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SUMMARY -

In gas-liquid chromatography, schemes have been developed for the charac-
terization of stationary phases based on the measurement of the retention indices of
a number of functional probes. A problem that arises in this context is how many
probes should be used and which solutes should be chosen to function as a probe.
A completely objective, i.e. mathematical, approach to the SVIGCtIOB. of probes is
proposed.

By expressing the similarities between each pair of solutes as a distance, a
complete, non-directed graph can be constructed in which the solutes are represented
by nodes, linked together by edges, the values of which are given by the distance.
The problem of finding representative solutes is thén reduced to seiecting the nodes
for which the sum of the values of the edges between the unselected nodes and the
nearest selected node is minimal. Two solutions are possible: a heuristic solution,
which gives an approximation of the optimal choice of probe and a completely
optimal solution in which the integer prugrammmg problem is solved by using a
branch and bound method. ~

The work was carried out on two sets of retention mdxces, namely those given
by Rohrschaeider (23 columns X 30 substances) and McReynolds (25 columns X
68 substances). Sets of p probes were selécted using the described methods forp = I,
2, ... 20 for both sets of retention indices. The results for p = 3, 4, 5 were compared
with those proposed in the literature and it was found that the probes selected by us
de allow a better prediction of the retention indices of the other sabstances in the
sets of i tetentxcn indices than those proposed by other workers.-
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INTRODUCTION

In a recent report’, it was shown that operations research (O.R.} techniques
are useful in the solution of some analytical problems. If is the purpose of this paper
to try to prove this further by demonstrating how to select representative substances
by O.R. A typical example of the use of representative substances is the charac-
terization of gas-liguid chromatographic (GLC) phases with functional “probes”. In -
analytical separation chemistry, it has often been found necessary to have methods
for the characterization of separation systems. In GLC, for example, schemes have
been developed for the characterization of stationary phases, the most widely used
of which are those proposed by Rohrschneider? and McReynolds®. These schemes
are based on the measurement of the retention indices of a number of standard
soluzes or “probes™ and they have been used for more formal classification systems
usinZ nearest neighbour®, pattern cognition® and numerical taxonomy® techniques.
Analogous problems are encountered in other branches of separation science. One
can refer, for example, to recent work by Rohrschneider’ and Snyder® on solvent
classification and Massart and De Clercq® on the classification of thin-layer chromato-
graphic systems by numerical taxonomy. All of these classifications are based on
similarities in the behaviour of a number of “probes”, the retention indices (or Ry
values or solubilities etc.) of which are measured in the systems to be classified.

A problem that arises in this context is how many probes should be used and -
which solutes should be chosen as a probe. It is clear that, the smaller their number,
the easier it is to carry out the necessary measurements for the classification of a given
separation sysiem. This question has recently received much attention in GLC and
has been discussed, for example, by Hartkopf and co-workers'®!! and Lowry et 2/.12,
The problem is in faci the following: how can one choose a2 number of standard
solutes so that they are as representative as possible of a given set?

Rohrschneider® selected for chemical reasons from a restricted set of 30 and
Hartkopf er al.**'* and Lowry ef al.'* from a set of 68 solutes a small number of
probes which they thought should be representative of a given interaction between
the stationary phase and the chromatographed solute. For example, Hartkopf ez alit
propose the use of benzene (dispersion forces), nitroethane (dipole orientation), n-
propanol or chloroform {proton donor) and dioxane (proton acceptor); such a
selection procedure is necessarily subijective. 1t was thought that a2 completely ob-
jective, i.e. mathematical, approach to the selection of probes would therefore be
of interest.

It seems that the selection of representatlve substances is not an uncommon
problem in analytical chemistry. Such a problem has been stated recently by Haken*3,
whe considered that the usual McReynolds or Rohrschneider constants are not
ideally suited for characterizing stationary phases for lipid analys:s and that a set of
separation factors might be a betfer solution. One might also suggest the choice of
a number of representative lipids. In this paper, we shall confine the discussion to the
selection of generally representative probes for GLC.

