
foumal~o~chromafogroplly, 2% (1982) 337-349 
Els,ricr ~cntific ~b~g~companY, Amsterdam - Priated in The Netherlands 

tih;&I4&&.~0~0~~-~ OF-cOMMOP~ PtiEs FOR GM-LIQUID 
c:~~obmmcmwm,us~~~ CHL~ROP~ENOXY ALRYL ESTERS AS 
TEST SL33SK~ES . 

JACQUES 0. DE BEER* 

hzsfifuuf voor H_vgiSne en Epidemiilogie, J. Wyfsmansfraaf 14, R-1050 Brussels (Belgium) 

and 

AUBIN M. HEYNDRICKX 

bboraforiwn ~mr Toxicologti, K~kswziversitei~ te Gent, IfospitaaLsfraat 13, B-9000 Ghent (Belgium) 

(Received August 7t4 1981) 

SUMMARY 

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

IN-I-RODUCl-ION 

In a previous paper’ we described and compared the gas-liquid cbromato- 
graphic (GLC) behaviour of the methyl and pentafluorobenzyl (P’FB) ester of ten 
chlorophenoxy alkyl acids on different liquid phases with increasing McReynolds 
constants. Onliquid 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 behaviouron the examined phases- On more polar 
phases the retention indices of the cblorophenoxyacetic acid derivatives showed 
larger increases in comparison with the other derivatives. This also explained the 
changes in the &&on 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.taxoqom$; previons!y applied by Massart and co-workers-“‘. 
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_ Taxonomy~can be defined as the clas&c&ion of individual species into groups 
with respect to their mutual resemblance. These groups can be linked to form more 
extetive~g@ups$5 generating a fi&erarchicaf system. Zn numericaftaxonomy, a part 
of the %hrsterzlr-analysis develop&i by Sneafzf. and SokaI@, the object gs to cfassi@ 
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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 RF values in the different solvent 
systems. The next step is to compare each OTU &th the other OTUs and to evaluate 
their resemblance. 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 distcnce coefficient 
The greater the distance between the taxonomic characters of two OTUs, the 

greater is the mutual lack of similarity. Many mathematical formulae have been 
derived to express the distance between OTUs. A convenient formula was elaborated 
by Sneath and Sokals, which yields the taxonomic or Euclidean distance, D 

wherei and X- are the OTUs, in this case the selected GLC phases on which the 
separations are performed; xii is the numerical value of the (taxonomic) character i for 
OTUj, Le., the retention index of compound i on phasei; n is the number of (taxo- 
nomic) characters or the number of compounds that is injected on each examined 
GLC phase_ 

The correlation coejrficient 

The con-elation coefficient must be regarded 2s a mathematical expression of 
the relationship and/or proportionality between pairs of OTUs. When two chromato- 
graphic systems sho_w a high correlation, the first system yields practically no further 
information about the second. Moffat and co-workers9*” demonstrated that pairs of 
chromatographic systems, the retention parameters of which show the lowest corre- 
lation, yieId the highest ‘discriminating power”. 

The dendrogmm 

After the similarity coefficients have been computed, a “similarity”matrix, i_, x 

inwl (i,, = 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 correlation. 

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: 
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So the two columns with two series of similarity coefficients for A and B can be 
eliminated from the m&ix 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 tiohnnn with one series of coefficient&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 
can be sekcted. 

RE!3JLTs 

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 arithmetic& mean values: 

l 1 1 versus versus 6: 7: 0.9879 0.9885 1 + 1 versus 6’ = 0.9882 

( 2 2 versus versus 6: 7: O-9795 O-9802 1 + 2 versus 6’ = O-9799 

-l 3 versus 6: 0.9824 + 3 versus 6’ = 0.9827 
3 versus 7: 0.9829 

I 

-t 4 4 versus versus 6: 7: 0.9950 0.9955 I - 4 versus 6’ = 0.9953 

{ 5 5 versus versus 6: 7: 0.9956 0.9962 ) --, 5 versus 6’ = 0.9959 

-t 8 8 ‘versus versus 6: 7: O-9981 0.9981 1 --, 8 versus 6’ = 0.9981 

( 9 9 versus versus 7: 6: 0.9928 0.9928 1 --, 9 versus 6’ = 0.9928 

( 10 Grsus 6: 7: 0.9832 -+ 10 verszts 6’ = 0.9832 
10 versus 019832 

1 

A new .iekced -2 -x 9 mat& can be obt&i&d (Table IV). In this matrix the best 
relation&p is’sho& for pha-.-k (OV-;!7) kd 5 (QF-I), belonging to a common 
group 4’_-This_matrix is also f&her reduced as follows: 
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TABLE IV 

EtEDucED 9 x 9 MA-rFux 

1 2 3 4 5 6 8 9 10 

I 
2 
. 

