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SUMMARY

An extensive experimental survey of the retention behaviour of 32 solutes in
the system methanol-tetrahydrofuran—water and 49 solutes in the system methanol-
acetonitrile—water is presented. The retention data are fitted to a second order six-
parameter equation, describing the capacity factor as a function of mobile phase
composition. Iso-eluotropic lines, i.e., lines that connect solvents of equal eluotropic
strength, are constructed in the ternary diagrams for the two systems and compared
with theoretical lines, predicted from solubility parameter theory. Specific effects are
defined as variations in retention for a particular solute, using solvents of equal
eluotropic strength. Such effects appear to be larger between different binary mixtures
than within the ternary triangle. Ternary solvents thus provide a smooth transition
between two limiting binary mixtures.

INTRODUCTION

Phase systems in liquid chromatography can be evaluated using three charac-
teristics:

(i) Retention which is determined by the polarity of the solute, relative to that
of the mobile and stationary phases, and by the absolute difference between the
polarities of the two phases.

(ii) The latter factor also determines the selectivity of the system, i.e., its gen-
eral separation power. Therefore, in general, the selectivity of the system cannot be
increased without at the same time increasing retention. For example, in reversed-
phase liquid chromatography (RPLC), the addition of more water to the mobile
phase usually results in an increase of both retention and selectivity'.

(iii) The specificity of the system, i.e., its increased separation power for cer-
tain pairs of solutes, which arises from specific interactions between the solute mole-
cules and those of the chromatographic phases. Unlike retention and selectivity,
specificity is hard to predict for LC phase systems.

In PPLC we use a single stationary phase of low polarity for many different
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samples. By using binary mixtures, the polarity of the mobile phase can be increased
continuously until, for a given sample, retention reaches a practical upper limit. This
mobile phase will lead to the highest possible selectivity. Different binary mobile
phases can be prepared with the same polarity, e.g., a mixture of 60 9; (v/v) methanol
and 40 9, water has the same polarity as acetonitrile—water (47:53) or tetrahydrofuran
(THEF)-water (37:63)2. Such binary mobile phases of equal polarity can be shown to
produce considerable specific effects®. There is, however, a very small number of
organic modifiers that can be used in such binary mixtures with water. Many more
mobile phases of the same polarity can be used, if we include ternary mixtures. For
example, the 60 %, methanol and the 479 acetonitrile solvents can be mixed in any
arbitrary ratio to yield an infinite number of possible ternary mobile phases. Hence,
ternary mobile phases greatly increase our flexibility to search for optimum speci-
ficity.

In recent years, many practical examples of the advantageous use of ternary
mobile p:aases in RPLC have been published (e.g., refs. 4-8). Also, the combination
of water with three organic modifiers has been shown to be of practical use®.

The first systematic investigation of ternary mobile phases was performed by
Bakalyar et al.*. They compared seven ternary mixtures containing 50 %, (v/v) water,
40 9, methanol and 109 of a second organic modifier. The binary mixture of 50 %
methanol and 50 9 water was used as a reference. At first sight the specific effects they
reported appear to be striking, but they are obscured by considerable differences in
retention between the different mobile phases. Indeed, the specific effects largely
vanish when we normalize the retention data in such a way that the same average
retenticn is obtained as for the reference mixture. The remaining differences are
much smaller, and give a better insight into the specificity of the different systems.
Nevertheless, it is true that even such minor differences can be exploited in practice.

A more recent systematic study of the behaviour of ternary and quaternary
mixtures of water, methanol, THF and acetonitrile was reported by Glajch et al.8.
They describe procedures to search for optimal multicomponent mobile phases.

In this paper we report a systematic study of the retention behaviour of two
ternary mobile phase systems (methanol-acetonitrile-water and methanol-THF-
water). We varied the composition of all constituents from zero to 100 9;. The data
are used to define ternary compositions of equal polarity and to analyse specific
separation effects.

THEORETICAL

Retention in RPLC using ternary mobile phases

In previous work we have used the solubility parameter concept to establish the
general shape of the relationship between the capacity factor and the binary mobile
phase composition®. Moreover, this concept yields good estimates of the compo-
sitions of different binary solvents that lead to equal retentions?. Therefore, we feel
encouraged to use it in a similar way for ternary systems.

In LC, the capacity factor can be expressed in terms of activity coefficients!®
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where 7;, and y;, are the activity coefficients of the solute /7 in the mobile and
stationary phase, respectively, and », and »n,, are the number of moles of the two
phases present in the column. Eqn. 1 is based on the pure liquid solute as the standard
state for both phases.

We described elsewhere? how the activity coefficients can be expressed in terms
of total solubility parameters. If we neglect entropy effects (¢f., ref. 2), we find

RTIny;¢ = v; (6; — 5)* 2)

where R is the gas constant (1.9865 cal K~! mole™1), 7 is the absolute temperature
(°K), 7; is the activity coefficient of solute i/ in phase f, v; is the molar volume of the
solute (cm? mole™!) and § is the solubility parameter (cal'/? cm~3/2)x. Combination
of eqns. 1 and 2 now results in:

Vi

i . _ 2 (5. 2
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Ink;, =

n,

As before®, we will assume that the solubility parameter of a mixture can be
found from that of its constituents as

N
6mix = Z Pj 5}‘ 4)

i=1

for a mixture of NV constituents, each with volume fraction ¢; and solubility parame-
N

ter J;. Since, of course, Y, @ ; = 1, eqn. 4 can be written for a ternary mixture as:
i=1

Omix = @101 + @0, + (1 — @, — @5) 9, (3)

From now on we will assign the subscript [ to methanol and 3 to water. The subscript
2 will then refer to the second organic modifier (acetonitrile or THF).
Substitution of eqn. 5 into eqn. 3 yields

v; - . s n,
RT {0;: —19, — 020, — (1 —@, —@3)33]" —(6; —d.)°} + In .

and after rearrangement: (6)

Ink;, =

vi 2 < c 22
In k; = ’k—T'[fpi' 0y — 3% + @3 (6, — 3)* +

+ 29, (5 — 85)(6; — &) + 2, (5; — J3) x
X (83 — 85) + (85 — 8)* — (3, — 8)* +

n,
1

+ 200,05 —6;)(0; — )] +1In ()

Ny

* Historically (¢f., ref. 10) the solubility parameter is expressed in cal’’?2 cm~3/2. The conversion to
S.I units reads: 1 cal*? cm~3? = 2.05 MPa'’%.
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This equation describes the dependence of the capacity factor on the composition of
the mobile phase. It is of the form

Ink =A4,0} + 4,03+ B¢, + B, o, + C+ Do, ¢, 8)
with:
Ax = 1:;-'(51 - 53)2 (9)
vi 2

A4, = RT‘(52 — 93)° (10)
2y;

Bl = RT'(‘S:‘ - 53)(‘53 - 51) (ll)
2y,

Bz = RT'((si - 53)(53 - 52) (12)

C =L (6, —8) — B —8)] +In= 13

—ﬁ:[(_?;_i_ s i +nllm (13)
2,

D = Zh-(85 — 8:)(5 — 6;) = 2/, 4 (14)

Eqn. 8 expresses a non-linear dependence of the logarithm of the capacity factor on
the two volume fractions of organic modifier. A representative example of its be-
haviour is shown in Fig. 1. The composition of the ternary mobile phase is rep-
resented by the usual equilateral triangle in the horizontal plane at the base. The
capacity factor is plotted vertically on a logarithmic scale. The surface described by
eqn. 8 is curved, but otherwise quite smooth. Local maxima or minima, discon-
tinuities or asymptotes cannot be observed.

In binary mobile phase systems, the generally non-linear relationship between
In & and composition can be approximated by a straight line over a limited range of &
values (1 < & < 10)%. It should be noted, however, that it does not appear to be
feasible to approximate the surface described by eqn. 8 by a plane over a wide range
of ternary compositions.

