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ABSTRACT

The microwave (MW, 0.3-100 GHz) and terahertz (THz, 0.1-10 THz) regions of
the electromagnetic spectrum are replete with a rich set of molecular motions,
including soft inter- and intramolecular vibrations, torsions, and rotations. At room
temperature these motions are well populated, and play an active role in condensed-
phase chemistry on Earth. This work details the development of one MW and
two THz spectrometers along with their application to the study of liquids and

hydrogen-bonded clusters.

In the first section, we cover the design and construction of a chirped pulse Fourier
transform microwave (CP-FTMW) spectrometer. The instrument relies on a com-
pact, inexpensive direct digital synthesis board to generate 2 GHz, 1 microsecond
chirped pulses that, after amplification, polarize the rotational states of gas-phase
molecules in a pulsed supersonic jet. In an initial demonstration, the CP-FTMW
instrument is used to collect the 8-18 GHz rotational spectra of the ethanol-water and
ethanol-methanol dimers. These data reveal evidence of quantum tunneling, and a

complicated interplay between weak and strong hydrogen-bonds in both dimers.

Next, we describe the ongoing development of a decade spanning high precision THz
frequency comb, using THz time-domain spectroscopy. The instrument is capable
of generating ~28000 comb teeth from 0.15-2.4 THz with a fractional precision of
1.8x107° and a Doppler-limited accuracy of 6.1x10~%. Further prospects for studies

of intermolecular interactions in jet-cooled molecular clusters are also discussed.

In the last section, we move to condensed-phase studies of THz orientational and
vibrational motions of liquids. The liquids are excited with one or two intense time-
delayed ultrafast THz pulses and probed with a non-resonant 40 fs Raman pulse.
Initially, we use this approach to measure the picosecond molecular orientational
alignment and decay timescales in several aromatic liquids. By adding a second THz
pulse to the experiment and adjusting the delays between the three pulses, we control
the orientational alignment of the molecules, and acquire phase-coherent 2D-THz-
THz-Raman spectra in the time domain. The 2D responses of liquid CHBr3, CCly,
and CCIl,Br, show off-diagonal peaks from coupling between thermally-populated
vibrational modes. In an extended bandwidth measurement, we observe photon-echo
signals from liquid CHBr3 and a complicated pattern of dipole forbidden transitions.

The molecular origins of the forbidden transitions are still under investigation, but
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are likely due to nonlinearities in the condensed-phase dipole moment surface.

Coherence transfer, vibrational anharmonicity, and intermolecular coupling are also

considered in this analysis.
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Chapter 1

INTRODUCTION

Liquids are essential to the chemical and biological processes that occur on Earth.
Many of their macroscopic properties, including solubility, vapor pressure, viscosity,
and the thermodynamics of mixing, are governed by thermally-populated molecular
motions resonant in the terahertz (THz) and microwave portions of the electromag-
netic spectrum. These motions are generally ‘soft’ and flexible, and include the
concerted movement of many atoms. Typical examples are the intermolecular Van
der Waals and hydrogen bond interactions, low energy bending vibrations, confor-
mational torsions, as well as the overall rotational motions of molecules [[1-4]. Yet,
directly measuring and modeling these motions is often difficult due to their fast
and delocalized dynamics [3}5]]. Until recently, THz measurements have also been
limited by a lack of bright radiation sources and sensitive detectors [6, /], while
microwave measurements have been restricted to relatively narrow bandwidths [8|,
9ll.

In this thesis, we apply modern advances in high-speed digital electronics and
ultrafast nonlinear optics to construct one microwave and two terahertz spectrometers
to measure the structure and dynamics of molecular liquids. The thesis is divided
into two parts, which correspond to two complementary approaches for studying the
liquid phase. The first half of the thesis is focused on the rotational spectroscopy of
cold (~ 1 K) clusters of molecules in the gas phase. These precision measurements
isolate specific molecular interactions of liquids in detail. In the second half we probe
bulk liquid samples at room temperature with two dimensional THz-THz-Raman
spectroscopy. The measured time domain responses reveal vibrational coupling and

reorientational motions on ultrafast timescales.

1.1 THz and Microwave Spectroscopy of Liquids

Spectroscopy - the study of light matter interactions - can be performed over a
broad range of frequencies in the electromagnetic spectrum, each resonant with a
different set of molecular motions, as shown in Fig. [I.T] In the visible (430 - 770
THz) and ultraviolet (UV, 770 THz - 30 PHz) regions of the spectrum, photons are
resonant with electronic excitations in molecules, while the infrared (10 - 430 THz)

probes ‘stiff” intramolecular vibrations, such as the O-H stretch of an individual



Figure 1.1: An overview of the electromagnetic spectrum in the context of molecular
spectroscopy. The terahertz and microwave regions of the spectrum are the focus
of this thesis and correspond to rotational and low energy vibrational motions of
molecules that drive liquid phase chemistry. Image credits: NASA (Sun and Earth),
WMAP Science Team (cosmic microwave background map).

water molecule. The lower frequency THz (0.1 - 10 THz) and microwave (0.3 - 100
GHz) regions of the spectrum, which are the focus of this thesis, are sensitive to
overall rotations of molecules, as well as softer large amplitude vibrations, such as

Van der Waals interactions, hydrogen bonds, torsions, and bending modes.

THz and microwave spectroscopy are uniquely suited to studying liquids, as they are
resonant with the thermally populated motions at ambient temperatures (~300 K)
that play an active role in chemistry [, 3, |4]. To measure the thermally populated
states at a particular temperature 7 requires photons of approximate energy E = kpT,
where kp is Boltzmann’s constant. Equivalently, the motions probed by photons of

electromagnetic frequency v are thermally excited at T = hv/kpg, where h is Plank’s
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constant. As shown in Fig. [[.T] the visible and UV regions of the electromagnetic
spectrum correspond to thermally populated motions at >10,000 K, while infrared
motions are significantly populated at >500 K. Most liquids on Earth lie in the 1-500
K temperature range and therefore posses thermally populated modes resonant in

the THz and microwave regions.

The most direct approach for measuring microwave and THz motions of liquids is
one-dimensional linear (or dielectric) spectroscopy [[1]. In these experiments, the
absorption and refractive index of liquids is recorded as a function of frequency,
often from the MHz to the THz range [[10]. Linear spectra have broad features
that correspond to a combination of rotational relaxation of molecules or clusters,
dipole-dipole interactions, inter- and intramolecular vibrations, and librations. De-
tailed analysis in the microwave and terahertz regions report directly on the internal
structure and dynamics of liquids. In neat water, for example, these measurements
have revealed the timescales of structural rearrangements in the hydrogen bond net-
work and rotational relaxation [2}, |10]. Linear THz measurements have also been
used to measure the water of hydration around proteins and saccharides crucial to

their biological function [3]].

While dielectric microwave and THz spectra form the foundation of our knowledge
of liquid dynamics, they are often congested and difficult to analyze. A single broad
feature in a spectrum, for example, can correspond to many different environments
continually interconverting on a femtosecond (1013 s) to picosecond (107'2 s)
timescale [11]]. Soft, large amplitude vibrations are often highly anharmonic and
delocalized, and may not obey the selection rules applicable in the infrared [|12].
The rotational motions, in particular, do not form distinct peaks, as they are heavily

perturbed by intermolecular interactions [2].

1.2 Rotational Spectroscopy of Molecular Clusters

The focus of Part II of this thesis is the study of molecular clusters, which isolate
specific liquid phase interactions [13]]. These nanoscopic aggregates only contain
~2-10 molecules and are typically held at cryogenic temperatures, making their
analysis much simpler than that of a bulk liquid. While cluster formation is entropi-
cally disfavored under ambient conditions, large number densities can be generated
by the free jet expansion of rare gases seeded with a target molecule through a nozzle
into a high vacuum (~ 107> Torr) chamber. Collisions with rare gas atoms in the

dense region after the throat of the expansion rapidly cool the molecules and pro-
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Figure 1.2: Liquids can be studied at the nanoscopic scale with molecular clusters
(left) and at the macroscopic, or bulk, scale (right). Here, the number of molecules
in a system is denoted by n. Data from these systems are complementary, with
the nanoscopic providing detailed intermolecular potential energy surfaces (PESs),
structures, and electrostatic components of small clusters, while the bulk reveals
ultrafast dynamics, environment heterogeneity, and vibrational coupling and an-
harmonicity. The ‘intermediate’ nanometer - micron scale has also been measured
with reverse micelles, revealing fascinating confinement/surface effects and acoustic
phonons that are distinct from the bulk and cluster scales [16, 17]. Image credit:
Wikipedia, José Manuel Suérez.

mote the formation of clusters [[14]. Further past the throat, the expanding gas enters
a collision-less region called the zone of silence, where they can be interrogated by
microwave or THz radiation. The lack of collisions in this region allows the inter-
nally cold (~1 K) molecules and clusters to rotate freely for tens of microseconds,

producing high-resolution rotational eigenstate-resolved spectra [[15]].

In the microwave region, high resolution spectra can be used to determine the
moments of inertia, dipole moments, and quantum tunneling motions of clusters
(Fig. [L.2). Vibrationally-averaged molecular structures can also be derived to
sub-Angstrom precision with site-specific isotopic substitutions [[18, 19]]. The THz
region, on the other hand, corresponds to low energy rovibrational transitions of

clusters, from which the intermolecular potential energy surface (PES) of a cluster is
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determined [20]. Spectroscopically-determined intermolecular PESs are especially
important, as they can be fed directly into Monte Carlo and molecular dynamics

simulations of the liquid phase [21}[22].

In Chapter 2, we detail the construction of a free jet expansion microwave spec-
trometer. The instrument is notably cheaper, more energy efficient, and smaller than
previous designs. With this instrument, we collect the first rotational spectra of the
ethanol-water and ethanol-methanol dimers in Chapters 3 and 4, respectively. These
data reveal the ground state (minimum energy) structures in the two-body PESs, and
a complicated interplay between weak and strong hydrogen bonds. Chapter 5 covers
the development of a broadband, high resolution THz spectrometer, and a proof-
of-principle measurement of water vapor at 10 mTorr. The next step is to combine
the THz spectrometer with a free jet expansion to measure rovibrational spectra
of hydrogen-bonded clusters, including the ethanol-water and ethanol-methanol
dimers. Altogether, the microwave and THz instruments are capable of determining

the structures and IPESs of moderately sized clusters (n~2-6) to high precision.

Although rotational spectra of clusters provide precise measurements of few body
intermolecular interactions and molecular structure, they do not fully capture the
dynamics of the condensed phase. This is in part due to the low temperatures of free
jet expansions (<5 K), which effectively freeze the THz motions of clusters. In other
words, clusters in free jet expansions are not liquid droplets, but nanoscopic ice
crystals. The size of clusters accessible to rotational spectroscopy is also limited by
their partition function. To date, some of the largest clusters measured by rotational
spectroscopy include pioneering work on the water nonamer (n=9) and decamer
(n=10) [23]. Extending these measurements to even larger clusters is exceedingly
difficult, as their spectra become weaker and more complex, due to the many ro-
tational states and isomers populated in a free jet expansion. Liquid dynamics,
however, can involve the nonadditive interactions of thousands of molecules near

300 K. Thus, direct measurements of bulk liquids remain invaluable.

1.3 Ultrafast Terahertz Spectroscopy of Liquids

In Part III, we shift to direct measurements of the THz dynamics of liquids at
room temperature (~300 K). In general, liquids containing small molecules, such as
water [2], have ‘ultrafast” dynamical timescales covering 100 femtoseconds (fs) - 1
nanosecond (ns). Longer microsecond - millisecond dynamics are also possible in

aqueous biopolymers, for example, but will not be the focus of this discussion [24].
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To directly measure these ultrafast motions in the time domain requires a pulse of
light that is as short or shorter than the natural timescales. For this thesis, the light
source for all dynamics measurements is a pulsed 40 fs amplified Titanium:Sapphire

laser, which is downconverted from the near-infrared to the THz region.

A common approach for the interpretation of time resolved dynamics measurements
involve time correlation functions. In a fluctuating system at thermal equilibrium,
time correlation functions report on the loss of ‘memory’ of a particular variable
as function of time. A simple example is the classical two point dipole correlation
function C(#1) oc (u(0) - (t1))eq [25]. This function describes the autocorrelation of
the dipole moment () at time t=0 and a later time t=t, while the brackets indicate an
average over the equilibrium ensemble of molecules. The Fourier transform of this
function provides the linear one-dimensional spectrum of a liquid, with rotational,
vibrational, and electronic contributions. In the THz region, this can be measured
by exciting a liquid with a pulse of THz light and measuring the resulting signal as a
function of ¢, as shown in Fig. @ Similarly, the two point Raman autocorrelation
function is D(t1);jx1 oc (@;;j(0)aki(t1))eq, Where a is the polarizability of the sample
[26]. The Fourier transform of this function yields the 1D Raman spectrum, which

can be measured experimentally with optical Kerr effect (OKE) spectroscopy, for
example (Fig. [L.3) [27].

Now, it is important to note that the ultrafast laser experiments described above
do not directly measure the equilibrium correlation function of a liquid. Instead,
samples are perturbed by short pulses of light at specific times, and monitored as
they return to equilibrium. However, the fluctuation-dissipation theorem states that
the two correlation functions are equivalent. In other words, the thermal fluctuations
of a liquid at equilibrium can be measured by recording its response after applying

small perturbations from short pulses of light [28]].

In general, 1D two-point correlation functions allow us to tabulate the various THz
and Raman active modes present in a sample. They do not, however, directly
report on the dynamics and interactions between modes. Furthermore, two-point
correlation functions cannot distinguish between inhomogeneous and homogeneous
broadening in a spectrum [29]. Separating the broadening mechanisms in liquids is

especially important, as it reveals the distribution of molecular environments [30]].

To access the underlying dynamics, mode coupling, and spectral broadening mech-
anisms, we must move to multidimensional three- and four-point time-correlation

functions [29]. A notable example, which has been widely used in the study of
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Figure 1.3: Schematics of some of the ultrafast coherent pulse sequences that
have been used to measure liquids in the THz and infrared (IR) regions of the
electromagnetic spectrum. Each solid ‘bump’ indicates a stimulated light-matter
excitation with the sample, while the final dotted line is the detected emission.
Note how the dipole allowed THz and IR excitations involve single interactions,
while each Raman excitation involves two electric field interactions. The electric
field scaling of each technique can be determined by counting the solid bumps.
For example, 1D THz is first-order in the applied electric field, or linear, while
1D Raman and 2D IR are third-order, or nonlinear, in the field. Only odd-order
techniques are allowed in bulk liquids due to their isotropic symmetry.

liquids, is 2D IR spectroscopy. A schematic of the 2D IR pulse sequence is shown
Fig. [[.3] and it consists of three ultrafast pulses of IR light (as well as a fourth local
oscillator detection pulse) and three time axes. Typically, the first (z;) and last (#3)
axes are scanned to generate a 2D signal, which is Fourier transformed to produce

a spectrum [31]].

2D-IR spectroscopy can recover an exceptionally rich set of information on molec-
ular liquids, not available in a traditional 1D IR spectrum [31]. For example, the
distance and angle between vibrations can be determined from the intensity of off-
diagonal peaks. This has been applied to structure determination [32] and folding
mechanisms of proteins in solution using amide vibrations [33]]. The middle time
axis f, can also be varied to determine the spectral diffusion of a peak. This un-

covers the ultrafast dynamics of vibrational population transfer between the various
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modes of a molecule in a liquid. Spectral diffusion measurements on liquid water,
for example, have shown surprisingly fast relaxation from the O-H stretch to bend,
librational, and intermolecular modes [34]. Altogether, 2D IR has revolutionized

our understanding of the liquid phase.

Developing multidimensional spectroscopies in the THz is more difficult than in
the IR, because of a lack of intense ultrafast light sources and sensitive detectors.
Pioneering 2D Raman experiments were carried out in the 1990s to access Raman
active low energy vibrations [30]. It was soon discovered, however, that these
fifth-order experiments were contaminated with cascaded third-order signals [35].
Recently, the Hamm group has demonstrated hybrid 2D Raman-THz-THz and THz-
Raman-THz pulse sequences (Fig. [I.3) that overcome these difficulties [12]. In
an initial demonstration Hamm and coworkers showed that there is heterogeneity
in the hydrogen bond network of liquid water on a 100 fs timescale [11]. Further,
the timescales of heterogeneity are perturbed in aqueous salt solutions, indicating

changes to the structure of the water from ion solvation [36].

In this thesis we develop the complementary 2D THz-THz-Raman sequence (Fig.
[[.3). The basis for the technique is THz Kerr effect (TKE) spectroscopy first
developed by Nelson and coworkers in 2008 [37]. In Chapter 6, we build a TKE
instrument, and perform proof-of-principle measurements on a series of simple
liquids. The pulse sequence is equivalent to 2D THz-THz-Raman with #; fixed to O.
We identify a clear single exponential decay in the signal due to the reorientational
decay of individual molecules, as well as a second multiexponential component
likely due to intermolecular interactions. The results are compared with literature
values from OKE measurements, revealing a striking difference in decay amplitudes.
We attribute this to the differences in the strength of the THz and Raman coupling
to the bath modes of liquids.

In Chapter 7, we implement the full 2D THz-THz-Raman spectroscopy, by adding a
second time delayed THz pulse to the experiment. Varying the time delay between
the two THz pulses allows us to the control of the orientational motions in several
liquids on an ultrafast timescale. We also identify clear oscillations in the 2D signal,
due to coupling between low energy intramolecular modes in several halomethane
liquids. To investigate this coupling, we extend the bandwidth and sensitivity of
the instrument in Chapter 8. This reveals many new peaks, including photon-echo
contributions, and a clear trend of forbidden THz and allowed Raman transitions

in the 2D spectrum. We perform a series of simulations comparing the effects of
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vibrational anharmonicity, nonlinearities in the dipole and polarizability, as well as

perturbations from the surrounding bath.

Finally, we discuss the overall conclusions and future directions of the thesis in
Chapter 9. With modest upgrades to the existing instrumentation, we expect many

exciting future applications of this work in gas- and condensed-phase chemistry.
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Chapter 2

A DIRECT DIGITAL SYNTHESIS CHIRPED PULSE FOURIER
TRANSFORM MICROWAVE SPECTROMETER

Chirped pulse Fourier transform microwave (CP-FTMW) spectrometers have be-
come the instrument of choice for acquiring rotational spectra, due to their high
sensitivity, fast acquisition rate, and large bandwidth. In this chapter, we present
the design and capabilities of a recently constructed CP-FTMW spectrometer us-
ing direct digital synthesis (DDS) as a new method for chirped pulse generation,
through both a suite of extensive microwave characterizations and deep averaging
of the 10-14 GHz spectrum of jet-cooled acetone. The use of DDS is more suited
for in-situ applications of CP-FTMW spectroscopy, as it reduces the size, weight,
and power consumption of the chirp generation segment of the spectrometer all by
more than an order of magnitude, while matching the performance of traditional
designs. The performance of the instrument was further improved by the use of a
high speed digitizer with dedicated signal averaging electronics, which facilitates
a data acquisition rate of 2.1 kHz. In Chapters 3 and 4, we use this instrument to
collect the pure rotational spectra of the ethanol-water and ethanol-methanol dimers,

respectively, formed in supersonic jet expansions.
Almost all of this chapter has been reproduced with permission from:

Finneran, I. A., Holland, D. B., Carroll, P. B. & Blake, G. A. A direct digital synthe-
sis chirped pulse Fourier transform microwave spectrometer. Review of Scientific
Instruments 84, 083104 (2013).

One figure has been reproduced with permission from:

McGuire, B. A., Carroll, P. B., Loomis, R. A., Finneran, I. A., Jewell, P. R., Remijan,
A. J. & Blake, G. A. Discovery of the interstellar chiral molecule propylene oxide
(CH3CHCH;O0). Science 352, 1449-1452 (2016).
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2.1 Introduction

Microwave spectroscopy is an invaluable tool for studying the structure [40], dy-
namics [41]] and even the handedness [42] of gas phase species. In particular, the
specificity of microwave spectroscopy has been central to the unambiguous identi-
fication of the great majority of molecules detected in the interstellar medium [43]].
Applications of microwave spectroscopy to problems in physical chemistry and
molecular astrophysics have been greatly accelerated by developments in laboratory
techniques. One of the most significant advancements in microwave spectroscopy
was the invention of pulsed microwave emission techniques in the 1950s, which
provided increased sensitivity over traditional absorption experiments [44]. Further
increases in sensitivity and resolution over small bandwidths were demonstrated
in the 1970s and 1980s by the Flygare lab at the University of Illinois, using both
waveguide and Fabry-Perot resonator spectrometers [45, 46]. In the mid-2000s the
Pate lab at the University of Virginia developed a complementary Chirped Pulse
Fourier Transform MicroWave (CP-FTMW) spectrometer, capable of measuring
11 GHz of bandwidth in less than 10 microseconds [9]. The bandwidth, acquisi-
tion speed, sensitivity, and relative intensity information attainable with the chirped
pulse design has led to its increasingly widespread use in the molecular spectroscopy

community [47-H54].

There are three major components of CP-FTMW spectrometers that enable the
collection of broadband spectra: high sample rate digitizers for acquisition of the
microwave emission, broadband high power amplifiers (based on either solid state
or traveling wave tube technology) to ensure sufficient power for sample polariza-
tion, and Arbitrary Waveform Generators (AWGs) or Arbitrary Function Generators
(AFGs) for producing the chirped polarization pulse. In state-of-the-art, multi-
GHz bandwidth instruments each of these major components require significant
power and physical space. AFGs and AWGs, in particular, are bulky and energy-
consuming, since they contain a significant amount of microwave circuitry so as to
enable the generation of arbitrarily complex pulse sequences. However, for most
CP-FTMW experiments (with a few notable exceptions, such as 2D MW-MW spec-
troscopy [53]]) the waveform generator is typically only used to create pulsed linear
frequency sweeps. As we will show, a simpler and more compact alternative to
AWGSs/AFGs is direct digital synthesis.

Direct digital synthesizers (DDSs) are Nyquist devices with good frequency agility

and low phase noise. Using an external sample clock and digital control word, a DDS
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generates a tunable digital signal with a numerically controlled oscillator, which
is then converted into sinusoidal output with a digital-to-analog converter (DAC)
[56]]. Their frequency agility and low phase noise capabilities have been utilized for
longer (35 us) broadband frequency sweeps at millimeter-wave frequencies for radar
imaging applications [57], as well as slow narrowband frequency sweeps (3 MHz)
in a millimeter-wave fast scan absorption spectrometer [58|]. To date, however, this

technology has never been used for CP-FTMW spectroscopy.

To this end, we discuss the novel use of a DDS chip to generate short (~1 us), broad-
band (1.9 GHz) linear frequency sweeps for CP-FTMW spectroscopy. A second
PLL board functioning as the local oscillator (LO) source further reduces the weight
and size of the spectrometer. The total power requirement of the DDS and PLL
boards is only 3 W, considerably less than the power draw of an AWG, 100-500 W.
The DDS and PLL boards are also much smaller and lighter (1,400 cm?, 240 grams)
than an AWG (42,000 cm’, 14.1 kilograms for the 4.2 GS/s Tektronix AWG710B),
making it possible to use CP-FTMW spectrometers in many applications that were
previously not feasible due to size, weight, or power restrictions. For this thesis,
all of the components were purchased soldered into separate, and non-optimal,
evaluation boards. However, the chips (DDS, PLL) used in these boards are sold
individually, and could be combined into a single compact circuit board that has
been optimized for the needs of the CP-FTMW spectrometer, further reducing the
weight, size, and power required [59]. The current evaluation board spectrome-
ter and future optimized circuit designs will make the CP-FTMW technique more

suitable for in-situ applications.

2.2 Methods

Many variations on the original CP-FTMW microwave spectrometer have been
described in the literature [47-54], but they are all based on the same basic theory
of operation. A phase-stable broadband microwave pulse from an AWG is amplified
and broadcast into a gas phase molecular sample, either in a static cell [48] or
in a molecular beam expansion [9]. The coherent microwave pulse builds up a
macroscopic polarization in the gas, as the molecular dipoles rotate in phase with
the microwave pulse. Before the dipoles dephase, the microwave pulse ends and
the molecules continue to rotate in phase, emitting a free induction decay (FID).
Because the angular momentum of the molecules is quantized, they only rotate at
specific frequencies that are dependent on their moments of inertia. The FID is

detected in the time domain with a digitizer and Fourier transformed to recover
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Figure 2.1: The microwave circuit of the DDS-based chirped pulse spectrometer.
Microwave reference connections are highlighted in thick red lines for clarity. See
text for design details.

the frequency domain spectrum. Since the frequencies that are probed with the
microwave pulse are often higher than the bandwidth of the AWG and the digitizer,
the chirped pulse and FID are typically heterodyned with a higher frequency signal

from a microwave synthesizer or phase-locked dielectric resonant oscillator.

Our spectrometer differs from previous designs in three ways: the AWG has been
replaced by a DDS board, the microwave synthesizer has been replaced by a PLL
synthesizer board, and the chirp is broadcast into a coaxial expansion with one horn
and microwave foam behind the pulsed valve. To utilize the full 2 GHz Nyquist
bandwidth of the digitizer, we have also synchronized the DDS board and the

digitizer to the same 4 GHz sample clock.

Microwave Circuit

A schematic of our spectrometer is shown in Fig. 2.1 The DDS evaluation board
(Analog Devices 9914) generates a 1.9 GHz linear frequency sweep chirp in 1.2
us. The chirp is low-pass filtered (Minicircuits, VLP-24) and then upconverted by
mixing with the doubled (Marki ADA-0410P) output of a PLL evaluation board
(Analog Devices ADF4158) in a broadband mixer (Marki M1R-0726L), to reach
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Figure 2.2: The pulse timing used for collecting multiple FIDs per gas pulse. See
text for design details.

a final dual sideband bandwidth of 3.9 GHz centered at 11.9 GHz. A gap exists
between 11.85-11.95 GHz. After upconversion, the chirp is amplified by a solid
state 40 W amplifier (Microsemi C0618-43-T680), passed through a circulator
(Teledyne C-12S63T-1), and broadcast into a vacuum chamber (~ 107 Torr) through
a microwave horn (Narda model 640). The gas sample is supersonically expanded
coaxially (with respect to the microwave pulse) through a pulsed nozzle (General
Valve Series 9) positioned at the center of a section of microwave foam (Emerson
and Cuming HR-25). Molecular sample is fed into the pulsed valve by sending
argon through a gas bubbler containing the sample. While the microwave radiation
is passing through the circulator, an open SPST switch (Narda S213D) prevents
the pulse from damaging the detection path of the circuit, while a diode limiter
(Aeroflex ACLM-4537C361K) prevents damage to the switch. The timing of the
switch, the solid state amplifier, and the start of the DDS chirp are controlled by
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a digital pulse delay generator (SRS DG-535). After excitation, the microwave
horn collects the molecular emission, and directs it to the detection portion of the
circuit through the circulator. The emission is amplified by a high-gain, low noise
amplifier (Miteq AMF-5F-08001800-14-10P), downconverted by a second mixer
(Marki M1R-0726L), low-pass filtered (Minicircuits, VLP-24), and sampled by a 4
GS/s digitizer (Agilent U1084A).

For the AWG tests we exchanged the DDS board with the AWG used in the original
CP-FTMW paper [9] (Tektronix AWG7102, 10 GS/s, on loan from the University of
Virginia). The local oscillator (LO) PLL board (ADF4158) and doubler were also
replaced with a microwave synthesizer (Hittite HMC 2100) to match the conventional
CP-FTMW design [9].

Instrument Triggering

A schematic of the instrument triggering is shown in Fig. A critical design
feature is the trigger signal sent directly from the DDS to the digitizer (trace 4 in
Figure [2.2)). When triggered, the DDS will output the chirped pulse with a random
delay of up to one clock cycle, making trace 3 unusable for digitizer triggering.
However, a digital high/low pin output on the DDS board does give the required
precision timing for averaging waveforms on the digitizer (Appendix A).

