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1.1 Liquid Crystal

Matters, in general, have three distinct statefd,stiquid, and gas®.
The differences between these three states catirlirii®d to the temperature
of the substance. Temperature is a measure oatftdmness of the molecules
and therefore the higher the temperature the ledsr dhey exist. Increasing
temperature will cause the transition from a stdich liquid and then to a gas
@ However, there are states of matter which do meet the necessary
requirements of any of these three categories. Maatgrials exhibit more than
a single transition when passing from solid toiliguvhich proves the presence
of one or more intermediate phaS&sThe new phases have mechanical, optical
and structural properties between those of crys&llsolid and the
corresponding isotropic liquid. These phases degremd to as liquid crystalline
phase§?.

The liquid crystal phases a well-known state of matter, which lies
between the crystalline solid and isotropic ligpldases. The study of liquid
crystals began in 1888 when ReintfZepbserved the fact that cholesteryl
benzoate had two distinct melting points. Reiniinereased the temperature of
the solid state and then observed the change o$dhé into a hazy liquid.
When the temperature increased further the matehahged its phase into a
transparent liquid. This experiment showed thatlesteryl benzoate has
another phase between solid and liquid that hagtbperties between these

two phases.
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The liquid crystal state (mesomorphic state) igati@rized by having a
long-range orientational order and possible pamiasitional order®. The
distinguishing characteristic of the liquid crys$iteg state is the tendency of the
molecules (mesogens) to point along a common axrided the director (n).
This is in contrast to molecules in the solid pha#ddch are highly ordered and
have little translational freedom. The molecule$ignid state have no intrinsic
order. The characteristic orientational order efliuid crystal state is between
the traditional solid and liquid phases and thisthe origin of the term
mesogenic state, which used synonymously with digurystal state. Figure
(1.1) shows the alignment of the molecules in eddhe above phases.
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Figure (1.1): Alignment of the moleculesfor solid, liquid crystal and liquid

]

phases.

To quantify just how much order is present in aamat, an order
parameter (S) is defined. Traditionally, the orndarameter is given as follows:
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S =(1/2) (3 cosz0 - 1)

Where6 is the angle between the director and the long akieach molecule.
The brackets denote an average over all of theaul@s in the sample. In an
isotropic liquid, the average of the cosine tersngdro, and therefore the order
parameter is equal to zero. For a perfect crytalorder parameter evaluates
to one. Typical values for the order parameter lfd crystal range between
0.3 and 0.9, with the exact value a function ofgerature, as a result of kinetic

molecular motion as shown in Figure (192)
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Figure (1.2): Typical temperature dependence of the liquid
crystalsorder parameter with temperature. T ¢,
iIs the liquid crystal-isotropic transition
temperature®.

The tendency of the liquid crystal molecules tonpa@ilong the director
leads to a condition known as anisotropy. The teweans that the properties of
a material depend on the direction in which theyraeasured. The anisotropic
nature of liquid crystals is responsible for theique optical propertie®.
Liquid crystal materials, generally, have severaimmon characteristics.
Among these are rod-like molecular structuresdngss of the long axis, and

strong dipoles and/or easily polarizable. Liquid/stalline properties are
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exhibited by several different types of systemsaddition to certain classes of
organic molecules, micellar solutions of surfacdaniain and side chain
polymer, and a large number of biological systemes kanown to be liquid

crystalline”.

1.2 Characterization of Liquid Crystals

The following parameters describe the liquid arifste structure:

Orientational Order
Positional Order
Bond Orientational Order

Each of these parameters describes the extentith wie liquid crystal sample
is ordered, as shown in Figure (18) Orientational order (Figure 1.3 a)
represents a measure of the tendency of the mekedol align along the
director on a long-range basiBositional order(Figure 1.3 b) refers to the
extent to which an average molecule or group ofecudes shows translational
symmetry of lattice translation vectors (as crystalmaterial showed). A third
type of order iBond Orientational OrdefFigure 1.3 c)A bond in the present
context is not a chemical bond but a line in sgaseng the centers of nearest
neighbor molecules without requiring a regular spg@long that line, when
the orientation of these bonds is preserved oviemg-range, then a system

possesses bond orientational order.
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Figure ( 1.3): Schematic representation of the three basic types of order (a)
Orientational order parallel to thedirection n. (b) Positional
order in two dimensionswith lattice vectorsa and b, and (c)
Bond orientational order .

1.3 Liquid Crystal Phases

Most liquid crystal compounds exhibgolymorphism or a condition
where more than one phase is observed in the lgystalline state. The term
mesophasas used to describe the "subphases” of liquid tarymaterials.
Mesophases can be characterized by the type ofimgd#hat is present and
they are formed by changing the amount of ordethim sample, either by
imposing order in only one or two dimensions, orallpwing the molecules to

have a degree of translational mott8n

Liquid crystal mesophases can be divided into tlesses]yotropic, and
thermotropic Lyotropic mesophases are concentration and sobependent.
Solutions of biomolecules such as proteins and DBEAd sufficiently
concentrated solutions of surfactants can formrdaaresting class of liquid
crystals. Since the phase behavior is more easifjycged by changes in

concentration, these are referred to as lyotragiad crystals. Representative
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examples are synthetic poly-peptides, precipitateetal oxides, and rigid
polymers in appropriate solverits).

Lyotropic liquid crystal mesophases were first &ddy Onsager® and
(11)

Flory ™. These phases are formed by amphiphilic moleétffeé\mphiphilic
compounds are characterized by the presence ofgwaps, which have
different solubility, in the same molecule. Thesfigroup is hydrophilic which
consists of a polar head attached to the secondpgrtte non-polar chain
(lipophilic), (Figure 1.4a), and are often knownsasfactants**** An example
of such a system is a solution of soap in wateypical soap molecule consists
of a polar head and one or more hydrocarbon wllen a sufficient number of
such molecules are dissolved in a solvent, the doivee energy state is a state
in which the hydrocarbon tails segregate to shib&Emselves from the polar
water environment. This leads to the formation gfragates of molecules.
Molecules in such aggregates, called micelles,natecovalently bonded and
can assume several different geometries dependinghe thermodynamic
conditions and chemical nature of molecules. Tlagggegates can be rod-like
or disk-like which can be orientationally and/osgiimnally ordered to exhibit a
wide range of liquid crystalline phasé$'. Typical simple phases of

amphiphilic materials are shown in Figure (1.4).
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Figure ( 1.4):Schematic patternsof (a) A micelle, (b) an example of rod - like
phase, (c) adice of bilayer structure(an example of lamellar
phase), and (d) a cubic phase formed by spherical aggregates?.

Transitions in thermotropic phases are initiated Olganges in
temperature, while those to lyotropic phases cao hé initiated by changes in
concentration®®.Most thermotropic liquid crystals will have an fisapic
phases at high temperature. That is, heating wéhtually drive them into a
conventional liquid phase characterized by randaom sotropic molecular
ordering, and fluid-like flow behavior. Under otheronditions, (lower
temperature for example), a liquid crystal mighhiexX one or more phases
with significant anisotropic orientational struatuaind long-range orientational
order while still having an ability to flow.

A thermotropic liquid crystalline phase occurs ome substances at a
temperature region between the solid and liquidest®. It is formed by
heating a solid or cooling an isotopic liquid, oy beating or cooling a

thermodynamically stable mesopha&Sés
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Thermotropic liquid crystals can be classified intwo groups as
enantiotropic and monotropic. Enantiotropic liqudystals, reach the liquid
crystalline state by either lowering the tempemataf the liquid or rising the
temperature of the solid, but in monotropic, tlygid crystals either increase in
the solid’s temperature or decrease in the liquiefsperature, but not bofh”.

Thermotropic liquid crystal phases fall into fouifferent categories:
nematic, chiral nematic, smectic, and disc6tit®), and these phases differ from

each other in the type and extent of order andsyinemetry that they possess.

1.3.1 Nematic Liquid Crystal Phases

The simplest liquid crystalline phase is the nemétl) phase(Nematic

from the Greek word nematos meaning “threzglltsjaz’)ln nematic liquid crystals
the molecules have no positional order, but thewy t®d point in the same
direction, along the director. As seen in liquithee molecules in nematic phase
have long-range orientational order, but lack pos#l order and bond
orientational ordef*® as shown in Figure (1.5). The nematic phaseslase ¢
to liquid phase. The arrangement of the nematicbeaoontrolled with applied
electric fields. Nematics are used commonly, witle devices having the
twisted nematic geometf3).

(@) (b)

Figure (1.5): (a) Molecular arrangement of nematic phase, and (b) a photo of a
nematic liquid crystal under crossed-polarizing microscope®.
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1.3.2 Smectic Liquid Crystal Phases

The word "smectic" is derived from the Greek wa@rmectosmeaning
soap. This ambiguous origin is explained by the fhat the thick, slippery
substance often found at the bottom of a soapidiabtually a type of smectic
liquid crystal. The smectic state is another didtimesophase of liquid crystal
substances. Molecules in this phase show a dedrganslational order not
present in the nematic. In the smectic state, tbkeenles maintain the general
orientational order of nematics, but also tend lignathemselves in layers or

planes. Motion is restricted within these plandge increased order means that

(1,19)
the smectic state is more "solid-like" than the agm

The smectics can be classified into three typegcimA, C, and B.
These phases have one common property in thathidney a layered structure,
so they have partial translational ordering whickkes smectics more viscous
than other phasé&d.

In the smectic A mesophase, the director is perpalad to the smectic
plane (Figure 1.6) and the layers are fluid, amatehs a high probability of the
inter-layer diffusion when compared to smectic €.simectic C phase the
director is at a constant tilt angle with respecthte layer normal as shown in
Figure (1.6). As in smectic A, phase layers aredflout there is a lower
probability of the inter-layer diffusion. The smecB mesophase (similar to
smectic A mesophase) orients with the director @edcular to the smectic
plane, but the molecules are arranged into a n&twbhexagons within the
layer. In contrast to smectic A and C phases, fayee not fluid any more;
hence there are three dimensional positional (assiply even orientational)
orders. These phases are called crystal mesoplrasgsre in fact nearly as
ordered as solid crystals (although they still bihiluid-like flow). However
the mechanical properties of smectic B phases aite glifferent from the

solids, so smectic B phase may be a plastic cryjstged® %2
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Molecular arrangement of Smectic A Photo of the smectic A phase

under crossed polarizing microscope

W

Molecular arrangement of Smectic C Photo of the smectic C phase under crossed
polarizing microscope

Figure (1.6): MO|e(03l)J|al’ arrangement of some representative examples of smectic
phase™.

1.3.3 Chiral Nematic Liquid Crystal Phases

The chiral nematic, (or cholesteric), liquid crysphase is typically
composed of nematic mesogenic molecules contaiaingyiral center which
produces intermolecular forces that favor alignmieetween molecules at a
slight angle to one another. This leads to the &bion of a structure which can
be visualized as a stack of very thin two-dimenaiorematic like layers. This
phase exhibits a twisting of the molecules aloregdinector, with the molecular
axis perpendicular to the directd?. The finite twist angle between adjacent
molecules is due to their asymmetric packing, whiesults in a longer range
chiral order. The directors actually form in a d¢onbus helical pattern about
the layer normal as illustrated by the black armwhe Figure (1.7). The black
arrow represents director orientation in the susioasof layers along the stack.

The chiral pitch refers to the distance (along tieector) over which the
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mesogens undergo a full 36Bvist (but note that the structure repeats itself
every half pitch). The pitch may be varied by atipng temperature or adding
other molecules to the LC fluid. For many typedigdid crystals, the pitch is
on the same order as the wavelength of visible.lighis causes these systems
to exhibit unique optical properties, such as dgelecreflection. These

properties are exploited in a number of opticalliaptions“?.

I— 1/2 Pitch distance —|

pitch —_—

Figure (1.7): Chiral nematic phase®®.

1.3.4 Discotic Liquid Crystal Phases

The liquid crystalline phases formed by disk shamedlecules are
referred to as the discotic phases. A second typaesogenic structure was
first synthesized and identified in 197?. The first series of discotic
compounds are the hexa-substituted benzene degsatvhich are shown in

Figure 1.8, and synthesized by Chandrasekhar@? al.

AR
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Figure (1.8): Molecular structure of the first discovered series of discotic

compounds.

Structurally they generally form either nematic @slumnar phases.
Liquid crystal phases formed by discotic moleculal into three different
categories: discotic nematic, discotic chiral nemand columnar. The discotic
nematic is similar in structure to the calamitienagic, although in this case the
short axes of the molecules tend to lie paralleke $ame holds for the discotic
chiral nematic phases. Columnar phases are equtviEehe smectic phases.
The simplest columnar phase consists of stacked#ts;dithis phase is
characterized by the short axis of the moleculgnatig parallel to the director.
The structure of the columnar phase has an orientdt order within the
columns, but no positional order along the columifee columns themselves
are arranged with positional order and form a twuoeshsional array which is

either a rectangular or hexagonal lattice as shiaviiigure (1.9f% %)
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Figure (1.9): Columnar discotic phase .
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1.4 Structural Features of Liquid Crystals
Organic compounds that form mesophase upon met@gharacterized
by being long, narrow, linear molecules. Both pererd dipoles and

polarizable moieties are requiré@.
The vast majority of liquid crystalline substancase based on the

following structure:

They Possess:-

1) Two or more aromatic rings, usually benzene ringe Thajorityof liquid
crystal molecular structures have two para linkeaimatic rings. They are
highly polarizable, planer, and rigfd.

2) One or more bridging groups, A-B that bind the singgether. Suitable
linking groups (A-B), which preserve the lineardfymolecule and by being

unsaturated also extend conjugation between tvgs rme*®

o)
1

(-C=C-, -CH=N-, -N=N-,-C-0- , ...etc)

3) Terminal groups, X and Y: The terminal substituesrts important factors
that affect the anisotropy of molecular interacsiohlormally they control
both the nature and the type of mesophases. linatsubstituent groups are
of high polarizability they favor the formation l&fss order mesophases, i.e.,

'Y
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nematic mesophase, such as nitro, cyano and megroxps which strongly
promote nematic properties. On the other hand, it@mgroups which
contribute strongly to the resultant dipole actagyoss the molecular long
axis promote smectic properti€. The thermal stability of the mesophase
formed (difference between the isotropic transiaoa melting temperatures)
depends in large measure on stable structuraig ,stéed electronic effects, in
the central and terminal group®.

Some illustrative compound structures of nematit Eimectic [2],

cholesteric [3], and discotic [4] are shown below.

V¢
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CH‘*OONTNOOCH‘*
o

p-azoxyanisole [1]

CH3-(CH2)3-04©7CH=N4®7(CH2)7-CH3

N-(p-butoxyphenylidene)-4-octylaniline [2]

Smectic:

Cholesteric:

CHs CH3
CH - (CHp)3 - CH - CHy

CHs

CH3-(CH,);-C-O

I
o}

Cholester oyl nonanoate [3]

Discotic:

O'CnH2n+1

2,3,7,8,12,13-alkoxytricycloquinazoline [4]

Yo
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1.5 The Liquid Crystals Applications

Liquid crystal compounds have been found to havareety of uses. The
most common application of liquid crystal is liquidystal displays, which rely
on the optical properties of certain liquid crybted molecules in the presence
or absence of an electric fiéfd More important and practical applications have
been developed in such diverse areas as medicthelantronicd®”. Chiral
nematic (cholesteric) liquid crystals reflect ligiith a wavelength equal to the
pitch *. Because the pitch is dependent upon temperaheeolor reflected
also is dependent upon temperature. Liquid crystaéke it possible to
accurately gauge temperature just by looking atctiler of the thermometer
3D The medical applications include detection ofastecancer, location of the
placenta, blood flow patterns in extremities of themane anatomy, and
observation of skin temperature changes followiloghage of the sympathetic
nervous systenf”. There is also an interest in using the liquidstais in
chromatography as stationary phases. A large numbeew liquid crystal
compounds have been prepared which have specibigepres for different

applications in diverse field3.

1.6 Liquid Crystals as Stationary Phases in
Gas Chromatography (GC)

A search for better stationary phases, includirgilyi selective ones, is
an important trend of chromatography developmenhoAg the stationary
phases under investigations are liquid crystalbtegionary phases (LCSPs).
Liquid crystals were studied as stationary phasesstljn for gas
chromatography (GC¥%*. Recently, studies on the use of liquid crystals i

liquid chromatography have come &lit** The separation of components of

1
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mixtures occurs on the basis of the different eté@ons between liquid
crystalline stationary phases and molecules okerkfit geometric shapes. In
some cases, very small differences in the shap@sotdcules of compounds
being separated suffice to obtain their good sejoaraAt the same time, the
separation of components of mixtures difficult teparate on conventional
stationary phases whose separation ability is #sgocwith polarity or non
polarity of interacting molecules of chromatograghlsebstances and stationary
phases is obtained.

Thermotropic liquid crystals have been of interést some time as
stationary phase in gas chromatography for resghalosely related, rigid
solute isomer¥>. Liquid crystals were used as gas chromatografstionary
phases for the first time by Kelkéf*"” and Dewarl*®. The liquid crystalline
stationary phases added some unique selectivalgyrtmamatographic separations
of rigid planar molecules like polycyclic aromaligdrocarbons (PAHSs). Liquid
crystalline stationary phases are useful in sepagyratlose boiling isomers
which are very difficult or impossible to separateclassical stationary phases.
These interesting properties are due to the razl-Bhape and the order
arrangement of their molecules within the mesoph&8ben used in the
appropriate temperature range, these liquid ciystalgroups retain their
orientation with respect to each other with thdwngated molecular axes
aligned in a parallel configuration.

The smectic phase exhibits a layered structurdasitu the Gg structure
in reversed phase liquid chromatography. Liquid staly layers have
successfully been applied to PAA%*® and volatile aroma compoun@%®®)
as well as to other organic pollutants like polyemated biphenyls (PCBSs),
dibenzodioxins (PCDDs), and dibenzofurans (PCD8Y® The high
temperature nematic liquid crystals, which provedparation on the basis of

molecular geometry, are used in gas chromatogrdphyhe separations of

ARY



Chapter One Introduction

isomers such as: disubstituted benzéfed) steroid epimerd®®, methoxy
substituted quinine$®, and PAHs**%4%2) Analytical applications of liquid
crystals as stationary phases were reviewed byig\itkz ¢23%93)

Habboush et af” studied the interaction and elution charactesstt
Cs-Cy normal, branched and cyclic alkanes using liquigktalline stationary
phases at different column temperatures of 60-136f@-(n-hexyloxy)phenyl
p'-methoxybenzoate  and 90-150°C  for p-pentyloxyphenyl p'-
ethoxyazoxybenzoate as stationary phases. Thellaystal loading wa&0%
w/w) on 80-100 mesh Chromosorb W/AW DMCS.