If we consider the values of the solubility parameters of the different mobile
phase constituents, some further predictions can be made. The respective o values are
given in Table 1. Using these values we expect 4, to be much larger than 4,, and, of
course, both are positive. Since the solubility parameter of the solute will be of the
order of 10 cal'’?2 cm~32, B, and B, are expected to be strongly negative, again with
the absolute value of B, larger than that of B;. The value of D is the geometric mean
of that of A, and 4, and is thus expected to be positive. Finally, C is, strictly speak-
ing, equal to In &, the logarithm of the capacity factor of the solute in pure water.
The parameters for o-cresol in the methanol-THF-water system that were used to
construct Fig. 1 follow these guidelines. -
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Fig. 1. Dependence of the capacity factor on mobile phase composition, for o-cresol in the system
methanol (MeOH)-THF-water. The curved surface obeys eqn. 8 with coefficients from Table I1.

For each solute the experimental retention data have been fitted to eqn. 8,
yielding a set of coeflicients (4, through D) for a particular solute in each mobile
phase system.

We preferred the six-parameter linear equation given by eqn. 8 over a five-
parameter non-linear version, in which D = 2,/ A4, A4,, because it yielded a closer fit
in the regression analysis. One reason for this may be found in the factor n/n_,. It may
be argued that » /n_, varies with the composition of the mobile phase. With decreasing
water content, #, probably increases due to solvation (see, e.g., refs. 11 and 12). Even
without this effect, n,, is bound to decrease, due to the increase in the molar volume of

TABLE }
SOLUBILITY PARAMETERS FOR THE SOLVENTS USED IN THE PRESENT STUDY

Data taken from ref. 10.

Mobile phase component Subscript Solubility parameter
(cal'’? cm™312)

Methanol i 15.85
Tetrahydrofuran (THF) D) 9.88
Acetonitrile 13.14

Water 3 25.52
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the mobile phase from water (v = 18 cm® mole ™ ') to methanol (40), acetonitrile (52)
or THF (81). The latter effect can be mathematically accounted for, by introducing
the logarithm of the molar volume of the mobile phase into eqn. 8. In doing so,
however, we did not find a significant improvement in the regression analysis. There-
fore, we decided to treat (n/n,) as a constant, which means that its variation with
mobile phase composition is included in the coefficients A, through D in eqn. 8.

Iso-eluotropic diagrams

As stated before, ternary systems in high-performance liquid chromatography
(HPLC) offer the possibility to expioit specific effects. For certain solute pairs, the
relative retention can be increased considerably, while retention itself remains
roughly constant. Theoretically (eqn. 3), different mobile phases will lead to the same
retention times if their polarities (solubility parameters) are equal.

Let us consider a sample for which a chromatogram has been obtained in a
binary mixture of water and methanol, the volume fraction of the latter being ¢#. We
will refer to this mobile phase as the (binary) reference. Let us assume that the
reference chromatogram shows reasonable retention times, but insufficient separa-
tion. Eqn. 4 shows that a ternary phase expected to yield roughly the same retention

times obeys:
0* = oo, + (I — 0H) 05 = 0,0, + 020, + (1 — @, — @,) 35 (15)
©: = (Pf — ©1) (6; — 03)/(6; — 93) (16)

Here 0* is the polarity of the binary reference mixture. As usual, subscript 1 refers to
methanol and subscript 3 to water. According to eqn. 16 all ternary mixtures of water,
methanol and a second organic modifier that possess a given polarity follow a straight
line between two limiting binary compositions. This is illustrated in Fig. 2a. If ¢, =
@, @, becomes zero and eqn. 16 defines the reference binary composition of metha-
nol and water. If ¢, = 0, a binary mixture of water and the second organic modifier
results. The straight line connecting the two binary compositions will be called a
(theoretical) iso-eluoiropic line. Empirical iso-eluotropic lines can be constructed
from experimental data collected for a large number of solutes. The procedure is
illustrated in Fig. 2b. Let us consider a ternary mobile phase of composition P (25%,
methanol, 259, THF, 50 9 water).

The solute dimethyl phthalate shows a capacity factor of 0.8 in this solvent.
The same capacity factor is observed with a binary mixture of 70 9/ methanol and
309 water. Consequently, for dimethyl phthalate the iso-eluotropic line through bi-
nary reference composition ¢ = 0.7 passes through P. Other solutes eluted with the
ternary composition P not only show different capacity factors, but also yield slightly
different binary reference compositions @3. If, as is the case in practice, the variation
in @ is small, we can take the average reference composition of a large number of
solutes and assign this value to the ternary composition P. As shown in Fig. 2b, this
average turns out to be 0.63. The same procedure can be applied to other ternary
compositions and each of them can be assigned a particular reference value. The data
thus obtained are shown in Fig. 2b for a few compositions. Linear interpolation along
straight composition lines through the top of the composition triangle then yields the
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ternary composition P’, for which ¢ = 0.7. Finally, all the mixtures that yield the
same reference value can be connected to form an (empirical) iso-eluotropic curve.
The example in Fig. 2 shows the difference between the theoretical prediction (eqn.
16) and the empirical curve. Theory predicts a straight line running from ¢ = 0.7 to
orur = 0.43. The empirical curve is slightly concave and intersects the opposite side
at Qe = 0.44.

MeOH THF  MeOH THF

Fig. 2. Illustration of the construction of iso-eluotropic lines. a, Theoretical; the straight line from 709,
methanol to 439, THF is calculated from eqn. 16. b, Experimental: the numbers at each composition
(indicated by a black dot) represent the corresponding reference binary methanol-water composition (in %
methanol) averaged over a large number of solutes. The solid, curved line connects interpolated points of
equal eluotropic strength.

The approach outlined here resembles the one used previously for relating
different binary compositions?.

EXPERIMENTAL

The instrumentation used was the same as described before!, except that a
Varian Model 8050 autosampler was used for some of the measurements. Mobile
phases were mixed from individually measured volumes of methanol, THF (both
from J. T. Baker, Phillipsburg, NJ, U.S.A.), acetonitrile (E. Merck, Darmstadt,
G.F.R\)) and water (carefully treated as described before!). Columns (30 cm x 4.6
mm [.D.) were home-packed with Nucleosil 10-RP18 from Macherey, Nagel & Co.
(Diiren, G.F.R.).

The flow-rate was set at 1.5 ml min~! and was measured at regular intervals.
All measured retention times were corrected for variations in the flow-rate and for the
residence time outiside the column.

For these columns at this flow-rate we chose a uniform hold-up time of 7, =
125 sec. Although there are indications that the hold-up volume of an RPLC column
varies with mobile phase composition!2-'3, there seems to be no valid experimental
method for its accurate determination. The two methods that give the most realistic
results in binary methanol-water systems!® cannot be used in the present ternary
systems.

The injection of large amounts of inorganic salts leads to solvent demixing. The
linearization of a plot of In X vs. carbon number for homologous series yields un-
realistic results because the Martin rule cannot be applied with mobile phases rich in
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acetonitrile or THF'¢. The use of 2H,O (deuterium oxide) as a f,-marker, which has
recently been studied extensively!2, also has serious disadvantages.

The exchange of deuterium with hydrogen atoms in water, methanol and even
residual silanols might cause a problem'®. Moreover, the necessary assumption that
water is not absorbed into the stationary phase clearly does not hold over the whole
composition range. Therefore, we decided to use a uniform, realistic ¢, value. The
consequences of this decision are limited, because the conclusions drawn in this paper
apply equally well to gross retention times as to capacity factors.

The present study includes 32 solutes in the system methanol (1)-tetrahydrofu-
ran (2)-water (3) and 49 solutes in the system methanol (1)-acetonitrile (2)—water (3).
These two sets of solutes are listed in Tables IT and III, respectively. They were used in
the highest purity available and diluted in the corresponding mobile phases, if neces-
sary enriched with organic modifier.

The compositions of the two systems that were included in the measurements
are indicated in Fig. 3. For each composition solute retention times were measured,
up to a maximum value of about 1.5 h (X =~ 40), for practical reasons.

H0 @ H0
9 sotutes
MeOH ; TH MeOH ) ACN

Fig. 3. Overview of the mobile phase compositions used in the present study. ACN = Acetonitrile.

RESULTS AND DISCUSSION

The basic retention data (capacity factors) are given in Appendix I for the
methanol-THF—water system and in Appendix II for the methanol-acetonitrile—
water system.