The Agilent U1084A digitizer is capable of averaging at extremely high repetition
rates using the onboard FPGA (field-programmable gate array); the only limiting
factor for the repetition rate is the re-arm time of 2.7 us between consecutive
waveforms. Consequently, the maximum repetition rate for a 9 us FID collection is
85 kHz, which could be realized in a continuous expansion or static cell experiment.
Thus, our FID averaging throughput is limited by the maximum pulsed valve rate
that is sustainable with our vacuum pumps. In previous CP-FTMW spectrometers
multiple FIDs have been collected for each gas pulse, by outputting multiple chirped
pulses from the AWG per trigger pulse [9]. The DDS board, however, generates only
one chirped pulse per trigger event. To circumvent this problem we triggered the
delay generator with 70 12.5 us square pulses from the output of a function generator
(SRS DS345) that were delayed by 600 us from the start of the synchronization signal
(Figure [2.2)). The synchronization signal was sent to the pulsed valve so that 70
chirped pulses were triggered per gas pulse. The pulsed valve was run at a repetition
rate of 30 Hz, so that the wall clock repetition rate for the 9 us FID collection was
effectively 2.1 kHz.
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We were able to further improve the performance of the instrument by using a coaxial
molecular beam orientation. A similar CP-FTMW spectrometer with one horn and
one focusing mirror has also been demonstrated, in perpendicular [60] and coaxial
[61] arrangements. The setup presented here is similar to the last setup, except
the microwave mirror has been replaced by microwave foam so that the backwards
going emission is detected (Figure [2.1)). This setup is more appropriate for coaxial
broadband measurements, since the cavity Q is negligible. For a single nozzle setup,
the overlap between the microwave radiation and the expansion is more optimal in
the coaxial arrangement leading to a longer transit time for FID collection and thus

a higher signal-to-noise ratio and higher spectral resolution.

2.3 Results and Discussion

To evaluate the performance of DDS-based CP-FTMW spectrometers we measured
the output of the DDS board individually (with the 4 GS/s digitizer) and as part of
the total microwave circuit. As an isolated component, we compared the triggering,
bandwidth, and phase stability of the DDS board to the AWG. After demonstrat-
ing that the board was capable of generating a triggered, broadband, phase-stable
chirped pulse, we connected it to a full CP-FTMW circuit and compared the phase
stability and signal-to-noise of the new DDS/PLL-based instrument with that of the
AWG/microwave synthesizer-based instrument for the FID of a transition in acetone.
Phase stability of the FID is extremely important, since many data acquisition cycles
must be averaged to obtain reasonable signal-to-noise ratios. Finally, we collected
the full 3.8 GHz A/D bandwidth-limited spectrum of acetone with deep averaging
and compared the results with predicted spectra from the literature, to demonstrate

the dynamic range and relative intensity performance of the instrument.

Phase Stability and Bandwidth of the Chirped Pulse

The two main sources of phase jitter in the DDS/digitizer combination are changes
in the phase of the chirped pulse output of the DDS and trigger jitter between the
DDS and digitizer. Regarding the first issue, the particular DDS board (AD9914)
shifts the phase of the chirp output from pulse to pulse. We took advantage of
the phase-reset feature by setting the ‘Autoclear phase accumulator’ bit in the DDS
chip, so that the phase was the same for every chirped pulse triggered by the delay
generator [56].

Trigger jitter acts as a low pass filter in the frequency domain, limiting the bandwidth

of the spectrometer when multiple time domain waveforms are co-added. We
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minimized the trigger jitter by synchronizing the DDS and digitizer with the same
external sample clock, the 4 GHz output of the ADF4351 PLL. The maximum
external clock frequency for the digitizer is 2 GHz, so we divide the 4 GHz DDS
clock by two (Analog Devices ADF5000) before it passes into the digitizer. The 2
GHz bandwidth chirped pulse output of the DDS and the AWG are shown in Figure
[2.3] After averaging both waveforms up to 100,000 times no significant intensity
modulations were observed in the averaged signal of the DDS, except a small dip
at 1.4 GHz. A spectrogram of the waveforms indicated that both the DDS and the
AWG have similar harmonic distortion, at approximately -30 dBc.

For normal operation, the bandwidth of the DDS is limited by the Nyquist frequency,
or 2 GHz (using a 4 GHz sample clock). However, an inherent feature of DDS chips
is low power super-Nyquist images of the fundamental [56]. These images can be
filtered out of the DDS signal (as is done in this design, albeit inefficiently, as shown
in Figure [2.5) or used to extend the bandwidth of the AD9914 beyond 2 GHz (as
described in Appendix A).

Phase Stability and Signal-to-Noise of the FID

A common-mode rejection design (Figure[2.1)) was employed to minimize LO phase
jitter by splitting (Minicircuits ZX10-2-183-S+) the doubled PLL output to drive
both the upconversion and downconversion mixers (as done in previous CP-FTMW
circuits [47]]). To evaluate the phase stability of the instrument, 10 million FIDs from
the 371-312 AA transition in acetone (10762.6 MHz rest frequency, measured with
11900 MHz LO) were averaged with the DDS/PLL setup and with a conventional
AWG/synthesizer circuit (Figure . The deviation from /n averaging is similar
in both setups, indicating that the DDS spectrometer has sufficient phase stability
to be used for coherent averaging in a CP-FTMW spectrometer. The total signal-
to-noise at 10 million averages differed by only 4% between the AWG and DDS
circuits, insignificant compared to the inherent intensity variations in CP-FTMW
spectrometers [9)]. The signal-to-noise of the instrument in both the DDS and
AWG configurations is lower than the original Pate lab spectrometer [9], due to
the polarization power available (50 W versus 2 kW), but comparable to other low
power (<100 W) CP-FTMW spectrometers [47, 49, 51, 60, 62].

Full Instrument Demonstration
The spectrum of acetone between 9.95-13.85 GHz collected using the DDS CP-
FTMW is shown in Figure 2.5 For this demonstration the ADF4158 PLL board
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Figure 2.3: A comparison between the filtered chirped pulse outputs of an AWG
(left) and a DDS (right) after 100,000 averages. The FFT of the waveforms are very
similar, except for a small dip in the intensity of the DDS at 1.4 GHz. A spectrogram
of the chirped pulses (top) indicates that the AWG and DDS have similar harmonic
distortion in their output. The off diagonal content in the spectrogram is down by
30 dB from the main frequency sweep in both the DDS and the AWG.

was disconnected from the 10 MHz standard for improved performance. After 22
hours of averaging at a 2.1 kHz repetition rate (170 million averages) the signal-to-
noise of the strongest peak was ~18,000:1. The dual sideband convolved (LO=11900
MHz) predicted spectrum of the normal species of acetone [63, 64] and the two '3C
substituted species [65]] (scaled to 1% intensity) at 2 K are also plotted in Figure[2.5]
with negative intensity. At this sensitivity, the singly substituted '3C isotopologue
of acetone is clearly visible in natural abundance at 160:1, as shown in the inset of
Figure 2.5] Additionally, several acetone transitions above 13.9 GHz were aliased
into the detection bandwidth. Although the output of the DDS and the input of the
digitizer are filtered, a sufficient amount of super-Nyquist power was delivered from

the DDS though the amplifiers to polarize transitions at 2-2.5 GHz offset from the
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Figure 2.4: The phase stability of the DDS spectrometer was compared to that of the
AWG spectrometer via emission from the 35;-312 AA transition in acetone (10762.6
MHz rest frequency, LO = 11900 MHz). Both setups show little deviation from the
expected y/n averaging.

LO frequency. This behavior can easily be removed by using higher rejection low-
pass filters. Finally, the rest frequencies of the transitions were verified by shifting

the LO frequency.

The relative transition strengths are greatly dependent on the response of the SSA and
the coupling of the horn to free space, which causes moderate intensity variations
in the measured spectrum. However, the observed relative intensity variations are

comparable to those reported in the literature for conventional instruments [9]].

The fast acquisition speed of the DDS CP-FTMW spectrometer is demonstrated
in Figure 2.6 After 30 seconds of data collection (65,000 averages) two of the
the strongest peaks of the carbonyl substituted '3C isotopologue are visible at 3:1

signal-to-noise.

Finally, Doppler doublets were observed for longer (>20 us) FID collections, as
shown in Fig. This splitting is present in both the AWG and DDS circuits.
The peak splitting increases with helium backing gas, indicating that it is caused by

Doppler splitting and not by the microwave circuit.
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Figure 2.6: The spectrum of acetone after 30 seconds of data collection (top), with an
inset showing the detection of the '3C isotopologue at more than 3:1 signal-to-noise
(bottom). LO = 11900 MHz

2.4 Conclusion

The utility of the CP-FTMW spectrometer for sensitive detection and character-
ization of gases with a permanent dipole is well established among molecular
spectroscopists. With the latest bandwidth extensions in commercially available
DDS chips it is now possible to generate a chirped pulse and LO signal at 12 GHz
using an energy-efficient and compact design. Additionally, PLL synthesizers can
be expected to increase in frequency (for example, the 18 GHz Analog Devices
ADF41020 or the 6 GHz Valon 5009 synthesizer), and with sufficient multiplica-
tion the LO signal could also be supplied by the DDS. Indeed, the inherent step
nature of the DDS frequency sweep matches the signal requirements for ‘stepped’
LO CP-FT mm-wave spectroscopy [66] (Appendix A). Multiplication of a DDS
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Figure 2.7: Three transitions of propylene oxide using a 130 us FID. This long FID
allows us to resolve the A-E methyl rotor splitting (solid blue lines) and Doppler
splitting (dashed red lines), although it reduces the signal-to-noise ratio of the
spectrum. This measurement was used in the detection of propylene oxide in the
interstellar medium [39]].

chirped pulse has already been demonstrated in a hybrid DDS/PLL chirped pulse
synthesizer for radar applications at 675 GHz [57]], and could be used to further

extend the bandwidth of the instrument.

Regardless of the specific implementation, the phase stability and harmonic distor-
tion of the DDS chirped pulses are comparable with those of the AWG for short
and long averaging times, providing the required stability for coherent signal aver-
aging. Similar advances can be expected in other areas of CP-FTMW technology
as well. The complexity of FPGAs are increasing on even faster slopes than CPU
architectures, and high duty cycle digitizers and averagers can therefore be expected
to continue improving in capabilities well into multi-GHz bandwidth designs. For
microwave studies in molecular beams where quasi-optical focusing is required,
high power, high cost amplifiers will be needed, but for waveguide studies [48] or
especially higher frequency applications [66] the amplifier power requirements for
sample polarization drop considerably. The low cost of this new DDS-circuit design
combined with these advances should allow for the widespread use of CP-FTMW
spectroscopy in physical chemistry laboratories, and the capabilities outlined here
open the door to truly integrated DDS/PLL single card approaches to compact,
energy efficient, lightweight CP-FTMW spectrometers for in-situ and process mon-

itoring applications.
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Chapter 3

THE ETHANOL-WATER DIMER

In this chapter, we report the first rotational spectrum of two isomers of the ethanol-
water dimer using the Caltech CP-FTMW spectrometer described in Chapter 2.
With the aid of isotopic substitutions, and ab initio calculations, we identify the
first isomer as a water-donor/ethanol-acceptor structure. Ethanol is found to be
in the gauche conformation, while the monomer distances and orientations likely
reflect a cooperation between the strong (O-H...O) and weak (C-H...O) hydrogen
bonds that stabilizes the measured isomer. No other isomers were assigned in an
argon expansion, indicating that this is the ground-state structure. This result is
consistent with previous vibrationally-resolved Raman and infrared work, but sheds
additional light on the structure, due to the specificity of rotational spectroscopy.
In a helium-backed expansion, a higher energy water-donor/trans-ethanol-acceptor
isomer was observed. This isomer exhibits a significant splitting in the measured
rotational transitions, likely due to the tunneling of the water molecule between
equivalent hydrogen bond acceptor sites. Followup measurements were taken with
a cavity FTMW spectrometer by by Brett McGuire, Marie-Aline Martin-Drumel,
and Michael McCarthy at Harvard to further investigate this splitting. With a
semi-empirical potential, the barrier to interconversion of the water molecule was

determined to be ~88 cm™.
Most of this chapter has been reproduced with permission from:

Finneran, I. A., Carroll, P. B., Allodi, M. A. & Blake, G. A. Hydrogen bonding in
the ethanol-water dimer. Physical Chemistry Chemical Physics 17, 24210-24214
(2015).

One figure in this chapter has been reproduced with permission from:

Seifert, N. A., Finneran, I. A., Perez, C., Zaleski, D. P., Neill, J. L., Steber, A. L.,
Suenram, R. D., Lesarri, A., Shipman, S. T. & Pate, B. H. AUTOFIT, an automated

fitting tool for broadband rotational spectra, and applications to 1-hexanal. Journal
of Molecular Spectroscopy 312, 13-21 (2015).
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3.1 Introduction

Hydrogen bonds play a critical role in many chemical and biochemical processes.
In the Earth’s atmosphere, hydrogen bonds control cluster formation and influence
reaction rates, while in the condensed phase they guide protein folding and solvent-
solute interactions. Their importance to molecular processes on Earth is due in
part to their moderately low bond energies of 4-40 kcal/mol, which allow them to
freely associate and dissociate under ambient conditions, as well as their directional

preferences, which influence the structure of molecular assemblies [69].

Since the first descriptions of prototypical hydrogen bonds at the beginning of
the 20th century a second class of "weak" hydrogen bonds has emerged. As the
name suggests, weak hydrogen bonds are generally defined by interactions of <4
kcal/mol, which opens the door for many new bonding partners [70]. Structurally,
all hydrogen bonds are generally defined as interactions of X-H...A, where H carries
a partial positive charge, and A a partial negative charge. Weak hydrogen bonds
stretch this definition to include C-H...O, O-H...n, and C-H...r interactions, among
others. Although they are similar in energy to Van der Waals interactions, weak
hydrogen bonds have been found to retain a distinct directional preference. In
condensed phase chemistry, these weak interactions have been shown to be both
ubiquitous and influential in drug-receptor recognition, molecular crystallization,

and macromolecular structure [69, 71]].

The ethanol-water dimer is a excellent model system for hydrogen bonding, as it
exhibits both a strong O-H...O hydrogen bond, as well as a weak C-H...O hydrogen
bond. The energy landscape of the dimer is thus an interplay between the relative
donor/acceptor strengths of water and ethanol, as well as the gauche/trans conforma-
tions of the ethanol monomer [[72]]. In the condensed phase, ethanol-water mixtures
have been studied extensively, due their broad applications as well as their abnormal
behavior. They exhibit many thermodynamic anomalies, such as a negative entropy
of mixing, for example, which are believed to originate from incomplete mixing
on the microscopic scale [[73|]. Elucidating the structure and dynamics of hydrogen

bonding of the ethanol-water clusters, especially the dimer, may inform such studies.

The Raman and infrared spectrum of the ethanol-water dimer were previously re-
ported in the literature [74, [75]. Two ethanol acceptor isomers were identified,
with the ground state corresponding to a gauche-ethanol conformation. We re-
port a combined experimental and computational study of the ethanol-water dimer

using microwave rotational spectroscopy and ab initio calculations. Microwave
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spectroscopy is unmatched for structure determination of small hydrogen bonded
clusters in the gas phase, as spectra directly reveal the moments of inertia of various
species [9, 18} [76]. Indeed, microwave spectroscopy provided some of the first
direct structural evidence for the O-H...m weak hydrogen bond in the benzene-water
dimer [76]], as well as unambiguous assignments of the relative energies of the water

hexamer isomers [18§]].

In this chapter, we observe two isomers of the ethanol-water dimer and definitively
assign the ground state structure to a water-donor structure, with ethanol in the
gauche conformation. With the use of three Kraitchman substitution coordinates
and ab initio calculations, we find evidence of cooperativity between both the strong

and weak hydrogen bond interactions in this structure.

Besides structure determination, microwave spectra also provide dynamical informa-
tion on motions such as quantum mechanical tunneling. Indeed, inversion tunneling
was first identified in the microwave spectrum of the ammonia molecule [/7]]; the
microwave transitions associated with this motion were later used in the first maser
in 1955 by Townes et al. [78]. More recently, inversion tunneling has been identified
in chiral systems such as the water trimer [/9], propanediol [80]], and glycerol [81],
in which the tunneling motion connects a pair of enantiomers. In these cases the
tunneling motions are associated with the movement of one or several hydrogen
atoms. In this chapter, we identify an exceptionally massive quantum tunneling
motion in the second higher energy isomer, one associated with the movement of an

entire water molecule.

3.2 Methods

The spectrum of the ethanol-water dimer was collected using the Caltech chirped-
pulse Fourier transform microwave (CP-FTMW) spectrometer between 8-18 GHz
[38]. The mixed dimer was prepared by loading water into a reservoir pulsed valve,
and flowing a backing gas (argon or helium) over a separate external reservoir
containing ethanol. The mixture of ethanol, water, and 2 atmospheres of backing
gas was supersonically expanded into a vacuum chamber at 10~ Torr with a pulse
repetition rate of 5 Hz. The CP-FTMW spectrometer circuit was the same as
in Chapter 2. Double resonance measurements were carried out using a chirped
pulse followed by a second single tone 0.5-1 us sinc pulse. Samples of ethanol
(99.5% purity), ethan(ol-d) (99% purity), and DO (99% purity) were purchased
from Sigma-Aldrich and used without further purification.
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The measured spectra from the instrument are dual sideband, and so cover a total
of 4 GHz for each local oscillator (LO) setting (2 GHz each in the upper and lower
sideband). Thus, care must be taken in assigning molecular rest frequencies. We
use a python data acquisition script to cyclically shift the LO every 3 minutes to
cover 8-18 GHz and to discriminate upper versus lower sideband peaks. For every

LO setting, we shift by +10 MHz and deconvolve with a separate python script.

After assigning two isomers of the dimer, targeted followup measurements were
performed with a Balle-Flygare cavity FTMW spectrometer [46] at the Harvard-
Smithsonian Center for Astrophysics by Brett McGuire, Marie-Aline Martin-Drumel,
and Michael McCarthy. A detailed description of this instrument has been reported
in the literature [82]].

Spectral fitting was performed with the Watson-S Hamiltonian in SPFIT/SPCAT
[83]] and a newly written python graphical interface. Due to the high line density
of the spectra, we used AUTOFIT, an automated broadband fitting program, to
generate initial quantum number assignments and fits to the various species [68].
An overview of the AUTOFIT program is given in Fig. [3.1] Kraitchman substitution
coordinates were calculated with the KRA program [84].

All ab initio calculations were performed using Gaussian 09 [85]. Geometry op-
timizations were carried out with second-order Mgller-Plesset (MP2) perturbation
theory [86] and the augmented-correlation consistent polarized Valence-only Triple-
Zeta (aug-cc-pVTZ) basis set [87]]. All optimized structures were confirmed to be
true minima on the potential energy surface via harmonic frequency calculations at
the same level of theory as the optimization. We subsequently performed single-
point Coupled Cluster energy calculations with singles, doubles, and perturbative
triples (CCSD(T)) [88]] with the aug-cc-pVTZ basis set on the MP2 optimized struc-
tures. The zero point vibrational energy (ZPVE) contribution to the relative energies
was evaluated from the previous harmonic frequency calculation using MP2/aug-
cc-pVTZ. We computed equilibrium rotational constants (B, ) for all isomers using
the molecular geometries from the MP2/aug-cc-pVTZ optimization. Next, we cal-
culated the anharmonic cubic and semi-diagonal quartic force constants in a normal
mode representation at the MP2/aug-cc-pVTZ level, and from this determined the
ground state rotational constants (Bg) of the WE-g+ isomer using second-order vi-
brational perturbation theory [89]. We did not perform anharmonic calculations of

the other isomers due to the limited computational resources available.
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Figure 3.1: Overview of the AUTOFIT program that we developed in collaboration
with the Pate lab at University of Virginia and the Shipman lab at New College of
Florida. Rotational spectra are fit with a brute force algorithm that is embarrassingly
parallel. The A, B, and C rotational constants for sets of three linearly independent
predicted ‘fitting transitions’ are fit to all possible combinations of experimental
peaks. The resulting fits are assessed and sorted with a second set of ‘scoring
transitions.” The full details of the program are reported in [68)]].
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3.3 Results and Discussion

Computational Results

The ab initio energy landscape, including the zero point vibrational energy (ZPVE),
of the ethanol-water dimer is shown in Fig. [3.2] and the associated equilibrium
rotational constants (B,) of each isomer are given in Table[3.1] We use nomencla-
ture from the literature to label the various structures: WE indicates a water-donor
geometry, EW a ethanol-donor motif, while -g and -t specify the hydroxyl confor-
mation of the ethanol subunit [75]]. The two hydrogen bonding sites of the WE-g

isomer are further differentiated with + and -.

The strong hydrogen bond between ethanol and water makes the largest contribution
to the relative energies of the structures. Since ethanol is a better hydrogen bond
acceptor than donor, the water donor structures are lower in energy than the water
acceptor structures [[72]. The ethanol molecule can exist in the trans or gauche

conformation, which dictates the position of the strong hydrogen bond.

Weaker interactions in the dimer lead to further energy separations between isomers.
The lowest three isomers all exhibit water donor structures, as expected, yet the WE-
g+ and WE-t isomers are significantly lower in energy than the WE-g- structure.
As Fig. [3.2] shows, however, the WE-g+ and WE-t structures are both compact
and exhibit a second weak C-H...O hydrogen bond interaction, while the WE-g-
structure is elongated and contains no secondary interaction(s). We posit that the
weak hydrogen bond stabilizes these isomers by ~200 cm™~! (0.5 kcal/mol), which

is consistent with previous estimates of C-H...O binding energies [90].

WE-g+ WE-t WE-g- EW-g EW-t

A/MHz 8882 9163 22081 9772 27305
B/MHz 3676 3502 2309 3062 2071
C/MHz 2888 2799 2164 2525 1991
Ua/D 1.8 1.7 2.5 26 2.8
up/D 0.9 1.3 0.9 1.3 0.5
ue/D 0.4 02  -0.1 0.3 0
Energy/cm™! 0 22 200 291 279

Table 3.1: The calculated equilibrium ab initio rotational constants, dipole moments,
and relative energies (including ZPVE) of the five possible isomers of the ethanol-
water dimer at the MP2/aug-cc-pVTZ level of theory.

Interestingly, the predicted energies of the two water acceptor isomers do not ex-

hibit a clear preference for compact or elongated structures. We attribute this to
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Figure 3.2: The ab initio relative energy landscape, including ZPVE, of the ethanol-
water dimer. Geometry optimizations and harmonic force field calculations were
performed at the MP2/aug-cc-pVTZ level of theory, followed by single point energy
calculations using CCSD(T)/aug-cc-pVTZ. The WE-t isomer has a low 66 cm™!
barrier to enantiomer interconversion. The principal axes of the transition state are
shown in the upper right portion of the figure.

cooperativity between the weak and strong hydrogen bond interactions [91]]. In the
WE-g+ and WE-t structures, the hydrogen bonds are cooperative, as the water acts
as a donor in the strong hydrogen bond and acceptor in the weak hydrogen bond.
The EW-g structure shows an anti-cooperative interaction, in which the water acts
as an acceptor for both interactions, thereby increasing the energy of the structure

relative to EW-t.

Quantum mechanical tunneling motions are a common feature of hydrogen bonded
clusters, such as the water dimer and water trimer [79]]. To identify possible tunneling
motions, we performed potential energy scans on the WE-g+ and WE-t isomers, and
optimized several transition state structures. In both isomers we found a tunneling

motion associated with the internal rotation of the methyl group. The predicted
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barriers are close to those measured in the ethanol monomer [92]] and are over 1000

cm~! (Table .

We identified a second tunneling motion in the WE-t isomer (Fig. [3.2). The WE-g+
and WE-t structures both have a chiral center on the oxygen of the ethanol molecule.
Interconversion between enantiomers is not feasible in the WE-g+ structure, as the
hydroxyl hydrogen on ethanol blocks the path of the water molecule. However, in
the EW-t isomer the hydroxyl hydrogen atom has changed position, allowing free
passage of the water molecule between the ethanol acceptor sites. We identify a
single transition state in this motion, resulting in a double-well potential connecting
enantiomers. The energy barrier of the interconversion (66 cm™!, including ZPVE)
is small enough to allow quantum tunneling of the water molecule. This splits the

ground vibrational state into symmetric (0+) and antisymmetric (0-) states [80]].

To quantify the symmetric/antisymmetric tunneling splitting, we applied a WKB
approximation of the potential [80,93]]. Using the ab initio energies and vibrational
frequencies of the ground state and transition state, we found that the predicted

splitting is >100x greater for the water tunneling than for the methyl internal rotation

(Table[3.2).

WE-t WE-t WE-g
LAM Methyl Methyl
Barrier/cm™' | 66 1078 1153
AE/GHz 4.2 <.001 <.001

Table 3.2: The calculated energy barriers of tunneling motions in the ethanol-water
dimer (including ZPVE), as well as WKB predictions for tunneling splitting of the
ground vibrational state.

Experimental Results

The microwave spectrum of ethanol and water with argon as the backing gas is shown
in Figure Peaks from the ethanol dimer, water dimer, and ethanol monomer are
all present, as can be seen by the predictions included from the literature [94-96]. A
series of unknown strong peaks were identified when ethanol and water were present
that disappeared in expansions of ethanol/argon and water/argon. Accordingly, the

peaks were assumed to originate from a cluster containing both molecules.

Using AUTOFIT [68] and SPFIT [83], we fit 21 a-type and b-type transitions to
a microwave rms of 14 kHz, commensurate with the line center uncertainty of

the instrument (Table [3.3). The assignments were further confirmed with double
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Figure 3.4: The transition connectivities confirmed with double resonance measure-
ments (a-types in black, and b-types in red).

\J WE-t

Q WE-g+

Figure 3.5: Kraitchman substitution positions of three hydrogens in the ethanol
water dimer are shown as blue spheres, superimposed on the ab initio structures of
WE-g+ (left) and WE-t (right). Based on the substitution positions, it is clear that
WE-g+ is the measured isomer.

resonance measurements (Fig. [3.4)). The rotational constants and dipole components
(ug>pup) rule out all possible isomers except WE-t and WE-g+. Both isomers
have similar structures and dipole moments; the main distinguishing feature is the
orientation of the hydroxyl hydrogen of the ethanol, and the dihedral of the water

molecule along the strong hydrogen bond.

To differentiate the identity of the isomer, we measured the spectra of several deuter-
ated species of ethanol and water. Again, double resonance measurements were
performed on each isotopologue to confirm assignments. The rotational constants
for four isotopologues are given in Table[3.3] and the singly-substituted Kraitchman
structure is shown in Fig. [3.5] The position of the hydroxyl H atom of ethanol
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was calculated by substitution of EtOD:H,O into the normal species, the outer
H atom of water was calculated with substitution of EtOD:HOD into EtOD:H,O,
while the hydrogen bonded H atom was calculated with substitution of EtOD:D,0
into EtOD:HOD. We doubly confirmed the position of the ethanol hydroxyl H with
substitution of EtOD:D,0 into EtOH:D,O. For each substitution, the H-atom coor-
dinate in the principal axis system was converted to internal coordinates and plotted
on the normal species result. The deuterated spectra have lower signal-to-noise and
higher spectral density than the non-deuterated spectra so definitive assignments of
EtOH:HOD, EtOH:DOH, and EtOD:DOH were not possible.

The measured geometry of the dimer observed in the argon expansion is consistent
with WE-g+, confirming its identity as the lowest energy isomer. This is in contrast
to the ethanol monomer, which has a trans-hydroxyl ground state structure. Thus, the
hydrogen bond interaction between water and ethanol stabilizes the gauche structure,
an example of adaptive aggregation (Fig. [3.6). This is in agreement with previous
infrared and Raman work [74, [75[]. Furthermore, the measured rotational constants
are consistent with the ground state rotational constants (Bg) determined in the ab
initio anharmonic calculation. The large difference between the calculated By and
B, constants indicates significant vibrational averaging of the dimer geometry even
in the ground state. Large vibrational corrections to rotational constants have been

reported in other hydrogen bonded clusters [|18]].

