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SUMMARY

A data matrix of retention indices for I8 ethers on 25 stationary phases is
factor analyzed. Six factors reproduce 969 of the data points to better than L five
retention index units. Over 30 vectors based on physically and chemically significant
parameters of the ethers appear upon rotation to be factors. Among the successfully
rotated parameters are molecular weight, total atom number. boiling point (°K),
unity, unsaturation uniqueness, and the difference in the carbon number for the two
alkyl groups. The relative importance of the physically significant vectors is estimated
by reproducing the matrix using all possible combinations of vectors. [n a six-factor
space, the best set of physical vectors gave an average row average error of 5.3. The
square of the boiling poirt {(°K} is shown to be most nearly equivalent to the donmi-
nant eigenvector. Using combinations of six vectors consisting of rows and celumns
of data from the original matrix, the best reproductions for solute-associated and sol-
vent-associated vectors had average row average errors:of 3.3 and 2.9, respectively.

INTRODUCTION

Factor analysis of retention data'™S based on the method of Weiner and co-
workers? has proved to be a highly promising approach for acquiring insights into
the solute-solvent interactions in chromatography'®. Parameters of the solvents and
solutes can be tested individually for possible identification with the fundamental
factors of the retention data space; knowledge of the functional form of the interac-
tions is not required.

Factor analysis car contribute te an understanding of interactions in complex
problems in two main ways. First, if one has a functional relation for an interaction,
then factor analysis can be applied to test the proposed model. This approach was
followed by Weiner ef af.? and Weiner and Malinowski'* in their highly original ap-
plication of factor analysis to solvent effects on chemical shifts. Models for retention

* To whom correspondence should be addressed.
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mechanisms in gas-liguid chromatography (GLC) were recently verified by ‘\fVeine:r
et a7 using factor analysis. Unfortunately, the state of theories of interactions is
such that we seldom have even a hint as to the mathematical form of the interaction
terees. Thus, a second way of using factor analysis, the empirical approach, offers
special promise for solving problems in many fieids. In the empirical approach, even
though we may be completely ignorant of the quantitative form of some or probably
all of the energies of interaction, factor analysis allows one to find at least & partial
solution to the problem by empirically testing in the rotational scheme of Malinowski
various physical and chemical vectors associzted with the row and columin clements
of the data matriz. Such a working-backwards approach can be utilized for problems
that till now have not teen amenable to analysis. The empirical approach has been
applied by Howery, Weiner and co-workers to GLC'™** and to several other
areass,:s—ss-

The vectors are chosen by a combination of chentical insight and empiricism;
one acquires from an analysis of the results of the rotations estimates for the best
funciional dependence of the interaction terms. Ther, by testing all possibic combi-
nations of the better vectors using the reproduction scheme of Malinowski, one can
determine which combinatioas best reproduce the data matrix. If reproductions within
or near the experimental error of the data points are found for both the row and the
column elements. then one has found empirical soiutions that are good approxima-
ticns of the mathematicaily correct solution. At present, only factor analysis allows
the possibility of such insight into multidimensional problems.

We present here 2 detailed factor analysis of the retention indices of ethers on
a variety of stationary-phase solvents. In an effort to extend the scope of the empirical
approach, gew methods for estimating the relative importance and eguivalence of

physically and chemicaliy significant parameters are explored.
PR{OCEDURE

From the compiiztion of McReynolds'é, a matrix of retention indices at 120 °C
for i8 ethers on 25 stationary phases was chosen. The solutes and solveats are listed
in Table I. Factor analyses were performed on IBM 360/145 and IBM 360/168 digital
computers using a FORTRAN IV program developed by Weiner ef ¢/.? and expanded
extensively by us. The program is available upon request.

