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INTRODuCTION 

Previous papers in this seriesl-O and elsewhere+11 have provided a fairly 
detailed description of th.e major factors which influence the relative adsorption of 
different solutes on alumina under linear isotherm conditions (linear elution adsorp- 
tion chromatography ; LEAC) : adsorbent activity1 ~8~10, eluent type23 59 1% 11, solute 
molecular structure19 3-10, and column temperature lcI, Those secondary factors which 
determine differences in the relative adsorption of solute isomers have also received 
considerable attention. The relative separation of or&o VE~SZCS non-ortlzo aromatic 
isomers has been reported19 39 ue 8gDv 12 and interpreted in terms of various physical 
effects, including restricted internal rotation, simultaneous interaction (chelation) of 
two strong solute groups with the same adsorbent site, intramolecular hydrogen 
bonding of ortho solute groups, interference of one solute group to the adsorption of 
another, etc. The separability of various planar aromatic hydrocarbon isomers has 
been studied and correlated with solute molecular dimensions’. The relative adsorption 
of different hydrocarbon and nitrogen compound stereoisomers has been discussedfips, 
and shown to depend upon the ease of attaining solute planarity, as well as other 
factors. The separability of various non-or&o substituted heteroaromatics has been 
examined39 5p0gD, and differences in adsorption correlatetl with intramolecular elec- 
tronic effects. 

The present communication describes the further study of those factors which 
determine the relative separation of isomeric aromatic solutes. It began with a re- 
examination of certain anomalies in the adsorption on alumina of various isomers 
of the halogen substituted aromatic hydrocarbons; it had been observed earlier1 
that the weta dihalobenzenes, the trihalobenzenes, and I-halonaphthalenes are all 
adsorbed less strongly than predicted. In the course of confirming and expanding 
the original, rather limited data on which these observations were based, it became 
apparent that these anomalies in the adsorption of the haloaromatics <are fundamen- 

1 tally related to the differences in adsorption of fused aromatic hydrocarbon isomers’;*. 
“,This in turn led to a general examination of the factors which determine the separa- 

tion of a large class of aromatic isomers on alumina. Also, the present investigation 
provided additional insight into the general mechanism of adsorption on alumina, 
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as well as further verification of earlier theories on the role of adsorbent activity in 
separations over alumina. 

rg 
EXPERIMENTAL 

Linear equivalent retention volumes _X” (ml/g) were determined as befores. 
Since we were concerned in several cases with the accurate measurement of small 
differences in the retention volumes of isomers, additional precautions were taken. 
Where possible the two isomers were run simultaneously on the same column, The 
linear capacity of the various adsorbents used ranged from 10-6 g/g (0.7 y0 H,O- 
Al,OJ to 2.10-~ g/g (3.7 % H,O-Al,O,). The maximum column loading never ex- 
ceeded half the linear capacity and was generally lower. In separations of a group of 
isomers the sample/adsorbent weight ratio for each isomer was maintained constant, 
at a given adsorbent activity. The adsorbent activities (Alcoa F-20) reported here are 
based on the most recent standardization scale (Table I, ref. s), viz. the elution of 
naphthalene with pentane : 0.7 y0 H20-A120,, 23.2 ml/g; 1.7 y0 H,O-Rl,O,, I 1.2 ml/g; 
2.7 Y0 H,O-AI,O,, 4.1 ml/g; 3.7 Y0 H20-A120a, 1.8 ml/g. In using dilute binary 
solutions (0.5-5 %) of very strong eluents, the columns were first pre-equilibrated 
with the strong eluent by charging 0.2 ml/g of the pure strong eluent and washing 
it from the column with the binary eluent in question, 

DISCUSSION 

The purpose of this section is to provide a practic:J summary of the results 
of following sections, where the principal factors which influence the separation of 
various aromatic isomers on alumina are examined in detail, and where the effect of 
adsorbent activity on isomer and other separations is discussed. It has been found in 
the present study that several classes of aromatic isomers may be defined with*respect 
to the preferential adsorption of a solute as a function of molecular structure, adsorb- 
ent activity, and eluent type. First (class I), there are the aromatic hydrocarbons, 
their non-ortlzo halogen-substituted derivatives, and certain related heteroaromatics 
such as the benzcarbazoles. These compounds all show preferential adsorption of the 
most “linear” molecule ; e.g. anthracene more strongly adsorbed than phenanthrene, 
$-dichlorobenzene more strongly adsorbed than m-dichlorobenzene, 2-bromonaphtha- 
lene more strongly adsorbed than I-bromonaphthalene, 4-iodobiphenyl more strongly 
adsorbed than 3-iodobiphenyl, 2,3-benzcarbazole more strongly adsorbed than 3,4- 
benzcarbazole. While the relative separation of all isomers (i.e. difference in their 
retention volumes) decreases somewhat as adsorbent activity is lowered, the relative 
separation of class I isomers is much more‘strongly dependent upon adsorbent activity. 
This is illustrated in Fig. I, where several adsorbent functions (a,a&,.J are plotted 
V~YSZM alumina-water content. The function oc describes the normal dependence of 
solute adsorption energy on adsorbent activity or water content, and is seen to de- 
crease by a factor of about 1/3 as the alumina-water content increases from o to 4 Oh. 
The function CC* describes the dependence on alumina-water content of the adsorption ; 
energy a%ffevence between class I isomers. at is seen to decrease by over go o/o in going 
from o to 4 % H,O-A1203. As a practical consequence, class I isomers are generally 
well separated on 1-2 Oh H,O-A1203, but are separated only poorly (if at all) on 