Sojak et al®® examined regularities and irregularities in théuea of
retention time of chromatographed substances, Hadtiag the selectivity of
separation, with regard to the relationship: retentof a chromatographed
substance-structure of a liquid crystal. They messuetentions of 49 branched
alkynes C5-C13 on squalane and a liquid crystakpéntylacetophenon@-(4-
n-pentyloxybenzoyl)oxime (PBO) were compared. Thiedgity of a liquid
crystal for isomers ofi-alkynes increased with a shift of the triple bdnan
the centre to the end of the carbon chain. Witeaehse in the length-to-width
ratio of molecules of alkynes and with an increiastne screening of the triple
bond, their retention indices on PBO decrease mpawison with squalane
(SQ);AIPBO—SQ.

Budzinski et af®® identified 12 dimethylphenanthrenes isomers and 25
trimethylphenanthrenes isomers, in crude oils awk extracts; using GC on
smectic liquid crystalline phase. The retention ese@br of these alkylated
phenanthrenes was related to molecular shape @vasmhs, length to breadth
ratio, dinedral angle and substitution pattern.

In the first period of investigations on LCSPs mmeoic liquid crystals
of relatively small molecular weight and of relay narrow mesophase ranges

were dealt with. Despite their good separation ertgs, the stationary phases

YA
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were not widely used. One of the reasons for it thasconsiderable volatility
of LCSPs making their stability unsatisfactory.

With the wider use of capillary columns, the higalbslity of LCSPs was
required within the wide range of temperatures whie mesophase should
occur. One of the practical limitations of liquidystals is the narrow nematic
temperature region which limits the effective apglion of temperature
programming®?. Among such LCSPs are, first of all, monomericuiih
crystals of large molecular weight and liquid caftite polymers®”. Inspite of
the general tendency to obtain monomers of largeecutar weights, liquid
crystals of relatively small molecular weights arfchigh melting temperatures,

were synthesized [5,67.

CH3O—©—CH=N-©—CH2—CH2—©— N:CH-@—OCH3

[5]
[6]

On monomeric LCSP: 4:%iphenylene-bis(sbutyloxy-benzoate)
placed in a capillary column, 12 PAHs present ithisiandard mixture and a

®" " Composite

mixture derived from coal tar were successfully asaped
mixtures of vegetable origin (e.g. volatile oilsjeadifficult to separate.
Therefore, highly selective stationary phases, uigiclg liquid crystalline
nematic and cholesteric ones, were used for tle@arstion with good results
(59.61.62,64.98-10155me |iquid crystals, used for the separationashionents of
volatile oils, could be used supercooféd Although the good separation of
components of some mixtures is possible in thedssiate of LCSP in its

supercooled mesophase and also in the range o$dtrepic liquid, the best

V4
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chromatographic effects are generally obtainediwithe temperature range of
the stable mesophase. Some monomeric LCSPs, of rhajacular weights,
have been found to contribute to the separatiohigif boiling compounds at
temperatures corresponding to the solid of a ligujcstal™®?.

A lot of attention was traditionally paid to thepseation of disubstituted
benzene isomers. These isomers can be successiprated on a great
number of liquid crystals, both nematic and sméttf¢®®) Methylnaphthalenes
(MN) and dimethylnaphthalenes (DMN) were more difft to separate, but
some pairs of these isomers were successfully segghmamely 1,2- and 2,6-
DMN, 2,6- and 2,3-DMN as well as 1-MN and 2-MR®. Liquid crystals, with
a relatively wide range of the mesophase (e.g. 196:5 °C), belonging to a
group of nitroazo compounds, made the separatiodiftgrent compounds
possible in a short tim&%. Among them were benzene alkylderivatives,
position isomers of alkaness andtransisomers and numerous components of
volatile oils. The separations obtained were muetieb than those obtained
using the conventional phases SE 30 and Carbowslx 20

Monomeric liquid crystals containing transition st in organic
complexes were described by Hudson and Maitfi8 Among monomeric
liquid crystals, azo- and azoxy-compouffds*®*%®and their derivative§’*%®
are still being synthesized. Their complexes witktats such as copper were
also describef®. The synthesis of polymeric liquid crystals wheoenplexes
zinc (Il) and nickel (Il) with 4-(dec’@en-1-oxy)dithio-benzoate™®® were
bound to the polysiloxane chain. The formula ofrsadiquid crystal is given in
[7]. The nickel (II) complex showed particularly @g properties. Thirteen
PAHs from naphthalene to pyrene were separated iwna capillary column
12m long within a temperature range of 150-2@0 It turned out that the
smectic phase of complex liquid crystals was adulider the separation of

PAHs as commonly used nematic phases.
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(CHy)sS—¢ S—0—)7Si(CHy)
T
(FH2)n

Recently, liquid crystalline moieties have been ftgdh onto
polymethylsiloxane polymers to overcome the narro@sophase temperature
ranges of some liquid crystaf¥'°'% The bonding of polysiloxanes with
liquid crystalline compounds produced substancesth winteresting
characteristics as stationary phdés

Berset et af'¥ have used a prototype smectic liquid crystalline
polysiloxane as stationary phase in GC for the s¢jg;m of 7 PCBs and 16
PAH compounds. The separation efficiency on thectimehase was much
higher for both groups compared to a non-polarstaty phase column of the
DB-5 type. Moreover non-ortho substituted (coplan®CBs were well
separated from the mono-ortho and di-ortho PCBs appkeared as a late
eluting group. Finally the smectic column was verseful for qualitative
analysis of PAHSs.

Very often polymers with liquid crystalline proped have a

polysiloxane backbon@®*"**#1% Among the polymeric liquid crystals were

AR
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the ones in which molecules possessing alkoxylgs80 [8] and crown ethers

(6711311511791 were bound to the polysiloxane chain.

ch4o—©—co Q O OOC—©—0C4H9

[8]

M\

(O

Olv o, SD—OOCOCHZ-CH =CH

[9]

Naikwadi et af*® have used a new side chain liquid crystalline
polysiloxane (SCLCP) having a wide liquid crystadi range of 140°C to
315°C as a stationary phase in capillary columnajgematography. A series
of new (SCLCPs) was synthesized using olefins ¢omig 2,6-disubstituted
naphthalene. The olefins were attached to a hydigip®lysiloxane backbone
by a hydrosilylation reaction using a platinum b&zh These columns had a
high thermal stability, efficiency and isomer spiedy for the separation of
isomeric polychlorinated dibenzmdioxins, PAHs and pesticides were
demonstrated as examples.

An analysis of polychlorinated dibenpedioxins and polychlorinated
dibenzofurans presented a very difficult problenheTside chain liquid
crystalline polysiloxane polymer of the smectic ar@nhatic mesophases and of
the transition temperature to the isotropic liq@0 -C guaranteed the
separation of some isomers of (PCDDs) and (PCDFRsjeb than the
commercial conventional phases: HP-5MS and RTX-5M@&, example:
1,2,3,4-TeCDD vs. 2,3,7,8-TeCDD and 1,2,3,4,7,8-BkKCvs. 1,2,3,6,7,8-
HxCDD and the same substituted chlorine number coamgs 1,2,3,4,6,7,8-
HpCDF vs. 1,2,3,4,6,7,8-HpCDD and 1,2,3,4,6,7,8(®PD vs. 1,2,3,4,6,7,8,9-

Yy
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OCDF had a higher resolution than HP-5MS and RTXS5 suggested by the
column maker§™®)

Jing et al**® have used a side-chain liquid crystalline polysilee
containing crown ethers for the chromatographiasgmn of both di- and tri-
substituted benzene isomers as well as enantidhiérs

New liquid crystalline biphenyl carboxylate estelysiloxanes, which
possessed wide smectic temperature ranges andHheghal stabilities, have
also been reported 98129

The LCSP whose molecule contained a cholesterghfeat ™ [10]

was also obtained.

[10]
Relatively little attention was paid to cholestefiquid crystalline

stationary phases. However, polymeric cholesteoicshe wide mesophase
range were obtained, e.g. from 25 to 180 °C anuh f5d to 190 °C'*"). These
stationary phases were useful for the separatiosonfiers of alkanes from C8
to C20, poly-aromatic and aromatic hydrocarbonftie aromatic compounds
as well agis andtransisomers of some chemical compounds.

Liquid crystals with a polyglutamine skeleton wereteworthy among
polymers with no polysiloxane skeleton. Decyl- amtlexadecyl groups (11
and 12) were connected with this skeleton. Thegpadi crystals were chiral

cholesterics of the mesophase range equal to 156'°C
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= NH— c|:H— co-y

CH,

CH,

COO_(CH 2)9_ CH3

[12]

Judeinstein et al.®® have described the synthesis, analytical
performances, thermodynamic and surface propedfeswo new liquid
crystals substituted with poly(ethylene oxide) dsaiThe first of them was
N,N-diphenyl-[4-{2,3,4-tri[2-(2-methoxyethoxy)ethoxy@bzylidene}imine]
piperidine (LC;) and the second was 2-hydroxy-3-methyl-4-{4-[2-(2-
butoxyethoxy)ethoxy]}4{4-[2-(2-butoxyethoxy)ethoxy]styryl} = azobenzene
(LCy). The nematic ranges of the two liquid crystalsetedmined by
differential scanning calorimetry (DSC), and GC. eThanalytical and
thermodynamic studies of L@nd LG in the solid, nematic and liquid state
were done using a series of appropriate solutealyfioal studies showed that
the phenols, and derivative isomers separationhenstationary phase in the
solid and in the liquid state were generally pobne good separations of

certain isomers observed in the nematic statentireased discrimination with
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respect to the shape of molecules led, howevenetoarkable analytical
performances.

The separation ability afis andtransisomers was shown by quite a lot
of LCSPs such as 2/M4-transpentylcyclohexyl)biphenyl]-2-(4-
iIsothiocyanatophenyl)ethane on whicltis and trans isomers of

alkylcyclohexylbenzenes were separdtéd

Alfred and Gunter®® studied the correlation between gas
chromatography (GC) and infrared (IR) spectroscdpedavior in nematic
phases. A slight change was observed in the slégheospecific retention
volume (log Vg°) vs. inverse temperature jTfunctions. IR measurements
were performed in order to check this effect byirmependent technique, by
observing the temperature dependence of the positidche OH band of 2-
octanol, which was dissolved in the nematic phdses position of the OH
band was used as an indicator of intermolecul@ractions and was compared

with the log Vg° data.

Inverse gas chromatography (IGC) has been usedwestigate the
physicochemical properties of such liquid cryst&s'?® While the dynamic
method that the measurements recorded under thectopnditions could give
accurate equilibrium thermodynamic informatid7i?”) Price et al*®® have
described measurements on a number of low molas Brad polymeric liquid
crystals that contain the same mesogenic grou@ssition temperatures for
the mesophases have been measured and the supdrcoegion of
hexyloxycyanobiphenyl studied, revealing some défees from the stable
mesophase. Activity coefficients and interactiorrapaeters for a range of
probes have been measured and allowed determinengédture and origin of

the thermodynamic interactions in the systems aad khis fundamental
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information can be used in designing more efficistdtionary phases for
analytical gas chromatography.

Comprehensive two-dimensional gas chromatographybeaised when
one-dimensional gas chromatography fails to resaweluting substances
(129.130) Danielsson et &Y have measured the trace amount of polychlorinated
dibenzo-p-dioxins, dibenzofurans, and poly chladabiphenyls in food by
using comprehensive two-dimensional gas chromapbyrdt was used with
different column combinations for separating theyea analytes. For the first
dimension, non polar DB-XLB and VF-1 columns werged, and for the
second dimension, an LC-50 liquid crystalline catumith unique selectivity
for planar compounds. The total toxic equivalentEQ@) data obtained using
DB-XLB x LC-50 were in good agreement with the leswbtained by the
GC-HRMS laboratories. While the data obtained wthle VF-1x LC-50
combination was also good, but the PCDD/F concgatre were sometimes
overestimated due to matrix interferences.

Matisova et af*** have studied the dependence of the propertigguotl
crystals on the film thickness and surface qualitcapillary columns. Glass
capillary columns were coated with {2-methyl-4-(tsad-n-propyl-
cyclohexylcarbonyloxy)benzoic acid-[4-n-heptyloxlggnylester]} as the liquid
phase, in different film thicknesses. The colummsesested using substances
of different structures and polarities. It was fied that the capacity factors,
retention indices and selectivity significantly éeped on the thickness of the
liquid crystalline stationary phase film and theaby of the tube, particularly
in the case of columns with thin films. Transitimmperatures of the liquid
crystal were also dependent on these two factors.

The mixture of a liquid crystal with conventionalagonary phase
increased the efficiency of the column by improvihg homogeneity of the

stationary phase film upon the wall of a capill@glumn®***3") Janini and
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Filfil “3® who mixed the liquid crystal with the conventibphase Dexsil 300
in the ratio of 23:77, gave an example of suclaistary phase. They used the
phase in a packed column for separating four pgaliac aromatic
hydrocarbons:  benzo(k)fluoranthene, benzo(e)pyrenperylene and
benzo(a)pyrene. Gorczynsk&® mixed LCSP called N,N-di(p-butoxy-
benzylidene), o-di-p-toluidine (BBBT) homogenously with the phase SE-30
carbochemical products (carbazole and anthracdhpeantaining polycyclic
aromatic hydrocarbons were separated. The goodatepaof PAHS, including
phenanthrene and anthracene, was obtained usiagkag glass column 1.9m
long. The column was filled with a mixture of 3% BB phase and 2% SE-30
phase on Chromosorb G/AW.

The mixture of two liquid crystals can also prowvantageou§®4%142)
Grushka and Solsk}*® tried to expand the temperature range of the niessm
using a mixed phase capable of forming an eutechixture. The
thermodynamic properties of binary mixtures of ldjcrystals have been
studied by Differential Scanning Calorimetry (DS€§*'*Y Grushka and
Solsky ** have also pointed out changes in the height etpriveof a
theoretical plate ,H, as a function of changeshatemperature of the nematic
crystal.

Boudah et af’® have studied the thermal and chromatographic ptiege
of an equimolecular mixture of two liquid crystdlsC,, LC,). DSC showed
that the clearing temperature of the mixture {lJCwas an intermediate
between the corresponding temperatures for thevigheal liquid crystals. The
melting temperature was lower than the correspandemperatures for the
separate liquid crystals. Polarizing microscopyveu that the liquid crystal
phase of the mixture (L&) was nematic. The analytical performance of the
mixed liquid crystal was investigated using of erféfnt kinds of solute (PAHSs,

phenols, and volatile aroma compounds). It seerhat the behavior of the
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nematic mixture was the same as that of a pure tefiguid crystal. When
separations were performed with the mixture theenedongated isomer (para

for positional isomers) was the most retained sdlh

1.7 Physico - Chemical Studies of Liquid
Crystalline Stationary Phases (LCSPs)

The ordering of the liquid crystal structure is lmoto be of decisive
importance in the separation of components of medwy distinguishing the
shape of their molecules. However, investigatioms tbe effect of other
physico-chemical properties of liquid crystals ¢wit behavior as stationary
phases in a chromatographic column are still n@cgs3he results of such
investigations should facilitate a search for ldjerystals of good separation
properties and of such physico-chemical properéissto meet the general
requirements set for stationary phases best. dtsis important to learn more
about the relationships between general physicoaada properties of liquid
crystals and their separation ability. The resoftsuch investigations of LCSPs
properties, were based on inverse gas chromatogré@c) 4 %14 and
conventional methods of examining liquid crystalg. DSC, NMR and FTIR
(93).

The selectivity of liquid crystals in relation talsstances of different
molecular shape can be determined by the dependehdbe selectivity
coefficient ¢) of test substances on temperaturex t f(1/T) “*®. The shape
selectivity of 4-octoxyphenyl-4-pentoxybenzoate wass examined in relation
to polar xylene isomers and non-polar stereoisoroérdimethylcyclohexane
and decalid”®**®) Considering their small polarity, saturated aycompounds

were found to be better for determining the sel@gtof LCSPs connected with
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the shape of molecules of chromatographed substdhaa more polar xylene
iIsomers. On the basis of the dependence:34rA (AG,)/(RT), it is possible to
determine quantitatively differences of partial arolfree energies of the
substances and b chromatographed on liquid crystals. Using the &goa
AG= AH-T AS from the slope of straight lines in= f(1/T) for each pair of
iIsomersA (A Hy/R) was calculated. In the case of chromatograplocgss 4-
octoxyphenyl-4-pentoxybenzoate, these values were of and p-xylene
=-2.11, for p- and mxylene =-2.73, for cis and transl,2-
dimethylcyclohexane =-2.93 and fociss and transdecalin =-3.34,
respectively®*®. The retention of isomers of chromatographed suiosts
considerably depends on the type of the mesophfagieediquid crystalline
stationary phase. It results from the fact thattyipee of mesophase affects the
diffusion of isomers of the chromatographed sulzstaio a different degree.
Medina **” studied the influence of the type of mesophasethef liquid
crystalline stationary phase on the diffusion oflerg isomers on 44
bis(heptyloxy)azoxybenzene (BHOAB) as stationarggghdeposited on glass
beads. The order of elution of xylene isomers wascal of liquid crystalline
stationary phasesieta para andortho. However, the diffusion coefficients in
the smectic, nematic and isotropic phases decraastuk ordemp-xylene, o-
xylene andn-xylene. The diffusion coefficient gFxylene compared tor and
o-xylene was disproportionately larger in the snegihase than in the other
phases. Medina concluded, from the comparison efvilues of diffusion
coefficients of xylene isomers with their polarithe length to width ratio and
the molar volume that the diffusion coefficientpEra-isomer was larger than
m- and o-isomers was associated with its smaller polaritygl ahe larger
molecule length to width ratio than that of the estisomers. The described
behavior ofp- xylene isomers could account for its larger ratenon liquid

crystalline stationarphases than that of tmexylene isomer. The retention on
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conventionaktationary phases is reversed and attributed to lthding points.