RESULTS AND DISCUSSION

Using the approach described previously®, six abstract ciganvectors seem to be
required to reproduce the data marrix within experimentai error. Five eigenvectors
reproduced the matrix with an average row average error (a.r.a.e.) of 2.8 retention
index (RI} units, the largest error being 14, and 34 points having errors exceeding five
Rl units. In a six-factor space the a.r.a.e. is 2.1. with the largest error being 8.2 and
oely [6 points having errors greater than 3. Since the average experimental error in
McReynolds™ data is ia the range 3-5 RI units, we fzel thar the ether—sclvent inter-
action space is adequately represented by six factors. Rolations of several physically
significant vectors also gave considerably better fits for six factors than for five factors,
further confirming our choice.
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TABLEI -
UNIQUENESS TESTS FOR SOLUTES AND STATIONARY PHASES
Number[Letter Name Uniqueness Exner
test value value
A, Solutes 3
i Dimethyl ether 0.84% 0.50
2 Propyl methyi ether 0.54 .17
k} Butyl methyl ether 0.47 1.15
EA tert.-Butyl methy! ether Q.59 0.81
5 Diethy! ether 0.23 111
G Butyl ethyl ether 0.28 1.07
7 tert.-Butyl ethyi other ¢.19 £.13
8 Dipropyl ether 0.35 1.01
g Isopropyl propyl ether 0.28 1.07
4] Diisopropyl ether 0.24 1.16
1S S tert -Buryl isopropyt ether 0.29 i.06
12 Dipentyl ether 0.42 0.96
13 Diisoperntyl ether 0.41 0.57
i4 Ethyl vinvt ether 0.37 1.00
Is Butyl vinyl ether 0.27 1.08
i6 Isobutyl vinyl ether 0.28 1.07
17 2-Ethyl-i-hexy! vinyl ether 0.39 0.98
18 Allyl ethyl ether 0.25 i.10
B. Solvents
A _ Apiezon L 0.13 103
B Carbowszax 600 0.32 0.7
C Carbowax 20M 0.34 0.95
D Butyl tetrachiorophthalate 0.07 113
£ Di-(2-cthyvl) sebacate 0.08 £.12
F Diglycerol 0.90 0.38
G Diisodecyl phthalate 0.19 1.05
H Dioctyl sebacate 6.12 1.10
I Dow Corning 533G fluid 0.12 1.10
I Dow Corning FS 1265 fluid Q.53 0.80
K Flexol 8N8 0.36 0.93
L Hyprase SPEO 0.60 6.74
i fgepal CO 890 0.16 1.97
N Isooctyldecy! adipiate .07 113 - --
G Pluroric acid Q.i6 1.08
p Polyphenyl ether-5 rings .24 1.02
Q Quadrol 0.29 0.99
R SE-30 G.14 103
S SE-31 0.13 1.09
T SE-52 0.14 1.09
u Sucrose acetate isobutyrate gi1e - 1.1t
v THP tripelargonate 0.06 1.14
w Tricresvl phosphate 007 1.13
X Ucon LB-1715 007 1.13
Y Zonyl E7 0.60 0.74

Tests for physically and chemically significant parameters .
We assume that six solute-solvent interactions significantly influence the mea-

sured RIs. Our main problem is to find physically and chamically significant param-
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cters of the ethers that, when used as test vectors in the rotational least-squares nethod
of Weiner ef ai.?, will align wel! in the six-factor space with one of the abstract eigen-
vectors. We are e<pecial!y interested in testing a Earge number of chemical vectors
based on siructural differences in these clasely refated solutes.

Following the suggestion of Kindsvater ef a/.5, we have used the value of the
Exrer function'’ to estimate the relative success of rotations. We have found this
function to have mixed utility. In most cases, our qualitative evaluation of a rotation
baszd on chemical insight agrees with calculated Exner values, i.e., better rotations
have lower Exner values. There are many cases, however, in which Exner values are
quite contrary to our gualitative evaluations. Hence, we propose that the value of
the Exner function should never be used as the sole criterion for evaluating rotations.
We depend primarily on a qualitative point-by-point evaluation of the inputed and
calculated vectors; the average error and Exner value are utilized as secondary infor-
mation. For test vectors having similar characteristics, such as a series of uniqueness
tests, the Exner value is most useful for comparing rotations.

The reciprocal, square and natural logarithm of each vector are tested routinely.
Tests of the logarithms of vectors are ustally of little value since the logarithms of
most vectors cover too small a range and often approach a unity vector.

