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Chapter 1: Thesis overview
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The focus of this thesis is the pure-rotational spectroscopy of several small, highly
nitrogenous molecules. The central player in this work is a millimeter-wave absorption
spectrometer. This spectrometer was originally constructed in the early 1980’s, but in 2010 the
McMahon/ Woods collaborative research group received a generous grant to completely overhaul
it. Inthe first year, the entire instrument was rebuilt, with new signal generation, detection, cooling
system, pumps, valves, pressure gauges, mass flow controllers, and a computer control system for
all of the above. The modern incarnation of the spectrometer has been collecting publishable data
since 2011, since which time we have made numerous further improvements to the instrument.
Just as importantly, the group has built a high level of experience and competency, and we are

continually advancing our capability to obtain and analyze interesting spectra

The first molecular target for our rebuilt spectrometer was pyridazine. This is a stable,
highly polar aromatic molecule, features which made it a straightforward spectroscopic target, but
also make it a possible candidate to be the first six-member aromatic ring to be detected in
interstellar space by rotational spectroscopy. A collaborator has since tried to find this molecule
in space using the Arecibo observatory, but has been unsuccessful thus far. With pyridazine we
were able to observe multiple isotopologues, either in natural abundance in our spectra or through
synthetic substitution. Computed vibration-rotation interaction corrections (ai’s) were used to
correct the observed rotational constants (Bo’s) for these isotopologues to equilibrium rotational
constants (Be’s), which were then used to obtain a highly precise equilibrium structure. The
rotational spectra for several of the vibrationally excited states of pyridazine were observed in our
spectra, and we were able to analyze many of them. The details of the spectrometer construction

and the inaugural pyridazine project were published in the thesis of Dr. Brian Esselman (PhD.
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2012).1 The subsequent publication for pyridazine? is supplied herein in Appendix A. Joshua
Shutter, an undergraduate, was a major contributor to both the reconstruction of the instrument

and to the pyridazine project.

In choosing spectroscopic targets, potential astrochemical species are a high priority,
because radio astronomers rely on data acquired by rotational spectroscopists to make their
assignments. Benzonitrile, phenylisocyanate, triazole, and pyrimidine are all actively being
studied in the group. These are all potential space molecules, and they are all polar aromatic
molecules with 6x electrons, a category of molecules with is surprisingly lacking in positive
astronomical detections.® This group of molecules are also stable, store bought compounds, and
four talented undergraduate students (or recent graduates) have been responsible for studying
them. These projects are led by Hunter Lau, Cara Schwarz, Maria Zdanovskaia, and Zachary Heim
under the guidance of Claude Woods, Brian Esselman, and myself. Our spectrometer is equipped
with the capability for in situ electric discharge or pyrolysis, so future projects will involve highly
unstable molecules, radicals, and ions. One ongoing target is the acylium cation, which we hope
to generate through the electric discharge of ketene or acetone. This is a graduate student level

project initiated by Brian Esselman and myself, on which Vanessa Orr has taken the lead.

We have studied several azide-containing molecules. The main topics of this document
are carbonyl diazide and hydrazoic acid, but formyl azide is also under investigation (Nicholas
Walters is the primary graduate student working on formyl azide). These molecules are not
commercially available and are somewhat tricky to synthesize and handle due to their explosive

nature and potential for rapid decomposition. They are worthwhile spectroscopic targets in their
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own right. Additionally, the synthesis and characterization of these azides was thought to be

necessary in order to obtain their decomposition products for study.

Chapter 2 describes our work on the molecule carbonyl diazide (OC(N3)2). Carbonyl
diazide is commercially unavailable and tricky to synthesize, because it is extremely explosive and
detonates readily. Our interest in this molecule comes from reports of several interesting
decomposition products, including diazirinone (c-OCNy), a possible space molecule. While there
IS no reason to suspect carbonyl diazide itself of being a likely space molecule, it is a fascinating
high energy molecule, with 6 out of 8 atoms (and almost exactly 75% of its mass) being nitrogen.
We felt carbonyl diazide was worth studying both in its own right, and as a necessary step in the
ultimate acquisition of a diazirinone spectrum. We found several successful methods for
synthesizing carbonyl diazide, with the safest, most straightforward, and most effective method
being the combination of triphosgene and sodium azide in polyethylene glycol and isolating the
gaseous products. We took spectra at room temperature and -60°C, and were able to assign the
spectra of two conformers and 4 vibrationally excited states for the molecule. We did not observe
any isotopologues. We published a paper on the synthesis of this molecule and analysis of the IR
spectrum?* which is available in Appendix B, and a paper on the millimeter-wave spectroscopy®
which is available in Appendix C. Chapter 2 elaborates on the material found in Appendices B

and C.

Chapter 3 describes various upgrades to the spectrometer, and preliminary attempts to
generate the molecule diazirinone from carbonyl diazide. These attempts have not yet been
successful, but two new apparatus for the pyrolysis of carbonyl diazide have just been fabricated

with help from the glass shop and the machine shop. One is a quartz ‘hot finger’ heater which we
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have installed in the vacuum chamber of our spectrometer. The temperature can be controlled with
a variac, and the expectation is that we can set the heater to a temperature and observe in situ
pyrolysis in real time using the spectrometer. The second new pyrolysis apparatus is more in line
with the literature description of diazirinone generation,® with a heated quartz tube running
between a series of steel U-traps for pyrolysis and trap-to-trap distillation. Both of these pyrolysis
devices may also be useful in the pyrolysis of diketene to ketene, towards the eventual detection
of acylium ion. Chapter 3 also describes an impurity which was found in an aging carbonyl diazide
sample. It had a clean spectrum, which we were able to assign, but despite knowing its

approximate dimensions and the direction of its dipole we do not know what the molecule is.

Chapter 4 discusses the structural determination for hydrazoic acid. We started looking at
hydrazoic acid because it was a common impurity in our carbonyl diazide spectra, but it quickly
became apparent that the ability of our spectrometer to detect transitions for °N isotopologues
could be leveraged towards an excellent equilibrium structure determination, a massive
improvement over the best literature structure,” and one of the best structure determinations for
any molecule to date. We were able to synthesize HNs, DN3, H®NNN, HNN®N, D*®*NNN, and
DNN®N. From these we were able to see the isotopologues with one additional °N at natural
abundance, for a total of 14 isotopologues. Considering the reasonable isotopes of hydrogen and
nitrogen, only H®N3z and D*N3 were not observed. Similar to our pyridazine project, we used ab
inito vibration-rotation corrections to derive mixed experimental/theoretical equilibrium rotational
constants for each isotopologue, and used the xrefit module of Stanton’s CFOUR program?® to
obtain an equilibrium geometry from this data. The manuscript on the equilibrium structure of

hydrazoic acid has been accepted by the Journal of Chemical Physics, but is not yet in print. The
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accepted draft is attached in Appendix D. Chapter 4 contains the same material as is found in

Appendix D, but expands upon it.

Chapter 5 examines the vibrationally excited states of HNz and DNs. For most of our
spectroscopic projects the rotational transitions for excited vibrational states are observed, and
perturbations between these states are reasonably common. Assigning and fitting the vibrationally
excited states of HN3 serves as a challenge to build our skill at solving this type of problem. At
room temperature, four of the six fundamental vibrational modes are observable, as well as two
overtone states and a combination state for each of these isotopologues. A massive difference in
the A rotational constant between HN3 and DN3 results in enough of a difference in the vibrational
energies and in the rotational transitions available in our spectrometer range to make the challenges
for each isotopologue distinct. There are massive perturbations between many of the states, to the
point where only the ground state can be considered independently of the others, and even so the
ground state has many highly perturbed lines which must be excluded from the dataset for this to
be possible. The ultimate goal is multi-state fits where rotational constants, distortion constants,
and perturbation terms for multiple states are fit to a dataset of transitions for multiple states. The
first step towards this is the assignment of lines, many of which are highly perturbed. A series of
published FTIR papers was extremely helpful in making our initial assignments. In Chapter 5 we
present reasonably successful 3-state fits (ground, vs and ve) for both HN3 and DN3. The vs state
in HN3 is more strongly coupled to the 5-state polyad at higher energy than is the case for ve in
DNs3, so the 3-state DN fit is better. For the 3-state DNs fit we were successful in our inclusion
of rovibrational FTIR transitions and pure rotational FIR transitions from the literature in our

dataset. Work towards 5-state fits of the higher polyad and, ultimately, 8-state fits is ongoing.
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Abstract

Carbonyl diazide (CO(N3)2) was synthesized from triphosgene and azide salts. Over the
course of many iterations, a fast, reliable, and safe synthetic method was developed in which
sodium azide is combined with triphosgene in a minimal amount of polyethylene glycol (PEG) in
a stainless steel vacuum flask. Anharmonic VPT2 calculations including the effects of Fermi
resonances successfully reproduce the observed IR spectrum, which includes both the anti-syn and
syn-syn conformations of (OC(N3)2). The millimeter-wave spectrum of carbonyl diazide was taken
at 293 and 213 degrees Celsius. The anti-syn and syn-syn isomers were both found in the spectrum,
and a comparison of their line intensities allowed for an estimation of the energy separation
between them. This estimate of 2.4 + 0.6 kcal/mol is consistent with CCSD(T) level calculations
of the potential energy surface. Pure-rotational transitions for four vibrationally excited states of
the syn-syn isomer were also observed. Rotation-vibration correction terms (ai’s) calculated at the
CCSD(T)/ANOL level were largely successful in assigning these transitions. Least-squares fitting
was successful for all observed lines of the ground state and vio. The states vg, v7, and 2v12 showed
signs of perturbation, but many lines were seemingly unaffected by the perturbation (or only

slightly affected) and could be modeled using a single-state least-squares fitting routine.
Introduction

Carbonyl diazide (CO(N3).) is a high energy compound which has existed in the literature
since 1895.1° Recently, carbonyl diazide has been the subject of multiple theoretical, synthetic,
and spectroscopic studies.®® This recent attention stems from the work of Zeng et al., which
showed that carbonyl diazide can be decomposed to several interesting species on the CON4 and

CON: potential energy surfaces.®! As shown in Figure 2.1, gas phase pyrolysis of carbonyl
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diazide (1) has been shown to yield diazirinone (2), while irradiation of (1) in an inert gas matrix
yields both the acylnitrene (3) and its Curtius rearrangement product, the isocyanate (4). To date,
carbonyl diazide appears to be the only synthetically practical precursor for generating the CON>
isomer diazirinone, a molecule of recent interest.!%” Diazirinone can be considered a covalent
dimer of the ubiquitous interstellar species N2> and CO and is structurally analogous to the known
space molecule cyclopropenone!® (a covalent dimer of CO and acetylene). Thus, diazirinone may

itself be of astrochemical interest.
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Figure 2.1 Known decomposition pathways of carbonyl diazide.

The reported yield of the pyrolysis of carbonyl diazide to diazirione very low (~0.5%), so
finding a reliable source of carbonyl diazide is critical. Carbonyl diazide was synthesized in the
1920s via the diazotization of carbohydrazide (5)? (Figure 2.2) but was not studied in pure form
due to its explosive nature. In 2007, carbonyl diazide was produced through the incidental

hydrolysis of tetraazidomethane (6) in undried solvent® and was identified by **C and ®*N NMR
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spectroscopy. In 2010, Zeng et al. synthesized their feedstock of carbonyl diazide by sealing
chlorofluorocarbonyl (CIC(O)F) (7) in an ampoule with sodium azide for a period of 4 days.® Their
product was isolated using trap to trap distillation and thoroughly characterized by IR spectroscopy
(Gas phase and argon matrix), Raman spectroscopy, and X-ray crystallography. We have
developed our own synthetic scheme which we deem to be safer and more efficient than those
reported in the literature. We have used triphosgene (8) and azide in solution phase syntheses to

synthesize carbonyl diazide (Figure 2.2).

O 2 HCI 0]
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Figure 2.2 Known synthetic routes for generating carbonyl diazide.

Our synthetic approach is fundamentally similar to Zeng et al.,® in that our reagents are a
carbonyl electrophile and an azide source, but our synthesis offers several advantages.
Triphosgene is a ‘synthetic analogue’ of three equivalents of phosgene.'®2° Although we did not
carry out a mechanistic study, the mechanism proposed in Figure 2.3 has good precedent in the
literature.? Sequential nucleophilic attack of azide on the carbonyl carbon of triphosgene results
in the formation of 1 equivalent of OC(Nz)> and the liberation of 2 equivalents of

trichloromethoxide ion. Trichloromethoxide ion rapidly eliminates chloride ion to generate
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phosgene. Phosgene generated in situ is more reactive than triphosgene, and subsequ ent reaction

with azide yields additional OC(N3)a.
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Figure 2.3 A likely mechanism for the nucleophilic addition of 6 equivalents of azide ion to
triphosgene to yield 3 equivalents of carbonyl diazide.

Unlike phosgene (or chlorofluorocarbonyl), triphosgene is a crystalline solid and therefore
much easier to safely handle. Our solution phase syntheses result in faster reaction times, and both
the reactants and products of the reaction are less likely to detonate in solution. Our syntheses
were designed to only ever isolate carbonyl diazide in stainless steel vessels, so batches as large

as ~0.25 g could be synthesized without fear of an occasional accidental detonation.
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Synthesis of Carbonyl Diazide

Carbonyl diazide is shock-sensitive and explosive. Proper safety precautions, which
include the use of leather gloves, face shields, and blast shields must be taken when handling this
compound. Sodium azide (NaNs) and its hydrolysis product, hydrazoic acid (HNz) are toxic.
Sodium azide, as well as metal azides that may be formed by reaction of sodium azide, represent
explosion hazards.

Many of the manipulations involved in the preparation and purification of carbonyl diazide
were performed using a stainless-steel vacuum manifold designed and built with safety in mind.
Instead of attempting to condense and weigh the products of our reactions, we measured the gas
pressure in this custom manifold and percent yields were estimated using the known manifold
volume. The purity of our products was assessed by allowing 1-2 Torr of product to expand into
an IR cell. The IR spectra were compared with a gas phase IR spectrum published by Zeng et al
and later compared with the results of Stanton’s VPT2 anharmonic calculation. In later synthetic
batches, once the rotational spectrum was understood, sample purity could be verified in the
millimeter-wave spectrometer, further streamlining the synthetic procedure and allowing less
chances for explosive decomposition.

We successfully synthesized carbonyl diazide using three different methods based around
three different solvents: diethyl ether, dimethyl ether, and polyethylene glycol (MW=400). These
solvents are, respectively, more volatile than carbonyl diazide, massively more volatile than
carbonyl diazide, and massively less volatile than carbonyl diazide. The three methods used
substantially different experimental setups. We experimented with these various methods in order

to find a preferred synthesis which maximized efficiency, purity, and safety. In all cases, the
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reagents we used to generate carbonyl diazide were triphosgene and an azide source, either sodium
azide or tetra-n-butylammonium azide (TBAN?o).

Unless noted otherwise, chemicals were acquired from commercial sources and were used
without further purification. Tetra-n-butylammonium Azide. (TBAN3) was prepared using a
literature procedure and recrystallized from toluene.?? On occasion, a residual toluene contaminant
in TBAN3 was carried through the subsequent synthetic procedures and could not be removed via
distillation from the desired carbonyl diazide. In order remove the toluene contaminant, a slurry
of TBANs (ca. 5 g) in 75 mL of diethyl ether was brought to reflux with stirring. The slurry was
then cooled to room temperature; crystals were collected by filtration and washed with cold diethyl
ether. Residual diethyl ether solvent was removed from TBANs under high vacuum.

Method A. Tetra-n-butylammonium azide (TBANz) (1.64 g, 5.77 mmol) was added to an oven-
dried round bottom flask, followed by anhydrous diethyl ether (10 mL) under positive nitrogen
pressure. The volume of solvent was not sufficient to completely dissolve the ammonium salt.
Triphosgene (194 mg, 0.655mmol) was added, and the suspension was stirred for 2 h. The solution
was then passed through a silica plug to remove the suspended ammonium salts, and diethyl ether
(5 mL) was used to wash the silica.

The organic layer was washed with saturated aqueous sodium chloride (10 mL) and dried over
magnesium sulfate, and the drying agent removed by gravity filtration. Although a dilute solution
of OC(NBz)2 in diethyl ether seems comparatively safe to handle in glass, a concentrated solution
or the isolated material is not. In one instance, a neat sample of OC(Ns3). detonated upon insertion
of a glass pipet; the round-bottom flask containing the sample was pulverized by the blast.

Thereafter, all manipulations following the removal of the magnesium sulfate drying agent were



15
conducted in a 200-mL stainless-steel flask. The solution of OC(N3)2 in diethyl ether in a stainless-
steel flask was frozen at —196°C, and the vessel was evacuated. The sample was allowed to warm
to room temperature, and all volatile materials were cryopumped to a second stainless-steel flask
at —196 °C to ensure that absolutely no nonvolatile or particulate matter contaminated the sample.
The second flask was then held at —78 °C, a temperature at which Et20 is volatile but OC(N3)2 is
not, and the ether was removed with a diffusion pump in conjunction with a liquid nitrogen trap.
To remove all traces of ether from the flask, it was necessary to perform three or four freeze-pump-
thaw cycles, wherein the sample flask was isolated from the vacuum, warmed to room temperature,
and cooled back to —78 °C before pumping was resumed. Carbonyl diazide synthesized and
purified in this way typically afforded a yield of ca. 7.1 Torr-liter, (0.38mmol, 19%). A serious
drawback to this method is the amount of time required for these freeze-pump-thaw cycles. Fully
removing the ether often took a full day, and in the phases where most of the ether had been
removed the sample was at risk for explosive decomposition.

Method B. A modified version of the preparation allowed the entire procedure to be carried out
on the stainless-steel manifold. The use dimethyl ether (bp —24 °C), which is more volatile than
diethyl ether (bp 35 °C), improves the ease and efficiency of solvent removal from carbonyl
diazide, although it also requires that the reaction be performed at low temperature or under
pressure. Triphosgene (0.153 g, 0.516 mmol) and sodium azide (0.207 g, 3.184 mmol) were added
to a 35-mL stainless-steel flask. The flask was attached to the stainless-steel manifold and
evacuated, and gaseous dimethyl ether was condensed into the vessel at =196 °C. In the 35-mL
flask, 1400 Torr-liter of dimethyl ether was calculated to afford ~4 mL as liquid solvent. After

stirring for 16 h, the solvent was distilled from the flask at —78 °C. The flask was then allowed to
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warm to room temperature, and carbonyl diazide (1) was cryopumped to a clean stainless-steel
flask at —196 °C. Yields as high as 32% were observed. This procedure, however, proved more
fickle than the synthesis in diethyl ether. A possible reason for the fickle nature of this method is
that the reaction vessel was opaque (steel), and the presence or absence of dimethyl ether in the
liquid phase could not be visually confirmed. Additionally, the narrow mouth of the small reaction
vessel meant that it could take several minutes to load the extremely hygroscopic TBANS3,
introducing an unknown quantity of H.O to the reaction mixture.

Method C

Triphosgene and sodium azide were allowed to react in a very small volume of
polyethylene glycol (MW 400). Polyethylene glycol was chosen as a heavy solvent, from which
we could vacuum distill our product after the reaction. Polyethylene glycol also acts as a catalyst
by sequestering the Na® ions of NaNs, much like a crown ether, giving higher soluble
concentrations of the nucleophilic anion. In a typical reaction, 240 mg (0.82 mmol) triphosgene
and 490 mg (7.6 mmol) NaNs were placed in a specially constructed brass reaction vessel (inner
diameter 1 cm). The reaction vessel was placed in a stainless steel vacuum flask. A volume of
0.3 ml polyethylene glycol was dripped onto the crystalline reagents, and the vacuum flask was
quickly attached to a vacuum manifold, evacuated to less than 100 mTorr, and then sealed. The

blast-proof reaction vessel is shown in Figure 2.4.
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Polyethylene Glycol

Sodium Azide
Triphosgene

Figure 2.4 Experimental setup for the preferred synthesis of carbonyl diazide from triphosgene
and sodium azide in a minimum quantity of polyethylene glycol solvent.

After being sealed for ~16 hours, any condensable gasses which had been generated were
transferred to a second stainless steel flask held at liquid nitrogen temperature. In a final
purification step, this second flask was cooled to dry ice-acetone temperature, and pumped on with
a high vacuum for 5 minutes to remove any impurities more volatile than carbonyl diazide. The
resulting product was analyzed for purity by gas phase IR spectroscopy, and the yield was

estimated by measuring the pressure of the sample in a large gas manifold of known volume. A
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typical yield was 7.0 Torr liters of gas (0.38 mmol, 15%) and thus comparable to our previous
method using ether as a solvent. A benefit of this new method of synthesis is that the carbonyl
diazide is generated and handled entirely in stainless steel vessels until it is introduced into the
spectrometer, enhancing the safety of the procedure. Additionally, purification is rapid and
straightforward, which is convenient and lessens the chance of losing the sample to an accidental
explosive decomposition. The development of the expedited synthesis was motivated by the need
to produce multiple samples for spectroscopic study. Samples much larger than the size just
mentioned were not safe to handle, and because of the degradation of the sample in the
spectrometer over a period of a few hours, samples of this size were only adequate for 1 or 2 days
of experiments.

We found that the reaction time could be shortened to just a few minutes and still yield
large amounts of carbonyl diazide. Additionally, the gas evolving from the sample flask could be
used for rotational spectroscopy without the additional purification step, albeit hydrazoic acid
tended to be a larger impurity in this case.

Computational Studies

The conformational isomers (anti-anti, anti-syn, and syn-syn) were optimized at
CCSD(T)/ANOL1 and CCSD(T)/cc-pVTZ levels of theory. Molecular geometries were optimized
in CFOUR? using analytic gradients?*?> with the frozen core approximation. The transition states
were connected to their minima via IRC calculations. The results are shown in Figure 2.5.

To determine the vibration-rotation interaction constants («i’s), the cubic and quartic
constants were calculated by numerical differentiation of the analytic second derivatives at

displaced points following the approach of Stanton et al.??” Rotational constants, centrifugal
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distortion constants, and vibration-rotation interaction constants were calculated with CFOUR

using the structure and force field results.
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Figure 2.5 Ab initio calculations showing the relative energies (in kcal/mol) of the three
conformers of carbonyl diazide at CCSD/cc-pVDZ (upper, black) and CCSD(T)/cc-pVTZ (lower,
red).

IR Spectroscopy

Infrared spectroscopy was used to confirm that we had synthesized carbonyl diazide. The
spectrum for a pure sample is shown in Figure 2.6. To understand this spectrum we performed
harmonic calculations (CCSD(T)/ANOO and CCSD(T)/ANO1). The results of these calculations
are shown in Table 2.1 for the syn-syn conformation of carbonyl diazide, and in Table 2.2 for the

anti-syn conformation.
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Figure 2.6 Infrared spectrum of carbonyl diazide from 400 to 4000 cm™ collected at ~2 Torr
pressure in a 15 cm length cell with KRS-5 optical windows.

As can be seen, the harmonic calculations are insufficient for explaining several
absorptions, notably 2297, 2171, and 1200 cm™. At a high-level method the anharmonic cubic
and quartic force constants were calculated, and second-order vibrational perturbation theory
(VPT2) was used to compute the fundamental vibrational frequencies as well as the infrared
intensities. Fermi resonances were also analyzed (VPT2 + F) at this level. The results of this
anharmonic analysis are in striking agreement with observation (see Table 2.1, Table 2.2, and
Figure 2.7). The cluster of features seen from 2000 to 2300 cm™ results from a strong and

extensive Fermi resonance in the syn-syn conformer of carbonyl diazide, whereby the combination



21
levels va+via, va+vis, and va+vis borrow intensity from the very strong asymmetric -N=N=N
stretching mode, vi3. Similarly, the intrinsically strong vi4 asymmetric C-N stretching mode mixes
with the combination level vz+vis. The high level computational treatment has allowed us to assign
all of the principal features in the spectrum. It is remarkable that many of the strong lines in the
spectrum result from two quantum overtone or combination levels. This underscores the problems
associated with relying on the harmonic treatment for the analysis of the spectrum. Figure 2.7
elegantly shows how the combined results of the VPT2 + F calculations for the syn-syn and the

anti-syn conformers account for all major features.

Table 2.1 Calculated and experimentally observed IR frequencies for the syn-syn conformation of
carbonyl diazide. Calculated intensities are in parentheses.

Mode Symmetry CCSD(T)/ANOO CCSD(T)/ANO1 CCSD(T)/ANO1 Experimental

Harmonic Harmonic VPT2+F

%1 ai 2214 (63) 2228 (63) 2191 (31)

V2 ai 1782 (194) 1764 (194) 1731 (179) 1721
V3 ai 1254 (4) 1226 (5) 1222 (4)

V4 ai 945 (19) 953 (20) 933 (16) 941
Vs ai 553 (0) 553 (0) 544 (0)

Ve ai 407 (2) 408 (2) 403 (1)

V7 ai 122 (0) 122 (0) 114 (0)

Vg az 569 (0) 570 (0) 557(0)

Vg a 152 (0) 155 (0) 151 (0)

V10 b1 733 (29) 730 (25) 720 (28) 723
Vi1 by 580 (9) 581 (7) 571 (8) 569
V12 by 75 (1) 76 (1) 72 (1)

V13 b 2198 (858) 2212 (875) 2140 (282) 2145
V14 b 1266 (1755) 1277 (1735) 1230 (1633) 1235
V15 b, 1095 (17) 1107 (13) 1069 (4)

V16 b 807 (23) 808 (26) 795 (21) 794
V17 b 500 (2) 503 (3) 496 (1)

Vig b, 206 (1) 206 (1) 204 (1)

v+ vis b, 2435 (11) 2450
v3t vis b 2286 (93) 2295
Vat vig b, 2171 (441) 2172
vat+ vis b, 1998 (12) 2005
v7+ vis b, 1181 (40) 1200
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Table 2.2 Calculated and experimentally observed IR frequencies for the anti-syn conformer of
carbonyl diazide. Calculated intensities are in parentheses.

Mode Symmetry CCSD(T)/ANOO0 CCSD(T)/ANO1 CCSD(T)/ANO1 Experimental

Harmonic Harmonic VPT2+F

21 a' 2212(295) 2226 (308) 2169 (174) 2172
) a' 2192 (528) 2206 (552) 2142 (167) 2145
V3 a' 1813 (475) 1801 (482) 1760 (198) 1756
V4 a' 1279 (766) 1290 (736) 1243 (583) 1257
Vs a' 1226 (354) 1237 (374) 1190 (177) 1200
Ve a' 1114 (148) 1125 (147) 1083 (80) 1082
V7 a' 894 (7) 901 (7) 884 (6)

Vg a’' 727 (34) 730 (33) 722 (30)

Vo a' 611 (2) 613 (2) 600 (2)

V10 a' 495 (1) 497 (1) 491 (1)

Vi1 a' 433 (1) 436 (1) 430 (1)

V12 a' 200 (2) 200 (2) 199 (2)

ZE a' 127 (0) 126 (0) 127 (0)

V14 a” 720 (27) 718 (24) 712 (18)

V1s a” 576 (2) 576 (1) 567 (2)

Vi6 a" 566 (11) 568 (10) 556 (7)

V17 a" 135 (0) 138 (0) 134 (0)

Vis a” 91 (0) 94 (0) 95 (0)

2vs a’' 2384 (23)

vat vg a’ 2321 (40)

vs+ Vg a' 2272 (28)

2v6 a’' 2192 (31)

vat vy a’ 2118 (54)

Vet vg a’ 1797 (55)

2v7 a' 1768 (178) 1756
viat+ vie a’ 1269 (47)

vs+ vio a’ 1215 (24)

2vg a' 1199 (156) 1200
2v1s a' 1133 (73) 1138
vistvie a’ 1127 (40) 1138
2v16 a' 1116 (13) 1138
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Figure 2.7 IR spectrum of carbonyl diazide from 400 to 2500 cm™ with predicted transitions for
both the syn-syn (red) and anti-syn (blue) conformers overlaid. The predictions are from an
anharmonic VPT2 ANOL1 calculation. The relative scaling of the conformers was adjusted to
match the observed line intensities.

Millimeter-wave Spectroscopy

The observed spectra were dense with detectable absorptions throughout our frequency
range. The most intense absorptions in our spectra were due to the impurities HN3, HNCO, and
CO, that resulted from unintended products of the synthesis or decomposition products of carbonyl

diazide. These three light molecules have intrinsically intense transitions relative to carbonyl
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diazide because of their much smaller number of populated states, so even small concentrations of
these impurities cause very strong absorptions. The spectra of these impurities are also relatively
sparse (CO only has a single transition in our frequency range, at 345795.99 MHz), so these
impurities were more of a nuisance than a true obstacle. Carbonyl diazide itself has a very dense
and fairly strong rotational spectrum. We have been able to assign the most prominent features of
the carbonyl diazide millimeter-wave spectrum, including ground vibrational spectra of the two
lowest lying theoretically predicted conformational forms and the four lowest energy vibrational
satellite spectra of the syn—syn form. Together, these account for most of the strong features in the
spectrum. Transitions for the ground state and first excited state (v12) of the syn-syn form have
been fit to near experimental error with a rigid rotor/centrifugal distortion model. The spectra
observed in states v7, vo, and 2v12 present additional challenges, because they appear to show some
effects of mutual Coriolis perturbations. Nevertheless, the rigid rotor/centrifugal distortion models
we have used, i.e., ones not accounting for the perturbations, are adequate to assign a great majority
of the observable transitions and to fit them with only small systematic errors in the highest J cases.
The fit for the anti—syn form is successful in reproducing the many observed lines, but the variety
of transition types and the accessible quantum number range is smaller than that of the syn-syn

form, because of its less intense spectrum.

To collect spectra, the spectrometer chamber was charged with ~4 mTorr of sample and
sealed. These fills were used for 2-3 hours before refreshing the sample. It was found that the
intensity of carbonyl diazide lines slowly decreased over this period, either through decomposition

or adsorption onto something in the spectrometer chamber. Refreshing the sample also mitigated
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the effects of pressure creep as air slowly leaked into the chamber- depending on how leak tight

the spectrometer is on a given day, the leak rate tends to be around 1-3 mTorr per hour.

Spectra were collected at both 293 K and 213 K. Due to the large number of low-lying
vibrational states, including many combinations and overtones, the higher temperature spectrum
is considerably more congested with excited state lines than the lower temperature spectrum. Less
than 3% of the syn-syn conformation molecules are in the ground vibrational state at room
temperature. This fraction increases to 8% at 213 K. The lowest lying vibrational satellites are
also more intense at 213 K than at 293 K. Figure 2.8 shows a 200 MHz segment of the spectrum
of carbonyl diazide. The primary feature in this segment is the Kprolate = 17 € 16 Q-branch of the
ground state of the syn-syn conformer from J =18 to J =70. Intermingled are transitions from the
vibrational modes vi2 and vz, as well as the anti-syn conformer. Ab initio calculations put these
states at 72 cm™, 116 cm™, and 700 cm™* above the ground state of the syn-syn isomer, respectively.
As shown in Figure 2.8, the low temperature experiment gives a cleaner spectrum of the low-lying
states, while the higher temperature spectrum was useful for studying the high energy anti-syn

conformer.
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Figure 2.8 A 240 MHz segment of carbonyl diazide spectrum at both 293 K and 213 K. Most
lines belong to a Q-branch series of the ground vibrational state of the syn-syn isomer, but lines
from two vibrational modes and the anti-syn isomer are also present.

As temperatures are reduced below 213 K, the line intensities for transitions of the ground
vibrational state of the syn-syn isomer begin to decrease as the effect of carbonyl diazide
condensing on the walls of the spectrometer chamber seems to outweigh the effect of a more
bottom-heavy distribution of states. Carbonyl diazide signal rapidly decreases as the temperature
is lowered towards 200 K, which is a temperature our chiller system struggles to reach. It was
found that at 200 K, the chamber could be evacuated of non-condensed gasses, resealed, and
warmed, and the carbonyl diazide signal would partially return as it sublimed off of the walls. It
was hoped that this strategy could be used to purify the sample in the chamber from non-
condensable air that slowly leaks into the chamber, but the time it took for the chiller to reach low
enough temperatures and the mediocre signal return after this *purification’ meant this was not a

convenient strategy for sample conservation.
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For the ground vibrational state of the syn-syn conformer, a very near prolate asymmetric

top, the most apparent spectral features are the Q-branch series with fixed values of Kprolate, Which
have series origins occurring at roughly (2Kprolate + 1)(A-(B+C)/2). The separation between these

bands is therefore ~2(A-(B+C)/2), or ~19.5 GHz.

As seen in Figure 2.9, the band origins are highly spectrally congested, and generally, the
first few dozen lines of the series could not be sufficiently resolved to be independently measured.
In the Kprolate 17-18 series shown in Figure 2.9, the region between 341058 and 341081 MHz
contains J=19 — J = 54. Most of these lines were excluded from the least —squares fitting. Like
the other similar series, the lowest J lines increase in frequency as J increases, then turn towards
lower frequency with further increase, forming a readily visible band head feature at the turn-
around. Emerging from the congested band head regions are series of easily measured lines which

gradually spread out as the lines progress to lower frequencies and higher J values.
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Figure 2.9 Panel a: A characteristic b-type Q-branch for the syn-syn conformer of carbonyl
diazide. Panel b: a 10x zoom of the spectrum plotted with a stick spectrum of lines predicted from
the final experimentally determined spectroscopic constants.

Initially, assigning the transitions of these Q-branches was very difficult because we did
not appreciate the extent of the ‘turn around’. Because carbonyl diazide had not previously been
studied by rotational spectroscopy, we had to rely on ab initio calculations to help guide our
assignments. At the time of initial assignment we had not calculated the 4™ order distortion terms.
The extent (or existence) of the “turn around’ in the Q-branch depends primarily on Djk, S0 our

initial prediction, based on ab initio values for A, B, and C, had no “turn around’ at all, and it took
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significant effort to correctly assign the J values progressing from the congested bandhead to lower

frequencies.

Once the Q-branch series emerge from the bandheads it is easy to follow the series for
~40-60 transitions over a few GHz, but assigning a J value to the first measureable transition to
lower frequency of the bandhead required a systematic guess-and-check proceedure. An
ultimately successful technique for assigning J values to the transitions emerging from the Q-
branch bandheads was to run numerous fits on these lines, with each fit using different J
assignments; the fits that worked the best presumably had the correct J assignments. Figure
2.10 shows the results of 21 least-squares fits for 57 lines progressing out of the Kprolate = 18 <
17 Q-branch bandhead (this is the bandhead shown in Figure 2.9). These fits used the ab initio
rotational constants and 4™ order distortion terms shown in Table 2.3 as starting parameters. Of
these, only A, C, and Djk were allowed to vary in the optimization of the fit, as the spacing
within a Q-branch is sensitive to these. B was not allowed to vary because B and C cannot be
independently determined without more diversity in transition types (it is the quantity B-C that
can be determined from these transitions). In Figure 2.10, the least-squares fit with the lowest
error is the one where the first measureable line outside of the bandhead at 341063.2416 MHz is
assigned as 53 1835 € 53 1736 (and the degenerate 53 1836 € 531737). As the assigned J values for
this transition and the rest of the transitions in the series are increased or decreased, the resulting

least-squares fits are progressively worse.
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Figure 2.10 The errors (c) in MHz of 21 least-squares fits for 57 doubly degenerate lines assigned
to the Kprolate = 18 <17 Q-branch of the ground state of the syn-syn conformer of carbonyl diazide.
Each fit has different J assignments for these lines; the X coordinate is the assigned J value for the
highest frequency observed line at 341063.2416 MHz.

This iterative guess-and-check method of assigning the transitions could be applied to any
Q-branch. Figure 2.11 shows the results of 21 least-squares fits for a dataset of 62 transitions
belonging to the Kprolate 15 € 14 Q branch. Again, there is a clear best fit to the data, in this case
with the first measureable transition at 282701.8236 MHz being assigned as 33 1518 € 33 1419 (and
the degenerate 33 1519 € 33 1420). A comparison of the results of Figure 2.10 and Figure 2.11
show a large difference in the J value of the first cleanly measureable transition outside of the

bandhead. The Kprolate 15 € 14 bandhead contains 18 mutually obscuring lines, while the Kprolate
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18 < 17 contains 35 obscured lines, again underscoring the difficulty in initial assignments. There

is a general trend of higher Q-branch series having more complicated bandheads.

Carbonyl Diazide Ground State: Assigning J values for K. =
14 t0 Kyroate = 15 Q-branch
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Figure 2.11 The errors (o) in MHz of 21 least-squares fits for 62 doubly degenerate lines assigned
to the Kprolate = 15€-14 Q branch of the ground state of the syn-syn conformer of carbonyl diazide.
Each fit has different J assignments for these lines, the X coordinate is the assigned J value for the
highest frequency observed line at 282701.8236 MHz.

If the assignments indicated by Figure 2.10 and Figure 2.11 are correct, all of the Q
branches should be able to work together in a single fit. Good fits of multiple Q-branches could
be obtained. These fits used a fixed value of B but allowed A, C, and all of the 4" order centrifugal
distortion terms to vary. Once two Q-branches were fit together, the resulting constants could be
used to find the correct assignments for the lines of the remaining three or four Q-branches in the

frequency region of our spectrometer.

Least-squares fitting of the Q-branch series gave the difference A-B and B-C. The

assumption that the molecule was planar (or nearly so), and therefore had an inertial defect (4, =
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Ic — Iz — 1a) close to zero enabled us to get better approximations for all three rotational constants.
Predictions of R-branch transitions based on the constants derived assuming an inertial defect of

zero were good enough to find the R- Branch transitions.

The R-branch transitions exist as series of transitions with the same Kprolate Values and
increasing J values with an approximate separation of B+C between successive lines. For the
syn-syn conformer in its ground vibrational state, a total of 1105 b-type transitions were
observed, consisting of 628 Q-branch transitions from 6 different Kprolate Series and 477 R-branch
transitions from 8 different Kprolate Series. As seen in Table 2.3, all of these transitions were fit to
experimental accuracy (o = 0.038 MHz) with an S-reduced, representation 1", centrifugal
distortion Hamiltonian with all five 4™ order constants and the four diagonal 6™ order constants.
The very small observed inertial defect confirms that this molecule is planar. Also in Table 2.3
are the results of our coupled cluster calculation (ANOZ1 basis set) for the rotational constants
and 4™ order centrifugal distortion constants of this conformer. It can be seen that these

theoretically predicted constants are in excellent agreement with the experimental results.
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Table 2.3 Experimental and ab initio spectroscopic constants for the syn-syn and anti-syn
conformers of carbonyl diazide in their ground vibrational states.

A (MHz2)
B (MHz)
C (MHz)
Dy (kHz)
Dk (kHz)
Dk (kHz)
di (kHz)
d2 (kHz)
H; (H2)
Hax (Hz)
Hks (Hz)
Hk (H2)
o (MHz)
A (amu A?)

N lines

Syn-Syn Anti-Syn
Experimental CCSD(T)/ANO1 | Experimental CCSD(T)/ANO1
10807.32121(80) 10759 4860.3329(15) 4844
1101.93922(32) 1100 1448.9307(80) 1447
999.95107(39) 998 1115.7777(50) 1114
0.076261(36) 0.075 0.19588(32) 0.19
-1.19632(16) -1.17 -1.2477(18) -1.18
19.7585(40) 18.8 11.9279(28) 11.5
-0.010738(34) -0.0108 -0.0670(23) -0.0659
-0.000602(18) -0.000566 -0.0090(30) -0.00529
0.0000469(31) [0]
-0.002860(17) [0]
0.03728(43) -0.01055(44)
-0.1393(71) 0.06943(82)
0.038423 0.043777
0.01415 -0.00013 0.1640 -0.00025
1105 786

With an excellent fit for the ground vibrational state of the syn-syn conformer in hand,

along with the theoretical predictions of vibration-rotation corrections, it was possible to assign

the transitions for several excited vibrational states of the syn-syn conformer. These excited

vibrational states all have distinctive Q-branch series with band heads quite similar to those already
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described for the ground state. The Kprolate = 19 € 18 Q-branch series band head for the 2v1, state
is readily apparent at 341960 MHz in Figure 2.9. In a fashion similar to the ground state, the R-
branch series for the excited vibrational states span a wide region of the spectrum, with analogous
separations of approximately B+C. To assign and fit lines for these vibrationally excited states,
the same general strategy as described for the ground state was successfully employed. Transitions
(from both Q- and R-branch series) for states vi2, v7, 2vi2, and vo (calculated energies 71.5 cm™,
115.7 cm?, 143 cm™?, and 150.6 cm™ respectively) were identified, measured, and least-squares
fit. As shown in Figure 2.12, vi» is a B1 symmetric out-of-plane-twisting motion of the azide
groups. Vibrational mode v7 is an Al symmetric in-plane bending of the azide substituents.
Vibrational mode vy is an A2 asymmetric out-of-plane twisting movement of the azide

substituents. As an overtone vibrational mode, 2v12 has A1 symmetry.
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Figure 2.12 The vibrational modes of the syn-syn conformer of carbonyl diazide observed in the
millimeter-wave spectra

Unlike the ground state case, the incorporation of some 8" order centrifugal distortion
terms in the Hamiltonian was necessary in order to acquire a satisfactory least-squares fit of these
vibrational satellites. The need for these higher order terms likely goes hand-in-hand with the
large inertial defects accompanying these vibrational modes (see Table 2.6), both attributable to
the low frequency, large amplitude, nature of these bending motions of the two azide groups.
Vibrational states vz, vo, and 2vi> all show clear signs of what is presumed to be Coriolis

perturbation in two of their Q-branch series. Figure 2.13, Figure 2.14, and Figure 2.15 show
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attempts to assign J values to the Kprolate = 1514 , 17<16, and 18<17 Q-branches of v7. Each
of these figures shows 21 least-squares fits where each fit has a different set of J assignments for
the lines progressing out of the Q-branch. The starting constants for these fits were the final fit
parameters for the ground vibrational state of the syn-syn conformer, corrected with the ab intio
values for the rotation-vibration interaction. Only A, C, and Dyk were allowed to vary. The Kprolate

= 15<14, series is well behaved, while the 17<16 and 18< 17 series are perturbed.

Carbonyl Diazide v,: Assigning J values for Ko st = 14 10 K54t
=15 Q-branch
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Figure 2.13 The errors (c) in MHz of 21 least-squares fits for 47 doubly degenerate lines assigned
to the Kprolate = 15€-14 Q-branch of the v7 state of the syn-syn conformer of carbonyl diazide. Each
fit has different J assignments for these lines; the X coordinate is the assigned J value for the
highest frequency observed line at 290014.0636 MHz.
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Figure 2.14 The errors (o) in MHz of 21 least-squares fits for 58 doubly degenerate lines assigned
to the Kprolate = 17€-16 Q-branch of the v7 state of the syn-syn conformer of carbonyl diazide. Each
fit has different J assignments for these lines; the X coordinate is the assigned J value for the
highest frequency observed line at 329756.9355 MHz.

Carbonyl Diazide v,: Assigning J values for
Korolate = 17 10 K15 = 18 Q-branch
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Figure 2.15 The errors (o) in MHz of 21 least-squares fits for 37 doubly degenerate lines assigned
to the Kprolate = 18 <17 Q-branch of the v7 state of the syn-syn conformer of carbonyl diazide. Each
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fit has different J assignments for these lines; the X coordinate is the assigned J value for the
highest frequency observed line at 349586.0318 MHz.

Figure 2.15 and especially Figure 2.14 show a less conclusive assignment preference than
Figure 2.13, as evidenced by shallower curves and a higher error of the most preferred J
assignment. It is also strange that the assignment preference for the first visible line outside of the
bandhead for the Kprolate 17 €16 series is higher in J by 19 than the assignment preference for the
first visible line in the Kprolate = 18€17 series. This is strange because the higher Kprolate Series
normally have more lines in their bandheads. Further evidence for perturbation lies in the
optimized values of A, C, and Dy in the fits with the preferred values of J. Table 2.4 shows the
optimized values of these constants for the fits with the preferred J assignments for the three Q-
branch series independently, as well as the value of these constants from the fit that includes three
unperturbed Q-branches as well as the R-branches. Although there is no clear trend among the A
values, the C and Dyk values for the unperturbed Q-branch are in good agreement with the overall
fit, and the C and Dak values for the perturbed branches are in poor agreement with the overall fit

(in opposite directions too).

