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SUMMARY

An equation is discussed relating the Ras value of a proton donor solute with the
composition of a binary developing solvent system of the type electron donor solvent -
neutral diluting solvent. The equation was derived assuming that adsorption of the
solute by polyamide is mainly governed by competitive H-bonding between the solute
(proton donor) and the solvent and the polyamide (electron donors), the formation of
solvation and adsorption complexes being described by the law of mass action.
Experimental results for some solvent systems were found to be in agreement with
theoretical predictions.

INTRODUCTION

In the preceding papers of this series!2, the adsorption of the solute was con-
sidered as the reversible formation of molecular complexes between the solute, the
solvent and the surface groups of the adsorbent, the law of mass action being applied
to the H-bonding &quilibria.

These considerations were applied to adsorption by silica; the surface silanol
groups were considered as one of the components of a non-aqueous solution whose
composition was expressed in mole fractions; the fundamental assumption was that
the strongest non-solvated functional group of the solute is adsorbed by a non-solvated
silanol group (neglecting non-specific solvation due to dispersion forces as much weaker
than H-bonding). In other words, it was assumed that the probability of adsorption
of a solute molecule by a silanol group, which is at the time H-bonded by a solvent
molecule, is greatly diminished in comparison to adsorption by a free silanol group;
the adsorption affinity is thus dependent on the fraction of time which an average
silanol group spends in the free (not H-bonded) form. Applying the law of mass action
to the competitive H-bonding equilibria and assuming certain simplifications, an
aquation was derived which postulated a linear relationship between the Rjr value
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and logarithm of the mole fraction of the active solvent in the binary developing
solvent! and a linear relationship between the Rjs values of related organic bases
(adsorbed by single point adsorption) and their pK 4 values in aqueous solutions2,

Silica belongs to a group of adsorbents with predominately proton donor
properties3-5; it, therefore, seemed of interest to investigate whether the law of mass
action could also be applied to adsorbents with different properties, first of all to
polyamide which is an adsorbent commonly used in TLC, particularly in the chromato-
graphy of proton donor solutes, such as phenols, amino acids etc.5.

Polyamide has a structure of linear molecules in which the -CO-NH- groups
are separated by alkyl chains; the molecules are held together by a three-dimensional
network of =NH - - - OC= hydrogen bonds®. In adsorption of proton donor molecules,
the carbonyl groups play the role of active sites as a result of their increased basicity
due to a mesomeric effect (c¢f. ref. 7, for formamide); however, the =NH groups can
also contribute to adsorption properties, although in a minor degree, according to
some reports in the literature®. Nitrocompounds and some other types of compounds
cdan be also strongly adsorbed by interaction with free amino groups®?. Certain strong
solvents with small molecules (CHCl,, CH,Cl,, CH,Cl--CH,Cl) can loosen the structure
of polyamide forming a gel which can dissolve the molecules of the solute®; other
solvents, e.g., formic acid, can dissolve the polyamide completely.

From a theoretical viewpoint we shall consider the adsorption of a proton donor
solute (class A or AB in the classification proposed by PIMENTEL AND McCLELLAN1?)
from a mixed solvent of the N + B type (7.e., diluting solvent, e.g., cyclohexane,
mixed with an electron donor solvent, e.g., cyclohexanone). It is assumed that the
adsorption of the solute is caused by H-bonding with the polyamide carbonyl groups
and that the variation of the solvent composition does not entail changes in the
polyamide structure. Under these conditions the scheme of molecular interactions
involved can be represented by the diagram in Fig. 1a (solid lines represent H-bonding,
dashed lines—dipole—dipole interactions, dotted lines—dispersion forces). Thus, as
opposed to the adsorption by silica where the decisive process is competition of solute
and solvent for active sites of the adsorbent surface (Fig. Ib), in the case of adsorption
on polyamide the governing process is competition of the solvent and active sites for
the solute (¢f. BARK AND GRAHAM!?Y), Solvation of the less strongly adsorbing part of
the solute molecule is similar in the adsorbed and non-adsorbed state and thus is

(@) z Z.- =S—===-5
i
A

B) Zaome 2 S====5

Fig. 1. Diagrammatic representation of interactions involved in adsorption from an electron
donor solvent S diluted by an inert solvent N by polyamide (a, proton donor solute) and silica
(b, electron donor solute).
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largely cancelled (ref. 3 p. 188); association of the solvent S is relatively weak (dipole—
dipole interactions) and so is the association of the solute in view of its low concen-
tration and the presence of the electron donor solvent in the solution.

