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Abstract

The existence of amino acids in interstellar space has been a hot topic among researchers in astronomical

science because of the biological molecules relevance to the origin of life. One of the most popular tool

employed for the study of amino acids in relation to interstellar chemistry is matrix-isolation spectroscopy,

as the cold and isolated environment provided by the matrix crystal mimics various astrophysical media such

as interstellar ice. In the presented work, we reported the conformational and UV photochemistry studies

of β -alanine and α-alanine via matrix-isolation Fourier transform infrared (MI-FTIR) spectroscopy in solid

parahydrogen. These are the first time β -alanine and α-alanine being registered in parahydrogen matrices,

and the crystal has proven to be a more beneficial host over argon matrices for conformational analysis and

in-situ UV irradiation experiment. Our claim on the superiority of solid parahydrogen is supported by the

detection of high energy amino acids conformers in solid parahydrogen, in which are previously unobserved

in noble gas matrices. These conformers are conformer III for β -alanine, and conformer VI and V for α-

alanine. As for UV irradiation experiment in solid parahydrogen, we obtained predominantly conformational

change for β -alanine. However, α-alanine underwent complete photodestruction to give CO2 and other

unknown photoproducts we are attempting to identify. Finally, we have succeeded in producing β -alanine

zwitterions in parahydrogen matrix, and reported the first formation and detection of amino acid zwitterions

in solid parahydrogen.
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Chapter 1

Introduction

Amino acids have been subjected to multiple fundamental researches due to their importance in basic

anatomy, and their relevance to the origin of life. Amino acids are the building blocks of biological

molecules, prompting the investigation of their physical and chemical properties essential for the under-

standing of their functions in biological system. In addition, the existence of amino acids in interstellar

space has been discussed for many years, but it is still under intense debate. The search of glycine, the

simplest amino acid, in interstellar space is a good example of the controversies encountered by this field of

exploration. In 2003, Kuan et al. [5] claimed the observations of 27 glycine lines in 19 different millimeter-

wave bands from three astronomical sources, Sgr B2(N-LMH), Orion KL, and W51 e1/e2. The discovery,

however, was later disconfirmed by Snyder et al. [6] in 2004 with their rigorous but unsuccessful attempt

on verifying Kuan et al. reported glycine assignments, and by Cunningham et al. [7] in 2007 with their

fruitless detection of interstellar glycine in the Sgr B2(N-LMH) and Orion KL using the Mopra Telescope.

The origin and formation of interstellar amino acids are particularly hot topics of scientific investigations.

Several extraterrestrial amino acids have been found in various type of carbonaceous chondrite meteorites

[8–12], with over eighty distinct amino acids have been identified in Murchison meteorite alone [13]. How-

ever, the amino acids exact location of origin and the mechanism of synthesis are yet to be discovered. Some

researchers have suggested the formation of these organic compounds through Strecker-type synthesis on

the meteorite parent body, in which involved the reaction of hydrogen cyanide, ammonia, and aldehyde in

the aqueous astrophysical media [14, 15]; while others argued that interstellar amino acids are the products

of interstellar ion-molecule reactions [16, 17].

Another focus of investigations on interstellar amino acids involve the stability of these organic com-

pounds in extraterrestrial environments, specifically their photostability against UV radiation. The effect of

UV radiation on amino acids is one of the keys for their search in interstellar space. Amino acids might

undergo chemical degradation, racemization [18], or conformational change [19] when being exposed to UV

rays. Several research groups have demonstrated that gas phase amino acids might be highly susceptible to

UV photodestruction, and would most likely not survive in the space medium in which strong UV radiation

exists [20, 21]. However, the possibility of observing interstellar amino acids in their full forms should not

be ruled out completely. Thus, it is especially essential to check the conformational behavior and racemiza-

tion properties of amino acids upon UV-irradiation, and also identify the photoproducts resulting from the

1

labuser
Highlight

labuser
Highlight

labuser
Highlight

labuser
Highlight

labuser
Highlight

labuser
Highlight

labuser
Highlight

labuser
Highlight

labuser
Highlight



photodecomposition of amino acids.

Matrix-isolation (MI) spectroscopy technique has been widely used for extraterrestrial prebiotic molecules

studies due to its ability to stimulate conditions close to that of an extraterrestrial environment, such as in

interstellar gas or on interstellar grains [20]. This high resolution spectroscopy technique allows for the

observation of higher energy conformer molecules and intermediary photoproducts due to its capability of

sustaining reactive molecules in the ice crystal [22]. Matrix-isolation method has also provided a simpler

platform for researchers to conduct photochemistry experiments, by allowing in-situ irradiation of isolated

sample trapped within the matrix cage [22].

For the work presented in this thesis, my collaborators and I had explored the conformational properties

and UV photochemical behaviours of two simple amino acids, namely β -alanine and α-alanine, by employ-

ing matrix-isolation Fourier transform infrared (MI-FTIR) spectroscopy using parahydrogen as our matrix.

We compared our findings in solid parahydrogen to those of argon matrix. We also attempted to produce and

investigate these amino acids in their zwitterion forms using matrix-isolation method. The observed spectra

and associated analysis were discussed in relation to interstellar chemistry.
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Chapter 2

Background

2.1 Matrix-Isolation Spectroscopy
Matrix-isolation method involves the trapping of active molecules in solid matrix with inert properties [23].

The technique is achieved by rapid condensation of the mixed guest sample - host matrix gas onto a surface

of cryogenic temperature [22]. Under this extremely cold temperature, the non-reactive matrix environment

will inhibit diffusion of the molecules, keeping individual analyte encaged within the isolated pockets of the

crystalline matrix, and preventing intermolecular interaction between the active molecules [23].

The incorporation of matrix-isolation method with infrared spectroscopy was first thought out by George

C. Pimentel and his two colleagues, Eric Whittle and David A. Dows, in the early 1950’s [23]. They the-

orized that inert solids, made out of rare gases and nitrogen, are transparent over a wide range of spectral

region from the far infrared to the vacuum UV, allowing the direct infrared detection of the trapped molecule

within the matrix. The group tested the application of matrix-isolation infrared (MI-IR) spectroscopy on un-

stable molecules, such as free radicals and reaction intermediates, and succeed in producing infrared spectra

of the reactive samples with good quality [23]. The low temperature environment of the matrix evidently

prohibits intramolecular reactions of the molecule with an appreciable amount of activation energies [22].

And with the absent of quantum diffusion, intermolecular interactions are minimized due to the isolation of

analyte as mention above. With the lack of both intra- and intermolecular reactions, the lifetime of unsta-

ble molecules are lengthened, thus making the physical and chemical studies of the reactive species easily

accessible through matrix-isolation spectroscopy techniques [22].

Soon after the development of MI-IR spectroscopy, Marilyn E. Jacox and Dolphus E. (Dick) Milligan

expanded the study of free radicals in cold inert matrix at the Mellon Institute, and then under the Surface

Chemistry Section at the National Bureau of Standards (NBS) [24]. From their researches, Jacox and Mil-

ligan realized the occurrence of limited atomic diffusion within the matrix media, which aids in stabilizing

the encaged free radicals by migration of the lighter atoms through the matrix to react with other trapped

species [25]. They also worked intensively on the photochemistry of free radicals in matrix environment,

using lamps of vacuum UV-region as their irradiation sources [24]. Despite the early death her associate

Milligan, Jacox, considered now as a pioneer in infrared spectroscopy, continued with their researches in
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matrix-isolation. She extended the application of MI-IR spectroscopy to molecular ions [24, 26], and uti-

lized the method to compile vibrational and electronic energy-level data of neutral and ionic polyatomic

transient molecules under the VEEL project with the National Institute of Standard and Technology (NIST)

[24, 27–29].

One of criticism received by researchers in matrix-isolation field is that the trapped species are not

truly isolated or free due to some perturbation by the medium [30]. The interaction energy between the inert

matrix host and the active guest molecule is minimal but non-zero, and will affect the structure and dynamics

of the encaged molecule resulting in spectral shift [30, 31]. However, Jacox had addressed this drawback

of matrix-isolation by comparing spectra of gas-phase spectroscopy to that of inert, rigid matrix, and found

that the infrared absorption of the trapped active molecules in solid argon and neon appeared within 1 % of

the corresponding gas-phase band centers [24, 31]. With this generalization, MI-IR spectroscopy has proved

to be a step-up in gas-phase spectroscopy, allowing for the qualitative and quantitative spectral observations

of gaseous sample with high accuracy.

Aside from its application on reactive species, matrix-isolation technique is also widely used in spec-

troscopy studies of stable molecules [22, 30]. Molecules trapped within inert matrices could be detected

with a higher resolution as compared to other condensed phases and the vapour phase [22]. The lack of

intermolecular interactions due to sample isolations in solid matrices results in a great sharpening of solute

absorptions, giving spectra signals of smaller bandwidths than those obtained in the liquid and solid phases;

whereas the absence of rotation within the matrix cages (with the exception of very small molecules) causes

the bands to be much narrower as contrasted to gas phase absorptions. The low temperature itself is also

contributing to the reduction in bandwidths, producing a more defined spectra than those taken at room

temperature [22]. With the advantage of producing sharper signals, matrix spectral can be used to resolve

near-degenerate bands, which overlap completely even in the gas phase or in dilute solution [22]. As matrix-

isolation spectroscopy allows for more accurate vibrational assignments of near-degenerate fundamentals,

the application is especially popular in conformational isomerism studies, where difference of vibrational

frequencies between two or more conformers could be minuscule [22].

Matrix-isolation method is now used in various fields of spectroscopy, like vibrational, electronic (ab-

sorption and emission), MCD, ESR, and Mossbauer spectroscopy, just to name a few [22]. The technique

is most widely coupled with infrared and Raman spectroscopy due to its ability of providing vibrational

spectral with more detailed features than those taken in the liquid, solid, and gas phases, as mentioned above

[22]. As for the matrix host, rare gases such as argon and neon are the predominant choices due to their

chemical inertness and physical simplicity, as compared to molecular matrix like nitrogen [32, 33]. How-

ever, all combinations of spectroscopic tools and matrix materials have their own strengths and weaknesses,

depending on the nature of the experiments. For our conformational isomerism studies of simple amino

acids, we employed parahydrogen as our matrix host, and combined the matrix isolation application with

FTIR spectroscopy. We believed that this combination, known as solid parahydrogen MI-FTIR spectroscopy,

would give us vibrational spectra of the highest achievable resolution, allowing us to proceed with spectral

assignments with the greatest confidence.
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2.1.1 Fourier Transform Infrared (FTIR) Spectroscopy

The design of the optical pathway has produced a pattern known as an interferogram. This wave-like signal

contains frequency information that would make up a time-domain infrared spectrum. However, spectro-

scopists prefer spectra of frequency-domain, which is easier to read and interpret than its time-domain

counterpart. Thus, the creation of a mathematical operation called a Fourier transform, that can extract

individual absorption frequencies from the interferogram and translate the obtained information from an

intensity versus time plot to an intensity versus wavenumber (or wavelength) spectrum [34].

Fourier transform infrared (FTIR) spectrometer is based on the Michelson interferometer. The spec-

trometer is equipped with a beam splitter that splits the incoming IR beam into two beams of equal power

intensity, and directs the separated beams to a movable and a fixed mirror, respectively. The movable mirror

oscillates at a constant speed with a known position at all instant, giving consistently spaced periodic beams

of varied path lengths upon each beam reflection. The two split beams are then being reflected back to

the beam splitter, recombined as a beam of interference pattern, and sent through the sample towards the

detector [35]. This dual mirror design allows for precise signal sampling and signal averaging, resulting in

an overall more improved signal than that obtained by dispersive spectrometers [35].

A way to further improve the signal sampling and averaging aspects of a FTIR instrument is to incor-

porate two or three interferometers, rather than just one, into the spectrometer. For a triple interferometer

system arrangement, the instrument contains a laser-fringe reference system and a white-light system, on

top of an IR system that carries the analytical information to produce the final interferogram [35]. The laser-

fringe reference system consists of a He-Ne laser, and the system function is to provide sampling-interval

information to the spectrometer. With a static cosine output wave from the laser feedback, the system gives

highly reproducible and regularly spaced sampling interval. The laser signal is also used to control the

motor-drive of the movable mirror, keeping the speed of oscillation to be at a constant level [35]. The

white-light system is equipped with a tungsten source, and the purpose of the system is to trigger the start of

data sampling for each sweep at a highly reproducible point. The system is arranged in a way that its zero

retardation appears as a strong maximum at a position prior to that for analytical signal, indicating it as the

starting point of a measurement sweep [35].

The instrument (Bruker, IFS 125HR) we employed for our experiment is a single beam FTIR spectrom-

eter with a double interferometer system. Our FTIR spectrometer applies a He-Ne laser system to provide

reference signal for acquiring data, and a IR source system to give the ultimate interferogram and to es-

tablish zero retardation [36]. The maximum in the IR interferogram could be considered as an excellent

reference point, because it is the only point at which all wavelengths interfere constructively [35]. Figure

2.1 illustrated the design and optical pathway of our FTIR spectrometer.

FTIR spectrometer poses multiple advantages over dispersive infrared instruments, making it a prefer-

able tool for infrared region analysis. The first advantage imposed by FTIR spectrometer is the throughput

advantage. With fewer optical elements and no narrow width slits to attenuate the radiation beam, the radi-

ant power reaching the detector in a FTIR instrument is much greater, thus producing better signal-to-noise

ratio than that of dispersive instruments by more than an order of magnitude [35]. FTIR instrument pro-

vides extremely high resolving power and wavenumber reproducibility, revealing previously unsuspected
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Figure 2.1: Set-ups and optical pathways of a Bruker FTIR spectrometer. The instrument consists of
two interferometer systems, which are the IR system and the laser-fringe reference system. The
red arrows indicate the path of the IR beam; whereas the green arrows indicate the path of the
He-Ne laser beam.

fine structures on many spectra bands, and allowing for the determination of molecular signals with higher

accuracy and precision [35]. As all the elements of the source reach the detector simultaneously in an FTIR

spectrometer, the instrument possesses multiplex advantage, indicating a faster data collection time as com-

pared to dispersive spectrometers [35]. Finally, FTIR spectrometer tends to be free from problem of stray

radiation, as each IR frequency is chopped at a different frequency before being sent through for detection

[35].

2.1.2 Solid Parahydrogen as Matrices

As previously mentioned, noble gases are most commonly used as matrix host for matrix-isolation spec-

troscopy due to their chemical inertness [32, 33]. However, rare gas matrices pose some disadvantages that

make them not as practical to be applied in high resolution spectroscopy. One of these disadvantages is the

observation of undesirable spectral broadening as a result of homogeneous and inhomogeneous interactions

in the matrices [32, 33, 37, 38]. Homogenous line broadening arises from the weak but considerable per-

turbation of the isolated guest molecules on the surrounding matrix host atoms, due to the close physical

proximity of the two in the rigid noble gas solid [22]; on the other hand, inhomogeneous line broadening is

a consequence of the mixed hexagonal-closed packed (hcp) and face-centered cubic (fcc) caging structures

of such matrices, in which the ratio of hcp to fcc structures can varies with the concentration of dopant and

the procedure of deposition [22]. The matrix-guest interaction also manifests another major matrix effect,

namely multiple trapping sites effect [22, 39]. Molecules occupy into a matrix cage through substitution pro-
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cess via the removal of one or more matrix atoms, and more than often the amount of removed atoms varies

among different substitution sites within the same matrix [22]. Even though the different trapping sites only

differ slightly from each other, this effect still leads to the observation of multiple bands which could point

to the same vibrational behaviour, thus further complicates the process of spectral analysis [22, 39]. In

terms of photochemistry investigations in matrix environments, rare gas matrices inherently hard and rigid

cage effect inhibits effective in-situ photolysis on the trapped species. This drawback often leads to the

utilization of photoirradiation or photoexcitation techniques prior to the sample deposition step, which most

likely causes complication to the system to be studied [32]. The limitation imposed by noble gas matrices

on matrix-isolation spectroscopy, however, can be overcome by employing parahydrogen matrices.

Normal hydrogen consists of ortho- and parahydrogen in a ratio of three to one at room temperature

[32, 40]. The two classes of molecular hydrogens arise from the symmetric and antisymmetric nuclear

spin state of diatomic hydrogen, with orthohydrogen associates with spin angular momentum of one (I

= 1) and rotational states of odd quantum number (J = odd), and parahydrogen is characterized by spin

angular momentum of zero (I = 0) and rotational states of even quantum number (J = even) [32]. As the

smallest mass molecule, hydrogen possesses a large rotational constant, giving an exceptionally big energy

gap between the first excited and the ground rotational states for both ortho- and parahydrogen. Therefore,

at cryogenic temperature as in solid matrix, ortho- and parahydrogen exist exclusively in their rotational

ground states, which is J = 1 and J = 0, respectively [32]. With the spherical nature of its rotational ground

state, parahydrogen has a permanent multipole moment of zero, making it behaves electrostatically as a

noble gas atom [32]. On the other hand, orthohydrogen has a permanent quadrupole moment of the lowest

multipole moment as a result of its rotational ground state anisotropic nature in charge distribution [32, 40].

From a spectroscopic point of view, the presence of orthohydrogen is unwanted, as the inhomogeneity

of internal electrostatic field implied by orthohydrogen would lead to undesirable spectral line broadening

[32, 37]. Fortunately, the transitions between odd and even rotational states are forbidden, making it possible

to prepare and keep sample of highly pure parahydrogen for high resolution matrix-isolation spectroscopy

[40]. Moreover, the concentration of thermal equilibrate orthohydrogen appears to decrease with decreasing

temperature, with approximately 75 % at room temperature, 0.4 % at the boiling point of liquid helium

(20.28 K at 1 atm), and down to 0.0045 % at the triple point of hydrogen (13.8 K). Thus, the purity of

parahydrogen can be hyped up to more than 99.995 % by using an ortho-parahydrogen converter operating

at a temperature of 13.8 K and lower [32]. However, the conversion of ortho- to parahydrogen is slow by

itself. Therefore, magnetic catalysts are often used to apply magnetic perturbation on the cooled hydrogen

sample and speed up the interconversion rate between the two nuclear spin angular momenta [32].