Physically significant factors

Tests for such physical properties of the ethers as molecular weight, molar
refraction, boiling point (°K}, and boiling point (°K) squared (SBK) gave quite good
agreement between inputed known values and corresponding values predicted by the
best-fit rotated vector. Tests for such vectors as boiling point (°C} and freezing point
<) produced generaily good fits though several points were predicted with greater
than 109 error. A summary of all the better rotations involving physxca! vectors is
presented in Table If, in which are given descriptions of the vectors anc the results
of the rota:ions. Properties that were predicied with large errors (arnd, tiierefore, do
not seem to have the attributes of fundamental factors) include refractive index and
density. Many physical properties, such as vapor pressure, viscosity, enthaipy of
combustion, enthalpies of phase transitions, standard entropies and standard thermo-
dynamic functions of formation, could not be validly tested for fack of data. (In a
six-factor space, at least six points that span well the total vector space are required
on a valid test vector.)

Chemicaliy significant parameters

In an effort to identify structural parameters that might significantly infiuence
the retention indices of ethers, a large number of structure-based vectors were for-
mulated and tested. Among the relatively straightforward vectors that tested well
enough to be possible fundamental factors are: unity (which should test well if the
ethers contain 2 common factor), unsaturation uniqueness®, carbon number, hydrogzn
aumnber and total atom number. Other vectors that showed somewhat pocrer agree-
ment (correct qualitative pattern with a few poorly predicied points) but that still
mzy be factors include: methyl ether uniqueness (for CH;OR-type ethers), highest
degree of substituent character for the carbon atoms in the ether bond (primary,
secondary or tertiary character), and the difference in the number of carbon stoms in
the two alkyl groups. A summary of the better rotations involving chemical vectors
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CABLE X

ETTER ROTATIONS OF PHYSICALLY SIGNIFICANT YECTORS
. bbreviation  Vecror name Example values* Points™  Qualitative Exner

B evaluation®™ ™% valuet

W Molecular weight 1022, 116.2 £ v ¢.10¢
iR Molar refraction 31.58,36.22 I8 v 0.086
¢ N Carbon number 6,7 13 v 0.062
"N Total atom number 21,24 13 v 0.088
(C Carbon -+ oxygen number 7.8 13 v 0.088
IN Hydrogen oumber 14, 16 18 v 0.073
iC : Freezing point (°C) ~94.0, —75.51 iz £ 0.958
FK Freezing point (°K) 17¢.2, 192.5 12 g G.597

C Bailing point (°C) 73.10, 86.37 i6 g 0.10£
EX Boiling point (°K} 346.3, 353.5 16 g 0.251
UN Unity L1 I8 v 85
| F18 Dimethyl ether uniqueness 0,0 18 g 0.500
TU rers.-Butyl methyl ether uniqueness 0,0 18 g 0.810
ML Methyl uniguaness 0,0 il g 0.575
uu Unsaturation uniqueness 0,0 16 g 0.259
vU Viny! uniqueness 0,0 17 v 0.186
CcD Chain difference$§¢ 2.1 10 f 0.336
CR Chain ratio* 2,1.33 g g 0.549
HA Highest adjacent'? 3,3 I3 £ 0.649
L& Eowest adjacent®t i,2 13 f 0.646
SA Sum adjacent’t 4.5 I3 e 0.592
RMW Recipracal MW 0.0098, 6.0086 I8 g 0.300
RMR Reciprocal MR 0.0317, 0.0276 18 g 0.26%
RCN Reciprocal CN 0.167, 0.143 i8 3 0.206
RTN Reciprocal TN 0.0476. 0.0417 I8 s 0.193
RCO Reciprocal CO 0.143,0.125 i8 2 0.193
RHN Reciprocal HN 0.0714, 0.0635 18 g 0.264
RFC Recigrocal £C —~0.0106, —0.0123 i2 f 0.288
SCN Square CN 36, 49 I8 =4 0.101
STN Square TN 441, 576 18 v 0.088
SCO Square CO 49, 64 13 v 0.088
SBK Square BE 119890, 129240 15 v 0.026
LCN Logarithm CN 179,195 18 g 0.113

~ Examples given are for fert.-butyl ethyl ether {solute 7) and rers.-butyl isopropyl ether (sotute 11).
*" Number of points on input sector.
" v = Very pood agreement ¥<tween inputed and calculated vector; g = good agreement; = fair {several
o< nts poorly predicted or pattern only predictad).
§ Data apply to rotations using six factors.