Table 2.4 Comparison of constants derived from single Q-branch fits and constants obtained from
fit of all relatively unperturbed lines for vz of the syn-syn conformer of carbonyl diazide. For the
three single Q-branch fits the J assignments used are the preferred assignments from Figure 2.13,
Figure 2.14, and Figure 2.15.

Ovel’all F|t Kprolate 15614 Kprolate 17616 Kprolate 18617
(Table 2.6) (Figure 2.13) (Figure 2.14) (Figure 2.15)

A (MHz) 11083.48 11059.88 11062.85 11043.65

C (MHz) 1000.362 1000.01 1023.63 984.41

Dk (MHZ) -0.00128 -0.00134 -0.00198 -0.00103

A-B (MHz) 9981.08 9957.27 9960.24 9941.04

B+C (MHz) 2102.77 2102.62 2126.24 2087.02

AZEE (MHZ) | 1003210 10008.57 9999.73 10000.14

2
B-C (MHz) 102.04 102.60 78.98 118.20
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For vz and 2v12, the Q-branch series Kprolate 16-17 and Kproiate 17-18 fit poorly into rigid
rotor models, as do the Q-branch series for Kprolate 13-14 and 14-15 for vo. The implication is
that the perturbed energy levels are the Kprolate = 17 states for vz and 2v12 and the Kprolate = 14
states for vo. To check this hypothesis we examined whether the corresponding R-branch lines
were obviously perturbed. In general the R-branch lines in our frequency region have lower
Kprolate Values than the Q-branches, but there is some overlap. For vz we hypothesize that states
with Kprolate = 17 are perturbed. R-branch transitions involving Kprolate = 17 0f v7 are slightly too
high frequency for our spectrometer. Likewise, for 2vi> we suspect the Kprolate = 17 state of
being perturbed, but only 5 R-branch transitions involving Kprolate = 17 €16 are observable with
our spectrometer below 360 GHz. In the vg State, however, it is Kprolate = 14 We suspect of being
perturbed based on the Q-branches Kproiate = 14413 and Kprolate = 15€-14, but the R-branch
series involving these states work well with the overall least-squares fit. A summary of the lines
we were able to fit for these three perturbed states is shown in Table 2.5. The five Q-branches
which are observed to be perturbed do occur where they are expected ((2Kprolate + 1)(A-(B+C)/2),
and their perturbation comes from the spacing of transitions within the band. It is confounding,
therefore, that the Kprolate =18€-17 of 2v12 could not be found at all, and it was not predicted to be
in a particularly dense section of the spectrum. Further complicating this is the fact that Kprolate =
19418 was assigned and fit without incident, so the explanation for the disappearance of the

Kprolate = 184€-17 band cannot be a massive perturbation of the Kprolate = 18 state.
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Table 2.5 A summary of observed b-type transitions for the three vibrational states with apparent
perturbations in some of the Q-branch series. A dash indicates that the series is outside of our
spectrometer range, while asterisks indicate that the lines are noticeably perturbed and excluded

from the least-squares fits.

Kprolate
9-8
10-9
11-10
12-11
13-12
14-13
15-14
16-15
17-16
18-17
19-18

V7 Vg 2v12

Al A2 Al

115.7 cm™ 150.6 cm™ 143 cm*

Q R Q R Q R
- 46 - - - 21
- 45 - 15 - 35
- 40 - 34 - 40
- 38 - 44 - 48
26 35 - 33 - 43
60 28 *G A% 21 43 36
47 17 *AT* 23 69 24
56 7 50 14 57 16
*5g* - 56 4 *Q5* 5
*37* - 24 - *(* -

- - 18 - 57 -

All of the severely perturbed transitions have been omitted from the data sets used for the

rotational/centrifugal distortion fits.

The results of the fits for these vibrational states are

summarized in Table 2.6. In the case of the lowest energy vibrational state (vi2), however, it was

possible to include all the measured transitions in the fit summarized in Table 2.6. As can be seen,

a fit to within near experimental error is obtained for a rather large data set for the vi» vibrational

state.
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Table 2.6 Experimentally determined spectroscopic constants for the four assigned excited
vibrational states of the syn-syn conformer of carbonyl diazide.

V12 V7 Vg 2v12
Eec'gt[')‘gﬁ A(f\]r?)ll) 715 115.7 150.6 143.0
A (MH2) 105158203 (18) ~ 110835749(61)  10687.5090(26)  10245.6949(37)
B (MH2) 110230411 (87)  1102.5248(39) 1102.3112(30) 1102.5814(33)
C (MH2) 10015272 (11) 1000.2230(42) 1000.5791(35) 1003.1971(33)
Ds (kHz) 0.077850 (65) 0.07475(16) 0.07586(20) 0.07675(33)
Dk (KH2) -0.90795 (64) -1.3206(42) -1.2848(21) -0.5615(24)
Dk (kH2) 42.116 (12) 83.086(55) 9.075(13) -87.948(27)
ds (kH2) -0.01219 (14) 0.0 -0.0449(19) 0.0
dz (kH2) 0.00305 (35) 0.0 0.137(10) 0.0
Hs (H2) 0.0000479 (62) -0.000073(16) 0.000680(46) -0.000368(81)
Hax (H2) -0.002216 (37) 0.00415(46) -0.01184(93) 0.00096(14)
His (H2) 0.1716(21) 0.150(20) -0.0236(97) 0.5292(77)
Hk (H2) 24515 (41) 25.69(22) 11.792(22) -36.641(89)
hy (Hz) 0.0000336 (67) -0.001153(52) -0.00270(19) -0.000692(31)
ha (Hz) 0.0 0.00262(20) 0.0 0.0
hs (Hz) -0.000123 (18) -0.01505(28) 0.0 0.00340(35)
Ly (mH2) 0.0 0.0 0.0 0.0000233(67)
Lax (MH2) 0.0 0.0 10.001418(62) -0.0000134(88)
Lax (MH2) 0.0 10.02002(82) 0.0226(16) 0.0
Liks (MH?2) 10.0673 (25) 10.395(35) 0.224(16) 10.4258(84)
Lk (MHz) 7.967 (48) -10.35(34) 0.0 11.06(10)
o (MHz) 0.040047 0.04695 0.045508 0.05577
A1 (amu A?) -1.9256 1.2859 0.6725 3.9174
N lines 1119 720 672 768

In the v7 state spectrum we were able to assign 56 R-branch transitions where the

asymmetry splitting was resolved, but when these were included in the fit the high-J, Q-branch
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lines show some systematic residuals and the standard deviation of the residuals o is slightly
greater than the experimental error level (Table 2.6). If only the un-split R-branch lines and the
non-Korolate = 17 Q-branch lines are included, o drops by a factor of two. In the cases of vg and
2v12 we were not able to assign the weak split R-branch lines, because of the dense background
spectrum, but if they could be measured and included in the fits, a similar increase in ¢ might be
expected. Different combinations of centrifugal distortion constants were required to achieve the
fits reported in Table 2.6 and only the D; constants seems to be relatively invariant to vibrational

state.

In Table 2.7 the vibration-rotation interaction constants and inertial defects for all four
states from the experimental rotational constants and the coupled cluster calculations are
compared. For v7 and vg the agreement is reasonable, but the aa and og values are in quite poor
agreement in the case of vi2. The ai values and inertial defects for 2vi2, however, are very close
to two times the values of the same constants in the fundamental state v12, which was very
helpful in assigning the spectrum of the overtone. The very large negative inertial defects
observed for the out-of-plane modes and the large positive defects for the in-plane mode are very
well predicted by the theoretical calculations and are consistent with our expectation for these

low frequency bending vibrations.?®



43
Table 2.7 Comparison of vibration rotation interaction constants («;’s) for the four studied
vibrationally excited states of the syn-syn conformer of carbonyl diazide determined by experiment
and by ab initio calculations at the CCSD(T)/ANOL level.

oa (MHz) es(MHz)  ac(MHz) Ai(amu A?)

experimental 291492 0.36489 157613  -1.9256
viz CCSD(T)/ANO1 -263.41  -2.15 -0.36 -1.86
experimental 276.2537  0.58558 027193  1.2859
v CCSD(T)/ANOL1  270.95 0.67 0.16 1.35
experimental -119.812 037198  0.62803  -0.6725
Yo CCSD(T)/ANO1 -115.54 0.29 0.70 -0.72
experimental 561.626  0.64218  3.24603  -3.9174
2v;  CCSD(T)/ANO1 -526.82  -4.3 -0.72 -3.8147

2 X v1 values -582.984 0.72978 3.15226  -3.9369

Identifying five vibrational states for the syn-syn conformer explained many of the stronger
lines in our spectrum, making it feasible to search for transitions from the anti-syn conformer.
Predictions for the b-type transitions showed widely spaced R-branch series spanning the length
of our spectral range. A useful observation about these R-branch series is that the lines within a
series a very evenly spaced, by roughly 2568.5 MHz (2 x A). Additionally, separation between
series was predicted to be regular with a spacing of approximately 9688.5 MHz (B+C). Using a
particularly clean 310-330 GHz spectrum taken at 293 K, a list of all lines not already assigned to
one of the vibrational states of the syn-syn isomer was compiled and a difference matrix of this list
was created. The telltale recurring differences between some transitions were found, leading to
the assignment of the anti-syn spectrum. Since our initial assignment we have learned to make
use of Loomis-Wood?® type plots, where copies of the spectrum are stacked, with each copy
centered on a different frequency. In atypical use of Loomis-Wood plots, the stack of spectra are
centered on the predicted frequencies for a series of transitions. If the prediction is good enough,

the true lines can be seen in an obvious curve going through the Loomis-Wood plot. The rigid
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spacing of the predicted R-branch lines in the anti-syn conformer make them good candidates to
find with a Loomis-Wood plot. Such a plot is shown in Figure 2.16. The actual R-branch lines
are found ~300 MHz lower in frequency than the calculated frequencies based on the ab initio

constants. The dense spectrum makes the series somewhat difficult to see initially.

Aligned to 41 3510 € 40 39
329584 MHz
Aligned to 40 350 € 39 3¢
327016 MHz WMWWWWWWWWWWWWWMWWW
L ]
Aligned to 39 3,5 < 38 5,4
324448 Mz WWWWWMWMWWWWWWWWWMW

Aligned t0 38 3, €< 37 314
321880 MHz - |

Aligned to 37 355 €< 36 35

319312 MHz WMMMWWWMWWWMWWWMWMWWWM
Aligned t0 36 3,5 €< 35 4,4

316744 MHz WWWWWWMWWWW

Aligned t0 35 35 4 € 34 43
314175 MHz { [ | it \ ! h

Aligned to 34 3,3 € 33 3,
311606 MHz "WMMMWWW

500 MHz

Figure 2.16 A Loomis-Wood plot of the millimeter-wave spectrum of carbonyl diazide at 293K.
The stacked spectra are aligned with the predicted values for R-type lines of the anti-syn conformer
based on ab intio predictions of the rotational constants. The predicted frequencies are on the
vertical line. The experimentally observed frequencies for these lines are denoted with a dot.

The Q-branch series predicted in our spectral region for the anti-syn conformation all had

Kprolate Values greater than 38, and they (and the non-degenerate R-branch transitions) were not
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intense enough for us to distinguish them from the great many unassigned lines (presumably of
higher vibrationally excited states). The spectroscopic constants from the fit of the anti-syn
conformer are given in Table 2.3, along with the predictions of the same constants from coupled-
cluster theory. As for the other conformer, the agreement of the rotational constants and the 4%
order centrifugal distortion constants is excellent (somewhat less so for d2), and the mean square
of the residuals is near the experimental error limit. In spite of this low value of o, the
determination of the rotational constants is not as accurate as in the fit of the syn-syn conformer.
The lack of transitions where the asymmetry splitting is resolved and of Q-branch transitions in
the data set is the origin of this problem, and the somewhat large inertial defect in Table 2.3 is
likely symptomatic of it. The inertial defect from the coupled cluster- calculation, however, is
typical of what would be expected for a planar molecule. With the spectra of both conformers
well fit, it was possible to estimate their relative energies based on peak intensities. We used a
particularly clean segment of our 293 K spectrum between 310 and 330 GHz. To compensate
for the gradual decrease in intensity during the course of a sample fill, intensities were compared
in a matched pair fashion. Each well-measured syn-syn line was fit to a Gaussian line shape and
compared with the nearest well-measured anti-syn line at both higher frequency and at lower
frequency. The integrated intensity for each line was normalized with its computed integrated
intensity (corrected for the statistical factor of two in favor of the anti-syn), and the ratio of the
pair of normalized intensities was taken as the Boltzmann factor. In total, 118 of these pairs
were used, a few outliers with ratios more than 3 standard deviations away from the mean having

been dropped from the set. These 118 pairs gave an average Boltzmann factor of .0515, yielding
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an energy difference of 2.4+/- 0.6 kcal/mol, which is consistent with the ab initio values

presented in Figure 2.5.

Summary

Carbonyl diazide has been successfully synthesized from sodium azide and triphosgene,
and the synthesis has been optimized for efficiency and safety. Anharmonic VPT2 calculations
well predict the observed IR spectrum of carbonyl diazide. Pure rotational transitions in the
millimeter-wave region have been assigned and fit for two conformers and four vibrationally
excited states of carbonyl diazide. Three of the vibrationally excited states exhibit perturbed Q-
branch series, and these perturbations are not well understood. Future work could involve the
analysis of these perturbations. Overall this work has improved our understanding of the synthesis
and spectroscopy of carbonyl diazide, and serves as an excellent starting point to further investigate

its decomposition products.
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Chapter 3: Equipment improvements and preliminary work

towards the generation of diazirinone

Includes the work of collaborators:

Brian J. Esselman, Joshua D. Shutter, R. Claude Woods, and Robert J. McMahon

Ll

r Water J?CkCt I I Temperature
, Probe
L VI TTTITTTTT] 111 Heating Coil
Sand Quartz Wool }
| |
Inside Vacuum Chamber I
Variac

Qutside Vacuum Chamber




o1

Abstract

Preliminary work on the pyrolysis of carbonyl diazide to form diazirinone for spectroscopic
study in our millimeter-wave spectrometer is described. Diazirinone has been a molecule of
interest to our group for many years now. Improvements to the spectrometer are outlined, both
those specifically geared towards pyrolysis projects such as the generation of diazirinone, but also
general improvements made to the instrument in the wake of its major renovation. Notably we
have added a ‘hot-finger’ heater to our spectrometer for in-situ pyrolysis. A second, external,
pyrolysis apparatus has also been constructed. Although we have not succeeded in generating
diazirinone yet, we have found a signals for a planar molecule which may be another
decomposition product of carbonyl diazide. We have thoroughly examined the spectrum of this
decomposition product (or impurity), but despite knowing its rotational constants we have not been

able to identify the molecule.
Introduction

Diazirinone (N2CO), is a molecule of potential astrochemical interest, as it can conceivably
be formed as an adduct of the extremely common CO and N2> molecules. Diazirinone has been
observed as a metastable product in irradiation of CO-N: ices at 10K, which may simulate the
chemistry of similar mixed ices in space.! An N,CO* fragment has also been observed in a
neutralization-reionization mass spectrometry experiment involving the chemical ionization of a
gaseous mixture of N2 and CO.2 Although diazirinone is ~100 kcal/mol higher in energy than
CO and Nz, the barrier to decomposition is large enough (~25 kcal/mol) to entertain the possibility

of finding it in the interstellar medium (ISM).23 In 2005 Moss et al. reported the generation of
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diazirinone from the reaction of p-nitrophenoxychlorodiazirine with a nucleophilic fluoride ion as

shown in Figure 3.1.%

(¢]

-
v/ -cr .
NO, o N @ ——— NO, F
- =< f:k C

Diazirinone

Figure 3.1. Synthetic Scheme for the generation of diazirinone as reported by Moss et al.

Attempts by members of our group to repeat this synthesis were unsuccessful. In the
spectrum of the gaseous products of the reaction, a peak assigned by Moss et al.* as the CO stretch
of diazirinone was reassigned as carbon monoxide in a condensed or solution phase.> Publication
of these findings led Moss et al. to computationally re-evaluate their previous claims, ultimately
concluding that although diazirinone was likely formed transiently in their reaction mixture, the

presence of fluorine ions likely catalyzed a rapid decomposition of the diazirinone to N2 and CO.°

An alternate path to diazirinone was found by Zeng et al. in 2011.”® Their approach was
the pyrolysis of carbonyl diazide. The publication of this synthetic scheme renewed our group’s
long term goal of observing the rotational spectrum of this molecule and led us to our study of
carbonyl diazide. During our studies of carbonyl diazide®?*° and pyridazine'! we made numerous
improvements to the spectrometer, with the intention of using our improvements and our acquired

skills towards the eventual study of diazirinone and other more transient species.
Improvements to the spectrometer

In 2009 we received a grant for a major upgrade of the group’s millimeter-wave

spectrometer. A full explanation of the first wave of upgrades are documented in the thesis of
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Brian Esselman.’? In short, we upgraded the spectrometer’s signal generation, the detector, the
vacuum pumps, pressure gauges, mass flow controllers, valves, chiller system, GPS frequency
standard, and the computer control system. A schematic for the current incarnation of the
millimeter-wave spectrometer is shown in Figure 3.2. The new signal generation starts with an
Agilent analog signal generator (generates microwave signals up to 20 GHz), the frequency
modulated output of which is passed through an amplification multiplication chain and then into
the chamber. This system is entirely computer controlled and requires no manual tuning by the
operator at any point in the frequency range. The new detector is a diode, which operates at room
temperature, in contrast to the indium antimonide bolometer it replaced, which required liquid
helium to function. The computer control system was built in LabView on a modern Windows 8

PC. Most of the new valves, gauges, and the chiller unit can be controlled using the PC.

The newfound ability to completely automate our sample collection has been incredibly
useful. A frequent mode of operation is to set a flow of sample through the chamber, or to charge
the chamber with a static pressure of sample, and to set up a 100 GHz scan to run overnight. It
takes approximately 12-14 hours to run this full scan. Once the scan is acquired, Kisiel’s SView

viewing program®® can be used to analyze the spectra on our office or home computers.

The instrument renovation process included a full dismantling of the Pyrex chamber, which
is built from a series of thick walled 4 inch inner diameter tubes, tees, and crosses. Many of the
pieces were coated in layers of carbon soot and other impurities from years of spectroscopy of
molecules in an electric discharge. The pieces of the vacuum chamber were cleaned with acid

baths and soap & water wherever possible. The main length of the chamber is more or less
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permanently in place in the laboratory, so it was cleaned ramrod style with a very large brush

attached to a power drill.

Disassembling the bulk of the vacuum chamber allowed the machine shop to build a
platform on which we anchored the new turbomolecular fan vacuum pump which replaced a large
oil diffusion pump. Upon reconstruction of the vacuum chamber, we had the opportunity to
thoroughly leek check every joint using the department’s helium-sensing vacuum leak detector.
We were able to assemble the chamber and achieve a background leak rate of ~1 mTorr/hour,
which was less than half the background rate before the renovation. The lower background leak
rate results in cleaner full spectra when the chamber is given a static fill of sample for an overnight

scan.

In all, this host of improvements has made millimeter-wave spectroscopy a very practical
endeavor for our group. Since renovation, four graduate students and five undergraduate students

have collected publishable results with the instrument.
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Figure 3.2 Schematic of our millimeter-wave spectrometer.
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We have made numerous small improvements to the instrument since the major overhaul

in 2010/2011. Figure 3.3 shows two safety features added to protect the turbomolecular pump.
First, an automatic shutoff valve was added between the turbomolecular pump and the roots blower
/ Leybold mechanical pump that we use as backing pumps (Figure 3.3a). The shutoff valve is to
protect the pump in case of a power outage. In a worst case scenario, in a blackout situation the
turbomolecular pump could receive a burst of air from the backing pump / exhaust line while the
turbomolecular fan is still spinning at close to 34,000 RPM due to its considerable angular
momentum. The shutoff valve is pneumatically actuated and was incorporated into the system to
prevent such a scenario. The pressure for this pneumatic action is the building’s compressed air.
A secondary solenoid controlled 3-way valve controls whether or not the pneumatic valve is
pressurized. Disconnecting power from the solenoid valve results in the activation of the shutoff

valve to isolate the turbomolecular pump.

A second improvement made to protect the turbomolecular pump is a constant nitrogen
purge. Figure 3.3b shows a regulator which feeds house nitrogen into the purge port of the pump
at ~25 psi. The regulator is equipped with both a coarse and a fine particle filter. The nitrogen
purge is intended to protect the pump from corrosion when we study particularly reactive species,

e.g., when the electric discharge is activated.
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Figure 3.3 a) A pneumatic shut-off valve actuated by a three-way solenoid switch to protect the
turbomolecular fan pump in case of a power outage. b) A constant flow nitrogen purge system to
protect the turbomolecular fan pump.

Significant effort has also been put into improving our chiller and coolant plumbing
system. As shown in Figure 3.2, the spectrometer is plumbed to an ultralow temperature chiller
which cools its working fluid as low as -90 °C, and pumps it through heat exchange coils wrapped
around the spectrometer, and also through the two electrodes. Over the years this system has
proven spectroscopically useful, as already described in Chapter 2. We expect cold spectra to be
very valuable for the spectroscopy of diazirinone as well. Unfortunately the chiller system has
proven incredibly frustrating to maintain. One problem is solvent choice. The solvent must be
liquid in the temperature range -90 °C to 20 °C. It must be nontoxic, nonflammable, and,
preferably, cheap. The first solvent we tried was the refrigerant R-123, which is chemically 2,2-
dichloro-1,1,1-trifluoroethane. This worked reasonably well while the chiller was cold, but its
high vapor pressure (bp = 28 °C) meant that it evaporated quickly, and it was too expensive to

tolerate the rapid loss we observed. By the rate of evaporation it became apparent that our ultralow
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chiller was NOT a closed system. Indeed the solvent bath is essentially open to the air. It also
became apparent that the plumbing system we had built was rife with leaks and developed them
faster than we could fix them. We had been using a combination of standard half inch steel
plumbing components to cross the room, and quarter inch plastic tubing with Swagelok unions as
the heat transfer coils against the walls of the spectrometer chamber. A refrigerant *sniffer’ capable
of detecting chlorofluorocarbons indicated that leaks were springing up at a great many points in
our plumbing, likely the result of repeated cycling between -80 °C and room temperature. We
found by trial and error that Cajon fittings (now Swagelok UltraTorr) handled the temperature
change better than regular Swagelok tube fittings. We also found that standard plumbing ball
valves were prone to catastrophic failure in these circumstances. When these valves are closed at
cold temperatures, the solvent can expand by more than 10% as it warms to room temperature,
destroying the valve. We were able to purchase, from Avco, specialty cryogenic ball valves which
have an extra channel on one side of the ball to relieve this pressure. None of these valves have
failed in the past three years. Figure 3.4 shows some of our current plumbing setup, which has

been reasonably leak-proof.
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Figure 3.4 Our current setup for our chiller system

We made several attempts to leak-proof the chiller itself, but this is simply not possible
based on several of the design choices the manufacturer made. With increasing prices of the R-
123, we chose to try a different solvent. The solvent we currently use is Dow Syltherm XLT. This
solvent is a silicone oil with the stated ability to work as a heat transfer fluid between -100 °C and
+260 °C We have had no problems whatsoever with evaporation of this solvent, but a problem
with the plumbing blocking up with ice has become much worse. Again, the open air design of
the coolant bath is the source of the problem, with moisture in the air condensing into the solvent
pool, and forming ice crystals that block flow. Unlike R-123, the Syltherm XLT is less dense than
water and ice, and is more miscible with water. These differences likely contribute to the problems
with ice crystals. We have experimented unsuccessfully with finding efficient ways to dry the
solvent. We are currently building a canister filter to attempt to remove ice particles from our

loop.
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Pyrolysis apparatus

To generate diazirinone, Zeng et al. reported passing carbonyl diazide through a quartz
tube at 400 °C and passing the gasses emerging from the tube through a U-trap at -100 °C, followed
by a trap at liquid nitrogen temperature. The unreacted carbonyl diazide got trapped in the -100
°C trap, while diazirinone was trapped by liquid nitrogen. They reported passing the remaining
carbonyl diazide through the pyrolysis multiple times until it was all consumed, either going to
diazirinone, or to N2 and CO, which pass through both traps. We designed an apparatus to parrot
their synthesis, as shown in Figure 3.5. The design allows one to run the carbonyl diazide remnants
back and forth through the pyrolysis tube by simply changing the valve settings and moving the
dry ice to the warm trap. Initially we chose to build the traps out of several coils of Teflon tubing.
This design allowed a larger path length and surface area in each trap, which we viewed as
advantageous since we wanted to attempt setting the first trap at -78 °C (dry ice temperature)
instead of -100 °C for practical reasons. Using Teflon for the traps instead of glass also minimized
the risk of shrapnel in the event of an explosion. Indeed we did get an explosion the first time we
tried passing a fresh batch of carbonyl diazide through the traps. During this trial the pyrolysis
tube was at room temperature, because the purpose was simply to see if the dry ice trap would
catch all of the carbonyl diazide, or if some would make it into the liquid nitrogen trap. The result
was an explosion, which shredded the Teflon coil in the dry ice trap. The remnants are shown in
Figure 3.6. Interestingly, the location of the detonation was at the precise point where the Teflon
tube entered the dry ice/acetone bath. This indicates that a large portion of the sample condensed

here, but it is unclear what set off the detonation.



61

() ()
Vacuum ~ ~
Manifold
Diazirinone
Trap
Liquid
— | Nitrogen
O ([ O
Quartz Pyrolysis Tube Room
Dry Ice Temp
OC(N;), OC(N;),
T Trap Source —

Figure 3.5 Schematic for our benchtop pyrolysis setup for the generation of diazirinone from
carbonyl diazide.

Figure 3.6 A trap made out of Teflon tubing intended to catch carbonyl diazide at dry ice
temperature. On the first trial carbonyl diazide detonated, destroying the tubing.
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The destruction of the Teflon tubing trap made us reconsider the pyrolysis design.
Although there was no shrapnel in this case, we consider ourselves lucky that the dewar, almost
directly touching that part of the tubing, did not implode. This detonation also posed a danger to
the manifold’s diffusion pump, because it was pumping on air for a few seconds before | was able
to isolate it. For a second attempt at making the idea of Figure 3.5 a working piece of equipment
in our laboratory, we chose to use stainless steel for the traps, as shown in Figure 3.7. In the event
of a detonation, the 3/8’” stainless steel tubing should be more resilient than either glass or Teflon.
Additionally, we hypothesize that the buildup of pure carbonyl diazide in a very small area may
be reduced for this tubing, because it is a thicker gauge which should result in spreading the

condensed carbonyl diazide over a greater surface area. We have not yet tested this apparatus.

E=

Figure 3.7 A pyrolysis apparatus using steel traps
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We have also constructed an in situ pyrolysis apparatus. It is an electrically heated quartz

tube, which sits inside the vacuum chamber, and whose temperature can be controlled by Variac.
To incorporate this into our spectrometer, we added an extra Pyrex cross to the spectrometer to
give us a new port for the heater. The new cross also afforded us a second auxiliary port, which
we have put a thick walled glass trap in. The new Pyrex cross is shown in Figure 3.8. A schematic
for the in situ pyrolysis heater is shown in Figure 3.9. This was constructed out of quartz by Tracy
Drier. We have installed this apparatus, but have not tested it yet. In addition to the diazirinone
project, we anticipate using this apparatus to generate ketene from diketene. We hope to make

acylium ion in a ketene glow discharge.

* 5

Figure 3.8 A Pyrex cross added to the spectrometer to give new ports for a pyrolysis heater (right)
and a thick-walled glass piece that can be used to condense sample (left).
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Figure 3.9 A schematic for our quartz-body in situ pyrolysis apparatus.

Impurity identification in carbonyl diazide sample

In the initial testing of one of our multi-trap pyrolysis setups, we attempted to use the dregs
from an old (1 month) synthetic batch of carbonyl diazide to ascertain whether a dry ice/acetone
trap would trap all of the carbonyl diazide, or whether some would make it through to the liquid
nitrogen trap. What we found instead was an impurity with a distinct and strong rotational
spectrum, as shown in Figure 3.10. Its appearance was surprising, and we spent a few weeks
examining it, before identifying it as acetone. The distinctive pattern of patterns of patterns arises
from the rotation of the molecule’s two methyl groups. We are still not sure how this much acetone
got into our sample, but we hypothesize that it was either adsorbed in one of our o-rings, or there
was a relatively large leak in our gas line and acetone from the dry ice trap entered our sample

flask or spectrometer that way.
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Figure 3.10 An impurity with a beautiful spectrum found in an old carbonyl diazide sample. It
was eventually identified as acetone.

In the course of determining that the impurity was acetone (finally achieved by assigning
the rotational spectrum and comparing the constants to reasonably sized molecules), we found a
second impurity with much lower signal intensities. We found this impurity in a second fraction
pulled out of the decrepit carbonyl diazide batch, which we exposed to 90 seconds of negative
glow discharge. Because of the background leak rate we did not take a full 12 hour background
scan of this fraction before turning on the discharge, so it is unclear whether the discharge is an
important variable or not. We were able to completely assign the rotational spectrum (ground state
only) of this second molecule, which consisted R- and Q-branch series like those shown in Figure
3.11 and repeated every ~10680 MHz. Despite weak line intensities when compared to the acetone
transitions, the clear beginnings of their R-branches, shown in Figure 3.12 made the assignments

possible.
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Figure 3.11 Stick spectrum of the unknown impurity showing an R-branch (blue) and Q-branch
(red). The arrows call attention to the break in degeneracy later in the series.
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Figure 3.12 Stick spectrum and observed spectrum for the unknown impurity. The clear start of
the R-branch made the spectral assignment reasonably straightforward.

In assigning the spectrum for the unknown impurity, we needed to determine whether the
dipole moment was a-type, b-type, or a combination. At the beginning of the R-branch shown in
Figure 3.12, predictions place the transitions 28 ¢ 28427 027, 28 1 28€27 127, 2812827 027, and

28 028€ 27 127 all at the same frequency. Indeed, through most of both the R-branches and the Q-
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branches, the a- and b-type transitions are predicted to be degenerate, and therefore it is difficult
to tell whether we are observing a- or b-type transitions. The clue comes where the 4 transitions
break degeneracy, as shown in Figure 3.13. When comparing several of these ‘quartets’, it was
repeatedly observed that there are lines where the a-type transitions should be, but not the b-type.
We found that fits assuming a-type transitions worked better. Our best fit for this mystery impurity
is shown in Table 3.1. The fit is really quite remarkable, considering that we have only ever seen
the signals as low intensity impurity lines in a single spectrum, and possibly only ever had a few

milligrams total of the sample.
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Figure 3.13 Predictions for a- and b-type R-branch transitions where degeneracy is lost, giving
insight into the probable a-type dipole moment of the molecule.
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Table 3.1 Spectroscopic constants for the unknown inpurity

Unidentified Impurity

A (MHz) 11002.5639(16)
B (MHz) 10428.9847(12)
C (MH2) 5345.37903(30)
Dj (kHz) 4.8080(17)
Dik (kHz) 1.5161(45)
Dk (kHz) 7.8455(41)
dj (kHz) 2.00747(86)
dk (kHz) 5.6249(11)
Hki (Hz) -0.0942(41)
Hk (Hz) 0.2057(43)
Ai (amu A2 0.153

N lines 344

Sigma (MH2z) 0.05549

The fit in Table 3.1 is very good, achieving a ¢ of 0.055 MHz while using relatively few
centrifugal distortion terms. The rotational constants are determined to within a kHz. We still do
not know what this molecule is, and although it may ultimately be as mundane as acetone, the
rotational constants tell us enough to pique our interest. The inertial defect is a small positive
number, showing planarity, and the relative magnitude of A, B, and C indicate a near oblate
molecule. These conditions are possibly satisfied by a small ring, or perhaps a small planar
carbonyl. Table 3.2 compares the experimentally determined rotational constants molecules of
comparable shape and size. Experimental literature constants for the correct molecule should have
constants within a MHz or two of ours, even if using a different representation or reduction. Larger
molecules have smaller rotational constants, so if the molecule is a 5-membered ring it must have
very few hydrogens attached, and therefore must have a large number of heteroatoms, which makes
it potentially interesting. Of the molecules compared, urea is closest in rotational constants, but it

is not close enough, and is known to be slightly non-planar.
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Table 3.2 Rotational constants of molecules of similar size to our unknown impurity

A (MHz) B (MH2) C (MH2)
IU”k”‘?W” ? 11002.5639(16) | 10428.9847(12) | 5345.37903(30)
mpurity
(0]
Urealt )k 11233.3431(85) | 10369.3787(87) | 5416.6451(85)
H,N NH,
(@]
Carbonic Acid®® | |, )J\ . | 11997.0550 (30) | 11308.3803(19) | 5813.8280(10)
\o o
(e}
j?fgﬁge )k 7918.7942(36) | 3474.9504(17) | 241.2064(14)
2 Cl Cl
H
N
1,2 4-triazole!’ ( ? 10245.14 9832.15 5015.22
N——N
H
/N
1-H 1,2,3- N
Lrinmalald \ /7 10030.62(15) 9870.95(15) 4972.98(10)
N
H
/N
Tetrazole!® N\\ 7 10667.32(18) 10310.91(18) | 5240.37(15)
N——N
(6]
Diazirinone? H 41588.(77) | 8442.29(85) 7006.19(79)
N N

Summary and Conclusions

We made numerous improvements to the spectrometer equipment, in a major renovation
in 2010/2011. We have made many additional improvements since then. Particularly towards
increasing the longevity of the turbomolecular pump, and towards reducing the marginal cost and

labor expenditures in operating the chiller unit. Two new pieces of equipment are intended to
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pyrolize molecules to give access to new spectroscopic targets. One of these is attached to the
vacuum manifold outside of the main spectrometer chamber, with the advantage of steel gas traps
for trap-to-trap distillation prior to introducing the sample into the spectrometer. The second
pyrolysis apparatus is a quartz sheathed heater, which is inside of our vacuum chamber. As an in
situ heater, the advantage of this unit is our ability to monitor changes in our gaseous samples
while the pyrolysis unit is in operation. In our early work towards diazirinone we have obtained
an excellent fit for the spectrum of an impurity in one of our samples, but we have been unable to

identify it.
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Abstract

The millimeter-wave spectrum of hydrazoic acid (HN3) was analyzed in the frequency
region of 235-450 GHz. Transitions from a total of 14 isotopologues were observed and fit using
the A-reduced or S-reduced Hamiltonian. Coupled-cluster calculations were performed to obtain
a theoretical geometry, as well as rotation-vibration interaction corrections. These calculated
vibration-rotation correction terms were applied to the experimental rotational constants to obtain
mixed theoretical/experimental equilibrium rotational constants (Ae, Be, and C¢). These
equilibrium rotational constants were then used to obtain an equilibrium (Re) structure using a
least-squares fitting routine. The Re structural parameters are consistent with a previously
published Rs structure, largely falling within the uncertainty limits of that Rs structure. The present
Re geometric parameters of HNsz are determined with exceptionally high accuracy, as a
consequence of the large number of isotopologues measured experimentally and the sophisticated
theoretical treatment (CCSD(T)/ANO?2) of the vibration-rotation interactions. The Re structure
exhibits remarkable agreement with the CCSD(T)/cc-pCV5Z predicted structure, validating both
the accuracy of the ab initio method and the claimed uncertainties of the theoretical/experimental
structure determination. A manuscript describing this work has very recently been accepted for
publication in the Journal of Chemical Physics. The present chapter is based largely on this

manuscript, but contains some additional information that could not be included in that format.
Introduction

Hydrazoic acid (HN3) has been of fundamental interest for more than a century. In 1890
Curtius reported this molecule as being highly toxic and explosive.! At the time, the nitrogen

atoms of HN3z were thought to be arranged in a three-membered ring. In 1935, Herzberg used the
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overall shape of the partially resolved near-infrared overtone bands to conclude that the nitrogen
backbone was linear, with the hydrogen atom bound either to the central nitrogen atom or to one
of the terminal nitrogen atoms.? The H-N-N-N connectivity was firmly established by IR
spectroscopy in 1940.2 The authors determined a 110.9° H-N-N angle while assuming a linear
nitrogen backbone. An electron diffraction study in 1942 found nitrogen-nitrogen bond lengths
of 1.13 A and 1.24 A which were consistent with the IR work. In 1950 Amble and Dailey
synthesized all four singly isotopically labeled HN3 isotopomers and then found the corresponding
values of (B+C) from the 110€00o pure rotational transitions.® They determined a bent H-N-N
angle of 112.6° and assumed a 180° N-N-N angle. The work of Amble and Daily is of particular
interest because they are the only authors to observe HN*NN through its direct synthesis. They
heated labeled ammonium nitrate (**NH4'*NO3) to generate labeled nitrous oxide (N20). This was
then passed over sodium amide at 200° C to form labeled sodium azide. Fortuitously this method

afforded them a mixture of labeled sodium azide that included NaN*>NN.

M. Winnewisser and coworkers obtained microwave and millimeter-wave spectra for
HN3, DNz, H®NNN and HNN°N and obtained a substitution structure.®® Their work provided
good values for many of the geometric parameters, but because HNNN is challenging to prepare,
ambiguity remained in the position of the central nitrogen atom. B. Winnewisser used the center
of mass condition to estimate the position of the central nitrogen and published an Rs structure with
an N-N-N angle of 171.3°.1° Theoretical calculations have consistently supported this bent

structure. 1113
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Evers et al. obtained the crystal structure of hydrazoic acid in 2011.* Fundamental interest
in the molecular geometry of HN3 continues with Toyota et al. discussing the likely origins of the

N-N-N angle as recently as 2013.%3

In the 1980’s and 1990’s the rovibrational spectra for HN3 and DNz were thoroughly
studied by high resolution FTIR but the structure was not significantly refined.!>2’ This FTIR
work will be discussed in greater detail in chapter 5. Of importance to our structure determination,
there is a known centrifugal distortion perturbation between the higher K states of the ground
vibrational state and the first excited vibrational state of hydrazoic acid. This perturbation exists
for deuterated hydrazoic acid as well, but is not as severe. In the current analysis, we used only
ground-state transitions that are unperturbed or only slightly perturbed; this allows the use of
single-state fits. We excluded significantly perturbed lines even where they are well understood
(for H¥*N3 and D!*Ns3) for better continuity with our fits for isotopologues where analysis of these

perturbations would be completely impractical.

Precise structural knowledge of hydrazoic acid is valuable in further understanding the
family of tetratomic, 16 valence electron molecules, which includes HNCO, its isomers, and their
heavier-element analogues. In this family, molecular geometries range from linear through
quasilinear to manifestly non-linear.?83° In comparative studies probing the origins of these
geometries, the relative electronegativity of atoms in the backbone is an important variable.
Hydrazoic acid is unique in this family in that all non-hydrogen atoms are identical. For this
reason, HNz serves as a useful reference for untangling the subtle contributions which give rise to

varying geometries in this family.
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Hydrazoic acid was first observed in our spectrometer as an impurity in our samples of
carbonyl diazide. In fact, in many of our carbonyl diazide spectra HN3 transitions were the

strongest overall lines (Figure 4.1).

e
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Figure 4.1 One of our spectra of carbonyl diazide in which hydrazoic acid is a major impurity.
The spectrum clearly shows the Kproate = 15€14 b-type Q-branch of the syn-syn conformer of
carbonyl diazide and the J = 12<11 a-type R-branch of hydrazoic acid.

In our efforts to untangle the carbonyl diazide spectra we chose to take a ‘background’
spectrum of HNs. In this spectrum we were able to quickly identify all singly-°N substituted
isotopologues at natural abundance. To our knowledge, HN*®*NN had not been studied by

rotational spectroscopy since 1950, and at that time only one transition was measured.> The
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difficulty in synthesizing this HN*NN is why the best microwave structure to date!’ relied on the
center-of-mass condition to estimate the position of the central nitrogen. We found that a few
simple variations on our synthesis, combined with the ability of our spectrometer to detect signals
from isotopologues with a single °N at natural abundance gave us access to a total of 14
isotopologues. Six of the studied isotopologues contain a °N label on the central nitrogen, which

eliminates most ambiguity about its location within the molecule.

The small size of hydrazoic acid allows for extremely high level computational treatment.
The large number of observed isotopologues compared to the number of geometric parameters
allows for highly redundant determination of structure. Hydrazoic acid thus presented an excellent
opportunity for us to benchmark the level of agreement between pure theoretical, pure

experimental, and mixed experimental/ theoretical structure determination methods.
Computational methods

A CCSD(T)/ANO2 optimized geometry was obtained and used in subsequent harmonic
and anharmonic frequency calculations to calculate cubic and quartic centrifugal distortion
constants and estimate the vibration-rotation interaction parameters for each isotopologue. An
additional magnetic property calculation was performed to estimate the electron mas contributions
to rotational constants. The vibration-rotation interaction constants (ai’s) were used for the

equilibrium structure determination.

All geometry optimizations and frequency calculations were carried out in CFOUR 2.0.3!
CCSD(T)/ANO2% optimized geometries were obtained using analytic gradients®-3* with the

frozen core approximation. To determine the vibration-rotation interaction constants (ai’s), the
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cubic force constants were calculated by numerical differentiation of the analytic second
derivatives at displaced points following the approach of Stanton et al.** The VPT2 anharmonic
frequency output allowed for a convenient calculation of the quartic distortion constants and the
vibration-rotation interaction for each of the isotopologues. A very high level calculation of the
equilibrium geometry was also completed at the all-electron CCSD(T) level with the cc-pCV5Z

basis set by J. Stanton.
Synthesis

The synthetic procedure we use for generating HNs was modified from literature procedure
in which sodium azide (NaN3) was combined with acidified water.>® In our case, sodium azide
was dropped into an aqueous solution of phosphoric acid. The aqueous phosphoric acid was
generated by adding phosphorous pentoxide (P2Os) to DI water. This source of phosphoric acid
was chosen because it is easy to generate D3PO4 in D2O (and thereby DN3) analogously. The
sodium azide can be either NaNs or Na®NNN, giving access to many isotopologues. The

phosphoric acid is placed in a multi-neck round-bottom flask and attached to the vacuum manifold.
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The side-neck is used to attach a curved test tube containing the sodium azide (see Figure 4.2).

To Spectrometer

Dry Ice Trap

NaN;,
H,O or D,0 or
and Phosphoric Acid Nal>NNN

Figure 4.2 Synthetic apparatus for the generation of hydrazoic acid.

The apparatus is connected to the spectrometer’s vacuum system via a dry-ice/ acetone
trap. After evacuation of the apparatus, the tube containing the sodium azide is rotated 180° which
drops the sodium azide powder into the acidic solution. For the next minute, all vapors (primarily
H>0 and NHs) bubbling out of the flask are caught in the dry ice temperature trap. The valves to
the thick glass trap are then closed. It is observed that the water vapors remain condensed, and the
hydrazoic acid has a moderate apparent vapor pressure of ~300 mTorr. At this pressure, the sample
can easily be leaked into the spectrometer chamber until the desired pressure is achieved. We
typically add ~5 mTorr of sample to our chamber. We have not attempted a flow system with
HNs. The observed spectra appear to be pure. We have not attempted to measure a yield of this

synthesis, but a typical synthetic batch (15 ml water, 0.5g P2Os, and 0.1g NaNs) provides enough
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sample for several days of spectroscopy. We have stored hydrazoic acid in the glass trap at dry
ice temperatures for a few weeks at a time without noticeable decomposition. One interesting
observation about the behavior of HN3 vapor in our system is that it appears to be adsorbed on
something in the chamber. Immediately after addition into the chamber, the measured pressure
will decrease by a few mTorr, which does not happen for most other gasses. Eventually (after 5-
10 minutes) the rate adsorption drops below the background leak-rate of our spectrometer chamber
and the overall pressure in the chamber slowly rises, as it does with most other samples. We have
found that the signal strength of HN3 has a half-life of ~ 90 minutes. To support the hypothesis
that this pressure drop is the result of adsorption, when we evacuate the chamber and then isolate
it from the vacuum pumps, HN3 peaks slowly grow in. HN3 has been found to remain an impurity
in our spectrometer for several weeks after it is introduced. In one spectrum of H*Ns we have
significant amounts of signal from isotopologues containing deuterium and °N at much greater
than natural abundance— those isotopologues having been introduced to the chamber in previous
weeks. To mitigate the signal loss due to this adsorption, we refresh our sample every hour. Glow
discharges using oxygen gas have been used to clean residual HNsz from the chamber with

moderate success.