THE MODEL

The solution 7proposed is the following. If, in a manner thatwﬁlbespemﬁed
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later, the similarities between each pair of solutes can be expressed as a distance,
then a compiete, non-directed graph can be constructed, in which the solutes are
-represented by nodes, linked together by edges the values of which are given by the
- distance. The problem of finding representative solutes is then reduced to selecting
the nodes for which the sum of the values of the edges between the unselected nodes
and the pearest selected node is minimal. This is a typical location problem, which
resembles classical problems in mathematical programming such as the focation of
warehouses or other service centres. The general problem can be stated as follows:
“for a finite number of users, whose demands for a given service are known and must
be fulfiled and a finite set of possible locations where a given number p of service
centres may be located, select the locations of the service centres in order to minimize
the sum of transportation costs of the users”.
* Mathematically, the problem can be described as follows:

Minimize
? ? dis Xi5 1
subject to
C Zxy =1 | @
£
Xy < ¥ ' -3
Zy=p @
re{0,1} &)
x:,€{0,1} ’ ©
where
i =1, ..., nandj=1,...,mn;
p = number of probes;

d,; = distance between substance j and probe i;

Xx¢; = a variable that determines which probe is representative of substance j;
x;; = L if jis closest to probe { and is therefore represented by i and x;;
= 0 when it is not the case;

¥: = a variable that determines whether a substance is selzcted as a probe;
¥: = 1 when this is the case and y; == 0 when it is not.

Two solutions are possible: a heuristic solution, which gives an approximation of the
optimal probe choice, and a completely optimal solution.

The latter cannot be obtained by the more usual linear programming method
because the variables can take only the values 0 or 1, and therefore 2 branch and
bound method is used. These methods have been discussed in many textbooks on
operational research and linear programming and related methods®®.

. - = " Although the method was first proposed in 1954 by Land and Doig® no appli-
cations in analytical chemistry are known to us and it seems necessary to explain
_the principle of the mefhod. Branch and bound methods are partial enumeration
methods, which consist in partly enumerating the set of solutions in such a manner



TS H’.DECLER’- : CQ',':M.?DESPO' m' KAUFMA ;

fthat subsets o; soiutxons, whxch by usmz one or other decxsmn cntenon (bound),:
- can: be shown not ta contain the optimal saluuon, can: then be Ieft out in th;s way,
- the set of possible solutions is divided by way of a dichotomic decxszon ttee (b:anchmg)i;_
" in sets that become sma!ler and smaller until enlv the optlmal node 1s ieﬁ o :

THEOREHCAL

, A vanable y, is assocxatsd wuh each element i 'I‘he value of y, .s.—'umty lf ele-
ment { is selected, otherwise it.is zero. A solutxon of the problem is defined as the .
selection of p elements. This corresponds to giving the: value unity to p components -
. of vector y and the value zero to the remaining ones.: As the number of solutxons is
. finite, it is possible to enumerate ail of them and for a. glvea criterion 0 select the
optimal solution. However, as the number of solutions is. very large. such an exphcxt
enumeration is prohibitive even for powerful computers. o
' The branch and bound procedure ‘which will be used pmceeds by an mphcxt
enumeration of all solutions. The set of all solutions is separated into ‘small subsets -
of solutions, using a separation principle; and by examining g such subsets the solutions
are not all considered separately. During the examination, a subset S-is deﬁned as’.
fathomable if one of the following conditions is satisfied: . :
(1) S does not contain a solution better than the best soluuon found so fat.
S can then be eliminated from further consideration. ' o
~ (2) The best solution of S'is better than the best solutlon found SO far. In thls :
case, this solution replaces the old one. '
When a subset S is fathomed it must not be sepatated The next subset can .
- then be examined. :
At the beginning of the branch and bound a‘gorithm all vanables are “free”.
This means that it has not yet been decided which value the vanables will take.
The separation principle consists in selecting a variable y: and constructmg two sub-
sets of solutions. The first subset contains all solutmns for which y; =1 and the.
second contains all solutions for which y: = 0. The first-subset to be examined is
always the one for which y; = 1. If a subset is examined and fathomable, the method .
takes the last variable y; which was set equal to unity and’ takes ‘the other subset'
(for whlch ¥: = 0). To make it possible to fathom a subset 'S, a value B(S) is com-
" puted, which is a lower bound on the value of the objectxve function for all solutions .
belonging to §. If this lower bound is greafer than the vahe of the best solut!on ob— 7
. tained so far, then S is fathomed. }
. To "onsc.ruct the objective ;unctlon of the probxem 1t is- necessaty to deﬁn" )
_variables x,,; which are equal to unity if the element i is’ the seIected element neargest
to j and equal to zero otherwise. The objective funr‘tlon is then. given by | eqn. iand
the constraints are given by eans: 2-6. Constramts 2’ express. that for an eiement j
_ only one distance d;; must be taken into account m the oujectwe ﬁmctxon. Con-_-.
straints 3 express that if an eIement i is not selected: and tne:efore ¥ =0; then the
variables x,; are all zero and the distances between i and all other elements are notiv-f
ccnsrdered. Constraint 4 expresses that p elements-must be* selected. N .
- This nrobIem is solved by a branch and bound algorrthm.. As a subsef: is
-teached after some of the variables y, have been ﬁxed. the foﬁowmg deﬁmtlons c&ni_
’he used fo charactenze thls subset: - .- T : : S _
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: t »of mdxees of vanables set equal to 0 e
= {ly=0} TS
Ky =setof mdxoes of vanables set equal to 1

