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SOLVENT SELECTIVITY IN ADSORPTION CHROMATOGRAPHY ON 
ALUMINA 

NON-DONOR SOLVENTS AND SOLUTES 

SUMMARY 

The ability of the solvent in adsorption chromatography to create differences 
in relative sample migration rate has been studied for forty-six solvent systems (in- 
volving twenty different strong solvent components) and thirty different ‘solutes, 
Most of the experimental data were collected for columns of water-deactivated alu- 
mina, although supplementary data for alumina of varying water content and for 
silica were also obtained. With the exception of one solute (N-methylaniline), the 
various solvents and solutes were incapable of solvent/solute hydrogen bonding (non- 
donor compounds), The results of this study could be correlated quantitatively in 
terms of a single adsorption mechanism: competition of localizing solvents and solute 
groups for strong adsorption sites. The ability of different non-donor solvent systems 
to maximize the separation of non-donor solutes can therefore be predicted. The 
present study lays the foundation for a similar examination of solvent/solute systems 
which are capable of hydrogen bonding (donor solutes and/or donor solvents). 

INTROI>UC-I-ION 

The performance of the solvent in adsorption chromatography (thin-l.ayer 
chromatography (TLC) or column cllromatogrnpl~y (CC)) can be cleffried by two 
imporlant general characteristics : strength and selectivity. Solvent strength deter- 
mines the relative adsorption and migration of all sample types; strong solvents favor 
decreased adsorption and faster migration, and weak solvents provide slower migra- 
tion. Solvent selectivity refers to the ability of the solvent to create differences in the 
relative migration of two sample components (solutes). A selective solvent gives 
greater migration differences and easier separation. Solvenlc strength can be regarded 
as more or less independent of sample type, Solvent selectivity is necessarily a func- 
tion of the two (or more) solutes involved. 

l Prcsctit aclclrcss : Tcchnicon Corporation, Tarrytown, N.S. IosgI, U.S.A. 



The selection of the correct solvent strengtll for a given separation problem is 
of major importance. Sample resolution is greater, other considerations being equal, 
for intermediate sample migration rates. Fortunately the selection of the right solvent 
strength for a given separation usually presents little difficulty (see discussion in ref. I). 

Once a solvent of the correct strength has been selected, it sometimes llnppens 
that two (or more) solutes of interest are still unseparated, Le. their migration rate+ 
are approximately equal. In this case it is advantageous to vary solvent selectivity 
while holding solvent strength constant, NIZHEI~ has discussed tllis approach in terms 
of so-called cquieluotropic series, groups of solvents of similar strength but varied 
composition. Having determined that a particular solvent is of the right strength, 
other solvents within the same group (same equieluotropic series) can then be sub- 
stituted. The resulting change in solvent composition may (or may not) result in a 
sufficient change in solvent selectivity to provide the required separation, Tliis 
approach to altering solvent selectivity is an empirical, trial-and-error process. 
Because of the large number of possible solvent systems, and our present inability to 
predict how solvent selectivity varies with sample and solvent composition in most 
cases (for a review, see ref. I), the Nlsr-rEIx scheme can be tedious to apply. Sometimes 
no solvent can be found which provides the desired selectivity. This approach is 
severely limited by our present ignorance of the basis of solvent selectivity. 

The ability to control solvent selectivity has other potential advantages in 
addition to simplifying the separation of two compounds of similar structure and rc- 
tention. An increase in selectivity makes it possible to carry out repeated separations 
more rapidly. In the case of more easily separated solutes, further increase in their 
retention differences f&ilitatcs their preparative separation, since this means that 
higher column loadings are possible. Similarly, the separation of typical mixtures 
&hows the resulting bands distributed unevenly across the chromatogram (e.g. Fig. Ia). 
with the right solvent, an approacll to the equally spaced chromatogram of Fig. rb 
is possible. The advantages of the latter are apparent: adequate resolution for cvcry 
adjacent pair of bands, with minimum separation time. 

This paper describes initial work aimed at understanding the basis of solvent 
selectivity in adsorption chromatography. Our ultimate goal is the discovery of 
general rules for controlling solvent selectivity in any separation problem, regardless 
of whether the structures of individual sample components are known or unknown. 

I (a) 

I lb) 

Pig. I. Control of bnncl spacing by separation sclcctivity. 



Solvent selectivity depcncls upon tllc various interactions Ixtwecn sample, solvent 
an d/or adsorbent , Tiwse interactions may be purely physical, tliey may involve 
chemical bonding (e.g. acid-base equilibria, complex formation, etc.), or tlley may be 
of intermediate character, as in hydrogen bonding. The potential importance of 
chemical bonding as a source of increased separation selectivity is widely appreciated, 
and predictions of selectivity in such cases are easily made. Tile present study will be 
concerned mainly with the role of physical interactions in affecting solvent selectivity 
in adsorption chromatograplly. Once tllis aspect of solvent selectivity is understood, 
the role of hydrogen bonding in determining solvent selectivity can then’be examined. 

l;or tile most part, the systems described in tile present paper involve solutes 
and solvents wllicll cannot interact wit11 each other by hydrogen bonding. That is, 
we will be dealing with compounds which cannot function as proton donors, Our main 
emphasis is on a single adsorbent, 4,3o/0 I-I,0 on alumina, but some data are reported 
for clrier and wetter aluminas, and for silica, The results of tllis study sllould prove 
equally applicable to TLC and CC since relative solute migration in each technique is 
determined by the same underlying factors. However, a detailecl understanding of 
solvent selectivity recluires accurate experimental data for precisely specified systems 
(solvent and aclsorbent). As discussed elsewhere (ref. I, pp. 359357), this is easily 
acllievccl with CC, but not with TLC. Our experimental approach will therefore be 
based entirely on column systems, but some examples of corresponding TLC systems 
will be given. 

The lengtll and complesity of following sections make them occasionally difq- 
cult to follow. Similarly tile practical conclusions of tile present study tend to be 
obscured. For these reasons, tllc present section provides an initial overview of the 
total project with particular cniphasis on its practical aspects. 

The selectivity of a separation system can be espressed in terms of the separa- 
tion factor a for two solutes, s.k. a = kl/k2, where IQ, and 12, are the capacity factors, 
k’, of solutes I and 2, respectively. a can be espressed as a function of various solvent, 
adsorbent and solute properties’ : 

log a = log(k,/k,)J, -t_ fx’E”(fl, - A,) -E_ A, - A, 

n b C 

wllere (/G,//&)~~ is the ratio of k’ values for solutes I and z with pentane as solvent, 
a’ is an adsorbent activity parameter, ~0 is tile solvent strength parameter, A, and A., 
refer to the sizes (areas required on the adsorbent surface) of solute molecules I and z, 
and AI and A, are so-called secondary adsorption terms. Eqn. I recognizes three 
general contributions to separation selectivity in adsorption chromatography: terms 
u, b and c, Term u reflects the primary effect of the adsorbent on separation (this term 
is independent of tile solvent). Term 21 describes the primary effect of the solvent 
upon separation. If two solute molecules are of different size, a change in solvent 
strength, EO, will cause a corresponding change in a. The magnitude of this change is 
proportional to the adsorbent activity parameter (a’). Term c is the result of so-called 
secondary adsorption effects, and in general tllis term is a comples function of solvent, 
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adsorbent.and solute, The variation of term c by a change in solvent composition is an 
attractive route to improved selectivity in adsorption chromatogrciphy (either in 
columns or on plates). Often we begin with a given column or adsorbent, and ~0 must 
be maintained within narrow limits for optimum resolution (see following section). 
In the present study, we will focus attention on the role of the solvent in determining 
term c and separation selectivity. 

For changes only in the solvent, we have found that term c is accurately given 
by the empirical expression 

Al - AZ = 7n(Ll,O - n,o> 
in the case of non-donor solvents and solutes. Here nt is a function of solvent com- 
position, and d,O and d2 O are functions of solute structure. If two solutes of interest 
have equal values of d O, no change in solvent will provide a change in a: (looking only 
at eqn, 2). Assuming that Ll, O # Ll,O, however, maximum selectivity will occur for 
that solvent which has either the largest or the smallest value o’f rtt (recall that maxi- 
mum selectivity occurs for maximum OG or maximum r/a, i.e. separation factors of I/z 
and z are equivalent). This is illustrated in the repiesentative data below for the two 
solutes 1,5-dinitronaphthalene (DNN) and I-acetonaphthalene (AN) and the ad- 
sorbent 4.3% H20-A120,: 

SCJIVC~lt ?JL IL’ u 

D.iVlV AN 
-_ --. -__ -- 

50% (v/v) bcnaene/pcntzulc -0.25 2,s !5*1 0.5 s 2.0 
23% (v/v) clichlotomcthanc/ 

pcntane 0.25 5.s 515 0.95 
4% (v/v) ethyl acctatc/pcntnnc 0.72 504 2.9 1.8 
5 o/o pyriclinc/pcntane I.14 514 2.3 2.4 
0.05% (v/v) climcthyl sulfoxiclc/ 

30 yO (v/v) carbbn tctrnchloriclc/ 
pcntanc I.26 305 1.0 3.5 

_. ____... ---._.-.__ --- 

Simple changes in solvent composition, while maintaining k’ in the optimum range 
of 1-5, are seen to result in a change of cc by a factor of 7 for this system. 

Since maximum a (or ~/a) occurs for large and small IU values, the prediction 
of 112 as a function of solvent composition is of obvious practical importance, Fig. z 
shows the variation of wz with EO for a variety of binary solvent blends (pentane plus a 
stronger solvent). Forty-six solvent blends which involve twenty different strong 
solvent components are summarized in Fig. 2 (see Tables III and VI and Figs. G and* 
7 for details), These data fall into roughly seven classes, represented by curves I-VI 
of Fig. 2. The strong solvent component in the blend determines the dependence of ~72 
on ~0, and these solvents are classified in Table I. Here it is seen that solvent compo- 
nents which are relatively weak (0.18 < E O < 0.35)’ give small or negative vahies of 
~2, while the largest values of WYIZ are given by blends of very strong solvent components 
(0.‘56 < ZP < 0.75). In general, Table I shows a remarkably consistent correlation of 

, solvent class with the strength, e”, of the strong solvent component. This can also be 
seen in the above data for the separation of AN and DNN. Since EO for the solvent 
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I /VI (0.56 s &“s 0.75) 

-0.4- 
I 

, \, I (0.16SE=‘SO.32) , 

0.1 0.2 0.3 0.4 0.5 
EO 

Fig, 2. Classification of solvent $91, v;dLlcs, * see I;jgs. 0 cult1 7 for clctnils. &J (abscissa) rcfcrs to the 
solvent strength of the solvent misturc; a0 ranges (e.g. 0,~s Q 8” d, 0.32) rcfcr to .9 Values of 

the strong solvent cornponcnt (pure conipouncl) of the mixture. 