8¢ Value undefined.
§5 Total nuraher of carboa atoms on largest radical — total number of carbon atoms on smallest radical.
+ Tatal pumber of carbon atoms on largest radical/total aumber of carbop atoms on smallest radical.
t* Based on the degree of the two carbon atoms involved in the ether linkage, e.g., primary = |, fertiary = 3.

is given in Table [f. Typical vectors that do not appear to be factors inciude: ratio
of the number of carbon atoms in the twa chains, total number of carbon atoms off
the main chains, ratio of the carbon number of the longer main chain to the carbon
number of the shorter main chain, ratio of main-chain carbon number to branch-
chain earbon number, isopropyl uniqueness, sthyl uniqueness, dialkyl unigueness (for
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EGR-type ethers), ratio of carbon number to hydrogen number, and number of car-
ben atoms betveen the nearest branch chain and the ether bond.
Petaifs of the rotations for methyf uniguenes<_ boiling point (°K) squared and
unsituration uniqueness arc presented in Table IIT. When the value for dimethyl
cthwer is free-floaicd (left blank) in the methy! uniqueness test, a value satlsfym_lv
clowe to 2.0G {1.72) is predicted for that solute.

TAULE £

PETAILS GF SELECTER ROTATIONS
MU -- ‘\icchvl umqu‘.ncw SBK. = squarc boiimg point ('K}); UU = unsaturation uniquensss.

Selee” MU SBK x 10~ uy
Test -”re ficfed  Fest Predicted  Test Bredicted
1 2) FKE 6.26 6.23 0 0.01
2 t 0.84 3.74 2.87 0 0.04
3 t G.83 (11.89) 11.90 3 .19
4 L 1.00 10.89 10.70 0 —0.05
5 ¢ .39 9.47 9.55 Y 0.05
6 0 0.04 13.69 13.50 ©) 0.0+
7 ¢ 0.08 12,00 12.00 o 0.12
[ © -0.28 (13.20) 13.50 (0} —-0.03
g 1) -0.30 12.70 12.60 Y —0.04
HY 0 0,10 11.60 11.60 0 -0.02
il G Q.08 12,90 12,90 ¢ —-0.08
{2 Y 0.90 21.50 21.46 9 G.07
13 Y At 19.80 19.90 0 —0.06
1 1.8¢ 9.30 9.49 1 1.07
s i.6t 13.50 13.50 i .99
L) 1.63 (1270 12,60 I 1.a3
7 123 20.50 23.50 H [0t
N 1.4 11,50 11.40 t 0.75

S :Ablc t for dcmn\umn; Famts in pareatheses are known values free ﬂoated an fest vector.

That so masy successful or moderately successful rotations were observed is
pactally @ consequence of the farpe variety of vectors tested and partiatly 2 consequance
of the faet that wary vectors may not be factors from a chemical viewpoint vet may
be pertectly valid vectors mathematically. SBK, for example, is difficult to justify
from our ceerent knowledee of interactions. yet this vector, as we shalf show [ater,
seenis te b eguivatent to the first an{i mcst important eigenvector. Whether such
\ROLOFS ure trite fuctors or are anly correct in a mathematical sense poses inte g

robleme for both the theoretician zmd the experimentalist. Without quits detaded
madels for melecnlar interactons and s theory that allows one to transform from one
32t of Inraction paramaters o gnother, speculation is premature. Factor analysis
eams to otfer 2 valuable bridge between theory and experiment.