Since in the model considered the solvents are only weakly adsorbed relative to
the solute, the Z-S interactions acquire the decisive role, that is to say, the solvation
of solute molecules (or rather their active groups); since the same interactions also
determine the solubility of the solute in the solvent, the adsorption of the solute can,
in these cases, be expected to correlate with its solubility, contrary to the solvent-
adsorbent systems in which solvent—solute interactions are of minor importance (see
ref. 3, p. 230). In particular, parallelism of adsorption and solubility in a series of binary
solvent mixtures could be anticipated (compare ref. 12 for partition and solubility).

As in the preceding papers!:2 we will assume the components of the non-aqueous
system to be the surface carbonyl groups of the polyamide (A); the developing solvent
(N + S); the solute (Z); the complexes AZ (solute molecules immobilized at a given
moment by H-bonding with the polyamide); and the (mobile) solvation complexes
ZS and ZS; (the latter occur in the case of bifunctional solutes, ¢.g., dihydroxy com-
pounds). Thus, the composition can be expressed in mole fractions as: ‘

XA+ Xs+ Xn + Xz + Xaz + Xzs + Xzs, =
As before, we can reasonably assume that

Xs + Xn> Xa > Xaz + Xzs + Xazs,

Applying the law of mass action, we have

A+ Z=AZ Kaz = Xaz/XaX7
the adsorption coefficient of solute Z then being

kO = Xpaz/Xz = KpzXa (1)
Assuming that the two proton donor groups of the solute are equivaler‘lt,. we have

Z +S=12S Kyzs = Xzs/X2zXs

ZS 4+ S =15, Kzs, = Xzs,/X2sXs

KzsKzs, = Xzs,/X7Xs*

The overall distribution coefficient, 7.c., the ratio of concentrations of the solute
in the stationary phase (AZ) and in the mobile phase (Z, ZS and ZS,) is

k= Xaz/(Xz + Xzs + Xzs,) = Xaz/Xa(t + KzsXs 4 KzsKzs,Xs?)
k= ko/(1 4 KzsXs + KusKus,Xs? (2)

Ry = log & = log k° — log(x ++ KzsXs -~ I{ZSI<ZS21Y82) (3)

The terms in the parentheses belong to MicHAEL1S’ pH-functions for a biprotic
electrolyte, and the last equation is analogous to the theoretical Ryr vs. pH relationship
so that the analysis of the function given in an earlier paper (¢f. ref. 13 p. 30, 37,eqn. 560)
can be applied, assurﬁing that k°,Kzsand K zs, are constants: Under certain conditions,
linear Rps vs. log X relationships are obtained, depending on the relative numerical
values of the three terms in the parentheses:
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I > KzsXs + KzsKzs, Xs? Xz > Xzs + Xus, slope = o
KzsXs > 1 + KusKpzs, Xs? Xzs > Xz + Xus, slope = I

(under these conditions the solute still behaves as a monohydroxy compound)

I{zsI{zngsz > 1 4+ KzsXs Xzsa > Nz + XNzs slope = 2

When double solvates cannot be formed (IKzs, = 0), eqn. 3 simplifies to an
equation analogous to the Rar vs. pH relationship of a monoprotic electrolyte:
Rpr = log k° — log(1 + KzsX5s) (4)

the Rz vs. Xg line then having only two asymptotes: firstly for low X values
I > KysXNs; Xz > Xygs, slope = o

and secondly at higher concentrations of S:
KysXg > 1, Xzs > Xz, slope =1

Theoretical Ry; vs. Xg curves are illustrated in IFig. 2 for a monofunctional
electrolyte Z’ and a bifunctional electrolyte Z’’. The Rjs axis is directed downwards
so that Rar and Rp both increase.

