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This study had a twofold purpose. First, the usefulness

of the simplex algorithm as a short method of optimization in

high performance liquid chromatographic separations was

investigated. The second was to test a modified simplex

method. The volume fractions of mobile phase components were

chosen as the variable factors in the optimization process.

Four test cases were performed which included separation of

cholesterol esters, naphthalene and its derivatives, poly-

cyclic aromatic compounds, and the thiane compounds. The

standard for accepting an optimum was based on the baseline

separation of two adjacent peaks and the analysis time. In

addition to successful separations, the correlation between

the separation and the chemical characteristics of mobile

phase compositions was calculated and this could then be used

for further modification of simplex search strategy.
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CHAPTER I

INTRODUCTION

Separation is one of the most important processes in

chemistry and biochemistry, particularly in the analytical

field. There are several methods of separation available to

chemists. Liquid chromatography is one of these, and it has

become more and more important since the advent of high

performance liquid chromatography (or high pressure liquid

chromatography). The short elution time, small amount of

sample required, accurate and reproducible results, and the

availability of materials make high performance liquid chro-

matography the most popular chromatographic technique.

Once high performance liquid chromatography (HPLC) has

been selected as the chromatographic procedure, it is neces-

sary to define an optimal, or at least acceptable, set of

experimental conditions. The search for optimal experimental

conditions has been augmented by the use of computerized

optimization algorithms. Among these the sequential simplex

algorithm has been utilized effectively.

This research project represents the application of the

simplex optimization method to high performance liquid chro-

matographic separations. Four test cases were chosen. They

included cholesterol esters, naphthalene and its derivatives,

polycyclic aromatic compounds, and three thiane compounds.
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The results of these experiments indicate that the simplex

algorithm can be effectively applied to high performance

liquid chromatographic separations.

Liquid Chromatography

Theory

The chromatographic process can be understood by the

relation among three separate components: the column con-

taining a stationary phase, the sample, and the solvent

which is also known as mobile phase. The sample is intro-

duced into the liquid chromatograph; it is then carried

through the column by the mobile phase, resulting in move-

ment of sample molecules along the column and a partial

separation of different components in the sample. The chro-

matographic separation can be recognized by two character-

istic features: different migration of various compounds

(solutes) in the original sample, and a spreading along the

column of molecules of each solute. The basis of separation

in chromatography is differential migration, the varying

rates of movement of different compounds through a column,

"without a difference in migration rates for two compounds,

no separation is possible." (7, p. 17).

Differences in migration rates in liquid chromatography

are determined from the distribution of different compounds

(solutes) between the stationary phase (particles) and the

mobile phase (solvent) at equilibrium. Therefore, differ-

ential migration can be varied by controlling those



3
experimental variables that affect this distribution: the

composition of the stationary phase, the composition of the

mobile phase, the separation temparature, and the pressure

within the column.

The spreading of molecules along the column for a given

compound, the second characteristic of chromatographic sepa-

ration, is caused by physical processes. The most important

process leading to molecular spreading is eddy diffusion (or

multiple flowpaths) which arises from the different micro-

scopic flowstreams that the solvent follows between different

particles within the column. The second contribution is

mobile -hase mass transfer which refers to differing flow

rates for different parts of a single flowstream or path

between surrounding particles. Some other less important

contributions to spreading are the stagnant mobile phase mass

transfer, stationary phase mass transfer, and longitudinal

diffusion which depend upon either the stationary phase, the

mobile phase, or the sample itself. This spreading charac-

teristic results in symmetrical Gaussian peak shapes.

Classification

:Based on the mechanism for retention of sample molecules

by the stationary phase, liquid chromatography is classified

into four separate methods: liquid-liquid, liquid-solid,

ion-exchange, and size-exclusion chromatography.

Liquid-liquid chromatography.--Sometimes called par-

tition chromatography, it involves a liquid stationary phase
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whose composition is different from that of the moving liquid

phases. In liquid-liquid chromatography the solute molecules

are distributed between two immiscible liquids according to

their relative solubilities. The stationary liquid is dis-

persed onto a finely divided, usually inert, support.

Liquid-solid chromatography.--Also called adsorption

chromatography, this involves high-surface-area particles in

the stationary phase, with retention of sample molecules

occuring by attraction to the surface of the particle.

Depending upon certain column packing material (stationary

phase) and its usefulness, there are two subcategories in the

liquid-solid chromatography, normal phase and the reversed-

phase.

Normal phase: The stationary phase is more polar than

the mobile phase. Under these conditions organic-soluble

samples and isomers are handled best, whereas very polar and/

or ionic samples often yield disappointing separations.

Reversed-phase: The mobile phase is more polar than the

stationary phase. In general, homologs (long chains of

hydrocarbon), benzologs (series of benzene groups) are well

separated by reversed-phase liquid chromatography.

Ion-exchange chromatography.--In ion-exchange chromato-

graphy the stationary phase contains fixed ionic groups such

as -SO3 , along with counter-ions of opposite charge (e.g.

Na+). Normally, the counter-ions are present in the mobile
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phase in the form of a salt such as NaCl. Although ion-

exchange chromatography is sometimes applied to the separation

of ionic compounds (i.e. salts), more commonly it is used for

separating organic acids (HA) and bases (B) that can exist as

ions under suitable conditions of pH.

Size-exclusion chromatography.--So called gel chromato-

graphy in which the column packing is a porous material with

pores of a defined size. Molecules that are too large are

excluded from all the pores, whereas small molecules can

penetrate most of the pores. Usually, separation in size-

exclusion chromatography is determined strictly by molecular

size.

High Performance Liquid Chromatography (HPLC)

Description.--High performance liquid chromatography is

performed with equipment that is different from the relatively

simple apparatus used for classical liquid chromatography.

Although a modest apparatus is capable of useful and sometimes

elegant separations, relatively sophisticated equipment

generally is needed for separating highly complex mixtures or

for producing precise quantitative data. A functional sche-

matic of a high performance liquid chromatography apparatus

is shown in figure 1. The data handling system and the

fraction collector are optional devices (9).

Advantages.--The advantages which are listed below are

compared to previous chrornatographic processes and especially

to gas chromatography (GC).
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* Two chromatographic phases (stationary and mobile

phases) in liquid chromatography for selective interaction

with sample molecules.

* Lower separation temperature in liquid chromatography.

* Short required time for the separation process in high

performance liquid chromatography.

* Small amount of sample required and the quantitative

recovery of separated sample components in high performance

liquid chromatography.

* Higher accuracy and precision in both qualitative and

quantitative analysis in high performance liquid chromato-

graphy.

For all the advantages of gas chromatography and liquid

chromatography combined plus its own separation power, high

performance liquid chromatography is ideally suited for the

separation of macromolecules and ionic species of biomedical

interest, labile natural products, and a wide variety of

other high-molecular-weight and/or less stable compounds such

as proteins, nucleic acids, amino acids, dyes, polysacchacides,

plant pigments, polar lipids, explosives, synthetic polymers,

surfactants, pharmaceuticals, and plant and animal metabolites.

Factors influencing resolution (R ).--The usual goal of

liquid chromatography is the adequate separation of a given

sample mixture. In approaching this goal, resolution has been

used as a quantitative measure of relative separation. The

resolution Rs of two adjacent peaks can be controlled by the
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following factors in descending order of importance:

* The composition of the mobile phase.

* The composition of the stationary phase.

* The mobile phase pH.

* The flow rate.

* The column pressure.

* Special chemical effects.

Simplex

There is a fact that two nonidentical points define a

straight line. Similarly, a plane is defined by three non-

colinear points. In general, a set of n+1 linearly independent

points in n-dimensional factor space is necessary and suffi-

cient to uniquely fit a hyperplane of dimension n.

Such a set of points in n-dimensional factor space defines

a simplex which has been known as a highly efficient experi-

mental design for estimating the parameter of first-order

linear models. Each point of the design represents a vertex

of the simplex; hence, a simplex is a geometric figure defined

by a number of vertexes equal to one more than the number of

dimensions of the space. In one-dimensional factor space,

simplex is a line segment consisting of two vertexes. In two-

dimensional factor space, the simplex is a triangle. A simplex

in three-dimensional factor space is a tetrahedron. The series

can be extended to higher dimensional factor space but the

simplexes are not easily visualized; they are the "hypertetra-

hedral" analogs of the three-dimensional tetrahedron.
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In many experimental systems, there is value in

possessing estimates of the parameter of first-order linear

equations. These estimates offer an indication of the

direction to be pursued if it is desired to increase or

decrease the response of the system.

As an example for one-dimensional factor space, the data

point might represent the molar absorptivity of a chemical

species with respect to concentration. In a two-dimensional

factor space example, the data point might represent the

separation of two chemical compounds with respect to both

concentration and the mobile phase pH.

The objective of the sequential simplex method is to

force the simplex to move to the region of optimum response.

A first-order linear equation can be used to determine the

direction, but they offer no answers to the question of how

far to move in that direction. Spendley and co-workers (8)

provided an answer for the above question. They suggested

that the geometric simplex figure could be made to move in

factor space towards the optimum if a single new vertex were

placed on the opposite side of the simplex from the worst

vertex. The new vertex is as far from the remaining side of

the simplex as the old vertex was from that side. For purpose

of illustration, two-dimensional simplexes will be used.

However, this method can be applied to any number of

dimensions. Optimization will be taken to mean minimization

of response, but it could apply equally well to the process

o f finding a maximum.
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Classical Simplex

In each optimization procedure , the first three vertexes

which form a first simplex, have to come from the three dif-

ferent experiments. Those points represent the factor

combinations that produced the worst, next-to-worst, and the

best responses. Figure 2a is an example of separation of

several components by high performance liquid chromatography

in which the variable factors are concentration of water in

mobile phase and flow rate. Low water concentration and low

flow rate (point W) may give a very poor separation of that

particular mixture; a slightly higher water concentration

and much higher flow rate (point M) may give improved sepa-

ration. A still higher water concentration and an intermediate

flow rate (point B) may give the best separation of the three.

It is simply the average coordinates of the remaining points.

If:

B = (xlbP X2b)

M = (X1 2)m

W = (x 1 , x2w)

Then:
x1m + xlb x2m + x2b

P = 1/2 (M + B)
2 2

The vector PW is added to P to give coordinates for a

new vertex, the reflection vertex R. The new, adjacent

simplex BMR is formed. While using this basis mechanism and

making the decision of moving the simplex to the region of

optimum response, it is required to apply several different
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rules to the simplex method. The rules are listed below:

* Rule 1: A move is made after each observation of

response. Once the responses at all vertexes have been

evaluated, a decision can be made as to which direction the

new vertex can be formed.