A clearly great difference in the activatienergy of the diffusion of xylene
Isomers in smectic and nemamneesophases as well as in isotropic liquid
resulted fronthe ordered structure of a smectic and a nematsopi@asesand
from the disorder of the isotropic liquisllolar diffusion coefficients of selected
PAHs in the sidechain liquid crystalline polymer determined by gas
chromatography confirine influence of the shape of molecules on its bieina
in nematic and isotropic phas&®). The non-planao-terphenyl! diffused more
easily in the nematic phase of this liquid crysdtan planar fluorene. In the
isotropic phase molar diffusion coefficients fardtene ana-terphenyl did not
differ much. Activation energies of the diffusioh maphthalene with length to
breadth L/B = 1.24 and that of fluorene with L/BL52 in the isotropic phase
did not differ much and were (32 and 30 kJ/mol¥pestively, whereas in the
ordered nematic phase they were clearly larger ciffierent for naphthalene
(40 kJ/mol) and for fluorene (68 kJ/mol).

The separation effect of components of mixtures LEDSPs was
associated with the different energy of the inteoas of the components of
these mixtures with liquid crystals. Therefore, thetermination of these
interactions in different systems can contributeatbetter knowledge of the
nature of liquid crystal-chromatographed substanteractions. The effect of
steric factors on the separationnefandp-xylene isomers on liquid crystals:
azoxyanisole (PAA) and 4-methoxy-benzylidene-4-tartyine (MBBA) was
presented™*®. The ratio of dissolution activity factors pfxylene top-xylene
was smaller than unity and in practice it did nlearmge in the isotropic phase
while it was larger than unity in the nematic phasel depended on the

structure of a liquid crystal.

The diffusion and the dissolution of chromatograplseibstances in

stationary phases were determined by the masddramsistance which affects
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the efficiency of chromatographic columfd. The efficiencies of columns
with liquid crystalline stationary phases were gatlg lower than those of

columns with conventional stationary phases. Tleegfit can be advisable to
mix liquid crystalline stationary phases with contienal phases. It was shown
by examining the mixtures of 4-propox{ethoxyazoxybenzene (PEAB) with

(149)

polymethylhydrogen siloxane (PMHS) in capillary wwoins . Xylene
Isomers were chromatographed on these phasestigiguitable mixture ratio,
the good separation of LCSPs and the small massféaresistance of the
conventional stationary phase resulted in the atiseparation of the
components of the mixture. The mixture of PEAB &dHS in the ratio of
83:17 showed good separation properties. Littlenditbn was paid to the effect
of polarity of LCSPs on their separation propertigswvas justifiable as the
effect of polarity of LCSPs on obtaining the separa of components of
mixtures was smaller than the effect of the ordestedcture of the stationary
phase. The effect of polarity should not be negl@cthough, because in some
cases it could be positive and might improve theassion of components of
mixtures.

The retention time of chromatographed substanceskwawn to depend
on the temperature of a liquid crystal, practicallyits phase state where it was
at a given temperature. It contributed to deterngnthe phase transition
temperatures of liquid crystals. The phase tramsitemperatures determined
by IGC and DSC were usually in agreement; it wamsnsh) for example, for two
liquid crystals containing external and interndatmigroups®®?. The results of
determining temperatures of phase transitions falesteric*?? and nematic
liquid crystals®® by DSC and IGC were also compared. The phaseititans
temperatures measured by these methods were diffeyé%.

The wide range of the mesophase was a very usedpepy of liquid

crystalline stationary phases. The examination obperties of LCSPs,
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including polymers, by inverse gas chromatograptiy>***?made it possible
not only to determine phase transition temperatofdiguid crystals but also to

study and compare properties of mesophases inessatal supercooled states
(128)

1.8 The Separation Mechanisms on LCSPs

The chromatographic separation of compounds ofurestusing most of
the conventional stationary phases was associatédtine polarity of these
phases and with the polarity and polarizability the chromatographed
substances as well as the subsequent intermolénteaactions®.

The mechanism of the chromatographic separatidnG8Ps was mostly
connected with the differentiation of the structusd molecules of
chromatographed substances. The differentiatioth@fstructure of molecules
of chromatographed substances resulted from therioglof the liquid crystal
structure and depended on the type of mesophastamdodynamic effects of
dissolution of solutes in LCS#. In the case of nematic liquid crystals, the
best separations were obtained at the lowest tanpes of their existence,
usually slightly above the melting point, but alsglow it, in the supercooled
mesophase. The efficiencies of columns with LCSBEewenerally lower than
those of the columns with conventional stationamages and, therefore, the
mixture of a liquid crystal with the conventionabltonary phase (e.g. the
silicon one) can be advantage&is.

In such systems both stationary phases interat¢t @htomatographed
substances independently, according to differerghaieisms the liquid crystal
by the ordered structure and the conventionalostaty phase by polarity. This
system can show better properties than the ligoydtal itself as regards the
separation taking place according to two diffenmaichanisms. With a certain
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composition of the mixture being separated, disathgeous effects of
separation cannot be excluded. In such condititms,good separation was
obtained in a shorter time than during the sepamati the mesophase range.
Small differences in the structure of moleculesligfiid crystals related to
terminal or lateral position of the same functiogabup (—NQ) were also
found to affect not only the range of their mes@ehhut also their separation
properties!®®. The properties of LCSP below its melting poins (the
supercooled phase) were different depending onhené¢his phase was heated
from the temperature below the melting point orleddrom the temperature
higher than the melting point. It was shown by Bettal®® that the separation
of some aromatic components of volatile oils witkive temperature range of
120 — 175 °C onN,N- bis(p-methoxy-benzylidene)-o, ¢-bi-p-toluidine
(BMBT), with the melting temperature of 179 °C. Taethors claimed that
different mechanisms of the separation of compaesft mixtures were
possible and that they were dependent on the théistary of LCSP.

The mesophase of the liquid crystal existing aftermelting can be
supercooled when the temperature of a column deesed he stability of the
supercooled mesophase depends on the kind of laqystial and on the support
on which it is deposited. The separation in theestpoled mesophase takes
place according to the same mechanism as in theeational mesophase at
stronger mass transfer resistances in the supextpbias€”.

The effects of the separation of components of uned, including
Isomers, on LCSPs at temperatures below their mgelpoints, in the solid,
similar to the effects of the separation within temperature mesophase range
were difficult to explain. The explanation given Begtts et af*® seemed very
probable. The chromatographed solute moving dowthénchromatographic
column can produce locally a liquid eutectic mietwith a liquid crystal. If the

liquid crystal has been previously heated aboventk#ing point, it can then
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retain the ordered structure of the mesophase béerg cooled below the
melting point and solidified. Such ordering doe$ aocur in a liquid crystal
which has not been molten earlier. Therefore, titeraction of the liquid
crystal melted earlier with the chromatographedstaice in the eutectic
mixture can be stronger than that of the liquidstal which has not been
molten®®. It appears that the separation of componentsesame mixture can
be different and take place according to differer@chanisms related to the
thermal history of a chromatographic colufifi. Considering the separation
properties of LCSPs, the interactions in the chitogvaphic system, connected
with polarity, cannot be completely omitted althbuthey are not largely
compared with the separation mechanism resultiogn fthe ordered structure
of these stationary phas€%%1%® |t is noticeable in the case of separating
and p-xylene isomers. The isomers on the conventioraticstary phases, if
separated, were eluted in the ordaraandmeta whereas on LCSPs they were
eluted in the ordemetaandpara **¢**”) The two isomers were very frequently
used to assess the separation abilities of LCS&setrer, according to Kruik

et al."*® the use of saturated cyclic compounds for assgs$kin selectivity of
LCSPs was better than the use of xylene. It watsfipe by the fact that the
polarity of cyclic compounds was smaller than tfatylenes and the influence
of their polarity on the selectivity of the sepavatcould be minimized.

With a view to obtaining stationary phases of theentemperature range
of the mesophase, of high stability in columns afdgood separation
properties, attention was paid to polymeric liqaigstals, including those in
the form of complexes with transition metal ionsg(ecopper(ll), zinc(ll),
nickel(11)) “°®. The separation was connected with both theirredistructure
and the ability of exchanging organic ligands dfgaiid crystal with organic

substances, e.g. PAHs. The separation on thesed. @& complex and in the
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case of mixtures whose components could interattt WCSPs according to
both mechanisms the separations obtained be good.

The different separation of the same mixtures ifedint types of the
mesophase of liquid crystals (smectic, nematidragpac) could be related to
different diffusion coefficients of the same sulbsts in individual types of
mesophasé'*”. Rogalska et al*®® have studied different interactions of
chromatographed substances with different statethefliquid crystalN,N-
diphenyl-[4-(2,3,4-tri(2-methoxyethoxy)ethoxy)behdgne) imine] piperidine
by partial molar excess enthalpy and entropy inctiee of the nematic and the
isotropic liquid. Their values were much highertiie mesophase than in the
isotropic liquid. It resulted from the different@maction of molecules of solutes

with the ordered and disordered structures ofuadigrystal.

1.9 The Factors Affecting the Separation of
Mixtures in LCSPs

1.9.1 The Kind of Liquid Crystal Phase

In LCSPs, the more ordered phase (i.e., smectic weatic) provides
greater shape selectivity. A possible explanatiaiiis seems to be that smectic
stationary phases may not, like normal liquids, rapee under equilibrium
conditions. The viscosity of a smectic liquid calsis extremely anisotropic,
and the mechanical properties of a smectic phasgg l®milar to those of
graphite. It therefore, seems possible that diffiushrough a smectic stationary

phase may be slow enough to affect the residem=s"fi**>>
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A nematic liquid crystal would be expected to shawelective affinity
for linear molecules, since these should be abfg beetter into its “lattice”. On
this basis, one might expect columns of nematicretain selectivityp-
disubstituted benzene, relative to the ortho anthmsemers.

In general, it is assumed that nematic liquid @lgsthave better
separation properties and improved resolution tinse of smectics, due to
greater diffusion in the former and, thus, high#iciency. and the smectics
with a low degree of ordering of the mesophasg £ have better separation
properties than those of a high degree of ordef8@ However, improved

selectivity has been achieved using smectic pHa§¢2)

1.9.2 Molecular Structure of the Liquid Crystal and
the Chromatographed Substances

A fact of intermolecular interactions between tiguid crystal and the
chromatographed substances is important for theemstahding of the
phenomena taking place in the chromatographic cold™. The structure of
the molecules and their polarity and polarizabiléifect, as well as, the
solubility of the chromatographed substances in litpgid crystal plays an

important influence on the separation.

The process of dissolution was dominated in theurnal during
chromatography on a liquid crystal. However, aslitiqcrystals were usually
phases of medium polarit{*® the mechanism of the retention of the
substances chromatographed on them was accompdnjecdsorption.
Nevertheless, the contribution of adsorption to tibtal retention was usually

much smaller than of dissolution. The propertieshefliquid crystal stationary
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phases depended both on the structure of the rhain of the molecule and on
the terminal substituents which strongly affect gaarity of the molecules.
However, an equally important or even greater éféecthe chromatographic
properties of liquid crystals was exerted by theerl substituents. These
substituents not only affect the intermolecularcteas between the liquid
crystal and the chromatographed substance buttlasbquid crystal — liquid

crystal interaction®®. The direct quantitative correlation between gtemtion

of the chromatographed substances and their malestiucture was studied
18D It was generally assumed that the ratio of thegtle to the smallest
transverse dimension of the molecule, (L/D) (shégsor), was a decisive
guantity for the retention of chromatographed sams® on liquid crystal

stationary phases.

1.9.3 The Effect of the Support
The effect of solid support activity on the chroagaaphic properties of

stationary phase has long been a subject of ama@rsy. The surface of the
support or the column wall may not only contribigebstantially to the
retention of the chromatographed substances but atsy influence the
orientation of the liquid crystal molecules in \ars ways. The distribution of
the liquid crystal on the support and hence the@rtes of the whole system
were affected not only by the chemical charactsitar{ized or non-silanized)
and porous structure of the support, but also byathount of the liquid crystal
deposited on its surfat8?. The selectivity of the system depended strongly o
the kind of support used and on the amount ofithed crystal deposited on it
183 The selectivity also depended on the thickneshefiquid crystal layered

on the column wall and the character of the walifae ‘%%, The
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reproducibility and reliability of the retention tdavere better when the surface
of the column wall was inactive and the thicknefsthe liquid crystal layer was

relatively thick®*?.

The interaction of the support surface with theiiligcrystal stationary
phase may give specific effects. One of thesevietmg the melting point of
the liquid crystal by 7°C owing to its contact witHanized surfac&®®. The
lowering of the melting point was due to the forimat under the influence of
the support, of a layer phase with a crystallimacstire different from that of
the bulk liquid crystal beyond the support. Thigeef was not related to the
kind of substance chromatographed but dependeldeckirid and amount of the
liquid crystal deposited on the support and wasadure of the liquid crystal—
solid support interactior&®®. In order to explain the variation of retentiortala
with percentage loading and the type of solid suppsed, Korof**” studied
squalane (non polar) and oxydipropionitrile (strigngpolar) as stationary
phases. He invoked an argument that the statioplaage was present on the
solid support in two types of configurations, anfibn the surface and a bulk
liquid in the pores. With low percentage loadingysmiof the stationary phase
was present as a surface film and solute retentias largely due to the
adsorption on the gas-liquid interface, and on ghs-solid support surface
interface. As the amount of liquid phase increabedsupport pores were filled
and solute solubility in the bulk predominated tie¢ention process. Unlike
Isotropic phases, liquid crystals exhibited a mastacture which strongly
depended on the properties of the surface overhwthe mesophase was
deposited. It was therefore, expected that thecietie solid support would be

even more dramatic with such a phase.

Vernon and Rayanakoftf®, investigated the solid support effect and the
polarity of LCSP in GC. They found that, when patdationary phases were
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used, the main cause of retention data variatios gas-liquid interfacial

adsorption, support activity being eliminated iétholid support surface was
sufficiently covered by these phases. For non petationary phase, with
percent loading less than 5% (w/w) a solid supedffiect would exist so the
high percentage loading would be recommended.

Another factor that affected on the separation a@ftunes was heat
treatment®*”). The properties of the system were affected bydbeditions
under which the column filling was heat treated. riby heating, a
redistribution of the liquid crystal on the supptwok place and as a result the
properties of the system were chan§&d. In some instances conditioning at
high temperatures led to a more advantageous aglefithe liquid crystals in
the column. Therefore, if this treatment was nogl@enough or was conducted
at an insufficiently high temperature, sometimes sklectivity of the column
may change in the course of its U$€. The occurrence of this phenomenon
was related to the kind of liquid crystal used #mproperties of the surface on

which it was deposited.
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1.10 Aim of the Work

The effect of the liquid crystal technology candixeserved in many areas
of science, engineering and also in device teclgyoldpplications are still
being discovered and they will continue to prodseckitions to many different
problems in different branches.

Gas chromatography separation technique is onehefimportance
techniques in modern chemical analysis in differeeids. Recently, liquid
crystalline compounds as new stationary phasessnliguid chromatography

have been widely used, so the aims of this work are

1- Preparation and characterization two liquid cryst@mpounds
containing benzene and heterocyclic rings, andtlusen as stationary
phases.

2- Coating these compounds on inert solid supportauk them in GC
columns.

3- Studying the interactions and elution charasties of PAHs, alcohols,
and positional isomers by determination their chatographic
parameters.

4- Comparing the separation characteristics of ghepared stationary
phases at different coating ratios.

5- Using the gas-liquid chromatography for the stigation of the
thermodynamics and physical properties of solutdgjuid crystals.
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Chapter Three

Results and Discussion

3.1 Preparation and Characterization of 4,4 -
bis-(4-propoxybenzylideneamino)biphenyl
(2»)

Compound 2,) was prepared by the condensation reaction between
propoxybenzaldehydel{) and 4,4Diaminobiphenyl 2.) in boiling absolute

ethanol, and glacial acetic acid as a catalyst

0
Vi
2 C3H,0 CH + M NH,

Ethanol
GAA

H_ __H
C3H,0 C=N N=C OC;H,

2b

The Schiff base mechanism of this reaction mayuikned as shown in

the following scheme (3.1y*.
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Cr »
OCH ' H2N O O ’.\!HZ ' HCO
C3H7O CH_H O O NHZ_CH OC3H7

1 Proton Transfer

oY) Q

2b

Scheme (3.1): Mechanism for the formation of compod (2,).

The synthesized compound was identified by FFHRYMR, and CHN
elemental analysis. The characteristic bands of  4bis-(4-
propoxybenzylideneamino)bipheny?,) are shown in Figure (3.1). The
appearance of bands at 2960, 2943, and 2876 roay be assigned to the
asymmetrical and symmetrical stretching of C—H radic, respectively. The
C=N bond appeared at 1625 tnThe appearance of typical absorption of C=C
stretching in benzene rings was at 1609, 15891&8ad cn'. The C—O—C bond
showed asymmetrical and symmetrical bands at 18481462 crit. The C—H
bending of the para di-substituted benzene appedeady at 836 cim

The 'HNMR spectrum of compoun(®,) is shown in Figure (3.2) with
the following features (CDGl ppm): two pairs of doublet &6.98 - 7.03 and
7.41 - 7.43 could be attributed to the eight pretohthe biphenyl ring. While
the other multiple band @t 7.58 - 7.68 suggesting the attribution of the tigh
protons of the alkoxy phenyl rings which have d#éf& substituents at position
1 and 4.
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The spectrum also showed a tripleb @00 - 4.07 that could be assigned
to the four protons of (O—CGiHgroups, the shift in the value of the group was
due to then- substitution (O— group). The multiple signaldéat.79 - 1.91 was
assigned to the four protons of the (lgroup between (—CHl and (OCH-

) and the triplet signal @& 1.06 - 1.11 was assigned to the six protons efdt
(—CHs) groups. While the proton of the (N=CH) group cqueel atd 8.45 as a

sharp singlet signal. The signalaf.28 may be due to the solvent.

CHN analysis for compound2f) was performed, and the results are
listed in the Table (3.1).

Table (3.1): Elemental analysis of the compound 4;Bis-(4-propoxy
benzylideneamino)biphenyl (3).

Element %
oo C% H % N %
Estimation
Theoretical 80.67 6.72 5.88
Experimental - 81.06 7.11 6.12
Relative Error% +0.48 +5.80 +4.08

* Represents the average value of two measurements.