The above simplified model permits the effect of the molecular structure of the
solute, solvent and adsorbent to be expressed as simple physico-chemical parameters,
such as the mole fraction of the electron donor solvent, the adsorption coefficient &°
of the non-solvated (not H-bonded) solute, solvation constants etc.

Scale unit
—pme——
TogXg — o Ao
Liog k' o
3
Tlog K°”
~logkzg Rug \j RM

Fig, 2. Iclca}ized Ryr vs. log Xs relationships for a monohydroxyl solute Z° and a dihydroxyl
solute 277, From TLC data only fragments of the relationships can be obtained (I2ys values in the
range —1, 1),

Fig..3. ldealized Rap vs. log X relationships of a bifunctional solute adsorbed from three series
of binary solvents: N -+ 8 (1), N - 8 (2) and N’ -+ S (3).

Because the intersection points of the asymptotes are determined by the for-
mation constants of solvation complexes, (Fig. 2), a simple interpretation of the effect
of the solvent S is possible: its increased basicity should increase the solvation con-
stants Kzg and Kys, thus shifting the curve to the left so that the — Rj; value of the
solute increases at lower concentrations of the active solvent. (Fig. 3, compare curves 1
and 2). Substitution of the diluting solvent influences the position and shape of the

Absolute values of slopes are given.
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curve through the values of k°, Kzg and Kyg,. (Fig. 3, compare curves I and 3).

However, the simplifying assumptions introduced in the theoretical consider-
ations may cause deviations from anticipated behaviour in real adsorption systems.
Among the possible causes of deformation of the theoretical relationship the following
should be mentioned:

(1) Formation of composition gradients (demixion) and variation of the ratio
of solvent to adsorbent weight along the chromatogram.

(2) Variation of 29 = K 23X s with the composition of the solvent due to:

(a) Changes of the activity coefficients,

(b) Variation of X A caused by changes in the structure of the adsorbent (e.g.,
swelling) and by variations of the molar ratio of the solvent and surface adsorbent
groups for a series of mixed solvents (see below).

(3) Not only K,z but also Kyzg and Kz52 may vary with the composition of the
solvent.

(4) The =NH groups can also contribute to adsorption, ¢.g., by H-bonding
with the solvent molecules, thus decreasing their concentration in the solution; how-
ever, most authors report only a minor contribution due to imido groups (¢.g., ref. 8).
In addition, some effect due to desorption of the solvent molecules from the polyamide
carbonyl groups can be expected; the effect will differ for the diluting solvent N and
the electron donor solvent S, since the former interacts by dispersion forces and the
second by dipole—-dipole interactions (IFig. xa) and although these two types of inter-
actions are much weaker than H-bonding, the adsorption of the solute Z is, never-
theless, probably weakened at higher Xg values in view of the competition of the
solvent S for active sites on the adsorbent surface. Consequently, increase of X's may
cause increased desorption of the solute not only by stronger solvation of its proton
donor groups (formation of ZS and ZS, complexes) but also by increased competition
of the solvent for the active sites. The latter effect results in &9, the adsorption coeffi-
cient of non-solvated molecules of the solute, possibly being a decreasing function
of Xg.

Since the problem of solvent composition effects has been considered from the
viewpoint of its application to the theory of thin-layer chromatography, the practical
applicability of the theoretical relationships was tested using the TLC technique,
although more precise and reliable results could be obtained from column chromato-
graphy experiments where at least the evaporation of the solvent and gradient effects
can be eliminated?®.

Solvent composition effects have great theoretical and practical significance
since most developing liquids employed in liquid chromatography are mixed solvents.
Before discussion of our experimental results, it is worthwhile discussing this briefly
and comparing other approaches to this problem.

