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SUMMARY

Numerical taxonomy of the retention indices of the methyl and pentafluoro-
benzyl esters of ten chlorophenoxy alkyl acids-has been employed to determine the
relationships between phases used for gas-liquid chromatography.

INTRODUCTION

In a previous paper' we described and compared the gas-liquid chromato-
graphic (GLC) behaviour of the methyl and pentafluorobenzyl (PFB) ester of ten
chlorophenoxy alkyl acids on different liquid phases with increasing McReynolds
constants. On liguid phases with similar McReynolds constants, identical separation
patterns and analogous retention indices were established. A plot of the retention
indices against a specific polarity constant from the McReynolds system gave com-
plete information about the GLC behaviour on the examined phases. On more polar
phases the retention indices of the chlorophenoxyacetic acid derivatives showed
larger increases in comparison with the other derivatives. This also explained the
changes in the elution order with increasing phase polarity.

... We now examine whether these selected GLC phases can be classified, using
the retention indices of the methyl and PFB esters of the ten structurally related
chlorophenoxy alkyl acids as test substances. The method employed is that of numer-
ical. taxonomy, prevmusly apphed by Massart and co-workers- 27,

" - Taxonomy can be defined as the classification of individual species into groups
with respect to their mutual resemblance. These groups can be finked to form more
extensive groups, so genetatmg a hierarchical system. In numerical taxonomy, a part
of the “cIuster -analysis deve[oped By Sneath ‘and Sokal®, the object is to classify
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operational taxonomic units (OTUs) according to the values of a set of (taxonomic)
characters. For example, solvents used for thin-layer chromatography (TLC) can be
classified according to the resulting migration patterns for a mixture of compounds.
The TLC solvents are the OTUs and the migration patterns the taxonomic charac-
ters, the values of which are given by the respective Ry values in the different solvent
systems. The next step is to compare each OTU with the other OTUs and to evaluate
their rescmblance. The taxonomic similarity between pairs of OTUs is represented by
means of one calculated value, the “similarity™ coefficient. In chromatography, two
important ““similarity™ coefficients are the distance coefficient and the correlation
coefficient.

The distence coefficient

The greater the distance between the taxonomic characters of two OTUSs, the
greater is the mutual lack of similarity. Many mathematical f~rmulae have been
derived to express the distance between OTUs. A convenient formula was elaborated
by Sneath and Sokal®, which yields the taxonomic or Euclidean distance, D

12
2

where j and k are the OTUs, in this case the selected GLC phases on which the
separations are performed; x;;is the numerical value of the (taxonomic) character i for
OTU j, i.e., the retention index of compound i/ on phase j; n is the number of (taxo-
nomic) characters or the number of compounds that is injected on each examined
GLC phase.

The correlation coefficient

The correlation coefficient must be regarded =s a mathematical expression of
the relationship and/or proportionality between pairs of OTUs. When two chromato-
graphic systems show a high correlation, the ficst system yields practically no further
information about the second. Moffat and co-workers®'1® demonstrated that pairs of
chromatographic systems, the retention parameters of which show the lowest corre-
Iation, yield the highest “‘discriminating power”.

The dendrogram

Afterthesimilantycoefficients have been computed, a ““similarity” matrix, i, %
Inax (Imae = number of OTUs), can be constructed, which is the basis of the actual
classification step. The purpose of this is to form “clusters™ of OTUs for which
within-group distance or variance is minimized and between-group variance is maxi-
mized. To achieve this, a variety of linkage or clustering techniques can be applied.
The main consideration is to select the smallest distance or the best correiation.

If the most similar GLC phases, e.g., A and B, are assumed to belong to one
group A’, the distance between this group and the other liquid phases can be calcu-
lated:

1
Dy = 3 (Dsc + Dyo)
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So the two columns with two series of similarity coefficients for A and B can be
climinated from the matrix and replaced by one column with one series of similarity
coefficients for A’. In this way a new matrix is constructed and the procedure is
repeated until only one column with one series of coefficients remains. This method of
matrix reduction, calculating the arithmetical mean, is called the “weighted pair
group” method.

