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ABSTRACT

While the glow of a sodium vapor lamp or the crisp reds in autumn leaves are
eye-catching examples of transitions between atomic and molecular energy levels
(hv ~2-3 eV), it is arguably the much lower energy, thermally populated intermolec-
ular “bath” states (hv ~ 107>-1072 V) that contribute most directly to the physical
properties of matter. Although invisible to the human eye, in this thesis we study
fundamentals of these low-energy interactions with two complementary techniques:
chirped pulse microwave spectroscopy and nonlinear single-shot terahertz (THz)

Kerr effect spectroscopy.

In the first section, we apply chirped pulse-Fourier transform microwave (CP-
FTMW) spectroscopy from 8-16 GHz to study fundamental hydrogen bonding
motifs in gas phase alcohol water dimers. Hydrogen bonding is ubiquitous in nature
and directly contributes to a range of phenomena from phase transitions in water to
solvation of ions to enzymatic activity. Our focus on gas phase dimers reduces the
spectral ambiguity arising in condensed phase samples, where inhomogeneous and
homogeneous broadening can hamper observation of conserved intermolecular in-
teraction motifs. The hydrogen bonding conformation of two alcohol-water dimers,
n-propanol-water and isopropanol-water, were characterized. Both were found to

adopt a shared water donor-alcohol acceptor conformation.

The following sections use nonlinear THz spectroscopy from 0.1-10 THz to in-
vestigate molecular dynamics in the condensed phase. We focus on halogenated
methane liquids, whose intense intramolecular vibrational modes are commensurate
in energy to the intermolecular bath states. One central goal of this section was
developing a technique to more rapidly collect nonlinear, multi-dimensional data
from liquid systems. To that end, we developed a single-shot measurement approach
using a reflective nickel echelon mirror and a high frame rate camera. With this new
device we achieved an order of magnitude reduction in experimental integration
times. High resolution, nonlinear multi-dimensional THz studies of several halo-
genated methane liquids and materials were produced as a result. From these data,
we identified important spectral contributions from the experimental instrument

response function.
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Introduction



Chapter 1

INTRODUCTION

Intermolecular interactions within solids, liquids, and gases are critical for un-
derstanding much of biology, chemistry, and physics. Intrinsic energies of these
interactions range from 0.1-300 cm™! (hv ~ 107°-1072 eV), which leads to a com-
plex set of thermally populated bath states at room temperature (kg7 ~ 203 cm™).
Small perturbations to these states can have profound effects. Consider, for ex-
ample, how the dynamics of water molecules change as a sample is cooled from
room temperature to 0 degrees Celsius. With this slight decrease in thermal en-
ergy (AE = 24 cm™!), changes in hydrogen bonding interactions between adjacent
molecules lead to an abrupt phase transition that transforms liquid water into to a
lower density solid. The substantial consequences of small changes in intermolec-
ular interactions, as exemplified by water, has driven investments in theoretical and

experimental studies of condensed phase phenomena.

Water, perhaps predictably given its importance in the natural world, remains a
favorite subject of study; tens of water models have been developed [ 1} 2, |3, 4], and
new computational efforts appear frequently in the literature [5, |6, 7]. Experimental
efforts have similarly ballooned over time, ranging from studies of fundamental
interactions in neat water [8, 9, |10, |11} |12} [13], to dynamics in aqueous solutions
[14]], to the solvation of bio-molecules [15,16], and even to probing the mechanism
underlying anti-freeze proteins which preserve psychrophiles in arctic temperatures
[17,]18].

While a wide range of spectroscopic techniques can be used to observe intermolec-
ular interactions, all must contend with a characteristic lack of clear, bright chro-
mophores. Furthermore, signals associated with many body dynamics are inherently
amorphous due to homogeneous and in-homogeneous broadening and the large den-
sity of states within the system. These factors can create ambiguity and uncertainty

in interpreting data.

In this thesis, we resolve some of these challenges by studying intermolecular
interactions and dynamics using two complementary techniques (Fig. [I.T)). Using
a chirped pulse-Fourier transform microwave spectrometer in the 8-16 GHz region

(0.25-0.5 cm™!), we examined alcohol-water dimers in the gas phase to understand
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Figure 1.1: This thesis focuses on the low-energy microwave and terahertz regions of
the electromagnetic spectrum. Overlapping contributions from rotations, inter- and
intramolecular effects make spectra from this region congested and difficult to inter-
pret compared to higher frequency vibrational or electronic spectroscopy. We will
use two approaches, chirped pulse-Fourier transform microwave spectroscopy and
nonlinear terahertz Kerr effect spectroscopy, to observe intermolecular interactions
in the gas and condensed phases respectively.

ground-state hydrogen bonding interactions. Next, we performed nonlinear terahertz
(THz) spectroscopy studies of room temperature liquids from 0.1-10 THz (3-333
cm™!) using a first-of-its-kind single-shot multi-dimensional terahertz spectrometer.
In the following sections, we discuss in more detail the particulars of each approach

and key findings.

1.1 Microwave spectroscopy of gas phase molecular dimers

First, the issue of spectral ambiguity can be addressed by reducing the complexity
of a system’s intermolecular interactions as much as possible. This allows obser-
vation of fundamental interaction motifs, as we demonstrate in this thesis by using
gas phase microwave spectroscopy to study hydrogen bonding in alcohol-water
dimers. Molecular dimers can be formed with high efficiency in a vacuum cham-
ber through collisional cooling of molecules within an argon-backed supersonic
expansion. Thermal motion is converted to directed translational motion, reducing
temperatures in the moving molecule frame to a few Kelvin. Clustering during this

cooling process produces complexes trapped in the vibrational ground state. Next,
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the rotational spectrum of the dimer is interrogated using chirped pulse-Fourier
transform microwave spectroscopy. From these data, the rotational constants of
the dimer can be determined, which can then help uniquely identify the dimer’s
structure, torsional and vibrational dynamics, and hydrogen bonding interactions

between the alcohol and water molecules.

To this end, in Chap. [2] we report structural characterizations of two isopropanol-
water dimers [[19]]. This work was performed in collaboration with Prof. Walther
Caminati’s group at University of Bologna. A subsequent collaboration with Elena
Alonso, a visiting Ph.D. student from the University of Valladolid, resulted in
characterization of two n-propanol-water dimers [20], as discussed in Chap. [3
Large degrees of conformational freedom in the n-propanol monomer required
intensive ab initio searches of conformational phase space to identify all the possible
stable hydrogen-bonded dimer structures. Isotopic substitution studies allowed
unambiguous verification of the assigned structures through Kraitchman analysis.
In both dimers studied, the water molecule was found to play a key hydrogen bonding
donor role. (One of the two experimentally observed ground state structures is seen

in Fig. [I.T] with hydrogen bonding interactions shown as dashed lines.)

1.2 Nonlinear terahertz spectroscopy of liquids

While microwave spectroscopy is useful for studying isolated hydrogen bonding
motifs in the gas phase, a liquid’s more numerous degrees of freedom, thermal
energy, and continuum of bath states require a different set of tools. Terahertz spec-
troscopy is a natural choice since the THz photons have commensurate energies to
such thermally excited bath states. We can simplify analysis of typically congested
condensed phase THz spectra by studying model systems with clear chromophores.
For example, halogenated methanes such as bromoform (CHBr3, Fig[I.1) and chlo-
roform (CHCI3), possess bright, easily distinguishable intramolecular vibrational
modes which are close in energy to the intermolecular bath modes. As such, these
liquids are useful systems for developing nonlinear THz techniques (discussed in
more detail in Chap. [).

In this thesis, we are particularly concerned with studying liquid systems using
two-dimensional THz-THz-Raman (2D-TTR) spectroscopy [21]. A diagram of the
2D-TTR input fields is seen in Fig. [[.2] Briefly, this technique uses two THz
fields, separated by a time 1, to generate a nonlinear polarization in a sample.

Interrogating the sample with a Raman field at later times #, records the molecular
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Figure 1.2: The two-dimensional terahertz-terahertz-Raman (2D-TTR) pulse se-
quence, time definitions, and polarization states which are used extensively in the
terahertz spectroscopy section of this thesis.

response of the system, which will reflect intra- and intermolecular contributions.
By adopting multi-dimensional spectroscopy techniques, molecular dynamics can
be distributed along several independent axes, and in-homogeneous broadening is
reduced. From the improved spectral resolution and clarity provided by 2D-TTR
spectroscopy, loan Bogdan-Magddu, a post-doc in Prof. Thomas Miller’s group,
led a study of intramolecular vibrational modes in bromoform that successfully

modelled electronic anharmonicities in the molecular potential energy surface [22].

