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1. INTRODUCTION 

The use of liquid-solid chromatography @SC) with polar adsorbents as 
stationary phase continues to find widespread application, despite the recent inroads 
of non-polar reversed-phase packings. These LSC’ separations are largely controlled 
by the choice of mobile phase composition, with oniy occasional use of column 
packings other than :;ilica. By varying mobile phase composition in LSC separation, 
it is usually possible to adjust both solvent strength (k’ values) and sekctivity (a 
vahres) for adequate resolution of the sample (e.g., discussion of ref_ 1). This procedure 
is often carried out empirically, but a better approach is suggested by some combina- 
tion of past experience plus a theory of solute retention in LSC systems. 

The development of an overall theory of LSC retention has been underway for 
several decades. In the 1960s one of us1 deveIoped a comprehensive and detailed model 
for LSC retention, inchrding the role of the mobiIe phase in affecting separation. A 
somewhat different model of retention was presented a few years later by Soczewin- 
sk?, but it was subsequently shown3 that the two models are essentially equivalent. 
While we refer to the latter as the Snyder-Soczewinski (S-S) model of LSC retention, 
it can also be described as the displacement model, from the assumption that an ad- 
sorbing mofecule of soIute displaces adsorbed solvent molecules during the retention 
process. We will describe the S-S model more fully in the next section. 

In 1973 a ‘third model of retention in LSC was presented by Scott and Kucera’. 
The Scott-Kucera (S-K) model differs almost diametrically from the S-S model, and 
is detailed in the following section. During the next 6 years the S-K model was further 
developed, and a considerable amount of experimentai data was presented on its 
behalf5-l’. As this evolution of the S-K model proceeded, several quahkations were 
introduced, the generality of the model was then restricted to certain LSC systems, 
and certt earlier proposals were discarded_ Throughout this series of papersc12 
there has been only a limited effort at testing the S-K model against earlier experi- 
mental findings in the broad field of adsorption. -41~0, no attempt was made to test 
the ability of the S-S model to explain the newer data reported in refs. 412. 

A critical review of these two models (S-S and S-K) of LSC retention seems, 
therefore, appropriate at the present time. The aims of the present communication 
include : 

(I) to review accurately the present status of these two theories of retention in 
LSC, with emphasis on points of difference; 

(2) to examin e critically the points of diffierence with respect to previousIy 
published experimental evidence; 

(3) to draw conclusions conce_rning the relative validity of various assump 
tions and descriInions pertaining to LSC retention, so far as these can be known at 
the present time; 

* Un!ess otknvise noted, we use LSC here only for polar adsorbents. 
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(4) to assss the practical impact of these &ml conclusions: in what cases do 
they apply (or not apply)? how do they a&ct our ability to PFCdkt separation and its 
dependence on mobile phase composition? etc. 

If an informed cunsensus can be reached concerning the mechanism of re- 
teention on silica as stationary phase, it may be possible to extend these findings to 
related chromatographic systems. Earlier work showed that the S-S model provides 
an accurate basis for understanding retention in gas-solid chromatographyX3. More 

14-18 recently, De Ligny and co-workers have shown that the S-S model allows the 
satisfactory interpretation of retention in bonded-phase liquid chromatography, 
when these systems are run in normal (non-polar mobile phase) mode, as opposed to 
reversed-phase separation. One might also expect that a good understanding of re- 
tention in LSC on silica can prove usefd in analyzing experimental data from reversed- 
phase separations on alhyl-bonded-phase columns_ No agreement has yet been reached 
on the mechanism of retention in these reversed-phase systems (e.g., ref. 19 VS. ref. 20), 
with the same basic questions still unresolved as are being argued in the case of LSC 
retention on silica. However, the question of retention mechanism on modified 
silicas will not be discussed here_ 

2. REVIEW OF SNYDER-SOCZEWINSKI AND SCOTGKUCEJXA MODELS OF LSC 
RETENTION 

In considering the mechanism of retention in LSC, it is important to begin 
with a rough classification of different systems; e.g., according to differences in ad- 
sorbent, mobile phase, and/or solute. This allows us to anticipate the possibility of 
changes in retention mechanism as the latter variables are changed over wide limits. 
Such a classification is also essential in comparing, evaluating and extending the 
S-S and S-K models of LSC retention. Table 1 provides one such description of 
LSC adsorbent3 and mobile phases. In terms of the adsorbent, the present discussion 
will center on adsorbents of class I (polar inorganics), and specifically on silica, which 
is widely used today in high-performance liquid chromatography (EIPLC). Other 
studies (e.g., ref. 1) have shown that significant differences in the adsorption process 
can arise as the adsorbent is changed from a wide-pore silica (i-e., of the type used in 
HPLC), to a tie-pore silica, or to alumina. However, these diEerences can be ex- 
plained in terms of a continuum of effects comprised within the S-S model. Adsorbems 
of class II (e.g., charcoal) have long been recognized as giving rise to quite different 
separations versus adsorbents of class I. Nevertheless, Guiochon and co-workers 
(e.g., ref. 21) have interpreted retcntion on graphitized carbon in terms of the S-S 
model, while Robinson et QZ_ zz have applied the S-S model to retention on XAD 
resin. In some respects, adsorbents of class III (polar bonded phases) bear a closer 
resemblance to silica and alumina than to charcoal; De Ligny and co-workersL7*18 
have shown the applicability of the S-S model in “rhese systems for interpretation of 
retention data. Adsorbents of class IV (non-polar bonded phases) might be expected 
to be similar to those of class II, but no systematic comparison of retention in reversed- 
phase systems with these class II column packings has yet been made. 

Returning to Table 1, three classes of mobile phase are considered_ Class N 
comprises the less polar solvents with LSC solvent strength values aa (for alumina, 
see ref. 1) which fall in the range 0.00 to about 0.40. This also corresponds to solvent 



366 E.R!BWD~ELl?OPl?E 

TABLE 1 

-CAPON OF LSC ADSORBENTS AND MOBILE PHASES 

P 

AB 

GmerdcLsss 

Pofar inoi-gaic 
Non-poiar inorgank 
Pok bonded phase 

Non-polar bon- phase 

NOQ-polar, moderately 
poh 
Non-amphoteric polar 

Ainphoteric polar 

Exmnpler’ 

Heptane (O.Ol),butyIchloride(O.Z6),benztne 
(0.32), chtoroforsn (O&J 
MethyIethylketone (0.51). tetrahydkofm (O-57), 
ethyl acetate (05.58). acetotitrile (0.71) 
n-PropzIlol(o.82). methanol (0.95). water 

'Valuesinparenthesesreferto~Ovaluesonalumina as adsorbea~. 

polarities P’ (from Rohrschneider, see ref. 23) of roughly 0.0 to 4.0. Class P includes 
the more polar solvents, with EO values of roughly OS-O.8 (and P’ values of 4 to 7), 
which are not amphoteric. By “amphoteric” we mean capable of self-hydrogen- 
bonding in the pure solvent_ The non-amphoteric solvents of class P thus exclude com- 
pounds with -QH or -NH groups. Class AB consists of so-called amphoteric polar 
solvents, and this group is largely restricted to such compounds as alcohols, carbox- 
ylic acids and phenols. The following review will -be concerned mainly with mobile 
phases that are drawn from class N or P of Table I _ A minor exception, which we will 
not pursue, should nevertheless be pointed out. For mobile phases of class N, the 
addition of small amounts of water to the LSC system results in so-called deactivafion 
of thk adsorbent surface. The latter refers to the partial blockage of a portion of the 
surface by adsorbed water. There is then no further effect of water in the mobile phase 

on the retention process. 
To conclude, the remainder of this review will be concerned with LSC retention 

on silica, using mobile phases from classes N or P. A mixture of two solvents drawn 
from both class N and P (e.g., ethyl acetate+heptane binary) is considered to have the 
characteristics of a class P solvent; i.e., the polar component (ethyl acetate) dominates 
the retention process. 

2.1. The Sty&r-Soczewinski mu&l 

This model has bees reviewed in considerable detail (refs. 1 and 3 and referen- 
ces cited therein). The following discussion therefore emphasizes aspects of this 
model which arc of specific interest in its comparison with the S-K model- The S-S 
model assumes that in LSC systems the entire adsorbent surface is covered by an 
adsorbatz monolayer which consists variously of mobile phase or solute molecules. 
The adsorbent plus adsorbed monolayer eff=ctively defines the stationary phase. 
The volume of the adsorbed monolayer (ml/m* of adsorbent surface) will be roughly 
constar& varying ia minor degree with change in the mobile phase or solute, and in 
turn with the orientation of molecules within the monolayer. Under usual chromato- 
graphic conditions, the concentration of solute (sample) will he small, and the ad- 
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sorbed monolayer amsists tidy of mobile phase mokcuks. Retention of a solute 
mokcule then occurs by d;s$ackg a roughly equivalent volume of mobile phase 
mokcuks from the monolayer, so as to make the surf.ace accessible to the adsorbed 
solute molecule. More precisely, if the area on the surface required by an adsorbed 
molecule X is covered by some number n of previously adsorbed mobile phase 
mokcu!es M. the retention equilibrium is given by 

Here, subscripts s and a refer to molecules in the mobile or adsorbed phase, respec- 
tively. It is assumed that the rate of equilibration in eqn. 1 is fast, even when the 
retention of M is more favorable that that of X (i.e., for small k’ values). 

The net reaceio~ free energy (actually dimensionless free energy; see ref. 1 and 
Glossary) corresponding to eqn. 1, which allows the prediction of relative retention 
and of k’ as a function of conditions, is given as 

AE=E,fnE,,-Em--EM, (2) 

Z-e.. the sum of energies for the species on the right of eqn. 1 minus the sum of energies 
for the species on the left (reactants). A further assumption of the S-S model is that 
various interactions between mobile phase and/or solute molecules in solution are 
normally cancelled by corresponding interactiorrs in the adsorbed phase_ This as- 
sumption should hold generally in LSC systems with class N mobile phases, since for 
such systems the solute-solvent interactions are primarily due to dispersion forces, 
and are of roughly equal magnitude for various compounds in condensed phase@_ 
For class P mobile phases, this assumption is less valid because of the increasing im- 
portance of specific (eon-dispersion) interactions, but even in this case there can be 
rough cancelEation of such efkts. In either case, to a first approximation the mobile 
phase &ms nEnis and Em of eqn. 2 cancel, Ieaving 

AE M Exa - nESAa cm 

Eqn. 2a then leads to simple expressions for the dependence of solute k 
values on mobile phase composition. The basic equation is1 

log k’ = log (Y, W/ VJ f So - soAs + d,,, 

0) (ii) (iii) (iv) 
(3) 

Here. k’ refers to the capacity factor of the solute in a given LSC system, VI is the 
(approximate) volume of the adsorbed monolayer per gram of adsorbent, W is the 
weight of adsorbent in the column, V, is the column void volume, So is a parameter 
which reflects the relative intraction energy of the solute mokcule with the adsorbent 
surface (i.e., E,), e* is the solvent strength parameter which reflects the relative inter- 
action energy of mobile phase molecules with the adsorbent surface (i.e., EranlJ A. 
is the relative area of the solute molecule when adsorbed (therefore proportional to 
N. and L is a second order term which can correct for any imprecision in 
eqn. 2a, particularly for mobiie phases of class P or AR. Eqn. 3 differs from its usual 
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form in ref. 1, by omitting an adsorbent activity term Q. As we wilI see below, the 
silica surface is believed tq be relatively homogeneous, so that adsorbent surface 
activi~ (a) does not vary WI ?r experimental conditions in HPLC systems based on 
wide-pore silica as adsorbent. Therefore, for the present discussion where numerical 
values of the various parameters are not relevant, we consider CL to be included in 
??‘,,E‘%ndA _ values (i.e., a constant), which will simplify the following equations. 

Considered in another way, terms (i-iv) of eqn. 3 can be de&red as: (i) a phase 
ratio term, (ii) the energy of adsorption of a mole of solute from a non-polar (refer- 
ence) mobile phase, (iii) the total energy of adsorption of n moles of mobile phase 
molecules M from the reference mobile phase and (iv) a second order term, due to 
effects not considered by the ,cS model in its simplest form. 

Eqn. 3withA cS equal zero has been show& to provide a generally reliable 
description of experimental data for LSC systems based on pure solvents as mobile 
phase. Generally, however, binary-solvent mobile phases are used in HPLC separa- 
tion. If it is further assumed for this case that the adsorption of the more polar 
mobile phase constituent B (in binaries A-B) follows a Langmuir isotherm (see 
below) and the molecular areas of solute (As) and B-solvent (IZB) are equal, then fairly 
simple expressions can be derived for the binary-solvent strength EO in eqn. 3. A gen- 
eral expression for binary solvents, assuming Q equal unity as before is 

CAB = &A f (lOg[N~lo”g’“B-‘~’ f I-NB])/IZB (4) 

Eqn_ 4 is also found to correlate experimental data well in cases where no f As. 
Here, E_-, .Q and &EI refer to EO vaiues for the binary A-B, pure A and pure B, respec- 
PiveIy. NB is the mole fraction of B in the binary solvent mixture, and ?rn is the value 
of A, for compound B (i.e., its relative molecular area). 

A derivation similar to that for eqn. 4 (same assumptions) leads to an equiv- 
a!ent expression for the dependence of k’ on mobile phase composition as the mole 
fraction Nn of a binary solvent is ~aried’~ (for the casen, = A,): 

I/kk, = I/k; f (I/k;, - l/k;3 NB @a) 

Here k& is the k’ value of a given solute with mobile phase of mole fraction NB; 
k; and k; refer to solute k’ values for pure A or B, respectively, as mobile phase. 

For the special case where JZB > EA and Nn > 0, still another relationship 
can be derived* from eqn. 4: 

logk’=logk;, --logN, (4b) 

Here, n is equal to (A&). Eqns. 3-4b allow the prediction of k’ as a function of 
mobile phase composition for a wide range of LSC conditions; their ability to pro- 
vi& accurate predictions of retention, or to precisely tit plots of expe~rimental k 
values VS. NB has been repeatedly verikd (e.g., refs. l-3). 

The S-S model also treats the relative solvent strengths (e” values) of pure 
solvents as a function of their molecular structure. The S-S model states that so 
values should be equal to the adsorption ener_gy of the solvent molecule when the 
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tatter is injected as a sample (S&), divided by the molecular area (rm) of the solvent 
molecule: 

Starting with experimental So values for various pure solvents, eqn. 5 does in fact 
give a good prediction of solvent e” values for a wide range of solvent structures (see 
Figs. S-15 in ref. I). However, the effects of solvent Zucalilation (see below) must be 
taken into account in such a calculation, or calculated EO values can be seriously in error. 

Since the value of St, (or EM__) reflects specific intermolecular interactions 
between the adsorbed solvent molecule and the adsorbent surface, it should also be 
possible to correlate values pf so with these interactions. This is indeed the ease, with 
the so-called partial or specific solubility parameters of Karger et ~1.~~ providing a 
good correlation2’. Thus, it is possible to predict accurately pure-solvent e” values 
starting from different viewpoints, or be@nning with different physical properties of 
the solvents of interest_ 

This foregoing model of retention in LSC systems is in generally good agree- 
ment with experimental data, particularly for less polar solute-solvent combinations; 
i.e. in LSC systems with class N solvents as mobile phase. That is, eqns. 3-5 apply 
with reasonable precision with the d,, term taken as zero, and with values of un 
and Ae which are calculable from the molecular dimensions of the appropriate mole- 
cules. As the polarity of solute and/or solvent molecules increase, however, and 
especially for class P solvents as mobile phase, the above simple model of LSC reten- 
tion becomes signi6cantly more complex. This arises from two experimental e&&s, 
which we will discuss in turn: solute-solvent interactions and localization of solute 
and/or solvent during adsorption. 

2.1.2. Solute-solvent interactions. Referring to eqns. 2 and 2a, deviations from 
the ensuing LSC model are likely to occur when the term Ercs - n&, can no longer 
be neglected. This is the case for more polar mobile phases for various reasons: (i) 
the terms ESS and EL* each increase in absolute magnitude, so that exact cancellation 
becomes less likely; (ii) the latter terms are now determined to a great extent by polar 
interactions instead of dispersion forces; as these polar interactions are specific in 
nature, X and M can show differing behavior, so that values of Exs and Eti no longer 
cancel as the concentration of B in the mobile phase binary A-B is varied; (iii), 
special adsorbate-orientation effects in the adsorbed phases are possible (e.g. Figs. 
g-11 in ref. 1). 

It must be clear that for polar solvents and solutes a very precise description 
of LSC retention equilibria will require a rac&er comp!icated and detailed model in- 
volving many parameters. At the present stage of knowledge concerning bulk-liquid 
and adsorbed-phase interactions this cannot be expected for mry model. Neverthe- 
less, semi-quantitative estimates of the effects of such solute-solvent interactions 
appear possible in practice. 