* Rule 2: A move is made into the adjacent simplex

which is obtained by discarding the vertex of the current

simplex corresponding to the least desirable response (W)

and replacing it with its mirror image (R) across the

centroid (P) of the hyperface of the remaining vertexes.

In case the new vertex has the worst response in the

new simplex, rule 2 would reflect the current simplex back

to the previous one. Rule 3 is then applied.

* Rule 3: If the reflected vertex has the least

desirable response in the new simplex, do not reapply rule 2

but instead reject the second lowest response in the new

simplex and continue. Rule 3 prevents the simplex from becoming

stranded. When dealing with experimentally measured responses,

it is possible to perform replicate determinations at a given

vertex and to use the mean of these replicates as the response

for that vertex. The variance of the replicates can be used

to assign significance to the simplex. This may not be always

necessary because of the two following reasons: First, if

the differences in the responses are large compared to the

size of the indeterminate errors, the simplex will move in the

proper direction, and repetition of the observations would be
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wasteful. Second, if the differences are small enough to be

effected by indeterminate errors, the simplex may move in the

wrong direction; however, a move in the wrong direction will

probably yield a lower response that would be quickly corrected

by rule 2 and 3. The simplex, though momentarily thrown off

course, would proceed again toward the optimum.

A special case that might cause a problem is that of a

large possitive error. As the simplex moves, the less

desirable responses are naturally discarded, whereas the high

desirable responses are retained. Thus, it is possible that

the simplex will become fastened to a false high result and

mistake it for a true optimum. To help distinguish between

an anomalously good responses and the valid optimum, the fol-

lowing exception to rule 1 is used.

* Rule 4: If a vertex has been retained in n+1 simplexes,

before applying rule 2 reobserve the response at the persistent

vertex. If the vertex is truly near the optimum, it is pos-

sible that the repeated evaluation will be consistently high

and the maximum will be retained. If the response at the ver-

tex was high because of an error in measurement, it is impossible

that the repeated measurement will also be high, and the vertex

will eventually be eliminated. Occasionally, the simplex might

tries to move beyond boundaries that have placed on the factors.

In that case, rule 5 is a solution.

* Rule 5: If a new vertex lies outside the boundaries of

the indepent variables, do not make an experimental observation,
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but instead assign to it a very undesirable response. Appli-

cation of rule 2 and rule 3 will then force the vertex back

inside its boundaries, and it will continue to seek the optimum.

The fixed-size simplex method of Spendley et al (8) does

have three limitations when it is used to locate a stationary

optimum. In two-dimension there is no difficulty in deter-

mining when the optimum has been located. The simplexes will

become superimposed because of the ability of triangles to

close pack. It is not always clear when an optimum has been

reached, and the original simplex technique has no provision

for acceleration.

Modified Simplex

The modified simplex method of Nelder and Mead (4) which

was later presented by Shavers and co-workers (6) is a logical

algorithm consisting of reflection, expansion, contraction,

and massive contraction rules. It gives not only a clear

indication of when a sufficiently precise stationary optimum

has been attained but also has the advantages of acceleration

and adaptation to fit the particular response being studied.

These rules can be understood by referring to Figure 2b and

the initial simplex BMW (Figure 2a).

Reflection is accomplished by extending the line segment

WP beyond P to generate the new vertex R:

R = P + (P - W)

Three possibilities exist for the measured response at R:

* The response at R is more desirable than the response
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at B. An attempted expansion is indicated, and the new vertex

E is generated:

E = P + 2 (P - W)

If the response at E is better than the response at B, it

is retained as the new simplex BME. If the response at E is

not better than that at B, the expansion is said to be failed,

and BMR is taken as the new simplex.

* If the response at R is between that of B and M, neither

expansion nor contraction is recommended, and the process is

restarted with the new simplex BMR.

* If the response at R is less desirable than that of M,

simplex has made a step in the wrong direction; contraction

should be the next step in the process. There are two possible

vertexes which can be generated. First, if the response at R

is worse than the response at M but better than that at W, the

new contracted vertex should be closer to R than to W:

Cr = P+ 1/2 (T- W)

The process is then restarted with the new simplex BMCre
Second, if the response at R is worse than the previous worst

vertex W, the new contracted vertex should closer to W than

to R:

C w = P - 1/2 (P - W)

and the new simplex will be BMC .

In case of response at Cr is worse than that of R, or if

the response at Cw is worse than that at W, a failed contraction

results. Nelder and Mead recommend a massive contraction in
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which the size of the simplex is contracted even further.

But there are two disadvantages in the massive contraction.

First, it requires the evaluation of n new simplex vertexes

before the algorithm can continue. Second, the volume of

simplex is contracted by 1/2 n which might give rise to

premature convergence in the presence of error.

Ernst (1) solves the second difficulty by translation

of the entire simplex following a failed contraction. The

simplex does not contract, but the process of translation

does require the evaluation of n+1 new vertexes.

King (2) has suggested the reintroduction of rule 2:

If the contracted vertex is the worst vertex in the new

simplex, do not reject the vertex, but rather reject the

next-to-worst vertex M. The procedure is simple, does not

require the evaluation of additional vertexes. This method

has been used successfully by Morgan and Deming (3).

In the most recent years, Denton and co-workers (5)

have presented a super modified simplex (SMS) procedure

which determines the location of the new vertex. In case of

the predicted optimum, response occurs at or very near the

centroid P. Location of the new vertex at this point would

reduce the dimentionallity of the process and would virtually

terminate any further progress of the simplex in one or more

dimentions. A small "safety interval" preventing such a move

is used to locate the new vertex a percentage of the factor

domain away from P.



17

Working Simplex

The algorithm consists not only of reflection, expansion

and contraction but also of interpolation. With all the

advantages of the super modified simplex algorithm, the new

method does have much greater advantage. It takes much less

time to get to the optimum. Interpolation is used when two

moves have been made toward the optimum if the second move

gives a less desirable response than the first. Thus the best

response must be somewhere in between. Quadratic interpolation

is used as a method of locating the third (or most desirable)

response in this case.

In general, the quadratic equation is:

y = ax 2 + bx + c

where j represents the worst (W), the reflected (R), and either

the expanded (E) or the contracted (C) vertexes.

i represents the factor of the simplex optimization.

y is the objective function.

x represents the value of each factor of that specific

point on the x axis.

The coordinates of the interpolated points can be calcu-

lated by solving the system of three equations (at three points

W, R, E or W, R, C) for the three coefficiences a, b and c.

To find the minimum (or maximum) the first derivative

needs to be set equal to zero:

Y' = 2ax + b

yl = 0

which lead to: x = -b/2a
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If this step is successful, a new and more accurate

direction is the result for the overall simplex process,

which saves a lot of unproductive reflected or contracted

moves to get to that direction. If the interpolated step

fails, only one vertex has been wasted.

Referring to figure 2c, there are two possibilities of

accepting an interpolated vertex.

* After the expanded vertex has been evaluated, if it

is not better than the reflected vertex, interpolation is

taken as the next step. The response at the interpolated

vertex (I ) is then evaluated, if it is better than the res-

ponse at the reflected vertex R then the new simplex is BMI .

If it is less desirable than that at R, the new simplex is

BNR.

* After the contracted vertex has been evaluated, it is

compared with the response at the reflected vertex. If it

is more desirable, interpolation is then performed. If the

response at the interpolated vertex (Ic) is better than that

at the contracted vertex C, it is accepted, and the new

simplex is BMIc. In the reverse case, the new simplex will

be BNC.

Objectives

The overall objective of this research has been to de-

termine a short but effective method for optimization process

using high performance liquid chromatography as intrument.

On the way to approach the goal, several aspects have been
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set up to simplify the whole project:

* Use simplex as the beginning method of optimization

then try to modify it.

* 'Define an accurate technique for obtaining data from

the chromatographs.

* :Define a suitable objective function for the optimi-.

zation of high performance liquid chromatographic separation

process.

* Quantitatively determine cholesterol esters in a bio-

logical assay.

* Develop a correlation between the separation and the

mobile phase chemical properties (include refractive index,

dipole moment, dielectric constant, proton donorability and

proton acceptorability.
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CHAPTER II

EXPERIMENTAL

Materials

All of the experiments were performed using an HPLC

system which included a 6000A pump, a U6K injector from Waters

Associates. Two UV detectors were used. The Micromeristic

with 788 variable wavelength detector was used for the first

two cholesterol esters separation processes, while the third

time of cholesterol esters separation and the second part of

the same experiment, the biological quantitation, and the

last three experiments were detected by the variable wavelength

detector from Waters Associates model 450. The chromatograms

have been recorded by a Sargent recorder model SR. Several

different columns have been used; they will be specified

according to each separate experiment.

For the first cholesterol esters separation process, two

reversed-phase columns were connected in series. The first

column was a7 Bondapak C18 from Waters Associates, the second

one was a 250mm x 4mm Bio-sil ODS-10. In the second choles-

terol esters separation, both columns were the 250mm x 4mm

Bio-sil ODS-10. The third separation and the standard curves

in the biological quantitation was run through a Radial com-

pression module Waters Millipor PCM-100. All six cholesterol

esters were purchased from Sigma and dissolved in chloroform.

21
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The solvents were obtained from MCB Reagents. They were all

glass distilled HPLC grade.

Naphthalene and its derivatives were also obtained from

Sigma. The samples were then dissolved in absolute ethanol.

All the solvents from the first experiment were used again;

so was the reversed-phase/Bondapak C18 column.

All of the polycyclic aromatic compounds were obtained

from Sigma. The separation was carried out by using the same

reversed-phase column as with the previous experiment. Iso-

propanol was used as a solvent for the samples.

Three of the thiane compounds, which were purchased from

Aldrich, were separated by both normal phase and reversed-

phase chromatography. Benzene was used in the preparation of

the samples. /1Bondapak CN column from Waters Associates was

used in normal phase separation. The four solvents used as

mobile phase were n-hexane (Burdick and Jackson Lab. Inc.),

chloroform, dichloromethane (Omni solvent, MCB reagent), and

tertiary-butyl methyl ether 97% (Aldrich Chemical Co. Inc.).

The reversed-phase separation was carried out using the same

column and mobile phase as in the previous two experiments.