Increase in Spectrometer Range

During the course of our studies of HN3 we developed two methods of extending the range
of our spectrometer above 360 GHz. Our ordinary frequency generation involves the use of an
amplification multiplication chain to multiply up the frequency-modulated output of our Agilent

frequency generator by 18x. Because the maximum frequency output of our signal generator is
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20 GHz, we assumed that our spectrometer had a hard upper limit of 360 GHz. There is no hard
bottom limit to our range, but at frequencies below the nominal range of our equipment (270-360

GHz), signal strength drops off quickly, becoming unusable even for strong lines by ~230 GHz.

We have known for several years that spurious harmonics exist at the low end of our
spectrum (below ~260 GHz target frequency). A common observation is phantom lines in our
spectra at exactly 9/11ths of the actual transition frequency. For example, the 11 111€120 12
transition of HNs occurs at 304728.3 MHz, but there is also a strong apparent absorption at
“249323.2 MHz”. This phantom line results from a spurious harmonic in the up-multiplication of

our signal frequency, which occurs while the software continues to assume an 18x multiplication.

We originally treated these phantom lines as nuisances, but in the last year we discovered
that some of these lines are exactly 3/5ths of the actual transition frequencies. This is a large
enough factor such that signals observed at the low end of our spectra may actually belong to
signals above our previous hard ceiling of 360 GHz. For example, a signal which our spectrometer
reports at 221176.4 MHz is actually the 16 ¢ 16 € 150 15 transition of HNN'®N at 368627.6 MHz
(shown in Figure 4.3). An extremely weak signal observed at 276419.2 MHz is actually the 20 o
20 € 19019 transition for HNN™N at 460698.7 MHz. Effectively a fraction of the power from our
signal generator is being multiplied by 30x instead of 18x in these cases. This 30x only works
well for strong transitions. We can use this technique to extend our frequency range by ~ 100 GHz
in the case of strong transitions. There are several intensity dips throughout this range, with the
strength of the 30x multiplication apparently oscillating somewhat. Figure 4.4 shows the intensity

of a series of Kprolate = 0 lines for HNN'N measured using this 30x harmonic. The line intensities
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are normalized for predicted line intensity and compared against the strength of lines measured

using our conventional 18x harmonic.

Recently the University of Wisconsin Chemistry Department has purchased a signal
generator for the physical chemistry teaching laboratory that can operate as high as 40 GHz. We
have borrowed this instrument and used it in conjunction with our amplification-multiplication
chain to reach frequencies higher than 360 GHz. We have found that this method gives excellent
spectra through 365 GHz, but that the signal strength drops off considerably by 370 GHz. Figure
4.3 shows two transitions above 360 GHz belonging to HNN°N measured using the 30x harmonic,
or by using the 18x harmonic with the borrowed frequency generator. The misshapen sidebands
in the first trace are a clear hint that it was obtained using a harmonic multiplication other than the

intended 18x.
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Figure 4.3 Two scans showing the transitions 16 2 14€-15 13 and 16 ¢ 16€-15 0 15 of HNN®N at
using the intended 18x harmonic (b) of the amplification multiplication chain, and the incidental
30x harmonic (a). Because our software assumes an 18x multiplication, transitions observed using
the 30x harmonic appear at 3/5ths of their actual frequency with misshapen sidebands.

A comparison of signal strengths of 11 lines belonging to Kprolate = 0 a-type R-branch
transitions of HNN®°N is shown in Figure 4.4. It can be seen that transitions observed by utilizing
the 30x harmonic are substantially weaker than those observed with the 18x harmonic. Ultimately
the borrowed signal generator gives reasonably strong spectra up to ~370 GHz, while taking

advantage of the spurious 30x harmonic gives access to the wider range of frequencies at lower

intensities.
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Figure 4.4 Line intensities of transitions belonging to Kprolate = 0 for HNN*°N on a logarithmic
scale. The solid blue bars are intensities measured using the 18x multiplication on the wider
frequency range generator tuned above 20 GHz, utilizing the intended 18x multiplier. The dashed
orange bars are intensities of lines observed using the spurious 30x harmonic.

Analysis of Rotational Spectra

The dipole in HN3 is roughly parallel to the H-N bond, and thus not along any of the
principal axes (Figure 4.13), resulting in strong a-type and b-type transitions (pla = 0.837 D pp =
1.48 D).” %" The predominant features in all of the spectra for hydrazoic acid are a-type R-branches
which follow a typical pattern for near-linear molecules. For a series with a given J+1<J,
transitions progress towards lower frequency with increasing Kprolate Value. The Kprolate = 1 lines
are widely split by several gigahertz, the Kproiate = 2 lines are split by tens or hundreds of megahertz,
and the Kprolate = 3 lines are typically split by less than a megahertz. Transitions for Kprolate = 4 and

higher appear degenerate. The pattern of lines in the J = 12<11 R-branch of HNz is shown in
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Figure 4.5. The transition frequencies for the higher Kprolate Values are actually perturbed from
what is shown. These were excluded from the fit and will be discussed in Chapter 5. For DN,
the pattern in a-type R-branch transitions is roughly the same as for HN3, but there is more of a
‘turn around’ in the series, with the Kprolate = 0 line generally appearing at lower frequencies than

the Kprolate =2and Kprolate =2and Kprolate = 3 lines.
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Figure 4.5 The pattern of expected transitions within an a-type R-branch for HN3. The branch
shown belongs to the J= 12< 11 series. The labels are the Kproiate Values for the transitions. Note
that Kprolate Values above K= 6 are actually quite perturbed.

For b-type transtions, HN3z has a series of P-branch Kprolate = 1 < 0 transitions which run
through our spectrometer range from high to low frequency (Jupper = 9-13). Outside of our
frequency range, the Kproiate = O States surpass the nearby Kprolate 0 € 1 transitions which progress
to high frequency and re-enter our range (Jupper = 33-36). A stick spectrum of the most intense

features is shown in Figure 4.6. There is also a weak series of P-branch Kprolate = 2€1 transitions
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(Jupper = 52-55). Finding these transitions proved critical in determining A and Dk (or A and 4k)

independently of one another.
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Figure 4.6 A stick spectrum describing the most intense features in the HN3 rotational spectrum
between 260 and 360 GHz.

HN3s and DNz have somewhat dissimilar b-type spectra in our frequency range. This is the
result of the hydrogen atom being the only mass appreciably off of the a-axis resulting in a
substantial difference in the A constant between the two isotopologues (611 GHz for HNz and 345
GHz for DNz3). Hence, we observed more b-type transitions in the frequency range of our
spectrometer for DN3 than for HN3z (Between 270 and 360 GHz there are 9 easily observed
unperturbed b-type lines for HN3 and 28 for DN3). Most notably, a b-type Q-branch occurs
(starting at 334 GHz) in our spectral range for DN3, while the same branch is too high in frequency
(predicted to start at 599 GHz) for us to observe for HN3. A stick spectrum for the important

features of the DN3 spectrum is shown in Figure 4.7.
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Figure 4.7 A stick spectrum describing the most intense features in the DN3 rotational spectrum
between 260 and 360 GHz. Red lines are a-type R-branch transitions, green lines are b-type R or
P-branches, and blue lines are the b-type Q-branch.

We fit our spectral data using both the A-reduced and the S-reduced Hamiltonians in the I
representation for each isotopologues. The choice of A- or S-reduction did not affect the quality
of the fits; the spectroscopic constants obtained by S-reduction, when converted into the A-
reduction,® were nearly identical to those obtained in our fit using the A-reduced Hamiltonian.
As further proof of the quality of the A-reduction or S-reduction least squares fits, the rotational
constants (Bo™ or Bo®) were converted into nearly identical determinable constants (Bo") using
the experimentally determined quartic distortion constants. The results of these checks for the

constants of H*Ns are shown in Table 4.1.
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Table 4.1 Checks to make sure that the A- and S- reduced fits are both accurate. Bo® values can
be converted to Bo™ values nearly identical to the experimental Bo® values. Additionally, Bo®
and Bo® values can both be converted to nearly identical Bo" values.

HN3 A (MHz) B (MHz) C (MHz)
S-reduced  constants  (Bo®) 611034.135 12034.1759 11781.4790
experimental

A-reduced  constants  (Bo®™W) 611034.132 12034.9838 11780.6713
experimental

Bo®™ converted from Bo®) 611034.135 12034.9829 11780.6722
Bo" converted from Bo® 611034.142 12034.9836 11782.2871
Bo" converted from Bo®) 611034.145 12034.9836 11782.2871

For higher values of Kprolate, the energy levels are perturbed by a centrifugal distortion
interaction with the first vibrationally-excited state.?>?! For HN3; we found evidence of slight
perturbation in the Kpyrolate = 4 transitions, with the perturbation becoming progressively larger at
higher Kproiate Values. Empirically, we found that including Lkks in our fits compensates for much
of the perturbation in relatively low K states, and allows us to include a-type transitions up to
Kprolate = 5 in single-state fits for HN3 with satisfactory values of sigma, although the values of
Lkky are unphysically large. For DN3, we were able to include transitions up to Kprolate = 7 in our

fits.

Transitions with Kprolate = 1€-2 are required in order to independently determine A and Dk
(or A and 4x). More of these transitions occur in our frequency region for DN3 than for HN3, and
they have greater intensity in DN3. We were unable to positively identify any Kprolate = 162
transitions in the four HN3 isotopologues requiring a °N atom at natural abundance. In our fits
for HNNN, HPN®NN, HNN®N, and HN®N®®N, we fixed Dk to reasonable values estimated
based on ratios between the experimentally determined values of Dk for the other ten

isotopologues.
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Our spectroscopic constants from the fits for HN3 and DN3 are presented in Table 4.2 and

Table 4.3, alongside our CCSD(T)/ANO2 and CCSD(T)cc-pCV5Z values for the rotational
constants and quartic centrifugal distortion terms. In these tables, our data are presented in the A-
reduction for easier comparison to previously reported values. Previously reported values for the
rotational constants, determined by either microwave/millimeter-wave spectroscopy’® or far IR
spectroscopy’®1® are presented side-by-side with our values. Because independent determination
of A and 4k is not possible without adequate diversity of observed b-type transitions, the value of
A-Ax is also presented in these tables. The apparent discrepancy between our A value for HNz in
Table 4.2 and A from ref 7 is largely the result of a fixed value for 4k, as the values of A-4k match
well. Discrepancies in the higher order distortion terms are likely due, in part, to different subsets
of these terms being used. Our choice of higher order distortion terms was based on which ones
were beneficial to the fit and were determined to a value greater than their standard error for all
isotopologues. With these caveats in mind, the general agreement is very good between the current
work and previous works. The rotational constants determined at the CCSD(T)cc-pCVZ level
were notably closer to our experimentally determined constants than were the CCSD(T)/ANO2
values. The 4™ order centrifugal distortion constants determined by the CCSD(T)/ANO2
calculation were in good enough agreement with experimental values to be helpful in our

assignments.



Table 4.2 Rotational constants for HNz from ab initio calculations, experimental spectroscopic data, and previous literature.

N CCMANO  Cosmepover Tk SedunaNoodn  Sendien & Wimerber
Ao (MHz) 605073. 610794. 611034.132(29) 611026.8(21) 610996.2(60)

Bo (MHz2) 11989. 12054. 12034.9838(62) 12034.78(27) 12034.1465(50)
Co (MH2) 11736. 11800. 11780.6713(66) 11780.49(27) 11781.4512(50)
As (kHz) 4.754 4.9174(10) 5.01(15) 4.673(35)
Ak (KHz) 765.8 797.98(15) 789.1(27) 791.1858(11)
Ak (kHz) 217900 267559.(27) 268464(180) [230000]%

83 (kHz) 0.07806 0.09118(22) 0.0809(90) 0.0888(27)
d« (kHz) 313.8 403.9(31) 104.9(90) [0]

®; (Hz) [0] 0.006(45) 0.088(36)
@ (Hz) 1.19(10) 4.49(12) 40.6(8.6)

@) (Hz) 255.(14) -1199.(60) -0.001210(35)
®« (H2) [0] 383734.(6000) [0]

Liks (MHZ) -40010.(400) [0] [0]

Ai (UA?) 0.0752 0.0743 0.079415223 0.079354396 0.073599658
A-Ak (MHz) 604855. 610766.6 610758.3 610764.2

@ The Be values from the CCSD(T)/ANO2 and CCSD(T)/cc-pCV5Z calculations have been converted to Bo values from the CCSD(T)/

ANO?2 vibration rotation corrections provided by the anharmonic frequency calculation.
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Table 4.3 Rotational constants for DN3z acid from ab initio calculations, experimental spectroscopic data, and previous literature.

oAy SRS ThWork | e & Nilaisn e & Wienio
Ao (MHz) 340873. 344046, 344746.613(17) 344724.8(15) 344746.589(64)

Bo (MHz) 11314 11370. 11350.94041(96) 11351.55(24) 11350.983(16)

Co (MH2) 10927. 10984. 10964.82571(45) 10965.45(24) 10964.755(15)

As (kHz) 4.135 4.31494(72) 4.89(21) 4.281(16)
A (KHz) 466.7 446.084(42) 435.9(21) 444.51(44)

Ak (kHz) 56910 91942.9(42) 91227.(30) 92242.(33)

83 (kHz) 0.1511 0.172965(33) 0.171(15) 0.1864(41)
o (kHz) 263.9 338.82(28) 318.(12) 365.1(77)

®; (H2) [0] 0.060(60) [0]

@ (Hz) 1.248(19) 2.7(1.2) -3.4(1.1)

@ (Hz) -213.7(26) -606.(18) -0.000308(21)
O« (Hz) [0] 86040.(300) [.059]%

Liks (MHZ) -3516.(42) [0] [0]

Ai (UA?) 0.0980 0.0969 0.1019 0.1016 0.1024

A-Ak (MHz) 340816. 344654.7 344633.6 344654.3

@ The Be values of the rotational constants from the CCSD(T)/ ANO2 and CCSD(T)/cc-pCV5Z calculations have been converted to Bo
values using the CCSD(T)/ ANO2 vibration-rotation interactions from the anharmonic frequency calculation.

16
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The ®N-containing isotopologues exhibit spectra very similar to those for H**N3z and

DNs. Transitions for the four synthetically °N-enriched species (H*®NNN, HNN**N, D**NNN,
and DNN*®N) were observed at comparable intensity to their parent molecules. The characteristic
a-type R-branches for these isotopologues were set several GHz away from the ligher all-**N
isotopologues. Eight additional isotopologues were studied which contained a °N at natural
abundance. Although line intensities were more than two orders of magnitude weaker than their
lighter parent species, transitions were intense enough to observe Kprolate = 0 through Kprolate = 5

and most of the b-type features.

Because of the proximity of the center nitrogen atom to the center of mass, transitions for
the six observed isotopologues with a label on the central nitrogen atom appeared as satellites to
the corresponding transitions of the parent isotopologues. Because of this similarity of the six
center-labeled isotopologues to the known spectra of their parent isotopologues, Loomis-Wood
type plots proved very useful in assigning their spectra. Figure 4.8 shows a Loomis-Wood plot
centered on the Kprolate =1(-) lines for HNN°N. Each of these transitions shows a distinct satellite

transition to lower frequency, which belongs to the Kprolate = 1 (-) transition for HN®N°N.,
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Figure 4.8 A Loomis-Wood plot centered on the Kprolae = 1(-) transitions of HNN**N. The small
satellite transitions at ~5 MHz lower frequency are the analogous transitions for HN°N°N.

In the case of HN'N™N, transitions were sometimes too close to the significantly stronger
transitions of HNN*°N to be observed or measured. At first our inability to find these lines was
mystifying, but eventually we tried significantly reducing the size of our frequency modulation to
pull the side-bands closer together, allowing us to find some of the HN**N®N transitions as minor
shoulders in the signals from the HNN®N lines. The Kprotate = 4, Kprotate = 5, and Kprolate = 1(+)
transitions for HN*>N*°N were entirely obscured by the HNN**N transitions, regardless of the
frequency modulation we chose. As a result, our set of measured transitions for HN**N*°N is the
least complete, so we chose to fix the value of Lk, in the least-squares fitting. The returned values
of Hyk and Hky do not closely match the values determined for the other HN3 isotopologues. The

rest of the fit parameters for HN™NN match nicely with expected values. Importantly, the
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determinable constants (B") and inertial defects for HN**N'*N with and without corrections for

vibration-rotation interactions and electron mass were consistent with the other 13 isotopologues
(see Table 4.6). The fits for the HNs isotopologues are presented in Table 4.4. The fits for the
DN3s isotopologues are presented in Table 4.5. The fits are presented in S I reduction, as is more
appropriate for a near-prolate molecule. It can be seen in Table 4.4 that the rotational constants
for HNN®N and HN®N®N are very similar, which explains why their transitions are often so

close to one another.



Table 4.4 Spectroscopic parameters for isotopologues of HNs in the S-reduced Hamiltonian I" representation. The derived determinable
constants (Ao”, Bo", and Co") are also shown.

HN; HISNNN HNSNN HNNZSN HISNSNN HISNNISN HNSNISN
Ad® (MHz) 611034.135(29) 605576.892(35) 610032.993(90) 610977.569(30) 604507.434(46) 605510.183(32) 609961.086(60)
Bo® (MHz) 12034.17591(56) 11667.54336(74) 12033.3438(25) 11641.77520(65) 11665.5799(14) 11282.35889(93) 11641.8807(22)
Co® (MHz) 11781.47899(83) 11427.8561(10) 11780.2941(24) 11405.07997(91) 114255693(19) 11058.0384(12) 11404.8190(32)
Dy (kHz) 4.8749(11) 4.6228(13) 4.8728(27) 45372(12) 4.6208(38) 4.3057(22) 4.5393(51)
Dk (kH2) 798.23(15) 769.00(17) 796.07(20) 752.43(15) 765.97(29) 724.80(20) 751.93(68)
D« (kHz) 267561.(27) 263929.(34) [265241] 268092.(27) [266172] [263987] [261923]
dy (KHz) -0.09120(22) -0.08397(26) -0.0874(35) -0.08247(23) -0.08405(79) -0.07473(49) -0.0768(20)
d» (kHz) -0.02127(16) -0.01893(18) -0.02351(99) -0.01893(17) -0.0232(11) -0.01829(85) -0.0238(15)
Hax (Hz) 0.88(10) 0.64(11) 0.77(31) 0.73(11) 0.73(40) 0.75(27) 5.5(14)
His (Hz) 256.(14) 348.(16) 320.(18) 226.(14) 363.(25) 349.(16) 106.(37)
Lk (MHZ) -40010.(399) -35790.(439) -43930.(501) -39040.(388) -38040.(662) -35580.(462) [-38040]
Ai (uA?) 0.073655 0.073944 0.073708 0.073762 0.0740283 0.074040 0.073790
Niines 78 84 49 88 42 56 32
i (MH2) 0.032213 0.040708 0.029478 0.036615 0.036002 0.030417 0.043468
Ao" (MH2) 611034.145 605576.901 610033.003 610977.578 604507.443 605510.192 609961.095
Bo”" (MH2) 12034.98362 11668.32136 12034.14935 11642.53646 11666.35485 11283.09208 11642.64146
Co”" (MH2) 11782.28707 11428.63444 11781.09999 11405.84156 11426.34459 11058.77189 11405.58007

G6



Table 4.5 Spectroscopic parameters for isotopologues of DN3 in the S-reduced Hamiltonian I representation. The derived determinable
constants (Ao”, Bo”, and Co") are also shown.

DN3 DNNN DN®NN DNN®N DNNN DNN N DN™NIN
A (MHz)  344746.613(17) 340247.304(14) 344618.810(52) 344727.736(17) 340093.976(29) 340233.190(15) 344602.430(35)
Bogs) (MHz) 11350.26267(51) 11045.06625(59) 11347.8911(15) 10979.46501(61) 11041.4039(13) 10679.69072(70)  10978.4955(13)
Cas) (MHz) 10965.50324(49) 10675.91653(51) 10963.1758(18) 10618.97971(57) 10672.3625(16) 10334.12862(86)  10617.9740(18)
D (kHz) 4.21746(66) 4.00210(73) 4.2157(35) 3.92948(78) 4.0000(30) 3.7217(15) 3.9302(34)
Dik (kHz) 446.669(42) 446.986(49) 446.52(14) 420.523(40) 445.93(15) 420.302(78) 420.19(18)
D« (kHz) 91942.1(42) 87571.1(34) 91145.(26) 92014.3(40) 86908.(16) 87592.9(89) 91358.(20)
dy (KHz) -0.172982(32) -0.155562(53) -0.1754(13) -0.155442(45) -0.15735(73) -0.14028(36) -0.15595(94)
d, (KHz) -0.048796(41) -0.045163(53) -0.0491(11) -0.043371(57) -0.04475(40) -0.03963(19) -0.04362(51)
Hu (Hz) 0.890(19) 0.975(39) 0.80(18) 0.692(21) 0.59(20) 0.61(10) 0.65(30)
His (Hz) -212.6(26) -156.7(28) -172.7(67) -221.6(30) -167.3(83) -201.2(44) -231.1(99)
Lk (MHz) -3516.(42) -3411.(47) -4873.(94) -3379.(51) -3709.(162) -2580.(88) -3508.(214)
Ai (UA?) 0.0963838 0.0968164 0.0963191 0.0965510 0.09673403 0.0969898 0.0964609
Nines 136 143 60 135 46 61 41
i (MH2) 0.052628 0.0525370 0.0494997 0.0570679 0.038468 0.025424 0.042606
A" (MHZ)  344746.621 340247.312 344618.818 344727.744 340093.984 340233.197 344602.438
Bo"”" (MH2) 11350.71723 11045.52075 11348.34550 10979.89291 11041.85734 10680.11803 10978.92306
Co”” (MH2) 10965.95850 10676.37165 10963.63091 10619.40823 10672.81657 10334.55649 10618.40219
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Hyperfine Splitting

Because nitrogen-14 has a nuclear spin of 1, there is the potential to observed hyperfine
splitting of the rotational transitions. This splitting has been partially analyzed in the literature.*-
42 Although we did not observe splitting in the a-type R-branches, many of the b-type transitions
did exhibit signs of this splitting. Figure 4.9 shows a Loomis-Wood plot where the b-type Kprolate

= 0 to 1(-) P-branch transitions for HN*°>NN were found based on the known locations for the
analogous transitions for HN3, In this case, the isotopic satellites can clearly be seen ~ 1 GHz

lower frequency than the transitions of the parent isotopologue. The lineshape of these b-type

transitions in Figure 4.9 are noticeably asymmetric, the result of unresolved splitting.
9 19 e 10 010 /N
354013 MHz
10 110 e 11 011
328940 MHz
11 111 e 12 012
303744 MHz
12 112 e 13 013
278425 MHz \(

13113e 14014

252988 MHz VHAMV_WW—MJ\/,\NW—WWW /Mw

Figure 4.9 A Loomis-Wood plot showing b-type Kprolate = 0-1(-) P-branch transitions for HN*>NN.
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Only a few of the splitting patterns were resolved well enough to consider analyzing (DN3

110€101,111€202,and 111€000), but the distortion of lineshapes could be used to help assign
lines. The asymmetry could be used to help confirm that an observed line was a b-type line.
Additionally, the degree of asymmetry in the lineshape was dependent on which nitrogens were
substituted. Figure 4.10 shows a representative b-type line from each of the seven HNj
isotopologues. Ideally this comparison would be made using transitions with the same quantum
number, but compromises were made to find seven lines of intensity strong enough to be seen
clearly without going off scale. In the lines we observed, the nitrogen farthest from the hydrogen
seems to affect the lineshape the most, followed by the nitrogen closest to the hydrogen, with a

nitrogen-14 at the center position affecting the lineshape the least.

The b-type Q-branch transitions for the DN3 also showed signs of nuclear quadrupole
coupling. A Loomis Wood plot showing the first 15 transitions in this series is shown in Figure
4.11. Although the pattern changes somewhat with increasing J, all 15 signals show signs of this
coupling. To explore the hypothesis that the third nitrogen from the hydrogen has the nucleus that
most effects line shape, a Loomis-Wood plot for the same transitions of DNN®N is shown in

Figure 4.12, and these transitions have a much more symmetric line shape.
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Figure 4.10 Representative Kprolate = 0 to 1(-) P-branch lines from each of the HN3 isotopologues.
The extent of splitting is a consequence of which nitrogens are substituted.
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Figure 4.11 A Loomis-Wood plot displaying the first 15 lines in the Kprolate = 1€0 Q-branch for
DNs. The misshapen lines are a result of hyperfine splitting.
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Figure 4.12 A Loomis-Wood plot displaying the first 15 transitions in the Kprolate = 1€-0 Q-branch
for DNN*N. The lines are considerably nicer looking than the analogous transitions for D**N3
shown in Figure 4.11.

Structure Determination

The structure of HN3 was computed from the experimental rotational constants using
several different methods. First, the rotational constants were corrected from the A- or S-reduced
Hamiltonian constants (Bo ® or Bo ) to remove the impact of centrifugal distortion and obtain the
determinable constants (Bo") using Eqns. 1 - 6 below.®® The determinable constants for each

isotopologue are presented in Table 4.4 and Table 4.5. The average of the Bo" values obtained
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from A-reduced or S-reduced Hamiltonian constants was used in any structural determinations,

but the two sets of values were virtually identical anyway.

A" =AW 424, (4.1)
B" = B@W 4+ 2A; + Ajg — 26, — 26 (4.2)
C" =CW + 27, + Ay + 28, + 25¢ (4.3)
A" =A® + 2D, + 6d, (4.4)
B" =B® + 2D, + Djy + 2d; + 4d, (4.5)
C"=C® +2D; + Djy — 2d, + 4d, (4.6)

The use of Kraitchman’s equation (Eqn. 7) for single isotopic substitution*® yields the
absolute value of the Cartesian coordinates of the substituted atom (designated |as|) in the principal
axis coordinate system of the reference isotopologue of HNs. An Rs structure, determined from
the application of Kraitchman’s equation, is presented in Table 7 using the average determinable
constants for all 14 observed isotopologues. With our data, the analysis could be performed using
eight separate coordinate systems (HNs, DN and their six singly °N substituted isotopologues).
Of these coordinate systems, HNN'°N was problematic because the center nitrogen was too close
to the center of mass, resulting in an undetermined value of |b| for the center nitrogen. The other
seven coordinate systems worked effectively, and the geometric parameters for the Rs structure
reported below is the average of the parameters from the seven calculations. The reported error is

the standard deviation of the mean for those seven calculations.

_ [lasta (7 Iomlo _ Me(Ms=M)
ol = (14 22) @)

Ip—Ig T M+(Mg—M)
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Several Ro and Re structures were determined using xrefit (a module of CFOUR), which is a least-

squares fitting program that optimizes the molecular structural parameters to fit all available
moment of inertia data. The Ro structure uses moments of inertia derived directly from the
observable constants (Bo™). This optimized structure still does not include the contributions of

vibration-rotation interactions or the electron mass on the observed rotational constants.

A purely experimental value for Re is possible only if rotational constants are found for
each vibrational fundamental for each isotopologue and there are no perturbations between the
states. Without experimentally determined vibration-rotation interactions («i) for each vibrational
mode, we determined a mixed experimental/theoretical equilibrium structure (Re). The
determinable rotational constants for each isotopologue were adjusted for the effects of vibration
by correcting each of the rotational constants with one half of the sum of the corresponding
vibration-rotation interaction parameters («i) obtained from a VPT2 calculation at the
CCSD(T)/ANO?2 level of theory. This basic approach has been used recently with great success
for a variety of molecules, with various levels of theory for the vibration-rotation corrections.*4°
In our lab we have applied this method very successfully to pyrimidine and pyridazine. For a
planar molecule like HN3, the vibration-rotation corrections to the rotational constants should
adjust the inertial defects of all isotopologues to an ideal value of zero. As shown in Table 4.6,
the inertial defects are much closer to zero for our vibration-rotation corrected constants, while the
correction for electron mass does not further reduce the inertial defects. In previous studies, the
electronic mass was shown to be important for the equilibrium structure determination of

molecules which contain conjugated n systems.**->
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Table 4.6 Inertial defects for the isotopologues of HNs from various determinations of the
moments of inertia.

Experimental Bo" Be from Vibration- Be from Vibration-rotation

Isotopologue 4i(UA?? rotation corrected B"  and electronic corrected B"
Ai (UA?? 4i (UA?)

HNNN 0.0735 0.00353 0.00360

HISNNN 0.0738 0.00355 0.00363

HNNN 0.0736 0.00350 0.00357

HNN®*N 0.0736 0.00353 0.00362

HBNNN 0.0739 0.00354 0.00362

HENNN 0.0739 0.00354 0.00363

HNNN 0.0737 0.00348 0.00356

DNNN 0.0963 0.00342 0.00343

D®NNN 0.0967 0.00345 0.00345

DN®NN 0.0962 0.00345 0.00346

DNN®N 0.0964 0.00343 0.00344

DNNN 0.0966 0.00346 0.00347

DNN®N 0.0969 0.00346 0.00347

DNNBN 0.0963 0.00343 0.00345

aReported values are the average of determinable constants calculated from the B® and the B® values.

Our Rs, Ro, and Re structures are presented in Table 7 below along with the computed
structures and the best previously published Rs structure.’® The Re structural parameters in Table
4.7 are in very good agreement with the CCSD(T)/cc-pCV5Z results, and have unusually small
uncertainty limits. Figure 4.13 shows the equilibrium structure of hydrazoic acid on its principal
axes system. Figure 4.14 shows more clearly the relationship between the experimental,
CCSD(T)/cc-pCV5Z, and CCSD(T)/ANO?2 structural parameters. The small error bars in the
experimental structural parameters make it possible to discern a dramatic improvement in the
accuracy of the CCSD(T)/cc-pCV5Z ab initio results in comparison to the CCSD(T)/ANO2

values.
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Figure 4.13 Hydrazoic acid in its principal axes system. The displayed dipole moment is from the

literature, the structural parameters are the Re values.



Table 4.7 Geometric parameters for HN3 determined by various methods

Rs Rs Re Re Re Re

Winnewisser Bo" Be, ai corrected Be, ai and electron CCSD(T)/CC-pCV5Z CCSD(T)/AN02

1980%° from Bo" corrected from Bo"
Rint (B) 1.0150(150) 1.01488(23) 1.0222(41) 1.01579(16) 1.01577(16) 1.01559 1.01722
Rni-nz (A) 1.2430(50) 1.2293(14) 1.2453(89) 1.24175(36) 1.24174(37) 1.24153 1.24470
Rnz-ns (A) 1.1340(20) 1.1463(14) 1.1346(91) 1.13068(37) 1.13066(38) 1.13056 1.13271
Ar-ninz () 108.80(400) 108.995(32) 108.58(39) 109.137(17) 109.133(17) 109.211 108.710
Anz-nz—nz (°)  171.30(500) 171.90(22) 170.91(115) 171.505(50) 171.503(51) 171.626 171.656

90T
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Figure 4.14 Graphical representation of the error bars for all 5 Re structural parameters compared
with the ab initio results from the CCSD(T)/ANO2 and CCSD(T)/cc-pCV5Z calculations.

Discussion

Although the potential of rotational spectroscopy to be the most accurate method for

determining molecular structures has been recognized since its beginnings, the degree to which

this accuracy has actually been achieved in published ‘microwave structures’ has varied widely.>

The measurement accuracy for spectral lines has always been very high, but the determination of

bond distances and angles with great accuracy has usually been limited by two distinct issues: the
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lack of sufficient isotopic data and/or the sophistication of the data analysis. Isotopic substitution

at all atomic positions is critical — multiple substitutions leading to more accurate structures. Of
comparable importance is the treatment (or lack thereof) of vibration-rotation interaction effects
and, to a lesser extent, the centrifugal distortion and the non-spherical distributions of electron
mass. In the present work we have endeavored to address all of these issues as completely as
possible. Hydrazoic acid is a favorable case in that the simplicity of its synthesis and the sensitivity
of current millimeter-wave spectrometers make practical the study of a great many isotopologues.
On the other hand, it poses substantial challenges with respect to the interaction of vibration and
rotation and moreover exhibits large values of the centrifugal distortion constants. The rotational
level spacings are much more comparable with vibrational spacings than is the case for most
molecules. Therefore, the vibration-rotation interactions are unusually strong and complex.
Although there is high resolution spectral data for all six of the fundamental states of HN3 and
DN3,'? 15-26:52 ysing that data to extract the true a; constants has proven intractable because of
strong perturbations. Furthermore, finding experimental «i’s for the rare isotopologues is not a
realistic objective with current experimental methods. Hydrazoic acid thus provides an excellent
test case for the method of combining experimental ground state rotational constants with ab initio

sum of a; constants to obtain a mixed equilibrium structure.*4-49

Careful examination of the least-squares fits of the equilibrium moments of inertia to the
structure (1%, 1%, and 1c°) reveals several things. The pattern of residuals among I2°%, 1v%, and Ic®
(denoted oL:°, olv®, and J1c°) is nearly the same for all 14 isotopologues. In our Re structure fit
shown in Figure 4.13, the average of the residuals, J7:°, %, and JI°, over the 14 cases are,
respectively, 0.00118(3), 0.00117(11), and -0.00118(10) uA?. The very small standard deviations

(in parentheses) confirm the precision of the experimental ground state rotational constants and
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the precision of ab initio calculations of the isotopic variation for the sum of ai’s at the level of

theory employed. Most of these (albeit small) residuals are due to the remaining non-zero inertial
defects found in Table 4.6. Indeed, d1:° + Jlv° - d1c° exactly match the remaining inertial defects of
the theoretical/experimental le values input to the least-squares structure fit (shown in Table 4.6).

The optimized Re output structure by definition has an inertial defect of precisely zero.

The magnitude of the estimated statistical uncertainties given by xrefit for the five
structural parameters can largely be attributed to this small but systematic deviation of the
theoretical/experimental Re inertial defects from zero. We tried xrefit structure fits where only 15°
and I,® data, or only I.° and Ic° data, or only Ip® and Ic° data were used. This approach serves to
shunt the systematic error related to nonzero 4; into the third set of I¢’s, while still giving the fit
more than ample degrees of freedom. The average of the parameters determined by these three
two-moment fits is precisely the same as the parameters from the original three-moment fit. The
parameter variation between the three two-moment fits is quite comparable to the reported
statistical uncertainties produced by xrefit for the three-moment fit. The statistical error of the
parameters determined by the two-moment fits is decreased by roughly a factor of ten compared
to the original three-moment fit. The remaining statistical error in the two-moment fits should be
the portion of error attributable to random variations in the moments of inertia rather than the

systematic error caused by the non-zero inertial defects.

From the above discussion, it is clear that obtaining starting Be’s with inertial defects even
closer to the ideal value of zero would further improve the accuracy of the structural determination.
The origin of these residual non-zero inertial defects is a matter of some speculation at this point.

It is clear that electron mass effects are not an issue, because including them has little effect on the
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inertial defects (Table 4.6). We have also observed that the use of a higher level of theory in the

VPT2 calculation of the ¢;’s does not solve the problem. Our suspicion is that the source of the
trouble is our lack of inclusion of the next higher order terms in the vibration-rotation expansion
(those quadratic in the vibrational quantum numbers, i. e., the yi corrections). Future theoretical

calculations, not currently implemented, will be required to test this hypothesis.

For achieving the level of accuracy sought here, careful consideration of the fairly large
centrifugal distortion effects is also required. The xrefit routine of CFOUR can accept
experimental A-reduction constants (Ac®, Bo®, Co®), S-reduction constants (Ao, Bo®, Co®), or
determinable constants (A", Bo", Co"), and make internal conversions to equilibrium values (148,
I%, Ic®) based upon supplied vibration-rotation interaction and electron mass corrections. We
found that our equilibrium moments (le’s) derived from S-reduced moments (10©’s) were in
excellent agreement with our values calculated from the determinable moments (lo"’s). The
agreement with the equilibrium moments deriving from our A-reduction moments (I¥’s) was still
good but not to the same extent. For example, our le moments for H**N3 calculated from lo”, lo ©),
and lo ® moments yielded inertial defects of 0.00353, 0.00354, and 0.00481 uA?, respectively.
Notably, the inertial defects for the I" 1®), and 1Y moments for H*N3 before vibration-rotation
correction are 0.0735, 0.0737, and 0.07942 uA? respectively. The source of this discrepancy is not
entirely understood, although there would be an a priori expectation that the S-reduction might
work better than the A-reduction for a molecule so close to being a prolate symmetric top. We
have used the determinable moments (lo"’s) as the experimental moments in determining the Re

structure shown in Figure 4.13 and Figure 4.14.
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The above issues notwithstanding, the accuracy reported in Table 4.7 is quite high for our

Re structures. The largest bond distance uncertainty is 0.00038 A and the largest bond angle
uncertainty is 0.05°. At this level of accuracy, the experimental structure becomes a significantly
better benchmark for the quality of the ab initio predictions of molecular structure than has
typically been the case. Although both of the theoretical methods reported here obtain excellent
agreement with experiment by usually applied standards, the ANO2 frozen core structure does
exhibit significant deviations from experiment in comparison to the claimed experimental
uncertainty. On the other hand, the higher level all-electron quintuple zeta basis set coupled cluster
calculation produces bond distances that fall within the experimental error bars and bond angles
that are only slightly outside them— almost an order of magnitude better agreement. This
improvement is clearly visible in Figure 4.14. The rather spectacular agreement between mixed
experimental/theoretical structure with the very high-quality ab initio result is particularly
gratifying, in that it serves to confirm both the reasonableness of our reported experimental error
limits and also the power of the best modern theoretical methods to produce great accuracy in the

prediction of molecular structure of small molecules.
Conclusions

We developed safe and efficient syntheses for HN3, HNN*°N, H®NNN, DN3, DNN**N and
D'®NNN. Most of our syntheses resulted in inseparable (but perfectly usable) mixtures of these
isotopologues. From these spectra we could observe isotopologues with one additional °N at
natural abundance. We assigned the rotational spectra for all 14 accessible isotopologues. We
calculated rotation-vibration interaction constants («i’s) for these isotopologues, and used them in

conjunction with our experimental moments of inertia to arrive at a very accurate equilibrium
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structure for HNs. In addition to this structure being a vast improvement over the previously

published structure for HNs, we believe that this is one of the very best structural determinations

ever completed for a molecule of this size.
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Chapter 5: Analysis of the lowest eight vibrational states of hydrazoic acid (HNs) and

deuterated hydrazoic acid (DN3) by millimeter-wave spectroscopy and FTIR data
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Abstract

Transitions from seven vibrationally excited states have been observed in our room
temperature spectra for both HNs and DNs. In both of these isotopologues, the lowest energy
polyad contains two states (vs and ve). This lowest energy polyad is modestly perturbed by the
ground state and by the five-state polyad above it (va, 2vs, vs+ve, 2ve, and vz). There are numerous
strong perturbations within each polyad. The rotational and vibrational energy levels are different
enough between HN3z and DN3 to provide unique challenges and advantages in the solving of their
spectra. Our millimeter-wave data, published microwave data, and published FTIR data have been
used in tandem to assign and fit transitions belonging to these vibrationally excited states.
Presented are 3-state fits including the ground state, vs, and vs for both HN3 and DNs. Also
presented is a large body of work aimed towards the assignment of all eight studied states for both

isotopologues and preliminary determinations of many of their spectroscopic constants.

Introduction

The spectra of hydrazoic acid (HNs) and deuterated hydrazoic acid (DNz) are strong
enough to observe seven vibrationally excited states (four fundamentals, two overtones, and one
combination) at room temperature in our millimeter-wave spectra. Deuterated hydrazoic acid has
a significantly different A constant from HN3s (345 GHz vs. 611 GHz). The drastic reduction in
the A constant that comes with substituting the deuterium for hydrogen changes the rovibrational
energy levels (and the interactions between them) appreciably. We have studied the rotational
spectra of the vibrationally excited states of these two isotopologues in parallel. In general, DN3

has more transitions in our frequency region and smaller perturbations.
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Our work has been greatly aided by a body of published FIR and FTIR studies, primarily

by Bendtsen and coworkers from the 1980’s and 1990°s.11° The pure rotational spectra for the
ground vibrational levels of HN3 and DN3 have also been previously studied in the microwave and

millimeter-wave regions.!14

An overview of the fundamental states for HN3 and DNs, four of which are low enough in
energy to be observed in our spectrometer, is presented in Table 5.1. An energy level diagram
showing the lowest eight states (including overtones and combinations) for HNz and DN3 is shown

in Figure 5.1.

Table 5.1 Summary of the fundamental vibrational modes for HN3 and DN3

Fundamental Symmetry Description Vibrational Energy (cm™)
HN3 DNs
Vs A’ In-plane N-N-N bend 537.2663(8)° 495.7479(10)°
Ve A" Out-of-plane N-N-N 606.3574(11)°  586.4994(12)°
bend
Va A’ In-plane N-N-H bend  1147.4075(5)"  954.769(1)®
V3 A’ Symmetric stretch 1266.6327(3)°  1197.3864(1)1°
Vo A’ Antisymmetric 2140.3258(4)  2110.1087(2)°
stretch

. A’ H-N stretch 3339.8908(14)1° 2478.451(3)"
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Figure 5.1 Vibrational energy level diagram for the eight lowest energy vibrational states of HN3
and DN (to scale).

The straightforward energy level diagram shown in Figure 5.1 is somewhat deceptive. The
K energy levels within each vibrational state are widely spread due to the small size of the
molecule, and while the K = 0 energy for the ground vibrational state of HNszis at 0 cm™ (J=0), the
energy for K = 10 is at 1919 cm™ (J=0), and thus at higher energy than at least some K levels for
every other state shown in Figure 5.1. In this chapter K will always refer to Kprolate because
hydrazoic acid is a very nearly prolate asymmetric top. In general in this chapter, rotational levels
split by asymmetry will be distinguished as K(-) for Kprolate + Koblate = J+1 and K(+) for Kprolate +
Kovlate = J, according to the standard symmetry designation for the four group (V=D.) of the

asymmetric rotor problem. A more comprehensive energy level diagram showing the K energies
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for all relevant K states is given in Figure 5.2 for HN3 and in Figure 5.3 for DN3. The K energies
refer to the hypothetical energy level corresponding to J = 0 for that K. In these figures and

throughout the chapter, a K without a (-) or (+) designation refers to the average of K(-) and K(+).

Infrared data was only available for vs, vs, v4, and vs (for HNs and DN3), and 2vs (DN3
only) so the K energies shown in Figure 5.2 and Figure 5.3 for 2vs, 2ve and vs+vs are estimated

based on the vs and vs K energies. The energies for vs+ve were estimated by the equation:

EK,v6 +EK,V5

EK,v5+v6 ~ 2 (T - EK,ground) + EK,ground (5-1)

The above comes from using the alpha approximation for the shiftin A — BZLC without higher order

terms. The energies for 2vs and 2ve were estimated as follows:

EK,ZVS ~ EK,V5+V6 - (EK,V6 - EK,V5)
(5.2)

EK,2v6 = EK,v5+v6 + (EK,V6 - EK,VS)
These estimations assume that the dominant perturbation of 2vs, vs+vs, and 2vs is the global A-type
Coriolis perturbation (Ga), and possible interactions with v3 and v4 are not considered.
Understanding Equation (5.2) is somewhat more complicated, but important. In the harmonic

oscillator approximation, Ga changes to v2G, on going from the vs / v interaction to 2vs / vs+ve

or vs+vs [ 2ve interactions. The relevant matrices to be diagonalized to find the K energies are

[EK,VS GaKl (5.3)

G K EI%V6

for the vs and ve case, and
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ER .. V2G.K 0
V26,K EQ, 1y, V2G.K (5.4)
0 V2G,K  ER,,,
for the overtone/harmonic case. The diagonal elements are the K energies before perturbation by
the A-type Coriolis resonance. For the overtone levels these can be obtained with the same
approximation used in Equation (5.1) for the combination states. The latter matrix factors into a
one by one and a two by two and thus has an analytic solution for the eigenvalues, as does the
matrix in Equation (5.3). Comparing these two solutions confirms Equation (5.1) and Equation

(5.2). The splittings Ex ., — Exve» Ex2v, — Exvg4vg @A Eg o4y, — Eg 2y all turn out to be

(B, — B + 4 G2 5

Fortunately, experimental K energies are available up to K = 3 for 2v of DN3,'° and allow us to

verify that these K energy level estimates are substantially correct (see below).



