Electronic Signatures of Large Amplitude Motions
by
Adam H. Steeves
B.A., Williams College

Submitted to the Department of Chemistry
in partial fulfillment of the requirements for the degree of

Doctor of Philosophy
at the
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
June 2009

(© Massachusetts Institute of Technology 2009. All rights reserved.

Department of Chemistry
May 13, 2009

Certified Dy . ...
Robert W. Field

Haslam and Dewey Professor of Chemistry

Thesis Supervisor

Accepted Dy . ..o
Robert W. Field

Chairman, Department Committee on Graduate Students



This doctoral thesis has been examined by a Committee of the Department of

Chemistry that included

Professor Sylvia Ceyer

(Thesis Chairperson)

Professor Troy Van Voorhis

Professor Robert W. Field

(Thesis Supervisor)



Electronic Signatures of Large Amplitude Motions
by
Adam H. Steeves

Submitted to the Department of Chemistry
on May 13, 2009, in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy

Abstract

In this thesis, I demonstrate that measurements of electronic-structure-induced split-
tings in the rotational spectrum of a vibrationally excited state can identify the
nature and extent of the distortion of the equilibrium electronic wavefunction and
thereby provide a measure of progress along a reaction coordinate. One-dimensional
models of the large amplitude bending reaction coordinates and their associated elec-
tronic signatures are constructed for two prototypical unimolecular isomerizations:
acetylene«—vinylidene (HCCH«+CCHy), and hydrogen cyanide«<hydrogen isocyanide
(HCN«+HNC). The nuclear quadrupole hyperfine structures of HCN and HNC are
distinct at their equilibrium geometries due to the dissimilar natures of bonding in the
vicinity of the N nucleus. High resolution rotational spectroscopy has been used to
determine the hyperfine coupling parameters for the ground and excited vibrational
levels of HCN and HNC, with up to ten quanta of bending excitation in HCN and
up to four quanta in HNC. These spectra reveal the evolution of electronic structure
along the isomerization path. Large amplitude local-bending vibrational eigenstates
of the X 12; state of acetylene are shown to be unique in that they possess sig-
nificant electric dipole moments as a result of the dynamical symmetry breaking in
the local-mode limit. Stimulated emission pumping (SEP), through Franck—Condon-
forbidden vibrational levels of the A A, state, has been employed to populate the
lowest few eigenstates that manifest large amplitude local-bending behavior. Locat-
ing appropriate SEP intermediate states has required thorough analysis of the A-state
level structure, particularly the overtones and combination levels involving the nearly
degenerate low frequency bending modes, v and v}, that are directly related to two
possible paths for trans—cis isomerization on the excited state surface. Recent de-
velopments in chirped-pulse rotational spectroscopy will enable identification of the
higher energy local-bending eigenstates, which approach the acetylene<svinylidene
transition state, based on their predicted Stark coefficients.
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Chapter 1

Introduction

1.1 Motivation

The vibrational spectra of molecules at high degrees of excitation are characterized
by extraordinary complexity due to the high density of vibrational states and the
strong mixing between states consistent with fast intramolecular vibrational redistri-
bution. Yet, vibrational spectroscopy persists as the most direct probe of the forces
acting between the atoms that make up a molecule. The relationship between the
vibrational spectrum and the shape of the underlying potential energy surface is rel-
atively straightforward for small displacements from the equilibrium geometry of the
molecule. The areas of the potentials in which this relationship is valid are, however,
those of least interest to the study of reaction dynamics. Chemical transformations
necessarily occur far from equilibrium and give rise to products determined by the
heights and shapes various reaction barriers. In order to approach the regions of the
surface where the bonds between atoms are broken and reformed, we require new ex-
perimental techniques and interpretive concepts to bridge the gap between the small
amplitude, normal-mode vibrations and large amplitude motions of chemical interest.

The primary difficulties in relating the spectra of vibrationally highly excited
molecules to the underlying features of the potential energy surface are those of ac-
cess and recognition. Spectroscopic selection rules generally favor small changes in

vibrational quantum numbers, making it difficult to populate selected highly ener-
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gized states. In the unusual situation where the design of an experiment permits
the observation of transitions into highly excited states, construction of any mech-
anistic model of the dynamics requires us to label the states with quantities (i.e.
vibrational quantum numbers) that describe that describe how the excited vibrations
cause the molecule to distort from its equilibrium geometry. Without such labels, an
explanation would be, at best, statistical.

Previous work on acetylene, and other small molecules, has demonstrated that
certain large amplitude motions remain relatively stable, even at high degrees of
excitation. Such a large amplitude motion is extremely valuable because it allows
us to reduce the dimensionality of the problem to one (or a few) relevant degrees of
freedom. This reduction means that the vast majority of the vibrational levels can
be discarded from the model, but how are we to know which levels are relevant to
the large amplitude motions?

In order to distinguish between large amplitude motion eigenstates and those
that embody “ergodic” behavior, we seek experimentally observable quantities that
are sensitive to both the class of motion as well as the magnitude of the vibra-
tion. By recognizing that large amplitude motions, particularly those directed along
chemically interesting internal coordinates, must cause significant distortions of the
electronic wavefunction, we choose to focus on electronic properties as reporters, or
spectroscopic signatures, of vibrational motion. The spectroscopic signatures are in-
formed by our intuition regarding the differences in the electronic structure of isomeric
species. Furthermore, quantitative determination of useful electronic properties en-
ables the experimenter to describe, in detail, the changes in electronic structure along
an isomerization path.

The prescription of our method for the analysis for highly vibrationally excited

states of systems capable of undergoing unimolecular isomerization, is as follows:

e We begin by examining the equilibrium electronic structure of the two iso-
mers, endpoints of the isomerization reaction, for qualitative differences. If the
isomerization takes place on a smoothly varying potential energy surface, the

evolution of the electronic structure should serve as a measuring stick for how
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far along the reaction coordinate the system has progressed.

e We choose an electronic property by which the two isomers may be distin-
guished, on the basis of their differing electronic structures. Such a property
may be either local, related only to the bonding characteristics of a single atom,
or global, describing some aspect of the complete electronic distribution. Prop-
erties of both classes will be used in this thesis, with the nuclear quadrupole
hyperfine structure reflecting the distribution of valence electrons associated
with a particular nucleus, and the electric dipole moment describing the global

asymmetry of the charge density.

e A spectroscopic technique, capable of probing the selected electronic property,
is identified. This is largely a question of experimental resolution, as minor
electronic effects induce small shifts or splittings in the spectrum. In order to
observe these minor, often overlooked, effects, we favor rotational spectroscopy

as a means to record high resolution spectra of vibrationally excited states.

e The highly vibrationally excited states must be populated before they can be
interrogated, and achieving this is often the most challenging aspect of the
process. In this work, we take advantage of accessible (low) barriers on excited
electronic surfaces in order to obtain access to the high barriers to bond-breaking

isomerization on the ground state surface.

e The electronic properties are determined for each target vibrational state, and
those whose properties indicate that they are unrelated to the desired large
amplitude motion are discarded. Developing survey techniques to sample the
electronic properties of many states simultaneously, or each state rapidly, will

become increasingly important in regions of high state density.

e The energies of the large amplitude motion eigenstates are fed back into the

construction of a low-dimension model for the reaction path.

This procedure is unique in that the standard spectroscopic picture dictates that

vibrational excitation should cause a small perturbation to the electronic wavefunc-

19



tion. Therefore the electronic properties are typically viewed as weak functions of
the vibrational degrees of freedom. While such an argument is reasonable for small
amplitude vibrations, the nature of large amplitude motions dictate that they are
capable of strongly distorting the electron distribution.

This work was inspired by work on the HCN«+>HNC isomerization system by Joel
Bowman and Alec Wodtke[1]. They demonstrated that electronic properties could be
exceedingly strong functions of vibrational excitation. Considering the electric dipole
moment of each vibrational level of HCN and HNC, they noted that “delocalized
states,” those vibrational wavefunction not localized in either well of the potential
energy surface, had dipole moments on the order of three times smaller than those of
localized vibrational levels. Here the interpretation is more physical that chemical:
the delocalized hydrogen atom orbits around the CN fragment causing the dipole
moments of the two equilibrium geometries to cancel one another. In this thesis,
we focus on properties that do not necessarily differentiate localized vs. delocalized
vibrational states, but rather properties that enable us to measure progress along the

isomerization path.

1.2 Thesis Outline

e In Chapter 2, we introduce experimental techniques of millimeter-wave spec-
troscopy and describe an absorption spectrometer constructed to observe the
rotational spectra of small molecules in the gas phase. We demonstrate the use
of several laser—millimeter-wave double-resonance techniques on the diatomic
molecule carbon monosulfide. Included here is a discussion of a novel double-
resonance method in which the polarization rotation of the millimeter-waves is

used to detect an optical transition.

e In Chapter 3, we describe modifications made to the millimeter-wave pulsed-
jet spectrometer to enable the recording of spectra with superior resolution to
that achievable in the conventional spectrometer geometry. The millimeter-

waves are propagated along the axis of the pulsed expansion with the effect
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of eliminating the contribution of the transverse velocity of the pulsed-source
to the linewidth of the observed transitions. The ~30 kHz resolution of the
coaxial spectrometer is used to record, for the first time in the laboratory, a

hyperfine-resolved rotational spectrum of hydrogen isocyanide (HNC).

In Chapter 4, we report high resolution millimeter-wave spectra of vibra-
tionally excited states of HCN and HNC. The evolution of the nuclear quadrupole
hyperfine structure along the isomerization coordinate is described in terms of

the underlying changes in electronic structure.

In Chapters 5, 6 and 7, we describe new laser-induced fluorescence and IR-
UV double-resonance measurements of the vibrational level structure of the
first electronically excited singlet state of acetylene. First, in Chapter 5 we
describe the pure-bending polyads, which consist of levels excited in the two low
frequency bending modes, v/} (torsion) and v (in-plane cis-bend). Levels within
a polyad are strongly coupled by Coriolis interactions, previously described
in the analysis of the vibrational fundamentals|2|, and by a newly described
Darling-Dennison interaction due, in large part, to the effects of vibrational
angular momentum. Importantly, an “extra” level first identified by Scherer
et al.[3] is assigned conclusively as a specific member of the B* polyad, where

A / 4 s 3 A
vp = vy + v, and B* implies vz = 4.

Then, in Chapter 6, we describe the observation of v{, the last remaining
experimentally unobserved vibrational fundamental of the A A, state of acety-
lene. The observation of this level is made possible by the understanding of
the polyad level structures and by the use of population-labeling experiments
to assign the rotational quantum numbers in the absence of clear ground state

combination differences.

In Chapter 7, we describe the vibrational levels of the S state that contain
excitation in the low frequency modes in combination with the Franck-Condon

active modes. These combination polyads reveal a large anharmonicity between
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the Franck-Condon active trans-bending mode, v4, and the low frequency cis-
bending mode, vg. This anharmonicity is associated with the low barrier to
trans—cis isomerization, which is calculated to proceed through a half-linear

transition state.

In Chapter 8, we approach the question of how to experimentally measure
large amplitude motion along the acetylene«vinylidene isomerization path. We
identify the electronic signature of this motion by considering the vibrationally
averaged electric dipole moments for local-bending wavefunctions in reduced-
and full-dimension ab initio calculations. The large electric dipole moments of
the local-bending states arise from dynamical symmetry breaking in the local
mode limit and the large distortion of the electronic wavefunction that is char-
acteristic of large amplitude motion along an isomerization path. We report
the experimental observation, by SEP from the Franck—Condon-forbidden vi-
brational levels of the A state, of the lowest energy eigenstate that manifests
local-bending behavior. Tentative assignment is provided for the second such
eigenstate, but we argue that to continue to higher energy it will be necessary to
implement the new experimental schemes to recognize the electronic signatures
of these levels. Chirped-pulse millimeter-wave spectroscopy, a promising new
technique for the rapid collection of rotational spectra of small molecules, is
introduced, and we advocate its use in detecting electronic signatures of large

amplitude vibrations at high resolution.

In Chapter 9, we present ongoing research into the spectroscopic signatures of

trans—cis isomerization on the S; surface of acetylene.
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Chapter 2

Millimeter-wave spectroscopy of

pulsed-jet sources

This chapter details the construction and use of a millimeter-wave spectrometer de-
signed to interface with a pulsed-jet source. The second half of this chapter, dealing
with millimeter-wave—optical double resonance techniques, has been published in the
Journal of Chemical Physics (Ref. [4]), with the exception of section 2.3.4.

2.1 Introduction

Rotational spectroscopy may seem like an odd topic with which to begin a dissertation
on large amplitude vibrational dynamics and isomerization. By far the most familiar
use of rotational spectroscopy is the precise determination of equilibrium molecu-
lar geometries by establishing the three principal moments of inertia for isolated
molecules or molecular complexes. However, the richness of detailed data obtainable
in a “rotational” spectrum can hardly be overstated. The information encoded about
the mass distribution is complemented by fine and hyperfine structure that report on
the local and global electronic structure of the molecule. Intuitive chemical concepts
such as ionic vs. covalent bonding character can be addressed by interpretation of
the interaction of the electron distribution with the rotational motion of the molecule

5, 6].
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Strategies to describe bonding character by the determination of fine and hyper-
fine properties are equally applicable to molecules in (highly) vibrationally excited
states. Here, the determined quantities may not describe the equilibrium electronic
structure, but rather that of the distorted nuclear configuration, where the bonds may
be strained near the point of breaking. In addition, the onset of rapid intramolecular
vibrational redistribution (IVR) in excited vibrational levels offers new possibilities
for experimentation such as dynamic rotational spectroscopy [7, 8]. In contrast to
the extensive body of knowledge accumulated on the rotational spectra of molecules
in their ground electronic state, far fewer examples of spectra of vibrationally or elec-
tronically excited molecules are present in the literature. The recording of rotational
spectra of molecules at high vibration has often relied on complicated experiments
that require several lasers to shift the detection of the microwave transition into the
optical regime (e.g. HyCO[9]). Such a strategy is only viable for molecules with
known, accessible electronically excited states. Deriving new, general methods for
the accumulation of vibration-specific rotational spectra has been one of the goals of

this work.

Rotational spectra of the type of molecules of we wish to investigate (small poly-
atomics, with at least one hydrogen atom) have their lowest frequency transitions
in the millimeter-wave region of the electromagnetic spectrum, between 30 and 300
GHz. Unlike in the lower-frequency microwave region with the Balle-Flygare fourier-
transform microwave spectrometer [10, 11], there is no single standard instrument
design that dominates spectroscopy in the millimeter-wave region. Some modern
spectrometers that promise extremely high data rate (Fast scan submillimeter spec-
troscopy technique, FASSST[12]) or extraordinary sensitivity (intracavity jet orotron
[13]) have been described in the literature but are not discussed further here. In this
chapter, we describe a a general purpose millimeter-wave spectrometer of extreme

simplicity, designed to interface easily with laser excitation schemes. The ultimate
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purpose of the spectrometer is the recording of rotational spectra of electronically or
vibrationally excited states in order to assess how these excitations alter the electronic
structure of the molecule. We seek to use the rotational spectra of vibrationally ex-
cited molecules to take snapshots of the electronic structure as the molecule traverses

the barriers and valleys along the chemical reaction coordinate.