In 1989, Okumura, Chan, and Oka discovered the linewidth of J = 6← 0 transition is as narrow as 0.003

cm−1 HWHM in 99.8 % pure solid parahydrogen [41], which is much smaller than the Doppler-broadened

and Dicke-narrowed spectral lines of gaseous hydrogen by one order of magnitude [38]. Their discovery

took the field of spectroscopy by surprise as such large ∆J rotational transitions are highly forbidden in gas

phase, better yet with such high resolution observation [38]. Following the work of Okumura et al., the

exploration on spectral linewidth of solid parahydrogen was extended into impurities doped parahydrogen

experiments, and the sharpest spectral lines observed thus far are from the rotation-vibration transitions of
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deuterated hydrogen in parahydrogen matrices, with linewidth as narrow as 2 MHz (= 0.0000667 cm−1)

HWHM [42]. The breakthrough achievement of Okumura and his colleagues has thus revolutionized the

utilization of solid parahydrogen in high resolution matrix-isolation spectroscopy, as the technique allows

for the study of intermolecular and crystal-field interactions with exceptional clarity and precision, indicating

the solid to be a superb medium over other gas matrix alternatives [38].

What makes solid parahydrogen so remarkable is its categorization as a quantum crystal [32, 38, 40].

Parahydrogen molecules are assembled by van der Waals forces into a crystal of purely hcp structure be-

longing to the D3h point group. The nearest neighbour distance, i.e., lattice constant, of the crystal structure

is 3.783 Å, with a large zero-point lattice vibrational amplitude of approximate 18 % of the lattice constant.

Such large zero-point motion causes quantum effect to dominate over classical lattice dynamic [40]. As

quantum solid of exceptionally large intermolecular distance as compared to the atomic distance of other

noble gas crystals (e.g., Ne = 3.16 Å, Ar = 3.76 Å), solid parahydrogen supplies more free space to the guest

molecules which in term causes weaker guest-host interaction, resulting in sharper spectral lines than those

of rare gas matrices [37]. The pure hcp structure of solid parahydrogen offers a homogeneous environment

for the trapped sample, eliminating inhomogeneous line broadening effect which arise from the mixed hcp

and fcc structural arrangement in rare and other molecular gas matrices [37]. Parahydrogen matrix is also

free from multiple trapping sites effect due to its quantum properties. The large zero-point lattice vibra-

tion amplitude of parahydrogen allows for self-reparation of defected crystal around the trapped analyte,

providing the same trapping site features spanning across the whole matrix [37].

In addition, the spacious and less-perturbative parahydrogen matrix allows the encaged molecules to

have almost free vibrational and rotational quantum states, opens up to the possibility of trapping and sta-

bilizing higher energy states molecules [32, 38]. The energy density of solid parahydrogen is relatively

dispersed for a molecular solid due to its exceedingly large rotational constant of 60.853 cm−1, fundamental

vibrational frequency of 4401.2 cm−1, first excited electronic energy of 91700 cm−1, and Debye temperature

of 100 K (' 70 cm−1), as compared to the parameters of other molecules [40]. These features further pro-

long the lifetime of excited molecules encaged in solid parahydrogen by bringing down the reactive species’

relaxation process to an extraordinarily slow rate [32].

Lastly, the spacious characteristic of solid parahydrogen has featured the matrix as a soft medium oppos-

ing the hard and rigid non-quantum solids such as rare gases [32]. The large lattice constant and amplitude

zero-point lattice vibration experienced in parahydrogen crystal also results in a higher than usual value

for compressibility χT (defined as χT = − 1
ν
(δV/δP)T ) of approximately 50×10−10 Pa−1 at temperature

below 5 K [40]. Moreover, highly pure parahydrogen crystal appears to have exceptionally large thermal

conductivity value, with approximately 50 Wm−1K−1 for a sample of 0.2 % orthohydrogen at liquid helium

temperature [40]. The soft and compressible features of parahydrogen matrix has thus make it the most

suitable medium for in-situ photochemistry studies, as the photoproduct fragments can be separated easily

via diffusion, and the separated fragments are quickly froze out by the high thermal conductivity nature of

the quantum solid [32].
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2.2 Conformational Isomerism Studies of Amino Acid with
Matrix-Isolation Spectroscopy

Spectral bands of molecular conformers often differ by only a few wavenumbers. Therefore, a spectroscopy

technique of high resolution is required to perform qualitative and quantitative conformational analysis on

a molecule. Matrix isolation infrared (MI-IR) spectroscopy is one of the most powerful tools for conforma-

tional isomerism studies [22]. The cryogenic and inert matrix environment rapidly cools the sample mixed

with the matrix gases upon contact with the cold window, preventing equilibration of the conformational

mixture with energy barrier higher than 3 6 kJ·mol−1, thus preserving the gas phase equilibrium composi-

tion of the sample that is present prior to deposition [43, 44]. As mentioned previously (see Section 2.1),

MI-IR spectroscopy is capable of producing high resolution spectra with exceptionally sharp bands, resolv-

ing the typically overlap spectra signals of two and more conformers when taken in gas, liquid, or solid

phase [22]. However, despite the high resolution provided by MI-IR spectroscopy, conformational spectra

still suffer from superposition of bands, appearing as unresolved low intensity signals and shouldering peaks.

Nonetheless, these congested bands can be distinguished by altering the conformational ratio of the trapped

molecule with techniques such as matrix annealing [19, 43, 45, 46], in-situ photoirradiation [2, 19, 47–51],

and sample deposition temperature variation [4, 52–54].

Numerous conformational studies in noble gas matrices have shown to be effective. Nevertheless, rare

gases are not the best host materials for conformational isomerism analysis with MI-IR spectroscopy because

of the varies matrix effect drawbacks imposed by the non-quantum solids, as highlighted in the previous

Section 2.1.2 . Moreover, different matrices have been shown to have different capabilities in capturing

the gas phase conformational equilibrium population of a system [2, 4, 53, 55, 56]. In a set of xenon,

krypton, and argon matrices, the ability of each type of matrix to maintain the gas phase population was

found to increase with decreasing atomic radii and mass [56]. In fact, our group has observed a complete

depletion of some high energy conformers in argon matrices as a result of collisional relaxation imposed by

the bulky argon gas atoms to the relatively unstable molecular conformers [2, 4] (see Sections 5.1 and 5.2).

Subsequently, the use of inert gases as matrix materials could lead to a loss of conformational information,

as the produced results might deviate from the actual gas phase conformational equilibria of a molecule.

Solid parahydrogen might come out as a better contender against rare gas matrices for conformational

isomerism studies with MI-IR spectroscopy. Because of the quantum nature of solid parahydrogen, the

vibrational spectra provided by solid parahydrogen MI-IR spectroscopy appear to be less complex than

those by noble gas matrices, free from multiple trapping sites and spectral line broadening effects (see

Section 2.1.2). In addition, parahydrogen matrix is expected to be more prominent in stabilizing higher

energy states due to its small molecular size and light mass. In a conformational study of acetylacetone

in solid parahydrogen, a higher abundance of keto/enol ratio was observed in solid parahydrogen than in

rare gas matrices, in which the keto-form is the less stable state between the enol and keto tautomers of the

sample [55].

Even though solid parahydrogen seems like a more suitable medium, most, if not all, of the confor-

mational composition studies of amino acids with MI-IR spectroscopy were achieved using classical noble

gas matrices. With the outstanding advantages provided by parahydrogen matrices, we have implored the
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worth to reinvestigate the conformational stability of amino acids using solid parahydrogen MI-IR spec-

troscopy, and we started our case study with two of the simplest amino acids, namely β - and α-alanine. We

also attempted to extend our investigation on the zwitterion forms of simple amino acids. The following

subsections highlighted some previous computational and experimental works done on the conformational

isomerism studies of β -alanine, α-alanine, and amino acids zwitterions, plus summarized the relation of

these samples to interstellar space.

2.2.1 β -alanine

β -alanine (Figure 2.2) is the only naturally occurring β -amino acid, and it is an organic compound of par-

ticular importance in interstellar space. β -alanine was found in various classes of carbonaceous meteorites

[8, 9, 14], and is the most abundant type of amino acid in the CI chondrites [8, 14]. It was also demonstrated

that synthesis of gas-phase alanine can be achieved via ion-molecule reactions with smaller molecules found

in interstellar medium, in which β -alanine was formed preferentially over α-alanine [16]. Such discovery

has implied that the β -alanine found in the CI chondrites could be product of pure interstellar reactions,

which in terms gives us an insight to the origin of life in space.

NH2 OH

O

Figure 2.2: Structure of β -alanine.

β -alanine has been subjected to multiple conformational investigations, both computationally and ex-

perimentally. The conformational study of β -alanine began with Ramek, who performed computational

calculation on the conformers of β -alanine at the HF/4-31G level of theory and found twenty stable con-

formers [57]. The list of twenty were reduced down to nineteen after McGlone and Godfrey recalculated the

stable β -alanine conformers deduced by Ramek with a slightly higher level of theory at HF/6-31G*. Fur-

thermore, McGlone and Godfrey have experimentally observed two gaseous β -alanine species of gauche

conformations using free-expansion jet spectrometry, and identified them as conformer I and conformer V

[58]. A decade after their study, Sanz et al. refined McGlone’s and Godfrey’s theoretical calculations on the

nineteen conformers using MP2/6-311++G** level of theory, and confirmed their observation of conformer

I and V using Fourier transform microwave spectroscopy coupled with pulsed supersonic jet and laser ab-

lation. Sanz et al. have also identified two additional β -alanine conformers through their experimental

procedures, namely conformer II and III [59].

The first conformational investigation of β -alanine with MI-IR spectroscopy was reported by Rosado

and his colleagues in 1997 [60]. The group utilized argon gas as their matrix host, and compared the

resulting MI-IR spectra to calculated values at RHF/6-31G* level of theory, FTIR spectra from KBr pellet

method, and Raman spectra using a 514.5 nm argon laser with 220 mW power as excitation source. Even

10



though only one conformer was confidently assigned by Rosado et al., the group suggested the presence

of multiple different conformers within solid argon, attributed by the observation of several well structured

spectra bands at the same vibrational frequency region [60]. Since then, a number of follow-up studies

have been performed with the attempt to identify the conformational forms of β -alanine trapped in inert

matrices. Most recently are the research performed by Dobrowolski and his group in 2008 [61], and two

studies done by Stepanian and his company in 2012 [19] and 2016 [62]. Dobrowolski et al. isolated β -

alanine in argon matrices, and determined the presence of at least three conformers, which were conformer

I, II and IV following Ramek’s nomenclatures. They accomplished the spectral assignments by matching

the experimental vibrational numbers and intensities to that of high accuracy theoretical calculations at

B3LYP/aug− cc−pVDZ level of theory. Their results also further indicated the possible presence of other

higher energy β -alanine conformers in matrix environment [61]. Stepanian et al. expanded the search of

high energy β -alanine conformers in solid argon by coupling MI-FTIR spectroscopy with matrix annealing

and in-situ UV-irradiation techniques, with the intend to resolve the overlapping spectra bands of β -alanine.

They also performed an extensive potential energy surface (PES) scan at MP2/aug− cc−pVDZ level of

theory and found twenty stable conformational states of β -alanine. Through these exhaustive computational

and experimental works, Stepanian et al. were able to identify and assign five β -alanine conformers in argon

matrices, namely conformer I, II, IV, V, and VII [19]. The group then provided additional confirmation on

their observation of conformer V, a highly unstable β -alanine conformer, in solid argon by performing the

same experiment on the deuterated analog of β -alanine (β -alanine-d3) [19, 62].

2.2.2 α-alanine

α-alanine (Figure 2.3) is the smallest amino acids with a chiral carbon atom. The search of chiral amino

acids, and other chiral biological molecules, in interstellar space has been intensive due to their relevance

to the origin of homochirality of life [63]. Many mechanisms have been proposed on the formation of

chiral homogeneity organic molecules in the prebiotic Earth since the discovery of homochirality effect in

the 19th century [64]. However, due to the complications and the limitations imposed by the formation

mechanisms, most of the proposed processes seemed highly improbable to be carried out terrestrially on the

chaotic environment of the prebiotic Earth. To overcome these difficulties, Bonner has suggested that the

production of chiral biomolecules on Earth to be an extraterrestrial origin [64], and his concrete view was

supported by the discovery of an enantiomeric excess of L-amino acids in the Murchison meteorite [65, 66].

α-alanine has been the subject of many theoretical conformational studies. One of the first compu-

tational study of α-alanine was performed by Gronert and O’Hair who derived ten stable conformational

states of the amino acid using HF/6-31G*, HF/6-31+G*, and MP2/6-31+G* levels of theory [67]. Around

the same period of time, another group led by Schäfer was conducting a similar computational investigation

on α-alanine but with larger basis sets of 6-31G** and 6-311G**, and was able to identify three additional

conformers [68]. The most detailed theoretical analysis of α-alanine was carried out by Császár [69]. He

employed various levels and basis sets for his computational calculations, and obtained the same thirteen sta-

ble conformers of α-alanine as located by Schäfer and his co-workers. These thirteen α-alanine conformers

were conformer I, IIA, IIB, IIIA, IIIB, IVA, IVB, VA, VB, VI, VII, VIIIA, and VIIIB according to Császár’s
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Figure 2.3: Structure of α-alanine.

nomenclatures, in which the notation “A” and “B” represent the L- and D- enantiomer pairs, respectively

[69]. Recently, Balabin performed an ab initio analysis of α-alanine with the highest level of computation

parameters thus far, using CCSD(T)/aug− cc−pVTZ, MP3/aug− cc−pVQZ, and MP2/aug− cc−pV5Z cal-

culations at B3LYP/aug− cc−pVTZ geometries. Contrary to his predecessors, Balabin was only able to de-

rive twelve stable α-alanine configurations, with conformer IIIB (from Császár’s list as stated above) being

undetected through Balabin’s highly accurate calculations [70].

α-alanine has also been the interest of multiple experimental conformational studies, being analyzed

with methods ranging from gas-phase electron diffraction [71, 72] to various spectroscopic techniques

[45, 47, 60, 73–80]. The following accounts highlight a few selected experimental conformational char-

acterizations of gas phase α-alanine performed since the early 90’s until recent years. In 1991, Iijima and

Beagley performed a gas phase electron diffraction study on α-alanine and observed only one conformer

of the neutral species [71]. Two years later in 1993, a millimeter-wave spectroscopy of α-alanine was re-

ported by Godfrey et al., in which the group was able to identify the two most stable forms of α-alanine

conformations, namely conformer I and IIA (according to Császár’s nomenclatures), in the 54.2 - 65.4 GHz

region by using a Stark-modulated free-expansion jet spectrometer [73]. Godfrey’s and his co-workers’

observation was later confirmed by Blanco et al. in 2004 with laser-ablation molecular-beam Fourier trans-

form microwave (LA-MB-FTMW) spectroscopy in the 6 - 18 GHz region [75], and by Hirata et al. in 2008

with millimeter-wave spectroscopy in 80 - 99 GHz and 160 - 180 GHz regions by applying a continuous

molecular beam [76]. More recently in 2010, Balabin carried out a jet-cooled Raman spectroscopy study on

α-alanine and detected two additional conformers, conformer IIB and IIIA, together with the two previously

identified conformer I and IIA [78].

MI-IR spectroscopy is another popular spectroscopy technique used for conformational studies of α-

alanine [45, 47, 60, 80]. Together with its isomer β -alanine (see Section 2.2.1), the first MI-IR spectroscopy

of α-alanine was executed by Rosado et al. in 1997 with only one conformer, conformer I, found by the

group [60]. In the subsequent year, Stepanian et al. performed a similar argon MI-IR analysis on α-alanine

and reported the observation of two conformers, conformer I and IIA, in their matrix. They characterized

their spectra using B3LYP/aug− cc−pVDZ and MP2/aug− cc−pVDZ geometry and frequency theoretical

calculations [45]. The presence of conformer IIIA in argon environment was identified by Lambie et al.
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in 2002, along with the previously observed conformer I and IIA. The group combined high resolution

MI-FTIR spectroscopy with highly accurate theoretical calculations at B3LYP/6-311++G** level of theory

to accomplish their spectral assignments [80]. Nevertheless, conformer IIIA was undetected in the most

recent MI-FTIR experiment by Bazsó et al., where α-alanine was isolated in argon, krypton and nitrogen

crystals [47]. The group utilized near-infrared (NIR) laser irradiation to distinguish the overlapping con-

formers’ bands and induce conformational change of α-alanine. They also performed quantum calculations

at B3LPY/6-31++G** and MP2/6-311++G** level of theories on selected conformer candidates to aid

them in spectral analysis. Both conformer I and IIA were found to be present in the prior-irradiated ma-

trices. Interestingly, Bazsó et al. observed the production of the short lived conformer VI at the expense

of conformer I upon short NIR laser irradiation. Conformer VI was absent in the as-deposited matrices,

indicating it as a product purely by photoirradiation. They also detected the slow conversion of conformer I

to conformer IIA after a prolonged irradiation process [47].