: ;.— {lly‘—-l}
B Kz ==set of indices of free. vanables ,

{zizéKou&)}

- The cardmals ot‘ these sets are: denoted by mu, m, and m;, respectwely Usmg these
: deﬁmtlons, itis possible to restate problem 1-6as 1t occurs with this subset'

- LEK[UKZJ

subjeotvto the constraints -

. T o ®
j.xu <y = ek, ’ : : ®
.7-.m;+ X p=p A ' (10)
Rz .

¥ =71," R S A an
E7 ,——+'O~ IR 5 A a | (12)
.}’téfosi'}i L iek, . . : (13)
k=0 ik o 14
Xt je{o 13 ieK; UK, ‘ 1s)

tis lmposmble to explam in detail here how the problem stated in this ‘way is solved;
_the complete solution method is given in ref 16.

- DA.TA SE'FS AND CHOICE OF DISTANCES -

- Most of the work was carned out on two sets of retention indices, namely
those gwen by Rohrschneider* and McReynolds*”. The solute composition of the
-latfer was- given_by- Hartkopfm It should be also noted that McReynolds’ work
“included all solutes used by Rohrschneider. This does not necessarily mean that the -
r&sults obtained by using McReynolds™data set are better than those obtained by
using Rohrschnexder s data, and in fact it wauld seem’ mstead that McReynolds’ set
-could-introduce some bias because it contains a 'disproportionate number of sub-
‘stances wzth the same functional group. For example, there are 13 aliphatic saturated
: alcohols {from 63 solutes), while there are only 4 such 'solutes (from 30) in Rohr-
‘schneider’s set. On the other hand, the variety of substances included in McReynolds’
-set is larger. _Thls dlscussxon of data sets leads to the first of the two main objections 7
,;whxeh accordmg to us, can be made agamst ‘the present approach The purpose of
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the seTectxon is to obtain proﬁes that are as reg"esentaﬁve as’ gossféie cf ali sofutes”
which could be chromatographed. Therefore, in theory, the selection procedure
should be basad on th= eniveise of alf GLC data. In practice, of course; this is not pos-"
sible znd necessarily a restricted set must be chosen. This approach afrmdy contains
some subjectivity ana may lead to erroneous conclusions when a biased set is used. {3
seems very probable, for example, that if 20 ketosteroids were added to one of the sets
discussed above, that at least one of them would have been selected as a probe. Also,
when a small group (or even a pair) of closely related substances that are very different
from the other solutes are included, it is probable that one of these would be sefected.-
In fact, this occurs here in the selection of the probe 1.1-difluorotetrachloroethane,
which is discussed later. It is also possible that a single substance that is very different
from all others would be selected. ) )

There is, therefore, no doubt that this objection is valid. It should be realized,
however, that this is also true for all of the other work which has been published on
the subject of the use of probes in GLC. Rohrschneider, whose indices seem to be
generally accepted at present, chose his probes using the data mentioned above and
it should be also noted that much thought was given to the composition of the set
from which they were chosen. Rohrschneider states: “We chose 30 compounds, from
25 different series, contammg theatoms C,H,O,S, N, F,ClL, Brand I and 12 different
functional groups™.

In this study, the distance (1 —g) was used, where g is the linear correlation
coefficient. This constitutes the second objection which can be made -against the
present selection procedure. The correlation coefficient cannot be used in statistical
tests of significance in this instance because the distribution of the retention indices
of a solute over the 25 columns is not normal, as can be observed when carrying out
a x2 test. Even then, g can be considered as a measure of similarity in chromatographic
behaviour. A second, more severe, difficulty when using o is that, for the alkanes
2,4-dimethylpentane, 3-methylheptane, 2-methylheptane, 2,2,3-trimethylhexane and
cyclohexane, the range of retention indices is so small that the values of their corre-
lation coefficients have no significance because they are determined by the random
error in the retention indices and are therefore artificially low. This forced us to
eliminate these substances from the data sets. This was also necessary for 2-iodo-
butane because it was considered!® that some of the retention indices given for this
solute must be erroneous. Consequently, only 62 of McReynoIds’ 68 substances will
be uszd in the present siudy.

