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ABSTRACT

Fundamental investigations of circular dichroism were peformed on (R)-(+)-3-
methylcyclopentanone, (R)-(-)-2-butylamine, and (9-(+)-2-butylamine in the liquid and
vapor phase to show that solvents often have a structure-masking effect on the circular
dichroism for a given molecule.  Also, the solid date circular dichroism of cubic sodium
chlorate crydads was successfully measured in the midst of adverse experimentd
crcumgances.  With these single photon circular dichroism sudies a hand, a new
technique for measuring circular dichroism was introduced for an advanced investigation
of (R)-(+)-3-methylcyclopentanone.  The resonance enhanced multiphoton ionization of
(R)-(+)-3-methylcyclopentanone was performed with left and right circularly polarized
laser lignt & a wavdength of 397.5 nm. This technique gave a dissymmetric factor g of
4.1+ 0.23x 102 in favor of theleft circularly polarized light.

Parity violaing energy difference studies were conducted on the enantiomers of
danine and vdine. The converson of one enantiomer to the other a 273 K was found
not to occur due to temperature dependent studies of circular dichroism, xray diffraction,
C-13 «lid dae NMR, Raman gpectroscopy, megnetic susceptibility, differential
scanning calorimetry, and theoretica caculations.

Highly intense 1064 nm pulsed laser light was used to induce crygdlization in
sodium chlorate, sodium bromate, and glycine agueous solutions. The symmetry of
sodium chlorate crysals and the asymmetry of sodium bromate crystals were broken by
right crcularly polarized and linearly polarized light, respectivdly. The g-polymorph of

glycine was produced by an acidic pH change induced by the intense laser light. Under a
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Sr-90 source, 1,1'-bingphthyl cryddlized into crygds showing a dight enantiomeric

excess.
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Definitions
Asymmeric

Carbonyl group
Chira

Enantiomers

Enantiomeric excess

Optical activity

Symmetric

Abbreviaions

CD
CDAD
CPL
D

ee

L
LCPL
LPL
MPICD
NMR
ORD
(R
RCPL
REMPI
(2+1) REMPI

(3+2) REMPI

©)
(+)
)

DEFINITIONS AND ABBREVIATIONS

gynthesis of crysasthat resultsin highly unequa numbers of (+)
and (-) crystds

afunctiond group containing a carbon oxygen double bond (C=0)
derived from the Greek word cheir, meaning “hand” or
“handedness’

pairs of molecules that exist as nonsuperimposable mirror images
of each other enantiomer

the abundance of one enantiomer over the other enantiomer

the rotation of plane polarized light as it passes through an opticd
medium

gynthesis of crystds that results in nearly equa numbers of (+) and
(-) crystés

circular dichroism

creular dichrosm in the angular didtribution

creularly polarized light

right-handed configuration of an amino acid

enantiomeric excess

|eft- handed configuration of an amino acid

left arcularly polarized light

linearly polarized light

multiphoton ionization circular dichrosm

nuclear magnetic resonance

optical rotatory disperson

right- handed configuration of a chird molecule

right circularly polarized light

resonance enhanced multiphoton ionization

two photons to reach resonance and one more photon to ionize a
molecule using resonance enhanced multiphoton ionizetion
three photons to reach resonance and two more photonsto ionizea
molecule using resonance enhanced multiphoton ionizetion
|eft- handed configuration of a chird molecule

positive or clockwise rotation of plane polarized light
negative of counterclockwise rotation of plane polarized light



CHAPTER |

INTRODUCTION
Introduction

In this dissertation a variety of experiments were conducted under the umbrdla of
chirdity.  Fundamenta invedtigations and andyss of chird mater were peformed
through spectroscopic methods. The dissertation is divided into three mgor parts.

The firgt part, Chapters Il and Ill, involves the probing of asymmetries in chird
molecules by circular dichroism.  Circular dichroism, which will be discussed laer, is a
way of andyzing chird molecules and matter by ther differentid absorption of left and
right dreulaly polarized light.  While dngle photon circular dichroisn spectra were
taken for a fewv molecules, a new method of andyzing chird molecules by multiphoton
ionizetion drcular dichroism  was employed in the dudy of (R-(+)-3-
methylcyclopentanone (Chapter 111).

The second divison of the dissertation, Chapters 1V, V, and VI, involves the
cayddlizetion of chird and achird molecules into opticdly activity crydds using
external chird forces The extend chird forces used are left-handed helica beta
particles and circularly polarized light. In Chapter 4, the irradiation 1,1 -bingphthyl with
beta paticles to make resolved crystds is discussed. In Chapter V, the behavior of
sodium chlorale and sodium bromate when irradiated with linearly polarized and
circularly polarized light is described.  These irradiaions were performed in order to
obsarve the preferential sdection of crystas with certain handedness or hdicity. In
Chapter VI, a description of what happened when glycine was irradiated with linearly and

circularly polarized light is described.
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The third divison, Chapter VII, describes the search for the effects of the very

gmdl parity violaing energy difference on macroscopic crysads of amino acids. Many
experimenta  techniques were employed on danine and vdine crysads. This chapter was
atemperature dependent test for the Salam hypothesis.

The purpose for dl the experiments is to gain indght and understanding about the
world of chirdity. The experiments to be presented in the coming chapters provide clean
and effective methods of influencing chird matter into a certain handedness.  These
experimental methods could be used for enantiomeric enrichment and chird sdlection,

which is hdpful to pharmacology, biology, and many other fields of study.



CHAPTERII

INTRODUCTION TO CIRCULAR DICHROISM

Introduction

The purpose of this chapter is to give a brief description of circular dichorism.
This description will involve samples of data that | have taken in order to illusrate
certan agpects of circular dichroism.  Circular dichroism is a phenomenon of optica
activity. Optica activity is the rotation of the plane of polarized light as it passes through
achird medium. The medium that displays optica activity is said to be optica active.

Optical activity was discovered by Arago in 1811. Later, Cotton showed that
opticdly active materids absorb left-handed and right-handed circularly polarized light to
different extents® Opticd rotation, an effect of opticd activity, is the rotation of plane
polarized light as it passes through an opticaly active medium. This physca property
occurs for enantiomers, which are molecules with nonsuperimposable mirror images. The
mathematical description of Opticd Rotatory Disperson (ORD) is expressed by the angle

of rotation of the plane of linearly polarized light

a:IB(nL - nR), (2.1)

where . and ng represent the indices of the refraction index for left and right circularly
polarized light and a is the rotation. The magnitude of the difference in n and rk ison
order of 10° to 10”° percent. The unit dimensions of a are radians per unit length. Typica
ORD a rotations are on the order of 0.001 to 1° when messured in a 1 dm cell a room
temperature? The ORD spectra of enantiomers are equd in magnitude and opposite in

ggn.  Thus an enantiomer is labeed postive, (+), if the polarized light is rotated
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clockwise (dextrorotatory) as viewed in the direction of the light source. Consequently,

the other enantiomer will exhibit a counterclockwise rotation (levorotataory) and is
labeled negetive, (-).
The specific rotation of asampleis given by

_a 1800
@] ="~ (22)

where a is the angle of rotation, ¢ is the concentration in gram per milliliter of solution,
and 1800/p is a sSmple converson factor.® Specific rotation is messured a a given
wavelength and temperature.  The most commonly used wavelength and temperature are

the sodium D line, 589 nm, and room temperature, ~ 23'C. The molecular rotation is

_[alxm
[f]‘ 100

(2.3)

where M is the molecular weight.  Ancther form of opticd activity tha is very closay
related to ORD iscircular dichroism.

Circular Dichroism (CD) is the differentid absorption between left and right
cdreularly polarized light, DA = A - Ar (24) and is characterigtic of enantiomers. CD is
commomly employed to sudy chird molecules incdluding most biologicd molecules. A
common gpplication of CD is to probe the sructure of biological macromolecules and to
prove if chird molecules were syntheszed or resolved during a chemica reaction or
process® A CD sgnd contains dl the information about the asymmetries of a molecule
and offers a 50 percent chance of assgning which enantiomer is in solution. The CD

gpectra of enantiomers yied sgnds, which are equa in magnitude and opposte in sgn.
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Beddes chird organic subgtances, other maerids that display optical activity are

crystdline compounds, semi-crygtdline maerids, and thin films of ferromagnetic metals.
Ealy theories for optica activity’ expressed CD through an equation for the

difference in extinction coefficients:

_ 64p°N,
3n

3
e -e-= logeq Pag N"Gipa R (2.5)

N (S R e

where N; is the number of active moles per liter, n is the frequency of light, Pa is the
probability of the molecule being in the ground date a Ny, IS the characteridtic frequency
of the trandtion a® b, Ry is the rotationd drength of the molecule for the trangtion
a® b, and Gya is the hdf-width of the band corresponding to the trandtion a® bl
Nowadays, CD spectropolarimeters produce CD signd in units of dlipticity, g, which is
easly measured in millidegree per wavdength rather than the differentid absorption, DA,

versus wavelength.* The CD signal becomes

4pq(deg re&s) B q(milli deg re%)
180In10 32,982

CD=DA=A, - A, = (2.6)

CD differentid absorption, DA, is very smdl with a magnitude around 0.1 to 0.001> As
one example, Figure 1 displays the CD spectra for (R-(-)- and (S)-(+)-1,1 -binaphthyl,
CaoH14, dissolved in benzene a a concentration of 0.04915M with a one centimeter
pathlength (see Figure A-1). As mentioned earlier, ORD and CD are manifedtations of
one and the same phenomenon deding with the interaction between polarized light and
an asymmetric molecular structure?

Both ORD and CD arerelated by Kronig-Kramer's® theorem where
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i _ . _ (9-(+)-LL-binaphthyl
; — (R-(")-1,7’-binaphthyl

10 |

8 (millidegrees)

'I.S i i i i i
320 330 340 As50 a60 370 380
Wavelength (nm)

Figure 1. Circular Dichroism of (S-(+) and (R)-(-)-1,1’-bingphthyl dissolved in
benzene.



[a(1.)]= - 2(pl o)'lg‘ifk(l )]W d 27
and
[F (1) = 2p'1qu (I )](IS'—IZ) d . (2.8)

ORD and CD ae seen to be complementary. An important factor that arises when

measuring CD is the absorption coefficient.  The absorption coefficient, e, isequal to

e:4IL.k loge, (2.9

where k is the index of extinction and | is the wavedength. The differentia dichroic
absorption is De=¢ - e, (2.10) where e_ and er are absorption coefficients for left and
right circuar polarized light, respectivdly.! The differentid absorption coefficient, De, for

CD isrdated to the molecular dlipticity, [q], by the rdationship:

_Id
De= 3300 @1
where[q] isequd to
f .
[a] = T00ed and f » s ><IogleDe><c><d (measured in degress).  (2.12)

Here, ¢ is the concentration in grammoles per milliliter, f is the difference in angle
measured in millidegreess, and d is the pahlength in decimeters® The molecular
amplitude of ORD can be related to the dichroic absorption by the equations

a = 0.0122%q] or a = 40.28Pe in terms of molecular dlipticity for the ® p~ trangtion of

carbonyl groups®
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As with ORD, CD is veay closdy reaed to UV-visble spectroscopy. An

important ratio that relates CD to UV-vishle spectroscopy is the g-factor. The gfactor

forCDis

20, - 1,)

gzmzz- (2.13)

This g-factor is known as the dissymmetric factor or optical anisotropy’. The I and |
are the reative intendties of left and right circularly polarized light as they pass through a
medium. This factor is typicaly on order of magnitude of 102 to 10°°, which is very
important to Multiphoton lonization Circular Dichroism (MPICD) to be described in
detail later.®

Circular dichroigm results from the quantum interference between the dectric and
the much wesker magnetic dipole terms in the tota cross-section, which is difficult to
interpret®; however, circular dichroism in the photoelectron angular distribution (CDAD)
aiss from the dronger interference between the pure eectric dipole terms in the
differentid cross-section.>® Circular dichroism and UV-visble spectroscopy have the
same photophysica process because both arise from the movement of an dectron in the
electronic ground state to an electronically excited state?

The typicd energy range for UV-visible spectroscopy is 2 ® 12 x 10°*° Jmolecule
and ranges from 170 — 800 nm. This amount of energy is required for the rearrangement
of dectron’s digtribution in a molecule* Energy is absorbed and changes the electron
dendty by exciting the dectron to a higher find energy leve. The Beer-Lambert law for

absorption dtates that A=eCL (2.14), where L is the pathlength of light through the

sample, e is the extinction coefficient, and C is the concentration. The units for the
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concentration and the extinction coefficient ae C=M= [mol]/[dm]® and e =

dn?/(molem).* The optima concentrations and cell lengths for a sample should give a
tranamisson of 5-20% in the spectra region.! The absorption spectrum is plotted as
absorbance versus wavelength; whereas a CD spectrum is plotted as millidegrees versus
wavelength. Mog solutions and maerids can be andyzed usng UV-visble
gpectroscopy.  On the other hand, CD can only be performed on chirad molecules or
helica gructures because they posses no plane of symmetry; therefore, the rearrangement
of eectrons will not have a plane of symmetry either. This fact leads the ectron motion
to be helicd.* This helicd motion reacts differently to helicd left and right circularly
polarized light* Thus, the CD signd gives the asymmetric part of the change probed by
the magnetic field and dectric fidd of radiaion. This change between the absorption of
left and right crculaly polarized light (LCPL and RCPL, respectivey) is a smdl
difference between two large asorptions.  Since the magnetic field interaction strength is
about 1000 times wesker than the eectric fidd interaction energies, this weskness in fidd
srength is responsible for the smdlness in the difference of absorption.* The dectric fidd
causes a linear rearrangement of the eectron displacements, resulting in an eectric dipole
trangtion moment while the magnetic fidd induces a circular rearangement of the
electrons dendty. This net dectron charge circulation produces a magnetic dipole
trandtion moment* A chird molecule's dectron rearangement is aways hdlicd, but
planar for an achird molecule. This explains why achird molecules do not produce a CD
ggnd - because chirdity does not exig in two dimensons Thee moving hdica
dectrons react differently to circularly polarized light.  Working inversdy to ther

helicity, left hdica dectrons ae eadly induced by RCPL raher than LCPL, thus
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reslting in a negative CD and vice versa*® Now, the Beer-Lambert Law has a new

version for the CD, DA = (De)CL.* (2.15)

CD absorption spectrum with LCPL differs by a most two percent from the
unpolarized and RCPL CD. The difference in absorption between RCPL and LCPL
rarely exceeds +0.001 percent.*

Circular Dichroism Transitions and Spectra

There are three mgor caergories for CD spectra empiricd, ab initio, and
chromophoric. Empirical is based on experience with reaed sysems while &b initio
employs cdculations with complete molecular wavefunctions.  Chromophoric  andyss
divides the molecule into separate chromophores and some smple cdculations are
performed.* A chromophore is a subunit of a sysem whose wavefunctions have no
overlgp with the rest of the sysem. Snce many biologicd molecules contain the
carbonyl group, the CD of the n® p” transition of carbonyl has received more attention
than any other type of transition.

To describe chromophores, the Octant ORD rule was formulated by Djerass
about 40 years ago. The rule is used to determine the absolute configuration of a
saturated ketone when its conformation is known; or conversdy to determine its
conformation when the absolute configuration is known. The Octant rule is the first
sector rule in organic stereochemistry.? The most successful correlation between the
Cotton effect, which is a curve that ascends or descends rapidly, and the Octant rule
happens to involve the N® p° transition of saturated akyl ketones? In particular, the
Octant rule is usad for carbonyl functiond groups. These functiona groups guarantee a

wesk transition around 280 — 300 nm.® This rule is deduced from symmetric principles
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that reate the sgn and amplitude of the Cotton effect exhibited by an opticdly active

saturated ketone to the spatia orientation of atoms about the carbonyl group® Most
methyl groups fal into pogtive octants.
The carbonyl chromphore has Cp, symmetry.® For the n® p” transtion, the

carbonyl CO double bond has a symmetric dectric dipole moment; thus, the trangtion is

forbidden by symmetry, <A1|rrg|A2>:O. The magnetic dipole moment operator is
antisymmetric and transforms the A; symmetric ground state to the A symmetric excited
date, such that <A1|n;|A2>1 0.2 The n®p” transition involves a dircular movement of
charge around the oxygen, which leads to a large induced magnetic dipole moment. This
M@ p~ trandtion specifies the promotion of an eectron from a free pair on a hetero-atom
to a p-antibonding molecular orbita, while n® s transition represents the promotion to
the antibonding s -orhita.

