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CLASSIFICATION OF STATIONARY PHASES IN GAS CHROMATOGRAPHY

I. INTRODUCTION

Chromatography has rapidly grown into a very useful technique for

people whose main interestes are not related to chromatography, and who

will make use of a classification that requires little study or

calculation (1,2,3).

Many attempts have been made to find a simple useful method of

choosing a stationary phase. Several (6,7,8,9) have tried to

characterize stationary phases by using the calculated entropies and

free energies of various samples on many types of stationary phases.

Risby, et. al. (10) have been successful in predicting the retention

volumes of some simple molecules on a stationary phase by adding the

enthalpies and entropies of the functional groups of the sample. Most

of the attempts have used relative retention times of various compounds

to set scales of polarities (11,12,13) and hydrogen bonding effects

(14,15). Karger et al (16) calculated specific solubility parameters

for dispersion, induction, orientation, and hydrogen bond interaction

using nonchromatographic data and the fundamental equations describing

the interactions. But they were not very useful to most

chromatographers. McReynolds (17) produced a great deal of data for ten

representative compounds on 226 stationary phases to show the different

interactions of functional groups on each of the phases. But this was

only a rough classification because each functional group usually

combined more than one interaction so that it could not provided a

simple scale to classify stationary phases.
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Burns (18) expands upon earlier attempts to classify stationary

phases by the use of relative retention times to set scales of polarity,

basicity and acidity. Dispersion interactions were also calculated from

the refractive index of the stationary phase and the sample. His

results are shown on Table I.
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Table I. Suggested Indices of Dispersion, Poierity, Sea icity,
and Acidity

ad P H Ac

Dimethyl Silicone 9.0 -It 0 0

Phenylmethyl Silicone 11.6 0 0 1

Polyethylene Glycol 8.6 8 4 0
Diethylene Glycol Succinate 8.5 10 3 1

3-Cyanopropyl Silicone 10.4 11 3

Trifluoropropyl Silicone 8.6 3 -I t 1

Squalane 8.5 0 0 0
Apiezon Grease 9.1 1 0 0
Di-(3:5:5 trimethylhexyl)

Phthalate 8.6 2 1 0
Polypropylene Glycol 8.3 4 3 0
Polyphenyl Ether 10.1 3 0 0

Cyclohexane Dimethanol
Succinate 8.9 6 ? 1

Butanediol Succinate 8.6 8 3 0
1:2:3 tris(2-cyanoethoxy)propane 8.4 11 3. 0
N,N-bis(2-cyanoethypformarnide 8.8 13 5 0

Zinc Stearate 8 2 4? 6

Trimer Acid C,1H100(COOH)3 8.5 3 6 3

Fluoroalkyl Camphorate 7.0 6 -It 1

Tetrafluoroalkyltetracar boxy-
benzene 7.1 4 -It 1

Octakis(2-hydroxypropyl)sucrose 9.0 7 7 2

Tetrahydroxypropylethyienedi-
amine 8.7 5 7 2

Tetrahydroxyethylethytenedi-
amine 8.8 9 ? 2

Sodium Dodecylbenzenesulfonate ? 5* 9°
Di-2-ethylhexyltetrachloroph-

thalate 9.0 3 1 0

Phenyidiethanolamine Succinate 9.2 8 2 1

Diglycerol 8.8 9 9 4

By analogy.

t Negative values represent imperfections in the equation or
the data and should probably be rounded to zero.



Table I includes all the most popular and useful stationary phases,

but the calculations were very approximate and uncertain.

Some of the indices could be measured independently by

physicochemical techniques. Lochmuller and Souterl (19) reviewed the

usefulness of IR, UV and NMR spectroscopy. In all three methods a shift

in the absorption band of the solute as solvent is added indicates the

strength of interaction and thus the retention volume. de Briceno (5)

used infrared spectroscopy to establish a polarity scale based upon the

magnitude of the shift observed for specific solute functional groups.

Miller (4) used NMR spectroscopy to establish an acidity and basicity

scale, because the chemical shift in NMR spectroscopy, the line width

and relaxation time are also chromatographically important parameters,

that can tell much about the fundamental nature of chromatographic

interactions and chemical selectivity.

The shaky foundation for the indices in Table I could be much

improved by further experimental work. Moreover it ignored electron

donor-accepter effects, which could be important. In this thesis

ultraviolet spectroscopy was utilized to investigate electron

donor-acceptor effects.
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II. THEORY

A. Electron Donor-Acceptor Approach

Although the existence of molecular complexes has been recognized

(20), and the basis of understanding them in terms of acid-base theory

has long existed (21), interest in the subject received a strong

stimulus in 1949 with the discovery of a new absorption band in the

ultraviolet spectrum of solutions of I in benzene, which suggested that

some kind of a form of complex existed (22,23). Not only did this

observation provide a means to study this complex and the many others

which show an analogous and characteristic new absorption band, but also

its interpretation led to an extension of the Lewis acid-base theory in

a quantum-theoretical form which provides the basis for the

interpretation of a wide variety of phenomena associated with molecular

complexes (24,25,26). Since then the field has been extremely active.

More than 600 papers had been published as early as 1961.

Much of our knowledge about the behavior of donor-acceptor

complexes comes from the study of complexes between various donor

molecules and a standard acceptor molecule (say 12). Let us consider

the relation between the frequency of the charge-transfer band and

the ionization potential I
d
of the donor. Empirically it has been found

that a plot of \) against I
d

gives a straight line (27,28). Thus
ct

within experimental error, most of the data can be fitted by linear

relations. For example, the data for the weak I2complexes are fitted by

equation (1)



ct
.89 Iv - 3.6 (eV)

h v =

6

(1)

Here h vct is the energy change corresponding to the

charge-transfer band, Ivd is the vertical ionization potential of the

isolated donor.

However, it is of considerable interest to examine the behavior of

complexes with a variety of acceptors. Pyromellitic dianhydride,

tetracyanoethylene, tetrachlorophthalic esters and quinone (29,30,31,32)

all can act as acceptors and form complexes with aromatic donors.

Jortner & Sokolov (33) have attempted to evaluate electron

affinities for other acceptors by comparing the frequency of the

charge-transfer band of the complex between hexamethylbenzene and the I

atom with those of complexes of hexamethylbenzene with the 12 molecule.

Here they write:

) - ( h v ) = E - E
v

12

( h vct vet
I 12

(2)

Here (hv
ct

)
12

and (hy
ct

)
I

are the energy change corresponding the

charge-transfer ',and of dodine molecule and atom respectively. EI is

the electron affinity of I atom and Ev, is the vertical electron
2

affinity of iodine. Although I atoms are produced by flash photolysis

of I 2 solution, a complex with an I atom would be difficult to stabilize

long enough to make measurements.

According to these imperfections and difficulties which were
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mentioned above, it is unwise to choose other acceptors than 12. So I
2

was used as standard acceptor molecule, and different chosen stationary

phases behaved as various donor molecules.

B. Wavelength Difference in UV Absorption Spectrum

- Measuring Donor-Acceptor Strengths.

It is well known that iodine solutions may be either violet or

brown, the color depending upon the solvent. This variation of color

with solvent has intrigued many chemists, and has been the subject of

numerous intensive investigations on solutions of iodine.

It was first demonstrated by Lachman (35) that iodine solutions

made with pure solventss fall into two classes according to color -

violet and brown. Violet solutions are formed with such solvents as

hydrocarbons, and carbon disulfide, whereas alcohols, ethers, ketones,

organic acids, nitriles, nitrogen bases, and certain sulfur compounds

dissolve iodine to form brown solutions. Spectrophotometric studies

give furthur interesting information concerning violet and brown

solutions. Getman (36) found that iodine solutions fall into two groups

: violet,with absorption maxima ranging from 520 to 540 nm; and brown,

with maxima from 460 to 480nm. The intensity of absorption also differs

notably in the two groups.