It has been pointed out 3 that hydrogen bonding between solute and solvent is 
most likely to lead to importtt failures of eqn. 3 (i.e., non-zero values of AA. 
This situation is more likely to arise with class P solvents (and appropriate solutes), 
which means that the polar solvent B of an A-B binary mobile phase will largely 
cover the adsorbent surface, and have a concentration in the adsorbed monolayer 
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much larger than in l he bulk mobile phase. This means that the net e&ct of solute- 
sofvent hydrogen bonding will be largely determined by interactions in the stationary 
rather than mobile phase. This has been observed in several LSC systems (ref I, pp_ 
218-225). Consequently it is predicted in most cases that solute retention will increase 
as hydrogen bond.ing between sampie and solvent mokcuks becomes stronger. 

2.1.2. Localization. For the use of class N solvents as mobile phase, the ad- 
sorbent surface can be regarded as effectively homogeneous and continuous, so far 
as adsorption of the solvent is concerned. That is, there is little preference for adsorp- 
tion of a solvent molecule on any given pzt of the surface. nor is there any marked 
restraint on the positioning of the adsorbing molecule within the monolayer (no con- 
figurational requiremerits). Thus, there is little tendency for weakly retained molecules 
to ~ocalire on a given adsorbent site. This may appear surprising, since the active 
sites on the silica surface are widely believed to consist of free silanol groups which 
interact directly with adsorbing molecules. Furthermore, it is known that various 
silanol types (e.g., “fr&” YS. “bound” or “reactive” silanols) of differing retention 
activity are present in different silicas I_ However, there is normally a considerably 
greater number of silanols available on the surface than there are adsorbed molecules 
competing for these sites (see section 5.2.2). Furttermore, the silanol group can be 
oriented to sweep out a considerable area within which optimum adsorbate-adsorbent 
interactions are possible. Under these conditions, and when the solute and solvent 
molecules involved are not very polar, every adsorbed molecule can interact effective- 
ly with one.or more adjacent silanol groups. 

With regard to the evidence for other silanol types on the silica surface, several 
studies (e.g., refs. 28 and 29) suggest that free silanols comprise almost all (>9O%) of 
the available silanols in the case of wide-pore silicas. Deactivation of the silica surface 
by added water appears to remove selectively the non-free silanols and provide 
further increase in surface homogeneity for aromatic hydrocarbons as solutes’. How- 
ever, for the case of more polar solutes, this water-deactivation process has little 
efkct on surface homogeneity (see Fig. 1 of ref. 30 and related discussion) suggesting 
that the non-free silanols do not play an important role in the adsorption of most 
polar compounds on silica. Therefore, this small concentration of non-free silanols 
does not contribute to surface inhomogeneity so far as the adsorption of polar solutes 
(and solvents) on silica. 

With continuing increase irr the polarity of adsorbing solute or mobile phase 
molecules, localization effects on the silica surface eventually arise. That is, there is 
an energetic advantage to aligning the most polar functional group in the molecule 
with a particular silanol group on the surface. Furthermore, the confrgurationaI 
requiremems for optimum interaction become more pronounced. Such localization 
is essentially the result of an adsorption interaction which is sticiently strong to 
overcome the normal thermal motion of the molecule within the monolayer. Carried 
to the extreme, locabzed adsorption becomes chemisorption. 

. 
Localwed adsorption is well accepted in classical adsorption theory. Similarly, 

it is straightio~ward zo describe how the tendency toward localization will vary with 
the adsorbate polarity or retention strength. Fig. la portrays the sites on the silica 
srrrface, and the random motion of an adsorbing mokcules along the surface. Fig. 1 b 
shows how the energy of adsorption will vary for the molecule in Fig. la as a function 
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Fig. 1. Energy of adsorption of a molecule X as a function of polarity and position on adsorbent 
surface. (a) Position of X during movement across surface ( -) in relationship to adsorption sites 
(shown as 0); (b) adsorption energy Exl vs. position of X from (a); lest polar molecule X (delocalized 
adsorption); (c) same ES (b), except moderately polar X; (d) same as (b), except strongly polar X 
&c&zed adsorption). (See also Fig. 10.3 in ref. 1 and its related discussion.) 

of its position along the surface, for the case of a weakly-polar adsorbing molecule. 
There will be minor fhrctuations in EG for the molecule as a function of position, 
but these are insticient to result in localization; there is simply not enough ener_q 
advantage to “freeze” the molecule at one position. As the polarity of the adsorbate 
molecule increases, as in Fig. lc, localization becomes more attractive, &cause Exi 
varies more sharply with position. NevertheIess, even in Fig. lc the adsorbed molecule 
has essentially the same Exr value over modest limits in position_ This, combined 
with the rotational freedom of the silanol group plus the large concentration of such 
adsorption sites, means that true localization is still unfavorable. For su&iently 
polar compounds, as in Fig. Id, the situation shifts to favor localization. For eombina- 
tions of solvent and solute molecules falling in this category, a number of interesting 
adsorption e&&s can be anticipated (for a fuller discussion of the effects of Fig. 1, 
see ref. 1, Ch. LO). We will pursue these as we proceed, but for other examples of 
localization, see ref. 1, Ch. 8,10 and 11, and ref. 31. As discussed in the latter, a wide 
range of experimental “anomalies” can be understood quantitatively in terms of 
solute or solvent localization. Furthermore, this understanding has led to a number 
of semiempirical modifkations of eqn. 3 which allow accurate predictions of reten- 
tion even when localktion effects are important (ref. I, pp. 202-205, 272-282 
31%320,324-329; also, ref. 31). 
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In the folkming discussion of the S-K model, the reIative bcalization of the 
B-solvent is of major interest. It has been suggested previously30 that strong sokents 
such as ethyl ether and ethyl acetate (class P soivents) are kalized on silica, leading 
to an atypical dependence of k’ va.lues on ok (v/v) B in the mobile phase mixture. 
Similarly, weaker solvents such as benzene and methyIene chloride (clas.s N) ex- 
hibit typical behaviour and were assumedx~M to be non-localized. As we will see 
in a later section, Iocalization of the B-solvent will play a marked role in affecting 
isotherm shape, such that the resulting isotherms for that B-solvent should differ 
marlcedly between class N and P solvents. locahzation of polar solute molecules on 
silica also occurs. 

These solvent and solute locahzation phenomena can be empirically handled 
in the S-S modei Simply by assigning larger VahIeS Of A, (eqU. 3) and nB (eqn. 4) tim 

are cakuhted from the dimensions of the solute and solvent molecules involved. 
me vahes of &Se empiricahy adjusted A, and uB vahtes can be correlated with 

TABLE 2 

EiOVEL FEATURES OF THE SCOTT-KUCERA MODEL OF LSC RETENTION’ 

PosruIate 

1. A s&vent intexxtion model (SIM) can bc derived which is able to predict sotute- 
solvent interactions in binary-solvent solutions. This in turn allows retention. pm- 
dictions in such systems, for both LSC and ionexchange chromatography. 

2. SoIute and sokent polarizability determine sokent-solute polar interactions and the 
retention of polar solutes in LSC; soivent density similarly determines dispersion 
intemctions and retention of non-polar soIutes in LSC. 

3. Dispersion interactions between adsorbed mokcuks and the silica surface are neg- 
ligible or altogether absent. 

4. The sorption (as opposed to competition) model of retention in LSC applies to ahost 
ali class P solvent systems. Solutes tbat are less polar than the B-solvent are not 
r-e-zsined iL; tk monolayer that is adj2cent to the 2cisorbent surface; such solutes 2.r-e 
sorbed onto the primary solvent monolayer, 2nd may or may not displace adsorbed 
solvent molecules upon retention. 

5. Monolayer (and bilayer) adsorption of the R-solvent from binary mixtures of class 
P solvents (Et) in a class N solvent (A) can be described by the simple Langmuir 
isotherm separately applied to e2ch J2yer_ 

6_ The shap of the B-sdvenr iso- for adsorbed B vercrcrs coucentration of B in 
shtion demonstrates bilayer adsorption for all cIass P solvents. 

7. The bilaycr hypothesis is further continned by the finding that all solvents so far 
studied yield a constant number of adsorbed molecules in the 6rst monohxyer. when 
that monolayer is completed. 

8. The infrared band at 3750 cm-r in heated silicas is due to chemkxlly bound water, 
not free sibno groups as believed earlier. 

9. Silicas require he2ting to tempemtures of 6OWC or 2bove before the surf2ce becomes 
uniform; such silicas are ideal for LSC sepamtion. 

10. Referrkg to the S-!3 model (based on thermodynamic and extmthesmodynamic 
postuktes):- “_.. the tliermndynamic 2ppro2ch has severe limit&ions from the pr2c- 
t&l point of view_. _ if there is more than one effect present, the individual intemctions 
cannot easily be separated or identified..... there is a very limited amount of thesmo- 
dynamic &ta avaiiable... such data are difknlt... to obtain”‘. 

7-8 

7 

1411 

10,ll 

10. II 

11 

11 

6 

7 

* Our conclusions v&h respect to e2ch postukte 2re Listed within the text (I c- _ g section 3). 
in italics_ 
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solute and solvent polarity, allowing their accurate estimation in given cases. For 
a detailed discwion, see r&T 1, Ch_ 8. 

2.2, The Swtt-Kkera model 

The S-K model comprises some features put forth by earlier workers, in com- 
bination with several distinct points of departure from previous theory. We will con- 
centrate mainly on the novel proposals of this model, some of which are enumerated 
in Table 2 and specifically discussed later on (with conclusions in the text italicized). 
Most of the discussion and data in publications by Scott and Kucera relate to the use 
of binary-solvent systems. In this connection, considerable stress is placed on the cover- 
age of the adsorbent surface by the stronger solvent component B (in the binary A-B) 
as the phase concentration B varies 0 to OA. initially was claimed 

a monolayer B is within the few percent of B the binary. 
completion of monolayer, adsorbing molecules interact 

the monolayer B, rather directly with adsorbent surface; retention 
mechanism referred to “sorption”. As consequence, there then no 
ment of solvent molecules upon retention the solute the sta- 

phase, and interactions between of mobile and 
solute determine solute As the of B the mobile 

increases, the phase becomes polar, ‘the of solvent- 
interactions increases, solute k’ decrease. In of eqn. this 

model states that determines the of k’ solvent compo- 
Exa is to be (as in basic S-S and Elcrs E,, do 

intluence dE displacement iS not to (n = 
lt was postulated in first pa_=? solvent-solute dispersion 

actions play important role retention, with dispersion forces pro- 
portional solvent molecular This latter was criticized’ the 
grounds its incompatibility well-established theory, a later gave a 

description of interactions in It was that such 
are less and the dispersion forces now claimed 

be proportional solvent density. validity of latter generalization 
demonstrated by weak solvents from a of homologous and 
noting the el5zct.s to dispersion with increasing density. 

The major thrust the development the S-K was the 
tion of equation to the dependence solute k’ on the 
c, of strong solvent in the phase binary: 

= A’ B’c, (6) 

A’ and are constants a particular and polar B. In deriva- 
tion eqn. 6, was assumed both polar non-polar interactions the solute 

the stationary remain constant, cP varies the composition the 
stationary is constant c, greater a few percent)*_ Section 3 examines 
this derivation in greater detail. 

l An e~J_i~ derivation of eqa. 6 in ref. 7 was made on the basis of different assurnptioz~~_ There 
it ~2s assumed that t&se solute intions in the stationuy phase are exchively polar (negligible 
non-polar inmons). 



:74 L. R SNYDER, Ei. POPPE 

Eqn. 6 was compared with experimental data for several LSC systems, and it 
was noted that it provides a reasonable fit over a wide range in c, values, particularly 
when the concentration of B exceeds 2-5 oA (v/v)_ The agreement between e_vriment 
and eqn. 6 was advanced as proof of the validity of both eqn. 6 and the S-K model. 
We note in passing that eqn. 6 is identical in form to eqn. 4a from the S-S model, so 
tbat experimen-al data of this type cannot be used to differentiate the two models. 

The development of eqn. 6 was accompanied by a discussion of the physical 
basis of solvent strength and solute retention afhnity7~8. The coefficient B’ of eqn. 6 can 
be used to measure either of these two solute-solvent properties, and it was claimed 
that B’ is directly correlated with solvent or solute polarizability, which is in turn a 
function of dielectric constant. Experimental plots of B’ verse polarixability gave 
linear correlation plots for a limited number of LSC systems. However, an empirical 
adjustment in polarizability values was required for the solvent plots, and the solute 
plots show considerable scatter ‘**. These deviations were rationalized in terms of 
special adsorption effects. 51 summary, solvent strength was claimed to be determined 
by solvent dielectric constant, a generalization which is not new (e.g. review of ref. 
32). 

In the two most recent paperGO*” of the S-K series, the “sorption” model is 
stated to hold only for mobile phases of class ?, and solutes with polarities or reten- 
tion affmity less than that of the polar solvent component B. On the basis of refs. 
IO-12 the foilowing details of the model under these circumstances can be deduced. 
Solvents of class P are referred to as “hydrogen-bonding” solvents, which includes 
esters, ketones and ethers but not chloroform. The monolayer of the B-solvent, once 
formed, then acts as a “hydrogen-bonded phase”. Solutes are retained by interaction 
with this phase, presumably by hydrogen bonding. With the completion of monolayer 
formation by adsorbed B (z-t. concentrations of B equal l-3 %, v/v), a second adsorbed 
layer (“second” layer as opposed to “first” monolayer) begins to form @layer forma- 
tion). Depending upon the extent of formation of the second layer, solute molecules 
may or may not displace a solvent molecule from the second layer. However, once 
the first monolayer is formed, solute molecules do not displace solvent molecules 

Fig. 2. The sorption process, from Scott and Kucera”. -, SiIica surfaoz; 0. CIass P soIvent mol- 
ecules forming Crst or second adsorb& iayers; X. kss polar solute mokcuks; c&s N &vent mob 
ecu& not shown. A, incomplete biIayez with non-displacement; E, complete Waver with &p&e- 
meat. 
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from this layer unless the solute molecule is more polar than the solvent. Details of 
this process for less polar solute molecules X are illustrated in Fig. 2. 

The hypothesis that solute molecules can be retained in LSC without displace- 
ment of adsorbed solvent molecules was tested by both equihhrium and chromato- 
graphic rncat~s’~. It was found that solutes with k’ values less thhan about 20 do not 
displace a frill equivalent of the B-solvent, thus apparently cont%ming ‘Je concept of 
retention of solute -under certain condition+ in the second adsorbed solvent layer. 

Bilayer adsorption of the B-solvent in the case of class P solvents was *tested in 
terms of isotherm measurements on both class N and P solvent .systern~~~. It was found 
that a Langmuir isotherm accurately fits the uptake by adsorbent of the B-s&em in 
the case of class N solvents (e.g., chloroform), but not in the case of class P soivents 
(e.g., ethyl acetate). For the latter, a model based on bilayer adsorption (with Lang- 
muir adsorption in each layer) was more successful. Further, extrapolation of the 
monolayer uptake for both class N and P solvents gave a constant number of mole- 
cules in the monolayer for all solvents studied. Since extrapolation of the second- 
layer adsorption gave a similar number of adsorbed molecukzs as in the adsorbed 
monolayer,this was taken as final proof ofbilayer coverage in the case ofclass Psolvents. 

2.3. Scope of Snyder-Soczewzhski versus Scott-Kucera models 

Apart from basic diffcrcnccs in the physical models assumed by these two 
treatments of LSC retention, the S-S and S-K approaches differ further in other 
respects: 

(I) the range of LSC systems for which they are claimed to be applicable; 
(2) the level of detail provided on the relative retention of diierent compounds 

as separation conditions are varied; 
(3) the extent to which the models have been tested for different solutes and 

mobile-phase solvents. 
With regard to the different kinds of LSC systems that can be treated by the 

S-S and S-K models, the latter is presently claimed to apply to a single case: silica as 
adsorbent and class P solvents as mobile phase. The S-S treatment, on the other 
hand, has been shown useful for a wider range of situation9: class N and P mobile 
phases, several adsorbents (silica, alumina, Florisil, magnesia), bonded-phase ma- 
terials with amino and cyan0 functionality16*17, and even gas-solid chromatogra- 
phy=. Concerning tbe extent to which detailed predictions of relative retention can be 
made in LSC separations, the S-K model has been largely restricted to the prediction 
of retention as the concentration of polar solvent in heptaue solutions is varied. How- 
ever, it is known that relative_ retention (and separation) in LSC can be greatly altered 
as experimental conditions are further changed. The S-S modei has resulted in general 
rules’*3~31 for (I) the effect of different polar solvents on separation selectivity or a 
values, (2) the separability of isomers under differing conditions, (3) the differing 
separations provided by different adsorbents and (4) the effect of temperature on 
separation. 

Finally, the S-K model has been tested against a relatively small number of 
solut+solvent combinations: about a half dozen individual B-solvents, and a like 
number of solutes. The S-S model has been verified for a much larger number of 
solut*solvent-adsorbent combinations (e.g. refs. I, 3 and 35). 