We hypothesize that the stabilization of the gauche conformation comes from the
weak hydrogen bond of the dimer, as the strength of a C-H...O interaction is depen-
dent on the bond angle and C-H..O distance. The Kraitchman structure in Fig. [3.5]
indicates that the outer hydrogen of the water is collinear with the weak hydrogen
bond, which may enable a larger overlap of the oxygen lone pair with the C-H,
rather than the perpendicular H-O...C angle of the t-WE structure. Furthermore, in
the ab initio structures the WE-g+ isomer has a C-H...O distance of 2.66 A, while
the length is 2.79 A in WE-t. Additional microwave measurements of isotopically

substituted dimers are needed to confirm the weak hydrogen bond length in WE-g+.

With helium as the backing gas, we identified a second isomer of the ethanol
water dimer and fit the spectrum of the normal and EtOD:D,0 species. Extended
measurements of this isomer were taken by the McCarthy group, as described in
the Methods section (Fig. [3.8). The shift in the rotational constants with respect to
the WE-g+ isomer suggest that the new species is WE-t. The measured a-type and
b-type peaks display a doublet splitting of several MHz, which is dependent on J
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Figure 3.6: Direct spectroscopic evidence for adaptive aggregation in the ethanol
water dimer. Conformational cooling in the argon expansion favors the trans ori-
entation in the ethanol monomer and the gauche orientation in the ethanol-water
dimer. Measurements are from the Caltech instrument.

and K. No c-types were observed, although we note that the predicted c-type dipole

moment is exceedingly small.

Our ab initio results predict that the enantiomer interconversion changes the sign
of the c-axis dipole moment, while preserving the sign of the a- and b-type dipole
moments. Thus, selection rules dictate that c-type transitions will cross the two
lowest tunneling states, here denoted O+ and O-, with a predicted splitting of 8.6
GHz. The a- and b-type transitions will stay within a single tunneling state, and
will be split by a Coriolis interaction between the tunneling states. Typical Coriolis

splittings are 100-1000x lower than the tunneling splitting [80]].

To fit the Coriolis splitting we used the following Hamiltonian from the literature
[97]I:

H = Hyo + Heq + Hine + Hyn- (31)

The first two terms, Hy, and H, are the standard rigid rotor and centrifugal

distortion components, respectively, while Hj, is the tunneling-rotation Coriolis
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WE-t | abinitio EtOH:H,O EtOD:D,O
A+/MHz | 9222.0  9358.743( 55) 8671.94( 82)
B+/MHz | 3345.6 3272.7786( 33) 3075.5359(149)
C+/MHz | 2685.5 2635.704(47) 2471.8883(140)
A-/MHz 9357.966( 63) [8671.94]
B-/MHz [3272.7786] [3075.5359]
C-/MHz 2635.438( 43) [2471.8883]
DJ/kHz 23.6 21.3118(304) 16.66( 46)
DJK/kHz | -24.2 -13.718(221) -6.72(142)
DK/kHz 90.5 144.2(304) [144.2]

d1/kHz -4.76 -4.6153(77) [-4.6153]
d2/kHz -0.308 -0.5453(219) [-0.5453]
F.,/MHz -319.22( 45) [-319.22]
F,./MHz -18.461( 40) -6.91( 54)
AE/MHz 498.48( 45) 58.96( 99)
N 38 14
rms/kHz 18 57

Table 3.4: Fit parameters for the WE-t isomer of the ethanol-water dimer, including
several deuterated species. The normal species (EtOH:H;O) fit is from the Harvard
dataset, while the deuterated species (EtOD:D,0) fit is from the Caltech dataset.
The full list of transitions used in the fits are given in Appendix B.

interaction term:

<O + |I_Iint|0_> = <O - |Hint|0+> = Fbc(-]b-]c + Jc-]b) + Fac(JaJc + JcJa)- (32)

We exclude the Fyp interaction term, as the tunneling motion proceeds through the
ab plane. Finally, Hy,, defines the energy separation, AE, between the 0+ and 0-
states:

<O - |Htun|0_> - <O + |Htun|0+> =AE. (3.3)

With this Hamiltonian, we obtain a satisfactory fit of the measured spectrum, as
shown in Table [3.4, The Coriolis coupling constant Fy. is moderately large, likely
due to the fact that the tunneling motion proceeds mostly parallel to the ac-plane of
the dimer. The measured energy splitting of the normal species is ~500 MHz, which
is smaller than the ab initio prediction (Table [3.5). In the deuterated species, the
splitting decreases considerably, as shown in Fig. leading to an energy splitting
of 50 MHz, also lower than the ab initio splitting of 150 MHz (Table[3.5).
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Figure 3.7: A comparison of the 2, - 19 transition in several species of the ethanol-
water dimer. None of the WE-g+ isotopomers exhibit a tunneling splitting, as shown
in the upper two panels. The WE-t isomer, on the other hand, shows a large splitting
that is dependent on isotopic substitution (bottom two panels). Measurements are
from the Caltech instrument.

The shape of the potential cannot be determined from the splitting of the lowest
levels. However, we calculated a semi-empirical barrier to interconversion using
the ab initio potential energy surface and the measured tunneling splitting. The
vibrational frequencies of the ground state and transition state were held constant,
while the barrier was fit to the measured energy splitting (Table [3.5). The semi-
empirical barriers agree quite well with the ab initio barriers. Most importantly, we

observe the proper scaling in the tunneling barrier with isotopic substitution.

3.4 Conclusion
We have measured the pure rotational spectrum of the ethanol-water dimer in su-
personic expansions with argon and helium. Transitions from three isotopologues

of one isomer were identified in the argon expansion and assigned to a compact
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AE ¢y AEexp Veale Vexp
(MHz) (MHz) (cm™!) (cm™)
EtOH:H,0O | 4170 498 66 88
EtOD:D,O | 144 59 95 103

WE-t

Table 3.5: A comparison of the measured and calculated tunneling splitting and
derived barrier height in the WE-t isomer.

Experiment
Prediction

l L
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Figure 3.8: Extended measurements of the normal species of WE-t using the Harvard
CfA cavity FTMW spectrometer. Data courtesy of Brett McGuire, Marie-Aline
Martin-Drumel, and Michael McCarthy.

water-donor structure with ethanol in the gauche configuration. A second water-
donor/trans-ethanol-acceptor isomer was observed in a helium expansion. These
first rotationally-resolved measurements confirm that ethanol is a better hydrogen-
bond donor than acceptor, and adaptive aggregation of ethanol, as the interaction
with water stabilizes the gauche isomer relative to the trans geometry. Weak hydro-
gen bond interactions likely play a role in this process, as the overlap between the
oxygen of the water with the C-H is more optimal in the WE-g+ isomer than the

WE-t isomer.

In addition to structural information, we have also identified new dynamics in
the high energy isomer. The pure rotational transitions of this isomer are split
in a doublet pattern due to the quantum mechanical tunneling of water between

equivalent hydrogen-bond acceptor sites.
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Chapter 4

THE ETHANOL-METHANOL DIMER

Previous theoretical work on the ethanol-methanol dimer has been inconclusive in
predicting the preferred hydrogen bond donor/acceptor configuration [98]]. In this
chapter, we report the microwave spectrum of the dimer using the Caltech CP-FTMW
spectrometer from 8-18 GHz. In an argon-backed expansion, 50 transitions have
been assigned to a trans-ethanol-acceptor/methanol-donor structure that is likely
stabilized by a secondary weak C-H...O hydrogen bond. A higher energy isomer
was observed in a helium-backed expansion and tentatively assigned to a gauche-
ethanol-acceptor/methanol-donor structure. No ethanol-donor/methanol-acceptor
dimers have been found, suggesting such interactions are energetically disfavored.
A preliminary analysis of the A-E splitting due to the internal rotation of the methanol
methyl group in the ground state species is also presented. We find evidence of the
Ubbelohde effect in the measured A-E splittings of three deuterated isotopologues

and the normal species of this isomer.
This chapter has been reproduced with permission from:

Finneran, I. A., Carroll, P. B., Mead, G. J. & Blake, G. A. Hydrogen bond competition
in the ethanol-methanol dimer. Physical Chemistry Chemical Physics 18, 22565—
22572 (2016).
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Figure 4.1: The ab initio relative energies, including zero point vibrational en-
ergy (ZPVE), of the various ethanol-methanol dimer isomers at the MP2/aug-cc-
pVTZ level of theory. Single point energy calculations were performed using
CCSD(T)/aug-cc-pVTZ.

4.1 Introduction

Structural competition between hydrogen bond donors and acceptors influences
the energetics of many chemical reactions, and the structure of biological macro-
molecules [69, [100]]. Alcohol clusters are particularly interesting systems in the
study of hydrogen bond competition, as they contain a combination of stronger
hydrogen bonds as well as weaker hydrophobic interactions [[101]]. Here, we report
the microwave detection and analysis of the ethanol-methanol heterodimer, one of

the simplest mixed alcohol dimers.

A fundamental question in the study of hydrogen bond competition is the donor/acceptor
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preference when two molecules interact to form an isolated dimer. While the
donor/acceptor strength of the two molecules is often a dominant force, weak hy-
drogen bonds and internal conformational preferences may also play a role. The
ethanol-water, methanol-water, isopropanol- and tert-butyl alcohol-water dimers, for
example, exhibit a clear preference for alcohol-acceptor/water-donor structures [[67,
102-104]]. For the ethanol-water dimer the most compact ethanol-acceptor/water-
donor structure is favored over others, likely due to a secondary C-H...O hydrogen
bond (Chapter 3) 67,74, 102].

The structural competition in the ethanol-methanol dimer is more ambiguous than
that in ethanol-water, methanol-water, isopropanol-water, and tert-butyl alcohol-
water. Past theoretical work has been inconclusive in determining the ground state
structure of the ethanol-methanol dimer, though the lowest energy structures of the

ethanol-water and methanol-water dimers were correctly predicted [98]].

In this chapter, we use the Caltech CP-FTMW spectrometer [9, [38]] to identify the
two lowest energy isomers of the ethanol-methanol dimer. The broad bandwidth
and high-resolution of CP-FTMW spectroscopy allows for the identification and
differentiation of many species in a complex mixture, while the efficient cooling in
the molecular beam promotes the formation of molecular clusters. The efficiency of
vibrational state cooling in the beam can also be controlled by the choice of backing
gas, as we showed in Chapter 3 [[105]]. This has been used in larger hydrogen bonded
clusters as well, such as the water hexamer, to determine the ground state structure
when several isomers are close in energy [18]. We first outline the experimental and

theoretical methods employed here, before turning to a discussion of the results.

4.2 Methods

The data in this chapter were taken with the Caltech CP-FTMW spectrometer, as
described in Chapter 2, with several small modifications [38]]. Initially, spectra were
assigned in the original coaxial arrangement. The final data, however, were taken
with the pulsed valve oriented perpendicular to two microwave horns. We also
upgraded to a larger vacuum chamber, with the hope of increasing the repetition rate
and signal-to-noise of the experiment. Unfortunately, we did not see any significant

increase in the signal-to-noise ratio of the experiment with the upgraded chamber.

The carrier gas (Ar or He) was pressurized to 50 psi, sent through a bubbler con-
taining a 1:1 mixture of ethanol and methanol, and pulsed into the vacuum chamber
(~107° Torr) with a Parker Series 9 pulsed value at 2-5 Hz. Ethan(ol-d) (99%) and
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methan(ol-d) (99%) were purchased from Sigma-Aldrich and used without further
purification. Spectra of the deuterated isotopologues were collected with 1:1 mix-
tures of ethan(ol-d)/methanol, ethanol/methan(ol-d), and ethan(ol-d)/methan(ol-d)
in the bubbler and 50 psi of Ar as the backing gas.

Ab initio calculations were performed using Gaussian 09 [85]]. Initially, the potential
energy surface was explored using second-order Mgller-Plesset (MP2) perturba-
tion theory [86] and the augmented-correlation consistent polarized Valence-only
Double-Zeta (aug-cc-pVDZ) basis set [106]. Structure optimizations were started
from all possible donor/acceptor sites and for both trans- and gauche-ethanol. For
several donor/acceptor combinations secondary minima were identified by scan-
ning the hydrogen bond dihedral angle between the hydroxyl groups. Overall, this
analysis identified 7 possible isomers, as shown in Fig.

Next, the 7 minima were further optimized with MP2 and the augmented-correlation
consistent polarized Valence-only Triple-Zeta (aug-cc-pVTZ) basis set [87] using
tight convergence criteria, followed by harmonic frequency calculations at the same
level of theory. The relative energies of the isomers were calculated using single-
point Coupled Cluster energy calculations with singles, doubles, and perturbative
triples (CCSD(T)) [88]] and the aug-cc-pVTZ basis set on the MP2/aug-cc-pVTZ
optimized structures. The zero point vibrational energy (ZPVE) correction was
added from the MP2/aug-cc-pVTZ frequency calculation. Second-order perturba-
tive anharmonic vibrational calculations were performed using MP2/aug-cc-pVDZ
on the initially optimized (MP2/aug-cc-pVDZ) structures to determine the ground
state rotational constants (Bp). Then MP2/aug-cc-pVTZ perturbative anharmonic
calculations were performed on the three lowest energy MP2/aug-cc-pVTZ opti-
mized structures [89]. We were unable to run the anharmonic calculations on all

isomers using MP2/aug-cc-pVTZ with the computational resources available.

Spectral analysis of the CP-FTMW data was performed with SPFIT/SPCAT and
the Watson-S Hamiltonian [83]], XIAM [107]], a graphical Python assignment pro-
gram, and the AUTOFIT package discussed in Chapter 3 [68]. The standard errors
of the SPFIT rotational constants were calculated with PIFORM, the coordinate
transformation to the Principal inertia Axis System (PAS) with PMIFST, and the
Kraitchman substitution coordinates with KRA [|84]].
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Table 4.1: The ab initio rotational constants, dipole moments and relative energies
of the seven isomers of the ethanol-methanol dimer. Columns labeled as DZ cor-
responds to MP2/aug-cc-pVDZ, and TZ to MP2/aug-cc-pVTZ. The relative energy
(E) was determined from a CCSD(T)/aug-cc-pVTZ single point calculation on the
MP2/aug-cc-pVTZ optimized structure, with a ZPVE correction from a MP2/aug-
cc-pVTZ frequency calculation.

B./TZ By/DZ By/TZ wTZ E/TZ
(MHz) (MHz) (MHz) D) (cm™)
ME-t-1
A 7158 7028 7195 |u.| 2.7 0
B 2031 1964 1959  |up| 0.3
C 1772 1719 1713 |pe|l 0.8
ME-g-1
A 8148 8051 8230 |u4 1.9 21
B 1855 1797 1799 || 0.9
C 1633 1584 1588  |u| 0.3
ME-t-2
A 6634 6530 6719 |u. 2.5 106
B 2166 2070 2057 |up| 0.6
C 1961 1884 1871 el 29
EM-g-1
A 7101 7005 ltal 2.6 148
B 2015 1939 lup| 1.1
C 1787 1731 el 0.8
ME-g-2
A 12871 11030 ltal 3.0 175
B 1383 1478 ] 0.9
C 1381 1430 luel 0.3
EM-t
A 14084 11378 ol 2.7 192
B 1371 1498 lup| 0.7
C 1335 1434 luel 0.4
EM-g-2
A 6776 6780 lwal 2.7 237
B 2056 1943 lup| 1.2
C 1897 1811 el 0.9
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4.3 Results and Discussion

Ab initio Results

The ab initio relative energies of the dimer isomers are shown in Fig. {.1] along with
their associated rotational constants and dipole moments in Table[. 1| The predicted
equilibrium structures in the PAS are given in Appendix C. Each species is labeled as
either ME for methanol-donor, ethanol-acceptor or EM for ethanol-donor, methanol-
acceptor. The gauche and trans conformations of the ethanol subunit are labeled
as g and t, respectively. Distinct isomers with the same label have been further

distinguished with a -1 or -2.

Overall, the energy calculations show a clear preference for ME rather than EM
structures. The three lowest energy structures have methanol as the donor, and the
lowest energy ethanol-donor structure is ~50 cm™! higher in energy than the ground
state. The more elongated structures EM-t and ME-g-2, however, have a much
smaller energy difference of 17 cm~!. Both of these isomers have a strong hydrogen
bond, but lack the weak C-H...O interactions seen in more compact structures. This
may indicate that the strong hydrogen bond competition in the ethanol/methanol
dimer is delicately balanced, consistent with previous theoretical work on this dimer
[98]].

The remaining five structures, ME-t-1, ME-g-1, ME-t-2, EM-g-1, and EM-g-2,
all exhibit weak C-H...O hydrogen bonds, in addition to the strong OH...O hydro-
gen bond. In these species it is important to consider the non-additive properties
of hydrogen bonds. Specifically, cooperative donor-acceptor or acceptor-donor
interactions are generally favored over anti-cooperative donor-donor or acceptor-
acceptor interactions [69]]. For the three lowest energy ME structures the weak
hydrogen bond is cooperative with the strong hydrogen bond, as the hydroxyl group
of methanol is acting as a donor for the OH...O interaction and an acceptor for the
C-H...O interaction. In the two higher energy EM structures the hydrogen bonds
are anti-cooperative, with the methanol oxygen atom acting as an acceptor for both
the OH...O and C-H...O interactions. Thus, the methanol-donor, ethanol-acceptor
structures may be relatively stabilized by their cooperative interactions in addition
to the O-H...O hydrogen bond.

Experimental Results
To isolate the ethanol-methanol dimer signal, we collected the spectrum of pure

ethanol and pure methanol in an argon-backed expansion, and subtracted them from
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Figure 4.2: The experimental spectrum of an ethanol/methanol mixture expanded in
Ar. (a) The experimental spectrum after cutting out the ethanol- and methanol-only
spectra from the raw data. The ME-t-1 prediction at 2 K is shown with negative
intensity in red. (b-d) Insets of portions of the experimental and predicted spectra
for the ME-t-1 isomer.
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the mixed ethanol-methanol spectrum (Fig. [.2h). The strongest peaks in this
subtracted spectrum (labeled ‘ethanol, methanol cut’ in Fig. §.2h) were assigned
to a series of a-type transitions. Weaker c-type and b-type transitions were also
observed, yielding a total of 50 assigned transitions that were fit to an RMS of 18
kHz (Table 4.2). Several microwave-microwave double resonance measurements

(Fig. f.3](a-c)) confirmed the assignment.

The fit rotational constants (Table[d.2)) are close to those calculated for several of the
ethanol-methanol dimer isomers (Table @.1)). The closest match is with the ME-t-1
isomer, although they are also somewhat close to EM-g-1. However, using the
relative intensity information of the experimental spectrum, we estimate the ratio
between the three dipole components in the PAS to be roughly u, = 6y = 2puc.
The observed uyp/ . ratio is inconsistent with EM-g-1 but consistent with ME-t-1,
so we assign the observed spectrum to the ME-t-1 isomer.

The spectra of two singly and one doubly deuterated species of the ME-t-1 isomer,
as observed in argon expansions, were also fit (Table4.2)). The standard error on the
A constant in these fits is larger than those of B and C, as only the strongest a-type
transitions had sufficient signal-to-noise to be fit. For the singly substituted species,
we calculated the positions of the hydrogens in the PAS using the Kraitchman single
substitution equations (Table {.3)) [108]]. However, caution is needed in interpreting
the position of the methanol hydrogen, as the Kraitchman analysis assumes that
the structure is nearly unchanged by the isotopic substitution. This is not the case
for a H to D substitution in a hydrogen bond, because the vibrationally averaged
deuterium bond can be shorter or longer than the hydrogen bond [109, [110]. A
lengthening upon D substitution is typically seen in double minima potentials,
where a proton can transfer between two equivalent positions, while shortening is
observed in single well potentials, such as alcohol dimers [110,/111]]. Such a change
in hydrogen bond length, often called the Ubbelohde effect, has been shown to
cause large errors in the substitution coordinates of hydrogen bonded clusters, e.g.
~0.9 A in the t-butylalcohol dimer [[111]. Thus, the ~0.6 A difference between
the ab initio and experimental Kraitchman |a| coordinates that we observe on the
methanol hydrogen, is likely due to this effect. Besides the Ubbelohde effect, the
errors on the coordinates of this hydrogen are high, due to its vicinity to the center
of mass [112]]. The substitution coordinates of the ethanol hydrogen, however, show
much better agreement with the ab initio results, as this hydrogen is not part of the
hydrogen bond (Table[d.3). Indeed, the coordinates confirm that ethanol is the trans
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Table 4.2: The experimentally fit rotational constants and centrifugal distortion
constants of four isotopologues of the ME-t-1 isomer and the ME-g-1 isomer using
SPFIT. Standard errors of the last digit are given in parentheses. Constants marked
with an asterisk (*) were held fixed at the corresponding normal species value. The
peak lists of all fits are given in the Supplementary Information.

ME-t-1 ME-g-1
EtOH/MeOH EtOD/MeOH EtOH/MeOD EtOD/MeOD EtOH/MeOH

A/MHz 7278.993(8) 6911.(1) 7235.6(5) 6873.4(9) 8230.(1)

B/MHz 1909.880(1) 1900.206(5) 1908.497(2) 1898.770(4) 1770.832(3)

C/MHz 1675.696(1) 1649.315(5) 1673.907(2) 1647.678(4) 1577.648(3)
k) %

DI/kHz  4.70(1) * 4.43(6)
DIK/kHz  -1.18(7) * * * -22.5(6)
DK/KHz  39.1) * * * -

dl/kHz  -0.809(6) * # * -

d2/kHz  -0.010(4) * * * -
N 50 17 17 17 13
rms/kHz 18 49 33 42 26

conformation, the lowest energy state of the isolated monomer. This is distinct from
the ethanol dimer and the ethanol/water dimer, in which a gauche conformation is
preferred (Fig. @.4) [67,[102].

Next, we switched the backing gas for the expansion to helium and collected the
mixed ethanol-methanol spectrum. In the helium expansion the overall signal-
to-noise ratio of all the peaks is decreased, but the cooling conditions allow the
population of excited conformations. We measured 13 new a-type transitions that
were fit to an RMS of 26 kHz (Table §.2)), and confirmed the assignments with
double resonance measurements (Fig. [4.3(d)). We assigned the new spectrum to
the ME-g-1 isomer based on the values of the measured constants. The new peaks
are not seen in the argon-backed expansion (Fig. [.5), verifying that the ME-t-1
isomer is lower in energy than the ME-g-1 isomer.

Many of the peaks in the experimental spectra of ME-g-1 and ME-t-1 are split by
several MHz in a doublet pattern. In our analysis, only one peak of every doublet
was fit to the effective rigid-rotor Hamiltonian, while the companion peaks could
not be fit to this model. As isolated monomers, both ethanol and methanol exhibit a
spectral splitting due to hindered internal rotation of their methyl rotors that leads to
a doublet A-E splitting pattern, where A and E are methyl torsional state symmetry
labels. The three-fold barrier to internal rotation of the methyl group, V3, is smaller

in methanol (373 cm™!) than ethanol (1166 cm™! for trans, 1331 cm™! for gauche),
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Figure 4.3: Double resonance (DR) measurements of the ME-t-1 isomer (a-c),
and the ME-g-1 isomer (d). For each spectrum, a narrowband pulse was applied
to the ‘pump’ transition after the standard broadband chirped pulse. Modulation
was measured on the connected ‘check’ transition. Neighboring peaks to the check
transition were used as a control, to make certain that there is not broad, non-resonant
modulation in the spectrum.

leading to a much larger A-E splitting [92, 95, 113]. The spectrum of gauche-
ethanol is further split by the tunneling of the hydroxyl hydrogen between equivalent
positions, although this motion should be quenched in the ethanol-methanol dimer by
the position of the methanol. Thus, we hypothesize that the splitting in the ethanol-

methanol spectrum is due to internal rotation of the methyl group of methanol.

In other methanol clusters, methyl rotor tunneling splittings have also been re-
ported, including the methanol homodimer [/1 14], methanol-water [102], methanol-
formamide [[115]], methanol-argon [116], methanol-CO [117], methanol-phenol

[118], and methanol-sulfur dioxide [119]. Compared to the isolated monomer,
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(a) ethanol:methanol (b) ethanol:ethanol
Hearn et al. 2005

(c) ethanol:water (d) methanol:water
Chapter 3 Stockman et al. 1997
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Figure 4.4: The lowest energy structures of several dimers containing ethanol or
methanol. The alcohols act as acceptors in the methanol-water and ethanol-water
dimers, while in ethanol-methanol the ethanol is an acceptor. Interestingly, ethanol
is in the trans configuration for ethanol-methanol but in the gauche configuration for
ethanol-ethanol and ethanol-water.
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Figure 4.5: The experimental helium- and argon-backed spectra of the ethanol-
methanol dimer. The ME-t-1 isomer is seen in both expansion conditions while
the higher energy ME-g-1 isomer is only seen in the helium expansion. Predicted
spectra are rendered at 2 K.

Table 4.3: The single-substitution Kraitchman positions of the two hydroxyl hy-
drogens of the ME-t-1 isomer of the ethanol-methanol dimer as compared to the
vibrationally averaged ab initio coordinates. The propagated standard error of the
experimental coordinates is on the order of 0.01 A, although it is likely higher due to
changes in the vibrationally averaged bond lengths on deuterium substitution. The
detailed output of the Kraitchman calculations are given in Appendix C.

Ab initio Experiment

CH;CH,OH |aJ/A  1.16 1.11
b/A  1.93 1.90

/A 0.27 0.35

CH;OH  |a/A  0.88 0.22
bI/A  0.60 0.52

/A 0.30 0.38
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Table 4.4: A preliminary internal rotation fit of the four measured isotopologues
of the ME-t-1 isomer using XIAM. Standard errors are given in parentheses, and
constants marked with an asterisk(*) were fixed at the normal species value for
the fit. Ab initio values are from the MP2/aug-cc-pVTZ level of theory for the
normal species. A full list of assigned transitions and raw XIAM output is given in
Appendix C.

EtOH/MeOH EtOD/MeOH EtOH/MeOD EtOD/MeOD Ab initio

A/MHz 7274.75(4) 6907.(1) 7231.6(9) 6870.4(8) 7195

B/MHz  1909.610(5) 1899.947(9) 1908.279(5)  1898.559(5) 1959

C/MHz  1675.236(5) 1648.870(8) 1673.510(5) 1647.290(5) 1713
*k *

DJ/kHz 4.71(3) * 3.7
DJK/kHz -1.6(1) * * * 1.7
DK/kHz 38.(3) o s * 14.3
d1/kHz 0.81(1) o s * -0.6
d2/kHz -0.014(6) o * * -0.04
Vi/em™! 190(1) 190.0(1) 200.0(1) 199.6(1) 257
el ° 34.6(4) 33.8(5) 33.9(4) 33.4(4) 30.2
5/° 59.9(1) 59.5(1) 59.7(1) 59.4(1) 60.3
I,/uA? 3.38(2) g * %
N 67 32 31 31
rms/kHz 32 58 40 44

all of these methanol clusters have shown decreases in the fit barrier to internal rota-
tion of ~20-80%. In 1994, Fraser et al. noted that this drop in the fit barrier is likely
unphysical, and instead due to coupling between the methyl internal rotation and
large amplitude motion of the entire methanol subunit [120]. To model rotational
spectra, the angle of the methyl rotor in the PAS can be fit along with the barrier
to internal rotation and the moment of inertia of the methyl group, I,. For typical
organic molecules, I, is near 3.1-3.2 uAZ2. Fraser et al. note that in a dimer with
methanol rigidly bound to its partner, or the strong interacting limit, the fit I, should
be close to that of a methyl group and the fit V3 value will be physical. However,
as the cluster becomes more ‘floppy’, the methanol large amplitude motion will
couple to the methyl rotation, increasing the effective I, and decreasing the fit V3 in
relation to its actual value. This is maximized in the weakly interacting limit, with
free rotation of the methanol subunit in relation to its dimer partner. For a rigorous
treatment of a ‘floppy’ methanol dimer, a more complex Hamiltonian with Coriolis
terms must be used [[120], which is beyond the scope of this work. Therefore, we
will only consider a standard internal rotor model of the splitting, with an explicit

awareness of its shortcomings.
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Figure 4.6: A preliminary fit of the tunneling splitting in ME-t-1. (a) A comparison
of the peak splittings of the 33 - 29, transition of four isotopologues of the dimer.
The experimental spectrum was measured in a deuterium enriched sample in Ar.
The predicted spectra are from XIAM at 10 K, the lowest prediction temperature
available in the program. (b) Other portions of the normal species fit of ME-t-1,
with E-state transitions labeled with an asterisk (*). Experimental data is from a
non-deuterated sample in Ar. Again, predictions are rendered at 10 K.
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To model the internal rotor splitting in the ethanol-methanol dimer, we used the
internal axis method Hamiltonian with the XIAM program. [107] Fits of the four
isotopologues of the ME-t-1 isomer are shown in Fig. f.6]and Table 4.4} the signal-
to-noise in the helium expansion was insufficient to fit the splitting of the ME-g-1
isomer. In these fits, € corresponds to the angle between the methyl group, or O-C
bond of methanol, and the a-inertial axis, and ¢ to the angle between the c-axis and
the methyl projection onto the bc-plane. The normal species fit values of 6=59.9°,
e=34.6°are quite close to the ab initio predictions of 6=60.3°, €=30.2°, confirming
the orientation of methanol in the ME-t-1 isomer. We also note evidence of large
amplitude motions of methanol, with the high value of 1,=3.38 qu, as compared to
the 3.2 uA? expected of a methyl group. Further evidence of this motion is seen in
the greatly reduced V3=190 cm™!, as compared to the experimental monomer value
of 373 cm™!. The ab initio barrier, V3=257 cm™!, is also much higher than the fit
barrier. Thus, the fit V3 is likely not physical, but an indicator of the flexibility of

the hydrogen bond between methanol and ethanol.