Precise molecular weight determinations by Beckmann (37,38) have

proved that iodine is present in the diatomic state in all solvents

investigated, other physicochemical data, e.g., heats of solution (39),
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cryoscopic (48) and distribution behavior (41), indicate that brown

solutions contain iodine chemically bound to the solvent, in equilibrium

with free iodine. Each of the compounds which form brown solutions with

iodine contains an element capable of action as a donor in the formation

of coordinate covalent bonds. Iodine in brown solutions appears to be

much more reactive than the presumably free iodine in violet solutions,

for violet solution have an absorption spectrum very similar to that of

iodine vapor (39,42).

Mulliken and Person (43) have presented the most recent summary of

charge transfer consideration from a molecular orbital approach. If one

molecule, D, donates an electron to a second molecule, A, the wave

function of the complex, C, can be decribed as

1111( C ) = a 010( D,A ) + b 111( D+-A- )

(3)

Where 1IN is the total electronic ground-state wave function, 1P0 is the

(no-bond) wave function which describes all the intermolecular

interactions except complexation, and WI is the (dative) wave function

of complexation; a and b are weighting constants. The dative function,

W
, is written as a function of I)* and A to indicate that transfer of

charge from D to A causes appreciable ionization. If complete

ionization does not occur (i.e., if the complex is weakly held

together), we represent equation (3) by:

ION ( C ) :: a 1110 ( D,A ) + b 1111 ( D-A )
(4)

Equation (4) will be used here, since only weak complexation will be

considered.
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As in any electronic description of molecular interactions, we can

write the wave function of an excited state

C ) = b* 410( D,A ) + a* j ( D` -A" ) (5)

Where Illv( C ) is the excited-state electronic wave function, and a*-a-1

and b*-b-0. That is when we promote (excite) an electron from D to A

(by IN radiation for example) we cause appreciable ionization (charge

transfer), and ( D + -A" ) is a more appropriate description of the

complex than ( D-A ) or ( D,A ).

The energy of charge transfer, ECT is just the difference

between the energy levels of the electronic states

A E
CT

= EV - EN (6)

and is readily found from the wavelength at which a complex absorbs

light quanta

A E
CT

= hv
CT

=
he

*CT (7)

Where vCT
and x

CT
are the frequency and wavelength of charge transfer

absorption, respectively.

Since electrons are being removed from, and transferred into widely

different types of molecular orbitals, some of the anomalies in the

absorption spectra remain, for example, some types of complexes give two

prominent charge transfer bands, while others give only one. To help

explain these, Mulliken (43) proposed that there were fundamental (and

usually sharply divided) degrees of charge transfer, which he called
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inner (strong, ionic), middle (transition), outer (weak, dative), and

contact (random) complexes.

Inner (strong) complexes consist of two components which are

largely ionized ( D -A ), whose spectra show bands for both the donor

and acceptor ions, and which may exhibit photo conduction,

semiconduction, and paramagnetic properties. Outer complexes are

loosely held together by much weaker (dative) interactions, show the

above properties of inner complexes to a much lesser extent, give only

one prominent complex absorption band, and involve minimal transfer of

charge in the electronic ground-state. Middle complexes lie between

outer and inner complexes in the degree of charge transfer and are not

generally distinguishable, since they are transitional electronic and

geometrical configurations. Finally, contact charge transfer results

from random molecular collisions when both donor and acceptor species

are present together in appreciable quantities. These interactions

explain, for example, the "charge transfer" absorption bands of

iodine-heptane and other pairs, which would not be expected to form

complexes under normal conditions.

In this thesis, donor-acceptor strengths are measured by comparing

the wavelength differences in UV absorption spectra, where iodine is

used as acceptor and different chosen stationary phases are reacted as

donor. Squalane is used as reference stationary phase, because it

contains only hydrocarbons and shows a pure violet solution with iodine

which is presumably free and forms contact complexes in UV absorption

spectroscopy measurement with longest absorption wavelength, that is the



least charge-transfer energy.

E z hC
CT squalane -I

2

1

A squalane -12

11

(8)

For other stationary phases, the relationship between the charge

transfer energy and absorption wavelength can be described as follows:

A E
CT other stat. phase- I

2

hC

other stet . Phase -I
2

(9)

and donor-acceptor strengths can be described as the difference between

charge transfer energy of squalane and that of other stationary phases

AE
CT

other stet phase -
4

z hC 1

A

other stet, phase. I

AE
CT

squalane -12

1

A

2
squalane- 12

C. Relative Retention Time in Gas Chromatography

- Measuring Donor-Acceptor Strengths

(10) .

The heart of the chromatographic process is the interaction of the

solute with the stationary phase. Separation is achieved by different

interaction energies between the stationary phase and the components to

be separated.
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There are several types of interaction: Van der Waals (London, or

dispersion) forces, dipole-dipole interactions, dipole-induced dipole

interactions and electron donor-acceptor interactions; "Dispersion" or

"London" or "Van der Waals" forces are the universal forces that hold

atoms or molecules together in the absence of other chemical processes.

They arise simply from interactions of the valence electrons of the

molecules caused by the attraction between momentary regions of charge

in neighboring atoms or molecules. Dipole-dipole interactions arise

from the dipoles of solute and stationary phases interacting purely

electrostatically. The molecule as a whole need not be polar if there

are dipoles across a bond. Most chemical bonds between unlike atoms

have a dipole, some of these

dipoles (in Debye units) (44).

are listed in Table 2 with their bond

H-As 0.10 C-Br 1.48 P-Br 0.36 As-C1 1.64

H-Br 0.78 C-Cl 1.56 P-Cl 0.81 As-Br 1.27

H-Cl 1.03 C-F 1.51 P-I 0 As-F 2.03

H-I 0.38 H-C 0.3 C1-0 0.73 As-I 0.78

H-N 1.31 C-I 1.29 C1-0 2.3 Sb-Br 1.9

H-0 1.53 CC 3.6 I-Br 0.4 Sb-Cl 2.6

H-P 0.36 C-0 0.86 I-C1 0.8 Sb-I 0.8

H-S 0.68 C=0 2.4

Table 2 Bond dipole moments (Debyes)
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Dipole-induced dipole interactions may occur when a molecule has no

dipole, one may be induced by the dipoles of another molecule. Hence,

if either the solvent or solute is polar, there can be an interaction of

a dipole-dipole character even when the other is normally non-polar.

This often occurs with unsaturated materials because their electrons are

more easily disturbed, thereby unsaturated samples are more strongly

retained on polar stationary phases than are saturated molecules. It is

questioned whether electron donor-acceptor interactions are important in

chromatography, but there is evidence for their reality. A center of

positive charge, such as the Al
3+

ion of alumina may also interact with

the basic groups of sample molecules. Thus ethers are strongly held on

alumina. Alumina was widely used for separating aromatic hydrocarbons

from aliphatic before the invention of gas chromatography.

The retention time in chromatography is an important criterion of

stationary phases and solutes. It is because solutes are retained

differently on stationary phases by the above-noted interactions that

they are distinguished by different retention times.

When recording retention data, the actual retention time is

proportional to the flow rate, the amount of stationary phase, the

length of the column, and the pressure drop across the column. All of

these vary between laboratories and may vary even on the same

chromatograph from day to day. Accordingly, various methods have been

devised for recording the retention times in a form which is not subject

to these variations. All of them start with determination of the time

the substance spends stationary, that is deducting the time in the
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mobile phase from the total time, The procedure is illustrated in Figure

1.