J. Clwomalog., 20 (x965) 463-495 



LINEAR ELUTION ADSORPTION CEIROMATOGRAPI-IY. XI. 465 

3.5-5 y. HsO-Also,. Varying the eluent in the separation of isomers normally has 
little effect upon their relative separation; that is, the ratios of isomer retention vol- 
umes are normally constant for all eluents. In the case of class I isomers, however, 
there is a strong dependence of their relative separation on eluent type. Thus, the 
weak eluents such as pentane and cyclohexane maximize differences in class I isomer 
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Fig. I. Variation of adsorbent activity functions cc and al and linear capacity 0.1 with y0 I&O- 
.41,0,. 

separations. Similarly, eluents of intermediate strength (so < o.~), or their solutions 
with weak eluents, show intermediate separation of isomers, while strong eluents 
(so > 0.5) and their solutions with weaker eluents show little or no separation of 
isomers. For example, consider the relative separation of anthracene from phenan- 
threne under different chromatographic conditions. The relative separation may be 
defined as the ratio of retention volumes of anthracene to phenanthrene, y. For 
elution of these two isomers from 0.7 ob HsO-A1,03 by IO O/O v CH,Cl,-pentane, T is 
equal to 4.3, while for elution from 3.7 o/0 H,O-Al,O, by the same eluent, r is equal 
to 1.1. That is, separation is quite good in the former case, involving an active adsorb- 
ent, but very poor in the latter case. For elution of this same pair of isomers from 
2.7 o/o H,O-*AlsOn by the weak eluent cyclohexane, r is equal to 2.8; for elution from 
the same adsorbent by the eluent CCI, (intermediate strength), z is equal to I ,5 ; for 
elution from the same adsorbent by a I o/o v solution in pentane of the strong eluent 
pyridine, _r is equal to 1.05. That is, the relative separation of the two isomers varies 
from essentially complete to essentially nil, as the strength of the eluent (or of the 
strongest eluent) constituent varies from weak to strong. 

Inasmuch as the separation of class I isomers is a marked function of adsorbent 
activity, the question arises as to what adsorbent activity is generally optimum in 
such separations, There are two factors of primary importance in this connection: the 
relative separation of the isomers, which is proportional to the adsorbent function as 

““(Fig. I), and the linear capacity 0.1 of the adsorbent (also plotted VeYstis adsorbent 
““water content in Fig, I). For optimum separation under linear isotherm conditions, 

it is desirable to maximize both at and 0.1. Since at decreases an.d 0.1 increases with 
increasing adsorbent water content, some compromise is necessary in attempting to 
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maximize each of these quantities. From Fig. I it is seen that 2.53 y0 H,O-A1203 
gives reasonable values for both linear capacity (IO-‘* g/g, about half that of fully 
deactivated adsorbent) and CL~ (0.5, about half the value for calcined adsorbent). 
Adsorbent of this intermediate activity therefore appears near optimum for the 
separation of isomers in general, and the class I compounds in particular. 

The separation and analysis of mixtures of the aromatic hydrocarbons has been 
a subject of recurring interest (c .g. ref. 13) because of the physiological importance of 
this group of compounds. Attempts at their separation have been largely confined to 
adsorption chromatography on alumina, either in columns or plates. On the basis of 
the preceding discussion, the following general scheme should provide near-ultimate 
separation of the aromatic hydrocarbons on alumina: two-dimensional chromato- 
graphy on plates containing 2.93.0/o H20-Al,O,, using a strong eluent solution (e.g. 
acetone-pentane) in the first development, and an intermediate strength eluent 
solution (e.g. CI-I&l,-pentane) in the second development. This procedure would 
provide separation according to the number of aromatic carbon atoms in the first 
development, and then separation of each resulting group of isomers according to 
shape (i.e. linearity) in the second development. In this way all of the separation 
potential of the adsorbent woulcl be used without remixing any bands that have once 
been separated. 

A second class of isomers (class II) discussecl in following sections are the so- 
called “~~tito” aromatics, i.e. aromatic hydrocarbons substitutecl by a strongly acl- 
sorbing group X with is o&o to some other solute group Y which sterically alters the 
adsorption of X. For non-adsorbing groups Y (class II a) such as the methyl group in 
o-nitrotoluene or the S-hydrogen in I-metl~oxynapl~tl~alene, such sterically hindered, 
ortho isomers are less strongly aclsorbed than non-ovtlzo isomers. Thus, o-nitrotoluene is 
less strongly adsorbed than $-nitrotoluene, and I-methoxynaphthalene is less strongly 
adsorbed than z-methoxynaphthalene. The clifference in adsorption of the two isomers, 
ortho vwszcs non-ortlzo (that is, their separation), increases proportionately with the 
adsorption energy or Q”f value of the group X and with the size of group Y. ‘lhe 
difference in adsorption between class II a isomers does not vary much with adsorbent 
activity or eluent type, in contrast to the behavior of class I isomers. One exception 
to the rule of clecreasing adsorption in the sterically hindered isomer is found in 
milclly hindered, acidic solutes such as the pyrrole clerivatives. Here, moderate 
hinclrance of the group S by an adjacent group Y increases adsorption, as cliscussed 
earlieP. 