PREDICTION OF RETENTION INDICES BY \{ULTIPLE REGRFS;SION

The purpose of this selection procedure is to select better functxonal probes,
which means that they allow a better prediction of retention indices of other sub-
stancas. Such 2 prediction can be carried out by using a model resembling that used
by Rohrschneider, based on linear regression. As there has been controversy about
the correct mathematical way of carrying out this prediction (see, for empIe, ref. 18),
it seems preferable to state in sufficient detail which method was used here. -

_Using the method of Leary ef al.!8 for finding the best values of the coeﬁments
for a given phase by least squares, the model can be sﬁafeé as

¥y = By + Bty + .- + Botgp F 2y .;



' SELECTION OF PROBES BY OPERATIONS RESEARCH TECHNIQUES 541
wéepe}—- LZ ..o n matrix notation:
- y=X8+te 7 7
where
"y is the n-efement column vector of experimental values of 47:
n is the number of liquid phases;
X is an observed n X p matrix;
p is the number of terms which are calculated from the differences in Kovats
retention indices (i.e. the number of probes);
B is a column vector of p unknown parameters;
£ is an n-clement vector of stochastic disturbances due to non-observed and
unobservable variables, and mis-specifications of the model.
Making the assumptions -

E(y)= X8
and

‘&, =0
where X = variance-covariance matrix and fitiing by ordinary least squares, we
obtain the well known result

=X Xy

where ;:1‘ is an unbiased and minimum variance estimator of §. An unbiased estimator
of the variance 62 is given by

e'e  y'My

n—p n—p

s

where M = J — X(X'X)~ ! X’ and e = y — X§. It can easily be proved that X’e = 0.
Rohrschneider’s assumption that (y — XB)i—=¢€'i =0, where i is the n-element
column vector ( 1 ), is generally true only when the multiple regression model contains

: 1
a constant. Because there is no chemical reason to use such a constant, we reject this
assumption.

Using the coeflicients determined in this way, the retention indices of all of the
substances on ali of the stationary phases were calculated for both data sets (Rohr-
schneider and McReynolds). The calculated values were then compared with the
actual values and the standard deviation (¢ in Tables IV-VIII) of the errors was
calculated. This was thought to be a more significant way of describing the value of
the prediction than the more usual calculation of the mean prediction error2.1%11,

RESULTS
It was found that in many instances the heuristic methed yields the optimal

solution directly. This was found by systematically comparing the results obtained
by the hearistic methed and the branch and bound method on a set of 35 substances
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obiained by sm:phﬁcanon of 1‘\!rI<:R‘=.ynoIds’17 set of 6'2 ssbstanc&c by 25 phas& Thxs :
simplification was carried out by calculating the correlation coefficients obtained with -
the retention indices on the 25 phases for all pairs of squtes and carrying out a_
puraerical taxonomic classification of the set. From each pair of closely refated sub- -
stances, one was deleted. It was found for p = 2, 3, 4, 5 that the heuristic sohmon is
the same as the branch and bound solution. The same comparison was carried out -
on p = 3, 4, 5, 6 for the complete set. In this instance both solutions are the same
only for p = 4, and in the other instances the branch and bound solutions resulted in -
small decreases in the objective function. As the time necessary to Carry out the
branch and bound method rapidly becomes prohibitive as p increases, only the -
heuristic solution was computed for values p > 7 for McReynolds® set, while for
Rohrschneider’s set only heuristic calculations were carried out. The p = 7 solution
for McReynolds® set is a solution obtained by the branch and bound method, which,
however, was not carried out until the end. However, it differs ffom and is (slightly)
better than the heuristic solution. -

DISCUSSION

The probes selected from McReynolds’ set are given in Table I and those
obtained from Rohrschneider’s set are given in Table II. Using Rohrschneider’s data
set,” one comes to the conclusion, for example, that if five probes were needed, one
should have selected ethanol, propionaldehyde, acetonitrile, dioxane and thiophene.
The substances for which each probe is representative (i.e. is situated nearest to in
the location model) are given in Table II. Rohrschneider® proposed ethanol, methyl -
etbyl ketone, nitromethane, pyridine and benzene.