For all solutes the experimental retention data were fitted to eqn. 8. The result-
ing coeflicients for each solute are given in Table II for the methanol (1)-THF (2)-
water (3) system and in Table III for the system methanol (1)-acetonitrile (2)-water
(3). The total number of datapoints, N, for each solute is also listed in the tables. The
coefficients follow reasonably well the general behaviour discussed in Theoretical.
The values of 4, and A4, are usually positive and the values of 4, are much larger
than those of 4,. However, some 4, values are negative. As expected, all B values are
strongly negative, with the absolute value of B, being larger than that of B,. Cis, of
course, positive, but the two C values for a solute that appears in both tables are not
exactly the same. The values of D are usually positive, but larger than the geometric
mean of 4, and 4,. Considering the approximate character of eqns. 9—14 after omit-
ting entropy and phase ratio terms, these results are not discouraging.
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The last column in Tables IT and III shows the average error between the model
(eqn. 8) and the experimental data poinis. Note that the absolute deviations in In &
are approximately the same as the relative deviations in k. The average deviation for
all data points is 13 % for the THF-containing system and 12 2] for the system with
acetonitrile.

Closer examination of the data reveals that moderate capacity factors (kK < 10)
are described consistently better (deviations less than 109%) than large capacity fac-
tors (kX > 10). This is due to the fact that a fixed C term was adopted. In reality,
differeny, ternary systems (compare Tables II and III) and different binary systems'*®
yield different values of C for the same solute.

As a result, the average deviation between the model (eqn. 8) and the larger
values observed in water-rich solvents is 20 %/ for the THF system and 18 ¢/ for the

TABLE II
RETENTION BEHAVIOUR OF 32 SOLUTES IN THE SYSTEM METHANOL-THF-WATER

Coefficients according to eqn. 8. N = Number of data points included in the regression analysis; a.d. =
average deviation between the experimental value for In & and the calculated value from eqn. 8, for all data
points.

No. Solute A, A, B, B, C D N a.d.
I Acetophenone 0.25 466 —554 —11.27 3.89 390 35 0.16
2 Anethole -2.44 3,51 —451 —12.68 647 —-0.05 22 0.09
3 Aniline 0.09 1.10 —-491 — 6.54 290 220 31 0.18
4 Anisole 0.44 494 -7.02 —12.88 5.1 4.79 30 0.12
5 Anthracene —2.53 4.17 —472 —14.34 7.38 006 18 0.07
6 Benzaldehyde 0.10 292 —497 — 9.12 3.39 242 35 0.12
7 Benzene —0.51 208 —517 — 9.5 4.70 120 30 0.07
8 Benzonitrile 1.08 3.39 —6.69 —10.35 4.00 4.00 36 0.12
9 Benzophenone 0.37 6.21 —828 —16.07 6.91 5.19 27 0.15

10 Benzyl alcohol 0.71 440 —3537 —1043 296 4.69 36 0.16

11 Biphenyl —-2.60 408 —499 —1392 7.15 028 22 0.09

12 Chlorobenzene 0.28 521 —-7.82 —14.25 6.70 499 27 0.08

13 0-Cresol 1.68 294 —8.27 —11.13 497 522 32 0.10

14 Diethyl phthalate 0.05 6.11 —-7.37 —1508 5.84 490 30 0.17

15 N,N-Dimethylaniline 2.30 8.13 —990 —16.59 7.04 10.73 25 0.23

16 2,4-Dimethylphenol 1.89 452 -940 —13.82 6.13 6.67 30 0.07

17 Dimethyl phthalate 0.75 593 —6.75 —13.31 4.27 523 34 0.18

18 m-Dinitrobenzene 006 —079 —592 — 698 4.26 ~0.05 31 0.11

19 Diphenyl ether —-2.16 405 —-568 -—14.00 7.20 086 22 0.08

20 Ethylbenzene —1.70 330 —-533 —11.99 642 0.78 23 0.06

21 N-Methylaniline 0.92 501 -7.52 —-12.04 5.19 669 26 0.21

22 Naphthalene —3.28 6.23 —4.10 -—1564 7.10 -0.21 22 0.27

23 p-Nitroacetophenone 1.17 217 —-709 - 991 441 3.57 33 0.07

24 o-Nitroaniline 2.21 3.00 -—-8.56 —1099 4.70 6.45 32 0.11

25 Nitrobenzene 1.03 322 —-723 —1092 4.86 4.14 32 0.05

26 m-Nitrophenol 1.04 1.16 -~747 — 935 4.54 321 32 0.19

27 Phenol 1.48 099 —6.79 — 7.85 347 286 36 0.09

28 1-Phenylethanol 0.19 425 —551 —10.78 3.65 3.65 35 0.11

29 2-Phenylethanol 0.25 527 —5.63 —12.03 3.69 455 35 0.11

30 3-Phenylpropanol 1.59 7.52 —833 —1591 533 8.58 33 0.16

31 Quinoline 0.74 947 —6.15 —15.56 4.60 825 26 0.26

32 Toluene ~0.18 4.16 —6.80 —12.58 6.23 3.25 26 0.07
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acetonitrile system. Somewhat surprisingly, such large deviations are not observed
for very small capacity factors (k¢ < 1). Measurement errors and the assumption of a
uniform hold-up time, which would predominantly affect the smallest capacity fac-
tors, appear to be of little significance.

Iso-eluotropic lines

Following the procedure outlined in Theoretical, iso-eluotropic lines of con-
stant solvent strength have been constructed for both ternary systems. Theoretically
predicted and empirical lines are presented in Figs. 4 and 5. A good agreement is
observed, except for the very strong solvents, which are of limited practical value.
This suggests that eqn. 16 offers a good first order approximation of iso-eluotropic
lines in other ternary systems.

As expected from Fig. 1, the iso-eluotropic lines show a very regular behaviour.
Significant maxima or minima are absent, not only for the averaged curves in Figs. 4
and 5, but also for iso-eluotropic lines referring to individual solutes. This indicates
that ternary mixtures provide a smooth transition from one binary solvent to an-
other.

Specific effects

" Each iso-eluotropic line in Figs. 4 and 5 offers a guideline to the elution of a
given sample with different mobile phases, but with roughly constant retention. Since,
however, the iso-eluotropic line represents the average over a large number of solutes,
minor variations in retention should be expected for individual solutes. We will refer
to these varniations as specific effects.

When we gradually replace the methanol in a binary methanol-water mixture
by THF (i.e., move to the right along one of the iso-eluotropic lines in Fig. 4), some
solutes will move forward in the chromatogram and will be eluted more guickly than
with the binary reference mixture. Obviously, such solutes show a specific preference
to THF over methanol. On the other hand, other solutes interact more favourably
with methanol, and hence are comparatively retarded when methanol is replaced by
THF.

Fig. 6 illustrates the specific effects that can occur in ternary systems. It shows a
series of chromatograms taken along the curve for @ = 0.5 in the methanol-THF-
water system. The upper chromatogram shows that in methanol-water (50:50) the
sample is eluted in 20 min, but that the first two solutes coincide. When we elute the
sample with the corresponding binary mixture of THF—water (32:68), the total analy-
sis time indeed remains approximately the same, but the separation is again incom-
plete. However, the solute pair that coincides in methanol-water (benzyl alcohol and
phenol) is different from the unresolved couple in THF—water (phenol and 3-phenyl-
propanol). Moreover, the sequence of the last bands eluted has reversed in going from
methanol-water to THF-water. This reversal originates from the specific acceleration
of 2,4-dimethylphenol and the specific retardation of diethyl phthalate. The third
solute, benzene, is hardly affected by the changing composition.

Such changes as observed between the top and bottom chromatograms of Fig.
6 form a strong argument in favour of ternary mobile phase systems.

The second chromatogram from the top in Fig. 6 shows the elution with a
ternary mixture, in which only a small amount of THF (10%) is present. Not un-
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TABLE III

2N

RETENTION BEHAVIOUR OF 49 SOLUTES IN THE SYSTEM METHANOL-ACETONITRILE-

WATER
Details as in Table II.

