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Infrared electroabsorption spectroscopic study of a
nucleobase model compound
4(3H)-pyrimidinone in solution

Student: Shu-Wei Hu Advisor: Pi8hinsuke Shigeto

M. S. Program, Department of Applied Chemistry
National Chiao Tung University
Abstract

In this thesis, 43)-Pyrimidinone, an important model compound of pydine base, in
p-dioxane solution was studied with infrared (IRg@atoabsoprtion spectroscopy. A previous
study using FT-IR spectroscopy showed that the mamand dimer of 4¢3)-pyrimidinone,
coexist in the solution phase. Although-itis calido understand the effects of an electric
field on this molecule with respect to-moleculausture and monomer—dimer equilibrium,
direct experimental studies are.yet to be done.

IR electroabsorption spectroscopy can detect thkecutar responses to an externally
applied electric field with high-sensitivity.“In-pigular, it has been proven a powerful
technique for studying solution sample._in.whichfediént molecular species coexist. We
measured IR electroabsorptiomA) spectrum in the C=0 stretching region of
4(3H)-pyrimidinone inp-dioxane in which both monomer and dimer appeaia keries of
x-dependent\A spectra, we did not observe markedependence of th&A signals of both
monomer and dimer. Here, angtés the angle between the direction of the applield fand
the electric field vector of the IR light. To examaithe y-dependence of thAA spectra
quantitatively, we performed singular value decosifpan (SVD) analysis, in which the
whole set of the spectra were decomposed intgriiependent ang-independent spectral
components. They-independent component, shows the prominent el@ctrpolarization
signal in contrast to other molecular liquids staidbefore. In addition, theA signal arising
from equilibrium change between the monomer andediwas not observed in the
X-independent component, which implies that the ldipatabilization with the applied
electric field (~10MVnt) may not be strong enough to dissociate the dififer.absence of a
large y dependent component is rather unusual for a polalecule having a permanent
dipole moment. We attribute this observation to #mgle between the vibration transition
moment and the permanent dipole moment which ig gleise to the magic angle 54,4t
which the orientational polarization signal vansh&esults of our least-squares fitting



analysis of they-dependent spectral component are consistent withimerpretation. The
present IR electroaborption study of Hif3pyrimidinone has revealed experimentally for the
first time the electric-field effects of a nucleska model in a biologically relevant
environment (i.e., ambient solution).
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Fundamental properties of molecules such as chémmicaling and dipole moment are
influenced profoundly by electrostatic interactiofesponses of molecules to an external
electric field sharply reflect these molecular gdjes. An effect of an external electric field
on absorption and emission spectrum is called thk ffect. Stark spectroscopy is a general
term describing the study of these responses #@pphied electric field as changes in spectra.
The terms electroabsorption, electro-optic absonptand electrochromism have also been
used in the literature to describe the same phenome

This method provides unique information on molacybroperties in diverse system
ranging from an isolated gas-phase system to a lomatgd biological system and has been
studied extensively in the visible region [1-3]ptay et al. have done a series of pioneering
work [2, 4]. They not only demonstrated the expenial determination of electric properties
of many aromatic molecules in ‘solution. but devetbpe theoretical basis of Stark
spectroscopy, which is widely used in this area auays. Boxert al. employed frozen
glasses (at 77 K) to perform Stark spectroscopgonior-acceptor polyenes, transition metal
complexes (metal-to-ligand and -metal-to-metal mixedlence transitions), and
nonphotosynthetic biological systems [1, Bhey discussed quantitatively the amount of
charge transfer based on two characteristic pasmebtained directly from experiment: the
change in dipole momemyy, and the change in polarizabiliya, between the ground and
excited electronic states.

Ohta and co-workers used electroabsorption andrefkmrescence spectroscopy to
study polymer films with specific dopant molecu[8s 6-8]. For example, they obtained the
values ofAx andAa of two different dopants (2-hydroxyquinoline othgdroxyquinoline)
embedded in a polymer film through temperature ddeece [6]. These parameters and
properties are useful when developing and desigmawg! optical devices.

Vibrational Stark spectroscopy looks at vibratiomnsition instead of electronic

transition. Compared to other spectral methodgatitnal spectroscopy is more sensitive to



molecular structure and local environments of males; as vibrational spectra are often
called “molecular fingerprints”. Thus, vibrationalStark spectroscopy (infrared
electroabsorption) provides more direct informatan structural properties than its visible
counterpart. However, there were much fewer elabsorption spectroscopic studies in the
infrared region in comparison to those in the Vesilmainly due to experimental difficulty in
detecting extremely small signals with a low-sewigit IR detector.

To the best of our knowledge, the first infraredotdoabsorption (IREA) spectroscopic
study was reported by Handler and Aspnes in 1967T®y investigated the OH stretch of
2,6-diisopropyl phenol in C¢lat room temperature and obtained the parametscxiated
with the dipole moment and the polarizability ofetiphenol. Nearly thirty years later,
Chattopadhyay and Boxer studied the CN. stretchrokethoxybenzonitrile in a toluene glass
at 77 K and derived the parameté&s andAu. Since then, Boxer and co-workers extended
their IREA studies in low temperature glass magidd]. In 2002, they applied the technique
to free CO and CO bound to myoglobin (Mb). It i®@h that the change in dipole moment
for the CO bound to Mb is larger than-that for fiee CO because of-t~ back-bonding [11].
Extensive studies from the Boxer group have regdigén reviewed [12].

All these studies have been performed in liquidogign glass matrices (77 K), where the
reorientation of molecules is literally frozen apgressed to a great extent [13]. The resultant
electroabsorptionA) spectra are more easily interpreted becauselébanic response via
Aa andAu are the only dominant contribution. However, thggectra are silent on molecular
structure and association. In contrast, molecul@gngy a permanent dipole moment in
liquid/solution at room temperature undergo redagon when an external field is applied,
which gives rise to orientational polarization fgm theAA spectrum and provides rich
structural information (see Chapter Il for moreaiis).

In 2001, Hiramatsu and Hamaguchi developed an IRg&ctrometer that was intended

for room temperature measurements and investig#tedtrans/gauche conformational



equilibrium of liquid 1,2-dichloroethane [14]. lestd of using the conventional FT-IR method,
a dispersive IR monochromator equipped with an AGpted amplifier was employed, and
an absorbance change induced by an applied eldiefidcas small as 10was successfully
detected. They applied their apparatus to studysétieassociation oN-methylacetamide in
1,4-dioxane [15], association forms of liquid calqt5CB) at different temperatures [16], and
solvated structure gd-nitroaniline in mixed solvent of acetonitrile (AGNCCl, [17].