Even though the trangtion is dectric dipole forbidden and magnetic dipole
dlowed, the absorption is weak €~ 10-100) around 300 nm.? Electric dipole intensity is
“borrowed” by vibronic coupling from eectronic dipole-dlowed trangtions of higher
energy, like p® p”, which is magneticaly forbidden, or the s® s”.2 The singlet-singlet
n®p" trandtion has a very wesk UV-visble absorption of about e »10-200, and the
snglet-triplet is even wesker, e »0.1.

An example of a molecule with a cabonyl chromophore is 3-
methylcyclopentanone, which has the chemicd formula of CgH10O (see Figure A-1). 3

Methylcyclopentanone has two conformations, axid and equilaterd. The CD of (R)-(+)-

3-methylcyclopentanone has Rydberg transtions around 195 nm, 177 nm, and 165 nm,
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each corresponding to the n® 3s, n® 3p, and n® 3d transitions, respectively.>® The

absorption due to the n® p~ transition a 300 nm and the ® 3d trangtion has a positive
dgn in both cases® The CD for a few of these trandtions for (R)-(+)-3-
methylcyclopentanone are displayed in Figure 2 for both the solution and gaseous phases.
One will note vibrationaly resolved features in the gaseous phase data.

Solvents, temperature, and sample concentration can affect CD signd. Polar
solvents arange around the carbonyl group in such a way that the ground date is
stabilized! The effects of the solvents can eesily be seen in Figures 2 and 3. In Figure 2,
the (R)-(+)-3-methylcydopentanone is 2599 mM in agueous solution. The fine Structure
of the spectrum is completely masked when in solution, as opposed to the unmasked
vapor phase spectrum. For the vapor phase spectrum?®, 5 nL of (R)-(+)-3-
methylcyclopentanone was alowed to vaporize in a cuvette without condensng on the
cell walls. The spectra for both enantiomers of sec-butylamine, GH11N (see Figure A-1),
are presented in Figure 3. Both enantiomers with a concentration of 0.32554M were
dissolved in ethanol. There appear to be no mgor differences in the spectra except what
is common to both the sec-butylamine and (R)-(+)-3-methylcyclopentanone. A
noticesble difference is the magnitude of the differentid absorption coefficient, De, but
dill one cannot compare the two since the concentration units are different. The De for
(R)-(+)-3-methylcyclopenatone in the vapor is aout —0.00485 and about —1.5 for the
aqueous solution a about 190 nm. As for the (R)-(-) and (S-(+)-2-butylamine, De is
about £0.0013 for the vapor and +0.003 when dissolved in ethanol a aout 226 nm.  The
differentid absorption is andler in the vapor phase than in solution.  An Aviv Modd

202 Series Circular Dichroism Spectrometer was used to record al the CD spectra. A
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Figure 2. Circular dichroism of (R)-(+)-3-methylcyclopentanone.  The top graph
shows the circular dichroism when dissolved in water while the bottom grgph contains
the vapor phase circular dichroism.
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one centimeter pathlength was used for al gpectra except for the vapor phase spectrum

of (R)-(+)-3-methylcyclopentanone, where a 0.5 cm pathlength was employed.

Solid State Circular Dichroism

A rady-used and difficult technique is solid date CD. Solid sate CD gives
informetion on solute solvent interactions because in solution the nature of the solvent
may effect the rotatory power of opticdly active molecules by forming a coordination
compound around the molecule, causing a conformation dteration.’® Now, solid state CD
offers a densdy packed crystd with nearest neighbor influences. Due to the packing of
the crydd, an achird molecule can form opticdly active crystds. An achird molecule
can display opticd activity by severdy redricting a degree of freedom, whether rotation
or orientation, about chemicad bonds in a crygdline lattice. Also, optical activity can be
caused by helica interactions between neighboring molecules *°

Even though olid date CD is difficult to obtan, a wedth of important
information can be obtained from such spectra  One can find out the bonding nature of
aoms or intemolecular interactions in crystds'®, as wel as information about band
assgnments. Rotatory strengths can be gained from the optica activity of sngle crystds.
The functions of moleculesin solid state CD can be reveded in x-ray diffraction anayss.

As mentioned earlier, solid sate CD is difficult to obtan and theoreticd
complexities arise from the fact that there are many crystd categories and subgroups as
wel as large birefringence due to the off axes of the crysta.'® Of the 230 space groups
that arise from Bravais trandations, only 65 are chird. When taking spectra, one has to
be caeful of atifactuad sgnds, gran boundaries, and inhomogendties in the crysdline

latice.  With cubic, uniaxid, and biaxid crydds, the correction of birefringence is
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unnecessary.’® Since most crystas are monodlinic or orthorhombic, solid state CD

technique cannot be agpplied in a raightforward manner.

The origin of optica activity in the crysdline date is not well undersood since
optical activity can arise if there ae srong intermolecular interactions between chirdly
aranged achird molecules in a noncentrosymmetric crystd.’® Crystal thicknesses are
typicdly 0.01 to 0.08 mm. Faces perpendicular to the opticd axis were polished and
andyzed with polarizers to ensure the direction of the optica axis and the clarity of the
cysa. The solid state CD spectra of (+)- and ()- sodium chlorate which cryddlizesin
the P2;3 are displayed in Figure 4. After both crystds were grown from an agueous
solution, they were shaved and polished to a thickness of 0.508 mm. The CD of sodium
chlorate, NaClO3, maiched that in the literature™ A transition occurred are 220 nm.

Futher studies on sodium chlorate are described in Chapter V.



6 (millidegree)

17

150 r

100 ¢

L]
1
-

-150

200 220 240 260 280 300 310 340 60 380 400
Wavelength (nm)

Figure 4. Solid gate circular dichroism of sodium chlorate crystas.
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CHAPTER I

MULTIPHOTON IONIZATION CIRCULAR DICHROISM OF 3-
METHYLCYCLOPENTANONE

Introduction

As mentioned in the previous chapter, circular dichroism is the differentid
absorption of left- and right-handed circularly polarized light by chird molecules. This
difference results from the interaction of dectric and magnetic dipole trangtions. Circular
dichroism is sometimes expressed in term of the dissymmetric g factor, Dele, which is a
ratio that happens to be on the order of 10 to 10 and can only be observed for opticaly
active or chird molecules Snce cdrcular dichroism contains information on asymmetric
conformation, it can be used to probe the microstructures of molecules. For example,
messurements of drcular dichroism in the ultraviolet and vacuum ultarviolet regions
have dready been developed as a sendtive sructure probe for macromolecules such as
proteins, peptides, and nucleic acids which are higher order effects'?

Circular dichroisn can adso be observed for achird molecules when ther
environment is chird. For example, circular dichorism of angular didribution (CDAD) of
eectrons gected from aigned or oriented molecules was observed experimentaly for
gaseous nitric oxide™ and carbon monoxide on a surface* In these experiments, the
chird geometry was produced by the different-handed coordination systems given by the
directions of light propagation whether by photodectron gection or by the dignment of
the molecules. Since CDAD s derived from pure dectric dipole interaction, one is able to
observe molecular asymmetries on order of 10 percent to 80 percent, which is very large

when conddering the naturdly smdl asymmelries of dircular dichroism. A large circular
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dichroism effect in the second harmonic generation for anistropic achird surfaces was

reported and explained by the electric dipole-alowed surface nonlinearity. > Also,
nanoparticles made with chirad compounds have shown a large circular dichroiam effect
up to 10 percent in single- photon photoionization.* "

In this chepter, the fird experimenta invedtigation of multiphoton ionization
circular dichroism (MPICD) is reported for an opticdly active molecule employing the
resonance-enhanced multiphoton ionization (REMPI) techniqgue. The REMPI technique
has aready been used to discriminate different enantiomers in the gas phase'®2%, but there
ae no reports aout an obsarvaion of circular dichroism for chird molecule usng this
technique. The purpose for my invedigetion is to observe asymmetries of CD in the
multiphoton ream as well as to probe the CD effect of eectron trangtions not arisng
from the ground Sate.

Racemic and (R)-(+)-3-methylcyclopentanone were dudied in this experiment.
(R)-(+)-3-Methylcyclopentanone was chosen to study as a result of its large asymmetric g
factor, Dele, of ~ 2 x 107 a 199 nm, which corresponds to r® 3s transition.?? The large
optical rotation specific angle of fa]p =148 provides another good reason why (R)-(+)-3-
methylcyclopentanone is a very good candidate for this sudy. Futhermore, this
compound has been examined by vibrationd Raman optical activity”> and by modulated-
polarization spectroscopy.?* Since racemic and  (R)-(+)-3-methylcydopentanone  have
been dudied thoroughly by many methods ther dectronic energy leveds ae wel

known.2> 26
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Experiment

In this experiment, a Continuum Powerlite 9000 Nd:YAG pulsed laser operating
at 10 Hz was used.  The laser was st to use its third harmonic light output of 355 nmin a
seeded Qswitch mode to avoid any opticd damage arisng from sudden increases in pesk
power. Also, the seeder dlowed the beam to possess more dtability in its shot-to-shot
vaiations. In seeded mode, the variahility for the 355 nm or third harmonic pulsed laser
light was less than 3 percent while having a pulse width of 6 ns. The pulsed 355 nm laser
light was usad to pump a Quanta-Ray PDL-2 dye laser. Exdlite 398 laser dye was used to
observe the multiphoton ionization of racemic and (R)-(+)-3-methylcyclopentanone.
Dissolved in p-dioxane, the Exalite 398 laser dye provided a wavelength range from 403
nm to 393 nm. This wavelength range was chosen because the n® 3s trangtion that
occurs & 199 nm in the vapor phase single photon CD in Figure 2 could not be achieved
with the laser due to the smal waveength; thus, the wavelength was doubled to 398 nm
in order to give a two photon excitation to the r® 3s trangtion. Since MPICD spectra was
to be observed, circularly polarized light had to be produced. Left and right circularly
polarized light were achieved by the use of a GlanTaylor polarizer, a double Fresnd
rhomb, and a sngle Fresnd rhomb (Figure 5). The sdected laser light from the dye laser
was directed to pass through a GlanTaylor polarizer, where it became highly pure
linearly polarized light. Then, the linearly polarized light passed through a double
Frend rhomb and a dngle Fresnd rhomb where it became circularly polarized. The
double Fresnd rhomb was used to continuoudy rotete the direction of the polarization
plane for the linearly polarized laser light. Right and left circularly polarized light were

obtained with linearly polarized light incident a +45 and -45 respectivdy on a single



Figure 5. Diagram of the complete setup to acquire time-of-flight mass spectraand
multiphoton ionization as a function of laser light polarization.
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Fresnd rhomb. The purity of the crcularly polarized light was assured by udng the

(3+2) REMPI of xenon. When the light was circularly polarized, the mass spectrum of
xenon would decrease to minimum very close to zero. This effect in xenon arises from
the fact that a three-photon excitation from the ground state to the 6s dtate is a forbidden
trandtion when using circulaly polarized light. Once the angles for the dircularly
polarized light were known, a circularly polarized light identification card was used to
identify the hdicity of the light as right or left circularly polarized for a given angle. The
obsarvations of the angle between the plane polarized light and the axis of the single
Fresnd rhomb helped to confirm the helicity dso. Thus, dl the polarization components
were caefully digned to ensure satisfectory circularly polarized light.  After becoming
circularly polarized, the laser light entered a linear time of flight mass spectrometer
previoudy used by Shannon Mahurin (Dissertation 2000). The mass spectrum and
multiphoton ionization spectra were performed on this gpparatus.

Racemic and (R)-(+)-3-methylcyclopentanone were purchased from Sigma-
Aldrich with both having a purity of 99 percent and employed without any further
purification. About 1 mL of sample was placed into a vave-controlled glass bulb
attached to a pulsed vave on the time-of-flight mass spectrometer. The 3 Torr vapor
pressure of the sample was seeded in about 450 Torr of hdium, and the mixture gas was
injected into a vacuum chamber by way of a pulsed vave purchased from RM Jordan
Company, Inc. The mixture gas underwent nozzle-jet expansion as it was injected into
the chamber of the time-of-flight mass spectrometer. The chamber pressure was held to
3.0 x 10°® Torr during the experiments. The dye laser beam had an average power 11.5

mW. Postive ions produced a (2+1) REMPI through 3s Rydberg state of racemic and
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(R)-(+)-3-methylcyclopentanone, and they were extracted from the ion source usng a

high voltage pulse and detected by a dua microchanne plate detector at the end of the
15 m long flight tube in the time-of-flight mass spectrometer. After being detected by the
micro-channd plaes, the sgna was amplified by a preamplifier, which fed into an Ortec
474 Timing Flter Amplifier, and processed with a Stanford Research System 250 Gated
Integrator and Boxcar Averager. The dgnd was monitored with a digitd Agilent
Infiniium 500 MHz oscilloscope.  For recording spectra, data acquisition was achieved
with a Stanford Research System 245 Computer Interface attached to a computer using a
Labview program.

Before recording the MPICD data usng the REMPI technique, a mass-selected
positive ion dgnd was chosen to be recorded and averaged for 1000 shots usng Agilent
Infinium 500 MHz oscilloscope. By averaging over 1000 shots on the oscilloscope, the
ggna-to-noie ratio was enhanced while smoothing any very smdl sgnd difference
between the left and right circularly polarized light excitations. The mean vadue was used
as find dgnd intengty. The same measurement was repeated 20 times with racemic 3-
methylcyclopentanone and then the sample was immediady changed to (R)-(+)-3-
methylpentanone without dtering any other experimenta conditions. ~ The averaged
parameter, g factor, was used to evauate MPICD effect. The dissymmetric g factor takes
on the form as seen in the previous chapter on circular dichorism. The g factor is

represented in Equation 2.13 as

_Z(IL' IR)=D_e
97 (1. +1,) e’
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Results and Discussion

The fird data to be recorded for racemic and R)-(+)-3-methylpentanone were the
mass spectrum.  The dye laser output waveength of 397.5 nm was used to view the
REMPI through the 3s Rydberg state while achieving the mass spectrum (see Figure 6).
The waveength of 397.5 nm corresponded to the two-photon resonance for the ® 3s 0-0
Rydberg trandgtion. The parent ion sgnd is absent in the time-of-flight mass spectrum
because of its rapid photodissociation into various fragment ions. The mass spectrum
matches the previoudy published mass spectrum.®

From the mass spectrum, the mass 39 signa that corresponds to the CzHs"
positive ion was gated with the boxcar and set to be used for the (2+1) REMPI spectrum
of racemic and R)-(+)-3-methylpentanone. The REMP!I spectrum was observed over the
wavelength range of 393 nm to 400 nm using the dye laser (Figure 7). Both racemic and
(R-(+)-3-methylpentanone displayed smilar multiphoton ionization spectra  The largest
ggnd intendty for the multiphoton ionization spectrum occurred a 397.5 nm. In Figure
7 the (2+1) REMPI spectrum of 3-methylcyclopentanone shows n® 3s trangtion by
monitoring mass 39 sgnd.

Keeping the dye laser wavelength a 397.5 nm and il gating the mass 39 cation,
the MPICD data were recorded by measuring the sgnd intendties for left and right
circularly polarized light. Each data point was averaged for 1000 shots when using the
left and right crcularly polarized light. The left and right crrcularly polarized light sgnd
intendties, 1| and Ir, respectively, were normaized by a factor of (I_+Ir)/2 for each data
point of racemic and (R)-(+)-3-methylpentanone. The normdized sgnd intensties for

racemic and (R)-(+)-3-methylpentanone are shown in Figures 8 and 9.



25

0.25 4
CH3"
0.2
CsHs"
E |
n!.r 0.15 )
- C
g
3 0.1
CH3' CzH,0"
C4HsO"
0.05 4
CsH,0*
(] ..b:.. T 1-]! 1-11 * —‘-!JL'.lli'l F ! * ¥ 'j'r =
10 20 a0 40 &0 O B0 o0

Figure 6. The (2+1) REMPI time-of-flight mass spectrum of 3-methylcycopentanone
with two-photon excitation of 3s Rydberg state at 397.5 nm. No parent ion is seen in this

spectrum.