Development of a single-shot THz Kerr effect spectrometer

A common characteristic of nonlinear THz spectroscopies (as well as linear THz
absorption spectroscopy) is the time-domain nature of the measurements. Retro-
reflector mirrors mounted on motorized delay stages precisely control the {z{, 5}
timings of the multiple light pulse interactions with a sample. Heterodyne detection
[23] with a square-law detector directly captures the complex emitted signal field
Esi¢ (11, 12) while substantially enhancing the experimental signal-to-noise (Fig.
A). The main cost incurred in this approach is the unfavorable scaling of integration
times with the number of independent temporal axes. While it may take only N
points to sample a response along #,, the additional #; axis in 2D-TTR experiments
requires integration times proportional to N* (Fig. B). Time costs become
particularly prohibitive with samples such as water that have very weak nonlinear

responses.

Can we devise an improved measurement technique that will produce higher reso-
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Figure 1.3: A comparison between time-domain and frequency-domain strategies
for performing multi-dimensional THz spectroscopy. Traditional 2D-TTR (A) uses
mechanical delay stages on both axes, resulting in squarely sampled data (B). To
reduce experimental integration times, two approaches to multiplexing the #, mea-
surement axis are shown. In (C), a frequency domain approach measures the Raman
probe spectrum. The collected data (D) now consist of one temporal axis, 71, and one
spectral axis, w,, which is fully captured with each laser shot due to the multiplex
advantage offered by the grating element. Single-shot time-domain spectroscopy
(E) uses a probe pulse with a temporal wave-front. (F) Single-shot data retain both
time axes, but the #, axis is sampled over a wide range with each laser shot.

lution data in less time? The primary inefficiency associated with the time-domain
approach is a lack of multiplexing; each data point is collected by physically moving
mirrors and then integrating for a period of time. In contrast, spectrometers enjoy a
multiplex advantage thanks to dispersive grating elements. Thus, one potential way
to speed up nonlinear THz measurements could be to build a grating spectrometer
which measures Raman shifts in the probe spectrum after interactions with a sample
(Fig. [1.3]C). Such an approach, however, would require very delicate spectrometer
alignment, careful calibration, and expensive Raman edge filters to isolate signals.
On the other hand, a full Raman spectrum of the molecular response could be
captured with every laser shot, potentially offering extremely short experimental
integration times (Fig. [I.3D).

A second solution borrows the dispersive element at the heart of grating spec-
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trometers, while performing the measurement in the time-domain (Fig. [[.3|E). By
encoding a smoothly varying temporal wave-front across the diameter of a probe
beam, a large range of dynamics along #, can be recorded onto a detector array (Fig.
[L.3]F). The majority of this thesis work details the development and performance of
such a single-shot multidimensional terahertz time-domain spectrometer. (“Spec-
trometer” is somewhat of a misnomer; the single-shot device averages time-domain
molecular responses which may then be transformed into the frequency domain
using a Fourier transform algorithm.) At the heart of the spectrometer are two
components. The first is a 30x30 mm? nickel block with micron-scale stair step
grooves machined across its surface. These stair steps impart a temporal wave-front
to a Raman probe beam, allowing tens of picoseconds of molecular dynamics to be

captured on a high frame-rate Andor Zyla sSCMOS camera with each laser shot.

Several hurdles were overcome during this project, including designing the optical
imaging system, incorporating two nonlinear terahertz excitation fields, data capture,
processing, and analysis, and incorporating phase-sensitive detection. These chal-
lenges are discussed in detail in Chap. [5| In building up to the full two-dimensional
nonlinear spectrometer, we first constructed a one-dimensional single-shot spec-
trometer to perform optical and terahertz Kerr effect (1D-OKE, 1D-TKE) studies
of liquids at room temperature. The 1D-TKE spectrometer’s construction and per-
formance are summarized in Chap. [0 [24]. Working in collaboration with fellow
graduate student Haw-Wei Lin, the second iteration of the device was constructed to
capture the full 2D-TTR response of liquids. The resulting apparatus can measure
orders of magnitude larger temporal ranges at a fraction of the time required for the

original dual stage-scan 2D-TTR studies.

The nonlinear instrument response function

With reduced integration times and improved sensitivity, we have studied a large
range of liquids and materials ranging from halogenated methanes and water, to
diamond and lithium niobate. As our range of samples has increased, so too has our
understanding of the nuances of 2D-TTR spectroscopy. Alongside common day-
to-day fluctuations in signals due to changes in experimental alignment, we began
noticing substantial inconsistencies between 2D-TTR data gathered under apparently
minor changes in experimental setup. For example, small modifications in THz
generation produced dramatic changes in the 2D-TTR spectrum of bromoform.
These observations, on their own, were curious but did not definitively point to a

particular mechanism responsible for these changes.
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With data on halogenated methane liquid collected across larger temporal extents
and at higher resolution, we also observed a lack of any prolonged intramolecular
response along the 2D-TTR ¢; axis. While the intramolecular vibrational signal
extended along 7, for nearly 10 picoseconds, the #; response lasted for less than a
picosecond. This behavior was not consistent with a series of discrete, temporally
separated resonant interactions with a intramolecular vibrational mode. Instead,
these data appeared more consistent with an instantaneous sum-frequency (SF)
process, which can be viewed as the low frequency analog to Raman scattering.
Since the SF pathway is linear in the polarizability operator, such signals might
easily overwhelm contributions from the resonant, nonlinear pathways that had

been previously considered.

As discussed in Chap. additional questions were raised by the hypothesis that
a strong SF pathway contributed to the intramolecular 2D-TTR response of halo-
genated methanes. First, how could an instantaneous excitation mechanism with no
t1 dependence still produce a response which varied along #1? To address this ques-
tion, we investigated the role of the instrument response function (IRF) in 2D-TTR
spectroscopy. A model IRF is shown in Fig. [I.4] In the time domain, convolu-
tion of the three input electric field with the time-dependent molecular response
function R (¢, 1,) produces a distorted signal. In the frequency domain, the IRF
acts as a multiplicative window on the molecular third order nonlinear susceptibility
X(3) (w1, w3z). For bromoform and other halogenated methanes, the #;-independent
SF y® (w1, w») component effectively has uniform intensity along w1, while the
IRF power is highly featured and sensitive to minor changes in the shape of the THz
electric field. Consequently, multiplication of these two terms results in complex
2D-TTR spectra which change appearance with small modifications in the THz
generation process. Through two complementary modelling approaches, we have
demonstrated that the spectra of bromoform and chloroform can be accurately re-
produced by slicing a common IRF along w; at w, = v, where v is the frequency of

each molecule’s intramolecular vibrational mode [[25]].

2D-TTR spectroscopy of gases and materials

Apart from identifying the important role of SF pathways in 2D-TTR spectra of
halogenated methanes, and clarifying the role of the IRF in 2D-TTR spectroscopy,
the single-shot spectrometer has produced several other interesting observations
which may be relevant to consider in future 2D-TTR experiments. First is the small,

but detectable, emission from residual water vapor in the 2D-TTR experimental



R(3)(t1,t2) = O(ty,tp) x(3)((1)1,(02) =1
STTR(thtz) = R(S)(t1,t2) ® IRF STTR(UJ1,(02) = x(s)(w1,(1)2) x IRF
1:1 w4

t2 (07

Figure 1.4: A diagram of the time and frequency domain manifestations of the
2D-TTR instrument response function (IRF). In this model, the sample’s response
R®) (t1,12) is a 2D Dirac delta function, §(¢1, t), which should be sharply peaked
only at (0,0). Instead, time-domain convolution of this response with the IRF
produces a distorted signal. In the frequency domain (right), the convolution of
time-domain fields becomes a multiplication between the spectral content of the
IRF and the sample’s third-order susceptibility, y* (w1, w>). In the case of a 2D
Dirac delta function, y® (w1, w») is uniform across all frequency space, and the
observed spectrum is determined by the distribution of the IRF’s spectral power.

enclosure discussed in Chap. [§] In many liquids, such as carbon disulfide (CS,),
a long-lived oscillatory Kerr effect response is observed along #1. Intense THz
emission from water vapor along the THz beam transport path has been identified
as the origin of these secondary nonlinear signals. Future 2D-TTR measurements
of liquid dynamics will need to develop methods that model and mitigate these
contributions, which may hamper the observation of liquid orientational correlation

functions.