SOLVENT COIIPONENTS USED IN THE I’RILSlfNT STUDY (SJSE 1;IG. 2) 
___-______ . .._ -__-__- . . ..-. .._ _ _..._ . . . 

Group Solve?~ 1 cub 
_____.__ _____.. --._ . ..- .--. .-.. _ . - . . . .-.-..--.-.-.-.--. -. -. 

; 

1% 

1.1 x 

IV 
V 

Via 
VI 

Pimtan e 
Carbon tctrachloritlc 
l’olucnc 
Ucnzcnc 
Pcrchlorocthylcnc 
2-Chloropropanc 
Chlorobcnzcnc 
Ethyl broniiclc 
Ethyl sullicle 
Chloroform 
Dicliloronicthanc 
Ethylcnc clichloriclc 
Ethyl ether 
Trictliylanlinc 
‘I’ctrnhyclrofuran 
Ethyl acctatc 
Acctonitrilc 
Acctonc 
Nitronicthanc 
Pvridinc 
dmcthyl sulfosiclc 

0.00 

0.1s 

0.29 

0.32 
0.25 

0.29 

0.30 
o.35c 
0.3s 
0.40 
0 . &I ‘2 
o*44c 
0.38 
o*54c 
0.57” 
0.58 
0.65 
0.56 
o.G4 
0.71 

“0.75C 
-__- __- -- ._-. -_-__----. - 

n Wcalc solvent uscci to blend strong solvciits into right en range. 
b Values rcportccl in ref. I unless notctl othcrwisc. 
c Vnlucs obtainccl from prcscnt study. 
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mixture is held roughly constant (for constant A’), a cllangc in 0 *I) for the strong solvent 
component must be balanced by a reduction in its concentration in the solvent blend. 
This leads to an inverse correlation of $1~ with the concentration of the strong solvent 
component of the solvent blend (at constant go). As 51 practical corollary, extremes of 
ME (one of which shoulc~ provide maximum a) will occur for solvent solutions in which 
the concentration of the strong solvent component is either very high (e.g, 50% (v/v) 
benzene) or very low (a.g, 0.05% (v/v) dimethyl sulfoxide). Solvent blends involving 
intermediate concentrations of the strong solvent component will generally yield 
intermediate values of PI2 and poorer selectivity. Another practical conclusion which 
can be drawn from Fig. z is that maximum changes in solvent selectivity are only 
achievable for strong solvent systems (~0 large). For very weak solvents (~0 -+ o), 

Fig. 3. Dcpcnclcnco of soltitc d” values 
group ?c in solute nlolcculc. 

112 approaches zero for all solvent compositions. It should be emphasized that these 
conclusions apply only to the separation of two adjacent bands in systems which do 
not involve hydrogen bonding between solvent and solute (no proton donors involved). 

Consider next the dependence of do on the structure of the solute. AU has been 
found to correlate with the adsorption energy Q”k of the most strongly adsorbing 
substituent Iz in the solute molecule, as shown in Fig. 3, Weakly adsorbing groups 
(Q”k < 3) such as rnethoxy and nitro give small positive values of do; strongly 
adsorbing solute groups (Q”b > 7) such as sulfoxy (-SOCH,) and amido (-CON(CH,),) 
give large negative values of d 0, In certain favorable cases, where two solutes differ 
markedly in the adsorption affinity of the strongest substituent iz in the molecule, 
very large changes in selectivity can be achieved by a change in solvent, This is 
illustrated below for the solutes 1,3&trinitrobenzene (TNB) and N_,N-dimethyl-I- 
naphthamide (DMNA), using two solvents of quite different VU values: 

Bcnzcnc -0.4 0.32 88 275 
so/" (v/v) rrcctonitrile/ro(~O (v/v) 

bcnzenc/pcntane 0.8 5.9 7.1 I,2 

Q% 2.8 813 
AU 0.56 --.I*40 

--- ~-- 

R Aclsorbcnt: 4.3 o/o H,Cl-Al,O,. 

J. Chrovnatogr., G3 (1971) 15-44 
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Here we have a cllange in a by a factor of 230, without the intervention of hyclrogen 
bonding or chcmic?l interaction effects. This is a spectacular result, but not very 
typical; furthermore, solutes with do values as different as those of TNR and DMNA 
are generally sufficiently different in structure to allow their easy separation by any 
of a variety of clifferent techniques. However, the possibility of changes in a of this 
magnitude implies the corresponding possibility of smaller, but still useful, changes 
in a for solute pairs which are snore difficult to separate. In actual practice, a cl~ange 
in a by only IoO/~ often means the difference between a relatively easy separation 
and one that is impossible; c.g, a values of 1.00 and 1.1. 

As an example, consider tllc ‘I‘1.X separation of the isomers I and II”: 

Here the group S can be either I;, Cl or I3r. On silica or magnesium silicate with 
hydrocarbon solvents (hexane, cyclohexane, 7~6 w o), the fiara isomers are more 
strongly adsorbed than corresponding ?~&a isomers. This is the result of electronic 
activation of the nitro group by the methyl group, with an increase in the adsorption 
energy Q”k of the nitro group in the para isomer relative to that of the qgzeta isomerl. 
Consequently, A O for the para isomers should be less than ,A0 for the wzetn isomers. 
We therefore predict that a change in solvent to one of larger 3~2 will. result in decreased 
adsorption of I relative to II (as in the examples above). This is in fact observed; 
hydrocarbon solutions of ether or esters as solvents (3~2 large) result in a reversal of 
the separation order of these isomers (II adsorbed more strongly). 

The origin of tllese solvent selectivity effects (Eqn, z) can be esplainecl as 
follows. Solute molecules with strongly adsorbing groups tend to localize on strong 
adsorption sites on the surface of the adsorbent I. There is a similar tendency for 
localization of strongly adsorbed solvent molecules on these same sites. When both 
of these processes occur simultaneously, the net adsorption energy of localized solute 
groups is thereby decreased because of competition between solute and solvent for 
the s+rne strong sites. This loss in solute adsorption energy (and decreased solute 
adsorption) is proportional to the extent of solute localization (proportional to Qtl/G 
or A O) and the extent of solvent localization (proportional to ~0 for the strong solvent 
component and its concentration in the solvent blend, or to g1.c). Thus maximum 
aclsorption and retention of solutes with strongly adsorbing groups is favored by 
solvents which do not tend to localize on strong adsorbent sites, and is opposed by 
solvents which localize strongly. 

The same kind of solvent selectivity found in separations on alumina is also 
observed on silica. An example is provided in the TT,C separations sl~owr~ in Fig. 4, 
I-Iere the separation of r,7-dimethoxynapllthalene (DMN, do = o.IG) and I-nitro- 
naphthalene (NN, A O = 0.38) on silica is shown. With a solvent of low PU value 
(zoo/, (v/v) benzene/pentane), NN migrates more rapidly than DMN (Fig, da). With 
a solvent of high ??E value (1.5% (v/v) acetonitrile/pentane), the separation order is 
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(a 1 

0 l s 
i ;. Ii2 

(b) 

..? 

. . * 
I 2 1+2 

(d) 

i i I;2 

l?ig. 4, TLC scpnrations of 1,7-dirncthoxynaplzthalenc (I) nncl I-nitronnphthalcnc (2) on silica 
plates. (a) 20% (v/v) bcnzenc/pcntano solvent; (b) 1.5”/~ acctonitrile/pciita.nc solvent, prc- 
equitilxxtion of plate in TLC chamber; (c) I o/o acetonitrilc/pcntanc solvent, no I’rc-equilibration; 
(cl) 1 o/o acctonitrilc/pentane, cquilibratecl. 

reversed (Fig. 4b). In TLC, a practical problem arises in the use of solvents of high 112 
(i.e. dilute solutions of a strong solvent in a weak solvent), namely solvent demixing 
and front formation. This is illustrated in Fig. 4c for the same separation with IO/, 

(v/v) acetonitrile/pentane. In this case, both solutes migrate at the boundary between 
pentane and acetonitrile/pentane. By first exposing the plate to the solvent vapors, 
however, adsorption of acetonitrile occurs and subsequent separation does not result 
in solvent demixing. This is illustrated in Fig. 4d. The same procedure was used in 
the separation of Fig, 4b. 

EXPERIMENTAL 

The adsorbent used for most of the following measurements was chromato- 
graphically standardized 4.3% H,O-Al,O,*, prepared by addition of water to calcined 
(400~) Alcoa F-20 alumina O. In a few cases, measurements were made on alumina 
containing more or less water, in order to determine the effect of adsorbent activity 
on secondary solvent effects. Similarly, a few data were obtained for ZOO/~ H,O-SiO, 
as adsorbent (Waters Associates Porasil A, preheated tit 120')~ 

All solvents were prepared from reagent-grade materials. Several solvents were 
further purified over calcined alumina immediately before use : ethyl sulfide, z-chloro- 
propane, ethyl acetate and chloroform. s-Pentane (Phillips Petroleum, 99% pure) 
was purified over activated silica before use. All solvent solutions were saturated 
with water, then blended with dry (i.e. water-free) solvent ,to give 25% water satura- 
tion for experiments with 4,3% H,O-Al,O,. The thermodynamic activity of water 
in these solutions was approximately equal to the activity of water on the starting 
4.3% H20-Al&, (see discussion ref. 5). Experiments with 2% H,O-Al,O, were run 
with dry solvents, while IOO~/~ water-saturated solvents were used in runs with 8% 
H,O-AlgO, and I?~/~ H20-SiO,. In the case of solvent blends containing water- 

- 
l Corrected rctcntion volume (naphthalenc solute, pcntnnc solvent) cqunl to 1.05 ml/g. 
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SOLVENT SELlKTIVITY IN ADSORPTION CHROMATOGRAPHY ON ALUMINA 23 

miscible components, the amount of water used to saturate the solvent mixture was 
kept sufficiently small to avoid extracting significant amounts of water-miscible 
solvent (the Anal volume ratio of water to solvent phases was less than I :yao), No 
water was added to solutions of dimethyl sulfo?cide. 