123

2000 HN, K energies of vibrational states vs. K2

2500

2000

Ground

Energy (cm)
2

1000

500

0 20 40 60 K2 80 100 120 140

Figure 5.2 A plot showing the observed or calculated values for the K energies for the eight studied
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Figure 5.3 A plot showing the observed or calculated values for the K energies for the eight studied
vibrational states of DN3
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Observation of Figure 5.2 and Figure 5.3 shows how significant the entanglement of the K
energies from the eight vibrational states actually is. The separation between K = 0 of the ground
vibrational state and vs is 537 cm™ and 496 cm™® for HN3 and DN, respectively. This relatively
large separation protects the lower K levels of the ground state from perturbations, and transitions
involving these levels can be studied independently, as described in Chapter 4. The higher K levels
of the ground vibrational state are perturbed via a centrifugal distortion interaction with the vs state
(parameter Wos, see below). State vs is of course perturbed via the A-type Coriolis resonance with
ve discussed above. This global A-type Coriolis resonance causes the vs and ve States to repel each
other, bringing the higher K levels of vs to low enough energies to interact with levels in the ground
vibrational state, enabling the observed perturbations in the ground state. As the vs and vs subband
energies diverge as a result of their mutual perturbations, the ve levels eventually ‘catch up” with

states in the second polyad.

The gap between the polyads is still large enough (468 cm™ for HN3 and 368 cm™ for DN3)
for it to be reasonable to attempt to analyze the ground state, vs and vs in a three-state fit
independently from the rest of the vibrational states at higher energy. This three-state least
squares-fit approach was taken by Bendtsen et al. for both HN3® and DN3s®. The basic theory and
the form of the Hamiltonian operator and its matrix elements are described in these publications.
We have been partially successful with three-state fits of our millimeter-wave data. Simply from
the steeper upward slope of ve in Figure 5.2 and Figure 5.3, it is not surprising that the three-state

fits are not entirely successful, as the polyads are not truly independent of one another.

As noted by Bendtsen et al. in the attempted 3-state fit of DN3,® there are Coriolis

interactions between ve and v4 which are too strong to be entirely ignored. These resonances
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between vs and vs4, along with expected centrifugal distortion interactions between vs and 2vs and
ve and vs+vg create a bridge between the lower three states and the next highest polyad, which
includes five states: va, 2vs vs+ve 2vs and vs. Of these, vs+ve is the only state with A"
symmetry, and it has strong Coriolis interactions with 2vs and 2ve, of which the G, interaction
has already been discussed. Additionally there are strong Fermi interactions between 2vs and va,
and 2ve and v3, which will be discussed further below. There is also a C-type Coriolis resonance
between vs and v4. The full web of mutual perturbations is detailed later in Table 5.6 and Table

5.1.

The analysis of this upper polyad differs appreciably between HN3z and DN3, because of a
relative reordering of energy levels. Notably, v4 is lower in energy than both vs+ve and 2vs in DNs,
because this bending mode involves a large movement of the hydrogen (or deuterium) atom. For
both isotopologues, the state with the highest vibrational energy that we have observed is v3
(1266.6 cm™ for HN3 and 1197.4 cm™ for DN3). There is an energy gap of approximately 345 cm’
! to 3vs in the next polyad for HN3s. There is an energy gap of approximately 217 cm™ to va+vs in
the next polyad of DNs. Due to perturbations from these higher polyads it is unlikely that an eight-
state least-squares fit will be entirely successful without attempting account for these interactions.
Nonetheless, our goal is explore and understand these eight states as fully as possible with the

available data, both published and from our spectrometer.

The challenge of simultaneously fitting the pure rotational transitions from multiple
mutually-perturbing vibrational states is substantial. Our most successful fit to date, a three-state
fit of the lowest three vibrational states of DNz including MW, MMW, & FTIR data, presented in

Table 5.8, allowed for the optimization of 3 rotational constants and 10 centrifugal distortion
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constants for each state, as well as the band origin energy for vs and vs, and 4 perturbation terms,
for a total of 45 independent parameters, of which all but one were well determined in the fit. By
necessity, a successful 8-state combined fit would involve upwards of 100 independent parameters.
While we have favored Kisiel’s ASROT and ASFIT®® programs for single-state fits, Pickett’s
SPFIT and SPCAT?® have the flexibility we require to simultaneously fit transitions from multiple

states.

For single state fits of unperturbed molecules (such as the ground vibrational state of
carbonyl diazide), the least-squares fit involves perhaps 6 to 15 parameters. In such a case,
guessing and checking is a valid tool when assigning a new series of lines and adding it to a nascent
fit file. The parameters will generally converge quickly, and the observed — calculated values for
these lines in the output file will strongly suggest whether the new assignments are correct or not.
On the other hand, when building a fit file with multiple perturbed states and dozens of parameters,
it is of vital importance that the line assignments be correct and that the starting values for the
parameters be good, otherwise there is very little chance that the fit will converge, and even if it
does, the sheer number of parameters leaves a lot of ‘wiggle room’ for incorrectly assigned lines
to reside in the file without sticking out from the correctly assigned transitions. The bulk of this
chapter details the lengths we have gone to correctly identify hundreds of series without the aid of
the SPFIT non-linear least-squares fitting program. We have built considerable experience at
making and confirming assignments by low tech methods, and using plots of these transitions,
along with linear least-squares fits (straight line or polynomial) to extract valuable spectroscopic

constants.
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Assignment of lines.

The first step in understanding these eight vibrational states of HN3z and DN is the accurate
assignment of transitions. This is a difficult task because many of the states are highly perturbed.
Figure 5.4 shows a prediction for the transition frequencies in the J = 12<11 a-type R-branch of
the ground state of HN3. The prediction is based on the single state fit of transitions up to K =5
described in Chapter 4. The actual transition frequencies for this series are shown in Figure 5.5.
It can be seen that the K = 6 and 7 lines are moderately perturbed, while the K =8, 9 and 10 lines

are massively perturbed.
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Figure 5.4 Predicted positions for lines in the J = 12 €11 a-type R branch. Constants used in the
prediction are from a single-state rigid rotor/ centrifugal distortion model including a-type lines
up to K =5 and some b-type lines up to K = 2. Labels are the K values. The series is predicted to
continue off scale to lower frequencies.
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Figure 5.5 Assigned frequencies for lines in the J = 12 < 11 a-type R-branch. Labels are the K
values. The K = 8 line is off scale to low frequency at 282944 MHz.
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The a-type series are largely intertwined for all eight states. Intensities are helpful in
distinguishing states, but from Figure 5.2 and Figure 5.3 it can be inferred that each vibrational
state has pure rotational transitions with a very wide range of intensities. The K =10 K energy for
the ground vibrational state of HN3 is 1919 cm™ higher than that of K = 0, and thus the energy
levels are higher and their transition intensities are lower than most of the observed K energy levels
for the seven excited vibrational states. One striking example of this intermingling of intensities
is the challenge of distinguishing between the a-type R-branch series of K =5 for v4 and K =7 for
ve In DN3. The two series have similar intensities because their K energies are relatively close (34
cm™), despite the fact that the vibrational energy of ve is 353 cm™ lower than that of v4. This
proximity of K =5 for v4 to K = 7 for vs, also facilitates A-type Coriolis interactions (Ga and Fa)
between these two states, making their frequencies more difficult to predict. An unfortunate
coincidence in this example is that the series of transitions are also close in frequency, making the
assignment ambiguous. The following sections outline strategies for assigning these perturbed

and intermingled transitions.
Rotational Vibration Interaction Corrections

We have found the vibration-rotation corrections (ai values) to be very useful for the
assignment of vibrational states for carbonyl diazide?® and pyridazine,?* as well as in the ongoing
projects involving phenylisocyanate, pyrimidine, and formyl azide. Essentially, these «
corrections (aa, as, and ac) are calculated and added on to the rotational constants of the ground
state to give estimated values for the rotational constants of the excited vibrational states. Using
these mixed theoretical/experimental rotational constants along with the centrifugal distortion

constants from the ground state generally gives useful predictions of excited state transitions. The
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calculated ¢;’s for HN3 and DNz are shown in Table 5.2 and Table 5.3. For vs and ve, experimental
a values from both the literature and our own three-state fits are added to the list. These
experimental values come from subtracting the excited state constants from the corresponding

ground state constants.

Table 5.2 Vibration-rotation corrections for HNs. Literature values and our own experimental
values are reported for vs and ve.

O A (MHz) OB (MHz) 0C (MHz)
CCSD(T)/ANO2 -612651.2 31.3 5.9
Vs Literature® -20801.7 26.5 9.7
Experimental -20557.6 33.9 2.8
CCSD(T)/ANO2 608642.3 2.8 22.4
Ve Literature® 124453 -5.8 26.4
Experimental 117514 0.7 20.5
Va4 CCSD(T)/ANO2 19140.8 -46.1 -61.6
V3 CCSD(T)/ANO?2 17656.8 4.4 9.1
V2 CCSD(T)/ANO2 -2920.4 -88.3 -85.9

% CCSD(T)/ANO2 -26676.7 -13.2 -21.6
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Table 5.3 Vibration-rotation corrections for DNs. Literature values and our own experimental

values are reported for vs and ve.

aA (MHz) B (MHz) acC (MH2)
CCSD(T)/ANO2 -129567.9 34.9 6.8
Vs Literature® -17133.6 35.5 6.9
Experimental -9398.4 36.2 5.8
CCSD(T)/ANO2 123658.6 2.6 20.5
Ve Literature® 16994.7 -2.5 22.4
Experimental 1945.6 -0.5 20.4
V4 CCSD(T)/ANO2 22141.6 41 -19.0
Literature® 17222.6
V3 CCSD(T)/ANO2 -2654.8 -52.6 -49.7
%) CCSD(T)/ANO2 -1004.1 -82.1 -17.8
W CCSD(T)/ANO2 -11902.4 -10.1 -20.1

From the states where there is literature data available, it can be seen that some of the

predicted values are very good, some are marginally good, and others are completely incorrect. In

terms of assessing the viability of this approach, there are some worrying examples where the

magnitude of the a constants look reasonable, but the values are different enough to be misleading

in assigning lines. Ultimately we chose not to rely on the ab initio predictions of the vibration-

rotation constants in the assignment of transitions.

Combination Differences

The published ro-vibrational data has been extremely useful as a starting point in the

assignment of pure rotational lines in our spectra. For HN3, FTIR ro-vibrational line lists have

been published for the vs, ve, and va, bands® ” in addition to pure rotational FIR lines for the ground
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state.® In addition, line lists for the vs band from infrared diode laser spectroscopy have been
published.! DN, line lists are published for the ground state pure rotational spectrum, and the vs
ve and v4 bands.® 8 It is regrettable that additional FTIR line lists were deposited as Sl for the HN3
vs3 band® and the DN3 vs and 2ve bands'® with the Journal of Molecular Spectroscopy, but have

apparently been lost since that time and are unavailable to us.

Combination differences between four appropriate transitions were frequently utilized,
when possible, in the initial assignment of lines. Because the IR data included both P and R-
branches, two different combination differences could be readily tried to arrive at a single
frequency. Because some rovibrational transitions were missing from the line lists, curves were
fit to the observed lines to smooth and interpolate the full series of transitions. An example of this
combination differences technique is shown in Figure 5.6. The 13 310612 39 pure rotational
transition in the vs state was calculated using a measured pure rotational transition frequency from
the ground vibrational state and two P or R-branch IR transitions. These two methods predicted
13310€ 1239 transition in vs at 309933 MHz or 309937 MHz. We used this information to assign

an observed line at 309932.86 MHz to this transition.
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Figure 5.6 An energy level diagram showing two combination differences approaches to predict
a pure rotational transition in the vs state of HNs. The strategies utilize the frequency of a measured
pure rotational transition in the ground vibrational state and either R-branch or P-branch
vibrational-rotational transitions.

In some auspicious situations we were able to use combination differences of four pure
rotational lines to solidly confirm our assignments. Figure 5.7 shows a beautiful example where
the assignments for four lines in the 2ve state of DN3 are confirmed unambiguously. The four
transitions are two a-type and two b-type transitions that link the states 13013, 14014, 121 12, and
13113, Whether or not these states are perturbed does not matter. If the assignments are correct,
combining these transition frequencies should give an ideal value of zero. In this case, the result
was extremely satisfactory at 0.0223 MHz, well within the measurement error for a single
transition and certainly within the combined measurement error for four transitions. As mentioned,

situations where all four relevant transitions are in our frequency range are rare, but often



134
extrapolation of observed lines in a series could be used to predict those outside our region to

create a working four state combination differences diagram.

DN, 2v,
265154.6365 MHz T
13 113
287764.5772 MHz
14 014
312262.9543 MHz 121,
289653.0359 MHz
13 013

312262.9543 +265154.6365 - 287764.5772 - 289653.0359 = 0.0223 MHz

Figure 5.7 An energy state diagram showing a combination differences scheme which
unambiguously confirms the assignments of four pure-rotational transitions in the 2vs state of DN3
which, fortuitously, all occur within the frequency region accessible to us.

Loomis-Wood plots

Loomis-Wood plots!® 22 were used extensively in our assignment process. Figure 5.8
shows a Loomis-Wood plot which is centered on the K = 0 frequencies for the ground vibrational

state of hydrazoic acid.
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Figure 5.8 A Loomis-Wood plot with each trace of the spectrum centered on the K = 0 transitions
for the ground vibrational state of HN3 (vertical line). Numerous other series can readily be
recognized in this plot, with each series being a specific K value in the a-type R- branches of either
a vibrational satellite or isotopologue of HNs.

The Loomis-Wood plots built using our ~100 GHz long scans of HNz and DN3 and
centered on known or predicted a-type transitions allowed us to pick out roughly 100 series each
for both HN3 and DNs. Generally ~5 transitions for each series could be observed in our
spectrometer’s optimal range of 260-360 GHz, on which the Loomis-Wood plots were based.
From these initial points, we could extrapolate and predict where to find additional transitions to
higher and lower frequencies in the ‘extended range’ of our spectrometer. These series belong to

a particular K value of a-type R-branches of either to an isotopologue (generally HN**NN or
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DN™NN), or to one of the eight observable vibrational states. Again, these series are mixed
together, have a wide range of intensities, and are often heavily perturbed, but the Loomis-Wood
plots are extremely useful for grouping individual unassigned transitions into series, which may or

may not be assigned to a particular K and vibrational state at that point.
Linear plots of a-type R-branch transitions

A tool we have found to be useful in confirming that individual transitions belong to an a-
type R-branch series and then assigning that series to the correct K value and vibrational state is a
plot where the transition frequency of each transition is divided by Jupper and graphed vs. Jupper®.
Fortunately there is a wide enough gap between the a-type R-branches, so that there is no
ambiguity as to the J value for a given transition, and hypothetically, if there were, these graphs
would quickly address that. An example of one of these transition frequency/Jupper VS Jupper® plots
is shown in Figure 5.9 for the K = 0 transitions of the ground vibrational state of HNs. Internally
we refer to these as ‘linear plots’ for the a-type R-branches, and indeed the points generally lie on
straight line with a very high R? value, although occasionally a quadratic polynomial is a more
accurate model. The slope and the intercept of the linear trendlines in these plots provide a useful
fingerprint for each series. Firstly, the slope and intercept of these plots is dependent on the K
value. Figure 5.9 through Figure 5.16 show plots for the series with K =0, 1(-), 1(+), 2(-), 2(+),
3(average of + and -), 4, and 5 of the ground vibrational state of HN3. These transitions are known
from the previous chapter to suffer minimal perturbations, and thus they provide good examples
of typical behavior for this type of plot for these series. As can be seen, the trendline for the K =
0 series has the steepest negative slope and K = 2(+) has a distinctively shallow slope. For many

vibrational states the K = 2(+) slope is positive. The other series have similar moderate negative
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slopes. The intercepts gradually decrease more or less linearly (slope -24;«) with increasing K.
Figure 5.17 is a summary of all assigned a-type R-branch series for the ground vibrational state.
The graphs of the intercepts vs. K? show characteristic, generally smooth curves. The graphs of
the slopes vs K2 show characteristic effects of asymmetry at K = 0, K = 1, and K = 2, and then
settle into an almost flat (at -44,) straight line at higher K values. Those K states involved in strong
local perturbations usually show clear departure from this general behavior for both the slope and
intercept plots, and will be discussed in more detail below. It should be noted that the intercepts
for K = 2(+) and K = 2(-) are equal (within experimental error) but those for K = 1(+) and K = 1(-
) are very different. In the latter case, it is the average that is shown in all the subsequent plots.
The smoothness of the curves for unperturbed states serves to confirm the assignment of the series
to the correct vibrational state and K value. We have confidently assigned the a-type R-branch
series for six vibrational states of HNs; their summaries are shown in Figure 5.17 through Figure
5.22. We have confidently assigned the a-type R-branch series for all eight observable vibrational
states of DN3s; those summaries are shown in Figure 5.23 through Figure 5.30. The previously
discussed ambiguity in the assignment of the K = 7 lines for ve and K = 5 lines for v4 is reflected

in the missing data points in Figure 5.25 and Figure 5.26.
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Figure 5.9 Plot of transition frequencies / Jupper V. Jupper® for the K = 0 series for the ground

vibrational state of HNs.

HN; Ground State K = 1(-)
23686
23685 “e..
23684 ..
2383 | 0 e
23682

23681

23680 y =-0.022441x + 23,687.720456 ..., .
23679 R2 = 1.000000

23678
23677

L
*.
c.
ce
ce
ce
ce
*e
*e
*e
c.

*e
ce
ce
ce
ce
ce
*e
*e
*e
.

0 50 100 150 200 250 300 350 400
J

Transition Frequency/ J,,ner (MH2)

2
upper

Figure 5.10 Plot of transition frequencies / Jupper VS. Jupper® for the K = 1(-) series for the ground

vibrational state of HNs.
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Figure 5.11 Plot of transition frequencies / Jupper VS. Jupper® for the K = 1(+) series for the ground

vibrational state of HNs.
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Figure 5.12 Plot of transition frequencies / Jupper VS. Jupper® for the K = 2(-) series for the ground

vibrational state of HN.
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Figure 5.13 Plot of transition frequencies / Jupper VS. Jupper® for the K = 2(+) series for the ground
vibrational state of HN.
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Figure 5.14 Plot of transition frequencies / Jupper VS. Jupper® for the K = 3 series for the ground
vibrational state of HNG.
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Figure 5.15 Plot of transition frequencies / Jupper VS. Jupper® for the K = 4 series for the ground
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Series . Slope Intercept of Lowest Highest frequency
N lines o y ,  frequency o
(K) linear plot” ‘linear plot o transition
transition
0 8 -0.03284 23815.67 238123.8149  428490.4688
1(-) 8 -0.02244 23687.72 236854.7728  449912.7743
1(+) 8 -0.023229 23940.42 239380.9898  430792.1128
2(-) 8 -0.02163 23809.29 238071.294 428441.0977
2(+) 8 -0.00848 23809.28 238084.3138  428517.5643
3 8 -0.01782 23801.28 2379949794  428319.0310
4 8 -0.01858 23789.93 237880.7415 428110.4117
5 8 -0.01886 23774.83 237729.3884  427836.8656
6 6 -0.01877 23755.86 237539.7762  356274.4663
7 6 -0.01802 23722.55 237207.4759  355777.4642
8 5 0.02995 23574.35 259357.3838  353715.8947
9 4 -0.027706 23784.61 261594.0292  356675.9539
10 3 -0.02626 23723.93 284641.7563  355770.2455
23850 Plot of Intercepts:
‘;)i')_ 23800 L.... o Slope: -1.6565 MHz
‘@ .

§ 23750 ... Intercept: 23815.95 MHz
D~ [ J [ J
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B 3650 | Y= -16565x+23,815.9516
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Figure 5.17 Summary of the a-type R-branch transitions assigned for the ground state of HNs.



HN3 vs
Series . ‘Sl_ope of Intercept of Lowest Highest
N lines linear 0 , frequency frequency
(K) , linear plot . o
plot transition transition
0 8 -0.06089 23844.34 238382.2828 428842.5802
1(-) 8 -0.02261 23752.02 237497.8395 427405.0188
1(+) 7 -0.02952 23952.66 239497.0917 407050.2015
2(-) 8 -0.02870 23848.67 238457.9842 429108.6725
2(+) 8 0.01023 23848.65 238496.6565 429335.1942
3 6 -0.01587 23843.67 238420.8593 357601.5281
4 8 -0.01867 23836.84 238349.7520 428954.2515
5 7 -0.01547 23828.99 238274.3378 405016.6407
6 6 -0.01861 23825.78 238239.1481 357323.8320
7 6 -0.06763 23928.93 239222.0368 358706.2966
8 5) -0.01040 23650.25 260138.9087 354718.6405
9 5 0.02665 23606.47 259706.2379 354186.4533
Plot of Intercepts:
» 23950 _ Slope: -0.9665 MHz
2 23900 ©  YTOEEEREE | ntercept: 23852.73 MHz
S 23850 @ve..
S 23800 il
£ 123750
8 223700 Plot of Slopes:
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Figure 5.18 Summary of the a-type R-branch transitions assigned for the vs state of HNa.
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HNs ve
Series . Slope of Intercept of Lowest Highest

N lines o y e ,  frequency frequency
(K) linear plot” ‘linear plot o .

transition transition

0 8 -0.01993 23837.53 238355.3534  428959.3083
1(-) 8 -0.01878 23755.86 237539.7723  427495.8498
1(+) 8 -0.01958 23915.32 239133.6294  430361.5672
2(-) 8 -0.01926 23828.83 238269.0036  428806.4627
2(+) 8 -0.01551 23828.82 238272.7390  428828.2812
3 8 -0.02248 23817.92 238156.8067 428591.6070
4 8 -0.02064 23802.62 238005.5807 428326.8015
5 7 -0.02018 23783.55 237815.4084  404221.3306
6 6 -0.01853 23742.25 237403.9598 356071.1905
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Figure 5.19 Summary of the a-type R-branch transitions assigned for the ve state of hydrazoic

acid.



HN3s v4
Series . Slope of Intercept of Lowest Highest
N lines o y e ,  frequency frequency
(K) linear plot” ‘linear plot o .
transition transition
0 7 -0.03535 23715.80 237122.6382  379308.2883
1(-) 6 0.02991 23656.95 236599.6909  354955.6379
1(+) 6 -0.00977 23850.34 238493.8789  357722.5033
2(-) 6 -0.01918 23706.49 237045.7439  355532.6609
2(+) 6 -0.00527 23706.45 237059.2957  355579.0840
3(-) 5 0.02266 23617.74 259824.9439  354342.0823
3(+) 5 0.02347 23617.66 259825.2454  354343.7733
4 5 -0.01671 23724.44 260946.5936  355810.2077
5 5 -0.01688 23682.22 260481.9209  355176.2793
6 4 -0.01831 23650.56 283775.1174  354696.6292
23780
23760 Plot of Intercepts:
L 23740 Slope: ?
3 23720 o ° Intercept: ?
S 3700 | ® No obvious linear region
D~
= & 23680 °
=
f—: ~ gggig ° Plot of Slopes:
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Figure 5.20 Summary of the a-type R-branch transitions assigned for the v4 state of HN3
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HNs 2vs
Series . Slope of Intercept of Lowest Highest
N lines o . e . frequency frequency
(K) linear plot” ‘linear plot o .
transition transition
0 8 -0.07482 23882.40 238749.2912  429447.0462
1(-) 7 -0.03348 23751.25 237479.0536 403606.8238
1(+) 6 -0.03631 24010.37 264065.7054  407997.8588
2(-) 8 -0.02950 23884.44 238814.9159  429747.9503
2(+) 8 0.02212 23884.43 238866.3282 430047.9722
3(-) 8 -0.01432 23883.68 238822.3918  429822.7527
3(+) 8 -0.01375 23883.62 238822.3918 429827.0773
4 8 -0.01652 23877.52 238758.6365 429698.9002
5 7 -0.01757 23867.56 238658.2393  405662.2173
6 5 -0.02745 23853.78 238511.1724  357714.9746
7 5 -0.01568 23839.94 262218.4700 357546.1964
8 5 -0.01889 23825.31 262053.2849  357315.9553
o 2380 ‘. . Plot of Intercepts:
g 23880 " Slope: -1.0851 MHz
S 23870 e Intercept: 23893.94 MHz
ET 23860
gé 23850 ..
5 23840 .. Plot of Slopes:
S 23830 | ¥=-1.0851x+23893.9425 . Average value in linear
23820 region: -0.01922 MHz
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KZ
° 0°® N
¥ -001 . 20 40 60 80 Approximations:
L 0 YRS, SR
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Figure 5.21 Summary of the a-type R-branch transitions assigned for the 2vs state of HNs.
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HNs v3
Series . Slope of Intercept of Lowest Highest
N lines o y e ,  frequency frequency
(K) linear plot” ‘linear plot o .
transition transition
0 6 -0.03211 23800.90 237976.8819  356905.1045
1(-) 6 -0.03039 23730.36 237273.3286  355852.9108
1(+) 6 -0.02317 23913.38 239110.6237  358622.4789
2(-) 6 -0.04853 23871.27 238664.2134  357905.3545
2(+) 6 -0.02782 23871.91 238691.0358 357984.4335
3 6 -0.01853 23742.25 237403.9598 356071.1905
4 5 0.01951 23727.61 261028.3635 355978.3902
5 5 -0.01873 23745.62 261176.8605 356121.0378
6 5 -0.01809 23729.17 260996.9857 355876.7917
., 23880
S 23860
ié 23840 Plot of Intercepts:
£ 3820 l’ Slope: ?
= §3300 Intercept;: ?
o 23780 No obvious linear region
& 23760
(<5}
S 23740 J i
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0 20 40 60 80 | Average value in linear region:
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Figure 5.22 Summary of the a-type R-branch transitions assigned for the vs state of hydrazoic
acid.
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DNs Ground
Series . Slope of Intercept of Lowest frequency Highest
(K) N lines ‘linear plot’  ‘linear plot’ transition (MHz) frequency
Transition (MHz)
0 10 -0.07210 22315.78  245377.71670 445739.05633
1(-) 10 -0.02967 2212250  243308.1402 442213.01917
1(+) 10 -0.03182 22507.35  247538.3916 449892.28967
2(-) 10 -0.02595 22312.27  245400.4331 446037.71017
2(+) 10 0.02887 22312.26  245473.1892 446475.9095
3(-) 9 -0.01038 22307.81  267675.5935 446073.0728
3(+) 9 -0.00951 22307.68  267675.9359 446077.7355
4 10 -0.01316 22301.39  245297.8171 445922.6483
5 10 -0.01452 22293.12  245204.9621 445746.2018
6 10 -0.01519 22282.79  245090.4126 445534.2341
7 10 -0.01552 22270.19  244951.4284 445279.69167
8 9 -0.01571 22254.97  244783.7117 444973.6433
9 6 -0.01573 22236.42  244579.673 355718.2878
10 5 -0.01430 22213.08  266532.2924 355350.7632
11 4 -0.01418 22182.01  288334.9416 354853.9651
w 22340
5 22320 L Plot of Intercepts:
S 22300 | *e.q Slope: -1.0623 MHz
£ 122280 "'-.._. Intercept: 22318.51 MHz
= % 22260 'y
a £22240 =y
£ 2o ...
3 55180 | Y=-10623x+22,318.5132 o Plot of Slopes:
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Figure 5.23 Summary of the a-type R-branch transitions assigned to the ground state of DN.
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DN3 vs
Series . Slope of Intercept of Lowest Highest
N lines O - ,  frequency frequency
(K) linear plot linear plot o .
transition transition
0 8 -0.10624 22356.64 245781.8391 424048.0748
1(-) 8 -0.03889 22163.25 243744.0949 420835.2750
1(+) 8 -0.04235 22548.72 247979.4581 428134.9656
2(-) 8 -0.03432 22353.80 245846.1501 424486.8785
2(+) 8 0.05613 22353.83 245966.6098 425107.2483
3(-) 9 -0.00678 22350.20 245842.9632 424603.1256
3(+) 9 -0.00586 22350.10 245843.4470 424612.0475
4 8 -0.01166 22345.31 245782.9367 424480.9768
5 8 -0.01369 22339.06 245711.4155 424348.2581
6 8 -0.01473 22331.45 245626.3367 424196.5013
7 6 -0.01531 22322.52 245527.3184 357097.6815
8 6 -0.01691 22312.61 245416.2294 356932.5214
22370
@ 22360 L Plot of Intercepts:
g 22350 [Se. g Slope: -0.6906 MHz
g 22340 e Intercept: 22356.50 MHz
5 22330 ...
£ 22320 e
2 S 22310 0.
o 22300
S 22290 y = -0.6906X + 22,356.4976 Plot of Slopes:
.%’ ggg?g Average value in linear region:
99260 -0.01516 MHz
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Figure 5.24 Summary of the a-type R-branch transitions assigned to the vs state of DN,
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DNs vs
Series . Slope of ‘linear Intercept of Lowest Highest
N lines , - , frequency frequency
(K) plot linear plot o .
transition transition
0 9 -0.04695 22336.75 245641.7406  424076.1788
1(-) 9 -0.02284 22167.79 243815.32998 421031.43316
1(+) 9 -0.02459 22504.07 247512.00954 427408.535
2(-) 8 -0.02153 22333.13 245635.75337 424181.7981
2(+) 8 0.00988 22333.11 245677.32439 424396.8626
3(-) 7 -0.01283 22328.04 245591.26689 424144.7025
3(+) 6 -0.01249 22327.99 245591.26689 424146.10717
4 8 -0.01473 22320.57 245506.70964 423989.83867
5 7 -0.01556 22310.76 245397.61784  423797.74517
6 7 -0.01602 22298.35 245260.4926  423558.69717
7 ?
8 4 -0.01562 22266.82 267174.7543  333949.4601
9 5 -0.01573 22249.59 266967.8243  355928.7429
22360
E% 22340 Lo... Plot of Intercepts:
g 22820 0. Slope: -1.0889 MHz
= & 22300 ... Intercept: 22337.43 MHz
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Figure 5.25 Summary of the a-type R-branch transitions assigned to the v state of DN3
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DN3 v
Series . Slope of Intercept Lowest Highest
N lines o R , frequency frequency
(K) linear plot linear plot o .
transition transition
0 7 -0.07504 22301.18 245213.0781  356511.5141
1(-) 6 -0.03074 22096.97 243025.7523  353425.6757
1(+) 6 -0.03270 22504.24 247503.0842  359933.8645
2(-) 6 -0.02994 22306.03 245326.4254  356773.8449
2(+) 6 0.03490 22306.11 245413.6020  357040.6095
3(-) 6 -0.00981 22292.96 245209.4697  356647.2414
3(+) 6 -0.00893 22292.84 245209.4697  356648.0512
4 6 -0.01274 22283.58 25102.4566 356485.1345
5 6 -0.01580 22281.25 245072.7148  356435.3342
6 6 -0.01555 22265.38 244898.4897  356182.3782
7 4 -0.01371 22248.38 289199.2918  355918.4680
8 5 -0.01958 22226.80 266687.7211  355548.6202
22320 Plot of Intercepts:
g 2310 L, Slope: -1.3796 MHz
= -1.3796x + 22,315.3759 :

§ 59290 y X Intercept: 22315.38 MHz
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Figure 5.26 Summary of the a-type R-branch transitions assigned to the vs4 state of DN3



152

DNs 2vs
Series . Slope of Intercept Lowest Highest
N lines O . , frequency frequency
(K) linear plot linear plot o .
transition transition
0 6 -0.14687 22396.05 246161.2961  357735.5944
1(-) 6 -0.04829 22189.98 244025.5351  354841.9318
1(+) 6 -0.05302 22600.57 248535.6512  361391.8657
2(-) 6 -0.03706 22385.28 246188.7811  358012.7121
2(+) 6 0.08490 22385.20 246350.1078  358510.7845
3(-) 6 -0.00407 22390.45 246289.4760  358230.4995
3(+) 6 -0.00132 22390.21 246290.6151  358238.0213
4 6 -0.00971 22387.79 246252.6960  358164.7298
5 6 -0.01293 22383.33 246199.4626  358080.3653
6 6 -0.01495 22378.97 246148.7869  358002.3201
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Figure 5.27 Summary of the a-type R-branch transitions assigned to the 2vs state of DN3



DNs vstvg
Series I Slope of Intercept of }_owest ::"gheSt
(K) N lines ‘linear plot’ ‘linear plot’ requency requency
transition transition

0 6 -0.07848 22373.77 246007.0519 357658.9383
1(-) 6 -0.03293 22237.81 244572.0814 355670.0330
1(+) 6 -0.04286 22506.01 247528.2948 359961.7835
2(-) 5 -0.03617 22369.17 246012.7804 357758.5837
2(+) 5 0.03443 22369.01 246105.579  358045.1588
3
4 5 -0.01601 22353.80 245870.4553 357595.1152
5 4 -0.01750 22342.19 290410.0284 357403.3961
6 5 -0.01588 22327.36 267900.8856 357172.7122
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Figure 5.28 Summary of the a-type R-branch transitions assigned to the vs+vg state of DN3
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DNs 2vg
Series . Slope of Intercept Lowest Highest
N lines - . , frequency frequency
(K) linear plot linear plot o .
transition transition
0 4 -0.03598 22311.54 289970.691  356836.8041
1(-) 6 -0.02864 22140.58 243508.2009 354131.9412
1(+) 6 -0.02264 22439.27 246801.7766 358935.4947
2(-) 4 -0.01844 22328.99 245594.5315 357188.7
2(+) 4 0.00439 22328.75 245622.1317 357278.0244
3 6 -0.01409 22341.76 245740.7089 357410.5496
4 4 -0.01613 22336.38 268008.6578 357315.9593
5 5 -0.01137 22330.32 267944.2727 357238.6549
6 4 -0.01274 22322.70 267850.4015 334797.4847
@ 22350 Plot of Intercepts:
g 22340 ) T ... Slope: -0.7013 MHz
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Figure 5.29 Summary of the a-type R-branch transitions assigned to the 2ve state of DN3



DN3 v3
Series . ‘Sl_ope of Intercept of Lowest Highest
N lines linear o , frequency frequency
(K) i linear plot . o
plot transition transition
0 6 -0.06311 22255.83 244730.1832 355834.7209
1(-) 6 -0.01361 22105.77 243145.4396 353636.7075
1(+) 6 -0.02525 22445.53 246867.3133 359025.3007
2(-) 6 -0.02654 22233.35 244531.5249 355624.8806
2(+) 6 0.02303 22233.28 244596.7508 355826.7823
3(-) 6 -0.01072 22209.84 244293.9772 355313.6033
3(+) 6 -0.00990 22209.73 244293.9772 355315.0561
4 6 -0.01317 22200.10 244183.5513 355147.5794
5 6 -0.01272 22192.58 244101.4068 355029.3134
6 5 -0.01450 22181.01 266147.0877 354836.7794
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Figure 5.30 Summary of the a-type R-branch transitions assigned to the v state of DN3
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Many of the plots of intercepts shown in Figure 5.17 through Figure 5.30 are linear or very

nearly so, which indicates that the series involved in those plots are 1) correctly assigned and 2)
not drastically perturbed. Likewise, many of the plots for the slopes vs. K? have a characteristic
pattern where the K = 0 series has the most negative slope, the average of the K =2 series has the
least negative (or most positive) slope, and the slopes for subsequent K series become almost flat

at at -44,.
Confirming assignments of locally perturbed a-type series.

Many of the plots in Figure 5.17 through Figure 5.30 do not exhibit simple smooth
behavior, and further examination is necessary to know whether the points that do not fit on a
smooth curve are the result of incorrect assignments, or perturbations in correctly assigned series.
Two major methods of verification are to compare these plots with published IR data, and to
compare these plots with the plots of the suspected perturbing state. Figure 5.31 shows the plots
of the intercepts for each K a-type R-branch series plotted against K2 for both the ground and vs
states of HN3. The first 6 points for vs and the first 7 points for the ground state fit on a straight
line, indicating correct assignment and relatively low levels of perturbation. The final 4 points for
each are off of this line (sometimes greatly off), and when each plot is examined individually it
cannot be said whether the series are correctly assigned but perturbed, or simply incorrectly
assigned. A direct comparison of the two states in Figure 5.31 strongly indicates that the two series
are correctly assigned, that they are perturbing each other, and that the perturbation has a AK = 1.
Figure 5.32 is a plot of the average of the points on the two plots in Figure 5.31 with the K values
offset by 1. A similar check can be done by examining the plots of slopes with a shift in K value

of 1(Figure 5.33) and the average of these plots (Figure 5.34) These plots lend additional weight



157
to the hypothesis that the two states perturb each other and provides strong evidence that the
assignments of these series are correct. The perturbation is the centrifugal distortion perturbation
(Wos). The selection rule for this perturbation is AK = 1 which explains the observed K value
offset of 1 between the mirrored points of the two states.® The final data point of Figure 5.34 does

not lie on the expected curve. We do not know yet why this is.

23950 a)
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b oo o N\
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23750
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23600 ¢
23550
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K2

Intercepts of Linear Plots (MHz)

Figure 5.31 Plots of the intercepts for the ground state (a) and vs (b) of HNs. If each plot is
examined individually it is unclear whether the final three points are correctly assigned or not.
When examined together, the mutual perturbation between the states becomes apparent.
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Average of Ground state (K+1) & vs (K) intercepts

Average of Intercepts (MH

23640
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Figure 5.32 Average the intercept plots for the ground state and vs of Figure 5.31. This is clearly
a smoother curve than either of its components individually.

Ground state (K+1) & vg (K) Slopes

Slopes of Linear Plots (MHz)

20

Ground State

K2

Figure 5.33 A plot of the slopes of the linear plots for each K value of vs and the ground state of
HN3 vs K2, The ground state K values are shifted by one.
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Average of Ground state (K+1) & vs (K) Slopes
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Figure 5.34 A plot of the average of the slopes for the linear plots for each K value of vs and the
ground state of HN3 vs K2, The ground state K values were shifted by one before averaging

In Figure 5.35, we compare ABefrective (Obtained by subtracting the slope of the ground state
from the slope of the excited state) vs. K2 for vs and v4 to each other, and to a plot of the same
quantity (in cm™ instead of MHz) from the literature.® When converted to the same units, the two
plots not only have exactly the same shape, but lie on top of each other. This is an excellent
confirmation of the assignment in the millimeter-wave spectrum and the corresponding
assignments in the FTIR for both vs and v4. Despite the apparently erratic nature of the intercept
plots for both of these states, a local C-type Coriolis perturbation (Gc) can explain most of the
observed behavior. Figure 5.36 shows the average of the intercepts for vz and v4 of HN3, with the
K value offset by 1. The near-linear result confirms that source of most irregularity in the two
states individually comes from the C-type Coriolis resonance between them. The selection rule

for this perturbation is also AK = 1.
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Figure 5.35 A plot of ABefrective VS. K? for vs and v4 of HN3 from the literature® (a) and from our
own data (b). ABefrective IS Closely tied to the intercept plots.
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Figure 5.36 The average of the intercepts of vz and v4 of HNs. There is a K offset of 1

There are two excellent examples of Fermi resonance in our DNz data. One is between 2ve
and vs, and the other is between v4 and 2vs. The plots of the intercepts of the a-type R-branch
series for these two pairs in DNs are shown in Figure 5.37 and Figure 5.38. Again these are

situations where the individual plots look misshapen, but matching them with the analogous plot
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from the perturbing state is extremely telling. The matrix elements for these perturbations are
proportional to the cubic force constants, which have been calculated. The magnitude of the cubic
force constant for the interaction between 2ve and vs is almost 6 times larger than for v4 and 2vs
(keez = -76.85 and kssa = 13.38). Indeed, the stronger apparent perturbation is observed for 2ve

and vz in Figure 5.37.

DN; 2v¢ & v, intercepts vs. K?
22,360 -
22,340 -
22,320 -
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0 5 10 15 20 25 30 35 40
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Figure 5.37 Plots of the intercepts from analysis of the a-type R-branch series of 2vs and vs of
DNs. There is an apparent Fermi resonance between these two states.
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Intercepts of v, & 2v: vs K?
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Figure 5.38 Plots of the intercepts from analysis of the a-type R-branch series of v4 and 2vs of
DNs. There is an apparent Fermi resonance between these two states.

The strong local Fermi resonance between the low K (0 through 3) states of 2vs and vz of
DN3s manifests itself in the millimeter-wave spectrum (Figure 5.37) and also in the ragged pattern
of the observed K energies derived from analysis of the high resolution FTIR vs and 2ves bands

(Figure 5.39).
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Experimental K energies for v and 2v, of DN, 2ve
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Figure 5.39 A closer view of the crossing of the 2ve and vs states of DN3 between K =1 and K =
2.

The resonance is particularly strong because of the large value of ksss and the K energy crossing
of these two states between K = 1 and K = 2. The observed K energies for a particular K can be

found by diagonalizing a two by two matrix

Hv3,K HFermi]
HFermi H2v6,K

with the eigenvector matrix

[—cos 6 sin 0]
sinf cos#@
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The eigenvalues (the observed K energies) can be denoted E,,, x and E3, . Foraproperty X, e.g.,

the value of 2 in state K, the Fermi perturbed values can be calculated from the

2 effective

unperturbed ones by

xFermi = X, cos? 0 + X, sin? 0 (5.6)
and

x5ermt = X, sin? @ + X,,, cos? 6 (5.7)

It can be seen from these two equations that Fermi resonance always pulls the two
properties together in this mixing of their wavefunctions. Because the unperturbed microwave
intercepts for vs are all below the corresponding ones for 2vg, they are pulled down by the Fermi
resonance, while those for 2ve are pulled up towards those of vs, as is evident in Figure 5.37 (and

for v4 and 2vs in Figure 5.38).

The two above equations also lead to

X;‘lfrml_XFermL

=6 3 = cos260 (5.8)

XZUG _X‘U3

Theta can be determined from the data shown in Figure 5.40, which shows the subtraction of plots
in Figure 5.37, which is essentially the numerator of the equation above. The K values 4,5, and 6
are reasonably unperturbed (at least by the Fermi resonance), and provide an acceptable
approximation of the denominator in the equation above by their linear extrapolation. Using this
value of @ for a given K, we can apply the inverse eigenvector transformation to the K energies

shown in Figure 5.39 to reconstruct the undiagonalized matrix whose diagonal elements are the
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deperturbed K energies H, x and H,,,_ g, and whose off diagonal elements are Hrep,; = %. We

have carried out this analysis to give the deperturbed K energies shown in Figure 5.41 and to
estimate the value of the cubic force constant kses. The values obtained for K= 0 and 1 are
reasonably consistent (15.8 and 14.6 cm™) which corresponds to a ksss approximately equal to 61
cm™ This is in reasonable agreement with the magnitude of the previously mentioned ab initio

value of 76.8 cm™.
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Figure 5.40 Plot showing the subtraction of the intercept plots for 2ve and vs shown earlier in
Figure 5.37. A line has been fit to the values for K=4, 5 and 6 which are nearly unperturbed.
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Deperturbed K energies for v; and 2v, of DN,
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Figure 5.41 The deperturbed K energy levels for vz and 2ve. The curves are dramatically smoother
than the perturbed levels shown in Figure 5.39.

An examination of the deperturbed K energies in Figure 5.41 shows that the vz K energies
lie on a quite straight line, while those for 2ve are more curved. This curvature is from the separate
Ga perturbation, which is examined in detail elsewhere in this chapter. For the consideration of
the Ga perturbation, these Fermi deperturbed K energies are the appropriate ones to use. This is
obvious from Figure 5.42 which shows the deperturbed K energies, the experimental K energies,
and the K energies predicted from Equation (5.1) and Equation (5.2) using Ga and other constants
derived from vs and ve data. The close agreement between deperturbed and predicted K energies

for K=0, 1, and 2 validates both equations and indicates that this prediction method will be very
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useful for the other three overtone states. The agreement between the observed and predicted K

energies is not nearly as good for these K levels.

2v observed, deperturbed, and predicted K energies
1400 -
1350 - g
£
(&S]
~ 1300 -
2
=2
[«B]
5 1250 - 2
\'d
&
1200 - a
o
1150 $ T T T T 1
0 2 4 6 8 10
K2

Figure 5.42 Plot of the observed 2ve K energies for DN3 (green diamonds), the deperturbed K
energies (blue triangle), and K energies predicted with equations (5.1) and (5.2) (red squares)

Even though the crossing is very similar for v4 and 2vs, the wavefunction mixing is
dramatically less, because of the small value of kass compared to kses. It should be remembered
that the degree of mixing is proportional to the square of these cubic force constants. The Fermi
resonances in HN3 have the same cubic force constants, but different K energy positions, and are

yet to be analyzed.