In 2007, the whole setup of IREA spectrometer wasdsferred and reconstructed at
NCTU by Shigeto and co-workers. Using the setupN@fTU, Shigetoet al. studied the
trans/gauche conformational equilibrium and associated thermaudhyic parameters of liquid
1,2-dibromoethane [18], solvated structuresNoN-dimethylp-nitroaniline in ACN/GCl,
[19], and anharmonic coupling of the . CH-stretch a@#i-bend vibrations of liquid
chloroform [20]. In the present.work, the authoresiISREA spectroscopy to study the
structure of an important model compound of pyrimédbase, 4(@3)-pyrimidinone and its
dimer in p-dioxane solution in.the C=0 stretching region.urgyl-1. shows the chemical
structure of 4(3H)-pyrimidinone.

The rest of this thesis is organized as followsChapter Il, the details of our IREA
spectrometer and a home-made sample cell are editldhapter Il describes the theoretical
basis of IREA spectroscopy. Major molecular respsrte an externally applied electric field
that contribute to IR absorbance changes are ceregldand their mathematical expressions
are derived. In Chapter 1V, the IREA spectroscagiiedy of 4(3)-pyrimidinone in dioxane
solution is presented. The IREA spectra off)pyrimidinone measured at differeptangles
(the angle between the electric field vector ofitfRt and the direction of the external electric
field) show that there is no apprecialyedlependence for the signals of both monomer and
dimer of 4(3H)-pyrimidinone. This rather unusual result suggebts the angle between
transition moment and dipole moment may be vergeclo the magic angle 54.7° and that the

dimer has a base pair-like hydrogen-bonded strectur



Monomer
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Figurel-1. Chemical structure of 4(8-pyrimidinone and its dimer.
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I1-1. Introduction

Details and characteristics of the home-made saoglend the measurement apparatus
that are used in this study are described in thepter

The main feature of the system is the use of aerrative-current (AC) coupled
amplification and a dispersive IR monochromator-23], which enables one to measure the
absorbance changa4) induced by external electric field as small as'10
[1-2. Sample cell

The information about the sample cell used in #tigdy and some possible technical
problems of this system are described in this @ectbur home-made sample cell is based on
the cell that was originally designed by Hiramaf$d] so that one can flow the sample
through it to avoid evaporation during measurenagidt apply an electric field across it.

Figure lI-1 depicts the configuration of the cdtl.consists of two brass cell holders
(A/A), a 6-um-thick polyethylene terephthalate (PET) film spa(@) sandwiched by two
p-type boron-doped Si windows (B/B’).

The PET film (Mitsubishi Plastic) must be thin egbuo avoid applying high voltage.
The Si plates (Pier Optics; thickness '='0.5 mmistiegy = 0.8-2 Q cm) also serve as
electrodes. The surface contacting with the samvpkecoated by a Spdayer (thickness = 0.3
um, resistivity > 16° Q cm) for insulation. Chemically durable perfluorcattaer O-rings
were placed at between A’ and B’ to prevent thearfrom leaking out of the cell.

To calculate the electric field strength applietbas the sample, we need to estimate the
cell gap accurately. We can do so by looking ang&rference fringe pattern in the absorption
spectrum of the empty cell. The cell gap gnj is related to the peak positions of two

adjacent peaks of an interference fringe paterrandoy, (cm?) as:

2m-1_1d
2n g=—"—— “x—— -1
W9=— (1-1)
2n Q:M‘xﬂ (11-2)



where Ry and ny are refractive indices at andw,, and m is an integer.

Setting Ry =Ny, the cell gap gym) can be obtained as:

10
W~

SN :
9= I-3)

Non-negligible contact resistance between A-B andB’Amay result in a voltage
reduction between A-BVag) and A-B’ (Vags ). To suppress this problem, the surface of the Si
plates were scratched at two points separated by +@ remove naturally coated Siénd to
put In-Ga (Ga 40%) paste to those points. The teegie between the two points was
measured to make sure that it was less thar(2-20

An ideal sample cell shown in Figure II-1 behaves @apacitor. However, this is not the
case in reality. The resistance originating from $ electrodes themselves and their contacts
with the brass cell holder make the cell a.RC-dirf@4].(Figure II-2).

Figure II-2 shows an RC circuit equivalent-to themgle cell. R, and R, are the
resistances between A and B and between A" andeBpectively, ancCc is the capacitance
between the electrodes. This RC circuit causest#icial frequency dependence of tiA&\

signal. The voltage applied to the samplgs() and the phase retardation are given by [24]:

Van:
Vg =8 (I1-4)
J1+ (WRC, )?
Retardatior= arctafwRC,) (11-5)

respectively. HereR (R=R;+R;) is the total resistance of the circuit, awdis the angular
frequency of the applied electric field. The phastardation with respect to the applied
sinusoidal AC voltage not only causes the nonzeteobphaseAA signals but induces Joule
heat, which causes thermal disturbance to the sampl

The problem becomes more severe as &RC_term becomes larger. The capacitance

Cc varies depending on the concentration and thedi®t constant of the sample. Thus, the



best way to suppress the problem is to reducestistancéRk as much as possible.

The magnitude of an externally applied electriddfid-x;, can be calculated from the
applied voltage and the cell gap. Howe\ry is not the exact field strength that acts on the
molecules in the sample. It is the local fi€lg.4 that is actually exerted on the molecules [1,
12, 19]. Therefore we need to consider the relatietween the local and external electric
fields. The local electric fiel& .4 is related to the external field as:

I:Iocal =t DFexternaJ (”'6)

Here the factof'’ is given by:

_ 1 1, WRC
JI+ (@RC)? | {1+ @RC.} |1+ @RC, ¥

¢ (1I-7)

which accounts for the effect of the RC circuitttttze sample cell may form, aritiis the
local-field correction. It is a difficult task taaurately estimaté’ andf”.

According to Onsager’s theory; the local-fieldreation is given by:

fro 3¢,
2. +1

(11-8)
whereg is the dielectric constant of the medium. By diéfim, & takes on values from unity
to infinity, resulting inf ” between 1.0 and 1.5. However, this theory is basead simple
model of intermolecular interactions and liquidustures, and there are many limitations to
broad applications. Thus, the values of moleculaperties that require estimation of the
local-field correction have often been given intsirmff”.

A more practical way to determine the prodttf ” would be to use the orientational

polarization signal of a polar molecule with a kmowipole moment as an internal signal

standard [19].



[1-3. Experimental system

The experimental system used in this study is thtced in this section. A block diagram
of the measurement system is shown in Figure A-8eramic IR emitter (JASCO) was used
as the light source. A pair of elliptical mirrorsasvused to focus the infrared light onto the
sample. An optical chopper (Stanford Research 8ydtec., SR540) was placed at the
co-focus of two elliptical mirrors to generate adutation of 250 Hz to the light source. The
light source and the sample cell were put on edcthe other foci. A function generator
(IWATSU, FG-330) and a power amplifier (NF corp.F-010) were used to generate a 25
kHz sinusoidal AC voltage (~7Q\), which was applied across the sample cellrbGthick,
producing an electric field of ~{&m™ inside the cell.