It can be observed that ethanol is found both among our probes and Rohr-
schneider’s, while each of the other of Rohrschneider’s probes is fournd (see Table XI)
in a different group represeated by one of our probes. This means ‘hat the same five
factors are represented in both sets of probes. There is, in fact, very little difference
between methyl cthyl ketone and propionaldehyde (g = 0.9995), acctonitrile and
nitromethane (p = 0.9988) and benzene and thiophene (¢ = 0.9989). The difference
between dioxane and pyridine (¢ = 0.9973) is somewhat greater. However, pyridine

is different from ali of the other solutes and the one which resembles it most is
dmxane Therefore, one can conclude that Rohrschneider’s selection and ours are
really analogous.

One can therefore conclude that the selection pracedure yields acceptable and
logical results. To investigate whether the probes selected are as good as or better
than the existing probe sets, a large numbser of probe sets were used to carry out the
prediction procedure described earlier. The results obtained with the now wusual
number of five probec are given in order of predictive ability for McReynolds” and -
Rohrscheeider’s sets in Table IV. In McReynolds® set, probe set 2 is McReynolds’
original proposal and probe set 5 the one obtained from Table I by us. In Rohs-
schneider’s set, probe set 1 is Rohrschneider’s proposal while set 2 is the one extracted
from Table I1. In both instances, the resalts obtained with our selection procedure-are
acceptable, but still worse than those proposed by McReynolds and Rohrschneider.

We have investigated the reason for this discrepancy in more detail” fer
McReynolds” set. Inset 5, the pt&senoe of the first and theiast probes seemss ~urpnsmg. i
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r2 3 4 .5 67 7 8 9 10 1r 12
X ' x X XX
- R X X X X x x X x. X
- .Methyl ethyl ketone '
Nitromethane -
. Pyridine i
o Z-Etbylhexene
.Toluéne : = T - Do .
: Styreng L . ’ X
: Phenyiacetyleae : . x : ) X X
© Acstome” '
"Propionzldehyde - . : : ’ X X X X Xx. X X X
Crotopaldehyde . : s x x
- r=-Butyl acetate
" Acetonitrile o - : X X X ¥ X X X X
Niirocthane : )
Dioxane. ) : x X X X X X X X X
Dx—n-butyl ether ] . . B X X X X X X
. ‘Thiopheéne . ' X X X X X X X
- Chloroform . : ) : X X X X
~Carbon tetrachloride. X X X X
Methyl iodide o
-Ethyl broml&e X
-Dxﬁuorotetrachlomethane X X > X X X
r-Propanol. . s
_ -2-Propanei
Allyl alcohol - .
tert.-Butanol . . ' : : X X
Cyclopentanol o X X '

‘It is found that decalin is representative only of itself, while 1,2-difluorotetrachioro-
: ‘ethéne is representative of itself and the other fluorochloroethane compound in the
set. As discussed above, this is due to the fact that they are very dissimilar from the
- other probes. If a substance is selected as a probe but proves representative only of

‘itself or one or two others, it can be considered as unrepresentative of all of the
- other substances (i.e. nearly the complete set). Therefore, it was reasoned that a good
= solution could have been obtained by selecting as probes only those which are found
: 'to be representative of more than two substances. In this instance, one uses the p = 7
. solution after ehmmatmg detzlm and 1,2-diffuorotetrachloroethane. The resulting set
“of: probes consists. of styrene, ethynylbenzene, 2-p):opanol methyl ethyl ketone and
nitroethane (probe set'1), whxch is found to be better than the ongmal proposal by
n McReynoIds :
There i$ no general agreement that five probes should be used. For example,
: McReynolds first used ten functional probes and the five listed above were selected
by him from this- ongmal set-of ten. One supplier-of GLC phases still uses seven of '
;__these probes™: benzene, - n-butanol, 2-pentanone, nitropropane, pyridine,- 2-methyl-
2-pentanol and 2-octyne (probe set 31 in Table V) Table V also gzves the results ob-




’p‘:Sab:tm:ces

5 Ethanais . -

Pfobzona.déhyd:::

» - Acetonitrile: -
.Dtoxane s
Tl';mphcnc o

Crotonaldehyde

- 'Dzoxane
Thxophene

3 Cyciopemanol:

.. nitrométhane, nitroethane . - ]

" . pyridine, Z-cthvlhexa.ne, dx-r-butylethet ethyl bmtmde p g -
.. “benzene, -toluene,  styrene, pheny!acetﬂene, mrbon tetradﬂ e, met&yl
B ,xodxde, difiucrotetrachlorecthane’ . : :
uhlorofonn, n—pmpanol, 2-p:apancl, a!iyz alceho! :er*-butanol cyclopen—
--tamel < S
prcpxona!dehyde metixyl etlzyi }:erane, aeetone, n-bt.tyl acetate, aeetomtnle,