In the fit parameters of the deuterated species of ME-t-1 we see further complex-
ity arising from the donor/acceptor large amplitude motion. The species with a
deuterated methanol and hence a deuterium bond, EtOH/MeOD and EtOD/MeOD,
have a fit barrier of V3~200 cm™', while the fit barrier of the hydrogen-bonded
species EtOD/MeOH and EtOH/MeOH is V3~190 cm™!. Equivalently, this differ-
ence can be seen in the A-E splitting of the spectrum. In the 303-2¢, transition,
for example, (Fig[4.6p) the deuterium bonded dimers have a splitting of ~4.4 MHz,
while the hydrogen-bonded dimers are split by ~5.5 MHz. Possible causes for this
splitting difference could be an increase in the V3 barrier of the methanol subunit
when it is deuterated, or the Ubbelohde effect — a shortening of the hydrogen bond
upon deuterium substitution. For the Ubbelohde effect, the increased rigidity of the
deuterium-bonded dimer would reduce the A-E splitting. In contrast, if this change
was caused by the methanol alone, we would expect to see an increase in splitting
for the deuterium bonded species, as the barrier for the MeOD monomer (366 cm™")
[121]], is lower than the MeOH barrier (373 cm™"). [113] Thus, we posit that the
measured trend is due to the Ubbelohde effect, as it is inconsistent with a change in

the methanol monomer barrier.

In the raw mixed ethanol-methanol spectrum (Fig. {.2), strong transitions from the
ethanol and methanol monomers [95] 113]] and homodimers [94,114] are present as

well as the methanol-argon dimer [122]. For the ethanol dimer, we have confirmed



56

60 l L) l Ll |
50 - _
40 ] Ar-backed expansion 505-404
] He-backed expansion
30

/ G2G(O) Ethanol Dimer

N
o
1

N
o
|

Y YA Y T Y TN Y 1Y Y RO p N Yoo M A TIPSl Ao DRI ] PO R T A T 1 ey

N
o
1

\505-404

T2G(0) Ethanol Dimer

Intensity (Arb. Units)
o

W N
S o
L

505-404
T1G(O) Ethanol Dimer

A
o
1

n
o
!

o
o

T T
12900 13000

Frequency (MHz)

T
12800

Figure 4.7: The experimental spectrum of the ethanol dimer. In the He-backed
expansion all three previously measured isomers are visible, while in the Ar-backed
expansion only G2G(O) is present. This indicates that G2G(O) is the ground state
structure. Peak assignments are from [94].

that the G2G(O) isomer is the ground state, using transition frequencies from Hearn
et al., 2005 [94]. In the helium-backed expansion all previously measured isomers

are present, while cooling to the G2G(O) isomer is observed in an argon-backed
expansion (Fig. [.7).

4.4 Conclusion

Two isomers of the ethanol/methanol heterodimer have been measured and assigned
to methanol-donor ethanol-acceptor configurations. In the lower energy structure
ethanol is in the trans conformation, while it resides in the gauche conformation for
the higher energy species. This is different than the ethanol dimer and ethanol/water

dimer, both of which show an energetic preference for the gauche conformation (Fig.

@A) [67, [102].
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No ethanol-donor/methanol-acceptor isomers have been identified in the experimen-
tal data. In particular, all seven calculated isomers of the dimer have strong predicted
a-type transitions in the 8-18 GHz region measured in this work, yet we could not
find any EM structures with an exhaustive automated search. This strongly indicates

that the measured ME-t-1 isomer is the ground state.

The A-E splitting arising from the hindered internal rotation of the methyl group of
methanol was fit for the four isotopologues of the ME-t-1 isomer. The fit constants
indicate that there is a significant coupling between the methyl internal rotation and
a donor/acceptor large amplitude motion. This motion is more pronounced in the
hydrogen-bonded species than the deuterium-bonded species, which likely arises
from the Ubbelohde effect.
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Chapter 5

A DECADE-SPANNING, HIGH-PRECISION TERAHERTZ
FREQUENCY COMB

So far, we have considered the pure rotational spectra of molecular clusters in the mi-
crowave portion of the electromagnetic spectrum. To fully determine the intermolec-
ular potential energy surfaces of clusters, however, broadband high-resolution THz
measurements are needed. Accordingly, we move to the THz region in this chap-
ter and describe the generation and detection of a decade-spanning THz frequency
comb using two Ti:Sapphire femtosecond laser oscillators and ASynchronous OP-
tical Sampling THz Time-Domain Spectroscopy (ASOPS-THz-TDS). The comb
extends from 0.15-2.4 THz, with a tooth spacing of 80 MHz, a linewidth of 3.7 kHz,
and a fractional precision of 1.8 x 10~°. With time-domain detection of the comb,
we measure three transitions of water vapor at 10 mTorr between 1-2 THz with an
average Doppler-limited fractional accuracy of 6.1 x 1078, Although the bandwidth
and precision of the comb are well-suited for THz studies of clusters, the sensitivity
is limited. Fortunately, there are significant improvements in sensitivity, bandwidth,
and resolution that are possible with existing technologies, and that will place THz

frequency combs on an equal footing with their infrared counterparts.
This chapter has been reproduced with permission from:

Finneran, I. A., Good, J. T., Holland, D. B., Carroll, P. B., Allodi, M. A. & Blake,
G. A. Decade-spanning high-precision terahertz frequency comb. Physical Review
Letters 114, 163902 (2015).

Details of the offset lock circuit and optics used in this chapter are reported in:

Good, J. T., Holland, D. B., Finneran, I. A., Carroll, P. B., Kelley, M. J. & Blake,
G. A. A decade-spanning high-resolution asynchronous optical sampling terahertz

time-domain and frequency comb spectrometer. Review of Scientific Instruments
86, 103107 (2015).
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5.1 Introduction

The large bandwidth and high-resolution of optical frequency combs have made
them an essential part of contemporary physics [125]. In metrology, visible/near-
IR frequency combs have played an integral role in optical clocks and the most
accurate measurements of fundamental constants [[126], while in chemical physics
they have been used for high-resolution molecular spectroscopy [127]]. In addition,
frequency combs have provided astrophysicists with a precise calibration source for
radial velocity searches for Earth-sized exoplanets [[128] and in measurements of

the universe’s expansion history [129].

Uniquely informative transitions are present in the TeraHertz (0.1-10 THz), or far-
infrared, region of the electromagnetic spectrum, including molecular rotations and
low-energy, large-amplitude vibrations. Various continuous wave technologies have
been developed at THz frequencies, including those that potentially can be tuned
over a decade of bandwidth rapidly [130]], but for poorly characterized systems
the search space is exceedingly large. Broadband, high-precision measurements
of complex molecular spectra with THz combs will benefit fields such as molec-
ular astrophysics [131] and atmospheric chemistry and physics [132], as precise
line-centers and intensity measurements over wide spectral regions are critical for
interpreting observational data. Further, THz studies of hydrogen-bonded clusters
provide exacting tests of intermolecular forces [[133]], but particularly suffer from

the need to detect narrow transitions over wide spectral windows.

Thus, extending the precision and bandwidth achievable with frequency combs into
the THz region is an active area of research. The two main approaches used to date
involve direct synthesis via quantum cascade lasers (QCLs) [[134, |135]] and down-
conversion of femtosecond pulse trains from optical oscillators [136]. QCLs gener-
ally yield higher-precision, lower-bandwidth measurements, while downconversion
techniques generally yield lower-precision, higher-bandwidth spectra. Alternatively,
hybrid approaches with a narrowband QCL coupled with a downconverted optical
oscillator [137], or electronic heterodyne detection coupled with a downconverted
optical oscillator [138], have also enabled high-precision, low-bandwidth measure-
ments. It should be emphasized that in all of these techniques there is a trade-off

between the detected bandwidth and precision.

We demonstrate here the generation and coherent detection of a THz comb with
both a decade-spanning bandwidth and high precision using ASynchronous OPtical
Sampling THz Time-Domain Spectroscopy (ASOPS-THz-TDS) [139]. The first
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Figure 5.1: The experimental layout for the generation and detection of the THz
frequency comb. See text for details.

application of this technique to THz frequency combs was demonstrated in 2014 by
Hsieh et al. using two 250 MHz Er-doped fiber lasers [136], who report a fractional
accuracy of 8.4 x 1077 for two transitions of acetonitrile at 0.64 THz with a tooth
width of 2.5 MHz. We have measured a 14-fold improvement in fractional accuracy
and a 675-fold reduction in tooth width using a newly constructed ASOPS-THz
spectrometer with two 80 MHz Ti:Sapphire femtosecond laser oscillators (Coherent
Micra5). Reaching this level of precision and accuracy is significant for THz metrol-
ogy, as it is the first demonstration of broadband, Doppler-limited spectroscopy in
the THz region. The Ti:Sapphire oscillators extend the bandwidth of the instrument
to measure transitions between 1-2 THz, and can be further extended to 20 THz

with proper optical pulse compression and THz emitter optimization, with no loss
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in fractional precision [140].

5.2 Methods

An instrument schematic is shown in Fig. A large-area interdigitated photocon-
ductive antenna (PCA) emitter, from GigaOptics (now Laser Quantum), generates
the comb. Since the downconversion process is dependent on the envelope of the
optical pulse and not the phase, the THz pulses are effectively carrier-envelope-
phase (CEP) stabilized, at zero CEP, without needing optical CEP stabilization. The
repetition rate of the THz comb can be controlled by changing the repetition rate
of the pump laser. Thus, a shift of 1 kHz in the 80 MHz pump laser corresponds
to a shift of 12.5 MHz in the comb tooth at 1 THz. Here, the pump laser repetition
rate is controlled by a piezo actuator and by changing the set-point temperature of
the water chiller, which cools the gain medium and baseplate of the modelocked

oscillator.

After generation, the THz comb is detected via electro-optic (E-O) sampling by
overlapping the 800 nm pulse train of a second laser, designated the probe in Fig.
with the THz comb in a ZnTe crystal. The THz electric field, which consists
of a pulse train of ~1 ps THz pulses, causes a transient birefringence in ZnTe, thus
rotating the polarization of the 800 nm probe pulse train [[141, 142]. The repetition
rate of the probe laser is offset locked by 100 Hz from that of the pump, sweeping the
probe pulse train through 12.5 ns of delay time (the round-trip time of the oscillator
cavities) over 10 ms in the lab frame. A second lock circuit stabilizes the repetition
rate of the pump laser over timescales >1 s. The full details of the lock circuits and
THz optics are reported in theses by Daniel Holland and Jacob Good and in a recent
publication [[124, [143| [144]. The polarization of the probe light is measured by a

balanced detector, and digitized.

5.3 Results and Discussion

Since the ASOPS technique ensures a repetitive phase walkout in delay time, the THz
comb can be recorded in the time domain by extending the sampling window beyond
the 12.5 ns interval between individual pulses. For example, the Fourier transform
of aset of 18 THz pulses (covering 225 ns of delay time) yields a comb from 0.15-2.5
THz with a 4.4 MHz tooth width [30 minutes of data, Fig. [5.2(a)]. The averaging
rate of the experiment is inversely proportional to the measurement window, so fewer
averages are collected for longer pulse trains. However, an equivalent dynamic range

is recovered in the FFT, since the dynamic range increases linearly with the length
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of the measured waveform (assuming an adequate effective number of bits in the
digitizer). Furthermore, since the frequency bins of the comb are much narrower
than those of the isolated pulse experiment, we achieve a greater sensitivity to
narrow-linewidth transitions. When measured for the same integration times, water
vapor at 10 mTorr shows no clear absorptions in a high dynamic range, 12.5 ns
window, while the lines are nearly saturated with a 225 ns-averaged comb, as shown
in Fig. [5.3p-d.

In the frequency domain, the experiment is equivalent to heterodyne detection with
dual THz combs [136]. From this viewpoint, the THz pulse train is the signal and the
probe laser acts as an effective THz local oscillator. Although the probe oscillator
is not a true THz comb, it acts as one via E-O sampling, as the process is dependent
on the envelope of the optical field. The mixing between the THz comb and the
optical pulse train generates an RF comb in the birefringence of the ZnTe with a
tooth spacing equal to the offset between the lasers, and with the nth tooth of the RF
comb corresponding to the nth tooth of the THz comb. Thus, for an 80 MHz pump
laser repetition rate, the 12500th tooth of the signal comb at 1 THz is detected as
the 12500th tooth of the RF comb at 1.25 MHz.

To test the precision of the THz comb, we extended the measurement window
to 21,470 individual THz pulses, or 268 usec, increased the offset between the
lasers to 200 Hz, and increased the sample rate of the digitizer to 20 MS/s (Fig.
[5.2b). A larger laser offset lowers the ratio of lab time to delay time, such that a

higher-resolution comb is acquired in an equivalent measurement time.

For short THz pulse trains, the tooth width is set by the Fourier time-frequency
uncertainty relationship. However, longer pulse trains are more sensitive to various
sources of jitter and drift in the system. Jitter in the offset between the pump and
probe lasers, for example, will change the spacing of pulses in the time domain and
thus shift the comb teeth in the frequency domain. Changes in the repetition rate of
the pump laser will shift the comb teeth in the frequency domain as well. Either can
broaden the teeth beyond the expected Fourier time-frequency product. For a single
107 s acquisition, we observed a transform-limited linewidth of 3.7 kHz over more
than a decade of bandwidth, and thus no significant jitter in the instrument over
this timescale. The tooth shown at 2.02 THz (Fig. [5.2b) demonstrates a fractional
precision of Av/y =1.8 x 1077,

The accuracy of our THz comb is likely limited by the lock circuit and ultimately by

the Rubidium frequency reference, with a fractional uncertainty of 10!, To verify
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the accuracy of our instrument, we tested the 225 ns comb on rotational transitions of
gas-phase water in a low-pressure cell and compared our values with the JPL spectral
line catalog (Fig. [5.3)) [[145]]. Initially, we took a broadband scan of water vapor at
100 mTorr, using 11 coarse steps in repetition rate to cover the spectrum between
1-2 THz, as shown in Fig. [5.3p. The RMS of the 16 transitions analyzed was 2.0
MHz, due to the large step size. We then performed 17 fine steps on three transitions
of water vapor at 10 mTorr. Here the lines are primarily Doppler-broadened and
accordingly fit to a Gaussian lineshape (Fig. [5.3(b-d)). The measured RMS of
the three transitions was 92 kHz, with an average accuracy of Av/v = 6.1 X 1078,
as shown in Table [5.1] Since the measured accuracy is significantly less than the
Doppler linewidth, it should be possible to improve the measured RMS by reducing
the linewidths of the transitions with a molecular beam. Indeed, the number density
of the cell at 10 mTorr (10'* molecules/cm?) and pathlength of the cell (10 cm)
are similar to those achievable in molecular beams, suggesting that this comb would

have sufficient sensitivity and resolution for such experiments.

Table 5.1: Measured frequencies of three water vapor transitions at 10 mTorr.

Ji.k. —Jx.x. ThisWork  JPL[145]  Diff.
(MHz) (MHz)  (MHz)

3,,-3;2  1162911.521 1162911.602 -0.081
20— 1g1  1669904.836 1669904.775 0.061
33 =212 1716769.755 1716769.633  0.122
RMS (MHz) 0.092

5.4 Conclusion

In summary, we have generated and detected a THz comb that spans over a decade in
bandwidth with a transform-limited frequency precision of 1.8 x 107°. The average
fractional accuracy (6.1 X 107%) of the comb was measured on three transitions
of water vapor and is Doppler-limited. Although there are several approaches to
Doppler-limited, far-infrared spectroscopy, we have achieved a single measurement
bandwidth of >2 THz, which is an order-of-magnitude larger than any other tech-
nique. Furthermore, we are able to generate and detect the comb with all room
temperature components, while many other methods require cryogenic detectors or

generators.

The applications of this comb are immense, and could include THz metrology, and
measurements in support of the Hershel Space Observatory, and the Atacama Large

Millimeter Array, as these observatories have complementary spectral coverage and
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resolution to the THz comb. Broadband studies of vibration-rotation tunneling
transitions in hydrogen-bonded water clusters are another exciting application; the
water trimer and quatramer both have such transitions within the spectral range of
this comb [|146,(147]. The direct time-domain detection of the comb is also suitable
for broad continuum measurements, such as pressure-broadened or condensed-phase
samples. By implementing a commercially available pulse compressor on the pump
and probe oscillators, and by employing both transmission and reflection geometries
for the PCA THz emitter, the comb could also be extended to 20 THz, a century in
bandwidth. A comb with these properties could measure all of the intermolecular
modes of hydrogen-bonded clusters in a single experiment. Since the stability of the
comb is dependent on Ti:Sapphire oscillilators, many of the stabilization techniques
that have been developed in optical metrology are applicable, and could improve the
linewidth of the comb considerably. These improvements could open new fields of

precision metrology in the THz region of the electromagnetic spectrum.
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Chapter 6

TERAHERTZ KERR EFFECT MEASUREMENTS OF SIMPLE
LIQUIDS

The focus of the previous four chapters has been on the precision measurements
of small clusters of molecules. While these experiments reveal many of the com-
plexities of intermolecular interactions in the condensed phase, their applications to

liquids are limited by the small size and low temperature of clusters.

In this chapter, we proceed to direct measurements of liquids at room temperature
using terahertz Kerr effect (TKE) spectroscopy. This relatively new technique is
nonlinear in the THz electric field, which opens the door to information not attain-
able in a traditional linear spectrum. Here, we measure the TKE response of seven
aromatic liquids at room temperature (benzene, benzene-d6, hexafluorobenzene,
bromobenzene, toluene, pyridine, and nitrobenzene) and compare our results with
previous optical Kerr effect (OKE) studies. Nitrobenzene is noteworthy, as previous
TKE experiments were unable to measure a response from this highly polar liquid,
due to its large absorbance in the THz region. All species exhibit similar collective
orientation timescales to those found in OKE spectroscopy. We identify a second
intermediate exponential component, previously only seen in OKE measurements,
that is separate from the electronic response and likely due to intermolecular vibra-
tions. The TKE and OKE experiments yield different amplitudes between the two
decays, suggesting distinct mechanisms of molecular excitation. We also observe
time domain oscillations from the nonlinear excitation of low energy intramolecular
vibrations in CCls and CH;I,. Altogether, these measurements set the stage for 2D

THz-THz-Raman spectroscopy, discussed in Chapter 7.
Two figures in this chapter were reproduced with permission from:

Allodi, M. A., Finneran, 1. A. & Blake, G. A. Nonlinear terahertz coherent excitation
of vibrational modes of liquids. The Journal of Chemical Physics 143, 234204
(2015).
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6.1 Introduction

The terahertz region of the electromagnetic spectrum (0.1-10 THz) is associated with
many important motions in liquids, including inter- and intramolecular vibrations,
orientational and librational motions, as well as large-amplitude conformational
torsions. Since kT at room temperature corresponds to 6.2 THz (207 cm™"), these
motions are not spectators, but active participants in chemistry on Earth. Compared
to the mid-infrared, THz motions are often delocalized over many molecules and
highly anharmonic, making them difficult to model. Despite years of investigation,
many questions remain about the structure and dynamics of THz motions in simple
liquids [6, |11]].

One experimental approach that may shed light on these motions is nonlinear spec-
troscopy. Indeed, nonlinear spectroscopy in the infrared and optical has provided a
rich set of information on condensed-phase chemical physics, not accessible with lin-
ear techniques, including broadening mechanisms and spectral diffusion timescales
[31, 149]. Unfortunately, the extension of nonlinear spectroscopy to the THz has

been difficult, due to a lack of high power THz sources, and sensitive detectors.

Recently, these difficulties have been overcome with Terahertz Kerr Effect (TKE)
spectroscopy, the first approach to measure a nonlinear THz response in a molecular
liquid [377]]. In this technique, a high-power THz pulse is used to excite a transient
birefringence in a sample, that is subsequently read out by a time-delayed optical
probe pulse whose polarization is oriented at 45 degrees with respect to the THz
pulse. For centrosymmetric media, such as molecular liquids, the lowest-order

polarization that is measured by the probe pulse is given by [37]]:

PO = EV'(t - 1) /0 d' RO (TVEP (t = T)E[" (¢~ 7),  (6.1)

where PO)(¢) is the third order polarization, EP" is the field of the probe pulse, E*
is the field of the THz pump pulse, and R®® is the response function of the liquid. In
this implementation, the linear THz signal is forbidden by symmetry, allowing for
a background-less detection of a nonlinear THz response. The broad applicability
of the technique is yet unknown, as previous work has suggested it is not feasible in

polar liquids, due to the strong THz absorptions [37].

To understand the molecular interpretation of TKE spectroscopy it is useful to con-
sider the well-established sister technique Optical Kerr Effect (OKE) spectroscopy.

The implementation of OKE spectroscopy is similar to TKE, except an optical pump
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pulse, typically at 375 THz (800 nm), is used, rather than a THz pulse. In both

techniques the measured signal consists of an instantaneous electronic response to
the applied field, followed by a long exponential tail due to the collective orienta-
tion decay of the molecules in the sample after alignment/orientation by the pump
pulse [27]]. A third “intermediate" quasi-exponential response is often seen in OKE
signals, although it has not been reported using TKE spectroscopy [27,[37]]. The ori-
gins of the intermediate response are not fully understood, but have been attributed
to the decay of dissipative intermolecular vibrational oscillations. Furthermore,
correlations between the intermediate and orientational responses suggest that these
responses may be motionally narrowed by the orientational fluctuations in the liquid
[27].

Previous theoretical work has indicated that the terms that contribute to the vibra-
tional and orientational excitation in TKE are different than in OKE [150, [151].
The leading order contributions to the orientational signal in TKE are oc aa and
oc avup, where a is the molecular polarizability, and u is the permanent dipole mo-
ment. The resonant dipole interaction is unique to the THz excitation frequency of
TKE, as the nonresonant excitation in OKE leads to a signal only dependent on the
molecular polarizability. Similarly, for vibrational excitation, the leading terms are
o,y o'y, and o’y 1’ in TKE, while nonresonant OKE only retains
the first term. The extra dipole terms in the TKE response provide complementary
information to the OKE measurement. They also allow for a third order 2D THz-
THz-Raman spectroscopy if two time delayed THz excitation pulses are used, as we
show in Chapter 7. This is in contrast to OKE spectroscopy, where the 2D realization
is a fifth order spectroscopy. The third-order measurement is advantageous, because
the fifth-order signal is overwhelmed by cascaded third-order processes in all but a
few select liquids [30, 35].

In this chapter, we compare TKE and OKE spectroscopy on a series of aromatic
compounds that vary in polarity and orientational timescales. We find the first
evidence for an intermediate decay in TKE that may shed light on intermolecular

vibrations in liquids.

6.2 Methods
Our experimental TKE setup has been described in Marco Allodi’s thesis and a
previous publication [[148], so only a brief overview will be given here. The liquid

sample is held in a fused quartz (Suprasil) cuvette with a 1 mm pathlength. To
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Figure 6.1: A schematic of the TKE experiment. An intense THz pulse is focused
onto a liquid sample and the resulting birefringence is probed with a time-delayed
800 nm probe pulse. Heterodyne detection increases the sensitivity and enables the
determination of the phase of the measurement.

generate coherent THz light we use 450 pJ, 1.45 pm, 45 fs pulses from an optical
parametric amplifier to pump a 3 mm aperture organic stillbazollium-based crystal
(DSTMS), as shown in Fig. [6.1} The crystal emits ~160 nJ THz pulses centered
at 2 THz, which we send through an optical beam block and a Gaussian telescope
(magnification factor = 7.5) to focus on the sample. The bandwidth of the THz pulses
is limited by the transmission through the front window of the Suprasil cuvette that
holds the liquid sample. The field strength at the sample is approximately 300
kV/cm.

We detect the transient birefringence in the sample with a weak probe pulse (~2 uJ,
800 nm, 40 fs) from the regenerative amplifier that pumps the optical parametric
amplifier. The probe beam is focused, passed through a polarizer and a 1/4 wave-
plate, combined with the THz beam on the sample, after which the polarization
is measured with a Wollaston prism and two balanced photodiodes. To increase
the sensitivity of the measurement, we employ a heterodyne detection scheme, by
precisely crossing the polarization of the polarizer and Wollaston prism. The angle
of the polarizer is then offset ~5 degrees to allow a small portion of local oscillator
power on the p-polarized detection photodiode. This increases the sensitivity, makes
the measurement linear in signal, and enables the determination of the phase of the

response.
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Figure 6.2: (a) The TKE response from benzene, and the empty fused quartz cuvette.
The cuvette signal is much weaker and 2 ps before the liquid signal due to the index
mismatch between the THz light and 800 nm light in quartz. (b) The response from
CCly shows no orientational contributions, and follows the square of the THz field.

Table 6.1: A comparison of our TKE results to OKE data from the literature.

TKE (this work) OKE [27,{152H154]

Species T ™ A T ™ A
CeHg 3.02) 0.9509) 0.402) 2.8(1) 1.108) 0.69
CeDg 3.3(2)  1.0(1) 0.392) 3.01) 1.149) 0.67
CsFeg 14.2(5) 2.9(2) 0.58(3) 13.3(5) 2.9(2) 0.88
CsHsN 432) 1.3(1) 0653) 4.13) 1503 0.73

CeHsCHj3 | 5.3(3) 1.2(1) 0.50(2) 4.80(5) - -

CeHsNO3 | 37.7(8) 2.5(2) 0.57(3) 35(03) 1.9(2) 0.72(7)
CgHsBr | 10.7(3) 2.02) 0.543) 10.92) 2.4(1) -

6.3 Results and Discussion

The TKE signal of benzene is shown in Fig. [6.2(a). The electronic response at t=0
ps is clearly visible, as well as the long decay due to collective orientation in the
liquid. All samples, including benzene, also show an early feature in the signal,
due to the response from the fused quartz cuvette. Fortunately, the feature is shifted
backward in time due to the index mismatch between the THz and optical light and

reaches zero signal at t=0.