Second, we present in Chap. [O]initial 2D-TTR results on a sample of lithium niobate
(LiNbO3). This ferroelectric material has an intense IR and Raman-active phonon
mode at 3.9 THz that is readily excited by the experimental THz fields. Contributions
from phonon excitation dominates the 2D-TTR response. Because of the non-zero
¥ susceptibility of the anisotropic sample, these results may be consistent with

either a cascaded y? - y® process or with a y®) 2D-TTR response.

A cascaded mechanism would involve optical rectification between an excited
phonon mode and a THz field. The ~DC polarization produced in the sample
would alter the sample refractive index, which would be subsequently probed by the

Raman field via a linear Pockels effect.

In contrast, the data are also consistent with a y® 2D-TTR response related to
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anharmonicity of the polarizability operator in lithium niobate. In this interpretation,
the oscillatory emission from phonon modes along ¢#; may contribute, like water
vapor in CS,, to the overall IRF of the experiment. This observation is important
for developing an interpretation of the 2D-TTR data which is consistent with lessons

learned from the halogenated methane studies.
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Chapter 2

CONFORMATIONAL EQUILIBRIUM AND INTERNAL
DYNAMICS IN THE ISOPROPANOL-WATER DIMER

We begin our investigation of hydrogen bonding in gas phase alcohol water dimers
by using chirped-pulse Fourier transform microwave spectroscopy to characterize
complexes of isopropanol and water. Two distinct rotational spectra have been
assigned, corresponding to two different conformations of the dimer. Because of
the sensitivity of rotational spectroscopy to molecular geometry, we can identify
with precision the conformational structure of each dimer. In both cases, the water
molecule donated a proton to the isopropanol hydroxyl group, whose free hydrogen
was oriented in a gauche conformation. The isomer in which the water molecule
is oriented along the symmetry plane of the isopropanol molecule (inner) is more
stable than the second isomer, where the water is positioned outside the isopropanol
symmetry plane (outer). The rotational transitions of the inner isomer display a
doubling, due to the two equivalent minima related to the internal rotation of the
hydroxyl group in concert with rearrangement of the water unit. The tunneling
splitting has been determined to be 25.16(8) GHz, corresponding to a B barrier of
440 cm™!.

Most of this chapter has been reproduced with permission from the PCCP Owner

Societies from:

L. Evangelisti et al., Conformational equilibrium and internal dynamics in the
iso-propanol-water dimer. en, Phys. Chem. Chem. Phys. 19, 568-573, DOI
10.1039/C6CP06315B(2017)


http://dx.doi.org/10.1039/C6CP06315B
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2.1 Introduction

The small size of the water monomer and its double-donor/double-acceptor capaci-
ties give it great flexibility in forming a variety of hydrogen bonds. A recent paper
presents a cataloguing of the interactions of water with organic molecules, as ob-
tained by the rotational spectra of their molecular complexes isolated in supersonic
expansions [2]]. In such complexes, water can undergo internal motions, where the
dynamics depend on water’s proton donor or proton acceptor role. These dynam-
ics are generally enhanced, generating features such as the doubling of rotational

transitions when water acts as a proton acceptor [3, 4].

Adducts of water with alcohols are characterized by a relatively strong O-H---O
hydrogen bond linking the two subunits. These alcohol-water structures may be
further stabilized with weaker complementary hydrogen bonds between alkyl pro-
tons and the water oxygen [5]. Internal dynamics often complicate the rotational
spectra, but allow a determination of the intermolecular potential energy surfaces
along the motions of interest. Due to the amphoteric nature of the water and alcohol

hydroxyl groups, each can act either as the proton donor or the proton acceptor.

In the pioneering rotational study of methanol-water it was shown that the observed
species consisted of a water—donor, methanol-acceptor complex [6]. The spectrum
was complicated by the internal rotation of the methyl group, such that the spec-
troscopic parameters were reported only for the internal rotation A-state. Similarly,
water acts as proton donor in the adduct tert-butanol-water [2]]. The tert-butanol hy-
droxyl group tunnels between two equivalent minima — involving also a considerable
rearrangement of water — that generates splittings of the rotational transitions. From
these splittings, the corresponding potential energy function has been estimated.
The same hydrogen bonding motif (where water serves as the proton donor) has
been recently found in the adduct of water with ethanol [7], and in glycidol-water,
the water moiety acts both as a proton donor and a proton acceptor forming two
strong O—H- - - O hydrogen bonds within a cyclic structure [g].

A different behavior has been encountered in phenol-water where water has the
role of proton acceptor [9] . Here, water undergoes a two-dimensional (2D) motion
(a combination of internal rotation and inversion) between four (2X2 equivalent)

minima on the 2D intermolecular potential energy surface.

Additional studies of the rotational spectra of adducts of water with larger aliphatic
alcohols, such as water—propanol, would help to understand the interplay between

the hydrophobic and -philic interactions in such clusters. Here we are interested
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in the adduct of water with isopropanol (IP-W), a dimer with a conformational
equilibrium taking place between the gauche and trans forms of isopropanol [10].
In a related complex, hexafluoroisopropanol-water [11]], only one conformer was
observed, wherein frans-hexafluoroisopropanol acts as a proton donor to the water,
a motif similar to phenol-water. Most likely, it is the high degree of fluorination that
inverts the usual conformational behavior observed for the aliphatic alcohol-water

complexes.

2.2 Experimental approach
The rotational spectra of IP-W isotopologues have been measured in two different

laboratories:

(a) Caltech. Data were collected from 6-18 GHz using a previously described
chirped pulse-Fourier transform microwave (CP-FTMW) spectrometer [7]. Selec-
tive excitation of a sample with broad bandwidth microwave pulses (Aw ~ 4 GHz)
was achieved in a two-step process. First, a DC-2 GHz chirp was produced by
generating a rapid, linear frequency sweep on an Analog Devices 9914 direct digital
synthesizer board (DDS) [12]. As shown in Fig. this chirp (labelled R) was
then combined in a microwave mixer with a local oscillator (L) tuned to an arbitrary
higher frequency w. The mixer produced a 4 GHz wide intermediate frequency (I)
ranging across w + 2 GHz. Power was increased with a gallium nitride microwave
amplifier. Broadcast of the pulse into the vacuum chamber then polarized dimers
formed in a coincident pulsed supersonic molecular expansion. In these experi-
ments, a reservoir nozzle was filled with a 1:1 molar mixture of isopropanol and
water, and heated to =40 degree Celsius. Argon at 46 psi pressurized the nozzle.
The nozzle was pulsed at 10 Hz, creating a supersonic expansion perpendicular to
two waveguide horns. Forty 1 us duration chirps were broadcast with each gas pulse.
After polarization with the chirped pulse, detection of the molecular free induction
decay (FID) used the same process in reverse. A second microwave horn detected
the decaying FID, and the signal was down-converted in a second mixer back to
DC-2 GHz. This low frequency signal was then easily recorded with a high speed
Agilent digitizer card. Data were collected for 300 seconds at each local oscillator

setting. Line centers were measured to an accuracy of 20 kHz.

(b) UNIBO. Measurements were performed between 6—18.5 GHz using a pulsed jet
Fourier transform microwave (PJFTMW) spectrometer described elsewhere [13],

based on the pioneering designs of Flygare [[14] and Grabow [15]. Adducts were
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Figure 2.1: A schematic diagram of the CP-FTMW spectrometer. A direct digital
synthesizer (DDS) generated a DC-2 GHz chirp. Upon mixing with a local oscillator
at w GHz, the w +2 GHz pulse was amplified and emitted into the vacuum chamber.
A supersonic gas expansion, polarized by the pulse, emits a molecular FID which
was detected by a second microwave horn. Down-conversion with the same LO
yielded an easily digitized waveform for further analysis.
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formed by flowing helium through a stainless steel reservoir containing a 50% by
mole mixture of isopropanol and water, and running the resulting gaseous mixture
through a pulsed supersonic expansion. Rotational frequencies were determined
after the Fourier transform of 8000-data point time-domain FIDs, recorded with 40
ns sampling intervals. The pulsed molecular beam was introduced parallel to the
axis of the Fabry—Pérot resonator. Consequently, each observed transition appeared
as a Doppler doublet, and the line frequency was determined as the arithmetic mean
of the frequencies of the two Doppler components. The accuracy of frequency

measurements is estimated to be better than 3 kHz.

2.3 Ab initio calculations

Before searching for the rotational spectrum, we ran several theoretical calculations,
in order to constrain reliable starting conformations for spectral assignment. The
MP2/6-311++G(d,p) level of theory was used, in Gaussian09 [16].