2.2.3 Amino Acids Zwitterions

Amino acids exist predominantly in their zwitterionic forms in the aqueous and crystalline media, but in

neutral forms in gas phase. Zwitterion is the result of solvent effect on an amino acid, where a proton from

the acidic group is transferred to the amino group of the molecule (Figure 2.4). Water is considered to be the

main culprit in inducing zwitterion formation. In fact, only a small amount of water molecules is required to

drive the ionic transformation of amino acid. Xu et al. reported in their hydration studies that the lower limit

of five water molecules were required to transform glycine into its zwitterion, while only four each were

needed for phenylalanine and tryptophan [81]. In terms of interstellar chemistry, water is one of the most

abundant species present in astronomical media, especially in astrophysical ices. Thus, it is highly possible

that amino acids in extraterrestrial frozen particles interact with the trapped water molecules, resulting in

the production of zwitterions in interstellar space [82].

O

O

NH3

CH3

+

-O

O
NH3

+

-

(a) (b)

Figure 2.4: Structure of (a) β -alanine and (b) α-alanine zwitterions.

Many computational [83–90] and experimental[81, 82, 91–95] studies have been performed on various

amino acids in their zwitterionic forms to investigate the structural properties and chemical stabilities of

the ionic molecules. However, only a few of these investigations were carried out with MI-IR spectroscopy

technique [82, 92, 94]. In 2004, Ramaekers et al. reported an argon MI-FTIR spectroscopy study of neutral
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and zwitterion glycine·H2O complexes. The aim of their research was to investigate the H-bond interaction

between glycine and water in matrix environment, and they registered the observation of zwitterionic H-bond

complexes at a higher stoichiometry complexes glycine·(H2O)n with n larger than 3. The experiment has

also provided the first IR evidence of zwitterion formation in cryogenic isolated condition [94]. Ramaekers’s

and his colleagues’ observation was supported by Espinoza et al., where the group performed a similar

hydration of glycine experiment in argon crystal. Although Espinoza et al. did not purposely produce

zwitterion in their study, the group observed clear geometrical alterations as the first, and then the second,

water molecule was introduced to the bare glycine. They have also pinpointed the mode of H-bonding

as glycine interacted with the surrounding water [92]. Recently, Rodríguez-Lazcano et al. recorded the

IR spectra of pure α-alanine crystal grown in cryogenic temperature of 25 K, and slowly warmed to 200

K. The group also co-deposited α-alanine with H2O, CO2 or CH4 onto the cold substrate to create ice

mixtures of different polarity analogous to astrophysical ices. From their experiment, Rodríguez-Lazcano et

al. observed neutral/zwitterion ratio of 60 % for pure alanine and H2O mixtures, and 90 % for the non-polar

matrices of CO2 and CH4 crystals, as deposited at 25 K. The ratio was shown to drop as the temperature of

the crystals rose, leaving only the ionic species at 200 K. The rate of neutral to zwitterion conversion also

appeared to be environment-dependent, with sample in non-polar matrices acquired a slower conversion rate

than those in pure sample crystals and polar matrices [82].
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Chapter 3

Method

3.1 Experimental

3.1.1 Making Enriched Parahydrogen Gas

Normal hydrogen gas of 99.99 % purity (Praxair Canada Inc.) was converted into parahydrogen gas of

99.9955 % purity using a parahydrogen converter. This specific device was designed and built by my

supervisor, Dr.Takamasa Momose, and his associates from University of Illinois and University of British

Columbia during the year of 2008 [1]. The system is an improvement to the converter developed by Tam and

Fajardo in the year of 1999, which used a closed-cycle He cryostat, thus liquid He instead of the conventional

liquid N2 or liquid H2 as cryogen [96].

Briefly on the parahydrogen converter design, the converter consists of a commercial closed-cycle He

cryostat (APD Cryogenics Inc., Daikin Cryotec He Compressor Unit U104CW) modified to mount an ortho-

para reactor coil onto its cold head (Figure 3.1). The coil is a solid piece of oxygen free high conductivity

(OFHC) copper around which a 6.35 mm diameter copper tubing has been wound and permanently attached

to it. The copper tubing was filled with 3.3 grams of a 30 × 50 mesh hydrous ferric oxide catalyst (Sigma-

Aldrich, catalyst grade), which is the main component for conversion of orthohydrogen to parahydrogen.

The copper tubing loops around the OFHC core 14 times in an upward helical fashion, providing approx-

imately 1.3 m of conversion path length. The last segment of the tubing passes through the center of the

core, thus ensuring that the final portion of the conversion process happened at the coldest temperature of

the assembly. Two 1.59 mm austenitic stainless steel tubings are bended and arranged transverse to the

length of the cryostat with their ends connected to the head and tail of the reaction coil (Figure 3.2), pro-

viding hydrogen gas with an incoming and outgoing routes to and from the coiled conversion section. The

entry and exit ports of the cryostat chamber are each connected to a flow counter (Kojima Instruments Inc.,

Kofloc mass flow meter 3720, Gas H2, range 10 SLM) in order to read the incoming and outgoing controlled

flow rates of hydrogen gas. Two separate silicon diode temperature sensors (Cryogenic Control System,

Inc., Temperature Sensor S900-BB) and controller systems (Cryogenic Control System, Inc., Temperature

Controller Cryo.CON 34) are attached to each ends of the reactor coil to act as temperature monitors and
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control devices for the apparatus. The whole instrumentation is operated under high vacuum, and the sys-

tem is evacuated by a roughing oil pump (Alcaltel Pascal 2021 SD) backed-up with a diffusion oil pump

(Diavaclimited Diffusion Pump DPF6Z) to get the pressure down to ≤10−4 torr range.

Figure 3.1: Diagram of the parahydrogen converter with a close-up of the reactor coil in which is
mounted on the cold head of the closed-cycle cryostat refrigerator and is filled with hydrous
ferric oxide catalyst. The image is used with the permission of Tom et al. [1].

Figure 3.2: Diagram of parahydrogen converter with (right) and without (left) the vacuum shroud. The
traces of hydrogen gas flowing into and out of the reaction coil section (red trace) is shown in the
schematic with the shroud removed. The image is used with the permission of Tom et al. [1].

On the procedure, we first set the temperature controllers to 13 K from the coldest chamber temperature

of 7 K. It typically took only 5 min for the system to reach 13 K, but we added another 30 min to our heating

time to ensure thermal equilibrium across the entire coil. As previously mentioned, the temperature of 13

K is close to the triple point of hydrogen at 13.8 K in which corresponds thermodynamically to 99.9955 %
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of parahydrogen (see Section 2.1.2). Note that as it took 5 hrs for the cryogenic chamber to be cooled from

room temperature to the coldest point of 7 K, we always kept our cryostat on and running, and only shut it

down on a monthly basis for maintenances purposes.

Once the chamber temperature was stabilized at 13 K, we slowly flowed hydrogen gas into the converter

with a flow rate of 0.8 SLM. Hydrogen gas underwent a phase change to liquid upon entering the cold

coil section, and we waited 30 min for the entire coil to be filled with liquid hydrogen. After the whole

coil was filled, we let gas flowed through and out of the converter for at least 10 min (which equates to

almost a standard litre) with a flow rate of 0.4 SLM to (a) ensure that any residue gas from the previous

experiment will be purged out of the system, and (b) clean the stainless steel gas lines involved in routing

the gas from the converter to the storage cylinders with pure parahydrogen gas. This gas was then evacuated

using the roughing oil pump. Note that a reasonably slow flow rate was applied to give sufficient time for

the conversion of ortho- to parahydrogen via magnetic perturbation by the catalyst. However, if the flow rate

was too slow, we might encounter an issue with the backing pressure, which might cause a back flow of gas

from the exit port of the converter back into the coil system. For our system, we found that the flow rate of

0.4 SLM seemed to supply ample of time for the conversion process in the converter, and yet gave enough

pressure to push the gas moving forward.

After an appropriate amount of purging was completed, we allowed the freshly produced parahydrogen

gas to flow into the 1 L storage tank, and the vessel was being filled up to 700 - 900 torr. Parahydrogen

was known to undergo back conversion when being exposed to stainless steel surface or impurities such

as paramagnetic O2 molecule [1]. To minimize this back conversion occurrence, we used a teflon-lined

stainless steel gas cylinder (D01-3A1800 Whitey P-5EK086-304L-HDF4-1000CC), with a stainless steel

quarter turn plug valve (Swagelock S-43S4) sealed to its opening end, as our storage vessel. The back

conversion rate of parahydrogen in this storage system was calculated by Tom et al. to be 1.7 % per week,

and was most likely due to the exposure of the gas to a small stainless steel area at the end cap of the

cylinder [1]. We also never stored our parahydrogen gas for more than 24 hrs, and made a new badge for

every experimental run to ensure that the sample used as matrix gas was in its purest and cleanest available

form.

3.1.2 Preparing Argon Matrix Gas

99.99 % purity argon gas (Praxair Canada Inc.) was employed with no further modifications. Prior to

deposition procedure, we flowed and stored the required amount of argon gas (700 - 900 torr), into another

1 L teflon-lined stainless steel gas cylinder equipped with a stainless steel metering valve (Swagelock SS-

DSS4) at its opening end. The gas was flowed from the gas cylinder source through a leak-free nylon tubing

(Freelin-Wade: A Coil Hose Co.) followed by the stainless steel gas lines routing to the storage vessel.

3.1.3 Sublimation of Amino Acid with a Knudsen Cell

Most samples used for matrix-isolation spectroscopy experiment are high vapour pressure solvents, and they

are introduced into the matrices simply by pre-mixing the matrix gas with an appropriate amount of vapour

sample. However, this method of doping is inapplicable on our powdered amino acid stocks. Amino acids
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exist only as neutral forms in the gas phase. Whereas in the condense phases, amino acids exist mainly as

zwitterions (see Section 2.2.3). To dope neutral amino acid into the matrices, we need a mechanism that

allow us to sublime the solid sample into gas, and a Knudsen effusion cell is the most efficient device to do

so.

We used an built in-house Knudsen cell (Figure 3.3) to sublimate our amino acid sample directly into

the matrix chamber. Our design is that of a simple resistance-heated Knudsen cell. The copper cell body is

42 mm long and 8 mm wide, with its threaded cap connected to an 18 mm long and 1.6 mm wide copper

nozzle, giving an orifice of 1 mm in diameter. The cell is heated with a ceramic heater (Thorlabs, HT15W

Cartridge Heater) attached to the rear end of the cell. A DC power supply (Takasago, LTD. Japan, GP0110-1

Regulated DC Power Supply) is used to regulate the heating power of the heater, and the temperature of the

cell is monitored by a temperature sensor (Thorlabs, TH10K NTC Thermistor) situated behind the sample

compartment of the cell. This set-up allows us to carefully control and maintain the temperature of the cell

within an accuracy of ±1 K.

Figure 3.3: Diagram of the inner compartment (left) and outer shell (right) of our built in-house Knud-
sen cell which was employed to sublimate the amino acid samples.

As we were exploring the relation of amino acids’ conformational populations with varying sublimation

temperatures, we needed to employ a range of sublimation temperatures onto our samples. These temper-

atures must be high enough to ensure an ample amount of gaseous sample is produced for deposition, yet

not too high to cause thermal decomposition of amino acids. To find these appropriate, but narrow, range of

sublimation temperatures, we did a deposition test run in solid parahydrogen for each amino acid samples

used in our project. The procedure for sample deposition was described in the following section (see Section

3.1.4). On these test runs, we started the deposition with the lowest predicted sublimation temperature. We

then took a quick measurement on the sample crystal after 15 min of deposition at a specific temperature,

and increased the Knudsen cell temperature by 10 K increment after each measurements. We continued with

this process until we saw signs of fragmentations from amino acid, which were indicated by the present of

additional peaks aside from the expected molecular signals in our spectrum. From the spectra taken, we

could then deduce the minimum sublimation temperature from the first sight of amino acid signals, and the

maximum sublimation temperature from the first indication of sample decomposition. Note that some frag-

mented products could be reactive, and they could interact with the molecular amino acids and the matrix

environment, giving us undesired results.
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3.1.4 Deposition of Amino Acid in Solid Parahydrogen

Our cryogenic chamber (Figure 3.4) is a 22 cm wide doubly shielded chamber, with a 1 cm thick and 20

cm inner diameter wide stainless steel outer shield, and a 1 cm thick and 14 cm inner diameter wide copper

inner shield. A 10 cm wide copper cold plate is sitting on top of the cold head of a closed-cycle Gifford-

McMahon refrigerator (Sumitomo Heavy Industries, Ltd., Helium Compressor Unit CKW-21A, Cryocooler

SRDK-205) situated in the center of the chamber. The refrigerator can cool the cold plate down to 3.6 K,

and the cold substrate to 4 K. The cold substrate is a BaF2 wedged window (Pier Optics Co., Ltd., 25 mm

in diameter, 2 mm in mean thickness) held by a 4 cm by 4 cm copper window holder mounted onto the

cold plate. Two separate silicon diode temperature sensors (Cryogenic Control System, Inc., Temperature

Sensor S900-BB) are attached each to the cold plate and the cold substrate, with a temperature controller

(Cryogenic Control System, Inc., Temperature Controller Cryo.CON 34) coupled with the sensor on cold

plate, to allow for careful monitoring of the chamber temperature. The matrix gas is introduced into the

chamber through a 1.59 mm stainless steel inlet tubing with its tip positioned 3.5 cm away from the cold

substrate at a 45◦ angle. A gas flow controller (Stec Inc., Mass Flow Controller SEC-4400M0-MK3, Gas

H2, Flow Rate 500 ccm) is installed on the stainless steel tubing outside the chamber to allow for controlled

flow rate of matrix gas onto the cold substrate. The tip of the Knudsen cell is placed 2.5 cm away from

the cold substrate at another 45◦ angle, making a 90◦ angle with the matrix gas feed-in tube. The chamber

is kept under high vacuum by a turbo pump (Pfeiffer Vaccum D-35614 Assiar, HiCube 80 Eco), giving a

pressure of 3×10−6 torr at room temperature, and 3×10−8 torr at cryogenic temperature of 4 K.

Figure 3.4: Picture of the cryogenic chamber used for sample deposition with the covers removed. The
chamber is a doubly shielded chamber, with the a BaF2 window positioned in the middle of the
center copper cold plate. The line at the top left corner of the image, situated at a 45◦ angle to the
cold window, is the stainless steel matrix gas feed-in tube; whereas the object at the bottom left
corner of the image, situated at another 45◦ angle to the cold window, is the Knudsen cell used
for amino acid sample sublimation.

Deposition was done at the coldest window temperature of 4 K. The crystal sample was grown directly

on the cold substrate by simultaneously sending parahydrogen gas and the sublimated amino acid sample

into the chamber, thus allowing gaseous amino acid to mix into the matrix gas before being deposited onto
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the cold surface. To achieve this procedure, we heated the Knudsen cell up to the targeted sublimation

temperature for the first 5 - 10 min, and stabilized the cell temperature within ±1 K range. We then flowed

parahydrogen into the chamber with a low flow rate of 4 - 5 ccm.

Ideally, the cold substrate temperature should remain at 4 K before, during, and after deposition. How-

ever, due to the introduction of hot matrix gas and thermal irradiation from the Knudsen cell, we noticed that

our cold substrate temperature increased a little during deposition. The annealing temperature for parahy-

drogen is at 5 K, and deposition at the annealing temperature or higher will cause the formation of the

opaque and hard amorphous crystal, instead of the soft and clear quantum crystal. To avoid the formation

of amorphous crystal, we kept the cold substrate temperature at 4±0.3 K, and never exciding 4.5 K, by

ensuring that the flow rate of parahydrogen into the chamber and the heating power implemented on the

Knudsen cell remain low throughout the whole deposition process. Note that the window temperature after

deposition was typically around 4.15±0.02 K.

The specificity of deposition procedure, such as the range of sublimation temperatures used and the

duration of deposition, for each amino acid experiment was briefed in the Result portion under the individual

samples’ subsections (see Sections 5.1.1, 5.2.1, 5.3.1, and 5.4.1).

3.1.5 Deposition of Amino Acid in Argon Matrices

The procedure of depositing amino acid in argon matrices was similar to that of solid parahydrogen, aside

for a few discrepancies. Instead of depositing at the coldest substrate temperature of 4 K, we grew our

argon crystal sample on an 18 K window. After deposition, we also performed annealing on the solid

argon to reduce the site slitting effects often associated with rare gas matrices. Annealing was done by

slowing heating the argon crystal up to the annealing temperature of 35 - 40 K, stabilizing the matrix at the

annealing temperature for 10 - 15 min, then slowly reducing the window temperature back down to 4 K to

take measurement. We repeated these steps until no more site shifting was observed from the spectra.

3.1.6 In-Situ UV-irradiation of Amino Acid within the Solid Matrices

We used a modified deuterium lamp (Hamamatsu Photonics K.K., L2D2 Lamp L7295, Power 30 W, Spectral

Distribution 160 - 400 nm), housed in a custom made lamp housing and controlled by its associated power

supply (Hamamatsu Photonics K.K., Deuterium Lamp Power Supply C1518), as our UV-irradiation source

(Figure 3.5). The light was sent in through a MgF2 window (Thorlabs, WG61050, 25.4 mm in diameter,

5 mm thickness) installed at the side portal of the chamber, and hit the BaF2 cold window from the back

(Figure 3.6). Note that the matrix sample was grown on the front of the cold window. Thus, UV photons

were transmitted through the cold window to reach the sample molecule. BaF2 window has a transmission

range of 200 nm - 12 µm, making it a suitable cold substrate for this irradiation set-ups.

We typically irradiated the deposited sample for a total of 3 - 4 hrs, and recorded a spectrum at each

hour of irradiation. All UV-irradiation were done at 4 K. The specificity of UV-irradiation procedure for

each amino acid experiment was briefed in the Result portion under the individual samples’ subsections

(see Sections 5.1.1, 5.2.1, and 5.3.1).
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Figure 3.5: Pictures of the deuterium lamp enclosed within its housing used for the in-situ UV-
irradiation experiments.