E 4
_ﬂ -
)
3 4-
g
€ 13-
E
2 |
|
l | J h
g —mmr———T—7T—T—T—rT"T ——r T T T T T T T T T T T T
393 304 295 396 397 398 399 400
Wavelength (mm)
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Figure 9. The normdized dgnal intensties for the (2+1) REMPI of (R)-(+)-3-

methylcyclopentanone  using
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polarized light respectively.
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From Figure 8, one can see that the MPICD for racemic 3-methylcyclopentanone

fluctuates between the intendties for left and right circularly polarized light. This effect
comes as no surprise snce both enantiomers of 3-methylcyclopentanone are present and
possess intendties that tend to cancel one another. When it comes to the MPICD of (R)-
(+)-3-methylycyclopentanone in Figure 9, one notices that left circularly polarized sgnd
intengties are larger than those dgnd intendties aisng from the use of right crcularly
polarized light. Due to laser power fluctuaions, the dgnd intendties are different for
eech run no matter if left or right circularly polarized is being used. The dissymmetric g
factor was measured for each of the 20 trials. The average g factor for 20 runs of racemic
3-methylclyopentanone was 0.83 + 0.13 x 102, and the average g factor for the 20 runs
(R)-(+)-3-methylcyclopentanone was 4.1 + 0.23 x102. A larger g factor was expected for
the (R)-(+)-3-methylcyclopentanone because (R)-(+) enantiomer reacts differently to each
circular polarization of laser lightt. The MPICD of (R)-(+)-3-methylcyclopentanone is
postive, just like the single photon circular dichorism around 165 nm, corresponding to
the n® 3d transition.” With the g factor of racemic 3-methylcyclopentanone being smal
(close to zero), the posshility of sysem eror introducing a fdse circular dichroism effect
was eiminaed because the sngle photon circular dichroism is zero, which gives a ¢
factor of zero. The MPICD measurement of racemic 3-methylcyclopentanone helped
excdude the dgnd intendgty variaions aisng from the lasr power fluctuaions, the
electronic noise, and the beam pogtion shifts when manualy rotating the double Fresnd
rhomb. The MPICD gives alarger effect than the single photon circular dichroism.

Once again, it is had to give an exact meassurement of eror while usng the

averaged g factor as find result for MPICD process As mentioned earlier, many
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paanges dfect the ionizaion dgnd dability, induding laser power fluctuation,

nozzle jet ability, laser beam postion shift and power variation while setting the double
Fresnel rhomb at different position, sgnd detection system stability, and much more.

Although 3-methylcyclopentanone was a very good candidate to sudy the
multiphoton ionization circular dichorism, there exids one drawback. As seen and
mentioned throughout this chapter, only the racemic and (R)-(+) enantiomers were used
to acquire data because they were commercidly avalable. The other enantiomer, ©-(-)-
3-methylcyclopentanone was not used due to the fact that it is not commercialy available
and very hard to make. Thus, arangement was made for Steven Buchwad's group a
Massachusetts  Inditute of Technology (MIT) to meke a sample of (9-(-)-3-
methylcyclopentanone for the project. Unfortunatdy, there was not enough (9-(-)-3-
methylcyclopentanone to use in the experiment. If the (S)-(-)-3-methylcyclopentanone
had been enough, the MPICD of this enantiomer would have had the sgnd intensity of
right crculaly polarized light larger than the sgnd intendty of left crculaly polarized
light because the effect is equd in intendty but oppodte in dgn to (R-(+)-3-
methylcyclopentanone; thus, the effect of MPICD could be verified through the
comparison of gpectra from each enantiomer. Having this enantiomer with expected
gpectrawould diminate the causes of system error.

Concluson

In summary, REMPI with the use of left and right circularly polarized light was
used to record the firs MPICD effect of (R)-(+)-3-methylcyclopentanone. A time-of-
flight mass spectrometer was employed to give a mass spectrum as wdl as the

multiphoton  ionization  spectrum. After measuring the MPICD of racemic 3-
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methylcyclopentanone, its dissymmetric g factor was 0.83 + 0.13 x 107 while the g

+

factor for the (R)-(+)-3-methylcyclopentanone was 410 + 0.23 x 102, The signd
intengty for the left dreulaly polarized light was larger than the dgnd intengties for
rignt cdrculaly polarized light in R-(+)-3-methylcyclopentanone.  For the racemic 3-
methylcyclopentanone, the sgnd intendties for the left and right drculaly polarized
light toggled back and forth with each other as to which was the larger intensty. The
dissymmetric g factor for the MPICD was larger than the g factor for single photon
circular dichroism of (R)-(+)-3-methylcyclopentanone.  System errors existed but were
somewhat overcome by the testing of racemic 3-methylcyclopentanone.  The MPICD
effect could have been veified further had the (S-(-)-3-methylcyclopentanone
enantiomer been avalable. Even though the (9-(-) enantiomer was not available, 3-

methyl cyclopentanone made a good candidate for MPICD.
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CHAPTER IV

CRYSTALLIZATION OF 1,1’-BINAPHTHYL

Introduction

1,1'-Bingphthyl (Figure A-1) is a chird molecule made of two naphthaene
molecules attached to each other at their respective 1 postions, it has a molecular weight
of 254.33 amu. 1,1'-Bingphthyl does not possess a stereocenter, but it is chird because
of the daggered orientation of the two ngphthdene molecules. When dissolved in
acetone, 1,1'-bingphthyl forms chird crygds on evgporation. Often it is a racemic
mixture of enantiomeric crystds cdled a conglomerate. The enantiomeric excess, ee, of
the conglomerate of 1,1'-bingphthyl can be increased by hedting it to a melt and letting it
dowly cool until cryddlization. Thus, the purpose of this chapter is to produce an
increased enantiomeric excess of 1,1’ -bingphthyl crystds while using betairradiation.

A little over 30 years ago, Pincock et d. studied the optica activity of 200, 0.20 g
samples of 1,1'-bingphthyl crystdlizing & 150C from ther mdts?’ This experiment
yidded crysds having a guassanlike disribution of optical rotations centered around
zero degree while a high optical purity of 90 percent was rare and exceptiond. They
found that the opticd activity of 1,1’-bingphthyl from a met was truly spontaneous?®
Pincock discovered that hesating and then cooling the substance a certain temperatures,
converts racemic opticaly inactive 1,1'-bingphthyl into an opticdly active form. The
(H)/(-) optica activity refers to the optica rotation where the (+) denotes a postive or
clockwise rotation and the (—) denotes a negative or counterclockwise rotation as linearly
polarized light passes through the medium. Thus, the cryddlization of 1,1'-bingphthyl is

like flipping a coin to see if heads come up or tals, but it comes up randomly as (R)-(-) or
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(9-(+). Pincock later found the handiness could be influenced by other chird

molecules, and the (R)-(-) or the (S)-(+) enantiomer could be selectively produced.?®

1,1’ -Bingphthyl is a racemic mixture in the liquid or molten phase but can become
more resolved in the solid phase® The liquid phase has a low barrier for racemization
with a hdf-life of ~0.5 seconds at 158°C, its mdting point (Figure 10). Thus, the mdlt
becomes totaly racemic within a few seconds® Above 145C and especialy at 150°C,
the chird form is more stable than the racemic formt but an ungtirred melt a 158°C
cooling to cyddlizaion will result in a conglomerate cryddlization consging of
daidicdly equa numbers of the (R)-(-) and the -(+) crysds. When in the crysaline
solid dtate, the racemization rate becomes redly small a room temperature, and R)-(-) or
(9-(+) enantiomers do not interconvert° Then, the racemization half-life changes to ~
15 minutes a 50'C.*° The maximum optica rotation is + 245 for enantiomericaly pure
1,1’ -bingphthyl dissolved in benzene®' Kondepudi et d. have shown that stirring molten
1,1’'-bingphthyl until cryddlization will cause an increase in opticd purity close to 80
percent while not stirring gives an optica purity close to zero3! In the solid state, van der
Wadls forces dominate 1,1'-bingphthyl and give the naphthadene rings a solid sae angle
of ~68".32 The angle between the naphthalene rings produces the chirdity.

Experiments were conducted to see the origin of molecular chirdity by parity
non-conservation during beta decay.®® Recently, Mahurin et d. found that by irradiating
evaporating agueous solutions of sodium chlorate with b-partides from a %°Sr source

produced more (+) than (-) crystas and vice versawhen crystalization took place under
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Figure 10. The racemization of 1,1’ -bingphthyl enantiomers.
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a Na22 source with b*-paticles®* The overdl crysta count is about 50/50 even

though each Petri dish may have been mainly (+) or (-).3*

With the findings of Pincock et d.?®, Kondepudi et d.3!, and Mahurin et d.3* at
hand, an attempt was made to mix the best of dl the sdlected experiments. A decison
was made to see if irradiaing 1,1'-bingphthyl with b-particles would produce an
enantiomeric excess of one enantiomer while employing the methods of cryddlization
used by Pincock et a.?® The b-particles possess a left-handed hdlicity that may make the
1,1’ -binaphthyl more resolved upon crystallization.

Experi

In this experiment, a °°Sr source with a radiation dosage of 26.970 mrad/h a a
distance of 0.35 meters was used to produce the b-particles. The source's hdf-life is 28.1
years and each particle emitted has an average energy equal to 0.546 MeV. These b-
paticles are energetic polarized eectrons with an 80 percent left-handed helicity.3* The
g decays to a Y-90 with a haf-life of 2.67 hours, and it emits an electron with an
energy of 228 MeV. The radioactive source was kept a the Radiation Calibration
Laboratory at Oak Ridge Nationa Laboratory (ORNL) and handled by Dr. James Board.

For this experiment, four 0.50 gram samples of 1,1'-bingphthyl, purchased from
Acros and immediatdly vacuum sublimed, were smultaneoudy heated to 180°C in a
dlicon il bath for 20 minutes while being exposed to b-particles. The oil bath was used
to diminae any sudden fluctuations in temperaiure as wel as to ensure a homogenous

temperature for the samples. The samples were placed in Pyrex glass holders (Figure 11).
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The holders were made in such a way as to expose as much surface area to the b-

particles as possble. The actua samples were placed about 5 cm from the source and

heated until they were completely in the molten state. The melt was then cooled to 150'C

while remaning under the b-source until cryddlizetion was complete.  Cryddlization
took anywhere from four to sSx hours to occur. Any enantiomeric excess obtained during
the cryddlization process was retaned in the cystds snce interconverson of
enantiomers does not occur in the solid state. The crystals were quickly dissolved in ~ 40
mL of benzene where the racemization of the enatiomers has a hdf-life of about 10
hours (Figure A-3). Thus, each sample had a concentration of 0.04915M before the
enantiomeric excess was observed by an opticd rotation measurement using a Perkin-
Elmer 241 Polaimator. The sodium D ling, 589 nm, and a sample cdl with a 10 cm
pathlength were used to collect the data. Controlled sample sets without b-irradiation
were carried out in the same manner. After the optica rotation measurement, the 1,1'-
bingphthyl was recovered from the benzene by evaporation usng a rotating evaporator so
that it could be used for future trids.  Unlike Kondepudi et d.3!, the variable and the
contral trids were al peformed without physcdly dirring the sample.  Both varigbles
and control samples were left ungtirred.

Reaults and Discussion

For 12 cryddlizations under the b-source, the average excess was —2.7 + 10.3%
and 5.1 + 5.3% for the 13 samples not under the b-source. Both cases are close to zero
as expected since both enantiomers were randomly produced. The greater spread of the
enantiomeric excess under the b-source versus not being under the source is Smilar but

not as great asthat for stirring 1,1’ - bingphthyl until crystalization with agtirrer bar. The



38
frequency of enantiomeric excess can be seen in Fgure 12 for the samples not under

the beta source and in Figure 13 for samples under the beta source (see Tables A1 and
A-2). Itis eadly seen that the rotations are smdl for both case, but in the case of the beta
irradiated, the deviation from zero becomes greater and more frequent. Both the beta
irradiated and controlled samples are presented in Figure 14, which gives a scatter of
enantiomeric excess.  The reason for this smal amilarity with Kondepudi et d. is quite
ample, but firs let us consider the primary and secondary nuclestion rate presented by
Randolph and Larson®®* The primary nudestion rates for levorotatory, |, and

dextrorotatory, d, crystals are given by the equation

é u
P = P, = Bexp&— 136pNAan2 ~-u
&3Rr)’[In(c/c,)] 4

(4.1)

where the P, and Py are the primary nuclegtion rates of | and d crysds, B is a congtant
that depends on the number of nucleation dtes, Ny is Avogadro’s number, n is the molar
volume of the solid, R is the gas condtant, T is the temperature, sg is the surface energy
constant, C & the concentration, and G is the concentration at saturation. Randolph and

Larson went on to give the secondary nucleation rates. The secondary nuclestion rates

forl and d crystds are

S =Ss,K¢(C- Cy)° (4.2)
where S is the rate of nucleation for either | or d crystds, Sis the rate of girring, s isthe
surface area of either | or d crystals, Ks is a temperature dependent constant, and a isa

congtant that depends on the compound. Now that rates of nucleation are presented, one

can go on further with the explanation.
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Since the b-particles are very energetic, a lot of heat was dumped into the medium as

the paticles were dowed down; thus creating convection currents in the met that
facllitated secondary nudeation gmilar to tha in  dirring, which  resulted in
anenantiomeric excess! 3% Thermd sirring occurs as b-particles dow down. For a
ample cdculation, consder the assumption that dl the energy of a 0.54 MeV dectron
goes into heeting the sample. For now, let he sample be water with a surface radius of
0.015 m and a depth of 0.003 m. The electron has a penetration depth of 0.1 mm and a
path radius of 0529 x 10'° m. Using the equation, Q = mcDT (4.3), and taking the
specific heat and density of water to be ¢ = 4186 JkgxC and 1000 kg/m?, respectively,
one can find the temperature difference dong the éectrons path. One finds that the
dowing down of these b-particles can result in localized temperature increase of about
24,000C. Since most of the heat will quickly disspate into the rest of the solution, a
more redigic vaue for the change in temperaiure comes from observing the entire
volume of the sample while noting the activity of the beta source used in the experiment
to be 1.6 x 10° electrong/sec. Taking the volume of the whole sample to be 2.12 x 10°®
nt, the rate for the temperature change becomes 1.56 x 10° 'Clsec, but the total
temperature incresse after five hours is 0.28°C, which is less than 1'C. This smple
cdculation was peformed under the assumption that water is used ingtead of 1,1-
bingphthyl, but the point of a temperature rise is made clearer. The temperature increase
for 1,1'-bingphthyl may be consderably higher if its specific heat is close to pecific heat

of graphite, ¢ = 711 JkgxC.
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Thus, secondary nudesation is amplified by the smdl initid asymmetries in the

number of (R-(-) and (§-(+) crystds, whereas in this process the crysas generate
independently of each other as in primary nucleation.®® Parent crystals make secondary
caydds in large numbers by collisons while the primary nuclegtion rate is dowed down
due to the heating of the solution; thus the chance for secondary nuclestion increases and
dominates! For smaler samples, large e€'s can be generated if the pimary nudestion is
low enough because dl crysd growth can come from one cysd. The lower the
temperaiure, the higher the primary nucleation rate is to produce roughly equa numbers
of both ®-(-) and ©)-(+) enantiomers>! Many have made ORD and (D measurements
of 1,1’-bingphthyl.>°® Primary nucleation can occur in two ways heterogeneous, when a
foregn body is involved, and homogenous, when a foregn body is not involved.
Secondary nuclegtion produces crystds of the same chirdity and inhibits the growth of
other crystds due to the fact that the materias are being removed from solution.®* The
dowing down of the beta rays and secondary eectrons produces patiadly circularly
polarized Bremssrahlung.®* The asymmetric growth of the crystds could be affected by
circular dichroism absorption of this light. Fortunately, it has been shown that circularly
polarized Bremsstrahlung is not the source of great optical purity.>® 4°

Caculations were peformed to prove that no Cerenkov radiation took place.
Ceaenkov radiation happens when charged particles travel faster than eectromagnetic
wavesin the same medium. Beta particles lose their helicity after severd collisons*
Concluson

In concluson, b-paticles do not effect the primary nuclegstion of the organic

compounds when the enantiomeric excess is averaged over dl the cryddlizations. The
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chance for more secondary nuclestion occurs more readily with the b-particles. The

goontaneity of the (R)-(-) and (9-(+) enantiomers remans the same as for previous
experiments of Pincock et d.?® Thus the left-handed helical b-particles do not influence
the 1,1’-bingphthyl to cryddlize in one particular handedness. The locdized heating and
convection girring of the sample due to the bombardment of keta particles are the factors
for the secondary nuclegtion to overcome the primary nuclegtion rate. If the time of
cryddlization were longer, the secondary nuclestion could produce more chird crygals,
resllting in a higher enantiomeric excesss  Ancther possible reason for the low
enantiomeric excess arises from the fact that one of the effects of beta radigtion is
racemization, which counteracts the eventud sdective radiolyss process (Bonner and
Lemmon, 1978). This statement is contrasted by the experiments of Mahurin et d.3*

during their crystalization of betairradiated sodium chlorate.
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CHAPTER V

LASER-INDUCED CRYSTALLIZATION OF SODIUM BROMATE AND
SODIUM CHLORATE

Introduction

Sodium chlorate and sodium bromate crysas (Figure A-1) have been grown by
evaporation in experiments over the years. The sodium chlorate crysa synthess has
been found to be symmetric, and the crystd synthesis for the sodium bromate crystas has
been found to be asymmetric. The purpose of this chapter is to use ntense laser light to
breek the symmetric and asymmetric synthess of sodium chlorate and sodium bromate
cysds while making corrdations with the polarization of the laser. For many years
people have been digning and orienting gaseous molecules with drong laser fidds.
Recently, idess to dign and orient molecules in solution have come into question. In this
chapter an attempt was made to dign or orient molecules in solution by a strong laser
field prior to cryddlization. These experiments were conducted to see if the polarization
of the laser could influence the chirdity of the crysd. The molecules studied were
sodium bromate and sodium chlorate.  More information about these molecules will be
mentioned later, but for now, a description of how digning or orienting molecules with a
strong laser field will be discussed.