L REHORSS fesis

Toe results of uniguensss tests. a2 standard \ector in which the element of
NETONE 1§ given & salue of 1™ and alf other elements in the vector are assigrned “Q™.
v cach slute zad s sofvent g shown in Table I For solutes that are relatively

-~
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similar we do not expect to find much uniqueness in the individual solutes. Only the
solutes dimethyl ether (the solute having the sraallest molecular weight and, therefore,
having the most poorly anchored points on test vectors) and ferr.-butyl methyl ether
exhibit significantly large uniqueness values (0.89 and 0.59, respectively). Aside from
the vinyl ethers, correlations between groups of ethers were lacking. On a given vinyl
ether uniqueness test, the other vinyl ethers tended to have predicted values almost
as high as the solute being tested, consistent with the successful rotation for the un-
saturation uniqueness vector mentioned above.

When the solute isobutyl methyl ether was included in the data matrix, atypical
results were obtained. With four, five and even six factors the point corresponding to
this ether and the solvent di-(2-ethyl) sebacate was predicted with errors exceeding 20
RI units. Only with seven or more factors did the error become small. In a five-factor
space, the ether had a quite [ow uniqueness value; with six or more faciors, however,
the uniqueness exceeded 0.80. In the light of this unusual behavicr, isobutyl methyl
ether was not incorporated in the study reported hera.

Repraductions using real vectors
One of the central objectives of theoretical chemistry is the identification of the
complete sct of interactions operative in 2 given problem; in terms of factor analysis,

wirm turnnld o fA Grnd o cat Af vantace fhhnt crenm flha srmbaramfimm crmana [ Totma tlha rame
WL WLILIU LALLM @ SUL UL YWRILUL Y LUQL SUGEL LG RUEtLL al iUt apracl. UQIUE LUC LU=

duction scheme of factor analysis, we can routinely assess the ability of a given set
of vectors to reproduce the original data matrix. A set of test vectors is used to
reproduce the data matrix in the same way as a set of abstract eigenvectors ;5 employad
in the reproduction scheme to determine the number of factors. The program has
been modified to run ali possible combinations of a chosen set of vectors, e.g., the 33
physically and chemically significant vectors in Table If or the rows and the columns
of data from the original matrix, in the reproduction scheme for any cheoser number
of factors. We now shall demonstrate procedures that allow one to estimate the
relative importance of each test vector in each factor space, to estimate possible
assaciations between the sat of real vectors and the set of abstract eigenvectors, and
finally to pinpoint sets of relatively equivalent real vectors. Though the approach may
consume considerable computational time, the additional information acquired con-
siderably extends the scope of factor analysis.

Using physically and chemicaffy significant vectors

All combinations for one through six factors, i.e., all combinations of I, 2, 3,
4, 5 and 6 test vectors listed in Table [I, were run in the reproduction scheme. A sum-
mary of the better combinations for factors 1-6 is given at the bottom of Table V.
The cut-off values for the a.r.z.e. are arbitrary. A relatively low cut-off would em-
phasize the more important vectors: we aitempted to choose cut-offs that would
bring out the key vectors and at the same time demonstrate the equivalence or lack
of equivalence among vectors. Each value ic the main body of Tab;a Iv gives the
percentage of times the specified row element appeared in combinations having an
a.r.a.e. less than the chosen cut-off values for the factor space designated by the col-
umn number.

For a given number of factors, the more important vectors are probably those
which have the higher percentages. For example, in a six-factor space the vector
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TAELE IV »

PERCENTAGE OF BETTER REPRODUCTIONS CONTAINING SPECIFIC PHYSICAL
VECTORS _ ,

Physicaf vectar”™ " Number of factors used in reproduction
I 2 3 £ 3 /1 .