2.2 Pulsed-jet millimeter-wave absorption

spectrometer

A pulsed jet millimeter-wave spectrometer was constructed with the goal of observing
the rotational spectra of small polyatomic molecules at high resolution.! A schematic
of the experiment is shown in Figure 2-1. The design of the spectrometer is similar to
that of a robust free-space absorption instrument in use by several groups [14, 15, 16]
to record the millimeter-wave spectra of a wide array of unstable molecules. This
design has been subsequently extended to operate in conjunction with pulsed free
jet sources, often with the particular aim of observing the spectra of van der Waals
complexes [17, 18]. In addition, spectra of other classes of transient species such
as molecular ions [19] and radicals have been investigated. Of particular note is
one experiment [20] that has revealed the ground state proton tunneling splitting of
the vinyl radical generated by ultraviolet photolysis in a supersonic jet environment,
thereby demonstrating that the high resolution afforded by millimeter-wave rotational
spectroscopy enables the experimenter to sample properties that report on the aspects
of the potential energy surface most relevant to intramolecular isomerization.

Other possible designs for the geometry of jet millimeter-wave spectrometers exist

in the literature. One alternative is the use of a parallel-plate waveguide, which can

In fact, the original goal of the spectrometer was more humble. It was intended to serve in an
analytical function, as a monitor for the production of HNC via discharge, pyrolysis, or photolysis
in a pulsed-jet environment for subsequent laser spectroscopic investigation.
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extend the region of interaction between the molecular beam and the millimeter-wave
probe with the effect of narrowing the observed linewidths considerably. Such a design
has been demonstrated by Huiszoon[21]. However, we favor the free-space design due
to its flexible nature, in particular the ability to introduce one or more lasers into
the interaction region, which enables (among other experiments) the recording of

laser—millimeter-wave double-resonance spectra.

2.2.1 Millimeter-wave source: Phase-locked Gunn oscillator

The first generation of our microwave spectrometer is based on a Gunn oscillator,
which, relative to earlier frequency sources such as Klystrons, is characterized by
superior frequency agility (i.e. a larger tuning range) but lower output power. The
Gunn oscillator has a voltage-tuning characteristic that allows for continuous adjust-
ment of the output frequency over a range of several hundreds of MHz. In addition,
the oscillator can be mechanically tuned to provide coverage of nearly the entire W
band.

The Gunn oscillator employed here (J.E. Carlstrom Co., H129) has been previ-
ously used as the frequency source for an electric resonance optothermal spectrometer
employed in studies of the van der Waals complexes Ar-HCN|[22] and He-HCNJ[23].
Useful output power is available from 73 to 106 GHz,? with a peak output of 90 mW
at 78 GHz.

Frequency stability is achieved by phase locking the Gunn oscillator to a harmonic
of the output of a microwave synthesizer (HP 8672A or 8673E) using a commercial
phase-lock module (XL microwave 800A/801). The phase lock loop (PLL) requires
two inputs, a low frequency stable reference, and an ‘intermediate’ frequency (IF).

The stable reference frequency for the early experiments described in this chapter

2The nominal frequency range associated with the W band is 75-110 GHz. This frequency band
is associated with a waveguide size denoted WR-10, where ‘10’ refers to the longer interior dimension
of the waveguide in hundredths of an inch.
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was provided by the output of a crystal oscillator at 35 MHz. The IF is generated by
mixing a portion of the Gunn oscillator output (separated from the primary output by
a directional coupler) with the output of the microwave synthesizer in a subharmonic
mixer (Pacific Millimeter Products WM). The low frequency components of the mixer
output are separated by a diplexer and routed to the PLL input. By adjusting the
bias voltage to the Gunn oscillator, the PLL circuitry seeks to match the frequency
(and phase) of the IF with that of the stable reference signal. Stated differently, the
phase-lock condition is met when the frequency of the Gunn oscillator (Fys) is offset
from the frequency of a harmonic of the microwave synethsizer (N x Fp) by an amount

equal to the reference frequency (Frgr).

Fip = (Fose = N X Fy) = Frer (2.1)

The Gunn frequency can be tuned by adjusting the frequency of either the ref-
erence source or that of the microwave synthesizer. In the applications described
in this chapter, the microwave synthesizer is tuned via GPIB interface to scan the
frequency of the Gunn oscillator. However, it is sometimes desirable to adjust the
low frequency reference, and such a scenario will be described in Chapter 3. When
locked, the uncertainty in the mm-wave frequency is better than 5 kHz, which is
significantly less than the width of the narrowest lines observed with our instrument.
The quality of the lock is monitored by displaying the IF on a spectrum analyzer.
Successful phase-locking, apparent on the spectrum analyzer due to suppression of
power at undesired frequencies near the lock reference, is achieved by optimizing the
power input to the subharmonic mixer by both the Gunn oscillator and microwave
synthesizer, in addition to adjusting the loop gain (Vj;) on the phase lock control
module.

The output of the Gunn oscillator can be extended to shorter submillimeter wave-

lengths by the use of frequency multipliers. Specifically, the instrument can be

28



equipped with either a planar GaAs Schottky diode-based frequency doubler (Vir-
ginia Diodes WR5.1x2) or tripler (WR3.4x3) to extend the range of the spectrometer
to 146-206 or 219-309 GHz. These modern multipliers are extremely convenient in
comparison to whisker diode multipliers in that they require neither external bias nor
any tuning mechanism. Their emergence in extending the techniques of millimeter-
wave spectroscopy to the terahertz region has been reviewed in a recent paper[24].
In fact, direct multiplication of low-frequency microwave synthesizers has be-
come an excellent alternative to millimeter-wave sources such as Gunn oscillators.
This technology is used, among others, by our collaborator, Prof. Liam Duffy, in
millimeter-wave experiments similar to our own[25]. The primary benefits of these
alternative sources is that one does not need to phase lock the source at a relatively
high frequency and that the tuning ranges can be extremely large, allowing nearly
full-band scans without any adjustments to the apparatus. We have recently acquired
broadband multipliers operating in the region previously accessible with the Gunn

oscillator. The use of these multipliers is described briefly in Chapter 8.

2.2.2 Millimeter-wave detection

The second critical component of an absorption spectrometer is the detector of ra-
diation. In the millimeter-to-submillimeter range, the most popular technology for
the detection of broadband radiation is the Indium antimonide (InSb) hot-electron
bolometer. This detector operates on the principle that absorption of millimeter-wave
radiation by free carriers in a semiconductor leads to increased electron mobility, as-
sociated with a change in conductivity of the material [26]. In the millimeter-wave
region, the detector is cooled to liquid-helium temperatures (~ 4.2 K) so that the en-
ergy absorbed from the incident millimeter-waves is not swamped by thermal noise.

In the experiment, the bolometer serves as a sensitive, linear power detector for

millimeter-waves in the W regime. As such, the bolometer enables straightforward

29



Beer’s-law measurements of absorbance by a sample. In practice, the bolometer used
in these experiments is equipped with a sensitive preamplifier (Cochise Instruments,
WBLN 3) that filters out frequencies below 5 Hz. In order to measure to measure
the power incident on the detector and, therefore, establish a value for baseline inten-
sity, (Ip), the millimeter-wave beam must be modulated. A square-wave modulation
can be imposed on the millimeter-wave power using an optical chopper (Stanford
Research System, SR540) with a large-aperture slotted blade. The amplitude of the
square-wave signal output by the bolometer is proportional to the input power, up
to the point where the preamplifier response begins to saturate (Voy ~16 V). When
observing transient signals, such as those due to a pulsed-jet of molecules passing
through the millimeter-wave beam, the amplitude of the millimeter-waves need not
be externally modulated or chopped, as the decrease in the power due to molecular
absorption is on the appropriate timescale to be passed by the preamplifier. The
transient bolometer voltage is related, in a direct way, to the power absorbed by the
molecular sample. It should be noted here that the bolometer output signal is in-
verted, such that a transient decrease in power incident on the bolometer leads to a

positive output voltage.

2.2.3 Propagation of millimeter-wave radiation

The millimeter-wave beam is propagated using free-space quasioptical techniques that
more closely resemble those for routing optical beams than they do the electrical and
waveguide techniques typically used in microwave spectroscopy. The optical design
follows the example of previous spectrometers (e.g. Ref. [14]), ignoring the complex
radiation pattern output by a pyramidal gain horn. Optical elements, such as lenses,
are typically fabricated from polymeric materials like polyethylene and polytetraflu-
oroethylene (PTFE, Teflon®)), which are characterized by good transparency and

relatively flat refractive index in the millimeter-wave region.
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2.2.4 Characterization of mm-wave spectrometer

As an initial test, we recorded the millimeter-wave absorption spectrum of a sample
of 1% OCS in Ne in the region of the OCS J = 8 « 7 transition near 97.3 GHz. The
first, unoptimized spectrum recorded with our jet spectrometer is shown in Figure
2-2. On resonance, the absorption is readily observable above the noise level of the

bolometer in a single gas pulse.

mm-wave absorption
]

97300.0 97300.5 97301.0 97301.5 97302.0
Gunn oscillator frequency (MHz)

Figure 2-2: Initial spectrum of the OCS J = 8 — 7 transition recorded with the
pulsed-jet millimeter-wave spectrometer. Each point is the average of 40 gas pulses.

It is apparent that the recorded lineshape suffers from significant asymmetry. This
asymmetry persists, in the same sense, when scanning the spectrum in either direc-
tion, low frequency to high frequency, or vice versa. However, the degree and sense
of the asymmetry are found to depend on the millimeter-wave alignment. Similar
observations were made by Hepp et al.[17], who describe how such an asymmetry can
be thought of as the admixture of absorptive and dispersive lineshapes that arises
when a portion of the millimeter-wave probe does not intersect the absorbing sample.
The asymmetry of the lines is detrimental to precise determination of the transition

frequencies. Fitting our initial OCS spectrum to a simple gaussian shape results in
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a center frequency that deviates from the best measurement of this transition by
just over 5 kHz. In order to achieve the most accurate measurements, care is taken
to align the spectrometer to minimize the effects of dispersion on the experimental

lineshapes.

The ability to record much weaker signals is demonstrated in Figure 2-3, which
shows an optimized spectrum of the same *O'2(C3%S transition as in Figure 2-2 and
the analogous transitions in two of the less abundant isotopologues, 1°02C31S (~4%
natural abundance) and °O*C32S (~1%). In these spectra, the asymmetry is much
less pronounced due to optimization of the alignment. The observed lineshapes are
primarily gaussian, with a 280 kHz linewidth (FWHM). This is consistent with the
Doppler effect serving as the dominant line-broadening mechanism, in contrast to tra-
ditional (non-jet) millimeter-wave spectroscopy where, in the typical range of pres-
sures employed in spectroscopic experiments, pressure broadening typically domi-
nates, leading to Lorentzian lineshapes. Transit-time effects, as well as power broad-
ening, may also have an effect on our observed lineshapes. These mechanisms will be

considered further in Chapter 3.

In Figure 2-3, the absorption spectra are shown with corresponding traces recorded
using frequency modulation of the millimeter-wave source. In principal, there are a
number of different ways in which the frequency may be modulated. The simplest
implementation is the use the frequency modulation capability of the microwave syn-
thesizer. The instantaneous frequency of the synthesizer is swept around the carrier
frequency, w., at a modulation rate, w,,. This has the effect of adding sidebands
to the carrier frequency, separated from it by w,,. In the absence of an absorbing
species, the power reaching the detector is constant. Near a resonance, the upper
and lower sidebands will be differentially absorbed, and this difference will result in
a time-dependent signal modulated at w,,. Demodulation of the detector output at

wy, by a lock-in amplifier produces a derivative lineshape. This condition has some
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Figure 2-3: Rotational spectra
of OCS isotopologues, recorded
with the pulsed-jet millimeter-wave
spectrometer. The sample is a 1%
mixture of OCS in Ne, expanded
from a backing pressure of 25 psi.
The weaker isotopes are present
at their natural abundance. The
output of the Gunn oscillator is
attenuated -21 dB in order to
prevent saturation of the bolometer
response. The Gunn frequency is
stepped in 20 kHz increments. Each
point is the average of 60 gas pulses
for the traces recorded in absorption
mode and 5 gas pulses for the
spectra recorded using frequency
modulation (derivative lineshape).
As a result of shifting the detection
frequency to higher frequencies,
where the impact of technical noise
is less, the signal-to-noise ratio
for the FM spectra are superior
to the absorption-detected spectra
by approximately one order of
magnitude.  Taking into account
the increased averaging time for
the absorption-detected spectra,
frequency modulation provides a
sensitivity enhancement in the
range of 10-30.



benefits, primarily that the line center can be identified with the zero-crossing point

in the spectrum.

As is clear from the spectra of the less abundant isotopologues, the signal-to-noise
ratio for the frequency modulated spectra is superior to that of the unmodulated
absorption spectra. The advantage of this technique lies in the fact that the detection
frequency is shifted away from DC into a frequency region where there is less technical
noise. Isolation of the signal at the detection frequency is particularly effective when
the signal can be demodulated with a long time constant, corresponding to a very
narrow detection bandwidth. A further advantage is that the FM signal is related to
the differential absorption of multiple frequency components of the probe beam. As a
result, the experiment has an internal reference to compensate for power fluctuations

of the source and does not require a dual-beam setup for maximum sensitivity.

In our pulsed-jet experiments, there is also a second modulation frequency present,
that of the pulsed nozzle source, typically 10 or 20 Hz. This frequency of the molecular
beam is not demodulated with a second lock-in but rather, due to the very low
duty cycle of the pulsed expansion, gated in software to give the final plotted signal.
This is accomplished by routing the output of the lock-in to a digital oscilliscope,
which digitizes each averaged transient and transfers it to a personal computer for
analysis. The second modulation may be termed “source modulation,” since it is the
presence of the molecular absorbers that varies in time. However, in more typical
usage, source modulation usually refers to the time-varying production of transient
molecules by application of a modulated voltage to the electrodes in a discharge
apparatus. Modulation techniques are often used in combination, in order to further
isolate the desired signal from disparate sources of noise, and the resulting techniques

are referred to as “double modulation.”

As is demonstrated above for the case of the OCS isotopologues, frequency mod-

ulation can provide significantly enhanced sensitivity over unmodulated absorption.
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However, FM will not be used significantly in the remainder of this thesis. The pri-
mary reason for this is that FM detection necessarily requires convolving the detector
response with some time constant because the lock-in must demodulate the signal
over several periods of the modulation frequency, therefore reducing the range of
dynamical timescales observable. This is a particular disadvantage for signals with
durations shorter than tens of microseconds, including laser—-mm-wave multiple reso-

nance signals and absorption by transiently produced molecules.