The cllromatograpliic unit consisted of a stainless steel solvent reservoir 
pressured by nitrogen, followed by a guard column (IOO x 0.2s cm) containing the 
same adsorbent used in the chrotnatographic column. Solvent from the guard column 
entered a sample introduction valve (25 ,A loop) connected to the chromatographic 
column (25 x 0.~8 cm), and then a UV detector. The columns, sample valve and 
connecting tubing (Teflon/glass construction) were from Chromatronix Inc. (Berkeley, 
Calif., U.S.A.). The detector was a modified I-Iitachi-Colman 124 spectrophotometer 
with a Zeiss flow cell (Ultramicro MRID, 1.0 cm path-length). The columns were 
packed dry and settled by tapping. I3efore measurements were made on a given 
column, sufficient solvent was passed through the system to give complete equilibra- 
tion of adsorbent with initial solvent, as checked by constancy of solute retention 
times for repeated injection of the same sample. Both guard and chromatographic 
columns were changed for each new solvent mixture. Retention times were measured 
for each compound (introduced individually as 0.1% solutions in isooctane) from the 
time of injection, and for the non-retained solvent peak (isooctane). Capacity factors, 
18, were calculated from the retention times of solute (in) and solvent (tn) : /c’ = 

(h - 4J)lto~ 
Retention times for a standard compound (x,7-dimetl~oxynaplltl~alene or picene) 

were usually constant within &2 “/o throughout a series of runs with a given solvent 
(same column). 1.701: the sample size (8 x IO-~ g/g) used in the present study, retention 
time was not a function of sample concentration. When variations in retention time 
for the standard compound exceeded 2O/, from beginning to end of a given series, 
individual retention time measurements were corrected by assuming a constant 
proportionality between all solute retention times at a given time. Comparisons of 
corrected retention times in repeat e.uperiments (new columns, same solutes and 
solvent) suggest a relative repeatability of about -j4% (standard deviation), as il.lus- 
trated in Table II for 23% (v/v) dicl~lorometl~ane/pentane as solvent and 4.3% 
I&O-Al,O, as adsorbent. This variability was somewhat greater for different batches 
of adsorbent, and in one case was as high as -& 20% for a very strong solvent system. 
Only a few data were collected for such systems, but this problem should be kept in 
mind during future work with strong solvents (E” > 0.3). 

GENERAL THEORY 

The problem of immediate interest is that of the separation or resolution of 
adjacent bands in liquid-solid chromatography, either as they elute from a column 
or are found on a TLC plate. Resolution, X #, is normally defined. as the distance 
between band centers (at the end of separation), divided by average band width. 
For either columns or plates this leads to a well known relationship (c.~. ref. 0) : 

x s = (I/4) (a - I) j/iv [k’/(/z’ _1- I)] (3) 

Here a is the separation factor defined earlier (the ratio of capacity factors k,/lz, for 
the two bands), R; is the number of theoretical plates in the adsorbent bed through 
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which the two bands have passed, and 12’ is tile average of k, and 1~~ (the capacity 
factor, k’, is the equilibrium ratio of total solute in tile stationary phase to total solute 
in the moving phase). Resolution is seen to be detcrmin.ed by three different factors : 
cc, N and lz’. N is largely a function of the particular adsorbent bed (column or plate). 
1~’ reflects the average migration speed of the two bands and is determined by solvent 
strength co, 18 and ~0 must be held within narrow limits for optimum resolution, c.g. 
I < k’ < 5, For resolution to be possible, Q: must be different from unity. u is clcter- 
mined by the adsorbent and the composition of the solvent. In the present study, 
we will be concerned mainly with the variation of a with solvent composition. 

Values of 12’ can be related to certain properties of the adsorbent, solvent and 
solute’ : 

log k’ = log k, - a’ e0 A B I- A (4) 

where fz, is the value of 12’ for pentane as solvent, a’ (unrelated to the separation 
factor, a) is a function of adsorbent activity+, co is a solvent: strength parameter, A y is 
proportional to the area of the adsorbed solute molecule, and A is a so-called secon- 
dary solvent effect * which can be a function of adsorbent, solvent and/or solute. 
Substitution of Eqn. 4 into a! = /tJR, gives Eqn. I. The so-called primary effect of 
the solvent on selectivity (term b of Eqn. I) is usually of limited value in changing cc. 
Thus the sizes of the two solutes must be appreciably different, and this is often not 
the case for difficultly separable compounds, Also, a change in selectivity is achieved 
only by relatively large changes in GO and K, which works against optimum resolution 
(for which I < 1~’ < 5). Secondary solvent effects, term c of Eqn. I, offer the greatest 
promise for useful changes in separation selectivity. To understand the basis of this 
solvent selectivity term, we m.ust study the variation of A values with solvent com- 
position and solute structure. 

d VALUES AS A I~UNCTION OP SOI~UTI’: AND SOLVISN’I- 

Table III summarizes 424 experimental 12 values for II solutes and 41 different 
solvent systems. Solutes I through VIII are substituted naphthalenes which carry a 
variety of different substituent groups (-OCH,, -NO,, -COOCH,, -CN, -CHO, 
-COCH,), solute IX is +chloroquinoline, X is N-methylaniline, and XI is the aro- 
matic hydrocarbon picene (C,,H,,). Solutes I through TdS are intended to test the 
effect of solvent composition on relative adsorption of solute functional groups, where 
hydrogen bonding is not involved (none of these solutes are proton donors) a Solute XI 
(picene) has no such functional group substituents, and is included to provide a 
measurement of ~0 for each solvent (from Eqn. 4., assuming A = 0). Solute S (N- 
methylaniline) is a weak donor which is included .for preliminary esploration of tile 
effect on solvent selectivity of hydrogen bonding between solute and solvent. These 
particular solutes were selected because their retention times and k’ values fall. in a 
convenient range for measurement, and their UV absorptivities are suitable for UV 
detection during elution from the column by solvents of interest (some of these 
solvents do not transmit light below 310 nm). 

The 41 solvents of Table I are solutions of strong, non-donor solvents in 

l In ref. 1, d and d arc rcfcrrncl to as 0 atid Llctrrx, rcspcxtivcly. 

JO Cl/~~orr~ctlopv., Gg (1971) I fj-_1d.t 
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TABLE 111 

12’ VALUES FOR STANDARD SOLUTES AND FORTY-ONE SOLVENTS 012 INTI3RI\IEDIATE STRI~NGTII ; 4.3 o/ 
I-I,O-Al,O, (,,il 

Values of d in pnrcnthcscs. (1) z-Methoxynaphthalene; (11) 1,7-clirncthosynapl~thalcne; (J.11) I- 
nitronaphthalene; (IV) I,S-clinitron;~phthalcrlc; (V) r-mcthyl1~apl~tl~onte; (Vl) r-cyanonaph- 
thalene; (VII) I-naphthaldehycle; (VIII) I-acctonaphthalcnc: (1X) a-chloroquinolinc; (S) N- 
methylaniline ; (XI) picene. 

_______-_____ 
Sol?ve‘d~ 12 

I II III JV V VI . 
--_-I__ ,_ _____-..-- 

15% (v/v) be11zc11c 

28% (v/v) bcnzcnc 

50% (v/v) bcnzcne 

80% (v/v) bWlZt?llC 

50% (v/v) carbon tctrachloriclc 

30% (v/v) tolucnc 

35% (v/v) a-chloropropanc 

Go% (v/v) 2-chloropropanc 

Perchloroethylene 

4o”/” (v/v) ethyl bromirlc 

30% (v/v) chlorobenzcnc 

sqo (v/v) ethyl sulficlc 

15% (v/v) ethyl sulficlc 

13% (v/v) diclilororncthanc 

23% (v/v) cliclilororncthanc 

IS% (v/v) chloroform 

30% (v/v) chloroform 

15% (v/v) ethylcnc chloride 

2% (v/v) ethyl cthcr 

5% (v/v) ethyl cthcr 

go/” (v/v) ctliyl cthcr 

23o/o (v/v) ethyl cthcr 

1% (v/v) ethyl ncctntc 

4O/o (v/v) ethyl ncetatc 

a”/” (v/v) tetrahydrofuran 

5% (v/v) tetrahyclrofuran 

2.25 

(0.02) . 

I .oY 

(0.04) 

0.39 
(0.00) 
- 

o.So 
( - 0.01) 

o.SG 
(0.00) 
0.86 

( - 0.06) 
0.45 

(,“.;tl;) 

(0.25) 
0.57 

(0.05) 
0.83 

(0.01) 
2.10 

( - 0.05) 

I.IS 
(0.00) 

1.2G 

(0.13) 
o.G2 

(0.rg) 
I.$3 

(0.10) 

O.S‘[ 

(0.2s) 

0.g0 

(0.23) 
3.24 

( - 0.02) 

1.42 
( - 0.0s) 

0.97 
( - 0.03) 

0.49 
(0,oS) 
1.41 

(0.09) 
0.62 

(O.IG) 

I,12 

(0.13) 
0.71 

(0.12) 

6.47 
(0.05) 
2.34 

(0.01) 
0.9s 

(0.06) 
0.39 

(0.2 I) 

I.SG 

(- 0.01) 

2137 
(o.oG) 
2.13 

(--0.05) 
0.53 

(- 0.03) 
I.79 

(0.25) 
1.16 

(0.01) 

1.83 
(- 0.01) 

5.59 
(--0.05) 

2.40 
(- 0.07) 

3.oG 
(0.12) 
1.3s 

(0.1s) 
4.09 

(0.12) 
1.72 

(0.2G) 
1.72 

(0.17) 
6.97 

(- 0.13) 
3115 

(- 0.14) 
1 *I)5 

(- 0.11) 
0.85 

( - 0.01) 

2.7G 
( -0.01) 

I .oo 

(0.03) 
I .94 

(- 0.01) 
I *07 

( - o.oG) 

G-75 
(;.;;) 

(0.01) 
1.0s 

(o.clo) 

0.3s 
(0.05) 
2.19 

(- 0.02) 
2.51 

(0.02) 
I.91 

( -0.16) 
0.79 

(-o*15) 
2.09 
(0.03) 
1.17 

( - 0.08) 
2.41 

“5’;;) 

(- b:o4) 
2.90 

(- o.oG) 
3.95 

(O.I7) 
I.55 

(0.23) 
5.07 

(0.15) 
2.II 

(0.25) 
2.Gx 

(0.26) 
7.00 

(- 0.15) 
4.05 

(- 0.08) 
2.81 

(- 0.01) 
I.22 

(0.04) 
4.1G 

(0.1 I) 

1.80 

(0.18) 
3133 

(o.IG) 
2*14 

(o.xG) 

- 

9.20 

(0.00) 
2.52 

(- 0.72) 

0.97 
(0.04) 
G.Y3 

(- 0.06) 
S.S3 

(0.02) 

7.47 
(- O.J2) 

2.29 

( -0.1s) 

8.35 
(0.32) 
4.27 

(-0.02) 

s.02 

(0.02) 

30.1 
(0.02) 
12.2 
(0.05) 
1G.4 
(0.29) 
G.oG 

;:.;4) 
. 