3, §0LvJzNT-S0LUTE INTERACTEONS: THE SCOTI.-KUCEK4 SOLUTION llWE.b%G 
TION MOD= 

The solution interaction model (SIM) as derived by Scott and Kucera plays an 
important role in their overall description of retention in LSC systems. Changes in 
solute retention when varying the percentage of the more polar solvent are attributed 
solely to changes in solvent-solute interactions in the mobile phase, and on this basis 
a 6aaz expression (eqn. 6) is derived for the dependence of k’ values on the concentra- 
tion (c~) of the solvent B. Originally ‘m* the SIM was used to correlate refmtion be- 

havior for both class N and P solvents as mobile phase, although laterr@--f2 the com- 
petition model was accepted for class N solvents_ The latter would suggest that the 
SIM is therefore meant to be restricted to class P solvent systems, although this point 
has not been clarikd. Because the SIM deals with interactions in the mobile phase 
alone, it was further suggested ‘** that this model (SIM) should apply to both ion- 
exchange and gas chromatographic (GC) systems. Retention data are cited by the 
authors which purport to show the validity of eqn. 6 in ion-exchange and GC, and 
this is taken as further evidence of the correctness of the SIIM. Since we are mainly 
concerned with what is going on in class P solvent systems in LSC, the following dis- 
cussions will center on this area_ At the end of this ,cection we will return to the 
questions of class N solvents in LSC and retention in these other chromatographic 
systems (GC and ion-exchange chromatography). 

The derivation of the SI.W** postulates that the “total force” exerted on a 
solute in a given phase (mobile or stationary) is the sum of individual “forces”, the 
latter being broken down into “dispersive”, “polar” or “ionic”. Each of these indi- 
vidual forces is in turn supposed to be proportional to the amount of material as- 
sociated with t&is force and present in the given phase. Thus, for the mobile phase, 
dispersion forces are held to be proportional to the density of the solvent, polar forces 
are proportional to the concentration of polar solvent B in solvent binaries A-2, and 
ionic forces are proportional to the concentration of ions of opposed charge. 

A precise and straightforward discussion of the various relationships leading 
to the SIM is difkult, because no precise physical meaning or definition has been 
given to these ‘forces”. However, the form of eqn. 6 combined with the assumptions 
of the SIM suggests that (see ref. 38 for details) 

Here, yxr is the activity coegkient of sclute X in the mobile phase S, and Es is the 
(average) molar volume of phase S. The remaining terms of eqn. 7 are the same as 
in eqn. 6. This relationship (eqn. 7) is purportedly valid for solutes X dissolved in 
alkane-polar-moderator mixtures, as well as any o*her mixture (e.g., aqueous salt 
solutions in ion exchange). Eqn. 7 follows directly if molecules of solvent and solute 
form separate equilibrium complexes of a certain “force” type (e.g., X-A dispersion, 
X-B dispersion, X-B polar, etc.), with constant equilibrium constants for each of 
these interactions or complexes. 

Several objections can be immediately raised to this simplikd theory of solu- 
tion thermodynamics. Thus present theory based on the pioneering work of London. 
and Debye teaches that these interactions occur sim&‘~aneous~y, and do not normally 
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involve 1 :I complexes. Also, simple complex formation as an explanation for all 
solution activity coeficients has not been demonstrated in practice. More specifidly 

we GUI focus on a number of shortcomings of eqn. 7 and the SIM. First, it can be 
noted that eqn. 7 is thermodynamically inconsistent, if it is applied to ffie two (or 
more) constituents of a phase system’. The resulting dependence of the yxs values on 
the composition does not fulfill the Gibbs-Duhem equation: 

NX dlny, f N+ dlnyz t .._ = 0 (7a) 

Here, Nz is the mole fraction of a component i in the system, and yi is its activity co- 
efficient in the same system. 

Eqn. 7a allows the verifkation of the so-called thermodynamic consistency36 of 
a proposed dependence of the activity coeflicients yr on the composition pammeters 
N,_ That is, if the “forces” equation possesses universal validity as claimed, it must 
apply also to the activity coefficients yA and ya of the mobile phase constituents 
themselves. However, there is no possibility of yA and yB obeying eqn. 7 while not 
violating eqn. 7a. Stated in another way, if we suppose YA to obey eqn. 7, eqn. 7a 
allows us to calculate the dependence of ya on the composition. Resulting VdUeS for 
3)B do not obey eqn. 7. Thus, in a binary solvent, thermodynamics predicts that at 
least one solvent component will not follow eqn. 7 (see Appendix II for details). The 
fact that eqn. 7 violates a fundamental requirement of thermodynamics raises doubt 
concerning its ability to accurately describe the broad range of systems encompassed 
by the SIM. 

A direct example of the invalidity of eqn. 7 in LSC systems based on class P 
38 solvents is provided by data of Slaats et al. for the solutes studied by Scott and 

Kucera in the solvent systems ethyl acetat+heptane and 2-propanol-heptane. Slaats 
et al. measured the actual solute activity coefficients yxs and plotted the quantity 
l/y- i& of eqn. 7 versus the concentration of the B-solvent. The resulting plots, 
which are predicted to be linear by eqn. 7, are reproduced in Fig. 3a (B equal ethyl 
acetate) and Fig. 3b (B equal isopropanol). These plots show obvious curvature over 
the range 040% (v/v) of B, thus invalidating eqn. 7. 

Another objection to the SIM model is the premise that the efkct of polar 
“forces” can be represented by a single propem of solvent and solute: pol&zability_ 
One-factor descriptions of the polar component of distribution constants or activity 
coefficients have been shown by numerous studies to be inaccurate. This arises from 
the well known fact (e.g., ref 37) that dipole interactions and hydrogen bonding each 
contribute to solvent-solute interaction, so that the dipole moment, proton-donor 
strength, and proton-acceptor strength of solute molecules will each play a role in 
determining yxs. As experimental exampks of the failure of single-factor polarity 
models we can cite: (1) the Rohrsehneider and McReynolds schemes for correlating 
solvent polarity in GCs9*-, where five or more parameters are required to describe 
accurately the combined e&cts of dispersion and polar interactions; (2) the similar 
study of Rohrschneider 41 for various solvents used as mobile phases in liquid chro- 
matography, where the polar interactions require three terms for even an approximate 
prediction of solvent-solute interactions =; (3) many previous studies of solvent-solute 

* According to the desivation of Scott and Kucxa, there is no reason not to treat the solvent 
components A and B in the same fashion 2s the solute X. 
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Fig. 3. Experimex&l activity cc&i&t Katz (from ref. 38). Systems descriibed by Scott and Kucera 
in zfs. 10 and 11: test of validity of eqn. 7. (a) D&a for heptancethyl acetate binaries; (b) data 
fat- heptane-hpropanol biuzuies. BA = benql acetate; PE = phenyl ethanol; NB =titroknzene. 

interactions in terms of multi-factor solubility parameters (see ref. 27 for a review and 
current evaluation); (4) in the LSC systems studied by Scott aud Kncera, Slaats et ~1.~ 
have shown that the solute activity coefficients indicate one order of relative polarity 
for 2-prcpanol as B-solvent (phenylethanol more polar than benzyl acetate) and an- 
other for ethyl acetate as E-solvent (phenylethanol equal in polarity to be-1 acetate); 
see Fig. 3, It should be noted for the latter cass~~27~3741 that buJk soh~tio~~~ w 

iavolved in afE qses, with none ofthe uncertainty in LSC associated with the (possibly 
changing) solute-solvent interactions in the adsorbed phase (with change in cJ 

While past work has shown that the polar component of solvent-solute inter- 
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actions requires snore than one parameter to characterize its effects, there is general 
agreement that the dispersion component of such interactions can be described In 
simpler terms. Eiementary theory (plus some reasonable approximations) and ex- 
periment suggest that the tendency of a sohrte or solvent moIecule to interact by 
dispersion interactions can be related to its refractive index rather accurately=‘. The 
S-K model, on the other hand, holds that these interactions are proportional to solvent 
density_ Substantiations is based on the observation that in LSC (for certain solutes) 
the strength and density of n-al&me mobile phases each increase in going from II- 
pentane to n-decane. It might be pointed out that refractive index (and many other 
physical properties of hydrocarbons) likewise changes in regular fashion in this se- 
quence. However, a better test of density versus refractive index in this respect is 
provided by the example of perrluoroaikanes as solvents. The latter have lower re- 
fractive indices and higher densities than the alkanes, and thus serve to distinguish 
these two hypotheses. In fact, the perfiuoroalkanes are observedsz to be much weaker 
solvents in LSC than the dkanes, as predicted on the basis of their lower ref=ctive 
index values. Thus, refractive index, not density, is a better predictor of these dis- 
persion interactions. 

Finally, there is no legitimate reason to restrict the use of the SIM model to 
class P solvent systems, since the same ar_@unents should hold for its extension to 
moderately polar class N solvents. However, Scott and Kuceralo-ll have argued that 
the Langmuir isotherm accurately describes the equilibrium between cIass N solvent 
pairs such as heptane and chloroform and the silica surface in an LSC system. One 
of the requirements for the applicabiity of the Langmuir isotherm (see section 5.1) is 
that solution interactions between molecules of solute and solvent (or two solvent 
molecules, in the present example) are either absent or cancel by virtue of their sim- 
ilarity (Le., Exs = nE&. Thus, there is a basic contradiction in the S-K conclusions 
concerning this situation; i.e., the authors do not admit the possibility of cancelk~tion 
of solution and adsorbed-phase interactions in L!X systems (rather they argue that 
solution interactions &ermine retention; the essence of the SIM model), yet at the 
same time they implicitly require such cancellation in the adsorption of chloroform 
from mixtures of heptan~hloroform (which is found to obey the Langmuir isotherm) 
A more reasonable explanation of the heptane-chloroform isotherm data is that the 
solution polar interactions are relatively minor and are largely cancelled by corre- 
sponding interactions of the mobile phase with the exposed monolayer of adsorbed 
chloroform. 

Consider aIso the extension of the SEM to ion-exchange chromatography and 
GC!‘~*. In the case of ion exchange, it has been long accepted that this is the classic and 
unequivocal example of a displacement process. The requirement for overall electrical 
neutrality in any chemical system requires that an ion exchanger hold an equivalent 
number of sample ions or counter-ions from the mobile phase. Retention of a sample 
ion then occurs via displacement of a previously heId counter-ion. TFre primary effect 
of any change in counter-ion concentration in the mobile phase is to change retention 
via a simple mass-action effect, as described in any fundamental treatment of ion 
exchange (e-g., ref_ 43). According to the SLM treatment, on the other hand, this 
change in sample retention in ion-exchange systems is due instead to changing 
solvent-solute interactions in the mobile phase. Not only is this at odds with the 
basic concept of ion exchange in such systems, it completely ignores the classical 
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tseatments beginning with Debye on the variation of ion a&r&y coefficients in solu- 
tion as ioaic strength is varied, 

InthecaseofGCithasbeenargued ‘s8 that eqn. 6 describes the dependence of 
experimental k’ values in binary-solvent stationary phase systems, and from this 
they deduce another verification of their SIM treatment. If eqn. 6 holds in such sys- 
tems, then the k’ value of a solute in a given GC system with the binary-solvent 
stationary phase (A-B) should be 

Here, KA and kk are k’ values for the same solute with pure solvents A and B as sta- 
tionary phases, resnectively. The quantities 0+, and O,r refer to the volume fractions of 
A and B in the stationary phase A-B. Eqn. 8 is claimed by Purnell and co-workers- 
to be broadly applicable for mixed stationary phase systems in GC. 

There are several problems in extrapolating the findings of Purcell et al. to 
LSC systems. First, the assumptions made in the derivation of the SIM treatment 
(eqn. 6) and the Purnell equation (eqn. 8) are completely different. Purnell et al_ 
assume “local immiscibility” or an actual demixing of binary solvent mixture into 
microscopic regions of pure A aud pure B. Scott and Kucera, on the other hand, con- 
sider the different physical i7teraction.s (dispersive and polar) in ffie random mixture 
as ma*hematically separable, rather than the actual cu~pon2rzts of the binary mixture- 
Furthermore (see Appendix III), there is reason to doubt the generality and accuracy 
of eqn. 8 as applied to various GC systems. Finally, the extrapolation of eqn. 8 from 
typical GC systems to the low-molecular-weight solvent mixtures of class P (e.g., 
heptane+thyl acetate) seems even more tenuous. Thus on both theoretical and experi- 
mental grounds, eqn. 8 does not provide significant support for the SIN treatment- 
A more detailed discussion of these latter points with respect to eqn. 8 is provided 
in Appendices II and III. 

It is also interesting to note that eqn. 6 is claimed to be valid for VirtualIy 
every type of chromatographic system except reversed-phase liquid chromatography 
(RP-LC). This omission is odd, since one might assume that the aqueous solutions 
used in ion exchange and the organic solvents used in LSC would bracket the mixed 
aqueous-organic solvents used in RP-LC. Furthermore, a much better case can be 
made for emphasizing interactions in the mobile phase, since these must be quite 
strong ver._w.s interactions among solvent and solute molccuIes in the stationay phase. 
In this cu~ectioo it is well known that retention data in RP-LC follow a relationship 
different from eqn. 6, namely3=% 

where OB is the volume fraction of B in the binary mixture A-B, and A’ and B’ are 
constants. 

FinalIy, we note in passing the claim’ that “...dispersive forces on silica gel, if 
present at all, do not have a significant effect on solute retention...“. This argument 
was essential to the original derivation of eqn. 6 in ref. 7, but was dropped in a similar 
re-derivation in ref. 8. In ref. 8 it was argued ffiat the composition of the stationary 
phase remains constant as the composition of the mobile phase changes (for a given 
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A-B binary), wbkh removes the original necessity of assumptions concerning the 
relative importance of dispersion interactions with the silica surface. We are, therefore, 
uncertain as to whether the unimportance of these dispersion interactions is still 
maintained by the authors. In fact, it is quite clear that dispersion forces normally 
play a major role in dete rmining the total energy of adsorption on silica and other 
adsorbems, as would be predicted by theory. We do not disagree with ref. 7 concern- 
ing the net effect of dispersion forces on LX! retention; this is in all probability small. 
However, the preswce of these forces (as in any condensed phase) cannot be put 
into question, as may have been done in the above quotation_ For a flier discussion 
of this aree, see ref. 27 and especially Fig. 3 (phts related text) of that reference. 

Conch&m I.’ The SIM does not provide an adequate description of the eflects 
of solvent-solute interactions on solution activity coe@cients or solute retention in LSC 
or ion-exchange systems. The apparent apphkability of eqn. 6 lir experimental LSC 
systems can be explarired by assuming a displacement mechanimt? and approximate 
cancellation of solute-solvent interactions in mobile vs. stationary phaes. 

Conchsiozt 2. The postulate that solute and solvent polarizability quantitatively 
predict polar interactions in solution ti questiomble. At best, a singZe-parmeter de- 
scription of such tendencies of a molecule toward polar interaction is only a rough 
approxin@on based on averaging the (at least) three parameters known to be involved 
in such interactions. SGnikzriy, the posrulate that dkpersion interacti0.w are proportional 
to solute knd solvent density is not true. Refractive index is a much better parameter 
for correlating dispersion interactions or &their effects. 

Conclusion 3. The inference that dispersion interactions between the silica stayke 
and adsorbkg molecules are neg&ible or altogether absent is m&leading_ These inter- 
actions contribute very substantially to the total interaction energy between adsorbing 
mokcules and “the silica surface. However, their effect on LSC retention is largely 
cancelle& because the dispersive interactions of various organic molecules (i.e., 
solutes and solvents) with the silica surface are similar on a per-unit-volume basis, 
and because solute-solvent and solvent-solvent dispersive interactions in the mobile 
phase a$e also similar- In gas-solid chromatography, on the other hand, these same 
dispersr~n interations play a primary role in dete rmining solute retention (e.g., ref. 
13). Here, there ten be no cancehation of silica-solute interactions by corresponding 
interactions of displaced solvent molecules with the silica surface, because there are 
no mobtie phase moIecuIes to displace in a GC system. 