A dispersive IR spectrometer (JASCO, TRIR-100@raw mounting) was used for the
measurement, whose focal lengthis 200.mm and tmeirfber is 5. Three gratings are
available in this spectrometer; their line dengt00, 120 and 60 mrh respectively. In the
present study, the grating with"a line density 20 inm* was used. A liquid nitrogen-cooled
HgCdTe (MCT) detector (New England Research Cem@f12-2-J3) was used for mid-IR
signal detection.

The AC coupling scheme is a technique to prob@allsAC signal buried in large direct
current (DC) background [Figure 1l-4(a)]. Typicalthe AC (intensity change induced by an
external field) and DC (intensity of the IR lightpltages generated by the detector in the IR
electroabsorption spectrometer aré®M and 10*V respectively. In the measurement, the
MCT detector is AC-coupled to a low-noise preanmaljfwhich removes the DC background
so that the output of the preamplifier containsyahle AC component [Figure 1I-4(b)]. The
AC component is amplified once again [Figure 1)@y the main amplifier (NF Corp.,
NF-5307, gain=1~1000 variable), and then fed taek-in amplifier (Stanford Research
System, SR844). Note that the signal we detectropgstional toF® (second-order Stark

effect), and hence it appears at 50 kHz.
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The optical chopper and the oscilloscope were dsedhe measurement of the DC
component, i.e., IR absorption spectrum [Figure4d(tl)]. In single electroabsorption
experiment, three spectra are measured; (1) thetrgpe of the light sourceld), (2) the
spectrum of the light intensity that is passeduliothe sample without external electric field
modulation [), and (3) the spectrum of the intensity changei¢ed by external electric field

(Al). The absorption spectrum of the sample is caledlom (1) and (2) as:

A= —Iog(ll—) (11-9)
0

The intensity difference spectrufsh is converted to absorbance chanfya)(by:
AA= Agy = Ayt = -log(llﬂ) - [—log(llo—ﬁ)] = —Iog(1+%) (1-10)
0 0
Note thatAl is equal tdo—lo, @andl is identical tdle . This way, the IR absorption spectrum
and the IR electroabsorption spectrum are derived.

The combination of a dispersive IR spectrometer tiedAC coupling method affords
detection the absorbance chanfid)(as small as 16, which is hard to be reached by the
conventional FT-IR method [25, 26].

FT-IR spectra shown in chapter 'IV' 'were measuredh WIASCO FT-IR-6100
spectrometer using a sample cell composed of twe @andows and a lead spacer of 100

um thick. Resolution was 4 ¢y and 64 runs were averaged for each FT-IR spectrum

11
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Figurell-1. Home-made sample cell for IR electroabsorptionsuezments. A, A brass cell

holders, B, B': Si windows/electrodes, C: PET fipacer [24].
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Power Amplifier

A B G X

Figurell-2. RC circuit equivalent to the sample c&].is the resistance between A and=3,

the resistance between A and B’, dbclthe capacitance of the capacitor C [24].
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Figurell-3. Experimental setup of infrared electroabsorptipectroscopy [24].
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[11-1. Introduction

The theoretical background and the formulationseferal molecular responses to an
external field observed in infrared electroabsomptiAA) spectra are introduced in this
chapter. Three molecular responses are consideredrmamely, the orientational polarization,
the electronic polarization, and the equilibriumabe [17, 24]. Thé\A signal originates
from the changes in height, peak position, and lwilt an IR absorption band, and those
changes appear in th\ spectra as the zeroth [Figure 1lI-1(b)], the f{isigure I1I-1(c)], and
the second [Figure l1lI-1(d)] derivative shapes bé tabsorption band [Figure IlI-1(a)],
respectively. The origins of these contributionrsgetheAA spectrum are discussed.
[11-2. Orientational polarization

When an external electric field is. applied, ligypdlar molecules having permanent
dipole momenty, will orientate themselves.so that-their permanepbld moment aligns
parallel to the applied electric field [20, 24, 2}is known as an orientational polarization.
The amplitude of the orientational polarizatioraifunction of the permanent dipole moment
of molecules. The orientational anisotropy indugethe sample gives rise to the absorbance
change fA).

In the following, the orientational polarizatiomgsal is formulated for (a) normally
incident non-polarized IR light and (b) p-polariz&dllight with tilt incidence, respectively.
(a) Normally incident non-polarized IR light

The orientational polarization signah can be derived starting from Beer-Lambert law:

A=¢gd
= ¢l D(ﬁfsianHD‘ (H)E—I217jﬂd¢%r Zjﬂdlp eqiy ¥ (11-1)
0 0 0

where is the molar extinction coefficient,the sample concentration (mol djnl the path
length (cm) of the samplék a constanti the wavenumber (ci), ande a unit vector

designating the direction of the electric fieldtbé incident light. We set the molecule-fixed
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coordinate system such that thaxis coincides with the direction of the applidelctric field
and the propagation direction of the IR light asveh in Figures IlI-2 and IlI-3. The angles
6, @ and ¢ determine the orientations of the dipole momgnand the transition moment.

A spatial distribution functiori (@), and the square of the scalar product of thesitian
moment and the unit vectoe ¢ pr)®> are two integrands to be obtained explicitly. The
distribution function

f (8) is proportional to the probability of finding thgdle momenty, in the directiond with
respect to the applied electric fidtd

Using the coordinate system in Figures IlI-2 alf@] we have

sind cosy cog
B, = Up| Ssin@sing |, F=F| O, e=¢ sip (1m-2)
cosf 1. 0

The number of molecules that have endtgg proportional t@xp(—ki_l_), and the energi
B

due to the dipolar interaction is.given by

sind cosp )
E=-p,[F=-u,| sindsing | [F| 0|=-4F co¥ (1m-3)
cosfd 1

Thus the distribution functioh(8 becomes

M F cosf
f(6) =Cexp ———— |=C expf{ co¥ (111-4)
KsT
with
HoF
=P -5
y kT (11-5)

HereC is a normalization factofl, is the temperaturdg is the Boltzmann constant, akds
the internal (not external) field strength. The gmaeter y reflects the extent of the
electrostatic interaction and in most cases plagerdral role in the IREA spectroscopy of

ambient polar liquid/solution.
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The normalization facto€ is determined by the condition

2T

[ [ 1(6)singdade=1 (111-6)
00
In the presence of the electric fiefdF) becomes from Egs. I1l-4 and 111-6
1 y :
o0 =— [&xp(y coF (11-7)
2 exp(y)- expty )
In the absence of the electric field, we obfgifl) by taking they—~0 limit of Eq. IlI-7
fOff (6) :i (|||-8)
arr

The scalar product @fr ande can be calculated as follows. The electric fieldteee, of

the incident light lies in the xy-plane, and a patjon ofpr onto the xy-plane is related te-(

uT)Z. Mt is thus expressed as

—cosp co¥ cog sia— sSp S st aps éin oo
n; =|u |l -singcosd co@ sir+ cag S sint  gn €n co (111-9)
sin@d cosp simr + cof cas