It was found that the relative error values betwgenexperimental and
theoretical estimations of the presence of C, H] &h percentage in the

compound 2,) were acceptable and ranged from (+ 0.48 — +5.80).
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Chapter Three Results and Discussion

3.2 Preparation and Characterization of 2,5-
bis-[4-(4 -propoxybenzylideneamino)phenyl]
1,3,4-oxadiazole (1f)

The route adopted for the synthesis of compounyl Was given in
scheme (2.2).

4-propoxybenzaldehydel was prepared by the reaction of n-propyl
bromide with 4-hydroxybenzaldehyde in the presesfcgodium hydroxide, the
mechanism of the reaction was nucleophilic suligtitureaction.

The compound was identified by FTIR spectroscopguie (3.3) shows
the FTIR spectrum oflf) which showed the characteristic absorption batds
3062 cnt that could be attributed to C—H aromatic stretghiand bands at
2954 cni and 2877 cm were due to aliphatic C-H asymmetrical and
symmetrical stretching, respectively. The carbarfyihe aldehyde appeared at
1689 cni while the bands at 1596 ¢nand 1496 ci are due to the ring C—C
skeletal stretching .The C—H bending of the parssutbstituted benzene
appeared at 833 ¢h

Ethyl-4-amino benzoatél,) was prepared by the condensation reaction

of 4-aminobenzoic acid with HCL saturated ethanol

Ethanol
H2N —COOH HoN —COOG,Hg
HCI

(1b)

The melting point of the compound was (86-88) °Gilevthe reported melting
point was (88-90) °€ ™)
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Chapter Three Results and Discussion

The compoundlf) was also identified by FTIR spectroscopy. Figure
(3.4) shows the FTIR spectrum ¢f,) using KBr disc which showed the
characteristic absorption bands at 3421'camd 3340 cm that could be
attributed to NH asymmetrical and symmetrical stretching, respeltivand
bands at 2981, 2954 and 2898 tuue to aliphatic C—H asymmetrical and
symmetrical stretching, respectively. The carbariythe ester appeared at 1683
cm® while the C-O stretching of the ester appeared2801cn.The C-H
bending of the para di-substituted benzene appear@d4 crit.

The 4(4-propoxybenzylideneamino)ethylbenzodte) was prepared by

the condensation reaction betwey) and () in boiling alcohol.

The melting point of this compound,) was (66-68) °¢™>. Figure (3.5)
shows the FTIR spectrum for compound,)( The spectrum shows the
disappearance of the NHbands and the appearance of band at 1658fom
C=N stretching. The band at 1712 tnepresents the carbonyl of the ester.
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Chapter Three Results and Discussion

4-(4-propoxybenzylideneamino)phenyl! acid hydraztlg wasprepared
by the condensation ofi) with excess hydrazine hydrate in the presence of

ethanol as solvent. The melting point of the conmab{l,) was (129-131) °C.

The product was verified by FTIR spectral data. $hectrum is shown
in Figure (3.6). The appearance of bands at 3344 8807 crit and 3232 cr
were due to N-KHand N-H stretching, respectively. A new stretchband
appeared at 1681 ¢émwhich could be attributed to C = O stretchingaafide
group (amide 1) and a band at 1546 trmue to N-H bending (amide 11).

4-(4-propoxybenzylideneamino) benzoic acii)(was prepared by the
condensation reaction between 4-propoxybenzaldehydg and 4-

aminobenzoic acid in boiling absolute ethanol.

H7c30—©—CHo 4+ HN @—COOH
la

Ethanol
GAA

H7C3Q—QCH=N—</ \>—COOH
le —
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Chapter Three Results and Discussion

The melting point of the compound was (181-183) Pl@e compound
was verified using FTIR, as shown in Figure (3.The spectrum shows an
absorption band for the O—H stretching at 3463'.cfthe band at 1678 ¢
represents the stretching of C=0, while the bandl%#7 crii could be
attributed to the stretching of C=C and C=N. Thadat 2960 and 2873 ¢m
assigned to the asymmetrical and symmetrical $tiregc C—H aliphatic,
respectively. The bending of the C—H aromatic apgzkalearly at 840 cth

64



9

50.0

%T

47.5

45.0

42.5

40.0

37.5

35.0

32.5

30.0

4000.0

474.5
648.0
— '532.3
840.9
1948.9
1414.
1515.9
, 1149.5
2287.4 ‘ 1242.1
; 1299.9
2545.9 Lo egen
1678.0
’ \2873.7
29607
3463.9
3500.0 3000.0 2500.0 2000.0 1750.0 1500.0 1250.0 1000.0 750.0 so%o
cm

Melting point: (181 — 183)°C < > < > ﬁ
Yield: (90 — 95) %

Figure (3.7): FTIR spectrum of 4-(4-propoxybenzylideneamino)benzoic acid (.

aauy[, 421dvy)

&
%)
s
3
Q
S
S,
S)
a.
g
S
2.
(=)
S




Chapter Three Results and Discussion

Compound 2,5-bis-[4-(4ropoxybenzylideneamino)phenyl]1,3,4-
oxadiazole {;) was synthesized by refluxing compoufti) and 4-(4
propoxybenzylideneamino)benzoic acid.) in phosphorous oxychloride
(POCW).

The suggested mechanism of this reaction is outlinescheme (3.2).
The reaction was initiated by the conversion ofldoithe acid chloride (A), to
increase its electophilicity, followed by a nuclédig attack of the most
nucleophilic nitrogen of acid hydrazide on the canyd of the acid chloride in a
nucleophilic substitution reaction to keto form emhediate (C) which
tautomerised to enol form (D). The enol form (D) acidic medium was
converted to (E). The later intermediate sufferemnf internal nucleophilic
attack by the oxygen atom of the hydroxide to foinen oxadiazole ringlf).

The structure of this compound was elucidated biRFTHNMR, and
CHN elemental analysis. The FTIR spectrum of tlempound is shown in
Figure (3.8). The spectrum revealed the disappearah absorption band of
N-H, N-H, and O-H. The appearance of typical absorptionCeiN
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Chapter Three Results and Discussion

stretching at 1656 c¢m Band at 3035 cthrepresented the C—H aromatic and at
2925 and 2856 crmassigned to the asymmetrical and symmetrical siirejc
C—-H aliphatic. The C—O-C bond showed asymmetrigdl symmetrical bands
at 1251 and 1174 chrespectively. The bending of the C—H aromaticeaped
clearly at 835 cm.

0 o
] ]
QH{)—@HFN@C—OH + POCI3—>QH704©7HC:N4®—C—C| + HPO,
(A)
H
CoHy HC—= C—N—NHZ + (:|— N=C 003H7)

CaH7O_< >— —< >*
<HCI
?n 9
© QH7O—©HC=N4©70—N—ﬂ—C—QWCH—QOQH7

Tautomerism

|
OH O

CSH7O—QH(FN4®JC\ %@Nﬁ;»—«@ogw G
OH OH

Proton transfer
1 @/H
|
©) qmo@m&n%@c\ %@Nﬁ;@ogw
°Com

©)

—H0

=0
QH@A@*HCFN‘@*CL\O ;:ON#:HQOCSW

Scheme (3.2): Mechanism of the formation reactionsf the compound (3).
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Chapter Three Results and Discussion

The 'HNMR  spectrum  of  compound  2,5-bis-[4<4
propoxybenzylideneamino)phenyl]1,3,4-oxadiazdlg (vas shown in Figure
(3.9). The following characteristics chemical shif€CDCk as a solvent, ppm)
appeared: two pairs of doublet@6.97 - 7.04 and 7.82 - 7.86 that could be
attributed to the eight protons of the phenyl dt&tto the oxadiazole ring.
While the other doublet of doublet@B.11 - 8.21 suggesting the attribution of
the eight protons of the alkoxy phenyl ring whiddhdifferent substituents at
position 1 and 4.

The spectrum also showed a tripleb @02 - 4.07 that could be assigned
to the four protons of (O-ChHigroup, the shift in the value of the group was
due to then- substitution (O— group). The multiple signaldéat.80 - 1.92 was
assigned to the four protons of the (igroup between (—CHland (OCH-).
The triplet signal ab 1.06 - 1.11 was assigned to the six protons efdht(—
CHs) group. While the proton of the (N=CH) group apeehaté 8.52 as a
sharp singlet signal. The signalkaf.28 may be due to the solvent.

32) CHN elemental analysis was performed and the ieaudt listed in Table
3.2).

Table(3.2):Elemental analysis of 2,5-bis-[4-(4ropoxybenzylideneamino)
phenyl]1,3,4-oxadiazole (.

Element %
= C% H % N %
Estimation
Theoretical 75.00 5.88 10.29
Experimental - 74.42 5.50 10.54
Relative Error% -0.77 - 6.46 +2.43

* Represents the average value of two measurements.
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Chapter Three Results and Discussion

The percentages of the theoretical estimation ®f@hH, and N present
in 2,5-bis-[4-(4propoxybenzylideneamino)phenyl]1,3,4-oxadiazold (vere
75.00, 5.88, and 10.29, respectively. While theeexpental percentages were
74.42, 5.50, and 10.54, respectively. The relagivers between the theoretical
and experimental measurements were - 0.77, - @d®,+2.43, respectively.
From the relative error values it may be said thgbod agreement is between
theoretical and experimental measurements, alththeghelative error of the H

Is relatively high due to its small ratio.
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Chapter Three Results and Discussion

3.3 Liquid Crystalline Properties of the
Synthesized Compounds

Liquid crystalline properties of the two synthesizmmpounds 4'bis-
(4-propoxybenzylideneamino)biphenyl Y2 and  2,5-bis-[4-(4propoxy
benzylideneamino)phenyl]1,3,4-oxadiazolg) (Were examined by DSC, and

hot-stage polarizing microscope.

3.3.1 Liquid Crystalline Properties of 4,4/-bis-(4-
propoxybenzylideneamino)biphenyl (2y)

The thermal behavior of this compound was showRSC thermogram
Figure (3.10), and exhibited a peak that represerte actual transition
temperature from solid crystal phase to nematigidiccrystalline phase (&
N), at 246 °C.

The nature of mesophase formed by ’-Big-(4-
propoxybenzylideneamino)biphenyl ,J2was studied by hot-stage polarizing
microscope. This compound in its liquid crystallippase at 246 °C showed
Sheller-nematic texture Figure (3.11), which intkchthat the mesophase
formed by this compound was nematic. This textuees \persisted through

heating the sample to > 300 °C.
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DSC fmWimg)
L oexo

—_—

Crystal to Nematic

150

Temperature f°C

Figure (3.11): Nematic texture of model 4/4bis-(4-propoxybenzylideneamino)biphenyl
(2) at 246°C.
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3.3.2 Liquid Crystalline Properties of 2,5-bis-[4-(4/-
propoxybenzylideneamino)phenyl]1,3,4-
oxadiazole (1y)

The DSC thermogram of compound) (& shown in Figure (3.12), which
shows two peaks. The first one represented thesitram temperature from
crystalline phase to crystalline phase {€ C), in both these phases the
molecules were tilted with respect to the layeabproximately 25 to 30°, due
to molecular tilt. The molecular arrangement within a plane appeard®6
°C. The second peak was attributed to the transit@mm solid crystalline phase
to nematic liquid crystalline phase (G N), occurred at 143 °C. The presence
of oxadiazole ring in compound {flcause a change in liquid crystalline
properties and the mesophase range of the compound.

The optical observation under the hot-stage potagimicroscope of 2,5-
bis-[4-(4-propoxybenzylideneamino)phenyl]1,3,4-oxadiazolg f@vealed that
this compound displayed a nematic mesophase afalpiread-like texture at
its liquid crystalline temperature range i.e. abdvi8 °C (Figure 3.13). On
further heating these threads shrinked to form niengroplets near liquid
Isotropic transition temperature as shown in Fig®:&4). No liquid isotropic
phase has been observed through heating of thearordpto a temperature
more than 300 °C.
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DSC KmWimg)
+ Exo

Crystal to Crystal Crystal to Nematic

150
Temperature I"C

Figure (3.12): DSC thermogram of 2,5-bis-[4-(4propoxybenzylideneamino)phenyl]
1,3,4-oxadiazole (.

Figure (3.13): Tread-like nematic texture of model2,5-bis-[4-(4-propoxybenzylidene

amino)phenyl]1,3,4-oxadiazole () at 143°C.
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Figure (3.14): Nematic droplets texture of model B:bis-[4-(4-propoxybenzylidene
amino)phenyl]1,3,4-oxadiazole () at 250°C.

3.4 The Liquid Crystals Stationary Phases

3.4.1 Column Packing

The stationary phases were prepared by coating ehthe prepared
liquid crystals on the chromosorb W/HP, 100-120 m&ge, solid support. The
effect of solid support activity on the chromatqare properties of stationary
phase has long been a subject of controveéf8y In practice, retention times
are affected by the amount of liquid phase andtype and treatment of the
solid support. So, the use of the chromosorb WtHE most inert solid support,
Is to decrease its influence on the chromatograplroperties of the stationary
phasée!®®),
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The reason for choosing these two liquid crystalss vio study the
influence of entering hetero aromatic system liké4toxadiazole ring on the
chromatographic properties of traditional aromagstems. In this work, three
stationary phases were used, two of them werediquystals, and the third one
was polyethylene glycol (PEG) or carbowax columnstmdard column to
compare the liquid crystals and conventional colsimhable (3.3) lists the
chemical names, structural formula, phase tramsittemd maximum analysis

temperature of the stationary phases.

Table (3.3): Stationary phases used in this work.

: Max.
Chemical name of Phase _
_ Structural formula N analysis
the stationary phas Transition
Temp.°C
C — LC(N
4,4-bis-(4- (N)
ropoxybenzylideneam S N—C OGH
P _p )l))/' ) yl @ LC(N) — |
Ino)bipnhen
pheny > 350
CcC—-C
2,5-bis-[4-(4 =106
propoxybenzylideneam,., e@@gw@_ﬁ wpg@o% C — LC(N) 280
ino)phenyl]1,3,4- =143
oxadiazole (4 LC(N) — |
> 350
Polyethylene glycol
(PEG) or HO-(-CH,CHxO):H | - 240
Carbowax 20-M

77




Chapter Three Results and Discussion

The slurry was prepared by dissolving the liquigistal in chloroform
and mixing it with the solid support using a stirre homogenize the mixture.
The stirring continued for 24 hours to ensure catglhomogeneity and
uniform coating. The solvent was then evaporatad,the resulting stationary
phase was dried at 100 °C for two hours.

Different coating percentages (1%, 3%, and 20%pewesed to study the
influence of the loading percentage on stationdmgsp characteristics and
families of analytes that can be separated.

Column packing was not the only a critical factmst it represents one of
the most important aspects affecting the qualitthefchromatographic system.
The stationary phase was packed into a stainles$ @lumn, by inserting the
glass wool at end of column that was connected\wacaum pump to prevent
the loss of the stationary phase out of the coluhime. plastic funnel was fixed
on the top of the other end. The prepared statyophase was added into the
column through the funnel, and the purpose of uiieghand vibrator was to
reduce the porosity between particles of stationdrgse and to eliminate all
dead spaces in the column and to make sure thatolbenn was completely
full.

The prepared columns were conditioned for 48 hdayrsmaintaining
each column at (10-15) °C above the maximum termyreraat which the
column was used, with a stream of nitrogen gasipggskrough the column.
The exit end of the column should be left discoted@drom the detector, to
avoid the detector contamination. This column ctorling was vital to discard

the remaining solvent, humidity, and any other tii@s.
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3.4.2 Column Performance Evaluation

The performance for each of the newly preparedmnfihas been tested.
This was done by choosing the optimum flow ratehef carrier gas, class of
compounds that can be analyzed through the pregaledin, efficiency and
selectivity of column.

The retention time §) was affected by several factors such as column
length, nature and type of stationary phase, hoW twe column was packed,
the velocity of carrier gas, the pressure as welthe nature of the analyzed
compounds. The adjusted retention timg),(ivas calculated by measuring the
time of unretained species,(t and subtracting it from the retention timg) (b
get the corrects time of the analyte spent in thenan.

tr=tr-tn ... 3.£7

A related measure of the column efficiency was #fiective plate
number (Ngx) of a column. The N was calculated using the following
equation*"!

Ner = 16 (tr/iWp)® ... 3.2
where R Is the adjusted retention time, anglis/the peak width at base-line.

A better measure of the efficiency of a chromatpgra system is
resolution (R). It is defined as the degree of separation betwévo
neighboring bands or adjacent peaks.

Rs=2(t're- t'ra)/(Wa +WR) ... 3.3
where ks and trg are the adjusted retention times of two adjacesatkp and
W, and W; are the widths of the peaks at the baseline.

Another useful measure of separation ability of amalytes was the ratio
of their partition coefficient on a given columrhi¥ ratio is called the column
selectivity or more generally, the separation facto

o=Vs/V'pn ... 3.4
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where V) and Vg are the adjusted retention volumes for A and Ritssl
components, respectively. A largemeans a more selective column, and better

resolution.

3.4.3 4,4/-bis(4-propoxybenzylideneamino)biphenyl
(2v) as Stationary Phase

3.4.3.1 20% Loading of (2») as Stationary Phase

The compound @ was packed in GC column as stationary phase, with
20% loading percentage as suggested by previoutiest?***>'"® The
prepared column was used to analyze:

1) Mixture of Poly Aromatic Hydrocarbons (PAHSs); naplene,
acenaphthene, phenanthrene, anthracene, and pwagnan
example of high boiling point compounds, and als@allutants;
in addition to that some of them are consideredaasinogens or
mutagens. Therefore, the analysis of PAHs in enwental
samples has become an important topic.

i) Mixture of 0, m, p- xylene as an example of posisibisomers.

i) Mixture of alcohols, methanol, ethanol, 2-propariclropanal,
as an example of low boiling point compounds.

Methanol, ethanol, 2-propanol, and 1-propanol wérst injected
through the column individually. Figure (3.15) slsowhe chromatogram of
each analyte at 200 °C column temperature, floar 28tmL/minute, and Nas
a carrier gas with pressure of 20 psi. Theftmethanol, ethanol, 2-propanal,
and 1-propanol were 1.44, 3.12, 6.50, and 9.50 tmirespectively. This means
that the elutions of alcohols depend on their bgifpoint.
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The mixture of alcohols, diluted with hexane, wagdted through the

20% (2) column at different column temperatures from (B20) °C.