In the next step the dendrogram is constructed which illustrates graphically the
resulting classification. From the dendrogram, appropriate chromatographic systems
-<an be selected.

RESULTS

We have examined whether the retention indices (Tables I and II) of the meth-
yl esters or the PFB esters of the ten chlorophenoxy acids are useful as taxonomic
characters to demonstrate the similarities or differences between the ten GLC phases.
Both the correlation and the distance coefficients were tested.

The correlation coefficients

The PFB esters. In Table III the correlation coefficients between the retention
indices of the ten PFB esters on each GLC phase are compiled in a 10 x 10 matrix. It
is clear that the GLC phases XE-60 (6) and OV-225 (7) exhibit the best relationship.
In contrast, the correlation between phases DC-200 and OV-275 is very poor. So
phases 6 and 7 may be considered as belonging to the same group, 6°, which is related
to the other phases by the arithmetical mean values:

6) + (7) —» (6"): 1 versus 6: 0.9879 . 5
r = 0.9999 { 1 versus 7: 0.9885 5 1 versus 6 0.9882

2 versus 6: 0.9795 ,
— 2w 6 — 0.
{ 2 versus 7: 0.9802 versus 0.9799

{3 versus 6: 0.9824 — 3 versus 6 — 0.9827
3 versus 7: 0.9820

4 versus 6: 099507 _, 4, 6 — 0
{ 4 versus 7: 0.9955 versus 9953

5 versus 6: 0.9956 , <
- Sv 6 = 0.
{ S versus 7: 0.9962} versus 09959

8 versus 6: 0.9981 ,
; 6 = 0.9981
{8 versus 7: 0.9981 - 8 1ersusr
9 versus 6: 0.9928
9 versus 7: 0.9928

{10 V_érslls 6: 0:9832} - 10 versies 61 — 0.9832
10 versus 7: 0.9832

9 versus 6 = 0.9928

. A new _'rejdnicegi 9-x 9 matrix_can be obtairied (Table IV). In this matrix the best
. relationship is shown for phases 4 (OV-17) and S (QF-1), belonging to a comimon
- group 4’ This matrix is also further reduced as follows:



09¥E £9te TGEE 11433 Lvee 162¢ g18e 6vT 08r2 14444 d4d-aL-s'v'T (o1

u pOLE 8LIE 1218 trie sele 901¢€ 99T zeee 62LC 8LTT ad-aa-+c (6

U 78l LY0E L90¢ peos €20t (A{i1) 1967 [4X4/ €97 s0zT QId-gdON (8

& POLE Lyig 0§l $80¢ 080¢ Tiot 1962 ovee A L31T fAd-L-$''T" (L)

m 290¢ p06Z £96T 6167 (4114 7882 09b7 1617 6L1T 81T QAd-dL-sv'T (9

Z8l¢ 7807 9962 6167 T167 6¥82 80¢C 811z 0607 190 qdd-a'c ()

% 7567 8.7 BLLT 1LLT 09LT £ELT 91€g 0907 vhoT 0861 qdd-da-v'c ¥

o ©900¢ 0282 1782 1LLT 9L £eLT 91z LEQT 1207 ¥961 qAd"VdON , (€)

) 618c 0092 AT 1y9T LZ9t §e97 67T 8661 8.61 2061 11d-ddON @)

M 9pLT 125¢ LSST £95¢ 1494 LSt 4114 £561 $e6! 8p81 d4d-41d0. (1)

m (A0 dvdd VOIN  §22°A0 09-3X 140 L140 1H2a  002-2a (‘%) —

0 auppody . Aoy
a

o} SudLSH €:dd O SFIIANI NOLUNZLTY

” 1a14avL

LT 61LT 1§92 6192 0452 6LYT 99tT 7961 56! 8961 ‘HO-0L-5'%'T (0D

(44 1444 19v2 ‘8 £6€C 91ET 9012 g181 0081 96L1 ‘HO-aav'e (6)