Nanosecond laser pulses have been shown theoreticaly and experimentdly to
dign of molecules during the pulse duration. This is cdled adisbatic dignment*® The
laser fidd has to be turned on dowly compared to the rotational periods in order to
induce an adiabatic transport adong the addressed state. This process is often interpreted

as the Stark Shift to dign the molecules®® In order for dignment to occur, laser fidds
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must range between 10'°- 10 Wi/cn?.*° In diatomic molecules this corresponds to an

angular amplitude of the axis of about + 30 for the lowest molecular state®® An
eectrogatic fidd (DC) of 0.1 to 10 kV/cm is comparable to the pulsed field and can be
enough to convert dignment and orientation. The laser pulse duration, t, issuch that t 3
5h/2pB where B is the rotationd congtant of the molecule. This pulse duraion gives the
molecule an appearance of a datic fidd a that instant.*® If there is no interaction between
the laser fidd and a possble permanent dipole moment, the molecules are digned rather
than oriented*® Laser-induced aignment should be applicable to most molecules that
poses a polarizability anisotropy, dthough the magnitude of the polarizability may vary
greatly from molecule to molecule®® Friedrich and Herschbach recently suggested that
exploiting the anisotropic polarizability interaction of an intense nonresonant laser fied
with the induced dipole moment of molecules would produce pendular states™® This
interaction crestes a potentid minimum for the molecules dong the polarization axis of
the dectric fidd, forcing them to liberate over a limited angular range instead of rotating
fredly with random spaia orientations®® Thus the molecules digned in a particular
direction.

One mug keep in mind thet it is very important to have nonresonant laser light for
the dignment with respect to both the dectric and vibrational Sructure of the molecule,
as excitaion of any of these internd degrees of freedom can lead to dissociation or
ionization before dignment.*® Neutrd molecules can be digned by intense nonresonant
nanosecond laser pulses. The studies of ICI, CS;, CHsl, and CgHsl demondrate the
goplicability of laser dignment with YAG laser light. The maximum degree of dignment

was 26.6 (<cos’g> = 0.8), which is the same for 1,.%° Alignment dong the polarization
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direction for a molecule will give the strongest enhanced ionization. Intense laser

fields offer a rich variety of control processes dlowing one to manipulate the internd
degrees of freedom of a molecule® Circularly polarized light can lead to nearly optically
pure compounds that might function as chird catdysts and hence be the garting point for
the propagation of optica purity.>*

While trying to increase opticd purity with an intense laser, one may be able to
bresk chird asymmetries and symmetries using the same techniques. Intense laser fidds
of liner and circular polarizations were used in an atempt to bresk the asymmetric
gynthess of sodium bromate and to promote an enantiomeric excess in highly symmetric
sodium chlorate.  Sodium chlorate is an achird molecule that crygdlizes into the chird
P2;3 space group. The cryddlization of sodium chlorate produces a crysta count
enantiomeric excess centered around zero when the symmetry is not broken. The
enantiomeric excess for crydas is defined as the percentage excess of levorotatory or

dextrotatory crystals,

N, -
—4 1" 100% = ee (enantiomeric excess) (5.1)
N, + N,

where Ng and N; refer to the number of dextrotatory and levorotatory crystas,
respectively.  Like sodium chlorate, sodium bromate is an achird molecule that
cayddlizes in the chird cubic P2;3 space group. Despite the smilarities with sodium
chlorate, the undisturbed cryddlization of sodium bromate is highly asymmetric with a
larger number of dextrotatory crystds than levorotatory crystds being observed. The
goontaneous cryddlization of sodium bromate into predominantly (+) crysas is not

understood. These asymmetries and symmetries for sodium bromate and sodium chlorate
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ae dudied and exploited with the use of highly-intense laser light inducing ther

crydalizaion.
Experi

Sodium chlorate, NaClO3, and sodium bromate, NaBrOs;, were purchased from
Sgma-Aldrich and used directly out of the bottle  Supersaturated solutions were
prepared by dissolving sodium chlorate and sodium bromate in high-purity research
grade water (HPLC). Supersaturation was achieved by adding 100 g of sodium chlorate
into 100 mL of water and adding 40 g of sodium bromate into 100 mL of water. The
solutions had to be heated to about 60°C while being stirred on a hot plate to ensure
complete dissolution of the solid.  The solutions were removed from the hot plate, and the
dirrer bar was removed from the solutions. The solutions were then placed in a Fisher
Scientific FS30 sonicator for about two to three hours a a temperature of around 60°C.
After sonication, the solutions were dlowed to dowly cool back to room temperature.
The solutions remained untouched and unperturbed for two to three days. This waiting
process insured that the sodium bromate and sodium chlorate would not spontaneoudy
crydalize out of solution but remain a supersaturated solution.

After waiting two to three days and having no spontaneous cryddlization, the
samples were irradiated with pulsed laser light. The samples were irradiated with a
QuantaeRay DCR Nd:YAG laser with a fundamentd wavelength of 1064 nm. This
fundamental beam’s wavelength had a pulse width ranging from 8 nsec to 9 nsec. The
beam, exiting the laser, passed through a polarizer, a quarter-wave plate, and a 5 cm foca

length convex lens, respectively (Figure 15). The polarizer was used to ensure the linear
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polarization of the laser light before passng through the quarter-wave plate oriented at

a paticular angle to produce circularly polarized light. The circularly polarized light was
focused by a 5 cm focd length lens to increase the power density before entering into the
sample solution.  The 1064 nm beam at a repetition rate of 10 Hertz had an average laser
power of one watt, which results as 0.1 joules per pulse. The peak power of the beam
became ~ 1.24 x 10° GW/cnt after focusing. The samples were exposed to the laser light
for one minute. The focusng of the beam into the solution produced an emission of light
at the foca point accompanied by an audible snapping sound. The foca point of the laser
into the solution was less than a haf centimeter below the surface.

The laser light entered the vids or Petri dishes from the openings on top. The
Petri dishes were used only for sodium chlorate because the crystds grew large enough to
be counted by hand. The concentration was dropped to 85 g of sodium chlorate in 100
mL of water. The concentration was changed to avoid spontaneous cryddlization by
evaporation due to the large surface area exposed in the Petri dishes. The samples were
irradiated with linearly polarized and left and right crcularly polarized light. The laser
light passed through a given dish a five points within the one minute of irradiaion. The
Petri dishes were filled with 25 mL of sodium chlorate solution. Seed crysas formed
immediatdly after irradiation. The dishes were st asde to dlow the sodium chlorate to
cryddlize by evaporation. The crystds were dlowed to grow into larger crysas for one
day. Blank samples that had not been irradiated with 1064 nm light were dlowed to
ayddlize dso. When the crysas were removed from solution, the average crystd size
was two to three millimeters in length and width and about one millimeter thick. The

crystas were andyzed between polariod films with an incandescent light source. The top
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polarized film was rotated to determine if the crystd being inspected was rotating the

linearly polarized light in a pogtive, (+), dockwise direction or in a negdive (-),
counterclockwise direction. Due to the morphology of the crydds, this method of
andyss did not work for the sodium bromate crysds, thus, a new method was
employed. The counting method did not work for the sodium bromeate crystas because
they were too smdl and, most importantly, too tranducent to observe any credible
rotation whether clockwise or counterclockwise.

Since the sodium bromate crysds were difficult to andyze, the setup was
changed by diminating the Petri dishes and adding 4 dram vids with screw-on tops to
hold the sample solutions. The samples were 4ill to be irradiated with linearly polarized
and circularly polarized light for one minute. The light would be focused a one spot in
the solution for the entire minute of irradiation. The light would ill enter in from the
top, but immediady &fter irradiaion, the vid’'s cap would be screwed into place. This
technique would dlow the samples to crystdlize without being exposed to unnecessary
contaminates. The use of the cgpped viads proved to be superior to the use of the Petri
dishes. Both sodium bromate and sodium chlorate were prepared as mentioned earlier.
The samples containing 12 mL of solution were irradiated, and once again, crystas began
to form immediatdy after irradiation. The crysas were given one day to grow. Since the
vids have a smdl diameter of aout 2 cm, an extremdy large number of smdl crydds
were formed aong the bottom of the vids. There were too many crystas to be counted,
thus the crystds were havesed by removing the excess solution from the vids while
dlowing the crystds to dry out by eveporaion with the cap being removed from the vid.

The cap for the blank samples, not irradiated by the laser light, had to be removed in
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order to achieve cryddlization. Each vid of sodium chlorate and sodium bromate

crystas was placed in a mortar and pestle and ground into a coarse granular powder.
Then, the index of refraction of the powdered samples were matched to that of a mixture
of cabon disulfide, CS;, and carbon tetrachloride, CCl,, usng known indices of
refraction and by observation. Matching the indices of refractions for sodium chlorate
and sodium bromate suspensions was first used by Bartus and Vogl.>?> The indices of
refraction for carbon disulfide and carbon tetrachloride are 1.63 and 1.460, respectively.

The refractive index for the sodium chlorate is 1.513. The index of refraction maiching
suspension for the sodium chlorate powdered crystals required 450 ni of CS, mixture
with 1 mL of CCly. The index of refraction matching sugpenson was achieved in sodium
bromae by mixing 1 mL of CS; with 200 nL of CCl,. The suspensons index of
refraction maiched farly wel with the sodium bromate crystd, which has a refractive
index around 1.6. Once the index of refraction was matched, the samples were ready to
be analyzed in a Peakin-Elmer 241 polaimator. Both the sodium bromate and the
sodium chlorate suspensons had al opticd rotation measurements recorded a 589 nm in
a cdl with a one-centimeter pathlength. This method of andyss gives a enantiomeric
mass difference as opposed to the enantiomeric crystal count difference.

Results and Discussion

An intense nonresonant laser with linear polarization will dign a molecule in the
direction of the polarization as messured by <cos’g>, which depends on the J, M initid
conditions®® Thus, the dignment depends on the initid rotationd states, the difference
between the paald and perpendicular polarizability, the rotationd congtant of the

molecule, and the average laser intensity.>® Whether a molecule is oriented or digned, the
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extent of its pendular motion is reveded by the hybridization effects seen in the

spectra® The above information applies to a free molecule but may not apply to the
laser-induced adignment or orientation of moleculesin solution.

The laser fidd definitdy initisted crystd growth. However, the aspects of
dignment or orientation through strong laser fields seemed not to have a great effect on
the cryddlization of sodium chlorate because the production of the crystds resulted in a
crystal count enantiomeric excess close to zero.  Over 20,000 crystals were counted and
recorded as ether dextrotatory, d, or levorotatory, |, usng the polariod films and the
incandescent light source.  The individud crystd counts for each trid can be seen in the
Table A-3.  Even though an individud Petri dish for a given trid may have contained
more dextrotatory than levorotatory crysas or vice versa the find count ill had a
crystal count excess close to zero.

For the sodium chlorate samples irradiated with linearly polarized light, there
were 14 trids totd with 2761 crystds counted-producing 1203 (43.6%) levorotatory
crysas and 1558 (56.4%) dextrotatory crystals with a crysta count excess of 12.8
percent. Likewise for the samples irradiated with left circulaly polarized light, there
were 18 trids with 7764 crystas counted-producing 3971 (51.1%) levorotatory crystas
and 3793 (48.9%) dextrotatory crystals with an enantiomeric excess of —2.3 percent. In
the case for samples irradiated with right circularly polarized light, there were 16 trids
with 3912 crystds counted-producing 2005 (51.3%) levorotatory crystals and 1907
(48.7%) dextrotatory crystals with a crystal count excess of —2.5 percent. The irradiated
samples dl digplayed an enantiomeric excess close to zero and very smilar to the nort

irradiated samples. For the non-irradiated samples, the blanks, there were 16 trias total
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with 5619 crystals counted-producing 2804 (49.9%) levorotatory crystals and 2815

(50.1%) dextrotatory crystals with a crysta count excess of 0.2 percent. The symmetry
of sodium chlorate cryddlization was not broken due to the srong laser fied irradiation
in a Petri dish (Figures 16 and 17) usdng ether linearly polarized or circularly polarized
light.

As for the sodium bromate and sodium chlorate udng the index of refraction
method, the results were dightly different. Left circularly polarized light was not used in
this experiment due to the fact that there was not a noticegble difference achieved with
laser polarizetion in the previous examples.  For the sodium chlorate suspended in the
carbon disulfide and carbon tetrachloride and irradiated with linearly polarized light, the
average weight of the sample to be anadyzed was 0.54 g Twenty trids were andyzed
with 9 (45%) being levorotatory and 11 (55%) dextrotatory. As for the solutions
iradiated with right circularly polarized light, there were 20 trids having an average
weight of 0.53 g with 5 (25%) being levorotatory and 15 (75%) dextrotatory. The non-
irradiated samples had only 14 trids with an average weight of 041 g resulting in 6
(42.9%) levorotatory and 8 (57.1%) dextrotatory. The non-irradiated and the linearly
polarized light samples have amilar results but the right crcularly polarized light trids
show an excess of dextrotatory suspensons, which is unusud for the symmetric sodium
chlorate (Figure 18). The mixture of carbon disulfide and carbon tetrachloride was
andyzed in the polaimator without any sodium chlorate suspended to give an optica
rotation of zero; thus, the mixture had no part in the optica rotation.

For the sodium bromate irradiated with linearly polarized light and suspended in

the carbon disulfide and carbon disulfide for andlys's, the average weight of the sampleto
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be andyzed was 0.469 g (Figure 19). Forty-one trids were andyzed with 21 (51.29%)

being levorotatory and 20 (48.8%) dextrotatory. As for the solution irradiated with right
circularly polarized light, there were 40 trids having an average weight of 0.51 g with 25
(62.5%) being levorotatory and 15 (37.5%) dextrotatory. The non-irradiated samples had
37 trids with an average weight of 0.79 g and resulted in 27 (73%) being levorotatory
and 10 (27%) dextrotatory. The non-irradiated and the right circularly polarized light
samples have amilar results with an excess of levorotatory suspensions, but the linearly
polarized light tridds show an dmost even number of levorotatory and dextrotatory
sugpensons, which is unusud for the asymmetric sodium bromate (Figure 19). The
mixture of carbon disulfide and carbon tetrachloride was andyzed in the polarimator
without any sodium bromate suspended to give an opticd rotation of zero; thus, the
mixture had no part opticd rotation. The asymmetry to the sodium bromate was broken
with linearly polarized light, and the symmetry for the sodium chlorate was broken with
right circularly polarized light. Therefore, one can conclude that the polarization of the
light ssemsto have little effect on the crystalization mechanisms.