L

Detector Responce (my)
Detector Responce (mi)

e L

O Time (min) 5 == =
0 Tirie (min) §

A B

Detector Hesponce (m')

Detector Responce (my)

LU

0 Time (min.) 25
C D

Figure (3.15): Chromatogram of A) methanol, B) ethaol, C) 2-propanol, and

D) 1-propanol in 20% (3,) column. Conditions: column temperature

200 °C; detector temperature 320 °C; injector tempature 300 °C;

flow rate: 20 mL/min.; injection volume: 1puL; and carrier gas N, with

pressure 20 psi.

81



Chapter Three Results and Discussion

The chromatograms showed that the best separatdéptace at column

temperature of 180 °C as shown in Figure (3.16).

216 Methanol

5.49 Ethanol

=
iz
[
x}
=
=}
o
0
o
[
L
=
=
2}
o
i)
o
O
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Figure (3.16): Chromatogram of mixture of alcoholsin 20% (2,) column. Conditions:
column temperature 180 °C; detector temperature 32C°C; injector
temperature 300°C; flow rate: 20 mL/min.; injection volume: 1uL; and

carrier gas N, with pressure 20 psi.
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Table (3.4) listed the adjusted retention timeg, (ftheasured for each

analyte in the mixture at a temperature range @210)-°C.

Table (3.4): Adjusted retention times (&) for mixture of alcohols on 20% 4,4bis-(4-
propoxybenzylideneamino)biphenyl (2) column.

Adjusted retention time (t'r) min. at temp.°C

Compound

140 | 160 | 170 | 180 | 190 | 200 | 220 | 250 | 270 | 290 | 320

Methanol 258 151 124 10y 0.§9 0[/8.40| 0.00| 0.00| 0.00| 0.00

Ethanol 12.09 5.80| 5.34| 4.40 3.2 2.451.30| 0.39| 0.24] 0.00 | 0.00

2- Propanol| 38.7918.86| 14.47| 11.67| 8.17 | 5.86| 2.98| 1.06 | 0.63 | 0.35| 0.21

1- Propanol| 57.3(030.65| 23.01| 18.60| 12.47| 8.77| 4.37| 1.51| 0.86| 0.35| 0.21

A related measure of system efficiency was thectffe plate number of
the column (Nx). The Ng of 20% (2) column for each compound are listed in
Table (3.5).

Table (3.5): The effective plate number (bk) for mixture of alcohols on 20% (2,)
column.

The effective plate number (N¢) at temp. °C
Compound

140 | 160 170 180 190 | 200 | 220 | 250 | 270 | 290 | 320

Methanol | 87.68 107.39| 102.52] 80.90| 55.97| 48.5436.60| ---- e e meme

Ethanol | 76.13 81.44| 96.00f 89.44 96.18 92.8%2.12| 33.93| 24.88| ---- e

2- Propanoll 68.52| 78.96 | 100.97 96.24 | 98.67| 73.1956.92| 38.45| 27.89| 21.08| 17.29

1- Propanol} 52.72| 69.61| 86.76] 193.15100.73| 75.34| 53.16| 42.98] 35.11| 21.08| 17.29

----- was not measured.
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Resolution (R was the term used to describe the degree of atmaof

successive solute peaks. Thev®ues are listed in Table (3.6).

Table (3.6): Resolution (R) for mixture of alcohols on 20% (2) column.

Compound Resolution (R;) at temp. °C

Pair
140 | 160 | 170 | 180 | 190 | 200 | 220 | 250 | 270 | 290 | 320

Etha./Meth.| 2.13 2.19 276 187 1%7 148 145 - 4| - | -

2-Prop/Etha) 1.78 | 2.28] 2.30 1.90 1.8’F 142 141 0§84 075 +—--

1-Pro/2- Prop| 0.64| 0.97) 1.0 1.21 1.0»4 0.12 0.3 050 (.33 --

----- was not measured.

The separation also depends on the partition coexfis of the solute
components in the column. The separation factp@s calculated for each

two adjacent peaks. Table (3.7), shows the valdeseparation factor of

alcoholic mixture.

Table (3.7): Separation factor §) for mixture of alcohols on 20% (2) column.

Compound Separation factor (@) at temp. °C
Pair

140 | 160 | 170 | 180 | 190 | 200 | 220 | 250 | 270 | 290 | 320

Etha./Meth.| 4.65 3.84 431 411 365 331 325 - 4--—-—--| - meme

2-Prop/Ethaj 3.23| 3.25| 2.7 2.6% 251 239 2p9 2711 263 +—--

1-Pro/2- Prop| 1.48 | 1.63| 1.59 1.6% 15 150 147 142 137 4—--

----- was not measured.

In the mixture of alcohols, 2-proanol and 1-prodamere much difficult
to separate than any other pairs in the mixturthdigh the values of Rnda
for the ethanol/methanol, and 2-propanol/ethanakpat 160 and 170°C were
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much better than the values of Bhrd o at 180 °C, but these values of 1-
propanol/2-propanol at 160 and 170 °C were not@abée as a good resolution
like the values of Randa at 180 °C. So, the best separation was obtained at
180 °C. The separation achieved below the mesophage (246-350 °C), due
to the supercooling phenomenon. This phenomenoargatith many organic
compounds, when the compound is heated and coatadut attention to the
cooling raté'®®. Wasik and Cheslét’”, have been reported the use of nematic
liquid crystal below its normal solid-nematic trams temperature by about 65
°C. The evidence of supercooling is changing themapgm temperature of
alcohols separation, when the column cooling wat$t £ooling rate. It is found
when the cooling rate was vary, the best separaticcurred at different
temperatures like 160 and 170 °C.

In order to make a comparison with the separatiorthe conventional
column, the separation of alcohols was done on P&BImMn. The
chromatogram showed only two peaks at the optimizedditions, and no
separation was obtained between methanol and étreartb2-propanol and 1-
propanol pairs. This work showed the importanceligfiid crystal as a
stationary phase. Figure (3.17) shows the separaticalcohols mixture on

column PEG.
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Figure (3.17): Chromatogram of mixture of alcoholsin PEG column. Conditions:
column temperature 180 °C; detector temperature 320°C; injector
temperature 300°C; flow rate: 20 mL/min.; injection volume: 1pL; and
carrier gas N, with pressure 20 psi.

The 20% (3 column was also used to analyze positional iseperm,
p-xylene. Figure (3.18) shows the chromatogramsthedetention times of p,
m, and o-xylene were 7.34, 7.51, and 8.63 mineaspectively. The separation
took place at a crystal range of liquid crystal porond, so the order of elution
was according to their boiling points, p, m, angytene, not to their structure.
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Figure (3.18): Chromatogram of A) p-xylene, B) m-xiene, and C) o-xylene in 20% (g

column. Conditions: column temperature 70 °C; deteor temperature

250 °C; injector temperature 130°C; flow rate: 20 mL/min.; injection

volume: 0.5 pL; and carrier gas N with pressure 20 psi.

Mixture of xylene isomers diluted with hexane wagcted through @
column at different temperatures (50, 70, 110, Hs@l 140) °C. There was no
separation between the three isomers at 140, 180140 °C. Although at 70,

and 50 °C, there was a separation between o-xgledehe two other isomers,

however at 50 °C the separation was the best agsimoFigure (3.19). The R

anda value at 50 °C were 1.15, and 1.21, respectively.

Many parameters were changed like the flow rateyperature of

column, injector, and detector, sensitivity of thetrument, and constituents

ratio of isomers, to get a better separation batwegeand p-xylene isomer, but

all attempts did not succeed.
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Figure (3.19): Chromatogram of mixture of xylene ismers in 20% () column.
Conditions: column temperature 50 °C; detector temprature 200 °C;
injector temperature 70 °C; flow rate: 20 mL/min.; injection volume: 0.5
pL; and carrier gas N, with pressure 20 psi.

The 20% (3 column was also used to analyze PAHs. Naphthalene
having the lower boiling point among PAHs, was atgel through the column.
The & of naphthalene at optimum conditions (column terappee 350 °C,
detector temperature 300 °C, and injector tempexaBiO °C), was 8.54
minute. Other PAHs such as acenaphthene, and pineeae after 90 minute

run, were not eluted; therefore, decreasing the oditcoating was attempted.
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3.4.3.2 3% Loading of (2») as Stationary Phase

The compound (g, was coated on the solid support with 3%, to onpr
its ability to analyze the PAH compounds.

The PAHs, naphthalene, acenaphthene, phenanthmedeanthracene,
were dissolved in hexane, and injected throughctlemn individually, as
shown in Figure (3.20).

The elution of PAHs was in the trend naphthalenegnaphthene,
phenanthrene and anthracene. The elution pattefnBAbls were almost
consistent with their L/B (length to breadth) ratidband their boiling point.

The analysis of PAHs mixture was performed on 3&glileg column at
the temperature range (180-280) °C, as shown ur&i@.21).
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Figure (3.20): Chromatogram of A) naphthalene, B) eenaphthene, C) phenanthrene,
and D) anthracene in 3% (3) column. Conditions: column temperature

220 °C; detector temperature 300 °C; injector tempmture 280 °C; flow

rate: 20 mL/min.; injection volume: 0.5 pL; and carrier gas N, with

pressure 24 psi.
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Figure (3.21): Chromatogram of PAHs mixture using 86 (2,) column. Conditions:
column temperature 240 °C; detector temperature 300°C; injector
temperature 280 °C; flow rate: 20 mL/min.; injection volume: 1 uL; and

carrier gas N, with pressure 24 psi.

The adjusted retention timegjt'of each compound in the mixture
was measured at different column temperatures.date of s are listed
in Table (3.8).
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Table (3.8): Adjusted retention times (t;) for mixture of PAHs on 3% (2;,)

column.
Adjusted Retention Time (tR) min. at temp. °C
Compound : (tr) P
180 220 240 260 280
Naphthalene 1.29 0.66 0.68 0.51 0.45
Acenaphthen¢ 5.65 2.42 2.04 1.46 1.54
Phenanthrene 33.27 11.33 8.50 5.59 4.26
Anthracene 33.27 12.98 10.45 6.73 4.93

The ti values showed that the separation took place #&traperatures,
except at 180 °C, when thg was the same for phenanthrene, and anthracene,
and also it was found that as the temperature asec the retention time
decrease. This arises from the fact that with aregse in temperature the order
of a liquid crystal decreases, so the interacti@twben the molecules of
substances and the structure of liquid crystal dekrease. Thedy, Rs, anda,
values of the mixture constituents at different genatures were calculated, to
determine at which temperature best resolution marachieved. Table (3.9)

shows the ¥ of the column (g) for each analyte at different temperatures.

Table (3.9): The effective plate number (&) for mixture of PAHs on 3% (2,) column..

The effective plate number (N ) at temp. °C

180 220 240 260 280

Compound

Naphthalene 30.66 54.45 118.3f 104.04 100.p0

Acenaphthen¢ 107.20 205.79 289.00 176.17 249.48

Phenanthrené 126.39 633.92 874.10 453.49 646,83

Anthracene 126.39 516.16¢ 1193.39 621.30 710.05
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The plate number values show maximum at tempea2?6, and 240
°C, so we can expect that a good separation achavwhese two temperatures.

In order to assess the performance and separdfiociemcy of column it
was necessary to determine theaRda. The R anda values for PAHs mixture
are listed in Tables (3.10), and (3.11), respeltive

Table (3.10): Resolution (B for mixture of PAHs on 3% (2,) column.

Compound Resolution (R) at temp. °C

Pair 180 220 240 260 280
Acena./Napht 2.80 3.45 3.73 2.97 3.82
Phen./Acena 3.17 7.12 7.74 5.54 5.13
Anth./Phen.|  --—--- 0.81 1.63 1.07 0.95

----- was not measured.

The results in Table (3.10), indicated that theol@gn between
naphthalene, acenaphthene, and phenanthrene ws=idlpat all temperatures
with acceptable values ranged from (2.80 - 7.74j|enthe separation between
phenanthrene, and anthracene (structural isomees),difficult at 180, 220,
260, and 280 °C, however, at temperature of 240&@ an acceptable value
(Rs= 1.63).

Table (3.11): Separation factor §) for mixture of PAHs on 3% (2,) column.

Compound Separation factor (@) at temp. °C
Pair 180 220 240 260 280
Acena./Napht  4.38 3.67 3.00 2.86 3.42
Phen./Acena 5.89 4.68 4.17 3.83 2.71
Anth./Phen. |  ---- 1.14 1.23 1.20 1.16

----- was not measured.
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The separation factora) values in Table (3.11) for PAHs were
acceptable, at all temperatures especially, at 280, and 240 °C, but at 180 °C
three PAHs can be separated, while at 220 and e4@3dr PAHs can be
separated.

A better separation was obtained at the temperaitir240 °C. This
means that the higher order of the liquid crystatienary phase happened at
this temperature which made molecules of substanctsact with the
stationary phase and retained longer in the coldrhe.separation achieved in
temperature below the solid-nematic transition terajure, due to the
supercooling phenomenon. It is found when the logdiatio decreases, the
shift in mesophase range due to the supercoolirepnghenon, have been
smaller.

Other PAHSs, like pyrene, benzole] pyrene, and bjzoyrene, which
have a higher boiling point, were injected throutje (2) column. These
compounds retained through the column for a longtiso the decreasing of
loading percentage was suggested.

A mixture of aliphatic alcohols; methanol, ethan®propanol, and 1-
propanol was injected through the 3%)(@olumn, individually. The retention
times of the constituents of alcohols mixture aluom temperature 120 °C
were 0.73, 0.75, 0.79, and 0.85, respectively. fbhaure of the alcohols was
injected through the column, and it gave only oeakpat 0.86 minute.

Xylene isomers mixture was also injected in theppred column, and
only one peak of the mixture was also obtainedweaocan conclude that the

separation of alcohols and xylene isomers wergcdiffat 3% loading.
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3.4.3.3 1% Loading of (2y) as Stationary Phase

A 1% loading ratio (g) stationary phase was coated on chromosorb
W/HP, to study the influence of decreasing coatimgrcentage on the
chromatographic performance in the separation dif2A

A prepared mixture of PAHs containing naphthaleaegnaphthene,
phenanthrene, anthracene, and Pyrene was analyaéigr column
conditioning, the mixture was injected at differé@mperatures. Figure (3.22)
represents the chromatogram of PAHs mixture atropltemperatures of 240
°C.
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Figure (3.22): Chromatogram of PAHs mixture in 1% @,) column. Conditions: column
temperature 240 °C; detector temperature 300 °C; iector temperature
280 °C; flow rate: 20 mL/min.; injection volume: 1 puL; and carrier gas
N, with pressure 35 psi.

The adjusted retention time for each compound waasored at temperatures
range from (180-280) °C. Table (3.12) summarized tbtained results.
Naphthalene was eluted with solvent at all tempeest Acenaphthene had t'
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1.20 minute at 180 °C, and when the temperatureased the retention time
decreased, and was eluted with solvent at 260 9% T values of
phenanthrene ranged from (7.32-1.45) minute throught range of
temperatures. While thertvalues of anthracene (the structural isomer of
phenanthrene), were ranged from (8.70 - 1.73) rainRyrene had a relatively
high tg at 180 °C, and made the analysis time very longnRhe above, it can
be concluded that four compounds of the mixture t&n separated, at
temperatures 180, 200, 220, and 240 °C, but witardnt efficiency.

Table (3.12): Adjusted retention times (i) for mixture of PAHs on 1% (2,) column.

Adjusted Retention Time (tr) min. at temp. °C
R T 200 220 240 260 280
Naphthalene 0.00 0.00 0.00 0.00 0.0a@ 0.00
Acenaphthen¢ 1.20 0.74 0.62 0.50 0.00 0.00
Phenanthrene 7.32 4.19 3.05 2.67 2.05 1.46
Anthracene 8.70 4.92 3.78 3.46 2.57 1.73
Pyrene 37.54 19.06 11.8§ 11.36 7.77 5.11

In order to assess the performance and separatimercy of the
column, it was necessary to determine the effeqilaée number () of the
column, resolution (B, and separation facton)( between each two adjacent
peaks in the mixture, and these values are listedables (3.13), (3.14),
and(3.15), respectively.
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Table (3.13): The effective plate number (&) for mixture of PAHs on 1% (2,) column.

The effective plate number (Nf) at temp. °C

180 200 220 240 260 280

Compound

Naphthalene 0.00 0.00 0.00 0.0d 0.00 0.00

Acenaphthen¢ 36.92 17.38 16.53 25.00 0.00 0.0d

376.00 339.21 287.11  305[08 222.28 .7473

1

Phenanthreng

Anthracene 315.24 320.08 357.21  414.p4  314{15  2071.8

Pyrene 724.17)  564.1( 328.97 603.30  485/87  243.46

Table (3.14): Resolution (R) for mixture of PAHs on 1% (2,) column.

Compound Resolution (R) at temp. °C
Pair

180 200 220 240 260 280

Acen./Napht.}|  -—--—- | - | - | | - e

Phen./Acen. 5.32 4.26 3.65 424 - -

Anth./Phen. 0.80 0.73 0.96 131 0.99 0..61

Pyre./Anth. 7.65 6.56 4.74 6.25 5.23 3.7T

----- was not measured.
Table (3.15): Separation factor §¢) for mixture of PAHs on 1% (2,) column.

Compound Separation factor (@) at temp. °C
Pair 180 | 200 220 240 260 280
Acen/Napht.) — ---- | e | e e e | e

Phen./Acen. 6.10 5.66 4.92 524 - e

Anth./Phen. 1.19 1.17 1.24 1.32 1.29 1.1p

Pyre./Anth. 4.31 3.87 3.14 3.28 3.07 2.9%

----- was not measured.
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The values of R anda for the acenaphthene / naphthalene pair can not
be measured, because naphthalene was eluted vivdnsae. no separation
between the two components. Phenanthrene / acéregghpair had acceptable
values from 180 to 240 °C. While at 260, and 280&%enaphthene started to
elute with a solvent, soiRanda values can not be measured. Anthracene and
phenanthrene analytes have close boiling pointeglso the values of;Rand
a of this pair, determined at what temperature tbeeptable separation, can
take place. The temperature 240 °C had the large vh R, anda. Pyrene and
anthracene pair gave excellent values gfaRda at all temperatures. So, the
best separation between the four components omtkire can be performed
at 240 °C. The supercooling phenomenon in 1% oga#ttio, cause a shift in
mesophase range below its normal range, that reddog DSC and hot-stage
polarizing microscope.