Im
Injection

point

a'

A
Unretained

Sample

Is

Figure 1. Determination of corrected retention time, t
s

Sample
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The time taken for the average molecule of any one substance to

reach the end of the column is called t. This is divided into two

parts, is + tM, where is is the time it spends in the stationary phase

and hence stationary and tM is the time it spends in the mobile phase

and therefor moving at the mobile phase velocity,

t = t + tM
M

The mobile time tM is measured by injecting a sample which is not

sorbed by the stationary phase. The stationary time,ts, is used in all

measurements of retention from

is = t - tM (12)

This is often called the corrected retention time in

chromatographic literature.

The most used method of recording retention is relative to some

standard substance. The relative retention time, r, is the ratio of the

corrected stationary times, ts, of the sample and the standard,

r=
is (Standard)

is (sample)
(13)

This ratio will be the same for any flow rate, any amount of

stationary phase, or any column length because is is directly or

inversely proportional to each of these and therefor is cancelled in the

ratio. But it is not independent of temperature, so all the

experimental data are isothermal in this thesis.
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The corrected retention time is related to the energy of

interaction, thus :

t = constant exp(-E/RT) (14)

where E is the energy of solution from the gas phase, which can be

described as:

E = E
L
+ Epp + EDI + E

DA

where E is the energy due to London forces

Epp is the energy due to dipole-dipole interactions

Epp is the energy due to dipole-induced dipole interactions

and E DA is the energy due to electron donor-acceptor interactions.

(15)

To measure electron donor-acceptor strength from retention times

using gas chromatography stationary phases as donor, it is essential to

choose a matched sample pair such that one is an acceptor and the other

is a non-acceptor but otherwise are similar.

From Gutmann's statement (45) "Substitution of acid hydrogen atoms

by alkyl groups decreases the acceptor properties," a desirable pair

seems to be HCC1
3
and CH

3
CC1

3
(chloroform and 1,1,1,trichloroethane).

They will have almost the same dipoles and donor properties so the

difference in retention time should be due solely to London and

donor-acceptor forces. We can allow for the london forces using the b

parameter (d log tt/dc) (2,46,47) for the stationary phase:

b = dlog is / do

= 2.303 eIG__H RT (16)
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where c is the carbon number for a series of n-alkanes and AG

is the free energy of partition associated with a methylene group.

The only difference between the chosen matched pair CH3CC13/HCC13

is there is that an extra methylene group in CH3CC13, so the b value

will show the change of retention time due to the difference of London

force among this matched pair. Yet the b value in CH3CC13 is only a

roughly estimated value, because 6G_042 will not have its normal value

with the CH3 adjoining CC13. However the difference between the ratio

of experimental log is and b shows donor-acceptor interaction only, and

should be linear with the energy of donor-acceptor interaction.

But if carbon tetrachloride/chloroform matched pair is used instead

of 1,1,1,trichloroethane/chloroform pair, I don't need worry about the b

value. In this thesis, I have attempted to evaluate the logarithm of

the relative retention time of stationary phases of the charge-transfer

band of the complex between 12 molecule and squalane with those of

complexes of 12 with other stationary phases. Here the relationship can

be described as:

Xct other stat phase ct squalane

4,1
is CC 14 tsCCI4

Log

tsCHCI 3
.111.1=11M

Log
is CHC 13

other stat. phase squalane

(17)
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III. EXPERIMENTAL

PART I: Ultraviolet Spectroscopy

A) Instrument'

A Cary-118 double beam ultraviolet spectrophotometer was used for

all the absorption measurements. A silica cell with a glass stopper

(10.0mm light path) was employed for the measurement in all wavelength

regions. Wavelengths were scanned from 600nm down to 250nm to find the

maximum absorption peak(s) of each sample solution.

B) Standardization

The wavelength scale of the ultraviolet spectrophotometer was

calibrated with the deuterium lamp. Deuterium emits a sharp peak at

wavelength of 485.99nm. The experimental results showed an average

maximum absorption at 485.92nm (therefore, 0.07nm correction was added

to all readings to obtain the absolute wavelength).

C) Materials

Mallinckrodt resublimed iodine crystals were used as solute without

further purification. The chosen stationary phases were used as

solvents.

D) Absorption Spectra
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0.5ppm to 200ppm solutions of 12-stationary phases were prepared

according to the absorptivity of each donor-acceptor complex absorption

band. Solutions were prepared by dissolving iodine crystals directly

into the liquid stationary phases. The absorption spectra of iodine in

squalane, glycerol, dinonyl phthalate, quadrol, trimer acid, diethylene

glycol succinate, silicone oil DC710, polyethylene glycol 400,

tri-o-tolylphosphate, and poly-m-phenyl ether were measured using a 1 cm

sample cell at room temperature. 1,2,3-Tris-(2-cyanoethoxy) propane

which is a light yellow extremely viscous liquid and diglycerol both

exhibit strong absorptivity without any iodine and relatively weak

absorptivity for iodine complex. So the ultraviolet absorption spectra

of these two stationary phases were measured by dissolving a large

amount of iodine into the stationary phases then spreading the solution

onto the surface of the 1cm sample cell as a layer of thin film.

Butanediol succinate and cyclohexane dimethanol succinate are solid at

room temperature; to measure the absorption spectra of these two

stationary phases, the stationary phase was first melted on a hot plate,

then an adequate amount of iodine crystal was dissolved in it while

still in the molten state. The molten solution was spread onto the

surface of the ultraviolet sample cell as a thin film, then the

absorption spectra was measured. All the iodine-stationary phase

solutions were freshly prepared to measure the absorption of the

complex. They were then left overnight and measured again to check if

there were any wavelength shift.
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PART II: Gas Chromatography

A) Instrument

A Perkin-Elmer 3920 Gas Chromatograph was used to obtain

experimental gas chromatography retention data. The chromatograph was

equipped with a flame ionization detector in which an air-hydrogen flame

was used. Two kinds of columns had been tried: 1/4" o.d. polished

stainless steel tubing (Altex Scientific, Inc. Berkeley, CA) and 0.4mm

i.d flexible fused silica capillary tubing (Hewlett Packard, Palo Alto,

CA). A 10u1 hypodermic syringe (WH1-10, WAHL-HENIUS, Chicago) was used

for injection when the stainless steel column was installed. A 0.01m1

mini-injector (SUPELCO, INC. Bellefonte, Pennsylvania) was used with

the fused silica column.

B) Materials

Several matched sample pairs were tested on stationary phases as

follows: butyraldehyde/butylchloride, valeraldehyde/butylchloride,

propionaldehyde/butylchloride, carbontetrachloride/chloroform,

1,1,1,trichloroethane/chloroform, m-xylene/p-xylene

C) Column Construction, Packing/Coating, and Modification Precedure.

i) Stainless Steel Column.