To determine the instrument response, we measured the THz field using electro-optic
sampling and a 100 um thick GaP crystal placed at the sample position. We then

measured the TKE response of the spherical top CCly, which shows no orientational
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Figure 6.4: (a) The collective orientational decay of hexafluorobenzene, with the
fit shown as a dashed red line. (b) The fit residual reveals a second exponential
component beyond the electronic response. The CCly decay is plotted in blue.
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Figure 6.5: (a) The collective orientational decay of toluene. (b) The fit residual is
near, but distinct from the electronic response. The CCly decay is plotted in blue.
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Table 6.2: Goodness of fit parameters for the biexponential fit (b — sze 4) and the
exponential fit (e — sze @)

Species b — )(rzed e— szed
CesHe 1.2
Ce¢Ds 1.8 6.7
CeFs 1.0 6.6
CsHsN 1.0 2.0
CsHsCHj3 1.2 7.2
CgHsNO3 1.0 34
CeHsBr 1.2 16.4

response and follows the THz field squared (Fig. [6.2(b)). The decay constant of the
electronic response is ~250 fs, although it is not a purely single exponential decay.
Based on these traces we fit the experimental data >2 ps after the peak, to avoid the

electronic responses of the samples.

The full data set is shown in Fig. and the parameters used to fit the data
are shown in Table [6.I] Benzene-d6 has been excluded from Fig. [6.3] as it is
indistinguishable from benzene on this scale. With the increased sensitivity of the
heterodyne detection and slower orientational timescales of the measured samples,

we are able to measure TKE signals up to 70 ps of delay.

Initially, all samples were fit to a single exponential decay, as was done in previous
work [37]. The goodness of fit for each decay was evaluated using the sze 4> and
found to be relatively high (at 2-16, Table . Next, we fit the decays with a
biexponential function of the form:

B[Ae'!™ + (1 = A)e'l™), (6.2)

where B serves as an arbitrary scale factor and is not included in the analysis. The
sze 4 for the biexponential fits vary from 1-2 (Table , indicating a better fit to the
data. The biexponential behavior is illustrated for hexafluorobenzene and toluene in
Fig. and [6.5] respectively. For both molecules, the long exponential collective
orientational decay is linear on a natural log scale (Fig. [6.4p, Fig. [6.5h). Once this
component has been subtracted, a second exponential is visible with a shorter time
constant, distinct from the electronic response of CCly (Fig. [6.4(b), Fig. [6.5(b)).

For the symmetric top, nonpolar species benzene, benzene-d6, and hexafluoroben-

zene the collective orientational decay occurs as a single exponential decay that is
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dependent on the polarizability, as these species lack a permanent dipole moment.
There are no other intramolecular THz active motions in these liquids, so any resid-
ual signal is due to intermolecular motions, as has been shown in previous OKE
experiments [152]. Given these constraints, we assign the 1 ps decay in benzene,
benzene-d6 and the 2.9 ps decay in hexafluorobezene to overdamped intermolecular
motions excited by the THz pulse. This is the first evidence of nonlinear excitation
of intramolecular motions in a liquid by a THz pulse. Although the measured time
constants agree well with OKE results from the literature [152], the relative am-
plitudes are significantly changed. For all three species, the A constant is smaller,
indicating a larger intermediate response relative to the orientational response. To
further illustrate this point, we have overlayed the TKE and OKE response from
hexafluorobenzene in Fig. @ The OKE data was taken from the literature [[155]]
and scaled to match the peak TKE signal and zero signal level before the arrival of
the pump pulse. We attribute the larger TKE intermediate response to the additional

v

TKE dipole terms oc o’ '/, @'/, and o’ u

4

(' that are not present in the OKE

measurement.

Next, we consider the asymmetric top species pyridine, toluene, nitrobenzene, and
bromobenzene. For these molecules the collective orientational signal includes
terms o« aa and auu, since they all contain a permanent dipole moment. The
intermediate OKE response has only been measured for nitrobenzene, pyridine,
and bromobenzene and is believed to originate from intermolecular interactions,
although the interpretation is more complex than in the symmetric top species
[27, (153, [154]. With TKE we measure collective orientation and intermediate
timescales similar to the values measured in OKE experiments, while our A constants
are consistently smaller. One trend that emerges in the TKE A constants is a
dependence on dipole moment. For benzene, benzene-d6, and hexafluorobenzene
we see A constants that are 59%, 58%, and 66% of the OKE values. Pyridine and
nitrobenzene are considerable larger, at 86% and 76%. We posit that this is due
to the increased role of the permanent dipole moment in the orientational signal of

these species, although further modeling is needed.

In addition to orientational and intermediate responses, many OKE signals have
oscillatory components due to the excitation of intramolecular vibrational modes
[27]. These features have never been observed in TKE experiments, although most
small molecule liquids do not have intramolecular vibrations in the region covered

by typical pulsed THz sources. To determine if such features exist in TKE, we
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Figure 6.6: A comparison of the TKE and OKE responses of hexafluorobenzene,
scaled to match the same peak signal and pre-pump pulse zero signal level. The
approximate instrument response function is illustrated with the TKE response of
CCly. The OKE data is from [155].

compared the responses of CCly, CS,, and CH,I, (Fig. [6.7). In CCls and CHyI,
we observed time domain oscillations consistent with excitation of the low energy
v, and v4 modes, respectively. In CS,, we did not observe any oscillations, as there
are no intramolecular modes of this molecule in the spectral region covered by our
THz pulses. The exact mechanisms of vibrational excitation in CCly and CH»I,
are unclear from this 1D data, since the TKE experiment involves two light-matter
interactions with the first THz pulse. In the next chapter (Chapter 7), we will explore
the origins of these signals in more detail by adding a second THz pump pulse to

the experiment.

6.4 Conclusion

In summary, we have measured the TKE responses of six aromatic compounds,
including the highly polar species nitrobenzene and pyridine. All decays were fit
to a biexponential function, yielding two decay constants. The longer of the two

constants corresponds to the collective orientational decay in these liquids, and
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Figure 6.7: (a) In several liquids with low frequency intramolecular modes, in-
cluding CCls and CH>1,, we have observed vibrational coherences convoluted with
the orientational decay. (b) Detrending the orientational response isolates the co-
herences more clearly in the time domain. (c) The Fourier transform of the time
domain traces reveals the frequencies of the oscillations. The 6.50 THz peak in
CCly matches the v, mode, while the 3.66 THz peak in CH,I, matches the v4 mode.

agrees quite well with previous OKE experiments. The timescale of the second
decay is close to the intermediate decay observed in OKE spectroscopy, and is
likely due to overdamped intermolecular vibrations in the liquid. Although the
timescales of TKE and OKE are similar, their relative amplitudes differ greatly,
suggesting the influence of dipole terms in the TKE experiment. We have also
observed underdamped oscillations in CCly and CH»I,, due to the nonlinear THz

excitation of intramolecular modes.
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Chapter 7

2D THZ-THZ-RAMAN SPECTROSCOPY OF LIQUIDS

After observing nonlinear THz signals from liquids in Chapter 6, we now imple-
ment 2D THz-THz-Raman spectroscopy by adding a second THz pump pulse to
the experiment. This hybrid approach isolates nonlinear signatures in isotropic
media, and is sensitive to the coupling and anharmonicity of thermally activated
THz modes that play a central role in liquid-phase chemistry. More generally, it
is the first technique to interrogate a liquid with multiple pulses of THz light. By
varying the timing between two intense THz pulses, we control the orientational
alignment of molecules in a liquid, and nonlinearly excite vibrational coherences. A
comparison of experimental and simulated 2D-TTR spectra of bromoform (CHBr3),
carbon tetrachloride (CCly), and dibromodichloromethane (CBr,Cl;) show previ-
ously unobserved off-diagonal anharmonic coupling between thermally populated
vibrational modes. The simulations presented in the this chapter were done in
collaboration with Dr. Ralph Welsch and Professor Thomas Miller III.

This Chapter has been reproduced with permission from:

Finneran, I. A., Welsch, R., Allodi, M. A., Miller, T. F. & Blake, G. A. Coherent two-
dimensional terahertz-terahertz-Raman spectroscopy. Proceedings of the National
Academy of Sciences 113, 6857-6861 (2016).
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7.1 Introduction

Detailed molecular pictures of the structure and dynamics of liquids drive our un-
derstanding of chemistry and biology. Nonlinear two dimensional (2D)-infrared and
-nuclear magnetic resonance (NMR) spectroscopies have revealed many specifics
of liquid behavior, monitoring the coupling, spectral diffusion, and homogeneous
linewidths of intramolecular vibrations and nuclear spins [34} [157]. However, the
motions that directly participate in solvation and chemical reactivity are manifest in
the terahertz (THz) region of the spectrum, making 2D-THz studies especially valu-
able. To date, no 2D technique has been demonstrated that incorporates multiple

terahertz interactions with a liquid.

Recent advances in pulsed, high power THz sources with electric fields exceeding
100 kV/cm have enabled a new generation of nonlinear THz spectroscopy, in which
THz radiation is used to both manipulate and record the response of matter [[158]].
It is now possible, for example, to control the alignment of gas-phase molecules
[159] and antiferromagnetic spin waves [160], drive an insulator-to-metal transition
in oxides such as VO, [161]], and break up Cooper pairs in a superconductor with
intense THz pulses [162]. Nonlinear THz interactions have also enabled the first
demonstrations of 2D-THz spectroscopy in a double quantum well system and
graphene [[163,164]].

With weak transition dipole moments, yet high THz absorptivity, liquids present
many challenges with respect to the development of 2D-THz spectroscopy. Initial
successes with 2D-Raman spectroscopy were later shown to suffer from the inter-
ference of cascaded processes [29, 30, 165]], but new schemes using optical pulse
shaping have eliminated the cascaded contributions [[166]. An alternative approach
is resonant 2D-THz spectroscopy, analogous to 2D-IR spectroscopy. However, this
method is hindered by a lack of THz directional phase-matching, leading to signals

that can be easily overwhelmed by a strong linear background.

In the last few years, hybrid optical-THz techniques that circumvent these challenges
have emerged, including 2D-Raman-THz spectroscopy and THz Kerr effect spec-
troscopy (Chapter 6) [11, |37, 148]. Here, we present the complementary 2D-TTR
spectroscopy, a natural extension of these hybrid techniques, that was described
theoretically by Cho in 1999 [29, (167, 168]]. 2D-TTR is the first 2D-experimental
technique applicable to liquids that is nonlinear in the THz field, and it is sensitive
to the anharmonicity of molecular vibrations and the molecular orientational align-

ment. In these first experiments, the power of this technique to explore molecular
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Figure 7.1: An overview of the 2D-TTR experiment. (a) The pulse sequence used
in this work includes two intense THz pulses separated by time delay t;, followed
by a weak NIR probe pulse at delay t,. The signal is measured as a birefringence
of the NIR probe pulse, and is sensitive to changes in molecular polarizability.
The polarizations of the light fields are shown in the circles above the pulses. (b)
By controlling the phase overlap of two high-field THz pulses in liquid CHBr3, a
positive (t;=0 fs) or negative (t;=250 fs) signal corresponding to the birefringence
can be generated. Multiexponential contributions from intermolecular vibrations
and librations are present near to=1 ps. At other times (t;=150) the orientational
birefringence is dampened. (c) The proposed molecular mechanism causing a sign
change in the birefringence is due to control of the electronic polarizability and
orientational alignment of the molecules in the sample.

dynamics and interactions is demonstrated in simple halogenated liquids. With mod-
est improvements in sensitivity, 2D-TTR should be suitable for studies of inter- and
intramolecular vibrational heterogeneity in biological macromolecules, amorphous

solids, and hydrogen-bonded liquids.

7.2 Results and Discussion

The 2D-TTR experiment (Fig. [7.Tp) uses two intense carrier-envelope-phase (CEP)
stable THz pump pulses followed by a weak 40 fs near-infrared (NIR) probe pulse.
By adjusting the delay t; between THz pulses, we control the phase of the THz
radiation at the sample, while maintaining a constant power. The heterodyne-
detected transient birefringence is measured along the t, axis with the NIR probe
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pulse from the same laser system. By Fourier transforming over the t; and t, times,
one can generate 2D plots in the frequency domain. In an isotropic medium, such
as a liquid, the lowest order contribution to the measured nonlinear polarization is
given by [37,149]:

PO = // dtidty R¥(t1, 1) E(t — t2) EA(f — ti — t2) Enir(t), (7.1)

where RO)(ty, 1) is the third-order response function of the liquid, and EA(f —t; —t»)
and Eg(t — tp) are the two THz pulses and E,; () is the NIR probe pulse. Weaker
single-pulse third-order responses are removed by differential chopping, as shown

in the Methods section.

We illustrate the principal components of a 2D-TTR response function with the
birefringent signal from liquid bromoform at 295 K (Fig. [7.1] (lhs), Fig. [7.2p).
For the t;=0 fs trace (Fig. (Ihs), black line), the electronic response is visible
as a sharp peak near t,=0 ps, which follows the (E-field)? (including phase) of the
THz radiation [37]. An exponential decay extending to t;=2 ps results from the
rotational diffusion of the molecules in the liquid as they reorient after aligning with
the THz field [37]]. Nonlinear vibrational coherences from the excitation of the v6
mode are visible as a damped oscillation out to tp=4 ps [148]. As t; is shifted to
150 fs (red line), the transient birefringence is attenuated, while at 250 fs (blue line)
the response becomes negative. A full 2D scan of this t;-dependent THz electric
field-driven control is shown in Fig. [7.2h.

To understand the observed birefringence control, we return to the 2D-TTR pulse
sequence (Fig. [7.Tp). The polarizations of the THz pump pulses are orthogonal
(shown in the black circles) and CEP stable. By changing the phase offset (A¢)
between the pulses, or t;, we change the polarization of the total THz field (E)
when the pulses are overlapped in time (Fig. [7.1c). At t; = 0 fs, A¢=0, and E,y is
oriented at +45 degrees with respect to the probe, while at t; = 250 fs, A¢=nr and

Eiot is oriented at +135 degrees with respect to the probe.

The electronic and nuclear alignment of the molecules follows the polarization
of the THz radiation, as shown in Chapter 6 [37, |148|]. Thus, we posit that the
change in the measured birefringence as a function of t; is due to angular control
of the molecular alignment induced by the THz polarization (Fig. [7.1c). A simple
orientational model of this behavior using the measured THz electric fields is shown
in Fig. (rhs). The parameters of the model are given in the Methods section.
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Figure 7.2: Representative time domain 2D-TTR signals. (a) The 2D time domain
response of liquid bromoform (b) Cutting the response in (a) beyond t;=1 ps and
detrending fits isolate the vibrational coherences.

The orientational model correctly predicts the sign changes and zero crossings of the
birefringence, although it does not account for the nonlinear vibrational coherences.
Thus, by varying the phase of the THz polarization at the sample, one can control

the orientation of molecules in a liquid.

We now consider the damped oscillation shown in Fig. [7.Ib (lhs) and Fig. [7.2h.
This component is due to the excitation of intramolecular vibrational coherences, and
provides information on the coupling and anharmonicity of vibrations in the liquid.
It is best visualized with a 2D Fourier transform along the t; and t, axes starting at

to=1 ps, after detrending the orientational response with a single exponential fit for
each t, scan (Fig. [7.2b).

The origins of the 2D-TTR signatures can be derived using third-order perturbation

theory on a three-level system, yielding 24 rephasing and non-rephasing Liouville
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Figure 7.3: A quantum mechanical description of the measured signals. (a) 2 of 24
Liouville pathways in the 2D-TTR experiment for generalized eigenstates |a), |b),
and |c). (b) The energy levels and observed couplings in CHBr3, and for CCly in
(c). THz excitations are shown in black, Raman in red.

pathways, as shown in Figs. [7.14] and [7.15]in the Methods section. With phase-
sensitive heterodyne detection, rephasing and non-rephasing Liouville pathways are
differentiated in a 2D Fourier transform. Signals in the first quadrant (f; = +, f, = +)
are non-rephasing, while signals in the second quadrant (f; = +, f, = F) arise from
rephasing pathways [149] [I63]]. The bandwidth (0.5-4 THz) of the THz pulses
restricts the experiment to 8 of the 24 pathways, all non-rephasing, 2 of which are
shown in Fig The sum of the 8 pathways yields a response function R®)(t, t,)
given by:

R(3)(t19 t2) o ,uab,ubcI_Iac(pabe_lwabtl e_lwaCtz - Pbce_lwatle_lwaCtz)- (72)

Here dipole and polarizability couplings are labeled as pu,, and Il,,, and the equi-
librium population differences between states y and x as p,, for the generalized
three-level system. Thus, each peak in a 2D-THz-THz-Raman spectrum results
from a closed-loop between three molecular eigenstates, hereafter denoted |a), |b),

|c). Coherences are initiated by THz pump A and seen on the t; time- or f;
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Figure 7.4: Experimental and RDM simulated 2D-TTR spectra of CHBr3 (a), CCly
(b) and CBr;Cl; (¢). The f; axis corresponds to the THz pump, while the f; axis
corresponds to the optical Raman probe.

frequency-axis. THz pump B moves these coherences to a new eigenstate, analo-
gous to a coherence transfer pulse in 2D-NMR. The loop is closed with a |[¢) —
la) or |a) — |c) Raman transition on the t, time, or f, frequency, axis. Similar
to 2D-Raman and 2D-Raman-THz spectroscopy, every closed-loop contains one or
more transitions forbidden in the harmonic approximation, allowing us to directly

measure the molecular anharmonicity [ 12} 30].

In Fig. [7.4], we demonstrate the capabilities of 2D-TTR in measuring vibrational
anharmonicities with the spectra of bromoform (CHBr3, 295 K), carbon tetrachlo-
ride (CCly, 295 K), and dibromodichloromethane (CBrCl,, 313 K). For all three
liquids, we observe peaks on the f; Raman axis that match the known lowest energy
intramolecular vibrations: v6 in CHBr3 (Fig. |7;5D; v2 in CCly4 [169, [170]]; v4 and
v5 for CBr,Cl; [171]. Returning to the closed-loop picture, the |c) < |a) Raman
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Figure 7.5: The linear spectrum of bromoform, taken with a plasma filamentation
THz source, and a 200 micron thick GaP crystal for EO detection.

transition is clearly assigned to changes of one quantum in each of these low energy
modes. The remaining mystery is the identity of the intermediate state |b) in the

closed-loop, which can be determined by examining the f; positions of the peaks.

At ~300 K (kpT/h=6.2 THz) there is significant population in the low energy
vibrational and bath states of these liquids. Using linear Raman and THz spectra
and Eq. 7.2, we can predict the precise peak positions for coupling to different |b)
states. For CHBr3, we observe a doublet f; peak that is consistent with anharmonic
coupling between v6 and v3, but not with anharmonic coupling of v6 to bath modes
(Fig. [7.3pb, Fig. [7.4p). CCl4 exhibits a similar doublet on the f; axis that matches a
v2-v4 coupling (Fig. 7.3k, [7.4b). Simulated spectra from a reduced density matrix
(RDM) method (see Methods section) show good agreement with the experimental

results (Fig. [7.4p,b, rhs).

The thermally populated vibrational manifolds of CBr,Cl, (Fig. are more
complicated than those of CCls and CHBr3, which leads to further possibilities for
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Figure 7.6: The vibrational energy levels of CBr,Cl,. Observed THz excitations
are shown as black arrows, those for Raman excitations in red.

vibrational coupling. However, a simple RDM simulation with eigenstates from
the linear Raman spectrum and weak anharmonic v4«<v7 and v5<v7 coupling
reproduces all of the observed peaks (Fig. [7.4)), and gives us insight into the relative
coupling strengths in this liquid. Specifically, we see that the two lowest energy

vibrational modes v4 and v5 are more strongly coupled to v7 than v3 and v9.

To test the robustness of the CBr,Cl, simulations, we have plotted the RDM pre-
dicted spectra for several different coupling schemes in Fig. [7.7] With v3, v9, or
v7/v9/v3 coupling, the RDM spectra are qualitatively different than the experimental

spectrum, while there is good agreement with only v7 coupling.

We can further differentiate the v3 coupling schemes by considering the symmetry
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Figure 7.7: The experimental and RDM simulated spectra for various couplings in
CBI‘2C12.

of the modes. For any transition dipole matrix element to be non-zero, the following

must be true
(o lt|¥p) #0 T, 0T, ®T; D Ay,

where ¥, are vibrational eigenstates, y is the dipole operator, I'; denotes the irre-
ducible representation and A; refers to the totally symmetric representation. The
point group of CBr,Cl; is Cy,, with irreducible representations of the dipole op-
erator Ay, By, and B,. Thus, the transition between |01000) (A, symmetry) and
|00010) (A; symmetry) in Fig. [7.6is forbidden, while all others are allowed. In
Fig. we set this forbidden coupling to zero, but still do not see good agreement
with the experimental spectrum. Finally, we also performed this analysis on CCly

and CHBr3, but found no symmetry forbidden transitions.
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7.3 Conclusion

In summary, we have demonstrated the first 2D spectroscopy of liquids that is
nonlinear in the THz field. With two time-delayed THz pulses and a NIR probe
pulse, we can control the orientational alignment of molecules in a liquid and
generate 2D-THz-THz-Raman spectra that are sensitive to anharmonic vibrational

coupling. We measure significant coupling in the lowest frequency intramolecular
modes of liquid CHBr3, CCly, and CBr,Cl,.

The off-diagonal peaks measured in the 2D-TTR spectra provide new information
that is not present in a 1D linear spectrum. Specifically, the linear THz peaks of a
liquid reveal the energies of its molecular eigenstates, while the off-diagonal 2D-
TTR peaks show the coupling between these eigenstates. The features measured
here are by definition cross peaks, since they correlate a frequency on the pump axis
to a different frequency on the probe axis. This allows us, for example, to show that
in CBr,Cl, v4 and v5 are most strongly coupled to v7 — information unobtainable in
a linear spectrum. These off-diagonal peaks also allow us to determine individual
components of an inhomogeneously broadened feature in the linear spectrum. Thisis
the case in CHBr3 and CCly, which show an inhomogeneously broadened absorption
from 0.1-3.5 THz (Fig. [7.3) [[169, [170]. It is impossible to resolve the components
of these features with a linear measurement, as the broadening is intrinsic to the
liquids. The 2D-TTR spectra, however, reveal several distinct components due to

difference band transitions between intramolecular modes.

Although limited in these first experiments, we expect 2D-TTR sensitivity im-
provements of xX100< using existing technologies [[172, [173]]. Such improvements
should enable studies of intermolecular vibrations in isotropic molecular solids and
hydrogen-bonded liquids. The importance of THz-active motions in biochemistry is
well documented [[174], and 2D-TTR studies could ultimately provide new insights
on processes such as protein folding and DNA internal conversion. In the next chap-
ter we extend the bandwidth of the THz pulses to reveal photon echo signals and

further investigate the molecular origins of the forbidden transitions in bromoform.

7.4 Methods

Experiment

A schematic of the 2D-TTR experiment is shown in Fig. [7.8a. The heart of the
system is a 38 fs Coherent Legend Elite USP Ti:Sa regenerative amplifier seeded
by a 80 MHz Coherent Mantis oscillator. The 3.6 mJ, 800 nm pulses from the
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amplifier are sent into an optical parametric amplifier (OPA, Light Conversion Ltd)
and downconverted to 1450 nm (signal, 500 pJ) and 1780 nm (idler, 330 wJ). The
OPA signal beam is routed through a second delay line (t;, Fig. [7.8(a)) and used
to drive a 3 mm aperture DSTMS (4-N,N-dimethylamino-4-N-methyl-stilbazolium
2,4,6-trimethylbenzenesulfonate) THz generation crystal (Rainbow Photonics). The
OPA idler output is sent directly to a second 3 mm aperture DSTMS crystal. The
DSTMS crystals are optimized for THz generation phase matching near 1450 nm,
but we achieve a roughly equivalent THz power near 1700 nm. The 1450 nm
signal/1780 nm OPA setting was chosen to optimize the THz power of both beams,
taking into account the wavelength dependent conversion efficiency of the OPA and
the DSTMS efliciency.

The two separate THz pulses (3 mm beam diameter) from the signal and idler OPA
beams are combined on a knife edge prism mirror, and residual optical light is
blocked with a thin layer of black polyethylene and a roughened TOPAS plate. The
THz pulses are run through a Gaussian telescope with 7.5X magnification (22.5
mm THz beam diameter) and then focused onto the sample with a 2 inch Effective
Focal Length (EFL) 90 degree off axis parabolic mirror. Both pulses have a peak
field strength of ~300 kV/cm at the sample. Liquids are held in a 1 mm path length
Suprasil quartz cuvette. The transient birefringence in the sample is probed with
a small portion of the 800 nm light (1 mW) that is split off from the amplifier and
sent down a mechanical delay line (t,, Fig. [7.8p). As described in Chapter 6, we
have implemented heterodyne detection of the transient birefringence using a 10°:1
optical polarizer, an 800 nm A/4 plate, a Wollaston prism, and a pair of silicon
photodiodes|[|148]]. No nonlinear signal was detected from the empty quartz cuvette
in the 2D-TR experiment. This is likely due to the fact that the focusing and beam
overlap was optimized inside the cuvette with CS; rather than on the cuvette walls.

To isolate the two-pulse 2D-TTR signal we chop the signal beam at f,..,/6 and the
idler beam at f,.,/4, where f,., = 1 kHz, the repetition rate of the laser. We detect the
birefringence on a lock-in amplifier at f,.,/12=83.3 Hz. The 1 pulse rejection of the
experiment on CS; is shown in Fig. When either the signal or idler is blocked
there is no detectable interference from the single pulse signals, confirming that the
experiment is exclusively sensitive to the two pulse signal. Next, we measured the
single pulse signals and compared their intensity with the two pulse signal (Fig.
[7.9b). The two pulse signal is 2x stronger than the idler response and 4 stronger

than the signal response.
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Figure 7.8: (a) A diagram of the 2D-TTR experiment. See text for details. (b) The
pulse sequence used in 2D-TTR spectroscopy. (c) The measured time domain traces
of the THz pulses using electro-optic sampling in a 200 micron thick GaP crystal.
(d) The FFTs of the traces shown in (c).
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Figure 7.9: (a) The measured single pulse rejection of the 2D-TTR experiment.
No interference from single pulse signals could be detected. (b) The 2- and 1-pulse
responses of liquid CS,. The 2-pulse signal is stronger than either 1-pulse response.

The THz fields from both the signal- and idler-driven DSTMS emitters were mea-
sured with electro-optic detection using a 200 micron thick GaP crystal placed at
the sample position (Fig. [7.8c). The bandwidth of the signal pulse extends from
0.5-5 THz, while that from the idler extends over 0.5-4 THz. The polarization purity
of the THz pulses were measured with a wiregrid polarizer and a Gentec-EO inc.
QS3-IL broadband pyroelectric detector mounted in a QS-I-TEST box at the sample
position. The signal THz pulse has a polarization purity of 80%, while the idler
THz pulse has a polarization purity of 90%. Finally, the peak field strength of both
THz fields are ~300 kV/cm measured with the same pyroelectric detector and the
EO traces. The details of the THz field strength measurement are given in Marco

Allodi’s thesis and a recent publication [[148].