2.3 Millimeter-wave—optical double resonance and
millimeter-wave—detected, millimeter-wave—optical

polarization spectroscopy

2.3.1 DMotivation for millimeter-wave—optical double resonance

Because the frequencies of pure rotational transitions are easily calculated with high
precision, the < 1 MHz resolution of microwave sources makes rotational transitions
straightforward to resolve and assign even in complex chemical environments, such as
discharges, where spectral congestion can hinder assignments of optical transitions.
As a consequence, microwave transitions have been measured and tabulated [27, 28]
for a vast number of transient species, many of which have unknown optical transi-
tions. Microwave-detected, microwave—optical double-resonance (MODR) techniques
29, 30, 31, 32, 33], which monitor resonant changes in the microwave signal induced by
optical pumping out of the lower or upper state of the rotational transition, are a con-
venient method of identifying optical transitions in these molecules. By labeling the
molecule and the lower rotational level of the optical transition, microwave-detected
MODR schemes provide a “rotational handle” to simplify tremendously the spectrum,

allowing easier assignments and species identification. Moreover, microwave-detected
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MODR techniques are widely applicable; they can be applied to weak vibrational and
electronic transitions and to transitions that have poor fluorescence quantum yields
arising from nonradiative processes, such as collisional quenching, predissociation,
intersystem crossing, or internal conversion. Once optical transitions are identified,
microwave-detected MODR, can then be used to measure the pure rotational spec-
tra of optically populated vibrationally and electronically excited molecules, with the
resolution limited only by the radiative decay rate. Then, by monitoring the excited
state rotational transition, additional optical transitions from this state can be iden-
tified. Thus, microwave-detected MODR not only provides a rotational handle for
identifying optical transitions, but it can also be used to map out the energy-level
structure of the molecule by systematically bootstrapping through different vibra-
tional and electronic transitions, with each vibronic level unambiguously labeled by

its characteristic pure rotational transition.

The following section describes a new microwave-detected MODR technique appli-
cable to the millimeter-wave frequency region called millimeter-wave-detected, millimeter-
wave optical polarization spectroscopy (mmOPS). mmOPs is analogous to optical
polarization spectroscopy(34], polarization labeling [35], and microwave-optical polar-
ization spectroscopy (MOPS)[36, 37, 38], in which the polarization of a probe beam is
rotated by the angular anisotropy (unequal population in M sublevels) created by a
polarized pump beam. Unlike previously reported polarization-detected techniques,
however, in the current implementation of mmOPS the polarization rotation is in
the millimeter-wave beam, rather than in an optical beam. We apply mmOPS to
the well-known A 'TT — X 27 electronic band system|[39] of the diatomic molecule
carbon monosulfide, CS, which is produced in a pulsed discharge supersonic nozzle.
We find that the near-zero background of mmOPS makes it more sensitive than the
millimeter-wave-detected, millimeter-wave optical double-resonance (mmODR) tech-

nique, [31] especially when using a liquid-helium-cooled InSb detector.
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Figure 2-4: Schematic of the mmOPS apparatus. In the mmODR and mmOPS exper-
iments, a pulsed laser interacts with the molecules while they are being probed by the
always-on millimeter-waves. In the mmOPS experiment, the laser-induced polariza-
tion rotation of the millimeter-waves is detected with nominally crossed freestanding
wire-grid polarizers.

2.3.2 Experimental details

Figure 2-4 is a schematic of the mmOPS apparatus. The experiment is performed
in a 12 x 12 x 12 in.? vacuum chamber, which is evacuated by a 6 in. diffusion
pump (Diffstak 160, Edwards) backed by a rotary mechanical pump. CS is generated
in a supersonic expansion by passing a mixture of 1% CS, in Ar through a pulsed
discharge nozzle (1-mm.-diameter orifice) that is similar to the design of Sanz et
al.[40] The optimal conditions for detection of the CS X 2T (v = 0,J = 2 — 1)
rotational transition are backing pressure (3 atm), nozzle pulse duration (350 us),

negative discharge voltage (1.4 kV), and discharge pulse duration (1 ms).

The millimeter-wave radiation is produced by a W-band (75-110 GHz) Gunn oscil-
lator (J.E. Carlstrom Co.) that is phase-locked (XL Microwave 800A) to a harmonic
of a microwave synthesizer (8672A) and coupled through waveguide components to
a calibrated attenuator (Hitachi W9513). The radiation is emitted into free space
through a standard gain horn (TRG Control Data, 15 dB) with a linear polarization
of 45° relative to the pump-laser polarization and focused by a pair of PTFE lenses

(fi = 40 cm, f, = 30 cm) to a spot size of ~ 1 cm diameter at the point of inter-
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section with the molecular beam, ~2 cm downstream from the nozzle. After exiting
the chamber, the millimeter-wave beam is refocused by a second pair of PTFE lenses
(f3 = 30 cm, f; = 40 cm) onto a liquid-helium-cooled InSb hot-electron bolometer
(Cochise Instruments). The bolometer output is digitized with a 500 MHz oscillo-
scope (Lecroy LC334A) and transferred to a computer for storage. In the mmOPS
version of the experiment, the rotation of the millimeter-wave polarization is detected
by a pair of nearly crossed, freestanding, wire-grid polarizers. The polarizing grids
are composed of 25-um-diameter gold-plated tungsten wire with center-to-center wire
spacings of 100 ym[41]. When perfectly crossed, the polarizers have an extinction ra-
tio of ~1073.

The ultraviolet radiation is produced by frequency doubling the output of a
Nd3*:YAG-pumped dye laser (Quanta Ray DCR-3/Lambda Physik 3002) in a (-
barium borate (5-BBO) crystal. The doubled radiation (~1—1.5 mJ/pulse) is scanned
~10 cm~! by pressure tuning the etalon-narrowed oscillator cavity and is calibrated
to +0.02 cm ™! using a small amount of the residual fundamental to record an I, flu-
orescence spectrum[42]. As shown in Figure 2-4, the vertically polarized ultraviolet
radiation enters the vacuum chamber in a direction orthogonal to both millimeter-
wave and molecular beams. The overlap of the optical field with the millimeter-wave
radiation is optimized by expanding the optical beam to ~2 c¢m in diameter in the

overlap region.

2.3.3 mmODR and mmOPS of carbon monosulfide

In the mmODR technique, the millimeter-wave frequency is locked onto a ground-
state rotational transition—here the CS X 'Y+ (v” =0, J” =2 — 1) transition—and
the absorption of the millimeter-wave radiation is monitored while the laser frequency
is scanned. When the lower state of the optical transition is one of the two levels

connected by the millimeter-wave transition, the sudden change in the ground-state
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population induced by the laser pulse creates a millimeter-wave transient nutation
signal [29, 30, 31].

If the optical transition is out of the upper millimeter-wave connected level, then
the transient nutation signal is absorptive (positive), whereas if the optical transition

is out of the lower state, the transient nutation signal is emissive (negative)[see Figure

2-5].
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Figure 2-5: (a) In the mmODR experiment, the gas pulse passes through the
millimeter-wave interaction region, resulting in an increase in the absorption sig-
nal between the -200 and 4200 us. The laser interaction occurs near ¢ = 0, resulting
in a transient disruption of the equilibrium population difference. (b) The signal
is recorded by gating the laser-induced feature and comparing it to the background
absorption signal, usually after fitting a portion of the background to a polynomial
curve in order to remove the effects of the varying absorption due to the temporal
profile of the gas pulse. The disruption of the population difference is so large that
the millimeter-wave beam is transiently amplified.

Figure 2-6 shows selected rotational transitions from the CS A 'TT — X '3+ (1 —0)
vibrational band, obtained using mm-wave-detected mmODR (upper trace) and
mmOPS (lower trace) techniques. In addition to the five expected optical transi-
tions originating from J” = 1[{Q(1), R(1)] and J” = 2[P(2), Q(2), R(2)], the spectrum
in Figure 2-6(a) contains a negative-going transition at the expected position of the
R(0) line. The sign of the extra signal indicates that the optical transition out of
J” = 0 causes a preferential depopulation of the J” = 1 level relative to the J” = 2,

which is most likely due to collisional (J” = 0 hole filling from J” = 1) population
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transfer following optical excitation. The optical pumping can significantly alter the
thermal population difference between the J” = 2 and J” = 1 levels because the CS
Al — X '3 (1 — 0) transition is fully allowed and the Franck-Condon factor is
0.14 [39]. As a consequence, both negative and positive mmODR signals are observed
that are considerably larger than the original absorption signal in the absence of op-
tical pumping. The signal displayed in Fig. 2-5, the largest observed to date, dips
below the 0 V baseline that represents the power transmitted to the detector when no
molecules are present. That is, the equilibrium population is disrupted to the extent
that the population is inverted and the millimeter-wave probe beam experiences some

small gain.
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Figure 2-6: Comparison of (a) the millimeter-wave-detected mmODR technique with
(b) the millimeter-wave—detected mmOPS technique. The spectra are obtained by
scanning a laser over the A 'IT — X '$* (1 — 0) band, while the millimeter-wave
frequency is locked to the CS X X% (v” = 0,J” = 2 — 1) rotational transition. The
laser was scanned at the same rate for both spectra and each point is an average of
20 laser shots. The expanded baselines in the region of 39 829 cm ™! indicate that the
baseline noise is improved by a factor of 4 for mmOPS relative to mmODR.
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The sensitivity of the mmODR experiments is limited primarily by the large and
fluctuating CS absorption background caused by instabilities in the CS number den-
sity produced in the pulsed-discharge supersonic expansion. This CS production noise
can be largely removed by using the mmOPS technique. When the vertically polar-
ized pump laser is resonant with a CS electronic transition, it creates an anisotropic
sample of CS molecules by preferentially pumping certain M; states. If one of the
levels of the millimeter-wave transition is in common with the pump-laser transi-
tion, then the vertical and horizontal components of the millimeter-wave probe are
differentially absorbed, causing a polarization rotation of the millimeter-waves. By
using a pair of crossed polarizers, the unrotated millimeter-wave radiation can be
blocked, while only the rotated millimeter-wave radiation strikes the detector. Thus,
the polarization-detected experiment can have a background level that is limited only
by the imperfect extinction of the polarizers and the birefringence of the millimeter-

wave transmission optics.

When the polarizers are perfectly crossed, all mmOPS signals should have the
same sign because millimeter-wave radiation strikes the detector only when the op-
tical pump transition originates from one of the linked levels of the millimeter-wave
transition. The signal levels in this case are often too small to be observed above
the noise level of the current detector. As in optical-polarization—based experiments
[43], however, the signal-to-background ratio can be improved by imperfectly crossing
the polarizers to heterodyne the weak polarization-rotated signal field with the much
stronger nonrotated field. Here, the spectra are collected at relatively large uncrossing
angles (~5°) to obtain the best signal-to-noise ratio. Although the background level
at b° is approximately twice the background level when the polarizers are perfectly
crossed, the cross-term between the signal and carrier millimeter-wave electric fields
is much larger, which ultimately increases the signal-to-background ratio. The het-

erodyne term leads to both positive and negative feature in the mmOPS spectrum.
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In contrast to the mmODR spectra, however, the sign and intensity of the observed
features contain information about the rotational branch excited by the optical field,
rather than simply the lower state of the optical transition. The spectra in Figure
2-6 have been normalized so that the strongest transition in each spectrum has the
same peak intensity. The baseline in the region of 39 829 cm™! is expanded to show

that baseline noise is suppressed by a factor of 4 for mmOPS relative to mmODR.

The enhancement in sensitivity (signal-to-background ratio) afforded by the mmOPS
technique has enabled us to record nominally spin-forbidden transitions into triplet
states of CS, as shown in Figure 2-7. Although the sensitivity enhancement of mmOPS
is largely due to the reduction of the CS production noise present in the CS ground-
state mmODR signal, it is also improved because the millimeter-wave power incident
on the molecular beam can be increased without saturating the millimeter-wave de-
tector. In the absorption-detected technique the power of the Gunn oscillator is
attenuated by approximately 15 dB to 600 uW to avoid saturation of the detec-
tor/preamplifier, while in the polarization-detected technique the full power of the
oscillator (nominally 18 mW at 98 GHz) is incident on the molecular beam, but is

attenuated by the crossed polarizers to <1 mW on the detector.

Use of these higher mm-wave powers is somewhat problematic in that the charac-
teristic transient nutation signals become evident, and, by varying line to line, cause
difficulties in recording a spectrum with a uniform time gate.® The ideal mm-wave
power for the detection of one transient may cause the transient induced by another
optical transition to oscillate one or more times, resulting in partial cancellation of

the gated signal. Use of such a non-ideal gate (chosen to optimize gated signal for

3mmODR without polarization is largely immune to these factors, as all lines generally give
rise to a similar transient profile. The exception is collisionally-induced lines, which have maxima
occurring at later times due to the delay in transmitting the population hole in one state to its
neighboring states via collisions. Unexplained transients are observed in mmODR, primarily when
there is incomplete overlap of the laser and the mm-wave beam. However, once the anomalous
time-dependent behavior is corrected for one optical transition, transient mm-wave signals for all
transitions become well-behaved.
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Figure 2-7: mmOPS spectra of nominally spin-forbidden electronic transitions to
triplet states of CS, which borrow their intensity via spin-orbit interactions with the
A I state. The millimeter-wave frequency is locked to the CS X '3* (v =0, J" =
2 — 1) rotational transition and the laser is scanned over the (a) e 3X~X XF (2 - 0)
and the (b) d 3A — X X7 (6 — 0) bands. The e *%~ (v/ = 2) and the d 3A (v' = 6)
states have 17% and 1% nominal A 'TI character, respectively for the rotational levels
accessed. Each point is an average of 20 laser shots.
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the Q(2) line) is the likely cause of the non-observation (or strange linsehape) of the

R(1) line in the spectra shown in Figure 2-7(b).

2.3.4 mmODR of vibrationally excited states

We have shown in the previous section that mmODR techniques provide an alternative
to traditional methods of electronic spectroscopy, such as laser induced fluorescence or
multiphoton ionization, and provide the species- and rotational-selectivity character-
istic of multiple resonance experiments. In general, mmODR techniques may provide
advantages for the spectroscopy of states that undergo non-radiative processes, ren-
dering them dark in emission. Another class of states, vibrationally excited levels of
ground electronic states, which are effectively dark in emission due to their long ra-
diative lifetimes and the relative insensitivity of typical detectors to infrared photons
as compared to visible photons, should benefit from study by mmODR techniques.
This is especially true for vibrationally excited states of molecules that resist charac-
terization by other means, particularly those which do not have a known or accessible
electronic spectrum. One significant molecule lacking such a spectrum is hydrogen
isocyanide (HNC), which will be discussed in great detail in Chapters 3 and 4. The
vibrational spectrum of HNC has been obtained by other means [44, 45, 46, 47],
but HNC is used here as an example of a transient molecule that is often present in
complex mixtures and may therefore benefit from the selectivity of double resonance
spectroscopy.

The ground state J = 1 — 0 rotational transition of HNC, produced in a pulsed
discharge of acetonitrile (CH3CN) in Ar, is readily observed in our millimeter-wave
jet spectrometer (see Chapter 3). A digitized transient, similar to that shown in
Fig. 2-5 for CS, is given in Fig. 2-8(a). Here the background absorption due to the
HNC rotational transition is much weaker than in the CS experiments, however, the

sensitivity of the mmODR experiment is sufficient to record spectra as shown in Fig.
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2-8(b). The spectrum shown is recorded by pumping the R(0) line of the 2v5 band
of HNC. Similar mmODR spectra have been recorded of the v; and v; + v5 bands of
HNC (not shown).
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Figure 2-8: mmODR signal for vibrational excitation of the 2r3 band of HNC near
4026 cm~!. (a) The digitized absorption transient from the bolometer output for the
HNC J =1 — 0 transition. The small dip near the center of the absorption envelope
is due to laser excitation of the 2v53 band (R(0) line) of HNC. The IR laser radiation
is generated by difference frequency mixing in lithium niobate of the output of a dye
laser operating with LDS 751 and the 1064 nm fundamental output of an injection-
seeded Nd:YAG laser. The power is approximately 1.5 mJ/pulse. (b) Uncalibrated
laser scan over the R(0) line, demonstrating that the dip in (a) is a resonant feature
associated with a relatively weak vibrational overtone transition.