If upis parallel taur, i.e.,a=0° as'shown'in Fig. 1ll-2, Eq. IlI-9 reduces to

siné cosp
nt = g Qsingsing (ln-10)
cosd
With the use of Egs. I1I-2 and 111-10e ( u7)? is obtained as
(eGur)? =%yTzsin29 (11-11)

Here we replace cbg, sirfy, and cos siny by their mean valuesvaluated for the range
O<y< 2 (1/2, 1/2, and 1, respectively). In the absencthefelectric field, the absorbance

A°™ for ana = O° vibrational mode is calculated from Egs.lll-1, 8J-and IlI-11 as

A Djoz”j:f‘)ff(e) 3ing (e, [ dodg
l 2m e,
:E%/JTZJ'O jo sin®g [Wad¢g
_1
=Sk

(I1-12)

2
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Similarly, substitution of Eqgs. 1ll-7 and IlI-11tm Eq. IlI-1 results in the absorbance for the

a=0° mode when the electric field is turned on

A O[] 1(6) Bing el | dodg

[11-13)
1, vy 2 2 ] (
== = +e Y \—-_5 —-e 14
O Lt € e e )
By expanding the exponential functions and retgnerms up to third-order iy we have
on 2 2
A" 0 y2+6EuT 1114)

To confirm that this approximation is valid, suppds0 V is applied across liquid acetone 5
um thick. The electric field strength = 1 x 107 Vm™?1. For simplicity, we do not consider
the local-field correction. Using the dipole momeitacetoneyp = 2.7 D (1 D = 3.33564 x
103 C m), we obtairy= 0.02, for whichy.<< 1 holds. The absorbance change caused by the
applied electric field is the difference betwedf' (Eq.ll-14) and A°" (Eq.l1I-12). The

absorbance change ratio is thus

AA:AOH_AOff_ y2

AT I - V+6 (n-15)
Next we consider the=90° case wherg, is perpendicular tpr (Fig. 111-3).
Equation I11-9 reduces to
—cosp co¥ cop— sip Sip
nt = 4 J-sing coY cogp+ sip cap (1-16)
cosg sind

and € pr)? yields

(eGuy)? :%,urz(cosze+ 1) (11-17)

Making use of Egs. IlI-1, 1lI-7, 111-8, and Ill-1Ave end up with the absorbance change ratio

of the form
Aﬁ = y2 (111-18)
A 2(% +6)
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Generalization of Egs. 1lI-15 and 111-18 to an igmdry angleais straightforward. The
absorbance change for angiean be decomposed into its parall@Q°) and perpendicular

(a=90°) components as follows:

AA

AA, :(—J |1 coscr|2 +(A—Aj |1t sino/|2 (11-19)
A a=0° A a=9C¢

Substitution of Eqgs. IlI-15 and 111-18 into thisation yields the following expression for the

orientational polarization signal probed with treemal incidence

DA, :L(1—300§a YA (111-20)

2(y° +6)
Again )# is considered exceedingly smaller than 6 in thes@nt study, so the first term in the

denominator of Eq.111-20 is safely neglected. Tliere we are left with

a'l :ﬁ(l—:%coga j (111-21)
A 12
(b) p-Polarized light with tilted incidence

So far we have considered the case where the ieldatd vector of the incident,
non-polarized light on they-plane-is parallel to the 'sample cell. In other dgy is equal to
90°, wherey is the angle between the applied electric fieldnd the electric-field vecta of
the incoming IR light (see Fig. llI-4). When p-pofzed light whose electric field vecterhas

only x-component is incident upon the sample with apglthe absorbance change ratio is

given by [17]

AAZ'X :1—12(/:‘}': T (1—3co§ a)( i 3co§)() (In-22)
B
DA,

It should be noted thatT’X shows the 1-3cég dependence and that the signal disappears

if x = 54.7 or a = 54.7° Another important point is that the orientatiods spectrum is
proportional to the absorption spectruiy indicating that it is manifested as the zeroth
derivative shape of the absorption spectrum. Furtbee, Eq. 11I-22 can be used to determine

the dipole moment [14, 17, 19] or angteexperimentally [20].
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[11-3. Electronic polarization

An absorbance change also arises from electraigipation, which is the change by an
externally applied field in molecule’s electronimperties such as the dipole moment and the
polarizability. A general theory of the electropiglarization signal was established by Liptay
et al [2, 4]. For a mobile molecule in solution, the @&enic polarization signal is given by

the following formula [28, 29]

AAW) = F {A Av)+ S A AD) Gy d? A(V)} (11-23)

15hc¢ dv U 30h%c? du? v

whereh is Planck’s constant arais the speed of lightAA(V) comprises the zeroth, first, and

second derivatives of the absorption baA{’) . The coefficients\,, By, andC, are given by

2
Uy 1 1
&h-=1)+ ZA
30kg 2T2( ) 10kBT( om ™3~ j]

|ZZ[ 1082 (3\iAjj+Aj2)(1— 300%)(”

A, =(300§X— j

3o| (111-24)
15|m|22[ 10nB; ~( dn8)( & 3cdx).
+15|m|;2kBT%[10n Ajtig ~( F8EBx) (3m Ay g +am Ayt —2m Ay |
B, =%( (D) + gTr Aa
~(1-3 cody) {%(ﬂg D) (&7 }L+(;§Aam ——; Tﬂaﬂ (I11-25)
+|ni|2 ”_ | MA B, - (3m A D+ AN AN~ M ALY ) (1 3cody) |

= |Aﬂ|2[5+ (3cod y - (@ -l)} (111-26)
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Here Ay and Aa denote the changes in permanent dipole moment aladizability tensor

between the vibrational ground state (g) and antexkstate (e), respectively, i.Ap = Pe—

HgandAa = 0e— 0g. Mis a unit vector in the direction of the transitidipole moment.ay,

and Aa, are the components of the polarizability changen@lthe direction of the

transition dipole moment, i.eqq, =M, i and Aay, =mlAalin. A and B are the

transition polarizability and transition hyperpatability, respectively, exhibiting the field
dependence of the transition momem(F) =m+ A [F +F [B [ .