: ) mtrometliarne, piirocthape : :
- pyridine, Z-ethymexcne, dx-n-bmyl ethcr ethyl m'om_de

" iodide, difiuorotetrachlorgethane
- ethanol, n—propano' Z-p'opana!, allyl a!cohol tert. butauol, chlou:ot'orm,

taaol Dos - ;
methyl. er!zyl keta-ze, aee.one, c:ctonaldeﬁyde, rt-buty acetate

toluene, " benzene, styrene, pheny!aeety!me, mrbon tetrachlonde,f methyl B

pheaylacetyiene, dxﬁuoroﬁetzachloroethane

A Rnhrschpetder 1.

' Ber:zene ) pyridine, 2-cthylhexene-1, styrene, tolucne, d;oxane, dx-tz—butyi ether, thm- -
- phene, carbon tefrachloride, meéthyt rodxde, ethyl bromude - B
Cro-.cna!cehyde. methyl e: thyl ketone, m:rome:hane, acetone, proplona!dehyde, n-butyl acefaﬁe, B
i aoetomuﬂe, mtro#thane BT
TABLEIV : '
,-PREDICI’ION WITH FIVE PROBES o ) S e
Set Rmzmmber Protes L e e
" McReynolds - t © . Styrene, ethynjl&enzene, Z-propanol m..thyl ethyl - 908 T
T S " ketone, nitrocthane
2 Benzene, n—outanol 2-pentanone, n.tropropane
pyndme -
3 Ethanol, prcp;onaldehyde, acetomtnle, 1 4—dzoxane, R
o "‘thiophene . = . B 6
4 Benzese, ethanol methyl et.hyi ketoue, mtromethane, T
. ‘pyridine T G.42-
5. - Decalin, styrens; 3-hexano}, pmpzonaidehyde, ! 2 Bk
- 7. diflyorotetrachloroethase . .

" Benzene, ethgnol, tnethyl ethyl ketone' mtmmﬁmn-,
n pyr:dme B




Ethylbenzene, dm!m,_et ynylbe.nzeue, Z-pmpanol prop:onaldehyde,ﬁ R

~“1,2-diffuorotetrachloraethane - L1689

N :'Ethylbenzene, hvdnndane, hexana] propanoi b I-dlﬁuomethane, 2- e
o methyl-z-pentanoi = o ) R S 86

S Recentiy, several workers have proposed more .- restrlcted sets of ptobes In
2 »Flg. I ‘the ¢ value of the best probe set is represented as a function of the number of
probes sele'.ted ‘As might be- expected, a contmuously descending curve is obtained,

- ‘so-that no distinct preferentlal number. of probes can be deduced'from- this figure.

‘-ff It also. tends to:show that there is no reason to choose a certain number of probes

a prieri or to conclude that this number of factors is sufficient to describe the GLC

" behaviour of a substance. It is rather a question of criteria and how ciose a descnptlon
s of chmmatogtaphxc behawour one wants : :
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Hartkopf and co-workers“"' e have proposed that oniy fous probes sfxoulé be -
used. From considerations of sofubility parameters, they concluded: “jt points out
the redundancy of methyl ethyl ketone as a functionaf probe”. As stated above, there
is, according to us, no reason to conclude that a certain number of probes should
be used. If one decides that the cﬁromaiograph:cbeha‘aoﬁr of the solutes is described
well enough with four probes, then one of the five factors.represented by the  probes
must be eliminated. This does not mean, however, that it is redundant, but only that
it is less important. As shown in Table H, ethanocl, crotonaldehyde, thiophene and
dioxane are selected by our procedure from Rohrschneider’s set. This-means that -
acetonitrile and propionaldehyde, in the p = 5 solution, are replaced with croton-
aldechyde. Hartkopf and co-workers'®!! prefer nitroethane (which closely resembles
acetonitrile). The reason for choosing this nitro derivative while the braach and bound
procedure selects an aldehyde is that they reasoned that the fourth probe in the set
must be a dipole orientator and that it must therefore be a substance whose be-
haviour is determined as exclusively as possible by this type of interaction, i.e. a
substance with rather extreme characteristics. The branch and bound procedure
selects, from among those substances whose behaviour is determined primarily by
dipole orientation forces, the most representative, i.e. o substance whose charac-
teristics are less extreme. It is surprising that according to Lowry et al.'?, the probe
which should be eliminated first from the set of five is benzene. This is in disagreement
with both our results and those obtained by Hartkopf and co-workers!®:it, It is
perhaps due to the criterion chosen by Lowry ef al., based on the ability of the probes
to characterize hquld phases according to their distance from a number of standard
phases.