2.3.5 Rotational spectroscopy of laser-excited states

To demonstrate further the capabilities of the mmODR and mmOPS techniques, we
have measured a pure rotational transition in one of the optically populated triplet
states of CS. Figure 2-9 shows the mmOPS spectrum recorded with the laser popu-
lating the J' = 1, N’ = 1 level of the e 3%~ (v/ = 2) state. The trace is the average
of four scans, each recorded by stepping the Gunn oscillator output in 50 kHz steps
and averaging the bolometer output for ten laser shots at each frequency. The center

frequency of the triplet rotational transition J' = 2, N' =2 «— J = 1,N' =1 is
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determined to be 76 229.027(20) MHz.* The measured linewidth is 1.3 MHz, which
is significantly broader than the ground-state linewidth [~240 kHz full width at half
maxiumum (FWHM)]. We attribute the additional linewidth to the radiative lifetime
of the triplet state, which is expected to be ~1.2 us, assuming that the lifetime is
dominated by the ~17% singlet character [39] of the populated nominal triplet level
and the 198 ns lifetime for the A 'TI (v = 1) state [48].

Intensity (arbitrary units)

76227 76229 76231

mm-wave frequency (MHz)

Figure 2-9: Pure rotational mmOPS spectrum of an excited triplet electronic state.
The laser frequency is fixed to populate the J' = 1,N' = 1 «— J” = 1 transition
of the e 3¥~ — X '¥* (2 — 0) vibrational band. The center frequency of the pure
rotational transition J' = 2, N’ = 2 « J' = 1, N’ = 1 in the electronically excited
state is 76 229.027(20) MHz.

In contrast to millimeter-wave transitions in the CS ground state, measurements
of mmODR signals in the excited state are not compromised by fluctuations in the
background absorption of ground-state CS molecules. Rather, the main contributor
to the baseline noise is the millimeter-wave detector noise, which is larger than the

amplitude noise of the millimeter-wave source. Because the most significant advantage

4Recent measurement of this transition with a chirped-pulse mm-wave spectrometer, described
briefly in Chapter 8, has revealed that this measurement may be in error. In that experiment,
the millimeter-wave transition is observed at a frequency almost exactly 35 MHz away from that
observed in the bolometer-detected experiment. This 35 MHz frequency offset is likely caused by
improper locking of the Gunn oscillator to a harmonic of the 35 MHz low-frequency reference. The
experiment has not yet been repeated in bolometer-detected mode to confirm this hypothesis.
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of the polarization-detected technique with the current millimeter-wave detector is the
suppression of the CS source noise, the excited-state mmODR and mmOPS spectra
are nearly identical in quality. In addition to detector noise, both the mmODR
and mmOPS techniques are artificially limited by the bandwidth (5 Hz-500 kHz) of
the millimeter-wave detector. This limitation attenuates transient nutation signals
with periods shorter than 2 us and is particularly disadvantageous for the mmOPS
technique, which would otherwise use the full power of the millimeter-wave source to

induce the fastest possible transient nutation signals.

We have demonstrated that millimeter-wave-detected mmOPS is capable of being
used to record selected rotational lines of an electronic transition with high sensitivity
and to detect pure rotational transitions in electronically excited states, with reso-
lution limited by the radiative decay rate. In addition, the development of sensitive
new techniques such as millimeter-wave-deteced mmOPS makes it possible to observe
and identify optical transitions in complex environments, such as discharges, where

traditional one-color measurements can be limited by spectral congestion.

As is briefly discussed in the introduction to this chapter, measurements of ro-
tational spectra are often of particular value due to the fact that they can reveal
details of molecular electronic structure. One property that is accessible in high-
resolution rotational spectra, the nuclear quadrupole hyperfine splitting, is described
in the following chapter. The hyperfine splitting is apparent in field-free spectra,
but many other electronic properties are most readily measured by recording the ab-
sorption spectra in the presence of an external (DC) electric or magnetic field. The
millimeter-wave techniques described in this chapter are capable of being extended to
measure electric and magnetic moments of electronic and highly vibrationally excited

states with Stark and Zeeman spectroscopy.

The chief advantage of making these measurements in the microwave/mm-wave

regime lies in the inherently high resolution of the spectroscopic techniques used at
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these frequencies. In order to measure the response of a system to a static external
field (neglecting alternative strategies involving quantum beats), the field must be of
sufficient intensity to shift or split an observed transition by an amount greater than
the experimental resolution. In optical/ultraviolet experiments a typical resolution
is 0.06 cm™ (~ 2 GHz), determined by either the resolution of an etalon-narrowed
pulsed dye laser or the residual Doppler-width (at 200 nm) of an unskimmed free-jet
expansion. The observed lines in the spectra must be shifted by an amount larger
than 2 GHz in order to extract a meaningful value for the electronic property sampled
by the experiment. For a small molecule, with a typical dipole moment of 1 Debye,
a Stark shift of several GHz will require an electric field of 10-100 kV/cm (see Ref.
[49] for an example of a pulsed-laser optical Stark effect measurement), depending on
whether the Stark effect is in a linear or quadratic regime. Maintaining such large
fields is exceedingly problematic, and requires careful experimental design in order to
prevent arcing and discharge. In contrast, the millimeter-wave experiments demon-
strated in this chapter have typical linewidths on the order of 300 kHz, nearly 10*
times smaller than those in pulsed optical experiments. Similar transitions will thus
require fields on the order of 102 — 10* times smaller than those required for optical
Stark measurements, on the order of only 10-100 V/cm. The experimental tradeoff is
that, in order to maintain a high resolution, the applied field must be very homoge-
nous as to not broaden the transitions. Relatively low field Stark measurements are
common in FTMW spectroscopy, and several designs for electrodes to produce a ho-
mogenous field of large spatial extent exist in the literature [50]. It will be possible to
adapt the strategies from the microwave region designs to our pulsed-jet millimeter-
wave spectrometer, enabling the measurement of electronic properties of laser-excited

states.
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Chapter 3

Laboratory measurements of the
hyperfine structure of H*N!2C and

D14NIQC

The work in this chapter resulted from a collaborative effort between myself and Dr.
Hans A. Bechtel. The majority of the results in this chapter have been published in
Astrophysical Journal Letters (Ref. [51]).

3.1 Introduction

In the analysis of the vibrational spectra of small organic molecules, the details of
electronic structure are typically ignored. The simple reason for this is that the
effects of the electronic structure (e.g. hyperfine splittings, electric dipole moments,
etc.) in these molecules generally do not manifest themselves as observable splittings
in a vibrational spectrum recorded at Doppler-limited resolution.! Such a situation
is in stark contrast to that of radicals and transition-metal-containing molecules, the

spectra of which are often littered with fine and hyperfine structure associated with

!The electronic structure does, of course, determine the shape of the potential energy surface
and, therefore, the frequencies of vibration.
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unpaired or otherwise reactive electrons. The majority of stable organic molecules
have a singlet ¥ (in general totally symmetric) ground electronic state, i.e. S =0,A =
0, and, as such, have no fine structure and exceedingly weak magnetic effects due to
quenched electronic angular momentum. It is only at the level of nuclear quadrupolar
hyperfine structure that the rovibronic levels of many small, stable molecules are split
by interactions between the non-spherical charge distribution of some I # 0 nuclei

and the anisotropic nature of the electric field at these nuclei.

Quadrupolar hyperfine splittings are rarely large enough to be directly observed
in a Doppler-limited infrared or visible spectrum. However, by virtue of the rela-
tively low frequencies used in rotational spectroscopy, even Doppler-limited spectra
are often of sufficient resolution (< 1 MHz) to resolve hyperfine structure of many
molecules. The spectra of one such molecule, hydrogen cyanide (HCN), is illustrated
in Figure 3-1(a). The corresponding splitting in molecules with smaller hyperfine
interactions may still remain unresolved, as is illustrated for the isomeric species hy-
drogen isocyanide (HNC) in Figure 3-1(b).? Tt is therefore often desirable to push the

already high resolution of mm-wave spectroscopies into the sub-Doppler regime.

In this chapter, high-resolution (~50 kHz) is achieved by a spectrometer design
in which the mm-waves are propagated coaxially with respect to the supersonic ex-
pansion. The enhanced resolution, relative to the conventional geometry described in
Chapter 2, results from reduced contributions to the width from Doppler and transit-
time broadening and enables resolution of the hyperfine structure of HNC, which is

2—101;h the size of that in HCN.

2The reason for the qualitative difference between the spectra of these two isomeric species is
discussed in the following chapter.
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3.2 Origin of nuclear quadrupole hyperfine splitting

The distribution of charge in the nucleus of an atom may be non-spherical. It is
quite reasonable, then, that the energy of the system will depend on the orientation
of the nucleus relative to all of the extra-nuclear charges. While no nuclei have yet
been observed to possess an electric dipole, all nuclei with nuclear spin I > 1 posses
an electric quadrupole moment. A quadrupole moment represents a deviation from
spherical shape by flattening or elongating the charge distribution preferentially along

one axis.

Following Gordy & Cook[6], the classical electromagnetic interaction energy be-
tween the nuclear charge distribution, p,, and the electric field at the nucleus, V,

that results from extra-nuclear charges, is given by

E = /an dr,. (3.1)

Expansion of the field as a Taylor series about the center of charge results in the
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quadrupole interaction energy

1 /0%*V 5 9
Eq = 1 (W)o /pn(?)zn — 1) dTy,. (3.2)

For a given atom, the nuclear charge distribution is constant, so Eq. 3.2 is rewritten

as
1 [/0*V
Eg=-|—=— * 3.3
o= 1(5%) @ (3.3
where the intrinsic quadrupole moment, *, is taken as

o =1 / pu(322 — 12) dr,. (3.4)
While this quantity is constant for a given atom, it is variable across different isotopes
of the same element. Nuclear charge distribution can vary both quantitatively and
qualitatively, istotope to isotope. In fact, those elements for which the most abundant
isotope has I > 1 (i.e. has a non-zero electric quadrupole moment), it is common
that another stable isotope will exist with I < 1 (i.e. @* = 0). For the current study,
the most important quadrupolar nucleus is "N, which has I = 1. The other stable
isotope of nitrogen, N, has [ = %, and therefore will give rise to no quadrupole

coupling in a spectrum.

In order to calculate the effects of the quadrupole on the energy levels of a
molecule, the expression for the classical quadrupole energy must be expressed in
a quantum mechanical form, and the rotation-dependence of the field gradient at
the coupling nucleus must be taken into account. The resulting quantum mechanical

Hamiltonian for the quadrupole, originally derived by Casimir [52], is

(eQqy)
2121 —1)(2J = 1)(2J + 3)

Hy = x [3I-J)*+3(1-J) - 1*)°] (3.5)

where ¢; depends on the form of the rotational wavefunction, and therefore on whether
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the molecule is a linear, symmetric, or asymmetric top. Only linear molecules will be

considered in this work, and for these

qJ
2J +3°

4 = — (3.6)

From hyperfine-resolved measurements of rotational transitions, it is possible to
derive a value for eQ)q and, therefore, the gradient of the electric field at the cou-
pling nucleus, g. Because the electric field gradient is determined by the distribution
of charged species, it reports on the electronic wavefunction of the molecule. The

chemical interpretation of the field gradient is left for the following chapter.

3.3 Implications for astrochemistry

The 1971 discovery [53] of the U90.7 interstellar millimeter-wave emission line, which
was later assigned to the J = 1 — 0 rotational transition of HN'2C [54, 55, 56]
(see Figure 3-1b), stimulated considerable interest in the astronomical community.
Subsequent measurements of [HNC]/[HCN] and [DNC]/[HNC]| abundance ratios have
provided insights into the astrochemistry of dark clouds. In particular, measurements
of the [HNC]/[HCN] abundance ratio imply that the abundance of HNC in some re-
gions is comparable to that of HCN [57, 58, 59, 60, 61, 62, 63], which is unexpected
based on thermodynamics alone (HNC is 0.62 eV less stable than HCN). Those mea-
surements suggest that the HCNH" + e~ dissociative recombination reaction is a
major source of HNC, although a decisive explanation for the relative overabundance
of HNC remains to be established. The [DNC]/[HNC] abundance ratio is also signif-
icant: in dark cloud cores, [DNC]/[HNC] abundance ratios range from 0.008 to 0.122
(64, 65, 66, 67], which is considerably higher than the cosmic [D]/[H] abundance ratio
of about 1079 [68]. Deuterium fractionation into various molecules has been shown to

be sensitive to a variety of physical conditions, including temperature and the degree
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of ionization.

Accurate measurements of abundance ratios require precise rest frequencies for
observed transitions. Indeed, Turner [67] has shown that neglect of hyperfine struc-
ture can lead to significant errors in astronomical observations of abundance ratios.
Although precise rest frequencies are typically obtained in the laboratory, laboratory
measurements on the chemically unstable HNC molecule are challenging. In 1963,
Milligan and Jacox [44] observed HNC in an argon matrix, but it was not until 1975
that Arrington and Ogryzlo [45] observed a laboratory gas phase spectrum. Since
then, numerous groups have recorded microwave [69, 54, 55, 70, 71, 56, 72] and in-
frared spectra [73, 47, 74, 75, 46, 76] of HNC. The laboratory measurements, however,
are not nearly as comprehensive as those for the more stable HCN isomer, and in none

of them is the HNC hyperfine structure resolved.

3.4 Coaxial jet mm-wave spectrometer

These measurements are performed in a coaxial mm-wave pulsed discharge jet spectro-
meter, which provides better resolution than the conventional orthogonal geometry,
described in Chapter 2, by minimizing Doppler and transit time broadening. A
schematic of the spectrometer is given in Figure 3-2. The design is similar to that
of Walker and McKellar[77] and McElmurry et al.[78] with the addition of a pulsed
discharge nozzle, which extends the capabilities of the coaxial mm-wave jet spectro-
meter to rotationally cold transient species. An analogous spectrometer design is pop-
ular in the microwave region, referred to there as COBRA (coaxial beam-resonator

arrangement)[79].

In our experiments, HNC (DNC) is generated with a mixture of 2% CH3CN
(CD3CN) in Ne. The pulsed valve operates at 10 Hz with a backing pressure of 3

atm, a pulse duration of approximately 300 us, a negative discharge voltage of 1.5 kV,

o4



Oscilloscope

Computer

35 MHz
Precursor +

Carrier gas N — 1 PLL
Rooftop
Reflector Synthesizer

Wire Grid Polarizer Gunn Oscillator

Figure 3-2: Schematic of the coaxial mm-wave jet spectrometer. The mm-wave radia-
tion entering the chamber is polarized 45° relative to the vertical axis of the chamber.
The returning polarization is rotated 90° by the rooftop reflector, causing it to be
selectively routed to the bolometer for detection.

Discharge
Nozzle

ROOftOp Figure 3-3:  Side-on view of the
rooftop reflector mounted onto the
ReﬂeCtOr discharge nozzle.

and a discharge pulse length of 200 us centered on the gas pulse. Shown in Figure 3-3,
the discharge nozzle is mounted at the rear of an aluminum rooftop reflector that has
a small hole (~ 4 mm diameter) at the center to permit the passage of the molecular

beam.