Figure 3.6: Diagram of cryogenic sample chamber with the portal of UV-irradiation from the deu-
terium lamp through the back MgF2 window to the back-side of the BaF2 cold window.
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Figure 3.7: Diagram of the cryogenic sample chamber with the path of IR light from the FTIR spec-
trometer travelling through the three BaF2 cold windows (with the middle window holds the
sample crystal), and to the MCT detector by being deflected in the transfer optic chamber with a
parabolic mirror.

3.1.7 FTIR Measurement Parameters and Detection System Set-ups

We used a FTIR spectrometer (Bruker, IFS 125HR), equipped with a KBr beam splitter, MIR globar light

source, and a liquid nitrogen cooled MCT detector (InfraRed Associates. Inc., D316/2M), to attain all the

optical measurements for our experiments. The instrumentation was maintained under low pressure of

0.05 hPa with a mechanic pump (Adixen OMF 40S). As the sample chamber was situated outside the

spectrometer, the IR beam was sent into the cryogenic chamber by deflecting the light at an angle of 90◦ via

a parabolic mirror. The beam passed through two separated BaF2 windows (Pier Optics Co., Ltd., 25 mm

in diameter, 2 mm in mean thickness) upon entering and exiting the chamber, and hit the sample substrate

situated at the middle of the chamber from the back. The beam was then travelled to another parabolic mirror

contained within an built in-house transfer optic chamber (11 cm × 11 cm), and being deflected at another

90◦ angle into the MCT detector (Figure 3.7). The transfer optic chamber was kept under low pressure with

a small mechanical pump (Oerlikon Leybold Vacuum, DIVAC0.8LT).

All spectra were registered at 4 K in the range of 700 - 4800 cm−1, with either 0.2 cm−1 or 0.05 cm−1

resolution, and a total of 1000 number of measurements. The specific measurement parameters for each

amino acid experiment was briefed in the Result portion under the individual samples’ subsections (see

Sections 5.1.1, 5.2.1, 5.3.1, and 5.4.1).
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3.2 Computational

3.2.1 Quantum Calculation with WebMO

We performed quantum calculations at B3LYP/aug− cc−pVTZ level of theory on the most stable conform-

ers of our amino acid samples using WebMO [97]. The corresponding relative energies, relative Gibbs free

energies, and theoretical vibrational wavenumbers and intensities were then derived from the calculations

in order to interpret our experimental spectra. To ensure a calculated result with the highest obtainable

accuracy, tight optimization was applied on each geometry used.

The amino acids’ conformers chosen for quantum calculations must be local minimum conformers for

the derived vibrational wavenumbers to be real. We explored published theoretical materials to determine

the most appropriate conformational structures of amino acids to be used for calculations. Details on each

amino acid configuration used for theoretical calculation was mentioned in the Result portion under the

individual samples’ subsections (see Sections 5.1.1, 5.2.1, and 5.3.1).
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Chapter 4

Theory and Calculations

4.1 Relative Energy and Relative Gibbs Free Energy
A way to determine the stability of a molecular conformer is to check on the conformer’s relative energies

and relative Gibbs free energies. From thermodynamic perspective, conformer with the lowest relative

energy and relative Gibbs free energy often attributed to the most stable configurations of the molecule [98].

This relation is thus applied by spectroscopists to predict the probability of detecting specific conformer

configurations in their experimental spectra, in particular in IR spectra.

The acquire information for the calculation of relative energies and the relative Gibbs free energies of a

molecule can be extracted from the sample output of quantum computing programmes such as Gaussian or

WebMO [99]. The following subsections highlight the calculation steps to determine the relative energies

and relative Gibbs free energies associated with our amino acids investigations, with WebMO being the

quantum computing program utilized for our studies.

4.1.1 Calculation of the Relative Energy

The calculation of the relative energy of a specific conformer is fairly straightforward. It must be noted

that WebMO uses the lowest possible energy state (i.e., the zero-point energy (ZPE))of a system, instead of

the minimum of the classical potential well, to determine many of the calculated thermodynamic quantities

[99]. These computed quantities include the total electronic energy, Etot , which is the energy of the molecule

relative to the separated nuclei and electron [100]. Therefore, to obtained the real total energy of a molecule

in its specific conformational state, E j, we must correct the total electronic energy of the conformer, Etot( j)

listed in the sample output of WebMO to the conformer’s ZPE by

E j = Etot( j)+ZPE. (4.1)

The relative energy of the conformer, ∆E j, can then be computed by weighing E j to the real total energy

of the lowest energy conformer, E1 (assuming Conformer I to be the conformational configuration with the

lowest energy), as shown with

∆E j = E j−E1. (4.2)
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4.1.2 Calculation of the Relative Gibbs Free Energy

Gibbs free energy, G, correlates with the temperature of the system through the relation

G≡ H−T S (4.3)

in which H is the expression for enthalpy, S is the expression for entropy, and T represent the temperature

of the system [98]. For our amino acids studies, T would be the sublimation temperature of an amino acid

sample for a particular deposition procedure.

The WebMO program carries out its thermodynamic computations by assuming an ideal gas at atmo-

spheric pressure (1 atm) and room temperature (298.15 K) [97, 99]. This assumption does not align with

our real experiment system of varying sublimation temperatures, which are in the range of 380 - 430 K

depending on the sample employed. Therefore, to calculate the Gibbs free energies at a specific amino acid

sublimation temperature, GT , we must start our calculation from the very core of thermochemistry, i.e., the

molecular partition functions, q.

The first factors to be determined for GT calculation are the thermal correction to the internal thermal

energy, Ecorr, and the entropy, Scorr, of a molecular system. Ecorr and Scorr are given as the sum over all

four components of contributions, which are the translational (trans), rotational (rot), and vibrational (vib)

degrees of freedom, plus the electronically excited states (el) [99]. The relations of Ecorr and Scorr to the

four contributional components are represented by

Ecorr = Etrans +Erot +Evib +Eel (4.4)

and

Scorr = Strans +Srot +Svib +Sel, (4.5)

respectively. Note that the internal thermal energy contribution from partition function, Eq, is given by

Eq = NkBT 2(
δ lnq
δT

)V (4.6)

where kB is the Boltzmann constant; whereas the entropy contribution, Sq is given by

Sq = R(lnq+T (
δq
δT

)V ) (4.7)

where R is the gas constant [101].

The electronic partition function, qel , of a molecule is defined as

qel = ω0e−ε0/kBT +ω1e−ε1/kBT +ω2e−ε2/kBT + ... (4.8)

in which ω is the degeneracy of the the energy level and εn is the energy of the nth level [101]. In WebMO,

an assumption is made on the energies of the first and higher electronic excitation states to be much greater

than kBT, thus making these states inaccessible at any temperature [99]. Plus, the energy of the ground
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electronic state is set to be the ZPE of the system, equating ε0 to zero [99]. These assumptions have simplify

qel to

qel = ω0, (4.9)

and simplify the entropy due to electronic motion, Sel to

Sel = R(lnqel +0) = R(lnω0) (4.10)

which equates to zero (Sel = 0). Furthermore, as there are no temperature dependent terms in the assumed

electronic partition function (Equation 4.9), the contribution to the internal thermal energy due to electronic

motion, Eel is also equates to zero (Eel = 0).

The translation partition function, qtrans, of a molecule is defined as

qtrans = (
2πmkBT

h2 )3/2V = (
2πmkBT

h2 )3/2 kBT
P

(4.11)

in which m is the mass of the molecule and h is the Planck constant [101]. Translational entropy, Strans is

thus

Strans = R(ln(qtransκ)+T
3

2T
) = R(lnqtrans +1+3/2) (4.12)

in which κ is the factor originate from Stirling’s approximation, and the contribution to the internal thermal

energy due to translation, Etrans is

Etrans =
3
2

RT. (4.13)

The rotational partition function, qrot , of a non-linear polyatomic molecule is defined as

qrot =
π1/2

σr
(

T 3/2

(Θr,xΘr,yΘr,z)1/2 ) (4.14)

in which σr is the rotational symmetry number and Θr is the rotational temperature of the molecule in

relation to the molecular axis [101]. The values of σr and Θr are provided in the WebMO output [97, 99],

allowing us to quickly calculate the rotational entropy, Srot , and the contribution to internal thermal energy

due to rotation, Erot , through the equations

Srot = R(lnqrot +
3
2
) (4.15)

and

Erot =
3
2

RT, (4.16)

respectively.

The vibrational partition function, qvib,K , of a specific vibrational mode is defined as

qvib,K =
e−Θv,K/2T

1− e−Θv,K/T (4.17)

26



where Θv,K is the vibration temperature given by Θv,K = hνK/kB. The overall vibrational partition function

of a molecule, qvib, is thus

qvib = ΠK
e−Θv,K/2T

1− e−Θv,K/T (4.18)

[101]. In WebMo, the vibrational temperatures of all the calculated vibrations are listed in the output [97,

99], allowing us to calculate the vibrational entropy, Svib, and the contribution to internal thermal energy due

to vibration, Evib, through the equations

Svib = RΣK(
Θv,K/T

e−Θv,K/T −1
− ln(1− e−Θv,K/T )) (4.19)

and

Evib = RΣKΘv,K(
1
2
+

1
e−Θv,K/T −1

). (4.20)

From the obtained Ecorr and Scorr, we can determine the thermal correction to the enthalpy, Hcorr, and

the Gibbs free energy, Gcorr, of the molecular system through the equations

Hcorr = Ecorr + kBT (4.21)

and

Gcorr = Hcorr−T Scorr. (4.22)

GT can then be obtained by correcting the total electronic energy, Etot , to Gcorr through

GT = E0 +Gcorr. (4.23)

Finally, the relative Gibbs free energy of a specific molecular conformer at a fixed sublimation temperature,

∆GT ( j) can be calculated by weighing the Gibbs free energies of the conformer at the indicated sublimation

temperature, GT ( j) to the Gibbs free energy of the lowest energy conformer at the same sublimation temper-

ature, GT (1) (again, assuming Conformer I to be the conformational configuration with the lowest energy),

as shown with

∆GT ( j) = GT ( j)−GT (1). (4.24)

For our experiment, the relative Gibbs free energy, ∆GT ( j), would be a more accurate interpretation of

the amino acids’ conformational stability than the relative energy, ∆E j. ∆E j only considers the electronic

component of the molecule, in which is independent from the temperature of the system [101]. However, for

our experiments of varying sublimation temperatures, the temperature-dependent components in a molecu-

lar system are the keys to determine the stability of a molecular conformer at a specific system temperature

as the partition functions between different systems change due to the difference in temperature. The vibra-

tional degree of freedom is the largest contribution to a temperature-dependent molecular system [100] as

described in Equations 4.17-4.20; whereas the rotational and translational degrees of freedom input a little

of their contributions to the system as explained in Equations 4.14-4.16 for rotation and Equations 4.11-4.13

for translation. ∆GT ( j) is derived with the consideration on vibrational, rotational, and translational con-

27



tributions, meaning it is a component with a relation to the temperature of a specific system, thus a better

representation of the energy of our conformational molecules.

4.2 Boltzmann Distribution Law
The distribution of conformers within a system of constant temperature is given by the Boltzmann distribu-

tion law
N j

Ntot
=

e−ε j/kBT

∑i e−εi/kBT (4.25)

where N j is the number of molecules corresponding to conformer “j”, Ntot is the sum of all the conformer’s

molecules, ε is the energy of conformer state, kB is the Boltzmann constant, and T is the temperature of the

system [98]. For our amino acid studies, we employed T to be the sublimation temperature of the amino

acids for a particular deposition procedure, and ε to be the calculated Gibbs free energy of the sample

at specific sublimation temperature, ∆GT , as highlighted above (see Section 4.1.2). From the Boltzmann

distribution law, we can deduce that lower energy conformers would be more predominantly exist in the

system as compared to higher energy conformers. We can also acquire a trend of increasing population in

the higher energy conformers with the increase in the system temperature. Indeed, we have applied these

conclusions to our experimental analysis on the relation of sublimation temperature to the population of

gaseous amino acids (see Section 5.2.3).
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Chapter 5

Results and Discussions

5.1 Conformational Analysis of Gaseous β -alanine in Solid Parahydrogen
and Argon Matrices

We investigated the conformational stability of β -alanine in solid parahydrogen using FTIR spectroscopy,

and compared the results to those in argon matrices. We also explored the behaviour of β -alanine conformers

in an UV environment by performing in-situ photoirradiation.

We had published our results in the Journal of Molecular Spectroscopy on January 2015 [2]. The fol-

lowing subsections are mostly copies from our original paper, with minor editions and rearrangements to

accommodate the format and coherency of this thesis.

5.1.1 Experimental and Computational Details for β -alanine Conformational Study

This section highlights the experimental and computational specificities applied in our β -alanine conforma-

tional study. The general set-ups and procedure have been described previously (see Chapter 3).

Similar to the general deposition procedures, the matrix gas was deposited onto the cold BaF2 window

simultaneously with β -alanine sublimation, with deposition being performed at 4 K for solid parahydrogen

matrix experiments, and 18 K for argon matrix experiments. The gas flow rate was 5 ccm for parahydrogen.

However, a much lower gas flow rate of 0.1 ccm was applied for argon. A typical deposition duration was

1.5 hrs for parahydrogen and 2 hrs for argon.

From the deposition test run, we observed that the β -alanine sample (Sigma Aldrich, 99 % purity, used

as received) started to sublimate at around 360 K and decompose above 400 K with our Knudsen cell. In

this study, β -alanine was sublimed at 390±1 K for both solid parahydrogen and argon experiments. Sample

was also introduced into the matrix at 340 K, below the reported sublimation temperature of β -alanine, in

order to identify spectral peaks due to impurities in the samples. The flow of gaseous β -alanine was simply

regulated by the temperature of the Knudsen cell. The concentration of β -alanine in the matrix was unknown

for all experiments, but in general the concentration of sample in solid parahydrogen was ten times less than

that in argon matrices due to the differences in gas flow rate and deposition time. Spectral lineshapes were

monitored to ensure no clustering compounds were formed.
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Figure 5.1: Structures of the eleven lowest energy β -alanine conformers using Ramek’s nomencla-
tures. All conformers, except for VII, belong to the C1 point group. Conformer VII belongs to
the Cs point group.

For in-situ photoirradiation, the deposited samples were irradiated for 4 hrs straight, using a modified

deuterium lamp. The results acquired were mainly employed to aid with spectral assignment, as β -alanine

were shown to undergo conformational conversion upon UV-irradiation over an extended period of time.

The optical measurements were obtained using a FTIR spectrometer, with all spectra recorded at 0.2

cm−1 resolution and 1000 number of measurements. The obtained spectral bands were fitted with a Lorentzian

function in order to obtain the corresponding band heights, widths and areas.

Quantum calculations were performed at the B3LYP/aug− cc−pVTZ level of theory. The structures of

the β -alanine conformers obtained by Stepanian et al. [19] were used as initial geometries for geometry

optimizations of the eleven lowest energy conformers (Figure 5.1). Vibrational wavenumbers and IR ab-

sorption intensities were calculated analytically after tight optimization of each geometry. All calculated
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vibrational wavenumbers were found to be real, which indicates that the eleven conformers were all local

minimum conformers. In this paper, all β -alanine conformers are denoted using Ramek’s nomenclatures

[57].

5.1.2 Solid Parahydrogen Matrix-Isolated Spectra of β -alanine

In this section, we present the results regarding the conformational composition and the UV-irradiation

behaviour of β -alanine in a solid parahydrogen matrix. The conformers of β -alanine were identified by

comparisons between the experimental spectrum obtained (Figures A.1 and A.2 of Appendix) and the the-

oretical wavenumbers and intensities of the eleven lowest energy conformers (Table A.1 of Appendix).

The ZPE corrected relative energies and the relative Gibbs free energies of the eleven conformers (Table

5.1) were also taken into consideration in the course of the assignments. The experimental and the theo-

retical wavenumbers and intensities of all observed β -alanine bands are listed in Table 5.2. Upon in-situ

UV-irradiation, peak intensities were observed to change with different behaviours (Figures A.3 and A.4 of

Appendix). Overlapping peaks contained within various wide bands were resolved after the UV-irradiation.

Peaks which increased and decreased in intensity upon irradiation are shown by “+” and “-”, respectively,

in Table 5.2.

Table 5.1: ZPE-corrected relative energies, ∆E, and relative Gibbs free energies at 390 K, ∆G390K , of
the eleven lowest energy β -alanine conformers calculated by B3LYP/aug− cc−pVTZ.

We expect conformer I to occur predominantly in the matrix as it is the lowest energy conformer. The

stability of this conformer can be attributed to its intramolecular N-H—O bond. A comparison between

experimental and theoretical spectra confirmed that some of the most intense experimental bands correspond

to conformer I. These bands were observed to decrease in intensity upon UV-irradiation. Bands that also

decreased in intensity but could not be assigned to conformer I were deduced to originate from conformers II

and VII. Bands that increased in intensity upon irradiation agreed with the theoretical spectra of conformers

III and IV.

A more detailed analysis is described below. The presence of certain conformers is explained based on

the FTIR spectra in the spectral regions of the NH2 wagging modes (ω(NH2)), the C-O stretching/OH bend-

ing modes (ν(C-O)/δ (OH)), the C=O stretching modes (ν(C=O)), and the OH stretching modes (ν(OH)),

respectively. These are some of the most intense peaks in the derived spectra of β -alanine conformers. The

assignment of other regions of the spectra can be found in Table 5.2.