Orientational Model for 2D-TTR Spectra
A schematic of the light polarizations used in the 2D-TTR experiment is shown in
Fig. THz pulse A is polarized vertically, or along the § unit vector, while THz
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Figure 7.11: Time domain traces of the total THz electric field, including polar-
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pulse b is polarized horizontally, or along the X unit vector. When the THz pulses
are overlapped in time, the polarization of the total field is dependent on t;. For
example, at t; = O fs the field is rotated roughly toward the i direction (Fig. ),
while at t;=250 fs the j direction (Fig. ). At t;=150 fs the field is roughly
circular, with equal components along the i and J directions (Fig. ). The NIR
probe pulse is oriented along the y direction and the balanced detection is sensitive
to the difference in the change of refractive index oriented along i (n;) and along j
(n2): S o An(t) = n(t) — ny(t). In the absence of an excitation field in an isotropic
liquid n; = ny so An = 0. When a THz pulse is applied in the 7 direction, this leads

to a signal given by

An(t) = / dtoR(L)E(t — to), (7.3)

where R is the response function of the liquid and Ej is the field oriented in the i
direction. For an isotropic medium, excitation along the j direction causes a sign

change in An

Anj(t) = - / dtzR(tg)Ezz(l‘ - t), (7.4)

where E» is the field oriented in the j direction. The total signal is thus

Ango (1) = Ani(t) + Anj(1). (7.5)

The total THz field is given by E;,; = ExX + Egy. Alternatively, we can express

this in the 7, j coordinate system

\/5 2 \/i 2 2 2
Eior = T(EA + Ep)i + T(EB —Ea)j = Evi + By, (7.6)
Angor(t) = /dtzR(tz)Elz(f —t) - / dLR(L)E5(t — ©). (7.7)

Plugging in our values for E| and E> we get (for a given value of t;)

Anyon() = 2 / duR)EA( - 0)Ep(t - ). (78)
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Now, using the model from our previous work we break the response function into
two components: an instantaneous electronic response and a single exponential
orientational response [148]]. We use the measured electric fields to calculate the

electronic portion of the signal, or

Se(t1, 1) = EA(t2 + t1)Ep(t2). (7.9)

We then calculate the orientational portion of the signal, S,, with the discrete time

step equation

So(ti, t2 + Aty) = Sp(2) + [Ea(tz + Aty + t))ER(t2 + Aty) — Sp(t2)/7T]At,  (7.10)

where 7 is the orientational decay constant [[148]].

Reduced Density Matrix (RDM) Simulation

Spectra are simulated using a reduced density matrix method [31} |149] in this
chapter. The time evolution of the density matrix p is determined by the Liouville-
Von Neumann equation

dp
h— = [H, p], 7.11
ih— [H, p] (7.11)

where H is the Hamiltonian operator. We use a second-order differencing technique

[175] to numerically calculate the time evolution of the density matrix:
p(t +Ar) = p(t)—% [H (1), p(1)] 2 At — 2T A, (7.12)

where I'; j = (1 - ¢;, J')%- is the dephasing rate with an associated time-constant 7;
(31, (149].

The Hamiltonian H (¢) consists of time-independent H and time-dependent H . (z)
terms, which describe the molecular system, and its interaction with the THz pulses,

respectively:
HY, = E;;, (7.13)
HE (1) = pijF(t). (7.14)

Here, E; is the energy of the i-th system eigenstate, y; ; is the dipole coupling element

between state i and j and the THz electric field F(¢) is given as
—(t—Ti)z

Fit)=A Z e @ cos(wi(t — 7)), (7.15)

i=12
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where 1;, 07, and w; are the temporal delay, the temporal width, and center frequency
of the i-th THz pulse, respectively and A is the THz electric field strength of both

pulses.

The nonlinear molecular polarization corresponding to the measured signal is given
by

P(t) = tr (D p(t)) - Z tr (Dp;(1)), (7.16)
j=12

where the matrix D contains coupling elements for the final Raman interaction and
p;j(t) was propagated with only the j-th THz pulse. We subtract the single pulse
responses from the total response to isolate the two pulse nonlinear response of
the system. In the experiment, this is accomplished with differential chopping of
the two THz beams. To generate the 2D response, the first THz pulse is fixed at
71 = 0.0 fs, the second pulse is scanned as t; = —7», and the Raman readout delay
is given as ty = ¢. 2D spectra were generated by applying a 2D FFT to the resulting
2D response. Simulations were only run for 7, > o7, since this model does not
properly describe the system response when the THz pulses are fully overlapped in
the time domain. We tested the validity of this point by comparing the FFTs of the
experimental data for different time windows (see Fig. [7.12)). The different spectra
are in qualitative agreement, although the signal-to-noise ratio and resolution are

somewhat degraded.

A full list of the eigenstate energies used in the simulations is given in Table
Raman and dipole coupling elements in Table[7.2] and general simulation parameters
are in Table [7.3] THz (dipole) couplings greater than 4 THz were set to zero, due
to the limited bandwidth of the experiment. The eigenstates were populated at 300
K and propagated from time ¢ to time 7,. Overtone and combination state energies

were calculated from the fundamental energies, assuming no anharmonic shift.

Perturbative Density Matrix Derivation for 2D-TTR

The 2D-TTR experiment consists of two THz pulses followed by one Raman pulse.
If we assume a third order interaction (the leading order contribution) this limits us
to signals that originate from the interaction of light with a three-level system (triad)
and at least one transition that is forbidden in the harmonic representation (Fig.

[7.13). To understand the measured signals we start with the nonlinear polarization
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Figure 7.12:  (a) The 2D-TTR spectrum of bromoform, with time domain data
acquired from -0.85 ps < t; < 1.55 ps. (b) The 2D-TTR spectrum of bromoform,
here the time window is 0.3 ps < t; < 1.55 ps. The resolution and sensitivity are
accordingly lower, but the doublet is still present.
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CHBI‘3 CC14 CBI‘2C12
State E State E State E
|00), A; 0.0 |00), A; 0.0 || |00000), A; | 0.0
[10), E 4.76 [10), E 6.51 || |10000), A; | 4.62
|01), Ay 6.68 |01), F> 9.29 || 101000), A, | 5.25

120, Ay + Ay + E | 9.52 || [20), A + A2 + E | 13.0 || [00100), B; | 6.87
— — — — | 100010, A; | 7.25
— — — — || |00001), B, | 7.85
_ — — — || 120000), A; | 9.24
_ _ — — || 111000), A, | 9.86
— — — — | 102000, A; | 10.5

Table 7.1: Eigenstate energies used in the calculations, in THz. (Fig. [169-
1'71]) The notation is taken from the main text and symmetry labels are given for all
states.

I\ t i\ I“-_ THz-THz-Raman
1 t; 5 This work

| €) g

3y > THz-Raman-THz
tl e, tz . Wy
------ Savolainen et al. 2013

Il’> — wac

Raman-THz-THz

t I\ t .
m G A W 2 Savolainen et al. 2013 Wab

(1) el

t, m t i“._ Raman-Raman-Raman
2__13: _ Tanimura and Mukamel 1993

. detect A‘- detect
= = \ = n=
I\ THzm Raman % _ THz At = paman

L.

Figure 7.13: A comparison of the various 2D pulse sequences that have been used
to study low energy modes of liquids via interactions with a three level system[11,
29, 30]. The signals from these techniques provide different information and are
thus complementary[ 168]].
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T in fs 0.0
75 in fs -300 - -2000
A1 in fs 50
o in fs 250
o» infs 250
w1 in THz 3.0
wy in THz 2.5
A in MV/cm 0.3
Tij in fs 1500
t; in fs -4000
t, in fs 4000
At in fs 1.0

Table 7.3: Summary of general parameters used in the density matrix propagation.

[31,149]

PO = // dtidty R¥(t1, 1) E(t — t2) EA(f — ti — t2) Eni (), (7.17)

and the third order response function [31} [149]]

RO(1,) = ~ir{T1(6 + ))[(0),pegl) (7.18)

where peq is the equilibrium density matrix. Expanding commutators yields:

RVt 1) = - %W (II(ty + t2)u(t1)p(0)peq — TI(ty + t2)pu(t1)pequ(0)

+ II(t) + t2)pequ(0)u(tr) — TI(ty + t2)u(0)peqults))-

(7.19)

For shorthand, we now designate I1(t; + tp) as I, u(0) as wg, and u(ty) as u;. Any

TTR signal must come from one of four interactions

tr{llp popeq);  tr{lluspeqro); trillpequopr); tr{Iluopeqii1)- (7.20)

This leads to 24 possible interactions plus their complex conjugates, all of which are
shown in Fig. [7.14] with double-sided Feynman diagrams. From this point forward,
we will, by convention, only consider the 24 terms in Fig. [7.14Jand not their complex
conjugates, as the conjugate terms do not carry any extra information. Adding the

24 terms together yields 12 distinct terms plus their complex conjugates:
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Figure 7.15: The 2D-TTR spectra possible in the interaction with a three-level
system.

RO(t1, 2) <ptapttoe e ((Opb — Paa)e @ e™Cac2 — (o — ppp)e @Wrell gmiact2)

—lwgpt] +iwpetr

+ /Jacﬂbcnab(pcc - paa)e_iwaCtl e_iwabtz - ,uab,uacnbc(pbb - paa)e e

—iWpe +Hwgpty

+ ,ubc,uacnab(pcc - Pbb)e tle - ,uac/Jabch(pcc - paa)e_iwmtl e_iwatz

+c.c.,

(7.21)

where p, is a diagonal entry in the equilibrium density matrix corresponding to the

population of state x. We now define the population, p,, and population difference,

pxy’

Pxx = Px» Pxy =Py — DPx» (7.22)

and plug these in the response function:

R(3)(t1, 1) & ftapppellac(pape " “arl g7 Wacs _ p) pTiWbel TI0act)

—iWgcet] ,—lWapt —lwgpt] ,+iwpet
+ ,uac,ubcnabpace a’le ab — ,Uab,uacnbcpabe ab’le be

—lwpet]  FHwapt —iWgc —iWpe

Ly,

(7.23)

+ ,uhc,uacnabphce e - ,uac,uahncbpace tle

The THz pulses used in this work have a modest bandwidth of 0.5-4.0 THz. This is

less than the lowest energy vibration in all three molecules studied. Thus, the THz
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light contains sufficient bandwidth to excite w,, and wp., but not w,.. Including

this assumption, hereafter called assumption (i), we are left with

R(t1, 1) « papptpege(pape @t e7i@act2 — p, gTi@cllgmi0ac2) 4 ¢ (7.24)

2D-TTR spectra for these interactions are shown in Fig. With assumption
(i) we expect two non-rephasing off-diagonal peaks for each triad, while with no

assumptions we expect 4 non-rephasing and 2 rephasing peaks.

If we assume a very small angle between the two THz beams, we can determine
the direction of various Liouville pathways from the Feynman diagrams. In this
geometry, all three beams are in the same plane and the angle between k 4 and I:B
is bisected by I_c)m-,. For the 8 pathways observed in this work, the direction of the
nonlinear signal is le + l_c)B + ]_énir and —l;A — 123 + I;,m. If we assume |l_<)A| = |l€B| then
these signals will be collinear with l;m-,. For the 16 remaining Liouville pathways this
is not the case. They will have directions given by k A— I;B + Zm‘r and —k At I;B + l_c)m-r.
These signals would be slightly offset from l_c)m-r. However, due to the high divergence
of THz light, the two THz beams will be nearly collinear at the sample and these

various signals will overlap with l_c)m-r.



104
Chapter 8

BROADBAND 2D THZ-THZ-RAMAN ANALYSIS OF
BROMOFORM

The initial 2D THz-THz-Raman spectrometer presented in Chapter 7 was restricted
to <4 THz of bandwidth by the quartz cuvette that holds the liquid samples. Ulti-
mately, this limited the measured signals to non-rephasing peaks with low frequency
THz transitions on the f] axis. With perturbation theory, however, we showed that
other rephasing and non-rephasing 2D-TTR peaks are possible if the THz pulses can
bridge the a — c transition in the generalized three-level system (Fig. [7.15)). In this
chapter, we implement a diamond cuvette that extends the bandwidth at the sample
to ~0.5-8.5 THz and improve the THz/800 nm pulse overlap with a polarizer beam
combiner. We retake the spectrum of liquid bromoform and observe the rephasing
and non-rephasing peaks predicted by perturbation theory. We assign these new fea-
tures to coupling within the thermally populated ladder of intramolecular vibrational
states. To the best of our knowledge, this is the first measurement of a nonlinear THz
rephasing (photon-echo) signal in a liquid. We also analyze the mechanisms that
cause the forbidden multi-quantum transitions in general 2D-TTR spectra, and for
bromoform in particular. We show that 2D-TTR spectra are sensitive to vibrational
anharmonicity, nonlinearities in the molecular dipole moment and polarizability
as a function of the vibrational coordinates, coherence transfer processes with the
surrounding bath, and intermolecular coupling (vibrational excitons). Finally, the
two-pulse terahertz Kerr effect (quadratic electro-optic effect) in diamond is used
to determine the electric field of the THz pulses and instrument response function.
All simulations presented in this chapter were done in collaboration with Dr. Ralph
Welsch and Professor Thomas Miller I11.

A manuscript detailing the results presented in this chapter is in preparation:

Finneran, I. A., Welsch, R., Allodi, M. A., Miller, T. F. & Blake, G. A. Broadband
2D THz-THz-Raman photon-echo spectroscopy of molecular vibrations in liquids.

in preparation (2017).
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8.1 Introduction

2D infrared spectroscopy has revolutionized our understanding of liquids, revealing
processes such as the structural fluctuations [177] and vibrational coupling [34] in
water, and the complex pathways of amyloid (protein aggregate) formation linked to
many human diseases [[178]. In Chapter 7 we developed a new 2D THz-THz-Raman
spectroscopy, with the goal of extending these methods to THz frequencies (0.1 -
10 THz). As we have shown in previous chapters, this region is appealing for liquid
studies, as it is resonant with many of the motions that govern solvation, chemical

reactivity, and liquid bulk properties.

A central feature of 2D nonlinear spectroscopies in the infrared and optical has
been the analysis of rephasing (photon-echo) signals, which uncover the spectral
broadening mechanisms and corresponding environmental heterogeneity of a sample
[31} |149]. Rephasing signals have also been recently measured with 2D Raman-
THz spectroscopy in liquid water and water-salt solutions, revealing transient (~100
fs) heterogeneities in the hydrogen bond network [11} [12]. In the 2D THz-THz-
Raman spectra that we presented in Chapter 7, however, rephasing signals are not
present, due to the limited THz bandwidth of the experiment. There are also other
non-rephasing signals predicted by perturbation theory (Fig. [7.15] [7.14)) above the

diagonal in the first quadrant of the 2D spectra that we did not observe.

In this chapter, the THz pulse bandwidth has been extended at the sample to 0.5-8.5
THz with a diamond window on the sample cuvette. We have also employed a
polarizer beam combiner to optimize the THz and Raman pulse overlap. A detailed
description of this implementation is given in the Methods section, and an updated
instrument schematic is shown in Fig. This bandwidth reveals many new
rephasing and non-rephasing peaks in liquid bromoform, which we analyze with
the RDM model developed in Chapter 7. We also use the 2D-TTR response of
the diamond window to determine the electric fields of the THz pulses and the

instrument response function.

8.2 Results and Discussion

Analysis of Liquid Bromoform

With the extended bandwidth 2D-TTR experiment, we observe a complicated set
of vibrational coherences on the t; and t, axes, due to excitation of the v6 and v3
vibrational modes of bromoform (Fig. [8.Ic). The rephasing contribution to the
total signal (Fig [8.1p, trace T-3 and Fig [8.1[d) is weak, but above the noise of the
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Figure 8.1: An overview of the experiment and results. (a) The 2D-TTR pulse
sequence consists of two THz pulses followed by a nonresonant Raman probe pulse.
(b) 1D cuts of the total signal (T-2) and rephasing signal (T-3) from liquid bromoform
as compared to the noise (T-1). (c) The total 2D-TTR response of bromoform after
detrending the orientational response reveals coherences on both axes. (d) The
2D-TTR rephasing response of bromoform is extracted from the total signal.
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Figure 8.2: (a) The 2D FFT of the bromoform response. Several features have been
labeled with Roman numerals and the 1-quantum positions of the v6 and v3 modes
are indicated with dashed gray lines (b) An RDM simulation fit of the spectrum,
with multi-quantum dipole couplings and 1-quantum polarizability couplings. (c)
Switching the dipole and polarizability couplings in (b) leads to a qualitatively
different spectrum.
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(b) Feynman diagrams
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Figure 8.3: (a) Eigenstates and (b) representative Feynman diagrams that likely
contribute to the labeled features of the experimental spectrum shown in Fig. [8.2.

measurement (Fig [8.1p, trace T-1). This is the first measurement of a nonlinear
THz rephasing signal in a liquid, to the best of our knowledge, and it enables the
investigation of line broadening mechanisms. In this case, the dephasing rates for
the rephasing and non-rephasing signals are similar, which is consistent with a

homogeneously broadened sample.

The absolute value FFT of the time domain response is shown in Fig [§.2h and it
reveals many off-diagonal peaks in the first and second quadrants. We note that peaks
VII and VIII were observed in Chapter 7, while all other features are new. Peaks
in the first quadrant, (f; = +, , = +), are due to non-rephasing pathways, while
peaks in the second quadrant, (f; = +, f> = F), arise from rephasing pathways. The
frequencies of the fundamental 1-quantum transitions v6 and v3 have been marked
with dashed gray lines in Fig [8.2] Qualitatively, we find that the strongest peaks
align with the expected 1-quantum transitions on the f, axis, while the f; positions

are distributed between 0.5-8.5 THz, likely due to multi-quantum transitions.

To interpret these results, we fit the experimental data to a RDM simulated spectrum
with vibrational eigenstates up to 15 THz (Fig. [8.3p). The fundamental eigenstate
energies and relative intensities were taken from the linear spectrum (Fig. [7.5),
while the excited eigenstate energies and 1-quantum dipole/polarizability couplings
were fixed at values consistent with a harmonic oscillator. All of the multi-quantum
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dipole and polarizability couplings were fit. The parameter space was explored
with a basin hopping algorithm [179] and quasi-Newton local minimizer [180].
The fitness function was calculated with an L.1-norm and regularization to prevent
overfitting of the data (see Methods for more details).

The resulting RDM simulated fit spectrum, Fig. @b, is in moderate agreement with
the experimental spectrum. A representative set of the pathways that contribute to
the experimental peaks are highlighted with Feynman diagrams in Fig. [8.3p. This
analysis indicates that the strongest non-rephasing peaks IV-VIII are due to multi-
quantum v6-v3 difference band transitions with the THz pulses, and 1-quantum v6
transitions with the Raman pulse. Each peak has a partner that shares the same set of
three vibrational states (and coupling elements), but differs in the time ordering of the
THz interactions, as was shown in Chapter 7 (Fig. [7.15). Examples of this behavior
include peaks VII& VI, [<1V, [V, and 11 VI. The intensity differences of the
partners are dependent on the population difference of the first interaction, making
peaks I-III weaker than peaks IV-VI. This comes from the population factors in the
2D-TTR response function (Equation 7.23). We note a shift in peaks VI and III not

captured by the simulation that is likely due to small vibrational anharmonicities.

The simulation also shows a set of peaks near the 1-quantum v3 transition that
matches the experimental spectrum (labeled X in Fig. [8.2a). These peaks are much
weaker, since the Raman detection scheme is depolarized, while the v3 vibration is
polarized and v6 is depolarized.

The off-diagonal couplings recovered from the fit confirm the differences between the
THz and Raman transitions (Tables[8.1}[8.2). All of the multi-quantum polarizability
couplings fit to values of near zero, while the multi-quantum dipole couplings are
relatively large. Perhaps most surprising are the significant 3- and 4- quantum dipole
couplings. To further illustrate this difference, a simulation with 1-quantum dipole
couplings and multi-quantum polarizability couplings is shown in Fig. [8.2k. In this
case, the strongest peaks are predicted at f, = +1.9 THz, in complete disagreement
with the experiment. Finally, a third set of peaks near f,~5.3 THz (labeled IX in Fig.
[8.2h) is observed in the experimental spectrum that is absent from the simulation.
We do not yet know the origins of these features, but speculate that they may come

from the coupling of vibrational levels above 15 THz.

Although the RDM simulations are quite useful for a phenomenological interpre-
tation of the coherences generated in the experiment, they do not give us a direct

atomistic picture. The fit shown in Fig. [8.2b, for example, indicates the presence of
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forbidden THz transitions, yet is agnostic on the molecular cause of these features.
Indeed, the mere existence of a 2D-TTR peak is proof of a forbidden transition,
since each pathway involves at least one THz or Raman transition forbidden in the

harmonic approximation [[12, 30, |181].

In Fig. we tabulate several possible molecular origins of forbidden transitions
in 2D-TTR spectra. The simplest case is perhaps intramolecular vibrational anhar-
monicity (Fig. [8.4p) due to the shape of the potential energy surface, V, as a function

of the normal mode coordinates of a molecule, ¢g; [30,|181]:

V= %Z kig; + % ZgijkCZqu'CIk + . (8.1)
i i,k
Here, k is the harmonic constant, g is the first anharmonic constant, and the sum-
mations are performed over the normal modes. In the harmonic case, only the
first term is retained, leading to 1-quantum THz and Raman transitions (Ay = +1)
and evenly spaced eigenstates. Anharmonicity is introduced with the higher order
terms, which make the eigenstates unevenly spaced and enable multi-quantum THz
and Raman transitions (Avy = +1,+2,...). Generally, we expect larger vibrational
anharmonicities in the intermolecular motions of liquids, such as hydrogen bonds,
than the intramolecular modes measured in this chapter [11]. Indeed, previous com-
bination and overtone measurements in the linear Raman spectrum of bromoform
have shown that the vibrational anharmonicity is small for the v6 and v3 manifolds
[182]. Thus, the stark contrast between the multi-quantum THz and 1-quantum

Raman transitions seen in bromoform is likely not due to vibrational anharmonicity.

Forbidden transitions can also result from nonlinearities of the dipole moment (i)
and polarizability (@) as a function of the vibrational coordinates (q), which can be
described with the Taylor expansions (Fig. [8.4p) 30, [181]]

o dji 1 0%
g = p(gp) + Z (5_51.)%(]" 3 g (aqiaﬂqj)qoqiq'/ T

. (1 )
=G0+ Y Vg + ) i i+
i i

(8.2)
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Figure 8.4: Forbidden transitions in 2D-TTR can originate from (a) intramolecular
vibrational anharmonicities, (b) nonlinearities in the dipole or polarizability sur-
faces, (c) coherence/population transfer processes with the surrounding solvent, or
(d) intermolecular coupling.

o oa
& :a/(qo)+Z (aq ) gi + 22 ((?q,(?q]) qiq; +
=a 4+ Z a/(l)q + Z al(jz)q,qj

Here, the summations are performed over the normal modes of a molecule. The

(8.3)

zeroth order term is due to the permanent dipole moment, which produces rotational
transitions, while the first order terms (linear in g;) generate ‘allowed’ 1-quantum
harmonic vibrational transitions. The nonlinear second-, third-, and fourth-order
terms contribute 2-, 3- and 4- quantum transitions, respectively [30,/181]]. Since the
f; axis in a 2D-TTR spectrum is due to a THz dipole transition, a dipole nonlinearity
will cause a multi-quantum f; transition. Similarly, multi-quantum transitions on

the f; Raman axis are consistent with a polarizability nonlinearity. The observed
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spectrum and RDM fit are therefore consistent with a dipole nonlinearity. To test
this hypothesis, our collaborator, Dr. Ralph Welsch, performed a series of ab initio
calculations on isolated bromoform molecules and found much smaller dipole non-
linearities than what was fit in the RDM simulation (Tables @ @[) More recently,
Dr. Welsch has extended the calculations to clusters of bromoform molecules to see
the influence of intermolecular interactions. The preliminary results from the clus-
ter calculations are in much better agreement with the experimental fits, with large
dipole and small polarizability nonlinearities. Further analysis of the calculations

is needed to confirm these exciting results.

A third possible source of forbidden transitions in 2D-TTR spectra is coherence
transfer and population transfer processes (Fig. [8.4k), which have been observed
in 2D infrared spectra [183]]. These processes are intermolecular in nature, and
result from the coupling of molecular vibrations with the surrounding solvent ‘bath’
modes of the liquid. This coupling allows for the spontaneous transfer of coher-
ences and populations within the density matrix of the system, without the loss of
phase memory. The energies of the transfers are limited to that available from the
surrounding bath, or ~kT, [184]]. We note that these processes lead to the appear-
ance of ‘forbidden’ multi-quantum transitions, not to their direct excitation during
the light-matter interaction. This includes transitions forbidden in the harmonic
approximation as well those that are symmetry forbidden. Coherence transfer is
often identified with waiting time measurements, which would be possible in a 2D
THz-THz-THz experiment (analogous to 2D IR) [[183]].

We added these processes to our phenomenological RDM simulation with the mod-

ified propagation equation [183]]:

apab
ot

= —lWgpPap + Z I_‘ab,cdpcd~ (84)
cd

Here, p is the density matrix, I is the (Redfield) relaxation tensor, and w,y is the
transition frequency between states a and b. This entire expression is written in terms
of the vibrational eigenstates of the molecular Hamiltonian (a, b, ¢, d). Elements in
the relaxation tensor of the form I';; .4 correspond to coherence transfer, I';, 55 to

population transfer, I';, 4, to population relaxation, and I';; 45 to dephasing.

Simulations of coherence transfer in a simple toy model three-level system using
the updated RDM code are shown in Fig. [8.5] We found that the model is only
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Figure 8.5: A coherence transfer toy problem using three eigenstates. (a) In a
closed three level system with no coherence transfer, a doublet pattern is generated
in the 2D-TTR spectrum. (b) If one of the dipole coupling elements is set to zero,
then no 2D-TTR pathways are possible. (c) If a 10 ps coherence transfer is added to
the system, the doublet pattern returns. (d) The doublet pattern increases in intensity
for shorter coherence transfer times, but becomes motionally narrowed into a single
peak (e) for times shorter than the measurement time (~2 ps).
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sensitive to coherence transfer and not to population transfer, due to the fact that
all of the intermediate states in 2D-TTR are coherences (off-diagonal in the density
matrix). In Fig. [8.5p we simulated a standard three-level system that gives rise to the
doublet pattern in bromoform (feature VII and VIII in Fig. [8.2)). If one of the dipole
couplings is set to zero (Fig. [8.5b) then no peaks are present, as expected. However,
if we introduce a coherence transfer timescale T2=1/I"; ;. into the system, the
doublet pattern returns. The doublet intensity increases for shorter T2 timescales,
but eventually becomes motionally narrowed for timescales <1 ps and blends into a
single peak. These results are quite promising, as they demonstrate how coherence
transfer processes can connect a triad of eigenstates with missing or ‘forbidden’
connections. However, further simulations and fits using the full set of bromoform
eigenstates were unable to reproduce the experimental spectrum. Thus, coherence
transfer does not seem to be a dominant effect in the bromoform spectrum, although

it may be significant in other systems.

Forbidden transitions can also result from (inter)molecular coupling (Fig. [8.4d). A
detailed analysis of these effects is given in Chapter 6 of Hamm and Zanni’s book
on 2D IR spectroscopy [31]]. In 2D IR, these effects are often seen in the coupling
of repeating functional groups in proteins, which leads to delocalized vibrons or
vibrational excitons. Fundamentally, the effects are dependent on the distance
and angle between the modes, as well as their intrinsic anharmonicity. Forbidden
intermolecular transitions are possible in cases where the inter-mode coupling is
strong and the anharmonicity is large. However, the vibrational anharmonicity is
relatively small in bromoform, so we do not expect intermolecular couplings to lead

to forbidden transitions.

Diamond Response

We now consider the instrument response function and bandwidth of the THz pulses
used in this chapter. Traditionally, THz pulses are measured with the second-order
linear electro-optic (Pockels) effect in a crystal without inversion symmetry (c.f.
ZnTe, GaP), an approach that has been widely implemented for high sensitivity
THz E-field detection [185]]. However, the measured bandwidth is often limited by
phonon absorptions and phase matching between the THz and optical light in the

detection crystal [185].