As in the experiments using the orthogonal geometry, the mm-wave radiation is
produced by a W-band (72-106 GHz) Gunn oscillator that is phase-locked to the
tenth harmonic of a microwave synthesizer (HP 8673E) and coupled through wave-

guide components to a calibrated attenuator (Hitachi W9513). Higher frequencies
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are generated by doubling (144-212 GHz) and tripling (216-318 GHz) the output of
the Gunn oscillator in Schottky diode multipliers (Virginia Diodes). The radiation is
emitted into free space through a standard gain pyramidal horn and passed through
a wire-grid polarizer oriented to pass the linearly polarized mm-wave radiation. A
PTFE lens (f = 30 cm) is used to roughly collimate the mm-wave radiation, which is
counterpropagated with the molecular beam and directed onto the rooftop reflector
oriented at 45° with respect to the polarization of the mm-waves. The rooftop re-
flector rotates the mm-wave polarization by 90° and reflects the mm-wave radiation
back onto itself, making a second pass of the vacuum chamber. The mm-wave radia-
tion is focused by the PTFE lens, and finally reflected by the polarizer onto a liquid
helium-cooled InSb hot electron bolometer. The bolometer output is digitized with a

500 MHz oscilloscope (Lecroy LC334A) and transferred to a computer for storage.

Unlike in the earlier experiments, it is necessary in the high-resolution case to
scan the low-frequnecy phase-lock reference rather than the local oscillator to tune
the frequency of the mm-wave source. The high-frequency synthesizer used as the
LO has a (frequency-dependent) minimum step-size of 4 kHz, corresponding to a
minimum Gunn oscillator step-size of 40 kHz (as the Gunn is typically locked to
the 10" harmonic of the synthesizer), which is larger than the resolution of the
experiment. Such undersampling is undesirable, so the high-resolution spectra are
recorded by scanning the phase-lock loop reference (HP 3336B) in 2 kHz steps around
a center frequency of 35 MHz. In addition, spectra recorded at the powers used in the
conventional spectrometer geometry appear to be power broadened. The attenuation
is increased by an additional 10 dB to a power of ~50uW, at which point the spectra

do not get narrower with further attenuation.

The coaxial geometry of the mm-wave radiation and the molecular beam results
in two Doppler-split peaks, the frequencies of which are averaged to determine the

rest frequency. The separation of the peaks (~540 kHz at 90 GHz) indicates that
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Figure 3-4: Comparison of (a) or-
thogonal (upper trace) and (b) co-
(b) axial (lower trace) spectrometer geo-
metries for the J = 1 — 0 transition
of HNC. The resolution of the spec-
tra recorded in the coaxial geometry
is superior by one order of magni-
tude, revealing nuclear quadrupolar
hyperfine structure due to the “N
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Frequency (MHz) nucleus.
the molecular beam speed is about 890 m/s for a beam composed primarily of neon.
The lighter gas neon is used here, rather than argon, in order to create a large
enough separation such that the hyperfine components of the associated with co- and
counterpropagating molecules do not overlap.?

The spectrometer was calibrated by measuring several rotational transitions of
OCS and HCN [28]. The uncertainty in the absolute frequencies for the measured
transitions is & 5 kHz for the J = 1 — 0 transitions and + 10 kHz for the J =2 —1
and J = 3 — 2 transitions, whereas the uncertainty of the hyperfine splitting in a

single rotational transition is + 2 kHz.

3.5 Analysis of the hyperfine-resolved spectra

The hyperfine structure in H*N'2C is dominated by the interaction of the valence
shell electrons with the electric quadrupole moment of the N (Ix=1) nucleus. Al-

though generally much smaller, the nuclear spin-rotation interaction, which is caused

3Using helium as the carrier gas for the expansion would again increase the separation, but we
find that helium creates a very poor and unstable discharge at the voltages used.
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Figure 3-5: Energy-level diagram
for the J = 1 — 0 rotational
transition of a molecule with a
single quadrupolar nucleus with
I =1. The energetic ordering of
the |J, F') levels is appropriate for
a molecule with a positive value
for eQ)q, as is the case for HNC.
The size of the arrowheads is pro-
portional to the transition inten-
sity. The ticks on the vertical axis
represent the quadrupole-free en-
ergies for J =0 and 1.

of DMN2C is

Hyp = (eQq)x

Energy

ponents. An energy level diagram is given in Figure 3-5.
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by the interaction of rotating charged particles (electrons and nuclei) with the mag-
netic moment of the N atom, also contributes to the hyperfine structure. These
interactions cause the lowest rotational transition J = 1 — 0 of H¥N'2C to be split

into three components and the higher rotational transitions to be split into six com-

The hyperfine structure of DN'2C, on the other hand, is substantially more
complicated because of the additional coupling of the D (Ip=1) nucleus. This coupling
gives rise to a septet in the J = 1—0 transition and over 40 incompletely resolved lines

in the higher J rotational transitions. The Hamiltonian for the hyperfine structure

x [3(In-J)* + (3/2)(In - J) — In"J?] + Cn(In - J)

+ (eQq)p

21 (21p — 1)(2J — 1)(2J + 3)

x [3(Ip - J)* + (3/2)(Ip - J) — Ip*J*] + Cp(Ip - J),
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and Cp are the spin-rotation constants of nitrogen and deuterium, respectively. Al-
though analytical expressions for hyperfine energy levels are well known for molecules
containing a single coupling (I > 1) nucleus [6], such as H¥N'2C, the full secular de-
terminant must be solved for molecules containing multiple I > 1 nuclei, particularly
when the values of the quadrupole coupling constants are comparable in magnitude,
as in DN'2C [80, 81]. Here, we have used the SPFIT program [82] to perform a
global fit of the rotational transitions of H'*N*2C and D*N'2(C. In this global fit, we
used the data obtained from the present work, which includes resolved and partially
resolved hyperfine lines up to 275 GHz. For the H'*N'2C rotational transitions above
275 GHz, we used the hyperfine free data of Okabayashi and Tanimoto[70] for the
J = 4—3 transition, the data of Amano and Zellinger[69] for the J = 7—6 transition,
and the data of Thorwirth et al.[72] for the J =5—-4, J=6—5,J =87, J =9-38,
J =10—-9, and J = 22 — 21 transitions. For the DN!2C transitions above 275
GHz, we used the data of Briinken et al.[83]. The experimental transition frequencies
from the present work are shown in Tables 3.1 and 3.2, and the derived spectroscopic
constants are shown in Tables 3.3 and 3.4 along with previously published values. In
analogy to the hyperfine assignments of D2C™N [84], we have used the sequential

spin-coupling scheme to label the D¥N'2C transitions:

J+In=Fn (3.8)

Fnx+1Ip =F. (3.9)

The experimental data were not sufficient to accurately determine Cp. Previous
measurements of Cp in D2C!N [84] have shown that it is small (-0.6 4 0.3 kHz),
and we do not expect it to change significantly in DN!2C. As a consequence, we

have omitted it from the fit. The omission of Cp did not affect the quality of the fit.

Figure 3-6a shows the experimental mm-wave spectrum of H¥N!2C (J =1 — 0)
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(a) HNC (J=1-0) F=2-1

(b) DNC (J=1-0) Fy=2-1

76305.2 76305.4 76305.6 76305.8 76306.0 76306.2
Frequency (MHz)

Figure 3-6: (a) HY'N'2C (J = 1-0) and (b) D N'2C (J = 1—0) experimental spectra
(circles). The coaxial geometry results in two Doppler-split peaks, the frequencies
of which are averaged to determine the rest frequency. The stick spectrum and
simulation (solid line) are based on the molecular constants determined from the fit,
assuming Lorentzian line shapes of 50 kHz and a molecular beam speed of 890 m/s.
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Table 3.1: Transition frequencies of H*N2C.

J —=J" F' —F" Obs. Obs.-Calc.
1-0 0—-1 90663.417 0.000
2—-1 90663.556 —0.002
1-1 90663.622 —0.001
2—1 1-1 181324.585 —0.001
2—1 181324.729* —0.005
3—2 181324.729* —0.005
1-0 181324.792* —0.002
2—2 181324.792* —0.002
3—2 3—2 271981.111* —0.003
4 -3 271981.111* —0.003
2—-1 271981.111* —0.003

*Unresolved feature

and a simulation based on the molecular constants determined from the fit. Positive
and negative Doppler shifts, corresponding to a molecular beam speed of 890 m/s,
are added to the calculated line positions, and the doubled lines are convoluted with
a Lorentzian lineshape of 50 kHz width. The experimental resolution is sufficient
to resolve all three hyperfine components in the H“N'2C (J = 1 — 0) rotational
transition. However, the hyperfine transitions of the J = 2—1 and J = 3—2 rotational
transitions, shown in Figure 3-7, are not fully resolved. This failure to resolve fully
all of the hyperfine components is due in part to the decreased separation between
hyperfine lines in higher rotational levels and the presence of six lines rather than
three. The primary reason, however, is the degradation of experimental resolution
caused by the linear frequency dependence of the Doppler linewidth. Thus, at 90
GHz, the experimental lineshapes are nearly Lorentzian with linewidths of about 50
kHz, whereas at 180 GHz and 270 GHz, the lineshapes are predominantly Gaussian
with linewidths of about 100 kHz and about 180 kHz, respectively (see Figure 3-7).

The experimental mm-wave spectrum of DN2C (J = 1—0) and the correspond-

ing simulation is shown in Figure 3-6b. As noted above, the nuclear spin of deuterium
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causes additional splitting, resulting in seven lines instead of three for the J =1 —0
rotational transition. Although the experimental resolution is not sufficient to fully
resolve all members of the Fiy = 1—1 triplet, the remaining lines can be distinguished.
For the J = 2 — 1 and J = 3 — 2 transitions, the increased Doppler broadening at
higher frequencies conceals all deuterium splitting effects and the profiles of the higher
rotational transitions are similar to those of H“N!2C.

Table 3.2: Transition frequencies of D*N12C.

J =J" Fy—-Fy F —F" Obs. Obs.-Calc.
1-0 0—-1 1-0,1,2 76305.511 0.000
2—-1 1-0,1,2 76305.630 0.000

2—-1 3—2 76305.678 0.001

2—-1 2—-1,2 76305.717 0.000

1-1 1-0,1,2 76305.790* -0.002

1-1 2—-1,2 76305.790* -0.002

1-1 0-1 76305.836 0.002

2—-1 1-1 2—-2 152609.569°* 0.005
1-1 2-1 152609.569* 0.005

1-1 1-2 152609.569* 0.005

1-1 1-1 152609.569°* 0.005

2—-1 3—2 152609.746* -0.002

3—2 4-3 152609.746* -0.002

3—2 2—-1 152609.746* -0.002

3—2 3—2 152609.746* -0.002

2—-1 2-2 152609.746* -0.002

2—-1 2—-1 152609.746* -0.002

1-0 1-1 152609.845* -0.003

2—-2 3—-3 152609.845* -0.003

1-0 1-1 152609.845* -0.003

2-2 1-1 152609.845* -0.003

3—2 3—2 2—-1 228910.481* 0.001
3—2 4—-3 228910.481°* 0.001

4—-3 5—4 228910.481* 0.001

4-3 3—2 228910.481* 0.001

4-3 4—-3 228910.481* 0.001

3—2 3—2 228910.481* 0.001

2—-1 3—2 228910.481°* 0.001

*Unresolved feature
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HNC(J=3-2) DNC(J=3-2)

271980.0 271980.5 271981.0 271981.5 271982.0 228909.5 228910.0 228910.5 228911.0 228911.5

HNC(J=2-1) DNC(J=2-1)

LI LI S R B S S B N B | =
181323.5 181324.0 1813245 181325.0 1813255 181326.0 152608.5 152609.0 152609.5 152610.0 152610.5 152611.0
Frequency (MHz) Frequency (MHz)

Figure 3-7: Higher-J rotational transitions for HNC (left) and DNC (right). The
spectra shown here have twice the frequency width as those shown in Figure 3-6.
As a consequence of the linear dependence of the Doppler effect on frequency, the
splitting between the peaks due to the co- and counter-propagating components of the
mm-wave beam increases from the lower-.J to higher-J transitions. Additionally, the
Doppler width of each hyperfine component increases, while the intensity distribution
associated with the hyperfine structure becomes more compressed. Therefore, the
determination of the hyperfine parameters is best made at the lowest possible value

of J.
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3.6 Comparison of laboratory and astronomical

measurements of hyperfine coupling constants

The nuclear quadrupole constant of HN'2C (v = 0), as measured in this work,
is (eQq)n = 264.5 + 4.6 kHz. It has the opposite sign and is considerably smaller
than the nuclear quadrupole constant of the more stable H*2CN isomer (v = 0),
(eQq)x = —4709.03 + 1.62 kHz [85]. The small value of (eQq)x for H¥N'2C arises
from the decreased electric field gradient at the central “N nucleus and is typical
of other isonitriles, such as CH3NC and HCCNC, which have nuclear quadrupole
constants of 489.4 + 0.4 kHz [86] and 946.4 £+ 1.9 kHz [87], respectively. Recent ab
initio calculations [88] on HN'2C also predict a small nuclear quadrupole coupling

constant, —313 > (eQq)x > —288 kHz, but of the wrong sign.

Table 3.3: Molecular constants of H*N'2C for the ground vibrational state.

H14N12C H14N12C H14N13C

Parameter Present Work  Hyperfine Free  (Ref. [67])
B (MHz) 45331.98160(52) 45331.98415(79) -
D (kHz) 99.8097(45) 99.8286(63) -
H (Hz) 0.1458(57) 0.1682(78) .

(eQq)n (kHz) 264.5(46) - 276(21)

O (kHz) 7.15(109) ; 10.5(43)

Values in parentheses represent one standard deviation (1o) in the units of the last digit.
The uncertainties produced by the SPFIT program were converted to standard errors using
the PFORM program from http://info.ifpan.edu.pl/~kiesel /prospe.htm.

Although the hyperfine structure of H**N'2C has not until now been resolved in
the laboratory, partially resolved hyperfine structure has been observed in millimeter
emission measurements of H'¥N'2C in interstellar dark clouds. Snyder et al.[89] first
estimated the quadrupole coupling constant of H!*N'2C from those observations, but
self-absorption [90] of the strongest component, F' = 2 — 1, led to incorrect assign-

ments of the hyperfine structure and a quadrupole coupling constant with the wrong
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Table 3.4: Molecular constants of D*¥N'2C for the ground vibrational state.

D14N12C D14N12C D14N120

Parameter Present Work Ref. [83] (Ref. [67])
B (MHz) 38152.98807(36)  38152.98692(156) -
D (kHz) 68.97119(281) 68.9649(87) -
H (Hz) 0.1984(37) 0.1925(82) .
(eQq)x (kHz)  204.7(131) . 378.7(260)
O (kHz) 5.02(99) ; .
(eQq)p (kHz)  261.9(145) . 111(154)

Values in parentheses represent one standard deviation (1o) in the units of the last digit.
The uncertainties produced by the SPFIT program were converted to standard errors using
the PFORM program from http://info.ifpan.edu.pl/~kiesel /prospe.htm.

sign. Later, Frerking et al.[91] gave improved estimates of the hyperfine transition
frequencies and the nuclear quadrupole constant of H*¥N'2C and H"“N!3C. Those
estimates have been updated by the more recent measurements of Turner[67], which
are shown in Table 3.3. Although the HN!3C astronomical value for (eQq)x is in
good agreement with our laboratory measurements, the D'4N'2C astronomical values
for both (eQq)x and (eQq)p are not (Table 3.4). The discrepancy is most likely a
consequence of insufficient resolution in the astronomical spectra, which prevents an
accurate determination of the nuclear quadrupole constants.