Other diminating processes were used to rule out any possible theories as to what
was happening. The fird thought was that sound waves might cause the molecules to
bresk symmetry due to the fact that the longitudind compresson sound waves would
push the molecules closer together for crysdlization. A smdl med boat was
condructed to float on top of the agueous solution of sodium bromate while being
irradiated with the 1064 nm laser light. The laser interacting with the meta boat
produced sound waves that propageated through the solution. With the assstance of Andy

Fischer, 20 trids were examined under the same conditions as before, except for the
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for tharr andysis.
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metal boat, resulting in 100 percent of 20 solutions being levarotatory. Thus, this sound

experiment offered evidence that the laser light was inducing the nudleation of the (+)
cysa and sound waves. Another attempt was to turn up the laser power. The laser
power was adjusted to an average power of 2.4 W, which more than doubled the previous
power. This observaion took place usng the linearly polarized light that broke the
asymmetry of sodium bromate. A solution of sodium bromate was irradiated again under
the same conditions except for a higher laser power and no metd boat. The result was
not the same as before but close to the results of the boat experiment. Mainly, the
levorotatory crysta suspensions were produced. Out of the 20 suspensions, 18 (90 %)
were levorotatory and 2 (10%) were dextrotatory. The laser power was decreased back to
the norma operation power of one watt, and then put in sngle shot mode. The same
conditions as above was applied. The sodium bromate solution was irradiated with a
gngle shot of linearly polarized or right crculaly polarized light. When usng both
linearly polarized or rignt circulaly polarized light, the results were about the same.
Levorotatory sodium bromate crystas dominated in both cases  For the solutions
irradiated with a dngle shot of linearly polarized light, 18 trids were conducted with 17
(94.4 %) being levoratotory and 1 (5.6%) dextrotatory. As for the samples irradiated
with right crcularly polarized light, 14 trids were conducted with 10 (71.4%) beng
levorotatory and 4 (28.6%) dextrotatory. These extra observations of sound, high power,
and single shot did not bresk the asymmetry of the sodium bromate. These experiments
produced grosdy larger numbers of levorotatory than dextrotatory sodium bromate
(Figure 20). Although this is not understood, these results are inconsgtent with the

previous studies in Compton’s and Pagni's laboratories, but this inconsistency may arise
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light were used for the sngle shot experiment while only linearly polarized light was
used for the high power experiment (labd M.S. meaning multi-shot). The crysas
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tetrachloride.

| I-()
W d-(+)

=

Percentage (%)
2

RCPL LPL LPL{M.5.)
Experimental Setup



62
from the fact that earlier sudies of sodium bromate crystds involved crydalization by

evaporation in Petri dishes, which were subject to dust and other debris. As for thjs
chapter, the crystds were grown in sedled vids to avoid any unwanted debris and dust.
This dight difference in experimentd methods may be the cause for the drange
inconsstency.

The symmetry bresking of sodium chlorate through the use of right crcularly
polarized light and the asymmetric bresking of sodium bromate cannot be explained a
the moment, but may be due to secondary nuclegtion. The energy from the laser light is
turned into heat and sound energy once indde the solution. The heat that is disspated
cregtes locdized warm pots in the water producing convection currents.  The nanoscae
sodium chlorate and sodium bromate crystas began to swirl around and collide with one
another making other seed aydds.  The right circularly polarized laser light may have
helped by orienting the molecules in a preferentiad arrangement for the sodium chlorate
solutions while the linearly polarized light may have aranged the sodium bromate to a
favorable dignment. Primary nucleation, which produces crystas independent of one
another, has its nuclegtion rate dowed by the locdized heating of the solution. Now, the
opportunity for more crystals of one handedness is possble. As for the sodium chlorate
in the Petri dishes the laser light never remained in an area long enough during the one
minute of irradiation to cause a dgnificant temperature change in the locdized region.
Therefore, secondary nucleation was not dominant because the temperature change due to
heating is not adequate enough to sustain a good nuclegtion rate; therefore, the primary
nuclegtion rate is dominant, resulting in a crysta count excess close to zero with about an

even number of dextrotatory and levorotatory crystals being produced. The intense laser
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light had enough energy to heat water, but the increase in temperature does not effect

the temperature of the solution for the firgd minute or so. A few seconds after the first
minute, the temperature began to rise congderablely (see Figure A-4). One can make a
crude egtimate for the change in water temperature during irradiation by taking note that
the laser’s average power was one watt and lasted for a minute. Using equation 4.3, the
specific heat and the dendity of water from Chapter 1V, the temperature increase for a 12
mL solution is about 1.195 'C. This case holds if dl the energy goes into hedting the
solution.
Concluson

In summary, the use of intense polarized lasr light induced cryddlizaion in
supersaturated solutions of sodium bromate and sodium chlorate.  The crysds formed
within seconds of irradiation. The laser irradiaed sodium chlorate crystds grown from
the Petri dishes displayed an enantiomeric excess close to zero. As for the irradiated
sodium bromate and sodium chlorate in the vids, the laser-induced crysdlization broke
the asymmetric and symmetric synthesis, respectivdy, for the cyddlization of each
molecule.  The symmetric synthess was dightly broken by the use of right circularly
polarized light for the sodium chlorae while the linearly polarized light broke the
asymmetric synthess of sodium bromate. The exact mechanisms for laser induced
crydalization for the two compounds are not known, but may be explaned through
primary and secondary nuclegtion. The primary nuclegtion rate was the dominant factor
for the sodium chlorate crystds grown in the Petri dishes. Secondary nuclestion theory

helps explan wha is taking place with laser irradiated sodium chlorate and sodium
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bromate grown in a vid. | would like to acknowledge Andy Fischer for lending a hand

in the presented projects.
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CHAPTER VI

LASER-INDUCED CRY STALLIZATION OF GLY CINE
Introduction

Glycine is an achird amino acid. It happens to be the smplet and the only
achird molecules of the 20 naturdl amino acids. Its chemicad formaula is GHsNO2 with
a molecular weight of 7507 amu (Figure A-1). When glycine is cydadlized from
aqueous solution, three different crystdline polymorphs, a; b; and g, may be obtained. Of
the three polymorphs, only g-glycine forms chird hdicd chains that are the focus for this
chapter.  In this chapter experiments were peformed by way of laser-induced
cryddlization trying to encourage the sdectivity of the chird g-polymorph over the two
achira polymorphs.

Glycine is the most commonly used excipient of freeze dried injectable
formulations® Though it is the smplest of dl amino acids, glycine crysalizes in three
polymorphs. These polymorphs are. g-glycine, which is in the hexagonal space group
P31 or P32, a-glycine which is in the monodinic space group C2h5, and b-glycne which
is in the space group of C2h2-P21/m or C22-P21.%%°8 The g-glycine is the most stable at
room temperature, but a-glycine cyddlizes from an agueous nonacidic or akdine
solution.  Beta glycine, which is the least dable, transforms into a- or g glydne when in
water, and g-glycine, which is themodynamicdly more dable than a-glycne is
converted irreversibly to a-glycine upon hesting above 165 C. Since g-glycine is the most
dable a room temperature, this effect indicates that the spontaneous nucleation of

glycineis kineticaly rather than thermodynamically controlled.>®
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Glycine can take on three forms while in solution during crystdlization. The

three main forms are: for an agueous neutra glycine zwitterions, "HsNCH,COy"; for low
pH or protonated carbonyl group, "HasNCH,CO,H; or for high pH or deprotonation of the
amino group, HbNCH,CO,".®° Glycine has two pKs with values of 2.35 and 9.78; thus at
pH of 3, glycine is predominately a zwitterion as expected. It has been shown that a
solution of neutrd glycine with no additives undergoes a rapid secondary crystdlization
during freezing, forming the b-polymorph.%® The rates of formation for the secondary
crystds are influenced by the pH rdaive to the pKy's of glycine®® An increased change
in the ionic drength in glycine caused by the pH adjusment dgnificantly dows the
cysdlization of the neutra glycine and promotes formation of the g-polymorph.®:
Neutrd glycine adjusted to pH 3 and pH 10 crydalized much more dowly than a
solution with no pH adjustment a pH 6.5. At pH 3, neutra glycine freeze dried produced
predominantly g-glycine while a pH 10 it produced a mixture of sodium glycinae and b-
gycne® Low raes of crystdlization tend to favor the g-polymorph while rapid
cyddlization favored the b-polymorph.  Neutra glycine crysdlizes rapidly wheress
glycine hydrochloride crystallizes dowly.®*

Aduging the pH of glycine between 1.7 and 10.0 with HCl or NaOH caused
glycine solutions to cryddlize into two polymorphs during soray drying. The a- and the
g-polymorph of neutrd glycine, *HsNCH,CO,’, were produced aong with three sdts®
At a pH of 6.2, a-gycne would normdly cryddlize from agueous solutions but
changing the pH to 4.0 or 80 caused gglycine to be the preferred polymorph.®°

Cryddlization of g-glycine by pH adjustments provides a way to improve the physca
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dability of glydne-contaning formulations. Spray drying glycine solutions between a

pH of 9.0 and 10.0 gave predominately g-glycine and an additiond crystdline product,
possbly sodium glycinae®  For pH's above or below 6.2, the g-glycine polymorph
became the main cryddline component. The pH adjustments prohibited the growth of a-
glycine while promating the growth of g-glycine.

Recently Garetz et d.%° irradiaed glycine with linearly polarized and circularly
polarized light. The linearly polarized light produced 22 nuclested g-glycines out of 46
trids while the crculaly polarized light produced 8 nuclested a-glycines out of 18
trids® The laser induced crysdlization has led Garetz e d.°° to stae that linear
polarization tends to dign the most polarizeble axis dong Z while circular polarization
tends to dign the least polarizeble axis dong Z.°° If true, the morphology of
crystdlization can be controlled by laser polarization.

On the other hand, the crysdlization may be laser induced, but the aspect of
digning the molecules with the polarizetion of laser ligt may not be the mgor
contributor to the production of gamma crystals.  The changing of the solution's pH by
use of polarized laser light may be the man contributor that results in the solution
ayddlizing into g-glycine  In order to examine this question, The laser-induced
cryddlization and pH change were investigated during following experiments.

Experi

Glycine was purchased from Sigma-Aldrich and was used directly from the bottle

without any modifications. Glycine was dissolved into highly purified water (HPLC) to

make supersaturated solutions. The concentration of the glycine in the water was about
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3.7 to 39 M. The glycine was heated to about 60'C and sonicated for severa hours

until dl the sample was completely dissolved into solution. The solution was dlowed to
dowly cool back to room temperature. The solution was placed on a shelf for two to three
days where it remaned unperturbed, dthough it was checked for spontaneous
cryddlization. After no signs of spontaneous crydtdlization, the solution was ready to be
placed into 4 drams vids with cgps dmilar to those used in the laser-induced
cryddlization of sodium bromae and sodium chlorate. Each vid contained 10 to 12 mL
of glycne solution. The same setup used for laser-induced cryddlization of sodium
bromate and sodium chlorate was used in these glycine experiments (see Figure 15). A
Quanta Ray DCR Nd:YAG laser was agan employed usng a doughnut-shaped laser

beam with a spatid intengty of

| = Ioexp(- (r - ro)2 /doz) (6.1)
where I, is the distance from the beam axis to the pesk intensty and @ is the haf-width
for electron drop intensity of the doughnut-shaped beam.®? The laser power used was
0.08 Joules per pulse or an average power of 800 mW, and the average peak power
density of 1064 nm light was about 1 x 10° GW/cn?. The samples were irradiated for one
minute with linearly polaized and dirculaly polarized laser light from the top®® The
solution was quickly capped off and placed on a shef to dlow time for the crysas to
grow. The crysals were given a day to grow to a comparable size. The crystas were
harvested by the removad of the cap and excess solution from the vids, permitting the
crystals to dry by evaporation. Once the crystals were dried, they were anayzed by G 13

solid state NMR performed on a 400 MHz Solid-State NMR Varian Spectrometer. The
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crysas were aso andyzed by powder x-ray diffraction performed on a Philips X’ Pert

Difffractometer.  The andyss of the crysds by the methods chosen reveded the
polymorphic structure of the glycine.

A few experiments were run where the 5 cm foca length lens was removed and a
3 mm aperture was &t in place (Figure 21). With the sample concentration ill about 3.7
to 3.9 M, the sample solution size was reduced to about 2 mL in a 1 dram vid made of
Pyrex glass with a diameter of 1.3 cm. The laser was redirected to go through the side of
the vid with the cgp in place a dl times The cylindrical curvaiure of the vid added to
the amplification of the laser beam as it passed through the glass into the solution. The
average laser power was changed to 0.700 W, which gives a pesk power dengity of
dighly < 1 GWi/cn?. This setup comes close to reproducing the experimental setup and
conditions of Garetz et d.®

A few experiments were dso performed using the same floating boat used in the
laser-induced cryddlization of sodium bromate and sodium chlorate.  The boat was
placed on top of the solution and irradiated with 1064 nm laser light. The interaction of
the laser with the metal boat produces sound waves that propagated throughout the
solution causing crystds to nucleste.  The conditions remained the same as those trids
taken before the solution reduction and the use of unfocused laser light.  Another set of
expaiments involved irradiating with a different wavelength of laser light, such as a
pulsed 532 nm beam from the Quanta Ray and a continuous wave 514.5 nm beam from
an argon-ion laser. In later experiments, the power of the pulsed 1064 nm laser light was
increased to 1.5 W for an experimental set. To check the effects of laser-induced pH of

the glycine solution during irradiation, a Fisher Scientific Accumet Basc pH meter was
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Figure 21. The experimenta setup for the laser-induced crysdlization of glycine
using unfocused laser light.
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used to measure the pH of pure water and a solution of glycine with a concentration

aound 3.7 to 39 M. Severd agueous solutions with a pH of 4 of glycine and
hydrochloric acid were dlowed to cryddlize to help in the pH expeiments  All
supplementary  experiments were andyzed by ether solid sate NMR or powder x-ray
diffraction. Since the NMR and x-ray diffraction gave the polymorphs of glycine, the
s0lid sate NMR became the most used tool for the analyss due to the higher cost of
operating the powder x-ray diffractometer. For al the experiments, non-irradiated glycine
solutions were dlowed to crysalize as the control for the experiments.

Results and Discussion

Thirty minutes after exposure, smdl crystds began to form adong the bottom of
the vids Andyds of the crysas with solid ssate NMR and powder x-ray diffraction
reveded traces of the a- glycine polymorph in samples containing modly the g glydne
polymorph, but there were a few samples of g-glycine that contained no trace of a-
gycine. In samples containing the a-glycine, no g-glycine was detected. Therefore, if g
glycine were present in a spectrum, the spectrum was classfied as ¢ glycine as long as
the g-polymorph was more abundant by pesk area than the a-polymorph, and a sample
was classfied asa - glydneif the g-polymorph was not present at al (Figure 22).

For the G13 NMR andyss, the chemicd shifts for the carboxyl carbon atoms of
a- and g-glycine were found to be at 176.50 ppm and 174.60 ppm, respectively (Figure
23).%* These chemicd shifts were used to determine the polymorphic structure as apha or

gamma. Asfor the powder x-ray diffraction (Figure 24), the determination of a- and g-
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Figure 22. The solid state NMR spectra of glycine taken directly from the bottle
purchased from Sigma Aldrich. All three polymorphs are present and can be seen in

the region around 174 t0180 ppm (a-176.5 ppm, g- 174.6 ppm, and b- 178.0 ppm).
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Figure 23. The solid state NMR spectra for a-glycine (top) and g-glycine (bottom).

The a-polymorph is present in g-glycine.
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Figure 24. The powder x-ray diffraction spectra for a-glycine (top) and g-glycine
(bottom). The a -polymorphsis clearly seen in the g-glycine spectrum.
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glycine was farly smple  The a-glycine has an intense pesk a an angle of 30" while the
gglycine has its intense pesk a an angle of 25°°; so0 to determine the polymorphic
dructure, one would look a the entire spectra while paying close attention to the
gpecified angles. The highly unstable b -polymorph did not gppear in any glycine spectra.

With the ability to determine the polymorphs, the data could be anayzed
efficiently and effectivdy. Crysd nuclestion was not guaranteed even after laser
irradiation; thus, many trids were run to get a reasonable amount of nucleeted crysas for
the analyss process. For the samples irradiated with 1064 nm linearly polarized light a
800 mW, 10 samples nuclested out of 41 irradiated samples, with dl 10 being the a-
polymorph. When irradiated with 800 mW of right circularly polarized light, 6 samples
nucleated out of 17 with 5 being of the a-polymorph and 1 of the g-polymorph. The
pulsed laser’'s waveength was changed to the second harmonic light of 532 nm and more
samples were irradiated. When the glycine solutions were irradiated with 800 mwW of
532 nm linearly polarized light, 3 samples nucleated out of 6 irradiated samples with dl 3
being of the a-polymorph. A few more samples were irradiated with 800 mw of 532 nm
right circularly polarized light. For the 6 samples irradiated with 532 nm right drcularly
polarized light, 4 samples nucleasted with al 4 samples being the a-polymorph. After 23
nuclegtions, only one g glycine crystad was produced after 70 samples were irradiated
with ether 1064 nm or 532 nm linearly polarized or right circulaly polarized light. As
for the controlled samples, dl 20 non-irradiated aqueous glycine samples produced the a-

polymorph as expected.
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When the metd boat was placed into the glycine solution, the laser’s

polarization did not need to be carefully recorded, but the average laser power was
increased to 1.5 W with 1064 nm light. Four samples were subjected to the sound waves
for one minute with dl 4 nudedting into the a-polymorph, which is the same morphology
as the control samples. The average lasr power remained a 1.5 W for the next
experimental set.  Severd glycine solutions were irradiated with the highly intense 1064
nm linearly polarized and right or left circularly polarized light. There were 21 samples
irradiated with linearly polarized light. All 21 samples nucleated into the a-polymorph.
When usng 1064 nm right circularly polarized light, 6 totd samples were irradiated and
dl nuclested with 2 being the a-polymorph and 4 being the g-polymorph. When
iradiaing with intense left crculaly polarized light, al 6 irradiated samples nucleated
with 2 being the a-polymorph and 4 being the gpolymorph. The increased intensty of
the laser light may have contributed in the production of more g- glycine.