The retention of a solute molecule by the stationary phase of an LSC system 
might in principle occur in any of several ways : 

(1) adsorption onto the adsorbent surface, so hat the retained solute molecule 
forms part of the first monolayer (displacement model): - 

(2) adsorption onto an adsorbed-solvent monolayer, so that the solute mole- 
cule forms part of the second monolayer of a bilayer solvent stationary phase; this 
mechanism is referred to as “sorption” by Scott and Kucera; 

l These coxt&sioEIs are Jxeyed to the postulates of Table 2. 
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(3) partitioning into a multi-Iayer solvent phase heId at the adsorbent surface 
or within fine pores of the adsorbent by capillary condensation_ 

It has been arg?.~ed~~*” that case 2 above generally describes the retention of 
solutes in LSC systems with class P solvents as mohiIe phase_ The latter retention 
mechanism is further defined in Fig. 2 (from ref. ii), for the retention of a solute 
molecule X. Solvent molecules (solvent B only) in the retained phase are shown as 
circles. In Fig. 2A, for 1-3 oA (v/v) B in the mobile phase, the Grst solvent monolayer is 
complete, and the second monoIayer is partially formed. Retention of the solute 
molecuIe X in Fig. 2A-b occurs by adsorption onto the first monoIayer, without dis- 
placement of a B-solvent molecule from the surface_ In Fig. 2B, for 10-20x (v/v) B 
in ‘the mobile phase, both the first and second solvent monolayers are complete, and 
retention of the solute molecule X in Fig. 2B-b occurs with displacement of a B-soI- 
vent molecule from the second layer. However, if the polarity (and retention strength) 
of solvent and solute molecules are sin&r, the retention mechanism with solvent of 
class-P reverts to adsorption with displacement from the first solvent-monolayer. 
In this section we wiII first examine the physical conditions nw for sorption to 
occur, which in turn defines when sorption is possible in an LSC system. We will then 
examine data from ref. 10 which purport to show sorption in certain LSC systems, 
and we wilI consider an alternative explanation. Finally, we wiII examine the two 
models (displacement vs. sorption) for solute retention in class P soivent systems in 
terms of certain physical~hemical considerations, which argues against the likelihood 
of sorption in such systems. A later section provides a separate discussion of the prob- 
ability of bilayer solvent adsorption, which is crucial to the sorption model ab inifio. 
That discussion casts further doubt on the sorption mechanism, by bringing into 
question the assumption of bilayer adsorption in class P solvent systems. 

4.1. Experiinental requirements for sorption 

The S-K modeP”.” for sorption as in Fig. 2 assumes that solute molecules 
can only compete for a place in the first monolayer when their polarity is roughIy 
equal to or greater than that of the solvent component B_ This assumption immediate- 
ly provokes the question why solutes of lesser polarity, but with measurable reten- 
tion, cannot compete with solvent B molecules for a place in the first monolayer: if 
solute poIarity is great enough for displacing B molecules from the second layer to 
any measurable extent, it is not clear how this polarity at the same time can be small 
enough to avoid replacement of at least some B from the first layer. In a private com- 
municationlL it was put forward that slow desorption kinetics may prevent any 
significant exchange of solute for solvent in the first layer. We note in passing that 
such an assumption would require that in the chromatography of mobile phase dis- 
turbances (e.g., injection of0.3 % ethyl acetate in a 0.2 % ethyl acetate mobile phase) 
aoomalolus peak-shape effcts should occur, and these effects have not been observed 
in experintents by one of us (H.P_), nor, reported in the previous literature. 

Nevertheless, accepting for the moment the proposal that a lirst layer can be 
distinguished, which does not take part in the retention process of less polar solutes, 
we can examine the consequences of this picture for practical LSC. Scott and Kucera 
Iseasure relative solute polarity in terms of solute k’ value in a particular LSC sys- 
teml”*ll, which seems a reasonable criterion. To quantitate the reIative polarities of 
solute and solvent moIecules in terms of k’, it is n- -ytocaIcuMethek’valueof 
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the polar solvent component B in the mobile phase. This is easily done in terms ofthe 
definition of k’ : 

k’= 
(amount B in stationary phase) 

(amount B in mobile phase) 

For mobile phase concentrations of B larger than 0.3 % (v/v), the equilibrium concen- 
tration of B in the stationary phase’-lo is 0.08-0.14 g/g in the case of B equal ethyl 
acetate, or an average value of 0.13 g/g. Similar values of the uptake of B by the 
adsorbent are found for other class P solvents (Table 3). The volume of mobile phase 
within the column of silica was found to be 1.5 ml/g of silica for a similac Partisil 
20 (ref. 6). If the volume fraction of B in the mobile phase is OS, the total quantity of 
B in the mobile phase per gram of silica is lS0a, and k’ for B in the system (kn) is then 

k; = 0.13/1.50, 

= O-09/0, (9) 

We can now compare the reasonableness of eqn. 9 in terms of data from ref. 
10. There it was found with 0.35% (w/v) ethyl acetate-heptane that displacement of 
B from the stationary phase was not observed with solutes having k’ Ql0.5, but dis- 
placement was observed for k' = 27. The value of kd for this system (from equ. 9) is 
26, which is in good agreement with the onset of displacement at k’ = 27. Similarly, 
with 13 o/o (w/v) ethyl acetate as mobile phase, displacement was observed for solutes 
with k’ greater than 4.3.’ The value of k; for the latter system (eqn. 9) is 0.7, so that 
the data of ref. 10 are in agreement with eqn. 9. 

To summarize, the data of ref. 10 are consistent with displacement of solvenr 
from the primary monolayer by solutes of similar or greater polarity, and relative 
polarity ran be measured by the k’ value of the solvent or solute molecule. Eqn. 9 
serves for estimating k’ for the solvent. This is not to say that the data of ref. IO 
prove the existence of sorption in cases where k’ < k&. Let us pursue the significance 
of eqn. 9 further. For different values of OB, at what solute k' value will displacement 
begin to compete with sorption as the primary retention mechanism? We can calculate 

- It is aLmaMy argued in ref. 10 that displacement of I3 from the primary monolayer does IW~ 
occur in the above example of 13% (w/w) ethyl acetate for 4.6 g k’ 4 9.5 solutes. This is ap- 
parently at odds with the conclusion that displacement should take place, since k’ > kL_ However, 
Scott and Kucera observe that the sclutes in question do displace ethyl acetate. but only half as 
much ethyl acetate is set frez upon their injection onto the column, as for the case of injection of an 
equivalent volume of the much more strongly retained methanol as solute_ Arguing that methanol 
displaces ethyl acetate from the primary layer, the authors then conclude that the solutes in question 
(4.6 < k’ < 9.5) are retained by sorption rather than displacement (see Fig. 2b). There are several 
problems with this explanation, however. First, them is no reason to assume that displacement of 
solvent from the first layer requires simultaneous displacement of solvent from the second layer. If 
sorption of ethyl acetate onto an ethyl acetate surface is possible why not sorption of ethyl acetate 
onto a methanol surface. Second, the molar volume of methanol is Iess than half that of the other 
soIutes. Thus if the polar functional group of these various solutes (iicludmg methanol) is hxahzed 
onto a sihmoI group in the monolayer, then one molecule of solute will displace one mokcde of ethyl 
acetate. In this case, lesser vohrmes of ethyl acetate wilI be displaced by unit volumes of the larger 
solute molecules versus the smaller methanol molecule (see also discussions of refs. 2 and 11). 
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TABLE 3 

SATtJIUTION Ul?IYXE OF D- B-SOLVENTS ON SILKA. CQMPARISON 
WITH VALUES CALCULATED FOR MONOLAYER ADSORPTION 

arozvenr Sarumrion uptake (&j 

cdcK&Redfor Eqm-i~al &*a of refs- 
nwtwhyer a 

IO an? 12 47 38 6x3 

l3mzene 0.12 0.08 
ch!arofoml 0.17 0.12 
l-Cbzorobu’~ 0.12-0.16” 0.10 
Ethyl acetate 0.13-0~14” 0.15 0.12 012 
Tetrahydrofuran 0.13 0.11 
2-Propanol 0.11 0-U 0.12 0.12-0.16 
I-Butanol 0.11-0.16” 0.07 
Toluene 0.12 0.14 

* Based on O.ooO35 ml/m* (zs in ref. 1). 
l * Lager value assumes partial &sorption of dkyl group (as In ref. 1). 

values of k; as a function of 0e (eqn. 9, assuming total adsorbent uptake of B is 
constant) : 

0.01 9 - 
0.05 1.8 

. 0.10 0.9 

Values of k’ are optimally held in the range of 2-5 for maximum resolution and 
minimum separation time, and this accords with usual laboratory practice. This 
implies that sorption (as oppolxd to displacement) will be restricted to class P sol- 
vents when the concentration of B is less than 5 oA (v/v). Thus sorption, if it occurs at 
all, is at be& restricted to a small range of solvent concentrations for class P solvents 
alone. 

4.2. Father analysi of the sorption mode2 

‘Ihe formation of the second layer in the S-K model (for class P solvents 
and Iess polar solutes) is assumed to be much less favorable energetically than 
for *&e primary monolayer. In the case of ethyl acetate as B-solvent, the isotherm 
studies of ref. 10 suggest that the equilibrium constant for formation of the mono- 
layer is 100 times Iarger than for formation of the second layer. Presumably, a simikr 
disparity in relative retention within the two monolayers exists for solutes of similar 
polarity. That is, a solute of polarity equal to that of ethyl acetate would be retained 
100 times more strongly in the primary monolayer, versus the second monolayer. 
This creates a basic problem in rationalizing the non-displacement of B, using solute 
k’ values according to eqn. 9. The problem can be stated in various ways; one way is 
as follows. Lf indeed the solute is retained only in the second layer, the primary mono- 
layer can be ignored The solute then competes with ethyl acetate for a place in the 
second layer. The isotherm for formation of the second ethyl acetate layer has been 
determined in ref. 10, and for the previous example of 0.35% (w/v) ethyl acetate 



mabile phase, it is claimed that there is 0.0035 g/g ethyl acetate taken up in the second 
layer. The k’ value for ethyl acetate with respect to the second layer is then calculable 
as in the derivation of eqn. 9, and is equal to 0.W35j1.50B or 0.7 (for c, equal 0.35 “b. 
As expected, k’ for ethyl acetate retained in the second layer is much less than the 
average k’ value for the first plus second layers (k; equal 26)). However, in view of the 
claim that solutes with k’ c 10.5 are not retained in the first layer, the relative 
polarity of ethyl acetate and solute should be given by the corresponding k’ values 
for the second layer alone (i.e. ignoring the ethyl acetate in the first layer); that is, 
k;, is now equal to only 0.7 for ethyl acetate, but k’ for the solute is equal to its 
observed k’ value. Since solutes with 2.4 < k’ & 10.5 were observed to be adsorbed 
without displacement of ethyl acetate in ref. 10 (for 0.35 %, v/v), there is a logical in- 
consistency in assuming both their lesser polarity than ethyl acetate (since their k’ values 
~0-7) and their exclusive retention in the second monolayer. One or the other of these 
two premises might he argued from the existing data, but not both simultaneously. 

Stated in another way, retention in the second monolayer (verse retention in 
the primary monolayer) is postulated as being much weaker in the S-IS model. In fact, 
this assumption is basic to the interpretation of isotherm data in support of bilayer 
adsorption of the solvent. If a solute is polar enough to be retained hy such weak 
interaction with the primary layer (%orption”, or retention in the second layer) 
it follows that its interaction with and retention by the surface of the adsorbent 
(monolayer retention) would be such larger. But then a straightforward analysis of 
the data suggests that solute polarity ~XSUS that of ethyl acetate would be comparable 
for solutes with k’ M 0.7, with 0.35% (w/v) ethyl acetate as mobile phase. If this 
argument is pursued, not only does it contradict the S-K interpretation of the dis- 
placement data of ref. 10, it would also suggest that sorption cannot occur whenever 
(a) the concentration of a class B solvent (e.g., ethyl acetate) is greater than a few 
tenths of a percent and (b) k’ for the solute exceeds a value of about 1; Le., even less 
often than suggested in the preceding section. 

It might he argued that less polar solutes are in fact retained relatively more 
strongly in the second layer, versus polar solvents such as ethyl acetate. We believe 
this argument fails immediately, since then there is no longer any driving force for 
retention of the solute in the stationary phase. That is, if there is any tendency toward 
formation of a second monolayer in class P solvent systems, it is because of the polar 
interactions (however weak) between the primary monolayer and the second layer. 
These polar interactions will always be stronger, the more polar the molecule (solvent 
or soiute) in the second layer. Note, also, that Scott and Kucera argue that a single 
molecular property (polarizability) determines polarity_ This then requires that solute 
polarity as measured in either the Grst or second adsorbed layer be the same, relative 
to the polarity of the solvent (e.g., ethyl acetate). 

There are other ways of looking at the data of refs. 10 and 11 which cast similar 
doubt on the internal consistency of the sorption model. The data of Slaats et aZ.= 
allow correction for solution interactions dire&y, by taking into account the exper- 
imental activity coeEcient of the solute in the mobile phase_ When solute k’ values 
corrected in this fashion are extrapolated to 100% B-solvent (see Fig. 5 of ref. 38), it 
is Found that the resuhtig k’ values show greater retention in the ethyl acetate 
stationary phase -by about 0.4 log units- versus isopropanol as stationary phase. 
That is, polar solutes appear to interact more strongly with the less polar ethyl acetate 
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as stationary phase (for sorption) versus the more polar isopropanol phase. This again 
is contrary to the assumption of the SLM model and to general experience, for sorp- 
Son systems (LL), suggesting that something is wrong with the sorption model that 
leads to these conclusions. Similarly, this approach when applied to the S-K system of 
0.35 “/, ethyl acetate-heptane by Slaats et a1.= supports competition rather than sokp 
15013 as the reteution mechanism. In section 4.3 we will explore some alternatives to 
sorption [for 0-5-A (v/v) B mobiIe phases] that are better able to account for the 
expcrimcntal observations of ref. 10 which relate to sorption versus displacement_ 

For the special cast of mobile phases from class P and concentrations of the 
B-solvent equal to O-5 % (v/v), there is a simple, alternative explanation for the failure 
to observe displacement of molecules B from the stationary phase upon addition of 
solutes with k’ Iess than k& as &en by cqn. 9. As developed in the following _etion, 
there is reason to doubt the formation of adsorbed bilayers for class P solvents, or at 
least to question the data and logic thus far advanced in support of bilayer adsorp 
tion. Rather, it is believed that initial addition of B to the mobile phase (up to about 
3%, v/v) results in the localization of molecules of B at preferred positions on the 
adsorbent surface. This is a consequence not of adsorbent inhomogeneity, but rather 
of the existence on the surface of discrete adsorption sites (silanol groups). In terms of 
the simplified picture of the silica surface shown in Fig. 1, completion of this localized 
monolayer after addition of about 1 oA (v/v) B to the mobile phase is as depicted in 
Fig. 4a. This can be contrasted with non-localized adsorption as in Fig. 4b. Since the 
adsorbed molecules of B do not totally cover the surface at this point (Fig. 4a), the 
remainder of the surface should be covered by adsorbed mokcules of the weaker 
solvent component A; i.e. solvent A wets the silica surface. Now the energy diagrams 
of Fig. lb-d show that as k’ increases (for either solute or B), there is an increasing 

(a) 

(b) 

Fig. 4. Postulated coverage of adsorbent surface by solvent moIecules B, shown as circles. (a) class 
B solvent, for 1% (v/v) B in mobile phase and Iocatized adsorption of B. The polar group in the 
molecule B is assumed to occupy the center of the circle. Spaces between B-mokcuks assumed to 
be fikd by A-soIvent Oeptane). (b) Class A soIvent, with closely packed (non-kaked) monolayer, 
at higher concentration of B. 
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energy advantage to positioning the adsorbed moIecuIe directly over an adsorption 
site OF sib01 group. Thus, as long as k’ for the sohne is less than k;, the soivent 
molecule B will have a marked preference for locahzed adsorption at speciftc posi- 
tions on the surface. Under these circumstances, the adsorbing sdute molecule will 
seek instead to displace a molecule of adsorbed A at a position on the surface that is 
unfavorabhz to IocaIimtion. Thus, in the experiment of ref. IO with 0.35 % (w/v) ethyl 
acetate-heptane as mobile phase, it is beIieved that addition of solutes with k’ 6 10.5 
leads to adsorption of the solute with (primarily) displacement of heptane (rather 
than ethyl acetate) from the primary monolayer. Unfortunately, there is no experi- 
mentally practical procedure for measuring the displacement of heptane when the 
mobile phase is largely composed of heptane (99.7 o/0 in this case). 