Squalane, glycerol, and 1,2,3,tris- (2- cyanoethoxy) propane were
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packed using the slurry technique (48). The stainless steel column was

first cleaned and dried by the following procedure: rinsing with

chloroform, rinsing with methanol, washing out with water, washing out

with 6N Nitric Acid, rinsing with plenty of water, rinsing with methanol

again, and drying with nitrogen, helium or air. The 60 to 80 mesh glass

beads were used as solid support because the glass surface would cause

only little absorption of the sample on the support and the small liquid

surface would allow only a little interfacial absorption. The

moderately large beads were small enough to give satisfactory

resolution. The glass beads were first cleaned in chloroform. Enough

beads were weighed to fill the column. This was calculated assuming

they would occupy 62% of the column volume (67) and that the glass had a

density of 2.98 g /ml (67): 0.5 percent of the glass bead weight

stationary phase was dissolved completely in the volatile solvent in an

evaporation dish, then the glass beads were slowly poured into the

evaporation dish followed by stirring continually while heating on a hot

plate until the solvent was completely evaporated. The slurry was

packed into the column by the aid of a vibrator and bouncing the column

on the floor. All columns were dried by passing nitrogen through them

at very low flow rate ( - 30m1 /min) overnight then conditioned for two

hours at a temperature twenty degrees higher than the higher temperature

limit of each stationary phase.

ii) Fused Silica Capillary Column

Squalane, glycerol, dinonylphthalate, 1,2,3-tris-(2-cyanoethoxy)
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propane had been tried to be coated using the dynamic coating technique

(51). The dynamic coating technique has been widely discussed in the

literature (49-54, 58), yet all of the discussions apply to glass

capillary columns, so some modifications were needed when dealing with

fused silica capillary column. Because the fused silica columns have

only extremely low traces of metal impurities (56) and because of the

extremely high drawing temperature (greater than 2000 ), the surface is

clean and probably anhydrous so that the conventional cleaning and

etching procedures needed in glass capillary column before coating are

not necessary here. In fact, the fused silica shows good inertness

without any deactivation. The plug method was used in the dynamic

coating technique of this experiment. A sufficiently long plug (-1/8

column length) of a 10% 20% solution of liquid phase in a suitable

solvent was forced through the capillary at very low rate (-2cm/sec

linear velocity) with the filling device used by Grob (57). The solvent

in the stationary phase was blown out by helium following the plug at a

much higher flow rate ( - 4ml /min) for 10 hours at least. Then the

column was conditioned at 20 degrees higher than the column temperature

of the experiment for 2 hours. The rate of coating has a strong

influence on the thickness of the liquid film. A uniform coating can be

obtained only when the rate of plug travel remains absolutely constant.

Absolutely constant rate of travel is obtained only when the capillary

is not exposed to any temperature fluctuations and when the plug is

forced not with constant gas pressure but with constant gas flow rate

through the capillary. The first prerequisite is therefore the

provision of a constant gas flow rate for the transport of the plug.
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This task is accomplished by using a precisely controlled pressure

regulator (The Matheson Co., INC. Rutherford N. J.) connected to a

piece of capillary tube ( - 0.4mm i.d.) that would produce a dramatic

pressure drop.

D) Gas Chromatography Data

Sets of matched pair test samples were injected into the column

coated or packed with the specific stationary phase. The relative

retention times were calculated from the chromatogram.

It is a matter of more art than science to coat any moderate or

stronger polar stationary phase onto the fused silica capillary column.

Much time was spent in finding the best matched pair sample and coating

the column and this author learned a lot about the new characteristics

of the fused capillary column. Yet most of the stationary phases which

were chosen in this experiment exhibit fairly strong polarity so that

satisfactory coating was not achieved. The retention data of those

stationary phases were eventually collected from published literature.
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IV. RESULTS AND DISCUSSION

(A) GC matched sample pair test and result

At the very beginning, the ideal matched sample pair this author

was looking for was a pair of samples with the same (or at least

similar) polarity, configuration, boiling point, refractive index but

one was an acceptor, the other was a nonacceptor. Theoretically they

should be retained the same length of time on squalane but differently

on other stationary phases. The ratio of the relative retention time of

this sample pair on each stationary phase could describe the electron

donor - acceptor interaction between the solute and the solution. The

valeraldehyde/butylchloride pair was first tested with valeraldehyde as

a better acceptor. This pair was discarded because valeraldehyde was

retained on squalane much longer than butylchloride. The second pair

butyraldehyde/butylchloride was tested (Table III) and distinguishable

separation was observed on squalane but no separation on glycerol at 90

co. The third pair propionaldehyde/butylchloride was then tested (Table

1V) and were eluted from the column almost the same time at 90 °C with

squalane as the stationary phase. Yet further separation was noticed at

85°C. But when continuing testing on different stationary phase first

glycerol, then dinonyl phthalate and tris-(2-cyanoethoxy) propane even

at 50°C, there were no separation on them. Some mystery also happened

to butyraldehyde/butylchloride pair when tested at 50°C (Table III).

Repeatly washing and recoating the stationary phases inside the

capillary column caused curious results. Also, it was noticed that some
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white precipitates were formed as soon as propionaldehyde/butylchloride

or butyraldehyde/butylchloride were mixed together.
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Table III Relative retention time using fused silica column

stationary phase butvraldehyde temperature (°C) average
butvlchloride

squalane 1.55 90

glycerol 1.00 90

tris-(2-cyano- 5.26 50

ethoxy) propane 5.39 50 5.33±0.09

squalane 1.00 50

1.00 50 1.00±0.00

glycerol 1.00 50

1.00 50 1.00+0.00
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Table IV Relative retention time using fused silica column

stationary phase orooionaldehvde temperature (°C) average
butylchloride

squalane 1.16 90

squalane 1.28 85

1.37 85

1.51 85

1.36 85

1.39 85

1.41 85

1.41 85

1.40 85

1.37 85 1.39±0.06

glycerol 1.00 50

1.00 50

dinonyl phthalate 1.00 50

1.00 50

1.00 50

1.00 50 1.00±0.00

tris-(2-cyano- 0.91 50

ethoxy) propane

squalane 1.00 50

1.00 50 1.0a 0.000
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After further study of the literature on acceptor and non-acceptor

character, chloroform and 1,1,1,trichloroethane were chosen as the most

desirable matched pair because the acidic hydrogen of chloroform made it

a very strong acceptor compared to 1,1,1,trichloroethane (56). The

extra methylene group in 1,1,1,trichloroethane can be corrected by

subtracting the b value (Appendix 1) from the logarithm of the retention

time.

The theory of using 1,1,1, trichloroethane/chloroform pair seemed

perfect. But, the relative retention time of most of the stationary

phases which were interesting to this author could not be found in the

public literature. One alternative is using the carbon

tetrachloride/chloroform pair instead which was very common in public

literature and the acidic hydrogen in chloroform made it even a better

acceptor relative to carbon tetrachloride compared to

1,1,1,trichloroethane. Figures 2-4 present the relation of the ratio of

the relative retention time between carbon tetrachloride/chloroform pair

and 1,1,1,trichloroethane/chloroform pair at different temperatures.

The good linearity at all the temperatures indicate that carbon

tetrachloride/chloroform pair can reflect the character of

1,1,1,trichloroethane/chloroform pair. But the different dispersion

force between carbon subtracting the ratio of the relative retention

time of the matched pair on squalane from other stationary phase.