As described earlier, the zeroth-derivative compbmepresents the intensity change of
the absorption spectrum. Note that the first termthe square brackets in Eq. 1ll-24
corresponds to the orientational polarization dabatron, which we already derived above.
The first-derivative component depends on bdifa and Ao, and is responsible for the
peak shift, as shown in Figs.«lll-5 and 1l1-6. Thecond-derivative component, which is
characterized solely byAp, shows the change in the bandwidth of the absormpectrum
(see Fig. llI-7).
[11-4. Equilibrium shift

An equilibrium shift caused by an external electrgd will also contribute to thé&A
signal. If the stabilization due to the dipole natetion with the applied electric field differs
among coexisting molecular species in the sampke,eguilibrium will shift toward more
stabilized species. A good instance for such ailiequm shift is found in therans/gauche
isomerism of 1,2-dichloroethane [14]. Tlgauche conformer of 1,2-dichloroethane has a
permanent dipole moment, and it will get stabiligdan applied electric field. On the other
hand, theérans conformer is non-polar due to the presence ohtecef symmetry, and it will
not benefit stabilization via interaction with taeplied electric field. Thus, the equilibrium
shifts to the more stabilized gauche conformer. TRebsorption intensity of thgauche

conformer is expected to increase, whereas thidtedfans conformer is expected to decrease.
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Note that because the equilibrium shift signal gfesnthe intensity of the absorption band, a
zeroth-derivative shape will be observed in th& spectrum. The spectral shape of the
equilibrium change signal is the same as the aimmal polarization signal, but the
equilibrium shift signal isy-independent. So, one can differentiate these tignaks by

studying they-dependenfA spectra.
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Figure I11-1. Spectral features observed AA spectrum. (a) IR absorption band. (b) the
zeroth derivative shape, (c) the first derivativage, and (d) the second derivative shape of
the IR absorption band.
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IR Light

Figurelll-2. Coordinate system used in-the derivation of tlentational polarization signal.
ais the angle betwequ, andpr. This figure corresponds to tlme= 0° case.
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Figurelll-3. Coordinate system used in the derivation of thentational polarization signal.
ais the angle betwequ, andpr. This figure corresponds to tlme= 90° case.
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a

Applied Electric Field F

p-polarized IR Light

Figurelll-4. Angle y between the applied electric figfdand the electric field vectarof the
IR probe light [1]. Note thaty ‘can be"  determined by applying Snell’s law

[y (8in6, = n, (6in(90- x .
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Figurelll-5. (a) Electric field effect in the vibrational gradistate and excited states. (b) An

absorption peak shifts to higher wavenumber (puipligreen), and the resultidgh spectrum
(red) exhibits a first derivative shape.
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Figurelll-6. (a) Electric field effect in the vibrational grousstate and excited state. (b) An
absorption peak shifts to lower wavenumber (putplgreen), and the resultidgd spectrum
(red) shows a first derivative shape.
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Figurelll-7. (a) Electric field effect on the distribution ofetlransition frequency from the
vibrational ground to an excited state. (b) An apson peak is broadened (purple to green),
and the resultindA spectrum (red) shows a second derivative shape.

31



Chapter |V
Infrared electroabsorption spectroscopic
study of 4(3H)-pyrimidinonein p-dioxane
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[V-1. Introduction

The structure and the tautomerism of purine anthpgine nucleobases have been the
focus of numerous experimental and theoreticalissufb, 27, 30-43]. This interest stems
from their relevance to the important biologicahdtions. For instance, the fidelity of DNA
replication and transcription as well as the siadiiion of secondary and tertiary structures of
the nucleic acids are governed by specific hydrdgemds between proper tautomeric forms
of the complementary bases [44]. Vibrational smsttopy is a powerful technique to
investigate nucleobases and related compounds 3988,45]. Changes in tautomerism,
molecular structure, and hydrogen bonding statth@fbases can be revealed by vibrational
spectroscopy.

4(3H)-Pyrimidinone (4(3H)-Pyr) (Figure I-1) is a suitabmodel compound for studying
nucleobases [40]. 4(3H)-Pyr exhibits a structursilar-to that of the pyrimidine ring of the
bases. Its keto and enol forms resemble the smimeeed parts of the “normal” amino-oxo
and “mutagenic” amino-hydroxy forms of guanine pessdively (see Figure I-1.). Knowledge
of the tautomerism and structure of 4(3H)Pyr. ig¢fme of considerable importance and is
useful for gaining insight into the actual nuclesbaystems. Previous studies suggested that
the keto and the enol forms of 4(3H)-Pyr coexistthe gas-phase and low-temperature
matrices in comparable amounts [35, 46]. In cohtrdee keto form predominates in the
condensed phase [46, 47]. A number of combinedrerpatal and theoretical studies have
been performed on 4(3H)-Pyr to predict their talgamstabilities and to establish vibrational
assignments [35, 36]. Most studies of 4(3H)-Pyrehaw far been performed in gas-phase or
matrix-isolated conditions, in which little interhegular interactions is present. In fact, these
interactions play a central role in the physicocluahproperties of the nucleobases. Scientific
studies of 4(3H)-Pyr in the solution phase aretkchimainly due to the poor solubility of this
compound in less polar organic solvent. Aatial. performed an IR spectroscopic study of

4(3H)-Pyr in chloroform and carbon tetrachlorideusons in combined withab inito
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calculations. They reported that the keto form @H)-Pyr monomer in the solution phase is
dominant with an estimated tautomeric equilibriuvomsgtant K = 0.012, which was obtained
from the absorbance ratio of the OH and NH strdiahds of the enol and keto forms,
respectively. Furthermore, they discuss the moéecudtructures of keto-keto dimers
coexisting with monomer [40].

In this study, we try to shed more light on 4(3M) by means of infrared
electroabsorption (IREA) spectroscopy. IREA spestopy can probe the molecular
responses to an applied electric field as chang#? absorption intensities. It sharply reflects
the molecular structure in terms of the dipole moi[é&5, 17, 24] and the thermodynamic
parameters associated with chemical equilibria 183, To be more specific, if we can extract
orientational polarization signal (Eq. 11-22). froemgley dependent IREA spectrg (s the
angle between the direction of the applied eledtdald and electric field vector of the IR
probe light), we will be able to obtain the infortea about permanent dipole momestor
angle a (the angle between vibrational transition momemd dipole moment) [20] of the
monomer and dimer of 4(3H)-Pyr'simultaneously. Aigotimportant issue we want to address
is the equilibrium change (see Chapter llI-4.) lBdw the monomer and the dimer of
4(3H)-Pyr. The monomer has a permanent dipole momieR.72 Debye imp-dioxane [48],
whereas the dipole moment of the dimer is zero plamar base pair-like hydrogen bonded
structure is assumed (Figure I-1). We expect thatetquilibrium between the monomer and
the dimer would shift to the monomer because piake and can be stabilized via dipolar
interaction with an applied electric field.

In this study we have successfully obtained thEARSpectra of 4(3H)-Pyr at various
angles. To our knowledge, the responses of a numepound of the pyrimidine base to an
electric field have been measured for the firsetia room-temperature. The observed IREA
spectra show unusually smait dependence. A further ananlysis using singulaueval

decomposition (SVD) confirms that thedependent component is indeed predominant in
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4(3H)-Pyr. As opposed to our expectation, we dogea equilibrium change signal (i.e., a
positiveAA signal for the monomer, and a negai\e signal for the dimer). On the basis of
results of a least-squares fitting analysis of deeomposed components, we discuss these
findings in terms of the angle and the contribution of electronic polarization.