Methods

The simplex optimization procedure was divided into

several steps. From time to time, these were chosen as

experience was gained; additional possibilities appeared as

the method was applied to a particular problem (2).
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Define the Quantity to be Optimized

The criteria which should make up an optimum may be

straight forward as in the case of only one factor such as

separation, time, yield, or stability. However, it may be a

complex function relating several such variables. From an

experiment, several responses of interest are found, and the

judgement of what is the optimum for the final system can be

based upon the order of the relative importance of these

responses.

The importance of determining the optimum set of operating

conditions for the parameters affecting any given analysis

can not be overemphasized. While the factors involved in

analytical procedure such as gas chromatography or high per-

formance liquid chromatography, vary in number, their multi-

interdependency often requires increased consideration during

the optimization process (5). In case of using HPLC as an

instrument, to get a completed baseline separation of several

similar compounds, the time factor might have to be neglected.

Select the Factors

The optimization should be simplified by choosing only

the most important factors. The importance can be determined

by comparing the responses caused by a change to the same

degree on each one of the factors. This task is also based

upon a preliminary knowledge or on previous experimentation

with the system. For example, working with an HPLC, tempe-

rature will probably not be as important as flowrate although
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it is one of the most important factors in a GC system.

One of the best ways of judging the relative significance

of the possible factors which will give a quantitative measure

of the overall response is factorial experiments (2). A clear

explanation of this method is given by Brownlee (1). Never-

theless, in the case of the simplex method where only those

factors with obvious practical significance are considered,

it is unneccessary to perform a statistical analysis whereas

a simple calculation can be used to judge the relative

importance of effects after the experiments have been employed.

In the sequential simplex, if there are only two variables

being considered, a graphical method may be used to locate the

new simplex (2). This will assist in visualizing the optimi-

zation of a greater number of factors which can not be graphed.

It should be remembered that the greater the number of vari-

ables, the bigger the simplex and the longer the time for the

optimization process. Of course the way of using the sequential

simplex can be varied depending upon its main application.

For the case of interdependent factors with respect to

the level attainable (as with mobile phase of two, three, or

four different LC solvents) the sum of the fractions must

always be unity. For example, if we have four solvents in the

mixture, we need only consider three variables; the fourth is

a defined quantity which can be calculated by subtracting the

total fractions of the original three from one.
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Construct an Objective Function

In general, the sequential simplex is a trial and error

method. In order to suggest the next step (or the next ex-

periment in fact) there has to be a unified method for

prediction. The unified way of prediction in this case is a

calculation based upon a numerical evaluation of the level

of satisfaction with the results of an experiment, called

the objective function.

In the development of chromatographic methods, optimi-

zation is a recurrent objective. Achieving this aim in multi-

component separations is difficult because the specification

of a general measure of performance is exclusive. Therefore

it is critical to answer the question: "What objective func-

tion of the chromatogram should be optimized?" (3, p. 267)

For the purpose of chromatographic methods development,

as in case of HPLC, an adequate resolution of all components

of interest in the analysis mixture is to be approached, in

an acceptable time. Commonly, the above goal is achieved by

maximizing the resolution of pair of adjacent peaks. This

procedure is not always successful for multi-component sepa-

rations. Improving the separation of a given pair of components

will not necessarily improve the overall separation: the re-

solution of other pairs might decrease, furthermore, the

required time for the analysis might become unreasonably long.

So we have to set up a series conditions which will let the

computer know when and where to stop in one direction and
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continue in another.

In a chromatogram (Figure 3) the general equation for

the resolution is (4):

t P2 -~tR1

s 1/2(w1 + w2)

where t 1 , tR2 represent resolution time of component 1, 2.

w1 , w2 represent baseline width of component 1, 2.

An HPLC objective function has been constructed as:

Fsep. = 100 exp (1.5 - Rs(NS)) (eq. 1)

where RS(NS) represents resolution of each pair of adjacent

peaks.

1.5 is the ideal resolution for a baseline separation

of pair of adjacent peaks.

100 is the multiplication factor for easy recognition

of any change in the results.

The substraction defines minimization.

The time factor is now included by adding a time penalty

:Lfunction to make the results look worse (because the optimi-

zation is a minimization). The way of calculating that time

penalty value depends on how seriously we want lengthy sepa-

rations to be penalized. For the very first part of the

experiment, the cholesterol esters separation, the penalty

was calculated by:

P = 45 (tlast)2 - 1300 (tlast) + 9375 (eq. 2a)
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where tlast represents the retention time of the last component.

P is the time penalty function.

The three coefficients: +45, -1300, +9375 arise from

the results of a three equation system by which a certain

penalty value had been defined for the results of the separation

cases with the retention time of the last peak appear at

fifteen, forty-five, and sixty minutes. Once we have it

solved, equation 2a is formed. And now, when the penalty

is applied, it can be reset by choosing the retention time of

the last peak at which we want the time penalty to begin.

For the remainder of the experiments, penalty was calcu-

lated by another method.

P= lastt - t)penalty for tlast > tpenalty (eq. 2b)

This is a polynomial curve in which both the order and

the longest unpenalized retention time can be chosen, depending

upon how much and when we want the time penalty be applied.

Using equation 2b for calculating the time penalty we have

greater freedom. These flexible characteristics seem to be

more useful in a greater variety of cases.

The combination of equations 1 and either (2a) or (2b)

is the complete HPLC objective function for our HPLC simplex

optimization.

Fobj. e= Fp + P

where P is for n interested separations in the mixture.
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Choose the Stepsize

The apparent changes in response are not an absolute

measure of the factors' effect but also depend upon the scale

and differences in levels selected for the experiments. The

choice of the stepsize is arbitrary but it is of some advan-

tage if the stepsize for each factor causes a comparable

change in response. The effect of any factor upon the res-

onse determines the slope of the response surface and it

usually changes as the optimum is approached. If one factor

gives a small change in the response compared to the effects

of other factors, it is a posibility that the base level

chosen for that factor is near to the optimum condition, the

system is relatively independent of its level, or the unit

adopted for it is disproportionately small. To check for the

real possibility, a large stepsize can be used for testing.

An initial large stepsize is an advantage since the op-

timum can be approached more rapidly and the error will have

a proportionally small influence. But too large a step is bad

because of causing an excessive overshoot of the optimum when

the process is already nearly optimized. Nevertheless, this

problem can be recognized and corrected by the working simplex

procedure in which quadratic interpolation is applied. When

a large step or two continuous steps in one direction (in case

of expansion or contraction) is made, and the response is

worse, a quadratic interpolation will calculate and suggest

another step. If the optimum is really approached, the step-

size is reduced.
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Constraints on the system

"Constraints are boundaries on the response surface which

can not or should not be crossed into regions of disallowed

levels for one or more factors." (2, p.197) It is important

to set up all the limitations a head of time, before the series

of experiments are actually started; although many become ap-

parent only during experimentation. These might be seen as

pressure or temperature limitations of the equipment, solubi-

lity or miscibility of the solvent or sample, or the more

obvious inability to put a negative quantity of a component

into a mixture. Some undesirable results such as product in-

stability or inadequate reaction rate, can also be treated as

constraints. After these limitations have been established

the simplex will be seeking the optimum within this allowable

region of factor space, which may be called the "experimental

region" (2, p. 197).

Termination Conditions

These work just like the constraints, if we do not set

up any termination condition, the program will run forever.

Frequently, it will repeat steps once it is in the optimum

region. In order to prevent this problem, we may put a lower

limit on the stepsize. The way this guard works is to compare

stepsize of a particular factor which has been reduced with a

chosen minimum stepsize, if these two quantities are equal or

the reduced one is smaller then the simplex algorithm will

stop searching in that region of space. One of the purposes
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of using simplex as a method for optimization is to reach

the optimum in a limited number of experiments. If for some

reason, the algorithm suggests new experiments continuously

without recognizing the optimum, then there should be some

limit on the number of experiments to be performed. Termi-

nation conditions are arbitrary, and they can be set depending

upon the time, the skill, the knowledge, and also the availa-

bility of the instruments where and when the experiments are

performed. For example, the maximum number of experiments

might not need to be counted as a termination limitation if

the optimization is performed with a multi-position automatic

sampling system attached to the instrument.

Initial Simplex

As previously stated, for a two factor simplex, the

figure is a triangle, and therefore requires three points.

There are always n+1 points to be chosen for an n-dimensional

simplex. Often these will be the factor levels in accepted

use in the current literature, unless preliminary experiment-

ation has indicated a better region of factor space for the

starting simplex.

Figure 4 represents a flowchart of the working simplex.

The implementation of the seven points listed above is

indicated in the figure.
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CHAPTER III

RESULTS AND DISCUSSION

The simplical algorithm has been considered one of the

best optimization methods for experimental design, especially

in the last decade. It has been applied in many different

areas including NMR magnetic field homogeneity (2), the

sensitivity of the chromotropic acid (CTA) method for the

colorimetric determination of formaldehyde (4), the rate of a

kinetic reaction (6), major influential factors in atomic

absorption (10), gas chromatographic separation (9), cons-

truction of electrodeless discharge lamps (EDL) for atomic

fluorescence (8), establishing excitation conditions for mul-

tielement determination by energy dispersive X-ray fluorescence

spectrometry (5), and gradient elution high performance liquid

chromatography (14). Recently, reversed-phase high performance

liquid chromatography has been optimized using the simplex

algorithm. The work presented here is designed to prove the

usefulness of the simplex as an algorithm for finding the

best mobile phase composition in the separation of a specific

mixture of chemical compounds. In addition, the simplex

algorithm was modified in order to create a more useful, a

more perfect chemical and biological separation method.

As presented in theory section, generally, the sequential

simplex can lead to a false optimum (local optimum) instead of

35
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a real one (the global optimum). In order to minimize the

likelihood of a wrong result, it is necessary to choose se-

veral different starting points in different region of factor

space, then compare the results. In our test cases, the

separation process, the problem of local optima seemed not

to be a serious difficulty. In all test cases which we have

performed, after seven to thirteen experiments there is some

indication of whether or not the results are likely be accept-

able. The judgemental standard is the baseline separation

between the two adjacent peaks. For some test cases such as

cholesterol esters and naphthalene and its derivatives, the

judgement also depends on recent literature. Nevertheless,

our first test case, the cholesterol esters separation, was

run several times with different initial simplexes because

the results were not completly acceptable. In addition to

the above purposes, the repeated separations were also used

to adjust to a more suitable objective function, a more

accurate and convenient way of getting the exact data from

the chromatograms.

Cholesterol Esters Separation

Separation Process

Based on structural similarity (Figure 5) cholesterol

esters have been chosen as a test case for separation by high

performance liquid chromatography using simplex optimization.