MW 0 3 5 t 17 8
MR 0 3 5 Q 28 Is -
TN 0 0 ‘8 10 2 2t
CO [\ (V] 3 i0 22 2t
CH 3] 0 ¢ 12 £2 36
S 0 Y 8 g 31 15
FC 6 15 6 5 0 ¢
FK 0 3 3 L ?
BC [3) 24 12 15 42 4
BK 0 30 21 8 10 i3
UN 0 9 i3 9 22 7
319} ¢ 4] 0 7 0 17
TY 0 0 0 18 4 46
MU G 3 g 35 4% 3
uy 0 0 3 8 13 2
vu 0 o 3 ) 2t 15
Ch 0 o 5 16 10 39
CR 0 0 0 it a 49
HA 0 0 7 £ ] 3
LA 0 0 7 i8 6 4
SAa 0 0 i4 13 7 16
RMW ] 9 t1 i6 Y 4
RMR 0 6 2 20 1) 5
RTN G 6 7 10 2 27
RCO 0 6 7 10 2 27
RCN 0 3 10 i 0 9
RHN 0 6 i4 i2 0 2
RFC 0 0 i ] 3 2
STN o 9 ) 3 a 18
SCO 0 9 5 1 o 23
SCN 0 9 5 4 0 2g
SBK 100 46 75 99 100 100
LCN 0 0 3 6 o 13
To:2l number of

combinarions 33 528 5456 1053 237338 1107558
Cut-off {a.r.a.e.) 5006 20.0 250 i5.0 93 6.5
Number of reproductions .

less than cut-off 1 33 262 359 100 2010
Best combination:

a.r.ae. 178 18.3 12.5 2.8 8.3 53

Vectors involved”™ SBK SBK,RHN SBK,LA, SBK,SA, SBK,VU, CN, TN, CD,

RALW BC,CD ~ TU,BC, SBK,CR,
{IN,CO} (8TN,SCQ,
SCN}
Largast error 375 88 93 45 48 34

* See Table K for designations.
“ Vectors in parentheses for five and six factors gave equivalent reproductions.
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boiling point (°K) squared (SBK)} occurs in essentizlly all the better repraductions,
and the_v_ectors’chain ratio, tert.-butyl uniqueness znd carbon aumber seem also to
be relatively important. If for each vector the Exner value in Table II is compared
to the percentage in Table IV, a fair positive correlation is noted between percentage
and the reciprocal of the Exner value. For example, SBK has the highest percentage
and the lowest Exner value. The chain ratio vector is a noticeable exception, having
large values for both properties.

SBX appears to be an important vector in each of the factor spaces, having
the highest percentage in every space (including 1009/ representation in the -, 5-
and &-factor spaces). Furthermore, SBK is incorporated in each of the best combina-
tions in Table I'V. We assume that SBK is more nearly equivalen® to the first abstract
eigenvector than any other physically significant vector. (From the values of the ab-
stract eigenvalues —25.0, 0.035, 0.0023. etc.— the first eigenvector dominates the
space.}

Examination of the data in Table IV also allows one to speculate on associa-
tions between particular abstract eigenvectors and the physical vectors. When going
from one factor space to the next larger one, if certain physical vectors exhibit 2
marked inocrease in percentage, then those vectors quite possibly are more nearly
equivalent than the other physical vectors to the abstract eigenvector added to the
space. SBK, with 1009, representation in the one-factor space, is clearly associated
with the first eigenvector. Going from one to two factors, we conclude that boiling
point (°K) or beiling point (°C), for which the percentages increase from 0 to 30 and
24, respectively, aor perhaps sum adjacent (SA) is most probably analogous to the
second eigenvector. None of the physical vectors except SBK (which is already ac-
counted for} shows a farge increase in percentage going from the two- to the three-
factor space. Methyl uniqueness appears to be most nearly associated with the fourth
eigenvector, molar refraction, carbon number, boiling point ("C) or ters.-butyt
uniqueness, with the fifth eigenvector, and chain ratio or possibly carbon number
squared, with the sixth eigenvector. The dependence of this approach upon the cut-
off and the nature of the set of vectors selected is yet to be established.

If two vectors are equivalent, repreductions involving the two vectors and the
same sets of other vectors should lead to equivalent reproduction errors. We illustrate
this approach by referring to the summary of better reproductionsin Table [V (though
lack of equivalence might also show from a study of the poorer reproductions). If
the numerical patterns for two vectors in Table IV are quite similar, we have evidence
for the equivalence of two vectors which can be substantiated, e.g., by comparing in
a six-factor space the reproductions of the two vectors in combination with common
sets of five other vectors. From Table IV, the sets TN and CO, and RTN and RCO
contain quite equivalent vectors; and the sets STN, SCO and SCN, and RCN and
LCN appear to contain fairly equivalent vectors. Reproductions with selected sets of
six vectors confirm these conclusions. That so many reproductions gave quite similar
a.r.a.e. values further implies that there is considerable equivalence among the set of
physical vectors-in Table 1.