Co~chsio~ 4. The assumption that solutes less polar than the B-solvent cannot 
dkpkzce the latter from the adsorbed monolayer leads to certain additional requirements, 
for logical consbtency. But these latter considerations when appiied to the class P 
solvent systems of Scott and Kucera show that d&placement (rather than sorption) is 
probably occwrtig. These contradictions can be fully resolved by assuming compe- 
tition and also considering the probabIe effects of solvent IocaIization in the 
monolayer_ 

5. MONOJiAYER VERSUS BILAYER ADSORPTION 

Tn the S-K model of retention in LSC, it is deduced that solvents of class P can 
form multiple, adsorbed Iayers, as iIIustrated in Fig. 2 for bilayer adsorptionfoJ1. It is 

further concluded that the bulk of adsorbed B-solvent is found in either a first or 
second layer (bilayer model), and the bilayer model in turn plays a key role in the 
sorption model discussed in the preceding section. The direct evidence for biIayer 
adsorption is provided by isotherm measurements for various A-B binaries, where B 
is variously a class N or P solvent. For class N solvents it is found that the isotherm 
can be fit accurately by the usual Langmuir equation’: 

(B), = JW):%I(I -f- mo)- (10) 

Here, @)_ is the concentration of adsorbed B (g/g), (B): is the saturation (monoiayer) 
concentration when pure B is the mobite phase, K is an equilibrium constant at the 
isotherm temperature and NB is the mole fraction of B in the mobile phase. In the case 
of class P solvents, eqn. 10 does not satisfactorily describe the experimental isotherm 
data. However, an equation based on the Langmuir model but allowing the formation 
of two successive Iayers @ilayer Langmuir) did give a close fit to experimental datalo-ll. 
It was flier shown that the monolayer concentration of B-solvent molecules was 
approximately constant for all class N and P solvents studied, and it was argued that 
the area per molecule for aII these solvents is also approximately constant. Thus, both 

* Scott and Ku~era use a derivation of tke Langmuir isotherm which is based on gas-phase 
akorption. Tlze main difference in the fioal expression for (B). is to substitute the concentration 
(B). in the mobire phase for the corresponding mole fraction NB. We do not regard this difference 
as significant in the following discosGoon, particoli3r~y as vala~ of (IS). zie approximately propor- 
tional to v&es of lVa.. However, it does lead to problems as Na. + I ; e.g. predictions of incomplete 
Wing of monolayers. 
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N- and P-soIvents appear to form a monoLayer of about the same area (equal to the 
adsorbent surface area )-as expected from theol~_ Finally the (extrapolated) uptake 
in the second layer sim&rly gives close to 100% of the monolayer uptake*, which is 
physically reasonable. 

The armwent as advanced above is super&iaIIy logical and seems to 
incorporate a number of separate checks on the overall hypothesis of bilayer adsorp- 
tion. A more thorough e_xamin ation of these data, however, appears to show otherwise. 
In the‘foIIowing discussion we wiIl focus first on certain theoretical constraints for 
Langmuir adsorption that were not token into account in refs. 10 and 11, and we will 
seek additional tests of internal consistency between the bilayer and SW theories. 
Then we wiII consider the experimental data reported in rcfs. 10 and 11 more closely, 
as weII as look at data from other laboratories for reIated LSC systems. 

5.1. Requirements for Lrm,omuir adsorprrbn 

Consider first the theoreticat requirements for Langmuir adsorption: 
(1) A defined adsorbent surface which accomodates some Iixed quantity of a 

given adsorbate; in LSC systems, the monolayer (and subsequent layers) wiII each be 
5IIed at all times by either A or B molecules (if liquids A and B wet the adsorbent 
surface). 

(2) Constant activity coefficients for the adsorbate molecule(s) in each phase, 
which in turn requires: (a) constant interactions between molecules A and B in the 
mobile phase, as the concentration of B is varied in the mobile phase; (b) constant 
interactions between molecules A and B within the adsorbed phase (first and second 
Iayers), as the concentration of B in the stationary phase varies; (c) constant inter- 
actions between molecules A and B with the adsorbent surface (or with the first-Iayer 
surface for the case of bilayer adsorption), as the concentration of B in the stationary 
phase varies_ 

Let us examine some consequences of the requirement for cons’&u activity 
coefficients as the concentration of B in the mobile phase varies. The derivation of 
eqn. IO (or its equivaIent) in ref. 10 is kinetic rather than thermodynamic, so that the 
need for constant activity coeEcients tends to be obscured. However, the principle of 
microscopic reversability firmly links the kinetic and equilibrium properties of a 
system, and it is the activities of species undergoing the adsorption-desorption 
process which are relevant in the equilibrium and thermodynamic expressions for 
Langmuir adsorption. Now the SIM modeI and eqn. 7 postulate a marked change in 
interactions among molecules of solute (or adsorbate) and solvent in the mobile phase, 
as the concentration of B varies. As a necessary consequence, the activity coefEcient 
of the solute varies aho, for solutes that are either of dass N or P. On this basis there 
is no reason to expect a different result for mole&es of the solvent B in the same LSC 
systems. CIearIy their activity coefficients must aIso vary with change in the ccncen- 
tration of B, and this is experimentally observed 38.47. Thyus the assumption of Lang- 
muir adsorption of solvent molecules in either class N or P LSC systems, with its 
implicit requirement for constant B-solvent activity coeEcients, contradicts the SIM 
model fundamentally and irreconcilably. 

A sin&r difEcuIty hoids for the activity coefficient of the B-solvent in the 

* However, this result is a nectssay consequence of the form of the S-K equation (Appendix 0. 



MECHANBM OF SOLUTE RETJXLION IM LX 

stationary phase (in Both monolayer and second layer). Thus, at sufhciently low values 
of the solution concentration of B (c,), the surface concentration of B will also be 
small. For this part of the isotherm, adsorbed molecules of B will be surrounded 
mainly by molecules of adsorbed A. For somewhat higher values of cp, the monolayer 
will approach saturation, and an adsorbed molecule of B will see mainly other B- 
molecules_ Thus, the adsorbed-phase interactions involving molecules of B will 
change ch~.~ticzdly~ just as for molecules of B in solution. Since the surface Iills with B 
for rather small concentrations of B in solution, there will be little opportunity for 
cancellation of these effects (parallel change in the activity coef%ients of B in each 
phase, as the concentration of B in solution is varied). This represents a second 
difficulty in accepting a simple Langmuir isotherm for these various LSC systems, at 
least for those involving B-solvents of class P, with their strong polar interactions 
between molecules of B and solute in either phase. 

A third problem is involved with the assumption that all molecules of B 
within the monolayer experience the same interaction with the adsorbent surface. For 
class P solvents, localized adsorption of the B-solvent is expected for lower coverages 
of the surface, as in Fig. 4a (localized) versL(s Fig. 4b (non-localized). Eventually, 
however, the remaining surface in between localized molecules of the B-solvent must 
be filled. This space also belongs to the monolayer, although Scott and Kucera refer 
to it as a “mezzanine layer” (ref. 11; see section 7.1 and discussion there of Fig. 7). 
However, the final 6lling of the monolayer by the B-solvent under these circumstances 
(non-localization of B molecules during this stqe) cannot be energetically as favorable 
as for initial adsorption of localized B-solvent. The energy dia,grams of Fig. Id 
imply a considerable advantage for localization in this respect, so that the energy of 
adsorption for filling in the “mezzanine layer” must be considerably less than that for 
initially adsorbed (localized) molecules of B. Thus, if we accept the possibility of 
adsorbate localization, still another objection to the simple Langmuir adsorption 
treatment of Scott and Kucera is raised’. 

Thus far our discussion has been concerned with the interpretation of the 
shapes of isotherms measured in a static (batch) fashion by means of the impressively 
precise GC method. Similar experiments1o carried out in a dynamic (chromatographic) 
mode have, however, been misinterpreted. This problem is examined in detail in 
Appendix IV. We conclude that the S-K studies on the retention of the moderator’O 
do not furnish any new argument for the bilayer hypotheses; when properly handled, 
these data could have been of use only for reinforcing the experimental validity of the 
isotherm measurement. 

Conch&on 5. The requirements of the Langmuir model are unlikely to be met in 
chz.cs P solvent systems. Therefore, the analysis of isotherm data to infer bihzyer 
formation as in refs. 10 and II is suspec:. 

* Note also another consequence of Fig. 1. For modest diEerences in k’ between solute and 
B-solvent molecules (solute less strongly retained), the solute c3n still eEective1~ compete with the 
B-solvent for a sptxifk adsorption site, as long as ffie B-solvent is not I-. However, when the 
R-solvent molecule is kwz&ze& the sohte has a choice of non-localized adso~tiorr with displacement 
of an A-solvent molecule, or competition with localized B-solvent. Under these conditions, there is 
a much larger advanbge to displacement of the &solvent rather than B-solvent, even for smaJ.l de- 
crease in pokrity of the soIute VS. that of the B-solvent. 
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Conchiim iu. The repkeinents of the Lmrgmuir model contra&t d other 
ptx~es of the SIM; an attempt to prove these SIM postulates by rirterpretatirbn in 
tern of Lrmgmuir adrorptioiz is therefoie logically iircons3tent. 

52 Experihenta~ isotherm dzta 

Two aspects of the experimental isotherm data reported and discussed in refs. 
lOand 11 wnllbe examined here: (1) the form of the isotherm cunxs, and (2) the 
amount of B-solvent taken up in the monolayer. Consider first the shape of the (IS)= 
re<w c, plot; i.e., the isotherm plot of B-sokent uptake versrrs B-solvent concentration 
in solution. 

5.2.1. Isotherm shape The arguments on behaIf of bilayer formationlo*ll fm 
strongly on the normal Langmuir behavior of ckss N systems as contrasted with 
abnormal iso*Gterms for the class P solvents, suggesting some discontinuous event such 
as bilayer formation. This interpretation can he illustrated by rearranging eqrl- 10 as 
fobows: 

W(N, = lPW9: i- J&xl(B): 
=C-f-DN, WW 

Here, C and D are constants for a given isotherm. For small values of NE (the usual 
situation for S-K isotherm data from refs. 10 and 11), NB is proportional to cP, and 
the expression on the left-hand-side of eqn. 1Oa is proportional to I/k’ for the B-sol- 
vent_ Therefore, if isotherm data for the solvent system A-B are plotted as l/k’ (for B) 
versus c,, a straight line should result. Furthermore, the extrapolated value of k’ at 
cP equal 0 shouId be proportional to the monolayer uptake of B at surface saturation. 
This is ilhrstratcd in Fig. 5a by such a plot from ref. 10 for the system heptane (A)- 
butyi chloride (B). 

Fii. 5. 

0.: 

~ 0.2 

$5 

0.1 

Ct.) 



391 

2 8 

0.03 - 
k-4 

QO6- _- 
0.02 - 

\” / 
= I’ 

w” 
3 

I’ 
I 

OAI- 
, 

!? 

I I I I 1 1 
, , 0.1 0.2 0.3 0.4 0.5 0.6 

1.0 2.0 
I/X* (ml/g ) 

I/Xs (ml/o 1 

Fq_ 5. Langmuir plot of A-B solvent isotherms for various LSC systems. (a) Data ,from ref. 10 for 
butylchloride in heptane OIL putisil; (b) data from ref. 10 for ethyl ao%ate in heptax on PartisS; 
(c) same data as in (Sb). plotted according to eqn. lob; (d) fluoranthezx-pentane on silica, from ref. 
50 according to eqn_ lob; (e) same as (d). for dibenzyLpentane_ 

The situation is more compIex for isotherms of class P solvents, as ihstrated in 
Fig. 5b (from ref. 10) for ethyl acetate as B-solvent. Here, a distinct break in the 
linear plot from 14 % (w/v) ethyl aaztate concentration in solution is observed at 2 % 
ethyl acetate. As seen in this figure, the points below 1 ok ethyl acetate fall on a new 
straight line of ditferent slope. These plots for ethyl acetate suggest some discm- 
tiuity in the adsorption oFB from solution, and the interpretation in ref. LO is that the 
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new straight line for concentrations larger than 2% ethyl acetate corresponds to the 
GlI.ing of the second adsorbed layer of the B-solvent. 

The simple interpretation of plots such as those of Fig. 5b in terms of bilayer 
adsorption of the B-solvent is not at all straightforward. We have already noted in a 
preceding section that the conditions for Langmuir adsorption of class P solvents 
(i.e., applicability of eqn. 10) are not met in practice for the systems of Scott and 
Kucera, and specikally for ethyl acetat+heptane. Eqn. 10 can be further rearranged 
to give another (equivalent) form’: 

l/Q% = l/K(B): i% t U(B)O, (lob> 

This well-known relationship predicts linear plots for Langmuir-isotherm systems 
when the reciprocal concentrations of adsorbed and dissolved adsorbate are used. 
For the data for butylchloride we obtain again (eqn. lob) a straight line (not shown). 
Fig. 5c also shows a break for the ethyl acetate data. Figs. 5d and e show two such plots 
from a class N system studied several years ago by one of do: the isotherms on silica 
for the aromatic hydrocarbons fluoranthene (5d) and dibenzyl (Se) in pentane as 
solvent. The Langmuir plot in Fig. Sd for fiuoranthene is clearly linear, whereas that 
in Fig. 5e for dibenzyl is clearly not -much like the situation in Figs. 5b and c. How- 
ever, we know that each of the systems of Figs. 5d and e are giving monolayer (only) 
adsorption of the R-component (aromatic hydrocarbon). First, these are class N 
mixtures, where Scott and Kucera concede bilayer formation is not expected. Second, 
it is possible to extrapolate each of these plots to l/X, (or l/[B]> equal zew, and 

value 
of (B)$ When this is done, it is found that the amount of aromatic hydrocarbon in the 
completed Iayer is equal for both fluoranthene and dtbenzyl (within experimental 
error) and within 10 % of the uptake calculated from the surface area of the silica and 
*t&e molecular dimensions of these two compounds. Furthermore, there is no obvious 
driving force toward bilayer formation in these systems. Rather, the behavior of 
dibenzyl in Fig. 5e has been satisfactorily explained in terms of adsorbate localiza- 
tiOIl” on the silica surfaceso*sl. 

Thus we see that even in simple (non-polar adsorbate) LSC systems, it is 
possible to misinterpret *-he shape of the isotherm. Particularly in the case of Figs. 5d 
per= 5e, it would be tempting to note that the extrapolation of the two apparently 
linear portions of the isotherm (solid and dashed curves in Fig. 5e) yield saturation 
uptake values of X, or (B): that are about in two-to-one ratio. The simplistic con- 
clusion at this point would be that Fig. 5e is providing an example of bilayer adsorp- 
tion; i.e., the solid curve corresponds to Glling the first monolayer, while the dashed 

l Note that a strict de&&ion for eqn. 10b (and eqn. 10) gives: 

The latter which reduces to eqn. lob for the usual case of K B 1. zcogn&s that the monoLayer 
must be completely f&d by mo!ecuk of A or B; i.e., (811 = (I?):, when A& = 1. 

** Localization of non-polar d&en& molecuk on silica may appear surprising. 19 is believed 
that phenyl groups arc strongIy adsorbed on non-free sila.noIs, which constitute a small fraction of 
au silanoIs in wide-pore silicas or in wa’&r.dea&vati silicas of any pore d&meter. Th?.q then? is 
a strong tendency to locaked adsorption of a mokcule such as diinzy~ on silica. 
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curve indicates buildup of the second layer- The example of Figs. 5d and e suggests 
that extreme caution is in order in the interpretation of isotherm &ape for all but the 
simplest -LX systems. Even in these cases, where other requirements for Langmuir 
behavior are reasonably ftilled (as for the fhroranthene-dibenzyl data of Figs. 
5d and e), wrong conclusions are easily drawn in such an approach. 

We believe that discontinuity in plots such as that of Figs. 5b and c for class P 
solvent systems are mainly due to the localization of the B-solvent as discussed earlier 
(see Fig. 4 and related text), and/or changes in the activity coefficients of B’. Fol- 
lowing formation of a localized layer of B-solvent molecules, the monolayer is then 
completed via filling in with non-localized molecules of the B-solvent_ 

CoizcI~~~ozr 6_ Ttre interpretation of iso&emr sIzirpe alone in the case of class P 
solvent systems cannot demonstrate whether one or two monolayers are inrilt up during 
adsorption of the &solvent_ In fact, we believe discontinnity in the isotherm for mono- 
layer uptake is ex_petted for class P solvents, because they will generally exhibit 
localized adsorption. 