Five energy minima were found, shown in FlIg. [2.2] corresponding to the trans or
gauche conformation of isopropanol, to the proton donor or proton acceptor role
of water, and to the orientation of water with respect to the symmetry plane of
gauche isopropanol (Inner indicates water is oriented along the IP symmetry plane;
Outer indicates water is oriented perpendicular to the IP symmetry plane). The

corresponding spectroscopic parameters are listed in Table [2.1]

As has been seen for the simpler aliphatic alcohol adducts, the complexes where the
water acts as a proton donor are more stable, and, as for ethanol-water dimer, the

gauche conformation of the alcohol is preferred. Cooperative water donor/isopropanol
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Figure 2.2: Conformations and relative energies of the 5 most stable forms of IP-W.
¢ G = gauche, T = trans, A = Acceptor (Alcohol), D = Donor (Alcohol), I = Inner
(position of water), O = Outer (position of water). b Absolute energy =-270.134153
Ej.

acceptor structures (GAI, GAO, and TA) comprise the three lowest energy dimers,
while anti-cooperative hydrogen bonding increases the GD and TD dimer energies
by over 100 cm~!. The relative energy difference between GAI, GAO, and TA
indicates the trans/gauche position of the alcohol hydroxyl may account for ~20

!in energy. However, a significant stabilization of 100 cm™! occurs when the

cm-
water is oriented symmetrically between the alcohol’s two methyl groups, as in GAIL.
This stabilization is likely attributable to increased opportunities and/or improved

alignment for secondary stabilizing C—H- - - OH; bonding interactions.

As has been seen for the simpler aliphatic alcohol adducts, the complexes where the
water acts as a proton donor are more stable, and, as for ethanol-water dimer, the
gauche conformation of the alcohol is preferred. Cooperative water donor/isopropanol
acceptor structures (GAIL, GAO, and TA) comprise the three lowest energy dimers,
while anti-cooperative hydrogen bonding increases the GD and TD dimer energies

by over 100 cm™!. The relative energy difference between GAI, GAO, and TA in-
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GAI GAO TA GD TD

A [MHz] | 5121.4 8058.8 7528.5 8039.6 5188.1
B [MHz] | 2527.4 2073.1 2155.3 1996.1 2364.8
C[MHz] | 2388.2 1758.2 1837.5 1701.5 2225.1
ua [D] 1.95 -2.62 242 3.07 -2.69
ug [D] 0.20 -1.17  0.87 -0.83  0.00
uc [D] 1.51 -0.64  0.37 -0.48 1.62

Table 2.1: MP2/6-311++G(d,p) calculated spectroscopic parameters of the five most
stable IP-W dimers.

dicates the trans/gauche position of the alcohol hydroxyl may account for 20 cm™'
in energy. However, a significant stabilization of 100 cm™! occurs when the water
is oriented symmetrically between the alcohol’s two methyl groups, as in GAI. This
stabilization may be attributed to increased opportunities and/or improved alignment

for secondary stabilizing C-H- - - OH, bonding interactions.

2.4 Results: GAI (Inner) conformer

Rotational spectrum

The rotational spectrum of this isomer was assigned at Caltech, using the SP-
FIT/SPCAT suite of programs [17]] and a graphical Python fitting program. Double
resonance of assigned transitions was performed to validate the fit. Later on, com-
plementary measurements were performed at UNIBO. Rotational transitions are
split into two component lines, with an intensity ratio of about 5:1, corresponding to
a vibrational splitting of about 1 cm~!. The doublet of the 211 < 1y transition is
shown in Fig. 2.3 A. Since the GAI isomer is a near symmetric top, the S-reduction
and I" representation have been chosen [18]]. The fitted spectroscopic parameters
are reported in Table[2.2]

Isotopologues were not assigned for the GAI isomer due to their complex spectra.
Instead, the justification for our structural assignment comes from the good agree-
ment between predicted and experimental rotational constants. The intensities of
the GAI and GAO transitions also agree with relative populations consistent with
the ab initio energies. Finally, the flexible model analysis based upon the GAI
structure (mentioned next) faithfully reproduces splitting of transitions ascribed to

that isomer.

The fitting of the transition frequencies was complicated by the Coriolis’ interactions

between the v=0 and v=1 vibrational levels. The following coupled Hamiltonian
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Table 2.2: Experimental spectroscopic constants of IP-W-GAI (S-reduction, 1"
representation). “Errors in parenthesis are expressed in units of the last digit.
bStandard deviation of the fit. “Number of fitted transitions.

y=0 y=1

A [MHz] 5098.624(3)* 5099.953(3)
B [MHz] 2485.250(1)  2484.560(1)
C [MHz] 2353.853(1)  2352.743(1)
D; [kHz] 7.98(4)

D,k [kHz] | 21.6(2)

Dk [kHz] -17.3(6)

d; [kHz] 0.27(2)

A Eg [GHz] | 25.16(8)

F,, [MHz] | 47.87(2)

Fp. [MHz] | 4.2(1)

o’ [kHz] 3.7

N¢ 33

A E (arb. units)

9807 9808 9809 MHz ~100 ~50 0 50 100
T (degrees)
Figure 2.3: A) Tunneling components of the 211 « 1; transition. Each of the
peaks are further doubled by the Doppler effect. B) The tunneling motion in of
IP-W-GALI is predominantly due to the internal rotation of the hydroxyl group,
accompanied by a structural relaxation of the “free" water hydrogen
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was therefore used:

H=H{+H+HP + H™ 2.1)

where H(’f and Hf account for the rotational energies for the O and 1 substates,
respectively, HCP represents the centrifugal distortion corrections (forced to the
same value for v=0 and v=1), and H;,,; the interaction between the v=0 and v=1

states, expressed as:

H™ = AEg) + [Fpe(PpP + PcPp)] + [Fup(P.Pp + PpP,)] (2.2)

AEy is the energy difference between the 0 and 1 sub-states, while Fj,. and F,;, are
Coriolis’ coupling parameters. The (P.P,+P,P.) Coriolis term was not used in the
fit, consistent with an inversion motion through the b-axis. This inversion motion is
further verified in the ab initio structure, which confirms that the proton movements

occur along the b-axis.

Flexible model analysis of the tunneling motion

The determined AEo; splitting is related to the barrier between the two equivalent
minima (Fig. B) as a function of the internal rotation of the OH group (given
by the dihedral angle 7), the amplitude of the motion (in our case a ~120° rotation
of the OH group), and the reduced mass of the motion, which is a function of 7 and

also of the structural relaxation which takes place in the complex.

Meyer’s flexible model [[19, 20] is especially suitable to determine potential energy
surfaces from rotational and vibrational experimental data. In our case we consider
7 as the key parameter to describe the motion, with any structural relaxations of the

dimer taken into account as a function of 7.

In principle, the OH internal rotation should be described by a periodic function,
but, considering the shape of the potential energy function (that is, when OH is in
the trans position, the potential energy is very high), we can reasonably assume
that the tunneling effects are produced ‘locally’ in the range of the HO-CH dihedral
angle (7) between ca. -120 and +120°. In this case, the potential can be described

by the two parameters required in the following double minimum potential:

V(r) = By[1 - (1/70)*]? (2.3)
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Hf

Figure 2.4: A) Structure of the GAI (Inner) conformer of IP-W, with labeling of the
atoms involved in the flexible model analysis of IP-W-GALI. Hf indicates the “free”
(not involved in the hydrogen bond) water hydrogen. B) Structure of the GAO
(Outer) conformer of IP-W, with atom numbering. The r; substitution positions
of the three water atoms are shown as smaller blue spheres, superimposed to the
MP2/6-311++G(d,p) geometry.

where B; is the barrier at 7 = 0° and 71 is the equilibrium value of the inversion
angle. Since we have only one data point, we fixed 7 at its ab initio value (62.7°).
Guided by the ab initio structural differences between the energy minimum (7 = 1)
and the transition state (7 = 0°), we took into account the structural relaxations of
four structural parameters as a function of the leading parameter 7, according to
the following expressions (see Fig. [2.4] A for numbering of atoms in the structural

parameters):

/H202-01C1 = 180 — 30.7(7 /7)) (2.4)
/Hf02-H201 = 180 — 10.3(7/10)) (2.5)
/H20201 = 15.3 = 3(1 — cos(37)) (2.6)
R(02 & O1) = 2.843 +0.006(1 — cos(37)) (2.7)

Applying Meyer’s one-dimensional flexible model, a barrier of B, ~ 440 cm™! best
reproduced the experimental value of AEy;. In the flexible model calculations the T

coordinate has been considered in the +120° range and solved into 81 mesh points

(19, 20].
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2.5 Results: GAO (Outer) isomer

Rotational spectra

The spectrum of this species was observed only at UNIBO, using He as carrier gas. It
is possible that a supersonic expansion with Ar encourages GAO to conformationally
relax into GAI [21]]. Here, the pu,-dipole moment component has the highest
value; for this reason we first scanned the frequency region expected to include
the J=2«1 u,-bands of all species. We could identify only one triplet composed
of the 21, « 111, 202 < lo1, and 211 < 1y individual transitions. We
could easily extend the assignment up to the J=4«<-3 p,-band and to 4 additional
up- and u-transitions, for a total of 16 rotational lines. The measured transition
frequencies have been fitted with a semi-rigid Hamiltonian [18], obtaining the
spectroscopic parameters (rotational constants and 4 quartic centrifugal distortion

constants) reported in the first column of Table 3.