This first test case, also the most difficult case, has been

performed three times under different experimental conditions
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(Tables I to III.) Following the change of columns and de-

tectors the sensitivity and the flow rate were adjusted to

fit with the specific instrument conditions. Detection was

at 210nm, glass distilled water, isopropyl alcohol, tetrahy-

drofuran, and acetonitrile mixture was chosen as the mobile

phase. Both of these choices were based on the previous sep-

arations (1; 7). The chart speed was changed from .2 inch

per minute (which gave very sharp peaks) to one inch per

minute to prevent the large error in the triangulation tech-

nique for obtaining peak width data.

In all three separations, all the cholesterol esters

were dissolved in chloroform but the ester concentrations

were different each time because of using different detectors

and columns. Also, after the best separation was obtained

and the best objective function established, the separation

process was carried out with six different cholesterol esters.

The objective function was changed from e1 0 (1.5 - Rs)

to 100 e(1.5 - RS) because of the large variance resulted of

the high degree of the exponentiation term. The penalty

function was changed from 45(tlast)2 - 1300(tlast) + 9375 to

(tlast ' tpenalty)3 which was considered best with the time

at which penalty was applied penalty set at thirty minutes.

For the first time on cholesterolesters separation, the

compositions of the mobile phase for all the experiments are

summerized in Table IV. Table V contains the resolution time

and the width of the four peaks of the corresponding experiments.
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TABLE I

HPLC CONDITIONS IN CHOLESTEROL
ESTERS SEPARATION

First Run

Detector . . . . . . . . . . . . Micromeristics
Column . . . . PBondapak C18 and Bio-sil ODS-1O
Amax. . . . . . . . . . . . . . . . . . . 210nm
Sensitivity ............ .0O5AUFS*
Flow Rate ... * . . 2ml/min.
Chart Speed . . . . . . . . . . . . .2in/min.

Second Run

Detector . . . . . . . . . . . . Micromeristics
Column . . . . . . . . . . . . 2 Bio-sil ODS-10
Amax. . o o . o o . . .. o o .. . .. ..210nm
Sensitivity -o-o-o-.o..*.* .0.*.*.* . .0O5AUFS*
Flow Rate *.o. ... o.o... ..** o . 2ml/min.
Chart Speed . . . . . . . . . . . . lin/min.

Third Run

Detector . . . . . . . . . . . . . . W.A. UV**
Column . . . Radial Compression Module PCM-100
Amax . . . . . . . . . . . . . . . . . . 210nm
Sensitivity .. . . . . . . . . . . .04AUFS*
Flow Rate .00 . . . . . . . . .* 3ml/min.
Chart Speed . . . . . . . . . . . . lin/min.

*"AUFS"--absorption unit full scale.

**Waters Associates variable wavelength UV detector.
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TABLE II

SAMPLE CONDITIONS IN CHOLESTEROL
ESTERS SEPARATION*

Concentration**

Compound First Run Second Run Third Run

Cholesterol Arachidonate . . . . . . 31.3

Cholesterol Linoleate 250.0 138.9 83.4

Cholesterol Palmitoleate . . . . . . 375.0

Cholesterol Myristate 600.0 55.6 300.0

Cholesterol Oleate 250.0 111.2 66.7

Cholesterol Palmitate 600.0 55.6 300.0

*Samples are injected in 101 portions of a mixture
contains all of the followed compounds.

**Concentrations are given inj9.



SIMPLEX CONDITIONS IN CHOLESTEROL ESTERS SEPARATION

First Run

Fobj.** * *00 *0 .0*.. Exp 10 (1.5 - RS)
Penalty . . . . .* . . * .4(tlast)2  1300(tlast) + 9375
Time Penalty . . . . . . . . . . . . . . . . . . 30 min.
Variables**0H20 IPA THF ACN
Constraint*** H0 . .0 - 1.0 .0 - .5 . .

Vertex 1 .005 .391 .064 .540
Initial Vertex 2 .031 .424 .083 .462
Simplex*** Vertex 3 .050 .350 .100 .500

Vertex 4 .050 .250 .050 .650

Second Run

Fobj* * * * * . . * * * * * . . . .100 Exp (1.5 - Rs)
Penalty . . . . . o e .&.o.e.o.0.0 (tlast tpenalty)
Time Penalty . . . . . . . . . . . . . . . . . . 30 min.
Variables** H20 IPA THF ACN
Constraint*** .0 0 IPA50- 1. .0 - .5 . . .

Vertex 1 .050 .350 .100 .500
Initial Vertex 2 .007 .527 .115 .351
Simplex*** Vertex 3 .006 .500 .130 .310

Vertex 4 .010 .500 .100 .390

Third Run

F obj* * * * * 0 * * * * * . 100 Exp (1.5 - RS)
Penalty . . . .. .. .. . . . . lastat -'tpenalty
Time Penalty . . . . . . . . . . . . . . . . . . 30 min.
Variables** H20 IPA THF ACN
Constraint*** .0 - .5 .0 - 1.0 .0 - .5 .

Vertex 1 .120 .460 .100 .320
Initial Vertex 2 .031 .416 .101 .452
Simplex*** Vertex 3 .010 .500 .100 .390

Vertex 4 .000 .400 .000 .600
*Fobj. represents objective function.

**Variables include distilled water, isopropanol,
tetrahydrofuran. Acetonitrile is depended upon the unity of
all four solvents.

***Volume fractions of mobile phase components.

TABLE III 41
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TABLE IV

MOBILE PHASE COMPOSITION AND RESULTS IN
FIRST CHOLESTEROL ESTERS

SEPARATION

Mobile Phase Compositiona Simplex Responses

4-)00

H.) .3-40 0 .

4 .;-, .20 1.0 c.6o13 14

H 
.Q)7 527 11O 3I1 710 .. .j

4. -p- .P .66 .p5 19 44 LC
0 -0 0 Q) Q0C

x .H3 .7 ..0 332 . . . I

1 .005 .391 .064 .510 103 . . . I

2 .031 .424 .083 .461 68 . . . I

3 .050 .350 .100 .500 1133 . . .

4 .050 .250 .050 .650 134 5149 1

5 .007 .527 .115 .351 7310 * . R

6 .039 .39 *066 .575 19 440 LC

7 .030 .378 .080 .512 33 . . . QI

008 421 .063 .507 84 0.1* . SC

9 .041 .424 .087 o.448 169 . 0 . P

10 .014 0399 .070 .517 37 . . * LC

11 .042 .379 .092 .487 86 . . . R

12 .017 .411 .070 .502 50 . . . LC

13 .010 .368 .064 .559 13 . . . R

aVolume fractions of mobile phase components.

"'F "--Objective function without time penalty.

c,"Fobj."--Objective function with time penalty.

d"I"--Initial, "R"--Reflection, "LC"--Long contraction,
"QI"--Quadratic interpolation, "SC"--Short contraction.
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TABLE V

RETENTION TIME AND PEAK'S WIDTH FOR ALL
COMPONENTS IN FIRST CHOLESTEROL

ESTERS SEPARATION

C)C
4P-)C~

a)H CC) PCC) CC-P
HO0H C0P H
0)$HO H0H0Hrd

00.t OH

9074

10050

18.40

49.20

4.23

22.20

14.70

8.07

11 .80

9.94

14.40

9.65

12.40

.89

1.08

3.25

4.23

.69

2.17

1 028

.79

1*28

.79

1.67

.79

1.08

10.60

11.30

19.90

52.80

5.61

24.00

16.10

8.86

12.80

10.80

15.60

10.50

13.60

.98

1.08

2.95

4.33

1 .48

2.17

1*48

.79

1.28

.79

1.67

.89

.98

12.00

12.80

24.20

71.30

6.00

29.90

19.00

9.84

14.90

12.10

18.60

12.00

15.70

1*28

1 *28

3.94

7.97

1.18

2.56

1.87

.98

2.26

.98

1.97

1*28

1*28

12.80

13.70

25.60

75.40

6020

32.10

20.30

10040

15.90

12.80

19.90

12.80

16.70

1*48

1.48

3.84

6.79

1 .08

2.95

1.87

.89

1 048

1.08

2.17

1.18

1.28
'- -eeto ie*l -T~Bs~n it

1

2

3

4

5

6

7

8

9

10

11

12

13

*N"It".--Retention time **"tw"--Baseline iwidth
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The results and the status for each step of the simplex

search process are also shown in Table IV. The first use of

the simplex method was not quite successful. Seventeen experi-

ments were carried out although the process could have been

stopped at experiment thirteen because the additional four

experiments only led to a result of 500 better in value of

the objective function in which the variance is larger. Never-

theless, the usefulness of an interpolated step can be seen by

referring to Table IV. Since the reflected vertex was not

acceptable, the simplex algorithm tried to take a contracted

step. The response at the contracted vertex was much better

than the result at the reflected vertex. So that the interpo-

lation was then performed. Its response was very desirable

compared to any other responses in the whole process, except

the optimum (experiment thirteen). Experiments four and six

were penalized by the time constraint as can be seen from the

differences between the objective functions with and without

the time penalty. These results can be compared by referring

to figures 6 and 7.

The second time, the separation process was rerun with a

different set of mobile phase compositions (Table VI). The

results are recorded in Tables VI and VII. This time, twenty-

one experiments were performed to test the program. In fact,

the result of experiment seven is the optimum (Figures 8 and 9).

The additional fourteen experiments were to be used for

another purpose which will be presented later.

The last cholesterol esters separation was performed with
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2

0 5 10 15 20 25

TIME (min.)

Fig. 7--Chromatogram of the final result (Exp. 13)
of the first cholesterol esters separation. Peaks 1 to
4 are cholesterol linoleate, cholesterol myristate,
cholesterol oleate, and cholesterol palmitate respec-
tively.
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TABLE VI

MOBILE PHASE COMPOSITION AND RESULTS IN
SECOND CHOLESTEROL ESTERS

SEPARATION

Mobile Phase Compositiona Simplex Responses

o 4o

o o .H 0 H
0 0

4- ) 4-)P, -

W) 4) 4(1) 'Q z

1 .050 .350 .100 .500 371 794 1

2 .007 .527 .115 .351 961 . . . I

3 .006 .500 .130 .364 944 . . . I

4 .010 .500 .100 .390 804 . . . I

5 .029 .430 .108 .434 569 . . . SC

6 .023 .426 .111 .441 629 . . . R

7 .035 .404 .082 .480 459 . . . R

a~olume fractions of mobile phase components.

blFsep* "--Objective function without time penalty.
0 "Fb.1--Objective function with time penalty.