(0.20) 
- 

10.5 
(0.35) 

- 

20.0 
(0.04) 
IO.9 
(0.02) 
2.94 

C-0.07) 
21.9 
(0.27) 
5.35 

(0.10) 
13.2 
(0.22) 
5.30 

(0.04) 

10.6 

(0.01) 

4.27 
(0.01) 

1.71 
(0.05) 
0.70 

(0.26) 
3.40 

(0.00) 
4.32 

(0.0s) 
3.43 

(-0.09) 
1.37 

( -0.05) 
3.2G 

(o-27) 
I .go 

( -0.02) 

3151 
(0.02) 

S.G2 
(- 0,08) 

4,x I 
( -0,12) 

5.10 
(0,IO) 
2,os 

(0.14) 
6144 

(o,oG) 
2137 

(0115) 
2,SS 

(0420) 
(1014 
-0.22) 

4884 
(- 0,22) 

2,SG 
(-0.19) 

I,12 
(-0.14) 

4.1s 
(--0,oS) 

=*34 
(- 0.09) 

2.66 
( -0,12) 

I.37 
(- 0119) 

12.2 

(Z3 
(0.01) 

1.gg 
(0.00) 

0.95 
(0.15) 
3.61 

(0.04) 
4.52 

(o-04) 
3.10 

( -0.1s) 
I.19 

( - 0.23) 
4.07 

(0.25) 
1 a97 

( -0.10) 
4.09 

(0.02) 
9.G4 

( - o.oG) 
4x6 

(--0.0s) 
G.Ig 

(0.13) 
2.70 

(0.14) 
7134 

(0.09) 
2.79 

(0.1 I) 
4.13 

(0.20) 

I I *$j 

( -0.12) 

5.90 
(-0.13) 

3.71 
( -0,I I) 

I.44 
(-O*I5) 

5.99 
(0.04) 
2.13 

(0.00) 
4.05 

(0800) 
2.17 

(- o*eo) 

.J. Ch~vom.lo~~., 63 (1971) 15-44 
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13.8 

(0.03) 
5.85 

(0.02) 
2.Gr 

(0.05) 
J..rY 

(o.?,o) 
4.42 

- 3) 

(0:05) 
4.32 

-0.13) 
r.83 

-0.12) 

‘Qi‘} 

(0.24) 
2.75 

-0.03) 
4.95 

(0.02) 

J'I.3 
-0.06) 

5.96 
-o*og) 

7.14 
(0.10) 
3.23 
(0.15) 
8.55 
(0.00) 
3.62 

((j**s) 
4.78 

(o.rg) 
13.0 

-0.1g) 

6.52 

-0817) 
4.52 

-0,r.t) 
r*g3 

: - 0,og) 
6.40 

,--0*03) 
a,38 

:-0,03) 

4151 
( - 0.04) 

2.3G 
:-o.rn) 

32.8 

(0.0g) 
12.4 

(X2) 
(o.oG) 

2.12 

(0.20) 

10.3 
(O.Oil) 
12.7 
(0.10) 
8.58 

( -0. T 3) 
3*13 

(-0.16) 
10.1 

(0.30) 
5.07 

(- 0.05) 
7.42 

(--r.l.OCj) 
22.T 

( -0.1 1) 

IO.3 
( -0.11) 

13.9 
(0.07) 
5.50 
(0.10) 
17.8 
(0.08). 

5.65 
(;*$) 

* I 
( 0. 1 Al. ) 
2G.5 

(- 0.20) 
11.g 

( - 0.24) 

G.95 
(- 0.23) 

2.46 

( - 0.2G) 

TO.2 

( -0.x2) 

2 .g2 

(- 0.21) 

630 

( -0.18) 
2.go 

( -0.32) 

Y.Gg 
(0.01) 
L).O'Z 

(0.00) 
1 *y3 
(0.03) 
0.84 

(0.15) 
2.gg 

( - 0.00) 

3.9 
(0.05) 
2.72 

( -0.17) 
x.19 

(-0.17) 
3.03 
(o.xg) 

I.60 

( -0.13) 
3.35 
(0.00) 
- 

_- 
- 

sag5 
(0. IS) 

2.35 
(0.13) 
5.53 
(0.04) 
2.50 

(0. J4) 
2.92 

(0.12) 

7.40 
(-0.24) 

3.97 
t--o.241 

- 

3.79 
( -o.og) 

I.47 
(- 0.10) 

2.9‘1. 

( - 0.07) 

I.08 

( -0.T.I) 

10.3 

4 . 7'2 

2. 1‘1. 

I .oo 
(o.oq) 

-1. . I cl 

4.59 

4.o.t 

1.X1 

4.9-1 

2.9s 

3.35 

- 

- 
- 

4.L l 4 

2.25 

5.q 

I .g8 

3.2’2 

rr,7 

G.46 

_- 

- 

G.22 

2.2g 

4.45 

2.35 

20.0 

j.GO 

I.35 

0.23 

3.35 

-I.GS 

5.72 

I .q2 

1.70 

2 .oo 

.I.. 1 1 

‘2 ‘2 * 2 

7.73 

5.35 

I ,‘I 2 

s.3s 

I.58 

2, I2 

39.5 

r4.0 

G.12 

I.42 

7.30 

1.54 

4.38 

2.23 

.---_“_---___._-._.---...-__-.--_. _^_._ -.- 

..__. _.~_. ,. _..-.. 

0*0-/g 

O.Il.( 

Cl.IGO 

0.2 14 

o.rzG 

0.12J 

0.117 

0.159 

(1.r5.1 

o.J.\g 

0.127 

0.07fi 

0. 1 IO 

o.lrg 

0. I57 

o.rog 

o.r5G 

0. I.17 

0.0,59 

o.ogo 

o.rrg 

o.rs!, 

o.rog 

0.15G 

0.125 

O.r-l5 

- 

. . 

YIL a S.D.f 

-O*OLl_ 0.05 

-0.02 0.02 

--0.25 o.oG 

-0.2c) 0. 2 I 

-0.08 0.00 

-0.15 0.07 

0.02 -0.12 

0.02 -0.TY 

0.03 

0.0s 

0.12 

0.1s 

0.2y 

0.20 

0.25 

0.23 

0.2.l_ 

-0.05 

- 0.02 

- o.og 

-0.1 I 

0.10 

0, 12 

0.06 

0.12 

0.1‘~ 

-0.20 

--0,Z‘I. 

-0. TC) 

- 0. IG 

- o.og 

-o.rt 

-0.11 

-0. rg 

ho.03 

&O.OI 

&0.03 

&o*oq. 

fo.03 

-&O.O? 

&OS05 

&o.og 

-Lo.04 

zko.05 

40.03 

ho.02 

-1:: 0.03 

L ~‘.0.3 

A:O.OI 

;ir: 0.02 

f 0.05 

r.f: 0.03 

rk0.05 

:to.o3 

&o,or 

:_I: 0.0s 

&0,03 

&0.03 

fo.02 

4, o.oG 

Ad 
‘Y 

-_---- 

0.03 

- 0.01 

-0.05 

-0.13 

0.03 

0.00 

o.oG 

0.0s 

o.oG 

-0.14 

-0.03 

- 

- 

-O.IO 

-0.15 

-0.0s 

--0.*32 

-O,T2 

0.r.l. 

0.12 

_..- 

- 

0.11 

0,Of 

0.00 

0.02 

“I 

__ ..- . _._._.._...-_ ----..-._-_A_--_- --. 

(conlinrrcd m p. 28) 

J, C//ro/lrnl0g,‘*, G3 (7971) IS-44 
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TABLE III (continued) 
-_ -_---_- . .._. -----.- _._.._-__ --_- . ._..-.._. -- ._..--.- - .._......-. . .._- -._. 

Solvent 12’ 
-__-~- _-.-~-_---.--.-_--._-_._. 
1 II 

--. __________ ._.... - _._....._. . .._ - _...__ --_._- .__. -_-___.-.-_ 

5% (v/v) triethylamine 

0.2% (v/v) acetone 

o.4o/o (v/v) ncctonc 

0.6O/” (v/v) ncctonc 

o.So/o (v/v) acctonc 

2% (v/v) pyridinc 

5% (v/v) pyridinc 

0. I o/o (v/v) acctonitrilc 

o.14o/o (v/v) ncetonitrilc 

o.3o/o (v/v) acctonitrilc 

0.4% (v/v) acctonitrilc 

0.6% (v/v) acetonitrile 

0.7% (v/v) ncctonitrilc 

I OA, (v/v) nitromethane~~ 

o.o5o/o (v/v) clirnctliyl 
sulfoxicW 

lob’ i<p 

Am1 

0.81 
(- 0.01) 

a.01 
(0.00) 
I ,5s 

(0.10) 
1~17 

(0.04) 
I,14 

(0, IS) 
0.gG 

(0,II) 
0.72 

(0,II) 
2.so 

(0.05) 
2.30 

(0.10) 
1.42 

(0.25) 
I.09 

(0.26) 
0.95 

(0.31) 
0.77 

(o-27) 
O.SI 

(0.25) 
0.27 

(0.01) 

1.07 

0.31 
ko.06 

9.2 

I.43 
( -Oo.I3) 

5.02 
( - 0.03) 

3.~6 
(0.00) 
2.42 

( - 0.02) 
2.20 

(0.06) 
I.77 

(0.01) 
1.21 

(- 0.02) 
7.25 

(0.03) 
4.97 

(0.02) 
2.76 

(0.13) 
1.83 

(0.13) 
I.55 

(0.1s) 
T .36 

(0.1s) 
I.30 
(0.11) 

0.35 
(-O*T9) 

I .5s 

O.IG 

fo.04 

IO.3 

/.Tr IV 

2.47 
(0.03) 
6.4.2 

(0.05) 
5.00 

(0.15) 
4.00 

(0. r 3) 
4.03 

(0.25) 
3.91 

(0.2s) 
2.40 

(0.19) 
8.39 

(0.07) 
7.1s 

(0414) 
4.5s 

(z) 
(ok) 

(;:;$ 

($:’ 

(;$) 

(0117) 

I.54 

0,38 
-&0,05 

9.4 

1o.S 
(0, T 3) 