SNYDER? derived the following fundamental equation by applving the law of
mass action to the displacement of solvent by solute from the adsorbent surface and
assuming two-phase partition:

Ry = log (VaW/V0) + a(S° — Axe) (5)
where:
Va = volume of adsorption layer, proportional to the specific surface area of
the adsorbent
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W = weight of adsorbent

Vo = volume of solvent

« = adsorbent surface activity function

So = adsorption energy of solute on adsorbent of unit activity (e = 1.00) from
pentane solutions (g° == 0)

Ag = area occupied by absorbed solute molecules (in 8.5 A2 units)

g0 = solvent strength parameter.

f the type silica—electron donor solvent, anomalously large values
s 1t s simple physical sense (ref. 3, p. 202).
nts composed of an inert diluting liquid

R = |

trong solvent B(ef > £2), and moderately large mole fractlons of B, the solvent
+1
Ll

A=

o
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where Xy denotes mole fraction of the strong sol a
single solvent molecule (in 8.5 A2 units equal to 1/6 of th
Combining the last two equations, we have
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[cNe)]

Rpyy = log (Vo W /[V0) 4 aS° — aAse) — ‘23 log Xn )
b

Assuming that the molecules of the solvent and solute displace each other in a
I:I ratio, the Rjs value should be linearly dependent on log Xb, the slope being 1. The
remaining terms express various parameters determining the absolute value of Ry,
i.e., adsorption affinity of the solute (S°) and solvent (&]) etc. However, the last equations
mainly refer to situations where the governing process is the competition between the
solute and solvent for the adsorbent surface.

OscIK ¢t al.1418 applied the thermodynamic theory of conformal solutions to
the analysis of solvent composition effects deriving the following equation for the
adsorption of solutes from binary solvents:

o . -— -—

Rpp = w3Rap, + 1R, + (03 — 1) (log &, + Rar,y — Rag,) + Y (8)

where the subscript 1 denotes the active solvent (S) and 2—the diluting solvent (N)
it denotes volume fraction of the solvent, u{—volume fraction

of the solvent in the
surface layer and k7, is 'rh.e hvpothetical n:\.rti'r ion coefficient of the solute between
solvents 1 and 2 (at a first approximation equal to the ratio of the partition coefficients
of the coliite in tw n titian systems: ‘r/ur':ﬂ-nr and alwatar mnravidad +hat enlvante
vvvvvvvvv - e, AAA \-'v ul.\. \-l\lll ._,‘ AR R Y P I" (= ey § CLiing ‘1, Yywawvwi, yluv;u\.u LilAlL JSUVLYV LiILOD
I and 2 are ummscxble with water). Y is a function of #,; however, for conformal
cn‘!1+|nnc 1te mavirmitir wralita dAne Nt nursnasd o~ n ...:4.,, a2 dla on
UTICIIS 1TSS maximum vaiue aoes 1not exceeda o. U/a L\j7 UGS ana Lllub ltb Ullllb Ul

does not introduce any mgmﬁcwnt error in most cases. The effects determmlng ad-

Qnrntine Ara Acemacoo lamarn Towyr L0 e Ty

SOrption are expressea nere by dilterent parameters, thus, the adsorption affinity of
the solute from pure Component solvents is e\pressed by the values of RM( ) and RM“) ;
differences in solvation of the solute by the two solvents are reflected by the value of
k',“z; and the difference #; — u, reflects the effect of the shape of the adsorption iso-
therm of the solvent S from solutions in the diluting solvent N. For dilute solutions

of the active solvent (7.c., 1t; — 0) it may be assumed that 15 > 1, and since the initial

L
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part of the adsorption isotherm is usually linear (1% = const -1,), it follows that
Ry = %1RM(|, - “2R1“’<u> -+ const -1, (9)

that is to say, Ru is then a linear function of #;. IFor higher concentrations of the strong
solvent the Ras vs. u, relationships were found to be parabolic in shape!® and tend to
straighten in Rjs vs. log u, plots (¢f. ref. 16).