"I--Initial, "1C"--Short contraction, "R"--Reflection.
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TABLE VII

RETENTION TIME AND PEAK'S WIDTH FOR ALL
COMPONENTS IN SECOND CHOLESTEROL

ESTERS SEPARATION

C O4-co ()O4-H 0H H H H t0$i 0 0 0 i

OH 0xi0 H 0-

No. ts ts w ts ts w

1 25.37 3.01 28.39 3.37 34.33 2.97 38.64 3.94

2 5.30 .71 5.86 1.16 5.91 1.16 6.38 .93

3 5.28 .73 5.79 1.08 5.87 1.08 6.36 .90

4 6.59 .79 7.26 1.22 7.62 1.26 8.33 1.00

5 10.52 1.20 11.69 1.46 12.95 1.59 14.39 1.71

6 9.57 1.13 10.67 1.32 11.71 1.69 12.93 1.79

7 15.98 1.77 18.03 2.30 20.69 2.24 23.39 2.89

**"w--Baseline width.*"i "--Retention time.
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all six different components in the sample mixture. The

cholesterol ester structures were very similar as shown in

Figure 5. These acids differ by number of carbon atoms and

number of double bonds. The higher the number of carbon atoms

and the higher the number of double bonds, the less the re-

tention time on a reversed-phase column. As indicated in the

figure, arachidonic acid has twenty carbons and four double

bonds, both of the numbers are high so arachidonic acid would

appear very early in the chromatogram, while palmitic acid

has only sixteen carbons and no double bonds which explains

the late appearance in the chromatogram. The remaining two

pairs, linoleic acid (eighteen carbons, two double bonds)

and palmitoleic acid (sixteen carbons, one double bond),

myristic acid (fourteen carbons, zero double bonds) and oleic

acid (eighteen carbons, one double bond) are expected to

elute very close together (5). To solve this resolution

problem, we chose our best simplex version at that time with

the updated objective function, and the radial compression

module PCM-100 column (Table III.) Twelve experiments were

performed (Table VIII.) Acceptable results could either be

experiment eight or twelve (Tables VIII and IX.) Of course

the later one is a little better than the eighth experiment,

but not much. The result shown in Figure 11 is to be com-

pared with the first four experiments (the initial simplex)

(Figure 10). The almost baseline separation for the two

pairs of peaks, cholesterol linoleate-cholesterol palmitoleate
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TABLE VIII

MOBILE PHASE COMPOSITION AND RESULTS IN
THIRD CHOLESTEROL ESTERS

SEPARATION

Mobile Phase Composition a Simplex Responses

0 D

H 
.2 .0 Hz.2 960. OH 0-)-Prd0

4-- 0$:- 0 -p4-
0) HO0 4)r:0()0r

0 0Ro 0-P-
0 -i-::40P 0

1 .020 .1460 .100 .1 20 968 ... I

2 .031 .416 .101 .451 748 . . . I

3 .010 .500 .100 .390 1030 . . . I

4 .000 .400 .000 .600 535 . . . I

5 .024 .351 .034 .591 478 7780 R

6 .013 .463 .084 .440 823 . . . LC

7 .012 .481 .091 .416 894 . . . QI

8 .010 .392 .023 ,575 484 0 . . P

9 .014 .373 .020 .593 502 . . . SC

10 .019 .402 .058 .521 593 . . . SC

11 .014 .395 .036 .555 591 . . . SC

12 .005 .385 .004 .607 472 . . . SC

volume fractions of mobile phase components.
b "sep."--Objective function without time penalty.
c"Fj1.1--Objective function with time penalty.

"I"[1--Initial, "R"--Reflection, "tLCt--.Long contraction,
"QI"--Quadratic interpolation, "SC"--Short contraction.
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TABLE IX

RETENTION TIME AND PEAK' S WIDTH FOR ALL
COMPONENTS IN THIRD CHOLESTEROL

ESTERS SEPARATION

Exp. C.A.* C.L.* C.Pal.* C.M.* ..00* C.P*

No. t **/w*** tW ts/w ts/w ts/w ts/W

4.98
.49

7954
.67

3.68
.37

9057
.75

5 16.10
1.14

4.94
.47

4.37
.43

8 10.83
.81

13.43
.98

9039
.75

9.02 11.02
.71 1.02

12 13.13
.96

*"1C.A..--cholesterol arachidonate, "C.L. t -- cholesterol
linoleate, "C. Pal."1--chole sterol -Qalmitoleate, "TC.M".--cho-
lesterol miristate, "C.0."--chole-sterol oleate, ttC.P.t--cho-
lesterol paialmitate.

**ts"--retention time ***"tw"--Baseline width

1

2

3

4

6

7

5.91
.59

9.25
.98

4.27
.43

12.07
1.06

20.67
1 .73
5.91

.59
5.16

.51

13.74
1.22

17.19
1.42

11073
1.16

6.00
.53

9.45
.83

4.39
.55

12.68
.87

21.54
1.14

6.10
.59

5.31
.55

14.39
.83

17.97
1.14

12.20
.81

11.69
.79

17*70
1 .02

6.56
.61

10.30
.79

4.72
.45

13.92
1.10

23.60
1.69
6.61

.55
5.75
.51

15.87
1.16

19.80
1.52

13.37
1 .02

12.80
.98

19.87
1.48

9

7.84
.63

11.95
.81

5.14
.43

16.38
1.08

29*41
1.83
7.36

.53
6.32

*47
18.76
1.12

23*94
1*54

15.67
1.02

14.94
1.02

23.60
1 .46

8.01
.67

13.13
.96

5.55
.43

18*33
1.42

32.99
2.74

8007
.63

6.91
.53

21.08
1.68

26.95
2.36

17.40
1.36

16.63
1.36

26.50
2.68

10

11

16.81
1 .38



54

28

24

20

/

14 8

2

i/ /5

12 16 20

TIME (min.)

Fig. 10--Initial simplex for third cholesterol esters
separation. Peaks 1 to 6 are cholesterol arachidonate,
cholesterol linoleate, cholesterol palmitoleate, choleste-
rol myristate, cholesterol oleate, cholesterol palmitate.
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and cholesterol myristate-cholesterol oleate (experiment

twelve) are considered the optima for the cholesterol ester

separation process. It is not perfect, but it is acceptable.

Not every single known compound can be separated from each other

perfectly at the present time. So in the development,

acceptance of a best performance at a specific time is common

practice. Nevertheless, a test was performed to prove the

value of the chosen optimum. Taking the mobile phase compo-

sitions of experiment twelve (optimum) as standard, the

amount of one constituent was then varied (increased and de-

creased) while the others were also be varied (decreased and

increased) proportionately. The optimum ought to be the mi-

nimum of the parabolic graph containing three points. Mobile

phase compositions and the results are in Table X. In all

components the mobile phase for experiment twelve was in per-

fect minimum position except for the water constituent; although,

it is still in the minimum region (Figure 12). One of the

reasons might be the small amount of distilled water, (a not

very strong solvent like tetrahydrofuran) has contributed in

the mobile phase mixture .55% (vol.).

Biological Quantitation

A small portion of the process is to validate the assay

for cholesterol esters. The standard curves for all six

cholesterol esters were prepared. This was performed using

the same radial compression module but at flow rate of two

milliliters per minute. Everything else was kept the same.
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TABLE X

OPTIMUM PROVINGa

Mobile Phase Compositionb Simplex Response

CC)

-7pC

12 *005 .385 .004 .607 472

1D .002 .386 .005 .608 716

1T .011 .383 .002 .605 800

2D .010 .370 .009 .612 571

21 .000 .400 .000 .600 583

3D .006 .386 .001 .608 652

31 .003 .383 .010 .605 688

4D 0 .390 0009 .592 661

41 .000 .380 .000 .620 698

a kpply for the third cholesterol esters separation.

volume fractions of4 mobile phase components.
Experiment numbers are represented fraction number n

direction of changing( decrease or increase )
d 7-" ".11--Objective function without ti

2D .010 370 .009n612t57
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?ig. 12--Optimum proving. The objective function is
graphed versus each fractional composition of mobile phase.
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The concentrations and the resulting peak heights are in-

cluded in Table XI. Six standard curves are shown in Figures

13 to 118.

Naphthalene and Its Derivatives

Following Glajch, Kirkland and Squire (3), naphthalene

and its derivatives were selected as the second test for se-

quential simplex optimization. The structures and the names

are shown in Figure 19. The wavelengths of maximum absorption

and the formulas are also included in the same illustration.

All samples were dissolved in absolute ethanol, then the same

strategy was used for the optimization process. Table XII

contains all conditions for the optimization. The maximum

wavelength was obtained from Glajch (3) while the four sol-

vents, glass distilled water, isopropanol, tetrahydrofuran,

and acetonitrile were chosen for all reversed-phase sepa-

rations. The simplex conditions were kept the same as for

the proceeding cholesterol esters separation, except the

mobile phase composition mixtures for the initial simplex

were chosen purposely unsatisfactory to test the simplex

strategy. Figure 20 illustrates how bad the separations were

for the first four experiments; and in only elevent experiments

(seven additional moves from the initial simplex) the simplex

led to almost perfect separations for naphthalene and its

fine derivatives. The process can be traced by Tables XIII

and XIV. The result is shown in Figure 21.
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TABLE XI

CHOLESTEROL ESTERS'S STANDARD CURVES

00H 0
Oc, 0 OCi 0 0

Hlt/o HO H* H-/oc itCn. H/on* HCon* H/o
. O ii - - _-O-- --- O HNo - O - .0 0I O H

6.40
.0125

20.60
.1785

3.40 15.67
.0063 .1191

1.65
.0031

.92

.0016

.50

.000.

.30

.0004

* 0 0

O 0 .0

* . 0

* - -0

10.65
.0794

6.80
.0582

3.90
.0388

2.10
.0194

1.30
.0097
O 0 0

* 0 -0

13.95
.1785

10.70
.1191

8.00
.0794

5.05
.0582

3.70
.0388

1080
.0194
1 025

.0097

* . S

7.55
.6000

7*30
.3000

5.95
.1500

2020
.0750
1 050

.0380
.60
.0190
O . .0

O 0 .0

. . .0

10.00
.3333

7*00
.1667

5.90
*1250

3.54
.0983

O . .0
O 0 0

S0 0

O 00

O 00

O0 0

O 0 0

. 0 .0

11.50
1.2000

9000
.6000

6.75
.3000

6*25
.1500

4.09
.0750

2.20
.0380
.75
.0190
.30
.0100

'*Conc."--concentration, values are given in miligrams.