A comparison between the three ratios of loadipy)42 stationary phase
was done, and it was found that a high loadingré20%), just low boiling
point alcohols could be separated. Positional isen{gylene isomers), at
temperatures below the mesophase range temperatanrese separated o-
xylene from m, and p-xylene. At 3% loading, the FAtHat had boiling point
between (200-350) °C, could be separated, whilseth@mving boiling points
between (250-405) °C, could be only separated atcb%iing ratio. The
separation between the structural isomers (pheremghand anthracene) was

better at 3% than at 1% coating ratio.

98



Chapter Three Results and Discussion

3.4.4 2,5-bis-[4-(4/-propoxybenzylideneamino)phenyl]
1,3,4-oxadiazole (1) as Stationary Phase

3.4.4.1 3% Loading of (1) as Stationary Phase

The compound ¢l was coated on the chromosorb W/HP with a coating
ratio of 3%. After the column conditioning, napht#ree, acenaphthene,
acenaphthylene, phenanthrene, anthracene, andepwere injected through
the prepared column. The retention times of thdysamat 240 °C were 1.13,
2.19, 2.25, 9.75, and 9.86, respectively, whileepgr retained through the
column even after 40 minute run.

Acenaphthene / acenaphthylene, and phenanthrenleraeene pairs had
close retention times, so each of these two paas wjected individually to
determine the possibility of their separation. BsMfound that the separation
between them was difficult, so two mixtures of PAMsre prepared. Mixture
(A) contained naphthalene, acenaphthene, phenaethend pyrene, while
mixture (B) contained naphthalene, acenaphthylenméracene, and pyrene.

The analysis of mixture (A) is shown in Figure @.2while that of

mixture (B) is shown in Figure (3.24).
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Figure (3.23): Chromatogram of mixture (A) with 3% (1) column. Conditions: column
temperature 240 °C; detector temperature 300 °C; ijector temperature
280°C; flow rate: 20 mL/min.; injection volume: 1 pL; and carrier gas N,

with pressure 24 psi.
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Figure (3.24): Chromatogram of mixture (B) with 3% (1;) column. Conditions: column
temperature 240 °C; detector temperature 300 °C; ijlector temperature
280°C; flow rate: 20 mL/min.; injection volume: 1 nL; and carrier gas N
with pressure 24 psi.

The adjusted retention timeszjtare listed in Tables (3.16), and (3.17).
The results showed that thg ¢f naphthalene were 4.88, and 4.86 minute in
mixture (A), and (B), respectively, and decreasetll @lute with a solvent at
260, and 280 °C. Acenaphthene and acenaphthylere al& eluted with a
solvent at 260, and 280 °C. Phenanthrene and Argheahad &' very large at
170, and 200 °C, beyond 200 °C the time decreasdQ minute. Pyrene was
eluted from the column at temperatures 260, and°230.e. pyrene could be

separated only from phenanthrene in mixture (A} &om anthracene in
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mixture (B). Another behavior of the column wasaggke jump of thegtvalues
of the analyte, when the temperature increased.
Table (3.16): Adjusted retention times (&) for mixture (A) of PAHs on 3% 2,5-bis-[4-

(4-propoxybenzylideneamino)phenyl]1,3,4-oxadiazole {Lcolumn.

Adjusted Retention Time (tr) min. at temp. °C

Compound ™= -9 200 220 240 260 280

Naphthalene 4.88 2.94 1.04 0.472 0.00 0.00

Acenaphtheng¢ 22.05 12.32 3.86 1.48 0.00 0.00

Phenanthrené 123.81 50.58 27.48 9.04 2.74 161

Pyrene | - | | -] - 24.96 5.71

----- Retained through column for a long time.

Table (3.17): Adjusted retention times (&) for mixture (B) of PAHs on 3% (;) column.

Adjusted Retention Time (t'r) min. at temp. °C
Compound " 20 T 200 | 220 | 240 | 260 | 280
Naphthalene 4.86 2.95 1.05 0.44 0.00 0.00
Acenaphthyleng¢ 23.35 13.31 4.69 1.54 0.00 0.00
Anthracene 125.83 51.43 28.23 9.1% 3.6¢ 1.7
Pyrene | - | - | - - 25.24 5.91

----- Retained through column for a long time.

The efficiency, resolution and selectivity of theepared column were
examined by calculating, the.N R, anda of each compound in the mixtures
at different temperatures. Tables (3.18) and (3.ib@jcate that the high values

of the effective theoretical plate number of plarev present at temperatures
200, 220, and 240 °C.
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Table (3.18): The effective plate number (M) for mixture (A) of PAHs on 3% (1)

column.
The effective plate number (Nx) at temp. °C
Compound |7, 76 T 200 | 220 | 240 | 260 | 280
Naphthalene| 173.95  108.31 29.96 27.56 0.40 0.p0
Acenaphthen¢ 81.00 56.61 95.49 82.95 0.00 0.0d
Phenanthren¢ 222.501  448.82 77440 412|168 82104 654.2
Pyrene | - | - | - - 216.21) 835.87

Table (3.19): The effective plate number (M) for mixture (B) of PAHs on 3% ().

o The effective plate number (Nx) at temp. °C
170 200 220 240 260 280
Naphthalene 182.25 96.69 26.28 13.44 0.90 0.00
Acenaphthylene 66.54 45.42 43.33 28.69 0.00 0.0(
Anthracene 276.854 1049.56 686.42 303.[r6 96./78 72102
Pyrene | - | - | - @ - 168.63] 705.53

Tables (3.20 — 3.23), show the values gfdda for mixture (A) and

(B) of PAHs using 3% () column.
Table (3.20): Resolution (B for mixture (A) of PAHs on 3% (1f) column.

Compound Resolution (R) at temp. °C
Pair 170 200 220 240 260 280
Acen./Naphth] 3.03 2.44 241 219 - -
Phen./Acen. 4.73 4.75 8.54 6.124 -1 -
Pyre./Phen.|  --—- | = - | -l - 5.56 5.22
----- was not measured.
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Table (3.21): Selectivity factord) for mixture (A) of PAHs on 3% (1) column.

Compound Separation factor (@) at temp. °C
Pair 170 | 200 | 220 | 240 | 260 | 280
Acen./Naphth) 4.52 4.19 3.71 352 | - -
Phen./Acen. 5.61 4.11 7.12 6.117 -4 -
Pyre./Phen.|  --—-- | - | - - 9.11 3.78

----- was not measured.

Table (3.22): Resolution (E) for mixture (B) of PAHs on 3% (1;) column.

Compound Resolution (R, at temp. °C
Pair 170 | 200 | 220 | 240 | 260 | 280
Aceny./Naphthf  2.87 2.28 1.98 1.35| | -
Anth./Aceny. 4.92 5.35 6.58 468,  --—| = -----
Pyre./ Anth. | -~ | - | - | - 4.67 5.33

----- was not measured.

Table (3.23):Selectivity factor (o) for mixture (B) of PAHs on 3% (1) column.

Compound Separation factor (@) at temp. °C
Pair 170 | 200 | 220 | 240 | 260 | 280
Aceny./Naphthh  4.80 4.51 4.47 350 | -
Anth../Aceny. 5.39 3.86 6.02 594 -] @ -
Pyre./ Anth. | -~ | - | - | - 23.59 3.76

----- was not measured.
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From the above tables, the values gf &da were acceptable for the
separation of naphthalene, acenaphthene, and phesaa in mixture (A), and
naphthalene, acenaphthylene, and anthracene iunaigB) at 200, 220, and
240 °C, especially at 220 °C.

A better separation was obtained at the temperali220 °C, this is
related to the fact that the higher order of tigsiil crystal (mesophase range
143-350 °C), occurred at these temperature, whiadenthe analytes more
interactive with the stationary phase. As the temjpee increased the retention
time decreased this arose as the fact that witteasing the temperature the
order of the liquid crystal decreased which madednkeraction of analytes with
the structure of liquid crystal decrease.

The separation of phenanthrene and anthracene gyoeme in mixture
(A) and (B), respectively, were better at 260 °@, &t 280 °C the results were
also acceptable. In addition, the time of analygs very short as compared
with the analysis at 260 °C.

3.4.4.2 1% Loading of (1) as Stationary Phase

The (%) stationary phase was prepared with 1% loadinggreage, to
study the chromatographic performances of the peebatationary phase.
Mixture of PAHs injected through the 1% ofs)(olumn which contained
naphthalene, acenaphthene, phenanthrene, and Pyesnhanalyzed. Figure
(3.25) shows the chromatogram of PAHs at columrptature of 240 °C.
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Figure (3.25): Chromatogram of PAHs mixture in 1% () column. Conditions: column
temperature 240 °C; detector temperature 300 °C; injector temperature
280°C; flow rate: 20 mL/min.; injection volume: 1 pL; and carrier gas N>
with pressure 24 psi.

Table (3.24) shows thegrt'values of these compounds measured at

temperature range (200-280) °C.

Table (3.24): Adjusted retention times (&) for mixture of PAHs on 1% (1) column.

Adjusted retention times (fg) at temp. °C
Compound |54 220 240 260 280
Naphthalene 1.25 0.00 0.00 0.00 0.0d
Acenaphthen¢ 6.13 2.12 0.70 0.00 0.00
Phenanthrene 37.05 18.81 6.39 1.98 0.9b
Pyrene |  --—--- 61.89 20.87 6.80 2.70
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Naphthalene, acenaphthene, and phenanthrene caspbeated at 200
°C, while pyrene retained through the column forertbhan 70 minute. Starting
from 220 °C, naphthalene was eluted with a solvamil acenaphthene,
phenanthrene, and pyrene could be separated arz2Q40 °C. The retention
times of PAH compounds at 240 °C were much smétian that at 220 °C.
Acenaphthene was eluted with a solvent at 260 @, ghenanthrene and
pyrene could be separated at 260, and 280 °C.

The efficiency of the prepared column was examimgdneasuring b,
Rs, anda values of analytes at temperature range (200-280s shown in
Tables (3.25-3.27).

Table (3.25): The effective plate number (M) for mixture of PAHs on 1% (1;) column.

The effective plate number (Nf) at temp. °C
Compound 504 220 240 260 280
Naphthalene 30.19 0.00 0.00 0.00 0.0¢
Acenaphthen¢ 15.64 10.63 4.00 0.00 0.00
Phenanthreng¢  217.8¢ 109.20 113.42 51.84 34.18
Pyrene |  ----- 3165.6Q0 1580.2% 634.2D 385.9

Table (3.26): Resolution (B for mixture of PAHs on 1% (1) column.

Compound Resolution (R) at temp. °C

Pair 200 | 220 240 260 280
Acen./Naph. 137 | | = e e
Phen./Acen. 3.80 3.41 299 -] -
Pyre./Phen.|  ---- 7.43 6.44 4.42 3.18

----- was not measured.
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Table (3.27): Separation factor ¢) for mixture of PAHs on 1% (1) column.

Compound Separation factor (@) at temp. °C

el 200 220 240 260 280

Acen./Naph. 490 | - | - e e

Phen./Acen. 6.04 11.18 9.13| = - -

Pyre./Phen.|  ----- 3.35 3.27 3.43 2.84

----- was not measured.

The values of B, R, and o were acceptable at 200 °C. The above
parameters were satisfactory for separation of methene, phenanthrene, and
pyrene at 220 and 240 °C, especially at 220 °CtHmutlution times of these
components were very long. The separation of phitname and pyrene at 260
°C had a good efficiency than the separation dfelfempounds at 280 °C.

From the above, we can conclude that the bestagmaof naphthalene,
acenaphthene, and phenanthrene took place at 20fuf@ith a long time of
elution. The best separation of acenaphthene, pliemme, and pyrene was
achieved at 220 °C, and these analytes can beasegpan a short time at 240
°C, but with acceptable values of efficiency parerse

From the comparison between 3% and 1% of loading (19 as
stationary phase, it was found that the separatioraphthalene, acenaphthene,
and phenanthrene was achieved at 170, 200, 220240*C with 3% (4,
while the separation of these compounds occurr@®@t®C, with long time of
elution through the column loaded with 1% of staéiy phase.

The separation of acenaphthene, phenanthrene, yaadepwith 3% of
(1y) did not take place at any temperatures, while ggparation of these
analytes occurred at 220 and 240 °C through théodéng.
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The small differences in the structure of the twoid crystal molecules
(the presence of oxadiazole ring icbmpound), were found to effect not only
on the range of their mesophase, but also to #egparation properti€s”.
Comparison was done between the two prepared ligygtals. The (g liquid
crystal compound had the ability to separate the ®structural isomers
(phenanthrene and anthracene), whil® ¢buld not be used to separate these
two analytes. The retention times of PAHs using) (@lumn decreased
normally with the increasing temperature, while hwi{l;) column the
temperature increase was the result of a large graptention time values.
These two facts make us propose, that the sepanagchanisms in these two
stationary phases were differing. The separatiocha@sm in (g column
might be, due to L/B ratio (length to breadth), \hin (%) column the
separation took place according to the boiling pofrthe analytes.

The stationary phase j2with the loading percentage 1% was used to
separate acenaphthene, phenanthrene, anthracenk, parene, while
naphthalene eluted with solvent. Theg) (dtationary phase could be used to
separate naphthalene, acenaphthene, and phenantareR00 °C, and to
separate acenaphthene, phenanthrene, and pyr22e, aind 240 °C.

The coated ratio of 3% (P could be used to analyze naphthalene,
acenaphthene, phenanthrene, and anthracene, whdeepretained for a long
time. Naphthalene, acenaphthene, and phenanthmend be separated with
3% coating of ( column at 170, 200, 220, and 240 °C. Phenanthase
pyrene could be separated at high temperatureS0oéad 280 °C.

A mixture of alcohols could be separated at a Inggio of loading (20%)
of (2,) compound. Since {lcompound had a low solubility in most solvents,
so the preparation of high loading percentage wisudt.

The mixture of PAH compounds was done on the PHGhuo, to make

a comparison between the liquid crystal columnsamd/entional columns.
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The mixture of PAHs contained naphthalene, acelhapiea,
phenanthrene, and pyrene was injected through tama at column

temperature of 200 °C as shown in Figure (3.26).
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Figure (3.26): Chromatogram of PAHs mixture in PEG column. Conditions: column
temperature 200 °C; detector temperature 300 °C; injector temperature
280°C; flow rate: 20 mL/min.; injection volume: 1 pL; and carrier gas N>
with pressure 24 psi.

The above chromatogram shows that ghef haphthalene, acenaphthene,
and phenanthrene was 14.37, 40.34, and 110.36 eniasipectively, while
pyrene retained for more than 130 minute throughctiumn.

A comparison between the prepared liquid crystalstationary phases
and PEG column was made and it is found that tladysis time of PAHs
through the prepared columns was shorter than thdat PEG column;
therefore, the prepared stationary phases were pnaotical than PEG column

for the separation of PAH compounds.
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3.5 Thermodynamics Study of the Analyzed
Solutes on Prepared LCSPs

Gas-Liquid chromatography is an effective methadtfe investigation
of the properties of solvents and the behavioradfites in liquid crystals, in
which one component is at infinite diluti&®. The special texture of the liquid
crystal compounds leads to the specific solvenaben with respect to other
stationary phases. This behavior depends upon flexife molecular
Interaction (time or volume) on these liquid crystampounds.

The thermodynamic functions of the dissolution ofs@lute in the
stationary phase can be calculated based on itdfispetention volume (Vg°),
the volume of carrier gas at S.T.P. per gram dicstary phase required to elute

the solute. This is related to the solute retertiioe, t, by *"® %

(fp—ty JF'J .35

Veg" =
H:.-

Where t, is the retention time of the unretained speciéss Fhe carrier flow
rate corrected to S.T.P., J is the correction fos gompressibility and W the
mass of stationary phase (liquid crystal) in th&em. F' can be calculated
from the measured flow rate, F, obtained at lalmoyatonditions and corrected
for the laboratory temperature, T, and atmosphamessure, g as well as for

water vapor pressure,in the flow meter using Literature constafft '8
, 2?3.15) 760 Pu :
F'=F- : ==y | ... B0
r ( Pa ) { (p_q) —‘

The corrected flow rate was found to be 17.75 mh/maithen we used

flow rate 20 mL/min. under the experimental cormhs mentioned above.
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The correction factor for gas compressibility ivegi in terms of the

column inlet and outlet pressuresapd p respectively by**2182

Jz_{M] ....... 3.7
2 {lJi.-"lp:}}- ~1

The p was recorded from the outlet gauge of the bdttle, and p
corrected by soap bubble flow meter. The (J) wasdao be 0.764 which was
calculated from equation (3.7).The data of Vg° ksted in Tables (3.28) —
(3.32), at different column temperatures and ftfedent analytes.

Table (3.28): Specific retention volumes (Vg°) fomixture of alcohols on 20% 4,4bis-
(4-propoxybenzylideneamino)biphenyl (8) column.

Specific retention volume (Vg°) mL.g*at temp. °C

Compound
140 160 170 180 190 200 | 220 | 250 | 270 | 290 | 320

Methanol | 43.74) 25.6Q 21.0p 18.14 150 1255 €.7800 ¢ 0.00| 0.0Q 0.00

Ethanol | 203.4% 98.33| 90.53) 74.60 55.1p 41.94 22j06.61| 4.07| 0.000.00

2- Propanol 657.65| 319.75| 245.32| 197.85| 138.51] 99.35| 50.52 17.97| 10.68] 5.93| 3.56

1- Propanoll 971.46| 519.64| 390.11| 315.34| 211.42) 148.96| 74.09| 25.60| 14.58| 5.93| 3.56

Table (3.29): Specific retention volumes (Vg°) fomixture of PAHs on 3% (3,)

column.
Specific retention volume (Vg°) mL.g* at temp. °C
Compound P (Vo*) J P
180 220 240 260 280
Naphthalene 145.81 74.60 76.86 57.64 50.86

Acenaphthen¢ 638.60 273.53 230.58 165.02 174.0p

Phenanthren¢ 3760.4p 1280.60  960.73 63182 481.50

Anthracene 3760.44 1467.10 1181.14 760.67 557{23
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Table (3.30): Specific retention volumes (Vg°) fanixture of PAHs on 1% (2,) column.