EXPERIMENTAL

The phenols and their derivatives were chromatographed on thin layers of
polyamide (polyamid-pulver, Merck AG, Darmstadt, G.IF.R.). The polyamide was
mixed with 45 ml of a 3:2 mixture of CH,OH and CHC]I; and spread over 18 X 19 cm
glass plates in layers ca. 0.1 mm thick, excess solvent was evaporated and the plates
heated for 15 min at 80°11, After spotting the samples, the plates were conditioned for
1.5 h in the tanks and developed with binary mixed solvents; the spots were detected

TABLE 1

SLOPLES OF Ras vs. LOG Xg LINES FOR VARIOUS ELLECTRON-DONOR SOLVENTS (S) DILUTED WITH
CYCLOHEXANE

Solute Electvon-donor solven!

Aectone Mellyl Dioxane Cyclo- Telra- Diethyl
ethyl hexanone hydyo- ketone
ketone furan

Phenol ' P 2.0 1.6 1.3 1.0 1.0 0.9
o-Cresol 2MP 2.0 1.6 1.4 1.0 0.8 —
m-Cresol IMP 2.0 1.6 1.4 1.0 0.8 —_
#-Cresol 4MP 2.0 1.6 1.7 1.0 0.9 —
2,3-Xylenol 23MP 2.0 1.6 1.2 1.0 0.8 0.8
2,4-Xylenol 24MP 2.0 1.6 I.2 1.0 0.8 0.8
2,5-Xylenol 25MP 2.0 1.6 1.2 1.0 0.8 0.9
2,6-Xylenol 26MP — — — — 0.8 —
3.4-Xylenol 24MP 2.0 1.6 I.2 1.0 0.8 0.9
3.5-Xylenol 35MP 2.0 1.6 1.2 1.0 0.8 0.9
Pyrocatechol 1zHB 3.1 2.0 — 1.8 —_ 1.3
Resorcinol 13HB 3.8 2.0 — 2.0 — —
Hycdroquinone 14HB 3.8 2.0 —_ —_ — 1.4
Phloroglucinol 135HB 5.9 —_ —_ 2.7 — —
Pyrogallol 123H B — — — _— 2.6 —_
P-Methoxyphenol 13MOP 2.0 T.4 —_ 0.9 — -
Orcinol OR — 2.2 2.0 1.5 .5 —
(3,5-dihydroxytoluenc)
o-Nitrophenol 2NP 1.8 —_ —_ — 1.0 e
P-Nitrophenol 4N 2 2.0 2.0 1.0 0.8 —
m-Aminophenol 3AP 2.7 — — 1.4 — —
P-Aminophenol 4AP 3.0 —_— — 1.6 — —_
o-Chlorophenol 2CP — 1.3 0.9 0.7 2.4 —
#-Chlorophenol 4CP —_ 1.5 0.9 0.7 2.4 —_
1-Naphthol THN 1.9 I.4 0.9 0.7 2.4 —
2-Naphthol 2HN 1.9 1.4 0.9 0.7 2.4 —
1,6-Hydroxynaph-

thalene 16HN 3.9 2.1 2,0 2.0 4.0 —
2,7-Hydroxynaph-

‘thalene 27HN 3.9

2.1 2.0 2.0 4.0 —
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by coupling with bis-diazotized benzidine. The experimental results are presented in
Figs. 4~9 as Rar vs. log X'g plots and are averages from three chromatograms.

RESULTS AND DISCUSSION

The solutes are denoted by symbols (P == phenol, N = naphthalene, M =
methyl, H = hydroxyl etc.; where 1,6 HN = 1,6-dihydroxynaphthalene, see Table I).
The Rps value is defined according to BATE-SMITH AND WrsTALL. The experimental
results are presented in Tables II, IIT and in Figs. 4-9.

The results obtained for the system cyclohexane + acetone are plotted in Fig. 4.
Although linear Rjs vs. log X relationships are observed, the slopes of the lines are not
in agreement with theoretical predictions: Thus, for monohydroxyl compounds
possessing additional weakly adsorbing groups (-CHjy, ~OCH,, -NH,, -NO,) the slopes
exceed the expected values by 1009, (# = 2, ¢f. Table I). Also in the case of dihydroxy
compounds the slopes are higher than expected (2 = 4 instead of 2), except for pyro-
catechol where 7 = 3, 7.c., exceeds the expected value by 509,.