At the bottom of Table IV we list those vector combinations that gave the most
accurate reproductions. [n most cases, vectors required for the best co_mbinations
have relatively high percentages. For example, with six factors, of the eight vectors
having the highest percentage, five vectors are incorporated in the best reproduction.
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The a.r.a.e. for the best six-factor reproduction (5.3} is less than twice the average
experimental error in the data points. Thus a reasonably complete empirical sofution
to the sofute part of the ether—solvent problem has been formulfated from factor
anaiysis. Verification or rejection of such solutions must await the development of
considerably expanded theories of solution. If factor analysis is applied to data that
can be predicted adequately from present theory®™!!, even better predictions of
experimental data ars possible.

Usiag sofuie-associated row vecters from original matrix

Another way of finding real vectors that span the factor space is to utifize all
combinations of rows or columns of data from the original matrix. In the factor
analysis of hydrocarbon retention indices®, for example, one set of solute-associated
data vectors gave an a.r.a.e. smaller than the precision of the data points. For the
ether space the best reproduction employing rows of data from the original matrix
(each row being associated with a particular solute} had an a.r.a.e. for six factors of
2.8 (see Table V), within experimental error for this problem. The best reproduction

TABLE Y
PERCENTAGE OF BETTER REPRODUCTIONS CONTAINING SPECIFIC ROW VECTORS
FROM DATA MATRIX

Sofute row"* Number of factors wsed in repraduction
1 2 3 £ 5 6
i 0 10 0 32 23 163
2 6 30 26 33 45 1
3 6 39 26 4 3 29
3 ) 4] o) 1s jod*) 63
L) 6 20 3t 13 13 25
6 6 i0 0 0 13 37
7 6 0 0 17 0 8
8 6 G 0 0 52 28
S 6 ¢ 3] 35 I8 22
10 6 [ 17 35 35 39
i 6 g I3 3 26 28
12 6 40 17 18 36 40
13 6 30 35 63 6S s2
14 6 0 4 23 i6 i6
15 6 Q 35 2t 1) 24
16 6 0 4 8 52 33
: 1] 2 6! 42 36 4t
18 6 0 35 27 10 17
Total number of combinations 18 153 8i6 306G 8568 74256
Cut-off (ar.z.e.) 50.0 110 6.8 5.6 3.8 3.3
Number of reproductions
{ess than cut-off 17 10 23 72 31 233
Best combination:
a.r.a.e, 26.5 Q7 6.1 4.5 38 8
Vectors involved® 6 3,1t 14,17, 2,10,13, 2,8,10, 1,4,6,10,
18 i7 13,16 i3. 16
[argest error 266 37 35 24 21 21

" See T=ble I for designations. -
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inctuded rows representing a range of ether types typical of a set a chemist would nick
to span the space; the best set includes the smallest ether as well as ethers containing
isoal{cyl, tert.-alkyl and vinyl groups. As was the case with reproductions using
physical vectors, many combinations gave nearly equivalent reproductions. The space
does not have a unique solution from the standpoint of solute types. i

An analysis of the trends in percentage with the number of factors in Table V
leads one to tentatively associate certain data rows with particular abstract eigenvectors.
The first eigenvector appears to be equally represented by all the solutes (excluding
dimethy! ether); no one ether plays a dominant role, as expected from the similarity
of the solutes. Based on the major increases in percentages as we go from left to right
in Table V, the dipentyl ether-associated row seems most nearly equivalent to ab-
stract eigenvector number two, the butyl vinyl, allyl ethyl or 2-ethyl-1-hexyl vinyvi
ethers, to eigenvector three, the isopropyl propyl, dimethy! or diisopentyl ethers, to
eigenvector four, the dipropyl or isobutyl vinyl ethers, to eigenvector five, and the di-
methyl or fert.-butyl methyl ethers, to cigenvector six. Four of the ethers represented
in the best combination for six factors are included in the above list. The uniqueness
of dimethyl and zert.-butyl methyl ethers for six factors (but not in smalier spaces)
iftustrates a possible correlation between uniqueness and association with an abstract
eigenvector. Excepting the data for butyl vinyl and allyl ethyl ethers, no two sets of
percentages in Table V were very similar.