Specific retention volume (Vg°) mL.g"* at temp. °C

Compound
180 200 220 240 260 280
Naphthalene 0.00 0.00 0.00 0.00 0.0a 0.00
Acenaphthen¢ 406.90 250.92 210.23 169.54 0.00 0.00
Phenanthren¢  2482.08 1420.45 103420 888}40 695.1291.67

Anthracene 2950.02 1668.28  1281[/3 1173)22 871}44 86.6%

Pyrene 12729.1% 6462.9]1 4028.80 3851,97 2634.67 2.1%¥3

Table (3.31): Specific retention volumes (Vg°) fomixture of PAHs on 3% 2,5-bis-[4-

(4-propoxybenzylideneamino)phenyl]1,3,4-oxadiazole {Lcolumn.

Specific retention volume (Vg°) mL.g" at temp. °C

170 200 220 240 260 280

Compound

Naphthalene| 551.59 332.3]L 117.95 a47.47 0.0 0.p0

Acenaphtheng¢ 2492.31| 1392.53 436.3( 167.28 0.00 0.0p

Phenanthren¢ 13994.24717.06) 3106.04 1021.790 309.70 170.68

Pyrene | - | e | e | e 282123  645.40

----- Retained through column for a long time.
Table (3.32): Specific retention volumes (Vg°) fomixture of PAHs on 1% (1) column.

Saaai Specific retention volume (Vg°) mL.g" at temp. °C
200 220 240 260 280
Naphthalene 423.85 0.00 0.00 0.00 0.0(
Acenaphthen¢ 2078.56 718.85 237.36 0.00 0.00
Phenanthreng¢ 12562.916378.09| 2166.72 671.38 322.13
Pyrene |  --—--- 20985.6p 7076.60 2305.74 915.52
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The Specific retention volumes (Vg°) of each commbwere found to
decrease with increasing temperature. This mayttodwed to the fact that
with an increase in temperature the order of aidigquystal decreases, so the
interaction between the molecules of substancestlamdstructure of liquid
crystal will decrease.

It was shown by Everef®® that, at infinite dilution, Vg° could be related
to the thermodynamics of the analyte — stationdogsp interaction. It is also
readily shown that Vg° is related to the Gibbs ggef solution of the probe in
the stationary phase 6y °®

AG=—-RTInVg® AH-TAS ...... (3.8)
by dividing equation (3.8) on -RT, we get equati8r®).

INVg°=AH/RT +AS/R ........ (3.9)

Plots of the In Vg° against the reciprocal absoltgenperatures in
(Kelvin) for the prepared columns at different @ogtratios are shown in
Figures (3.27) — (3.31).
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Figure (3.27): Natural logarithm of specific retenton volume (InVg®) versus reciprocal
absolute temperature for mixture of alcohols on 20% 4,4-bis-(4-
propoxybenzylideneamino)biphenyl (2) column.
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Figure (3.28): Natural logarithm of specific retenton volume (InVg°) versus
reciprocal absolute temperature for mixture of PAHson 3% (2,)
column.
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Figure (3.29): Natural logarithm of specific retenton volume (InVg°) versus
reciprocal absolute temperature for mixture of PAHs on 1% (%)

column.
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Figure (3.30): Natural logarithm of specific retenton volume (InVg°) versus

reciprocal absolute temperature for mixture of PAHson 3% 2,5-bis-[4-

(4-propoxybenzylideneamino)phenyl]1,3,4-oxadiazole {Lcolumn.
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Figure (3.31): Natural logarithm of specific retenton volume (InVg°) versus

reciprocal absolute temperature for mixture of PAHson 1% (1)
column.

Enthalpies and entropies for the interaction predetween each analyte
and stationary phase can be measured from the slogeantercept of each
analyte in the prepared columns as shown in TgBI&8) — (3.37).

Table (3.33): Enthalpy AH), entropy (AS), and linear equation for mixture of alcohols
on 20% 4,4-bis-(4-propoxybenzylidene amino)bipheny! (g) column.

Linear Equation L 1
Compounds . AH (kJ.mol™) AS (J.mol~.K™)
Y=aX +b
Methanol Y=4453.49 X — 6.98 -37.03 -58.05
Ethanol Y=6815.38 X —10.92 -56.66 -90.83
2-Propanol Y=7405.68 X —11.21 -61.57 -93.24
1-Propanol Y=38009.40 X —12.13 -66.59 -100.81

* Where (Y) is InVg°, (@) is -AH / R, (X) is 1/T, and (b) is +AS / R.
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Table (3.34): Enthalpy AH), entropy (AS), and linear equation for mixture of PAHs on
3% (2p) column.

Linear Equation L 1
Compounds . AH (kJ.mol™) AS (J.mol~.K™)
Y=aX+b
Naphthalene Y= 2566.51X -0.74 -21.34 -6.19
Acenaphthene Y=3428.90 X -1.21 -28.51 -10.08
Phenanthrene Y=5139.00 X - 3.17 -42.73 -26.32
Anthracene Y=4732.83 X -2.23 -39.35 -18.58

* Where (Y) is InVg°, (@) is -AH / R, (X) is 1/T, and (b) is +AS / R.

Table (3.35): Enthalpy AH), entropy (AS), and linear equation for mixture of PAHs on
1% (2p) column.

Linear Equation L 1
Compounds . AH (kJ.mol™) AS (J.mol~.K™)
Y=aX +b
Acenaphthene Y=3292.72 X -1.32 -27.38 -11.02
Phenanthrene Y=3749.35 X - 0.56 -31.17 -4.67
Anthracene Y=3641.22 X -0.14 -30.27 -1.17
Pyrene Y=4559.69 X -0.75 -37.91 -6.25

* Where (Y) is InVg°, (@) is -AH / R, (X) is 1/T, and (b) is +AS / R.
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Table (3.36): Enthalpy (AH), entropy (AS), and linear equation for mixture of PAHs
on 3% 2,5-bis-[4-(4-propoxybenzylideneamino) phenyl]1,3,4-oxadiazole

(1) column.
Linear Equation L 1
Compounds . AH (kJ.mol™) AS (J.mol~.K™)
Y=aX+Db
Naphthalene Y=7949.37 X -11.39 -66.09 -94.74
Acenaphthene Y=38795.00 X -11.78 -73.12 -97.95
Phenanthrene Y=10276.11 X - 13.26 -85.44 -110.23

* Where (Y) is InVg°, (@) is -AH / R, (X) is 1/T, and (b) is +AS / R.

Table (3.37): Enthalpy (AH), entropy (AS), and linear equation for mixture of PAHs

on 3% (1) column.

Linear Equation 1 14
Compounds . AH (kJ.mol™) AS (J.mol~.K™)
Y=aX+Db
Acenaphthene Y=13474.77 X - 20.7§ -112.03 -172.74
Phenanthrene Y=12660.53 X - 13.44 -105.26 -112.04
Pyrene Y=14339.14 X -19.50 -119.22 -162.10

* Where (Y) is InVg°, (@) is -AH / R, (X) is 1/T, and (b) is +AS / R.

The AS of the solutions describe the change in entrdjne analytes
suffers from transferring from the gas phase toitifimitely dilute solution.
Large, negative values indicate a large restrictoranalyte movement in the
infinitely dilute solutions but strong interactiof®tween analyte and liquid
crystal would also lower this entrofy®

Tables (3.38) — (3.42) list the values of the Gilflee energy AG)
calculated according to equation (3.8).
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Table (3.38): The Gibbs free energy for mixture ofalcohols on 20% 4 4bis-(4-

propoxybenzylidene amino)biphenyl (3) column.

was not measured.

120

AG (kj.mol™) at temp. °C
Compound
140 160 170 180 190 200 | 220 | 250 | 270 | 290} 320
Methanol | -12.98 | -11.68| “\.22 | -10.92| -10.45] -9.95| -7.86 0.0p  0.00 po 0
Ethanol -18.26 | -16.52| -16.60) -16.2§ -15.44 -14.46 -12/68 .218| -6.34| 0.00] 0.0q
2- Propanol| -22.29 | -20.77| -20.27) -19.92 -18.99 -18.09 -16,082.5G| -10.70| -8.33 -6.26
1- Propanol| -23.63 | -22.52| -21.98 -21.64 -20.62 -19.48 -17,654.1@| -12.10 -8.33 -6.26
Table (3.39): The Gibbs free energy for mixture oPAHs on 3% (3,) column.
AG (kj.mol™) at temp. °C
Compound
180 220 240 260 280
Naphthalene -18.76 -17.67 -18.51 -17.96 -18.07
Acenaphthen¢ -24.33 -22.99 -23.20 -22.64 -23.772
Phenanthreng¢  -31.00 -29.3p -29.3p -28.58 -28.41
Anthracene -31.00 -29.88§ -30.15 -29.38 -29.06
Table (3.40): The Gibbs free energy for mixturef PAHs on 1% (3) column.
AG (kj.mol ™) at temp. °C
Compound |7 g5 200 220 240 260 280
Acenaphthene¢ -22.64 -21.75 -21.93 -21.88 | -
Phenanthreng¢  -29.45 -28.55 -28.46 -28.96 -28.98  .5128
Anthracene -30.09 -29.18 -29.3p -30.1p -30.4q0 29.p
Pyrene -35.59 -34.49 -34.45”) -35.28 -34.92 -34.30
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Table (3.41): The Gibbs free energy for mixture ofPAHs on 3% 2,5-bis-[4-(4

propoxybenzylideneamino) phenyl]1,3,4-oxadiazole {jlcolumn.

AG (kj.mol ™) at temp. °C

Compound

170 200 220 240 260 280
Naphthalene -23.24 -22.85 -19.56 -16.46 - ——
Acenaphtheng¢ -28.80 -28.47 -24.92 -21.84) | -
Phenanthrene -35.17 -34.02 -32.95 -29.96 -25.44 6323

----- was not measured.
Table (3.42): The Gibbs free energy for mixture oPAHs on 1% (%) column.

AG (kj.mol™) at temp. °C
Compound
200 220 240 260 280
Acenaphthen¢ -30.04 -26.97 -23.33| @ - | -
Phenanthreng¢  -37.12 -35.91 -32.7p -28.85 -26.53
Pyrene |  --—--- -40.78 -37.79 -34.30 -31.3("5

----- was not measured.

All calculated free energies for the two coatediiligcrystal compounds
had negative values. These results demonstratédhbalissolvation process
with these liquid crystal compounds were spontas&8u In addition, these
values negatively decreased as temperature increavéch indicates the
decrease in the order of solute molecules with mienlattices with the

Increasing temperature.
The activity coefficient is a fundamental thermodsmc property of

solution as it gives a measure of the deviatiomfRaoult's law for a particular

liquid mixture**®. Knowledge of the activity coefficient at infinitélation (y”)
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Is important since solution behavior is clearly mgsed at infinite dilution. The

solute activity coefficienty(") can be obtained from the specific retention
volume using the equatiétf*8-8%

y*=273.15x R/BMVg°® ..... 3.10

where M, is the molecular mass of the stationamgsph(liquid crystal) and°p
is the vapor pressure of the pure solute, and R3£48J.K".mol*. The solute

vapor pressures were calculated from the Antoegstiorf>* - 6%

LogR=A-B/(T+C)

where A, B, and C are Antoine's coefficients andsTgolumn temperature in

Celsius, and B the pressure in mm Hg. The values of A, B, andoCtlie
analytes are listed in Table (3.43).

Table (3.43): The Antoine's coefficients of the arngtes.

Antoine's coefficients
Analytes
A B C

Methanol 8.07 1574.99 238.87
Ethanol 8.21 1652.05 231.48
2-Propanol 8.12 1580.92 219.62
1-Propanol 7.62 1375.14 193.01
Naphthalene 7.01 1733.71 201.86
Acenaphthene 7.25 1998.72 202.74
Phenanthrene 6.61 1591.40 138.50

Anthracene 7.01 1812.20 174.60

Pyrene 7.04 1904.13 160.32
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The data of” values are listed in Tables (3.44) — (3.48).

Table (3.44): The solute activity coefficient at ifinite dilution (y”) for mixture of

alcohols on 20% 4,4bis-(4-propoxybenzylideneamino)biphenyl (3
column.
. . e - o
Compound Solute activity coefficient at infinite dilution (y*) at temp. °C
140 | 160 | 170 | 180 | 190 | 200 | 220 | 250 | 270 | 290 | 320
Methanol | 0.0994 | 0.1051] 0.102% 0.0961 0.0944 0.0436 0.1209--- | ----- | -==-- | --—-
Ethanol | 0.0301| 0.0370| 0.031% 0.0304 0.03B0 0.0355 0.0458894| 0.1060| ----- | -----
2- Propanol | 0.0103| 0.0124] 0.012 0.0125 0.0142 0.0161 0.020.®353| 0.0432| 0.0582| 0.0651
1- Propanol | 0.0119 | 0.0130| 0.013% 0.0133 0.0158 0.0182 0.02a®427| 0.0550| 0.1020| 0.1154

was not measured.

Table (3.45): The solute activity coefficient at ifinite dilution (y*) for mixture of
PAHSs on 3% (2,) column.

Solute activity coefficient at infinite dilution (y”) at

Compound [ENPE
180 220 240 260 280
Naphthalene 0.8307 0.602p 0.38111 0.3436 0.2720
Acenaphthen¢ 0.5311 0.3975 0.2883 0.2571 0.1614
Phenanthreng¢  0.2308 0.1878 0.1458 0.1364 0.1154
Anthracene 0.1203 0.0936 0.0698 0.0682 0.06/10
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Table (3.46): The solute activity coefficient at ifinite dilution (y”) for mixture of PAHs
on 1% (2, column.

was not measured.

Solute activity coefficient at infinite dilution (y*) at temp. °C
Compound |7 g5 200 220 240 260 280
Naphthalene| — ---—-- | = - | -] - | e ] -
Acenaphthen¢ 0.8336 0.7440 0.5172 0.3922  -——-| -
Phenanthreng  0.3497 0.3096 0.23p5 0.1577 0.1240 130@.1
Anthracene 0.1534 0.1447 0.1071 0.07Q3 0.05p5 0.0%8
Pyrene 0.1018 0.0981 0.083r) 0.04218 0.0423 0.0401

Table (3.47): The solute activity coefficient at ifinite dilution (y™) for mixture of

PAHs

on

3%

2,5-bis-[4-(4propoxybenzylideneamino)phenyl]1,3,4-

oxadiazole (1) column.

Solute activity coefficient at infinite dilution (y”) at temp. °C
Compound 17,76 200 | 220 | 240 | 260 | 280
Naphthalene 0.2545 0.189p 0.3346 0.5309 e
Acenaphthen¢ 0.1644 0.1173] 0.218C 0.3478 - -
Phenanthren¢  0.079] 0.0673 0.06f7 0.1200 0.2435 84D.2
Pyrene | - | -] -] - 0.03460  0.0942
----- was not measured.
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Table (3.48): The solute activity coefficient at ifinite dilution (y”) for mixture of PAHs

on 1% (1) column.

Solute activity coefficient at infinite dilution (y”) at
0

Compound (1] 20

200 220 240 260 280
Naphthalene 0.1486f - -----| = -] @ - -
Acenaphthen¢ 0.0786 0.1323 0.2451 - | = -
Phenanthren¢  0.0306 0.0330 0.0566 0.11p3 0.1%09

Pyrene |  ----- 0.0139 0.0232 0.0423 0.0664

----- was not measured.

The values of the activity coefficienfg™) were < 1, which indicates a

negative deviation of the solutions from idealityow values of activity

coefficients are the result of strong interactibesveen the solutes and/or little

restriction of the analytes molecule in solution.
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3.6 Conclusions

Two liquid crystal compounds 4,4-bis-(4-propoxybenzylidene
amino)biphenyl (9, and 2,5-bis-[4-(4propoxybenzylideneamino) phenyl]
1,3,4-oxadiazole ¢l were synthesized and their properties were examin
These compounds were used as stationary phasas chgomatography for the
separation some PAHs, alcohols, and xylene isomers.

The two liquid crystal compounds (%), have nematic liquid crystal
properties with a wide mesophase range which isefull property to be
considered as stationary phases in gas chromatogrape 2 compound has
mesophase range of (246-350 °C) and (143-350 & )othk . The oxadiazole
ring in (X) has changed the crystal-nematic liquid crystadition temperature
from 246 °C in (g to 143 °C in (3.

Chromosorb W/HP, was used as an inert solid sugpdse coated with
the proposed stationary phasgs2d 1.

The best separation of alcohols was performed 2086 coating of (g
at 180 °C, which is below the mesophase range 8306°C). This may be
attributed to the supercooling phenomenon. The rsopéng state was
obtained by changing the optimum temperature dualoghols separation. The
column was cooled with fast cooling rate. It waarfd that when the cooling
rate was varied, the optimum separation occurretifferent temperatures like
160 and 170 °C. The separation of xylene isomesdban obtained at 50 °C in
which the liquid crystal was in the solid phaseei&wat temperature higher than
350 °C, the PAHSs retained at the column for a lkomg (more than 90 minute),
except naphthalene which was eluted at 8.54 minute.

Mixture PAHSs that contained naphthalene, acenaplethehenanthrene,
and anthracene, has been separated with 3%oc@umn at 240 °C. The
separation was achieved in temperature below thie-isematic transition

temperature, due to the supercooling phenomenamadtfound that when the
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loading ratio decreased, mesophase range was enped a small shift due to
the supercooling phenomenon. However, PAHs mixtle been separated
with a good chromatographic performance. The amalysne of PAH
compounds was performed in less than 15 minutehtidagene was eluted at
the beginning with 2.30 minute, and last compouagkhracene was eluted at
12.07 minute, with well resolved peaks. Pyrene was$ eluted from the
column.

We were unable to separate alcohols as well an&ygmers mixtures
using this loading percentage.

The decreasing of the loading percentage @f (@ 1% has caused
naphthalene to elute with solvent peak at 1.33 teintlihe high boiling point
(pyrene), start to elute at 37.54 minute. A mixtuoé acenaphthene,
phenanthrene, anthracene, and pyrene has beemtsgpatth high efficiency
at 240 °C in 14 minute. The supercooling phenomeanat, also caused a
shift in mesophase range below its normal range.

The separation between the structural isomers giterene, and
anthracene), was better at 3% than that of 1% rga#tio, with resolution of
1.63 and 1.23, respectively.