No. Solute Ay A, B, B, C D N ad.
1 Acetophenone 1.07 537 — 780 —11.45 4383 71.77 33 0.11
2 Anisole 2.13 510 — 9.06 —11.97 5.82 6.79 30 0.12
3 Benzaldehyde —0.18 364 — 608 — 9.55 4.38 6.62 34 0.18
4 Benzene 2.31 419 — 8.66 —10.82 5.56 5.42 29 0.14
5 Benzonitrile 2.67 443 — 924 —10.81 490 7.87 32 0.08
6 Benzophenone 1.68 559 —10.15 —1385 7.39 6.81 26 0.12
7 Benzyl alcohol 0.47 543 — 6.09 —10.38 3.32 8.09 34 0.09
8 Biphenyl . 0.00 415 — 8.60 —12.78 7.97 3.02 24 0.13
9 n-Butylbenzene —1.43 3.78 — 746 —1246 8.39 1.10 23 0.12

10 p-Chlorobenzaldehyde 059 -—-016 — 552 — 509 3.78 3.37 26 0.33

11 Chlorobenzene 1.73 578 — 9.75 —13.56 7.05 6.96 27 0.13

12 p-Chlorophenol 1.88 6.71 — 926 —13.75 5.60 9.58 32 0.10

13 p-Chlorotoluene 0.08 412 — 796 —11.80 7.08 3.28 25 0.10

14 o0-Cresol 2.04 547 — 8356 —11.79 480 8.35 33 0.09

15 o-Dichlorobenzene —0.31 309 — 685 —-10.13 643 1.94 25 0.12

16 Diethyl phthalate 2.85 7.21 —11.87 —1579 747 10.10 29 0.14

17 Dimethyl phthalate 2.58 594 —10.06 —13.07 5.59 9.72 31 0.14

18 m-Dinitrobenzene 1.71 325 — 844 —10.14 512 5.52 31 0.10

19 o-Dinitrobenzene 2.50 393 — 996 —11.41 5.57 7.41 31 0.10

20 p-Dinitrobenzene 1.71 257 — 848 — 936 492 5.35 32 0.09

21 2,4-Dinitrotoluene 1.77 390 — 941 —-11.77 6.18 5.84 29 0.11

22 2,6-Dinitrotoluene 2.33 470 —-10.30 —12.72 6.40 7.23 28 0.11

23 3,4-Dinitrotoluene 3.07 532 —11.59 —13.65 6.75 9.07 30 0.11

24 Diphenyl ether 0.25 458 — 9.22 —1348 8.16 384 24 0.12

25 Ethylbenzene —0.76 269 — 6.18 — 935 6.15 0.65 22 0.12

26 m-Fluoronitrobenzene 1.41 394 — 827 —10.83 5.50 544 30 0.09

27 o-Fluoronitrobenzene 1.77 421 — 8.67 —11.04 5.31 6.45 31 0.11

28 p-Fluoronitrobenzene 2.10 3.8 — 906 —1081 542 6.51 30 0.11

29 p-Fluorophenol 0.70 461 — 7.04 —10.51 3.95 7.90 35 0.11

30 p-Hydroxybenzaldehyde 1.55 707 — 7.54 —12.32 347 11.59 36 0.12

31 p-Methoxybenzaldehyde 0.49 423 — 6.74 —10.29 457 6.82 28 0.08

32 p-Methylbenzaldehyde 0.08 420 — 7.05 —10.66 5.18 7.39 29 0.14

33 Methyl benzoate 2.87 6.62 —10.27 —13.84 6.26 9.16 29 0.15

34 Naphthalene 0.36 391 — 801 —11.53 691 3.39 25 0.11

35 p-Nitroacetophenone 2.18 439 — 897 —11.11 5.3 7.27 32 0.12

36 p-Nitrobenzaldehyde —0.18 206 — 648 — 842 438 6.64 32 0.20

37 p-Nitrilobenzaldehyde —0.63 277 — 6.i4 — 8.78 3.97 7.69 34 0.23

38 Nitrobenzene 2.18 4.17 — 8.88 —10.90 5.34 6.59 31 0.09

39 m-Nitrophenol 1.57 569 — 8.16 —11.96 4.62 8.56 35 0.11

40 o-Nitrophenol 1.44 446 — 746 —10.25 4.64 5.47 33 0.13

41 p-Nitrophenol 1.98 517 — 843 —11.64 450 8.65 35 0.12

42 Phenol 0.92 3.82 — 638 — 9.02 330 6.80 36 0.09

43 2-Phenylethanol 0.61 669 — 668 —12.02 409 8.39 35 0.10

44 p-Phenylphenol 2.83 8.63 —1221 —17.68 791 11.56 28 0.12

45 3-Phenylpropanol 1.53 826 — 8.82 —14.72 549 10.16 37 0.09

46 n-Propylbenzene —1.04 237 — 6.61 — 997 7.02 0.29 25 0.13

47 Toluene ~0.91 3.40 — 8.12 —10.83 6.30 3.97 28 0.14

48 a,x,x-Trichlorotoluene 0.09 546 — 972 —14.77 8.80 5.20 18 0.09

49 2,4-Dimethylphenol 1.95 6.75 — 946 —13.89 593 9.17 31 0.11
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10
MeOH THF

Fig. 4. Iso-eluotropic diagram for the system methanol-THF-water. Theoretical and experimental curves
are constructed as shown in Fig. 2, for reference methanol-water compositions at 10 9 intervals.

—-—~— theory

—  expertment

10
MeOH ACN

Fig. 5. Iso-eluotropic diagram as in Fig. 4 for the systezn methanol-acetonitrile-water.

expectedly, the three early peaks are now well separated. However, the three later
bands merge into a single peak. This is not surprising, considering the top and bottom
chromatograms. The third chromatogram from the top shows the excellent separa-
tion that can be obtained by applying the appropriate ternary composition to this
particular sample.

We can define the specificity of a mobile phase with respect to a binary mixture
of methanol and water for a solute i as:

S; =Imk¥yfk, — 17)

Here k; is the capacity factor of 7/ in the mobile phase, while k¥, is the capacity factor
in the binary reference solvent. Defined in this way, zero specificity (S; = 0) resuilts if
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Fig. 6. Chromatograms illustrating the specific effects occurring in some iso-eluotropic mixtures of
methanol, THF and water. Retention data taken from Table II. Mobile phase compositions follow the
experimental iso-eluotropic curve for ¢§, = 0.5 in Fig. 4.
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the capacity factor remains unaltered when a binary methanol-water mixture is re-
placed by another solvent of equal eluotropic strength. Positive S values indicate a
specific acceleration of the solute i&. A very high S value is found when the solute is
essentially non-retained in the eluent chosen. Negative S values signify a specific
retardation of the solute relative to its behaviour in methanol-water.

As an example, Fig. 7 shows the specificities of the mobile phases used in the
chromatograms of Fig. 6 towards each of the six solutes, as a function of the decreas-
ing methanol content of the solvent. Two additional horizontal axes have been drawn
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Fig. 7. Specificity according to eqn. 17 in ternary mobile phases containing methanol, THF and water, for
the six solutes shown in Fig. 6. The mobile phase composition follows the experimental iso-eluotropic line
for ¢ = 0.5 in Fig. 4.

Fig. 8. Specificity for four solutes as a function of THF content in binary mixtures with water. The (non-

linear) scale at the bottom indicates the composition of the corresponding reference methanol-water
mixture.

to indicate the volume fractions of THF and water, respectively. Note that both of
these axes are slightly non-linear.

Obviously, all curves in Fig. 7 start at S = 0 for the binary reference com-
position of methanol-water (50:50). With decreasing amount of methanol and in-
creasing amount of THF the positive specific effects for benzyl alcohol, 3-phenylpro-
panol and diethyl phthalate become clear, whereas phenol and 2,4-dimethylphenol
show negative specificity. Benzene shows approximately zero specificity along this
particular iso-eluotropic line. Fig. 7 suggests that the specificity changes quite reg-
ularly when methanol is gradually replaced by another organic modifier. This ap-
pears to be a general rule for all solutes. A binary solvent almost always shows a more
pronounced specific effect relative to methanol-water than the intermediate ternary
solvents of the same eluotropic strength. Indeed, in Fig. 6, phenol is separated from
its neighbours because the specific effect of a ternary mixture of methanol, THF and
water is smaller than that of a binary mixture containing only THF and water.