01sT [A 7 (4114 LEgT 88CC 444 ¥20z 9sL1 0bLl veELl ‘HO-adOW  (8)

14414 I56¢T 12474 €0yt 6hET 1441 60T £SL1 9ELT pELL SHO-LSY'T (L)

274 ILET 00¢T 88C7 SETT 0LIT 8461 8ELI 9tLl S0L1 *HOdL-SY'T (9)

1787 $0LT 1.7t 1744 6812 6607 0061 gi91 b6st v6s1 ‘Ho-a'z (¢)

Lree e 14414 [A214 680C 141114 L8l L6§1 0481 L9§1 ‘HO-da¥'T ()

(4134 Wit 24t £ 650T 661 Tist 651 143 (443! "HO-VIOW ()

Lae ST 8£07 §E0T 3.1 Ly6! 6Ll 9Ks1 6181 LoY) OddON (@)

91T §202 0561 §561 Lo61 1681 £0LI 86k ( Sivl 12244 ‘Ho-aidd (1)

§LT°A0 dVdd VOIN  §T240 09-9X 140 L0 H2a  00-0a (*2) _

aupjody 483

(1 'jo1 4o avnunro}

Jog) prov apkingAxouatdoopdin-g'y' = 416"ty pton sukingAxouaydosoppip-p'z = (CI-p'c v dukingAxouatdoopihyiom = W prov apauivousyd

“DIOPIIC'Y'T = 1o5*H'T (p1ov ouotdod-g-Axotatidotoppnii-g ' T = JL5'p'z tpon opoonixouatdotopoip-p'z = q-p't ‘piov spwoidosd-z-Axouatdosofyoip-p'z

= JC1-4'7 iplov onasuAxouaydosopalAiiawt = v {po squordosd-z-Kxouoydolojaiftpawt = J 1N pov spkinqosidxousydosod-d = J{dD stopuianqqy

m SUHLSH TAHLIW 40 SHDIAN] NOLNHLHY

1474vL



341

NUMERICAL TAXONOMY OF GLC PHASES

'

0000'1 stz-A0 (o1)
1L66'0 0000°1 dvdd @
8066'0 8L66°0 0000°1 VOIN (8)
7686'0 87660 1866°0 0000'1 STTA0 (L)
7686'0 87660 18660 66660 0000' 099X (9)
9596'0 1186°0 0660 19660 9566'0 0000"1 0 ©)
7796'0 06L6'0 6860 §566°0 0566'0 $666°0 0000°1 LI*"A0 ()
££€6'0 £656'0 pIL6'0 6286'0 2860 0v66°0 15660 00001 11:0a (g)
1826'0 §1$6'0 £896°0 20860 $6L6'0 L2660 0660 $666'0 0000°T _ C0z-0a (@
£996°0 8696'0 16460 $886'0 6L860 6966°0 1866°0 16660 8866'0 0000'1 | sujody m
§L2°40 dVid VDIN  SZ-AO 099X 140 LI40 1-oa  zoag  auvody o

01 6 8 . 9 3 y £ H I TR

t
i

SASYHd 01D QANIAYXE THL NO SHHALSH €:dd GHL A0 SADIANI NOILNALTY FHL NIIMLAE SLNIIDI4900 NOLLYTIYU0D

Tyl



342 J. O. DE BEER, A. M. HEYNDRICKX

TABLE IV
REDUCED 9 x 9 MATRIX

1 2 3 4 5 6 8 9 10
1 1.0000 0.9988 0.9991 0.9981 09969 0.9822 09791 0.9648 0.9443
2 1.0000 0.9995 09942 0.9927 0.9799 09683 0.9515 0.9281
3 1.0000 09951 0.5940 0.9827 09714 0.9553 0.9333
4 1.0000 0.9995 09953 0.9894¢ 0.9750 0.9622
5 1.0000 09559 0.9%904 0.9811 0.9656
6 1.0C00 0.9981 0.9928 0.9832
8 1.0000 0.9972 09908
b4 1.0000 09971
10 1.0000