i 
5 
6 
S 
9 
10 

I.0000 0.9988 0.9991 0.9981 0.9969 0.9822 0.9791 
1.0000 0.9995 0.9942 0.9927 0.9799 O.%S3 

l.oooo 0.9951 0.9940 09827 0.9711 
l.OiIOW 0.9995 0.9953 0.9894 

1.OcmO 0.9959 0.9904 
1.Oanl o.!m31 

1.0000 

0.964s 
09515 
0.9553 

0.9790 
0.9811 
0.9928 
0.9972 
1.0000 

0.9443 
0.9281 
0.9333 
0.9622 
0.9656 
0.9832 
0.9908 
0.9971 
Loo00 

a 1 1 versus 4: 0.9981 > + 1 - 1 5: 0.9969 versus 4’ = 0.9975 versus 

-t 2 2 versus ~ersIIs 4: 5: O-9942 o_gg27 > --, 2 versus 4’ = 0.9935 

1 3 3 versus versus 4: 5: 0.9951 0.9940 3 + 3 versus 4’ = 0.9946 

1 B’ 6’ rer.sus versus 4: 5: 0.9959 0.9953 I --, 6’ versus 4’ = 0.9956 

C 8 S reTsILT ~erszis 5: 5: 0.9894 0.9904 l -+ 8 versus 4’ = 0.9899 

-t 9 9 versus versus 4: 5: 0.9790 0.9811 1 3 9 versus 4’ = 0.9801 _ 

1 10 10 versus versus 4: 5: 0.9622 0.9656 1 -+ 10 versus 4’ = 0.9639 

In the same way, new matrixes (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 -1-7 +6 r = 0.9999 in 10 x 10 matrix 
4 -I-5 +4’ r = 0.9995 9x9 
2 +3 -+r r = 0.9995 sxs 
1 f2’+1’ r = 02990 7x7 
6’+s +s r = 0.9981 6x6 
9 -l-10+9 r = 0.9971 5x5 
1’ + 4’ + 1” r = 0.9958 4x4 
8’ + 9’ -5 8” r = 0.9937 3x3 
8” + 1” + 1”’ r = 0.9730 2x2 

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 X-60 
and OV-225 than to FFAP. On this&endrogram we can a@ distinguish two separate 
groups of liquid phases with different chromatographic pro&ties. 
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Fig. 1. Dendrogram plotted by gmans 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 t7 +6 1 = 0.9999 
2 +3 +2 I- = 0.9999 
4 +5 -4’ r = 0.9989 
1 +2’+1’ r = 0.9986 
6’t8 -+8 r = 0.9979 
9 +10+9 r = 0.9969 
1’ + 4’ 44’ r = 0.9945 
8’ + 9’ + 8” r = 0.9883 
1” f 8” --, 1”’ r = 0.9669 

in 10 x 10 matrix 
9x9 
8x8 
7x7 
6x6 
5X5 

4x4 
3x3 
2x2 

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

6.. t ;7 i f5-_ D = 34.76 in 10 x_ 10 matrix 
2-L + 3- +-T- -D = -SO_42 : 9_- x 9 
8: + -9 --, 8’ _D_~= 76.05 .i 8_ x 8 
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Fig. 2. Dendrogram plotted by means of the con-elation coe6icients of the methyl esters. 

6’+ 8’ 46” _D = 126.84 7x7 
5 + 6’45 D = 191.19 6x6 
1+ T-1 D = 210.29 5X5 

5’ + 10 --, 10’ D = 638.86 4x4 
1’ f 4 + 4’ D = 1009.97 3x3 
4’ + lo’ + lo” D = 2270.93 2x2 

The resulting dendrogram is plotted in Fig. 3. 
The methyl esters. In Table VII the 10 x 10 matrix is given for the distance 

coefficients between the retention indices of-the ten methyl esters on each GLC phase. 
Here the smallest distance is found between DC-200 and apolane (C,,). After step- 
wise reduction of this matrix, the lowest distance coefficients for each matrix are: 

1+2-+2’D= 43.31 
7+8+8’ D= 77.98 
2’+ 3 +3’ D= 80.78 
6 + 8’ --* 6’ D = _195.15 
5 f 6’ + 5’ ‘D = 318.89 : 
9 + 10 --, 9’ D = 319.08 
5’ A- 9’ 4 5” D = 719.45 
3’; 4 44’ D = 874-31 
4’ .+ 5” 4~ 4”. D = 1551.40 . 

in 10 x 10 matrix 
9x9 
8x8 
7x7 
6x6 
5x5 
4x4 
3x3 
2x2 

The resulting dendrogram is plotted in Fig; 4, 
.- .. 
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347 

Fig_ 3. Dendrogcam plotted by means of the distance coeEcients 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 “Zpropionic” and “butyric” esters cannot be em- 
ployed to elucidate any relationship between GLC phases, based on their correlation 
coefficients. 

The resulting dendrograms, plotted by means of either the correlation coef- 
ficients or the distance coelIicients, divide the examined GLC phases into two main 
groups which can be designated as “apolar” and “polar”, reflecting the strongly 
divergent separation patterns. The siguikance of the correlation coefficients is ques- 
tionable 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 chtssifrcation 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 (C,,), DC-l 1 and DC-200 
(2) intermediate apolar phases Including OV-17 and QF-1 
(3) intermediate polar phases including XE-60, OV-22.5 and NPGA 
(4) extremely polar phases including FFAP and OV-275 
The dendrograms, obtained from the distance coefficients, exhibit a similar 

phase classifktion. It is noteworthy however that QFil 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 apol_ane (Ce,), DC-11 and DC-200; QF-l-on the other hand is 
related to _XE-fjO, OV-225 ‘z&d NPGA. In _&se dendrograms-there is also only one 
group_ of intermediate p&s&,- without any distinction ljetv&en intermediate apolar 
and intermediate polar phases. --~ : -. r -.- 

-- -. 
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l-30 

D 

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 coinpounds. It is not the aim of numerical taxonomy to develop a 
cl&&cation 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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