In Tables VI and VI, the predicied results for several sets of four probes are
given. Sets 3 and 10 in Table VI were taken from Ta" ** IV in the paper by Hartkopf
et al'l, set 3 being his best probe set. Sets 7 and 9 were taken from the paper by
Lowry et al.2. Note that set 9 is Lowry ef al.’s best choice but that, in fact, the other
set {with benzene) is found to be better (although only slightly so). Sets 5, 6 and -8
are sets with the more usual probes, tried by us in an effort to develop a probe set
which would be a better alternative than the probe sets proposad by the other workers.
‘Set 1 is the set selected from McReynolds® set by our procedure (see also Tabie I)
-and set 2 is that obtained from Table II. Set 4 was obtained from McReynolds® set

TABLE VI

PREDICTION WITH FOUR PROBES IN McREYNOLDS® SET

Rank number  Probes - - c
i 2-Propanol, proploaaklehyde i i—dlﬁuorotetrachlomethanc, tfuopheae 10.35
2 Ethanol, crotonaldehyde, thiophese, dioxane - 16.50-
3 Nitroethane, #-propanol, benzere, dioxane 10.83
4 Ethylbenzene; ethynylbenzene, 2-propanol, propionaldehyde 1091
5 nButanol, 2-pentancne, benzene, pyridine - ; 11.03
6 Ethanol, benzene, methyl ethyl ketone, pyridine X 11.61
7 Renzepe, r:-butaﬁe!, mtropsogase pyridine ) 1172
2 - ~n~Bumg;., 2-penmp.eue, mt:ogzogane, pyndme - - 1192

6

Nitroethanme, chioroform, bepzene, dioxeie = -~ | - - 1260
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CTABLEVIE .. - .. .o

/PREDICHON WITH FOJR PROBE IN ROEERSCI{NEIDER’S SET s )

Rank number  Probes =~ - - - - &

1 Ethanol, crotonaldehyde, thiophene, dioxane '_ T 1.59
2. - Nitroethane, a-propanol, benzene, dioxane s 7.71
3 Benzene, pyridine, acetone, ethanol . R 8.50
4 ~ Ethanol, benzeae, methyl ethyl ketone, pyridine 8.62
Sr 2-Propanol, propionaldehyde, 1 E-dzﬁuorotetracn_oroethane, thiophene 9.60

using the p = 6 solution in Table I, after elimination of two probes representative of
less than three substances.

There can be no doubt in this instance that the results obtained by the branch
and bound method are consistently better than those obtained by chemical reasoning.
This statement should not he taken as an invitation fo stop reasoning in this way,
but only as an indication that a “chemically blind” mathematical method can serve
as a guide in such theoretical work.

- It would be tedicus to examine Table VII in the same detailed way and it wili
suffice to note that the best result is that obtained using the p = 6 result from Table II
after climination of two probes for the reasons explained above.

- If only three probes are used, then according to Table II they should be
benzene, crotopaldehyde and cyclopentanol. Benzene is now representative of the
typical dispersion force probes and pyridine, dioxane and other probes which have

" been identified as proton acceptors. This set is analogous to the set of three chosen
from McReynolds’ data sei, i.e. 2-propanol, crotonaldehyde and thiophene. Our
conclusion is in agreement with that of Lowry ef al. in the sense that from their Table I
one observes that the best results are obtained with an alcohol, a ketone or a nitro
derivative and an aromatic compound or pyridine. However, only the set benzene,
n-butanol and mifropropane or 2-propanone yields a prediction result comparable to
the probe set proposed by us. The set benzene, n-butanol, 2-pentanone even provides
the best result (¢ = 11.42). The sets containing pyridine instead of benzene yieid
much poorer results (sets 9-11). The sets 2-7 were obtained by the branch and bound
method using either Rokrschneider’s or McReynolds® set, (1—p) or 4/1—¢ as the
similarity parameter and p = 3, 4 or 5 results (the latter two after elimination of one
or two probes). Therefore, one observes again that the prediction is usually better
with branch and bound methods than with literature results (Lowry ef al. proposed
as the best probe choices sets 10, 9 and 8 of Table ViiL in that order, set 1 bemg only
their fourth choxce.)