IV-2. Methodology

[V-2-1. Experiment

The experimental apparatus and the sample cellingbis study have been described in
Chapter Il. To measure angfedependenf\A spectra, a wire-grid IR polarizer (THORLABS,
WP25H-C) was used to obtain p-polarized light (wigspect to the silicon window).
Fourteen scans were averaged for eashspectrum, which required about two hours. The
spectral resolution of IREA measurements was sebeol2 crit to achieve higher
signal-to-noise ratio (S/N). Care.was taken.in sample flow through the cell in order to
prevent heat accumulation and solvent evaporation.

FT-IR spectra were recorded on a JASCO FT-IR-6J#tsometer using a sample cell
composed of two CaRwindows and a-lead spacer (10 thick). Resolution of 4 cthwas
used, and 64 scans were averaged for FT-IR measatenAll experiments were performed
at room temperature (293 K).

p-Dioxane (purity > 99.5%) was commercially obtainédm J.T. Baker, and
4(3H)-pyrimidinone (purity > 98%) from Sigma-Aldrich.h€se chemicals were used as
received. 4A molecular sieves were used to remesiglual water ip-dioxane, followed by
filtration (pore size: 0.21m) to remove dusts or unwanted particles in thekssolution.

To prepare the sample solution for IREA measureésmen0589g of 4@ 3)-Pyr was
weighted and added to a 10ml volumetric flask, Wwhi@s then filled up witlp-dioxane. An
ultrasonicator was then used to dissolve H}{Byr in the solvent ptdioxane). The

concentration of the sample solution for the IRE@asurement was 60 mM.
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IV-2-2. Analysis: Singular value decomposition

Singular value decomposition (SVD) is an importiatorization method of a complex
matrix. This technique can be employed in principanponent analysis; thus it has found
many applications in chemometrics and spectralyaisa]14, 49, 50].

SVD is a mathematical technique to decompose bitrary matrix M (mxn) into a
product of three matricel, W, andV as

M =UWV' (IV-1)

whereU (mxn) andV (nxn) are normalized orthogonal matrices, &ddnxn) is a diagonal
matrix, whose diagonal matrix elements are calladuar values. In the present study, a set
of x dependent infrared electroabsorption spectra cardsded as the matrim.
M is decomposed into the product Uf (the. angley-dependence)WW (the singular value

matrix) andV (the intrinsic spectral components) :

My; -+ My, Ujg = Ug )Wy 0 0)\(Vyy -+ Vy
: S : 0. .-. 0 S (IV-2)
|\/Iml an Uml Umn 0 0 Wh an Vnn

The row ofM corresponds to the spectrum at a particilaand the column to the angle
dependence at a particular wavenumber. Tte column of U gives theith angle
x-dependence and tlign row ofV gives the corresponding spectrum. The contributiotine
ith component to the matrM is expressed by the valuewf theith diagonal element of the
matrix W. Components o andV associated with small singular values can be neglec
because their contribution to the mat& is negligibly small. Then the matriM is
reproduced by considering only those components ahdV matrices that are accompanied
by large singular values. The number of large dergealues gives the number of independent
spectral components that show differgrdependences.

In our experiment, two components are to be conmsitieone is they-independent

(constant) component and the other is ghdependent component showing the 1-3gos
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dependence. Therefore, we confine our attentioth@otwo largest singular values. In this

case, Eq. IV-1 can be simplified to

M =UWVT =(y uz)[\’éL VS j[ﬂ (IV-3)
2 1

Now that we are left with much reduced number ahponents, we can proceed to assign
physical meaning to components 1 and 2. It showddnbted that SVD is a purely
mathematical operation and hence there are no galysieaning attached to vectarandv

as they stand. We need to reconstruct these veljotaking a proper linear combination

(represented by a2 2 transformation matriX) based on the model for thedependence.

Accordingly, the Eq. IV-3 is rewritten to

oo (3

0 w

where

(up U)K
s el

Ky, K4

Constant coefficient&;-k, can be determined by a least-squares analysibasovéctorsu,

—~
c
oV
c
o
~
1

anduy, correctly represent the two angledependences &A spectra, namely, constant and
1-3cody. Using the transformation matrik thus determined, vectows andv, are obtained

which represent physically meaningful spectral congmts.
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I'V-3. Resultsand discussion
IV-3-1. Concentration dependent FT-IR spectra

First, to confirm the presence of both monomer #ma dimer of 4(3H)-Pyr in our
p-dioxane solution, we measured concentration-deg@néT-IR spectra of 4(3H)-Pyr in
p-dioxane in the 174€.640 cm® region at 12 different concentrations (5, 10, 6, 25, 31,
35, 40, 45, 48.95, 55, and 62mM) [Figure IV-1(a)].

Two IR bands are observed in this wavenumber re@iod the intensities of both bands
increased with increasing the concentration of 3{Bkt. However, the extent of increase of
these two bands is different. Figure 1V-1(b) shdiat the absorbance ratio (defined as the
ratio of the absorbance of the lower-wavenumbedharthat of the higher-wavenumber band)
has a linear dependence with a positive slope artesgconcentration. This result indicates
that the increase of the lower-wavenumber bandaatgr than that of the higher-wavenumber
band. Considering that the dimer-is more abundartigher concentrations, and that the
intermolecular hydrogen bonding in the 4(3H)-Pyndr weakens the C=0 bond, resulting in
a red-shift of C=0 stretch peak;..this observati@ads to a conclusion that the
higher-wavenumber band arises from the monomertl@tbwer wavenumber band from the
dimer. This conclusion is consistent with the hterre [40].

In addition, we developed a model describing tipaildorium between the monomer and
dimer of 4(3H)-Pyr, in which the equilibrium con¢etion of the monomerA) and dimer

(a) can be formulated as follow:

a:P£c+%—2 %+K—12] (IV-5)
ﬁ:Q{—%+2 %+K_12] (IV-6)

wherec is the total concentratioi is the equilibrium constant defined &§ =

72
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P and Q are the coefficients that account for #tb fength and the extinction coefficient.

To determineK, we carried out a least-squares fitting analysighe area intensities of
the monomer band and dimer band using Eqgs. IV-5 Iak@l Figure V-2 plots the area
intensities of both bands as a function of totalaamtration and the fitted results. The value
of the equilibrium constarK is determined as 0.030.005, indicating the predominance of
the monomer in the concentration range (5-62 mM).