The experimental values of the rotational constants match best with those calculated
for the GAO species, that is isopropanol in the gauche isomer acting as a proton
acceptor, and with H>O in the outer position. This interpretation was confirmed by
the assignment of the rotational spectra of four additional isotopologues, obtained
by deuteration of the water hydrogens, or by replacing H,O with H;SO in the
pre-expansion mixture. The rotational frequencies (generally a smaller number
with respect to the parent species) of the isotopologues were fitted with the same
procedure used for the parent species. Occasionally, some centrifugal distortion
constants were not determinable and therefore were fixed to the values of the parent

species. All the obtained spectroscopic parameters are listed in Table [2.3]

Structural information

Some structural information has been obtained from the six available rotational
constants. First the Kraitchman coordinates [22]] of the water oxygen and of the
water hydroxyl hydrogen atoms were calculated in the principal axis system of
the parent species. The obtained values are reported in Table 2.4] (see Fig. [2.4]
B for atom numbering), where the ab initio and the partial ry (see below) values
are also given for comparison. The ab initio values correspond to the bottom of
the vibrational potential energy surface and are indicated by the notation r, (or

equilibrium structure).

A partial ry structure which reproduces the rotational constants in the vibrational

ground state has been determined by adjusting, with respect to the ab initio geometry,
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Table 2.4: Experimental (ry and rg), and ab initio (r,, MP2/6-311++G(d,p)) coor-
dinates of the substituted atoms of the GAO (Outer) conformer of IP-W. “Error in
parenthesis are in units of the last digits. ”Calculated from the partial ry structure
of Table 2.3] combined with the ab initio structure.

05 H14 H15
la| [A] r, | 2.8098(5)¢ 1.8454(8) 3.2916(5)
ro | 2.8240 1.9512 3.3367
r, | 2.8021 1.9283 3.3072
bl [A] 1, | 0.03(3) 0.370(4)  0.237(6)
ro | 0.0189 0.3411 0.0355
r, | 0.0073 0.3550 0.1835
lc| [A] r, | 0.193(7)  0.07i 0.693(2)
ro | 0.1983 0.0703 0.6119
r, | 0.1642 0.0667 0.6162

Table 2.5: Partial rg and r, geometry, and derived hydrogen bond length of the GAO
(Outer) conformer of IP-W. ¢ MP2/6-311++G(d,p) values. ? Error in parentheses in
units of the last digit.

Fitted parameters | rf Io
r05 < O3 [A] | 2.8602 2.869(3)"
£ 0503-C2C1 [°] | 178.3  184.0(2)
Z H1505-03C2 [°] | -144.6  -138(8)
Derived H-bond distance | rf Io
rOH - O[A] | 1.898  1.908

the O5-03 distance and the Z0503-C2C1 and ZH1505-03C2 dihedral angles (see
Table 2.5). The discrepancies between the experimental and calculated values of
the rotational constants with such an effective structure have been reduced by 90%
with respect to the pure ab initio geometry. The ry value of the O5 < O3 distance is
about 0.01 A larger than the ab initio data, according to the ground state vibrational

effects for the stretching motion leading to dissociation.

2.6 Results: Conformational equilibrium

Relative intensity measurements of nearby a-type transitions of GAI v=0 and GAO
(in He) showed that the normalized intensities of the Inner species were about 3
times higher than those of the Outer adduct. Taking into account the values of the

U, dipole moment component, one can extrapolate a population ratio ~4/1 in favor
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of the Inner conformer, in the v=0 state. About 80% of the ground state population
of the Inner species is in the v=0 state, while Outer is doubly degenerate. Thus, we

should increase this ratio by a factor 8/5, that is, a population ratio of ~6/1.

Assuming that no conformational relaxation takes place during the supersonic ex-
pansion, a relative energy difference of 370 cm™~! would be estimated (from AEq g =
kT In(ratio)). This value is much larger than the ab initio value, but the formation and
dissociation of the adduct is likely to take place many times during the supersonic

expansion, finally favoring the population of the most stable species.

It is somewhat surprising that the TA conformer was not observed as the energy
difference is only 26 cm~! with respect to GAO. However, the absence of trans
species seems to be a general feature of this kind of complex. For example: (i)
in the dimer of isopropanol we measured the rotational spectra of 5 conformers,
but in only one of them the frans form was present. In addition, some conformers
containing frans monomers, which have been calculated to be more stable than
some of the observed species, have not been detected [23]]; (ii) in ethanol-water
only the gauche form has been observed [7]. Strong conformational relaxation of
isopropanol monomer from trans to gauche has been previously reported and may
also help explain the lack of observed TA [21]]. Assuming the calculated energy
difference between GAI and GAO (102 cm™') is roughly correct, the observed
GAI/GAO population ratio suggests an effective temperature of ~82 Kelvin. At 82
Kelvin we expect a TA/GAI population ratio of ~1/10. Therefore, if present, TA
transitions should be detectable given the experimental noise floor. However, no
other observable transitions could be fit and attributed to the TA conformer. Given
the strong relaxation of the isopropanol monomer to the gauche conformation,
there may be so little TA present in the expansion that the conformer is rendered
undetectable. To fully analyze this question will involve detailed modeling of the
interconversion barriers in the isopropanol monomer and the isopropanol-water

dimer, which are outside the scope of this paper.

2.7 Conclusion

The present study confirms the inclination of aliphatic alcohols to play a proton ac-
ceptor role in their complexes with water, as observed in the previous investigations
of this kind [2, |6, [7, [8]. Such a trend appears to be inverted upon fluorination of
the aliphatic chain, as shown by Shahi and Arunan in the case of hexafluoroiso-

propanol-water [[11]]. In addition, aromatic alcohols (phenols) adopt a proton donor
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role upon complexation with one water molecule [9]. Secondary weak hydrogen
bonding interactions between alkyl protons also appear to play a stabilizing role.
Orientation of the water to maximize the number of secondary CH-O interactions
may stabilize the GAI isomer by a significant amount (prediction ~100 cm™', ex-
periment ~370 cm™!) compared to GAO. This is despite the known energetic cost
of water accepting more than one hydrogen bond [5]. The acceptance of more than
one weak CH- - - O interaction by the water oxygen may be achieved by changes to
hydrogen bond lengths in GAI cf. GAO. Ab initio structures indicate weak hydrogen
bond lengths of 2.83 A and 2.94 A for GAI, and 2.79 A for GAO. Therefore, we may
conclude that multiple, comparatively weaker hydrogen bonding interactions may be
favoured over a single stronger hydrogen bond in certain alcohol-water complexes.
That ab initio calculations successfully predict the structures of isopropanol-water
dimers indicates appropriate consideration of weaker hydrogen bonds into structural

calculations.
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Chapter 3

IDENTIFICATION OF TWO CONFORMATIONALLY TRAPPED
N-PROPANOL-WATER DIMERS IN A SUPERSONIC
EXPANSION

Two conformers of the n-propanol-water dimer have been observed in a supersonic
expansion using chirped pulse-Fourier transform microwave spectroscopy. Struc-
tural assignments reveal the n-propanol sub-unit is conformationally trapped, with its
methyl group in Gauche and Trans orientations. Despite different carbon backbone
conformations, both dimers display the same water-donor/alcohol-acceptor hydro-
gen bonding motif. This work builds upon other reported alcohol-water dimers
and upon previous work detailing the trapping of small molecules into multiple

structural minima in rare gas supersonic expansions.
This chapter has been reproduced with permission from:

G. J. Mead et al., Identification of two conformationally trapped n -propanol-water

dimers in a supersonic expansion. en, Journal of Molecular Spectroscopy 335, 68—
73,D0OI110.1016/7.jms.2017.03.008 (May 2017),


http://dx.doi.org/10.1016/j.jms.2017.03.008
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3.1 Introduction

Intermolecular hydrogen bond interactions are of great importance for many chemi-
cal and biochemical systems, and can exist in strong and weak forms based upon the
atoms involved. Strong hydrogen bonds range from 4-40 kcal/mol, and typically oc-
cur between electronegative atoms such as oxygen or fluorine (O-H- - - O, F-H- - - O).
These strong bonding interactions display a distinct orientational preference [2]. In
contrast, weak hydrogen bonds (<4 kcal/mol) display less directional preference [3].
The potential combinations of bonding partners increase dramatically in the weak
case, where a bonding interaction may exist between any group of atoms with the
general relationship X-H?* - - - A%, Strong and weak hydrogen bonds can display a
cooperative effect, where the strength of multiple linked hydrogen bonds is greater
than an equal number of unlinked hydrogen bonds [2]]. Alcohol-water dimers present
a good opportunity for studying how various strong and weak hydrogen bonding

interactions influence structural organization via this cooperative effect.