Because there could be no elecron donor-acceptor interaction involved

between carbon tetrachloride/chloroform and squalane, the separation

between the sample pair was purely due to different dispersivity. The
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ratio of relative retention time was measured on the

tris-(2-cyanoethoxy) propane and glycerol, because no information could

be found from literature. The relative retention time ratio was also

measured on squalane to compare to the published data. The results are

listed in Table V. All the other data were collected from the published

literature (17,46), and some calculation was needed to correct all the

relative retention ratios to 80°C and to refer to the same standard

substance for each stationary phase. The data and interpolation results

are shown in Table VI.
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Figure 2.. The logarithm of Carbon tetrachloride/chloroform retention
ratio versus 1,1,1-trichloroethane/chloroform retention
ratio at 35°C

1-liquid paraffin, 2-apiezon grease L, 3-silicone oil DC710, 4-halo-
carbon grease, 5-carbowax 4000, 6-dinonyl phthalate, 7-tricresyl
phosphate
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Figure 3. The logarithm of carbon tetrachloride/chloroform retention
time ratio versus 1,1,1-trichloroethane/chloroform reten-
tion time ratio at 77°C

1-liquid paraffin, 2-apiezon grease L, 3-silicone oil DC710, 4-halo-
carbon grease, 5-carbowax 4000, 6-dinonyl phthalate, 7-tricresyl
phosphate
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Figure 4. The logarithm of carbon tetrachloride/chloroform retention
time ratio versus 1,1,1-trichloroethane/chloroform reten-
tion time ratio at 100°C

1-liquid paraffin, 2-apiezon grease L, 3-silicone oil DC710, 4-halo-
carbon grease, 5-carbowax 4000, 6-dinonyl phthalate
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Table V The relative retention ratio using stainless steel column

stationary phase column frazi, CC11
3temperature T CHC1 CHC13

tris-(2-cyano- 100 2.68 0.405 -0.392

ethoxy) propane 100 2.68 0.399 -0.399

80 2.83 0.383 -0.417

70 2.92 0.372 -0.429

50 3.09 0.348 -0.458

R-squared value = .9961 for graph of log (CC14 / CHC].3) against (1/T)

glycerol 70 1.000 0.000

80 1.000 0.000

squalane 80 2.205 0.343

80 2.221 0.347

80 2.359 0.373

80 2.207 0.344

80 2.167 0.336

80 2.165 0.336

80 2.167 0.336

80 2.131 0.329

Ave = 0.363±0.013
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Table VI Carbon tetrachloride/chloroform retention ratios of

stationary phases

stationary phase CC14 CC14 CC14
) -----

CHC13 CHC13S.P. CHC13sualane

squalane 1.749 0.000

polyphenyl ether 1.119 -0.194

glycerol 0.432(120°C) -0.607(120°C)

diethylene glycol 0.525(100°C)* -0.523(1O0°C)

succinate

hyprose 0.433 -0.606

dinonyl phthalate 0.904 -0.295

tri-tolyl phosphate 0.711 -0.391

silicone oil DC710 1.206 -0.161

diglycerol 0.652 -0.363

tris-(2-cyanoethoxy) 0.38349 -0.660

propane

*: datum was get from calculation

0: experimental datum
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It took at least two relative retention ratios at different

temperatures on the stationary phase with the same standard to

interpolate. For the sake of including polyethylene glycol 400 which

had only one relative retention datum to the same standard available at

80 C from the searched public literature, this temperature was chosen as

a reference temperature for the benefit of having one more data point in

the plot.

The experimental relative retention time ratio of squalane is

higher than the literatural one because the dead time was measured with

acetone which still bears some degree of retention on squalane. For the

same reason, tris-(2-cyanoethoxy)propane retention datum will be

expected higher when grouped together and compared with the other

relative retention data collected from public literature.

(B) Absorption Wavelength Data

Both violet and brown colors of iodine solutions were observed and

absorption maxima were listed in Table VII. The absorption peaks of

iodine in stationary phases fell into both visible and ultraviolet

regions. Squalane, glycerol, butanediol succinate, silicone oil DC710,

polyethylene glycol 400 and tri-o-tolyl phosphate each had one

absorption peak in the visible region. Iodine dissolved in squalane

formed a violet solution presumably due to contact complex formation.

All the other above-noted stationary phases gave brown-yellow solutions

of 12 with absorption peaks in the visible region which we may assume
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were due to outer complexes. 1,2,3-tris(2-cyanoethoxy) propane had

three absorption peaks: 366.0nm ,290.9nm, and 260.5nm; trimer acid had

three absorption peaks also: 380.0nm, 270.0nm and 239.0nm. The reason

why and how these three peaks were formed and displayed in these

positions were not clear. Yet the peak which appeared in the near UV

region could be considered as some kind of form of outer complex.

Quadrol gave two absorption peaks at 364.0nm, 294.5nm; dinonyl

phthalate, diglycerol, octakis-(2-hydroxypropyl) sucrose, cyclohexane

dimethanol succinate, silicone oil DC710 and poly-phenyl ether had two

absorption peaks as well. Again the peak in the near UV and visible

region of each solution was taken as outer complex. The frequency shift

of each outer complex was calculated and listed in in Table VII. Most

of the pure stationary phases were scanned and the scanned wavelengths

showing the transparent cut off were listed in Table VII.

12-dinonylphthalate ,for example, might have another peak below 350nm

due to the phenyl group in the structure but this would not be observed

because of the dinonyl phthalate solvent absorption.

Table VIII lists the wavelength and the frequency shift of the

outer complex of each stationary phase. The surface observation of the

absorption wavelengths could not give much valuable information. But if

you look at these data closer, there is something interesting comes out.
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Table VII Absorption wavelength and frequency shift of solutions

stationary phase lowest wavelength absorption maximum (nm) frequency

scanned (nm)

squalane 300

glycerol 250

tris-(2-cyanoethoxy) 240

propane

dinonyl phthalate 350

quadrol 280

trimer acid 350

diglycerol 280

diethylene glycol 280

succinate

butanediol succinate 243

cyclohexane di- 270

methanol succinate

octakis-(2hydrooy- 250

propyl) sucrose

silicone oil DC710

polyethylene

glycol 400

tri-tolyl phosphate

polyphenyl ether

shiftx1C
F4

522.0 0

361.2 8.53

366.0, 290.0, 260.5 8.17

480.1, 375.5 1.67

364.0, 294.5 8.32

380.0, 270.0, 239.0

363.5, 291.5 8.35

4501 3.07

)1:
383.0

388.0, 270.0

364.0, 291.0 8.32

500.0 0.84

364.5 8.24

366.0 8.16

495.0, 374.5 1.04
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Note: e: extrapolate to zero time from figure 7

le
not useful because of lack of GC data

-: no experimental result for these
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Table VIII Wavelength and frequency shift of outer

complex of each stationary phase

stationary phase wavelength (nm) frequency shift (x1074)

squalane 522.0 0.000

polyphenyl ether 495.0 1.040

glycerol 361.2 8.53

diethylene glycol 450.0 3.07

succinate

hyprose 364.0 8.32

dinonyl phthalate 480.1 1.67

tri-tolyl phosphate 366.0 8.16

silicone oil DC710 500.0 0.84

diglycerol 363.5 8.24

tris-(2-cyanoethoxy) 366.0 8.17

propane
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(C) Donor properties of the stationary pheses

-from the correlation between absorption frequency shift

and the ratio of relative retention time.

In more advance to analyze the absorption wavelengths data, the

absorption peaks fell into five groups; 400-550nm, 366-390nm, 361-365nm,

290-295nm and 235-270nm. In detail, they are sorted as following:

400-550=

squalane (522)

silicone oil DC710 (500)

poly phenyl ether (495)

dinonyl phthalate (480)

diethylene glycol succinate (450)

166-190nm

cyclohexane dimethanol succinate (388)

butanediol succinate (383)

trimer acid (380)

dinonyl phthalate (375.5)

polyphenyl ether (374.5)

tri-o-tolyl phosphate (366)

tris-(2-cyanoethoxy) propane (366)

160-165=

polyethylene glycol (364.5)

octakis-(2-hydroxypropyl) socrose (364)
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quadrol (364)

diglycerol (363.5).

glycerol (361)

290-295nm

Quadrol (294.5)

Diglycerol (291.5)

Octakis-(2-hydroxypropyl) sucrose (291)

tris-(2-cyanoethxy) propane (290)

215-290nm

cyelohexane dimethanol succinate (270)

trimer acid (270)

trimer acid (239)

There are some evident correlations in these groups, but this

author has not been able to relate some of them to chromatographic

properties. The 361-365 group are all hydroxylated as are most of the

290-295 group: diglycerol appears in both but glycerol appears only in

the first. This suggests that the 361-365nm group is related

specifically to the OH group while the 290-295nm group relates to some

combination of hydroxyl and ether.