5.2.2. Saturation uptake of &solvents. The traditional approach to deter- 
mining how much material is taken up in the adsorbed monolayer has involved either 
the BET scheme in the case of gas-soEd adsorption systems, or simple ILangmnir 
extrapolation (as in Figs. 5d and e, whether linear plots are found or not) in the 
case of liquid-solid systems. These studies have in turn yielded cross-sectional areas 
for various adsorbate molecules (i.e., the area required by the molecule on the 
adsorbent surface). The latter values can be rationalized in terms of various calcula- 
tions of molecular size, so that given any molecular structure, a cross-sectional area 
can be calculated for that molecule with reasonable precision. For a general d.is- 
cussion see refs. 13 and 52 and Ch. 8 plus pp. 63-64 of ref. 1. Zt is then possible to 
take the saturation uptake of an adsorbent for some compound (e.g., a B-solvent), 
calculate the area required for that amount of material from the molecular cross- 
sectional area, and then compare the latter area with the surface area of the adsorbept. 
In this way it can be established how many monolayers of adsorbate are taken up at 
saturation. Alternatively, it is possibIe to calculate the quantity ofmaterial taken up in 
a monolayer (from the cross-sectional area), and compare this with the saturation 
uptake. In either case, we are able to estimate the maximum number of layers of 
B-solvent that can be adsorbed_ 

Either of the latter two schemes seems a more straightforward approach to the 
question of monolayer versus bilayer adsorption in the systems of refs. 10 and 11. No 
assumptions are required concerning the requirements for Langmuir adsorption and 
the validity of eqn. 10, and the method will work regardless of any localization of 
B-solvents in the first monolayer. Using data of Scott and Kuceraxo and of Slaats eraZ_% 
we can determine saturation-uptake values for various B-solvents and compare 
these with values calculated for a monolayer (as above). These results are summarized 
in Table 3. There we see generally good agreement with the (approximate) calculated 
saturation-uptake values (for a monolayer) and the actual values for several different 
B-solvents in four studies. A few compounds give lower experimental uptake values 

*Solute activity co&cients are aLso gEnerally larger for small v&es of &; for kzrger NH, 
‘/xs values decreas to values approaching 1. Thus a sharp rise in the first put of the isotlxersn and 
amuthsnallerslopeinasecond~canberatio~byrhiseffectaswell. 
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than expected, but that can be attributed to various effects: di&ulty in accurateiy 
extrapolating the isotherm to s&uration uptake, uncertainty in the molecular eross- 
sections used in the calculation, etc. More importan& none of the class P soknts of 
Table 3 show a saturation-uptake value which is anywhere near that predicted for 
biiayer adsorption (0.24432 g/g). The easiest conclusion to draw from these data of 
Table 3 is that they contradict the likelihood of b&yet adsorption in each LSC system, 

How then do Scott and Kucera draw an essentially op_posite conelusion from 
the same data of Table 3? The latter authors have already questioned our data of 
Table 3 (ref. 12) on the basis that the mokcular cross-sectional areas required in the 
cakulations of TabIe 3 are for various reasons uncertain. Nevertheless, in ref. 11 
they argue that these molecular areas for the compounds of Table 3 are essentially 
constant, on the basis of somewhat crude methods for estimating the latter_ They then 
proceed to show that their analysis of the is&he= curves in terms of the bilayer 
model gives roughly the same number of mokcuks of each solvent in the saturated 
monolayer. One is left with the impression that a constant number of ruokcuks in 

amount 
adsorbed 

mg/s 

t I I I I I I 
50 

mole % B 
100 

Fig. 6. (a) Adsorption isothermsd' on lWti.4 10 for toluertc (O), ethyl acetate(e) and 2-propanoi 
(Cl) in n-hepfm_ E _ - timethodand&tahzmUing(zerovoIume!)as in ref. 38. (b) Ad- 
sorption isotherms on same adsorbent for ethyl acetate (0.e) and benzene (Oh replotted &om 
data karn r&k. 9 and IO. 
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the monolayer is somehow fumlamentahy reasonable, whereas this is not the case*. 
Actuahy, whether one uses the molecular cross-sectional areas as determined by 

us for Table 3, or the values estimated by Scott and Kucera in ref. 11, the number of 
molecules calculated for a single monolayer differ by at most 30 %. The real difference 
in values reported in ref. 11 and in Table 3 arises from how the extrapolation of the 
isotherm data to cD equal 10 ‘A is carried out. We should note that the extrapolation 
of monolayer uptake as in Figs. 5d and e is subject to significant experimental error. 
In the case of extrapolating the “bilayer uptake” as described in ref. L 1, there is also 
the further uncertainty introduced by the apparently incorrect assumptions COII- 

cerning the applicability of eqn. 10 for class P solvents. 
Other minor discrepancies emerge from the approach taken in refs. 10 and il 

for extrapolating the isotherm to 100% (v/v) B-solvent. Thus it is concluded that 
only 95 oA of the first monolayer is completed in the case of chloroform and I-chloro- 
butane. Similarly, only 91 oA of the second ethyl acetate layer is G&cl in the presence 

of pure ethyl acetate as mobile phase. It is unclear what is meant in these instances, 
since the entire surface (of either the adsorbent or first monolayer) must be covered 
by either A or I3 molecules, in the presence of a surface-wetting liquid phase”. 

In ref. 11 the first-monolayer saturation-uptake is given as 0.097 g/g for ethyl 
acetate as B-solveut. Therefore, one can extrapolate to a total uptake in bilayer ad- 
sorption of 0.19 g/g for pure ethyl acetate (0.18 g/g if we assume 92 oA filhng of the 
second layer as above). Yet in ref. 9 a more complete isotherm for the ethyl acetate- 
heptane system is published (to 30x, v/v, ethyl acetate), and it is clear that this 
isotherm is flat from about 10% (v/v) ethyl acetate and higher; the (more accurate) 
saturation-uptake value for this isotherm9 is only 0.14 g/g, which is exactly the value 
calculated for a single monolayer in Table 3. This independent check on the S-K 
isotherm extrapolations agrees with other data, as shown in Fig. 6a. Here a set of data 
obtained over a much larger concentration range for the polar solvents tolueue, 
ethyl acetate and isopropanol are shown. Note especially that the saturation uptake of 
tolueue (class N) exceeds that of ethyl acetate (class P); if a single monolayer is 
assumed for toluene no more than one monolayer is possrble for ethyl acetate. 

The problems encountered when measuring isotherms in more concentrated 

* At furst gknce ffie monolayer uptake of a constant number of moIe~~Ics for 2.N B-solvents 
studied in ref. 11 seems to fit some fundamental law based on simple stoichiometry. However, this 
is not the case. Thus, tie exteut of the adscrbent surface restricts the maximum number of mokcuks 
that can adsorb into the monolayer, and this number JTZUS~ always decrease for larger adsorbate 
mokcuks. Scott and Kucera attempt to circumvent this by suggesting that the mokcuks studied 
are all of the same size_ Secoud, any true stoichiometric relationship requires a 1:l ratio behveen 
the number of adsorbent centers (surface sihnoik) and the n~ber of adsorbing mokcuks. However, 
while the numbzr of mo!ecules in the monolayer (per gram of silica) is estimated 2t 6-7- 1oM in ref. 
11, the number of surface siIa.uoIs can be estimated from ref. 6 at about 3 times this value (2- 1W). 
Fiiy, if a 1 :l reknionship was postulated between surface silanols and the mokcuks in the fu-st 
mono&z, what interactions between the first and second monolayers would serve to preserve the 
same L:l relatianship required by the ckim that the two monokyers contain the same number of 
moiecuIe5? 

“These discrepaucies reflect the use of c, rather than (correctly) Ne as in eqn. 10, as kll as 
not using the carrezt eqn_ 10~: see discussion of eqn_ 10b (footnote). More vexing. however, is the 
pmbicmofreconciliagapparently~00%fillingofth e second monokyer 4th ethyl acetate 2s B- 
sohut for c, > 20 % (see Fig. 2B and re.lated discussion), versus the observzttion above that 2t 100 o? 
ethyl acetate the Wing of the second monoIayer is only 91 oA complete. 
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solutions, and their interpretation, require further discussion which will be presented 
elsewhere. However, for the present discussion it stices to state that Fig. 6 shows that 
any extrapolation to 100 O? B (mole fractions) from data points in the U-10 oT region is 
unreliable, especially for more polar moderators. 

Conch&m 7. Ttie roughly constmrt number ofmo!ecuies in the monolayer fd 
by Scott and ficera for various B-solvents has no fundtal sign~ificmrce_ Ektr~ 
elation of saturation-uptake values bused OR the bikzyer kotherm model seems less reli- 
able than simple extrapohztion of the experimentalplot by conventionalmeans (e-g_ wing 
the staudard Langmuir plot as in Figs. 5d and e). Using the latter procedure, satura- 
tion-uptake values for the B-solvent agree with calculated monolayer values cable 
3), con&n&g an absence of bilayer formation in the LSC systems of refs. IO and 11. 

5. OTHER QUESTIONS 

The foregoing discussion has for the most part covered the major new proposals 
by Scott and Kucera. A few remaining chums that do not fit into these prior areas 
remain for comment. 

6.1. Silica swface structure 

Previous workers (see refs. 53 and 55 for a review) have concluded that strongly 
heated silicas are covered with so-caiIed “free silanoIs”, as opposed to adsorbed 
molecular water or silanols which hydrogen bond with each other. The infrared 
spectra of such silicas show a narrow band in the vicinity of 3750 cmmL which has 
been attributed to the stretching vibration of free or isoIatcd hydroxyl groups that do 
not interact with each other. This band persists for silicas that have been heated to at 
least 700°C. Con&mation that the 3750 cm-’ band is associated with fm silanols 
has been achieved in several different ways, all of which are consistent with each 
other; e.g., calculation of the band frequency from first principles, shift of the band 
to 2700 cm-’ upon reaction of the sample with 2Hz0 (deuterium exchange with the 
S&OH group), etc. 

In ref. 11 it is claimed that this band at 3750 cm-’ (“_ _ . absorption between 
3000 and 4000 wave numbers . _ .“, ref. 11) is instead due to “_ _ _ the hydroxyl groups 
of the chemically bound water-” The evidence consists of the apparent disappearance 
of this baud from silica samples heated to over 600°C. Examination of the actual 
spectra in ref. 11 shows that these are of poor quality when compared with previous 
studies (e.g., refs. 28 and 53). The reason for this may be due to the dif8erent 
experimental technique employed by Scott and Kucera in obtaining their spectra. 
These workers used discs of silica pressed with KBr, then manually transferred their 
silica samples to the infrared spectrometer after heating. All previous workers 
(probably over a hundred citations in the 1950s and 1960s) use in situ heating and 
mezsurcment of the pressed silica (no KBr). See also Appendix V. 

Conclusion 8. The narrow infrareci4 absorption badat 3750 cm” for heatedsilica 
samples arises from free sihmol groups, not chemically bound water. 
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6.2. Silica surface unij&mity 

&I ref. 6 ir is claimed that “Lhe silica surface becomes homo,meoua or “id&” 
only after heating to temperatures of 600°C arid higher. In ref. 11 it is pointed out that 
the bilayer model applies equally well for silicas heated at 20°C and higher, and 
therefore the silica surface is homogeneous when activated at 200°C or higher. 

Concl~.Go~ 9. Silica does not require heating to 600°C or higher to become 
homogeneous, and there r3 no practical advantage in a&g silicas that have been 
activated at temperatures greater than 2OQ”C. 

6.3. Thermodynamic approach to LSC retention 

Scott and Kucera have criticized the S-S model on the basis that it is thermo- 
dynamically based (see comment No. 11 of Table 2). This criticism represents a 
misconception of de relationship of thermodynamics to retention in LX, and it 
shows some misunderstanding of what the Ss model actually is and how it can be 
used in practice. First, concerning the role of thermodynamics and equilibrium 
(which retention is based on), we feel it is unnecessary to prove that any practical 
theory of chromatographic retention must conform to the laws of thermodynamics. 
Second, the S-S model and most other simple models of retention and equilibrium in 
chromatography involve not only thermodynamic but also extra-thermodynamic’ 
relationships. The latter in turn often lead to simple expressions which require only 
a limited number of experimental data, but which permit the prediction of a large 
number of other k’ values. Those experimental data are in turn derived from the 
chromatographic system itself, not from more fundamental tables of thermodynamic 
properties from the literature. For examples of this, see Appendices I and V of ref. 1, 
as well as refs. 35 and 56, 

It should be noted in this context that any description of phase systems that 
correlates phase and solute molecular structure to retention is necessarily extra- 
thermodynamic (including the S-K SIM formulation). Relations derived from 
thermodynamics must generally be supplemented by other assumptions before a cor- 
relative or predictive tool for distribution constants can be developed. Thermo- 
dynamics, rather than being a non-rewarding alternative to other methods for 
prediction and correlation, is able to relate one phenomenon to another with the 
help of basic rules of physical reality. The language of thermodynamics implicitly 
allows such relationships to be developed. Therefore, this language is most useful 
to chromatographers in order to formulate hypotheses (models) in a precise, un- 
ambiguous form, so that these hypotheses can then be tested against results from 
chromatography and other fields. 

Conch&on 10. A thermodynamic approach to retention in chromatography is 
an e.ssent&d beginning to any constructive attempt at understanding and predicting 
retention. Be S-S model is also based on extra-thermodynamic relationships which 
reduce the amormt of data reqrcired for practi-cal predictions of retention. 

* Eg. additivity of funtiod-group free+neq&mrements for AE, linear-f reeatergy reMion- 
ships, eic_ 



We have attempted to analyze each of the major points put forth in refi. 4-11 
(cJ Table 2), and to come to conclusions concerning the validity of these various 
claims. As a result, we are left with the almost total reputation of the “sorption, SIM, 
bilayer” model. It is possible to expiain most of the data of refs. G-11 in terms of 
previously held concepts, without encountering the external contradictions and 
internal inconsistencies which pfague the S-K treatment_ That is net to say, how- 
ever, that we have a uniformly clear picture of the retention mechanism in LSC for 
all possible systems. Nor is it likely that a “pure competition” model holds for every 
experimental system. In this respect we are indebted to Scott and Kucera for 
stimulating a tee xamination of previously held concepts. 

In this section we wili look further at some of these complications and the 
limits of our present knowledge concerning retention in LSC. We will also consider 
what kinds cf experiments are likely to lead to deeper insights in this area. 

7.1. “Ha& versus “sofP monolayers and muMlayers adsorption 

The isotherm data of refs. 10,ll and 47 agree in showing a steep initial uptake 
of ethyl acetate from heptane solutions, followed by a shallower uptake as the ethyl 
acetate concentration is increased beyond 1 oA (v/v)_ We will refer to the quantity of 
ethyl acetate taken up initially as constituting a “hard” monolayer, with subsequently 
adsorbed ethyl acetate forming a “soft” monolayer. We have argued previously that 
the “hard” and “soft” layers together form a single monolayer that is directly in 
contact with the silica surface, and that “hard” and “soft” layers are differentiated by 
the localized adsorption of the “hard” layer. Scott and KucerzP have referred to this 
hypothesis as a “mezzanine” layer, implying that the ‘%ofY’ layer is somewhat more 
distant from the surface than is the “hard” layer (see Fig. 7). 

MEZZANINE LAYER THEC!F!Y 

0 

o”ox~oooooo 
Eg. 7. Menanin e structure for adsorbed monolayer according to ref_ 11. 

We have no quarrel with a “mezanin e” structure as an explanation of the 
“hard” and “soft” layers found in the ethyl acetate-heptane system. However, any 
attempt at de&ing the exact positions of adsorbed effiyi acetate molecules within the 
“hard” and “soft” layers seems both unlikely to succeed and completely divorced from 
any practical application in chromatography. One might extend this argument by 
observing that at some point the “mexzmin e” model passes over to bilayer adsorp- 
tion -when the separation of the “soft” layer from the surface is sufhcientiy great. 



We accept this possibility, so long as molecules in the %oft” layer are still con- 
tiguons to the silica snrface; fe., no mokcules of the “hard” layer lie directly between 
the silica surface and molecules of the “so&” layer. 

Why are we reluctant to accept bilayer adsorption, while recognizing the 
possibility of a “mezzanine” layer that is scarcely distinguishable from a bilayer as 
pictured in Fig. 2? Apart from the faults of the Scott-Kucera logic in this respect, 
and the argmnents related to space-Ghing (“wetting-liquids”) that were detailed ;n 
earlier sections, there is a basic problem in seeing any physical reason for bilayer 
formation. Scott and Kucera refer to bilayer formation as being associated with 
“hydrogen bonding” solvents such as ethyl acetate and tetrahydrofuran9, but these 
solvents do not self-hydrogen-bond; they are proton-acceptors, but not proton- 
donors. That is, the second ethyl acetate monolayer cannot hydrogen-bond to the 
first ethyl acetate monolayer. One might reasonably argue that the strong polar inter- 
actions among these solvent molecules arising from dipole orientation are the reason 
for the attraction of first and second (or “hard” and “soft”) layers in the adsorbed 
phase.. However, that leads to another fundamental difiiculty. Why should the build- 
up of multilayers stop with the second layer? In the BET treatment, which has been 
successfully applied to a wide range of gas-solid adsorption systems, it is assumed 
that there is a distinct difGerence between the tist layer and all subsequent layers, 
that the subsequent layers are held by equivalent adsorption energies, and that past 
the first layer subsequent Iayers do not form one-by-one but continuously. Clearly, 
there is a need for deeper theoretical examination of the whole question of multilayer 
adsorption in LSC systems- 

For the case of class AB solvents as alcohols and water, the possibilities for 
multilayer adsorption and a non-displacement retention mechanism become more 
plausible; e.g., case 3 of section 4. We would not expect to see ciear-cut biIayer ad- 
sorption in these systems, but multilayer build-up would be facilitated by the possi- 
bility of strong hydrogen bonding between absorbed layers. Attachment of solute 
molecules to such a multilayer phase could also be accomodated without any need 
for displacement. Limited data for the solvent system butanol-water-isooctane*’ 
suggest that some such process occurs in this system. However, such LSC systems 
must be extremely complex and di@cult to describe with any sort of simple physical 
picture. Whi!e we must confess our ignorance in this area, it seems unlikely that 
useful models or predictive relationships will soon emerge for all class AB solvent 
systems. 