Head-to-head comparisons of the intercept plots for the two states believed to be perturbing

each other have been useful in confirming line assignments, but comparison of our plots to

. . . B+C
literature data has also been useful. For several vibrational states, a value of -~ has been
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published for multiple K levels, but not the actual transitions. For example, in the case of 2vs, no
IR transitions have been published, but the B+C values for K = 0 through 3 were reported as
22312.39, 22291.72, 22333.64, and 22351.68 MHz respectively.’® Our assignments yielded linear
plot intercepts of 22311.54, 22289.92, 22328.77, and 22,341.75 MHz for these states. A plot of
the differences of these datasets is shown in Figure 5.43. The resulting straight line is clear
confirmation that our assignments are in agreement with the results of the IR study. The origin of
the non-zero slope is most likely an unreported distortion term used by the authors of the FTIR
study. Similar subtraction plots were used for both vz and v4 in both HN3 and DN3z with similarly

straight but sloped straight lines, further confirming all of those assignments.

2vg FTIR B+C - MMW intercepts
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[op]

SN

N

FTIR(B+C)- MMW Intercepts (MHz)

Figure 5.43 A plot of the differences between the literature B+C values for K states of 2v6'° and
our linear plot intercepts for these same states vs K2.
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Analysis of splitting of a-type lines

A further tool in the assignment of lines belonging to the K=1, K =2, and K = 3 transitions
was the analysis of the magnitude of the splitting between the non-degenerate K(+) (Kprolate + Kobate
= J for both states) and K(-) (Kprolate + Kobiate = J+1 for both states) transitions. Figure 5.44 shows
a graph of the differences between the non-degenerate pair of K = 1 a-type R-branch transitions
for vs of DN3. At the low end of our spectrometer’s frequency range, the Jupper = 11 K = 1(-)
transition (11 111 € 10 110 at 243744.09 MHz) and the Jupper = 11 K = 1(+)transition (11 110 € 10
19 at 247979.45 MHz) are separated by 4235.36 MHz. At the high end of our spectrometer’s
frequency range, the Jupper = 19 K = 1(-) transition (19 1 19 €< 18118 at 420835.28 MHz) and the
Jupper =19 K = 1(+) transition (19119 € 18118at 428134.97 MHz) are separated by 7299.69 MHz.

Figure 5.44 shows that the separation between these lines is directly proportional to the Jupper value.

K = 1 splittings of v; of DN,

‘= 5000 -

1 separat
S
o
o
o
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2
2000 - y = 384.627922x
R? = 0.999982
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0 T T T 1
0 5 10 15 20

‘Jupper

Figure 5.44 Splittings of K = 1 a-type R-branch lines plotted vs. Jupper-
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The separations in the non-degenerate K = 2 a-type R-branch transitions are shown in

Figure 5.45. At the low end of our spectrometer’s frequency range, the Jupper = 11 K = 2(-)
transition (11 210 € 10 29 at 245846.15 MHZz) and the Jupper = 11 K = 2(-) transition (11 29 €< 102
g at 245966.61 MHz) are separated by 120.46 MHz. At the high end of our spectrometer range,
the Jupper = 19 K = 2(-) transition (19,18 < 182 17at 424486.88 MHz) and the Jupper = 19 K = 2(+)
transition (19217 € 182 1sat 425107.25 MHz) are separated by 620.37 MHz. The splitting in the
K = 2 lines clearly increases faster with J than in the case of K = 1, with a linear plot achieved

when the splitting is graphed vs. (Jupper-1) Jupper (Juppert1).
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Figure 5.45 Splittings of K =2 a-type R-branch lines plotted vs. (Jupper-1)Jupper(Juppertl).

The splittings in the K = 3 transitions in the a-type R-branches are measureable for some

but not all J values. These splittings are generally larger in DN3 than in HN3. Often the magnitude
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of the splitting is close to our ability to resolve individual lines, so they may appear as a single line
in the spectrum, a broad line, two intermingled lines, or two clearly resolved lines. Figure 5.46
shows the splittings in the a-type R-branch lines for vs of DN3, where more of the lines are clearly
resolved than for most other states, plotted vs. (Jupper-2)(Jupper-1)Jupper(Jupper+1)(Juppert2). At the
low end of our spectrometer’s range, the Jupper = 11 K = 3(-) transition (11 39< 10 38 at 245842.96
MHz) and the Jupper = 11 K = 3(-) transition (11 33<10 37 at 245843.45 MHz) are separated by
0.49 MHz. At the high end of our spectrometer range, the Jupper = 19 K = 3(-) transition (193
17€183 16 at 424603.13 MHz) and the Jupper = 19 K = 3(+) transition (19 316€ 18315 at 424612.05
MHz) are separated by 8.92 MHz. The excellent linear fits found in Figure 5.44, Figure 5.45, and

Figure 5.46 all were constrained to have intercepts at zero.
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K = 3 Splittings of vs vs. (J,5per-2) (Jupper~L)Jupper(Juppert1) (Juppert2) fOr DN
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Figure 5.46 Splittings of K = 3 a-type R-branch lines plotted vs. (Jupper-2)(Jupper-
1)Jupper(Jupper+1) (Juppert2).

An alternate way to plot this same splitting data is to divide the splittings by Jupper for K=1,
(Jupper'1)Jupper(~]upper+1) for K=2 and (Jupper'z)(Jupper'l)Jupper(Jupper+1)(Jupper+2) for K=3, each series
is then plotted vs. Jupper, and the intercepts deriving from K= 1, K =2, and K = 3 can be called S,

Sz, and Ss, respectively. Many years ago, Wang?® showed that for a rigid asymmetric rotor

(unperturbed).
S,=B-C (5.9)
1 (B-C)?
S =35 (5.10)
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3 (B-0)®
3 210 (A—BT"'C)Z

(5.11)

These formulas apply directly to the ground states of HNs and DNs. The difference B-C is

determined directly from the K = 1 splittings (S1) and if A — % is known, B-C can also be found

from the K = 2 or K = 3 splittings (S2 and S3). In an early microwave paper, before A — % was
known from b-type transitions or FTIR data, Winnewisser and Cook'! combined the K=1 and K=2
splitting data to determine A — BZLC. In current analyses of the millimeter-wave data, the K=1, K
=2, and K = 3 splittings provide all of the available information about the value of B-C.

In the presence of the A-type Coriolis perturbation (Ga), the formulas for S; and S, (and
also Sz) must be modified. The analysis of the Ga perturbation plays out differently for K =1 and

K = 2, but in both cases the matrix of the perturbed asymmetric rotor must be expressed in the

Wang basis. For K =1, this Hamiltonian matrix is

0
]/5 K = 1(-'—) I[El,VS + VVVS 0 0 Ga ]
0
vs K = 1(-) 0 Eiv, — Wy, Gq 0 (5.12)
Ve K = 1(+) 0 Gq ED,, + Wy, 0 '
Ve K =1(-) G, 0 0 EQ, — W,

Here W = W11 is the rigid rotor matrix element between K = +1 and K = -1.1t may be noticed that
the Ga element connects (+) to (-) and (-) to (+), which results from the a-type selection rules
pertinent to the A-type Coriolis resonance (AKobiate = 1). Applying second order perturbation

theory to this matrix yields the following formulas for the perturbed splittings

Gg?

T o 0
(El,v6 _El,vs)z

(Sl,vs + Sl,vs) (5-13)
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Gg?

0 0
(El,v6 _El,vs)z

(Sl,vs + Sl,vs) (5-14)

Ga _
51,1/6 - 51,1/6 -

where the unperturbed S constants on the right hand side of the equation are given by Wang’s
formula. These can be corrected for centrifugal distortion ok by substituting (B-C)-40k for B-C.

These equations show that the S for both states are shifted down by exactly the same amount.

To understand the splittings for K = 2, the Wang basis Hamiltonian matrix involving K =

0 and K = 2 must be considered.

[ HOO,V5 \/EHOZ,VS 0 0 O 0
\/EHOZ,V5 H22,V5 0 0 O ZGa
0 0 H 0 2G 0
22,vsg a (5'15)
0 0 0 Hoowy, V2Hery, O
0 0 2Ga \/EHOZ,VG H22,v6 0
0 2G, 0 0 0 Hjz |
Applying second order perturbation theory to this matrix yields
Ga _ Gq?
st =Son. (V4 ) 19
Ga _ _ Gq?
st Son (1 G ) 40

These equations show that S, _is shifted upwards, while S, ,, is shifted downward by the same
percentage. These equations for K = 1 and K = 2 have been tested for the vs and ve states of DN3
with great success. For 2vs and 2ve, the magnitude of the shifts are roughly twice as large because
Ga must be replaced with v2G,. This is confirmed by the actual splitting data for these states. For

vstvs, and K = 1, the effects of the two perturbations are reinforcing, which leads to a large shift.
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For vs+vg, and K = 2, the effects of the two perturbations tend to cancel, leading to splittings similar

to those in the ground state. These expectations are also consistent with the observed splittings.

For HN3, Ga is larger, because of the larger A rotational constant and the vibrational
separation between vs and ve is smaller, making these corrections all larger. Second order
perturbation theory will also be less accurate in the case of HNs. We are hopeful, however, that

this kind of analysis will be very helpful in the assignment of a-type R-branches for vs+vs and 2ve.

Analysis of b-type transitions

Pure rotational P, Q, and R-Branches have been found for many of the vibrational states
studied. The perturbation of individual K states drastically changes the frequency of b-type
transitions, as does the massive difference in the A rotational constants between HNs and DN3, so
there is a great deal of variation in the transitions observed for each state. Table 5.4 isa
summary of the observed b-type lines for HNs. Table 5.5 is a summary of the observed b-type

lines for DN3
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Table 5.4 Summary of observed J values (Jupper reported) for b-type lines for each state of HNs

Branch  Kupper Kiower Ground s V6 2ys vst v va 2ve V3
P 10 00 3340 | 13.20 | 3033 4146 2526
R 1 o) 7-16
Q 1(+)  0(+) 117
0 14)  10) 46-58
P20 10 |50 | arae
P20 10) o2
P20 o) e




177

Table 5.5 Summary of observed J values (Jupper reported) for b-type lines for each state of DN3

Branch Kupper  Kiower Ground vs Ve 2vs vst v W 2ve V3
Q 1(+) 0(+) |1-36 18-42 1-7
1-3 1-8 2-4
P 10 0™ 12431 | 1926 | 2935 2529 | 713 |2
R 1) 0(+) |15 2-11
22-28 | 10-16 | 35-40
P 20) 1M | 4750 | 36-41 | 58-61
P 2(+) 1() |2745 |11-20
P 3(-) 20+ 36-40
P 3(+) 2() |60-64 |38-42

The b-type transition frequencies, like those for the a-type transitions, can be used to make

plots with smooth curves that serve to confirm assignments, and can also be used to extract

spectroscopic constants prior to attempting a full fit of the dataset. A Fortrat plot can be used to

analyze b-type R-branch transitions and P-type transitions (both with *positive’ and ‘negative’
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frequencies) simultaneously. The following equations show how a Fortrat plot is constructed, and

how the coefficients of polynomial fits of these plots relate to observable spectroscopic constants.

Simple expressions for the energy of two rotational states are shown below. The B and D
variables are the effective rotational constant and centrifugal distortion constant for the K state in

question.
Upper State energy E'yy = E; + B'J'(J' + 1) = D'J"*(J' + 1)? (5.18)
Lower State Energy E" ;i = Ef' + B"]"(J" + 1) — D"J"*(J" + 1)2 (5.19)

The transition frequency between these states should simply be the difference in their

energies.
Transition Frequency v(J) = E'yy — E" (5.20)

Depending on the quantum numbers of the two states, the transition is classified as a P, Q,
or R-branch transition. The P and R-branch transitions are most useful for Fortrat plots.

Expressions for the energies of P- and R-branch transitions are shown below.
R-branch:  Lower state /"' =] Upperstate J' =] + 1 R() =Ejy, — EY)
R(J))=B.0.+(B'+B")J+1)+ B -B"D'+D")J+1)?>-2(D’+D")(J +1)3

—(D' - D")(J + 1)* (5.21)

P-branch:  Lower state /"' =] Upperstate ]’ =] — 1 P(J)=E_,—E"
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P(J)=B.0.+(B'+B")(=])+ (B'=B"D' + D")(—])?* = 2(D’ + D")(—))3
—(D" = D")(=D* (5.22)
The previous equations can be generalized by substituting J terms as follows:
For R-Branch: m=J]+1 For P-Branch: m=—J
v(m) =B.0.+(B'+ B")(m)+ (B' = B"—D' + D")m? — 2(D' + D" )m?3
—(D' = D"Yym* (5.23)

This equation can be used to make a Fortrat plot to analyze both R and P-type transitions at the
same time. For all of the Fortrat plots we have looked at, 4" order polynomials have given good
fits to the data, but sometimes 6™ order polynomials give even better fits. Spectroscopically, a 6"
order polynomial represents the inclusion of H centrifugal distortion terms in the polynomial fit as

follows:

v(m) =B.0.+(B'+B")Ym+ (B’ ' —B" —D' —D"Ym? +[-2(D'+D") + (H' + H")]m3 +

[-(D' = D") + 3(H' — H")]m* + 3(H' + H")m® + (H' — H")m® (5.24)

Figure 5.47 shows a Fortrat plot of the b-type transitions between the K = 0(+) and K= 1(-
) states. The plot combines multiple datasets. The m values between 19 and 42 come from FIR
R-branch transitions.* The m values between 1 and 5 come from our MMW data of R- branch
transitions. The m values between -2 and -4 come from our MMW data of P-branch transitions
with “positive’ frequencies.!* The m values between -5 and -13 come from literature MMW/ MW

P-branch transitions with ‘positive’ frequencies. The series then ‘passes through zero’ with the
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relative energies of the K = 0(+) states now above the energies for the K = 1(-) states. The m values
between -15 and -23 come from the MMW/MW P-branch transitions with ‘negative’ frequencies.
The m values between -24 and -31 come from our MMW P-branch transitions with ‘negative’

frequencies. This impressive dataset can be fit well with either a 4" or 6" order polynomial.

DN, ground state K = 0(+) to 1(-) Fortrat plot

40 -
30
20 -
'E d|
L
>
c
S
g I T O T T T T 1
LL-40 -10 ) 10 20 30 40 50
S
2
I -10
S
|_
-20 - m

y = 3.422182E-07x* - 1.708243E-06x® - 3.213821E-03x? + 7.411785E-01x + 1.112352E+01
R2 = 1.000000E+00

y =-1.523113E-11x5 + 1.385027E-10x" + 3.737050E-07x* - 1.825235E-06x3 - 3.230128E-03x? +
7.411797E-01x + 1.112466E+01
R2 = 1.000000E+00

Figure 5.47 A Fortrat plot of pure rotational b-type transitions between K = 0(+) and K = 1(-)
states spanning the microwave, millimeter, and infrared frequency regions.
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Figure 5.48 shows a Fortrat plot for the K = 0 to 1(-) P-branch transitions in the v3 state of

HNs. While the breadth of the dataset is less impressive than the Fortrat plot shown in Figure 5.47,
a Q-branch involving the K = 0 and 1(+) levels is observed in our frequency region, which allows

a fruitful comparison between Figure 5.48 and Figure 5.49 described below.

vy Fortrat plot for K =0 to 1(-) b-type

-1 400000

<4 300000
y = 0.00067626x* - 0.02095307x° - 35.11979672x2 + 23,766.50252798x + 350,127.1203402

R2 =1.00000000
4 200000

+4 100000

0

-35 -30

-100000

4 -200000

<4 -300000

<4 -400000

- -500000

Figure 5.48 A Fortrat plot for the K =0 to 1(-) P-branch transitions in the vz state of HNs.

For Q-branch transitions, their energies can be expressed as follows below. The
contributions from D, H, and L centrifugal distortion terms are neatly separated into the quadratic,

cubic, and quartic coefficients, respectively.

Q-branch Lower state J"' = J Upper state J' =] Q) =E - E"
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Q) =B.0.+(B'=B")JJ+1) = (D' =D")?*(J+ 1)+ (H —H"J3(J +1)% —
(L' =L*J +D* (5.25)

When The transition frequencies for the Q-branch transitions are plotted vs J(J+1), the
intercept is the band origin, the slope is the difference in effective rotational constants (B-B"), the
quadratic term is minus the difference in effective D constants (D'-D"), the cubic term is the
difference in effective H constant (H’-H') and the quartic term is minus the difference in the
effective L value (L"-L'). Some of the same information can be extracted from the Fortrat plot,
and some of this information can be extracted from the analysis of the a-type transitions in Figure
5.22. Figure 5.49 shows Q-branch transitions vs J(J+1) for the Q-branch involving the K = 0 and
1(+)in the vs state of HNs. In this case only a quadratic polynomial is required to fit the data. Note
that the intercept of the Fortrat plot is 350,127 MHz and that for Q-branch plot is 350,126 MHz,
which is the band origin for these transitions. This agreement is excellent in view of the the fact

that both intercepts are outside the respective data ranges.



183

v b-type Q-branch vs. J(J+1)
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Figure 5.49 Plot of HN3 v3 b-type Q-branch transitions between the K = 0(+) and 1(+) states vs.
J(J+1).

Perturbation Analysis

In the above analyses we have confirmed initial assignments of hundreds of series of lines,
including some very perturbed series. We have also extracted some spectroscopic constants from
these analyses. To build working multi- vibrational state fits we need to also include appropriate
perturbation terms with good starting values. We believe there are ~18 perturbation terms worth
considering within the eight states studied for both HNsz and DNs, occurring both within each
polyad and between them. We have endeavored to get starting values for as many of these terms
as possible, from the literature, from calculations, and from the analysis of various graphs of our

assigned lines.

There is a centrifugal distortion interaction between the ground vibrational state and vs,

which we refer to as Wos. The effects of this interaction for HNz are shown in Figure 5.31. Itis
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clear that the perturbation exists between states with AK = 1. For this perturbation AJ = 0.
Literature values for this term are available for both HN3 and DN3.>® Inclusion of this term in our
three-state fits allowed us to successfully assign ground state transitions up to K = 10 for HNz and
Kp = 11 for DN3 (see Table 5.8 and Table 5.9). A similar perturbation term should occur between

vs and 2vs as well as ve and vs+ ve.

The A-type Coriolis (Ga) between vs and vs, ve and va, 2vs and vs+ vg, as well as vs+ ve and
2ve can be estimated. Estimating these terms requires knowing the calculated harmonic Coriolis
coupling constant (%), the equilibrium A. rotational constant, and the vibrational energies of the

perturbing states (v and w’).

Go = 04, (5.26)

There are also local 2" order A-type Coriolis interactions where AK = 2. We refer to these as Fa.

We have not yet implemented a practical way to estimate these terms.

There are local B-type Coriolis interactions between vs and ve, ve and va, 2vs and vs+ ve, as
well as vs+ vs and 2vs. These exist between vibrational states of different symmetry and rotational
states of AJ = 0 and AK = 1. These can be estimated from the calculated harmonic Coriolis
coupling constant ((B) for the pair of states, the equilibrium B rotational constant, and the

vibrational energies of the perturbing states (w and ).

w+w/!

G = I

(BB, (5.27)
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The local C-type Coriolis interactions between v4 and vz can be estimated from the
calculated harmonic Coriolis coupling constant (¢©) for the pair of states, the equilibrium Ce

rotational constant, and the vibrational energies of the perturbing states (w and w").

Ge = ==(°C, (5.28)

The effects of this perturbation between vs and v4 for HN3 can be seen in Figure 5.35.
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Table 5.6 A list of known or probable perturbations amongst the lowest eight vibrational states of
HN3, Calculated (CCSD(T)/ANO2) or experimental values for these constants are given where
known.

Centrifugal Distortion Perturbation (Wos)

AJ = 0 AKprolate = 1

Ground | vs Literature:® 0.04261(7) cm™ =1277(2) MHz
3-state fit: 1028.78(63) MHz

V5 2vs

V6 vst Ve
A-type Coriolis (Gaor Z?) 1%t order

AJ = 0 AKprolate = 0 (different symmetry)

Vs V6 Literature calculation:>?* 38.06 cm™= 1,141,600 MHz
3-state fit: 1,140,413(293) MHz

Calculation: 1,096,000 MHz

Ve V4 Calculation: 548900 MHz

2vs vs+ ve | Calculation: 1,094,000 MHz

vst+ve | 2ve Calculation: 1,094,000 MHz

A-type Coriolis (Faor n®) 2" order

AJ= 0 AKprolate = 2 (different symmetry)

Vs V6 Literature: 0.000322(8) cm™ = 9.65(24) MHz

3-state fit: 6.87(54) MHz

V6 V4

2vs v5+ Vg
vs+ve | 2ve
B-type Coriolis (Gb or ZP) 1%t order

AJ= 0 AKprolate = 1(different symmetry)

V5 V6 Literature: .06252 (13) cm™ = 1874 (4) MHz
3-state fit: 1911.5 (11) MHz

Calculation: -1173 MHz

V6 V4 Calculation: 1684.62 MHz

2vs vs+ v | Calculation: -1171 MHz

vstve | 2ve Calculation: -1171 MHz

C-type Coriolis

AJ= 0 AKprolate = 1 (Same symmetry)

V4 | vs | Calculation: 5818 MHz

Fermi Resonance

AJ = 0 AKprolate = 0

V4 2vs Cubic force constant ksas = 13.38

2vs V3 Cubic force constant kess= -76.85
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Table 5.7 Summary of known or probable perturbations amongst the lowest eight vibrational states
of DN3, Calculated (CCSD(T)/ANO2) or experimental values for these constants are given where

known.

Centrifugal Distortion Perturbation (Wos)
AJ=0 AKproIate =1

Ground | vs Literature:® 0.0312(6) cm™ = 935 (17) MHz
3-state fit: 1313(12) MHz

V5 2vs

Ve v5+ Ve

A-type Coriolis (Gaor Z?) 1%t order
AJ = 0 AKprolate = 0 (different symmetry)

Vs Ve Literature calculation:®2* 18.86 cm™ = 565,400 MHz
3-state fit: 583,558.(405) MHz
Calculation : 620,800 MHz

Ve V4 Literature calculation:®2* 9.43 cm™ = 282,700 MHz
Calculation : 304,083 MHz
2vs vs+ ve | Calculation: 619,200 MHz

vst+ ve | 2ve Calculation: 619,000 MHz

A-type Coriolis (Faor n°) 2" order
AJ= 0 AKprolate = 2 (different symmetry)

Vs V6 Literature®: 0.00016(3) cm™ = -4.79(90) MHz
3-state fit: 4.58(14) MHz

V6 Vs Literature:® -0.00251 (4) cm™ = -75(1) MHz

2vs Vst Ve

vs+vs | 2ve

B-type Coriolis (Gb or Z°) 1%t order
AJ= 0 AKprolate = 1(different symmetry)

Vs V6 Literature:® 0.071(6) cm™ 2130(180) MHz
3-state fit: -1650.(14) MHz
Calculation: -1107 MHz

V6 Va Calculation: 1556 MHz

2vs5 vs+ vg | Calculation: -1105 MHz

vst+ ve | 2ve Calculation: -1104 MHz

C-type Coriolis (Gc)
AJ= 0 AKprolate = 1 (Same symmetry)

V4 | v3 | Calculation: 5444 MHz

Fermi Resonance
AJ = 0 AKprolate = 0

V4 2vs Cubic force constant kss4 = 13.38

2ve V3 Cubic force constant kgzz= -76.85
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Simultaneous fits of the ground, vs, and v states of DN3

Using the line assignments and approximations for spectroscopic constants derived from
the literature and the body of work above, we have begun the task of fitting multiple vibrational
states simultaneously. Table 5.8 shows our three-state fit of the ground vibrational state, vs and ve
for DNs.

This fit uses FTIR ro-vibrational transitions from the literature,® as well as

MMW/MW/FTIR pure rotational transitions from the literature.'*

Table 5.8 The results of a 3-state fit of the ground, vs, and ve states of DN3z. This fit used our
millimeter-wave data, as well as published microwave,* FIR,* and FTIR® data.

Ground V5 V6
A (MHz) 344746.37(14) 335348.(174) 346692.(174)
B (MHz) 11350.6411(67) 11386.827(94) 11350.181(88)
C (MHz) 10965.2163(84) 10971.062(95) 10985.614(80)
A, (kHz) 4.2876(35) 4.360(10) 4.296(17)
A5 (kHz) 226.2(42) 315.3(45) 793.2(17)
Ay (kHz) 92720.(30) -83857.(708) 256865.(692)
J, (khz) 0.17025(17) 0.17133(58) 0.1328(43)
Oy (kHz) 196.6(26) 277.(16) 269.(14)
D (Hz) 0.664(40) 0.31(80) 6.4(11)
D, (Hz) 376.(15) -693.(75) -1711.(56)
D, (Hz) 108592.(849) -796330.(21873) 1182760.(18725)
Ly (mHz) 977.(83) -4883.(1038) 11738.(865)
L (mHz) -145790.(5350) 6154600.(202995) -9418700.(196701)
E (MHz) 0 14862133.8(17) 17583090.0(18)
N lines MMW 310 215 141
N lines IR 620 349 541
c MMW(MHz) 0.352 1.23 2.02
IR (Cm'l) 0.00246 0.00513 0.0159
Ga 583558.(405)
Fa 4.58(14)
Gob -1650.(14)
Wos 1313.(12)
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Kisiel’s PIFORM program?® is a useful tool which reformats the output of SPFIT, showing

the o values for each state independently, and also differentiates between the o value for microwave
and IR transitions. PIFORM also corrects the statistical errors on the parameters to standard errors.
It can be seen in Table 5.8 that the o values are much higher than our measurement error. This can
be rationalized, at least in part, by the Coriolis interaction between ve and va, which is entirely
unaccounted for in this three-state model. Indeed, the highest errors are seen in vs, followed by vs
which is strongly coupled to ve by the global Ga term. Hints of the importance of this Ga term can
be seen elsewhere in Table 5.8. Notably, the vs and ve states share a large identical error in their
A rotational constant of 174 MHz. Additionally, the Ak value for both the vs and vs states is wildly
unphysical at -83.9 MHz and 256.9 MHz, but their average is 86.5 MHz, which is close to the

ground state value for Ak of 92.7 MHz.

To better understand the Ga perturbation between vs and ve, we examine the two by two
sub-block of the non J-dependent Hamiltonian matrix for vs and vs for a given fixed K. This is an
extrapolation to a hypothetical J = 0 situation, so its eigenvalues should be equal to the intercepts

of our “linear plots’ for vs and vs for that K.

EQ + (Ag — “T)K? — Dy oK* + Hy 6K® G K
e (5.29)
5 5

G.K ES + (As — =9)K? — Dy sK* + Hy 5K

_ E£+Eg+(A6——Bf’JZFCG)+(A5——BSJZFCS)KZ

_ Dkt Dgs K+ Hg e ;‘ Hg s ks (5.30)
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j[(Eg — EO) + ((A6 ~Batlo) (a5 BS+C5)> K? — (D — Dys)K* + (Hys — Hys)KS]? + 4G2K>

2

+

Aaverage = Zke? ks (531)

2

_ Eg+E§+(A6——2 )+(As——2 )KZ_DM+DK_E-,K4+1L1K_6+HK_5

6
2 2 2 2 K

Adifference = EK,6 - EK,S (532)

B, +C B +C
= J[(Eg —E%) + <<A6 - > 6) - <A5 - > 5))1(2 — (Dy¢ — Dgs)K* + (Hg 6 — Hg 5)K6]? + 4G2K?

(s — Ee)” = (8= 89 + {208 - 89 [ (4, - =—=2) - (4 - =—=2) | + aci} i

+ {[(A6 _ Bs -ZI- Cs) _ (As _Bs -ZI- Cs)]z -2 (EQ—EY) (Dke — DK,S)} K4 (5.33)

B, +C, B +C
{2 (EQ — E9) (Hy,s — Hys) — 2 (<A6 - - 6) - (AS -3 - 5)) (D6 — DK_S)} K® + -

The K energies Ek;s and Ex s for high K are determined from the infrared sub-band origins
for the vs and ve bands, respectively, and the Ek’s for the ground state, which come from the

analysis of the FIR pure rotational spectrum. Those for low K are best determined from the band
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origins of the Fortrat plots for MMW data. To extract the above J independent parameters from
linear least-squares fits, one should make two plots: an average plot and a difference plot. The

average of Ex and Exs should be plotted vs. K2 and fit to a cubic polynomial. The successive

coefficients yield the average of E% and EY%, the average of (A6 — 36;%) and (AS — BSZCS), the

average of Dy ¢ and Dy 5, and the average of Hy ¢ and Hy s, respectively. For the difference plot,
plotting (Ex ¢ — Ex.5)? vs. K? followed by a cubic polynomial fit yields the following successive

coefficients:

(Eg — E5)°

foce - s [ (0= 257) - (4 - 257 4

B¢ + Cq Bs + Co\1? . . (534)
{[(A(’ - T) B (AS B T)] — 2 (Eg — E9) (Dye — DK_S)}

Bg + C Bs + C
{2 (82 - 59) o = ) = 2 (= 2520) = (=225 ) s = D)}

The difference of the vibrational energies is straightforwardly determined from the square root of
the constant coefficient of the difference plot. It can be seen from the last three coefficients of the
difference plot that other difference parameters are highly correlated. The linear term depends on
the rotational constant difference and the Ga perturbation parameter, as well as the vibrational
energy difference, which is known from the constant term. The quadratic term depends on the
rotational constant difference and the Dk difference as well as the vibrational energy difference.
The cubic term depends on the rotational constant difference, the Dk difference, and the Hk
difference, as well as the vibrational energy difference. In order to solve for these parameters, a

simplifying assumption must be made, and the obvious choice is that Hy c — Hy s = 0. Having made
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this assumption, the value of Ga and the two remaining difference terms can be found from solving
the three equations. In the published infrared analysis, the authors chose to fix Ga to a previously
published ab initio value.?* Based on the above equations, this does not seem to be the optimal
choice, since any error in the ab initio value will force the rotational constant difference to non-

physical values.

It can be seen in Table 5.8 that the values for Dk in our 3-state DN3 fit are clearly non-
physical. This can be understood by the strong correlation of Dy ¢ — Dy 5 to the other difference
parameters. That being said, the average of Dy cand Dy 5 is 86.5 MHz, which is in reasonable
agreement with the ground state Dk value of 92.7 MHz. This expected because the average of

Dy ¢and Dy s is the quadratic coefficient in the plot of K-energy averages vs. K2,
Simultaneous fits of the ground, vs, and v states of HNs

A 3-state fit was also carried out for the lowest three vibrational states of HNs, This fit
proved more difficult to optimize than for DN3s, and in order to get the fit to converge to a
reasonable set of parameters we needed to exclude the all of the published mid and far IR FTIR
data, but we were still able to include published microwave and millimeter-wave transitions.
Without the IR transitions, we were unable to fit the relative vibrational energies of vs and vg, SO

we left them set to their literature values. This fit is shown in Table 5.9.



193

Table 5.9 A simultaneous three state fit of the ground, vs, and ve states of HN3. The fit includes
our own millimeter-wave data as well as microwave and millimeter-wave data''® from the
literature.

Ground V5 V6
A (MHz) 610738.61(52) 590181.(325) 622490.(328)
B (MHz) 12034.54(50) 12068.42(99) 12035.2(10)
C (MHz) 11781.13(50) 11783.94(99) 11801.6(10)
A, (kHz) 4.863(29) 4.758(46) 5.238(73)
A5 (kHz) 670.47(78) -963.5(53) 2690.0(56)
Ay (kHz) -26395.(462) -76880.(8526) -887160.(14740)
5J (Khz) 0.0831(45) -0.068(12) -0.194(39)
5K (kHz) 196.(251) 595.(213) 566.(241)
D, (H2) -0.031(11) -0.122(42) -0.143(85)
D (H2) -0.79(99) 34.7(37) -21.3(52)
D, (H2) 538.7(95) -27921.(158) 26027.(189)
E (MHz) [0] [16106838.47] [18178137.54]
N lines MM 188 136 82
o (MHz) 0.38059 0.75078 1.04039
Ga (MH2z) 1140413.(293)
Fa(MHz) 6.87(54)
Gb (MHZz) 1911.5(11)
Wos (MHZ) 1028.78(63)

With 3-state fits in hand for both HN3z and DN3s, we can compare the constants obtained
with those from extracted from the linear plots of the a-type transitions (Figure 5.17 through Figure
5.30) As shown in Table 5.10, Generally the B+C value derived from the value of the intercept
of the intercept plots is very consistent with the value obtained in the non-linear least-squares fit.
The values for 4;are also quite consistent. In the case of vs and ve 0f HN3, the values of 4« from
the three state fit do not match well with those obtained from the slope of the intercepts plots.
Averaging the Ak values of vs and ve gives 0.783 kHz for the plotting method, and 0.863 kHz for
the 3-state fit, and is thus another example of the average of these constants being much better

determined than their difference.
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Table 5.10 A comparison of the constants derived from the linear plots of the a-type R-branch
transitions and those found in the 3-state fits for the ground, vs, and vs states for HN3z and DN.

B+C (MHz) A (kHz) A3 (kHz)
HN3z Ground from a-type plots 23815.95 0.8283 0.0046
3-state fit 23815.67 0.6705 0.0049
HN3 vs from a-type plots 23852.73 0.4833 0.0043
3-state fit 23852.36 -0.963 0.0048
HN3 ve from a-type plots 23837.54 1.0836 0.00494
3-state fit 23836.8 2.69 0.005238
DNs Ground from a-type plots 22318.51 0.5315 0.00376
3-state fit 22315.857 0.226 0.00429
DNj3 vs from a-type plots 23852.73 0.3453 0.00379
3-state fit 22357.889 0.3153 0.00436
DNs3 ve from a-type plots 22337.43 0.5445 0.00393
3-state fit 22335.79 0.7932 0.004296

Summary

We have observed transitions from eight vibrational states of both HN3 and DN3. The task
of fitting these transitions to rotational constants is greatly complicated by the web of perturbations
that exist between them. Excluding some transitions from the datasets allows for single-state fits
of the ground vibrational levels, but analysis of the other states requires a multi- state fit. To geta
functional multi- state fit, the transition assignments must be solid, and reasonable starting
parameters for all of the constants, including the perturbation terms, must be known. In this
chapter the numerous methods of assigning and confirming lines without resorting to an overall fit
have been described. Numerous spectroscopic constants have also been estimated. We have been
reasonably successful with 3- state fits of the three lowest vibrational levels. The five upper levels
are strongly mutually perturbing, and it is critical for us to find the b-type transitions for 2vs and
vstvs Of DNs, as well as the a-type and b-type transitions for vs+vs and 2ve and the b-type

transitions of 2vs for HNs, in order to be successful. Our extensive study of these states and the



195
perturbations between them make us optimistic about obtaining an eight-state fit for each

isotopologue.
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The rotational spectrum of pyridazine (0-C4H4N,), the ortho disubstituted nitrogen analog of ben-
zene, has been measured and analyzed in the gas phase. For the ground vibrational state of the
normal isotopolog, over 2000 individual rotational transitions have been identified between 238 and
360 GHz and have been fit to 13 parameters of a 6th-order centrifugal distortion Hamiltonian. All
transitions in this frequency region can now be predicted from this model to near experimental ac-
curacy, 1.e., well enough for the purpose of any future radio-astronomical search for this species.
Three isotopologs, [3—‘3{“.]-('1,;[[41'\12, [4-13(“,}—(_14[]41\12, and [l—lsN]-C4TI4N2, have been detected in
natural abundance, and several hundred lines have been measured for each of these species and fit
to 6th-order Hamiltonians. Ten additional isotopologs were synthesized with enhanced deuterium
substitution and analyzed to allow for a complete structure determination. The equilibrium structure
(R.) of pyridazine was obtained by correcting the experimental rotational constants for the effects of
vibration-rotation coupling using interaction constants predicted from CCSD(T) calculations with an
ANOO basis set and further correcting for the effect of electron mass. The final R. structural param-
eters are determined with excellent accuracy, as evidenced by their ability to predict 28 independent
moments of nertia (I, and [, for 14 i1sotopologs) very well from 9 structural parameters. The ro-
tational spectra of the six lowest-energy fundamental vibrational satellites of the main isotopolog
have been detected. The rotational spectra of the five lowest-energy vibrational satellites have been
assigned and fit to yield accurate rotational and distortion constants, while the fit and assignment for
the sixth is less complete. The resultant vibration-rotation interaction (o) constants are found to be
in excellent agreement with ones predicted from coupled-cluster calculations, which proved to be
the key to unambiguous assignment of the satellite spectra to specific vibration modes. © 2013 AIP

Publishing LLC. [http://dx.doi.org/10.1063/1.4832899]

INTRODUCTION

The existence of aromatic compounds in a variety of
harsh reaction environments, including combustion, planetary
atmospheres, and interstellar space, is a topic of considerable
current interest.! Spectroscopic detection and characteriza-
tion of molecular species in these environments rely on the
availability of high quality laboratory spectra. Although the
millimeter and submillimeter rotational spectra of nitrogen-
substituted derivatives of benzene (CgHg), such as pyridine
(CsﬂsN)z and pyrimidine (m-C4HyN» )* have been measured,
the spectrum of pyridazine (0-C4HyN; shown in Fig. 1) at
those frequencies has not. In the microwave (cm-wave) re-
gion (9-33 GHz), the rotational spectrum of pyridazine was
first reported in 1967 by Wemer ef «l* In addition to the
normal isotopolog, they observed the [3-C], [4-1*C], and
[1-1°N] isotopologs in natural abundance and fit their spec-
tra to a Hamiltonian with 4th-order centrifugal distortion.

These cm-wave spectra are complicated by the presense of

quadrupole hyperfine structure due to N atoms. A partial
substitution structure (R,) determination of the aromatic ring
was completed using the isotopolog data, but a full struc-
ture determination was not possible. This was because the

0021-9606/2013/139(22)/224304/13/$30.00
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Kraitchman® analysis requires additional isotopic substitution
(deuterium) to locate the hydrogen atom positions, and due to
the proximity of carbon atoms C3 and C6 to the & principal
axis, which made determination of the corresponding a co-
ordinate very inaccurate. Lopez et al.® provided a more pre-
cise measurement of the hyperfine coupling constants using
molecular beam Fourier transform microwave spectroscopy.
This investigation refined the rotational constants A, B, and
C, but fixed the distortion constants to those determined in
the original 1967 effort. Together these two papers provide
rotational constants and distortion constants for a 4th-order
Hamiltonian based upon rotational transitions with Jypp., from
1 to 12. Much more accurate rotational and distortion con-
stants, and thereby a more accurate structure determination,
can be obtained if millimeter-wave rotational transitions with
higher J values can be measured. These higher J transitions
are ideal for laboratory or other detection, since the maximum
absorption intensity for a molecule like pyridazine (A + B +
C 72 15 GHz) at room temperature will occur for J 2= 40,7
Aromatic species, like pyridazine, are of fundamen-
tal interest to the chemistry of the interstellar medium
(ISM) and their detection would aid in the understanding of
astrochemical abundances and reactions. Unfortunately, the

@ 2013 AIP Publishing LLC
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FIG. 1. Structure of pyridazine (CyHyN2) with principal axes labeled. The
midpoint between the two nitrogen atoms lies on the positive a axis. Image
produced by WebMO.?

prototypical aromatic compound, benzene, possesses no per-
manent dipole moment (D, symmetry) and is therefore
not observable by radio astronomy. The reported observa-
tion of the 673.9732 cm™' infrared absorption of benzene
in the interstellar medium with the Infrared Space Observa-
tory (ISO)? prompted an increased desire lo detect related
aromatic species. Unfortunately, to date, no six-membered
aromatic benzene analogs or derivatives have been unam-
biguously detected,'™'" despite several searches in the ISM
for similar species such as o-benzyne,'* pyridine,!® and
pyrimidine.'* Not only are these species interesting in their
own right, but their presence would provide indirect evidence
to support the infrared detection of benzene. To the best of
our knowledge, pyridazine itself has not yet been the sub-
ject of an interstellar search, likely due in part to the lack
ol published laboratory millimeter and submillimeter-wave
spectra. One could imagine that the nitrogen-containing ben-
zene analogs could arise in the ISM from a substitution of
HCN, HNC, or N» for acetylene, or cyanoacetylene for di-
acetylene, in the proposed pathways for the interstellar pro-
duction of benzene.'*'¢ The two nitrogen atoms in pyridazine
give rise to a dipole moment of = 4.22 D,* which is approx-
imately twice that of pyridine (;z = 2.19 D),"* and pyrim-
idine (. = 2,39 D),'"* and much larger than o-benzyne (u
= 1.38 D).!7 This leads to an intrinsically very strong rota-
tional spectrum, which is quite beneficial in detecting small
abundances.

EXPERIMENTAL AND COMPUTATIONAL
METHODS

The rotational absorptions presented here are the first
measurements made using our newly upgraded millimeter-
wave and submillimeter-wave spectrometer, which is based
upon the instrument described previously.'® ' The new sys-
tem uses tone-burst modulated radiation produced by a Fluke
& Phillips PM 5193 SM programmable synthesizer, an Ag-
ilent MXG signal generator N5183A (0-20 GHz), and a
Virginia Diodes x 18 amplifier-multiplier chain. The 238-
360 GHz radiation is passed through a 10 ¢m diameter by 3m
length free space absorption cell, and the transmitted radiation
is detected by a Virginia Diodes zero-bias detector. This de-
lector operates al room temperature, which offers advantages
in terms of both convenience and cost relative to the earlier
liquid-helium cooled InSb detector. The entire spectral range
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exhibits a fairly flat frequency response and is accessible with-
out requiring tuning by the operator. After passing through a
Stanford Research Systems Model SR850 DSP Lock-In Am-
plifier, the signal is digitized and stored in a PC running cus-
tom software developed in LabVIEW 2010.2" With the excep-
tion of blended lines that were not sufficiently resolvable Lo
be included in a least-squares fitting routine {cither our local
version or that provided in the AABS package for Assignnient
and Analvsis of Broadband Spectra®"), all of the lines reported
in this work are estimated to have an uncertainty of =50 kHz,
although much higher frequency accuracy is achievable with
this apparatus when needed.

A typical absorption experiment occurred at room-
temperature using a sample of pyridazine purchased from
Aldrich (98% purity), used withoul purification at a pressure
of 4.0 mTorr with continuous flow through the sample cham-
ber. The custom LabVIEW software and spectrometer are au-
tomated, including automatic pressure control, so that very
broad frequency scans without operator intervention are prac-
tical. In the latter stages of this work, we typically recorded
an entire pyridazine or deuterium-enriched pyridazine spec-
trum from ~235 GHz to 360 GHz (20 points/MHz) in a sin-
ole unattended experiment spanning several days. The con-
tinuous spectrum in combination with the convenient AABS
package allowed for a very large number of rotational transi-
tions to be measured and analyzed for most of the vibration
states and isotopic forms studied in this work. In total, [re-
quencies of over 20000 transitions were measured and fit and
are reported here (the majority of which occur as degenerate
pairs).

Pyridazine samples with enriched deuterium content
were prepared using a method adapted from the work of
Dauglius and co-workers using {-BuOLi/t-BuOD.”” The sam-
ples consist of mixtures of mono-, di-, tri-, and tetra-deuterio
species, and the extent of deuterium incorporation may be
controlled as a function of reaction time. In this work, three
samples were prepared, employing reaction times of 1 h,
3.5h, and 19 h. The preference for incorporation of deuterium
at the meta position was monitored by 'H-NMR spectroscopy,
as reported previously by Katritzky ef al’® These reactions
were sufficient to observe ten deuterium-containing iso-
topologs: [3-2H], [4-*H], [3,4->H], [3,5-°H], [3.6-°H], [4,5-
’H]. [3.4,5-°H], [3.4.6-°H], [3.4.5,6-’H], [4-’H.3-"°C]. Sim-
ple density functional theory calculations (BALYP/6-31G(d),
Table S2 of the supplementary material*’) provided suffi-
ciently reliable predictions to assign these molecules’ spee-
tra by their estimated rotational constants. These assignments
were later confirmed by the various structure determinations
described in more detail below.