Microwave spectroscopy is capable of providing detailed structural information on
molecular dimers and clusters produced through strong and weak hydrogen bonding
[4]]. Previous work on small alcohol-water dimers have included the methanol-water
dimer, the ethanol-water dimer, and the ferz-butanol-water dimer [5, |6, 7]]. This
paper’s focus, n-propanol, has increased structural complexity due to an additional
methyl group. By lengthening the carbon backbone of the alcohol, new potential
sites for cooperative hydrogen bonding interactions with water are introduced. In
addition, re-orientation of the methyl group is prevented by a large potential barrier,
which traps multiple conformers in a supersonic expansion [8]. Therefore, in contrast
to the previously studied alcohol-water dimers, multiple n-propanol-water dimers are
possible in an argon expansion as a result of conformational trapping and subsequent
aggregation. Ab initio modeling of alcohol-water clusters is a useful compliment
to experimental rotational studies for producing accurate spectral predictions that
guide fitting and analysis [9]].

In this study, we observe two dimer species, corresponding to water aggregating
with two n-propanol conformers trapped in local minima. Ab initio calculations
and Kraitchman substitutions of water and alcohol hydroxyl protons indicate these
conformers display the same cooperative hydrogen-bonding motif despite structural

differences in the n-propanol sub-unit.
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3.2 Experimental approach

All experimental data was recorded with the Caltech chirped pulse-Fourier transform
microwave (CP-FTMW) spectrometer between 6—18 GHz. A previous publication
[10] has described the experimental setup in detail, but specifics to this study will
be briefly mentioned. The heterodimer was produced by flowing argon gas at 46
psi through a glass bubbler partially filled with n-propanol, and then into a reservoir
nozzle filled with water. A cartridge heater warmed the reservoir nozzle to ~40°
Celsius. Pulsing the valve at 10 Hz into a vacuum chamber at 10~ Torr produced
a supersonic expansion of the alcohol-water vapor. This expansion was polarized
with a 1 us duration chirped pulse, which had been heterodyne up-converted with a
local oscillator (LO) and amplified prior to broadcast with a waveguide horn into the
chamber. The free induction decay (FID) of the molecular expansion was detected
on a second waveguide horn, amplified with a low noise amplifier, heterodyne
down-converted, amplified a second time and digitized on a 4 giga-sample/s analog-
to-digital converter. Double resonance experiments were performed by combining a
-10 dBm, 1 us single tone pulse with the chirp prior to amplification and broadcast.
N-propanol (> 99.5% purity, Sigma Aldrich) and D>0O (99.9% purity, Cambridge

Isotope Laboratories) were used without further purification.

Data were collected over 100 hours at 6 LO settings spanning 6—18 GHz. A Python
script cycled the local oscillator through a series of LO settings covering 6—18 GHz,
collecting data for 300 seconds at each setting. Spectral measurements were double
side-band, spanning 4 GHz of bandwidth around each LO setting. Heterodyne down-
conversion condensed the 4 GHz of bandwidth into 2 GHz of detection bandwidth,
so care was to taken to correctly identify upper and lower side-band molecular
transitions after digitization. To this end, data were also collected at all LO+10
MHz frequencies. A Python script compared spectra taken at LO and LO+10
Mhz settings to distinguish between upper and lower side-band peaks. Fittings
of the spectra were performed using the Watson-A Hamiltonian in SPFIT/SPCAT
integrated into a Python graphical interface [11]. Kraitchman substitutions were

calculated using the KRA program [12].

3.3 Ab initio calculations

Gaussian 09 was used to perform all ab initio calculations [[13]]. Structures were
optimized with second-order Mgller-Plesset (MP2) perturbation theory [14] and
the augmented correlation consistent polarized Valence-only Triple-Zeta (aug-cc-

pVTZ) basis set [15]]. Harmonic frequency calculations were performed using the
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Figure 3.1: MP2/aug-cc-pVTZ optimized structures and CCSD(T)/aug-cc-pVTZ
ZPVE-corrected relative energies of the ten n-propanol-water dimer conformers.

same level of theory as the optimization to verify structures were true potential
energy surface minima. Single-point coupled cluster energy calculations with sin-
gles, doubles and perturbative triples (CCSD(T)) [16] using the aug-cc-pVTZ basis
set were performed on the MP2/aug-cc-pVTZ optimized structures. This single
point energy value was then added to the zero point vibrational energy (ZPVE)
contribution calculated during the harmonic frequency calculations. Equilibrium
rotational constants (B, ) were computed from the geometries optimized at MP2/aug-
cc-pVTZ. Due to computational limitations, anharmonic calculations of ground state
rotational constants (Bp) and quartic distortion constants were performed at MP2/6-
311++G(d,p) [17].

3.4 Results: Ab initio structures
The structures and relative energies of the ten calculated n-propanol-water dimers

are shown in Figure [3.1] with respective equilibrium rotational constants (B,) listed
in Table 3.11

Structural calculations indicate two possible orientations of n-propanol’s methyl
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Table 3.1: Equilibrium MP2/aug-cc-pVTZ rotational constants, dipole moments,
and zero-point corrected relative energies of the ten n-propanol-water dimer con-
formers. Water-donor structures make up the five lowest energy structures, while
water-acceptor structures make up the five highest energy structures.

Tg-wl Gg’-wl Gg-wl Gt-w Ttw Gg’-w Gt-wl Gg-w Tg-w2 Tt-wl
A [MHz] 5697 5253 5132 4702 5860 5115 12180 5863 6439 15544
B [MHz] 2276 2505 2729 2900 2191 2702 1459 2078 1882 1302
C [MHz] 1773 2081 1969 2081 1737 1948 1389 1825 1558 1236
|uA] [D] 1.11 1.61 2.03 1.73  0.82 2.12 2.88 249 209  2.66
|uB]| [D] 1.70 1.19 1.86 298 185 241 0.09 1.56 213 0.82
|uC| [D] 040 0.63 0.57 039 020 047 0.40 0.70 0.16  0.01
AE[ecm™'] | O 7 19 49 63 291 296 304 309 333

group relative to the C-O bond, which are labelled Trans (T) and Gauche (G).
The position of the hydroxyl proton similarly has two general conformations, trans
and gauche, although in the G conformation there are two non-identical hydroxyl
positions, g and g’. Herein these five n-propanol conformers are labeled Trans-trans,
Trans-gauche, Gauche-trans, Gauche-gauche, and Gauche-gauche’, following the

same convention used for the n-propanol monomer [18]].

We observe the water molecule occupying local conformational minima around the
T and G structures, acting as a proton donor for the five lowest energy structures.
Ab initio calculations indicate a clear preference for water donor conformers, in
agreement with prior work on other water-alcohol dimers [5, 6, 7]. This preference
may be due to the optimized electron delocalization possible when the water donates
a proton to the alcohol, producing a strong hydrogen bond [2]]. Secondary effects,
such as weak hydrogen bonding between an alkyl proton and the water oxygen, can
provide a further stabilizing interaction in water donor structures. Indeed, cooper-
ative hydrogen bonding interactions are present in all five water-donor structures.
Calculations suggest an immediate ~230 cm™! increase in relative energy between
the highest energy water-donor structure, 7t-w, and the lowest energy water-acceptor
structure, Gg’-w. Water-acceptor structures are believed to be energetically unfa-
vorable due to anti-cooperative arrangements of strong and weak hydrogen bonding
interactions (Gg-w, T1g-w2, and Gg’-w) and/or extremely elongated, singly bound

structures (Gt-wl, Tt-wl).