Finally, returning to our model of “hard” and “soft” layers of adsorbed class P 
solvents as shown in Fig. 6a, it is interesting to note that in terms of this model most 
of the objections raised in section 5. I against Langmnir adsorption now disappear, at 
least for small couceutratious of ethyl acetate in solution. Similarly, the fit of actual P 
solvent isotherm data to the bilayer model as in refs. 10 and 11, becomes less surptising. 
First, the activity CoeEicient of the P solvent in the stationary phase is expected to be 
approximately constant during the filling of the “hard” layer_ Thus, each adsorbing B 
molecu!e will be surrounded mainly by molecules of A, as indicated in Fig. 4a. 
Furthermore the locaJ.ization of B molecules in the “hard” layer will impose a certain 
orientation on these B molecules, one which will prevent their simuhaneous orienta- 
tion within the monolayer for optimum interaction (dipole or hydrogen bonding) 
with adjacent B molecules. Second, the activity coefiicient of the B solvent in the 
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“soft” layer should similarly remain constant during tilling of this layer- Thus, ffie 
“soft~ layer will be formed only after substantial Gluing of ffie “hard” layer, so that 
molecules of I3 in the “soft” layer wilI see mainly molecllles of pre-adsorbed B (see 
Fig. 4a). Third, the interactions of B with the surface will be constant for the “hard” 
layer (locahzed B molecules), and constant (but di@erent) for the “soft” layer. Fourth, 
for small concentrations of the P solvent, activity coefficients will not change much in 
the solution phase as the concentration of B is varied (6 experimental data of Scott 
for O-3 % B”3. 

However, solution interactions and change in solution activity coefficients 
become significant at higher concentrations of the B solvent in s01ution~. While the 
forced fit (Appendix I) of the S-K bilayer model to isotherm data might be expected to 
give reasonable correlation of model and experimental data for a small range of B 
solvent concentrations (e.g., O-IO%), it is unreasonable to expect that extrapolated 
values of total uptake of the adsorbent by B solvent at Ns = 1 can be accurate. 

7.2. Acrhiiy coe$kient effects 

We have noted repeatedly the large activity coefficient changes for both solute 
and IGolvent in class P solvent systems. These are handled in the S-S model by 
assuming that the y value for a particular species (solute or solvent) is roughly the 
same in both the mobile and stationary phases. If this is the case, activity coefhcient 
effects cancel exactly, and the simple S-!3 treatment follows directly. However, the 
question of how much cancellation of y values should be expected is by no means 
clearcut. The simple argument in favor of some cancellation is that with monolayer 
adsorption, the adsorbed mole&e “sees” a similar environment on the side away 
from the adsorbent surface, as it ‘%a~” in the mobile phase. And the molecular 
enviromnent surrounding a molecule in a given phase determines the y value of that 
molecule. If this possibility for y value cancellation is not accepted, and it is 
assumed that y values in the adsorbed phase are constant after approximate filling 
of the B-solvent monolayer, then one can test the sorption verw displacement 
mechanism by correcting for the experimentally measureable mobile phase y values 
of solute and B-solvent. This has in fact been reported for the SK system (ethyl 
acetate-heptane, same solutes) by Slaats et QZ.~. Their results show that in fact the 
decrease in retention which occurs upon increasing ethyl acetate concentration in the 
range 30-40°A is due for the most part to changes in th,- strength of the solute- 
solvent interactions; i.e., to changes in yG for the solute. I hat is, for this range of 
ethyl acetate concentrations, solvent interactions and some sort of non-displacement 
(e.g., “sorption”) retention process could explain the experimental data- 

We can summarize the above discussion as follows. There is still controversy 
and uncertainty over the possibility and extent of y value cancellation in these class P 
solvent systems. One study38 suggests for the higher range of ethyl acetate concen- 
trations in the system of ref. IO that displacement does not occur when solute mole- 
cules are retained in the adsorbed phase, providing that y value cancellation does not 
occur. However, this same study (with its assumptions concerning noncancellation of 
y values) su_wts that displacement occnrs at lower ethyl acetate concentrations, 
specifically in the region (0.35% ethjil acetate) which is the principal focus of Scott 
and Kucera. Interestingly, the experimental studies of Sk&s et a/.” suggest that 
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sorption occurs at higher (but not lower) concentrations of ethyl acetate, while our 
present analysis of the S-IS model in section 4.1 suggests that sorption should only 
occur at lower ethyl acetate concentrations (and for solute k’ values< 1). Clearly 
more work is needed, both theoretically and experimentally, to resolve the question 
of y value effects in class P solvent systems with higher concentrations of the 
B-solvent. 4 

In the case of such physically different processes as “sorption” and “dis- 
placement”, one would hope that some direct measurement of the system might result 
in an unambiguous assignment of retention mechanism. Alternatively, one would 
like to mathematically model each process, then compare carefully obtained experi- 
mental data with each model, so as to show that one model provides a better fit of the 
data than the other. These essentially have been the approaches taken by Scott and 
Kttcera and Paanakker et al P'. Unfortunately, as we have seen, the experimental 
data allow for more than one interpretation in terms of retention mechanism. On the 
basis of considerable thought and discussion among the authors and Scott and 
Kucera”, it seems to us that further experimental testing of this type is unlikely to 
add greatly to our knowledge. 

An alternative approach is one based on extra-thermodynamic considera- 
tions. Here we might hope to test seemingly different retention mechanisms by 
examining how retention varies with the molecular structure of ,olvent and solute_ 
In fact this is the approach followed in the original Snyder treatment1*31. At the 
present time one can state that this approach shows internal consistency for all the 
data so far reported, over a very wide range in both experimental conditions and the 
structural variation in solvents and solutes_ However, the development of this model 
to date has not really been directed to a proof of displacement versus sorption. In 
fact, the few attempts to do so4-- can now be said to be unconvincing, for various 
reasons we need not elaborate on here*. One can argue, however, that an essential 
difference between the displacement and sorption mechanisms is the possibility of 
solute and solvent localization in the former. If this distinction is accepted, then 
studies such as ref. 31 are difficult to explain in terms of any mechanism other than 
displacement. In ref. 3 1 for LSC systems free from the complication of solute-solvent 
hydrogen bonding, a number of apparent retention anomalies (in values of k’) can be 
explained precisely (& 4%) in terms of solute-solvent localization effects on the 
adsorbent surface. Finally the well-known tendency of LSC to provide large retention 
selectivity for positional isomers has been repeatedly noted in the literature, and 
explained in terms of the matching of solute functional groups to a rigid surface con- 
taining tied adsorption sites (e.g., ref. 24, pp. 356-361). Adsorption of the solute 
onto a non-rigid layer of adsorbed solvent molecules (as in Fig. 2) seems much less 
likely to afford such isomer diEerentiation. 

l Briefly, the studies of refs. 3 and 5 deal with the canpariso~ of experimental data with ctqn. 
Ib vs. 6, which we have seen are rally equivalent expressions, Also, y value effects were ignored. 
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%_ CGNCLUSLONS 

For the patient reaier who has accompanied us to this point, what is there 
Ieft to say by way of overview and _ummation? First, we must confess our dis- 
appointment at having to make our case so briefly. The large number of pcints that 
required consideration in this review has forced us to deal in cursory fashion with 
many background issues and specific situations, without providing the reader with 
alI the facts needed for an on-the-spot conclusion. This has forced us to refer to 
previous articles in some cases- We have also assumed that the reader comes equipped 
with a good background in physical chemistry. Thus, if one hesitates to accept the 
reasoning offered here, he (or she) is in for a bit of hard work in chasing the various 
arguments to their origin_ Unfortunately, no alternatives teemed available to us, with 
the possible exception of writing a book 

Specific conclusions have been drawn along the way with respect to the S-K 
model. and these make it clear that the latter treatment is largely discredited by 
internal contradiction and by comparison to current theory concerning sohttion and 
adsorption thermodynamics. The approach taken by these workers was perhaps 
intended to be deliberately provocative, and their work has certainly led to a 
thcrough reexamination of previous theories of adsorption and retention in LSC 
systems. 

The experimental studies of Scott and Rucera and of others on isotherms for 
class P solvent systems raise intriguing questions that have yet to be resolved to the 
satisfaction of the present authors. Does the saturation uptake of B-solvent in these 
systems correspond to a simpIe, “2-phase” monolayer, or is there some “mezzanine” 
character to the adsorbed phase? To what extent are activity coefficients in the two 
phases cancelled, in terms of eqn. 2? Does “sorption” or something other than simple 
displacement ever occur in these class P solvent systems? On the Iatter points there 
is some disagreement among the present authors, but agreement on the need for 
further experiments and additional theory to describe these effects. For the main 
part, however, the S-S model appears to give an adequate, practical description of 
LSC systems involving class P and (especially) class N solvents. 

9. GLOSSARY OF TERMS 

i, B 

A', B’ 

A-B 
A* 

B, 
BA 
4&G&&F 

Subscript refers to “adsorbed phase” 
Generally refers to two solvents of a mobile phase binary A-B; 
A, non-polar; B, polar 
Constants in eqns. 6,7 or 8a 
Solvent or solute type in Table I (polar amphoteric) 
Refers to binary solvent mixture composed of A and B 
Relative molecular cross-sectional area of solute molecule, equal 
to area on surface covered by adsorbed molecule 
Concentration (g/g) of adsorbed B (Fig. 5a-c); same as (B12 
Benzyl acetate (Fig. 3) 
Constants in equations in Appendices I, II and IV (different 
from previous meaning) 
Value of B.. for some point on isotherm, and value for mono- 
layer saturation (100% B in mobile phase) 



k 
k 

k;, kks 

K 
LSC 

M 
n 

Concenmttion (g/d) of solvent B in the mobile phase 
Constants in eqn. 1Oa 
Concentration (%, w/v) of poiar solvent B in binary A-B 
Dimensionless partial molar free energies of various species (Mb 
mobile phase molecute; ri solute mokxxde) in adsorbed (a) OF 

solution (s) phases; eqn. 2; LIE = AG”IRT; EMa, etc. are partial 
molar free energies, divided by RT 
Boltzmann constant (Fig. 1) 
GptiCity filCtOF Of SOhte OF B-SOhXlt 

k' values of solute in (A) A-solvent, (B) B-solvent or (AB) 
mobile phase A-B 
Equilibrium constant for egn. 1, with R = 1; see eqns. 1%1Uc 
Liquid-solid chromatography; generally refers to silica as 
lUiS0dBXlt 

Mobile phase molecule (polar solvent) 
See eqns- 1 and 2; one solute molecule displaces n molecules of 
mobile phase from adsorbent surface upon adsorption 
Relative cross-sectional area of molecule of B-solvent (eqn. 4) 
Solute or solvent type in Table 1 (non-polar) 
Mole fraction of B in solvent binary A-B (eq~ 4) 
Mole fractions of components 1,2, i of a homogeneous mixture 
(Gibbs-Duhem relationship); e.g., components A and B in solu- 
tion A-B. 
Nitrobenzene (Fig. 3) 
Solute OF solvent type in Table 1 (polar) 
A measure of solvent polarity” 
Phenylethanol 
Phase ratio 
The gas constant 
Superscript denotes “solution phase” 
Dimensionless fret energy of adsorption of a solute from a 
referencl mobile phase (eqn. 3) 
Value of So for a solvent M 
Scott-Kucera 
Snyder-Soczewinski 
Solution interaction model of S-K 
Temperature (OK) 
Moiar volume of solvent molecule S 
Volume (approximate) of an adsorbed monolayer (ml/g); see 
eqn. 3 
Volume of mobile phase within column (ml) 
Weight of adsorbent within column (g) 
Solute molecule 
Concentration of adsorbed solute (g/g) 
Concentration of solute in solution (g/ml) 
Adsorbent activity function; also separation factor for two ad- 
jacent bands 



Activity cue5cient of sdute or solvest in a given soiution 
Values of y for components (I, 2, i), -mobile phase components 
(A, B) or solute exF = #) in mobile phase solution 
Correction factor in eqn, 3 to account for complications not 
considered in simple S-S model; vah~es of A, can; be correhed 
with various phenomena, kading to a~E~predict.ion of A, 

values and conection of eqn. 3 
Values of .z” for solvent A, solvent B and binary A-B, respectively 
VoIume fractions of solvents A and B in binary A-B 

Forced equaiity of fjrst and second layer uptake in the Scott-Kucera 6iZayer tiotkerm 

equaiion 

The fit with a bGayet Lanrzmuir formula used by Scott and Kucera does not 
yield the equality of the saturatio;l values of the two layers as a result; this equality is 
already in the mathematic model. Thus, 

BC 

( ) AL 
+-DZ 

(B), = - l+BcfDcZ 

is equivalent to their formula; that is, one Iayer corresponds to 

(i-l) 

Ay 
PC 

= A/2 (i-2) 

two aayers to 

A= A -= 
Dcz 

(i-3) 

While this is logical, for an independent two-layer model we wouId require four 

adjustable parameters. The lettering up to D obscures the fact that there are actually 
only three parameters in the model. Thus the equzdity of the two saturation values 
is built into the model from the outset. 

11. APPENDIXH 

Tat of the solution interaction modeZ and the PurrzeZZ equation against the Gikbs- 
Duhem equatfon (rhermodyriiic cons~Ze~cy) 

As we aheady made clear in the text, both models are equivalent to a 
dependence of the activity coe5cient yx of a solute in a binary mixture A-B, on the 
voiume fraction OB: 

b=]-’ = A f BZZF, (ii-l) 



In the SEM the left-hand-side of the equation is the inverse of the capaci@ factor 
l/k’. En Purnell% equation it is K, the partition coefficient. IQ both cases we can 
substitute yxs -r for l/k’ or K, when appropriate changes in the constants A and B 
are made and when the soiute X and other conditions are unchanged. 

We shall discuss the (mathematically) simplest case in which the binary-phase 
system shows no contraction and molar volumes of both constituents are the same. 
IQ that case the~volume factions oi equal the mole fractions N and we have 

f~&’ = C f DN, or 

The derivation of the Purneli equation limits the validity to a solute at in&&e dilution; 

in the SIM derivation such a limitation IS not made. However, it is easily shown that the 
equations cannot be valid for non-in&rite dilution. Should this be the case, the theory 
would be able similarly to predict how the activity coefficients of the solvent consti- 
tuents themselves depend on the solvent composition. The result would be 

1 
yA= CfDN, 

Taking the pure solvents A and B as the reference state, we have yx = 1 for NB = 0 
and ye = 1 for NA = 0. If this is done the equations can be written as 

The Gibbs-Duhem equation can be written as 

&‘A __N NA dN, 
&yB =. 

s dNA 
(ii-7) 

This cannot be zero for every value of NA (= 1 - NE), as is required, and especially 
it is non-zero for the extreme points NA = 0 and Nu = 0. 

This violation of the Gibbs-Duhem equation, as applied to the activity 
coefficients of the phase constituents themselves, shows that the equation as proposed 
in the SiM and by Pumell et al_ cannot have general signiticance. That is not to say 
that in specific situations such an equation might not be able to correlate experimenti 
data well. Especidy for the Purnell case this is not too surprising, as solvents and 
soh~tks in GC differ widely in molecular weight; the correlation might be useful for 
SO~&~S, but it cannot be valid for the stationary phase (solvent). We have pointedout 
(Appendix HI) the reasons why this description might be successful for a number of 
specific GC liquid phase mixtums. 
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However, in the case of the SJM as applied to LSC systems, solvent and 
solute molecules are very similar. It is, therefore, not possible to indicate any reason 
why the equations should not ‘be equally applicable to the phase constituents them- 
selves, espeizially also because in the papers on the SLM no indication about the 
rauge of validity of the model is given. 

Finally, it should be noted that the Gibbs-Duhem equation, is applied to 
acti-vity coefficients in bii mixture, allows the calculation of yB if the dependence 
of yA on the composition is known. This is a straight-forward and often applied 
method in physical chemistry (ref. 36, p_ 202) when volatility data are only 
accessrble for one compound. Likewise, a postdated dependence of yA on the 
composition dOWS us t0 ddate the COm%pOQding dependence Of yB on the com- 
position If this is applied to the SIM postulate, a problem occurs: 
F:om 

1 
yA = 1 + DNa 

(ii-S) 

it fohows that dyJa NB is non-zero for NB = 0. The Gibbs-Duhem equation then 
yiehls an infinite value for d yB/d NB at this point. As a result the calculation of yB 
is not possible, as the required integration cannot be performed at NB = 1. The non- 
zero value of dln yJd NB for NB = 0, i.e. for NA = 1, is at variance with all de- 
scriptions of binary mixtures on which, e.g., methods such as boiling point evaluation 
are based. 

The abcve analysis has no signiScance for the competition model and eqn. 4, 
since the latter relationship is not based on solution-interaction phenomena, but 
assumes the efTects of such interactions cancel in the overall adsorption equilibrium. 

12. APRENDLX III 

The Pumeii equation (eqn. 8) and its extrqohtion PG LSC sytenzs 

It is not our intent here to examine in full ffie validity of the Pumell equation 
and its underlying assumption of “microscopic partitioning” or “local immiscibility”_ 
lustead we will try to focus on the possible reasons why eqn. 8 works for some GC 
systems, and then appIy what we have learned to the case of LX solvent systems 
and the SIM treatment. 