It should be noted that the specificity curves in Fig. 7 correspond to one
particular iso-eluotropic line, the one for ¢# = 0.5 in Fig. 4. Hence, a large number of
specificity curves can be constructed for each solute. However, we can simplify the
discussion, if it is realized that the specificity of ternary mixtures is intermediate
between those of the limiting binary mixtures. Therefore, a classification of the specif-
ic effects in binary mixtures is indicative of the behaviour of ternary systems. We
can now comnstruct specificity curves that cover the entire binary composition range,
and hence a wide range of retention times. Some examples are shown in Fig. 8, where
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the specificity of THF—water mixtures towards four solutes is presented. Each point
represents the specificity of a particular mixture of THF and water, relative to the
corresponding binary methanol-water reference mixture. For example, the points at
@tur = 0.4 indicate the specificity relative to a binary mixture of 65 9 methanol and
359, water (@ = 0.65). Note that binary mixtures containing more than 70 %, THF
have a solvent strength larger than that of 100 9] methanol. For the solutes included
in the present study, such very strong solvents are of little interest. When such sol-
vents are required for very hydrophobic solutes, binary mixtures of water and THF
can be taken as a reference instead of methanol-water mixtures.

Naturally, all curves start at S = 0 for ¢, = 0, which point refers to pure
water. Two typical shapes can be observed, one with a minimum and one with a
maximum. Only occasionally (e.g., benzene in THF-water) the S vs. ¢ curve shows
no extrema. An equation for the specificity as a function of binary mobile phase
composition can be derived from eqns. 8 and 16. If we substitute the appropriate
compositions in eqn. 8, i.e.,.@, = 0to find &;, and ¢, = @, @, = 0 to find &fy, we
obtain:

S;=Inkfy —Ink;,

=4, (4’;‘()2 — A, 4’% + B, o — B> 9, (18)

Moreover, for the binary mixture of the second modifier and water, we can substitute
¢, = 0in eqn. 16 and hence

0, — 0O 0%
= A S ) 3 = —51
P Py (52 _ 53) - (19)

,

where £ is the constant ratio of solubility parameter differences. Combination of eqns.
18 and 19 now yields:

S = @3 (4,4* — A,) + ¢x(B i — By)
= Pp; + Qo (20)

The solid lines drawn in Fig. 8 represent the quadratic curves according to eqn.
20. The P and Q values for the individual solutes are found from regression analysis on
the experimental data for § and are represented in Fig. 9 for the THF-water system
and in Fig. 10 for the acetonitrile-water system. The numbers in these two figures
refer to the solutes as they occur in Tables II and III. Solutes that experience positive
specificities can be found in the upper left corner, while the retarded solutes are
situated at the bottom right.

The correlation between the P and O values is remarkable. In fact, al-
most all solutes fall close to the line P = —Q included in Figs. 9 and 10. If we now
substitute P = — Q into eqn. 20, we find that the specificity S is zero for ¢, = 1. This
leads to the conclusion that solvents rich in either acetonitrile or THF show very little
specific effect in comparison to methanol-water mixtures. If specific effects occur they
are most pronounced in mixtures containing moderate amounts of water (40-70 %)).
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From Figs. 9 and 10 it appears that the specific effects in THF—water mixtures
are larger than those in acetonitrile—water mixtures. Note that Figs. 9 and 10 differ in
scale by a factor of 2. Several groups of solutes can be identified. In the THF—water
system, large hydrophobic solutes appear to be specifically accelerated, e.g., naph-
thalene (22), biphenyl (11), anthracene (5), diphenyl ether (19) and ethylbenzene (20).
Note that quinoline (31) behaves similarly to naphthalene, despite the introduction of
a heterogeneous nitrogen atom. Phenolic compounds, such as phenol (27), o-cresol
(13) and 2,4-dimethylphenol (16), and nitro compounds, such as m-nitrophenol (26),
m-dinitrobenzene (18), o-nitroaniline (24), p-nitroacetophenone (23) and nitroben-
zene (25), are specifically retarded. The specificities for aliphatic alcohols [benzyl
alcohol (10), 1-phenylethanol (28), 3-phenylpropanol (30) and 2-phenylethanol (29)]
are slightly positive, in sharp contrast to the large negative effects observed with
phenolic hydroxy groups. Esters (14, 17), ketones (1, 9), ethers (4) and aldehydes (6)
show small specific effects. In acetonitrile-water mixtures, a large positive specificity
is observed for aliphatic alcohols (solutes 45, 43 and 7). Again, phenolic solutes (14,
42 and 49) behave differently, with only slight positive effects. Substituted phenols
(40, 41, 39, 29, 12, 44) all behave similarly. Nitro compounds all show negative
specificities. The specific effects seems to be larger for dinitro compounds (20, 19, 23,
18, 22, 21) than for molecules containing only one nitro group (28, 38, 27, 26). The
specific effects are small for non-polar compounds, esters, ethers and ketones. The
behaviour of the various para-substituted benzaldehydes is somewhat puzzling. The
specific effects are small for most of these compounds (3, 32, 31, 37, 36). However, p-
hydroxybenzaldehyde (30) shows a large acceleration, while p-chlorobenzaldehyde
(10) is greatly retarded.

22 %
. T
sk THF ~water
Se
tee3l
2
19e
14 22
200 %° "|'3°
2808, *10
v -1 2t 2
-10 -5 H 15 S
’ —pP
021
25 <8
H Weozs
"
3 L3 24
27

4

Fig. 9. Coefficients describing the specificity in the system THF-water (eqn. 20). Numbers refer to solutes
listed in Table II. A positive O value indicates specific acceleration in THF-water in comparison to
methanol-water. A negative Q value indicates specific retardation of a solute. The straight line represent
0 =-P -
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acetonitrile — water

Fig. 10. As Fig. 9, but for the system acetonitrile-water. Solute identification numbers refer to Table III.

Table IV gives a summary of the specific effects encountered in the two binary
systems classified according to functional groups. Slight effects are indicated by
square brackets.

TABLE IV

SUMMARY OF SPECIFIC EFFECTS IN BINARY MIXTURES OF THF-WATER AND ACE-
TONITRILE-WATER FOR VARIOUS SUBSTITUENTS

Specific effect THF Acetonitrile
Retardation Phenolic OH
NO, NO,
NH, CN
CN
Acceleration Aliphatic OH
CH, {Phenolic OH]
CH, [CH;; CH,)
Phenyl {Phenyl]
cn
Negligible Ketones
Esters Ketones
Aliphatic OH  Esters
Ethers Ethers

Secondary and
ternary amines
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CONCLUSIONS

The retention of a wide variety of solutes in the ternary systems methanol—
THF-water and methanol-acetonitrile-water can be described by a regular but non-
linear three-dimensional surface. A quadratic equation relates the logarithm of the
capacity factor to the volume fractions of the two organic modifiers.