Using solvent-associated columns from original matrix

Reproductions on the wranspose of the data matrix involving all combinations
of vectors associated with the stationary-phase solvents were performed to ascertain
which solvent sets best span the interaction space. The best combination in the six-
factor space (see Table VI) had an a.r.a.e. of 2.9, within experimental error. As with
the sclutes, many combinations produce essentially equivalent reproductions. From
Table VI we sce that, based upon the high-percentage criteria, diglycerol, Jow Corning
FS 1265 fiuid, Hyprose SP80 and Zony! E7 are particularly important in the six-factor
space. The same sofvents are also the most unique sofvents for six factors {see Table ).

Equivalences between abstract eigenvectors and solvent-associated data vectors,
as well as the equivalences within the set of data vectors, can be estimated from the
patterns in Table VI. For one factor, all columns are essentially equivalent. For two
factors, the data vectors most probably equivalent to the second eigenvector are as-
sociated with diglycerol or Hyprose SP80, those equivalent to the third eigenvector
with Igepal CO 890 (assuming digiycerol is already accounted for), those equivalent
to the fourth eigenvector with Quadrol especiaily, or Carbowax 20M, thuse equivalent
to the fifth eigenvector with Dow Corning FS 1265 fluid or Zonyl E7, and those
equivalent to the sixth eigenvector with Flexol 8N8 or diisodecyl phthalate. Some
groups of chemically similar coatings, such as the set di-(2-ethyl) sebacate and dioctyl
sebacate, and the set SE-30, SE-31 and SE-52 exhibited nearly the same pattern going
across Table VI, but, for example, the percentage data for Carbowax €00 and
Carbowax 20M are quite dissimilar. An extended study of this type should be quit2
useful for characterizing coatings and for choosing best sets of columns for general
separations, both problems of great practical importance®-'S.
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TABLE VI S - : - CoeT

PERCENTAGE OF BETTER REPRODUCTIONS CONTAINE\G SPECIFEC COLJI‘JN
VYECTIORS FROM DATA MATRIX -

Saoivent cofumn™ - Number of factors used in reproduction ) . .
i -2 . 3 4 .3 6

A ) T4 G 4 4 9 ) 3
B 4 14 2 -7 £- 16
C 4 o] i7 52 338 i 3Q
D 4 & 10 4 6 - 2
E 4 & - 7 t5 13 9
F o 27 86 100 100 - 85
G- 4 6 E3 o "0 .20
H 4 g 5 4 8 4
1 4 5 3 L] 10 - 3
3 4 2 e G- 69 48
K 4 3 & o o 36
E 4 32 ¢ 15 39 56
M ) Q 21 22 29 16
N 1 6 8 ts i6 1§
(9] 4 G 17 19 &3 t7
| d 4 3 ¢ ¢ £ 4
Q 4 3 G 85 40 30
R & s 10 12 7 i%
S 4 & 12 1t 17 £3
T 4 6 10 15 19 27
U 4 3 10 g 4 8
\'4 4 13 i3 |} 7 &
W £ 14 o a 3 H
= 4 6 12 4 6 i3
Y 4 i9 i3 0 28 49
Total number of -

combinations 35 366 2300 12650 §3130 FI7100
Cui-off (a.r.a.e.} 50.0 150 8.0 4.2 4.2 3.5
Number of reproductions

less than cut-off 24 64 gz 27 118 338
RBast eombination: -

a.r.a.e. 28.2 10.6 6.0 4.5 3.5 2.9

Vectors involved” W F. X B, F,V C,.FQ,S C,F I C,FK,

- L8 L, T.Y
Largest error 375 37 Rl 26 i6 13

f See Table I for designations.
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