Also shown in Tables 3.3 and 3.4 are the HN'C and D"N!2C molecular con-
stants determined from the most precise hyperfine-free data in the literature. A
comparison of the B, D, and H rotational constants indicate that the D**N'2C con-
stants from the present work agree within 1o with the values obtained by Briinken
et al.[83]. The rotational constants of H“N?C, however, lie just outside of the 1o
ranges of the fit to the hyperfine free data set. The discrepancy arises primarily from
the difference between our value of the J = 3—2 rotational transition and that of Ok-
abayashi and Tanimoto[70], as well as the increased weighting of the lower rotational

transitions in the fit that reflect the reduced uncertainty in our measurements.

The improved resolution of the coaxial mm-wave discharge jet spectrometer has
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permitted the hyperfine structure of H*N'2C and D*N'2C to be resolved for the
first time in the laboratory. The updated rest frequencies should aid astronomi-
cal measurements of [HCN]/[HNC] and [DNC]/[HNC] abundance ratios, particularly
when the observed hyperfine structure is incompletely resolved or is distorted by
self-absorption.

Measurement of the nuclear quadrupole hyperfine structure provides a direct mea-
surement of the electronic structure in the vicinity of the coupling nucleus. The
chemical interpretation of the field gradient provides insight into local bonding and
hybridization that is complementary to that offered by measurement of the molecular

electric dipole moment. Such interpretation is provided in the following chapter.
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Chapter 4

Evolution of electronic structure
during HCN+—HNC isomerization
revealed though nuclear

quadrupole hyperfine structure

The work in this chapter resulted from a collaborative effort between myself and
Dr. Hans A. Bechtel, with ab initio calculations performed by Bryan Wong. The
majority of the results in this chapter have been published in Angewandte Chemie
International Edition (Ref. [92]), with the exception of the stretch-excited spectrum
in section 4.6.

4.1 Introduction

The making and breaking of bonds in chemical reactions necessarily involve changes
in electronic structure. Therefore, measurements of a carefully chosen electronic prop-
erty can serve as a marker of progress along a reaction coordinate and provide detailed
mechanistic information about the reaction. In this chapter, we demonstrate through

high-resolution spectroscopic measurements and ab initio calculations that nuclear
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quadrupole hyperfine structure, an indicator of electronic structure near the nitrogen
nucleus, is highly sensitive to the extent of bending excitation in the prototypical
HCN«—HNC isomerization system. Thus, measurements of hyperfine structure show
how the nature of a chemical bond is altered when a large amplitude vibration that

is coupled to the isomerization reaction coordinate is excited.

As described in the previous chapter, nuclear quadrupole hyperfine structure arises
from the interaction of the electric quadrupole moment of a nucleus with the gradient
of the electric field at that nucleus. This interaction causes rotational levels to split
into multiple hyperfine components. The magnitude of the splitting is determined by
e@q, in which e is the proton charge, () is the quadrupole moment of the nucleus, and ¢
is the gradient of the electric field (0?V/92z?) at the nucleus. The electric quadrupole
moment, (), is a measure of the departure of the nuclear charge distribution from
spherical symmetry and is nonzero for I > 1 nuclear spins. Although () is constant
for a particular nucleus, g can (and generally does) vary in different molecules. These
values of ¢, and hence eQ)q, report on the local electronic environment of the nucleus,
in contrast to Stark effect measurements of the electric dipole moment [1], which

report on the global electron distribution within the molecule.

The HCN«—HNC isomerization is a prototypical system for high-barrier, bond-
breaking isomerization, a process fundamental to many areas of chemistry, including
combustion. As described in the previous chapter, the hyperfine structure of HCN and
HNC are qualitatively different, reflecting the different electronic environments of the
nitrogen atom in the two isomeric structures. Therefore, the evolution of the hyperfine
structure as the molecule is excited along the isomerization coordinate should reveal
how the bonding motif in the vicinity of the nitrogen changes during the chemical
transformation. In this chapter, we present the first laboratory measurements of HNC
hyperfine structure in vibrationally excited states and extend the measurements of

HCN hyperfine structure to higher vibrational levels.
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4.2 Experimental: Photolysis-jet spectrometer

The goal of the experiments described in the current chapter is to record pure rota-
tional spectra of highly vibrationally excited states of the HCN/HNC system. It is
therefore necessary to produce a molecular sample that is characterized simultane-
ously by a high vibrational temperature and a low rotational temperature. The low
rotational temperature is crucial for the sensitivity of the millimeter-wave absorption
experiment, which has a % dependence [93]. One possible method of accessing highly
vibrationally excited states is direct optical pumping, as described in Chapter 2. Op-
tical pumping gives rise to an inherently non-thermal rotational distribution if the
transitions used are rotationally resolved. That is, all of the population is put into a
single rotational level, so the population difference, AN, a factor in the transition
intensity, is equal to the number of molecules in the pumped state, N,.

Single-photon optical pumping methods for populating highly vibrationally ex-
cited levels are, however, limited by the exceedingly weak absorption cross-sections for
all vibrations apart from the overtones of X-H stretching modes. Multiple-resonance
optical techniques, such as stimulated emission pumping (SEP)[94, 95|, can bypass
the restrictive vibrational selection rules by exploiting significant changes in molecu-
lar geometry upon electronic excitation. These methods require a well-characterized
excited electronic state to use as a mutiple-resonance intermediate. Despite attempts
by several research groups [96], including our own, no bound vibrational levels of
any electronically excited states of HNC have been definitively identified. Therefore,
optical pumping strategies may prove useful for accessing highly vibrationally excited
states of HCN but cannot universally access the relevant states of the HCN/HNC
system.

Alternative strategies for the production of vibrationally excited HCN/HNC in-
clude discharge, pyrolysis, and photolysis. Of these, the pulsed discharge is the easiest

to implement and has, as described in Chapter 3, proven to be a reliable source of
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ground-state HNC. Although it is possible to generate vibrationally excited states in
a pulsed-discharge coupled to a supersonic expansion [40], very little vibrational ex-
citation of the HCN/HNC products is observed in our apparatus. In laser photolysis,
an ultraviolet photon excites a molecule into a dissociative state. The partitioning of
excess energy among rotational, vibrational, and translational degrees of freedom in
the photoproducts depends upon the details of the dissociation mechanism. Despite
some controversy over the mechanism [97], we find that photolysis of acrylonitrile
(vinyl cyanide, CHoCHCN) at 193 nm (the wavelength of the ArF excimer emission)
is effective at producing observable quantities of HCN and HNC, highly excited in

the bending mode.!

Oscilloscope

Computer

35 MHz
Reference
InSb Detector — 1 PLL

Precursor +
Carrier gas

Wire Grid Polarizer Gunn Oscillator

ArF Excimer
Laser

Figure 4-1: Schematic of the laser-photolysis millimeter-wave spectrometer.

The absorption measurements are performed in the coaxial mm-wave jet spectro-
meter described in the previous chapter. The modifications made to the spectrometer
to incorporate a photolysis laser are depicted in Figure 4-1. The photolysis beam is
routed along the notch in the rooftop reflector so as to cause the precursor molecule
to fragment while it is still in the region of the jet expansion where there are suffi-

cient collisions with the inert atoms of the gas mixture to cause significant rotational

!Experiments monitoring the intensity of HOCN and HNC signals as a function of excimer laser
intensity indicate that the species studied here are likely due to multiphoton dissociation processes.
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cooling. Under typical experimental conditions, the measured intensity ratios of the
several observed transitions (J =1—0, 2—1, and 3 —2) indicate a cooled rotational

temperature of ~ 5 K for both HCN and HNC.

The cooling dynamics are relevant to the data acquisition in the coaxial spectro-
meter geometry because the mm-waves are spatially overlapped with the complete
expansion including the photolysis region. The recorded transients for photolysis-
produced HCN (00°0), as a function of mm-wave frequency, are plotted in Figure 4-2.
Directly after the photolysis pulse, the absorption signals are relatively broad in fre-
quency, on the order of those observed in the orthogonal spectrometer geometry (see
Figure 3-4). While the HCN photoproduct is still spatially localized in the region of
the rooftop reflector, the molecules interact with the portion of millimeter-wave field
passing between the two walls of the rooftop reflector. Spectra time-gated to detect
only this absorption do not benefit from the narrowing associated with the coaxial

geometry.

Additionally, the photolysis products may have large translational velocities that
are not initially directed along the axis of the jet expansion but, instead, are relatively
isotropic as they would be in a static cell. It is only after experiencing sufficient
collisions with the buffer gas that the photoproducts become fully entrained in the
expansion and become transitionally cold enough to give spectra with the highest
resolution. This is evident in the bowing of the absorption transients of each of the
three hyperfine components displayed in Figure 4-2. The initial isotropic distribution
of velocities gives rise to broad Doppler profile. As the photoproducts experience
collisions, their velocity in the laboratory frame increases and becomes highly directed
along the beam axis. The experimental consequence is that the splitting between the
two Doppler components becomes larger. After further collisions, the translational
temperature, the velocity distribution of the molecules in the moving frame of the

molecular beam, decreases and the frequency width of each of the Doppler components
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narrows. As a consequence, the desired portion of the signal can only be collected once
the asymptotic velocity has been reached. If the spectra are integrated over the full v-
shaped time-evolution of the signal shown in Figure 4-2, the Doppler-split speaks are
skewed towards each other, and there is an intense and broad ‘zero-velocity’ peak that
obscures much of the hyperfine structure. In practice, the best, i.e. translationally
coldest, portion of the signal is selected by adjusting the gate to later times in order

to observe the broadest Doppler splitting and the narrowest absorption features.
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Figure 4-2: Time dependence of hyperfine-resolved absorption signals of photolysis-
generated HCN (00°0), J = 1 — 0. The color scale reflects the bolometer output
signal: darker color reflects larger absorption signals. As the photolysis products
become entrained in the supersonic expansion, the detected absorption transition
frequency shifts and narrows. The time-dependence of each hyperfine component of
the absorption is equivalent.

For the spectra described in this chapter, vibrationally excited HCN and HNC
are generated either by an electric discharge of a 2% acetonitrile/Ar mixture (for the
ground vibrational states and lowest few vibrational states) or by 193 nm photolysis
of a 2% acrylonitrile/Ar mixture (for the higher vibrational states). Methyl azide

(CH3N3) was also tested as a photolysis precursor and was found to produce significant
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quantities of HNC, however this route was discarded due to safety concerns associated
with its synthesis and handling. Excimer laser powers for the photolysis experiments

were in the range of 60-90 mJ/pulse.

4.3 Mm-wave spectroscopy of bend-excited HCIN
and HNC

In HC'N and H*NC, the only nucleus with a nonzero quadrupole moment, Q, is **N.
The interaction of the nuclear spin (Iy = 1) with the rotational angular momentum
(J) causes the J = 1—0 rotational transition for both HCN and HNC to split into
three lines that are labeled according to the total angular momentum F =1+ J and
have an intensity ratio of 3:5:1. Figure 4-3 shows the J = 1 — 0 rotational absorption
spectrum of several bend-excited levels of HCN and H“NC.

As shown in Figure 4-3, the hyperfine structure patterns of HCN and HNC are
qualitatively different. First, the sign of the splitting for the ground vibrational level
(00°0) of HNC is reversed with respect to that of HCN: the weak HNC F = 0 — 1
component is on the low frequency side of the strong F' = 2 — 1 component rather
than on the high frequency side, as in HCN. Second, the magnitude of the splitting is
an order of magnitude smaller for HNC than for HCN. Indeed, the hyperfine structure
of HNC cannot be resolved under normal Doppler-broadened conditions (Chapter 3).
Finally, bending excitation in HCN increases the splitting of the hyperfine compo-
nents, whereas bending excitation in HNC causes the splitting to decrease initially in
magnitude and to reverse sign.

The observed transition frequencies are recorded in Table 4.1. As in Chapter 3,
the line positions are fitted to a hyperfine Hamiltonian of the form given in Eq. 3.7,
including the spin-rotation interaction. Higher rotational levels are not uniformly

recorded, so the rotational constants are not determined. Instead the “hyperfine-
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HCN HNC

F=1-1 F=2-1 F=0-1
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Figure 4-3: Millimeter-wave rotational spectra (J = 1 — 0) of several bend-excited,
(0v£0) vibrational levels of HCN and HNC, where vy is the number of quanta in
the bending vibrational mode and /¢ is the vibrational angular momentum. Only one
member of each pair of Doppler-split peaks is shown. The frequencies have been
shifted such that the F' = 2 — 1 components are aligned at zero frequency shift.
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free” value for the J = 1 — 0 transition is determined by the fit. The fit results for

the observed vibrational levels are listed in Table 4.2.

Table 4.1: Hyperfine-resolved J = 1 — 0 transition frequencies (in MHz) of ground-

state and bend-excited H2C1N, H“N!2C, and D’N!2C.

Vibrational level

Fr—F'=1-1

F'—F'=2-1

FF—F'=0-1

H4N12Q (00°0) 90663.622(3) 90663.556(3) 90663.417(3)
(02°0) 01341.926(3)¢  91341.911(3)*  91341.883(3)°

(04°0) 92066.079(3) 92066.155(3) 02066.226(3)

H'2CMN (00°0) 88630.414(3) 88631.846(3) 88633.935(3)

(02°0) 89086.423(3) 89087.914(3) 89090.085(3)

(04°0) 89567.869(3) 89569.413(3) 89571.660(3)

(06°0) 90080.003(3) 90081.591(3) 00083.904(3)

(08°0) 90628.340(3) 00629.629(3) 00632.339(3)

(010°0) 91221.973(3) 91223.634(3) 91226.054(3)

DISN12C (00°0) 75286.821(3) 75286.742(3) 75286.631(3)

Values in parentheses represent the experimental uncertainty, in units of the last digit.
%Results determined from lineshape analysis of unresolved spectral features; single line fit
yields 91341.914(3) MHz.

4.4  Ab initio calculation of (eQq)x

To explain the observed trends, we performed ab initio calculations at the CCSD(T) /cc-
pCVQZ level. By choosing a grid of 24 angles between the HCN (# = 0°) and HNC
(0 = 180°) isomers and optimizing all other internal coordinates to minimize the total
energy, we obtained a one-dimensional potential from which (eQq)x values are calcu-
lated. Further details of the approach to solving for the energies and wavefunctions of
the resulting one-dimensional vibrational potential can be found in Ref. [99]. Here,
0 is the Jacobi angle between the Jacobi vectors » and R, where r is the N-C dis-
placement vector and R is the displacement vector between the C—N center of mass
and the H atom. As shown in Figure 4-4, the trends in the ab initio (eQq)x values

agree with the experimental observations: (eQq)n for HCN is large and negative, and
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Table 4.2: Fitted hyperfine parameters for H'2C*N, H!4N!2C, and D’ N*2C.

Vibrational level 1v5(J =1—-0)/MHz eQq¢n/MHz  Cy/kHz

HN12C (00°0) 90663.5627(7) 0.2641(10)  6.79(10)
(02°0) 01341.9156(11)° 0.0451(17)%*  6.77(20)°
(04°0) 02066.1372(7) -0.2066(8) 7.05(40)
H'2CHN (00°0) 88631.6010(16) ~4.7084(11)°  9.99(43)
(02°0) 89087.6577(18) -4.8966(21)  10.33(82)
(04°0) 89569.1480(40) -5.0699(63)  11.52(151)
(06°0) 00081.3185(112)  -5.2175(68)  11.52(82)
(08°0) 00629.6887(11) -5.3485(41)  11.78(208)
(010°0) 01223.3489(40) -5.4579(107)  11.77(141)
DISN12Q (00°0) 75286.7557(16) 0.2550(38)  -1.34(26)

Values in parentheses represent 95% confidence intervals of repeated measurements in units
of the last digit.