Retention data on a large number of solutes can be used to construct iso-
eluotropic lines, that connect mixtures of equal solvent strength within the ternary
triangle. All the mixtures on such a line will yield roughly the same retention times for

APPENDIX I
EXPERIMENTAL CAPACITY FACTORS IN THE SYSTEM METHANOL-THF-WATER

No. Solute
Oreon 010 020 030 040 050 055 060  0.65
Drur 0 0 0 0 ) ) 0 0
Puster 090 080 070 060 050 045 040 035
1 Acetophenone - 3254 13.82 6.94 4.37 2.49 1.78 1.29
2 Anethole - - - - - - 22.38 13.28
3 Aniline - 6.27 3.64 2.71 1.48 1.19 0.96 0.70
4 Anisole - - - 38.84 9.02 5.42 3.97 2.71
5 Anthracene - - — — - - — -
6 Benzaldehyde - 13.01 9.08 5.06 3.63 2.02 1.45 1.10
7 Benzene - - 21.76 13.86 8.40 6.12 4.17 2.94
8 Benzonitrile 41.40  20.61 9.90 5.14 2.83 2.00 1.44 1.02
9 Benzophenone - - — — 27.40 14.78 9.14 5.28
10 Benzyl alcohol 16.99 8.47 4.52 2.78 222 1.18 0.90 0.69
11 Biphenyl - - - - — - 30.68 17.96
12 Chlorobenzene — - - - 19.70 13.42 8.34 5.41
13 0-Cresol — 2283 12.80 6.44 3.96 2.50 1.73 1.26
14 Diethyl phthalate - ~ - 34.76 13.58 6.92 4.26 2.70
15 N,N-Dimethylaniline - - — — - 11.96 8.12 5.48
16 2,4-Dimethylphenol — - 2900 1447 71.26 5.15 3.24 2.14
17 Dimethyl phthalate — -~ 22.38 845 4.04 2.25 1.64 1.06
18 m-Dinitrobenzene - 14.60 10.95 6.58 4.82 2.81 2.00 1.48
19 Diphenyl ether - -~ - - — — 24.78 14.70
20 Ethylbenzene - - — - — 23.48 14.41 9.35
21 N-Methylaniline - — — — 492 4.18 2.84 1.98
22 Naphthalene - — - - - - - 37.88
23 p-Nitroacetophznone - 20.82 13.08 6.83 3.70 248 1.74 1.29
24 o-Nitroaniline -~ 13.22 9.63 5.42 2.86 1.96 1.40 1.05
25 Nitrobenzene - 27.70 -15.64 8.72 5.33 348 2.54 1.74
26 m-Nitrophenol 31.80 16.37 9.30 5.04 294 1.98 1.38 0.98
27 Phenol 13.40 7.66 4.61 2.76 1.64 1.22 095 0.66
28 1-Phenylethancl - 19.92 990 5.21 284 1.95 1.40 1.03
29 2-Phenylethanol - 18.57 9.15 497 3.09 -1.95 1.39 1.02
30 3-Phenylpropanol -~ 51.56  23.00 11.03 6.27 348 2.35 1.64
31 Quinoline - — — - 9.08 5.718 3.64 237
32 Toluene — - - - 19.10 12.58 8.10 5.51
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a given sample. However, mixtures of equal solvent strength will show variations in
retention for certain solutes. These variations can be referred to as specific effects.
The specificity of ternary systems along one iso-eluotropic line appears to vary
quite regularly, and therefore can be expected to lie in between those of the limiting
binary mixtures, at each end of the corresponding iso-eluotropic line. Hence, some
predictions as to the specific effects taking place in ternary mixtures can be made, if
the specific effects in the limiting binaries can be classified. A sensible classification of
specific effects can be obtained for binary mixtures of THF and water and acetonitrile

and water, relative to binary methanol-water mixtures.

0.70 0.80 090 1.00 0.30 045 060 0.75 005 0.10 0.15 020 025 030 0.35
0 0 (1} 0 0.10 0.15 020 0.25 005 010 0.15 0.20 0.25 030 035
030 020 0.10 O 060 040 020 O 090 080 070 (.60 050 040 030
098 0.57 040 0.26 298 086 034 0.22 1692 844 422 203 1.10 063 0.36
843 331 1.7t 055 — 722 139 031 - - - — 9.03 395 1.38
0.54 033 025 0.18 268 088 034 017 -— - - - 2.21 1.22  0.58
203 107 069 035 88 202 066 020 — - 1348 603 293 1.59 0.78
- - 376 094 - 1436 227 045 - - - - 16.84 6.08 2.24
0.84 0.50 038 0.24 246 107 033 0.18 1327 721 383 194 1.14 057 0.38
220 115 074 036 — 238 0.76 0.28 4562 -— 1568 7.23 346 1.88 096
0.80 043 0.32 0.21 3.12 0.78 030 0.18 1660 959 4838 238 1.20 0.67 0.37
3.44 137 0816 035 2276 263 058 022 -— - - 10.76  3.79 1.68 0.78
0.53 035 026 0.18 1.62 0.72 034 0.18 6.81 384 214 109 066 039 022
11.14 403 194 057 - 9.22 161 032 — - - - 13.26 4.68 1.88
379 164 098 040 2473 396 099 031 — - - 1485 571 290 1.22
0.94 050 035 0.20 6.77 204 036 0.18 — - 11.09 466 204 109 054
.79 0.76 046 0.22 825 190 034 0.16 — - 1292 438 192 087 046
364 1.62 098 044 1436 354 093 098 — - — 11.52 691 3.78 1.62
1.58 073 047 024 11.73 198 051 022 — - 20.58 7.53 3.06 143 0.69
0.78 042 030 0.19 258 060 024 0.13 2779 982 380 156 079 045 0.26
1.10 0.58 0.39 0.20 709 165 040 0.17 -— - 1266 6.07 280 1.4 0.70
895 320 154 047 -— 790 142 030 - - — — 1193 457 1.74
630 264 142 050 — 6.16 140 035 - - - - 9.31 413 1.82
1.36 0.67 045 0.26 620 1.8 058 03I — - - - 4.49 230 113
2444 8.18 143 052 -— 5.33 122 033 - - - 21.80 7.14 3.13 1.40
096 052 037 0.22 435 107 039 0.18 - 13.79 732 346 1.77 098 048
0.79 044 032 0.20 5.13 L57 034 0.14 — — 9.19 392 170 085 045
1.30 0.68 048 0.26 6.68 1.59 048 020 — - 10.80 4.85 230 1.18 0.62
0.74 042 029 0.18 6.68 199 034 0.12 — - 1455 572 232 102 0.0
053 030 025 0.17 291 079 028 0.14 1484 946 474 240 121 066 0.34
0.78 045 031 0.20 304 078 032 0.17 1576 692 347 192 098 059 0.33
0.78 042 031 0.20 269 074 026 0.14 1420 697 3338 165 0.83 049 0.29
.18 0.57 038 0.22 570 164 032 040 - 17.37  7.11 290 1.29 069 0.34
1.74 089 062 041 -— 1.60 037 065 — - - - 1.54 0.78 0.51
393 185 108 04 - 402 108 032 -~ - - 13.98 5.83 298 1.36

( Continued on p. 280)
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Solute No.
Preon 040 045 0.50 0 0 0 0 0 0 0 0 0 0
Srue 040 045 0.50 010 020 030 040 050 060 070 0.80 0950 1.00
I, - 020 010 O 090 080 070 060 050 040 030 020 O0.10 O
1 0.24 0.15 0.10 1260 566 261 126 070 038 0.21 0.12 0.08 0.06
2 0.76 036 0.18 - — — 7.13 271 1.20 053 0.25 0.14 0.06
3 034 0.15 0.11 7.79 509 366 164 08 058 026 0.12 008 0.17
4 046 026 0.15 — 21.12 778 305 146 075 039 021 0.13 0.07
5 099 043 0.18 — - - 997 338 133 055 025 0.13 0.06
6 025 016 0.I11 1018 533 270 131 076 043 023 0.11 009 006
7 0.55 0.30 0.18 — — 10.04 3.80 1.86 098 0.50 0.27 018 0.09
8 024 0.14 005 1401 8.01 374 161 082 045 022 010 008 0.05
9 040 021 0.11 - - 13.87 386 162 074 033 0.16 0.08 004
i0 0.14 0.08 0.09 502 264 140 072 042 022 010 006 006 0.05
11 0.85 038 0.18 - - - 9.22 3.29 1.34 058 027 0.14 0.06
12 065 033 0.18 — - 1947 521 230 108 053 028 0.17 0.08
13 030 0.16 009 — 1879 7.16 245 109 053 024 0.10 0.07 0.05
14 025 0.14 009 — 2097 6.15 214 102 030 022 010 006 0.03
15 071 034 — - - 1458 6.06 244 131 060 0.27 0.17 0.38
16 035 0.17 010 — - 10.86 3.16 1.39 064 026 0.14 0.07 0.04
17 0.15 0.10 0.07 1655 564 222 098 052 028 0.13 009 006 003
18 0.37 0.18 008 -— — 981 363 158 071 032 0.14 0.08 0.03
19 078 034 015 - — — 932 326 134 058 026 0.13 006
20 089 042 0.19 — — — 842 339 153 071 036 021 0.09
21 048 023 — — 1459 817 38 161 099 042 0.18 0.10 0.34
22 0.70 034 0.18 — - 26.30 623 251 1.13 053 026 0.16 0.07
23 0.27 0.14 0.10 — 1193 528 214 1.05 0.54 024 0.11 0.07 0.03
24 0.25 0.14 0.17 - 16.02 578 198 091 043 020 0.10 006 0.04
25 035 0.1 0.12 — 16.86 696 2.55 1.20 060 030 0.16 0.10 0.06
26 0.26 0.12 0.07 — - 863 249 102 045 0.18 006 006 004
27 9.22 012 0.07 1343 - 772 372 153 078 038 019 010 006 0.04
28 0.21 0.12 0.08 959 6.02 222 106 058 032 0.17 011 006 0.06
29 0.18 0.10 0.07 9.60 4.57 1.88 086 042 0.23 0.11 006 0.06 0.05
30 022 0.10 006 — 966 3.38-1.18 058 030 0.i13 006 006 0.05
31 0.26 0.17 - 1537 646 278, 099 048 040 0.19 0.12 0.10 0.37
32 0.72 037 0.19 — — 18.50° 5.75 2.60 1.25 061 0.34 020 0.10
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No. Solute