The transition frequencies for each species were fit and
predicted using Kisiel’s asymmetric rotor fitting and predic-
tion programs, ASFIT and ASROT,>* respectively. For each
pyridazine isotopolog, a 6th-order Hamiltonian was fit to the
spectrum. Depending on the number and types of transitions,
different numbers of constants were determinable for each
specics. Least-squares fitting of rotational constants to deter-
mine a Ry structure and two equilibrium structures were com-
pleted using xrefit, a module of the CFOUR computational
quantum chemistry program.”
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The B3LYP?%%7/6-31G(d),** B3LYPlee-pVTZ,>® and
MP2*/ce-pVTZ optimization and frequency calculations
of pyridazine were completed in Gaussian 093 using the
WebMO?® interface. The nature of the optimized stationary
point was confirmed by anharmonic, vibration-rotation in-
teraction frequency calculations indicating it was a min-
imum on the potential energy surface. These calcula-
tions were completed with veryfight optimization criteria
using an ultrafine grid as recommended to predict the
vibration-rotation interactions for other 5- and 6-membered
heterocycles.® At the higher levels CCSD(T)**/cc-pVTZ,
CCSD(TYANOO, CCSD(TYANO1, and CCSD(TYANO?2,*
optimized geometries were obtained using CFOUR? using
analytic gradients®3® with the frozen core approximation,
GEO_CONV =17, SCF_CONV = 10, and CC_CONV = 6.
To determine the vibration—rotation interaction coupling con-
stants, the cubic force constants were caleulated by numerical
differentiation of the analytic second derivatives at displaced
points following the approach of Stanton ef al.*-*® These
DFT and @b iniftio computational results provided the foun-
dation for assigning the various pyridazine isotopologs and
the vibrationally excited states. While the shifts in the rota-
tional constants (A4, B, and C) were reasonably well described
by B3LYP or MP2 calculations for the isotopologs, they were
of little use for the vibrationally excited states. Fortunately,
the coupled-cluster calculations did provide an experimen-
tally useful estimation of the shifts for the vibrationally ex-
cited species. Output summaries of each of the theoretical cal-
culations and our analysis can be found in the supplementary
material *’
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ANALYSIS OF ROTATIONAL SPECTRA
OF PYRIDAZINE (C4HsN2) AND ITS ISOTOPOLOGS
IN THEIR GROUND VIBRATIONAL LEVELS

Pyridazine displays a rotational spectrum typical of a
near-oblate asymmetric top similar to that of many other
aromatic six-membered ring species, such as pyridine,®
pyrimidine,* and phenyl radical.®® Our initial identification of
pyridazine’s ground-state rotational spectrum was based upon
the published rotational and 4th-order distortion constants de-
rived from measurements in the cm-wave region.* These data
provided predictions for higher J transitions in the millimeter
and submillimeter-wave that were typically accurate within
+8 MHz for Q-branch transitions, £0.3 MHz for the lead R-
branch transitions for a band, and £5 MHz for isolated R-
branch transitions. The high-J transitions that are reported in
this work do not exhibit any observable hyperfine structure
arising from the quadrupole coupling with nitrogen. The hy-
perfine structure of pyridazine has already been thoroughly
investigated in the cm-wave spectra described earlier.” We did
see a few examples of small hyperfine splittings in the lowest
J lines we found (J values in the low 20s), but these lines
were not included in our work. For the vibrational ground-
states of the normal isotopolog and each of the *C and
15N isotopologs, we combined our data sets of high-J transi-
tions with those for the low-J transitions (corrected to remove
hyperfine splitting) from Werner ef al.* and Lopez ef al.” As
shown in Table I, our spectra contain many intense a-type, R-
branch (*Ro 1, "Ro 1, "Rup 3, and *Ry 3) transitions which were
measured from Jupper = 16 to 57 for ground state pyridazine.

TABLE 1. Transition types measured for pyridazine isotopologs (includes transitions reported in Ref. 4).

Type C4HLN, 3-2c]- [4-12cl [1-1°N]- [3-2] [4-41]
a

Qo1 738 186 210 70 0 397
"Qra 0 0 0 0 146 0
Q4 743 181 204 71 0 397
"Ry 545 432 534 327 0 764
YRyt 0 0 0 0 207 0
PRy 0 0 0 0 22 0
"Ry, 0 0 0 0 193 0
3Ry 138 7 1 0 0 54
"Rz 10 0 0 0 0 0
PR 0 0 0 0 0 0
Ry 1 0 0 0 0 0
Total 2175 806 049 477 568 1612
Type [3,4-2H] [3,5-2H] [3,6-2H] [4,5-2H] [3,4,5-2H] [3.4,6-2H] [3.4,5,6-2H] [4-2H3-2C]
*Qo1 116 220 0 0 296 258 0 0
PQi 232 440 0 0 0 515 0 0
Qa1 116 220 0 0 207 258 0 0
"Ro1 566 632 0 724 480 606 0 392
PRy 269 321 306 0 0 364 216 200
PRy 4 25 52 0 0 0 64 41 1
PRi: 246 287 315 0 0 300 198 199
R, 13 23 0 1 58 4 0 0
Ry, 0 0 0 0 0 0 0 0
"Rs..1 4 7 0 0 12 17 0
*Ra3 Q 0 0 0 0 0 0 0
Total 1587 2202 712 725 1131 2300 472 792
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FIG. 2. Rotational spectra of pyridazine: (a) from 307 to 322 GHz taken in
one experiment using an average of four scans of 64 000 points each, and (b)
expansion of a single rotational bandhead (Jugmr = 50). Full transition details
can be found in the supplementary material ¥’ The spectra were collected at a
partial pressure of pyridazine of 4 mTorr and a temperature of approximately
289 K. The ground state pyridazine transitions are identified in black, R
branch excited state transitions are identified as vq¢ red (lower) and vq3 green
(upper). The J assignments are identical for the green and red series, but only
labeled for the red case.

Unlike the transitions in the cm-wave region, the many ob-
served Q-branch transitions in the newly measured frequency
range appear as degenerate pairs, in which one transition is
*Qu,1 and the other is *Qs.1. These transitions were measured
from Jypper = 44 10 100 for pyridazine. For the '*C and N
isotopologs, a similar range of a-type R-branch and Q-branch
transitions was observed, though in somewhat smaller num-
bers due to the lower natural abundance of these species. The
supplementary material’’ contains the ASFIT output files,
which include all least-squares [it spectroscopic lines.

As is characteristic for near-oblate asymmetric tops of
this type, many of the R-branch transitions collapse into eas-
ily identifiable bandlike patterns. These features (referred to
as bands below) themselves are separated by roughly 2 C
(6097.4 MHz for ground state pyridazine) and are the three
major spectral features observable in Fig. 2(a). An expanded
display of the first band from 307450 MHz 10 308 400 MHz
is shown in Fig. 2(b), beginning with degenerate J = 50g 59
<« 4940 and J = 50150 <« 4914 (*Rp;) transitions at
307856.535 MIIz. Each of the major lines progressing to

higher frequency (labeled in black) is a degenerate pair ol

lines (*Ro,1)} where J decreases by 1, Kpyue increases by 1,
and Kpae decreases by 2 for each successive *Ry; line in
the series. After ~20 transitions, the degeneracy breaks down
and the two *Ryg; transitions become resolvable and then very
widely separated. Progressing out of the bandhead to lower
frequency are the corresponding Q-branch absorptions that
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consist ol degenerate pairs of *Qy.; and “QQ» . transitions,
where the Kgplae 18 50, matching Joppe for the first R-branch
transition in the nearby series. The region around the ground
state bandhead is further complicated by the presence of two
additional obvious series of rotational transitions (labeled in
green for vi3 and red for vig), which are R-branches associ-
ated with the two lowest-energy vibrationally excited states of
the normal isotopolog (also starting with Jyppe: = 50). All of
the other vibrationally excited states observed by us and dis-
cussed later are also present and visible in this spectral win-
dow, though they are less apparent due to their considerably
smaller intensities.

The final data set for the ground state of the normal iso-
topolog of pyridazine contained over 2000 measured lines be-
tween 237-360 GHz and 83 of the cm-wave transitions re-
ported by Werner et al.* Two previously reported cm-wave
transitions were excluded, due to errors greater than 100 kHz
in their frequency measurements, The constants obtained
from the least-squares fit of the measured transitions are pre-
sented in Table I1, along with those from the previous works.
These constants correspond to Watson’s A-reduced Hamilto-
nian, Representation I', to allow for easy comparison to the
previously published values. A limitation of our spectrometer
in the configuration used in this work is its inability to oper-
ate below 235 Gllz, which meant we could not observe any
low-J transitions of pyridazine. The transitions we observe in
our experiments are all heavily influenced by centrifugal dis-
tortion, so it was of critical importance Lo be sure we could
obtain values of the rotational constants in good agreement
with the published values from spectroscopy of low-J lines,
hopefully without needing to include the latter in our analy-
sis. We found that we were indeed able to obtain an excel-
lent fit to the (partial) 6th-order Hamiltonian, with or with-
oul the previously published rotational transitions measured
in the cm-wave region. The price of achieving this condition,
however, is that many more (several hundred) rotational tran-
sitions are required than in the cm-wave region to obtain a
satisfactory least-squares fit. Additionally, it is very impor-
tant to measure different types of transitions, spanning a wide
quantum number range, and, in particular, including as many
non-degenerate *Rg transitions as possible in order to re-
duce the correlation between A and B in the fitting process.
Only with extensive data sets were we able to predict unob-
served lines within experimental error, so the large number
of transitions reported here does not constitute the substan-
tial over-determination that one might at first suspect. The ex-
cellent agreement between the constants for the normal iso-
topolog determined in previous works and those determined
in this work is apparent in Table II. Our data refine the quar-
tic (4th-order) distortion constants, but with the exception of
A g which was the least well-determined 4th-order constant
in the original work, the values were unchanged to 0.003 kHz.
Comparison of the last two columns of the table clearly con-
firms that we obtain essentially identical spectroscopic con-
stants, whether or not we include the cm-wave data in the fit.
This behavior is critical for the analysis of the isotopologs for
which ours is the only data available.

As a consequence of Cp, symmetry, pyridazine has
five possible single-substitution isotopologs resulting from



224304-5 Esselman ef al

TABLE II. Spectroscopic constants for pyridazine (Watson’s A-reduced Hamiltonian, Representation I).
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Spectroscopic This work This work
constants Werner ef al.* (1967)% Lopez et al.® (2002) including Ref. 4 excluding Ref. 4
A (MHz) 6242.94 6242.95096 (38) 6242.95041 (14) 6242.95040 (15)
B (MHz) 5961.09 5961.09646 (40) 5961.09410 (13) 5961.09411 (14)
C (MHz) 3048.70 3048.71451 (25) 3048.71363 (20) 3048.71363 (20)
Ay (kHz) 0.7564 [0.75641° 0.75676 (11) 0.75677 (12)
Ajx (kHz) —0.1453 [—0.1453]° —0.13558 (33) —0.13562 (35)
Ay (kHz) 0.8329 [0.8320]° 0.82976 (32) 0.82977 (33)
3; (kHz) 0.3133 [03133]° 0315715 (31) 0315719 (35)
S (kHz) 0.6868 [0.6868]° 0.68234 (10) 0.68234 (10)
&7 (Hz) 0.000233 (33) 0.000236 (34)
& (Hz) —0.00132 27) —0.00134 (28)
dxr (Hz) 0.00158 (32) 0.00160 (33)
g Hz) [o7® [oF*

¢ (Hz) 0.000190 (14) 0.000191 (14)
¢rr (Hz) — 0.000252 (96) —0.000258 (99)
¢x Hz) 0.002081 (16) 0.002081 (16)
A (nAD 0.0364 0.0364

K 0.824 0.824

o (MHz) 0.034 0.036

*Estimation of errors not provided.

b4th-order distortion constants for Ref. 5 were fized at the previously measured values from Ref. 4.

mono-substitution by *C, N, or ?H. Three of these iso-
topologs were observed in natural abundance in our experi-
menis, just as in the original cm-wave experiments: [3-1*C],
[4-13C], [1-1°N]. The signal intensity of each isotopolog is
double the expected intensity due to natural isotopic abun-
dance. The spectroscopic constants of the normal isotopic
form and 12 substituted isotopologs we studied are presented
in Table III. In these least-squares fits, we have used an S-
reduced Hamiltonian, Representation III*, which is the more
appropriate method for analysis of a near-oblate asymmet-
ric top.® In contrast to the normal isotopolog, which was
well predicted, the *Rg 1 bandhead predictions for the [4-13C]
isotopolog from the previous work were in error by greater
than 120 MHz due to the lower number of transitions ob-
served in the cm-wave range. A comparison between spectro-
scopic constants from the original data set of Werner ef al.*
and the newly measured transitions of this work in the S-
reduced Hamiltonian, Representation III' can be found in Ta-
ble S1 of the supplementary material*” for each of the three
heavy atom only isotopologs. The cm-wave transitions in the
original study were insufficient in each of the three species,
[3-13C], [4-13C], [1-15N], to obtain a fit to a 4th-order Hamil-
tonian without fixing D;. The newly measured lines allow us
to determine all of the 4th-order distortion constants. The ro-
tational constants (4, B, C) obtained in the original work agree
with the present values to within 0.01 MHz for these three
species. As with the normal isotopic form, many 6th-order
constants must also be included in the fits to make them satis-
factorily predictive of unmeasured lines.

The small changes in the rotational constants for each of
the heavy-atom substitution isotopologs do not significantly
alter the appearance of the R-branch series, and the same gen-
eral pattern is observed as the main isotopolog. As expected,
the inertial defect, A; (Eq. (1)) is fairly insensitive to isotopic
substitution (Table IIT). On the other hand, the asymmetry

parameter, « (BEq. (2)), varies over a fairly wide range from
+0.612 to +0.919 for the observed isotopologs,

Ai :Ic_lb_laa (1)

B A B

e @

The deuterated pyridazine species could not be observed
without isotopic enrichment due to the low natural abun-
dance of deuterium. Isotopic exchange reactions enabled the
preparation of mixtures containing all nine of the possi-
ble deuterium-enly substitution isotopologs: [3-2H], [4-2H],
[3,4-2H], [3,5-2H], [3,6-2H], [4,5-2H], [3,4,5-2H], [3,4,6-H],
[3,4,5,6-H]. The number of spectral lines included in each fit
is roughly related to the intensity of those transitions based
upon the abundance (Table I) of the isotopolog in our pre-
pared samples. Because the kinetics of the exchange reaction
favor substitution at the 4-position (mefa), the [4-2H]-C4H4N-,
species is the most abundant (at low conversion as seen in the
1-h reaction sample) and the species with substitution at the
3-position, such as [3,6->H]-C4HyN, and [3,4,6-2H]-C4H,N,
are among the least abundant. In the deuterium enriched sam-
ple from the 3 h reaction, one mono-13¢C isotopolog, [4-2H,
3-13C]-C,HyN,, was identified in natural abundance. The
gpectra of the deuterated samples also exhibited several addi-
tional unidentified isotopically substituted species, as well as
vibrational satellite bands for the higher abundance species.
In pyridazine, the orientation of the principal axes is dramat-
ically sensitive to deuterium substitution, with rotations as
large as 90° being observed. The isotopologs that have been
studied thus involve species with a-type transitions, species
with b-type transitions, and species with both a- and b-type
transitions (of comparable intensity), as shown in Table I.

The second column of Table I1I gives the values of the ro-
tational and centrifugal distortion constants we obtained from
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TABLE III. Spectroscopic constants for pyridazine isotopologs (Watson’s S-reduced Hamiltonian, Representation IIT").

Spectroscopic constants C4HsN> C4HuN3 predicted CCSD(T)/ANOO [3-12¢C] [4-1*C] [1-1°N]

A (MHz) 6242.95134 (14) 625128 611222807 (85) 6217.71925(61) 6218.91097 (66)
B (MHz) 5961.09283 (13) 5944.65 5961.31700 (85) 5848.36612 (60) 5857.40185 (51)
€ (MHz) 3048.71390 (20) 3047.06 301724769 (3T 3013.02887 (23) 3015.70023 (32)
Dy (kHz) 1473762 (92) 1.44551 144682 21) 144448 (20) 144338 29)
D (kHz) —2.449190 (38) —2.39245 —2.40665 21) —239857(27) —2.30674 (46)
Dy (KHz) 1.100768 (55) 1.06981 1.08257 (15) 1.07706 (14) 1.07670 (25)
dy (kHz) —0.015682 (51) —0.02119 —0.0062 (10) —0.02311(78) —0.02001 (73)
d, (kHz) 0.027114 (11) 0.02737 0.02196 (95) 0.01968 (53) 0.01949 (24)
H; (Hz) 0.000525 (18) — 0.000251 0.00080 (11) 0.00040 (16) —0.00042 (16)
Hrx (Hz) —0.002696 (10) 0.00183 —0.00302 22) —0.00220(33) —0.00046 (34)
Hgy (Hz) 0.003384 (15) — 0.00389 0.00344 20) 0.00294 (27) 0.00147 (30)
Hy (Hz) —0.001360 (12) 0.00232 —0.001295 (84) —0.00121(11) —0.00061 (13)
h (Hz) 0.000030 (12) —0.000103 0.00249 (94) —0.00136(71) —0.00362 (58)
ks (Hz) [0 0.0000273 0.0027 (13) —0.00121(83) [0

ks (Hz) —0.0000687 (82) 0.0000379 [01* —0.00040 (20) [0]*

N lines 2175 806 949 477

Ay (A 0.0364 0.0370 0.0371 0.0369

K’ 0.824 0.902 0.769 0.774

g (MHz) 0.037 0.044 0.040 0.041

Total Acorection (MHZ) 52.813 51486 52212 52.159

Total Boarrestion (MHz2) 43.626 43.360 42.692 42788

Total Ceoprection (MHz2) 24.670 24310 24246 24261
Spectroscopic constants [3-2H] [4-*H] [34-°H] [3,5-2H] [3,6-2H]

A (MHz) 5062.40668 (41) 6192.44445 (15) 5854.14225 (16) 5889.76581 (36) 5959.19500 (34)
B (MHz) 5828.17973 (46) 5598.11888 (13) 5539.31505 (15) 5498.78296 (32) 546041809 (33)
C (MHz) 2946.68605 (33) 2939.56879 (11) 2845.68651 (15) 284327858 (12) 2848.96352 (12)
Dy (kHz) 1.33918 (22) 1.337213 (60) 1215015 (85) 1214997 (87) 122113 (10)
Dy (kHz) —2.21950 (40) —2.206299 (79) —2.00784 (13) —2.00532(12) —2.01010 25)
Dy (kHz) 0.99613 (22) 0.984774 (51) 0.898553 (76) 0.896253 (58) 0.89466 (14)
di (kHz) —0.03792 (15) —0.06243 (10) —0.035556 (54) —0.04783 (32) —0.08169 (10)
do (kHz) 0.010701 (58) — 0.005308 (52) —0.021522 (16) —0.020212 (94) 0.000466 (29)
H; (Hz) 0.000595 (48) 0.000714 (24) 0.000363 (15) 0.000727 (47) [0]?

Hix (Hz) —0.00189 (10) —0.002505 (19) —0.001611 (31) —0.002321 (94) [0*

Hyr (Hz) 0.00233 (11) 0.003006 (46) 0.002206 (35) 0.002750 (74) [0

Hy (Hz) —0.000943 (52) —0.001172 (20) —0.000963 (17) —0.001115(29) [0]?

k1 (Hz) [0 0.000372 (56) [01* 0.00075(17) [0

ks (Hz) [0 0.000309 (47) [01* 0.000249 (84) [0

ki (Hz) R 0.0000196 (52) [01* 0.000042 (12) [0

N lines 568 1612 1587 2103 712

A (A 0.0337 0.0341 0.0314 0.0314 0.0307

’ 0910 0.635 0791 0.743 0.679

o (Mhz) 0.035 0.026 0.022 0.029 0.033

Total Acoprection (MHZ) 43.834 51.784 46.690 46.773 43743

Total Beorection (MHZ) 47.845 40.299 40.853 40.725 43.824

Total Cogrrection (MHz) 23.500 23.343 22293 22268 22392
Spectroscopic constants [4,5-2H)] [3.4.5-2H] [3.4.6-2H] [3.4.5,6-2H] [4-2H, 3-13C]
A (MHz) 6002.7188 (12) 5622.36606 (24) 5732.55746 (16) 5385.76388 (45) 6079.770 (15)
B (MHz) 5388.7995 (11) 5385.21892 (23) 5299.11962 (15) 5275.67750 (46) 5587211 (15)

C (MHz) 2839.10005 (55) 2750.18252 (30) 275323394 (14) 2664.70726 (65) 2910.9599 (10)
Dy (kHz) 1.2155(10) 1.10397 (14) 1.109819 (63) 1.01033 (47) 1.3471 (31)
Dyg (kHz) —2.0017(23) — 1.82352 (10) — 1.826765(77) —1.6668 (15) —22219 (61)
Dy (kHz) 0.8922 (12) 0.816310 (70) 0.813679 (52) 0.7457 (12) 0.9862 (28)
dy (kHz) —0.05310 (13) —0.008860 (84) —0.063096 (56) —0.029026 (53) —0.1958 (92)
do (kHz) 0.029260 (31) 0.019550 (11) 0.003944 (20) 0.010842 (16) —0.2005 (35)
Hr (Hz) 0.00102 (32) 0.000354 (29) 0.000328 (11) 0.00062 (16) 0.00230 (71)
Hix (Hz) —0.0035 (10) —0.001577 (16) —0.001534 (14) —0.00234 (72) —0.0082 20)
Hyr (Hz) 0.0041 (10) 0.001934 21) 0.001926 (16) 0.0028 (10) 0.0080 (19)
Hy (Hz) —0.00159 (33) —0.000773 (13) —0.0007728 (94) —0.00108 (49) —0.00231 (60)
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Spectroscopic constants [4,5-2H] [3.4,5-2H] [3.4,6-2H] [3.4,5,6-2H] [4-2H, 3-1¢)
hy (Hz) [0® [0F* [01* [01* o1
7z (Hz) [o® [0 [op® [o* [or
hy (Hz) [0® [0F [o1° [01* [o1*
N lines 725 1131 2390 472 792

A (A 0.0319 0.0202 0.0285 0.0262 0.0350
© 0.612 0.835 0.709 0.919 0.689
o5 (MHz) 0.028 0.032 0.033 0.021 0.038
Total Accrection (MHz) 49.758 45401 42.684 38.036 50.465
Total Bogrection (MHz) 38.033 38.088 40.877 41.698 40.127
Total Cooprection (MHZ) 21.186 21.186 21.270 20260 23.019

*These 6th-order distortion constants were fized at zero. When these parameters were included in the fit, they were not well determined, and their value was within the estimated
uncertainty of zero. The total correction terms for each rotational constant are the result of adding one half of the sum of the corresponding vibration-rotation interaction constants ()
to an electronic mass correction of 0.309, 0.395, and 0.062 to 4, B, and C, respectively. The correction terms are added to 4, B, C'to obtain 4, 5., and ;.

a CCSD(T) calculation with an ANOO basis set for the nor-
mal isotopolog. The set of predicted 4th-order constants is
in excellent agreement with the experimental values in col-
umn 1. Furthermore, the 4th-order constants of the various
isotopologs exhibit systematic variations as a function of the
molecular weight of the isotopolog. On the other hand, the
6th-order constants display poor agreement between theory
and experiment, and the systematic correlation with molec-
ular weight of the isotopolog is not observed. The number
of these 6th-order constants that could be included and well-
determined in the fits also varies from one isotopolog to the
next, depending on the data available. Thus, these higher or-
der constants must be regarded as empirical with the present
data. They are necessary to obtain predictive fits with standard
errors near experimental accuracy (see Table III), but their
values are probably not physically meaningful for compari-
son with the theoretical predictions.

STRUCTURE DETERMINATION

Initially, our goal was to improve upon and complete the
published R, structure.* Kraitchman’s equation (Eq. (3)) for
single isotopic substitution® vields the absolute value of the
rectangular coordinates of the substituted atom (designated
lasl) in the principal axis coordinate system of the unsubsti-
tuted (parent) species

o] Iafla(Hlbﬁlb) M:MX(MS—M)
’ H =1/ M+ (M, — M)
(3

This approach had already been utilized to determine both
coordinates of the N atoms and C4 and C3, as well as the
b coordinate of €3 and C6.* Our improved rotational con-
stants for the ground state and single substituted '*N and 1*C
forms did not appreciably modify the published values of the
well-determined ¢ and & coordinates. As mentioned above,
this method does not allow for the determination of the & co-
ordinate of the ortho carbon atoms, due to their very close
proximity to the & principal axis. In the case of C3 and C6, the
Kraitchman equation breaks down and the computed a coor-
dinate is imaginary (the square-root of —1.74 » 1073 &). Our

moments of inertia for the singly deuterated species permit us
to add the g and b coordinates of all the H atoms. Because H7
and H10 are also somewhat near the & principal axis, the @ co-
ordinates of those atoms are less accurate than the others, but
they are at least meaningfully determined. The uncertainties
in the distances, $a; (Eq. (4)), were estimated from the ab-
solute change in the inertial defect upon substitution and the
reduced mass w and the isotopic substitution distance calcu-
lated from Kraitchman’s equation, a0

_ 1A= Aol

. 4
Il “

To find the g-coordinate of C3 and improve upon the accu-
racy of our value for that of H7, we took advantage of the
fact that the orientation of the principal axes change dra-
matically upon deuterium substitution and the availability of
the moments for several doubly substituted species. Specifi-
cally, we used [4-2H] pyridazine as a second parent species
in the Kraitchman analysis and found the coordinates of C3
and all H’s from the corresponding double substitution (and
ground state) moments. In this coordinate system, all atoms
are far from principal axes, and all coordinates are well deter-
mined. The distances H5-C3 and H9-C3 obtained from this
approach can be used in the original coordinate system to de-
termine the ¢ coordinate of C3. In this manner, we were able
to find satisfactorily accurate values of all of the (R;) rectan-
gular coordinates of pyridazine. These are given in Table VI
along with their estimated uncertainties. The latter are those
derived from applying Eg. (4) to the current data and do
not address the inherent limitations of the R, method. In
Table V, these are converted to bond angles and distances and
compared to the results of the other methods we used (see
below).

With the large number of isotopic forms of pyridazine
we studied, it became possible to obtain Ry and R, struc-
tures from 28 independent moments of inertia (/, and ;) that
considerably exceeded in number the nine structural param-
eters. An Ry and two R, structures were determined using
xrefit (a module of CFOUR?), which is a least-square fit-
ting approach that optimizes the molecular structural param-
eters to fit all available moments of inertia. The Ry struc-
ture uses moments derived directly from unadjusted ground
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TABLE IV. Experimental and computationally-corrected inertial defects for pyridazine isotopologs.

Experimental Vibration-rotation Vibration-rotation and

Isotopolog Ay (,uﬁxz) corrected Ay ULAZ) electronic corrected Aj (pu&z)
C4HaNz 0.0364 —0.0120 0.0008
[3-13C-C4H4N, 0.0370 —0.0119 0.0011
[4-BCJC4H4N; 0.0371 —0.0120 0.0012
[1-1N]-C4H.N, 0.0369 —0.0121 0.0011
[3-*H]-C4HsN; 0.0337 —0.0123 0.0013
[4-*H]-C4HsN, 0.0341 —0.0123 0.0016
[3,4-*H]-C4H4N; 0.0314 —0.0128 0.0019
[3,5-*H]-C4H4N; 0.0314 —0.0129 0.0019
[3,6-*H]-C4H,N, 0.0307 —0.0125 0.0023
[4,5-*H}-C4HsN; 0.0318 —0.0121 0.0028
[3,4,5-*H]-C4H4N, 0.0292 —0.0122 0.0035
[3,4,6-*H]-C4H4N; 0.0288 —0.0128 0.0029
[3.4,5,6-*H]-C4H4N, 0.0262 —0.0123 0.0044
[4-2H, 3-2CJ-C4H4N; 0.0350 — 00119 0.0022

state rotational constants. The Ry structure thus ignores the
effects of vibrational motion and is inherently less accurate
than the hypothetical equilibrium structure (R,) which cor-
responds to the minimum energy structure on the potential
energy surface. Determining an R, structure solely on the ba-
sis of experimental data is not feasible, since it would require
measurements of high-resolution rotational spectra of the vi-
brational satellites for each of the 24 normal modes of pyri-
dazine. A mixed experimental/theoretical R, structure, how-
ever, has been determined by correcting each of the exper-
imental ground state rotational constants (Ap) with one half
of the sum of the corresponding vibration-rotation interac-
tion parameters («;) obtained from a VPT?2 calculation at the
CCSD(TYANOO level of theory (Table III). The efficacy of
this method for obtaining reliable «; values is discussed in the
following section that treats the excited vibrational levels. For
a planar molecule, the computationally-corrected experimen-
tal rotational constants should have the effect of decreasing
the inertial defect for all 14 isotopologs to an ideal value of
zero. In the case of pyridazine, inclusion of the correction for
vibration-rotation effects afforded inertial defects that still dif-
fered appreciably from zero (Table IV). This result prompted
us to include an additicnal correction for electron mass to the
moments of inertia. As previously noted in the case of SiCz,*!
inclusion of this electronic contribution led to a significant de-
crease in the magnitude of the inertial defect (Table IV). Fol-
lowing Flygare,* the rotational g-tensor was evaluated at the
CCSD(T) level of theory,* and the rotational constants then
modified with the electronic contribution according to Eqg. (5)
(similar equations hold for the A and C constants),

AB = ng™B, (3

where 7 is the electron-proton mass ratio, g* is the (diagonal)
element of the rotational g-tensor along the & inertial axis, and
AB is the contribution to the rotational constant that clearly
depends on the sign of g

A second R, structure was therefore determined after
correcting for both the vibration-rotation interaction and the
electronic contribution (also calculated at CCSD(T)/ANOO
level) to the rotational constants (Table III). A comparison of

the corrected and uncorrected inertial defects is presented in
Table IV. The inertial defects are reduced by a factor of
roughly three by using the vibration-rotation corrections and
by a further factor of three to ten when the electronic correc-
tions are included.

A comparison of the structural parameters determined in
the current analysis, those obtained in the previous works,
and those obtained from our coupled-cluster caleulations is
presented in Tables V and VI. The R, structure that includes
vibration-rotation interaction and electronic correction is the
most accurate of these, although the R, structure without the
electronic corrections is practically identical. A summary of
the least-squares fitting output is provided in the supplemen-
tary material.*’ For the structure corrected for electron mass
effects, the uncertainties from the least-squares fitting proce-
dure for the distance parameters are all <0.0016 A and all
angle parameters are <0.06° (Table V). The maximum value
of the residual between the moment of inertia data and the
moments calculated from the fitted R, structure corresponds
to about 0.2 MHz in the rotational constants. This is be-
lieved to be among the better determined structures for any
molecule in this size range at this time. It can be seen in
Table V that even though the structural parameters are nearly
identical for the equilibrium structure without electron mass
corrections, the statistical uncertainties from the least squares
fit are consistently about three times larger than those in the
corrected calculation (and those for the Ry parameters are ap-
proximately another factor of three larger). The availability of
the R, structure provides an opportunity to calibrate the accu-
racy of the Ry and R, structures. The latter two methods have
been applied to many large molecules in the past, and it can
be seen in Table V that the agreement is fairly satisfactory
for both of them, e.g., a few thousandths of an Angstrom in
the bond distances. Furthermore, the agreement of our large
basis set coupled-cluster bond distances and angles with the
R, structure is excellent. Because the discrepancies between
R, or Ry structures and the R, experimental results is quite
comparable in magnitude to the discrepancies between the ex-
perimental and best theoretical R,’s, the R, structure provides
a substantially better benchmark for the accuracy of current
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10.)

Structural R. Re o and electron CCSD(TY/ CCSD(TY CCSD(TY CCSD(TY
parameters R® Ry o corrected® corrected? co-pVTZ ANDD ANO1 ANO2
Rescs 1.3816(131) 1.3756 (50) 13764 (48) L3761 (16} 1.383 1.391 1.382 1.380
Rewns 1.0792 (29) 1.0829 (50) 1.0803 (1) 1.0802 (4) 1.082 1.089 1.082 1.082
Resca 14011 {94) 1.4012 {50) 1.3934 (35) 1.3938 (12) 1.400 1.408 1.399 1.397
Resmr 1.0816 (21) 1.0832 (50) 1.0811 (8) 1.0810 (3) 1.083 1.090 1.083 1.083
Rya.cs 1.3328 (97) 1.3336 (50) 1.3306 (36) 1.3302 (12) 1.337 1.3437 1.337 1.334
AWg.c4-05 122.34 (35) 122.66 (50} 122,36 (12) 12237 (4) 122.4 122.7 122.4 122.4
AC3.C4-05 116.32 (24) 116.38 (50} 116.85 (%) 116.85 (3) 116.7 116.6 116.8 116.8
Ayrosca 121.28 (43) 120.87 (50) 121.36(16) 121.35 (6) 121.2: 120.9 121.3 121.3
Awcace 123.92 (31) 123.65 (30) 123.86 (11) 123.86 (1) 124.1 124.4 124.1 1229

dErrors given are the statistical uncertainties given by the least-squares fitting in xrefit. The actual uncertainties may be somewhat larger due to any remaining unaccounted for

systematic errors.

theoretical calculations than do the R; or Ry structures, al-
though all of the experimental structures are pleasingly con-
sistent in this case.

ANALYSIS OF ROTATIONAL SPECTRA OF
PYRIDAZINE IN EXCITED VIBRATIONAL LEVELS

Infrared and Raman spectral data for vibrationally ex-
cited pyridazine have been previously reported as gas-phase,
liquid-phase, and solid-state spectra,***¢ but no rotational
spectra are available. The (wo lowest-energy vibrationally
excited species, whose spectra are easily discernible in Fig.
2(b). have anharmonic vibrational frequencies predicted Lo be
366.1 (vi3) and 368.5 cm™! (vy) by CCSD(TYANOI cal-

TABLE VI. Atom locations in principal axis coordinates.®

Ry Ref, 4 Ry current work

Atom a(A) b (A) a(A) b(A)

N1 - 1.1830 0.66350 — 118298 (1) —0.66511 (17)
N2 —1.1830 — 0.6650 — 118298 {10y 0.66511(17)
C3 o - 1.3212 - 0.022 (10} 1.32126(12)
C4 1.2277 — 0.6877 1.22782 (13) 0.6878 (2)
C5 1.2277 0.6877 1.22782 (13) —0.6878 (2)
c6 . 1.3212 —0.022 (10) —1.32126(12)
H7 = 0.097 () 24018 (3)
H8 2.1394 (3) 1.2722 (5)
HY 2.1394 (3) = 1.2722 (5)
HI10 = 0.097 () ~2.4018 (3)

*The molecule is planar so all eoordinates along the c axis are zero. All distance values

are reported 1n A. Values from Ref. 4 Rgiyxizy = 1.330 A and Rejayosy = 1375 A

culations. Both of these modes involve out-of-plane distor-
tions of the aromatic ring and their observed (ransitions are
summarized in Table VII along with the observed Lransilions
for the next three higher energy vibrationally excited states
of pyridazine. A complete list of the computed harmonic and
anharmonic vibrational frequencies for pyridazine at several
levels of theory, along with the calculated vibration—rotation
interaction constants («;)., can be found in Table S3 of the
supplementary material. ¥’ As summarized in Table VIIL, the
two lowest energy excited states have values of C that are
within 3.5 MHz of the ground state and 0.06 MHz of one
another. Distinguishing between these two stales’ adjacent
spectra on the basis of their very nearly equal relative in-
tensities would be unreliable, but an unambiguous assign-
ment is possible based upon their vibration-rotation interac-
tion constants (see below). In addition to these two satel-
lites, seven less populated vibrational states (with predicted
energies up to 762 cm ! at the CCSD(T)/ANOI1 level) have
been detected. The rotational constants of the next three
fundamental states vag, ve, and vis are also presented in

TABLE VII. Rotational transitions measured for vibrationally excited states
of pyridazine.

CaHygN2 CyHy N> C4Hy N> CaHyNa CaHyN,
Type V13 "6 Vag Vo V15
Qo1 T4 101 155 177 0
Q21 74 101 155 177 ]
*Roa 479 542 656 608 231
"Rz, 0 2 13 6l 209
Total 627 746 979 1023 260
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TABLE VIIL. Spectroscopic constants for vibrationally excited states of pyridazine (Watson’s S-reduced Hamiltonian, Representation IIF).

Spectroscopic

constants C4H4N;, vy5® CyHyN;, vi6° C4H4N;, vog C4HiN;, v C4HyN,, vis
A (MHz) 6240.8668 (90) 6236.1283 (69) 6245.82924 (64) 6233.60637 (30) 6244.7534 21)
B (MHz) 5956.2707 (80) 5961.5880 (63) 5956.67246 (56) 5963.89990 (27) 5962.2407 (15)
C (MHz) 3052.12909 (26) 3052.18018 24) 3036.72028 (19) 3057.15234 (22) 30492651 (11)
D; (kHz) 1.49329 (69) 146635 (73) 1.48266 (17) 1.45724 (12) 1.5048 (18)
Dz (kHz) —2.4697 (11) —24318(11) —2.49473 (26) —2.38563 (1T) —2.5012 (32)
Dy (kHz) 1.10318 (43) 1.09249 (38) 1.06194 (13) 1.13047 (12) 1.1237 (19)
dy (kHz) —0.1511 (60) 0.0479 (56) —0.01674 (67) —0.00786 (17) —0.0309 (19)
dy (kHz) —0.090 (34) 0.0857 (40) 0.031014 (38) 0.022162 (28) 0.02400 (12)
H; (Hz) [0y 0.000983 (65) 0.000534 (83) 0.000410 (19) 0.01304 (91)
Hix (Hz) [or —0.00358 22) —0.00431(16) — 0.000538 (26) —0.0372 25)
Hyr (Hz) —0.000464 (81) 0.00423 (31) 0.00655(13) — 0.000245 (46) 0.0350 (29)
Hy Hz) 0.000404 (73) —0.00166 (15) —0.003751 (54) 0.001297 (3L) —0.0115(11)
ki (Hz) o [o1° —0.00125(41) [op 0.0097 (13)
hy (Hz) [P o [op [o° o1

k3 (Hz) [oP [o1° 0.000046 (33) [oP 0.000368 (83)
N lines 627 746 979 1023 260

Aj (uA?) —0.245 —0233 0.665 —0.503 0.046

s 0.821 0.827 0.820 0.830 0.823

o (MHz) 0.0363 0.0352 0.0354 0.0403 0.0437

“These fits exclude many transitions that show Coriolis coupling between these closely lying vibrational states, v13 and vyg.

"These 6th-order distortion constants were fixed at zero.

Table VIII. The assignment and fitting of all of these
five-lowest energy states are summarized in Tables VII and
VIIL The assignment and fitting of the spectra of the other
vibrational satellites detected is less complete (see below).
The theoretical and experimental values of the vibration-
rotation interactions («;) of all states observed are presented
in Table IX. We found B3LYP or MP2 calculations were
entirely inadequate to predict the impact of vibrational ex-
citation on the rotational constants of pyridazine, so we
turmed to coupled-cluster calculations. As expected, a higher
level approach using CCSD(TYce-pVTZ, CCSD(TY/ANOO,
or CCSD(TYANOI1 calculations in conjunction with anhar-
monic force fields was considerably more helpful in enabling
spectroscopic assignments. With these methods there is excel-
lent agreement between the predicted and measured « values
for each of the states we observed. The values predicted using
the coupled-cluster method with any of the basis sets we tried
were sufficient for prediction and assignment. The closest
agreement between the experimental and theoretical values
was at the CCSD{T)/ANOI1 level, with typical discrepancies
on the order of 200 kHz (Table IX). Once the spectroscopic
constants for the ground state of pyridazine were known, this
allowed us to easily find and assign the excited vibrational
states by use of the theoretical ¢ values and the ground state
rotational and centrifugal distortion constants. Without such
accurate predictions, the identification of lower intensity rota-
tional bands associated with vg, 15, and vy would have been
more challenging. Because the pattern of the « values seen in
the fundamental states was so different from one to the next,
and because the predictions were so reliable, it was possible
to assign the proper vibrational state to the observed rotational
spectrum with a high degree of confidence (Table [X).
Unlike the previously investigated cases involving pyrim-
idine and pyridine,>? the lowest-energy vibrationally excited

states v13 and v of pyridazine are sufficiently close in energy
that they are perturbed through a significant Coriolis-coupling
interaction. The vibrational symmetries of the two states are
Ay and By, which allows for a second order coupling. Fortu-
nately, only rotational levels with quite low values of Kjplae
(those furtherest away from the obvious bandhead regions)
are significantly perturbed. The rotational transitions and con-
stants presented in Tables VII and VIII do not include any of
these seriously perturbed transitions and the model used does
not treat the Coriolis coupling. The obs-calc errors for the
strongly perturbed ftransitions are tens or hundreds of MHz.
Despite the lack of Coriolis-coupling treatment, the majority
of the spectral lines of the vy3 and vyg vibrational states of
pyridazine are very well predicted and assigned unambigu-
ously. The fits reported in Table VIII yield very satisfactory
values of the unperturbed spectroscopic constants. Efforts to
complete a satisfactory treatment of these two states including
a full treatment of the Coriolis coupling are in progress.
Satellite voy represents an in-plane ring deformation
motion. Unlike vz and vig, vag progresses to higher fre-
quency from the bandheads in a manner similar to that of the
ground state, with a large positive inertial defect of 0.665. Al-
though all of the vibration-rotation interaction constants com-
puted using CCSD(T)/ANO1 display good agreement with
experimental values, the value of «- has one of the largest
discrepancies observed for any of the six fundamental states
observed (almost 600 kHz), which still represents only a 5%
error in the experimental value of —11.99 MHz. Satellite vg
is an in-plane ring deformation mode that has the greatest
observed negative inertial defect (A; — —0.502) among the
single-quantum vibrational states, which results in the transi-
tions progressing toward lower frequency from the bandhead
in a manner similar to vi3 and vy¢. Fortunately, the bandhead
origin is further separated from the ground state than v;3 and



224304-11 Esselman et al.

209

J. Chem. Phys. 139, 224304 (2013)

TABLE TX. Txperimental and theoretical vibration-rotation interactions and inertial defects for vibrationally excited states of pyridazine.®

vi3 (364, A2) @- vi6 (369, By) w

27N (2353 (245 A1 [£FN (23 ac Ai
Experimental —2.0851 —4.8227 24144 —0.245 — 6.8236 0.4946 3.4654 —0.233
BaLYPlec-pVTZ 3.92 3.20 1.63 0.044 4,61 1.16 182 0.041
MP2/cc-pVTZ, 4.31 3.62 1.84 0.044 4.68 1.95 1.55 0.041
CCSD(TY/ —-2.25 —4.53 338 —0.241 —6.92 0.54 337 —0.229
ce-pVTL
CCSD(TYANOOD  —2.39 —4.49 3.29 —0.237 —6.80 0.52 3.30 —0.224
CCSD(TYANOL  —2.20 —4.63 236 —0.241 —6.94 0.60 339 —0.229
va4 (619, Ba) @ vy (668, Ay ) @
oA R e Ay A R oc Ay
Experimental 2.8774 —4.4209 — 11.9945 0.665 —9.3455 2.8065 8.4376 —0.503
BaLYPlec-pV'TZ 9.22 6.85 .32 —0.036 T —0.88 1.00 0.068
MP2ec-pVTZ 10,22 7.63 5.62 —0.028 6.72 1.33 2.12 0.027
CCSD(TY/ 312 —4.12 - 1099 0.018 —10.00 3.05 7.49 —0.456
ce-pVTZL
CCSD(TYANOO 2.84 —4.19 —11.15 0.622 —10.10 2,90 7.602 —0.467
CCSD(TYANO] 3.03 —4.03 —11.40 0.641 {013 3.03 7.88 —0.469
vys (746, By) -Q v2 (755, A2)
A R e Ay A g e Aj
Experimental 1.8015 1.1473 0.5504 0.046 - 4.76° —=4.07 0.91 —0.133
BALYPlec-pVTZ 1074 12,11 — 10187 0.403 - 1042 1.52 2,60 —0.219
MP2/cc-pV'TZ 13.94 14.40 4.82 0.160 —10.82 —2.08 1.15 —0.196
CCSD(TY 2.58 1.49 0.60 0.058 —4.76 —4.00 0.87 —0.130
ce-pVTZ
CCSD(TYVANOO .32 1.45 0.56 0.057 —4.69 —3.80 0.83 —0.123
CCSD(TYANOL 1.89 1.10 0.57 0.046 —4.76 —4.02 0.87 —0.130

“e Ay - Ap) values in MHz, A in p - A%, Anharmenic vibrational frequencies in parenthesis in em—

! are al the CCSD(LVee-pV' 12 level. The vibration-retation interaction constants

(e} for all slates, computed at various levels of theory, can be found in Table 83 of the supplementary material.**

B was fixed in the partial least-squares fit of the vy spectrum,

vig. allowing many lines to be readily detectable. Satellite v
is the vibrational state that corresponds to the ring deforma-
tion caused by out-of-plane motion of the hydrogen atoms and
has the smallest structural deviation from the ground vibra-
tional state. The predicted changes in the rotational constants
from the ground state to vys are quite small (1.9, 1.1, and 0.55
MHz at CCSD(TYANOI1 for aa, an, and «c, respectively)
resulting in a change in the inertial defect, A;, of less than
0.01 H‘Az_ Unfortunately, the small values of the vibration-
rotation interaction constants result in R-branch series origing

that are located between inlense R-branch transitions in each
ground state band. Nevertheless, a sufficient number of tran-
sitions can be measured and assigned at frequencies higher
than the congested region of the ground state bands to enable
a satisfactory determination of the rotational and distortion
constants (Table VIII).