- 

23.5 
(0.26) 

- 

IG.‘+ 

(0.33) 
I I.5 
(0.22) 
5.44 

(0.03) 
- 

- 

25.0 
(0.50) 
17.0 
(0.50) 
14.3 
(O-54) 
II.9 

(0.53) 
13.2 
(0.52) 
3.54 

(0.22) 

2.24 

0.4G 
zto.07 

10.7 

If V.f 

I .gG 3.71 
( -0.25) ( -0.15) 

7.24 9.64 
( -0.12) (0.02) 

4.47 613 
(- 0.09) (0.01) 

3.24 5.23 
( -0.15) (0.02) 

3.00 4.62 
( - 0.05) (0.07) 

I .73 3;2S 
( -0.24) ( -0.04) 

1.10 2.04 
( -0.3 I) (- 0.13) 

IT.1 
(-0.04) 

T4.P 
(0.09) 

7.57 IT.3 
( -0.05) (0.13) 

4.07 6.54 
(0.05) (0.21) 
2.51 4.11 

(0.03) (0.15) 
2.20 3.59 

(0.09) (0.19) 
1.62 2.89 

(0.01:) (0.15) 
I.SS 3.27 

(0.03) (0.16) 
0.37 0.92 

( -0.41) (--o.T7) 

1.8‘~ 1.Gg 

0.02 
-1-0.03 

10.4 

0.18 
f 0.04 

S-7 -.. -___ --- - 

a Mixture with wpcntsnc, cxccpt where inclicntccl otherwise. 
1~ 5% benzene nclclecl to pcntanc for miscibility. 
Q 30% (v/v) carbon tetrachloricle adclccl to pcntnnc for miscibility. 
cl Avcragc vnlues clcrivccl from data for solvents with w. >0.5. 
c Average vnluc for 0,3-0.7~/~ (v/v) acetoiiitrile solutions. 
r 1Sxpcrimental d values VS. values cnlculntccl by IZqn. 5a. 

pentane, The last two solvents of Table III required the addition of benzene or 
carbon tetrachloride to maintain miscibility of the mixture. The concentrations of 
these various solvent solutions are such that O,I < co < 0.3, which again provides 
convenient 12’ values for the above solutes. 

Values of A 8 for each solute in Table III were calculated as described in ref. x 
(Tables S-4). Log hp for picene could also be calculatedl, which permitted a’@ 
for each solvent system to be measured from Eqn. 4 and a value of 18 for picene 
(assuming A = 0). Given values of a’c” and A 8, from Eqn. 4 and an experimental 
value of 12’ we can calculate log kP + A for each solute/solvent combination. A was 
initially defined as equal to zero for a group of less polar solvents (solutions of benzene, 

J. Clwowratogv., 63 (1971) 15-44 
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,____ _ ________._ ____ ..__.... . - . . .._. . ..-_. _-. . ..-. ___ _.__...__. --__ ._ ..__.. _--. _.. ___ _ ,... __.... .._ . . .._- .” 
12 n S.D.f 

II 
.--- _._...__ ._ 

3.45 
-0.37) 

9.99 
- 0.0s) 
6.5G 

-0.05) 
5.23 

-0.0s) 
4.84 

(0.01) 

2 * 9 5 
-0.17) 
I.95 

-0.23) 
13.s 
-0.03) 

IO&l 

(0.00) 

6.31 
(0.09) 
4.2 
(0.11) 
3.59 
(0,IZ) 
2,SI 
(0.00) 
3.42 
(0,II) 

0,836 

-0,20) 

1.8_1. 

0,og 

40405 

9*2 

V//J 

4.c 0 s 
( - 0.30) 

17,G 

( -O,IL+) 

$08 

(-0,21) 

7+07 
( - 0.20) 

5.74 
( -0,ZI) 

3sG3 
( -0037) 

2.29 

( - 0414) 
- 

1 s,g 
( - o.oG) 

9.77 
(0,oo) 
5.75 

(- 0.07) 

(-p;) 

(- ' 0.11) 
4. I T 

(-- 0.c.q) 
I.03 

(- 0..15) 

2.18 

- 0. OCJ 

-& 0.05 

9.0 

1x 

‘2.00 

(-0.23) 
G.Z‘\ 

(-0.10) 
- 

3.rG 
( -0013) 
- 

2.03 

(- 0. IS) 

I.15 
( -0.3l) 

7.7G 
(-0.q) 
- 

3.4’) 
(0.01) 

-_ 

2.02 

(0.1 I) 
-. 

I.83 

(- 0.03) 
o&3 

( ) -0.27 

1.61 

o.o?, 
fo.o3 

S.G 
. . _.. . 

s 

4.35 

S.G3 

- 

5.13 

- 

2.gr 

J-77 

12.0 

5.G.f 

- 

3.17 

- 

2.02 

I.&{ 

1.52 

0.12c 

7.3 

XI 

-1.35 0.125 0.77 

J.7.5 o.oY3 0.42 

x.35 0.105 0.79 

63s 0.114 0.77 

-1 , I G 0.120 0.91 

3.Gr 0.130 I.XG 

2.37 0. I-j.3 1.1+ 

% ‘I.,.[ 0.073 0.39 

15.0 O.O&SS 0.46 

-1.. 3 0.‘12 5 0.87 

2.56 0. I_CI o.g5 

I.75 0. I52 0.9s 

lad15 0. IJjS x.09 

**7 0.153 T.09 

0.73 o.r70 T.?G 

-oo.24 

-0.1x 

-0,x3 

-o,IG 

-0.13 

-0,24 

-0~31 

-0.05 

-0.03 

0.02 

0.00 

0.03 

-0.03 

-0.01 

-0.37 

Ao.03 

fo.02 

fo.02 

fo.03 

fo.02 

fo.05 

-&o.og 

& 0.0-j. 

& 0.04 

fO.OS 

&0,03 

zto.03 

&0.03 

&O.O.\ 

&o,o.f 

29 

__. .” .._. -_.. 
AA 
x 

-.__-_- -_..--.-” 

0.17 

0.07 

- 

0,os 

- 

0.01 

-0.05 

0.10 

- 

0.02 

_- 

-0.06 

- 

-0.21 

0.27 

_. _ ._.. . 

toluene, carbon tetrachloricle, cl~lorobenzene and ethyl sulfide in Table III), so that 
log K, could be calculated for each solute and these solvents. The resulting values of 
log kp for each solute were averaged, and the values are shown in Table III. These 
log /&, values were constant (-4 0.05 units standarcl deviation) for each solute. Given 
these values of log k,, Eqn. 4 then allows calculation of A values for every solute/ 
solvent combination, These values are sl~own in parentheses in Table III. d values 
for the less polar solvents used to measure Jzp are generally small, confirming that 
minimal seconclary solvent effects are involved with these solvents. 

It was noted that a series of A values for one solvent n could be related to corre- 
sponding values (same solutes) for a second solvent 0 through the relationship 

d a = a’ + IIG’ A b (5) 

Here A, and A t1 are A values for the same solute eluted by solvents n and b, respec- 
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0 
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Fig. 5. Vducs of d for inclicntccl ~olvcnts VCJ~SZ~S avcrngc d vnlucs for acctonitrile solutions as sol- 
vents. 0, data for N-mcthylanilinc, 

0' 
*‘A” *4 

tively. a’ and WZ’ are constants characteristic of the solvent.pair n and b. Thus if d 
values for a given series of solutes and a particular solvent are plotted WYSMS corre- 
sponding values for a second solvent, a linear relationship is obtained, This is illus- 
trated in Fig. 5, where data for some representative solvents are plotted against 
average Ll values for the,solvents o.3-o.7o/o (v/v) acetonitrile/pentane, In each case, 
a straight line plot is observed, with slight scatter of the data about this line. Only 
the points for the donor solute X (dark circles) deviate markedly from these plots, 
an effect which we will later relate to hydrogen bonding between solvent and solute, 

Eqn. 5 implies that individual d values follow a relationship of the form 

A= a -j- m A0 (54 

where a and 712 are constants for a given solvent, and do is a constant for a given 
‘t;E.t;.AUsing o.3-o.7°h (v/ v acetonitrile/pentane solutions as reference solvent (for ) 

. = do), values of a and m were calculated for the remaining solvents of Table 
III from Eqn. ga. Using these values of a and 131, values of do could be recalculated 
from Eqn. ga for each solute and solvent. These A0 values were averaged for each 
solute (excluding less accurate values for solvents where wz < 0.5), resulting in slightly 
revised A0 values relative to values derived initially from the 0.3-0.7~/~ (v/v) aceto- 
nitrilelpentane data, Final (average) values of A O are shown for each solute in Table 
III, along with their standard deviation (for 312 < 0.5). Pinally, values of a and 31~ 
for each solvent were recalculated, using Eqn. ga and the best values of A0 for each 
solute shown in Table III, These final values of a and ~1 for each solvent differed only 
slightly from the initial values, and use of these final a and $12 values to recalculate A0 
resulted in no further change in A O. The cc, 712 and A0 values of Table III therefore 
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represent a best fit of Eqn. ga to these LI values, escluding data for the donor solute 
N-methylaniline. 

The fit of the A values of Table III to Eqn. ga and the parameters summarized 
in Table III is given by an overall standard. deviation of &0,04 units. This compares 
with an experimental repeatability of &4% relative, or &o.oz units. Only five A 
values in Table III deviate from calculated values by more than two standard devia- 
tion units, and there is no pattern to these deviations (which would suggest some 
additional effect not recognized by Eqn. sa). Con-q CCJ ~~enfly it appears that Eqn. 3a 
accounts for all but a very minor part of the d values of Table-111 (which range in 
value from -0.45 to 0.52). The significance of this correlation (Eqn. 5a) will be 
esamined after considering the dependence of the parameters n, ~2 ancl do on the 
solvent and solute. 

DEPJ~NI>I’:NCIS 01; 913 AND n ON SOLVENT COIMI’OSITION 

The solvent parameter 91c is of direct interest with respect to solvent selectivity. 
For a given adsorbent, solvent strength, co (for optimum rZ’), and pair of solutes (I and 
z), terms a plus b of Eqn. I are seen to be a constant, C. Combination of Eqns. I and 2 

then yields 

log a = c + 99Ql,o - &“) (6) 

I.e. solvent selectivity for a given pair of solutes under these’ conditions is deter- 
mined solely by VZ. 