%Molecular constants based on results of lineshape analysis.

bInstrumental resolution and lack of resolvable hyperfine components indicate —0.060 <
(eQq)n < 0.060 MHz.

Literature value is -4.70903(162) [85].

dLiterature value is -4.8990(21) [98].
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(eQq)n for HNC is small and positive. Bending on the HCN side causes (eQq)n to
increase initially in mangnitude, whereas bending on the HNC side causes (eQq)x to

decrease in magnitude and then change sign.

To make quantitative comparisons with the experimental data, the ab initio values

f (eQq)n were averaged over the one-dimensional vibrational wavefunctions. To
obtain the experimental (eQq)x values, the frequencies of the three J = 1—0 hyperfine
components from each spectrum were fit with the SPFIT program [82]. As shown
in Table 4.3, the agreement between the experimental and ab initio (eQq)n values is
better than 35 kHz, which is remarkable considering our approximation of the motion

to a single coordinate.

Table 4.3: Experimental and ab initio (eQq)n values for HN'2C and H*2C!N.

Vibrational level Experimental/MHz* ab initio/MHz

HUN2Q (00°0) 0.2641(10) 0.2961
(02°0) 0.0451(17) 0.0611

(04°0) -0.2066(8) -0.1915

H12C14N (00°0) -4.7084(11) -4.6764
(02°0) -4.8966(21) -4.8771

(04°0) -5.0699(63) -5.0561

(06°0) -5.2175(68) -5.2157

(08°0) -5.3485(41) -5.3578

(010°0) -5.4579(107) -5.4843

%Values in parentheses represent 95% confidence intervals of repeated measurements in units
of the last digit.

bValue based on lineshape analysis; lack of resolvable hyperfine components and instrumen-
tal resolution indicate that —0.060 < eQqn < 0.060 MHz.
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Figure 4-4: (a) Ab initio (eQq)x values in the C-N bond axis frame as a function
of Jacobi angle. (b) Ab initio (eQq)p values in the C-D bond axis frame (triangles)
and the N-D bond axis frame (circles). The red line follows the (eQq)p values in the
C-D bond axis frame for # < 90° and follows the (eQq)p values in the N-D bond axis

frame for 6 > 90°.
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4.5 Chemical interpretation of the variation of the

hyperfine structure

4.5.1 Variation of (eQq)x

According to the model of Townes and Dailey[5], the primary contribution to ¢ in
most molecules is the unequal filling of p orbitals in the valence shell of the coupling
atom. In H-C=N:, the bonding associated with the N nucleus consists of one electron
in an sp-hybridized orbital that contributes to a ¢ bond, two electrons in a counter-
hybridized sp orbital to make up the lone pair, and one electron in each of the p,
and p, orbitals for the two 7 bonds. The lone pair creates an excess of electrons
along the C-N axis, resulting in a large negative quadrupole coupling constant. In
contrast, the N bonding for the primary resonance structure of H—IJ\FIE(E: consists
of one electron in an sp-hybridized orbital that contributes to the N-C o bond, and
one electron in each of the p, and p, orbitals for the two 7 bonds. In this case,
the four covalent bonds leads to a balanced occupancy of p orbitals, thus an (eQq)x
near zero. The small positive value arises from the contribution of the secondary
resonance structure H-N=C:, which has a lone pair in the p, orbital, causing an
excess of electrons perpendicular to the C-N axis.

As Figure 4-4 demonstrates, the values of (eQq)x do not follow a simple linear
function as the bend angle increases. Instead, bending of HCN initially causes the
magnitude of (eQq)x to increase before eventually decreasing during the isomerization
process. Yarmus[100] suggested that the effect of bending on (eQq)n was caused by
a decrease in the sp hybridization of the N-C ¢ bond. A natural bond orbital[101]
analysis of our ab initio calculations shows, however, that the hybridization changes
associated with the N atom are too small to account for this initial increase. Rather,
the increase in magnitude of (eQq)y is caused by a partial localization of the in-plane

7 bond on the C atom that removes some of the electron density in the N-atom p,
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orbital. Because the lone-pair electrons on the N atom remain primarily along the C-
N axis, an even larger p-electron imbalance is created, causing (eQq)x to increase. In
the region around ¢ = 90°, however, the C—H bond breaks and the N-H bond forms.
This rearrangement of the chemical bonding shifts the lone-pair electrons off the C-N
axis and involves them in four covalent bonds, ultimately leading to a balance of the

p electrons and a decrease in (eQq)x.

4.5.2 Variation of (eQq)p

The nature of the bonding may also be observed from the perspective of the hydrogen
nucleus. Although hydrogen does not have a nuclear quadrupole moment (I = 1/2),
deuterium (Ip = 1) does. The Townes-Dailey model is not directly applicable for
predictions of (eQq)p because deuterium does not have any p electrons and its one
electron is in a spherically symmetric 1s orbital. Instead, the electric field gradient
q arises from the nuclear charge and the electron density of the atom to which the
deuterium is bound [102]. To simplify the experimental analysis, we examined the
D'NC isotopologue instead of the D NC isotopologue, because >N (I = 1/2) does
not have a nuclear quadrupole moment; thus, the hyperfine structure of D>’ NC gives
a direct measure of (eQq)p. The experimental and ab initio values for the ground
vibrational state of D'NC are 255.0(38) and 270.4 kHz, respectively. The J =
1 — 0 transition of DC¥N is just outside the range of our spectrometer, but the
literature value[103] of (eQq)p = 200.9(8) kHz is in good agreement with our ab
initio calculation of (eQ)q)p = 208.9 kHz.

Unlike (eQq)n, (eQq)p is similar in sign and magnitude for the two isomers. More-
over, as shown in Figure 4-4, the ab initio values of (eQq)p remain relatively un-
changed as the molecule bends, except for the region around 6 = 90° where the C-D
and N-D bonds are not well defined. The lack of change in (eQq)p indicates that

the chemical bond involving deuterium remains relatively unaltered until isomeriza-
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tion begins, when the D nucleus bridges the C and N nuclei. The angular region
over which this ‘bridged’ bonding arrangement exists can be related to the features
of the (eQq)p plot in Figure 4-4b. When the deuterium is involved with bonding
interactions with both the carbon and nitrogen nuclei, (eQq)p will be significantly
distorted from its linear-molecule values in both the C-D and N-D bond-axis frames
of reference. This is observed to occur, relatively symmetrically, over a range of 70°
to 110° in the Jacobi angle. The variation of (eQq)n provides further support for a
qualitative change in bonding character over this region; 70° and 110° are both points
where the (eQq)n curve is kinked.

Because ¢ originates primarily from the interaction with the nucleus to which
deuterium is bound, we expect ¢ to be largely dependent on the bond length [104].
Indeed, the ab initio (eQq)p values are strongly anticorrelated with the bond length:
the smallest (eQq)p value occurs at = 90°, which corresponds to the largest sepa-
ration between D and C or N. The analysis of the ab initio values of the hyperfine

coupling constants has recently been extended by our colleague, Bryan Wong [105].

4.6 Variation of the HNC quadrupole hyperfine

structure with excitation of stretching modes

To this point, the HCN /HNC system has been treated as one dimensional, exclusively
dependent on bond angle. The other degrees of freedom have been discarded due to
the fact that they do not directly project along the isomerization reaction coordinate.
Since the stretching motions do not lead to isomerization, excitation of the stretching
modes is expected to have little effect on the electronic structure and, therefore, on

the value of (eQq)x.?

2Tt is likely that excitation of stretching modes will give rise to interesting changes as one ap-
proaches the dissociation limits for bonds involving the nitrogen atom, but this has not been explored.
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Figure 4-5: Hyperfine-resolved J = 1 — 0 rotational spectrum of HNC in the (00°1)
vibrational state.

The J = 1 — 0 rotational spectrum of HNC (00°1), where v5 is a predominately
C-N stretching vibration, is shown in Figure 4-5. As anticipated, the qualitative
appearance of this spectrum is the same as that of the vibrationless level of HNC.

The derived value for (eQq)n increases from the vibrationless value by approximately

10% to a value of 294 kHz.

4.7 Nuclear quadrupole hyperfine splitting reveals
nascent bond breaking isomerization

We have demonstrated that nuclear quadrupole hyperfine structure is altered by the
extent of bending excitation in HCN and HNC. As shown in Figure 4-6, the ab initio
(eQq)x values of HCN and HNC follow the patterns experimentally established at
low excitation and change smoothly as a function of increasing energy in the bending
coordinate. Near the isomerization barrier (above 15,000 cm™!), however, the (eQq)x

values of HCN and HNC deviate dramatically from their respective trends before
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approaching a nearly constant value at above-barrier energies.
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Figure 4-6: Experimental and vibrationally averaged ab initio (eQq)n values for
HC™N and HNC in the principal inertial axis frame, which is approximately aligned
with the C-N bond. The ab initio energies are referenced to the HCN (00°0) level,
and the experimental (eQq)x values are matched to the ab initio energies accord-
ing to vibrational level. The (eQq)x values for HCN and H“NC vary smoothly as
a function of energy until the onset of delocalization, at which point they deviate
dramatically.

This deviation is caused by the onset of delocalization of the vibrational wavefunc-
tion into the regions above both the HCN and HNC potential energy wells. Bowman
et al.[1] proposed the use of the electric dipole moment, another electronic structure
indicator, as a diagnostic for delocalized states, because the HCN and HNC isomers
have large dipole moments of nearly equal magnitude, but opposite sign, and the

delocalized states have dipole moments near zero. Stark effect measurements of the
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dipole moment can consequently characterize the degree of localization in a vibra-
tional state of HCN or HNC. Although a single measurement of nuclear quadrupole
hyperfine structure is not as useful as a single Stark effect measurement in terms of
identifying a delocalized level, hyperfine structure can determine whether the wave-
function is localized in the HCN or HNC potential well, which is not possible with a
single Stark effect measurement. Moreover, the dramatic deviation from the (eQq)n
trend along a progression of bending vibrational levels provides a useful indicator of
the onset of delocalization and provides a means of identifying pre-delocalized lev-
els. Thus, Stark effect and nuclear quadrupole hyperfine structure measurements
are complementary indicators of electronic structure that can be used as diagnostics
for detecting and assigning delocalized states. Because the lowest energy delocalized
state is the isomerization transition state, the detection of this state is tantamount

to catching the molecule in the act of bond-breaking isomerization.
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Chapter 5

Vibrational assignments in the 5
state of acetylene, I:

Pure-bending polyads

The work in this chapter resulted from a collaborative effort between myself and Prof.
Anthony Merer, with contributions from Dr. Nami Yamakita and Soji Tsuchiya. The
majority of the results in this chapter have been published in the Journal of Chemical
Physis (Ref. [106]).

5.1 Introduction

The A'A,—X 'S electronic transition of acetylene is one of the most widely studied
of all polyatomic spectra. The principal reason is that acetylene is the simplest
compound containing a C=C triple bond, so that the analysis of the spectrum gives
a clear picture of what happens on n* < 7 electronic excitation of such a bond. As
is well known, acetylene is linear in its ground electronic state, but, as was shown by
Ingold and King[107, 108] and by Innes[109] over 50 years ago, it becomes trans-bent
in its first excited singlet state A 'A,. This was one of the first demonstrations that

a molecule can change its point group on electronic excitation. In fact, it is more
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complicated than this. The first excited singlet state (S7), which corresponds to a
137 state of the linear molecule, has potential minima corresponding to both cis- and
trans-bent isomers [110, 111, 112, 113, 114, 115, 116, but transitions from the ground
state are only permitted to levels of the trans isomer by the dipole selection rules.
The S, state of the cis-isomer, A 'A,, has never been observed, though it is calculated
to lie about 3000 cm~" higher that the A 'A, state of the trans-isomer[113, 116] or
roughly 1000 cm~! below the dissociation limit [117]. Interesting dynamics will occur
at the barrier to cis—trans isomerization, and a search for the spectroscopic signatures

of these dynamics has been one of the motivations of this work.

A second reason for the interest in the A 4, — X 12; transition of acetylene is
the wealth of detail it contains. The Franck—Condon pattern in absorption [118, 119]
consists of a long progression in the trans-bending (or “straightening”) vibration, 4,
each member of which is the origin of a short progression in the C=C stretching
vibration, 4. This is consistent with the rotational analysis, which shows[120] that
the equilibrium HCC angle is 122.5°, and that the C—C bond length has increase from
1.208 to 1.375 A, which is greater that that in CoH,. One of the results of the change
in point group symmetry on electronic excitation, which was found in the spectrum
of acetylene for the first time, is “axis-switching”[121] where a small rotation of the
principal inertial axis system upon excitation causes the appearance of unexpected
K'—{" = 0 and 42 subbands in an otherwise perpendicular (K’ —¢" = £1) transition.
Although predissociation sets in[117] just below the 3% level, its effects are minimal
at first. Very extensive rotational analyses have therefore been possible, leading to
a detailed description of the level structures of the v and v4 progressions and, from

hot bands, of the ground state v (trans-bending) vibration [118, 119, 122].

With a detailed understanding of the upper-state level structure available, the
A 14, state has been a valuable stepping stone for emission studies [123, 124, 125,

126, 127, 128] and particularly for double resonance experiments. Among these are
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many comprehensive studies of the high vibrational levels of the ground state using
stimulated emission pumping[129, 130, 131, 132] and of the level structures of various

Rydberg and valence states[133, 134] and of the acetylene cation [135, 136].

Interestingly, although the Franck-Condon active (gerade) vibrational levels are
fairly well understood, much less is known about the ungerade vibrations of the A A,
state. IR-UV double resonance experiments via the ground state 3v4 level[2, 137]
have allowed analyses of the three ungerade fundamentals, v} (a,, torsion), vf (b,
antisymmetric CH stretch), and vg (b, in-plane cis-bend), together with the combi-
nation 3'5'. The v and v} fundamentals of the A 'A, state are almost degencrate
2], with wavenumbers of 764.9 and 768.3 cm™!, respectively; they are also extremely
strongly coupled by Coriolis interactions. Further double resonance experiments via
the ground state 14 fundamental have allowed analyses[138] of the combinations 324!,
326!, 334! and 336!, where again the structure is massivley distorted by Coriolis effects.
The only other information about the wungerade vibrations comes from one-photon
laser-induced fluorescence (LIF) studies of the excitation spectrum[139] where, with
the help of supersonic-jet cooling, some weak bands in among the strong Franck-
Condon progression were identified as combinations involving overtones of the v and

vg vibrations.

The assignment of these weak combination bands[139] suggested that many other
bands involving the low-lying ungerade vibrations v} and v§ should be observable given
sufficiently sensitive experiments. These bands would be highly forbidden according
to the Franck—Condon principle but could obtain small amounts of intensity through
anharmonic interactions of their upper levels with the Franck—Condon allowed levels.
The purpose of the present chapter is to describe the successful observation of a
number of such bands belonging to overtones of the v} and v vibrations with up to
five vibrational quanta. The gerade members have been observed in one-photon LIF

experiments, and the ungerade members in IR-UV double resonance experiments via
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the ground state v4 and v4 + v} levels.