- By comparing the classification of the substances in Rohfschnexder s set ac-
cording to the nearest probe for p = 5, 4 and 3 in Table I, one observes that the
classification for p = 4 is simply obtained by grouping the propionaldebyde and
Aacetonitrile classes in the p = 5 classification. When going from p =4 to p = 3, all
“of the solutes in the dioxan class come together with most of the thiophene-class
solutes. Two compounds from the latter are relocated, however: phenylacetylene
and d:ﬂuorotetracmomethane are now found togethier with the alcohols. This seems
-to indicate that classification with p = 3 becomes uncertain and that p = 4 is there-
fore the sumber of ptobes where the comptoxmse between expenmental convenience
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TABLE VIIZ -
PREDICTION RESULTS WITH THREE PROBES IN McREYNOLDS' SET
Ratk number  Probes - . G
1 Benzene, n-butanol, 2-pentanons . 11.42
2 Z-Propanol, propionaldehyde, thiophene 11.73
3 Ethyibenzene, 2-propanol, hexanal 1201 . . .
4 2-Propanol, cretonaldehyde, thiophene 12.03 <
-5 Ethanol, crotonaldehyde, thiophege 12.04
§ Styrene, 3-hexarol, propionaldehyde 12.35
7 Benzene, crotonaldehyde, cyclopentanol 12.6%
8 Benzene, n-butanol, nitroprepane 13.56
9 n-Butanol, 2-pentanone, pyridine - 14.10
10 n-Butanol, nitroproparce, pyridine 15.81
i1 n-Butanol, pentanone, nitropropane 16.63

ard closeness of fit of the descrrptzon is optimal. The results indicate that the sets
proposed by us are often better than those already proposed in the literature. We
should state explicitly that this does not mean that we propose ihat the use of existing
probe sets should be discontinued; the existing probe sets are rarely much worse and,
in any case, the same factors (proton donors, dispersion force, etc.) are selected. The
choice of the actual probes, moreover, is clearly dependent on the data set used.
Also, we think that it would be preferable if a group of experts were to decide finally
what probes should be used for the general characterization of stationary phases.

As stated by Haken??, there is little value in the continued introduction of
general schemes which are essentially similar; we have included the word “general”
here because we think that it could be very interesting to develop probe schemes for
more restricted groups of compounds such as e.g. lipids. This would than allow classi-
fication and selection of preferred phases for analysis of this restricted group of
compounds. A combined information theoretical-npumerical taxonomy selection
proecedure proposed by us in collaboration with Eskes ef al?! leads to different
preferred phase sets for groups such as aldehydes and ketones or alcohols. We con-
cluded, therefore, that there is little point in trying to develop a small set of preferred
phases for all GLC usés. It cannot be denied that there is a large redundancy in GLC-
phases but, at the same time, one cannot reasonably hope to achieve all GLC sepa-~
rations with a restricted general set of phases. This conclusion is also in agreement
with the findings of Haken!?, who noted that general preferred phase sets are of liitle
value in a feld such as lipid analysis. We would therefore like to complement our
conclusion in the earlier paper® by proposing to reduce the number of existing phases
by examining the major specialized areas of application of GLC (such as lipid
analysis) and developing preferred phase sets for those areas.

In the same way as general preferred phases are often of no value in specialized
fields, it also seems preferable to select special probes for those fields. Until now, the
selection of probe sets for specialized fields of GLC has not been undertaken, because
of the difficulty of seiecting such probes by chemical reasoning. It should be noted
that the selection procedure used here does not presuppose any knowledge of the
physico-chemical nature of the substances so that it should be of value for the selection
of ﬁmctzonal probes in such specxahzed areas of GLC. Those who are deterred by
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the rather mvolved mathematxcs of the branch and bound methods should be
reminded that the results obta.med by the very simple heuristic method are nearly as

good”. - T

_This plea for specxahzed probes should not be mistaken as an ifnvitation to

" abandon general probes. It is obvious that these are necessary to unify the field of
GLC and that both a general characterization and a general classification of phases
is an important first step in the selection of these phases. Moreover, the probe concept
has been, and still is, of great value in understanding the interactions between solutes
‘and stationary phases and it is in this respect that the work of the authors cited is
important and worthwhile.

Finally, it should be noted that the application of these methods is, of course,
not limited to GLC and that it should be useful-in other areas of separation science.
More generally, operations research provides a number of hitherto insufficiently used
methods of great potential value in analytical chemistry.
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