A continuous wave argor-ion laser with an average power of 1.8 W a 514.5 nm
was employed for an experimentd st of data Two samples were irradiated with linearly
polarized light. These two samples nuclested into the a-polymorph. Also, 23 samples of
gycine solution were irradiated with right circularly polarized light. Out of 23 samples,
only 10 samples nuclested with dl 10 being of the a-polymorph. The g-polymorphs
were not produced in this set of experiments, and this result may be due to the fact that
continuous wave lasers do not have a peak power as large as a pulsed laser. For the

controlled samples, al 10 non-irradiated samples nuclegted into a - polymorph (Table 1).



Table 1. Accounts for the laser induced crystdlization on glycine.

77

Glycine Crystallization Parameters Polymorphs

Sample | Waveength Light Average| Total Number alg

Sze (nm) Polarization | Power | Number Not

(mL) W) of Crystallized

Trials

Regular

Power

10- 12 1064 LPL 0.80 41 31 10| 0
10- 12 1064 RCPL 0.80 17 11 910
10-12 532 LPL 0.80 6 3 310
10-12 532 RCPL 0.80 6 2 410
10- 12 N/A N/A N/A 20 0 20(0

High

Power

10- 12 1064 LPL 1.5 21 0 21|10
10- 12 1064 RCPL 15 6 0 2 |4
10- 12 1064 LCPL 15 6 0 24
Sound |

10-12 | 1064 N/A 1.5 4 0 | 4]0

Continuous

Wave

L aser

10- 12 514.5 LPL 18 2 0 210
10- 12 514.5 RCPL 1.8 23 13 10| 0
Blanks |

10- 12 N/A N/A N/A 20 0 20| 0
10- 12 N/A N/A N/A 10 0 10| 0




Table 1. Continued.
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Glycine Crystallization Parameters | Polymorphs
Sample | Waveength Light Average| Total Number alg
Sze (nm) Polarization | Power | Number Not
(mL) W) of Crystallized
Trials
pH =4
Irradiated
10-12 | 1064 LPL | 0700 | 10 | 1 RIE
pH =4
Not
Irradiated
10-12 | N/A N/A N/A 14 | 0 | 4] 10
Unfocused
Laser
Light
2 1064 LPL 0.700 10 1 41 5
2 1064 RCPL 0.700 10 1 5| 4
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Since the polarization didn't seem to control the formation of g glycine,

hydrochloric acid was dissolved in severa glycine solutions to produce a sample with a
pH of 4. There were 14 of these solutions made and left to nucleate on their own. All 14
samples nucleated with 4 being the a-polymorph and 10 being the g-polymorph. These
samples represented the controlled experiments.  Next, 10 solutions having a pH of 4
were irradiated with 700 mW of 1064 nm linearly polarized light from the pulsed laser
(QuantaRay DCR). Theirradiaion had 9 samples to nucleate with dl 9 being of the g-
polymorph. The production of more g glycine was expected because the pH change
gmilar to the experiments of freeze and soray drying lised in the introduction. Having
the results of glycine with a pH of 4 a hand, the glycine was irradiated again, except this
time usng an average lasr power of 700 mW. The 5 cm foca length lens was removed,
and the sample sze was decreased to 2 mL. The samples were irradiated with 1064 nm
linearly polarized and right circularly polarized light through the dde of the vid. When
10 samples were irradiated with linearly polarized light, 9 nucdlested with 4 of the a-
polymorph and 5 of the g-polymorph. Similar results occurred for the samples irradiated
with right circularly polarized light. Ten samples were irradiated; 9 samples nucleated
with 5 being the a-polymorph and 4 being the g-polymorph. With the reduction of
sample sze and use of an unfocused laser beam, more g-glycine was produced (see Table
1).

Looking closer a the reaults, it does not seem to matter what the polarization of
laser happened to be because both linearly and circularly polarized light produced the g

polymorph a times. The gpolymorph occurred more when the sample szes were
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dropped to 2 mL and when the laser power was increased for the 10 to 12 mL

solutions.  These results resemble the results for the glycine and hydrochloric acid
solutions with pH of 4. Since the results are Smilar and the laser’s polarization does not
seem to matter, the mgor contributing factor to the production of g glycine has to be the
laser-induced change in pH for an irradiated sample.

From the examples of freeze drying and spray drying in the introduction, g
glycine forms more readily in an acidic or dkdine solution. When the pH was changed
to 4 by the use hydrochloric acid, as expected, more g glycine formed because the
solution became acidic. As for the 2 mL solutions irradiated with unfocused 1064 nm
laser light and the 10 to 12 mL solutions irradiated with intense 1064 nm laser light, the
laser power induced a pH change in the localized area of the beam path. The laser's
average power and power dendty had to be higher for the larger solution in order to see
the effect while the laser’s power could be lower for a smdler solution to see the same
effect. The pH of a glycine solution being irradiated with 1064 nm linearly polarized
light was monitored using a smple pH meter sandardized with a pH 4 buffer. The
ovedl pH of the glycine solution began to decrease upon irradiation.  Various sample
szes were used and dl displayed a decrease in pH. The greatest decrease in pH over
time came from a 5 mL solution of glycine, which decreased from a pH of 4.86 to 4.72 in
about 10 minutes (Figure A-8). If the laser is dlowed to run for a long period of time, the
water temperature begins to increase (Figure A-6), but the rise is negligible during the
minute irradiation time.

Since one can see that the pH changes upon irradiation, an idea can be formulated

about the effect of the locdlized pH. The localized pH around the beam should be of a
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lower pH than the res of the solution. In this region the glycine begins to nucleate

forming tiny crysds that fdl out of solution. If the pH conditions are acidic enough, the
nudedtion of glycine will result in the ayddlization of g glycine. This effect of pH can
be seen in the freeze drying and spray drying experiments mentioned in the introduction.
For the irradiation by 1064 nm laser light, the larger 10 to 12 mL solution’s volume was
too great to have an effective pH change through the solution; thus, the a-polymorph was
formed frequently because most of the solution remained a a pH that promoted the
nuclestion a- glycne The laser power had to be increased in order get an overdl pH
change that could promote the g polymorph. When the sample szes were decreased to 2
mL, the change in pH was greater throughout the solution, resulting in the g polymorph
being produced more frequently - smilar to the glycine solutions with pH 4. An item
worth noting is that the smdler the solution increases the chances of the g- polymorph
nucleation.

The laser-induced nudedtion and formation of the a- and g polymorphs were
investigated further. The growth of a-glycine results from an assembly of cydic dimers™
that cryddlize into sheets of glycine hydrogen bonded molecules arranged perpendicular
to the b axis by forming bilayer stacks attracted to one another through van der Wads
forces.®® Hdicd chains are the building blocks of g glydne®® Gamma glycine is not
bilayered but contains non-centrosymmetric hydrogen bonded helices. The destablization
of the cydic dimer inhibits the formation of a-glycine but promotes the g-glycne. Since
the cydic dimers form by linking heed-to-tall of two zwitterions, charged molecules are

expected to inhibit the dimer formation because of respulsion of like charges® Therefore,
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the g polymorph is promoted more than the a- polymorph in an acidic solution

because the solution contans more charged molecules that inhibits the formation of
dimeric building blocks of a- glycine. Zwitterions are till present in the solution.

This idea behind the formation of the a- and g-polymorph differs from the
postulation of laser-induced crystdlization that says the electric fidds of 6 x 10”7 V/em
induce a partid adignment of molecules in solution similar to the Ker Effect®® Thus the
dipole moment, m of glycine is 47 x 10°3° Cxn, which is eght times that d water®, and
the helicd dimers have a polaizability anisotropy of 32 x 10°°n? while the cydic
dimers have a polarizability anisotropy of 2.3 x 10 n.%® Therefore, when placed in an
aoplied polarized dectric fidd the hdicd chains dign more effectivdy.®® The laser's
polarization may have a smal effect, but overdl, the change in the pH of the solutions is
the driving force behind the polymorphic sdective nuclestion.

This work is not the firs observation for laser-induced pH changes. Chen and
McCann®? took note of this effect in 1988. In their experiment, agueous solutions of
CCls were irradiated by a Nd:YAG laser beam for five minutes a a wavelength of 266
nm. Over tha time interval the pH of the solution changed from 5.76 to 3.62 due to
laser-induced dissociation.®> They went on to remark that the one photon absorption can
be neglected if the laser photon does not possess enough energy to promote a trangtion
from the ground State to the first excited state® and that the two photon excitation
processes are efficient in the condensed phase because of the density of the materid.®?
The typical cross-section for a two-photon process is around ~ 10°° cmi/molecule® %6 A
two-photon induced process is quite high in liquids®® A smple rate equation for one and

two photon absorptionsis
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d =-(a+bl)=-N(s, +s,I)I, (6.2)

d
where | is the laser power, N is the number densty of solute molecules, a and b are
absorption coefficients, and s1 and s, are the absorption cross-section.®? Since agueous
glycine was irradiated, the densty of water provided a suitable condensed phase that
could facilitate a two- photon process.

Concluson

In concluson, lasar-induced cryddlization occurred during the irradigtion of
upersaturated solutions of glycine. Microscopic Sze crysals could be seen on the
bottom of the vias about 30 minutes after nuclegtion. After andyzing the crystds by
solid state NMR and powder x-ray diffraction, it could be seen that the g- polymorph
formed more readily in smdler solutions irradiated with unfocused laser light and in
larger solutions irradiated with intensaly focused laser light. The polarization of the laser
light did not seem to determine the polymorphs of glycine because both the a- and g
polymorphs were the results of linearly and circulaly polarized light. These results
contrast the results of Garetz e ad. who noted tha linearly polarized light produced g
gycine and circularly polarized light produced a-glycine. Since the polarization did not
seem to play a mgor role, the pH of the sample solutions was observed closdy during
irradiation. The solutions became more acidic during the minute irradiation process,
which promoted the nuclegtion of g-glycine. The results that produced g-glcyine the most
effectively resemble the reaults for the glycine and hydrochloric acid solutions with pH 4.
Now, the formation and nucleation of the glycine polymorphs is said to be pH dependent

when it comes to being irradiated with intense laser light rather than being aigned by a
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gdrong eectric fidd; therefore, the laser light is inducing a pH change in the glycine

solution. A laser-induced pH change offers a clean method of crydtdlization because no

products have to be added to the solution.



85
CHAPTER VII

THE SEARCH FOR THE PARITY VIOLATING ENERGY DIFFERENCE
IN ALANINE AND VALINE CRYSTALS

This chepter is a moderate revison of a pagper by a amilar name published in the
Journal of Physical Chemistry A in 2003 by Rodney Sullivan, Marek Pyda, J. Pak,
Bernard Wunderlich, James R. Thompson, Richard Pagni, Hongjun Pan, Craig Barnes,
Peter Schwerdtfeger, and Robert Compton:

Sullivan, R.; Pyda M.; Pak J; Wunderlich, B.; Thompson, JR.; Pagni, R.; Pan, H,;
Barnes, C.; Schwerdtfeger, P.; Compton, R., “Search for Electroweak Interactions in
Amino Acid Crygds Il. The Sdam Hypothess” Journal of Physical Chemistry A, 107,
34, 6674-6680, 2003.

This paper has contributions from many authors. My primary contributions to
this paper include meking dl the tes samples of danine and vaine, participaing in the
data acquigtion for dl the experimentd techniques except for the magnetic susceptibility
and differentid scanning caorimetry dudies, andyzing the data acquired from the
experimental  techniques, gathering and organizing the expeimentd materids, and
writing most of the paper. The theoreticd cdculations were performed by Peter
Schwerdtfeger. The paper was modified for this chapter by the omisson of a few
unnessecary figures in the text, the addition of sections on optica rotatary disperson and
circular dichroism, and the doctoring of sentence structure.

Introduction

The parity-vidlating (P-odd) wesk interaction is the only known chird force in
nondecaying aoms and molecules. The standard model of low energy nuclear physics
describes this wesk interaction as the virtud exchange of Z° bosons between elementary
particles. Following the prediction and observation of parity non-conserveion in the late
1950's, P-odd effects were observed in the optical activity for aoms™® and in the
occurence of wesk transitions between aomic hyperfine states of the same parity’™.
Although expected, smilar effects have not been detected in molecules. Interest in Rodd
effects in molecules has focused upon the measurement of the so-cdled parity violating

energy difference (PVED) predicted to exis between R and S enantiomers of a chird
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molecule The PVED cdculaed for smdl molecules such as amino acids is

exceedingly small [ see recent studies]’® and has not yet been detected. A small (~ 10%°
eV) energy difference between enantiomorphic crystads of a chird iron complex was
recently reported usng Mosshauer spectroscopy; however, the posshbility of drain within
the crysta predudes an unqualified dam of the measurement of PVED.”® Ealy PVED
cdculations for the amino acids™ "’ predicted that the L- enantiomer lies lower in energy
than the D-enantiomer; however, this energy difference is generdly believed to be too
sndl to account for the exclusve occurrence of L-amino acids in biomolecules
Clearly, there is no <olid evidence thaa PVED can account for biomolecular
homochirdity through the Yamagata hypothesis’®> The Yamagaia hypothesis states that
enantiomers change from handedness to the other over along period of time.

In 1991, Sdam introduced a dartling new hypothess tha was proffered to
account for biomolecular chirdity, which does not rely upon the long times involved in
the Yamagata hypothesis’® ™  Sdlam proposed that the subtle energy difference, PVED,
together with a type of Bose condensation phenomenon, may alow for a second order
phase trangtion below a critical temperaiure T. dlowing the “less’ gtable D-enantiomer
to tunne into the more dable L-enantiomer. The criticd temperature T, for this
trangdtion was identified with that for the BCS theory of superconductivity. Wang et al.
have recently reported extensve experimentd sudies of L- and D-danine and -vdine
crystals, which were designed to test the Sdam hypothesis®® These authors report three
experimentd results which were presented as evidence for the Sdam hypothess (1)
gpecific heat measurements for both crystals show a second order phase trangtion a ~

270 £ 1 K that are different in magnitude for the two enantiomorphs of each amino acid;
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(2) differences in the mass susceptibilities for the two enantiomorphs were detected

using a SQUID magnetometer in the same temperature region; and (3) Raman spectra of
the C? -H deformation modes disappear for the D-danine a ~ 270 K but reappear again
a ~ 100 K; the same vibrationd mode for L-danine does not vanish over this
temperature range.  In this contribution, we re-examine these measurements and, in
addition, study the temperature dependence of x-ray diffraction and C-13 solid date
NMR for danine. We conclude with some critical comments on the Sdam hypothes's.
Preparation

Both enantiomers of danine, C3H/NO,, and vdine, CsH11NO,, were purchased
from Sigma Aldrich Chemicd Company (see Figure A-1). The opticad purities of the
samples were quoted to be 99 percent and at least 98 percent for the - and D-forms,
respectively. D- and L- danine and -vdine crysas were grown in agueous solutions
usng HPLC water in Petri dishes a room temperature, 298 K. The cryddlizaion
process took about a week because plastic Saran wrapped lids with 80 0.5 mm holes were
placed in the Pelri dishes to control the evaporation of the water. These lids dso
prevented larger biologica debris and other particles from fdling into the solution during
cysd growth. The crydds were recrydalized twice to diminate further impurities. As
discussed later, measurements were performed after each stage of recrystdlization. The
danine crysds were shaped like rectangular paralelepipeds. The average danine crystd
had the dimensions of 5 mm x 4 mm x 2 mm. Crygds of both D- and L-danine were
grown using these methods. The D- and L-vdine crysds were difficult to grow. The L-
vdine crysdds were more difficult to grow then the D-vdine crysds because ther

aqueous solution was more prone to bacteria growth over long periods of time. The
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growing of vdine crystds from an agueous solution was unsuccessful. Thus the data

for D- and L-vaine crystas were obtained directly from the materia purchased from the
SgmaAldrich Chemicad Company.