] e O ees) — 1 versus 4’ = 09975

2 versus 4: 0.9942 - ,
{2 versus 5: 0.9927 2 versus 4 = 0.9935

{3 rersus 4 O ooy = 3 versus 4’ = 0.9946
6" versus 4: 0.9953
6" versus 5: 0.9959
8 versus 5:0.9894
8 versus 5: 0.9904
{3 v ooan} — O versus 4 = 0.9801
10 versus 4: 0.9622
10 versus 5: 0.9656

— & versus 4 = 0.9956

— 8 versus 4" = 0.9899

— 10 versus 4 = 0.9639

In the same way. new mairixes (8 x 8, 7 x 7, ...) can be constructed which are
reduced step by step.
The best correlation coefficients in each reduced matrix are:

6 +7 —-6 r=09999 inl0 x 10 matrix
4 +5 -4 r = 0.9995 9 x 9
2 +3 -2 r=0.9995 8 x 8
1 +2 517 r=0.9990 7 x7
6 +8 —-8 r=09981 6 x6
9 +10-9 r=09971 S5x5
” +4 - 17 r=09958 4 x 4
8 +9 =8 r=09937 3x3
8 + 1" ->1" r=09730 2 x2

Hence the dendrogram can be plotted as shown in Fig. 1. This illustrates the relation-
ship of one individual phase with other grouped phases. So it seems that OV-17 and
QF-1 are more similar to the apolar phases and the NPGA is more similar to XE-60
and OV-225 than to FFAP. On this, dendrogram we can also distinguish two separate
groups of liquid phases with different chromatographic properties.
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Fig. 1. Dendrogram plotted by means of the correlation coefficients of the PFB esters.

The methyl esters. The same methodology is followed for the methyl esters. The
correlation coefficients between their retention indices on the ten GLC phases are
given in Table V. This 10 x 10 matrix also can be reduced step by step. The highest
correlation coefficients in each reduced matrix are:

6 +7 -6 r = 09999 in 10 x 10 matrnx
2 +3 =52 r=09999 9x9
4 +5 -4 r = 0.9989 8 x 8
1 +2 -1 r=009986 7 x7
6 +8 -8 r=109979 6 x 6
9 +10-9 r=0999 5x5
IV +4 54 r=09945 4 x4
8 +9 -8 r=09883 I x3
1”7 + 8 = 1’ r = 0.9669 2 x2

The resulting dendrogram is plotted in Fig. 2. A similar pattern between the GLC
phases is seen as for the PFB esters.

The distance coefficients

-The PFR esters. In Table VI the dlstance coefficients between the retention
indices of the ten PFB esters on each GLC phase are compiled in a 10 x 10 matrix.
The smallest distance is found between phases XE-60 and OV-225. Stepwise reduc-
tion of each matrix using the “weighted pair group™ method yields for each matrix
the lowest ““distance™ coefficients:

34.76 in 10 x 10 matrix
5042 9-x 9
7605 -8 x 8

6% 7 =6 D
24+ 3 27 D
&+ 9 -8 D
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Fig. 2. Dendrogram plotted by means of the correlation coefficients of the methyl esters.

6 + 8 6" D=12684 7 x7
54+ 6°>5 D=19L19 6 x6
1 + 22 -1 D=21029 5x5
5+ 10 — 100 D = 638.86 4 x 4
'+ 4 -4 D=100997 3 x 3
4 + 100 - 10" D =227093 2 x 2

The resulting dendrogram is plotted in Fig. 3.