Although these speculations are intriguing, they are not obviously

related to any chromatographic properties that we have been able to

identify. Only the 400-550 group shows any relation to chromatographic

data, but this relation is strong and important.
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a) Significance of the TT-complexes and contact complexes

Figure 5 shows the frequencies of these five 12 complexes plotted

against the CC14/CHC13 ratio and the correlation is excellent. The low

energies of these complexes shows that they are weak and are presumably

contact or Tr-complexes. The CC14/CHC13 ratio presumable results from

the acceptor (acid) properties of the H in CHC13 so the systems

presumably react equally readily as electron donors to 12 and to acidic

protons. This in its turn suggests that the CC14/CHC13 ratio should be

a good indicator of electron donor properties or basicity in the

stationary phase.

To test this , the CC14/CHC13 ratio is plotted in Figure 6 against

the "basicity" determined by Burns and Hawkes (18) for all stationary

phases for which both data were known. The correlation is always within

one unit of Burns and Hawkes' scale: this is within their experimental

uncertainty.

This also makes it possible to test Burns and Hawkes' basic

assumption that 1,1.,1 - trifluoropropyl silicone has a basicity of zero,

from which all their other basicities are derived. CC14/CHC13 ratio of

1,1,1-trifluoropropyl silicone is 1.0345. Fig 6 shows that this

indicates a basicity of 1.3, so that Burns and Hawkes basicity scale is

probably in error by one unit.
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Figure 5. Frequency shift versus the logarithm of the ratio of
relative retention time of stationary phases solutions

150-squalane, 212-silicone oil DC710, 462-polyphenyl ether,
316-dinonyl phthalate, 424-diethtlene glycol succinate



98

45

Correlation coefficient R=0.9319

21 4
H ( basicity)

6 6

Figure 6. The logarithm of carbon tetrachloride/chloroform retention
time ratio versus the basicity-

1-squalane, 2-silicone oil DC710, 3-polyphenyl ether, 4-1,1,1-tri-
fluoropropyl silicone, 5-dinonyl phthalate, 6-polyethylene glycol
succinate, 8-hyprose
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b) Other Kinds of Complexes:

It had been expected from Laub and Pecsok's review (55) to find a

number of different kinds of donor or acceptor properties in stationary

phases. It was expected at least to separate -donors from non-bonding

lone pair donors. However, the above results suggest that basicity is

an important description for donor properties.

However, the 12 spectra show clearly that other kinds of complex

are formed. Presumably, these are the "inner" complexes described by

Laub and PEcsok (55) or complexes involving an actual chemical

rearrangement similar to that found-by Getman (36). Yet in Getman's

paper, he only described his observation of the iodine complex frequency

shifted with time in acetone. But it is believed that the actual

chemical rearrangement could have happened thus:

H CH2
H f o c

O
`CH,

II

CH3- C - CH3-C:?-.CH2

In the experiment of measuring the absorption maximum of each

iodine solution, the absorption peak of iodine-diethylene glycol

succinate complex shifted with time. Shortly after the solution was

prepared, there were two absorption peaks found at 360nm and 450nm.

After about 30 minutes, the 360nm peak had disappeared; but, the 450nm

peak shifted to shorter wavelength as the time increased. After 12



47

hours, the original 450nm peak was shifted to 400nm,after 24 hours, it

was at 393nm, there was still some further shift. But what this author

was looking for was the outer complex of iodine-diethylene glycol

succinate due to electron donor-acceptor charge transfer. Figure 7

shows the extrapolation of the absorption peak wavelength to the very

beginning of the freshly prepared solution. However, the 393nm

absorption peak that appeared after overnight gave strong evidence that

other kind of complex was formed. According to the structure of

diethylene glycol succinate, it is probably due to the rearrangement of

the Tr-complex to a stronger inter-molecular hydrogen bonding complex.
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Figure 7. Wavelength shift with time of diethylene glycol succinate solution
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Cyclohexane dimethanol succinate and butanediol succinate also show

a maximum in this region at 388nm and 383nm respectively,but in this

case there was no gradual shift from a higher wavelength. The reason is

both cyclohexane dimethanol succinate and butanediol succinate are

solid. The iodine was dissolved in molten state of these two stationary

phases and the spectrum was taken from a thin film of crystal cooled

down from the molten iodine solution. A chemical reaction did occur in

the solution. When iodine was first added into the molten cyclohexane

dimethanol succinate and butanediol succinate, both showed violet in the

color of the solutions, then within a few seconds, the solution turned

to brown while still hot. The brown solution was made into the thin

film and the spectrum was taken, which presumably was the intermolecular

hydrogen bonding complex acceleratedly formed by the high temperature.

The 360-365nm and 290-295nm bands may be presumed as inner

complexes related to either the hydroxyl or the polarity of the nitrile.

Since they fall into two close groups, they are probably more related to

the I.-I- spectrum than to the stationary phase and have been pushed to

their limit. If this is correct, they are caused by acidity or polarity

and will probably not reveal anything that is useful in chromatography

that could not be found more easily in other ways.

(D) Acceptor properties of the stationary phases

- from the correlation between dispersion and the ratio of

relative retention time
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Chromatographers have shown little enthusiasm for acceptor

properties in stationary phases. Metal ions have been found to form

adducts with samples but the results have interested physical chemists

more than analysts. Bronsted acidity is used in the separation of

nitrogen compounds by quadrol or THEED. The only use of TT- acceptors in

GC is the separation of m- and p-xylene by the tetrachlorophthalate

esters. According to Baiulescu and Ilie (p.146) "The affinity of these

stationary phases for electron donor solutes is increased by the

presence of the four chlorine atoms ". Langer(59) has described the use

of tetrahalophthalic esters as stationary phases which cause the meta

isomer to be eluted before the para - the reverse of the usual order.

Desty (60) produced the first chromatogram of separation of m-xylene and

p-xylene by gas chromatography. The separation of m-xylene and p-xylene

on di-n-propyl tetrachlorophthalate was reversed from other stationary

phases and 7,8-benzoquinoline was at other extreme.

The refractive indices of xylenes do suggest that separation should

be possible by dispersion interaction:

data from Merck index and CRC handbook-

Merck index Bandbook 2t Chemistry and Physics

o- xvlene, 1.5058 144.0 1.5055 144.4

m-xylene 1.4973 139.3 1.4972 139.1

n-xvlene 1.49573 138.8 1.4958 138.35
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The boiling points follow the same pattern as the refractive

indices. Thus in chromatographic separation by dispersion interaction

the p-xylene should always emerge before the m-xylene, i.e. log r

0.00. Moreover, the separation should improve with the refractive index

of the stationary phase.

If the effect of the acceptor properties is counterproductive in

separating the xylenes, then it is possible that there are acceptor

properties in other stationary phases that might affect separations

significantly. To test this the m-xylene/p-xylene ratio for a number of

stationary phases were obtained from published literature (17,46,60,61)

and plotted against the dispersive solubility parameter in figure 8

and figure 9 at 79°C and 120°C respectively.

The m-xylene/p-xylene ratio of relative retention time on

stationary phases collected from literature are listed in Appendix III

and the extrapolated results to 79°C and 120°C are listed in table IX.