Drtcon 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
ACN 0 0 0 0 o 0 ) 0

water 0.90 0.80 0.70 0.60 0.50 0.40 0.30 0.20
1 Acetophenone - - 14.18 6.66 3.31 1.90 090 0.48
2 Anisole - - - 12.78 6.66 3.66 1.68 0.90
3 Benzaldehyde - 24.33 9.51 4.89 2.58 1.e2 0.78 0.46
4 Benzene - - - 11.54 6.53 3.70 1.71 091
5 Benzonitrile — - 10.60 5.26 2.73 .55  0.74 0.42
6 Benzophenone - - - - 22.01 8.04 291 1.28
7 Benzyl alcohol - 10.47 4.50 2.54 1.43 0.89 0.48 0.27
8 Biphenyl - -~ - — — 2587 7.52 2.78
9 n-Butylbenzene - - - - — 45.65 11.67 4.10
10 p-Chlorobenzaldehyde - - 7.54 3.39 1.67 1.48 090 0.72
11 Chlorobenzene — - — — 15.42 7.62 287 1.33
12 p-Chlorophenot - - 18.51 9.24 4.38 2.34 098 0.54
13 p-Chlorotoluene — - — — - 14.56 4.85 1.99
14 0-Cresol - - 10.93 5.57 294 1.67 0.78 044
i5 o-Dichlorobenzene - - — - - 14.04 4.58 1.94
16 Diethyl phthalate - - - 31.52 10.54 4.74 1.5 0.73
17 Dimethyl phthalate — - 22.30 8.15 3.34 1.78 0.74 040
18 m-Dinitrobenzene — - 13.15 7.27 3.97 2.38 1.12 0.60
19 o-Dinitrobenzene - - 15.15 7.22 3.71 2.03 0.86 043
20 p-Dinitrobenzene - - 10.49 597 3.04 1.82 0.87 0.47
21 2,4-Dinitrotoluene — - - 15.42 7.14 4.02 1.61 0.82
22 2,6-Dinitrotoluene - - — 14.73 6.97 3.53 142 0.72
23 3,4-Dinitrotoluene - - - 14.33 6.28 3.09 1.19  0.58
24 Diphenyl ether — - - — - 23.52 60.45 2.32
25 Ethylbenzene - - - - - 12.23 4.43 1.89
26 m-Fluoronitrobenzene — - — 11.07 5.81 3.53 1.49  0.77
27 o-Fluoronitrobenzene — - 16.01 8.28 4.35 2.49 1.11 0.38
28 p-Fluoronitrobenzene — - 15.76 8.54 4.32 2.48 1.14 0.66
29 p-Fluorophenot - 13.26 6.41 3.50 1.89 1.10 0.53 0.27
30 p-Hydroxybenzaldehyde 17.58 7.92 3.77 1.94 0.99 0.58 032 020
31 p-Methoxybenzaldehyde - - 15.27 7.10 — 1.90 0.87 0.51
32 Dp-Methylbenzaldehyde - - — 10.61 5.07 2.01 126 0.74
33 Methyl benzoate — ~ — 15.35 6.83 3.58 1.50 0.82
34 Naphthalene - - — — - 13.31 4.54 1.96
35 p-Nitroacetophenone - - 14.31 6.81 3.41 1.98 0.91 0.48
36 p-Nitrobenzaldehyde — 17.39 8.06 4.00 2.17 1.33 0.61 0.35
37 p-Nitrilobenzaldehyde - 12.24 5.16 2.66 1.34 0.86 040 022
38 Nitrobenzene - - 17.44 8.78 4.62 2.72 1.26 0.67
39 m-Nitrophenol - 19.18 9.42 5.00 2.65 1.48 0.71 0.38
40 o-Nitrophenol - - i4.49 7.78 4.10 2.38 1.14 0.63
41 p-Nitrophenol ~ 17.06 8.62 4.43 2.28 1.34 062 0.35
42 Phenol 12.72 7.72 4.25 2.50 1.39 0.94 046 026
43 2-Phenylethanol - 18.30 8.84 4.62 2.34 1.36 0.65 0.37
44 p-Phenylphenol - -~ - - 15.71 5.57 2.07 0.90
45 3-Phenylpropanol — - 21.02 9.25 4.32 222 097 0.52
46 n-Propylbenzene - - — - — 24.06 7.29 274
47 Toluene - ~ — - 14.22 7.30 291 1.42
48 Trichlorotoluene — - - - — 24.74 6.93 255
49 2,4-Dimethylphenol — - — 12.63 5.87 3.06 123  0.62