Region of the ω(NH2) Vibrational Mode (770 - 840 cm−1)

In this spectral region, five peaks were clearly resolved consisting of different UV-irradiation behaviours

(Figure 5.2). This indicates that some or all peaks are due to different β -alanine conformers. According to
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Table 5.2: Experimental wavenumbers (ν , cm−1), peak heights (h, arbitrary unit) and spectral
linewidths (w, cm−1) of β -alanine sublimed at 390 K trapped in solid parahydrogen and argon
matrices. The corresponding theoretical wavenumbers (ν , cm−1) and intensities (I, km·mol−1)
were calculated by B3LYP/aug− cc−pVTZ.
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a Scaling factors: 0.955 for vibrational modes with wavenumbers greater than 2000 cm−1,
0.985 for all other vibrational modes. b “+” indicates that the corresponding peak intensity in-
creased upon UV-irradiation, while “-” indicates those which decreased. c asy - asymmetric, bend
- bending, rock - rocking, scissor - scissoring, str - stretching, s - symmetric, tor - torsion, twist
- twisting, wag - wagging. d UV-irradiation indicated overlapping of multiple peaks. e Assign-
ment applicable to solid parahydrogen matrix isolation spectra only. f Assignment applicable to
solid argon matrix isolation spectra only. Note experimental bands in the region of approximately
1520 cm−1 to 1700 cm−1 are not listed in the table. These assignments were difficult due to the
interference of water absorption.

the theoretical calculation, a peak due to conformer I is expected to be observed at a high wavenumber in

this region with a strong intensity, as it has a theoretically predicted wavenumber of 836.0 cm−1 and it is

the most stable conformer of β -alanine. Two intense peaks were observed in the high wavenumber region

at 819.9 cm−1 and 822.7 cm−1. If we assign the peak at 822.7 cm−1 to conformer I, the peak at 819.9

cm−1 can be assigned to conformer II since (1) the theoretically calculated wavenumber (820.1 cm−1) is

slightly lower than that of conformer I, (2) the predicted intensity is larger than that of the corresponding

peak of conformer I, and (3) conformer II is the third lowest energy conformer among the eleven conformers

(Table 5.1), therefore a large abundance is expected. The assignment of the peaks due to conformers I and

II also suggests that the difference between the theoretical and the experimental wavenumbers in this region

is expected to be within 15 cm−1. Referring to the calculated wavenumbers, intensities and the stability of

conformers, the band at 797.9 cm−1 was attributed to conformer VII. Bands corresponding to conformers

I, II and VII were all observed to decrease in intensity upon UV-irradiation (Figure 5.2b). The difference

spectrum shows that the peaks occurring at 809.6 cm−1 and 781.8 cm−1 increased in intensity upon UV-

irradiation, and were resolved into multiple sharp peaks. These bands were attributed to conformers III and

IV based on similar assignment criteria as described above. Besides peaks corresponding to conformers I,

II, III, IV and VII, unassigned bands with minor intensities, such as the peak at 803.4 cm−1, are still present

in this region. These bands could not be allocated consistently to any theoretically predicted peaks.
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Region of the ν(C-O)/δ (OH) Vibrational Modes (1090 - 1160 cm−1)

The presence of conformers I, II, III, IV and VII deduced by the spectral analysis in the ω(NH2) region was

also confirmed in the ν(C-O)/δ (OH) region (Figure 5.2). Two peaks at 1113.8 cm−1 and 1153.0 cm−1 in the

ν(C-O)/δ (OH) region reduced in intensity upon UV-irradiation. The spectral analysis in the ω(NH2) region

revealed that conformers I, II and VII were observed to have the same behaviour upon UV-irradiation. From

the theoretical wavenumbers, the peak at 1153.0 cm−1 can be assigned to conformer VII, whose theoretical

wavenumber is 1128.4 cm−1. The calculation showed comparable intensities between the ν(C-O)/δ (OH)

and the ω(NH2) modes, which also supports the assignment. The band located at 1113.8 cm−1 was ascribed

to both conformers I and II, whose theoretical wavenumbers are 1108.9 cm−1 and 1107.9 cm−1, respectively.

Due to the proximity of the calculated wavenumbers, these peaks are expected to overlap completely. Peaks

at 1101.3 cm−1 and 1119.3 cm−1 showed an increase in intensity upon UV-irradiation. Referring to the

theoretical values, these peaks were assigned to conformers III and IV, respectively.

Region of the ν(C=O) Vibrational Mode (1725 - 1790 cm−1)

The most intense band (at 1771.1 cm−1) and the second most intense band (at 1734.3 cm−1) in this region

showed a decrease in intensity upon UV-irradiation, and therefore these were attributed to conformers I and

II, respectively. Their theoretical wavenumbers are 1770.9 cm−1 and 1752.7 cm−1, respectively, which are

in good agreement with the observed wavenumbers. The ν(C=O) modes of conformers IV and III, whose

theoretical wavenumbers are 1776.9 cm−1 and 1782.0 cm−1, respectively, were identified at 1762.3 cm−1

and 1781.2 cm−1, respectively. These bands showed an increase in intensity upon UV-irradiation. The band

originating from the ν(C=O) mode of conformer VII, predicted at 1777.4 cm−1, was unobserved as it is

most likely masked by the presence of other peaks.

Region of the ν(OH) Vibrational Mode (3560 - 3580 cm−1)

The spectral region of the ν(OH) vibrational mode showed only one feature, which results from the overlap

of multiple peaks. Upon UV-irradiation, the peaks at 3567.8 cm−1 and 3569.3 cm−1 deceased in intensity,

while the peak at 3571.5 cm−1 was resolved into two components which increased in intensity. Based on

the calculated wavenumbers and these UV-irradiation behaviours, the peak at 3567.8 cm−1 was assigned to

conformers II and VII, and the peak at 3569.3 cm−1 was attributed to conformer I, and the two resolved

bands were assigned to conformers IV and III, respectively.

Other Spectral Regions

From the regions of ω(NH2), ν(C-O)/δ (OH), ν(C=O) and ν(OH) vibrational modes, we were able to de-

duce the presence of five conformers, conformers I, II, III, IV, and VII, in solid parahydrogen, and obtain

their corresponding UV-irradiation behaviour. The bands in the remaining regions were then assigned ac-

cording to these results, and also the theoretical wavenumbers and intensities. The majority of the bands in

the recorded spectra originated from conformer I due to its large abundance in the matrix. Out of its twenty-

four theoretical bands in the region of 700 cm−1 - 4800 cm−1, all but three were identified experimentally.
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Figure 5.2: FTIR spectra of β -alanine sublimed at 390 K and isolated in a parahydrogen matrix (T =
4 K) taken from regions of ν(OH), ν(C=O), ν(C-O)/δ (OH), and ω(NH2). Panel (a) shows the
spectrum recorded immediately after deposition. Panel (b) is the difference spectrum obtained
by subtracting the deposition spectrum from the spectrum observed after 4 hrs of UV-irradiation.
Panel (c) shows the theoretically predicted vibrational wavenumbers assuming a Boltzmann dis-
tribution at 390 K. The theoretical wavenumbers are corrected by a factor of 0.955 for vibrational
modes which are derived to be above 2000 cm−1, and 0.985 for all other vibrational modes. The
conformational assignment is given at each peak by Ramek’s nomenclatures.
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Conformer II is the second most stable conformer out of the five found in our matrix. This conformer is

stabilized by an intramolecular N-H—O bond as is the case in conformer I. Due to the structural similarity

between conformers I and II, many of the corresponding vibrational bands are expected to overlap. Conse-

quently, only twelve vibrational bands were assigned to conformer II. The structure of conformer IV differs

considerably from that of conformers I and II. As a result, the corresponding bands were more resolved, and

twelve vibrational bands were attributed to conformer IV despite its instability as compared to conformer

II. Since conformers VII and III are unstable compared to the other detected conformers, only six and eight

bands, respectively, with intensities predicted to be large were identified.

Upon UV-irradiation, bands corresponding to conformers I, II, and VII were found to reduce in intensity,

while bands from conformers III and IV increased in intensity. Since conformers I and II are the most stable

among these five conformers, UV excitation by 200 nm - 250 nm radiation induces conformational changes

in β -alanine to less stable structures via electronically excited states.

Conformer III is stabilized by an n - π* interaction by the delocalization of electron density from the

non-bonding orbital of the nitrogen to the anti-bonding orbital of the carbonyl group [59], but its free energy

is 6.8 kJ·mol−1 higher than the lowest conformer I. Its population is about a few percent at the sublimation

temperature of 390 K. Conformer III has been detected by Sanz et al. [59] by the laser ablation technique

using microwave spectroscopy, but no vibrational spectroscopy has been reported. This is the first time the

presence of conformer III in a matrix environment has been confirmed.

5.1.3 Comparison between Conformational Composition of β -alanine in a Parahydrogen
Matrix and in an Argon Matrix

The conformational composition of β -alanine was also investigated in an argon matrix (Figures A.5, A.6,

A.7 and A.8 of Appendix). Spectral assignment was performed similarly to our analysis of the spectra in

solid parahydrogen. As a result, four β -alanine conformers, conformers I, II, IV and VII, were identified

and assigned in an argon matrix (Table 5.2). Twelve, seven, nine and six vibrational modes were assigned

experimentally for conformers I, II, IV and VII, respectively.

The vibrational wavenumbers of the peaks detected in a parahydrogen matrix and in an argon matrix

were observed to differ by less than 9 cm−1. It was found that the spectral linewidth of β -alanine in solid

argon was slightly narrower than that in solid parahydrogen. Spectral linewidths of rotationally resolved

vibrational transitions in solid parahydrogen were reported to be much narrower than those in rare gas

matrices due to a long rotational decoherence time in solid parahydrogen [32, 37, 102–104]. In the case of

β -alanine, rotational motion is completely quenched even in solid parahydrogen. The broader linewidth in

solid parahydrogen indicates that the vibrational decoherence time is much shorter in solid parahydrogen

than in solid argon. Because of the narrower linewidth, the argon spectra were used to resolve some of the

overlapping bands detected in the parahydrogen spectra, in particular, the bands corresponding to the ν(C-

O)/δ (OH) of conformers I and II. Contrary to expectations, the slightly broader linewidth in parahydrogen

crystals is less desirable for matrix isolation spectroscopy of amino acids.

The effect of UV-irradiation in an argon matrix is similar to that in a parahydrogen matrix - conformers I,

II and VII decreased in intensity, and conformer IV increased in intensity (Figure 5.3). However, the change
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Figure 5.3: FTIR spectra of β -alanine sublimed at 390 K taken from regions of ν(OH), ν(C=O), ν(C-
O)/δ (OH), and ω(NH2) in solid parahydrogen (blue trace) and in solid argon(black trace). Each
panel consists of (a) a spectrum taken immediately after deposition, and (b) a difference spectrum
obtained by subtracting the deposition spectrum from the spectrum observed after 4 hrs of UV-
irradiation. The assignments of conformers are given in each argon spectrum. “*” mark the bands
of conformer III, which were observed in the solid parahydrogen spectrum but not in the argon
spectrum. The band marked by “↓” in the ω(NH2) region is assigned to another vibrational mode
associated with conformer IV.
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in intensity upon irradiation was less pronounced in solid argon. The intensity of conformer I decreased

by 14 % in parahydrogen matrices after 4 hrs UV-irradiation, while it decreased by 10 % in argon matrices

under the same irradiation condition. The larger conformational change found in parahydrogen matrices is

due to the softer environment provided by these matrices as compared to the rare gas matrices. The softness

of the parahydrogen matrix environment is a result of the quantum nature of solid hydrogen (see Section

2.1.2). As a consequence, in-situ photoirradiation results in more conformational changes in parahydrogen

matrices than in argon matrices.

Conformer V was unobserved in both solid parahydrogen and argon matrices in our experiments, as

opposed to what was previously reported. Stepanian et al. [19] reported that the ν(OH) stretching mode

of conformer V was observed at 2982.8 cm−1 in an argon matrix. We did not observe any peaks in this

spectral region in an argon matrix or in a parahydrogen matrix. Furthermore, none of the observed bands in

the regions of ω(NH2), ν(C-O)/δ (OH), and ν(C=O) agree with the theoretical wavenumbers and intensities

of the corresponding modes of conformer V. Thus, the presence of conformer V is unsupported by our

experimental results. Indeed, the free energy of conformer V is relatively high at 390 K, although its ZPE-

corrected energy is low (see Table 5.1).

5.1.4 Sublimation Temperature Dependence of β -alanine Conformational Population in
Solid Parahydrogen

We attempted to investigate the correlation between sublimation temperature and conformational population

ratio of gas phase β -alanine in solid parahydrogen, by introducing our sample into the matrices at different

sublimation temperatures of 390 K and 380 K. All β -alanine conformers which were observed at 390 K were

also detected at 380 K. We then tried to obtain the relative abundance of each conformer at deposition by

extracting the experimental peak areas and weighing them by the theoretical intensities. However, we found

this task quite impossible to accomplish due to the presence of unresolved overlapping peaks involving

multiple conformers. As we could not accurately calculate the population of each conformer from our data,

we aborted this study for β -alanine, and reinvestigated it on another amino acid, namely α-alanine.

5.2 Conformational Analysis of Gaseous α-alanine in Solid Parahydrogen
and Argon Matrices

Similar to β -alanine experiment, we investigated the conformational stability of α-alanine in solid parahy-

drogen using FTIR spectroscopy, and compared the results to those in argon matrices. We mainly analyzed

the correlation between sublimation temperature and conformational population ratio of gaseous α-alanine

in both matrices. We also explored the effect of UV-irradiation on α-alanine by performing in-situ photoir-

radiation.

We have prepared a manuscript on our result for publication in the near future [4]. The following sub-

sections are mostly copies from our written draft, with minor editions and rearrangements to accommodate

the format and coherency of this thesis.
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Figure 5.4: Structures of the eight lowest energy α-alanine conformers using Császár’s nomenclatures
and Baladin’s geometric configurations. All conformers presented are in the L-form of α-alanine
enantiomer. Therefore, we omitted the “A” and “B” labels which accompanied the L- and D-
enantiomers, respectively, in Császár’s notations.

5.2.1 Experimental and Computational Details for α-alanine Conformational Study

This section highlights the experimental and computational specificities applied in our α-alanine conforma-

tional study. The general set-ups and procedure have been described previously (see Chapter 3).

The α-alanine gas and the matrix gas were simultaneously deposited directly onto a BaF2 cold window

for 30 min at a gas flow rate of 5 ccm, for both solid parahydrogen and argon matrix experiments. α-alanine

gas was obtained by subliming the α-alanine sample (L-α-alanine, Sigma Aldrich, ≥99.5 % purity, used

as received) using a built-in house copper Knudsen cell. The sample was sublimed at a temperature of

420±1 K in order to identify the conformers present in the matrices and to investigate the effects of in-

situ UV-irradiation, and also at temperatures of 410±1 K and 430±1 K in order to study the relationship

between conformational population and sublimation temperature. Thermal decomposition of α-alanine was
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monitored for all experiments, and no degradation products were observed. The molar ratio of matrix gas to

α-alanine was unknown for all experiments. However, formation of clusters was monitored by examining

the spectral line shapes.

For the in-situ UV-irradiation experiments, a modified deuterium lamp was employed, and the deposited

samples were irradiated for 4 hrs in total, with a spectrum recorded at each hour of irradiation.

The optical measurements were obtained using a FTIR spectrometer, with all spectra recorded at 0.2

cm−1 resolution and 1000 number of measurements. The obtained spectral bands were fitted with a Gaussian

and/or Lorentzian function in order to obtain the corresponding band heights, widths and areas.

The structures of the eight stable L-α-alanine configurations found by Balabin [70] was employed as

a foundation for geometry optimization at the B3LYP/aug− cc−pVTZ level of theory (Figure 5.4). All α-

alanine conformers in this study are denoted using Császár’s nomenclatures [69]. The corresponding ZPE-

corrected relative energies, the relative Gibbs free energies, and the theoretical vibrational wavenumbers

and intensities were derived in order to interpret our experimental FTIR spectra. Tight optimization of each

geometry was first performed, and the vibrational wavenumbers were then calculated analytically. The eight

conformers were found to be local minimum conformers as all of the derived vibrational wavenumbers were

calculated to be real.

5.2.2 Conformers of Gaseous α-alanine Isolated in Solid Parahydrogen and Argon
Matrices

The conformational compositions of α-alanine in our parahydrogen matrix and in our argon matrix were

identified by comparing the spectra obtained immediately after deposition (Figures B.1 and B.1 of Appendix,

respectively) with the calculated wavenumbers and intensities (Table B.1 of Appendix) of the eight lowest

energy conformers, while taking into consideration the corresponding ZPE-corrected relative energies and

the relative Gibbs free energies (Table 5.3). In order to identify peaks which result from site splitting in

an argon matrix environment, we also performed annealing experiments and compared the corresponding

spectrum (Figure B.3 of Appendix) with the spectrum recorded immediately after deposition in an argon

matrix.

Table 5.3: ZPE-corrected relative energies, ∆E, and relative Gibbs free energies at 420 K, ∆G420K , of
the eight lowest energy α-alanine conformers calculated by B3LYP/aug− cc−pVTZ.

We expect conformer I to be the most abundant in our matrices as it is the lowest energy conformer.

We also anticipate the presence of conformer II, the third lowest energy configuration, as its occurrence in a

matrix environment has been reported previously [45, 47, 80]. A comparison between the theoretical spectra

and the experimental spectra reveals that the most predominant bands in our spectra indeed correspond to

conformer I and II. Other unassigned bands still remain in our spectra after the allocation of the conformer

I and conformer II bands. In the solid parahydrogen spectra, these bands were concluded to arise from

42



conformer IV and V; while in the argon spectra, no additional conformers were identified. In order to illus-

trate the presence of these conformers in our matrices, a more detailed analysis of the spectra is described

below. The discussion will focus on four regions of the spectra: the region of the OH stretching modes

(ν(OH)), the C=O stretching modes (ν(C=O)), the C-O stretching modes (ν(C-O)), and the NH2 wagging

modes (ω(NH2)), respectively, as these regions consist of the strongest theoretical vibrational motions. The

spectral assignments of the remaining bands observed in our recorded spectra can be found in Table 5.4.