*tHt-t-peak height, values are given in centimeter.
owmMommmo
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7*00

6*00

5.00 1

0 .00

3.00

2.00 1

1.00 1

I I

.0020 .0040
I III

.0060 .0080 .0100 .0120

CHOLESTEROL ARACHIDONATE CONCENTRATION (mg)

Fig. 13--Standard curve of cholesterol arachidonate.
The straight line indicate a sensitivity range of .0005mg
to .0125mg.
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10.00

5.00

PI

.0200 .0600 .1000 .1400 .1800
CHOLESTEROL LINOLEATE CONCENTRATION (mg)

Fig. 14--Standard curve of cholesterol linoleate.Sensitivity range of .0100 mg to .1800 mg.
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.00 - '----

.0200 .0600 .1000 .1400
CHO LESTEOL PALMITOLEATE CONCENTRATION

.1800

(mg)

Fig. 15--Standard curve of cholesterol palmitoleate.
Sensitivity range of .0100 mg to .1800 mg.
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8.00

6.00

4.00

2*00

.00
.1000 .2000 .300 .60o0

CHOLESTEROL MYRISTATE CONCENTRATION (mg)

Wigs 16--Standard curve of cholesterol myristate. The
straight portion of the curve indicate a sensitivity range of
.0200 mg to .1500 mg.
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CHOLESTEROL OlATE COCENfTRATION (mg)

Fig. 17--Standard curve of cholesterol oleate.
The curve indicate a sensitivity range of .1000 mg to
.1800 mg.

65

0)

-

-

-

-

-

.

-

I a



66

12.00

6.00 -

4.0(DO-

.00

.000/.400 .800 1.200

CHOLESTEROL PALMITATE CONCETRATION (mg)

Fig. 18--Standard curve of cholesterol palmitate.
The curve indicate a sensitivity range of .000 to .200mg.
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NO2
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0 0

Cw

0 0

NAPHTHALENE

Amax. = 221, 275.5, 286, 311nm

2-NAPHTHOL

Amax. = 226, 265, 274, 285nm

1 -NAPHTHALENE ACETAMIDE

Amax. = not yet determine

1-NITRONAPHTHALENE

Amax. = 243, 343nm

2-METHOXYNAPHTHALENE

Amax. = 227, 271, 314, 328nm

1 -CHLORONAPHTHALENE

Amax. = 225, 285.5, 295nm

Fig. 19--Structures of naphthalene and its derivatives
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TABLE XII

EXPERIMENTAL CONDITIONS IN NAPHTHALENE
COMPOUNDS SEPARATION

HPLC Conditions Sample Conditions c

Detector W.A. UVa Naphthalene .0036
Column C18 Reverse 2-Naphthol .0023
Amax. 254nm b 1-Naphthaleneacetamide .0018
Sensitivity .04 AUFS 2-Methoxynaphthalene .0014
Flow Rate 1ml/min. 1-Nitronaphthalene .0009
Chart Speed lin/min. 1-Chloronaphthalene .0002

Simplex Conditions

Fobj. * * . * * * * * * . . * . * . 100Exp(1.5 - RS)
Penalty . .. .. . . . . . . . .. (tlast - penalty
Time Penalty.. - --o . . . o . . . . . 15m.in.
Variables H20 IPA THF ACN
Constraints .o- 1.0 .o- . .0- .5 .. 0

Vertex 1 .650 .000 .100 .250
Initial Vertex 2 .200 .300 .000 .500
Simplex Vertex 3 .300 .100 .000 .600

Vertex 4 .400 .000 .000 .600

aWaters Associates variable wavelength UV detector.
b"AUFS"--absorption unit full scale.

Samples are injected in Sj1 portions of a mixture
contains all of the followed compounds whose values are given
in pg (pl in case of Chloronaphthalene).

dVolume fractions of mobile phase components.
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TABLE XIII

MOBILE PHASE COMPOSITIONS AND RESULTS IN
NAPHTHALENE AND ITS DERIVATIVES

SEPARATION

Mobile Phase Compositiona Simplex Responses

fzi 0

CD)) QC --
14 .. 0 .2'249

CD 0 1c, z 0..- P 3.t .0 6 .(D 04-) -P
P-0 40) V-jQ)0 -4-c

.650 000 .100o .250 244 5197 I

2 .200 .300 .000 .500 1656 ... I

3 .300 .100 .000 .600 1011 . . . I

4 .400 .000 .000 .600 630 . . . I

5 .475 .067 .050 .408 412 . . . C

6 .296 .178 .008 .518 803 . . . C

7 .481 .063 .039 .418 441 . . . R

8 .374 .110 .019 .497 594 . . . c

9 .486 .160 .072 .282 337 . . . R

10 .529 .240 .108 .123 295 . . . E

11 .616 .136 .112 .136 160 225 R

Volume fractions of mobile phase components.
bOe 

i t t e

"Fsep"--Objective function without time penalty.

obj."--Objective function with time penalty*

""I"--Initial, "C"l--Contraction, "R t -- Reflection,
"E"-Exan sion.
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TABLE XIV

RETENTION TIME AND PEAK'S WIDTH IN
NAPHTHALENE COMPOUNDS SEPARATION

ExT). N.A.* N-o* Nitro-N* Methox-N* Naph.* Chloro-N*

No. ts**/w*** t/w t/W t/w t/w t/W

1

2

3

4

5

6

7

6.79
.59

3.68
.39

3.86
33

4.49
.41

4.45
*41

4.39
.39

4.51
.41

4.13
.39

4.46
.39

4.43
.47

4.82
.47

9

10

11

13.63
.91

3.68
.39

4.08
.45

5*47
.43

5*59
.45

5.11
.38

5.67
.47

4.72
.41

5.55
.47

5.63
.47

8.11
.79

26.91
1.56
4.25

.61

4.96
.33

7.81
.53

8909
.57

6.10
.40

8935
.55

6920
.43

7.44
.51

7.62
.55

13.94
1.02

31.50
1.36
4.25

.61

5*30
.57

8954
.65

8.96
.49

6.50
.57

9.25
.53

6.65
.35

8925
.55

8.54
.59

16.55
1.16

32.66
1.99
4.25

.61
5930

.57
8.54

.65
9923

.73
6.50

.57
9.47

.77
6*80

.61
8.75

.63
9.19

.65
18.19
1.26

62.01
3964
4.76

.43
6.48

.51
11.56

.67
13.21

.81

7.64
.51

13.74
.85

9.29
.65

12930
.75

12.56
.85

31946
2.68

**"ts"--retention time

*nN.A."-1-aphtha!ene acetamide, N-o1-2-naphtho1,
"H.tro-N"--l-nitronaphthalene, "Methox-N"?--.2-methoxynaphtha-
lene, L4aph.I"--naphthalene, "Chloro-N"--I-chloronaphthalene.

***"tw"--baseline width
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Polycyclic Aromatic Compounds Separation

The six aromatic compounds tested included benzene,

naphthalene, anthracene, perylene, pyrene, and 1,2:3,4-di-

benzanthracene, (see Figure 22), were chosen as the third

optimization test. The process was carried out under the

conditions shown in Table XV. All samples were dissolved

in benzene so its contribution in the sample mixture was

actually the amount nescessary for dilution. The time

penalty was set at fifteen minutes.

The process terminated after the fifth experiment, one

experiment after the initial four. Referring to the status

of simplex responses in Table XVI, the fifth experiment was

accepted as a short contracted vertex immediately after the

first suggested experiment. An explanation can be made if

we also look at the mobile phase composition in the same

table. There was a wide randomly chosen range for the solvent

mixture so that in the first step, simplex could not make a

reflection because of a constraint violation. The reason for

early termination was because one of the initial vertexes did

give a good separation (vertex four, Table XVI, Table XVII,

and Figure 23), except that vertex was penalized by the time

constraint where the last peak, the 1,2:3,4-dibenzanthracene

constituent did not elute until after thirty-six minutes.

The result was double checked by referring to the values

of the objective function. Without the time penalty, the

fourth experiment was better than the fifth one (101 vs 358)
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BEN ZENE

Amax. : 213, 249, 254, 260nm

YAPHTHALELINE

Armax. : 221, 275.5, 286, 311nm

ANTHRACE7E

Amax. : 221, 245, 252, 374nm

max. : 206, 242, 252, 335nm

PY2R5EE

AXmax. :208, 24 1, 252, 273nm

0

0

1 ,2:,4- DIB EZANTHRACENE

Amax. :207, 247, 276, 375nm

Fig. 22--Structures of six polycyclic aromatic compounds.

a

0 0

0 0 0

O O

e
O O

C
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TABLE XV

EXPERIMENTAL CONDITIONS IN POLYCYCLIC
AROMATIC COMPOUNDS

SEPARATION

HPLC Conditions Sample Conditions c

Detector W.A. UVa Benzene 4.3583
Column C 18 Reverse Naphthalene .3525
Amax. 254nm b Anthracene .0833Sensitivity .1 AUFS Perylene .1042
Flow Rate 1ml/min. Pyrene .0667
Chart Speed lin/mn. 1,2:3,4-Dibenzanthracene .0333

Simplex Conditions

Fobj. * * . * * * . * * * * * . . 100 Exp (1.5 - RS)
Penalty . . . . . . .... . las- penalty
Time Penalty*o. .. *o. .. * . . .. ... .o15 min.
Variables H20 IPA THF ACN
Constraints .o- 1.0 P0amo5 .0 - .5 . ..

Vertex 1 .100 .100 .050 .750
Initial Vertex 2 .050 .200 .100 .650
Simplexd Vertex 3 .100 .200 .000 .700

Vertex 4 .400 .000 .000 .600

aWaters Associates variable wavelength UV detector.
b"1AUFS-absorption unit full scale.

cSamples are injected in 5r1 portions of a mixture
contains all of the followed compounds whose values are given
in pg (Pl in case of benzene).

dVolume fractions of mobile phase components.
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TABLE XVI

MOBILE PHASE COMPOSITION AND RESULTS IN
POLYCYCLICAROMATIC COMPOUNDS

SEPARATION

Mobile Phase Compositiona

H
0

0-

0

H

0

rd

H

4-)

0H

0

C)

Simplex Responses

0

PC,

0)

0

rd

;:s
4-)
0~

4-)
mJ

1 .100 .100 .050 .750 1196 . . . I

2 .050 .200 .100 .650 1769 . . . I

3 .100 .200 .000 .700 1707 . . . I

4 .400 .000 .000 .600 101 105200 I

5 .242 .083 .025 .650 358 . . . SC

aVolume fractions of mobile phase components.

b"F se"--Objective function without time penalty.
" - -Objective function with time penalty.

dtI--Initial, "SC"--Short contraction.