A 3% coating of () was used to separate naphthalene, acenaphthene,
and phenanthrene mixture at 220 °C, however, at°@4the separation with
acceptable values and with short analysis timeaf¢jon was obtained at 220
and 240 °C, may be related to the fact that thiedrigrder of this liquid crystal
(mesophase range 143-350 °C), occurred at thespetatares. This made
Iinteraction of the analytes more efficient with teetionary phase. As the
temperature of the column increased the retenimoa tlecreased may be due to
the fact that with increasing the temperature thaeiwo of the liquid crystal
decreased and made the interaction of analytes théhstructure of liquid

crystal decreased.
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It has been noted also that decreasing of coaang to 1% of () made
the separation of naphthalene, acenaphthene, awhptihrene occurred just at
200 °C, while the separation of acenaphthene, pitereme, and pyrene
occurred at 220 and 240 °C.

The presence of oxadiazole ring iR) (dompared to (g has effected not
only the range of their mesophase, but also tlegamation properties. Theyf2
liquid crystal compound has the ability to sepatae two structural isomers
(phenanthrene and anthracene), whifgd¢aduld not be used to separate them.

The retention times of PAHs using,YZolumn have decrease normally
with increasing temperature, while with)(€olumn a temperature increase, was
the result of a large drop in retention time valudse separation mechanism in
(2p) column might be due to L/B ratio, while inftolumn the separation took
place according to the boiling point of the anadytdn addition, the
supercooling phenomenon has been noticedy)n4ad not in () compound.

Columns coated with (2) have shown better chromatographic
performance than that of PEG commercial column wibkpected to the
analytes separated in this work.

The calculated Gibbs free energi@ass) for the two coated liquid crystal
columns have negative values. These results deratestthat the dissolvation
process of the analytes with these liquid crystehgounds were spontaneous.
The values of the activity coefficientg”) were < 1, which indicated a negative

deviation of the solutions from ideality.
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3.7 Suggestions for Future Work

In the light of the present study, the followingggestions may be

considered to expand the field of the work.

1.

Studing the ability of the prepared stationary gisa® separate different
kinds of compounds like poly chlorinated biphenf#CBs), volatile
aroma compounds, and cis and trans isomers suatisaand trans

stilbene.

. Coating the prepared stationary phases at lowmsratich as 0.5% and

0.1% to separate high boiling point PAHs like bdak®yrene, benzo[e]
Pyrene, and chrysene.

Using mixed liquid crystal compounds as stationalnases to increase
the range of the mesophase of these liquid crystald change the

characteristic and selectivity of separation.

. Studying the ability of using the synthesized lajurystals as normal

stationary phases in HPLC by chemical bonding éostinpport instead of

coating.

. Synthesizing a new kind of liquid crystals and ccéerizing their

chromatographic behaviors. Such as the followiranges:

e S
ava

C3H;O

129



Chapter Two Experimental part

Chapter Two
Experimental Part

2.1 Chemicals

All chemicals in this study are presented in Tglld), and were used
directly as received from their mentioned suppliengthout any further

purification:

Table (2.1): Chemicals and their manufactures.

Manufactured by, Country

4-aminobenzoic acid BDH, England

Ammonium chloride BDH, England
Chloroform Fluka, Switzerland

4,4 Diaminobiphenyl Fluka, Switzerland

Diethyl ether BDH, England
Ethanol (absolute) BDH, England
Glacial acetic acid Fluka, Switzerland
Hydrazine hydrate BDH, England

Hydrobromic acid

Merck, Germany

Hydrochloric acid

Merck, Germany

4-Hydroxybenzaldehyde

Fluka, Switzerland

Magnesium sulfate

Merck Germany

Phosphorous oxychloride (PQLI

Fluka, Switzerland

Potassium hydroxide BDH, England
1-Propanol BDH, England
Sodium bicarbonate BDH, England

Sodium carbonate

Fluka, Switzerland

Sodium hydroxide

Fluka, Switzerland

Sulphuric acid

Fluka, Switzerland
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2.2 Instruments and Equipments
® Fourier Transform Infrared Spectrometer (FTIR)
FTIR spectra in the range (4000-400) tmvere recorded using
potassium bromide disc on FTIR instrument Model (B38himadzu

Spectrophotometer, Japan.

® Proton Nuclear Magnetic Resonance Spectrometer (LHNMR)

'H spectra were recorded on Briiker ultra shieldrimsént operating on
300 MHz with TMS as an internal standard in the &tBayt University,
Mafraq, Jordan.

® Elemental Analysis (EA)

The elemental analysis of the prepared compounds made using Euro
Vector, model EA 3000 A, to estimate the amourCafbon, Hydrogen, and
Nitrogen. These analyses were carried out in theahkBayt University,

Mafraq, Jordan.

® Differential Scanning Calorimeter (DSC)

All DSC measurements were made with a METTLER TOLEBSTAR
DSC 822in unsealed aluminum pans in a dry nitrogen atmesgphvith
heating rate of 20°C per minute. These analyse® warried out in the

University of Jordan, Amman, Jordan.
® Hot-stage Polarizing Microscope

The optical behavior observations were made usififjJJMmicroscope
equipped wWithMETTLER FP80 hot stage and central processor clatro
and connected with SONY color video camera. Thesdéyaes were carried
out in the University of Jordan, Amman, Jordan.

® Melting Points

The melting points of the prepared compounds weo®rded on hot

stage Gallen kamp melting point apparatus (U.K).
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® Gas Chromatograph (GC)

The gas chromatograph used in this work was Va8a00, (USA),
which has been equipped with flame ionization dete¢FID). These

analyses were carried out in the University of darddmman, Jordan.
® Rotary Evaporator

The rotary evaporator used in evaporating processesganic solvents,
was Bichi RE 120 (Switzerland).

® Vibrator

Vibrator type Burgess, V 74, 50 HXJSA) was used in packing the

columns.
® Ultrasonicator

Ultrasonic type Elma, LC200H (Germany), was usethto the slurry in

the preparation of the stationary phases.
® Vacuum Pump

Vacuum pump type Edwards, 50 Hz, was used for pgctie columns,

made by Edwards high vacuum, (U.K).
® Columns

The dimensions of the stainless steal columns ®é¥en in length, and

2.0 mm internal diameter (i.d). Obtained locally.
® Hydrodynamics Syringe
Samples were injected using a calibrated 10 pL dgydramics syringe
type Hamilton, (USA).

® Flow meter

The flow rates of the carrier gas have been medausmg soap bubble

flow-meter.
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2.3 Preparation Procedures

2.3.1 Preparation of 4,4-bis-(4-propoxybenzylidene
amino)biphenyl (2y)

Scheme (2.1): Synthesis of compoundyf2

The compound was prepared by the condensationiordoetween 4-
propoxybenzaldehydel) (3.28g, 20 mmol) and 4,£&iaminobiphenyl 2,)
(1.84g, 10 mmol) in boiling absolute ethanol (20m&nd two drops of glacial
acetic acid were added. After reflux for 3 houh& solid product was filtered
and dried. Recrystallization from Ethanol gave gwlicrystals 95% vyield. The
compound was identified by FTIRINMR, and CHN analysis.
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2.3.2 Preparation of 2,5-bis-[4-(4-propoxybenzy
lideneamino)phenyl]1,3,4-oxadiazole (1y)

This compound was prepared as shown in the sch2rBg gnd as

described below£%®

O O
VA V4
C;3H,0 CH + H,N c\
OC,Hs
la 1b

Ethanol
GAA
0

iy

:N
1c

Scheme (2.2): Synthesis routes of compound)(1
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2.3.2.1 Preparation of n-Propylbromide

To 71 mL of 48% hydrobromic acid contained in a 58Q round-
bottomed flask, 16 mL of concentrated sulfuric agak added in portions with
shaking and cooling (some hydrogen bromide mawbésed). A 0.5 mol of 1-
propanol was added, followed by 2.75 mL ofSy, in several portions. The
reaction mixture was heated under reflux untildppearance of two phases or
for 5 hours. During this period the formation oprepylbromide was almost
completed and two layers were formed. After coqliagd discarding the
aqueous phase, the organic layer was washed fitstw equal volume of 10%
HCl and water, and then the organic layer was séparand washed with an
equal volume of 10% sodium bicarbonate solution\water. Then the organic
layer was separated and the anhydrous magnesiyshatel was added to
remove the water completely from the organic lajére solution was filtered
to give n-propyl bromidé& .

2.3.2.2 Preparation of 4-propoxybenzaldehyde (14)

To a solution of (4.87 g, 0.087mol) potassium hydie in 50 mL of
absolute ethanol, (10.61g, 0.087 mol) of 4-hydrendaldehyde and (0.13
mol) of n-propyl bromide were added, the mixtureswefluxed for 6 hours, and
potassium bromide was precipitated. A 50 mL of wated 50 mL of diethyl
ether were added. The mixture was extracted, amrdotiganic phase was
washed with 25 mL of water and 25 mL of 10% sodiwydroxide solution.
Then the organic layer was also washed with 25 mkater. The organic layer
was dried by adding magnesium sulphate. The solutias filtered then

(171)

evaporated the solvent to yield 4-propoxybenzaldelfis) (85— 90) %
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2.3.2.3 Preparation of ethyl-4-aminobenzoate (1)

This compound was prepared according to the metlesdribed in the
literature*’®, as follows:

Dry hydrogen chloride, (which was prepared by thaction of conc.
H,SO, with fused ammonium chloride in a Kipp's appargtwsas passed
through 80 mL of absolute ethanol in a 250 mL cahflask equipped with a
two-holed cork and wash-bottle tubes until satoratiThe solution was
transferred to a 250 mL round bottomed flask, (1BP)8 mol) of 4-
aminobenzoic acid was introduced, and the mixtuas vefluxed for 2 hours.
The hot solution was poured into crushed ice angw&odium carbonate was
added to the clear solution until neutralized tmlis. The precipitated ester was
filtered off and dried. The yield of ethyl-4-amirerizoate 1), (m.p.= 86- 88
°C) was (706-75) %.

2.3.2.4 Preparation of 4(4-propoxybenzylidene

amino) ethylbenzoate (1.)

0]

Y £ cr I
CsH,0 CH + H,N < Fthend L cai0 HC=N C—OC,Hs
OCzHs GaA
la 1b 1c

Compound(1l.) was prepared by the condensation reaction between
propoxybenzaldehydely) (1.64g, 0.01 mol) and ethyl 4-aminobenzodlg (
(1.65g, 0.01mol) in boiling absolute ethanol (20ptkyo drops of glacial acetic
acid were added. After reflux for 3 hours, the g¢groduct was filtered and
dried. Recrystallization from ethanol gave palelowl crystals 95% vyield,
(m.p.= 66-68 °C).
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2.3.2.5 Preparation of 4-(4-propoxybenzylidene

amino) phenyl acid hydrazide (1a)

© o
I NH,NH,.H,0 I«
C3H7O HC=N C_OC2H5 —— 3 C3H,0 HC——=N 2
1c 1d

Fifteen millliters of hydrazine hydrate was added a 4(4
propoxybenzaylideneamino)ethylbenzoafg) ((1.55g, 5Smmol). The mixture
was refluxed for 4 hours, then 30 mL of ethanol. ams added and the reflux
continued over night. The ethanol was distilled arffl the mixture was cooled
to room temperature. The obtained solid was filterand washed with cold

water. Recrystallization from ethanol yielded 9(#%o,p.= 129-131 °C) ofl,.

2.3.2.6 Preparation of 4-(4-propoxybenzylidene

amino) benzoic acid (1e)

This compound was prepared by the condensatioriioaasetween 4-
propoxybenzaldehydel) (1.64g, 10 mmol) and 4-aminobenzoic acid (1.37g,
10 mmol) in boiling absolute ethanol (20mL), twapls of glacial acetic acid
were added. After reflux for 3 hours, the solid gurot was filtered and dried.
Recrystallization from ethanol gave yellow crysta& yield, (m.p. = 181
183 °C) ofl..

All the above compounds were identified by FTIR&pem.
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2.3.2.7 Preparation

Experimental part

of 2,5-bis-[4-(4-propoxybenzyl

ideneamino)phenyl|1,3,4-oxadiazole (1f)

o

(@]
I
C3H704®7HCZN4©7(:_H_NHZ C3H,0 HC——N |(|;—o|-|
d + le

JoRaul
i NQMC

0]

lpocg

N—N

1f

ot

OC3H;

A (1.58g, 5 mmol)

hydrazide {;) and (1.415¢q,

of 4-(4propoxybenzylideneamino)phenyl acid
5 mmol) of 4-(ropoxybenzylidene

amino)benzoic acidlf) with 5mL POC}were refluxed for 24 hours. The cold

mixture was poured on crushed ice and made basaddyg NaHCQ@solution.

The resulting solid was filtered, dried and realsted from chloroform to

give orange crystals with yield of (75 80) %. The oxadiazoleld was
identified by using FTIR:-HNMR, and CHN analysis.
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Chapter Two Experimental part

2.4 Stationary phases preparation

The stationary phases were prepared by coating afable liquid crystal
compounds on chromosorb W/HP 10020 mesh size, solid support. Different
weights of the liquid crystal compounds (0.04, 0.48d 0.80 g) and (3.96,
3.88, and 3.20 g) of the solid support were usedprepare liquid crystal
stationary phase with coating percentage 1%, 3%,2886 respectively. The
liquid crystal compounds were first dissolved indQ chloroform; the solid
support was then added slowly to the solution sttiring to form slurry. The
stirring was continued for 24 hours to ensure ceteplhomogeneity and
uniform coating of the liquid crystal on the sosidpport particles. The solvent
was then evaporated using rotary evaporator. T$dtineg stationary phase was
then dried at 100°C for 2 hout3>.

2.5 Packing and Conditioning Process

The stainless steal columns were packed by 1%,a8f,20% (loading
percent) of the two different liquid crystal stateoy phases2(,1;). The
methodology of packing process is described b&fGiv

A piece of glass wool was inserted at one end efdblumn, where it
was connected to a vacuum pump. A plastic funneal fix@d on the top of the
other end. After drying of the prepared stationaingses, they were added into
the column through the funnel to ensure a com@atehomogeneous packing
as shown in Figure (2.1). Vibration was used initamitd to the vacuum pump.
This would reduce the porosity between particlesstationary phases and
eliminate all dead spaces in the column. At the metion of the packing

process, a glass wool was then inserted at the etiteof the column.
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Chapter Two Experimental part

Funnel —

Fubber Tube —

000
|1

| Illll |II| III
% Vacuumn Fump

Columnn

Figure (2.1): Packing assembly layout.

The prepared columns were conditioned as follows: ¢olumn was
maintained at (1:A.5°C) above the maximum temperature at which thenuo
was used, with a stream of nitrogen gas passingugr the column. The
column was kept for 48 hours at these conditioriss Tolumn conditioning
was vital to remove the remaining solvent, humidityd any other volatiles
(172,173).

The above conditioning procedure was repeatedyeday for about 1
hour prior analysis to ensure good reproducibiisyindicated from the base
line stability. In addition, the column was weigthteefore and after packing to
ensure complete and consistent packing withoutdpie stationary phase.

Each stationary phase was examined separately dsgasing column
temperature 10 or 20°®@etweeneach run to cover the whole transition
temperature ranges of the specific liquid crystall uL of each sample was
introduced to the system by direct injection, vatflow rate 20 mL/min.

A soap-bubble flow meter was used to measure thwe fate of the

carrier gas; by connecting it to the outlet frora tetector.
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Summary

This work involves the preparation of two liquid crystalline
compounds, 4,4 -bis-(4-propoxybenzylidene amino)biphenyl (2,), and
2,5-bis-[4-(4 -propoxybenzylideneamino)phenyl]1,3,4-oxadiazole (1).

H__ __H
C3H704®7C_NN_C4©70C3H7
2b

N—N

jonaet
ot Se

C3H,0 OC3Hy

The prepared compounds were characterized qualitatively by
using FTIR, 'HNMR, and elemental analysis (EA). The liquid
crystalline properties of the synthesized compounds were verified
using hot-stage polarizing microscope and differential scanning
calorimetry (DSC).

The prepared liquid crystal compounds have a wide mesophase
range that gives useful properties to these compounds as stationary
phases in Gas Chromatography (GC). Compounds (2,) and (1;) were
prepared to be used as stationary phases by loading them separately
on chromosorb W/HP 100 — 120 mesh size, as solid support with

different loading ratios (1%, 3%, and 20%). The prepared stationary
XI




phases were packed through the stainless steal columns, and tested
for separation of poly aromatic hydrocarbons PAHs (naphthalene,
acenaphthene, acenaphthylene, phenanthrene, anthracene, and
pyrene), alcohols (methanol, ethanol, 2-propanol, and 1- propanol),
and positional isomers (o, m, and p-xylene).

A chromatographic study of the interaction and elution
characteristics of the studied analytes through the prepared columns
was carried out at different column temperatures of, 140-320 °C for
4,4 -bis-(4-propoxybenzylideneamino)biphenyl (2,) and 170-280 °C
for 2,5-bis-[4-(4 -propoxybenzylideneamino) phenyl]1,3,4-oxadiazole
(19).

The best chromatographic conditions, efficiency, and selectivity
of the columns for separation of PAHSs, alcohols, and positional
isomers were characterized by measuring the effective plate number
of column (Nei), resolution (Rs), and separation factor (a). It was
found that the supercooling phenomenon has occurred with 2,
column, which made a decrease in solid-nematic transition
temperature. The best separation of alcohols was obtained at 180 °C
through 20% 2, column. PAHs could be separated through 3% and
1% 2, column at 240 °C.

The best chromatographic performance for separation of PAHs
using 1; column was achieved at 220 °C. This was related to the fact
that the higher order of this liquid crystal occurred at these
temperatures, which made the analytes interact more with the
stationary phase.

Specific retention volumes (Vg°) were calculated to study the

thermodynamic behaviors of the analytes (solutes) on the liquid

XII




crystal stationary phases LCSPs (solution). From the plots of In Vg°
(mL.g™) versus LT (K*), the enthalpy (AH) and entropy (AS) of the
solutions were measured. Gibbs free energy (AG) of the separated
analytes at different temperatures was calculated. These values
showed that the dissolution of the analytes on LCSPs were
spontaneous.

The study also included measurements of the activity
coefficients at infinite dilution (y*). These values were < 1, which

indicates a negative deviation of the solutions from ideality.
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