Region of the ν(OH) Vibrational Mode (3560 - 3580 cm−1)

In this region of the spectra, a peak associated with conformer I is derived to be observed at 3565.4 cm−1

(Figure 5.5a). This band is also predicted to be strong as conformer I is derived as the most stable configu-

ration by the ZPE-corrected relative energies and the relative Gibbs free energies, hence it can be expected

to occur with the greatest abundance in our matrices. In the solid parahydrogen spectrum (Figure 5.5b)

a strong peak is detected at 3565.3 cm−1, and thus was attributed to conformer I. In the argon spectrum

(Figure 5.5c), a predominant band was observed at 3564.4 cm−1. However, it was concluded to result from

site splitting rather than conformational effects as it decreased drastically upon annealing (Figure 5.5d). As

a result, the conformer I peak was attributed to the band at 3574.5 cm−1 instead. As compared to conformer

I, conformer II consists of an intramolecular OH—N hydrogen bond which is absent in conformer I (Figure

5.4). Consequently, the ν(OH) band of conformer II was predicted to be downshifted with respect to the

conformer I band. Such a band was observed at 3210.0 cm−1 in the solid parahydrogen spectrum and at

3196.0 cm−1 in the argon spectrum. Peaks corresponding to conformers IV and V were also identified in

this region of the solid parahydrogen spectrum. According to the derived spectra, the bands of conformers

IV and V should occur at a higher wavenumber than conformer I; moreover, conformers IV and V are cal-

culated to be relatively unstable, thus they should be low in abundances and the corresponding bands should

be weak in intensities. Two bands at 3577.5 cm−1 and at 3579.3 cm−1 were observed to fit these criteria in

our solid parahydrogen spectrum and they were attributed to conformer IV and V, respectively. These bands

were unobserved in the spectrum obtained in crystalline argon. Other unassigned bands were still present in

this region of the solid parahydrogen spectrum after the allocation of bands corresponding to conformers I,

II, IV and V, and the argon spectra after the identification of the bands corresponding to conformers I and

II. We were unable to identify these bands as the corresponding wavenumbers and intensities disagree with

what is predicted theoretically by our derived spectra and the calculated stability of the conformers.

Region of the ν(C=O) Vibrational Mode (1770 - 1805 cm−1)

From the ν(OH) region of the spectrum, there is evidence supporting the occurrence of four α-alanine

conformers (conformer I, II, III and IV) in a parahydrogen matrix, and two conformers (conformer I and

II) in an argon matrix. These conclusions are reached once again in this region of the spectra, thus further

confirming our initial analysis. Based on the calculated spectra (Figure 5.5a), a peak corresponding to

conformer I should be found at 1775.9 cm−1 with an intensity that is greater than the conformer I peak

observed in the ν(OH) region. Furthermore, a weaker band due to conformer II can be anticipated to occur

at a higher wavenumber than the conformer I band since conformer II is less stable than conformer I and
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Table 5.4: Experimental wavenumbers (ν , cm−1), peak heights (h, arbitrary unit) and spectral
linewidths (w, cm−1) of α-alanine sublimed at 420 K and trapped in solid parahydrogen and argon
matrices. The corresponding theoretical wavenumbers (ν , cm−1) and intensities (I, km·mol−1)
were calculated by B3LYP/aug− cc−pVTZ. The brackets indicate bands due to site splitting.
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a asy - asymmetric, bend - bending, rock - rocking, scissor - scissoring, str - stretching, s -
symmetric, twist - twisting, wag - wagging, Cα - α carbon, Cβ - β carbon. b Vibrational modes
with wavenumbers above 2000 cm−1 are scaled by a factor of 0.955, and all other vibrational
modes are scaled by a factor of 0.985.

thus should be less abundant in our matrices, and the corresponding band has a calculated wavenumber of

1804.0 cm−1. In the solid parahydrogen spectrum (Figure 5.5b), a strong band is observed at 1773.1 cm−1

and a weaker band is observed at 1790.5 cm−1. These bands were assigned to conformer I and conformer

II, respectively. A band associated with conformer IV was also detected in this region of the spectrum

as a small shouldering band located at 1783.1 cm−1. This assignment agrees well with the theoretical

spectra as the band was derived to occur at 1781.4 cm−1. The band corresponding to conformer V was

unobserved in this region and was concluded to be masked by the conformer IV band since the conformer

V band was calculated to occur at 1785.7 cm−1, which is in close proximity of the conformer IV band. A

relatively intense band at 1776.8 cm−1 remains unassigned after the allocation of the bands corresponding

to conformers I, II, IV and V in this region of the spectrum. The identity of this band cannot be deduced

based on the theoretical calculations employed as the position and relative intensity of this band does not

agree with any of the bands in the predicted spectra. In the argon spectrum (Figure 5.5c), multiple bands

were found in this region, and the amount of bands observed in this region of the spectrum greatly exceeds

the amount of conformers which are expected to be present in the matrix. Upon annealing (Figure 5.5d),

the number of bands detected reduced significantly, indicating that most of these bands are a result of site

splitting. Using similar methods employed for the assignment of the solid parahydrogen spectrum, the band

associated with conformer I was located at 1775.8 cm−1, while the band corresponding to conformer II was

found at 1793.3 cm−1. In the region where the conformer IV band in the solid parahydrogen spectrum was

located, a small band at 1779.2 cm−1 is found in the argon spectrum. Nevertheless, this band cannot be

attributed to conformer IV or V. According to the theoretical spectra, the ν(C=O) and the ν(C-O) modes of

these two conformers are derived to occur with similar intensities. Hence, if the ν(C=O) mode is detected,

then the ν(C-O) mode should also be detected. In the ν(C-O) region of the argon spectrum, only one band

at 1122.7 cm−1 that is not associated with other conformers was detected in the range of the calculated

wavenumber of the ν(C-O) vibrational motion of conformer IV and V (Figure 5.6c). However, the origin

of this band was concluded to differ from the band observed at 1779.2 cm−1 as the band at 1779.2 cm−1
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vanished upon annealing (Figure 5.5d), while the band at 1122.7 cm−1 remained (Figure 5.6d). Thus, the

band at 1779.2 cm−1 cannot be assigned to either conformer IV and/or V as the corresponding ν(C-O) band

is undetected, and there is a lack of evidence for the presence of conformer IV and V in this region of the

argon spectrum.

Region of the ν(C-O) Vibrational Mode (1000 - 1400 cm−1)

The most apparent band in this region of the solid parahydrogen spectrum at 1112.2 cm−1 (Figure 5.6b) was

assigned to the ν(C-O) vibrational mode of conformer I. In the argon spectrum (Figure 5.6c), this conformer

I band is located at 1112.1 cm−1, with a shouldering band at 1110.0 cm−1 as a result of site splitting. As

per our theoretical calculations, there is an absence of peaks which correspond to the ν(C-O) vibrational

motion of conformer II in our experimental spectra. Moreover, bands associated with conformer IV and

V are predicted to be slightly redshifted with respect to that of conformer I at 1119.1 and 1117.7 cm−1,

respectively (Figure 5.6a). Two small bands shouldering that of conformer I is observed at 1123.5 cm−1

and 1127.6 cm−1 in our solid parahydrogen spectrum, and these bands were concluded to originate from

conformer V and IV, respectively. In the solid argon spectrum, small shouldering bands at 1118.8 cm−1 and

1122.7 cm−1 are also observed at the higher wavenumber side of the conformer I band. The peak at 1118.8

cm−1 was attributed to another vibrational mode of conformer II (ν(CN)) which is derived to occur in this

region. The band at 1122.7 cm−1 cannot be assigned to conformer IV or V. As discussed in the section

concerning the ν(C=O) region of the spectra, the ν(C-O) bands and the ν(C=O) bands of conformers IV

or V were calculated to occur with comparable intensities. Consequently, if the ν(C-O) band is observed,

the ν(C=O) band is also expected to be detected and vice-versa. However, this was unobserved in our solid

argon spectrum. Furthermore, if the band at 1122.7 cm−1 was allocated to conformer IV or V, the intensity

of the peak would indicate that other vibrational modes of conformer IV or V should also be detected in

the ν(OH) and the ω(NH2) regions of the spectra. Yet, these bands were unobserved in an argon matrix

environment. As a result, the band at 1122.7 cm−1 was not attributed to either conformer IV or conformer

V, and the origin of this peak cannot be deduced based on the theoretical spectra.

Region of the ω(NH2) Vibrational Mode (800 - 880 cm−1)

In this region of the spectra, a strong peak associated with conformer I is calculated to occur in a higher

wavenumber range at 870.5 cm−1 (Figure 5.6a). This band was allocated at 855.7 cm−1 in a solid parahy-

drogen environment (Figure 5.6b), and at 853.3 cm−1 in a solid argon environment (Figure 5.6c). At a

lower wavenumber region of the conformer I peak, two smaller peaks with similar intensities are observed

in both the solid parahydrogen and the solid argon spectrum, which are at 806.4 cm−1 and 828.4 cm−1 in

the parahydrogen spectrum, and at 805.5 cm−1 and 827.2 cm−1 in the argon spectrum. These were assigned

to conformer II as two bands associated with this conformer were derived to occur with comparable inten-

sities and blue-shifted from the conformer I band. Additional bands at 803.9 cm−1 and at 815.6 cm−1 were

observed in this region of our solid parahydrogen spectrum but not in our solid argon spectrum. A compari-

son between the theoretical spectra and the solid parahydrogen spectra reveals that the band at 803.9 cm−1

belongs to conformer IV and the band at 815.6 cm−1 belongs to conformer V. Consequently, the absent of
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Figure 5.5: The ν(OH) and ν(C=O) regions of the vibrational spectra of α-alanine sublimed
at 420 K. Panel (a) is the theoretical spectra of the observed conformers derived by
B3LYP/aug− cc−pVTZ. The theoretical wavenumbers are corrected by a factor of 0.955 for
the ν(OH) region and 0.985 for the ν(C=O) region, and the relative intensities are scaled with
respect to the Boltzmann distribution at 420 K assuming that only conformers I, II, IV and V are
present. Panel (b) shows the FTIR spectra of α-alanine isolated in a parahydrogen matrix (Tdep
= 4 K) obtained immediately after deposition. Panel (c) is the argon matrix isolation FTIR spec-
tra (Tdep = 18 K) recorded immediately after deposition, while panel (d) is the corresponding
spectra registered after annealing (10 mins, 40 K). The “*” and ”↓” donates the conformer IV
and V bands, respectively, which are present in the parahydrogen spectra, but absent in the argon
spectra.
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Figure 5.6: The ν(C-O) and ω(NH2) regions of the vibrational spectra of α-alanine sublimed
at 420 K. Panel (a) is the theoretical spectra of the observed conformers derived by
B3LYP/aug− cc−pVTZ. The theoretical wavenumbers are corrected by a factor of 0.985 for
both ν(C-O) and ω(NH2) regions, and the relative intensities are scaled with respect to the Boltz-
mann distribution at 420 K assuming that only conformers I, II, IV and V are present. Panel (b)
shows the FTIR spectra of α-alanine isolated in a parahydrogen matrix (Tdep = 4 K) obtained
immediately after deposition. Panel (c) is the argon matrix isolation FTIR spectra (Tdep = 18 K)
recorded immediately after deposition, while panel (d) is the corresponding spectra registered
after annealing (10 mins, 40 K). The “*” and ”↓” donates the conformer IV and V bands, respec-
tively, which are present in the parahydrogen spectra, but absent in the argon spectra. The band
marked by “×” corresponds to the ν(CN) mode of conformer II present in the ν(C-O) region of
the argon spectrum.
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these bands in the argon spectrum suggests a lack of conformer IV and V in our argon matrix.

From our solid parahydrogen matrix isolation spectra, we were able to observe and identify the presence

of four gas phase α-alanine conformers, conformer I, II, IV and V. Conformer I is stabilized by a cis COOH

structure [69] and two N-H—O=C hydrogen bonds. It is the lowest energy conformer, and as a result,

has the greatest abundance in our matrix and is responsible for some of the most intense bands. Out of the

twenty-four bands calculated to occur in the region of our recorded spectra, all but two were observed exper-

imentally. Conformer II is the third lowest energy conformation and the only trans COOH structure which is

detected in our solid parahydrogen matrix. A total of twenty-one bands (out of twenty-five) associated with

this conformation were identified in our spectrum. Similar to conformer I, conformer IV is also stabilized

by a NH—O=C interaction; however, conformer IV consists of only one hydrogen bond. As a result, it is the

fourth most stable conformation, and only fourteen bands were assigned. The highest energy conformation

that is detected in our solid parahydrogen matrix is conformer V. Due to its low abundance in the matrix, the

corresponding bands were weak in intensity and only seven bands were identified experimentally.

As compared to solid parahydrogen, the argon spectra were more complex due to site splitting, conse-

quently, spectral analysis was more difficult. Furthermore, the argon matrix also consists of less gaseous

α-alanine conformers - only conformer I and II were detected, with twenty-two bands attributed to each

conformer, respectively. The absence of conformer IV and V in crystalline argon can be attributed to the

large mass of argon and a low energy barrier between conformational states. Subsequently, the collision be-

tween argon atoms and α-alanine molecules results in a conversion from higher energy states (IV and V) to

lower energy states (I and II). On the other hand, parahydrogen atoms are lighter in mass and thus provides

a softer collision between the matrix atoms and α-alanine molecules. As a result, the solid parahydrogen

matrix was able to preserve a more complete set of gas phase α-alanine conformers.

Contrary to literature [80], we were unable to find evidence to support the presence of conformer III in

a solid parahydrogen or a solid argon environment. The most predominant band that was observed for this

conformer was reported to occur at 838 cm−1. However, we did not detect this band in the ω(NH2) region

of solid parahydrogen and solid argon spectra, or any of the bands which corresponds to the ν(OH), ν(C-O)

or ν(C=O) vibrational modes of conformer III. The absence of this conformer is most like due to low energy

barrier heights, which results in fast relaxation to lower energy states. This explanation is supported by a

previous conformational study of α-alanine performed by Balabin using jet-cooled Raman spectroscopy,

where conformer III was observed to result in lower energy conformers (I or II) via collision as indicated by

the decrease in intensity of the conformer III bands as nozzle-laser distance was increased [78].

5.2.3 Populations of Gaseous α-alanine Conformers in Solid Parahydrogen and in Solid
Argon at Various Sublimation Temperatures

The effects of sublimation temperature on the population of α-alanine conformers in a crystalline parahy-

drogen environment was compared with that of a solid argon environment. Three different sublimation

temperatures, 410 K, 420 K, and 430 K, were employed and the corresponding spectra can be found in

figures B.4, B.5,B.1, B.2, B.6 and B.7 of Appendix, respectively. The conformational population at each

temperature (Table 5.5) were extracted from the experimental areas of peaks that are derived to be predom-
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inant.

Table 5.5: Experimental (Exp., %) and theoretical relative populations (Boltzmann, %) of the gaseous
α-alanine conformers detected in parahydrogen matrices (Para-H2) and argon matrices (Ar) at
sublimation temperatures of 410 K, 420 K, and 430 K.

a Experimental relative populations of conformer I, II, IV, and V were derived from the band
corresponding to the ν(C=O), ν(C=O), δ (NH2) and ω(NH2), respectively. b Conformer IV and V
were undetected in argon matrices.

In both matrices, the same set of conformers were observed in the spectra obtained at sublimation tem-

peratures of 410 K and 430 K as compared to the spectra recorded using a sublimation temperature of 420

K. In contrast with the results obtained in crystalline argon, the population of each conformer taken from

the solid parahydrogen spectra is in better agreement with the corresponding Boltzmann distribution (Table

5.5). This is attributed to the superior ability of solid parahydrogen to preserve a more complete set of

conformers. Furthermore, in the solid parahydrogen spectra, a sublimation temperature induced excitation

between conformational states as predicted by the Boltzmann distribution was detected - the lowest energy

configuration, conformer I, decreased in abundance while the higher energy configurations, conformer II

and V, increased in abundance as the sublimation temperature was raised (Figure 5.7). The population of

conformer IV was approximately constant as a function of sublimation temperature, which suggests that the

energy barrier of this conformer is comparatively larger. On the other hand, a lack of any excitation was

observed in the argon spectrum (Figure 5.7). The population of conformers in an argon matrix remained

relatively fixed as the sublimation temperature was varied. A change of less than 1 % was observed for each

conformer, which is too small to be concluded as a result of the variation in sublimation temperature. This

lack of excitation is once again due to the large mass of argon atoms, which facilitates collisional relaxation.

Subsequently, any higher energy states which were obtained due to an increase of sublimation temperatures

were lost in an argon matrix.

5.2.4 UV-irradiation of α-alanine in Solid Parahydrogen and in Solid Argon

The effects of in-situ UV-irradiation on α-alanine were investigated in crystalline parahydrogen and crys-

talline argon. The sample was irradiated for 4 hours in total, and a spectrum was taken at each hour of

irradiation. For the spectra obtained in solid parahydrogen, please see Figures B.8 - B.12 of Appendix, and

for the spectra recorded in solid argon, please see Figures B.13 - B.17 of Appendix. For both matrices,

in-situ UV-irradiation resulted in photodissociation of α-alanine, as indicated by a decrease in all conform-

ers and an increase in CO2, instead of excitation to higher energy configurations. Thus, the same sets of

conformers were observed after irradiation as compared to immediately after deposition. Furthermore, ir-
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Figure 5.7: Regions of the FTIR spectra of α-alanine prepared using different sublimation tempera-
tures (410 K, 420 K, and 430 K) that were employed for conformational population calculations
(Table 5.5). Panels (a) - (c) give the spectra obtained in parahydrogen matrices, while panels
(d) and (e) consist of the spectra recorded in argon matrices. The intensities of the bands in the
spectra acquired at sublimation temperatures of 410 K and 430 K are weighted by the sample
concentration at 420 K.
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radiation was more influential in solid parahydrogen. In the parahydrogen matrix, conformer I bands were

found to decrease at a faster rate as compared to the corresponding bands in the argon matrix (Table 5.6 and

Figure 5.8). Upon 4 hour of irradiation, a 35.3 % decrease was observed for conformer I in a solid parahy-

drogen environment, while an 8.3 % decrease was found in a solid argon environment. The more prominent

effects observed in the parahydrogen matrix is due to the quantum nature of hydrogen crystals, which al-

lows the corresponding matrices to provide a softer environment for the analytes as compared to noble gas

matrices (see Section 2.1.2). Consequently, the effects of in-situ photoirradiation are more pronounced in

solid parahydrogen than in solid argon.