The rotational and vibrational structures of these bands are highly unusual. Be-
cause the vj and v vibrations have very nearly the same frequency, many of the
features of a doubly degenerate vibration, with its associated vibrational angular
momentum, appear in the overtone spectra. The strong Coriolis coupling of the v}
and v vibrations is one of these. Another is the strikingly large Darling-Dennison
resonance that occurs between the overtones of 1) and 1, and which causes the vi-
brational levels to be grouped into what looks like the vibrational angular momentum
level structure of a degenerate vibration. As far as we are aware, this type of pattern
has not been seen before in the bending vibrations of an asymmetric top molecules
The combination of a- and b-axis Coriolis coupling with the Darling—Dennison reso-
nance distorts the spectra very severely. The K-structure is totally disorganized, and
local rotational perturbations occur in the J-structure at many places where appro-
priate sets of levels happen to lie close to each other. For K > 0, all the members of
an overtone polyad appear in the spectra, whatever their nominal vibrational sym-
metries. Specifically, the distinction between a and b irreducible representations is
lost, although g/u symmetry remains valid (in the energetic region sampled by our

experiments).

5.2 Experimental detalils

The c-axis polarization of the A 'A,—X IE; transition implies the rotational selection
rule K/ — ¢ = 4+1. Taking into account the g/u symmetry properties of the levels,
it has been necessary to carry out four sets of experiments in order to map the
K’ = 0 — 2 structure of the A state, as illustrated in Figure 5-1. In one-photon
jet-cooled experiments from the ground vibrational level, which has ¢” = 0, only the

vibrationally gerade K’ = 1 levels are accessible in the absence or Coriolis- or axis-
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switching-induced “forbidden” subbands. To get at the gerade K’ = 0 and 2 levels,
it is necessary to use a warmed sample that has a sufficient population in the ground
state v] fundamental, where ¢/ = 1. Similarly, for the ungerade vibrational levels
observed in IR-UV double resonance experiments, only the ungerade K' = 1 levels
can be reached if the intermediate level is a X (¢” = 0) ground state vibrational
level, such as the v} fundamental; a II, vibrational intermediate (¢ = 1) is needed

in order to reach the ungerade K' = 0 and 2 levels.

One photon excitation K’ IR-UV double resonance .
Gerade ) Ungerade )
vibrational vibrational
level N | level — |

uv
UV ﬂ”
X, v3tv, () 1
€ll -
- X, v3 (o, 0
X, vy (Ttg)
X, v=0 0 X, v=0 0

Figure 5-1: Schematic energy level diagram showing how the K’ — ¢ = +1 selection
rule necessitates two experiments, both in one-photon excitation and in IR-UV double
resonance, in order to observe the complete set of upper state levels with K’ =0 — 2.

Laser-induced fluorescence spectra of neat acetylene have been recorded in an
unskimmed pulsed jet expansion. The gas was expanded through a pulsed valve
(General Valve, Series 9) with a 0.5 mm orifice from a backing pressure of 200 kPa.
The ultimate vacuum achieved in the apparatus was 2 x 10~7 Torr, which rose to
5 x 10~ under normal gas load.

The laser radiation was the frequency-doubled output of a Lambda Physik 3002E
dye laser, pumped by the third harmonic of a Nd:YAG laser (Spectra-Physics DCR-~

3). A small amount of the portion of the dye laser power was passed through a
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heated gas cell containing *°Te, vapor for calibration (£0.02 cm™! accuracy), while
the remainder was doubled in a [-barium borate crystal, and sent to the molecular

beam chamber. The laser radiation crossed the pulsed jet about 3 cm from the orifice.

Fluorescence from the excited acetylene was observed at right angles to both the
laser beam and the jet axis. The fluorescence was collected by a lens system and
detected by a Hamamatsu R331 photomultiplier after passing through a UG-5 or
UG-11 colored glass filter.

To observe the K’ = 0 and 2 levels belonging to gerade vibrational states it has
been necessary to record hot band transitions from the ground state vj fundamental.
In order to induce hot bands in the jet spectra while maintaining reasonably low
rotational temperatures, the distance between the nozzle and the intersection of the
laser with the pulse of molecules was reduced from ~ 30 to ~5 mm. Additionally,
the relative timing of the pulsed valve and the laser was adjusted so that the laser
radiation intersects the leading edge of the gas pulse, which is characterized by higher

effective vibrational temperatures.

The ungerade vibrational states have been observed by IR-UV double resonance,
using the v4 and v + v IR bands as intermediates. The infrared radiation was
generated in a two-step difference frequency generation/optical parametric amplifica-
tion process. A portion of the 1064 nm output of an injection-seeded Nd:YAG laser
(Spectra-Physics PRO-270) was mixed, in a lithium niobate (LiNbOj3) crystal, with
the output of a dye laser (Lambda Physik FL 2002) operating with either LDS 798 or
LDS 751. The resulting infrared radiation was then passed through a second LiNbOj
crystal, which was pumped by the remainder of the 1064 nm beam. The amplified
IR radiation had an energy of approximately 3 mJ/pulse and a spectral width of

0.15 em ™!, which is limited by the resolution of the grating-tuned dye laser.

A small fraction of the IR beam was sent to a photoacoustic cell containing 10

Torr of acetylene gas. The observed photoacoustic signal was used to ensure that
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the IR frequency stayed in resonance with the desired vibrational transition. The
remaining IR radiation entered the chamber through a CaF,; window in the opposite
direction to the UV laser. The relative timing of the two lasers was adjusted so that
the beams were temporally overlapped, with the precise timing adjusted to maximize

the observed double-resonance fluorescence signals.

5.3 Theory

The energy level pattern for the coupled v} and v bending fundamentals of the A4,
state of CoHy has been described by Utz et al.[2] and is similar to that analyzed by
Hegelund et al.[140] in the infrared spectrum of the trans-bent molecule diimide,
NyH,. The overtones of v and v§, which are the subject of the present work on
CsH,, require, in addition, considerations of anharmonicity and Darling—Dennison

resonance [141]. A summary of the relevant theory follows.

5.3.1 Matrix elements of the rotational and Coriolis opera-

tors

For an asymmetric top molecule such as CoH, in its A 14, state, the general rotational

Hamiltonian[142, 143, 144] simplifies to

A~

Hrot == A(ja - éa>2 + B(jb - éb)Q + C(jc - GC>27 (51>

where A, B, and C' are the rotational constants, J is the total angular momentum,

G is the vibrational angular momentum, and a, b, and ¢ refer to the principal inertial
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axes. When the squares are expanded, this equation becomes

Hyow = AJ? + BJZ + CJ? (5.2)
—24J,Gy — 2BJ,Gy — 20 J.G,
+ AG? + BG? + CG2.
The first three terms are the familiar rigid rotator Hamiltonian, followed by the three
first-order Coriolis terms, and finally three terms involving the squares of the compo-

nents of the vibrational angular momentum. These components are defined[145, 146]

as

G, = Q"¢P, (5.3)

where Q and P are the vectors of vibrational normal coordinates and their conju-
gate momenta, and ¢ is a skew-symmetric matrix of Coriolis coupling constants.

Multiplying this out, and considering just the vibrations v} and v,

Go = QulysPs — QsCig s (5.4)

For the A A, state of CoH, the only nonvanishing coupling constants between vy

and vg are (§; and (%, which are related by the sum rule[118, 144]

(CZ{;)Q + (CZG)Q =1 (5-5)

The terms in GG, can be ignored, since there is no c-axis coupling.

The matrix elements of the vibrational angular momentum operators follow from
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the matrix elements of the () and P operators in a harmonic basis,[143]

(vg + 1 vg| Ga |vg v+ 1) = —iCLRQ(vg + 1) (v + 1)] V2, (5.6)

(vg v+ 1| Go Jvg + 1 v6) = iCLRQ(vg + 1) (v + 1)]2,

where 2 is Mills” abbreviation,[147]
Q-1 [ty v (5.7)
2 Vg vy | '

Since the highest J values in either our jet-cooled spectra or our double resonance
spectra are never more than 9, centrifugal distortion effects can be ignored. In a
signed-k basis the matrix elements of the rigid rotator and first-order Coriolis terms

are then

(vg v J k|H |vg ve J k) (5.8)
=[A-L(B+O)] K +4(B+C)J(J+1),
(vg vg J k£ 2|H |vg vg J k)
=3B -CO)J(J+1) = k(k £ D)]'?[J(J + 1) — (k£ 1)(k £2)]"/2,
(vg+1 v J k|H |vgvs+1 J k)
= 21 ACQUk[(vg + 1) (v + 1)]V/2,
(y+1vg Jk+1|Hvgve+1J k)
= iBCQ[I(J + 1) — k(k £ 1)]Y2[(vg + 1) (v + 1)]V2,
(vgv6+1J k|H |vg+1vg J k)
= —2i ACL k(v 4 1) (vs + 1)]Y2,
(gvs4+1Jk+1|Hvg+1 v J k)

— iBCQI(T + 1) — k(k £ D)]Y?[(0s + 1) (vg + 1)]V2.
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The matrix elements of the terms in Gi can be obtained by matrix multiplication
from Eq. 5.6. There are nine possible expressions, but the only important ones are
the diagonal element and the elements that act within a given vibrational polyad,

defining this as one where the levels have the same value of v} + v,

(vg v] AG? + BG? vy vg) (5.9)
= [A(Ce)” + B((ls)*] (20406 + v + v5),

(vg v] AG? + BG? vy 4 2 vg — 2)
= —[A(Cle)* + B(C1e))[(vs + 1) (04 + 25 (vs — )],

(vg v5] AG? + BG? [vg — 2 vg + 2)

= —[A(C56)” + B(Cio)*)[va(va — 1) (v6 + 1) (w6 + 2)]'2.

In deriving these elements, the factors of h? are absorbed into the rotational constants,
and 2 has been taken as exactly 1; terms involving [(v}/v§)"/? — (v4/vh)Y?)? were
ignored since v and vy are very nearly the same. The approximation of retaining
only the matrix elements of G’i acting within a given polyad is not expected to cause
problems, since the closest polyads must differ by two units of v} + v, as a result of

the g/u symmetry properties of the levels, and will be separated by about 1500 cm ™.

It can be seen from the first line of Eq. 5.9 that one of the effects of the vibra-
tional angular momentum is to add a quantity [A(C%)? + B(¢%)?] to the vibrational
frequencies vy and v. With the values of the parameters taken from the least squares
analysis of the v} + v§ = 2 polyad, described below, this quantity is 7.06 cm™*.

The vibrational angular momentum also adds twice this quantity, i.e. 14.12 cm™1,

to the anharmonicity parameter x)s. This is slightly larger than the observed value,
t)s = 11.39 em™! (described below), and implies that the anharmonic force field
contributes a mere —2.73 cm™! to 2);. The dominance of the angular momentum

contribution to z/g is unusual and somewhat surprising. It also emphasizes that
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the role of vibrational angular momentum, in generating what looks like vibrational

anharmonicity, should not be neglected.

5.3.2 Darling—Dennison resonance

The off-diagonal elements in Eq. 5.9 have the same vibrational quantum number
dependence as those responsible for the Darling—Dennison resonance [141]. This is
a well-known effect[148, 149, 150] in the overtone spectroscopy of molecules such as
H50 and the ground state of CoH,. Provided that certain definite relationships be-
tween the Darling—Dennison resonance parameter and the anharmonicity constants
are satisfied [151], the Darling-Dennison resonance converts the normal mode energy
level pattern of low-lying stretching vibrational levels into a local mode pattern at
higher energy [148]. This represents how the vibrational structure changes from the
low energy pattern, where the two bonds vibrate in phase, to the high energy pat-
tern approaching dissociation, where just one of the two bonds breaks. The strong
Darling—Dennison resonance involving nearly degenerate bending vibrations in an
asymmetric top appears to be a new phenomenon. Some aspects of the resulting
vibrational level structure resemble what is found for stretching vibrations, but there
are also differences; research into the various effects is continuing. It should be pointed
out that the motions resulting from considering the combinations of modes 1 and
v are not ‘local,” because these vibrations are not the symmetric and antisymmetric
motions of a pair of two symmetry-related internal coordinates. In the small ampli-
tude rectilinear limit, the resulting motions are in directions 45° with respect to the
ab plane.

Darling-Dennison resonance has been considered in some detail by Lehmann [152].

He gives the matrix element as

(ng + 2 ny — 2| H |ng ny) = 1 Kaabp[(na + 1) (g + 2)np(ny — 1]V2, (5.10)
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where

Wy +w
aabb (baabb + Z Tbb) (511)

1 1
+3 Z Praa PrbbWik (4w2 e + . w;%)

__Z¢kab 2 w _wb) .

Although the notation is different, the term involving the (¢, parameters in Eq. 5.11
corresponds exactly to the coefficient in the off-diagonal elements of Eq. 5.9. Allowing
for the factor ; in Eq. 5.10, this term contributes an amount —4[A((%)? + B((%)?] =
—28.24 cm™! to the parameter Kyue. Although this is a surprisingly large amount,
which (as shown below) outweighs the effects of cubic and quartic anharmonic po-
tential constants, ¢. It is remarkable that the vibrational angular momentum should
make such a large contribution to what is usually though of as anharmonicity, both

for the z/5 and Ky466 parameters.

5.3.3 Structures of the Hamiltonian matrices

A complication in using the elements of Eq. 5.8 for a matrix calculation of the energy
levels is that the first order Coriolis terms are imaginary. This can be overcome by
multiplying the |vg) harmonic oscillator basis functions by a phase factor (7)s. To
implement this, the Hamiltonian matrices for each J-value from Eq. 5.8 are subjected
to a similarity transformation, H = STHS. The S matrix consists of blocks for each
vibrational level that take the sums and differences of the signed-k basis function,
converting them to an unsigned-K basis [6], but with all the elements in the blocks
for the various vibrational levels multiplied by (7)"¢. The transformation factorizes the
matrix for each J-value into two submatrices, which can be given e and f symmetry

labels. Further factorization is not possible because of the AK = +1 form of the
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b-axis Coriolis elements.

After the transformation the matrix elements are all real, but any element off-
diagonal in the vibrational quantum numbers carries a negative sign. The energy
matrices can then be constructed directly from Eqgs. 5.8 and 5.10, taking into account
of the signs and the vibrational symmetries. Writing the basis functions as |[K* x),
where + indicates the sum or difference and x is the irreducible representation label a
or b, the e matrix contains the functions |07a) , [17a),|17D),|2%a),|270),[37a),...,
while the f matrix has the same structure but with the a and b labels reversed. As is
well known [6], the (k = —1] H |k = 1) asymmetry element is added to or subtracted
from the |K = 1) diagonal element by the similarity transformation, and any element
connecting a |k = 0) basis function to a |k = +1) or |k = £2) basis function gets

multiplied by 2'/2.

5.3.4 Selection rules: Coriolis coupling and axis-switching

In the absence of Coriolis and axis-switching[121] effects, the rotational selection
rules for the c-axis polarized A '4, — X 'YF transition are K/ — (" = £1, AJ =
0,+1. Both Coriolis and axis-swtiching effects act to destroy the strictness of the
first rule, giving rise to additional K’ — ¢ = 0,42 subbands. Because of this fact,
it is difficult to distinguish between the two effects. In this work, the term axis-
switching will be