The methy! esters. In Table VII the 10 x 10 matrix is given for the distance
coeflicients between the retention indices of the ten methyl esters on each GLC phase.
Here the smallest distance is found between DC-200 and apolane (Cg,). After step-
wise reduction of this matrix, the lowest distance coefficients for each matrix are:

43.31 .in 10 x 10 matrix

1+ 2 -2 D=

74+ 8 -8 D= 7198 9x9
2+ 3 -3 D= 80.78 8 x38
6 + 8 -6 D= 19515 7 x7
5+ 6 >5 D= 3188 6x6
9 +10 -9 D= 31908 5x5
5+ 9 -5 D= T1945 4 x4
¥+ 4 -4 D= 87431 - 3 x3
4+ 5 >4 D=155140 - 2 x2

The resulting dendrogram is plotted in Fig: 4,
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Fig. 3. Dendrogram plotted by means of the distance coefficients of the PFB esters.

DISCUSSION

Similar GLC phases can easily be recognized by observing the position of the
chlorophenoxy acetic esters on the chromatograms with respect to the other chloro-
phenoxy esters. In contrast, the *“‘2-propionic™ and ““butyric™ esters cannot be em-
ployed to elucidate any relationship between GLC phases, based on their correlation
coefiicients.

The resulting dendrograms, plotted by means of either the correlation coef-
ficients or the distance coefiicients, divide the examined GLC phases into two main
groups which can be designated as “apolar™ and “polar™, reflecting the strongly
divergent separation patterns. The significance of the correlation coefficients is ques-
tionabi¢c since the number of examined solutes chromatographed on the different
GLC phases is rather small and the correlation coefficients between their retention
indices on these phases are rather high. However, when the two dendrograms are
considered together, the resulting classification of the GLC phases is exactly as pre-
dicted by classical theories. In both dendrograms four groups of phases can clearly be
distinguished:

(1) strictly apolar phases: Apolane (Cg;), DC-11 and DC-200

(2) intermediate apolar phases including OV-17 and QF-1

(3) intermediate polar phases including XE-60, OV-225 and NPGA

(4) extremely polar phases including FFAP and OV-275

The dendrograms, obtained from the distance coefficients, exhibit a similar
phase classification. It is noteworthy however that QF-1 and OV-17 in both den-
drograms are classed in a different cluster and are considered as not related. OV-17
is in the same cluster as apolane (Cg,), DC-11 and DC-200; QF-1 on the other hand is
related to XE-60, OV-225and NPGA. In these dendrograms-there is also only one
group of intermediate phases, w1thout any distinction between intermediate apolar
and mtermedlate polar phases T
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Fig. 4. Dendrogram plotted by means of the distance coefficients of the methyl esters.

The strong polar character of OV-275 is confirmed. In the dendrogram of the
methyl esters, FFAP must be considered as a strong polar phase clustered with OV-
27.5, but in that of the PFB-esters FFAP and NPGA are linked with XE-60 and OV-
225. Here OV-275 appears as an isolated extremely polar phase.

The ““distance”™ between polar and apolar phases is more clearly expressed by
the retention indices of the PFB esters than those of the methyl esters. We believe,
however, that the phase classification is more exactly reproduced by the correlation
coefficients, perhaps because the whole separation patterns are compared. Never-
theless, the dendrograms plotted by means of the distance coefficients allow one to
select those GLC phases, whose mutual distances, expressed by the respective dif-
ference between the retention indices of each test solute, differ most. Numerical tax-
onomy using both the correlation and distance similarity coefficients is an important
mathematical tool, enabling the classification and combination of chromatographic
systems.

The obtained results allow to consider two extreme points of view: the first
believes in the use of a limited set of phases to solve all GLC problems; the second
states that complicated separations cannot be achieved using a restricted set of GLC
phases. We conclude that the selection of an optimal set of liquid phases and the
chromatographic information they provide remains influenced by the studied series of
chemically related compounds. It is not the aim of numerical taxonomy to develop a
classification system for GLC phases, but to select those GLC phases which yield
identical or divergent separations of a group of compounds.
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