Satellite vqz is the vibrational state of lowest intensity that
we observed; this state has not yet been sufficiently well fit to
enable an unambiguous prediction for unobserved transitions
or unambiguous determination of the centritugal distortion
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constants. This is due more to the frequency at which tran-
sitions occur than to their low intensity. Most of the tran-
sitions appear in a region of the ground state bandhead that
severely overlaps with states vys, vis, vaa, v1s, and the ground
state R- and Q-branch transitions. There is excellent agree-
ment between our tentative experimental and theoretical val-
ues of we and inertial defect, which allows us to identify, if
not adequately fit, the species. (Although wa was fixed in the
fitting of vyg, cancellation of error in aa and «p permits re-
liable evaluation of @ and the inertial defect.) With inten-
sities just greater than v, the overtones (2vysz and 2vy¢) and
combination (vi3 4+ vig) are easily seen in the spectrum in
the same regions as vg. Unfortunately, these transitions are
highly susceptible to apparent shifts due to other underlying
low-intensity transitions, are often obscured by larger tran-
sitions, and are themselves intermixed. While we have been
able to identify the beginning of three series corresponding
to these three states, we have not been able to completely as-
sign them for all J’s or adequately fit them to determine their
spectroscopic constants. Even though these states have very
similar ac values, meaning that their R-branch series are al-
ways strongly interwoven, the three satellites could be clearly
distinguished from each other by their values of a4 and «g.

All of the rotational and centrifugal distortion constants
for the five lowest fundamental states of pyridazine are pre-
sented in Table VIII. The 4th-order distortion constants D,
Dig, Dy are very similar to each other and to the same con-
stants for the ground state species: within a narrow range of
1.46-1.50 kHz for D, within a range of —2.50to —2.39 kHz
for Dy, and a range of 1.06-1.13 kHz for Dz. This consis-
tency was very helpful in predicting the line locations of the
excited states. The rms residuals in all five fits are essentially
equal to the measurement uncertainties.
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ABSTRACT: Carbonyl diazide (1), OC(N;),, is prepared by reaction of triphosgene
and tetra-n-butylammonium azide in a solution of diethyl ether or dimethyl ether. The
advantage of this synthetic method, relative to other procedures, is that the use of
triphosgene, OC{OCCl;),, mitigates the need to use highly poisonous reagents such as

f b
Oy Cug OO ——= | Loy
triphosgene 1

phosgene, OCCl,, or chlorofluorocarbonyl, OC(CI)F. The identity and purity of

OC(N,), are established by gas-phase TR spectroscopy, which reveals the presence of both syn—syn and anfi—syn conformers,
Computed anharmonic vibrational frequencies and infrared intensities of carbonyl diazide (1) display excellent agreement with
experiment, and reveal the presence of strong Fermi resonances.

B INTRODUCTION

Carbonyl diazide (1), OC(N,),, is a highly explosive
compound that has been the subject of recent studies
concerning its synthesis, structure, and re:activi‘cy.I Among
various interesting attributes, the compound is notable because
it is a high energy structure composed of very stable diatomic
species (CO + 3N,), with a computed specific enthalpy of
decomposition similar to industrial explosives TNT, RDX, and
HMX.> Although known since the 19205, the explosive
nature of carbonyl diazide (1) discouraged isolation attempts,
making the recent synthesis, purification, and characterization
by Zeng et al. quite remarkable.!

Recent interest in carbonyl diazide (1), CONj, stems from
its ability to serve as a precursor to other high energy molecules
on the CON, and CON, potential energy surfaces (Figure 1).
Photolysis of OC(N;), (1) in an inert matrix results in loss of
N, to generate CON, isomers: acyl nitrene N;—C(O)N (3)
and its Curtius rearrangement product N;—NCOQ (4).°
Remarkably, flash vacuum pyrolysis of OC(N,), (1) at 400
°C vields diazirinone (2),°® the C,, conjugate of molecular
nitrogen and carbon monoxide. An intriguing species in terms
of structure and bonding,’ "' diazirinone (2) has been the
subject of a number of theoretical studies and has received
recent attention becaunse of its relevance to the chemistry of CO
and N, under harsh reaction conditions. Kaiser and co-workers
recently suggested that irradiation of N,/CO ices generates
diazirinone (2) under astronomically relevant conditions.'”
N,CO isomers are also known to form under ionizing
conditions in the gas phase,'> which presents the possibility
that diazirinone (2) or other N,CO isomers may be formed in
interstellar or circumstellar space. Mechanistic details concern-
ing the conversion of carbonyl diazide (1) to diazirinone (2)
remain unclear at this time.
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Figure 1. Experimentally observed decomposition pathways for
carbonyl diazide, OC(N,),**

After our earlier studies established that a previous report of
the experimental observation of diazirinone (2} was incorrect,'*
we turned our attention to the development of alternative
methods for generating and detecting this species. We
considered carbonyl diazide as a viable, if not especially
attractive, precursor to diazirinone (2}, Carbonyl diazide (1)
was first synthesized in the 1920s via the diazotization of
carbohydrazide (5)** (Figure 2, eq 1) but was not studied in
pure form due to its aforementioned explosive nature. In 2007,
catbonyl diazide (1) was produced through the incidental
hydrolysis of tetraazidomethane (6)'® in undried solvent
(Figure 2, eq 2) and was identified by *C and N NMR
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Figure 2. Synthetic routes to carbonyl diazide, OC(N,),.

spectroscopy. In 2010, Zeng et al. reported a synthesis of
carbonyl diazide from treatment of chlorofluorocarbonyl
CIC(O)F (7) with sodium azide by nucleophilic substitution
(Figure 2, eq 3)."" The product was isolated using trap-to-trap
distillation and thoroughly characterized by IR spectroscopy
(gas phase and argon matrix), Raman spectroscopy, and X-ray
crystallography. Here we describe an alternative procedure for
the synthesis of OC(N,), (1) using triphosgene {8) and tetra-
n-butylammonium azide (Figure 2, eq 4), which avoids the use
of chlorofluorocarbonyl CIC(O)F (7), a substance that is both
highly poisonous and not readily available.

B EXPERIMENTAL SECTION

Caution! Carbony! diazide (1) is shock-sensitive and explosive. Proper
safety precautions, which include the use of leather gloves, face shields, and
blast shields, must be taken when handling this compummi'Jm‘]7 Sodium
azide (NaN,) and its hydrolysis product, hydrazoic acid (HN,) are
toxic."” Sodium azide, as well as metal azides that may be formed by
reaction of sodium azide, represent explosion hazards.!”

Many of the manipulations involved in the preparation and
purification of carbonyl diazide (1) were performed using a
stainless-steel vacuum manifold, which is described in greater detail
in Supporting Information. The purity of carbonyl diazide (1) samples
was examined by gas-phase IR spectroscopy, and percent yield was
estimated from the pressure in a stainless-steel manifold of known
volume. Unless noted otherwise, chemicals were acquired from
commercial sources and were used without further purification.

Tetra-n-butylammonium Azide, (TBAN;) was grcpared vsing a
literature procedure and recrystallized from toluene.'® On occasion, a
residual toluene contaminant in TBAN, was carried through the
subsequent synthetic procedures and could not be removed from the
desired carbonyl diazide. In order remove the toluene contaminant, a
slurry of TBAN; (ca. S g) in 75 mL of diethyl ether was brought to
reflux with stirring. The slurry was then cooled to room temperature;
crystals were collected by filtration and washed with cold diethyl ether.
Residual diethyl ether solvent was removed from TBAN, under high
Vacuum.

Carbonyl Diazide (1): Method A. Tetra-n-butylammonium azide
(TBAN,) (1.64 g 5.77 mmol) was added to an oven-dried round-
bottom flask, followed by anhydrous diethyl ether (10 mL) under
positive nitrogen pressure. The volume of solvent was not sufficient to
completely dissolve the ammonium salt. Triphosgene (194 mg, 0.655
mmol) was added, and the suspension was stirred for 2 h. The solution
was then passed through a silica plug to remove the suspended
ammonium salts, and diethyl ether (S mL) was used to wash the silica.
The organic layer was washed with saturated aqueous sodium chloride
(10 mL) and dried over magnesium sulfate, and the drying agent
removed by gravity filtration,

Although a dilute solution of OC(N;), in dicthyl ether seems
comparatively safe to handle in glass, a concentrated solution or the
isolated material is not. In one instance, a neat sample of OC{N;),
detonated upon insertion of a glass pipet; the round-bottom flask
containing the sample was pulverized by the blast. Therefore, all
manipulations following the removal of the magnesium sulfate drying
agent were conducted in a 200-mL stainless-steel flask. The solution of
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OC(N;), in diethyl ether in a stainless-steel flask was frozen at —196
°C, and the vessel was evacuated. The sample was allowed to warm to
room temperature, and all volatile materials were cryopumped to a
second stainless-steel flask at —196 °C to ensure that absolutely no
nonvolatile or particulate matter contaminated the sample. The second
flask was then held at —78 °C, a temperature at which Et,O is volatile
but OC{N,}, is not, and the ether was removed with a diffusion pump
in conjunction with a liquid nitrogen trap. To remove all traces of
ether from the flask, it was necessary to perform three or four freeze—
pump—thaw cycles, wherein the sample flask was isolated from the
vacuum, warmed to room temperature, and cooled back to —78 °C
before pumping was resumed. Carbonyl diazide synthesized and
purified in this way typically afforded a yield of ca. 7.1 Torr-liter, (0.38
mmol, 19%).

Carbonyl Diazide (1): Method B. A modified version of the
preparation allows the entire procedure to be carried out on the
stainless-steel manifold. Use of dimethyl ether (bp —24 °C), which is
more volatile than diethyl ether (bp 35 °C), improves the case and
efficiency of solvent removal from carbonyl diazide (1), although it
also requires that the reaction be perfurmed at low temperature or
under pressure. Triphosgene (0.153 g, 0.516 mmel) and sodium azide
(0.207 g, 3.184 mmol) were added to a 35-mL stainless-steel flask. The
flask was attached to the stainless-steel manifold and evacuated, and
gaseous dimethyl ether was condensed into the vessel at —196 °C. In
the 35-mL flask, 1400 Torrliter of dimethyl ether was calculated to
afford ~4 mL as liquid solvent. After stirring for 16 h, the solvent was
distilled from the flask at =78 °C. The flask was then allowed to warm
to room temperature, and carbonyl diazide (1) was cryopumped to a
clean stainless-steel flask at —196 °C, Yields as high as 32% were
observed; however, this procedure proved more fickle than the
synthesis in diethyl ether.

Characterization. Following either synthetic procedure, a small
portion of the sample was transferred to a stainless steel, gas-phase IR
cell {ca. 1 Torr) using vacuum line techniques. The purity of the
sample was assessed by comparison to spectral data described
previously by Zeng et al.' A representative IR spectrum {Figure 3)
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Figure 3. Infrared spectrum of gaseous carbonyl diazide, OC(N,), (1)
(1 Torr, 298 K, spectral resolution of 2 cm™').

displays excellent agreement with literature data and is devoid of TR
absorptions attributable to impurities (see discussion below). Carbonyl
diazide can be stored at room temperature in a stainless steel flask for a
few weeks with minor decomposition. Samples of OC{N,), must be
handled gently, as physical shocks occasionally resulted in audible
explosive decompositions within the steel flasks.

B RESULTS AND DISCUSSION

Synthesis. A logical strategy for the preparation of carbonyl
diazide (1) involves the use of phosgene or a “phosgene

dx.doi.org/10.1021/ic301270b | fnorg. Chem. 2012, 51, 8846-9851



Inorganic Chemistry

215

equivalent”. Given the serious hazards associated with the use
of phosgene, triphosgene has supplanted phosgene as the
clectrophile of choice in reactions of this type.'?”
Triphosgene, QC(OCCI,),, is a stable crystalline solid, which,
in solution, serves as a surrogate for 3 equiv of phosgene.
Although we have not engaged in a detailed mechanistic study
of this reaction, the transformations depicted in Scheme 1 have

Scheme 1. Preparation of Carbonyl Diazide (1) Using
Triphosgene

T
N3 (Z.I_n‘(:“:‘,C\N3 N
T i
1C. L CC PN
ClLC oo CCly 5 Ny N,
triphosgene /(I_; 1
CclI'1°Cl
- Cl Ny
i i q
L. Ao,
crcl ClI" "Nj

good precedent in the literature ! Sequential nucleophilic
attack of azide on the carbonyl carbon of triphosgene results in
the formation of 1 equiv of OC{N,), (1) and the liberation of 2
equiv of trichloromethoxide ion. Trichloromethoxide ion
rapidly eliminates chloride ion to generate phosgene. Phosgene
generated in situ is more reactive than triphosgene, and
subsequent reaction with azide yields additional OC(N,),. In
our initial studies, we used sodium azide as the source of azide
ion and diethyl ether as solvent. Although these conditions
were successful in generating carbonyl diazide (1), we reasoned
that the very low selubility of sodium azide in diethyl ether was
a factor in the slow conversion of starting material and low yield
of product. We turned to tetra-n-butylammonium azide
(TBAN,) as a source of azide ion with greater solubility in
arganic solvents. Use of TBAN, enhanced the conversion of
triphosgene to carbonyl diazide (1) while minimizing the risk of
an explosive decomposition of solid sodium azide. Employing
standard solution-phase reaction conditions also allowed the
use of standard procedures to work up the reaction, including

an aqueous wash of the reaction mixtwre to ensure that any
remaining starting materials are safely neutralized and removed.
T'he final low-temperature, low-pressure distillation of solvent
from the carbonyl diazide (1} product is performed in a
stainless-steel vessel, which increases the quantity of pure
OC(N,), that may be handled safely. A disadvantage of this
procedure stems from the relative volatilities of carbonyl diazide
(1) and diethyl ether. Removing all of the solvent, without
losing an excessive amount of product, necessitates a series of
freeze—pump—thaw cycles. This procedure can be safely
performed with the stainless-steel apparatus, but it is tedious.

The alternate procedure involving triphosgene, sodium azide,
and dimethyl ether offers a different set of advantages and
disadvantages. The procedure is carried out entirely within a
stainless-steel apparatus, which enhances the margin of safety
although diminishes the ability to monitor the reaction in real
time. The higher volatility of dimethyl ether facilitates sobvent
removal, but upon solvent removal, the neat product remains
mixed with solid sodium azide. This procedure afforded both
the greatest quantity and highest chemical yield of carbonyl
diazide (1). That the procedure is fickle may reflect an
instability of the mixture of neat carbonyl diazide and sodium
azide, an observation noted independently by Zeng et al?
Although we attempted the synthesis using tetra-n-butylammo-
nium azide in dimethyl ether, we found the procedure to be
complicated by experimental difficulties associated with trans-
ferring 2 g of the highly hygroscopic TBAN; to the 35-mL
stainless-steel reaction vessel and ensuring that the viscous mass
dissolved in dimethyl ether.

Without mitigating the dangers inherent in the preparation
and handling of carbonyl diazide {1), our procedure addresses
the complications associated with the literature procedure for
the synthesis of this compound:’ (i) the use of chlorefluor-
ocarbonyl (7), which is highly poisonous and is not
commercially available, (i) the use of sodium azide under
heterogeneous (gas/solid) reaction conditions, (iii) a reaction
time of two hours vs four days, and (iv) the ability to
quantitatively assess product yield.

Potential Energy Surface. Optimized geometries, ener-
gies, and infrared intensities were obtained using the CCSD
method® with the cc-pVDZ! basis set as implemented in
Gaussian 09.>° The nature of stationary points was confirmed
by caleulation of the harmonic vibrational frequencies, which

3
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Figure 4. Potential energy surface of OC(N;),. Relative energies (keal/mol, including ZPVE) at CCSD/cc-pVDZ (upper, black) and CCSD(T)/cc-

pVTZ (lower, red).
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Figure S. Infrared spectrum of gaseous carbonyl diazide, QOC(N,), {1 Torr, 298 K) with computed vibrational frequencies and intensities of syn—syn
(red) and anti—syn (blue) conformers superimposed as stick spectra. The y-axis scales for the computed infrared intensities have been adjusted to
reflect a qualitative agreement with the experimental spectrum. Several weak absorptions arise from the IR cell.

also provided zero-point vibrational energy (ZPVE) correc-
tions. The transition states were connected to their minima via
IRC calculations. CCSD(T)/ce-pVTZ*® optimized geometry
and harmonic frequency calculations were performed using
CPOUR?” for cach of the minima. Further details of the
calculations can be found in Supporting Information.

The conformational isomers of carbonyl diazide (1) [syn—syn
(C,,), anti—syn (C.), and anti—anti (C,)] are depicted in Figure
4. In good agreement with recent literature data,"” the lowest
energy conformer is syn—syn, with the anti—syn conformer lying
1.8 keal/mol higher in energy at the CCSD(T)/cc-pVTZ level
of theory. The anti—anti conformer does not adopt an idealized
C,, structure; it exhibits a slight distortion from planarity (C,)
and lies ca. 11 keal/mol higher in energy than the syn—syn
rotamer. The barriers to rotation of the N; groups are modest
(Figure 4).

IR Spectrum. The gas-phase infrared spectrum of carbonyl
diazide (1) has been described previously," and we rely on the
IR spectrum as the criterion of purity for our synthetic method.
As such, it was of some concern to us that the computed
harmonic vibrational frequencies and infrared intensities for
syn—syn and anti—syn conformers of carbonyl diazide (1) do
not account for all of the prominent features in the
experimental spectrum, notably 2297, 2171, and 1200 cm™.
The origin of these features is unclear. While it is possible that
these absorptions may arise from carbonyl diazide (1) through
the effects of anharmonicity (combinations, overtones, Fermi
resonance), it is also possible that they may be attributable to
unidentified impurities. We sought to explore this matter, in
greater detail, through a more sophisticated theoretical
treatment of the vibrational spectrum.

To help analyze the puzzling aspects of the infrared
spectrum, we undertook high-level calculations that include
the effects of anharmonicity on the vibrational frequencies and
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infrared intensities. For each of the three conformational
isomets of carbonyl diazide (1), geometries were optimized at
CCSD(T)/ANOO and CCSD(T)/ANO1 levels of theory using
analytic gradicnts,mw and harmonic frequencies were obtained
with analytic second derivatives.®” The cubic and quartic force
constants were then calculated by numerical differentiation of
analytic second derivatives calculated at displaced points,
following the approach of Stanton et al®' Second-order
vibrational perturbation theory (VPT2) was then used to
compute the fundamental vibrational frequencies as well as the
infrared intensities.’*** Fermi resonances were analyzed using
the approach of Matthews and Stanton.™

In contrast to the harmonic analysis of the infrared spectrum,
which cannot account for many of its most prominent features,
the anharmonic analysis is in striking agreement with
observation (Figure S, Tables 1 and 2). The cluster of features
scen from 2000 to 2300 cm™ results from a strong and
extensive Fermi resonance in the syn—syn conformer of
OC(N,),, whereby the combination levels 1y + v,y 1y + L5,
and v, + v, borrow intensity from the very strong asymmetric
—N=N=N stretching mode, r,;. Similarly, the intrinsically
strong vy, asymmetric C—N stretching mode mixes with the
combination level v + /5. When these resonances are carefully
treated within the context of VPT2, a confident assignment
(rightmost column in Table 1) may be made for all of the
principal features seen in the spectrum (as well as most of the
minor features). It is rather remarkable that almost half of the
vibrational levels with predicted infrared intensities above 10
km mol™" (5 of 12) correspond to two-quantum overtone and
combination levels, an observation that underscores the
problems that are associated with relying on the harmonic
treatment for the analysis of the spectrum.

The experimental infrared spectrum also reveals the presence
of the anti—syn conformer of OC(N};), as a minor component
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Table 1. Experimental and Computed Vibrational
Frequencies and Infrared Intensities for the syn—syn
Conformer of OC(N,),”

{c-CCSD(T)
harmonic harmonic VPT2+T1
mode  sym ANOO ANOIL ANOI1 expt]
Tundamentals

1 a, 2214 (54) 2228 (63) 2181 (31)

2 a, 1782 (194) 1764 (194) 1731 (179) {721
3 a 1254 (4) 1266 (5) 1222 (4)

4 @y 945 (19) 953 (20) 933 (16) 941
5 a 553 (0) 553 (0) $44 (0)

6 a 407 (2) 408 (2) 403 (1)

7 a 122 (0) 122 (0) 114 (0)

8 ay 569 (0) 570 (0) 557 (0)

9 a, 152 (0) 155 (0) 151 (0)

10 by 733 (29) 730 (25) 720 (28) 723
11 b S80 (9) S81 (7) 571 (8) 569
12 B 75 (1) 76 (1) 72 (1)

13 i, 2198 (8s8) 2212 (875) 2140 (282) 2145
14 by, 1266 (1755) 1277 (1735) 1230 (1633) 1235
15 iy 109s (17) 1107 (13) 1069 (4)

16 by 807 (23) 508 (26) 795 (21) 794
17 b, 500 (2) 503 (3) 496 (1)

18 oy 206 (1) 206 (1) 204 (1)

Two-Quantum Levels

3+ 14 by 2435 (11) 2450
3+1s by 2286 (93) 2295
4+ 14 by 2171 (441) 2172
4+15 by 1998 (12) 2005
7418 by 1181 (40) 1200

“Computed harmonic and Fermi-resonance corrected (VPT2+F)
frequencies (cm_l), ainng with intensitics given in parentheses (km
mol™"). Two-quantum {overtone and combination) levels with
intensity greater than 10 km mol™! also included. Computed

frequencies are not scaled. Assigned experimental levels in italics.

of the gaseous mixture. The anharmonic analysis suggests that
the observed C=0 stretching frequency at 1756 cm™ is
composed of contributions from both the fundamental, v, and
an overtone, 2t vibration (Table 2}). The most intense
vibration of the anti—syn conformer (1, 1257 cm™") appears as
a shoulder on the high-energy side of the C—N stretching
vibration of the syn—syn conformer (v, 1235 cm '}
Fundamental, combination, and overtone bands of the anti—
syn conformer contribute to absorptions observed at 1200,
1138, and 1082 em”l We also curnputt-.d the anharmonic
infrared spectrum of the anti—anti conformer (see Supporting
Information section), but this conformer does not contribute to
the observed spectrum.

B SUMMARY

Carbonyl diazide, OC{N,}, (1), serves as a precursor to several
unusual, high-energy molecules; a safe and reliable preparation
for this substance represents an important objective. Our
synthesis provides advantages over previous methods in terms
of ready availability of starting materials, scalability of the
procedure, and, most importantly, safety. The infrared
spectrum of OC{N,), serves as the criterion of purity for
most synthetic procedures, which forced us to analyze this
spectrum in considerable detail. The spectrum is not well-
described by computed harmonic vibrational frequencies and
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Table 2. Experimental and Computed Vibrational
Frequencies and Infrared Intensities for the anti—syn
Conformer of OC(N;),”

{c-CCSD(T)
harmonic harmonic VPT24F
mode  sym ANOO ANOL ANOL exptl
Tundamentals
1 a 2212 (295) 2226 (308) 2169 (174) 2172
2 a 2192 (528) 2206 (852) 2142 (167) 2145
3 a’ 1813 (478) 1801 (482) 1760 (198) 1756
4 a' 1279 (766) 1290 (736) 1243 (583) 1257
5 a’ 1226 (354) 1237 (374) 1180 (177) 1200
6 a' 1114 (148) 1125 (147) 1083 (30) 1082
7 a 894 (7) a0L (7) 884 (8)
8 a' 727 (34) 730 (33) 722 (30)
9 a’ 611 (2) 613 (2) 600 (2)
10 a' 495 (1) 497 (1) 491 (1)
11 a’ 433 (1) 436 (1) 430 (1)
12 a' 200 (2) 200 (2) 199 (2)
13 a’ 127 (0) 126 (0) 127 (0)
14 a” 720 (27) 718 (24) 712 (18)
18 a” 576 (2) 576 (1) 567 (2)
16 a” 566 (11) 568 (10) 556 (7)
17 a” 135 (0) 138 (0) 134 (0)
18 a” 91 (0) 94 (0) 95 (0)
Two-Quantum Levels
2(5) a’ 2384 (23)
416 a' 2321 (40)
5+86 a 2272 (28)
2(6) a' 2192 (31)
447 a' 2118 (54)
6+8 a' 1797 (55)
27) a' 1768 (178) 1756
M+16 4 1269 (47)
$+10 o 1215 (24)
2(%) a’ 1199 (156) 1200
2(15) a' 1133 (73) 1138
1s+16 a 1127 (40) 1138
2(16) a’ 1116 (13) 1138

“Computed harmonic and Fermi-resonance corrected (VPT2+F)
frequencies {cm '), along with intensities given in parentheses {(km
I‘J'H)]_I). TW{)-‘Il]HI)1.I]1“ (ﬂ\“t’.ﬂ.(l“ﬂ Qlllj ('.Ulﬂhllﬂai.iﬂn) IE‘.Vt‘.IK W“Il
intensity greater than 10 km mol ' also included. Computed
frequencies are not scaled. Assigned experimental levels in italics.

intensities. After including the effacts of anharmonicity, the
computed vibrational frequencies and infrared intensities of
carbonyl diazide (1} display excellent agreement with experi-
ment, and reveal the presence of strong Fermi resonances.

B ASSOCIATED CONTENT
© Supporting Information

Description of stainless-steel vacuum manifold used for
synthesis and purification. Gas-phase IR spectra of OC{N,),
obtained using various preparations. Details of computational
results at CCSD/ce-pVDZ and CCSD('1)}ec-pVI'Z levels of
theory, including computed energies, zero-point vibrational
corrections, and Cartesian coordinates. Harmonic {CCSD{T}/
ANOO, CCSD(T)/ANOI1) and Fermi-resonance corrected
(VPT2+F} frequencies and infrared intensities for the anti—
anti conformer of OC(N,;},. This material is available frec of

charge via the Internet at http://pubs.acs.org.
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Millimeler-wave absorption spectra lor carbonyl diazide {OC[N3)2) are reported in the [requency range ol
243-360 GHz, at both 293 K and 213 K. Transitions for two of the three possible conformations, one with
both of the azide groups syn to the carbonyl group, or with one syn and the other anti, were observed in
the spectra. Theoretical calculations at the CCSD(T)/ANO1 level do an excellent job of predicting the
ground state rotational constants and 4th order centrifugal distortion terms for both conformers. Relative
line intensities, along with theoretically predicted dipole moments, were used to estimate the energy dif-
ference of the two observed forms, yielding a result in good agreement with the ab initio potential energy
surface, The spectra of the vy4, V5, vs and 2vy» excited vibrational states for the more abundant syn-syn
conformer have been assigned, and a great many transitions for each of them have been fit using partial
6th and 8th order centrifugal distortion Hamiltonians. Anharmonic vibration-rotation interaction con-
stants from the CCSD{T)ANO1 calculations are in excellent agreement with the experimentally deter-
mined constants in the case of vs and v, but not for vy,
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1. Introduction

Carbonyl diazide (OC{Ns);) is a high energy compound which
has been known in the literature for more than 100 years [1-5].
Recently, carbonyl diazide has been the subject of multiple
theoretical, synthetic, and spectroscopic studies [6-9]. This recent
attention stems from the work of Zeng et al., which showed that
carbonyl diazide can be decomposed to several interesting species
on the CON4 and CON; potential energy surfaces [10,11]. As shown
in Fig. 1, gas phase pyrolysis of carbonyl diazide (1) has been
shown to yield diazirinone (2), while irradiation of (1) in an inert
gas matrix yields both the acylnitrene {3) and its Curtius rear-
rangement product, isocyanate (4).

To date, carbonyl diazide appears to be the only practical pre-
cursor for generating the CON; isomer diazirinone, a molecule of
recent interest [11-14]. Diazirinone can be considered a covalent
dimer of the ubiquitous interstellar species N; and CO and is struc-
turally analogous to the known space molecule cyclopropenone
|15] {a covalent dimer of CO and acetylene). Thus, diazirinone
may itself be of astrochemical interest. As will become evident,
carbonyl diazide has a very dense and fairly strong rotational spec-
trum. We have been able to assign the most prominent features of
the carbonyl diazide millimeter-wave spectrum, including ground
vibrational spectra of the two lowest lying theoretically predicted
forms and the four lowest energy vibrational satellite spectra of
the syn-syn form. Together, these account for most of the strong

#* Corresponding author.
E-mail address: memahon@chem.wisc.edu (RJ. McMahon).

0022-2852(5 - see front matter © 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.jms.2013.11.001

features in the spectrum. Transitions for the ground state and first
excited state (vy,) of the syn-syn form have been fit to near exper-
imental error with a rigid rotor/centrifugal distortion model. The
spectra observed in states v+, vg, and 2vy> present additional chal-
lenges, because they appear to show some effects of mutual Cori-
olis perturbations. Nevertheless, the rigid rotorf/centrifugal
distortion models we have used, ie., ones not accounting for the
perturbations, are adequate to assign a great majority of the obser-
vable transitions and to fit them with only small systematic errors
in the highest J cases. The fit for the anti-syn form is successful in
reproducing the many observed lines, but the variety of transition
types and the accessible quantum number range is smaller than
that of the syn-syn form, because of its less intense spectrum.

2. Experimental details

WARNING. Carbonyl diazide is highly explosive, and very slight
physical shocks can cause it to detonate. Use blast shields, full per-
sonal safety equipment, strong metal containers, and extreme cau-
tion when working with this substance. To minimize risk of injury,
only work with very small quantities [16,17].

Our OC{N1); samples were prepared via the reaction of triphos-
gene and tetrabutyl ammonium azide as previously described [8],
or in a modified synthesis in which triphosgene and sodium azide
were allowed to react in a very small volume of polyethylene gly-
col {MW 400). Polyethylene glycol was chosen as a nonvolatile sol-
vent, from which we could vacuum distill our product after the
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Fig. 1. Known decompasition pathways for carbonyl diazide.

reaction. Polyethylene glycol also acts as a catalyst by sequestering
the Na' ions of NaN3, much like a crown ether, giving higher solu-
ble concentrations of the nucleophilic anion [18]. In a typical reac-
tion, 240 mg (0.82 mmol) triphosgene and 490 mg (7.6 mmol)
NaN; were placed in a specially constructed brass reaction vessel
(inner diameter 1 cm). The reaction vessel was placed in a stainless
steel vacuum flask (shown in Supplementary materials). A volume
of 0.3 mL polyethylene glycol was dripped onto the crystalline re-
agents, and the vacuum flask was quickly attached to a vacuum
manifold, evacuated to less than 100 mTorr, and then sealed. After
being sealed for ~16 h, any condensable gasses which had been
generated were transferred to a second stainless steel flask held
at liquid nitrogen temperature. In a final purification step, this sec-
ond flask was cooled to dry ice-acetone temperature and placed
under high vacuum for 5 min to remove any impurities more vol-
atile than carbonyl diazide. The resulting product was analyzed for
purity by gas phase IR spectroscopy, and the yield was estimated
by measuring the pressure of the sample in a large gas manifold
of known volume. A typical yield was 7.0 Torr liters of gas
(0.38 mmol, 15%) and thus comparable to our previous method
using ether as a solvent |8]. A benefit of this new method of syn-
thesis is that the carbonyl diazide is generated and handled en-
tirely in stainless steel vessels until it is introduced into the
spectrometer, enhancing the safety of the procedure. Additionally,
purification is straightforward, which is convenient and lessens the
chance of losing the sample to an accidental explosive decomposi-
tion. The development of the expedited synthesis was motivated
by the need to produce multiple samples for spectroscopic study.
Samples much larger than the size just mentioned were not safe
to handle, and because of the degradation of the sample in the
spectrometer over a period of a few hours, samples of this size
were only adequate for 1 or 2 days of experiments.

The spectrometer used is a millimeter-wave absorption instru-
ment with a 3 m path length [19]. The cell is made of Pyrex pipe,
and sheathed with coolant coils plumbed to an ultra-low temper-
ature chiller for temperature control. The millimeter-wave radia-
tion is generated by an 18:x multiplication (Virginia Diodes
amplification multiplication chain) of the tone-burst modulated
cutput from a 0-20 GHz frequency synthesizer {Agilent N5183A).
Radiation passes into and out of the cell by way of Teflon lenses.
At the far end of the cell, the signal is detected by a zero-bias diode
detector {Virginia Diodes), the output of which is passed through a
lock-in amplifier (Stanford Research Systems SR850 DSP) and back
to a PC running a custom data acquisition program built in Lab-
View 2010 [20]. The nominal range of operation for our detector

and amplifier multiplier chain is between 270 and 360 GHz, but
strong lines at lower frequency (by as much as 30 GHz) can often
be observed. The spectrometer cell was filled to a typical pressure
of 6 mTorr and sealed, and data was collected for 2-3 h, yielding
roughly 15 GHz of spectrum. The chamber was then evacuated
and re-filled with fresh sample for the next segment. The final
broadband spectra were the average of two scans, each with 10
data points per MHz. The complete spectra between 259 and
360 GHz were taken at both 213 K and 293 K, with select regions
being observed at lower [requencies than 259 GHz. While
10 points per MHz yielded precise measurements, particularly
dense or interesting regions of the spectra were taken at higher
resolutions of up to 100 points per MHz. Spectra were analyzed
and least-squares fits were performed using Kisiel's AABS, ASROT
and ASFIT programs [21].

Calculated structures were optimized at CCSD(T)/ANO1 and
CCSD(T){cc-pVTZ levels of theory. Molecular geometries were opti-
mized in CFOUR [22] using analytic gradients [23,24| with the fro-
zen core approximation, GEO_CONV =7, SCF_CONV =10, and
CC_CONV = 9. To determine the vibration-rotation interaction con-
stants, the cubic and quartic force constants were calculated by
numerical differentiation of the analytic second derivatives at dis-
placed points following the approach of Stanton et al. [2526].
Rotational constants, centrifugal distortion constants, and vibra-
tion-rotation interaction constants were calculated with CFOUR
using the structure and force field results. Summaries of the out-
puts of each of the theoretical calculations and our analysis can
be found in the Supplementary materials.

3. Theoretical energy separation and dipole moment
components

The potential energy surface for carbonyl diazide is shown in
Fig. 2. The lowest energy conformation has both azide groups syn
to the carbonyl. An anti-syn conformer is predicted to be
1.8 kcal/mol higher energy (CCSD{T)fcc-pVIZ) |8,9], which results
in it being an approximate factor of 10 times less abundant than
the more stable conformer. The Boltzmann factor is about 1/20,
but there is a weight factor of 2 because either azide group can
be in the anti position. Facilitating our detection, this higher energy
anti-syn conformer has a stronger calculated b component of the
dipole moment, p,=2.06D, than does the syn-syn conformer,
11, =0.68 D. This predicted dipole moment ratio favors the signal
intensity of the anti-syn conformer by about a factor of nine. There
is a small factor in favor of the syn-syn form because of its some-
what smaller rotational partition function. Thus, the signal inten-
sity is observed to be stronger for the more abundant species,
but by a much smaller factor than would be expected from the en-
ergy difference alone. The anti-syn conformer also is predicted to
have a much smaller y, dipole component (0.29 D), but the a-type
transitions were too weak to be observable, even when we could
accurately predict their frequencies.

4. Spectral data and analysis

The observed spectra were dense with detectable absorptions
throughout our frequency range. The most intense absorptions in
our observed spectra were due to the impurities HN3, HNCO, and
CO, that resulted from unintended products of the synthesis or
decomposition products of carbonyl diazide. These three light mol-
ecules have intrinsically intense transitions relative to carbonyl
diazide because of their much smaller number of populated states,
so even small concentrations produce very strong absorptions.
Spectra were collected at both 293 K and 213 K. Due to the large
number of low-lying vibrational states, including many combina-
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Fig. 2. Potential energy surface for carbonyl diazide. Relative energies (kcal/mol, including ZPVE) at CCSDfcc-pVDZ (upper, black) and CCSD(T)/cc-pVTZ (lower, red). The
lowest energy syn-syn conformer and the next highest enti-syn conformer are observed in this work. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

tions and overtones, the high temperature spectrum is consider-
ably more congested with excited state lines than the low temper-
ature spectrum. Less than 3% of the syn-syn molecules are in the
ground vibrational state at room temperature. This fraction in-
creases to 8% at 213 K. The lowest lying vibrational satellites are
also more intense at 213 K than at 293 K. As temperatures are re-
duced below 213 K, carbonyl diazide begins to condense. Due to
these considerations, 213 K was used for our final measurements
for the ground and excited vibrational states of the syn-syn con-
former. The spectrum at 293 K, however, was used for assigning
the spectrum of the higher-energy anti-syn conformer.

For the ground vibrational state of the syn—syn conformer, a
very near prolate asymmetric top, the most apparent spectral fea-
tures are the Q-branch series with fixed values of Kprome, Which
have series origins occurring at roughly (2K,roiare + 1A — (B + 0){2).

As seen in Fig. 3, the band origins are highly spectrally congested,
and generally, the first few dozen lines of the series could not be
sufficiently resolved to be independently measured. In the Kprotate
17-18 series shown in Fig. 3, the region between 341058 and
341081 MHz contains J =19 - J = 54, and most of these lines were
excluded from the least-squares fitting. Like the other similar
series, the lowest J lines increase in frequency as | increases, then
turn towards lower frequency with further increase, forming a
readily visible band head feature at the turn-around. Emerging
from the congested band head regions are series of easily
measured lines which gradually spread out as the lines progress
to lower frequencies and higher j values. Initial least-squares
fitting the Q-branch series, which gives the differences A — B and
B —C, along with the low inertial defect planarity condition,
provided a basis for readily assigning the R-branch transitions.

(a)

340000 340500

341000

341500

342000
Frequency (MHz)
(b)
| | I
! I
| il
\ \H
I A
340900 340950 341000 341050 341100
Frequency (MHz)

Fig. 3. (a) A 2 GHz region of the spectrum for carbonyl diazide at 213 K. The band starting at 241080 MHz is the Kyrolae 17-18 Q-branch for the ground state of the syn-syn
conformer. At 341960 MHz, the I oare 18-19 Q-branch series for 2v;; can be seen. (b) An expansion (10 <) of the central portion of this spectral region clearly shows the start
of the ground-state Q-branch series. The stick spectrum more clearly shows the congestion in the band head region where the series reverses direction.
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The R-branch transitions exist as series of transitions with the
same Kypq values and increasing f values with an approximate
separation of B+ C between successive lines. For the syn-syn
conformer in its ground vibrational state, a total of 1105 b-type
transitions were observed, consisting of 628 Q-branch transitions
from 6 different Kppp series and 477 R-branch transitions from
8 different Ko Series. As seen in Table 1, all of these transitions
were fit to experimental accuracy (o =0.038 MHz) with an
S-reduced, representation I", centrifugal distortion Hamiltonian
with all five 4th order constants and the four diagonal 6th order
constants. The very small observed inertial defect confirms that
this molecule is planar. The complete fitting output files of
this and the other cases given below, including all measured
frequencies, residuals, correlation matrices, efc., are available in
the Supplemental materials. Also given in Table 1 are the results
of our coupled-cluster calculation (ANO1 basis set) for the rota-
tional constants and 4th order centrifugal distortion constants of
this conformer. It can be seen that these theoretical predictions
are in excellent agreement with the experimental results.

With an excellent fit for the ground vibrational state of the syn-
syn conformer in hand, along with the theoretical predictions of
vibration-rotation corrections, it was possible to assign the transi-
tions for several excited vibrational states of the syn-syn con-
former. These excited vibrational states have distinctive Q-branch
series with band heads quite similar to those already described
for the ground state. The Kproere 18-19 Q-branch series band head
for the 2wy, state is readily apparent at 341960 MHz in Fig. 3(a).
Also, in a fashion similar to the ground state, the R-branch series
for the excited vibrational states span a wide region of the spec-
trum, with analogous separations of approximately B+ C. Many
transitions for states vy, vy, Vg and 2v,, were identified, measured,
and least-squares fit. As shown in Fig. 4, v, is a B1 symmetric out-
of-plane twisting motion of the azide groups. Vibrational mode v,
is an Al symmetric in-plane bending of the azide substituents.
Vibrational mode vg is an A2 asymmetric out-of-plane twisting
movement of the azide substituents. As an overtone vibrational
mode, 2vy, has Al symmetry.

Unlike the ground state case, the incorporation of some 8th or-
der centrifugal distortion terms in the Hamiltonian was necessary
in order to acquire a satisfactory least-squares fit of these vibra-
tional satellites. The need for these higher order terms likely goes
hand-in-hand with the large inertial defects accompanying these
vibrational modes (see below), both attributable to the low fre-
quency, large amplitude, nature of these bending motions of the
two azide groups. Vibrational states v+, vg, and 2vy3 all show clear

Table 1
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Fig. 4. Motions for the observed excited wvibrational states for the syn-syn
conformation of carbonyl diazide. Excitation energies are calculated at the
CCSD{T)HANOT level of theory.

signs of what is presumed to be Coriolis perturbation in two of
their Q-branch series. For v; and 2vy, the series Ky 16-17
and Kyrotare 17-18 fit poorly into rigid rotor models, as do the series
for Kproiaze 13-14 and 14-15 for vg The obvious implication is that
the perturbed energy levels are the Kproe =17 states for vy and
2vy; and the Ky =14 states for vy The detailed assignment
and fitting of these strongly perturbed transitions is incomplete
but in progress. All of these transitions have been omitted from
the data sets used for the rotational/centrifugal distortion fits.
The results of the fits for these three vibrational states are summa-
rized in Table 2. In the case of the lowest-energy vibrational state
{v12), however, it was possible to include all the measured transi-
tions in the fit summarized in Table 2. As can be seen in Table 2,
a fit to within near experimental error accuracy is obtained for a
quite large data set for the vy, excited vibrational state (after inclu-
sion of some 8th order centrifugal distortion constants). In the v
state spectrum we were able to assign 56 R-branch transitions
where the asymmetry splitting was resolved, but when these were
included in the fit the high-J, Q-branch lines show some systematic
residuals and the standard deviation of the residuals o is greater
than the experimental error level (Table 2). If only the un-split R-
branch lines and the non-Kpu. = 17 Q-branch lines are included,
a drops by a factor of two. In the cases of vg and 2vy, we were
not able to assign the weak split R-branch lines, because of the
dense background spectrum, but if they could be measured and in-
cluded in the fits, a similar increase in @ might be expected. Differ-
ent combinations of centrifugal distortion constants were required
to achieve the fits reported in Table 2, and only the D; constant
seems to be relatively invariant to vibrational state. In Table 3

Experimental and calculated constants for the two lowest energy conformations of carbonyl diazide. Calculations are at the CCSD{T){ANO1 level of theory, and all constants are

presented in the S-reduced [ representation.