The variation of 912 with solvent composition is best shown in plots of 0c vs, a’e” 
for different concentrations of the same strong solvent (e.g. 15, 2S, 50, So and 100% 

$4 

t 

0 BENZENE I 
Cl CARBON TETRACULORIOE 
V TOLUENE 

02 
m 

0 0 

V - .2 

0 
0 

- .4 l-l 0 

.6 
m t 

II 

0 2.CWLOAOPROPANE 
0 PCRCHLOROLTHYLENE 

V CHLOROBENZENE 
0 ETHYL BROMIDE 

0 ETHYL ETHER IV 

a’ E” 
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1.2 - 

1.0 - 

m - 
.8 - 

,6 - 

A - 
0 ACETONE 
17 PYAIDINB 
Cl ACLTONITRILE 
0 NITRDMETHANE 
0 DMSD 
W TRIETHYLAMINE 
v TWP 
0 ETHYL ACETATE 

I I I I I 

.I0 
a’P 

.20 

Big. 7. Classification of Solvent m values. Aclsorbcnt: 4..3”/ H30-Al@,. 

(v/v) benzene/pcntane in Fig. 6-I), As seen in Figs. 6 and 7, the 20 strong solvent 
components of Table III fall into roughly seven classes (Table I), eacl-r of which follows 
a characteristic curve of 312 us. a’s”. These characteristic curves are replotted without 
points in Fig. 2. The relatively non-polar solvents of classes I and II show values of 
~8 which are negative or close to zero. The more polar solvents of classes III-VI show 
nz increasing initially with increasing concentration of the strong solvent ; eventually, 
m levels off and remains constant for further increases in CZ’EO and the concentration 
of the strong solvent components. Plots of 112 ZICYSUS a’e” as in Figs. 6 and 7 are 
useful in showing the maximum range in w for solvents of given strength (as required 
for optimum 12’ values in a given separation problem). 

The solvent parameter a is related to the value of do for the reference solute 
picene (4 P). Since A is defined equul to zero for hydrocarbon solutes such as picene, we 
have, from Eqn. ga, 

n = -wz AD (7) 
The a and 9th values of Table III yield a best value of A0 for picene A p = 0.12. The 
standard deviation of experimental n values from values calculated by Eqn. 7 is 
&0.x2 units, This is higher than the standard deviation for correlation of the data 
of Table III with Ecln. ga (ho.04 units), because the standard deviation for Eqn. 7 is 
determined by the absolute error of k’, while that of Eqn. ga is related to the relative 
error of 1~’ (see Table II). In any event, the correlation of a withg?tappearsreasonable 
in terms of the known repeatability of the experimental data, 

DIEPI~NDIZNCE OF ado ON SOLUTE STRUCTURE 

Values of A0 for the solutes in Table III are summarized in Table IV. iz’ for 
a,dclitional solutes and other solvent systems are summarized in Tables V (weaker 
solvents) and VI (stronger solvents). Because a different batch of adsorbent was used 
in these studies, and (for Table VI) stronger solvent systems were necessary for 
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Locdizcd Sol1rlc LP Q”lC (,rcf. I) 
SOllllC grou/J 12 

-- - _._____ * _... - _._.__ --...---. .-._I. -.- .---- -.-..----- - 

s None Piccnc 
-SCEI:, Phcnyl Inctllyl sulfitlc 

z-Naphthyl rncthyl sulliclc 
-0C l-l,, Anisolc 

2-&Ictllosynnplltlldcnc 
x,7-.~i~i~tlioxyI~nplitli~~lcIIc 

-NZZ 7,S-Ucnzoquinolinc 
-N (CH.;,) 0 N,N-DiIncthylnniliI~c 
-NO, Nitrobcnzcnc 

r-NitronaphthalcIio 
I ,3-Dinitrolmnzcnc 
1,5-13iIiitroIinplitlialcnc 
1,3,5-*l.‘rinitrobcnzcn~ 

-CN I-Cya1loIlaplltllnlcIlc 
-COOCl-l:, mt11y1 bcnzoatc 

I-Mcthylnnphtl~oatc 
-Cl-IO 1-Napl~tlxdclchyclc 
-cOcI-l~ Acctophcnone 

I-AcctoIlaplltllalcnc 
I ,4-Diacctylbcnzcnc 
3-Nitroacetophcnonc 

-NI-ICI-I, N-iVfctliylnIiilinc 
-N= z-C1~loroquinolinc 
-m-1, Aniline 

x -AmiIioI~aplitlialcIic 
-1 VT= lsoquinolinc 
-co-co- g, 10-PlmiantlircncquinoI~c 
-so,cl~I, Naphthalcnc-z-mcthylsulfonc 
-SOCEI, NaphthsLlcI~e-2-I-rlethylsulfosiclc 
-CON(CI-I,), N,N-nimctliyl-r-~iaphthnmidc 

.._ ___. ._._._. ._._ __... ._-.. _.. -. __ . . .._...._--... ._..... .._ ._..... 

n l3cnzc11e solvc~~t, prcscnt stucly, 

0.12 
0.34 
0.30 
o.zS 
0.31 
O.IG 

- 0.05 
0.1 I 
0.28 
0.3S 
0.45 
0.40 
0.5d 
O-IS 

- 0.06 
0.02 
o.og 

-0~15 
- 0.09 
-0.1 T 

0.06 
0,12 
0.02 

- 0.05 
-0.11 
-0.5 
-- 0.44 
-0.5S 
- 1.08 
-1.40 

_ . 

0.G 
f 0.2 
f 
f o.oG 
f 

0.2 
4 0.1 
f 0.1 
& 0.05 
rrt: 0.16 
-I: 0.07 
& 0.23 
-J: 0.04. 
& 0.2 
zt 0.03 
rlr 0.05 

f 0.05 
f 0.34 
f o.l.0 

& 0.03 
-& 0.17 
* 0.10 
& 0.4 

& 0.13 
& 0.10 
& 0.14 

_ 

0.3 
I.3 

1.x 

‘2 * 3 
2.5 
2,s 

3,2 
3.3 

3.3 
3.7 

convenient 12’ values, the resulting h’ values are somewhat less reliable than those of 
Table III (see EXPERIMENTAL section). The lesser accuracy of 12’ values is further 
compounded by the smaller number of data obtained, resulting in larger standard 
deviations for correlations with Eqn. ga and in derived A0 values (see Table IV)*. 
Thus do values for the solutes of Table III show individual variations (standard 
deviation) of & 0.03-0.07 units, WYSZCS variations of &o.I-0.6 units for the aclditional 
solutes in Tables V and VI. 

It can be seen in Table IV that A0 values for solutes which contain the same 
substituent groups (e.g. -OCH,, -NO,, -COOCH,, -COCH,, etc.) tend to be similar, 
particularly when the same number of groups is present in the molecule. This suggests 
that the substituent group(s), rather than the total molecule, determines the value 
of A”. Previous studies (see review of ref. I) have shown the general importance of 
group localization in adsorption chromatography, wherein strongly adsorbed groups 
are held more or less strongly on strong adsorption sites. The effect of group localizti- 

’ ‘I’lic trcntrncnt of tllcsc clatn is cliscusscrl iii tllc APPISNIXS. 
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TABLE v 

-_-._-_____--Y- _____.__. .-_._____._._"_.,.__,...__..__... ._ _ _...__ ,._ . . 

SOZWlC I$' 
~.__~._-_.____.~_.____...._ ___ ..__.... ....__-_-~__I_..... . . _ ..__..._ ._~.....__._.-... _ ~ ._ ..___-..-...- 

20% (v/v) 30% (vlv) 5 % (Vb~) 0.5% (v/v) 
Irc~rtzcnc CCI.,~ cllrcv~ Cl/@ 

rtcelalc 
__.._.__ ______ __... ,_-._ _.._. -___ .- .- ..- ..-.---.. . .-. _ ._.. --..._..- ..^ ..__._...._. -_.__._-__--_-_- -__._....-.. .-- 

z-Mcthoxynaphthdcnc 
1,7-Dimethoxynaphth~~l~~~~ 
I-Nitronaphthalcnc 
Methyl- I -11npht110atc 
I-Cysnonaphthalcnc 
I-Naphthalclchyclc 
a-Chloroquinolinc 
Plienanthrenc 
Phenyl methyl sulficlc 
z-Naphthyl methyl sulficlc 
Anisolc 
N,N-Dimcthylanilinc 
Nitrobenzenc 
7.8~Bcnzoquinolinc 
Methyl bcnzoate 

1.71 
4.22 
4.58 
7.08 
8.0 
7.9 
4*72 
I,10 
0.81 
I.53 
1.15 
I *Go 
3.08 

IO,4 

0.077 

3.71 
13.6 
s).y3 

19.1 
- 

1O.O 

2.2G 
o.gf.3 

3.17 
I.20 
3122 
5.2G 

2415 
10.6 

0,04G 

2.0.1 

Lt.91 
5.13 
6.71 
- 
- 
.I..74 
I *59 
0.87 
I.97 
0.97 
* *54 
2.98 
9.45 
4.08 

O.OGI 

2.12 
4.77 
5.99 
7.21 
9.10 
8.49 
4.97 
I.39 
0.7G 
1.51 
1.08 

I.55 
3.40 
9.04 

0.067 

._ _ ._ 

A8 

9.2 
10.3 
9.4 

IO.4 
8.7 
9.2 
S.G 

10.2 
7.7 
g.Y 
7.1 
8.3 
7.3 

10.0 

8.3 

I___...___..._ - ._.__. -_-.._ ___.___________^_. ..__.__._ -_.. ..__. _  _  _.._ _..___ . __- . . .._ ______._____--_._- .---_. _  ..- -_.-- T 

lb Dctcrniinecl from 12’ for phcnanthrcnc, 
b Different batch of adsorbent. 

tion generally correlates with the adsorption energy Q”k of the most strongly adsorb- 
ing group 12 in the molecule. In Fig. 3 values of do DS. QOk: are plotted. A reasonable 
correlation is observed, permitting the prediction of do values for other solutes, and 
suggesting that group localization is responsible for the secondary solvent effects 
which give rise to the d 0 values of Eqn. 4, The Clark circles of Fig. 3 refer to a 0 values 
for the solutes of Table III (more reliable), while the open circles refer to values for 
the solutes of Tables V and VI. 