IV-3-2. Electric field strength dependence of | REA spectra

Figure IV-3 shows the absorption spectrum and eseafAA spectra of 4(3H)-Pyr in
p-dioxane measured with 45, 55, 65, 75 volts forwlagenumber region of 1740640 cm™.
These voltages are equal to the strength of thermedt electric field of 9, 11, 13, and 15
MVm ™ respectively. Th&A spectrum of pur@-dioxane was also measured at each voltage
as blank experiment [dashed line in Fig. 1V-3(a)flaurned out to be negligible, ensuring the
spectral features seen A spectra of the solution-(solid line) result frorf84)-Pyr. The
absorption spectrum [Fig. IV-3(b)] has been sohsmitracted and measured with a |58
path-length cell to achieve a higher:S/N. The tRobands obseved at 1706 ¢rand 1675
cm ! are assigned to the C=0 stretching mode of theomen and dimer of 4(3H)-Pyr as
already discussed in Chapter IV-3-1 and in previeiudies [40].

The AA spectra were measured with normally incident gRtli(i.e., y = 9C°). In theAA
spectra, two negative features at ~1706 ‘camd ~1675 cit are observed, apparently
corresponding to the absorption maxima of the maroand dimer bands. However, the
origin of a positive feature at around 1695 tiis unclear because there seems no absorption
band at this wavnumber. The origin of thds® signals will be discussed later (see Chpater
IV-3-4).

As the external electric field strength increasesAA signals become stronger while the
overall shape remains unchangedyure 1V-4 plots the band area of tha signals estimated

in the interval 17221700, 170081682, and 16821658 cm' , as a function of the square of
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the external electric field strengffe.’. The experimental data are fitted well to a straligte,
ensuring that what we observed is the second-&tdek effect as mentioned in Chapter lll.
IV-3-3. Angle y-dependent | REA spectra

To clarify the origins of the distin&A features, we measured a seriey dependenfA
spectra of 4(3H)-Pyr ip-dioxane. Figure IV-5 shows three independent sétthe angle
y-dependent IREA spectra of 4(3H)-Pyrgrdioxane (external field strength ~ 12.5 MVin
measured at five different anglgs= 55, 66°, 76°, 83, and 90 (normal incidence)The
angle y was calculated by taking into account the refvactndex of the solvent (n=1.43 for
p-dioxane). All the angle y-dependent spectra shown in this thesis have been
baseline-corrected. The variation in optical patingth with angley was also corrected. Mere
inspection of the three sets AA spectra. in Fig. IV-5 does not show any apprecigble
dependence. To examine tjyedependence of the spectra more closely, we peedr§VD
analysis of the data.

Before performing SVD, three sets of the data viiesenormalized to an averaged value
of the AA signal at 1708 cil to account for signal variation arising from diffat
measurements and then averaged to achieve higNerT8é averagedr-dependent IREA
spectra are displayed in Fig. IV-6(a). A plot oé tsingular values obtained from the SVD of
this averaged dataset and the spectral componsstgiated with the largest three singular
values are shown in Figs. IV-6(b) and (c), respetyi Because the spectral component 3 is
dominated by noise, we focus on the spectral compisnl and 2 when we reconstruct the
physically meaningful spectral components (see €haly-2-2). The y dependences we
obtained from Eq. V-4, andup) as well as the expected dependences (constant and
1-3cody) are shown in Fig. IV-7(a). The corresponding s@¢componentsv, andvy, in Eq.
IV-4) are shown in Fig. IV-7(b). In Figure IV-8,d\A spectra reconstructed according to our
model with Eq. IV-4 are compared with the obserspdctra. The good agreement between

the observed and reconstructed spectra verifies ttiea above SVD analysis is correct.
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Hereafter, we discuss the least-squares fittindyaisaof the IREA spectra on the basis of
these decomposed spectra components.
IV-3-4. L east-squaresfitting analysis of the IREA spectra

To decompose thg-independent ang-dependentdA spectra [Fig. IV-7(b)] into the
distinct contributions described in Chapter lll, wearied out a least-squares fitting analysis.
First, the absorption spectrum [Fig. IV-3(b)] watsefl to a superposition of two Gaussian

functions plus a baseline represented by an dadfset

2 S \2
AW) = a+z B exp{—{v WVoi j ] (IV-7)

i=1 i
whereB; is the peak heightyy; the peak position, andv, the bandwidth of theh band (=

1 or 2). The best fit is displayed in Fig. IV-9(apd the peak assignments, the peak positions,
and the bandwidths of the two bands so determineds@ammarized in Table I. With those
bandwidths and peak positions fixed, #hA spectra were subsequently fitted to a linear

combination of the zeroth, first,.and second dénres of each absorption band:

p 2 N
AA(V):aXA(V)J'bXV%ﬂM 3. SAY)

e (IV-8)

vz v
which is essentially the same as Eq. 1lI-23. Adjbkt parameters in the fitting were the
coefficientsa,, by, andc, of the derivatives for the monomer and the dinferblands of
4(3H)-Pyr. Figure IV-9(b) shows the fitted resutifsthe y-independent and the-dependent
AA spectra. It is clear from Fig. 1V-9(b) that the aeb function (Eqg. IV-8) reproduces well
both y-independent and thg-dependeni\A spectra The decomposition of the fitted results
into the zeroth, first, and second derivative congmis is shown in Fig. IV-10. The

coefficients determined by the fitting are summedizn Table Il. They are related to the

coefficients Ay, By, andC, in Eq. 111-23 via the following equations:
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—_r2
a, =F?A, (IV-9)
_F° B —(3 356x 163) F2B IV-10
A 1she X\ X (v-10)
= .
CX = WC = (8447x 1d ) F ZCX (lV—ll)

whereF is theinternal electric field strength. From the paramet@ys,, andc,, the values of
the molecular properties such Aa, Ay, and A can, in principle, be obtained using Eqgs
[11-24-26. To do so, however, the local-field cartien needs to be estimated (see below).
The IREA spectra of 4(3H)-Pyr show that the conifitn of the y-independent
component is dominant over thyedependent component. This may not be surprisicguse
we expect to observe equilibrium change (see Chélpi¢) between the monomer and dimer
of 4(3H)-Pyr as ther-independent component. If the equilibrium betwésm monomer and
the dimer exists, an external electric field. applie the 4(3H)-Pyr molecule would cause a
shift in the equilibrium in favor of the polar -mamer. In that case, we should observe a
significant positiveAA signal for-the monomer and a significant negatiesignal for the
dimer. However, this prediction contradicts our EREpectra, which exhibit a negatived
signal for both monomer and dimer [see zeroth @gikre contribution shown in Fig 1V-10(a)]
This result implies that the stabilization due be tdipolar interaction between the dipole
moment of the monomer and the external field (~1@M%Y may not be strong enough to
dissociate the intermolecularly hydrogen-bondededirAnother possible origin of the zeroth
derivative contribution to thg-independent component is the electronic polaomatiThe
significant contribution of the electronic polatizen to thea, of the monomer is most likely a
consequence of a large field dependence of thesittam moment, i.e., transition
polarizability A. In other words, the C=0 stretching vibration of3#)-Pyr is highly
susceptible to the surrounding electrostatic emvitent, which is different from the case of
acetone. The coefficients, andc, of the 4(3H)-Pyr monomer and dimer can be attatub

electronic polarization. Thé, term depends mainly on the interaction of the madbec
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polarizability and the applied electric field. Theterm describes the interaction At and
the applied field. Detailed analysis of those elwut polarization contributions will require
higher resolution measurements and it is left fibuife studies.