Opticd Rotatory Disperson and Circular Dichroism

A Perkin-Elmer 241 Polarimeter was used to obtain the optical rotatory dispersion
of D- and L-vdine and -danine. The polaimeter can be operated a five waveengths:
589 nm, 578 nm, 546 nm, 436 nm, and 365 nm. The concentration for the danine
enantiomers was 0.088 g/ml and 0.015 g/ml for the vdine. The D and L-forms of both
danine and vdine displayed equd and oppodte rotations a the five wavdengths
controlled by the polarimeter. The optica rotary dispersons were measured at 298 K
(Figure 25).

The CDs of D- and L-danine and —vdine in agueous solutions were taken on an
Aviv Modd 202 Series Circular Dichroism Spectrometer. The CD of the agueous
solutions of the enantiomers of danine and vaine were obtained in a one-centimeter
pathlength cuvette. As expected, both enantiomers of vaine and danine displayed equa
magnitude but opposite sign CD spectra (see Figures 26, 27, and 28). Each CD spectrum
showed a peak maximum for both the vaine and danine that occurred around 215 nm for
danine and 203 nm for vdine  The CD band around 210 nm arose from the n® p”
trangtion of the carboxyl group while the amino group contributed to the CD bands
especidly a 230 nm, whichisassgnedtother® s~ trangtion.®*

D- and L-danine were dissolved in ethanol and CD spectra were recorded as the

temperature was changed by 5 K increments from 298 K to 268 K. The CD spectra of
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the danine in ethanol displayed no changes over this temperature range, as presented

in Figure 28. The CD for daninein water wasidentica to that observed in ethanal.

X-ray Diffraction

X-ray diffraction patterns for sngle crysds of D- and L-danine were obtained a
296 K using a Bruker AXS Single Crystd X-Ray Diffractometer with the Smart 1000
Sysem. The space group was found to be P2;2:2; and orthorhombic with cdl
dimensions of a =5.7811A, b = 6.0282A, and ¢ = 12.3401A. The temperature of the
crystds was varied from 296 K to 258 K and no significant unit cell dimensond changes
were noted, as seen in Table 2. The unit cdl dimensons dayed virtudly the same
throughout the temperature range. The x-ray diffraction did not take into account the
moving of hydrogen atloms to form zwitterions.

Nuclear Magnetic Resonance

C-13 magic angle spinning NMR  spectroscopy of danine and valine samples was
performed on a 400 MHz Solid-State NMR Varian Spectrometer.  Alanine crystals were
grown from both agueous solutions and deuterium oxide. D- and L-danine crydds
displayed three pesks at 178, 51, and 21 ppm; representing the COOH, CH, and CH3
groups, respectively. As the temperature was decreased from 298 K to 248 K in both D
and L-danne, the pesks became less intense without broadening. The pesks amost
completely disappeared at 248 K. Also, no shifts were observed during the temperature
dependent experiment (Figure 29 and 30). These temperature effects were observed for
D- and L-aanine grown in ether water or deuterium oxide.

C-13 NMR spectra for D- and L-vaine obtained from Sgma Aldrich reveded

five resonances at 178, 61, 32, 23, and 19 ppm. These pesks are due to the C¥inthe
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Table 2. X-ray diffraction datafor the D- and L-aanine crystals at 296 K.

Sample D-alanine L-alanine
Empiricd formula C3H/NO; C3H/NO;
Formulaweght 89.10 89.10
Temperature 296 K 296 K
Wavelength 0.71073A 0.71073A
Crygd sysem Orthorombic Orthorombic
Space group P2:2:21 P2:2:2;

Unit Cdl dimendons

Volume

Z

Density (caculated)
Absorption coefficient
F(000)

Crydd sze
Thetarange for data
collection

Index ranges

Reflections collected
Independent reflections
Completeness to theta
=28.32°

Refinement method

Datal restrainty
parameters
Goodness-of-fit-on F2
Find Rindices
[1>2sigma(1)]

R indices (dl data)

Absolute structure
parameter

Largest diff. pesk and
hole

a=5.7811(3)A, a = 90°
b =6.0282(3)A, b = 90°
c=12.3401(6)A, g = 90°
430.05(4)A3

4

1.367 Mg/n?

0.115 mm*

192

0.3x04x03mm?

3.30t028.32°

-7<=h<7, -8<=k<S8, -
16<=I<16

5563

1044 [R(int) = 0.0249]
98.9%

Full-matrix least-squares
on F
1044/ 0/ 83

1.124
R1=0.0293, WwR2 =
0.0752
R1 = 0.0302, WR2 =
0.0758
0.4(11)

0.220 and —0.244 e A3

a=5.7905(3)A, a = 90°
b = 6.0220(3)A, b = 90°
c=12.3435(7)A, g = 90°
430.05(4)A3

4

1.375 Mg/n?®

0.115 mm*

192

0.3x04x03mm®

3.30t0 28.32°

-7<=h<7, -8<=k<8, -
16<=I<16

5562

1043 [R(int) = 0.0252]
99.1%

Full-matrix leest-squares
on F?
1043/0/ 83

1.114
R1 = 0.0296, WR2 =
0.0746
R1 = 0.0308, WR2 =
0.0760
0.3(10)

0.151 and -0.258 e A3
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COOH, CH, CHgs, and two CH, groups, respectively. We could detect no change in the

NMR spectra over the temperature range from 298 K to 248 K. The peak widths were
adso unchanged as presented in Figure 30. The spectra were identical for Dand L-vdine
grown in water and deuterium oxide. No phase trangtion is evident in the NMR spectra
over this temperature range.

Raman Scattering

The vibrational modes of the GH bond in D- and L- adanine were recorded using
a Dilor XY Modular Laser Raman Spectrometer. Raman spectra were taken with an
argorrion laser with a wavelength of 514.53 nm and power of 100 mW. A vaiadle
temperature sample holder device was congructed using a cold plate, a thermo dectrica
cooler, and a heat snk.  An ILX temperature controller was used to vary precisdy the
temperature settings. Raman spectra of danine crystals were recorded over a temperature
range from 298 K to 270 K. The Raman data show no danges over this temperature
range when specia attention was focused upon the G-H peaks at 2600 cm* and 2750 cmi
1. An danine cysd in the shape of a rectangular pardldepiped was placed on the
plaform with its broad side facing up. When the long crysta axis was rotated 90" with
respect to the plane of polarization of the laser beam, an additional pesk appeared on the
spectra around 3100 cmt a dl the temperatures observed (Figures 31 and 32). This
additional pesk was not observed in the Raman spectra when the long crystal axis was
pardld to the plane of polarization of the laser (Figure 33 and 34). The Raman

emissions were collected at 180" (back reflected) with respect to the incident besm. Once

again, no changes in the Raman spectra occurred around ~270 K. Wang et al.®° recorded
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Figure 31. Temperature dependent Raman spectra for the D-danine crysd with its
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their Raman spectra using an argorrion laser with a power of 200 mW a 488 nm

while the emissons were collected a 90 to the incident beam. Their Raman lines
decreased in intendity to the point that some disappeared around 270 K. This effect was
not observed in our studies.
Magnetic Susceptibility

The magnetic susceptibility of gngle cydds of D- and L-danine was

investigated in the temperature range 5 K to 330 K using a SQUID-based magnetometer
(Quantum Design modd MPMS-7). The crystds were prepared by repeated
recrydtdlizations. They were dored for an extended period (~6 months) in a smdl vid
with desiccant to insure dryness. Two crystas were selected (mass of 169.0 mg for DB
danine and 129.3 mg for L-danine) and mounted sequentidly in the same long pladtic
tube for measurement. The two crystds were roughly rectangular and the magnetic fied
was gpplied pardld to the longest axis. For the magnetic study, a fidd H = 10 kOe was
goplied and the sysem was dlowed to dabilize for one hour before beginning
measurements with 4 cm scan lengths.  Measurements on the two crystas were
conducted consecutively with no change in the magnetic fidd, by sweeping the
temperature T from 300 K to 5 K, then back to 300 K and continuing to 330 K. There
was very little hyseress (Figure 35). The cgs mass magnetic susceptibility, ¢ =
m/(H" mass) versus temperature, is presented, and the first order ¢ is diamagnetic and
nearly temperature independent. Curioudy, the absolute value of ¢ is ~ 3 percent greater
for the L-danine cydd than for the D-danine. This may aise in pat from (1) smdl

differences in sample Sze and geometry that dightly affect the magnetometer sengitivity
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and/or (2) from crysdline anisotropy [Jean Bernard Robert, private communication].

Mogt importantly, the behavior of ¢(T) is nearly identica for the two cases of D and L-
danine ¢ hardly changes near room temperature, then increases by ~0.6 percent upon
cooling to 5 K. The gmilarity in temperature dependencies is evident in Figure 35, in
which the data for L-adanine are scded by a factor of 1.025. These findings on magnetic
susceptibility do not concur with those reported by Wang et al .2

Differentid Scanning Caorimetry

The heat capacity and trandtion phases of crystdline - and D-danine and -vdine
were measured from 220 K to 340 K by sandard DSC. Two differentid scanning
cdorimeters were used to measure the trangtion behavior and heat capacities a
modulated differentiad scanning calorimeter (MDSC) 2920 of TA Ingtruments, Inc. and a
DSC 820™ from Mettler Toledo Inc. Both the MDSC and DSC are of the heat-flux type.
Figure 36 shows a typicd example heat capacity measurement from 250 K to 285 K on
the cryddline samples of L-danine and D-danine grown from agueous solutions by
standard DSC. In both L- and D-danine, a smdl endothermic trandtion occurs around
270 K. However, for vdine, only the Dform exhibits an endothermic peak (Figure 37).
Typicd heat flow measurements for L= and D-valine were performed by standard DSC. A
comparison of the experimental data reveds an endothermic pesk a -1.54 °C (271.61 K)
for D-vdine, but none for L-vaine in the same temperature region (Figure 38). The heat
of trandtion for D-vdine was esimated to be H; = 0.15 Jg (17.8 Jmol), which
corresponds to a change of entropy of & = 0.0655 J(K moal). All trangition parameters
are given in Table 3. The absence of a pesk in L-vaine suggeds that an impurity is

present in the synthetic D-vdine but not in the naturaly occurring L-vdine, which one
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Sample Temperature Temperature Hest of Entropy of
of peak in (K) | of onset (K) trangtion trangtion
(Jmoal) J(K mol)
L-Alanine 269.59+0.01 | 267.78+0.01 | 20.3+0.1 0.076 + 0.001
D- Alanine 270.02+0.01 | 268.81+0.01 |58+0.1 0.021 + 0.001
L-Vdine - - - -
D-Vdine 271.61+£0.01 | 269.44+0.01 | 17.8+0.1 0.065 + 0.001
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can reasonably assume to be of higher purity. Identicd DSC curves were observed

for crystds grown in deuterated water. It is interesting to note that al entropy vaues are
hundreds of times smdler than any entropy of trandtion in liquid crystads, and much
sndler than the entropy of fuson DS 53 J(K mol) for danine]. The heat of trandtion
in al samples was checked after re-crysdlization from water. The heat trangtion a 270
K decreased with the numbers of re-cryddlization (Figure 39), agan suggesting a
reduction in impurity level. The experimentd heet capacities over the entire temperaiure
range are linked to vibrationa mation in the solid Sate.

Reaults and Discusson

This study reports the results for a number of experiments designed to search for
phese trangtions in two amino acids crydds, danine and vdine  Specificdly, we re-
examined dl of the experiments reported by the group of Wang et al.8% which were
presented as evidence for a phase trangtion a a critica temperature of T 270 1 K.
These data were taken as support of the Sdam hypothess. The differentid scanning
cdorimetric heat capacity measurements do show an anomay aa 270 1 K for both
cysas, however, the effect becomes smdler upon recryddlization. Also, no fedture is
sen in the naurdly occurring L-vdine.  Caeful magnetic susceptibility and Raman
gpoectroscopy  measurements  show  no  anomdies over this temperature  range.
Temperature dependent C-13 solid state NMR and x-ray diffraction dso show no
anomdies. In light of these measurements, we will examine the Sdam hypothesis with
regard to the energy barrier existing between enantiomers.

Consder the racemization between enantiomers for an amino acid - such

racemization iswell known in solutior?? and is catalyzed by a base or an acid.2® Itiswell
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known that aspartic acid racemizes quite rapidly in solution compared to other amino

acids and the mechanism is now well understood®* The formation of D-amino acids as
required in cetan bacteria or in the mammaian brain is produced by enzymétic
conversion from the L= to the Dform.®> 8  Racemization reections of amino acids in the
solid date or in the gas phase have not been observed to date. However, aspartic acid
racemization in dentine is used as a measure of aging.” Although the exact process is not
understood; in our opinion this reaction is cataytic in naure and would not occur in a
pure sample of aspartic acid.

Sdam proposed that a lower temperatures a Bose-Eingen type phase trangtion

would favor the more stable enantiomeric form.”®"°

He regarded racemization as an
equilibrium problem and edimated the criticd temperature T to be lower than 250 K,
i.e, for temperatures below the mdting point of amino acids For a sngle molecule in
the solid gate (or in the gas phase), the mechanism for hydrogen migration may occur
classcdly by overcoming a rather low barrier for process or by tunnding of the hydrogen
atom a the chird carbon center through the inverson barrier. Bimolecular reactions in
the solid State are energeticdly not preferred.

The gereomutation of methane, CH4, has been previoudy invedigated and the
trandtion dtate is estimated to be 439 kJ mol™ above the Ty minimum structure at the
MP2 level of theory.®8 This transition state can be best described as a pyramida complex
between methylene in the A; dectronic state and H».8 According to the Wentzel-
Kramers-Brillouin (WKB) approximation, such a high barier (with a thickness on the

order of Angstrems) would prevent any hydrogen tunneling a low temperaures in a

reasoneble time scale. This barrier can be decreased significantly to about 180 kJ mol™
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for amino acids adsorbed on trangtion metds®® Since the mechanism for the

unimolecular racemization of amino acids is not known, the hydrogen migration process
for the danine inverson was invesigated by means of quantum chemicd procedures
(second-order Mdller-Plesset, MP2, and dengty functiona B3LYP level of theory usang
6-311+G* basis sets).

After an intendve search of possble trandtion dates for the unimolecular gas
phase racemization of danine, the lowest possble energy path was found. The hydrogen
aom migrates from the chira carbon center (denoted as C') over a high-energy path
bridging the C* and the nitrogen, N, atoms to the find intermediate state where the
hydrogen is bound to the amino group. Racemizaion then occurs when another
hydrogen atom in the amino group migrates back to the chird carbon center. Other
possble paths of lower energy cannot be excluded because the potentid energy
hypersurface (PES) is quite complicated. However, an intermediate State of lower energy
could not be found. This intermediate configuration, CHsC(NH3)COOH, is a minimum &
the PES. This cdculation explains the rather high dability of this meta-stable compound,
which is only 156 kJ mol? above the (locd) minimum structure a the MP2 leve of
theory (140 kJ mol™* a the B3LYP levd). Here the hydrogen atom is clearly bound to the
nitrogen center at a distance of 1.02 A a the MP2 level (Figure A-9). The transition state
is 294 kJ mol! above the minimum (279 kJ mol! a the B3LYP level), and below the
dissociation limit for the hydrogen abstraction, CHsC(NH,)COOH + H (330 kJ mol™* at
the MP2 and 328 kJ mol™* a the B3LYP level of theory). Furthermore, the transition state
is energeticaly well bdow that caculated for CH,®®; the barrier is too high and thick to

be overcome ether classcdly by hydrogen migration a temperatures below the melting
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point of aanine (570 K)** or quantum mechanicaly by hydrogen tunneling. One may

assume that the solid dae environment would severdy redrict any molecular
rearrangements, thus increesing the barier even more for the racemization process.
Hence, the Sdam phase trandtion is kineticdly hindered and a Bose-Einden
condensation from a racemic mixture to the energeticaly more stable form due to
electroweak interactions is not expected to teke place in the solid State a lower
temperatures. Bose-Eingein condensations observed in naure usudly have no or
extremely smdl barriers to overcome and this is gpparently not the case for amino acids.
Concluson

In concluson, a wide range of experimentad measurements have been presented
on the enantiomorphs of L- and D-danine and -vdine in an effort to detect a wesk
interaction phase transition as described by Sdam’® and to reexamine the results reported
by Wang et al.2% supporting such a transition.  Although a smdll difference in the DSC for
both L- and D-danine and —vadineisssen @ 270 K as reported by Wang et al.®°, we
present evidence that this effect becomes smdler upon successve recryddlization and is
absent in L-vdine. Other features reported by Wang et al.?° in support of the Sadam
hypothesis are not corroborated. On a podtive note, a number of new physcd
measurements were reported on the important amino acid crystals and provided further

theoreticd indgght into the unimolecular racemization of amino acids (danine).
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CHAPTER VIII

CONCLUSIONS

Many different experiments were carried out on various molecules to sudy ther
fundamental properties. Though some of the results are not as grand as others, the
gudies contribute to the overdl understanding of chirdity because if someone were to
find one clean way of manipulating chird maiter, the world as we know it would be
changed forever. Thus, invedigations probing the wondeful world of chirdity were
witnessed in these chapters.