Ab initio results suggest Tg-wl is the ground state conformer. However, given
previous work on conformational trapping of the n-propanol monomer [{8], it is
plausible we may observe two distinct n-propanol-water dimer structures. Therefore,

the lowest energy conformer not within the 7" family, Gg’-wl, is also likely to be



37

observed experimentally.

3.5 Results: Observation of Gg’-wI and Tg-w1 conformers

A portion of the raw data from 15—18 GHz can be seen in Figure[3.2] A, with 7t and Gt
n-propanol monomers and two n-propanol-water dimers identified. Raw data from
the spectrometer was analyzed as follows. To remove the strongest water dimer, n-
propanol monomer and n-propanol homodimer transitions, separate sets of data were
collected with only water and only n-propanol present in an argon expansion under
identical experimental conditions. Subtraction of these peaks using a Python script
produced a residual spectrum with moderately strong unidentified peaks. Analysis
proceeded under the assumption that the n-propanol-water dimer transitions were

responsible for many of the unidentified peaks in the residual spectrum.

Two normal-species conformers were fit from the residual spectrum, accounting
for almost every single strong transition from 6—18 GHz (Figure B). Given
the length of data collection, the weaker remaining transitions may be attributable
to various molecular trimers. Experimental and predicted rotational constants for
the two conformers are found in Table Expansion in HOD and D,0 allowed
for the assignment of seven deuterated isotopologues. Double resonance of A-
type/B-type transition pairs verified all nine fits. Substitution coordinates were
calculated using the KRA program [12] and compared to ab initio normal species
coordinates (Table[3.3). Kraitchman substitutions are shown in Figure[3.3] Caveats
with Kraitchman substitution include potentially unreliable calculation results when
the isotopic change occurs near a principle axis origin [20]]. Deuteration also slightly
alters the hydrogen bond distance, changing the proton coordinate (the Ubbelohde
effect) [7, 21]]. Even so, Kraitchman substitutions were sufficient to assign one

conformer unequivocally as 7g-w1.

Assigning the second conformer as Gg’-wl or Gg-wl was less definitive with sub-
stitution coordinates alone. Comparison of experimental to MP2/6-311++G(d,p)
rotational constants revealed a maximum difference of 5% for Gg’-wl and a max-
imum difference of 11% for Gg-wl. In conjunction with a lower ab initio energy
for Gg’-wl, we assigned the second conformer as Gg’-wl. Both assigned conform-
ers have experimental B constants that differ substantially from predicted B, and
By constants. The percent difference between experiment and harmonic MP2/aug-
cc-pVTZ predictions are up to twice that of experiment compared to anharmonic

MP2/6-311++G(d,p) predictions. Previously reported clusters have already identi-
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Figure 3.3: Kraitchman substitution coordinates calculated for the Gg’-w! (L) and
T1g-wl (R) conformers, superimposed on the MP2/aug-cc-pVTZ normal species
geometries. Imaginary coordinates were fixed to predicted values.

fied the importance of vibrational corrections to rotational constants [6, 22].

During rapid cooling in the expansion, the n-propanol monomer is trapped into
populations of 7t and Gt [8,|18]]. In an expansion with water, trapped populations of
both 7Tt and Gt dimerize with water molecules. These dimers then appear to locally
relax to Tg-wl and Gg’-wl orientations. Spectra collected in helium demonstrates
relative n-propanol monomer populations are temperature independent, in agree-
ment with previous literature [8]]. Splitting of transitions, such as those caused by
methyl rotation in the methanol-water dimer or by a double-minima potential in the

tert-butanol-water dimer, are not observed in the Gg’-w! or Tg-wl spectra 5, [7].

Transitions from two predicted low energy n-propanol-water conformers, Gt-w, and
Tt-w were not observed in the data. In the case of these conformers, cooling to
Gg’-wl and Tg-wl may be readily achieved through small movements of the alcohol
and the free water protons. A similar effect was observed in the ethanol-water dimer,
where trans-ethanol monomer relaxes into a gauche conformation upon aggregating
with water [6]. Studies of the ethanol-ethanol homodimer also find a preference for

a gauche-ethanol proton acceptor structure [23, [24]].

Also of note is that while the Gg’-wl and Gg-wl dimers are within 12 cm™!
in energy, dimerization with water appears to result exclusively in the Gg’-wl
conformer. This is despite the fact that water encountering Gt n-propanol in the
gas phase could (in theory) produce roughly equivalent populations of Gg’-w/ and
Gg-wl. Rearrangements of the Gg-w/ alcohol and free water protons into the Gg’-
wl structure seem unlikely to occur, given the concomitant long migration of the

water molecule to achieve the Gg’-wl structure. A plausible argument suggests
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Table 3.3: MP2/aug-cc-pVTZ predicted normal species and experimentally de-
rived principle axis coordinates for the three isotopically interchangeable protons.
Indicates predicted value was used for plotting in Figure 3.3

Prediction Experiment

Gg’-w] HF HB HA HF HB HA
A -3.247 -1.794 0.073 | |Al | 3.148 1.761 2%t
B -0.482 -0.031 0.988 | |B| | 0.741 0.172 1.185
C -0.054 -0.225 -1.365 | |C|] | 0.132 0.262 1.330
Tg-W] HF HB HA HF HB HA

A -3.145 -1.946 -0.674 | |A] | 3.092 2.041 0.410
B -1.062 -0.206 1.683 | [B] | 1.076 0.4*it 1.743
C -0.377 0.039 0.987 | IC| | 0.393 0.09*%i T 0.934

Table 3.4: Comparison of predicted strong and weak hydrogen bond distances and
angles for Tg-wl, Gg’-wl, and Gg-wl. Also listed are values for the g-ethanol-water
dimer structure from [6].

MP2/aug-cc-pVTZ | Tg-wl Gg’-wl Gg-wl g-EW
r (O-H---0) [A] 1.88  1.88 187  1.88
6 (O-H---0) [°] 162.1 1652 1688  162.6
r (C-H---0) [A] 265 262 2.80  2.66
6 (C-H---0) [°] 1284 1293 1164 1271

hydrogen bonding from the water oxygen to a methyl (5-carbon) proton (as in Gg-
wl) is less stabilizing than hydrogen bonding to an a-carbon proton (as in Gg’-wl).
This effect is difficult to attribute to relative pKas of various alkyl protons, since
accurately extrapolating from solvent acidity to gas-phase acidity is quite difficult
[25]]. Instead, the effect may be largely geometric. Table [3.4]lists calculated bond
distances and angles of the strong and weak hydrogen bonds in the Tg-wl, Gg’-
wl, and Gg-wl conformers. Dimensions from the g-ethanol-water dimer are also
included for comparison [6]]. Characteristics of the strong hydrogen bond between
water and the alcohol -OH moiety are remarkably conserved in all four structures.
Similarly, the weak hydrogen bond parameters for 7g-wl, Gg’-wl, and g-EW are
nearly identical. However, Gg-w1 has both an increased C-H- - - O bonding distance
(+0.2 A, 2.80 A) and a decreased C-H- - - O bonding angle (-13°, 116.4°), each of
which contribute to a weaker CH- - - O bond by reducing overlap with the oxygen
lone pair electrons [2]. From these results, it appears that a weak hydrogen bond
interaction between the Gt alcohol monomer and water has a decisive influence on

the resulting dimer’s structural conformation.
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3.6 Conclusion

We report two n-propanol-water dimers in a supersonic expansion with argon.
Trapping of n-propanol provides two distinct conformers for aggregation with water
molecules. Isotopic substitution has definitively assigned these two dimers as 7Tg-w1
and Gg’-wl. Both conformers are the ground state structures within their respective
n-propanol conformational group, 7 or G. Ab initio calculations similarly predicted
Tg-wl and Gg’-wl as the two ground state conformers. The hydrogen bonding
network of strong and weak interactions does not change between the two n-propanol
structures. Instead, a conserved pattern of a strong O-H- - - O bond stabilized by a

weak C,-H- - - O interaction is observed.

Broadly, this work builds upon a trend of water-donor, alcohol-acceptor clusters
studied in the gas-phase using rotational spectroscopy. N-propanol, in comparison
to methanol/ethanol/t-butanol, presents the most conformationally varied alcohol
studied in a dimer complex with water up to this point. Utilizing the useful property
of conformational trapping in rare-gas expansions will aid future studies of more

conformationally diverse alcohol-water clusters.
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Chapter 4

FUNDAMENTALS OF NONLINEAR TERAHERTZ KERR
EFFECT SPECTROSCOPY

In this chapter, we introduce the theory underlying nonlinear terahertz Kerr effect
spectroscopies and discuss the experimental techniques used throughout this section
of the thesis.