The most surprising result we found is that theemational polarization, which is
usually dominant for polar molecules [15, 17, Xfijes not contribute much to tA& signal.
Recall that the orientational polarization signalytdependent (Eq. 111-22). As discussed
above, no appreciablg-dependence was observed in a serieg-dépendentAA spectra,
indicating that the contribution from the orienteital polarization signal is small. We attribute
this observation to anglethat is very close to the magic angle 54.This hypothesis is
discussed in the following paragraph.

4(3H)-Pyrimidinone has a permanent. dipole moment of22[Y [48]. Therefore,
according to Eq. 1I-22, ifr= 9C° (i.e., normally-incident IR light), a value of 68x10° or
8.4x10" for AA; is obtained, assuming that the anglequals 0 or 9C, respectively T=
293 K, A= 0.036,Fe¢ = 12.5 MVm ). Here, a value of 0.6 was used as the local-field
correction factor, which is taken from-the previdR&A work [24]. The assumption may be
justified because the materials of our home-madepkacell and the solvenp-dioxane) are
the same as that work, and a very similar locadtferrection factor should apply as well.
The coefficienta,of the monomer obtained with the fitting analysts the y-dependent
component i, = (AA/A)yi = 5.7x10".1t is obvious from this value &, that the angler of
4(3H)-Pyris neither 0 nor 90. Using QA/A)yi = 5.7x10" with Eq.llI-22, we obtaina =
55.23. The calculated result is consistent with our ligpeis that the angleis very close to
the magic angle 54°7if the zeroth derivative contribution in thgdependent spectral
component comes solely from orientational polarmatFigure 1V-11 shows the optimized
structure of 4(3H)-Pyr with a calculated dipole nemhof 2.45 D and the direction of the

vibrational transition moment predicted from ourpesimental results. The structural
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optimization of 4(3H)-Pyr was performed using thdé=TD calculations with RB3LYP
functional and the 6-31+G(d,p) basis set on Gan6Sia

For the dimer, too, no significant orientationallgszation signal is observed as well
[Fig IV-10(b)], suggesting that the structure o€ tdimer may resemble the base pair-like
hydrogen bonded structure (Figure I-1.) as argoetie previous study [40].

V-4 Summary and future per spective

In this thesis, the author has presented an IREs&stepscopic study of an important
model compound of pyrimidine bases, Bjdyrimidinone inp-dioxane. To our knowledge,
the IREA spectrum of 4(3H)-Pyr in room-temperatsméution has been successfuly measured
for the first time. The results have revealed thatangle between the transition moment of
the monomer C=0 stretch band and the permanentedipoment is very close to 54,7at
which the orientational polarization signal vansh&Ve also found that a base pair-like
hydrogen bonded structure is plausible for the distaicture. Accurate knowledge on the
direction vibrational transition ;moment directioims the molecule is important in spectral
assignment [51, 52]. Especially in-complex bioladimnolecules, the problems associated
with resolving vibrational bands arise, because ti@ational frequencies of various
tautomers can be very similar [27].

For molecules possessing,©r higher symmetry, determination of the anglés often
obvious from the nature of the vibration. In costrdor molecules of low-symmetry, the
direction of vibrational transition moment direct® are nontrivial and depends on the
complicated motions that constitute the normal mddider et al. developed an experimental
method for determining the vibrational transitiooment angle (VTMAS) using orientational
polarization [27]. They applied this method to was biologically relevant compounds
[31-33]. The molecules of interest are isolatedigumid helium nanodroplets, in which the
molecules are cooled down to 0.37 K. In contrast, IREA spectroscopy can measure the

anglea in room-temperature liquids, which are much cldeea real biological system.
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The present study has demonstrated the potefittalranethod to study biology-related
molecules in more biologically relevant environngerfithe VTMASs and the dipole moment of
association structures of base-pair model compowatisbe obtained from IREA spectra

simultaneously.
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Figure 1V-1. (a) Concentration dependent FT-IR spectra of 4@i#) in p-dioxane at 12
different concentrations in the 1740-1640 cm-1arg(b) Concentration dependence of the
absorbance ratio (defined ags#s cm-1/ A1706 cm-1-
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Figure 1V-2. Area intensities of-the monomer and dimer bandsadsinction of total
concentration. The solid line is the fitting resodtsed on the model functions (Egs. V-5 and
IV-6).
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Figure 1V-3. (a) AA spectra of 4(3H)-Pyr ip-dioxane (60 mM) measured with an applied
voltage of 45, 55, 65, and 75V. (b) Absorption $peua of 4(3H)-Pyr measured with a ffn
path-length cell consisting Catwindows.
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Figure 1V-8. Observed (solid line) and reconstructed (dotted) ixA spectra of 4(3H)-Pyr in
p-dioxane measured gt= 55, 66, 76, 83, and 90
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Figure IV-9. (a) IR absorption spectrum, the same as in Fig2(B)- Also shown is the best
fit to a sum of two Gaussian functions representhrey C=0 stretch bands of the monomer
and the dimer of 4(3H)-Pyr. (ly-dependent (triangles) andindependent (squares) spectral
components, and the best fit (solid curve) to aegupsition of the zeroth, first, and second
derivatives of the absorption bands.
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Fitted result of the absorption spectrum.
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Figure IV-11. Predicted direction of the transition-moment frdma experimental results and
the optimized structure of 4(3H)-Pyr calculatethet RB3LYP/6-31+G(d,p) level.
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Table |. Assignments, peak positions, and bandwidths oftite IR bands observed in the
wavenumber region 1740-1640 ¢m

Assignments Peak position (ch  Bandwidth (cm?)
C=0 stretch of the monomer of 4(3H)-Pyr 1706 11
C=0 stretch of the dimer of 4(3H)-Pyr 1675 15

Table 1. Coefficientsa,, by, andc,, of the zeroth, first, and second derivative teohshe
absorption bands of 4(3H)-Pyr and its dimer. Nbt& &, = AA/A and the absorbandewas
taken from the spectrum measured with theiBOsample cell.

X-independent X-dependent
Monomer Dimer Monomer Dimer
a, (10 -2.74 ) 0.58 @
b, (107) 2.32 5) 1.10 ¢
¢, (107 0.97 3.4 &) 1.78

%In the spirit of reducing the number of adjustgtdeameters, we set those coefficients zero.

Tablelll. Stark parameteis,, B,, andC,. Note thaf is the local field correction factor.

X-independent X-dependent
Monomer Dimer Monomer Dimer
A, (1072%m?V 472 -1.75 ) 0.37 @
B, (10 *3Infv =472 4.42 ¢ 2.10 @
C, (10°%°Fm*v =479 0.73 2.58 o) 1.35
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