0

4-)

'H
IC,

4-)

4-)

0)
Hr
P

wm "now
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TABLE XVII

RETENTION TIME AND PEAK'S WIDTH IN POLYCYCLIC
AROMATIC COMPOUNDS SEPARATION

(1)

C)

C71

0)

0)

C-)

-p

0

0l

QC)

*H C*

No. ts*/w** ts/w ts/w ts/w t /w t /w

1 4.49 4.49 4.96 5.43 6.10 6.46
.77- 77 .51 .75 .31 .55

2 4.00 4.17 4.57 4.57 4.94 4.94
.77 .71 .77 .77 .55 .55

3 4.07 4.19 4.72 4.72 5.31 5.31.83 .87 .75 .75 .61 .61

4 6.64 8.74 13.13 16.32 26.99 36.06
.83 .89 1.34 1.44 2.17 2.24

5 5.35 6.26 7.62 8.68 11.10 12.52
.53 .59 .73 .85 .77 .79

LtS-"-etention time **UwTf -B as elin e width

C
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but because of the time limitation, the fourth vertex had the

worst value of 105,200 for the objective function. The result

in this test case is just nice: baseline separation for all

components in a reasonable analysis time; and in only five

experiments, simplex led us to perfect separation conditions

for the six different aromatic compounds. (Figure 24).

The Thiane Separation

The thiane compounds were the last test case because of

their constituents. All three compounds essentially have the

same structure except the number of sulfide substituted in

the ring (Figure 25). A few experiments were performed in

advance for each separated compound, the maximum wavelength

for the separation then be chosen at 240nm because s-trithiane

was hardly detectable at any other wavelength. The samples

were all dissolved in isopropyl alcohol, but the concentration

for the p-dithiane and s-trithiane were not precisely known

because they only partially dissolved in alcohol at room tem-

perature. The main reason for not chosing another solvent

for the samples is that alcohol is the only solvent for all

three of them. The separation process was then carried out

using both normal and reversed-phase.

Normal Phase Separation

The experimental conditions are in Table XVIII. The

solvent used in the normal phase separation was a mixture of

n-hexane, chloroform, methyl dichloride, and tert-butylmethyl-

ether. The column was manufactured by Waters Associates.
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S THIANE

(PENTAMETHYLENE SULFIDE)

Amax. : 230nm

S p-DITHIANE

(1,4-DIETHYLENE DISULFIDE)

Amax. : 225, 292nm

S s-TRITHIANE

s s (TRITHIOFORMALDEHYDE)

)%max. : 240nm

Fig. 25--Structures of three thiane compounds
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TABLE XVIII

EXPERIMENTAL CONDITIONS IN THIANE
COMPOUNDS SEPARATION

HPLC Conditions Normal Phase Reversed-Phase

Detector W.A. UVa W.A. UVa
Column C Normal C Reverse
Amax. N 240nm b1 240nm b
Sensitivity .01 AUFS .01 AUFS
Flow Rate 3ml/min. 2ml/min.
Chart Speed lin/min. lin/min.

Sample Conditionsc Normal Phase and Reversed-Phase

Trithiane .. . . . .*. .9.o. . 1.0
Dithiane . . . . . . . . . . . 1.0
Thiane .. . .*. . . . . . . . 2.5

Simplex Conditions

F obj. * * * 0*a*0* * * * *0*0*0* . 0 .100 Exp(1.5 - RS)
Penalty .o.*o.** .o.o.* .0.0 0*. 0,,.(tlast ~ penalty
Time Penalty. - - - - - 0 -a . . . . . . . . . . . 15 min.

Normal Phase Reversed-Phase

Variables C6H6 CHC13 CH 2 2 (CH3) - H20 IPA THF ACN

Constraints 0-1 0- .5 0- .5 .*. 0-1 0-.5 0-.5 ..
Vertex 1 .500 .150 .100 .250 .250 .100 .150 .500
Vertex 2 .600 .050 .100 .250 .000 .100 .300 .600
Vertex 3 .500 .150 .000 .350 .300 .100 .150 .450
Vertex 4 .650 .150 .200 .000 .400 .000 .000 .600

aWaters Associates variable wavelength UV detector.

b "AUFS"--absorption unit full scale.

CSamples are injected in 10Ml portions of a mixture
contains all of three compounds in which trithiane and di-
thiane concentrations were approximately given inptg, the
concentration of thiane was given inpl.

dVolume fractions of mobile phase components.
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The time penalty was not applicable in this process because

of the early alution of all constituents.. The separation

was performed in twenty-three experiments. Nevertheless,

the process could have been terminated after the seventh

experiment because in sixteen additional experiments, the

objective function was only slightly improved from 197 to

141. The results can be compared by referring to tables

XIX and XX which show that the mobile phase compositions in

experiments seven and twenty-three are almost identical.

Figure 27 shows the chromatograms of the above two

experiments at a chart speed of one inch per minute.

Referring to figure 26, it is evident that trithiane and

dithiane are not separated at all, and thiane is just barely

separated from the other two.

Reversed-Phase Separation

After the first four randomly chosen vertexes (Figure

28), nine additional experiments were processed with the same

sample mixture with fifteen minutes as the beginning time

constraint. The experimental conditions are shown in Table

XVIII. In fact, the time constraint had not yet been violated

in the whole process. (Tables XXI, XXII.) The results of

experiments seven and thirteen are shown in Figures 29a and

29b. Both of them are acceptable although the thirteenth is

a little better (objective functions of 243 compared to 284).
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TABLE XIX

MOBILE PHASE COMPOSITION AND RESULTS IN
NORMAL PHASE SEPARATION OF

THIANE COMPOUNDS

Mobile Phase Compositiona Simplex Responses

0040

1 .500 .150 .100 .250 363 .0 .0

2 .600 . 050 .100 .250 272 ...

-7

3 *500 . 150 . 000 .350 365 ...

4 .650 .150 .20 .000 448 .

C
t

H

S0542 .133 .13 01420 SC

6 6284072 .2224078 292 .

1 .713 .150 .20 .063 197 . . . I

2 .71 .028 .204E .063 19 . . . E23 *701 .2*.0 06314... F

aViolume fractions of mo bile ohase components.

"F T "--Objective function without time penalty.
c"F "b.--Objective function with time penalty.

dI"t11--Initial, "SC"--Short contraction, "R"--Reflection,
"E"--Expansion.
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TABLE XX

PETEITIO TIME A1D PEAK' WIDTH FOP ALL COMPONENTS
IN NORMAL-PHASE SEPARATION OF

TiIANIE COMPOUNDS

xpmrinent No. Trithiane & Dithiane* Thiane

t ** *t w
s s

1 1.08 .16 1.12 .22

2 1.10 .12 1.18 .20

1.10 .16 1.14 .23

4 1.38 .16 1.38 .16

1.07 .12 1.14 .24

6 1.09 .14 1.18 .28

7 1.10 .17 1.26 .22

23 1.11 .16 1.33 .22

*irithiane and dithiane are not separated.

**"ts"--Retention time. ***"?wtt--Baseline width.
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(2) (3)

(k)

3

'Iz >5

TIME (min.)

Fig. 26--Initial simplex for the normal phase sepa-
ration of three thiane compounds. Containing the first
four chromatograms (1), (2), (3), and (4). Peaks 1 to 3
are s-trithiane, p-dithiane, and thiane respectively.
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(A)

"az

4,

(B)

t,2.

3

4,

3

I I

0 1

TIME (min.)

Fig. 27--Chromatograms of exp. 7 (A) and exp. 23
(B) in normal phase separation of three thiane com-
pounds. Peaks 1 to 3 are s-trithiane, p-dithiane,
and thiane respectively.
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TABLE XXI

MOBILE PHASE COMPOSITION AND RESULTS IN
REVERSE PHASE SEPARATION OF

THIANE COMPOUNDS

Mobile Phase Composition a Simplex Responses

(D C -

H H 7

S .21.0...

2 H00 ,0 ,30 .6*86

H H 0 q0 0

3 .00 10 .10 450 69 . ..

P )0 4-)C)Q 0C))C0 0 4-

1 .250 .100 .150 .500 731 .0 * T

' 000 p100 p300 .600 896 * 0 T

3_400 .100 . 5 LvO61T

4 .400 .000 .000 .00 433 . . . I

I: .158 .083 .200 .558 727 . . . SC

6 .322 .022 .083 .572 514 . . . R

7 .432 .019 .017 .532 284 . . . SC

8 .342 .057 .092 .509 461 . . . SC

9 .426 .027 .012 .534 360 . . . SC

10 .381 .036 .051 .532 424 . . . SC

11 .426 .055 .053 .466 345 . . . R

12 .475 .032 .004 .489 302 . . . R

13 .463 .044 .037 .457 243 . . . R

.olume fractions of mobile phase components.

IFti "--Objective function without time penalty.

c"Fi "--Objective function with time penalty.

"I"-Initial, "SC"--Short contraction, "R"--Reflection.
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TABLE XXII

TEvTIOTr TIME AND PEAK'S 7IDTH FOR ALL COMPONENTS
IN REVERSED-PHASE SEPARATION OF

THIANE COMPOUNDS

Exp-erim ent Trithiane Dithiane Thiane

NO. t * W** t w t w
s s

1

2

3_

4

5

6

9

10

11

12

13

1 *79

1.65

1.83

2.04

1.75

1.89

2.13

1.89

2.09

1 .93

209

2.32

2*38

.43

.31

.39

.37

.28

.39

.33

.41

.39

.31

.30

.33

1.79

1.65

1.83

2.18

1.75

2.01

2.36

2.03

2*30

2.09

2.28

2.55

2.66

.143

.31

.39

.35

.28

.35

.28

.33

.35

.33

.33

.39

.30

1.97

1.65

2.05

2.59

1.89

2.28

2.86

2.32

2.78

2.47

2.76

3.19

3.27

.35

.31

.33

.31

.31

.28

.27

.26

.30

.31

.30

.31

.30
~"t4'~-1~?etention time. **tvrt?~base1jne MTidth.*"t'% " s--Retention time.* *"It"--baseline iwidth.
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St 4

5

3

z-

0
H

2-

1

0 1 2 3 4

TIME (min.)

Fig. 29a--Chromatogram of exp. 7 in reversed-
phase separation of three thiane compounds. Peaks 1
to 3 are s-trithiane, p-dithiane, and thiane respec-
tively.
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0

(\3

2

0

0 2

2 3 4

TIME (min.)