FFor systems of the type cyclohexane-methyl ethyl ketone (FFig. 5) the slopes
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ute Tole fraction ' G Mole fractions of methyl  Mole fractions of

dluete Mole fractions of acelone A ){wa f 'y dictil letome
0.2 0.35 0.5 0.65 0.8 o1 0.2 o.r 0.6 08 0.2 0.4 0.6 0.8

henol P 13 30 51 02 70 9 23 48 062 —- 28 41 50 56 .
Cresol 2MP 19 38 57 O68 76 12 52 065 -— 31 42 49 58
-Cresol 3MP 18 37 54 65 74 12 28 53 67 — 31 43 49 58
Cresol 4MP 12 29 49 O1 70 8 21 47 61 — 30 41 48 57
3-Xylenol 23MP 21 43 61 70 So 14 32 55 71 — 37 48 57 64
4-Xylenol 24MP 21 43 61 70 8o 14 32 55 71 — 37 48 57 64
5-NXylenol 25MTP? 21 43 61 70 8o 14 32 55 71 -— 37 48 57 04
+-Xylenol 34MP 25 47 67 77 — I5 30 54 70 75 38 54 Go OG5
5-Xylenol 35MP 25 47 67 77 — 15 30 54 70 75 38 54 60 65
vrocatechol 12HB -— 13 31 53 68 — 5 18 33 46 8 17 23 33
esorcinol 13HB — 8 25 45 63 — 5 15 20 43 _ - —
ydroquinone 14HI3 — 10 33 56 —— — 5 17 31 43 7 15 24 35
hloroglucinol 135 HB — — 10 30 52 —_ = — = = -— 3 7 14
yrogallol 123HB _— - —_ — _— _— — - - _ — —_— —
-Methoxyphenol 13MOP 14 33 53 06 — — 29 48 60 71 _ - - —
rcinol -
»5-dihvdroxytoluene) OR — e e — — 5 1 31 47 - - —
Nitrophenol 2NP 30 53 67 79 — —_— e — - — —_ = —
-Nitrophenol 4NT 7 10 30 45 —_ — 6 21t 38 49 - —
-Aminophenol 3AP s 16 37 57 @— —_— e — —_—— —
-Aminophenol 4AP —_—— — = — —_ e e
Chlorophenol 2CP _— — —_— — —_ 14 20 38 50 59 VU
-Chlorophenol 4CP —- —_— — 12 15 33 49 58 —_—
‘Naphthol tHN 15 3 49 61 70 12 20 39 56 66 —— e
‘Naphthol 2HN 13 28 44 50 65 g 18 35 53 63 _— - = —
6-Hydroxynaph-

thalene 16HN — 6 16 38 58 —— - 10 22 33 — e e e
7-Hydroxynaph-

thalenc 27HN — 8 21 42 62 -~ — 12 25 38 — e e
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TABLID 11X

' X 100 VALUES FOR VARIOUS MOLIL FRACTIONS OF THE ACTIVE SOLVENT

olule Mole fractions of Mole fractions of Mole fractions of tetrahydrofuran
dioxane cyclohexanone
0.1 0.2 0.4 06 08 0.2 0.4 06 0.8 0.1 02 0.3 0.4 045 06 07 08

’henol P 13 27 47 63 — 35 50 6o G5 16 27 38 — 42 58 63 78
-Cresol 2MP 10 26 47 66 — 38 54 62 68 22 32 4! — 44 63 08 83
1-Cresol 3MP 12 26 49 63 — 35 50 060 OG5 19 26 37 — 43 62 066 82
-Cresol 4MP 10 24 50 66 — 33 48 356 62 18 24 36 — 42 50 63 78
,3-Xylenol 23MP 18 35 56 68 — 41 59 67 75 25 34 43 — 52 65 068 85
,4-Xylenol 24MI 18 35 56 68 — 41 59 067 75 25 34 43 — 52 65 068 85
,5-Xylenol 25MP 18 35 56 08 — 41 59 067 75 23 31 42 — srI 62 66 84
,6-Xylenol 26MP  — — — — — —_—— — — 42 52 6o — 65 8o 8o 8o
»4-Xylenol 34¢4MP 23 43 63 72 -— 39 55 63 70 23 33 44 — 48 60 638 8y
»5-Xylenol 35MP 23 43 63 72 — 39 55 63 70 23 33 44 — 48 6o 068 8y
*yrocatechol 1zZHB — — — — — 8 =23 40 51 — 8 — 21 — 50 — 8o
Resorcinol 3B - - - — 6 19 35 50 — 2 — 8 — 42 — 72
Iydroquinone yHB - - — — — —_— = = — — 7 -— 16 — 50 - 77
Jhloroglucinol 13sHIB — — — — — 2 8 20 35 _ - — KR 20 — 06O
Yyrogallol 23IB —. — — — — —_— — — —_— - 5 — II 25 32 37
1-Methoxyphenol 13MOP 35 50 6o 63 -— 40 55 62 68 —  § — 12 — 29 -- 351
Jrcinol
3,5-dihydroxy-