Variations in do for solutes containing the same most strongly adsorbed group 
1~ also support the importance of group localization, since these differences in no 
appear to correlate with expected changes in QOk: as a result of the substitution of 
other groups into the solute molecule. Thus introduction of electron donating groups 
(e.g. -OCH,) increases QOk, while electron withdrawing groups (e.g. -NO,, -COCHJ 
decrease QOe. From the form of Pig. 3 (do increasing with decreasing Qok), we expect 
dimethoxynaphthalene to have a smaller value of do than methoxynaphthalene or 
anisole, which is the case (0.16 M, 0.31, 0.28). Similarly, A0 should increase in going 
from mononitro to dinitro to trinitro compounds, as observed: mono-, 0.28, 0.38; 
di-, 0.45, 0.46; tri-, 0,56. Similarly, 3-nitroacetophenone should have a value of do 
slightly greater than that of acetophenone or I-acetonaphthalene, since the -COCH, 
group is localized in this solute. This is the case, 0.06 zrs. values of -o,og and -O.IS, 
The only exception to the predicted change in no with additional substitution on the 
molecule occurs for I,+diacetylbenzene, the experimental reliability of which (Ao.34 
units) is so poor as to overshadow the anticipated increase in A0 (by 0.1-0.2 units), 

J. Ch'OWZtO@'., 63 (1971) IS-44 , 
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relative to acetophcnone and r-acetonaphthalene. The solvent selectivity noted 
earlier in the separation of the isomeric halogen-substituted nitrobenzenes (I and II) 
represents another example of the dependence of A0 on Q”k, and illustrates how 
estimation of do for related solutes can lead to predictions for change in solvent 
selectivity and (if necessary) improvement in resolution through change in solvent 
composition. 

The origin of these secondary solvent effects is now fairly clear. Strongly ad- 
sorbing (localizing) solutes and solvents compete for the same strong adsorption sites, 
The adsorption of other compounds occurs mainly on the remainder of the adsorbent 
surface, and is described by Eqn. 4 with ,A = 0, Thus localizing solvents (or solvent 
components) selectively reduce the adsorption of localizing solutes relative to non- 
localizing solutes and/or non-localizing solvents. The magnitude of the effect (A) in- 
creases with the adsorption energies of the localizing solute group (QOk) and of tile 
localizing solvent component (se), Once the coverage of the adsorbent surface by a 
strong solvent component is complete (at high enough concentrations of that com- 
ponent in the original solvent mixture), further increase in concentration of the strong 
solvent component will have little effect on W. This is observed in I’ig. z and has been 
discussed in detail elsewhere’. 

An example of the secondary solvent effects summarized by Eqn. ga has been 
noted previously’, the so-called “ether anomaly”. The present study shows that ethers 
as solvents are merely one of many solvents which give rise to this effect. A following 
section shows that Eqn. ga is also applicable to secondary solvent effects on silica, 
and the above example of the substituted nitrobenzenes was taken from adsorption 
on still another adsorbent-magnesium silicate. Thus, secondary solvent effects of this 
type appear to be general for most polar adsorbents. Since group localization likewise 
occurs on all polar adsorbents 1, this generalization is espected. 

At the beginning of the present study, it was anticipatecl that selectivity in 
adsorption chromatography might arise from adsorption sites of differing character, 
each of which could interact in some characteristic way with different adsorbed solute 
molecules. Thus some sites might be highly polar (electrostatic interaction), others 
might emphasize acid-base interaction (hydrogen donors or Lewis acids, hydrogen 
acceptors, etc.), and other sites might utilize still other types of interaction. The 
results of the present study suggest that this is not the case, rather all sites appear 
to be of similar character (but differing adsorption strength). The reason for this 
conclusion is the excellent correlation of d values with Ecln. ga for all solvents and 
solutes. If preferential adsorption of basic solutes (e.g. z-chlorocluinoline) on acidic 
sites were occurring, basic solvents (6 9.6, triethylamine, pyridine) should be particularly 
effective in competing with the adsorption of these solutes (giving lower A values than 
predicted by Eqn. 5a). Similarly, solvents with the same functional groups as the 
solute should also be more effective in lowering A than predicted by Eqn. ga, c.g, ether 
or tetrahydrofuran solutions and tile metl~osynaphthalene solutes sllould give lower 
A values than predicted. Systems of this type from Table III are summarized in 
Table VII, and it is seen that there is no trend to lower esperimental A values (rela- 
tive to values calculated from Eqn. sa). 

Solvent selectivity might also be expected to arise from the preferential adsorp- 
tion of the strong solvent component (kg. acetonitrile from 0.7% acetonitrilelpen- 
tane), yielding an adsorbed solvent phase of different composition. This should leacl 
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to different solute-solvent interactions in the adsorbed phase, and d values different 
from those predicted by Eqn. 5a (e.g. polar solvents and solutes such as acetonitrile 
and nitronaphthalene would interact preferentially in the adsorbed phase, giving 
larger d values than predicted). Again this is not observed. The dominant consider- 
ation inliquid-solidchromatographic systemsisthe competition of solutes and solvents 
for adsorbent sites, with minimal contributions (in moderately polar, non-donor 
systems) from solute-solvent interactions in either the adsorbed or solution phase. 

Solvent selectivity as defined by Eqn. 5a bears some resemblance to the 
phenomenon of “weak localization”l+. Weak localization refers to the preferential 
adsorption of linear or near-linear solute molecules on certain parts of the alumina 
surface, leading to the easy separation of a large class of such isomers (e.g. poly- 
aromatic hydrocarbons, halogen-substituted aromatics, etc.). The effect of the solvent 
on weak localization is quite similar to its effect as measured by Eqn. 5a; solutions 
of strong solvents suppress preferential adsorption of linear solutes, ancl solutions of 
weaker solvents enhance adsorption. However, there are some major differences 
which suggest that weak localization and Eqn. 5a are in fact unrelated. Thus in weak 
localization a change in alumina-water content from z”/, to 4% drastically inhibits 
separation selectivity, reducing d values by a factor of 5. The corresponding effect of 
adsorbent-water content on Eqn. 5a is much more modest (see the following section), 
amounting to only a factor of 1.3 reduction in d , Weak localization occurs for alumina 
but not silica, whereas Eqn. 5a applies to both adsorbents. Finally, Eqn. 5a is deter- 
mined by individual solute substituents, whereas weak localization is determined by 
overall solute shape. The only connection between these two adsorption phenomena is 
that both appear to involve a type of solute localization on the adsorbent surface 
which competes with corresponding localization of the solvent. Different adsorbent 
sites appear to be involved in the two cases, leading to grossly different kinds of 
potential selectivity. 

SOLVENT SELECTIVITY ON SILICA 

Table VIII summarizes limited data on the effect of solvent on separation 
selectivity for silica as adsorbent. The solutes studied are those in Table III, for which 

TnBLlf VIII 

SBCONDARY SOLVENT EPPECTS FOR SILICA (10% WATER-PORASIL A) AS ADSORl3ENT 

For SO1UtCS, set Table III. 
__..___ - ..-_.._. - ..,.-..-. -__-_-.___-_..-_. ._._ ._........... - .__.._. - ._..__. ___.-___ .._... __.._______________ - 
Solvan t k’ 

1 II II/ .TV V V/I VII VIII IX x XI - 
l_l_._--__.-__. _--.__. .-. . - .-._._ .._-.... - . . ..__.._._..._..,..._._, __ .,_..___...._.._._...__._. ._..__.__ -__ ._.. -.. . ..,..._ __^ 

15% (v/v) 
benzcno/ 
pentnnc (b) 1.40 3.05 e3.01 12,3 G.OG 7.25 C4.3 rg.G 19.4 TO.(s) I.11 

0.2% (V/V) 
acctonitrile/ 
pantanc (a) 0.8G 1.67 2.43 x0,1 2*94 4,*42 4113 8.05 7.48 5.2 1.11 

J, Chromatogr., ‘53 (1971) IS-44 



SOLVENT SELECTIVITY IN AI~SORl’TION CHROMATOGRAPHY ON ALUMINA 39 

0 

-,I 0 

-.2 0. 0 0 

-.3 0 0 

-.4 0 

0 .I .2 ,3 .4 
A0 

Fig. 8. Solvent sclcctivity on silica. 

accurate A0 values are availableF The solvent strengtlls EO for the two solvents in 
Table VIII are noted to be identical (k’ for picene is the same for each solvent). If we 
take the ratio of 12’ values for the same solute in these two solvents n and b (&//<b), 
we see that the first two terms of Ecln. 4 cancel, giving 

log (k&/J) = A, - A IJ 

and upon substituting Ecln. ga into this relationship we obtain 

log (k&b) = (77&a - TU[,) A0 + (n, - a*) 
= 712a ( - ?IZb) A0 -/- c 

Tllus if Eqn. ga is applicable for silica as adsorbent, a plot of log (&/kb) ‘us. A0 should 
be linear. This relationship is tested in Fig. 5. The resulting correlation is as satis- 

hl3SOR13BNT SISLISC’J’IVITY ISI~P15C’I’S: ALUICIINA vs. SILICA 
..- ---.--.....- -.--_-__.....-.... _..- ..__.. -.._ ._ ._. . . . . ..___.. - _ .._. . ___.. ._._____ ____ _._ .,..._. _. 

Sollltc Silicnn Alrrwi~r~a~ 
(15 y, bclt,_ctla) (2.5’2:” bc~u..wc) 

z-Mctl~osyIIapl~tlTalcITc 1.40 I a37 
t,7-l~imethoxy~iaphtlialct~c 3.05 3.05 
I-Nitronaplltl~alcnc 3.01 3.55 
T,5-ll)initroti;l~htll;~lcilc rz.3 12.1 
Mctllyl-I-11a1>11t110ntc G.oG 5.50 
r-Cyanonaplltlinlcnc 7.25 G.oo 
I-Nnpllthalclcllyrlc s.+3 7.4” 
I-Acctollaplltllnlc1lc 1g.G TC,. 1 

z-Clllo~oquinolinc T9.4 
N-R’lctl~ylnnilinu 

4 .g6 
IO.9 

I?iccIic 
5.s5 

I.11 7.9 
I------Id_e---_.--- ..__., - -.. -. _-_- ._._. . .._ ._._ . . .._......_.... _._._ ___ _,_,.. _._ 

0 Vnlucs of Table VIII. 
1’ ZIitcrpolntetl from clnttt of ‘.l’nblc ITI. 

_....... .._..... . . _^ -... ---. _.-___ 
kc’ (silicn) /12’ (nlrslsrirla) 

I.02 
1.00 

0.85 
T .02 
T-10 
1.21: 

I.14 
T ,I 0 ._w 

.3*0x 
I.SG 

0.14 

._. 