Fig. 29b--Chromatogram of exp. 13 in reversed-
phase separation of three thiane compounds. Peaks 1
to 3 are s-trithiane, p-dithiane, and thiane respec-
tively.
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The Correlation Between the Separation and
Mobile Phase Chemical Properties

In liquid chromatography, solvents are very important

depending upon their application: to dissolve solid samples

prior to further processing, to clean up the system, or to

use as mobile phase. For any application, especially as

mobile phase, it is necessary to look at the fundamental

basis of the solvent properties. A mobile phase which strongly

interacts with solute molecules will give a small k' value.

In the liquid chromatographic separation of multicomponent

samples, the optimum range for k' is from .5 to twenty, and

a range from two to five is considered best for two-component

samples (13).

There are four major interactions between molecules of

solvent and solute that are important in liquid chr at4graphy:

dispersion, dipole, dielectric and hydrogen-bonding inter-

actions. First, dispersion interaction exists between every

pair of adjacent molecules. This electrostatic attraction

results from the temporary dipole moment of solvent and sample

molecules which has an asymetric configuration at any instant

of a random motion. The stronger the dispersion interaction,

the more easily electrons polarized in the sample and solvent

molecules. This property is proportional to the refractive

index. The second important interaction is the permanent

dipole moment. This strong interaction between individual

functional groups of solvent and solute molecules results by

alignment of the two dipoles in a linear configuration. The
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interaction being stronger for groups with larger dipole

moments. The third major interaction between solvent and

sample refers to the interaction of sample molecules and the

liquid with high dielectric constant. These interactions

are quite strong and very much favor the preferential disso-

lution of ionic or ionizable sample molecules in polar phase

such as water-methanol. The last important interaction is

the hydrogen-bonding between a proton donor and proton

acceptor molecules. The more acidic donors and more basic

acceptors favor hydrogen bonding.

According to Snyder, the first three interactions are

related to the solvent strength which "depends upon its

polarity, or ability to preferentially dissolve more polar

compounds such as nitriles and alcohols" (11). Snyder also

defined a new solvent property, solvent selectivity, which

"refers to the ability of a given solvent to selectively

dissolve one compound as opposed to another, where the polar-

ities of the two compounds are not obviously different" (11).

The solvent selectivity, as discussed in references 11 and 12,

are reported in five parameters: xe, xdt xn Xt, and xm. The

first two parameters xe and xd reflect the relative ability of

the solvent as a proton acceptor and a proton donor respec-

tively which have been previously discussed as the hydrogen-

bonding interaction between solvent and sample molecules.

In order to determine how the four chemical mechanisms for

selectivity related to the cholesterol esters separation.
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the mole fraction average for each of the five chemical

properties was calculated and reported in Table XXV, using

the values in Table XXIII and the solvent compositions in

Table XXIV, by the following equation:
n

RImix i( i

where fi: mole fraction average of solvent component i.

n: number of solvent in the mobile phase mixture.

The mole fraction average of solvent component is kept

conserved by the unity of the solvent mixture:

1.000 = f (H20) + f (IPA) + f (THF) + f (ACN)

The influence on objective function illustrated in Figures

30 to 34. From these graphs, as we can recognize that there

is always a cleavage at a certain point as the value of the

objective function goes over 1000.

The cleavage point in case of refractive index is 1.3640

(see Figure 30); a value of 2.525 for dipole moment (see Figure

31); and 302 in case of dielectric constant (see Figure 32).

For the hydrogen acceptor ability, the break point is at .4120

(see Figure 33); and .2365 is the value for hydrogen donor

ability (see Figure 34).

Referring back to these figures (Figures 30-34), an almost

similar correlation between the objective function and each of

the five chemical properties was seen. For the dispersion

interaction and hydrogen acceptor ability, the objective

function is getting worse as the refractive index and the hydrogen

acceptor ability increase from the break point, respectively.
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TABLE XXIII

REVERSED-PHASE SOLVENTS PROPERTIES

Solvent a RIbc Db, d bc Xebe xdbe

H20 1.333 1.85 80.0 .37 .37

IPA 1.384 1.66 20.3 .55 .19

THF 1.405 1.75 7.6 .38 .20

ACN 1.341 3.44 37.5 .31 .27

a"1H O"--glass distilled water, "IPA"--Isopropyl alcohol,
"THF"--titrahydrofuran, "ACN"--acetonitrile.

b"tRII--refractive index, "D"--dipole moment, " "--di-
electric constant, "xe"--proton acceptor ability, "xdi
proton donor abilityed

cValues are obtained from (13).

d
Values are obtained from (15).

eValues are obtained from (12).
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TABLE XXIV

MOBILE PHASE COMPOSITIONS AND RESULTS IN CORRELATION
BETWEEN CHOLESTEROL ESTERS SEPARATION AND

SOLVENT PROPERTIES EXPERIMENT

Exp. H20* IPA* THF* ACN* Fsep** F .***

1 .050 .350 .100 .500 371 79,000
2 .007 .527 .115 .351 961 ...
3 .006 .500 .130 .364 944 ..*.
4 .010 .500 .100 .390 804 ..0.
5 .029 .430 .108 .434 569 ...
6 .023 .426 .110 .441 629 . . .
7 .035 .404 .082 .480 459 . . .
8 .050 .356 .058 .537 358 237,000
9 .048 .339 .099 .513 413 78,000

10 .019 .460 .100 .421 739 . .
11 .015 .480 .100 .406 733 . .
12 .043 .360 .100 .498 451 35,000
13 .022 .450 .100 .429 692 . .
14 .018 .465 .100 .417 708 . .
15 .036 .390 .100 .475 558 . .
16 .044 .389 .083 .484 503 55,000
17 .028 .417 .103 .452 541 . .
18 .026 .421 .106 .447 555 . .
19 .037 .377 .082 .503 462 39,000
20 .031 .416 .101 .451 560 . .
21 .030 .423 .104 .443 569 . .
22 .030 .330 .000 .640 389 633,000
23 .020 .290 .010 .680 834 407,000
24 .039 .319 .066 .576 905 169,000
25 .031 .299 .076 .594 498 119,000
26 .022 .311 .050 .617 533 77,000
27 .029 .266 .087 .618 580 90,000
28 .040 .270 .050 .640 526 568,000

*"?H 0"1--glass distilled water, "IPA"--isopropanol,
"1THF"--tet ahydrofuran, 'ACN--acetonitrile.

**"Fsep"--objective function without time penalty.
Fobj.--objective function with time penalty.
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TABLE XXV

MOLE FRACTION AVERAGE OF THE SOLVENT
CHEMICAL PROPERTIES

Exp. ID* * Xe* xd*

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

1.3620
1.3710
1. 3708
1.3688
1.3662
1.3662
1.3633
1.3596
1.3615
1.3670
1. 3679
1.3625
1.3666
1.3673
1. 3639
1. 3627
1. 3653
1.3657
1.3622
1.3651
1.3656
1. 3549
1.3541
1.3586
1.3585
1.3574
1.3577
1.3555

2.5685
2.2965
2.3208
2.3651
2.4460
2.4592
2.5266
2.6288
2.5930
2.4220
2.3928
2.5618
2.4350
2.4147
2.5196
2.5374
2.4792
2.4701
2.5715
2. 4795
2.4636
2.8049
2.8751
2.6986
2.7301
2.7670
2.7735
2.8113

30*62
25.29
25.27
26.34
28. 11
27.86
29.59
31.77
30*75
27.41
26.89
30* 15
27.71
27.28
29.33
30*20
28.44
28*19
30* 14
28.64
28.39
33.10
33.06
31 *70
31.41
31.95
31 .56
33.06

.4040

.4450

.4395

.4376

.4225
.4213
.4148
.4025
.4012
.4285
.4331
.4060
.4263
.4297
.4128
.4118
.4190
.4200
.4084
.4188
.4208
93910
.3815
.3936
.3890
.3895
.3817
.3807

.2400

.2205

.2215

.2240

.2309

. 2305

.2354
.2425
.2407
.2281
.2261
.2385
.2292
.2276
.2354
.2375
.2322
.2315
.2378
.2328
.2319
.2466
.2481
.2307
.2439
.2438
.2455
.2489

*"IPI"--wsrefractive index, "D"t-t-dipole moment, " It-.. po
dielectric constant, "xei"-proton acceptor ability, "xd'I--S
proton donor ability. d
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But when the time-penalty was added to the objective function,

starting from the break point the objective function deterio-

rated as these properties decreased. This correlation was

opposite for the dipole moment, dielectric interaction and

the hydrogen donor ability. In these cases, the objective

function without the time-penalty deteriorated when the re-

spective properties decreased; and the objective function that

includes the time-penalty worsened when these properties in-

creased from the break point.

An obvious expectation is if we move the upper half

branch of these graphs down to the same level of the other half,

a parabolike curve might be fitted and the optimum region for

the solvent mixture contains all the break points of the five

chemical properties.
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Fig. 31--Representing a relationship
between the objective function and dipole
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Fig. 32--Representing a relationship
between the objective function and dielec-
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CHAPTER IV

CONCLUSION

After several test cases have been performed, a definite

conclusion can be made that simplex algorithm is a short way

of achieving an acceptable results in HPLC optimization sepa-

ration. The most complicated separation we had in our test

case, the cholesterol esters separation, required only thir-

teen experiments to get to the final result. The number of

experiments being performed may be reduced to only five; that

is one more experiment after the first four random chosen

experiments as in the separation of six polycyclic aromatic

compounds. Although the number of performed experiments for

a successed separation depends very much on the nature of the

mixture of interest, over which we have no control; it also

depends upon the initial simplex, for which we are able to

use our knowledge from the previous experimentation or from

the literature to choose these first steps wisely. In case

we are the first one to study the separation of a specific

mixture, without all of this information, a random guess is

helpful as long as it is accomplished by a large step in

changing a variable factor.

The correlation between the objective function and the

solvent chemical properties shows that the separations eva-

luated by our objective function are based on identifiable

chemical properties.
107
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The above fact suggests two approaches: First, after

the parabolas have been defined, a chemical property can be

tried such that we investigate a new mobile phase that has

properties near the bottoms of all the parabolas. Secondly,

it is possible to use a six-dimensional selectivity space in

the search instead of the composition space.

Another approach which appears to have promising

possibilities is using both improved simplex version and an

automatic sampling device for HPLC system. With this approach

the overall time required for the whole process can be dis-

regarded, as well as the time constraint for the separation

itself. Resulting in simplex algorithm that can conceivably

become a perfect solution for the separation problem.
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