In this chapter, we measure the THz electric field in diamond. With low THz disper-

sion, high THz transmissivity, no phonon absorptions between 0.1-15 THz, and fa-
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Figure 8.6: (a) The measured 2D-TTR response of diamond. (b) Several 1D sections
of (a), allow us to recover the electric fields of the THz pulses. (c) Magnitude FFTs
of the THz fields shown in (b).

vorable THz-800 nm phase matching, diamond is an attractive material for sampling
a broadband THz field. It is centro-symmetric and exhibits no linear electro-optic
response, but diamond does have a third order THz Kerr effect (quadratic electro-
optic) response [37, 186]]. While this third-order process is weaker than the linear
electro-optic effect, it is present in all materials regardless of crystal symmetry.
Furthermore, the measurement is easily implemented in the 2D-TTR experiment by
shifting the diamond window into the THz focus. The measured signal is shown in
Fig. [8.6f and can be described by:

An(ty, o) = np EA(t; + t2)Eg(tp), (8.5)

where An is the measured birefringence and n; is the nonlinear refractive index of
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diamond. Several 1D sections of the 2D response are shown in Fig. [§.6b. The 1D
TKE response is recovered by fixing t;=0 ps and is proportional to the product of
the THz fields Ea(t2)Eg(tz). The THz field of the first pulse, E4, is recovered by
fixing t,=0 ps, so the signal is proportional to Ex(t;). The field of the second THz
pulse, Eg, is determined by fixing t;=-t; with resulting signal Eg(ty). From this
measurement, we find that the full width half maximum of the THz pulses in the
time domain is ~130 fs (Fig[8.6b). We also quantify the noise of the measurement
with a fourth section, far away from the diamond response. The absolute value FFT
of the pulses and noise shows that the THz bandwidth extends to ~8.5 THz. This
measurement verifies that the pulses have the necessary bandwidth to excite features

I-VI in Fig. [8.2h and may be useful in future studies with intense THz pulses.

8.3 Conclusion

In conclusion, we have measured the broadband 2D-TTR spectrum of liquid bro-
moform. Many off-diagonal peaks are observed in the spectrum, which we have as-
signed to coupling between the v3 and v6 modes. A RDM fit of the measured peaks
reveals allowed 1-quantum polarizability couplings and forbidden multi-quantum
dipole couplings. Preliminary ab initio calculations indicate that these forbidden
dipole couplings are due to nonlinearities in the dipole moment surface and are
greatly influenced by intermolecular interactions. This unusual result highlights the
importance of hybrid 2D THz-Raman studies for unraveling the complexities of low

frequency molecular vibrations in liquids.

8.4 Methods

Experimental Setup

The broadband 2D THz-THz-Raman experiment is shown in Fig. and is mostly
unchanged from Chapter 7. Two THz pulses are generated from the signal and idler
output of an ultrafast optical parametric amplifier (OPA) incident on two DSTMS
THz emitters. The THz pulse generated by the signal is vertically polarized, while
the idler THz pulse is horizontally polarized. A THz wiregrid polarizer is used
to combine the two THz beams in a collinear geometry, which improves the beam
overlap and co-propagation of the two THz pulses. Residual near-IR light in the
THz path is blocked with a roughened TOPAS plate. The THz pulses are sent
through a 7.5:1 Gaussian telescope, and then focused on the sample. The THz field
strength at the sample is ~300 kV/cm [|148]. The Raman probe pulse (~1 uJ, 38

fs, vertically polarized) is generated from the same laser system and focused on the
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Figure 8.7: (a) A diagram of the broadband 2D-TTR experiment. A THz wiregrid
polarizer (labeled “THz Pol’) is used to combine the THz beams. (b) Details of the
sample cuvette used in the instrument. The front facing diamond window allows
broadband THz transmission to the liquid sample. Both the diamond and Suprasil
quartz are transparent to the 800 nm Raman probe pulse.

sample collinear to the THz beams. Heterodyne detection of the Raman probe pulse
increases the signal-to-noise ratio and allows for phase-sensitive detection of the
2D-TTR response.

Liquid samples are held in a Suprasil quartz cuvette with a front facing diamond
window (Fig. [8.7b). The diamond window allows broadband THz transmission to
the liquid sample, while the 800 nm Raman probe passes freely through the diamond

window, liquid, and back Suprasil quartz window.

Data Analysis

The raw 2D-TTR data from liquid bromoform are shown in Fig. [8.8a. The ori-
entational response is detrended out with a single exponential fit, as demonstrated
in Chapter 7. This isolates the vibrational coherences on the t; and t; axes (Fig.
[.8b). The rephasing and non-rephasing contributions to the signal are extracted
with a 2D complex FFT of the total signal. The rephasing contribution is obtained
by setting values in the first and third quadrant of the complex FFT to zero and
then applying an inverse FFT back to the time domain (Fig [8.8f). Likewise, the
non-rephasing contribution is generated by setting the second and fourth quadrant

to zero and applying an inverse FFT back to the time domain (Fig. [3.8).
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Figure 8.8: (a) The 2D-TTR response of bromoform. (b) Detrending the orienta-
tional response and shifting to larger t, values isolates the vibrational coherences.
(c) The rephasing portion of the vibrational coherences. (d) The non-rephasing
portion of the vibrational coherences.

RDM Fit Details

The simulation fits of the 2D-TTR spectrum were carried out with the third order
perturbative response function and a reduced density matrix (RDM) model, based
on the work in Chapter 7. The fitness of each simulated spectrum was computed

with the square root of the L1-norm:

F= /Z(Ei ~ S, (8.6)

where F is the fitness function, E is the experimental spectrum, S is the simulated
spectrum, and the summation is performed over all points in the 2D spectrum. Each
simulated and experimental spectrum was normalized to a maximum signal of 1.0
arbitrary units before this calculation. An L2-norm optimization was also tested,

and it yielded nearly identical results. Regularization was also applied to the fitness
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Figure 8.9: A schematic of the fixed parameters in the RDM fits.
function to prevent overfitting of the data:
F' = F + a|K]|, (8.7)

where F”’ is the regularized fitness function, « is the regularization parameter and
K is a vector containing all of the fit parameters. The value of @ was maxi-
mized to penalize large fit values, without compromising the agreement between
the simulated and experimental spectra. Initially, the parameter space was explored
with the perturbative response function derived in Chapter 7 (Equation 7.23) and a
basin-hopping algorithm [[179] with a quasi-newton SLSQP local minimizer [180].
Then the couplings were further optimized with RDM simulations and the SLSQP
quasi-newton minimizer [[180]. RDM simulations were carried out with the same
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methodology as in Chapter 7, except with a pulse duration of 150 fs and center
frequency of 2.5 THz for both THz pulses.

To reduce the parameter space of the minimization, the 1-quantum couplings were
fixed at values expected of a harmonic oscillator for dipole transitions: -1, =
vVnuo1 and Raman transitions: a,-1, = Vnao;. Here, uo; and aq are the THz
and Raman coupling elements of the fundamental transitions, respectively. A full

schematic of the fixed 1-quantum parameters is given in Fig. [8.9]

The relative intensities of the transition dipole moments of the v3 (u,3) and v6
(uy6) fundamentals were calculated using the ratio of the integrated absorbances
of the two modes in the linear spectrum. From our previous linear data (Fig.
the ratio of the integrated absorbance is A,3/A,¢ =1.1(1), in agreement with the
literature values [187]] A,3/A,¢ =1.2. Using our value of A,3/A,¢=1.1 and assuming
a temperature=295 K, the dipole coupling ratio is calculated from

Av3 _ Zv3 |n]/2/-1v3|2ANn _ |,uv3|2 ZV3 nANn
Av6 Zv6 |m1/2:uv6|2ANm |,uv6|2 Zv6 mANm

(8.8)

The sums are performed over all of the thermally populated 1-quantum transitions
(including hot bands) of v3 and v6. We truncate this sum at 15 THz of total energy.
The n indices indicate the number of v3 quanta in the upper state and the m indices
the number of v6 quanta in the upper state. For each transition, AN is the difference
in population between the two states involved in each transition. We have also
assumed the harmonic oscillator approximation, with the relative transition dipoles
of the hot bands given by ml/ 2/1V6 for v6 and n'/ 2,uy3 for v3, where u,¢ and 3
are the fundamental transition dipole moments of the two modes. Rearranging this

equation we find

s (A AN, \'/?
Hv3 _( V3Zv6m m) ~ 1.6. (8.9)

Hve B AV6 Zy3 nANn

For the polarizability couplings, the v6 (ay,¢) fundamental was fixed and the relative
intensity of v3 (a,3), R, was a free parameter in the fit. In this case, @,3 is expected
to be smaller than a,¢, since v6 is depolarized, v3 is polarized, and the Raman
probe detection is depolarized. Couplings larger than 9.5 THz were set to zero. All
other multi-quantum polarizability and dipole couplings were initialized to random
values between 0.0-1.0 arbitrary units and constrained to this same range in the fit.

The basin-hopping minimization was run 10 times with the random initialization to
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States Quanta | HF MP2 CCSD Fits
000),]100) 1 1.00 1.00 1.00 | 1.00 (fixed)
000),]001) 1 1.34 1.00 1.01 | 1.60 (fixed)
[100),/001) 2 0.04 0.03 0.04 0.01
200),]101) 2 0.06 0.04 0.06 0.00
[101),]002) 2 0.06 0.04 0.06 0.00
[100),/002) 3 0.00 0.00 0.00 0.22
001),1200) 3 0.01 0.02 0.01 0.43
[101),1300) 3 0.01 0.03 0.02 0.12
001),1300) 4 - - - 0.04
200),/002) 4 - - - 0.22

Table 8.1: Calculated and fit dipole matrix elements relative to oo, 100y- Calcu-
lations were performed by Dr. Ralph Welsch. The basis set employed is always
aug-cc-pVTZ and all results are for isolated bromoform monomers. In the experi-
mental fits, all couplings that connect states of the same energy and change in quanta
were constrained to the same value (e.g. (/001),1200)» 4[001),/110)»> £[001),]020))-

States Quanta | HF MP2 CCSD (num.) Fits
000),]100) 1 1.00 1.00 1.00 1.00 (fixed)
000),1001) 1 092 0.80 0.84 0.06
100),/001) 2 0.02 0.02 0.02 0.00
200),]1101) 2 0.03 0.03 0.03 0.00
101),]002) 2 0.03 0.03 0.03 0.00
100),/002) 3 0.00 0.00 0.03 0.00
001),]1200) 3 0.00 0.00 0.01 0.03
101),1300) 3 0.00 0.00 0.01 0.00
001),1300) 4 - - - 0.00
200),]002) 4 - - - 0.00

Table 8.2: Calculated and fit polarizability matrix elements relative to a|oo0),/100)-
Calculations performed by Dr. Ralph Welsch. The basis set employed is always
aug-cc-pVTZ and all results are for isolated bromoform monomers. CCSD polariz-
abilities are obtained by numerical differentiating the dipole moments with respect
to an external electric field. In the experimental fits, all couplings that connect states
of the same energy and change in quanta were constrained to the same value (e.g.

@|001),1200)» X|001),]110)> X[001),]020))-

check the robustness of the fit. A ‘temperature’ parameter of 0.1 and 10 total basin
hopping iterations were used in each run. The final coupling fit is shown in Tables
.1, 8.2l To confirm that the fit had converged, we calculated the Hessian of the

fitness function and verified that there were no negative eigenvalues.

The eigenstate energies were initialized from our previous linear spectrum with
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State | E(THz) | g
|00) 0.0 1
[10) 4.7 2
|01) 6.6 1
[20) 94 3
[11) 11.3 2
|02) 13.2 1
|30) 14.1 4

Table 8.3: Eigenstate energies (E), and degeneracies (g) used in the calculations.

v6=4.76 and v3=6.68 and manually varied by the experimental error of +0.1 THz.
All combination, overtone, and difference band transitions were determined assum-
ing zero vibrational anharmonicity (equal spacing between eigenstates in a particular
manifold). The resulting best fit is shown in Table [8.3]
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Chapter 9

CONCLUSIONS AND FUTURE DIRECTIONS

Altogether, this thesis has outlined a two-pronged approach to study liquids, includ-
ing precision measurements of intermolecular interactions of jet-cooled clusters,
and ultrafast nonlinear THz experiments on the dynamics and vibrational coupling
in the condensed phase. These two methods provide complementary data sets that
can be directly compared with ab initio and molecular dynamics simulations. In
the first half, we presented initial results on the ethanol-water and ethanol-methanol
dimers that reveal an interplay between weak and strong hydrogen bonding in these
clusters, while in the second half, we studied the low energy vibrational coupling

and reorientational dynamics of halomethane liquids.

During the course of this work, we have developed several new instruments. The
Blake lab is now equipped with a free jet expansion chirped pulse Fourier transform
microwave spectrometer that can collect the pure rotational spectra of gas phase
molecules and clusters of molecules. Many more experiments are possible with
this spectrometer beyond the initial measurements of the ethanol-water and ethanol-
methanol dimers. Currently, the sample delivery system in the instrument is limited
to molecules that are in the gas or liquid phase at STP with a moderate to high
vapor pressure (>1 Torr). With the addition of a laser ablation source, this could be
extended to molecular solids as well [54]]. The spectral coverage of the instrument
(8-18 GHz) is also optimized for moderately-sized clusters and molecules (~10-20
atoms). Extending the microwave electronics to lower and higher frequency will

enable investigations of larger and smaller species, respectively [23]188]].

We have also implemented a decade spanning THz frequency comb using the asyn-
chronous optical sampling (ASOPS) instrument originally built by Daniel Holland.
The ~4 kHz resolution and ~2.4 THz bandwidth of the spectrometer are suffi-
cient for vibration-rotation tunneling studies of many hydrogen bonded clusters.
Unfortunately, the THz power of the instrument (~10 uW) is low, which limits
the instrument sensitivity. We have recently started a collaboration with the Jar-
rahi group at UCLA to improve the power and sensitivity of the instrument by
10-100x with plasmonically-enhanced THz emitters [[189]]. Further improvements

in the emitted THz bandwidth are possible with 800 nm pulse compression and a
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THz Comb MW
Source Synthesizer

Pulsed
Valve

THz Detector

Figure 9.1:  Instrument schematic of the proposed MW-THz double resonance
instrument. Rotational states of molecular clusters are pumped with a continuous
wave microwave source and monitored with the THz frequency comb.

reflection geometry alignment of the THz emitter [[140]].

While the long time-domain records presented in Chapter 5 were key to demon-
strating the precision of the THz dual comb, they are not needed for normal mea-
surements of molecular spectra. Recently, it has been shown that the full resolution
of a Fourier transform infrared comb spectrometer can be extracted by detecting a
single time domain ‘center-burst’ synchronized to the comb repetition rate [[190].
For the ASOPS spectrometer, this is equivalent to detecting a single THz pulse
record with the digitizer sample clock and total record length synchronized to the
repetition rate offset frequency of the lasers. Interestingly, the digitizer does not
need to be synchronized to the repetition rate of the lasers themselves, due to the
zero phase CEP of the THz comb. If the CEP phase were non-zero, however, the
digitizer would need to be synchronized to the laser repetition rate. Initial data has
been collected on the THz comb instrument to confirm this functionality. Overall,
this detection scheme will greatly simplify the comb spectrometer, and filter out low

frequency sources of noise in the measurements.

Once the THz frequency comb spectrometer has been fully optimized in sensitivity
and bandwidth, we hope to combine it with a free jet expansion for studies of
molecular clusters. The analysis of vibration-rotational tunneling spectra of clusters
can be challenging. For a particular set of beam conditions, multiple cluster species

are often present, each with hundreds to thousands of rovibrational transitions in the
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THz range. The assignment of pure rotational transitions in the microwave region
are generally easier, however, because there are many fewer eigenstates to consider.
To aid in the THz assignment process, we propose a MW-THz double resonance
instrument, as shown in Fig. [0.1] In this approach, a continuous wave microwave
source is used to pump pure rotational transitions already assigned in the CP-FTMW
spectrometer. For each microwave pump frequency, the THz spectrum is collected
with the frequency comb, and modulations in peak intensities are monitored. This
will allow specific clusters to be ‘tagged’ with the microwave source, and greatly
assist in the quantum number assignments of a THz transition. For nonpolar and
dynamically averaged symmetric clusters that do not have pure rotational transitions
(e.g. water trimer, tetramer, and pentamer), the microwave source could be replaced

with a mid-infrared laser for IR-THz double resonance tagging.

In addition to the cluster-related instruments, we also built a 2D THz-THz-Raman
spectrometer. In its present form, the instrument is capable of collecting the 2D
responses of liquids and amorphous solids that are transparent to 800 nm light.
Data acquisition on this instrument is quite slow, usually requiring 10 hours or more
of integration to reach a sufficient signal-to-noise ratio. With the addition of a
single-shot detection system, we expect an acquisition rate increase of ~20x [172].
Furthermore, wavefront shaping optics on the near-infrared pump beams and larger
aperture DSTMS THz emitters will increase the THz field strength at the sample by
at least 10x [[173]]. Due to the quadratic signal scaling as a function of the THz field,
this will increase the signal-to-noise ratio of the experiment by ~100x. The field
strength could be further improved with a second stage Ti:Sapphire amplifier (e.g.
[173]]), which would increase the near-infrared pump and corresponding THz pulse
energy, but lower the laser and data acquisition repetition rate. This is advantageous
for 2D-TTR, though, as the signal-to-noise ratio only scales as the square root of the
data acquisition rate. With sufficient pulse energy and tunability (e.g. [191,|192])
the experiment could also be used for studies of vibrational ladder climbing and the

coherent control of liquids and clusters.

We foresee many promising science targets with the 2D THz-THz-Raman spectrom-
eter in the coming years. So far, the instrument has revealed vibrational coupling
in pure halomethane liquids. To further disentangle the intra- and intermolecular
contributions to the 2D spectra, measurements of binary mixtures would be es-
pecially informative. Nonadditive and additive features in the spectra should be

indicative of inter- and intra-molecular coupling, respectively [30]. With the laser
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Figure 9.2: The TKE response of CS; measured with a two-color plasma filamen-
tation THz source [193]].

systems currently running in the Blake group, it should also be possible to align a
1D-OKE and 2D Raman-THz-THz spectrometer. A 2D THz-THz-THz instrument
for waiting time measurements would also be invaluable, but more technically chal-
lenging. These data, along with temperature controlled studies, will provide a more
detailed description of the off-diagonal features in the 2D-TTR spectra observed in
this thesis.

A central goal of the 2D THz-THz-Raman project is to measure hydrogen-bonded
liquids. The ~8 THz bandwidth of the instrument covers both the bending and
stretching motions of hydrogen bonds and could be extended to 15 THz with HMQ-
TMS organic crystal emitters [191]. However, the multi-cycle temporal profile of the
THz pulses generated with these organic crystal emitters limits the time resolution.
In the 2D Raman-THz-THz response of water, for example, most of the dynamics
occur in the first 400 fs after excitation [[11]. A possible alternative to DSTMS is
two-color plasma filamentation in air, which can produce THz pulses near the ~50
fs transform limit of the OPA [194]. We performed initial TKE measurements with
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a plasma source on liquid CS,, and found that the signal-to-noise ratio was >10x
lower than with DSTMS (Fig. [0.2). Electro-optic detection of THz pulses from
both sources confirmed that the plasma peak THz electric field was ~3-4x smaller
than that of DSTMS. Nevertheless, with proper optimization of the plasma source
and THz focusing, it should be possible to reach 4 MV/cm with our laser system
[194], which would be ideal for 2D-TTR spectroscopy.

A possible first target in 2D-TTR studies of hydrogen-bonding is acetic acid, which
is thought to form dimers in the liquid phase. Previous OKE work on this species
has revealed long-lived hydrogen bond coherences at room temperature that will
be easily observed in a 2D-TTR spectrum [195]. Binary mixtures of alcohols and
water are another intriguing target, due to the anomalous thermodynamic properties
discussed in Chapter 3 [73]. And more long-term, we hope to measure the water
of hydration around biopolymers that governs their reactivity and macromolecular

structure [3]].
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Appendix A

SEGMENTED CHIRP CAPABILITIES OF THE AD9914 DDS

It is possible to extend the bandwidth of the DDS chirped pulses by utilizing the
super-Nyquist images, as shown in Fig. To explore this feature we generated
a 1 GHz chirped pulse using a 2 GHz sample clock, so that the full frequency
content of the pulse could be recorded with a 4 GS/s digitizer (Fig. [A.T). The
first image is visible in the spectrogram of the pulse at approximately -10 dBc.
To test the phase stability we averaged 1000 waveforms and found no significant
attenuation of the super-Nyquist content, indicating that it is both phase stable and
coherent with respect to the normal pulse. Used as is, this chirped pulse could
effectively polarize 1.5 GHz of bandwidth. This could possibly be extended by
using an appropriate combination of filters and amplifiers operating in saturation.
We also tested the bandwidth of the 2 GHz chirp with the 4 GHz sample clock
using a spectrum analyzer and observed a similar frequency envelope extending to
4 GHz. The usable bandwidth of the chirped pulse in this particular example is
likely ~3 GHz, although further tests with a high sample rate digitizer would be
needed to better quantify the bandwidth. Additionally, it may be possible to extend
the bandwidth to a full 4 GHz by filtering and mixing the main signal with the first
image, followed by amplification.

A.1 Stepped-LO Operation

An alternate use for DDS chips in CP-FT spectroscopy, especially at higher fre-
quencies, is for ‘stepped’ LO sources, similar to previous AWG-based stepped-LO
spectrometers [9), 66]. To demonstrate this capability, we scanned the frequency
of the AD9914 from 200-1800 MHz in nine 10 us steps of 200 MHz (Fig. [A.2).
All spurious signals are observed at -40 dBc or less, sufficient for an LO signal in
a CP-FT spectrometer. To fully implement this design, a second DDS would be
needed along with a method for the generation of multiple chirped pulses per trigger
pulse, or the DDS stepped-LO signal could be used in conjunction with an AFG or
AWG that supplies the chirped pulse.



147

9P 01- Arewrxoxdde je zHO 7 pue ZHD | U9amIq 9[qIsia st dIryd ay3 Jo a3ewir I1sIy Y], SAZeIdAR
0001 e ‘Aouanbaiy yoord Surpdures zHO g © Sursn ‘os[nd padiyo zHOH 1 © 10} SAJ +166AYV Y} JO Indino pard)yun ayJ, :1'V N3]

(zHW) Aouanbai4

000Z 008T 009T OOYT  002T  00OT 008 009 0[0]2 002 oo z
T T T T T T T T T m
- 4005 &
[¢]
: 000T 3
C
I I I I I I I I | 00ST =
(st) swiL >

€ G'¢ 4 ST T S0 0O m

, ]

w.

|

@

o

<

)

&

(sm) swiL
09- € S2 Z ST T S0 0 -
T T , , 0 P
(0)74 m
_ L * OOOH w
0c <
0 E
L L L L 1

(ogp) 0002 &

Jamod



148

"ZHIN 0081-00C 19A093 O} ua3e)
1M ZHIN 00T JO sdais srf (o] auru uonensuowap syl 1o ‘+166AV Ui Jo Ariqeded (T pojuswi3as 9y JO UONBISUOWIP Y 7'V 2INTL]

(zHIN) Aouanbai4
0002 008T 009T 0ovT 00¢T 000T 008 009 (0]0)% 00¢ 0

T
|
o
Lo
(syun "qiy) spnuubepn

00T
(sr) swiy
00T 06 08 0L 09 0S ov (0] 0¢ 0T 0 m
T T T T T T T T T T- )
a
qu“.
L I
@
o
<
=)
)
(sr) awiy
00T 06 08 0L 09 0S ov (0] 0¢ 0T 0
09- T T T T T T T T T 0 iy
S B
oz— I e -000T g
O A m
(ogp) ; A , : 000Z &

Jamod



149

A.2 Details of AD9914 Implementation

In order for the AD9914 evaluation board (AD9914/PCBZ) to generate chirped
pulses it must be configured in the ‘Digital Ramp Generator’ mode within the
AD9914 Evaluation Software [56]]. To output a single frequency ramp without
sustaining the last frequency of the ramp we set the ‘no dwell high’ pin high. Addi-
tionally, the ‘Autoclear digital ramp accumulator’ and ‘Autoclear phase accumulator’
pins are set high, so that the frequency and the phase are reset for each chirped pulse.
The AD9914 is advertised with a usable sample clock frequency of up to 3.5 GHz.
To extend the bandwidth of the board, we overclocked the AD9914 with a sample
clock at 4 GHz, allowing chirp generation up to 2 GHz. We also increased the band-
width of the board by attenuating the sampling clock input to -16 dBm. The cause
of the bandwidth dependence on the sample clock power is currently unknown. For
the 1.2 us, 2 GHz chirp used in this thesis, we set the sweep from 0-2000 MHz with
a 10 MHz rising step size and 0.006 us rising sweep ramp rate in the Evaluation
Software. This corresponds to stepping the DDS by 200 6 ns, 10 MHz steps for
each chirp. With this configuration, the AD9914 board can be triggered from the

Evaluation Software with a mouse click.

To synchronize the DDS triggering with that of the CP-FTMW spectrometer, a
trigger-in signal is sent to the DRCTL-BUF (pin 63) on the AD9914 chip [196].
However, on the evaluation board this pin is also routed to the USB control chip
(for software triggering), which overrides any other direct triggering. To disable the
USB control, we removed the R134 0 Ohm resistor connecting the DRCTL-BUF to
the USB control [[196]. This allows the direct triggering of the chirp from the P102
DRCTL-BUF triple row header on the evaluation board. To achieve coherent signal
averaging up to 2 GHz, the digitizer must be directly triggered from the DDS, since
it can slip by up to one clock cycle when triggered. The frequency sweep trigger is
obtained from the DROVR (pin 65) signal of the AD9914. On the evaluation board
this signal is routed to the DROVR-BUF triple row header.