4.1 Theory

Much of this theory discussion follows results from an excellent paper on correla-
tion functions in third-order spectroscopy [[1]. In all spectroscopies, the n’-order
optically induced polarization of the sample is given by the product of the n’’-order
susceptiblity y"” and n electric field terms E ¢» where the Greek subscript denotes

the electric field’s polarization in the lab frame.

(

1 2
Py :Xna)Ea +X( )

3
o EBEa + Xy EyEgEq + ... 4.1)

nyBa

Equation [4.1] can be applied to understand all spectroscopic measurements. For

example, in the case of a linear absorption measurement, the leading order term is
P, = X,(ii,) E,. Nonlinear spectroscopies rely on higher order terms. In an isotropic
media, such as a liquid, the first non-zero higher order term is X;i)ﬁaEyE BE,, which

indicates that all third-order spectroscopies depend upon some combination of three

electric field interactions to produce an electronic polarization in a sample. The

magnitude and characteristics of this polarization will be dependent upon the X;(yi)ﬁa

response of the sample, as well as the particular experimental technique.

Nonlinear terahertz spectroscopy is performed using time-domain measurements,

3)

so it is logical to transform the frequency-domain Xnypa

susceptibility into a time-

domain material response function R,(;)Ba (t3,12,17).
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Rnyﬁa(t3’t2’tl) —@/O‘ dw3'/0 d(x)z[) dwlxnyﬁa

X exp(—i(w3 + wy + wy)t3) (4.2)

x exp(—i(w2 + w1)t2)

x exp(—i(w1)1)

In general, a time varying third-order nonlinear signal can then be written as:

3) o [ . )
Py (k1) =(~i )/0 dt3/0 dlz/o dthm/ﬁa(Q,tz,tl)

X exp(—i(w3 + wy + w1)13) (4.3)

X exp(—i(w2 + w1)t2)

X exp(—i(wi1)t1)E3y (t = 13) Exp(t — t2) E1o(t = t1)

Kerr effect spectroscopy is a special subset of third-order nonlinear spectroscopy.
Unlike, for example, the highly directional emission from a phase-matched third-
order coherent Anti-stokes Raman scattering (box-CARS) spectroscopy, Kerr effect
spectroscopy measures an intrinsically bulk effect. Irradiation of a region of a
sample with an intense electric field results in a detectable change in the sample’s
indices of refraction. Because the key observable in Kerr effect spectroscopy is this
induced birefringence, polarimetric detection techniques are commonly employed,
including in this thesis. A second characteristic of Kerr effect spectroscopy is
the ubiquity of the effect irrespective of pump frequency. Both optical and THz
radiation can induce birefringence responses in the same sample, albeit through
slightly different mechanisms [2]]. In this thesis, we will demonstrate three different
kinds of Kerr effect experiments: 1D optical (1D-OKE), 1D THz (1D-TKE), and
2D THz (2D-TTR).

Correlation functions

Changes in a sample’s Kerr effect response are observed in the time-domain by
altering the time between the intense pump field, Epump Ejump. and the weaker probe
field, Eprobe (Fig. [.1). In 1D optical and THz Kerr effect experiments, the two
pump fields interact simultaneously in the sample so that #; = 3 = 0 in Eq.
The orientational component of the material response function can be compactly

written [3] as a time-dependent correlation function dependent upon the sample’s
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Figure 4.1: 1D-TKE experimental electric field polarizations and time definitions.
Two simultaneous THz pump field interactions (Y polarized) generate a birefringence
in a sample that is probed at time #, with a (X +Y) polarized optical field. A Raman
signal is generated with (X — Y) polarization.

Raman polarizability tensor, II. (Note the symbol @ is more commonly used to
represent this tensor, but we will use II herein for consistency with other 2D-TTR
literature [4] and to avoid confusion with the Greek subscript « used to denote field

polarization.)

Ry (12) = (T (12) 110 (0)) (4.4)

When applied to room-temperature liquid samples, the 1D-OKE and 1D-TKE re-
sponses are sensitive to the low-frequency, thermally populated continuum of states
within the liquid [5, |6]. Both the non-resonant, high photon energy optical pump
and the low photon energy THz pump fields interact with the sample via the Ilg, (0)

Raman tensor element.

In contrast, a third-order signal arising from resonant dipole interactions, M, would
be described as a four-time correlation function. (Again, note the symbol u is more
commonly used to represent this tensor, but we will use M herein for consistency
with other 2D-TTR literature [4]].)

R,%Ba(l& 12, t1) = (My(t3 + 12 + t1) M, (12 + t1) Mp(t1) M, (0)) 4.5)

From Eqs. {#.4|and [4.5] it was reasonably hypothesized [7]] that the hybrid 2D-TTR

signal obeyed a three-time correlation function, shown in Eq. It will be shown
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Figure 4.2: 2D-TTR experimental electric field polarizations and time definitions.
Two THz pump field interactions (¥ and X polarized) separated by a time ¢; generates
a birefringence in a sample that is probed at time 7, with a (Y) polarized optical
field. A Raman signal is generated with (X) polarization. Note that a correction
factor (“deskewing’) must be applied to , when #; < O [4].

in later sections that 2D-TTR is, in some cases, actually better described by Eq.

Ry (12,11) = (Tl (12 + 1) Mg (1) My (0)) (4.6)
Polarization of the experimental electric fields

From the current overview, we can see that a Kerr effect signal reflects a multi-time
correlation function involving the sample’s polarizability and dipole operators. We
have neglected thus far to examine the important role that the polarization of the
electric fields have in determining which component of the correlation function is
observed. If we define the electric field polarizations in the lab frame, where X and
Y are orthogonal to the optical axis of propagation Z, there are four non-equivalent
polarizations components in the material response function. If the first electric field

polarization is fixed along X (¢ = 0°), the four components may be written as:

P =Ry xxxcos(ys)cos(i3)cos(¥2)
+ Rxyyxcos(f4)sin(y3)sin(y2)
+ Ryyxxsin(ya)sin(y3)cos(¢2)
+ Ryxyxsin(ya)cos(y3)sin(y2)

4.7)
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Figure 4.3: In the case where ¢, = 1 = 0° (1D-TKE and 1D-OKE), the isotropic
response is completely suppressed for /3 L 4 (black dashed line). The anisotropic
response is maximized under these same polarization conditions if the probe polar-
ization is oriented at 45 ° to the pump fields. Unless otherwise noted, the black dot
marks the polarization condition used for 1D-TKE experiments in this thesis.

These four components of the third-order response function, R®, contribute in vary-

ing proportions to the non-resonant (RI(\?&), the isotropic (Ri(s3 0) ), and the anisotropic
3)

(R,

aniso) Components of R®). The relationships between the four field polarizations

and their individual contributions to the three components of R*®) are perhaps most
easily understood visually. In Figs. [{.3] (proportional to 1D-TKE) and [§.4] (pro-
portional to 2D-TTR), the distribution of non-resonant, isotropic, and anisotropic
components are shown as a function of the probe (3) and signal (4) polarizations.
Either one or all three R components may be eliminated through the choice of

experimental polarizations.

Black dashed lines trace the case where /3 L 4, which is the case for all experi-
ments described herein. (This choice of polarization is for a number of pragmatic
reasons. First, crossed polarizations reduces background photon noise, increasing
the achievable experimental signal-to-noise. Second, the photo-detectors have a
limited dynamic range which favors limiting the background light to a level just

sufficient for heterodyne detection on the detector.)

Pump photon energy

It is worth first noting that the several orders of magnitude difference in pump photon
energies in 1D-OKE vs. 1D-TKE experiments has implications for the mechanistic

description of the pump interaction step [2]. Optical Kerr effect pump excitation

proceeds through a Raman scattering pathway, where wf,‘ump - wgump X Wy, where
wy can be a low frequency intermolecular bath mode. In this case, the torque

applied by the pump field is described in the literature as a interacting via a dipole-
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Figure 4.4: In the case where y» L ¥ (2D-TTR), the isotropic response is fully
suppressed for all orthogonal probe/signal polarizations. In contrast to 1D-TKE, the
anisotropic response is maximized if 3 || ¥ and ¢4 || ¥». Unless otherwise noted,
the black dot marks the polarization condition used for 2D-TTR experiments in this
thesis.
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