tolucne) OR — 3 I5 30 43 9 20 33 42 — 5 8 — 13 30 38 48
-Nitrophenol 2NP —_— — — — — —_ - — — - 56 — 71 — 76 -— 83
1-Nitrophenol 4NP —_ 2 12 23 30 14 25 35 40 5 8 11 — 18 35 38 42
1-Aminoplhicnol  3AP —_— e — — 24 46 61 68 —_ 5 — 19 - 39 — 05
~Aminophenol 4ATP —_ - = — - 25 53 068 75 _— e e e
-Chlorophenol 2CPP 19 31 46 355 62 390 50 58 62 —_ 20 — 5§51 -— 77 — 86
-Chlorophenol 4CT? 18 20 45 54 60 42 55 62 67 — 21 -— 53 — 78 — 87
-Naphthol 1HN 19 31 46 55 62 43 55 062 67 1o 25 — 56 -—— 8o — 87
-Naphthol 2HN 18 28 45 54 6o 42 51 6o Gy 8 18 -— 50 28 — 87
,6-Hydroxy- -

naphthalene I6GHN — — 13 23 36 4 12 26 40 _— - — 8 — 31 — 57
,7-Hydroxy-

naphthalene 27HN — 6 20 3r 46 5 17 33 48 o 3 -— 11 --= 35 -— 01

are lower but still deviate from the expected values. Better results were obtained with
diethyl ketone (Fig. 6), and especially with cyclohexanone (Fig. 7) when the mono-
phenols with additional -CH, or ~OCH, groups have unit slopes; for dihydroxy-
benzenes the slope is 2 and for the trihydroxy-benzenes 2.7 which approaches the
expected value of 3.0. Good agreement with theoretical predictions was obtained with
dioxane for dihydroxy-benzenes and some monohydroxy-phenols (Fig. 8). The data
are incomplete because some of the dihydroxy compounds gave low R values so that
their Rar vs. log X relationships could not be determined.

In the case of pyrocatechol (1,2-dihydroxy-benzene) the slope was lower than
for the remaining dihydroxy compounds, presumably due to an ortho-effect. ENDRES!
has reported that in an aqueous system pyrocatechol behaves like a monophenol and
explained this by the formation of an internal H-bond. In our experiments (non-
aqueous systems) pyrocatechol gave slopes intermediate between those of mono-
hydroxy- and dihydroxy-compounds.

TFor cyclohexane - tetrahydrofuran ml\tures linear relationships of unit
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TFig. 4. Experimental Ry vs. log Xy relationships for developing solvents composed of cyclo-
hexane and acctone, See Table I for notation of solutes.

TFig. 5. Experimental Rar vs. log Xy relationships for developing solvents composed of cyclo-
hexane and methyl ethyl ketone.
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Fig. 6. Experimental Ry vs. log X relationships for developing solvents composed of cyclohexane
and diethyl ketone.