The dispersion interaction has been related (62) to refractive index

6c1

2 2
= 30.7 (n -1)/(n +2) (18)

where cTd is the dispersive solubility parameter and n is the refractive

index. The refractive indices of methyl propyl tetrachlorophthalate,

di-propyl tetrabromophthalate and 7,8-benzoquinoline were not found in

any source so they were calculated by the molar refraction formula (63)
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( n2 + 2 ) d
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(19)

where R is the molar refraction; n is refractive index; M is molecular

weight; d is density in grams per cm?. The density in the formula was

estimated by Bondi and Simkin's method (64) and the additive method

(65). The boiling point which was needed in calculating the density was

estimated by Watson's method (66). The dispersive solubility parameter

Sci of all the stationary phases were listed in table IX also.
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Table IX m-Xylene/p-xylene retention time ratio and

the dispersive solubility parameter

stationary phases log m/p(7,40C) log m/D(1200C)

di-n-propyl tetrachlorophthalate -0.0156 -0.0170 9.6

methyl propyl tetrachlorophthalate -0.0295 -0.0165 9.74D

di-butyl tetrachlorophthalate -0.0173 -0.0144 9.5

di-propyl tetrabromophthalate -0.0176 -0.0143 10.64D

benzyldiphenyl 0.0196 0.0165 9.7

phenanthrene 0.0270 0.0210 10.4

quadrol 0.0044 0.0036 8.7

dinonyl phthalate 0.0103 -0.0052 8.6

hyprose 0.0191 -0.0014 9.0

polyphenyl ether 0.0263 0.0207 10.0

tri-tolyl phosphate 0.0114 0.0287 9.9

diglycerol - 0.0164 8.8

diethylene glycol succinate 0.0227 0.0139 8.5

squalane 0.0066 0.0045 8.3

octadecane 0.0049 0.0044 8.1

7,8-benzoquinoline 0.0334(78.5°C)0.0224(110A)9.16

4D: data obtained by calculation
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6d

Figure 8. The logarithm of m-xylene/D-xylene retention time ratio
versus dispersive solubility parameter at 79°C

1-di-n-propyl tetrachlorophthalate, 2-methyl propyl tetrachloro-
phthalate, 3-dibutyl tetrachlorophthalate, 4-dipropyltetrabromo-
phthalate, 5-benzyl diphenyl, 6-phenanthrene, 7-quadrol, 8-dinonyl
phthalate, 9-hyprose,10-polyphenyl ether, 11-tri-toly1 phosphate
13-DEGS, 14-squalane, 15-octadecane, 16-7,8-benzoquinoline
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Figure 9. The logarithm of m-xylene/p-xylene retention time ratio
versus dispersive solubility parameter at 120 0C

19 110

1-di-n-propyltetrachlorophthalate, 2-methyl propyl tetrachloro-
phthalate, 3-dibutyl tetrachlorophthalate, 4-dipropultetrabromo-
phthalate, 5-benzyl diphenyl, 6-phenanthrene, 7-quadrol, 8-dinonyl
phthalate, 9-hyprose, 10-polyphenyl ether, 11-tri-toly1 phosphate
12-glycerol, 13-DEGS, 14-squalane, 15-octadecane, 16-7,8-benzo-
quinoline
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The results in figure 8 and figure 9 are more informative than this

author had hoped. A continuous line passed through the stationary

phases that were expected to give purely dispersive interactions ; i.e.

hydrocarbon stationary phases. The stationary phases below the linear

line indicated their acceptor properties. Because p-xylene is a

slightly stronger donor solute than m-xylene , the stronger the acceptor

properties of the stationary phases are the further the

counterproductive separation of xylenes will be. In figure 8 it is odd

that methylpropyl tetrachlorophthalate is far from other halophthalic

esters at 79°C, but in figure 9 it seems very reasonably scattered from

the line at 120°C. The stationary phases above the line prove their

donor properties in other sense. That tri-tolyl phosphate appears

slightly below the line in figure 8 could be explained by assuming that

the phosphate group attracts electrons from the -systems of the tolyl

groups but the fact that it appears slightly above the line in figure 9

could not be explained. It would be possible to explain the position of

hyprose (octakis-(2-hydorxypropyl) sucrose and quadrol

(NIN,NI,N'-tetrakis(2-hydroxypropyl)ethylenediamine below the graph by

the acceptor properties of the acidic hydrogen in figure 9 at 120 °C.

Diethylene glycol succinate appeared above the line in agreement with

the result in figure 5 of the CC14/ CHC13 ratio, indicating its weak

donor properties probably due to the effect of dipoles induced in the

xylenes by polar stationary phases. The one point for unchlorinated

dinonyl phthalate in figure 9 indicated that it has acceptor property

and this is unexplainable. The diglycerol above the line in figure 9 is

presumably due to the induced dipole effect overcoming it's acidity.
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All these considerations are complicated by the difficulty of

determining the very slight m/p ratio. It is quite possible that some

of the published data used here are incorrect so that only the overall

trend is reliable.
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V. CONCLUSION

Obviously electron donor-acceptor interactions have proven to

sustain a role in the retention of solutes on gas chromatography

stationary phases and are useful to classify the stationary phases.

There are probably no other easier ways to examine the donor and

acceptor properties by using ultraviolet spectroscopy and refractive

index of stationary phase. Only -complexes and contact complexes in UV

absorption spectra were ideally related to gas chromatographic retention

ratios. More studies are needed to examine the inner complexes

properties or a better matched pair can be found to extend this work.

m-Xylene/p-xylene retention ratios correlated to the dispersive

solubility parameter andand provided a good method to examine the

acceptor properties of stationary phases.
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Appendix I

The value of b is the slope of a plot of log is versus the carbon

number for a series of n-alkanes.

b=log ts(n+1) - log t
s(n)

b=log [ts(114.1)/ts(n)]

b=log rn+1,n

If we enter r=Kr1+1/Kn and K=exp(AC/RT) into the above equations, we get

b=ln 10 x In r
n+1,n

b=2.303 (aGn+1 - AGn)/RT

b=2.303 AG
-CH

2-

/RT where AG- is the free energy of partition
CH 2 -

associated with a methylene group. It would be reasonable to

suppose that this would be the same for any homologous series.
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Appendix II

Method to extrapolate and calculate the relative retention time

The relative retention time is expressed as rmts(sample)/ts(standard)

where t
s
=e
-4G/RT

, so in r=6AG/RT and log r=-2.303(AAG)/RT. If a plot of

log r versus 1/T gives a linear relationship, the relative retention

times at the desired temperature can be extrapolated. This method applied

to a compound on a stationary phase is measured to the same standard at

different temperatures.

For the data of two compounds having the same standard at the same

temperature, the following relationships can be made.