Syn-syn anti-syn
Experimental CCSD{T)HANOT Experimental CCSD{T)/ AN
A (MHz) 10807.32121(80) 10758.5 48600.3329(15) 48442
8 (MHz) 1101.93922(32) 1100.0 1448.9307(80) 14469
C (MHz) 999.95107(39) 997.9 1115.7777(50) 11141
Dy (kHz) 0.076261(36) 0.0748 0.19588(32) 0.191
Dy (kHz) 1.19632(16) 117 1.2477(18) 118
Dy (kHz) 19.7585(40) 18.89 11.9279(28) 1147
d, (kHz) 0.010738(34) 0.0108 0.0670(23) 0.0659
d, (kHz) 0.000602(18) 0.00057 0.0090(30) 0.00529
H; (Hz) 0.0000469(31)
Hy (Hz) 0.002860{17)
Hyy (Hz) 0.03728(43) —0.01055(44)
Hy (Hz) —0.1393(71) 0.06943(82)
o (MHz) 0.038 0.044
Ay {amu A”) 0.01415 0.0322 0.1640 0.0103
N lines 1105 786
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Experimental constants for the four lowest energy vibrational satellites of the syn-syn conformer of carbonyl diazide. All constants are presented in the S-reduced I

representation.

Viz b Vg 2viz
Efem 'y 715 115.7 150.6 143.0
A [MHz) 10515.8293(18) 11083.483(11) 10687.5080(26) 10245.6945(37)
B (MHz) 1102.30411(87) 1102.4041(57 1102.3112(30) 1102.5814(33)
C (MHz) 1001.5272(11) 1000.3624{70) 1000.5791(35) 1003.1971(33)
D, (kHz) 0.077850(65) 0.07634(35) 0.07586(20) 0.07675(33)
Dy (KHz) 0.80795(64) 1.2761(66) 1.2848(21) 0.5615(24)
Dy (kHz) 42.116(12) 82.166(97) 9.075(13) 87.848(27)
dy (kHz) —0.01213(14) 0.0176(20) —0.0243(19) 0.0
d; (kHz) 0.00305(35) 0.0296(56) 0.137(10) o0
H, (Hz) 0.0000479(62) 0.000520(31) 0.000680(46) 0.000363(81)
Hye (Hz) 0.002216(37) 0.00531(87) 0.01184(93) 0.00096(14)
Hyy (Hz) 0.1716(21) 0.418(32) 0.0236(97) 0.5282(77)
Hi (Hz) —24.515(41) 21.82(40) —1.792(22) —36.641(39)
iy (Hz) 0.0000336 (67) —0.00655( 1) —0.00270{19) —0.000692(31)
hs (Hz) 0.0 0.01387(77) 0.0 0.0
hs (Hz) 0.000123(18) 0.030482(36) 0.0 0.00340(35)
L (mHz) 0.0 0.0 0.0 0.0000233(67)
Lyx (mHz) 0.0 0.0 —0.001418(62) —0.0000134(88)
Ly (mHz) 0.0 -0.0118(15) 0.0226(16) 0.0
Ejig (mHz) 0.0673 (25) 0.794(55) 0.224(16) 0.4258(84)
Li (mHz) 7.9G7 (48) —4.67(61) 0.0 11.06(10)
@ (MHz) 0.040 0,109 0046 0.056
4; (amu A%) -1.9256 1.1649 -0.6725 -3.9174
N lines 1118 234 672 768
* CCSD{T)fANOL.
Table 3
Comparison of calculated and experimental vibration-rotation corrections for carbonyl diazide.
s (MHZ) ap (MHz) ae (MHz) Ay (amu A%y
Viz Experimental —251.492 036489 1.57613 -1.9256
COSD(T)/ ANGI 26341 =215 =036 —1.86
Vi Experimental 276.162 04648 0.4113 1.164%
CCSD(T)/ANO1 270985 .67 0.16 135
Va Experimental -119.812 037198 062803 -0.6725
COSD(TY ANGT =115.54 25 /0 =072
2vyz Experimental 561.626 0.64218 3.24603 35174
CCSD(T)/ANO1 526.82 4.3 0.72 3.8147
2 w (Experimental vy2) 582984 0.72978 315226 3.5368

the vibration-retation interaction constants and inertial defects for
all four states from the experimental rotatienal constants and the
coupled cluster calculations are compared. For v and vg the agree-
ment is reasonable, but the x, and «p values are in quite poor
agreement in the case of vz The & values and inertial defects for
2vy2 are, however, very close to two times the values of the same
constants in the fundamental state v (see Table 3), which was
very helpful in assigning the spectra of the overtone. The very large
negative inertial defects observed for the out-of-plane modes and
the large positive defects for the in-plane mode are very well pre-
dicted hy the theoretical calculations and are consistent with
expectation for these low frequency bending vibrations [27].
Identifying five vibrational states for the syn—-syn conformer ex-
plained many of the stronger lines in our spectrum, making it fea-
sible to search for transitions from the anti-syn conformer.
Predictions for the b-type transitions showed widely spaced R-
branch series spanning the length of our spectral range. IL proved
possible to find and assign these lines. The Q-branch series pre-
dicted in our spectral region all had K. values greater than
38, and they {and the non-degenerate R-branch transitions) were
not intense enough for us to distinguish them from the great many
unassigned lines (presumably of higher vibrationally excited
states). The spectroscopic constants from the fit of the anti-syn
conformer are given in Table 1, along with the predictions of the

same constants from coupled-cluster theory. As for the other con-
former, the agreement of the rotational constants and 4th order
centrifugal distortion constants is excellent {somewhat less so for
), and the mean square of the residuals is near the experimental
error limit {Table 1). In spite of this low value of o, the determina-
tion of the rotational constants is not as accurate as in the fit of the
syn—syn form. The lack of transitions where the asymmetry split-
ting is resolved and of Q-branch transitions in the data set is the
origin of this problem, and the somewhalt large unphysical inertial
defect in Table 1 is symptomatic of it. The inertial defect from the
coupled-cluster calculation, however, is typical of what would be
expected for a planar molecule.

With the spectra of both conformers well fit, it was possible to
estimate their relative energies based on peak intensities. We used
a particularly clean segment of our 293 K spectrum between 310
and 330 GHz. To compensate for the gradual decrease in intensity
during the course of a sample fill, intensities were compared in a
matched pair fashion. Each well-measured syn-syn line was fit to
a Gaussian line shape and compared with the nearest well-mea-
sured anti-syn line at higher frequency and at lower frequency.
The integrated intensity for each line was normalized with its com-
puted integrated intensity {corrected for the factor of two in favor
of the anti-syn discussed previously), and the ratio of the pair of
normalized intensities was taken as the Boltzmann factor. In total,
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118 of these pairs were used, a few outliers with ratios more than 3
standard deviations away from the mean having been dropped
from the sel. These 118 pairs gave an average Boltzmann factor
of 0.0515, vielding an energy difference of 2.4 +0.6 kcal/mol,
which is consistent with the ab initio values presented in Fig. 2.
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The millimeter-wave spectrum of hydrazoic acid (HN3) was analyzed in the frequency region of
235-450 GHz. Transitions from a total of 14 isotopologues were observed and fit using the A-reduced or
S-reduced Hamiltonian. Coupled-cluster calculations were performed to obtain a theoretical geometry,
as well as rotation-vibration interaction corrections. These calculated vibration-rotation correction
terms were applied to the experimental rotational constants to obtain mixed theoretical/experimental
equilibrivm rotational constants (4., 5., and C,). These equilibrium rotational constants were then
used to obtain an equilibrivm (R,) structure using a least-squares fitting routine. The R, structural
parameters are consistent with a previously published R, structure, largely falling within the uncertainty
limits of that R, structure. The present R, geometric parameters of HNj are determined with exception-
ally high accuracy, as a consequence of the large number of isotopologues measured experimentally
and the sophisticated theoretical treatment (coupled-cluster single double triple (CCSD(T))/ANO2)
of the vibration-rotation interactions. The R, structure exhibits remarkable agreement with the
CCSD(T)/cc-pCV5Z predicted structure, validating both the accuracy of the ab inirio method and the
claimed uncertainties of the theoretical/experimental structure determination. © 2015 AIP Publishing
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INTRODUCTION

Hydrazoic acid (HN3) has been of fundamental interest
since the earliest days of spectroscopy. In 1890, hydrazoic acid
was reported by Curtius; he noted the molecule to be both
highly toxic and extremely explosive.! At the time, the nitrogen
atoms of HN3 were thought tobe arranged in a three-membered
ring. In 1935, Herzberg used the overall shape of the partially
resolved near-infrared overtone bands to conclude that the
nitrogen backbone was linear, with the hydrogen atom bound
either to the central nitrogen atom or to one of the terminal
nitrogen atoms.” The H-N-N-N connectivity was firmly es-
tablished by IR spectroscopy in 1940.° The authors determined
a bent H-N-N angle of 110.9° and assumed a 180° N-N-N
angle. An electron diffraction study in 1942* found nitrogen-
nitrogen bond distances in agreement with those in the IR
study. Amble and Dailey synthesized all four singly isoto-
pically labeled HN; isotopomers, found the corresponding
values of (B + C) by microwave spectroscopy, and published
the first substitution structure in 1950, Winnewisser and co-
workers obtained microwave and millimeter-wave spectra for
HYN,, D¥N;, HPNNN, and HNNDN and obtained a substi-
tution structure.®=® Their work provided good values for many
of the geometric parameters, but ambiguity remained in the
position of the central nitrogen atom because the HN*NN
isotopomer was not observed. Winnewisser used the center of
mass condition to estimate the position of the central nitrogen
and published an R structure with an N-N-N angle of 171.3°°
High-level calculations have consistently supported this bent
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structure.'®12 In the 1980s and 1990s, the rovibrational spectra
for HN3 and DNz were thoroughly studied by high resolution
FTIR, 23 but the structure was not significantly refined. Evers
et al. obtained the crystal structure of hydrazoic acid in 2011.2¢
Fundamental interest in the molecular geometry of HN3 con-
tinues with Toyota et al. discussing the likely origins of the
N-N-N angle as recently as 2013.12

Precise structural knowledge of hydrazoic acid is valuable
in further understanding the family of tetratomic, 16 valence
electron molecules, which includes HNCO, its isomers, and
their heavier-element analogues. In this family, molecular
geometries range from linear through quasilinear to manifestly
non-linear?’?* In comparative studies probing the origins of
these geometries, the relative electronegativity of atoms in the
backbone is an important variable. Hydrazoic acid is unique
in this family in that all non-hydrogen atoms are identical. For
this reason, HN3 serves as a useful reference for untangling the
subtle confributions, which give rise to varying geometries in
this family.

Inthe present work, we observed transitions for numerous
isotopologues of hydrazoic acid. Samples enriched with N
at the first or third nitrogen atom were prepared for both HNj
and DN3. Transitions for additional isotopologues containing
a 1N atom at natural abundance were also measured. In all, we
present spectroscopice fits with well-determined rotational con-
stants for 14 (of 16 possible) isotopologues of hydrazoic acid
involving H/D and “N/N. The isotopologues absent from
our dataset are the triply 1°N substituted H*N; and D3N3, Six
of the studied isotopologues contain a '*N label on the central

©2015 AIP Publishing LLC
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nitrogen, which eliminates most ambiguity about its location
within the molecule. We used these data for a highly redundant
determination of the molecule’s equilibrium structure.

A coupled-cluster single double triple (CCSD{T))/ANO?2
optimized geometry was obtained and used in subsequent har-
monic and anharmonic frequency calculations to estimate the
quartic centrifugal distortion constants for each isotopologue
and estimate the vibration-rotation interaction parameters for
each isotopologue. An additional magnetic property calcula-
tion was performed to estimate the electron mass contribu-
tions to rotational constants. The vibration-rotation interac-
tion constants (a;) were used for the equilibrium structure
determination and provided some guidance in the location of
the vibrationally excited state spectra of hydrazoic acid and
deuterated hydrazoic acid.

We observed pure-rotational transitions for seven vibra-
tionally excited states (four fundamentals, two overtones, and
one combination) of both hydrazoic acid and deuterated hy-
drazoic acid (all ""N) — the most energetic of these being
at ~1267 cm™! (1197 em™! for DN3).?*** A complex web of
perturbations exists between these states, to the point where
none of them can be completely analyzed using a single-state
fit. The ground vibrational state is largely isolated from these
perturbations, exhibiting only a centrifugal distortion interac-
tion with the lowest energy excited vibrational state (537 cm ™!
for HN; and 496 cm™! for DN3).1%1° In the current analysis, we
used only ground-state transitions that are unperturbed or only
slightly perturbed; this allows the use of single-state fits. We
excluded significantly perturbed lines even where they are well
understood (for HYN; and DYN3) for better continuity with
our fits for isotopologues where analysis of these perturbations
would be completely impractical. A detailed analysis of the
higher vibrational and rotational states of HN3 and DN3 will
be published separately.

EXPERIMENTAL METHODS

Hydrazoic acid was prepared by adding sodium azide
(NaN3) to water which had been acidified with phosphorus
pentoxide (P,Os). A typical batchused 15 ml water, 0.5 g P,Os,
and 0.1 g NaNs. Reagent amounts were kept small to minimize
the hazards of working with these potentially explosive mate-
rials. The reagents were combined in a vacuum line connected
directly to the microwave spectrometer, and for 1 minute after
combination, all escaping condensable vapors were trapped
and stored in a thick-walled glass trap at —78 °C. Under these
conditions, water in the trap remained condensed, while hy-
drazoic acid had a conveniently large apparent vapor pressure
of ~300 mTorr and could be introduced into the spectrometer
chamber as desired. After the process was optimized, our
millimeter-wave spectra appeared to be very pure. No yields
were calculated, but a sample of this scale proved sufficient for
several days of data collection. Samples of DN; were prepared
analogously using D,O. In our setup, the syntheses of DN3
contained large amounts of HN3 as an impurity. Rigorously
rinsing the reaction flasks with D, O, using fresh reagents, and
attempting to saturate the manifold and the spectrometer cham-
ber with DO vapors prior to reaction still resulted in a mixture
of DNz and HN3. Fortuitously, this mixture proved adequate for
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assigning the spectra of HN3, DN3, and the six isotopologues
containing a single "N atom occurring at natural abundance.
To enrich the 3N content, isotopically labeled sodium azide
(Nal>NNN), purchased from Cambridge Isotope Laboratories,
was used in place of Nal*N;. This gave access to milligrams
or tens of milligrams of HPNNN, HNNN, DI'NNN, and
DNN'N. Due to the presence of naturally occurring °N, we
were also able to observe all six doubly '°N labeled isotopo-
logues.

The millimeter-wave spectrometer used has been de-
scribed previously.*>?! It has a nominal range of 270-360 GHz,
but strong lines can be observed at frequencies as low as 230
GHz. Using a spurious 30> harmonic in the 18 amplification
multiplication chain, we can occasionally observe lines signif-
icantly above 360 GHz. Additionally, for some of our experi-
ments, we were able to utilize a higher range frequency synthe-
sizer (Agilent MXG Analog Signal Generator N5183B) which
gave continuous usable spectra up to ~370 GHz. The chamber
was filled with roughly 10 mTorr of sample, and refreshed
every 1-2 h. Spectra were collected at room temperature. For
each sample, we measured a 100 GHz broadband spectrum,
followed by targeted searches for very weak transitions and
for transitions lying outside of our nominal operational range.
Spectral viewing and analysis were done with Kisiel’'s AABS?
package and Pickett’s SPFEIT/SPCAT.?* Kisiel’'s PIFORM*
was used to format the SPFIT output files and give proper
standard errors for spectroscopic parameters. These least-
squares fitting output files are deposited in the supplementary
material.*

COMPUTATIONAL METHODS

All geometry optimizations and frequency calculations
were carried out in CFOUR 2.00.** CCSD(T)/ANO2%* opti-
mized geometries were obtained using analytic gradients®’3#
with the frozen core approximation. To determine the vibra-
tion—rotation interaction constants (c;’s), the cubic force con-
stants were calculated by numerical differentiation of the
analytic second derivatives at displaced points following the
approach of Stanton et 4l The VPT2 anharmonic fre-
quency output allowed for a convenient calculation of the
quartic distortion constants and the vibration-rotation interac-
tion for each of the isotopologues. A very highlevel calculation
of the equilibrium geometry was also completed at the all-
electron CCSD(T) level with the cc-pCVSZ basis set. Output
summary files of each of the theoretical calculations and our
analysis can be found in the supplementary material.*

Analysis of rotational spectra

The dipole in HN3 is roughly parallel to the H-N bond,
and thus not along any of the principal axes, resulting in strong
a-type and b-type transitions (u, = 0.837 D and pp = 1.48
D).7* The predominant features in all of the spectra for hydra-
zoic acid are g-type R-branches which follow a typical pattern
for near-linear molecules shown in Fig. 1.

For a series with a given J + 1 « J, transitions progress
towards lower frequency with increasing K, value. The
Kyrolze = 1 lines are widely split by several gigahertz, the
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FIG. 1. Experimental (upper) and predicted (lower)
spectrum of HN; from 275 GHz to 315 GHz. Red lines
represent the a-type R-branches with J..,. =12 and
13. The blue transitions belong to the b-type Kpuare
=1(=) &0 P-branch with J., values of 10 and 11
which progress to lower frequency. The green series is
a continuation of the P-branch re-entering the spectrum
with .J values 34 and 35.

295
Frequency (GHz)

280 285 290 300 305

Kproiaee = 2 lines are split by tens or hundreds of megahertz, and
the Kppotae = 3 lines are typically split by less than amegahertz.
Transitions for K, .. = 4and higher appear degenerate on our
instrument. For DN3, the pattern in a-type R-branch transitions
is roughly the same as for HN3, but there is more of a “turn
around” in the series, with the K., = 0 line generally ap-
pearing at lower frequencies than the K. = 2 and Kppopae
= 3 lines.

For b-type transitions, HN3 has a series of P-branch
Kpestaee = 1 & 0 transitions which run through our specitrom-
eter range from high to low frequency (Jypper = 9-13). Outside
of our frequency range, the Kppue = O states surpass the
nearby Ko = 1 states in cnergy, and thus the series re-
enters our spectra as R-branch K. = 0 « 1 transitions
which progress to high frequency (Jupper = 33-36). There is
also a scrics of P-branch K. = 2 « 1 transitions (J,pe,
= 52-55). Finding these transitions proved critical in determin-
ing A and Dy (or A and Ag) independently of one another.

1IN3 and DN5 have somewhat dissimilar b-type spectra in
our frequency range. This is the result of the hydrogen atom
being the only mass appreciably off the a-axis, resulting in
a substantial difference in the A constant between the two
isotopologues (611 GHz for HN3 and 345 GHz for DN3).
Hence, we observed more b-type transitions in the frequency
range of our spectrometer for DN3 than for HN3. Most notably,
a b-type Q-branch occurs (starting at 334 GHz) in our spectral
range for DN, while the same branch is too high in frequency
(predicted to start at 599 GHz) for us to observe for HNs.

We fit our spectral data using both the A-reduced and
the S-reduced Hamiltonians in the I" representation for each
isotopologue. The choice of A- or S-reduction did not affect
the quality of the fits; the spectroscopic constants obtained
by S-reduction, when converted into the A-reduction,* were
nearly identical to those obtained in our fit using the A-reduced
Hamiltonian. As further proof of the quality of the A-reduction
or S-reduction least squares fits, the rotational constants (By'*!
or By were converled into nearly identical determinable
constants (By") using the experimentally determined quartic
distortion constants (see below). These two analyses of the
constants can be found in the supplementary material.**

For higher values of Kpuue, the energy levels are per-
turbed by a centrifugal distortion interaction with the first

310

[

wn

vibrationally excited state.'®!? For HNs, we found evidence
of slight perturbation in the Kpq = 4 transitions, with the
perturbation becoming progressively larger at higher Kp e
values. Empirically, we found that including L x, in our fits
compensates for much of the perturbation and allows us to
include a-type transitions up 10 K1, = 3 in single-state fits
for HN3 with satisfactory values of o, although the values of
Lk ks are unphysically large. For DNa, we were able to include
transitions up to Kppiae = 7.

Transitions with Kpurae = 1 + 2 are required in order to
independently determine A and Dg. More of these transitions
occur in our frequency region for DN3 than for HN3, and
they have greater intensity in DN5. We were unable to posi-
tively identify any Kpyiae = 1 < 2 transitions in the four HN3
isotopologues requiring a >N atom at natural abundance. In
our fits for IINPNN, IIPNPNN, IIPNNPN, and TINNN,
we fixed Dg to reasonable values estimated based on ratios
between the experimentally determined values of Dy for the
other ten isotopologues.

Our spectroscopic constants from the fits for HN3 and DN3
are presented in Tables I and I1, alongside our CCSD(T)/ANO2
and CCSD(T)/cc-pCV5Z values for the rotational constants
and quartic centrifugal distortion terms. In these tables, our data
are presented in the A-reduction for easier comparison to previ-
ously reported values. Previously reported values for the rota-
tional constants, determined by either microwave/millimeter-
wave spectroscopy’® or far-IR spectroscopy, %! are presented
side-by-side with our values. Because independent determina-
tion of A and 4 is not possible without adequate diversity of
observed b-type transitions, the value of A — Ag is also pre-
sented in these tables. The apparent discrepancy between our A
value for HN; in Table Iand A from Ref. 7 is largely the result
of a fixed value for Ag as the values of A — Agx match well.
Discrepancies in the higher order distortion terms are likely due
in part to different subsets of these terms being used. Ourchoice
of higher order distortion terms was based on which ones were
beneficial to the fit and were determined to a value greater than
their standard error for all isotopologues. With these caveats
in mind, the general agreement is very good between the
current work and the previous works. The rotational constants
determined at the CCSD(T)/cc-pCVZ level were notably
closer to our experimentally determined constants than were
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This work Bendtsen and Nicolaisen Bendtsen and Winnewisser
HMNj CCSD(T)/ANO2? CCSIXT)/ecc-pCV5ZE Millimeter-wave Far-IR'® Microwave/millimeter”
Ay (MHZ) 605073 610794 611034.132(29) 611 026.8(21) 610 996.2(60)
By (MHz) 11989 12054 12 034.983 8(62) 12 034.78(27) 12 034,146 5(50)
Cy (MHz) 11736 11800 11780.6713(66) 11780.49(27) 11781.4512(50)
Ay (kHz) 4.754 4.917 4(10) 5.01(15) 4.673(35)
Arx (kHz) 765.8 797.98(15) 789.127) 791.1858(11)
A (kHz) 217900 267 559(27) 268 464(180) [230 000]%
&7 (kHz) 0.078 06 0.091 18(22) 0.080 9(90) 0.0888(27)
8 (kHz) 313.8 403.9(31) 104.9¢90) [0]
37 (Hz) [0] 0.006(45) 0.088(36)
B, 5 (Hz) 1.19(10) 4.49(12) 40.6(8.6)
Drr (Hz) 255(14) —1199(60) —0.001210(35)
Dx (H) [0] 383 734(6000) [0]
Lgxy (mHz) —40 010(400) ] [0]
A; (nAD 0.0752 0.0743 0.079415223 0.079354 396 0.073 599658
A— Ag (MHz) 604 855 610766.6 610758.3 610764.2

2The B, values from the CCSD{TyANO2 and CCSI{T)/cc-pCVSZ calculations have been converted to By values from the CCSD{T )y ANO2 vibration rotation corrections provided

by the anharmonic frequency caleulation.

the CCSD(T)/ANO?Z values. The 4th order centrifugal distor-
tion constants determined by the CCSD(T)/ANO?2 calculation
were in good enough agreement with experimental values to
be helpful in our assignments.

The SN-containing isctopologues exhibit spectra very
similar to those for H¥Ns and DN, Transitions for the
four synthetically 1*N-enriched species (HI'NNN, HNNPN,
D'NNN, and DNN'3N) were observed at comparable inten-
sity to their parent molecules. Eight isotopologues were ob-
served for molecules containing one N atom at natural abur-
dance. Transitions for these species were intense enough to
observe K,uiqe = 0 through Kpppe = 5 and most of the b-
type features. Because of the proximity of the center nitrogen
atom to the center of mass, transitions for the six observed
isotopologues with a label on the central nitrogen atom ap-
peared as satellites to the corresponding transitions of their
parent isotopologue. These isotopic satellites were particularly

close to their parent transitions for the a-type R-branches.
This proximity often led to the rapid assignment of transitions
using Loomis-Wood type plots**3 centered on transitions of
the parent isotopologues. In the case of HNNIN, however,
transitions were sometimes too close to the significantly stron-
ger transitions of HNNN to be observed or measured. As a
result, our set of measured transitions for HNP’NINis the least
complete, missing half of the a-type Kppiae = 1 transitions and
all Kppotare = 4 and Kprojqre = 5 transitions. With fewer observed
transitions of HNYNN, we chose to fix the value of Lx g in
its least-squares fitting, and the values of Hyx and Hg; do
not closely match the values determined for the other HN3 iso-
topalogues. The rest of the fit parameters for HNPNISN match
nicely with expected values. Most importantly, the determin-
able constants (B*") and inertial defects for HNNPN with
and without corrections for vibration-rotation interactions and
electron mass were consistent with the other 13 isotopologues

TABLE II. Rotational constants for DN; from ab initie calculations, experimental spectroscopic data, and the previous literature.

This work Bendtsen and Nicolaisen Bendtsen and Winnewisser
DN, CCSD(T)/AND22 CCSD{Tyec-pCVSZE Millimeter-wave Far IRV Microwave/millimeter®
Ap (MHz) 340873 344 046 344 746.613(17) 344724.8(15) 344 746.589(54)
By (MHz) 11314 11370 11350.94041(96) 11351.55(24) 11350.983(16)
Cp (MHz) 10927 10984 10964.82571(45) 10965 45(24) 10 964.755(15)
Ay (kHz) 4.135 4.31494(72) 4.89(21) 4281(16)
Arg (kHz) 466.7 446.084(42) 435.921) 444.51(44)
Ax (KHz) 56910 91 942.9(42) 91227(30) 92242(33)
&7 (kHz) 0.1511 0.172965(33) 0.171(15) 0.1864(41)
B x (KHz) 263.9 338.82(28) 318(12) 365.1(77)
&7 (Hz) [0] 0.060(60) [0]
D5 (H) 1.248(19) 27(1.2) —3.4(1.1)
Dxy (Hz) —213.7(26) —606(18) —0.000308(21)
Dy (H) [0] 86040(300) [0.059]**
Lyx 5 (mHz) —3516.(42) [0] [0]
A; (A2 0.0980 0.0969 0.1019 0.1016 01024
A— Ag (MHz) 340816 344 654.7 344 633.6 344 654.3

2The B, values of the rotational constants from the CCSD(TYANO2 and CCSINT)/cc-pCV5Z calculations have been converted to Bg values using the CCSD{T)/ANO2
vibration-rotation interactions from the anharmonic frequency calculation.
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TABLE III. Spectroscopic patameters for isotopologues of HN3 in the S-reduced Hamiltonian I' representation.
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HN; HINNN HNNN HNNDPN HNUNN HINNLN HNPNIN
Ap (MHz) 611034.135(29)  605576.802(35)  610032.993(90)  610977.569(30) 604 507.434(46)  605510.183(32) 609 961.086(60)
By (MHz) 12034.17591(56)  11667.54336(74) 12033.3438(235) 11641.77520(65) 11665.5799(14) 11282.35889(93) 11641.8807(22)
Cy (MHz) 11781.47899(83) 11427.8561(10)  11780.2941(24) 11405.07997(91) 11425.5693(19) 11058.0384(12)  11404.8190(32)
Dy (kHz) 4.8749(11) 4.6228(13) 4.8728(27) 4.5372(12) 4.620 8(38) 4.3057(22) 4.539 3(51)
Dyx kHz)  798.23(15) 769.00(17) 796.07(20) 75243(15) 765.97(29) 724.80(20) 751.93(68)
Dy (kHz) 267 561(27) 263 929(34) [265241] 268 092(27) [266172] [263 987] [261923]
d1 (kHz) —0.09120(22) —0.08397(26) —0.087 4(35) —0.08247(23) —0.084 05(79) —0.074 73(49) —0.076 8(20)
dy (kHz) —0.02127(16) —0.01893(18) —0.023 51(99) —0.01893(17) —0.0232(11) —0.01829(85) —0.023 8(15)
Hrx Hz) 0.88(10) 0.64(11) 0.7731) 0.73(11) 0.73(40) 0.75(27) 5.5(14)
Hy; Hz) 256(14) 348(16) 320(18) 226(14) 363(25) 349(16) 106(37)
Lgxr (mHz)  —40010(399) —35790(439) —43 930(501) —39 040(388) —38 040(662) —35 580(462) [—38040]
A (u A 0.073655 0.073 944 0.073708 0.0737 62 0.074 0283 0.074 040 0.073790
Nlines 78 84 49 38 42 56 32
ot (MHz) 0.032213 0.040 708 0.029478 0.036615 0.036 002 0.030417 0.043 468

(see Table V). The fits for the HN; isotopologues are presented
in Table III. The fits for the DN3 isotopologues are presented
in Table V.

STRUCTURE DETERMINATION

The structure of HN3 was computed from the experimental
rotational constants using several different methods. First, the
rotational constants were corrected from the A- or S-reduced
Hamiltonian constants (Bo' or Bo®)) to remove the impact
of centrifugal distortion and obtain the determinable constants
{(By"") using Egs. (1)—(6) below.*? The determinable constants
for each isotopologue are presented in the supplementary mate-
rial.* The average of the By"* values obtained from A-reduced
or S-reduced Hamiltonian constants was used in any structural
determinations,

The use of Kraitchman’s equation (Eq. (7)) for single iso-
topic substitution®® vields the absolute value of the Cartesian
coordinates of the substituted atom (designated |a,|) in the
principal axis coordinate system of the reference isotopologue
of HNs. An R; structure, determined from the application
of Kraitchman’s equation, is presented in Table V using the
average determinable constants for all 14 observed isotopo-
logues. With our data, the analysis could be performed using
eight separate coordinate systems (HNs, DNa, and their six
singly N substituted isotopologues). Of these coordinate
systems, HNN'N was problematic because the centernitrogen
was too close to the center of mass, resulting in an undeter-
mined value of |b| for the center nitrogen. The other seven
coordinate systems worked effectively, and the geometric
parameters for the R, structure reported below are the average
of the parameters from the seven calculations. The reported
error is the standard deviation of the mean for those seven

A7 = AW 4 2A 1 .
i 2 0 calculations,
B” =B 4 2A; + Ay — 265 — 26k, 2)
C"=CY 4 2A; + Ajg + 267 + 25k, 3) 2 g~ Laf Il
G =
A" =AS £ 2D, + 6dy, ) # i I, — I, )
5
B =B 42D, + Dyg +2d) +44d, (5) M s (M, — M)
S =

C”=CS 42D, + Dy + 2d1 + 4ds. (6) i M+ (M, M)

TABLE IV. Spectroscopic parameters for isotopologues of DNz in the S-reduced Hamiltonian I' representation.
DN; DINNN DNPNN DNNPN DIPNIPNN DYNNPN DNUNLIN

Ap (MHz) 344746.613(17)  340247.304¢14) 344 618.810(52) 344 727.736(17)  340093.976(29) 340233.190(15) 344 602.430(35)
By (MHz) 11350.262 67(51)  11045.06625(59) 11347.8911(15) 10979.46501(61) 11041.4039(13) 10679.69072(70)  10978.495 5(13)
Cp (MHz) 10965.50324(49)  10675.91653(51)  10963.1758(18) 10618.97971(57) 10672.3625(16) 10334.12862(86) 10617.974 0(18)
Dy (kHz) 4217 46(66) 4,002 10(73) 42157(35) 3,920 48(78) 4,0000(30) 37217(15) 3.9302(34)
Drx kHzZ)  446.669(42) 446.986(49) 446.52(14) 420.523(40) 445.93(15) 420.302(78) 420.19(18)
Dy (kHz) 91942.1(42) 87571.1(34) 91145(26) 92 014.3(40) 86 908(16) 87 592.9(89) 91358(20)
d1 (kHz) —0.172 982(32) —0.155 562(53) —0.1754(13) —0.155442(45) —0.15735(73) —0.14028(36) —0.15595(94)
3 (kHz) —0.048 796(41) —0.045163(53) —0.0491(11) —0.043 371(57) —0.04475(40) —0.03963(19) —0.043 62(51)
Hirx (Hz) 0.890(19) 0.975(39) 0.80(18) 0.692(21) 0.59(20) 0.61(10) 0.65(30)
Hy; (Hz) —212.6(26) ~156.7(28) —172.7(67) —221.6(30) ~167.3(83) —201.2(44) —231.1(99)
Lixxy(mHz) —3516(42) —3411(47) —4873(94) —3379(51) —3709(162) —2580(88) —3598(214)
A (u A 0.0963838 0.096 8164 0.096 3191 0.096 5510 0.096734 03 0.0969898 0.096 4609
Niines 136 143 60 135 46 61 41
o (MHz) 0.052 628 0.052 5370 0.0494997 0.057 067 9 0.038468 0.025424 0.042 606
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TABLE V. Inertial defects for the isotopologues of HNs from various determinations of the moments of inertia.

Experimental B, from vibration-rotation B, from vibration-rotation and
Isotopologue By’ 4; (n A% cotrected B” 4; (n AL electronic corrected B A, {u A%
HNNN 0.0735 0.003 53 0.003 60
HBNNN 0.0738 0.003 55 0.003 63
HNLNN 0.0736 0.003 50 0.003 57
HNNN 0.0736 0.003 53 0.003 62
HENDNN 0.0739 0.00354 0.003 62
HBENNBN 0.0739 0.003 54 0.003 63
HNDNDN 0.0737 0.00348 0.003 56
DNNN 0.0963 0.00342 0.00343
DPNNN 0.0967 0.00345 0.00345
DNUNN 0.0962 0.00345 0.00346
DNNUN 0.0964 0.00343 0.00344
DENPNN 0.0966 0.00346 0.00347
DPNNPN 0.0969 0.00346 0.00347
DNUNLN 0.0963 0.00343 0.00345

Reported values are the average of determinable constants calculated from the B(57 and the B(4) values.

Several Ry and R, structures were determined using xrefit (a
module of CFOUR), which is a least-squares fitting program
that optimizes the molecular structural parameters to fit all
available moment of inertia data. The R, structure uses mo-
ments of inertia derived directly from the observable constants
(By""). This optimized structure still does not include the contri-
butions of vibration-rotation interactions or the electron mass
on the observed rotational constants.

A purely experimental value for R, is possible only if rota-
tional constants are found for each vibrational fundamental for
each isotopologue and there are no perturbations between the
states. Without experimentally determined vibration-rotation
interactions (a;) for each vibrational mode, we determined
a mixed experimental/theoretical equilibrium structure (R,).
The determinable rotational constants for each isotopologue
were adjusted for the effects of vibration by correcting each
of the rotational constants with one half of the sum of the
corresponding vibration-rotation interaction parameters (o)
obtained from a VPT2 calculation at the CCSD(T)fANO2 level
of theory. This basic approach has been used recently with
great success for a variety of molecules, with various levels
of theory for the vibration-rotation corrections.*®*! For a
planar molecule like HNs, the vibration-rotation corrections to
the rotational constants should adjust the inertial defects of all
isotopologues to an ideal value of zero. As shown in Table V,
the inertial defects are much closer to zero for our vibration-
rotation corrected constants, while the correction for electron
mass does not further reduce the inertial defects. In the pre-
vious studies, the electronic mass was shown to be important
for the equilibrium structure determination of molecules which

TABLE VI. Geometric parameters for HN3 determined by various methods.

contain conjugated v systems.®>* Qur Ry, Ry, and R, struc-
tures are presented in Table VI below along with the computed
structures and the best previously published Ry structure.’ The
R, structural parameters in Table VI are in very good agree-
ment with the CCSD(T)/cc-pCV5Z results and have unusu-
ally small uncertainty limits. Fig. 3 shows more clearly the
relationship between the experimental, CCSD{T)/cc-pCV5Z,
and CCSD(T)/ANO?2 structural parameters. The small error
bars in the experimental structural parameters make it possible
to discern a dramatic improvement in the accuracy of the
CCSD(T)/cc-pCVSZ ab initio results in comparison to the
CCSD(T)/ANO?2 values.

DISCUSSION

Although the potential of rotational spectroscopy to be
the most accurate method for determining molecular struc-
tures has been recognized since its begimmings, the degree to
which this accuracy has actually been achieved in published
‘microwave structures’ has varied widely.>® The measurement
accuracy for spectral lines has always been very high, but the
determination of bond distances and angles with great accuracy
has usually been limited by two distinct issues: the lack of suffi-
cient isotopic data and/or the sophistication of the data anal-
ysis. Isotopic substitution at all atomic positions is critical —
multiple substitutions leading to more accurate structures. Of
comparable importance is the treatment (or lack thereof) of
vibration-rotation interaction effects and, to a lesser extent,
the centrifugal distortion and the non-spherical distributions
of electron mass. In the present work, we have endeavored to

R Re Be, a; R, B, o; and electron R. R,
Winnewisser’ R, By” Ry By” corrected from Bp” corrected from By” CCSD(T)/cc-pCVSZ  CCSD{TYANO2
Ry_w1 (A) 1.0150(150) 1.01488(23) 1.0222(41) 1.01579(16) 1.01577(16) 1.01559 1.01722
Rtz (A) 1.2430(50) 12293(14) 1.2453(89) 1.24175(36) 1.241 74(37) 124153 124470
Ryo_nz (A) 1.1340(20) 1.1463(14) 1.1346(91) 1.130 68(37) 1.130 66(38) 113056 113271
Apni-nz () 108.80(400) 108.995(32) 108.58(39) 109.137(17) 109.133(17) 109.211 108.710
Antnos () 171.30(500)  171.90(22) 170.91(115) 171.505(50) 171.503¢51) 171.626 171.656
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address all of these issues as completely as possible. Hydrazoic
acid is a favorable case in that the simplicity of its synthesis
and the sensitivity of current millimeter-wave spectrometers
make practical the study of a great many isotopologues. On
the other hand, it poses substantial challenges with respect to
the interaction of vibration and rotation and moreover exhibits
large values of the centrifugal distortion constants. The rota-
tional level spacings are much more comparable with vibra-
tional spacings than is the case for most molecules. There-
fore, the vibration-rotation interactions are unusually strong
and complex. Although there are high resolution spectral data
for all six of the fundamental states of HNa and DNj, 111323
using those data to extract the true a; constants has proven
intractable because of strong perturbations. Furthermore, find-
ing experimental «,’s for the rare isotopologues is not a real-
istic objective with current experimental methods. Hydrazoic
acid thus provides an excellent test case for the method of
combining experimental ground state rotational constants with
ab initio sum of a; constants to obtain a mixed equilibrium
structure, 04751

Careful examination of the least-squares fits of the equi-
librium moments of inertia to the structure (1,°, [, and 1.¢)
reveals several things. The pattern of residuals among 7,°, I,°,
and I.° (denoted 61.°, 61, and §1.°) is nearly the same for
all 14 isotopologues. In our R, structure fit shown in Fig. 2, the
average of the residuals, §1;°, § ¢, and §1..°, over the 14 cases
is, respectively, 0.001 18(3), 0.001 17(11), and —0.001 18(10)
u AZ The very small standard deviations (in parentheses)
confirm the precision of the experimental ground state rota-
tional constants and the precision of ab initio calculations of
the isotopic variation for the sum of «;’s at the level of theory
employed. Most of these (albeit small) residuals are due to the
remaining non-zero inertial defects found in Table V. Indeed,
61,° + 61,° — 81,° exactly match the remaining inertial defects
of the theoretical/experimental I, values input to the least-

AH—N} N2
109.133(17)°

f o

RNI N2 s
1.24174(37) A

RNZ-N? 2
1.13066(38) A

B gl

ANi N2-N3
171.503(51)°

Net Dipole
1.70D

RH—NI "
1.01577(16) A
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squares structure fit (shown in Table V). The optimized R,
output structure by definition has an inertial defect of precisely
zero.

The magnitude of the estimated statistical uncertainties
given by xrefit for the five structural parameters can largely
be attributed to this small but systematic deviation of the theo-
retical/experimental R, inertial defects from zero. The supple-
mentary material contains xrefit outputs where only 7,¢ and
Ip¢ data, or only I,° and [I.¢ data, or only [,® and I.* data
were used.® This approach serves to shunt the systematic
error related to nonzero A; into the third set of I.’s, while
still giving the fit more than ample degrees of freedom. The
average of the parameters determined by these three two-
moment fits is precisely the same as the parameters from
the original three-moment fit. The parameter variation be-
tween the three two-moment fits is quite comparable to the re-
ported statistical uncertainties produced by xrefit for the three-
moment fit. The statistical error of the parameters determined
by the two-moment fits is decreased by roughly a factor of
ten compared to the original three-moment fit. The remaining
statistical error in the two-moment fits should be the portion
of error attributable to random variations in the moments of
inertia rather than the systematic error caused by the non-zero
inertial defects.

From the above discussion, it is clear that obtaining start-
ing 5.’s with inertial defects even closer to the ideal value
of zero would further improve the accuracy of the structural
determination. The origin of these residual non-zero inertial
defects is a matter of some speculation at this point. It is clear
that electron mass effects are not an issue, because including
them has little effect on the inertial defects (Table V). We have
also observed that the use of a higher level of theory in the
VPT2 calculation of the e;’s does not solve the problem. Our
suspicion is that the source of the trouble is our lack of inclu-
sion of the next higher order terms in the vibration-rotation

FIG.2. R, Structure of HN3, Dipole moments are from
the previous Stark measurements.”*!
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FIG. 3. Graphical representation of the equilibrium parameters of hydrazoic acid obtained experimentally and from the CCSD(TYANO2 and CCSD(T)/ce-

pCVSZ calculations,

expansion (those quadratic in the vibrational quantum num-
bers, i.e., the y; corrections). Fulure theoretical calcula-
tions, not currently implemented, will be required to test this
hypothesis.

For achieving the level of accuracy sought here, careful
consideration of the fairly large centrifugal distortion cffccts
is also required. The xrefit routine of CFOUR can accept
experimental A-reduction constants ( Af)“"", B(‘,A"', C(","1 h, 8-
reduction constants (A", B>, C;*), or determinable con-
stants (Ay”, By”, (y""), and make internal conversions to
equilibrium values (14°, I5°, I-°) based upon supplied vibra-
tion-rotation interaction and electron mass corrections. We
found that our equilibrium moments (7.’s) derived from S-
reduced moments (I;°"s) were in excellent agreement with
our values calculated from the determinable moments (7;""s).
The agreement with the equilibrium moments deriving from
our A-reduction moments (/4’s) was still good but not to the
same extent. For example, our /, moments for H 1N calculated
from 4", 1$*', and 1\* moments yielded inertial defects of
0.003 53, 0.003 54, and 0.004 81 uA2, respectively. Notably,
the inertial defects for the 1", I'S), and I'*' moments for
11N before vibration-rotation correction are 0.0735, 0.0737,
and 0.07942 uA?, respectively (full table available in the
supplementary material).>* The source of this discrepancy is
not entirely understood, although there would be an a priori
expectation that the S-reduction might work better than the A-
reduction for a molecule so close to being a prolate symmetric
top. We have used the determinable moments (/y'”’s) as the
experimental moments in determining the R, structure shown
in Figs. 2 and 3.

The above issues notwithstanding, the accuracy reported
in Table V1 is quite high for our R, structures. The largest bond
distance uncertainty is 0.00038 A and the largest bond angle

uncertainty is 0.05°, Using the delerminable moments (15”’s)
derived from the S-reduction moments alone has no substantial
impact on the determined structure and did not result in a
reduction of the structural uncertainties. The largest resulting
change to a bond distance and a bond angle is —0.00003 A
and —0.004°, respectively, well within the error of the param-
cter values presented in Figs. 2 and 3. At this level of accu-
racy, the experimental structure becomes a significantly bet-
ter benchmark for the quality of the ab initio predictions of
molecular structure than has typically been the case. Although
both of the theoretical methods reported here obtain excellent
agreement with experiment by usually applied standards, the
ANO2 frozen core structure does exhibit significant deviations
from experiment in comparison to the claimed experimental
uncertainty. On the other hand, the higher level all-electron
quinfuple zeta basis set coupled cluster calculation produces
bond distances that fall within the experimental error bars
and bond angles that are only slightly outside them—almost
an order of magnitude better agreement. This improvement
is clearly visible in Figure 3. The rather spectacular agree-
ment between mixed experimental/theoretical structure with
the very high-quality ab initio result is particularly gratitying,
in that it scrves to confirm both the reasonableness of our
reported experimental error limits and also the power of the
best modern theoretical methods to produce great accuracy in
the prediction of molecular structure of small molecules.
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