(Continued on p. 282,
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Solute No.
Pucon 090 1.00 0.15 0.225 030 0.375 045 0.525 060 0.675 0.75 0.25 0.30 0.35
Pacn 0 [1] 0.05 0075 0.10 0.125 0.15 0.175 0.20 0.225 0.25 0.25 030 0.35
water 0.10 O 080 070 060 050 040 030 020 0.10 O 0.50 040 0.30
1 036 0.10 27.78 1210 666 254 133 083 059 038 0.26 1.70 1.03 0381
2 0.68 0.28 — 2784 11.75 474 214 1.26 084 048 0.28 2.53 166 1.26
3 033 020 -— 27.29 1311 480 225 1.27 081 049 0.27 265 1.66 1.27
4 i.14 041 — - 15.12 487 220 134 093 045 0.29 303 176 1.32
5 031 0.18 2230 11.77 538 224 1.19 078 058 031 0.23 1.62 1.01 0.78
6 0.76 0.33 — — — 1291 4.23 206 1.12 057 0.32 694 322 214
7 0.14 0.11 7.65 457 248 1.25 0.74 053 046 025 0.19 085 0.58 048
8 1.40. 0.50 — — — — 9.76 425 196 082 040 1679 6.69 4.04
9 198 057 - — — — 17.75 7.18 309 106 049 31.32 12.07 6.50
10 - 049 - - - 1190 4.17 215 130 — 0.32 5.65 3.21 222
11 0.86 034 — — 33.14 990 4.03 201 1.19 - 0.34 492 2389 2.02
12 0.32 0.15 — 2090 8.38 294 149 1.00 061 034 021 1.68 1.10 0.82
13 1.09 042 — — — 1888 698 314 169 070 038 10.17 470 3.02
14 0.31 0.18 2188 11.77 559 218 1.18 0.74 0.51 031 0.21 146 094 0.7t
15 .16 044 - - — 1426 6.17 3.13 1.66 0.75 0.39 840 458 299
16 0.50 019 - — 2586 5.00 270 130 0.77 041 0.23 434 212 1.39
17 027 015 — 170t 769 193 1.29 08 0.58 0.32 0.20 1.61 1.03 0.77
I8 038 017 - 1736 8.17 288 1.54 093 065 031 0.21 2,19 126 092
19 032 012 -— 17.13 8.05 286 1.39 081 0.52 0.27 0.18 216 1.17 0.81
20 0.31 0.13 - 1516 684 284 139 08 0.55 0.28 0.20 2.07 1.20 0.88
21 0.50 0.19 - — 14.61 537 222 124 075 0.35 0.22 346 1.77 1.22
22 0.43 0.18 — — 1458 431 210 114 075 034 0.21 3.38 1.69 1.15
23 0.34 0.14 — 36.26 11.11 398 202 103 063 035 0.21 3.22 1.66 1.10
24 1.18 041 — — — — 9.38 3.96 1.78 0.70 0.37 15.64 6.29 3.71
25 1.14 040 — - - 1298 6.02 -— 1.50 070 0.37 942 430 276
26 0.54 0.22 — 20.10 11.32 442 205 133 0.78 041 0.25 2.84 1.56 1.15
27 0.38 0.18 - 20.78 8.88 345 1.58 0.97 0.68 - 0.22 1.95 1.29 0.94
28 0.38 0.18 — 20.68 894 3.56 1.65 094 0.70 —_ 0.22 2.09 1.39 1.02
29 0.18 0.07 1210 745 350 166 093 057 047 027 0.19 097 0.67 0.54
30 0.17 0.06 7.37 3.38 1.87 091 058 042 036 0.22 0.18 0.66 045 0.38
31 0.36 0.22 — — — 365 218 1.18 0.79 0.39 0.29 2.86 1.62 —
32 0.18 0.25 — — — 643 344 1.78 1.11 054 0.32 501 248 207
33 0.64 0.28 - 31.64 1362 373 200 l.14 0.82 — 0.29 2.53 1.60 1.22
34 1.13 044 — — — 17.20 5.70 3.27 1.49 0.72 0.38 9.09 4.19 276
35 0.34 0.18 - 1645 730 222 1.26 081 060 034 0.21 1.70 1.10 0.82
36 0.23 0.11 — - 1718 585 234 136 089 044 0.25 3.12 192 1.38
37 0.22 0.05 - 2497 1071 271 1.73 098 0.70 0.34 0.24 2.38 1.31 0.98
38 046 023 — 1770 873 314 1.70 099 0.70 040 0.26 242 142 1.04
39 026 0.14 19.22 11.73 474 190 108 0.72 047 0.26 0.19 1.39 0.83 0.63
40 .50 0.21 15.54 12,75 587 191 142 087 0.63 034 0.25 1.99 1.21 090
41 027 013 2388 808 394 130 098 0.58 049 0.25 0.18 1.26 0.78 0.58
42 0.19 0.11 830 503 259 121 0.78 051 041 0.26 0.18 097 0.62 0.49
43 0.25 0.14 17.11 7.7 412 1.79 1.04 072 053 030 0.21 1.05 0.74 0.58
44 0.57 0.20 - - 27.14 707 344 145 081 042 0.24 467 2.14 140
45 0.33 0.16 — 16.64 822 298 142 086 064 031 0.22 1.77 1.04 0.77
46 1.38 048 — - — 1694 988 454 207 086 041 16.75 7.18 4.23
47 08 036 -— - 2498 925 373 200 122 0.57 0.34 5.30 281 195
48 1.38 043 — — — - — - 2.02 0.87 — — - —
49 040 0.19 — 26,72 1092 400 1.75 099 0.65 050 025 234 1.34 098




TERNARY SOLVENT BEHAVIOUR IN RPLC

040 045 0350 015 © 0 0 0 0 0 0 0 0 0
040 045 050 045 610 020 030 040 050 060 070 080 090 1.00
020 0.10 O 040 090 080 070 060 050 040 030 020 010 O
0.57 040 030 1.26 — 1358 6.32 295 1.78 1.03 066 044 031 025
0.80 051 0.34 2.10 — - 14.10 589 334 1.78 1.04 066 0.42 0.30
0.81 0.52 034 1.14 2868 10.25 572 274 168 100 065 042 030 0.22
0.83 0.53 0.36 2.16 — - 1394 6.26 351 190 1.14 070 045 0.30
0.53 037 0.25 .17 - - 746 3.38 197 111 070 042 028 0.21
115 065 0.39 4.51 — - - 1502 669 309 174 094 056 0.36
0.36 029 0.23 049 885 372 199 106 067 046 032 022 0.18 —
192 094 0.50 9.59 -— - 36.28 14.34 579 298 1.54 0.82 046
286 124 061 1494 — — — - 2431 9.55 466 237 125 0.68
.23 0.70 0.42 143 — 2422 857 3.1 — - 099 062 040 031
I.16 0.68 0.42 3.69 — - 33.67 11.82 588 294 1.67 098 0.59 041
0.53 036 0.27 Li0 — 1978 8.22 322 1.69 092 054 030 022 025
1.56- 0.82 047 6.17 — - — 21.38 9.78 446 235 136 0.78 0.50
049 034 026 095 — 11.82 576 274 148 082 051 031 022 022
1.60 0.88 0.50 594 -— - - 1994 925 430 229 1.38 080 0.50
0.79 047 0.28 254 — — 28.14 889 422 202 109 064 039 0.27
0.52 034 024 .74 — 21.15 842 341 188 1.03 - 0.39 025 0.18
0.57 036 0.22 1.69 — — 11.34 466 251 129 071 039 023 0.17
0.50 032 0.21 141 — — 13.43 494 248 122 0.68 036 022 0.14
0.54 034 0.21 1.66 — 2202 1142 486 258 1.30 071 038 022 0.16
0.70 0.41 0.24 247 — — 21.86 7.73 3.62 1.70 0951 0.52 0.28 0.16
066 039 0.23 1.98 — — 22,13 7.88 -— 1.74 091 049 027 0.18
0.62 038 022 2,18 -— - 2547 807 366 L73 088 049 027 0.19
.73 083 043 830 -— — - 3534 1370 549 266 140 074 042
148 0.79 046 5.66 — — - 19.58 890 4.14 1.10 0.49
0.70 043 029 206 — - 1420 597 3.07 1.60 0.94 O. 54 031 024
0.60 038 0.26 1.66 — 2296 1143 478 253 133 076 045 027 0.21
0.65 042 0.26 L77 — — 1285 526 285 L1.51 084 050 030 0.20
0.38 027 022 0.65 1593 7.60 3.77 1.74 1.03 059 034 020 0.14 0.16
0.29 025 0.21 040 8.18 3.04 160 079 050 030 0.19 0.11 0.10 0.25
0.77 0.50 0.30 .15 — 13.98 6.30 280 1.68 096 060 040 0.28 0.22
1.06 0.63 0.40 090 -— 2411 1094 478 251 1.43 086 057 038 0.27
0.77 050 0.34 1.90 -~ - 13.34 534 289 162 097 062 042 032
146 0.81 047 6.18 — - — 19.89 863 405 222 122 070 046
0.54 035 024 .79 — 19.20 880 3.77 206 1.12 0.67 039 024 0.19
0.81 048 0.30 122 - 23.26 648 3.15 1.82 1.060 058 034 022 0.18
0.63 041 0.26 0.75 2262 794 453 225 1.37 070 047 030 0.19 0.14
0.67 043 0.30 .71 — - 11.32 506 278 147 0.84 052 033 0.22
042 030 0.24 094 2757 1148 510 221 124 066 038 0.22 0.14 0.27
0.58 0.39 0.28 145 — 16.38 828 3.74 210 1.17 073 044 0.29 0.38
038 0.27 0.22 0.72 2303 9.09 415 295 108 058 033 0.19 0.13 o0.17
037 028 0.22 0.56 10.16 490 270 145 089 052 034 021 0.15 0.17
042 032 026 068 128 6.73 320 149 090 054 036 029 022 031
0.78 046 0.30 2.66 — — 31.76 826 3.52 1.61 088 049 030 0.32
0.51 036 0.26 098 — 1526 6.11 242 134 080 050 035 029 040
205 099 053 945 — - — 36.18 1445 626 3.17 174 094 0.52
1.14 067 042 3.70 - — 30.67 1131 3576 280 166 098 0.60 022
206 097 054 9.55 — — - 40.03 1568 644 329 1.72 091 0.55
062 039 029 145 — 25.84 10.63 420 230 1.18 070 043 029 0.30
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