In the case of (R)-(+)-3-methylcyclopenaione, the resonance enhanced
multiphoton ionization method proved to provide new information about the nature of
multiphoton ionization circular dichroism.  The dissymmetric factor g was larger for the
multiphoton drcular dichorism effect than the single photon circular dichroigm effect.
The nature of this multiphoton ionization circular dichroism can be invedtigated further
by observing other chird molecules and by employing multicolored laser light to the
ionization process.

While probing and searching for new methods to dudy chirdity, the area
receiving the mog atention happens to be in the redm of changing one enantiomer into
the other and creating enantiomeric excesses. The parity violaing energy difference
invedigation for the enantiomers of danine and vdine reveded that enantiomeric
converson was not possible for these amino acids at temperatures around 273 K. Future
enantiomeric conversons experiments of amino acids may involve dudying the chirdity

at temperatures around that of liquid helium.
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For now, dight enantiomeric excesses have been seen in the beta irradiation of

1,1'-bingphthyl. Even with smdl enantiomeric excess, it's refreshing to know that the
presence of left-handed beta particles were able to influence the optica purity of the
aydds  This litle quark of information about the nature of chirdity led to the
investigations of laser induced crystalization.

The laser induced cryddlization provided excdlent results that ranged from the
bresking of symmetry in sodium chlorate and asymmetry of sodium bromate through the
minute irradiations by right circularly polarized and linearly polarized light, respectively,
to the formaion of g-polymorph of glycine induced by a change in pH. Though the
results for these experiments turned out wdl, there is gill large room for improvement.
Since the ayddlization dudies are highly datigical, many more experiments could be
performed; but the same question will 4ill haunt the experimenter. The question happens
to be How many trids are enough? Also, these crydalization studies depend on a lot of
parameters so that if one parameter were changed it may turn out to make a world of
difference in the results As one can obvioudy see, the quest to gan a better

understanding of how to influence chirdlity has only begun.
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APPENDIX



g

1,1' binaphthyl, CaH, 4 Sec-butylamine, C4Hy N
3-methyleyelopentanone, Alanine, C;H;NO,
CsHypO
Valine, C;H;1NO; Glycine, C;HsNO,

Sodium Bromate, NaBrO- Sodium Chlorate, NaClO:

Figure A-1. A ligt of molecules and their tructures used in the dissertation.
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Figure A-3. Decrease of optica activity for 1,1'-bingphthyl dissolved in acetone and
benzene.
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Table A-1. Daa for the frequency of specific rotations for the 1,1'-bingphthyl

samplesirradiated and not irradiated by the Sr° beta source.

Frequency of Specific Rotation

Freguency of Specific Rotation

Specific Under the Sr- Not Under Specific Under the Sr- Not Under
Rotation, 90 Source Sr-90 Source | Rotation, [a]p 90 Source Sr-90 Sour ce
[alo
-175 0 0 5 0 1
-170 0 0 10 1 0
-165 0 0 15 0 1
-160 0 0 20 0 0
-155 0 0 25 1 0
-150 0 0 30 0 1
-145 1 0 35 0 0
-140 0 1 40 1 0
-135 0 0 45 0 0
-130 0 0 50 0 0
-125 1 0 55 0 0
-120 0 0 60 0 1
-115 0 0 65 0 0
-110 0 0 70 0 0
-105 0 0 75 0 0
-100 1 0 80 0 0
-95 0 0 85 0 0
-0 0 0 0 0 0
-85 0 0 9%5 0 0
-80 0 0 100 2 0
-75 0 0 105 0 0
-70 0 0 110 0 0
-65 0 0 115 0 0
-60 0 0 120 0 0
-55 0 0 125 1 0
-50 0 1 130 0 0
-45 0 0 135 0 0
-40 0 0 140 0 0
-35 0 1 145 0 0
-30 0 0 150 0 0
-25 0 0 155 0 0
-20 1 0 160 0 0
-15 0 1 165 0 0
-10 0 0 170 0 0
-5 1 3 175 0 0
1 2
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Table A-2. Data for the specific rotations scatter plot of 1,1'-bingphthyl irradiated and not
irradiated under the Sr° beat source.

Specific Rotation, [a]p

Number of Trials

Samples under the Sr-90

Samplesnot under the

Source Sr-90 Source

1 97.5 0.38

2 39.84 7.036
3 -145.94 -5.24
4 -124.98 -47.2
5 -1.554 -14.76
6 94 -1.04
7 9.86 284

8 0.24 0.47

9 -20.7 -16.3
10 122.5 62.14
11 23.14 -138

12 -101.02 -2.44
13 -34.94




Table A-3. Datafor the laser-induced crydalizations of sodium chlorate crysas
grown in Petri dishes.
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LPL Number of Crystals Per centage (%)
Trial Number L eft (1) Right (d) Left (1) Right (d)
1 44 16 733 26.7
2 18 13 58.1 419
3 28 17 62.2 37.8
4 41 39 51.25 48.75
5 25 15 62.5 375
6 18 24 42.86 57.14
7 15 23 3947 60.53
8 9 6 60 40
9 3 25 12 83
10 4 29 138 86.2
1 45 59 433 56.7
12 54 11 32.7 67.3
13 164 186 46.9 53.1
14 735 995 425 57.5
Total 1203 1558
Average 47714 | 5422086
LCPL Number of Crysgtals Percentage (%)
Trial Number Left (1) Right (d) Left (1) Right (d)
1 43 35 55.1 449
2 24 16 60 40
3 33 20 65.5 345
4 22 20 524 476
5 18 20 474 52.6
6 10 19 345 65.5
7 6 6 50 50
8 2 15 59.5 405
9 3 27 111 88.9
10 0 30 0 100
11 184 101 64.6 354
12 53 0 37.1 62.9
13 683 577 54.2 45.8
14 841 785 517 48.3
15 475 501 487 51.3
16 498 506 496 504
17 644 627 50.7 49.3
18 407 398 50.6 494




Table A-3. Continued.
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Total 3971 3793
Average 46.81667 | 53.18333
RCPL Number of Crystals Percentage (%)
Trial Number Left (I) Right (d) Left () Right (d)

1 16 15 516 484
2 10 7 58.8 41.2
3 26 31 45.6 544
4 24 31 43.6 56.4
5 15 25 375 62.5
6 19 16 54.3 457
7 12 12 50 50
8 14 10 58.3 41.7
9 3 19 158 84.2
10 3 18 16.7 83.3
11 57 50 533 46.7
12 20 31 39.2 60.8
13 173 113 60.5 395
14 45 69 395 60.5
15 1117 124 47.1 52.9
16 451 206 68.6 314

Total 2005 1907

Average 46.275 53.725

Blank Number of Crystals Per centage (%)

Trial Number Left (1) Right (d) Left (1) Right (d)
1 27 30 475 52.6
2 43 36 544 45.6
3 39 2 63.9 36.1
4 43 39 524 47.6
5 15 17 46.9 53.1
6 15 14 517 483
7 8 19 29.6 704
8 101 153 39.8 60.2
9 155 181 46.1 539
10 69 A 42.3 57.7
11 53 58 50 50
12 377 366 50.7 49.3
13 63 64 49.6 504
14 432 479 474 52.6
15 671 543 55.3 44.7
16 688 700 49.6 504

Total 2804 2815

Average 48575 51.43125
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Table A-4. Daa for the laser-induced cryddlizations of sodium chlorate crystds
suspended and andlyzed in amixture of carbon disulfide and carbon tetrachloride.

RCPL LPL
Weight Rotation Weight Rotation
Sample Q) (degree) Sample (9) (degree)
1 0.55 0.2 1 0.737 0.018
2 0.43 1.136 2 0.908 -0.188
3 0.866 0.78 3 0.597 -5.102
4 0.438 1.69 4 0.632 -0.036
5 0.487 0.1 5 0.758 0.048
6 1.067 0.354 6 0.812 -0.356
7 0.444 0.44 7 0.096 0.11
8 0.389 -0.679 8 0.473 0.308
9 0.502 0.978 9 0.203 0.192
10 0.66 0.151 10 0.294 -0.032
11 0.41 -0.656 11 0.084 0.064
12 0.779 1.149 12 0.665 -0.718
13 0.246 -4.79 13 0.696 2.903
14 0.451 -2.789 14 0.503 -0.794
15 0.293 4.297 15 0.754 -8.126
16 0.41 -0.689 16 0.668 2.828
17 0.666 0.447 17 0.407 4.117
18 0.363 6.552 18 0.677 -4.718
19 0.666 0.248 19 0.502 2.59
20 0.433 2.754 20 0.35 5.84
Average 0.528 0.584 Average 0.541 -0.0526
Blank
Weight Rotation
Sample (9) (degree)
1 0.421 -0.967
2 0.421 3.298
3 0.345 -5.391
4 0.427 -3.531
5 0.337 0.97
6 0.45 -2.754
7 0.528 1.95
8 0.412 -1.913
9 0.343 0.393
10 0.422 0.929




Table A-4. Continued.

11 0.385 1.913
12 0.231 1.871
13 0.444 -0.83
14 0.356 0.295
Average 0.394 -0.269
Trends
Total Per centage Per centage
Number | (-) (%) d(+) (%)
Blanks 14 6 42.9 8 57.1
RCPL 20 5 25 15 75
LPL 20 9 45 11 55
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Table A-5. Data for the laser-induced cryddlizations of sodium bromate crysds
suspended and analyzed in amixture of carbon disulfide and carbon tetrachloride.

RCPL LPL
Rotation Rotation
Sample | Weight (g) (degree) Sample | Weight () (degree)

1 0.728 -0.12 1 0.5 -0.002
2 0.607 -0.025 2 0.5 0.006
3 0.741 -1.672 3 0.5 -0.012
4 0.761 -0.09 4 0.5 -0.007
5 0.643 -0.726 5 0.5 0.025
6 0.63 0.177 6 0.5 -0.04
7 0.561 1.167 7 0.5 0.032
8 0.553 1.583 8 0.5 -0.027
9 0.662 0.008 9 0.5 -0.039
10 0.702 0.986 10 0.5 0.007
11 0.539 3.344 11 0.5 0.409
12 0.517 -0.76 12 0.657 -0.042
13 0.412 -0.091 13 0.542 -0.221
14 0.661 -0.071 14 0.597 0.34
15 0.505 -0.307 15 0.561 1.031
16 0.581 0.952 16 0.523 -0.279
17 0.631 -0.751 17 0.633 0.155
18 0.649 1.375 18 0.586 -1.19
19 0.531 1.432 19 0.624 0.645
20 0.504 -0.048 20 0.664 -0.012
21 0.431 0.14 21 0.395 -2.69
22 0.432 -0.297 22 0.274 2.758
23 0.485 -0.124 23 0.281 0.679
24 0.237 0.345 24 0.155 -1.105
25 0.511 0.166 25 0.406 1.263
26 0.338 0.441 26 0.551 1.748
27 0.203 0.257 27 0.619 -0.124
28 0.509 -0.541 28 0.459 -0.124
29 0.502 -0.209 29 0.324 0.33
30 0.421 -0.72 30 0.499 -1.121
31 0.357 -0.344 31 0.489 -0.109
32 0.479 -1.063 32 0.378 0.125
33 0.442 -2.315 33 0.263 0.409
34 0.444 0.776 34 0.453 1.302
35 0.385 -0.566 35 0.378 1.039
36 0.427 -0.579 36 0.442 0.079
37 0.449 -0.192 37 0.522 -2.57




Table A-5. Continued.

38 0.379 -0.129 38 0.392 -0.259
39 0.459 -0.853 39 0.415 0.11
40 0.422 -0.505 40 0.472 -0.242
Average 0.511 0.00128 41 0.193 -0.235
Average 0.469 0.0495
Blank
Rotation
Sample Weight (g) | (degree)
1 0.904 -0.2242
2 0.506 -0.272
3 1.016 1.2
4 0.577 -0.08
5 0.5 -0.34
6 0.5 -0.015
7 0.698 -1.493
8 0.609 -0.365
9 0.698 -1.002
10 0.697 -0.827
11 0.675 -4.136
12 0.768 -1.553
13 0.598 1.444
14 0.611 -3.175
15 0.894 -1.947
16 0.672 -1.282
17 0.947 0.972
18 0.902 -0.599
19 0.925 0.261
20 1.027 -0.437
21 0.894 -0.124
22 0.822 -0.704
23 0.727 -0.311
24 0.921 -1.37
25 0.902 -0.366
26 0.778 -0.872
27 0.827 -0.328
28 0.977 -0.91
29 0.804 0.106
30 0.943 0.18
31 0.977 0.083
32 0.825 -1.956
33 0.79 0.175
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Table A-5. Continued.

34 0.784 0.878
35 0.832 -0.31
36 0.895 0.189
37 0.828 -0.038
Average 0.791 -0.528
Trends
Total Per centage Per centage
Number I (-) (%) d(+) (%)
Blanks 37 27 72.97297 10 27.02703
RCPL 40 25 62.5 15 37.5
LPL 41 21 51.21951 20 48.78049
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Table A-6. Datafor the sound, the single shot, and the high power laser light

experiments for the crysdlization of sodium bromete.

RCPL Single Shot (SS) LPL Single Shot (SS)
Rotation Rotation
Sample | Weight (g) | (degree) Sample Weight (g) | (degree)
1 0.175 -0.299 1 0.371 -0.973
2 0.736 -1.012 2 0.623 0.246
3 0.601 -0.674 3 0.484 -0.41
4 0.947 -0.504 4 0.549 -1.667
5 0.91 -2.746 5 0.481 -2.108
6 0.625 -0.163 6 0.482 -1.764
7 0.933 0.135 7 0.663 -2.517
8 0.744 0.29 8 0.58 -1.299
9 0.625 -0.129 9 0.553 -1.193
10 0.614 0.101 10 0.538 -1.904
11 0.342 -0.323 11 0.577 -1.152
12 0.304 -1.031 12 0.672 -1.753
13 0.511 -1.137 13 0.297 -2.208
14 0.247 2.505 14 0.589 -3.254
Average 0.594 -0.356 15 0.626 -2.561
16 0.342 -0.395
17 0.524 -0.491
18 0.609 -3.54
Average 0.531 -1.608
Sound
Rotation
Sample | Weight (g) | (degree)
1 0.345 -1.734
2 0.401 -0.377
3 0.357 -0.232
4 0.47 -0.665
5 0.423 -0.663
6 0.334 -1.079
7 0.474 -0.306
8 0.35 -0.564
9 0.371 -0.234
10 0.307 -0.765
11 0.158 -0.126
12 0.139 -0.556
13 0.41 -0.154
14 0.101 -0.039
15 0.336 -0.142
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Table A-6. Continued.

16 0.354 -0.223
17 0.464 -0.173
18 0.309 -0.713
19 0.351 -0.939
20 0.27 -0.311
Average 0.336 -0.500
High
Power
LPL (HP)
Rotation
Sample Weight (g) | (degree)
1 0.578 -0.084
2 0.622 -0.513
3 0.593 -0.786
4 0.596 -0.127
5 0.522 -1.246
6 0.278 -0.381
7 0.575 -0.687
8 0.552 -1.145
9 0.701 -0.065
10 0.684 -0.763
11 0.512 -0.526
12 0.715 1.121
13 0.572 -0.563
14 0.606 -0.312
15 0.578 0.285
16 0.508 -1.161
17 0.582 -0.568
18 0.615 -0.128
19 0.573 -0.146
20 0.64 -0.226
Average 0.580 -0.401
Trends
Total Per centage Per centage
Number [ (-) (%) d(+) (%)
Sound 20 20 100 0 0
RCPL (SS) 14 10 71.42857 4 28.57143
LPL (SS) 18 17 94.44444 1 5.555556
LPL(HP) 20 18 90 2 10
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Figure A-4. Rise in the temperaiure over time of water for the sodium chlorate and
the sodium bromate laser-induced cryddlizations.
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