Table 5.6: The percent decrease (%) in the intensity of conformer I observed in parahydrogen and
argon matrices upon 1 hr, 2 hrs, 3 hrs, and 4 hrs of UV-irradiation as compared to deposition
intensity.

Figure 5.8: FTIR spectra of the ν(C=O) band of α-alanine conformer I recorded in solid parahydrogen
matrices and argon matrices immediately after deposition, and after 1 hr, 2 hrs, 3 hrs, and 4 hrs
of in-situ UV-irradiation.

Upon prolonged UV-irradiation, we also noticed the formations of weak photoproducts band in our

spectra. Therefore, we decided to expand our investigation on the UV photolysis of α-alanine with the
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deuterated analogue of the amino acid (see Section 5.3).

5.3 UV Photolysis of Deuterated α-alanine in Solid Parahydrogen
As mentioned in the Introduction (see Chapter 1), the effect of UV radiation on amino acids is one of the

keys for their search in interstellar space, where strong UV radiation exist. In our experiment, we have in-

vestigated the UV photochemistry of both β - and α-alanine encaged in parahydrogen and argon matrices. In

solid parahydrogen, β -alanine mainly exhibited conformational change upon UV-irradiation with minimal

photodissociation outcomes; α-alanine, on the other hand, experienced photodecomposition almost com-

pletely. Aside from the decay of α-alanine sample and the production of CO2, we observed the formation

of several new, but weak, photoproducts bands in our parahydrogen spectra upon prolonged UV-irradiation.

In order to better assess these photoproducts peaks, we have reinvestigated the photolysis of α-alanine in

parahydrogen matrices by using the deuterated form of α-alanine (Figure 5.9). We also hope to clarify the

role played by the parahydrogen environment on the UV photochemistry of α-alanine by employing the

deuterated α-alanine sample in our experiment.

NH2

OH

O

D3C

D

Figure 5.9: Structure of deuterated α-alanine: DL-Alanine2,3,3,3-d.

5.3.1 Experimental and Computational Details for Deuterated α-alanine UV
Photochemistry Study

The experimental procedures for this study were similar to that of α-alanine conformational study as de-

scribed previously (see Section 5.2.1), with some slight variations. Parahydrogen gas was predominantly

used as the matrix material for this experiment. We acquired longer deposition durations of 2.5 hrs for the

deuterated α-alanine sample (DL-Alanine-2,3,3,3-d4, Sigma Aldrich, 98 atom % D isotopic purity, used

as received), with a gas flow rate of 5 ccm. The sublimation temperature of deuterated α-alanine was 380

K, and the mixed amino acid and matrix gas sample was grown directly onto the 4 K BaF2 cold window.

The sample matrix was subjected to in-situ UV-irradiation with a modified deuterium lamp, and a total of 3

hrs of irradiation was applied to the deposited sample. In terms of spectra measurements, all FTIR spectra

collected in this experiment were recorded at 0.05 cm−1 resolution and 1000 number of measurements, with

the aim of obtaining stronger photoproducts signals induced by the increase in signal-to-noise ratio.
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On the computation aspect, we performed calculations at B3LYP/aug− cc−pVTZ level of theory on the

twelve stable α-alanine conformers, as denoted by Császár’s nomenclatures [69] and Balabin’s geometric

configurations [78], in their deuterated forms (Figure 5.10, and Table C.1 of Appendix). We have also

applied the same theoretical calculation parameters on seventeen photoproduct candidates we predicted to

result from the UV photolysis of deuterated α-alanine (Table C.3 of Appendix).

Figure 5.10: Structures of the twelve lowest energy deuterated α-alanine conformers using by
Császár’s nomenclatures and Balabin’s geometric configurations. The labels “A” and “B” de-
noted the L- and D- enantiomers, respectively.

5.3.2 Spectra Comparison between α-alanine and Deuterated α-alanine

Before we proceed with analyzing the UV photoproducts, we did a quick spectra comparison between α-

alanine and deuterated α-alanine. As the corresponding ZPE-corrected relative energies and the relative

Gibbs free energies of the calculated deuterated α-alanine conformers (Table 5.7) are close in values to

those of α-alanine (Table 5.3), we could assume that the same four conformers observed in the α-alanine

experiment should also be obtained in the deuterated α-alanine experiment. Due to the present of deuteration

on the carbon backbone (Cα ) and the extension carbon (Cβ ), the deuterated α-alanine spectra experienced an

overall downshift in wavenumbers as compared to the α-alanine spectra (Figure 5.11), by 15 - 30 cm−1 for

most regions and up to 700 - 800 cm−1 for the CH3 symmetric and asymmetric stretch regions. The only two
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regions that seemed to be unaffected by the deuteration effect were the ν(OH) and ν(C=O) regions, which

remained relatively at the same wavenumber positions as that in α-alanine spectra. The deuterated α-alanine

spectra also featured two strong bands which were previously unobserved or weak in the α-alanine spectra.

These two bands were the peaks at 1144.9 cm−1 and 920.7 cm−1, which were attributed to conformer I

with the CαH bending and NH2 twisting vibrational modes. The peak at 1144.9 cm−1 also had vibrational

contribution from the OH bending mode. Table 5.8 summarized the spectral assignments of deuterated α-

alanine as deposited in parahydrogen matrices, in the approximate regions of ν(OH), ν(C3H), ν(C=O), ν(C-

O), and ω(NH2). The identities of deuterated α-alanine spectral signals were determined by comparing the

resulting spectra to the assignment conclusions from the α-alanine conformational experiment (see Table 5.4

for the complete assignments of α-alanine) and to the computed vibrational frequencies values of deuterated

α-alanine at B3LYP/aug− cc−pVTZ level of theory.

Table 5.7: ZPE-corrected relative energies, ∆E, and relative Gibbs free energies at 380 K, ∆G380K , of
the twelve lowest energy deuterated α-alanine conformers calculated by B3LYP/aug− cc−pVTZ.

Figure 5.11: FTIR spectra of deuterated α-alanine (black trace) and non-deuterated α-alanine (red
trace, scaled to match deuterated α-alanine signal intensities) in the regions of ω(NH2), ν(C-
O), ν(C=O), and ν(OH) in solid parahydrogen taken immediately after deposition.
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Table 5.8: Experiment wavenumbers (ν , cm−1) and peak height (h, arbitrary unit) of Deuterated α-
alanine sublimed at 380 K trapped in solid parahydrogen in comparison with the experiment values
of non-deuterated α-alanine as presented in Section 5.2. The corresponding theoretical wavenum-
bers (ν , cm−1) and intensities (I, km·mol−1) were calculated by B3LYP/aug− cc−pVTZ.

a Scaling factor: 0.955 for vibrational modes with wavenumbers greater than 2000 cm−1,
0.985 for all other vibrational modes. b The difference between the wavenumber of deuterated
α-alanine and non-deuterated α-alanine at the same vibrational mode. “+” denotes a blue-shift
on the peak position of α-alanine to the deuterated α-alanine, and “-” denotes a red-shift. c asy -
asymmetric, bend - bending, rock - rocking, str - stretching, s - symmetric, twist - twisting, wag -
wagging. d Assignment applicable to deuterated α-alanine spectra only.
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5.3.3 Assignment Attempt on the UV Photoproducts of Deuterated α-alanine

Figure 5.12 highlighted the spectra results of deuterated α-alanine after 3 hrs of in-situ UV-irradiation in

parahydrogen matrix. For the full spectra obtained for this investigation, please see Figures C.1 - C.3 of

Appendix. From the spectra results, we observed the dominant production of CO2 (at 2345 cm−1) with

the expense of the amino acid molecules upon prolonged UV-irradiation. We also noticed the formation of

several new, but often small, bands across our spectra after the UV-irradiation (see Table C.2). We deduced

that these bands must be resulting from the photodecarboxylation of the acid group from the deuterated

α-alanine, which gave CO2 and another major photoproduct with the amine group latched on it. We came

out with seventeen possible photoproducts for this photolysis reaction (Table C.3 of Appendix).

One plausible outcome of amino acids UV photolysis is the production of hydrogen cyanide (HCN). In

2001, Ehrenfreund et al. reported the formation of HCN along with CO2 from their photolysis studies of

several amino acids, including α-alanine, in argon matrix [20]. The group stated that HCN was formed

through rapid decay of R-CH2-NH2 (in which “R” is the specific amino acids side chain) into the interme-

diate methylimine (H2C=NH), which then decompose to yield HCN. Their argument was supported by the

detection of HCN predominant peak at 3300 cm−1 and two smaller peaks at 2100 cm−1 and 711 cm−1 in their

spectra. The group also observed several weak peaks consistent with the wavenumbers of the intermediate

H2C=NH throughout their spectra [20]. Contrary to the findings of Ehrenfreund et al., we were unable to find

evidence to support the production of HCN, or its deuterated analogue DCN, after UV photolysis of deuter-

ated α-alanine in solid parahydrogen environment. The predominant peak at 3300 cm−1 for HCN and 2600

cm−1 for DCN were undetected in our spectra. We also did not observe several theoretically intense signals

of H3C-CH2-NH2, H2C=NH, and their deuterated analogoues in our spectra, impliying these intermediary

molecules must have underwent a secondary or tertiary photochemical reaction to produce photoproducts

that is other than HCN. However, as to what the final photoproducts might be is still unknown to us, and

we are still in the process of concisely assessing the identities of the obtained photoproducts bands with the

photoproduct candidates we calculated.

Another puzzle we encountered in our attempt to identify the photoproducts of deuterated α-alanine in

solid parahydrogen was the observation of several photoproduct bands not associated with the amine group

within our spectra. One of these bands was the medium intensity signal located at 1845 cm−1. The position

in which the photoproduct band of 1845 cm−1 was situated might be more relevance to the acid group than

the amine group of amino acid. However, the dominant production of CO2 upon UV photolysis of the amino

acid sample ruled out any other form of photochemistry by-product that might arise from the acid group.

We are now trying to find and assess other possible precursors, in which might be in the form of unwanted

impurities, that led to the formation of non-amine photoproduct molecules in our parahydrogen matrix.

5.4 Study of Amino Acid Zwitterions in Solid Parahydrogen
We attempted to grow β -alanine zwitterions in parahydrogen matrices by doping the gas mixture with water

prior to deposition. This method was previously applied by Ramaekers et al. on glycine in solid argon, and

the group reported the requirement of at least three water molecules per glycine to transform the amino acid

into its zwitterionic form [94]. The presume β -alanine zwitterion spectra were compared to the spectrum of
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Figure 5.12: FTIR spectra of deuterated α-alanine in solid parahydrogen in the regions of ν(OH),
ν(C=O), ν(C-O), and ω(NH2) taken immediately after deposition (blue trace) and after 3 hrs
of UV-irradiation (black trace). The FTIR spectra of CO2 signal before and after UV irradiation
is also shown. Each panel consists of (a) absorbance spectra of sample as deposited and after
photolysis, and (b) a difference spectrum (the spectrum measured immediately after deposition
subtracted from the spectrum recorded after 3 hrs of UV irradiation).
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neutral β -alanine.

5.4.1 Experimental Details for β -alanine Zwitterion Study

The experimental procedures for this study were similar to that of neutral β -alanine (see Section 5.1.1), with

the addition of one preparatory step. Water-doped parahydrogen was prepare prior to deposition by mixing

the appropriate amount of water vapour into the parahydrogen gas storage vessels. Twice distilled water was

used and the concentrations of water employed for our study were 100 ppm and 500 ppm. We then deposited

the gaseous β -alanine sample (sublimated at 390 K) and H2O/pH2 mixture gas simultaneously onto the 4 K

BaF2 cold window at a flow rate of 5 ccm for 1.5 hrs. No UV-irradiation experiment was performed for this

study. All the FTIR spectra for this experiment were registered at 0.2 cm−1 resolution with 1000 number of

measurements.

5.4.2 Spectra Result of β -alanine Zwitterion in Solid Parahydrogen

Figure 5.13 showed the presume spectra of β -alanine zwitterion (i.e., water-doped samples) in comparison

with the spectra of neutral β -alanine. For the full spectra obtained for this investigation, please see Figures

D.1 - D.3 of Appendix. All five conformers observed in the neutral β -alanine spectra were attained in

the β -alanine zwitterion spectra as well, with the same wavenumber position and comparable intensity.

Moreover, the presume β -alanine zwitterions spectra displayed the present of additional bands, specifically

at the ν(OH) and ν(C=O) regions. These bands were observed to increase with the increase concentration

of water-dopant, indicating them to be spectral signal of the produced β -alanine zwitterions formed via

H2O-assisted proton transfer in the amino acid. The newly formed bands at the 2800 cm−1 and 3500 cm−1

regions were consistent with the assignment of +NH3 stretch in literature [94]; whereas multiple new bands

observed in the 1400 cm−1 and 1700 cm−1 regions can be attributed to the assignment of +NH3 bend. Some

of the bands, specifically in the regions of 1100 cm−1, 1700 cm−1, and 2800 cm−1, might also aroused

from the H-bonding of water to the neutral or zwitterionic forms of β -alanine. The most intense band at

3579 cm−1 in the ν(OH) region of 500 ppm water-doped sample spectra, however, are not consistent with

the assignment of β -alanine zwitterion or H-bonding of water with β -alanine. We suspected the band to be

the absorption of β -alanine dimers in solid parahydrogen. As to how β -alanine dimers is formed with the

increase in the amino acid zwitterions in isolated solid parahydrogen environment is still under investigation.

Lastly, we noticed the present of several congregated new bands in various regions of our spectra, implying

the present of multiple conformer configurations of β -alanine zwitterion within our parahydrogen matrix.

Currently, we are attempting to perform high accuracy theoretical calculations of all predicted β -alanine

zwitterion conformers, in association with the hydration effect of water molecule towards the amino acid

sample, to aid us in completing the spectral assignments of this experiment in the near future.
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Figure 5.13: FTIR spectra of β -alanine in solid parahydrogen in the regions of ν(OH), ν(C=O), ν(C-
O), and ω(NH2) taken immediately after deposition. For each panel, the bottom black trace
denotes the sample without water dosage, the middle blue trace denotes the sample with 100
ppm of water dopant, and the top red trace denotes the sample with 500 ppm of water dopant.
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Chapter 6

Conclusion

For the presented work, we have reported the conformational and UV photochemistry studies of two of the

simplest amino acid, β - and α-alanine, using MI-FTIR spectroscopy. Parahydrogen matrices were mainly

employed for our study, and we compared the results obtained in solid parahydrogen to those obtained in

argon matrices. Due to the soft quantum nature of solid parahydrogen, the matrix imposed several advan-

tages over argon matrix in conformational studies of amino acids. Noble gas matrices like solid argon often

suffer from site splitting effect; solid parahydrogen, however, is free from such effect, allowing us to obtain

cleaner spectra which correspond to simpler conformational analysis process. We have also managed to

trapped highly unstable amino acids conformers within parahydrogen matrix, which are previously unob-

served in noble gas matrices. On another note, solid parahydrogen is better than noble gas at sustaining

the conformational population of amino acids as present in their sublimating temperature, giving us a more

accurate interpretation on the conformers distribution in the gas phase. As on UV photolysis investigation,

we observed more efficient in-situ UV irradiation outcomes for samples encaged in the parahydrogen matri-

ces as compared to argon matrices. These aspects have thus highlighted the strength of using parahydrogen

matrices for spectroscopic investigation of molecules with large conformational flexibility.

FTIR spectra of β -alanine isolated in solid parahydrogen were registered for the first time. Together with

theoretical spectra of eleven stable β -alanine conformers obtained at the B3LYP/aug− cc−pVTZ level of

theory and in-situ UV-irradiation, the spectral characterization of five conformers, conformer I, II, III, IV,

and VII, was accomplished. On the other hand, only four conformers, conformer I, II, VI, and VII, were

observer in solid argon, with highly unstable conformer III being undetected in the rare gas matrices. In-

situ UV-irradiation resulted in conformational change of β -alanine, with a decrease in band intensities for

conformer I, II, and VII and an increase for conformer III and VI.

FTIR spectra of α-alanine isolated in solid parahydrogen were registered for the first time. A comparison

between the theoretical spectra of eight stable α-alanine conformers calculated at the B3LYP/aug− cc−pVTZ

level of theory and the recorded FTIR spectra shows that four conformers, conformer I, II, IV, and V are

present in the parahydrogen matrices. On another note, only two conformers, conformer I and II were de-

tected in the argon matrices, and the higher energy conformers, conformer IV and V, were unobserved. Upon

prolonged UV-irradiation, α-alanine underwent total phototdestruction to yield CO2 and several photoprod-

ucts. We expanded our investigation on UV photolysis of α-alanine to the deuterated analogue of the amino
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acid, in the hope to simplify our analysis on the photoproducts’ bands. However, the full identification of

these photoproducts are still incomplete and we are in the process of matching the photoproducts’ signals to

the seventeen possible product candidates we predicted.