,/, CI~JW~A-~V., G3 (~971) 15-44 
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factory as those obtained on alumina (standard deviation = ho.04 units), thus 
establishing that secondary solvent effects for non-donor solvents and solutes are 
essentially similar on both silica and alumina. On 4.3% H,O-k&O,, WZa (o.zO/, (v/v) 

acetonitrile) is equal to O&I (interpolated) and ~121, (15% (v/v) benzene) is -0.04, 
so (nzac - 912b) equals 0.65. This value compares well with the slope of the p!ot of 
Fig. 8 (equal to ?IZ~ - PJZ~), which is 0.60. Tlms the magnitude of these secondary 
solvent effects on al.umina and silica is quite similar, 

The adsorbent selectivity of silica ZJS. alumina is compared in Table IX for 
benzene/pentane solutions as solvent. Solvents were selected to give equal k’ values 
for the solute 1,7-dimetl~oxynaphtl~alene (alumina k’ values are interpolated from 
data in Table III). The ratio of 12’ values for each solute then measures the difference 
in adsorbent selectivity. Large aromatic hydrocarbons sucii as picene are preferen- 
tially eluted from silica, and basic compounds such as 2-chloroquinoline and N-methyl- 
aniline are preferentially retained. These differences in silica vs. alumina have been 
noted previouslyl. Only minor differences in adsorbent selectivity (&o.oG log units 
S.D.) are indicated for the other solutes of Table IS, 

THE @I;FECT OF ADSORBENT ACTIVITY ON SOLVENT S@L@CTIVIT\ 

1~’ values for adsorption on aluminas of higher and lower water content are 
shown in Table X for a few sol.vents and the solutes of Table III. Values of (log 
12’ + a’son IJ) are shown in parentheses, equal to (log 1~ + A). The difference in these 
values for a given solute and the two solvents used with 2% H,O-Al,O, (2% (V/V) 

acetonitrile, n; G5O/o (v/v) benzene, b) is then equal to Aa - A b, This latter quantity 
is in turn equal to (77~~ - 71z.b) do, if Eqn. ga applies, This relationship is tested in 
Fig. 9, A reasonable correlation is noted’ (S.D. = -+ 0. IO), verifying that solvent 
selectivity effects are similar on 2% and 4.3O/o H20-Al,O,. The somewhat greater 

Fig. 9. Solvent selectivity on ao/, H,O-Al&,. 

l The data. of Fig:. g do not pnss through the origin as prcclictccl. This is not of practical 
significance. and is probably the result of small varintiotls in CL’ for diffcrcnt solutes in changing 
adsorbcat activity. 
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scatter of the data of Fig, g can be attributed to lowered accuracy in the measured 
12’ values, which is in turn related to the lower linear capacity of this more active 
adsorbent. For 4.3% H,O-k&O, the slope of the plot of Fig. CJ (nza - ~6) is predicted 
to be about 1.3. The actual slope for 2% H,O-Al,O, is 1.69, indicating that solvent 
selectivity increases with adsorbent activity, This is expected from the basis of these 
solvent selectivity effects, since the strong adsorbent sites involved are selectively 
covered by adsorbed water. 

Table X also summarizes differences in selectivity for 2% vs. 8% H20-Al,O, 
(benzenelpentane solvents), in terms of differences in lo, m !cp -i_ d Itr LLksc two adsor- 
bents 3 d log IQ,. These differences in adsorbent water content are accompanied by cor- 
responding differences in water content of the solvent at equilibrium (approaching 
100% saturation for 8% H,O-AlaO, and 0% saturation for 2% H,O-AlaO, (ref. 5). 
Since water is quite strongly adsorbed, is a component of the solvent system, and is 
present in the solvent in quite different concentrations, it might be anticipated that 

1.6 0 

Pig, 10. Aclsorbcnt sclcctivity (bcnzenc/pcntanc solutions as solvcnt) for zo/, I-T,O-Al@, us, So,b 
M,0-A1~03. 

d log I&, will be of the same form as d, - d b for two different solvents a and b, 1:.c. 
proportional to d O. This possibility is tested in Fig. IO. The scatter of the resulting 
correlation (S.D. h0.11) is little worse than that of Fig. g, and the slope (-0.44) is 
of the right sign (i.e. the value of nz for the solvent of lower water content--2a/0 H,O- 
Al,O,-is lower than that for solvent of higher water content). However, the simple 
difference in benzene concentrations for the two cases (65% VS. 5%) should yield an 
m value difference of about - 0.3 (dashed curve in Fig. IO), which accounts for most 
of the observed dependence of d log kp on do. The solvent component water thus 
appears to contribute little to the selectivity differences for these two adsorbents, 
at least at the low water concentrations present in the solvent (probably about IOO 

p.p.m.). 

HYDROGEN BONDING EFFECTS AS Iuus-rRxrm BY N-METHYLANILINE 

Table III lists differences between experimental n values for N-methylaniline 
and corresponding values calculated from Eqn. ga (kl in the last column of Table 
III), The average of these dd values is ho.12 units, which is three times the standard 
deviation of other solutes in Table III from Eqn. ga. The greater deviation of n values 

.I. ChromaCogr., 63 (1971) 15-44 
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for N-methylaniline is also apparent in the plots of Pig. 5. We will not attempt a 
detailed analysis of these Ad values here, since a wide variety of solvent/solute 
systems involving hydrogen bonding must be examined to achieve an unequivocal 
understanding of these effects. It is interesting to note, however, that those solvents 
(strong component) which give an average value of Ad less than - 0.1 (ethyl bromiclc, 
dichloromethane, chloroform, nitromethane) are each weak proton acceptors, while 
those with an average value of Ad greater than 0.1 (ethyl ether, triethylamine, di- 
methyl sulfoxide) are all strong proton acceptors. This recalls the “basic eluent 
anomaly” discussed earlier’, in which basic solvents (diethylamine, pyricline) were 
found to preferentially retain proton donor solutes such as carbazole, phenol and 
various aniline derivatives via solute/solvent hydrogen bonding in the adsorbent 
phase. N-Methylaniline appears to behave similarly, although the dd values encoun- 
tered are smaller than those for these latter solutes. 

RE-EVALUATION OF PREVIOUSLY REPORTED ADSORPTION PARAMBTERS 

Values of 8 and log JzP (and related QOg values) reported previously (for a sum- 
mary, see ref. I) generally ignore the complication of solvent selectivity arising from 
solute/solvent localization (Eqn. sa). For the most part, this has had little effect on 
derived values of the solute parameters 12, and Q”g, because of the customary re1ianc.e 
on solvents of low $1~ (e.g. solutions of carbon tetrachloride, benzene, dichloromethane). 
In a few cases, the use of solvents of large 1~ has resulted in reported values of 12, 
and/or QOg which are now realized to be low. 

When strongly adsorbed solutes are used to measure values of ~0 for mixtures 
of strong solvents (i.e. large PJC), and A is assumed to equal zero, however, the derived 
values of ~0 will be larger than their true values (because A is actually negative). 
From a practical standpoint this is unimportant, because the use of strong solvents 
and solutes generally coincides in practical chromatographic systems, and errors 
which result from the use of incorrect ~0 values are roughly cancelled by opposite 
errors associated with the assumption d = o. 

Al’PDNI)IS 

The data in Table V were analyzed in terms of Eqn. 7, Values of log 1~’ + a’e”A R 
were calculated for each solute and solvent, equal to log 1~~~ -I- ~1, Differences in this 
quantity for the same solute and two different solvents are equal to Aa - d b, which 
is given by Eqn. 7. Values of Aa - A l, for tile two solvent pairs 5% etlier/30°/, carbon 

,I. Clivomatogv., G3 (1971) 15-44 



44 L. R. SNIJDER 

tetrachloride and 0.5% ethyl acetate/zo% benzene were then plotted against do 
values for the solutes which had been studied previously in Table III. The resulting 
linear curve permitted do values for the remaining solutes of Table V to be determined 
from their A a - A b values. 

A similar approach to analyzing the data in Table VI was unsuccessful, as was 
the treatment of these data in the same fashion as those of Table III. The major 
problem is that these solutes show a much wider range in A0 values ,than previously 
studied solutes, no solvents were studied for which it was expected that A would be 
zero, and the correction of k’ values to give 12, involved a very large acEoA R term 
(slight uncertainties in either a’e” or A 8 are then greatly magnified). These problems 
were further compounded by the lesser reliability of these 12’ values, relative to the 
data in Tables III and V, and the smaller number of data collected. The approach 
eventually used was as follows. Data for pairs of solvents a and b of similar strength 
were selected. The log k’ values for solvent b were then adjusted to give values for 
solvent of the same strength as a (by addition of the small term cc’A 8[~~ - ~~1). The 
resulting data could now be correlated in terms of Eqn. 7, as previously for the silica 
data of Table VIII. Values of log (ka/kb) were plotted against do for those solutes of 
known A0 (from Table III). These plots showed considerable scatter, and it was 
necessary to extrapolate the curves through a small range in A0 values to cover a wide 
range in do. Simple least-squares correlation of such data was unsatisfactory. Instead, 
estimates of (ma - mb) were made for solvents of composition similar to those studied 
in Table III, and curves with these slopes were drawn through data for solutes of 
known do. This then permitted approsimate values of A0 to bedetermined for the 
other solutes of Table VI. These A0 values were averaged between”&fferent pairs of 
solvents a and b and the data replotted against A0 values for all solutes. In the 
process, it became apparent that certain of the k’ values deviated rather widely, and 
these points were ignorecl for purposes of drawing the best curves through the various 
sets of data, Finally, least-squares correlations were made and the variability of A0 
values for the various solutes obtained, as reported in Table IV. The resulting values 
of (11Za - ~b) for the various solvent pairs correlated are summarized below, along 
with standard deviations for each set of data: 

5% ncetonitrilc/80°/0 benzene X.12 I.19 - 0.28 fo.06 
5% acetotiitrile/60°J, clichloromethane O.GI 0.60 -0.13 fo.10 
Dichloromcthkine/ben~~ne 0.71 0.71 -I- 0.09 rto.08 

35 o/o clichloron~ethtine/80°/,/o benzene 0.67 0.57 0.05 Go% clichloromcthane/80°/0 benzcnc 0.39 0.59 -0.11 2 “‘Z 
SO/~ acetonitrile/3gO/o clicl~loromethnnc 0.54 0.62 - 0.38 ,::o, 
Go% clichloromethanc/bcnzcne 0.57 0.71 0.22 &0.12 

‘I From values of uzo and Pub listecl in Table VI. 
13 Expcrimcntnl vs. cnlculaterl values. 

12’ values omitted from the above least-squares correlations include those indicated 
by d in Table VI. 

J. Chomatogr~, 03 (1971) rg-$d 