Fig. 7. Experimental Rys vs. log X5 relationships for developing solvents composed of cyclohexane
and cyclohexanone. -
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Tig. 8, Experimental Ray vs. log X relationships for developing solvents composed of cyclohexane
and dioxane,

FFig. 9. Experimental Ry vs, log X relationships for developing solvents composed of cyclohexane
and tetrahydrofuran,

slopes are observed up to Xg = 0.5, the slope increasing to 2.0 in the range of higher
concentrations of tetrahydrofuran (Fig. ¢9). The dihydroxy-benzenes migrated only
at higher concentrations of tetrahydrofuran, the slope being twice that of the expected
value as in the acetone systems. :
In view of complicating effects it was difficult to demonstrate a clear correlation
between the basicity of the solvent and its elution power. Apparently the solvation

power increases from acetone (pKa = —7.2) through methyl ethyl ketone (pKa =
—7.2), to dioxane (pKa = —3.22) and tetrahydrofuran (pK, = —2.08). The
strongest solvation effects were observed in the case of cyclohexanone (pKs = —6.8)

presumably due to the good accessibility of the carbonyl group. Steric factors can also
play an important role in other solvents, and in the case of dioxane the fact that two
ether oxygens are present in a single molecule should be taken into account. Moreover,
even with solvents where the steric situation of the active group is similar (¢.g., a
homologous series of ketones), the chromatographic data are not strictly comparable
when the molecular level properties are considered, unless the molar volumes of the
solvents are taken into account?. Even if it is assumed that the volume of the solvent
per 1 g of the adsorbent (Vgoiv/Waas) is constant for various solvents, the difference
in the molar volumes of two solvents results in the molar ratio of the active groups of
the solvent and of the adsorbent not being identical; for a solvent with a lower molar
volume its active groups are in a larger excess, so that the mole fraction X4 of the
active groups of the adsorbent surface is lower. The same reasoning also applies to a
series of mixed solvents where the molar volume of the active solvent (e.g. acetone)
differs from that of the diluting solvent (e.g., cyclohexane); X (and thus also k°,
¢f. eqn. 1) is then a decreasing function of Xg and this effect may contribute to the
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abnormally high slopes of the Ry vs. log X's relationships (IFig. 4), the second contri-
bution probably being due to competition of acetone molecules for the adsorption sites
resulting from dipole-dipole interactions. [For higher homologues, whose molar
volumes are comparable to that of cyclohexane, both effects are less pronounced and
the slopes are approximately equal to the expected values. The better agreement
observed for diethyl ketone and cyclohexanone could thus be attributed to the following
circumstances:

(1) Molar volumes comparable to that of the diluting solvent, cyclohexane.

(2) Lower molar volume concentrations of carbonyl groups even at high values
of X so that the variation of the formation constants with Xgis reduced and the non-
specific solvation of the surface carbonyl groups becomes differentiated less at higher
and lower values of Xg.

(3) Any swelling of the polyamide is reduced in comparison to acetone systems.

(4) Decreased experimental errors due to changes in composition of the solvent
caused by evaporation.

For solvents differing in molar volumes it may be advantageous to substitute
mole fractions for molar concentrations; analogous Rps wvs. solvent composition
relationships would then be obtained. The formation constants would then have other
numerical values and would be more strongly dependent on the concentration of the
active solvent, in comparison with the constants expressed in mole fractions.

The authors are aware of the fact that in view of the above mentioned compli-
cating effects the relationships derived require further investigation and improvement,
and at the present moment can be only regarded as semi-empirical; nevertheless, it
is remarkable that in most cases linear R vs. log X relationships have been obtained,
the slopes being different for monohydroxy-, dihydroxy- and trihydroxy-compounds;
this partial agreement with theoretical prediction apparently suggests that in certain
types of non-aqueous solvents the decisive mechanism is also solvation of the hydroxyl
groups of the solute (¢f. BARK AND GRAHAM, ref. 11). A further stimulus to present the
provisional conclusions and experimental results is the importance of solvent com-
position effects in the theory of optimization of chromatographic solvent systems;
moreover, the theoretical relationships suggest that the realization of the simplified
model could allow one to determine the solvation constants (Kzs,Kzs,) from Rjr vs.
log Xs relationships (see Figs. 2, 3), provided that an appropriately modified adsorbent
of the polyamide type is employed and the complicating effects can be eliminated or
accounted for.
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