In r1 =(-6G1) - (-Lt4s)/RT

In r2=(-642) - (-aGs)/RT

In(t//r2)*(-ay - (-iG2) /RT

log(r1 /r2)=-2.303 ailG/RT

If a plot of log(rI/r2) versus 1/T is constructed, the ratio of relative

retention time at any desired temperature can be calculated from the

linear relationship.
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Appendix III

Meaning of symbols and numbers:

R: Reference Sample (standard sample)
RR: Relative Retention Time (relative to reference sample)

T
o
C: Temperature

5: Pentane
6: Hexane
7: Heptane
8: Octane
9: Nonane
10: Decane
11: Undecane
12: Dodecane
65: Carbon Tetrachloride
99: n-Propyl Benzene
101: Acetone
McR: Date from McReynold
150: Squalane
234: Diglycerol
212: Silicone Oil DC710
240: Diglycerol
273: Hyprose
316: Dinonyl Phthalate
424: Diethylene Glycol Succinate

462: Poly-phenyl Ether
502: Tri-polyl Phosphate
517: TCEP
.* : Datum was extrapolated from other data

Data with the same standard at the same
temperature were used to calculate the
ratio of the relative retention time
of the sample pair
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Appendix III

Stationary Phase
number code

Carbon Tetrachloride
RR

Chloroform
R T

o
C R RR T

°
C

150 65 1.00 30 65 0.56 30

6 1.59 40 6 0.85 40

6 1.60 60 6 0.89 60

6 1.52 65 6 0.83 65

6 1.61* 80 6 0.92 80

462 8 1.19 160 8 0.87 120

8 0.97 120 8 1.07 160

8 0.76* 80 8 0.68* 80

234 McR 1.6 120 McR 3.7 120

273 McR 12.0 100 McR 23.9 100

McR 8.1 120 McR 14.0 120

McR 18.5* 80 McR 42.7* 80

316 7 1.03 80 7 1.14 80

65 1.00 40 65 1.28 40

65 1.00 57 65 1.21 57

65 1.00 77 65 1.14 77

65 1.00 98 65 1.15* 98

65 1.00* 80 65 1.13 80

502 101 2.23 35 101 3.45 35

101 2.05 77 101 2.90 77

101 2.04* 80 101 3.87* 80

212 101 3.84 35 101 3.16 35

101 3.27 77 101 2.73 77

101 3.22* 80 101 2.67* 80

240 9 1.28 65 10 1.21 80

9 1.16 80 11 0.82 80

9 1.12 100 9 1.78* 80

424 McR 7.9 120 McR 15.2 120

McR 4.7 140 McR 8.1 140

10 1.08 100 12 8.1 100

10 1.57* 100
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Appendix III cont.

Relative retention time of m-xylene/p-xylene

Stationary Phase--Diethylene Glycol Succinap
R RR T°C (m) R RR T C (p) m/p

o
C log m/p

12 0.99 100 12 1.04 100 0.952 100 -0.0214

McR 79.6 120 McR 77.3 120 1.0324 120 0.01386
McR 42.2 140 McR 41.3 140 1.0218 140 0.00936

1.054* 79* 0.0227

Stationary Phase--Squalane
R RR T°C(m) R RR T°C(p) m/p

_

7°C log m/p

8 1.64 25 8 1.60 25 1.025 25 0.01072

9 0.67 66 9 0.66 66 1.015 66 0.00653

9 0.71 81 9 0.69 81 1.02899 81 0.0124

99 0.567 90 99 0.559 90 1.0143 90 0.00617

9 0.76 80 9 0.74 80 1.027 80 0.0116

9 0.87 100 9 0.86 100 1.0116 100 0.00502

9 0.76 101 9 0.75 101 1.01333 101 0.00575

1.225 78.5 0.01072
1.010* 120 0.00446
17115* 79 0.0066

Stationary Phase--Octadecane
R RR T°C(m) R RR T°C(p) m/p T °C log m/p

5 26.7 79 5 26.4 79 1.011 79 0.00491

65 1.012 65 0.00518

120 1.010* 120 0.00444

Stationary Phase--Dinonyl Phthalate
R RR T°C(m) R RR TT °C(p) m/p T

o
C log m/p

9 1.25 70 9 1.21 70 1.033 70 0.0141

10 0.71 100 9 1.35 100

10 0.80 120 10 0.81 120 0.988 120 -0.00524

1.022* 79 0.0103

Stationary Phase--Hyprose o
R RR T°C(m) R RR T°C(p) m/p T C log m/p

McR 54.1 100 McR 53.1 100 1.0188 100 0.0081

McR 30.9 120 McR 31.0 120 0.997 120 -0.0014

1.045* 79 0.0191
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Appendix III cont.

Relative retention time of a-xylene/p-xylene

Stationary Phase--Polyphenyl Ether
R RR T°C(m) T °C(p)RR m/p T °C log m/p

11 0.82 160 11 0.79
10 1.29 120 10 1.23

Stationary Phase--Tris-poly Phosphate
RR T°C(m) R RR

160

120

T°C(p)

1.038
1.0488

160

120
79

T °C

0.0162
0.0207
0.0263

log m/p

1.062*

m/p

10 1.31 100 10 1.25 100 1.048 100 0.0204
1.026 78.5 0.0111
1.027* 79 0.0114
17778. 120 0.0287

Stationary Phase--Diglycerol
R RR T°C(m) R RR T

o
C(p) m/p T

o
C log m/p

McR 5.4 120 McR 5.2 120 1.0385 120 0.0164

Stationary Phase--Benzyl-diphenyl
R RR T°C(m) a RR T°C(p) m/p T°C log m/p

10 1.18 79 10 1.14 79 1.0351 79 0.0150

7 8.495 100 7 8.150 100 1.0423 100 0.0180

7 7.791 100 7 7.547 100 1.0323 100 0.0138
1.032 100 0.0137
1.040 110.8 0.0170
1.046 78.5 0.0195
1.046* 79 0.0196

171:17 120 0.0165

Stationary Phase--Phenanthrene
R RR T°C(m) R RR T°C(p) m/p T°C log m/p

10 0.94 101 10 0.89 101 1.0562 101 0.0237

7 8.545 110 7 8.116 110 1.05286 110 0.02237
1.0495* 120 0.0210
1.5a7 79 0.0270

Stationary Phase--Quadrol o
R RR T°C(m) R RR T

o
C(P) m/p T C log m/p

McR 110 100 McR 109 100 1.009 100 0.00397

McR 60.0 120 McR 59.5 120 1.0084 120 0.00363

1.010* 79 0.00437
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Relative retention times of m-xylene/p-xylene

Stationary Phase--Di-n-propyl
R RR T°C(m)

Tetrachloroph5halate
RR T C(p) m/p T

o
C log m/p

99 0.642 90 99 0.666 90 0.964 90 -0.0160
8 4.495 99 8 4.497 99 0.9995 99 -0.000193
7 8.854 100 7 9.237 100 0.9585 100 -0.0184
7 8.180 110 7 8.500 110 0.962 110 -0.0167

10 1.040 110 10 1.081 110 0.962 110 -0.0168
2.045 110 2.125 110 0.962 110 -0.0167
2.125 100 2.127 100 0.9991 100
2.203 90 2.302 90 0.957 90 -0.0191
1.967 110 2.030 110 0.969 110
2.023 100 2.094 100 0.966 100 -0.015

0.962 110 -0.0168
0.962 100 -0.0165
0.960 100 -0.0177
0.957 90 -0.0191
0.965* 79 -0.0156
0.962* 120 -0.01695

Stationary Phase--Methyl Propyl Tetrachloroghthalate
R RR T°C(m) R RR TIC(p) m/p T °C log m/p

2.038 110 2.122 110 0.960 110 -0.0175
2.158 95 2.255 95 0.957 95 -0.0191

0_934* 79 -0.0295
0.963* 120 -0.0165

Stationary Phase--Di-butyl Tetrachlorophthalate
R RR T°C(m) R RR T C(p) m/p

o
C log m/p

2.071 110 2.144 110 0.966 110 -0.0150
2.152 100 2.231 100 0.965 100 -0.01566

0.966 110 -0.0150
0.964 100 -0.0158
0.961* 79 -0.01725

73g7. 120 -0.0144

Stationary Phase--Di-n-propyl Tetrabromophtgalate
RR T°C(m) RR T C(p) m/p T °C log m/p

0.969 110 -0.0137
0.966 100 -0.0149

0.960 79 -0.017625

0.968 120 -0.01434
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