Lastly, we have successfully produced and detected β -alanine zwitterions in solid parahydrogen. We

accomplished the formation of zwitterions by doping the appropriate amount of water into our matrix sys-

tem, leading to the H2O-assisted proton transfer in the amino acid. We deduced the possibility of multiple

β -alanine zwitterion conformers in the parahydrogen matrices from the present of several congregated new

bands in various regions of our spectra. We are currently attempting to identify these new bands by utilizing

high accuracy computational method, with consideration of hydration effect from the doped water, on sev-

eral β -alanine zwitterion conformer candidates and then comparing the resulting theoretical wavenumbers

to our experimental spectral signals. We also suspected the production of β -alanine dimers in the parahy-

drogen matrices upon the increase in zwitterion concentration, allocated by the observation an intense band

at 3579 cm−1 in the highly water-doped solid parahydrogen spectra.
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Chapter 7

Future Work

7.1 Conformational, UV Photochemistry, and Zwitterion Studies of Other
Amino Acids

Solid parahydrogen has proven to be a superior matrix for the spectroscopic studies of neutral or ionic

sample with high conformational flexibility. In-situ UV-irradiation in parahydrogen matrix has also shown

to be more effective than in argon matrix. Proceeding our success in conformational analysis of β - and

α-alanine in solid parahydrogen, we hope to extend our investigation to other simple amino acids, and the

candidates for our next studies are serine, aspartic acid and glutamic acid (Figure 7.1). These amino acids

contain an α-amino group (-NH2), an α-carboxylic acid group (-COOH), and a side chain with another

carboxylic acid latched to its end. With the present of two acidic end points on the molecules, we predicted

that the formation of zwitterions would be more accessible through these amino acids. We would also like

to perturb the zwitterions formed in solid parahydrogen with UV-irradiation and study the photochemistry

reaction of amino acids zwitterions in cold isolated environment.

OH

O (a) (b)

NH2

HO OH

O

NH2

HO

O

OH

NH2

HO

O O (c)

Figure 7.1: Structure of (a) serine, (b) aspartic acid, and (c) glutamic acid.

7.2 Investigation on The Vibrational Dephasing of Molecules in Solid
Parahydrogen, and The Annealing Effect in Parahydrogen and Argon
Matrices

Sharper spectral signal is expected to be produced with solid parahydrogen FTIR spectroscopy as compared

to rare gases (see Section 2.1.2). However, for our amino acids experiments, the spectral linewidth in
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parahydrogen matrices appeared to be slightly broader than in argon matrices. This observation indicated

the occurrence of fast vibrational dephasing of molecules with large flexibility in parahydrogen crystal (see

Section 5.1.3). Due to the broader linewidth, conformers bands of close proximity tended to overlap in

parahydrogen matrices, making this features unfavourable for the spectral identification.

A way to check on vibrational dephasing effect is to perform MI-FTIR spectroscopy at a lower tempera-

ture than 4 K. We have recently partaken in this investigation using a liquid helium cryostat chamber, where

the temperature of the cold window could be brought down to as low as 2.2 K. The lower temperature limit

at 2.2 K also allowed us to investigate the annealing effect of parahydrogen matrix on the trapped amino

acids. We used α-alanine (sublimated at 425 K) as the principle sample for this investigation and compared

the spectra taken in solid parahydrogen to those in argon matrices.

Figure 7.2 shows the spectral result of α-alanine deposited at 2.2 K in solid parahydrogen and underwent

multiple annealing process to 4.2 K. After the first annealing process, we observed the upward shift of

wavenumber in the solid parahydrogen spectra. If this observation was caused by the vibrational dephasing

of trapped α-alanine, we expect the peak shifting process to be reproducible and reversible with varying

temperature. However, the wavenumber position remained relatively constant upon the second and third

annealing process, indicating the shift in wavenumber observed during the first annealing process was just a

result of matrix annealing effect. On another note, the spectral linewidth in 2.2 K parahydrogen matrices did

not improve much from the linewidth as deposited at 4 K, being still generally broader than the linewidth in

argon matrices.

Figure 7.2: FTIR spectra of α-alanine in solid parahydrogen deposited at 2.2 K and subjected to mul-
tiple annealing processes to 4.2 K. Minimal to no spectral change was observed upon the 2nd and
3rd annealing processes. The signal shown is the ν(C-O) band of conformer I.

As for the spectral of α-alanine deposited in solid argon at 2.2 K (Figure 7.3), we did not detect any

spectral change, even during the first annealing process to 4.2 K. We deduced that the annealing temperature
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range might be too low and narrow for the crystalline argon environment. Thus, we repeated the annealing

experiment of α-alanine in argon matrices in our closed-cycle refrigerator cryostat chamber, depositing our

sample at 18 K and annealing the argon crystal up to a temperature of 35 K (Figure 7.4). Interestingly, we

observed a reversible spectral shift after the first annealing process, where the wavenumber experienced a

blue-shift upon heating the matrix up to 35 K, and a red-shift upon cooling it down to 4 K.

Figure 7.3: FTIR spectra of α-alanine in solid argon deposited at 2.2 K and annealed to 4.2 K. Minimal
to no spectral change was observed even on the 1st annealing process. The signal shown is the
ν(C-O) band of conformer I.

Figure 7.4: FTIR spectra of α-alanine in solid argon deposited at 18 K and subjected to multiple an-
nealing processes to 35 K. The sample was cooled to 4 K before taking the deposition spectrum.
The spectral bands exhibited a blue-shift with the increase in matrix temperature, and a red-shift
with the decrease. The signal shown is the ν(C=O) band of conformer I.
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7.3 Chirality Studies of Amino Acid in Matrix-Isolation System
Another interesting project to be consider for the spectroscopy of amino acid in matrix environment is the

investigation of the molecules’ chiral nature. As mention previously (see Section 2.2.2), homochirality is

believed to be a pre-requisite for the origin of life. Therefore, the investigation of homochirality in biological

molecules, including amino acids, is of a topic of high interest.

Monomeric enantiomers are known to exhibit the same vibrational behaviours, deeming them indistin-

guishable under IR spectroscopy. A way to get around this problem is to make dimer clusters of enantiopure

or racemic composition, then measure and compare the molecule-to-molecule interactions between homo-

and heterochiral dimers. This proposal has proven to be successful through the conduction of several IR

spectroscopies of various gaseous chiral molecules with supersonic expansions techniques [105]. Therefore,

we would like to apply similar principle and procedure in a matrix-isolation system, and hope to expand the

study of chiral molecules in the matrix-isolation field.
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the Conformational Space of Cysteine by Matrix Isolation Spectroscopy Combined with
Near-Infrared Laser Induced Conformational Change. The Journal of Physical Chemistry B, 118(8):
2093–2103, February 2014. ISSN 1520-6106, 1520-5207. doi:10.1021/jp412550q. → pages
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Ramírez. Aminoacid zwitterions in solution: Geometric, energetic, and vibrational analysis using
density functional theory-continuum model calculations. The Journal of Chemical Physics, 109(2):
592, 1998. ISSN 00219606. doi:10.1063/1.476596. → pages

[90] Basak Turan and Cenk Selcuki. Conformational analysis of glutamic acid: a density functional
approach using implicit continuum solvent model. Journal of Molecular Modeling, 20(9),
September 2014. ISSN 1610-2940, 0948-5023. doi:10.1007/s00894-014-2396-0. → pages 13

[91] Martine N. Blom, Isabelle Compagnon, Nick C. Polfer, Gert von Helden, Gerard Meijer, Sándor
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Appendix A

Supplementary Material: Conformational
Analysis of Gaseous β -alanine in Solid
Parahydrogen and Argon Matrices

The following presents raw data from the β -alanine conformational studies discussed in Section 5.1. These

include full FTIR spectra taken for each procedure, and tables of theoretically calculated wavenumbers and

associated intensities tabulated for each β -alanine conformer candidate.

Figure A.1: The 750 - 2000 cm−1 region of the FTIR spectrum of β -alanine sublimed at a temperature
of 390 K and trapped into a parahydrogen matrix observed immediately after deposition.
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Table A.1: Theoretical wavenumbers (cm−1) and intensities (km·mol−1) of the eleven β -alanine con-
formers (Conformer I to XI) calculated at the B3LYP/aug− cc−pVTZ level of theory in the region
of 700 - 4800 cm−1.
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Table A.1 Continued
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Table A.1 Continued

a A scaling factor of 0.955 was employed for vibrational modes with wavenumbers greater
than 2000 cm−1, and a scaling factor of 0.985 was employed for all other vibrational modes.
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Figure A.2: The 2000 - 3700 cm−1 region of the FTIR spectrum of β -alanine sublimed at a temperature
of 390 K and trapped into a parahydrogen matrix observed immediately after deposition.

Figure A.3: The 750 - 2000 cm−1 region of the FTIR spectrum of β -alanine in solid parahydrogen
recorded after 4 hrs of UV-irradiation of the sample shown in Figures A.1 and A.2
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Figure A.4: The 2000 - 3700 cm−1 region of the FTIR spectrum of β -alanine in solid parahydrogen
recorded after 4 hrs of UV-irradiation of the sample shown in Figures A.1 and A.2

Figure A.5: The 750 - 2000 cm−1 region of the FTIR spectrum of β -alanine sublimed at a temperature
of 390 K and trapped into an argon matrix observed immediately after deposition.
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Figure A.6: The 2000 - 3700 cm−1 region of the FTIR spectrum of β -alanine sublimed at a temperature
of 390 K and trapped into an argon matrix observed immediately after deposition.

Figure A.7: The 750 - 2000 cm−1 region of the FTIR spectrum of β -alanine in solid argon recorded
after 4 hrs of UV-irradiation of the sample shown in Figures A.5 and A.6
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Figure A.8: The 2000 - 3700 cm−1 region of the FTIR spectrum of β -alanine in solid argon recorded
after 4 hrs of UV-irradiation of the sample shown in Figures A.5 and A.6
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Appendix B

Supplementary Material: Conformational
Analysis of Gaseous α-alanine in Solid
Parahydrogen and Argon Matrices

The following presents raw data from the α-alanine conformational studies discussed in Section 5.2. These

include full FTIR spectra taken for each procedure, and tables of theoretically calculated wavenumbers and

associated intensities tabulated for each α-alanine conformer candidate.

Figure B.1: The solid parahydrogen matrix isolation FTIR spectrum of α-alanine (Tsub = 420 K, depo-
sition time = 30 min, flow rate = 5 ccm, Tdep = 4 K) measured immediately after deposition.
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Table B.1: Theoretical wavenumbers (cm−1) and intensities (km·mol−1) of the eight α-alanine con-
formers (Conformer I to VIII) calculated at the B3LYP/aug− cc−pVTZ level of theory in the
region of 700 - 4800 cm−1.
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Table B.1 Continued

a A scaling factor of 0.955 was employed for vibrational modes with wavenumbers greater
than 2000 cm−1, and a scaling factor of 0.985 was employed for all other vibrational modes.
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Figure B.2: The solid argon matrix isolation FTIR spectrum of α-alanine (Tsub = 420 K, deposition
time = 30 min, flow rate = 5 ccm, Tdep = 18 K) measured immediately after deposition.

Figure B.3: FTIR spectrum of α-alanine isolated in an argon matrix (Tsub = 420 K, deposition time =
30 min, flow rate = 5 ccm, Tdep = 18 K) recorded immediately after annealing (10 min, 40 K).
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Figure B.4: FTIR spectrum of α-alanine sublimed at a temperature of 410 K and isolated in a parahy-
drogen matrix (deposition time = 30 min, flow rate = 5 ccm, Tdep = 4 K).

Figure B.5: FTIR spectrum of α-alanine sublimed at a temperature of 410 K and isolated in an argon
matrix (deposition time = 30 min, flow rate = 5 ccm, Tdep = 18 K).
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Figure B.6: FTIR spectrum of α-alanine sublimed at a temperature of 430 K and isolated in a parahy-
drogen matrix (deposition time = 30 min, flow rate = 5 ccm, Tdep = 4 K).

Figure B.7: FTIR spectrum of α-alanine sublimed at a temperature of 430 K and isolated in an argon
matrix (deposition time = 30 min, flow rate = 5 ccm, Tdep = 18 K).
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Figure B.8: FTIR spectrum of α-alanine trapped in a parahydrogen matrix recorded immediately after
deposition and before UV-irradiation (deposition time = 30 min, flow rate = 5 ccm, Tsub = 420
K, Tdep = 4 K).

Figure B.9: Solid parahydrogen matrix isolation spectrum of α-alanine measured after 1 hr of UV-
irradiation (deposition time = 30 min, flow rate = 5 ccm, Tsub = 420 K, Tdep = 4 K).
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Figure B.10: Solid parahydrogen matrix isolation spectrum of α-alanine measured after 2 hrs of UV-
irradiation (deposition time = 30 min, flow rate = 5 ccm, Tsub = 420 K, Tdep = 4 K).

Figure B.11: Solid parahydrogen matrix isolation spectrum of α-alanine measured after 3 hrs of UV-
irradiation (deposition time = 30 min, flow rate = 5 ccm, Tsub = 420 K, Tdep = 4 K).
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Figure B.12: Solid parahydrogen matrix isolation spectrum of α-alanine measured after 4 hrs of UV-
irradiation (deposition time = 30 min, flow rate = 5 ccm, Tsub = 420 K, Tdep = 4 K).

Figure B.13: FTIR spectrum of α-alanine trapped in an argon matrix recorded immediately after de-
position and before UV-irradiation (deposition time = 30 min, flow rate = 5 ccm, Tsub = 420 K,
Tdep = 18 K).
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Figure B.14: Solid argon matrix isolation spectrum of α-alanine measured after 1 hr of UV-irradiation
(deposition time = 30 min, flow rate = 5 ccm, Tsub = 420 K, Tdep = 18 K).

Figure B.15: Solid argon matrix isolation spectrum of α-alanine measured after 2 hrs of UV-irradiation
(deposition time = 30 min, flow rate = 5 ccm, Tsub = 420 K, Tdep = 18 K).
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Figure B.16: Solid argon matrix isolation spectrum of α-alanine measured after 3 hrs of UV-irradiation
(deposition time = 30 min, flow rate = 5 ccm, Tsub = 420 K, Tdep = 18 K).

Figure B.17: Solid argon matrix isolation spectrum of α-alanine measured after 4 hrs of UV-irradiation
(deposition time = 30 min, flow rate = 5 ccm, Tsub = 420 K, Tdep = 18 K).
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Appendix C

Supplementary Material: UV Photolysis of
Deuterated α-alanine in Solid
Parahydrogen

The following presents raw data from the deuterated α-alanine UV photolysis studies discussed in Sec-

tion 5.3. These include full FTIR spectra taken for each procedure, and tables of theoretically calculated

wavenumbers and associated intensities tabulated for each deuterated α-alanine conformer candidate and

also for each photoproduct candidate.
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Table C.1: Theoretical wavenumbers (cm−1) and intensities (km·mol−1) of the twelve deuterated α-
alanine conformers (Conformer I to VIII: considering both L- and D- form with labels “A” and
“B”, respectively) calculated at the B3LYP/aug− cc−pVTZ level of theory in the region of 700 -
4800 cm−1.
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Table C.1 Continued
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Table C.1 Continued

a A scaling factor of 0.955 was employed for vibrational modes with wavenumbers greater
than 2000 cm−1, and a scaling factor of 0.985 was employed for all other vibrational modes.
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Table C.2: Experimental wavenumbers (cm−1) and intensities (arbitrary unit) of all the photoproducts
observed in the solid parahydrogen spectra upon subjecting deuterated α-alanine to 3 hrs of UV-
irradiation.

Table C.3: Theoretical wavenumbers (cm−1) and intensities (km·mol−1) of the seventeen predicted
photoproducts of deuterated α-alanine calculated at the B3LYP/aug− cc−pVTZ level of theory
in the region of 700 - 4800 cm−1.
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Table C.3 Continued

Table C.3 Continued
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Table C.3 Continued
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Table C.3 Continued

Figure C.1: FTIR spectra of deuterated α-alanine trapped in a solid parahydrogen matrix recorded
immediately after deposition and before UV-irradiation (deposition time = 2.5 hrs, flow rate = 5
ccm, Tsub = 380 K, Tdep = 4 K).
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Figure C.2: Solid parahydrogen matrix isolation spectrum of deuterated α-alanine acquired after 3 hrs
of UV-irradiation (deposition time = 2.5 hrs, flow rate = 5 ccm, Tsub = 380 K, Tdep = 4 K).

Figure C.3: Difference spectrum of deuterated α-alanine obtained by subtracting the spectrum ac-
quired immediately after deposition (Figure C.1) from the UV-irradiation spectrum after 3 hrs of
irradiation (Figure C.2).
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Appendix D

Supplementary Material: Study of Amino
Acid Zwitterions in Solid Parahydrogen

The following presents raw data from the β -alanine zwitterion studies discussed in Section 5.4. These

include full FTIR spectra taken for each procedure.

Figure D.1: FTIR spectrum of β -alanine trapped in a solid parahydrogen matrix without water dosage
recorded immediately after deposition (deposition time = 1.5 hrs, flow rate = 5 ccm, Tsub = 390
K, Tdep = 4 K).
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Figure D.2: FTIR spectrum of β -alanine trapped in a solid parahydrogen matrix with 100 ppm water
dopant recorded immediately after deposition (deposition time = 1.5 hrs, flow rate = 5 ccm, Tsub
= 390 K, Tdep = 4 K).

Figure D.3: FTIR spectrum of β -alanine trapped in a solid parahydrogen matrix with 500 ppm water
dopant recorded immediately after deposition (deposition time = 1.5 hrs, flow rate = 5 ccm, Tsub
= 390 K, Tdep = 4 K).
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