^l Eq.(l) 

where,    hv is the energy of the photon absorbed by CIN3 
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and Do(Cl-N3) is the N-Cl bond energy. 

The vast majority of the photodissociation events, where some internal energy appears in 

the N3 photofragment, appear well within the dotted circle. Also visible in Fig. 5a is a 

second limiting speed (indicated by the dashed circle) beyond which many Cl-atoms are 

never formed. Since only a single quantum state of the Cl-atoms are detected with 

REMPI, this indicates that the internal energy distribution of the N3 photofragment is 

markedly bimodal. 

To analyze this quantitatively, we derived the velocity and angular distributions 

of the Cl-atoms from an inverse-Abel transform of the image of Fig. 5a (45). The 

corresponding translational energy distribution of the recoiling Cl-atoms is shown in Fig. 

5b. One sees now cleariy the translational energy cut-off at a Cl-atom translational energy 

of 1.65 eV. We may use Eq. (1) to obtain Eq. (2) below: 

Do(Cl-N3)<hv-lm„(vrP"^"'"'" Eq.(2), 

and derive the dissociation energy of CIN3, Do(Cl-N3) = 2.24 ± 0.1 eV, which is in 

agreement with other thermodynamic quantities (46-49), in particular the CIN3 heat of 

formation. This shows that the fastest detected Cl-atoms correspond to formation of the 

linear azide radical with little or no internal excitation. 

In a way reminiscent of photoelectron spectroscopy, it is usefiil to realize that the 

Cl-atom translational energy distribution shown in Fig. 5b is likewise a medium 

resolution energy spectrum of the N3 fragment formed in the photodissociation or CIN3. 

By the principle of energy conservation, low translational-energy Cl-atoms directly 

correspond to high internal energy N3 radicals. To make this clear, the upper x-axis of 

Fig.5b shows how the measurement reflects the N3 internal energy distribution. The most 
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remarkable observation of this work is the bimodal nature of this distribution, with the 

origins of the two components appearing at 1.65 and 0.9 eV in Cl-atom translational 

energy space, respectively. Alternatively, one may state that the origins of the two 

components appear at 0.0 and 1.35 eV internal energy of the N3 molecule, the first of 

which is assigned to the linear azide radical. 

An energy gap of 1.35 eV would normally be attributed to electronic excitations 

in a molecule; however, there is no experimental evidence of an excited electronic state 

of the well-studied linear azide N3 lying 1.35 eV above the ground state^. Extensive 

spectroscopic studies have revealed the presence of an excited state of S-symmetry at 

4.5 eV (50) and theoretical work shows that the lowest linear quartet is also at about 4.4 

eV (27). Recently, the electronic structure of N3 has been investigated in more depth 

using quantum chemical methods (25). This study has shown that the experimentally 

observed ^Z-state is the lowest lying excited doublet electronic state with a linear 

structure and the calculated energy is in good agreement with experiment (50). These 

same theorists also predict that the lowest excited electronic state of N3 is a ring structure, 

belonging to the Cav-point group and possessing ^Bi symmetry, molecule (2). At the 

highest levels of theory, these authors found the excitation energy to this state (which is 

the cyclization energy of N3) to be 1.35 ± 0.05 eV* (25). This is shown as the red bar in 

Fig. 5b. The good agreement with the derived origin of the high energy component of the 

N3 excitation distribution is compelling evidence that cyclic-N3 is formed in the 

ultraviolet photochemistry of CIN3. 

' Preliminary theoretical calculations from Morokuma's group give no evidence of a bimodal vibrational 
energy distribution in the N3 fragment, a result that would be in any event quite surprising. 
* This includes a zero-point energy correction. 
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FIG. 3 Hexapole focusing curves for NO molecules pumped by stimulated emission pumping 
compared to ground state Molecules: (a) |v=18, J=l/2, Q=l/2>, (b) |v=18, J=3/2, n=3/2> and (c) |v=0, 
J=l/2, n=l/2>. Data is shown as open squares. The solid black lines are a classical trajectory 
simulation that quantitatively reproduces the data. The grey lines in (b) are the M = 1.5 and 0.5 
magnetic sub-level components. This result demonstrates how optically prepared molecules delivered 
to an Q=3/2 level can be made to focus at a much lower voltage than the initially unexcited sample. 
Also shown as an inset is a polar plot of the oriented |v=18, J=3/2, n=3/2, M=3/2> state of NO 
prepared at 8 kV Rod Voltage. 
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Figure 4: Zero Kelvin standard heats of formation (in eV) for molecules that may be constructed 
from a Cl-atom and three N-atoms. Constructed from recent velocity map imaging results together 
with past work. The bold underlined values indicate previously well-established heats of formation. 
The double headed arrows represent well-known thermodynamic transformations. The dashed, 
single-headed arrows represent thermodynamic transformations observed in our work. In addition, 
we have observed two-photon ionization (reaction R3) which adds redundant confirmation of these 
thermodynamics. 
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