Finally, we observe a slow phase slip of the chirped pulse after many (>500)
triggering events. This can be corrected by calibrating the DAC in the Evaluation
Software every few seconds. Since the DAC calibration takes 133 us for a 4
GHz sample clock [56]], this does not significantly reduce the repetition rate of the
experiment. In this thesis, we performed the DAC calibration with automated mouse
clicking software. Brandon Carroll has also developed Arduino software that will

automatically calibrate the DAC and control the chirp parameters.
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SPECTRAL FITS FROM SPFIT

All frequencies in MHz
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KRAITCHMAN ANALYSIS FROM KRA, WE-g+:
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The parent species: EtOD:H20
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Mass change = 1.00627670
Total mass = 67.07125960
M DM/ (M+DM) = 0.99117943

KRAITCHMAN RESULTS:

1.40248 +- 0.00032 0.11251 +- 0.00403 0.11462 +- 0.00394

The parent species: EtOH:D20

X, Y, Z = 9046.62600000 3191.06400000 2593.61500000
eX, eY, eZ = 0.03600000 0.01400000 0.01500000
Mass = 66.06498290

The isotopic species: EtOD:D20

X, Y, Z = 8610.61000000 3163.84180000 2568.45090000
eX, eY, eZ = 0.02000000 0.00850000 0.00730000
Mass change = 1.00627670
Total mass = 67.07125960
M DM/ (M+DM) = 0.99117943

KRAITCHMAN RESULTS:
a b C

0.46687 +- 0.00080 1.28566 +- 0.00029 1.09842 +- 0.00037



Optimized ab initio equilibrium structures in

MP2/aug-cc-pVTZ, tight convergence criteria

All distances in Angstroms
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ETHANOL-METHANOL DIMER
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7280
8420
2360
0460
9620
8300
9620
3540
4120
4900
9020
6100
8480
2080
3960
8080
5180

oMC

0.0172
0.0082

.0047
.0043
.0255
.0106
.0241
.0108
.0157
.0017
.0188
.0095
.0263
.0073
.0210
.0022
.0090
.0045
.0109
.0096
.0037
.0297
.0278
.0429
.0009

0.0060
0.0323

Error
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020

[ — N — N — R — N N — N — R N — R — N — N — N — R N — R — R — A — N — I — I ]
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2 2
3 1
3 2
6 0
3 2
3 1
4 2
5 2
2 1
7 1
4 0
1 1
6 1
3 2
8 2
9 2
5 0
7 1
10 2
1 1
4 0
5 2
5 1
ME-g-1
J Ka
3 0
3 1
3 1
4 1
4 0
4 2
4 2
4 1

B w A @ O 00 L1 00N R VT R OB OODN W N W DN O R N

w N Wb AN WwWw AN

SO O 00 WO @ W N = U N W Ul W N DN

[a—y
(=]

bk w2

w W W W W NN N N«

= N R @ B N R R R R @ @ R @ @ R R @ Fr KR R @ B

Ka’Kc’

= NN Rk =k o=k

w N N @ O b W 00 N M O W N P & W N W ul w DN

N = N W W = N

16816.7960
16947.5700
17202.5120
17316.0280
17165.1200
15542.8480
15413.7140
14993.8560
12305.9360

9444.8600

9450.1280

8954.6220

8338.2540
15797.8160
12437.1620
11502.8360
11029.6280
11227.0740
10506.3820

9188.8420

8045.4000
18056.3760
18476.2360

Measured
10027.9080

9752.6420
10332.2280
12998.2280
133560.2180
133960.1880
13432.7280
13770.6380

.0056
.0016
.0158
.0009

0.0009
0.0003

.0042
.0127

0.0082
0.0088
0.0117

.0148
.0458
.0120
.0197
.0130
.0148
.0461
.0146

0.0271
0.0076

.0110
.0005

oMC

.0035
.0425
.0526
.0108
.0145
.0007
.0132
.0197

.020
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020

(= — R — R — R — R — R — R — R — R I — R — B — R — T — B — T — B — B — A~

Error
.020
.020
.020
.020
.020
.020
.020
.020

[ — N — N — R — I — I —
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vovr U1 U1 U1 U

ME-t-1

w W w vl v1 U1 U111 UL DR R DR RN W WL

ME-t-1

w W w w «w

= N N @ =

[P S T S NV, |
[ - S T
= N N @ -

EtOD:MeOD

Ka Kc J’ Ka’

R N N P N W W NS P kR NDNS R R

Ka Kc J’

N N @ -

w

0

W = N H W DN w s U1l W N W b DN
N N NS B DD DR R R WW W W NN
=N N =R NN W w NN S = =R NN S ==

EtOH:MeOD

=N W W
N DN N DN
N N @ -

w N W b D

Kc’

N @ kL, W N P, N W & A N P N W W R~ N

Ka’Kc’

S =, N N

16239.4340
16655.4480
16731.6100
16816.3240
17204.0320

Measured
10601.8360
11009.4500
13664.7320
14092.7120
14177.3840
14269.2500
14667.3700
17064.2320
17548.4520
17709.3880
17759.5580
17764.0440
17890.8400
18314.4600
10638.9260
10675.9140
10256.6010

Measured
103960.2320
10716.4280
10746.6860
10776.9220

.0442
.0055
.0085
.0036
.0373

oMC

.0259
.0411
.0140
.0093
.0341
.0231
.0208
.0137

0.0353
0.0277

.0687
.0570

0.0545
0.0371
0.0622
0.0796

.0023

oMC

.0214
.0266
.0482
.0604

0.020
0.020
0.020
0.020
0.020

Error
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020

(= — R — R — R N — R — N — R — R N — I — R — N — A ]

Error
0.020
0.020
0.020
0.020
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31 2 2 11
4 1 4 3 1 3
4 0 4 3 0 3
4 2 3 3 2 2
4 2 2 3 2 1
4 1 3 3 1 2
5 1 5 4 1 4
5 0 5 4 0 4
5 2 4 4 2 3
5 3 3 4 3 2
5 3 2 4 3 1
5 2 3 4 2 2
5 1 4 4 1 3
ME-t-1 EtOD:MeOH
J Ka Kc J’ Ka’Kc’
3 0 3 2 0 2
3 2 2 2 21
3 21 2 2 0
31 2 2 11
31 3 2 1 2
4 0 4 3 0 3
4 2 3 3 2 2
4 2 2 3 2 1
4 1 3 3 1 2
5 1 5 4 1 4
5 0 5 4 0 4
5 2 4 4 2 3
5 3 3 4 3 2
5 3 2 4 3 1
5 2 3 4 2 2
5 1 4 4 1 3
4 1 4 3 1 3

11093.
13844.
14253.
14322.
14397.
14781.
17292.
17760.
17892.
17934.
17937.
18041.
18460.

6680
7340
1360
5640
7980
7520
0500
6020
9240
3020
4800
9380
9980

Measured

10611.
10648.
10684.
11018.
10266.
14105.
14189.
14280.
14679.
17080.
17565.
17724.
17774.
17779.
17904.
18329.
13677.

3960
0420
7120
4580
1820
7980
7480
8580
4720
4960
3020
9120
6540
0500
9100
7380
5620

.0273
.0158
.0141
.0044
.0164
.0259
.0041

0.0118
0.0293
0.0751
0.0495

.0044
.0075

oMC

.0034
.0415
.0244
.0042

0.0100
0.0024

.0254
.0106
.0180
.0688
.0087
.0078
.0999
.1049

0.0902
0.0623
0.0005

(= — N — I — A — R — A — I — I — A — I~

.020
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020

Error

(= — N — R — R — N — R — R — N~ I — N — R — A — A ]

.020
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020
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Optimized ab initio equilibrium structures in PAS

MP2/aug-cc-pVTZ, tight convergence criteria

All distances in Angstroms

Structure of ME-t-1

o oOo@m -m@H N oo m @-m NN @m @ @ N

Structure of ME-g-1

N o O - m N = = = N

-1

a

.418228
.319410
.457170
.146580
.871447
.960509
.840519
.884495
.157852
.365334
.289495
.616511
.797802
.663020
.828452

a

.892196
.402465
.946578
.521624
.652255
.131832
.592884
.790176
.200975
.706146

b

.261276
.454449
.434296
.957611
.160060
.363708
.339610
.027462
. 940400
.354296
.753828
.355180
.179063
.264758
.602422

b

.056231
.936010
.569071
.676641
.288466
.167801
.808873
.126606
.242955
.089504

C

.023401
1.090302
.457890

0.390121
0.209763
1.279087

.260335
.373426
.234585
.428467
.018141
.220455
.868366

0.636341
0.275142

C

.147426
.104305
.313616

0.490723
0.505915
1.453469

.698091
.281823
.145721
.155701
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m O m = =

Structure of ME-t-2

o oOo@m -m@EH N oo m oD NN @m @ &= N

Structure of M-g-1

N o O - W N = = = N

3.443029
2.643821
3.048571
1.473287

0.80103

a
.548471
.020920
.519334
.079151
.588674
.132198
.618714
.857512
.928260
.099111
.067807
-1.380759
-2.184335
-1.748118
-0.890810

S @ N = = N @ N =

| |
w N

a
-1.552529
-0.624826
-1.453939
-2.356115
-1.844097
-2.774519
-1.964686
-0.840550
-0.004360

2.275310

0.
-0.
-0.

0.

692132
704150
715332
548717

-0.13916

b

.150780
.980560
.462858
.952039
.110012
.057365
.438982

1.119365

.950433
.284622
.777203
.972940
.600723

0.046100
0.497252

b

.225313
.491649
.467287
.830254
.254485
.519076
.489013
.074889
.866601
.394556

0.
1.
-0.
-0.
-0.266128

322599
056785
671749
136716

C

.303469
.269050
.473918

0.209201
0.526578
1.505516

.678697
.188241
.292938
.652952
.621499
.109728
.288730
.678408
.640108

C

0.013973
0.521588

1.043593

0.436055
0.188238

.312751
.250933
.394410
.051425
.504133
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m O m = =

Structure of ME-g-2

o oOo@m -m@EH N oo m oD NN @m @ &= N

Structure of M-t

N o O - W N = = = N

N = N = W

.101448
.506993
.628377
.659191
.300506

a

.798686
.706028
.332276
.397052
.431582
.513248
.894782
.593823
.997309
.787934
. 725427
.299509
.012346
.006277
.157778

a

.895158
.826422
.222777
.641336
. 549695
.623644
.223294
.624426
.245938
.679561

1.046298

. 984042
.368012
.189729
.763810

b

.365523
.827497
.579125
.015338
.144109
.307726
1.084074
.663660

1.534883

.383910
.696855
1.264212
.314827

0.216635
0.470299

b

.251034
.309013
.161398

0.212155
0.414585
1.480490

.329826
.228532
.178717
.615227

.221042
.994837
.197939
.648161
.077882

C

.170291
.151253
.281204

0.468282
0.440397
1.431334

.548225
.399622
.477946
.386444
.066603
.812036
.196003
.632618
.238057

C

0.126969
0.374703

.907432

0.772095
0.305773

.067260

1.347473

.561546
.427308
.238093
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165

.649659 -0.456296 0.708132
.033471 -1.152874  0.924793
.801405 -1.210344 -0.666604
.028047 0.629188 -0.036596
. 549555 1.108067 -0.687679

m O m = =
NN NN W

Structure of EM-g-2

a b C
C -1.739509 1.093777 -0.287932
H -2.303557 0.857652 -1.188802
H -0.777158 1.510385 -0.587748
H -2.281999 1.853098 0.276855
C -1.539839 -0.157275 0.547948
H -1.004730 0.090446  1.472341
H -2.501511 -0.580357 0.835820
0 -0.859621 -1.181218 -0.164200
H -0.014150 -0.806644 -0.457979
C 2.155471 0.282123 0.662184
H 3.139014 0.751031 0.661388
H 1.443191 0.962017 1.120576
H 2.187072 -0.640233  1.242411
0 1.689295 0.047558 -0.669844
H 2.328124 -0.515334 -1.118448

The parent species: normal species

X, Y, Z = 7278.99300000 1909.88000000 1675.69600000
eX, eY, eZz = 0.00800000 0.00100000 0.00100000
Mass = 78.06807956

The isotopic species: EHMD

X, Y, Z = 7235.60000000 1908.49700000 1673.90700000



166

eX, eY, eZz = 0.50000000 0.00200000 0.00200000
Mass change = 1.00627670
Total mass = 79.07435626
M DM/ (M+DM) = 0.99347112
KRAITCHMAN RESULTS:
a b C

0.22152 +- 0.00550 0.52372 +- 0.00232 0.38070 +- 0.00323

The parent species: normal species

X, Y, Z = 7278.99300000 1909.88000000 1675.69600000
eX, eY, eZ = 0.00800000 0.00100000 0.00100000
Mass = 78.06807956

The isotopic species: EDMH

X, Y, Z = 6911.00000000 1900.20600000 1649.31500000

eX, eY, eZ = 1.00000000 0.00500000 0.00500000
Mass change = 1.00627670
Total mass = 79.07435626
M DM/ (M+DM) = 0.99347112
KRAITCHMAN RESULTS:
a b C

1.10534 +- 0.00238 1.90330 +- 0.00142 0.34951 +- 0.00845



167

XIAM Fits:

Normal Species:

0
~
+

calc/GHz diff/MHz obs/GHz

10.4004294 0.0166 10.4004460
10.7263043 0.0077 10.7263120
10.7562501 -0.0041 10.7562460
10.7861652 -0.0032 10.7861620
11.1026573 -0.0253 11.1026320
13.8584070 0.0110 13.8584180
14.2666599 -0.0239 14.2666360
14.3353116 0.0124 14.3353240
14.3557234 -0.0114 14.3557120
14.3566219 0.0061 14.3566280
14.4097440 -0.0160 14.4097280
14.7938313 0.0107 14.7938420
17.3092598 -0.0238 17.3092360
17.7780513 -0.0053 17.7780460
17.9089378 0.0242 17.9089620
17.9498252 0.0048 17.9498300
17.9529638 -0.0018 17.9529620
17.9423476 0.0064 17.9423540
13.0084224 -0.0104 13.0084120
13.2944996 -0.0096 13.2944900
13.8089045 -0.0025 13.8089020
14.7345809 0.0291 14.7346100
15.3018768 -0.0288 15.3018480
15.2382509 -0.0429 15.2382080
15.7603965 -0.0005 15.7603960
16.1068037 0.0043 16.1068080
16.3584799 0.0381 16.3585180
16.8167910 0.0050 16.8167960
16.9475701 -0.0001 16.9475700
17.2025268 -0.0148 17.2025120
17.3160247 0.0033 17.3160280

—_
|
~
+
wn
<
=]

A W W N NN W o b T NN UV RDAWWWWWW WG
S N P, N @ NN RFEPB NN SN PP A W WDNREPR LB N W WDNSEFR B NN

A~ N @ N P N N W b O, NN W A U WwNR, N WA AN R N W W
U1 W NN OO W NN A vt N, DDA DR PRRWWWW W W W NN NN G
R R @ R R R R N R R R PR @ & W WN@RFE RFPBR N W WDN@RF =R NN —~ RN
Ul W DN N v P, NN ULl W D DO, PR RPN W S DN R @ RPN W WR @ B~ NN
" nu N v N N . »KL N v NN N B N 1L N N B N L N 1 N N v N v N NN ¥ " m
i e e e e e e T T S S e e R S e S R R e o i i e



O U1 R LT UV W W W W W R DR TV RN T O 00WoO R NN BTN W W

A AR AR ARARARARAARARARAARARARARNRANA®RA

R N @ R N R @ N N N R kPR @ R Rr NN R~RLr N

S R R @ R P~ W A @ OO0 VT N R UL, DD O DN WDND WNDN

A O 0 W OO 2 W N R Ul Wb N W

[
(=]

w W s b w w b bR NN DN WWWwW s w2

AN AR AR ARARARARAARARARAARARAANARANA®RA

= N R @ B N R B B B @ @ R @ @ KB KRB @ K

S R FHF @ Rk W N M @ OW & W 00O N N O W N R & Wi w

|
N

N @ R = N

nwv n n n. n. "n " "N "N v v nu N n N " " " " " v nu N N N " "“n. " v uK¥. . »vu nu "n n n mn

N NN DN DN DN DN DN DN DN DNDNDNDDNDNDNDN R R R o e b b b b = b e

17.
15.
.4137174
14.
12.

15

1651186
5428480

9938651
3059282

9.4448480
9.4501162
8.9546369
8.3382041

15.
.4371420
11.
.0296141
11.
10.

12

11

7978047

5028224

2270267
5063956

9.1888146
8.0453941

18.
18.
14.
14.

13
11

14

0563814
4762337
7840434
2587886

.8617020
.0858756
10.
10.
10.
10.
17.
17.
17.
14.
14.
17.
17.
14.
.3514685

7207208
7683014
7679390
4121486
3099308
7673451
9563181
3724889
3644183
9468458
9454743
3524606

.0014
.0000
.0034
.0091
.0078
.0120
.0118
.0149
.0499
.0113
.0200
.0136
.0139
.0473
.0136
.0274
.0059
.0054
.0023

0.

0.
-0.
-0.

0.

0.
-0.
-0.
.0059
.0706
.0193
.0442
.0354
.0862
.0701
.0695
.0586

0084
0836
0019
0536
0836
0089
0799
0044

17.
15.
.4137140
14.
12.

15

1651200
5428480

9938560
3059360

9.4448600
9.4501280
8.9546220

12

11

.3382540
.7978160
.4371620
11.
.0296280
11.
10.

5028360

2270740
5063820

9.1888420
8.0454000

18
18

11

.0563760
.4762360
14.
14.
13.
.0858220
10.
10.
10.
10.
17.
17.
17.
14.
14.
17.
17.
14.
14.

7840518
2588722
8617002

7208043
7683103
7678590
4121442
3099249
7672745
9562988
3725331
3643829
9467596
9455444
3523911
3515271
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Lines fitted
MICROWAVE RMS
RMS ERROR

RMS deviations (MHz), B and

B V
B V
1 1 67

BJ

BK

B_

D]
DIK
DK

dj

dk

\F

Vin
\rho
\beta
\ gamma
FO
epsil
delta

Standard Deviation

n splittings MHz
n abs. freq. MHz
0.032086

Parameters and

152.

.792423199
.482330869
.117187167
.706416E-6
.565141E-6
.360580E-6
.809669E-6
.014381E-6

931591552

5702.490206

.026413563
.393745679
.666631168
.721195297
.604132007
.044866518

67

e e e N N e e N e N e e T e T e N e T e N e N

0.032086 MHz
1.604313

V sorted

0.037833

Errors
0.000001644}
0.000043047}
0.000005099}
0.030105E-6}
0.126349E-6}
3.176448E-6}
0.010591E-6}
0.006856E-6}
derived}
29.809113}
derived}
derived}
derived}
0.926732823}
0.006630021}
0.001828002}

0.035740 MHz

Rotational Constants and Errors (in GHz)
7.274754068
1.909610366
1.675236032

B_z
B_y
B_x

0.000043180
0.000005454
0.000005259
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Ray’s kappa -0.91629

F®(calc) 149.721195297 0.926732823
I_alpha 3.375467775 0.020893213
<(i,x) <(,y) <(i,z) 44.6206 60.5752 59.8664
d<(i,x) d<(i,y) d<(i,z) 0.3279 0.3444 0.1047

Vin_1 2.275472 kj +/- 0.011895 kj
190.214572 cm +/- 0.9943 cm

EtOD/MeOD

J K- K+ J K- K+ Sym calc/GHz diff/MHz obs/GHz

3 0 3 2 0 2 S 10.6018629 -0.0269 10.6018360
31 2 2 1 1 S1 11.0094883 -0.0383 11.0094500
4 1 4 3 1 3 S1 13.6647196 0.0124 13.6647320
4 0 4 3 0 3 S 1 14.0927246 -0.0126 14.0927120
4 2 3 3 2 2 S1 14.1774183 -0.0343 14.1773840
4 2 2 3 2 1 S1 14.2692661 -0.0161 14.2692500
4 1 3 3 1 2 S1 14.6673872 -0.0172 14.6673700
5 1 5 4 1 4 S 1 17.0642472 -0.0152 17.0642320
5 0 5 4 0 4 S 1 17.5484234 0.0286 17.5484520
5 2 4 4 2 3 S1 17.7093605 0.0275 17.7093880
5 3 3 4 3 2 S1 17.7596253 -0.0673 17.7595580
5 3 2 4 3 1 S1 17.7640988 -0.0548 17.7640440
5 2 3 4 2 2 S1 17.8907717 0.0683 17.8908400
5 1 4 4 1 3 S 1 18.3144185 0.0415 18.3144600
3 2 2 2 2 1 S1 10.6388640 0.0620 10.6389260
3 2 1 2 2 0 S1 10.6758316 0.0824 10.6759140
31 3 2 1 2 S1 10.2566048 -0.0038 10.2566010
4K 0 3K 0 S2 14.0863169 0.0155 14.0863324
4K -1 3K -1 S 2 14.6605028 -0.0172 14.6604856
5K 0 4K O S 2 17.5395382 -0.0037 17.5395346
3K ® 2K 0 S 2 10.5973807 0.0274 10.5974081
3K -1 2K -1 S 2 10.9982969 -0.0896 10.9982072
3K 1 2K 1 S 2 10.2635796 0.0021 10.2635817
4K 1 3K 1 S2 13.6662333 0.0377 13.6662710
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vl 1 LD W W

\

\
\
\

K -2 2K -2 S 2 10.6555372 -0.0502
K 2 2K 2 S2 10.6541051 -0.0731
K 2 3K 2 S2 14.2119159 -0.0361
K -2 3K -2 S 2 14.2281184 -0.0133
K -3 4K -3 S 2 17.7570005 -0.0250
K -2 4K -2 S 2 17.8342464 0.0435
K -1 4K -1 S 2 18.3082676 0.0863
Lines fitted = 31
MICROWAVE RMS = 0.044248 MHz
RMS ERROR = 2.212408
RMS deviations (MHz), B and V sorted
B V n splittings MHz
B V n abs. freq. MHz
1 1 31 0.044248 0.052812
Parameters and Errors
BJ 1.772924614 { 0.000001261}
BK 5.097481101 { 0.000811909}
B- -0.125634315 { 0.000004914}
F 152.841642697 { derived}
Vin 5983.971429 { 4.211286}%
rho 0.025378836 { derived}
beta 0.402059378 { derived}
gamma 0.650123203 { derived}
epsil 0.583207412 { 0.007392763}
delta 1.036822734 { 0.001585476}
Standard Deviation 0.050289 MHz
————————————————————————————————————— B= 1

Rotational Constants and Errors (in GHz)

B_z
B_y

6.870405715
1.898558929

0.000812149
0.000005250

10.
10.
14.
14.
17.
17.
18.

6554869
6540319
2118799
2281051
7569756
8342899
3083538
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B_x 1.647290299 0.000004891
Ray’s kappa -0.90379
FO(calc) 149.721195297 0.000000000
I_alpha 3.375467775 0.000000000

<(i,x) <(,y) <(i,z) 44.0690 61.7031 59.4056
d<(i,x) d<(i,y) d<(i,z) ©0.3450 0.3742 0.0908

Vin_1 2.387792 kj +/- 0.001680 kj
199.603774 cm +/- 0.1405 cm

EtOD/MeOH

J K- K+ J K-K+ Sym calc/GHz diff/MHz obs/GHz

3 0 3 2 0 2 S1 10.6114043 -0.0083 10.6113960
3 2 2 2 2 1 S1 10.6480860 -0.0440 10.6480420
32 1 2 2 0 S1 10.6847358 -0.0238 10.6847120
31 2 2 1 1 S1 11.0184452 0.0128 11.0184580
31 3 2 1 2 S1 10.2661943 -0.0123 10.2661820
4 0 4 3 0 3 S 1 14.1058040 -0.0060 14.1057980
4 2 3 3 2 2 S1 14.1897764 -0.0284 14.1897480
4 2 2 3 2 1 S 1 14.2808429 0.0151 14.2808580
4 1 3 3 1 2 S1 14.6794313 0.0407 14.6794720
5 1 5 4 1 4 S 1 17.0804631 0.0329 17.0804960
5 0 5 4 0 4 S1 17.5653067 -0.0047 17.5653020
5 2 4 4 2 3 S1 17.7249076 0.0044 17.7249120
5 3 3 4 3 2 S 1 17.7747526 -0.0986 17.7746540
5 3 2 4 3 1 S1 17.7791530 -0.1030 17.7790500
5 2 3 4 2 2 S1 17.9048085 0.1015 17.9049100
5 1 4 4 1 3 S 1 18.3296474 0.0906 18.3297380
4 1 4 3 1 3 S1 13.6775908 -0.0288 13.6775620
4K 0 3K 0 S2 14.0977638 0.0563 14.0978201
5K 0 4K 0 S 2 17.5541207 -0.0270 17.5540937
3K ® 2K 0 S 2 10.6057886 0.0972 10.6058859
3K -2 2K -2 S 2 10.6639170 -0.0040 10.6639131
3K 2 2K 2 S 2 10.6629803 -0.0480 10.6629323
4K 1 3K 1 S2 13.6805381 0.0245 13.6805626
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Ui U1 L1 U1 W WD N D

\

\
\
\

K 2 3K 2 S 2 14.2248643 -0.0276
K -2 3K -2 S 2 14.2379574 0.0245
K -1 3K -1 S 2 14.6705087 0.0380
K 1 2K 1 S 2 10.2764018 0.0327
K -1 2K -1 S 2 11.0034961 -0.0610
K 1 4K 1 S2 17.0815275 0.0825
K -3 4K -3 S 2 17.7712229 -0.0364
K 3 4K 3 S2 17.7726150 -0.1607
K -2 4K -2 S 2 17.8425610 0.0669
Lines fitted = 32
MICROWAVE RMS = 0.058285 MHz
RMS ERROR = 2.914241
RMS deviations (MHz), B and V sorted
B V n splittings MHz
B V n abs. freq. MHz
1 1 32 0.058285 0.069213
Parameters and Errors
BJ 1.774408152 { 0.000001641}
BK 5.132687427 { 0.001154488}
B- -0.125538501 { 0.000008151}
F 152.849959365 { derived}
Vin 5696.494665 { 4.408302}
rho 0.025472364 { derived}
beta 0.401428802 { derived}
gamma 0.656406096 { derived}
epsil 0.589311721 { 0.008853150}
delta 1.037637724 { 0.001749882}
Standard Deviation 0.065942 MHz
————————————————————————————————————— B=1

Rotational Constants and Errors (in GHz)

14.
14.
14.
10.
.0034351
.0816100
17.
17.
17.

11
17

2248367
2379818
6705467
2764346

7711865
7724543
8426279
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B_z 6.907095578
B_y 1.899946652
B_x 1.648869651

Ray’s kappa -0.90450
149.721195297
I_alpha 3.375467775

FO(calc)

0.001154457
0.000008856
0.000007735

0.000000000
0.000000000

<(i,x) <@@,y) <(1i,z) 44.2797 61.4028 59.4523
d<(i,x) d<(i,y) d<(i,z) ©0.4096 0.4454 0.1003

Vin_1 2.273080 kj +/- 0.001759 kj

190.014582 cm +/-

EtOH/MeOD

JK-K+ J K- K+ Sym
3 1 3 2 1 2 S1
3 08 3 2 0 2 S1
3 2 2 2 2 1 S1
3 21 2 2 0 S1
3 1 2 2 1 1 S1
4 1 4 3 1 3 S1
4 0 4 3 08 3 S1
4 2 3 3 2 2 S1
4 2 2 3 2 1 S1
4 1 3 3 1 2 S1
5 1 5 4 1 4 S1
505 4 0 4 S1
5 2 4 4 2 3 S1
5 3 3 4 3 2 S1
53 2 4 3 1 S1
5 2 3 4 2 2 S1
51 4 4 1 3 S1
3K 06 2K 0 S2
4K 1 3K 1 S 2
4K -1 3K -1 S2
3K 1 2K 1 S 2

0.1470 cm
calc/GHz diff/MHz
10.3902516 -0.0196
10.7164513  -0.0233
10.7467340 -0.0480
10.7769843 -0.0623
11.0936949 -0.0269
13.8447456 -0.0116
14.2531419 -0.0059
14.3225582 0.0058
14.3978182  -0.0202
14.7817760  -0.0240
17.2920461 0.0039
17.7605740 0.0280
17.8928912 0.0328
17.9342264 0.0756
17.9374304 0.0496
18.0419489 -0.0109
18.4609856 0.0124
10.7120095 0.0115
13.8464832 -0.0378
14.7743007 -0.0499
10.3983124  -0.0543

obs/GHz

10.
10.
10.
10.
.0936680
13.
14.
14.
14.
14.
17.
17.
17.
17.
17.

11

18
18

3902320
7164280
7466860
7769220

8447340
2531360
3225640
3977980
7817520
2920500
7606020
8929240
9343020
9374800

.0419380
.4609980
10.
13.
14.
10.

7120210
8464454
7742508
3982581
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5K 0 4K 0 S 2 17.7520613 -0.0165
4K 0 3K 0 S 2 14.2468774 0.0116
5K -2 4K -2 S 2 17.9888115 0.0106
5K -1 4K -1 S 2 18.4545366 0.0200
3K -2 2K -2 S 2 10.7596105 -0.0161
3K 2 2K 2 S2 10.7588820 0.1016
3K -1 2K -1 S 2 11.0811893 -0.0622
4K -2 3K -2 S2 14.3618651 -0.0103
5K 3 4K 3 S2 17.9319914 -0.0513
5K -3 4K -3 S 2 17.9308401 0.0795

Lines fitted = 31

MICROWAVE RMS = 0.040466 MHz

RMS ERROR = 2.023301

RMS deviations (MHz), B and V sorted

B V n splittings MHz

B V n abs. freq. MHz

1 1 31 0.040466 0.048298
Parameters and Errors

BJ 1.790894660 { 0.000001136}

BK 5.440766116 { 0.000930768}

B- -0.117384203 { 0.000004926}

\F 152.928398236 { derived}
Vin 5997.038040 { 3.896510}
\rho 0.026354337 { derived}
\beta 0.393089684 { derived}

\ gamma 0.653914781 { derived}
epsil 0.591763474 { 0.007422420}
delta 1.042556645 { 0.001466373}

Standard Deviation

0.045990 MHz

17.
14.
17.

18

11

7520448
2468890
0888220

.4545566
10.
10.
.0811271
14.
17.
17.

7595944
7589836

3618548
9319401
9309196
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Rotational Constants and Errors (in GHz)

B_z 7.231660776 0.000930950
B_y 1.908278863 0.000005245
B_x 1.673510458 0.000004858
Ray’s kappa -0.91552
FO(calc) 149.721195297 0.000000000
I_alpha 3.375467775 0.000000000

<(i,x) <(,y) <(i,z) 44.2065 61.1975 59.7341
d<(i,x) d<(i,y) d<(i,z) 0.3451 0.3745 0.0840

Vin_1 2.393006 kj +/- 0.001555 kj
200.039629 cm +/- 0.1300 cm
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