It is appropriate to note at the beginning that the Pumell model is nominally 
a revoIutionary concept that cii&rs strikingly from other theories of solution ther- 
modynamics. However, there are special situations where either the validity of eqn. 8 
or the actual local demixing postulated by these workers might h fact be expected. 
Concerning the possibility of local &mixing of the two soIvents A and B in the 
binary A-B, one might look for such effects in either of two cases. First, for a solvent 
pair that is immiscible over some intermediate range in 0& one might expect some 
ordering of the binary solvent structure outside the range of immisciiihty. That is, 
local demixing into A and B might persist when the binary is barely stable as a single 
phase_ Consequently, the validity of eqn. 8 for such immiscible binaries as tributyl 
phosphate and ethyIeue glycol (ref 45, pp- 2O!3-220), which at first glan= appears 
surprising, is perhaps not realIy unexpec&&d. Furthermore, eqn. 8 is expected to apply 
over the range in A-E compositions where immiscibility is observed. 
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A second impetus to local demixing would be provided by solvents such as 
liquid crystals which possess a high degree of ordering in the liquid phase. It is not 
unreasonable that microscopic ordering and demixing can persist when such solvents 
are dilutedwith some “normaP solvent. In fact, evidence for such microscopic ordering 
in near-immisc rble mixtures (“cybotaxis”) has been obtained from spectroscopic 
studies~, and further conSrmcd by chromatographic sekzctivity studie~2~. 

Another binary solvent system where the applicability of eqn. 8 is predicted 
by conventional theory has been pointed out by Martiresf. Mere the solvent B forms 
a 1 :l complex with the solute, and where other solution interactions (e.g., dispersion 
forces) are comparable for the two solvents A and B, eqn. 8 can be derived in terms of 
the simple equilibrium 

X+B+X-B (iii-l) 

Thus, binary solvent systems of this type do not require the supposition of “local 
miscibility’=. 

Many polar GC phases consist of large, essentially aliphatic molecules with a 
single polar-functional group X: R-X. R-X-R, etc. When such solvents (B) arc 
mixed with a non-polar solvent A, the interaction of a polar solute with that binary 
solvent is similar to the case of 1:l complexation, as in eqn. iii-l. In some cases, an 
actual complex between the solute and the functional group X may result. In other 
cases, the interaction may be weaker, and it may be questionable whether one can 
speak of a discrete complex. However, the concentration of the group X in the solvent 
binary will in any case be small, so that solute molecules never see more than one 
X-group at any given time. The relative immobility of the larger solvent molecules 
used in GC may further augment this tendency to 1: 1 poiar interactions or complexes 
in GC stationary phases. ‘Fhe net result in all casts is a situation which more or less 
resembles that of eqn. iii-l, and which should therefore be approximately described 
by eqn. 8 Le., (via classical theory). Laub and Wellingtonqs have summarized data 
for the GC system di-n-octyl ether-n-heptadccane wherein eqn. 8 is obeyed quite 
nicely. This system (and others cited in ref. 45) illustrates the effects discussed im- 
mediately above, and the fit observed by Laub and Wellington is, therefore, un- 
SurptiSing. 

Finally, So far as GC systems are concerned, it is not at all clear that eqn. S 
is a generally valid relationship. Marti@ has pointed out that “. . . the remarkable 
agreement cited (by Pumell) is merely an artifact of the insensitive method of data 
testing used. . .” Thus when values of k’, and VB (for the pure solvents A and B) do 
not differ greatly, one does not expect large percentage deviations from eqn. 8 on the 
basis of classical theory. In these cases, one can obtain an apparently high degree of 
correlation of experimental data w&J1 cqn. 8 despite obvious failure of the latter. 
Tilep has also pointed out a variety of efTects which allow classical theory to predict 
linear relationships of the form of eqn. 8. Other workers6z-*T3 have cited numerous 
data on apparently “typical” binary-solvent GC systems which show poor‘ agreement 
with eqn. 8, and bet&r agreement with cJ.as.sical theory. 

It thus appears that the Furnell equation is at best true for a restricted range 
of GC phases. The conditions which favor its apphcability in a given case where k’ 
values differ sign&antly include either a strong degree of solvent-ordering in the 



binary A-B, or the restriction of polar solvent-solute interactions to I:1 pairs as in 
eqn, iii-l. The latter condition will be found frequently in GC systems, but seldom 
iu LSC binaries. 31 the case of LSC soIvents, we generally deal with low-molecular- 
,weight polar solvents 13, where muhiple interactions of a solute molecule witk several 
SUrrOUnChg SOknt mOkiXkS @S Wd i3S SdVeEt-SoiVeEt hkmtimS) are probable_ 
This is just the situation where eqn_ iii-l (and eqn. g) should not apply. To be sure, 
Wahsmundshi and Suprynowi~, and Laub and Pt~rnell~~ have pointed out a GC 
system whick seems refute tkis tke solvent &etkyl maleate+uinoline, 
which 

k’ values as 0, is varied (and linear plots of k 
vs. OA, as predicted by eqn. 8). 

The most difbcuk problem in arguing the applicability of eqn. 8 (and therefore 
eqn. 7) for typical binary LSC solvents, is that the same logic should also be appli- 
cable to the activity coeficients of the solvents A and B (see similar logic of Appendix 
II). But in fact if tkere is true “micro-partitioning” of the two solvents, the mixture 
should exhibit the properties predicted for the simple sum of the two pure solvents. 
I hat is, one would expect tke partial pressures of A and B over the mixture A-B to 
be equal to tke partial pressures of pure A and B, respectively, regardless of the value 
of a; S-e_ as for the case of mixtures of two immiscible solvents A and B. This 

unusual behavior is not observed experimentally, except where A and B are actually 
immiscible. 

A direct test of eqn. 8 in binary LX solvents is provided by experimental 
data on solute activity coefficients in binary solvent systems. While suck data are 
limited in number, Paanakker er ~1.~’ have measured solute activity coefiicient vakres 
for one of tke systems of Scott and Kuaxa I O-20 % (v/v) ethyl acetate-heptane, for 
nitrobenzene, benzyl alcohol and pfieuyletkauol as soIutes_ Even over this limited 
range in solvent composition, marked curvature of plots of l/y ver.s~~ c, is observed 
(Fig. 3). 

Our conclusion is that the Purnell equation is a useful fitting faction for 
some GC systems. Tke basic reasons for its success are not necessariIy related to tke 
km&d-miscibility model, but rather to certain consequences of eqn. iii-l. If tkis is 
tke case, it can be predicted that the Purrtell model and eqn. 8 wih Eat apply to 
typical LSC binary-s&vent systems. Available experimental evidence apparently 
substantiates this failure. 

13. APPENDIX IV 

Isotherm strcrlies can&d out by Scott and Kucera 

Consider the observed K value for a peak generated by the injection of the 
solvent binary it&f with a (shght!y) changed composition. A disturbance of negligible 
small ampktude elutes from the column after a time (see for instance ref. 48) 

(iv-l) 
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where q is the phase ratio and c Ls, q, arc the concentrations of i (the disturbed con- 
centration) in the statioilary and mobile phase. For the pk~t case this would 
transk&e into 

fRB = ho ( w aa -v,ac, ) (iv-2) 

which equation predicts ffie same as the usual expression tRO (1 i k’) when the iso- 
therm is linear, but yields quite different results when applied to non-linear isotherms. 
For instance, in the case of a saturated layer the equation predicts that a disturbance 
of ca within the range of saturation elutes exactly after tRo (a result which P,~EL also be 
derived from the basic consideration that no mass exchange with the layer occurs), 
irrespective of the static adsorbed amount of B which can be significant. In fact, this 
experiment is one of the experimental ways to measure isotherms48*4g and yields the 
derivative of the isotherm. 

Scott and Kucera (see Figs. 7 and 8 of ref. 10) used this experiment to give 
further evidence for tbe~ two-layer adsorption of P-type moderators on silica. However, 
instead of using eqns_ iv-l or iv-2, they handled their data with an expression 

( 
A 

?RE= r,, 1 + 
P i Bca 1 (iv-3) 

where A and B are the constants from the Langmuir expression. This expression 
was derived by assuming that only the empty (Le. heptane covered) part of the surface 
contributes to the retention of the disturbance, an assumption already shown to be 
incorrect. 

Rearranging the correct expression (eqn. iv-2) into a dependence of l/k’ on 
c,, one obtains for the Langmuir isotherm 

(1 f Bc~)~ 
l/k’ = A (iv-41 

instead of the iinear dependence of l/k’ on c, derived in ref. 10. 
Given a set of A, B values, measured statistically, eqn. iv-4 predicts a much 

faster decrease of k’ with increasing c s than cqn. iv-3, and that is indeed the 
experimental result found by Scott and Kucera. They themselves did not check the 
result of their column experiments against the experimental isotherms from batch 
studies, although for butyl chloride this check is possible. In Fig. 4 of ref. 10 it can be 
seen that the adsorbent is 50% covered for 5.9 o/0 butyl chloride in hepkne. That is, 
for this concentration eqn. iv-4 predicts a four-fold increase in l/k’ for this point 
(5.9%) compared to the 0% value, while eqn. iv-3 predicts only a two-fold increase. 
Fig. 7 of the same paper shows indeed a four-fold increase; the two-fold increase in 
I/k’ is already reached at 1.6% (v/v) B. 

14. APPEND= V 

At the time final proof for this review was being-processed, another article by 
Scott appeared- which inch&s new hypotheses on the chemical structure of the silica 
surEace. Previous workers have believed (1) the adsorption sites on the silica surf&e 
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consist of silanol groups, and (2) the surface concentraticm of these groups in a silica 
thermally activated at 1%200’ (i,e- normal chromatogEaphic silica) is wnstant at 
about 8 fnnoles/mz. Scott now proposes that the actual concentration of these surface 
silanols is only 2.5 moles/m2, and that a molecule of water is adsorbed onto each 
silanol. This monomoIecular layer of adsorbed water then constitutes the surface onto 
which solute or soIvent mol&ules adsorb (or “sorb”) from solution. 

The above proposal@ diEer radically from the picture previously assumed by 
most chromatographers and surface chemists; these proposals then&ore deserve a 
critical evaluation in terms of previously reported data and (if needed) additional 
experimental work. It is not possible in this review to provide more than a preliminary 
discussion of the impli~tions of previous work as regards Scott’s latest proposals. On 
the one hand, these new hypotheses make it easier to disregard some of the criticism 
of the S-K model presented in this review. On the other hand, these new proposals 
appear even more difficult to rationalize with previous thinking and work in this area. 
Many hundreds of papers have already been published on the nature of the silica 
surface; for a partial listing of this literature, see references cited in refs. 28 and 53-55, 
as well as secondary references. Scott has repeated some of these studies on the$ilica 
he had worked with earlier (Partisil), has obtained results similar to those reported 
previously -with some exceptions that seem due to experimental methodology- but 
has ignored other relevant data. 

A few majo; points are worth making at this time: 
(1) It is assumed by Scott that dimethyloctyIchlorosilane (DMOCS) is capable 

of reacting Qith all of the surface silanols present in a given silica, regardless of activa- 
tion temperature. From this assumption he purports to measure directly the number 
of surface silauoIs, based on a simple 1 :t reaction stoichiometry. However, it is well 
known (e.g., refs. 28 and 70) that the maximum number of silane molecules that can 
react with the silica suzf.ace is limited by steric considerations (spac&illing). Small 
silanes such as trimethyIchlorosilane can Sll the silica surface to a maximum extent of 
about 4 ~oles/mZ Larger silarres such as DMOCS give even smaller reaction yields 
(-3 ymoles/m*) for the same silica. Finally, residual (unreacted) silanols can be 
detected by infrared absorption after the complete silanization of a silica which is 
pire-activated at 150-200”. Therefo.re, the measurement of surface &Ian01 concentra- 
tions by silanization is simply not possible. 

(2) The maximum surface concentraticn ai n&a silanols can be infen& from 
various crystal structures for natural, cry&&line silicas. Depending on the starting 
structure and the cleavage plane used to define the sur%ce, predicted silanol concentra- 
tions range from 8 to 16 /mzoleq’m2. No structure has been put forth by Scott that can 
justify the lower silanol concentrations proposed; i.e., the figure of 2.5 7&ntolesfmZ 
implies a large number of unsatisfied valences. 

(3) Similarly, the 7 moles/m2 of water which Scott postulates in a 50% 
humidity silica on top of the hydrated silanols should be compared with the 19 moles/ 
mz that can be calculated from space-filling models . For the multi-layer model he 
assumes in the case of silicas activated at lower temperatures (up to 3 layers of water), 
one would infer a density of this adsorbed water equz I to about 0.3 g/cnP. This is not 
physically reasonable. 

(4) The presence of rr?o!ecular mter or ;ilanols on the silica surface S&es rise 
to inframd absorsiion in the region of 34W-3750 cm-l. Detailed theoretical analysis 
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suggests that surface silanols are also a probable source of absorption in this region. 
SimiJAr~y, the absorption me&ients for free and hydrogen-bonded silanols are known 
to II= different, which brings into question Scott’s use of the integrated 3400-3750 
absorbance band as a quantitative measure proportional to the amount of adsorbed 
water for silicas activated at dif&ent temperatures. 

(5) In the interpretation of merential thermal analysis curves for silica, Scott 
observes three distinct dehydration steps. From this he infers three kinds of hyciroxyk: 
surface silanok, water in a first layer, and water in additional layers. This simple 
anaiysis ignores two other kinds of hydroqls whose concentration has been claimed 
to vary with silica activation temperature: water bound withiu the silica matrix (not 
on the surface), and two kinds of silanols: free vs. hydrogen-bonded. 

(6) A large number of different reactions involving surface silanols have been 
reported in the literature. These include reactants that selectively react with silanols 
as opposed to water (e.g., metal ions), as well as reactants that can combine with a 
dehydrated silica surface to yield a product equivalent to the reaction with a silanol 
group. All of these reported studies appear to show a similar concentration of surface 
silanols : 8 eoles/m2 for 150400” silica. 

It is true that some of these reactions would be predicted to give the same 
reactant uptake for either the classical or Scott’s model of the silica surface. However, 
it is interesting to note that there has been little interest in this point for the past 
25 years: Le., almost all recent workers have discarded the possibility of sigr&cant 
concentrations of adsorbed molecular water in silicas heated above 1509 

(7) Finally, the question of the activity coeflicients of the B-solvent has been 
addressed by Scott65 It is argued that solvents like ethyl acetate and methyl ethyl ketone 
behave “ideally” (Henry’s law, constant activity coetFicients) in mixtures with heptane 
up to 3 % (w/v), because it is observed that the partition of such compounds between 
water and heptane phases shows a linear isotherm. Although this may seem reasonable 
at tist glance, available experimental evidence shows that this conclusion is not 
justified. The activity coefficient of ethyl acetate (B), e.g., in water, has been measured 
by numerous workers (e.g., refs. 71 and 72 be it that these measurements were taken 
at constant pressure). The results show that the activity coeiBcient of ethyl acetate 
decreases by about 15 % relative/ % change in the ethyl acetate concentration in the 
region of interest. Thus the observed linearity in the distribution between water and 
heptane must be attributed to the cancellation of the y dependence on concentration 
in both phases. This is not too surprising, as in both phases yu is much larger thzn 1 at 
NB = 0, but necessarily has to go to L when NB approaches 100%. 

We conclude that the objections raised by us in section 5.2.1 against Scott’s 
interpretation of adsorption isotherms for moderators, which considered the possible 
effect of a dependence of solution activity coefficients on concentration, remain valid. 
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16. SUMMARY 

In the present paper we have reviewed the experimental and theoreticai 
evidence which relates I% the mechanism of soIute retention in LSC systems. It 
appears that the sorption mechanism proposed by Scott and Kucera contains internal 
inconsistencies and is further contradicted by other evidence. The displacement model 
of Snyder and Soczewinski, on the other hand, does a reasonable job of expkining 
available data on I.!X retention, and is not contradicted by external evidence or the 
presently accepted laws of physical chemis’uy. The bilayer adsorption model proposed 
by Scott and Kucera seems also deficient, and it is hke!y that monolayer adsorption 
is *the rule in the systems studied by these authors. The delis of the retention 
mechanism for very polar mobile-phase systems (e.g., sohrtions of akohols and 
water, and concentrated solutions of ethyl acetate) are less well understood, and 
further work is needed to cIarr this area. The “microscopic partitioning” model of 
Furnell et al. is believed inapplicable to typical LSC solvent systems. 

Finally, the scope of the S-S model is much broader than that of the S-K 
model. It is not restricted according to solvent class or adsorbent, it has been applied 
in polar-bonded-phase liquid chromatography and to gas-solid chromatography, and 
it is capable of predictions for the separation of different solutes by various solvents, 
especiahy & regards soivent selectivity effects. The S-S model has been experimentally 
validated in terms of thousands of k’ measurements, for hundreds of different solutes 
and solvents. 
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