,%mong the ortko aromatics, those solutes where the ovlho group Y is moderately 
strongly adsorbing (class IIb) generally show a reversal of isomer separation, La. 
ortho isomers of this type are more strongly adsorbed than non-ortlto isomers. Thus, 
o-dimethoxybenzene is more strongly aclsorbecl than P+ or $-dimethoxybenzene, o- 
fluoroanisole is more strongly adsorbing than pi-fluoroanisole, etc. In the polysub- 
stituted halo benzenes, a combination of effects is found. Thus, as in other class I 
isomers (aromatic hydrocarbons, haloaromatics, etc.) the linear psra clihalobenzenes 
are more strongly adsorbed than Ineta isomers. The ortho dihalobenzenes (class II a), 
on the other hand, are. more strongly adsorbed than nzeln isomers, and are adsorbed 
about as strongly as the para isomers. 

A thircl and final class of isomers (class III) considered in following sections are 
the non-ortlzo disubstituted benzenes, higher aromatics (e.g. naphthalene) and hetero- 
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aromatics (e.g. pyridine), which have at least one strongly adsorbing substituent X 
plus a second substituent Y capable of electronically activating X. In general it is 
found that class III isomers are most strongly adsorbed where Y confers a maximum 
negative charge on X (Y is strongly electron donating), or a minimum positive charge. 
Thus, a fi,nra-methoxyl group confers a negative charge upon a I- substituent,, and a 
l&n-methotiyl a positive charge ; consequently, $-methylo.xynitrobenzene is more 
strongly held than its sneta isomer. Similarly, a para bromo substituent creates a 
small positive charge upon a I- substituent, and a nsetn bromo substituent a larger 
positive charge ; as a result, $-bromoacctophenone is more strongly adsorbed than 
g+bromoacetophenone. These electron activation effects have been extensively 
stuclied in previous papersIp 3v av O, and do not appear to be much affected by the type 
of eluent used or the activity of the adsorbent. For the polysubstituted aromatic 
hydrocarbon isomers of class III, these separation effects are generally small and in 
some cases suborclinatcd to other effects. 

Despite the different classification (i.e. classes I, IIa, II b, III) of these various 
isomer separation effects (which reflect fundamentally clifferent adsorption mech- 
anisms, and different responses to changes in adsorbent activity and cluent type), 
some rough, overall generalizations can be recognized. Thus, $ju~*ct isomers are usually 
more strongly adsorbed than meta isomers, and z-substituted naphthalenes are 
generally more strongly adsorbed than I-substituted naphthalenes. 

SEPARARILITY OF ISOMERS OF THE UNSUBSTITUTEl3 AND HALOGEN SUBSTITUTE13 

AROMATIC HYDROCARBONS (CLASS I) : CORRELATION WITH ADSORBENT ACTIVITY, 

ELUENT TYPE, AND SOLUTE STRUCTURE 

Previous studies (e ,g, ref. IO) of LHAC separation on alumina have resulted in a 
general correlational equation for the dependence of solute retention volume _R” 
(ml/g) on aclsorbent activity, eluent type, and solute molecular structure: 

log r;l” = log l/‘{‘ + a(SO - .!PA y) + c A,,, . (1) 

TT, and ot are the adsorbent surface volume and activity function, respectively, 
0r.S” is approximately the climensionless net adsorption energy of the solute from 
pentane onto 4,o y0 H20-A120,, e” is the eluent strength parameter, and A, is the 
relative area required by the solute upon adsorption. The term CO Bah’ represents the 
sum of second order solute-eluent-adsorbent interaction effects, similar to the term 
o!n ca6 defined in part IX (5). The 0r.d cs term was previously included with the solute 
geometry term c q”j defined in Eqn. (2) below; however, with the discovery of im- 
portant additional second orcler terms, we have now decided to distinguish between 
those terms which are functions only of the solute ((;IOJ) ancl those which are functions 
of eluent and/or adsorbent as well (&lus, n eau). The solute adsorption energy So, 
the extrapolated value of aSo for adsorption on calcined alumina (a = I.OO), is in 
turn given by: 

Here, @“f refers to the adsorption energy per solute group i, ~“2 refers to an 
I effect of solute geometry on adsorption, and f(QOk) is the localization function of the 
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strongest adsorbing solute group k. The present study, which is concerned with the 
variation of isomer separation, is seen to involve adsorption phenomena which are 

described by the solute geometry term $ q”3 and by C Ae,,9, As in previous studies, 
we can measure these isomer or solute geometry factors by first calculating R” from 
Eqn. (.I) and (2) without taking the solute geometry term into account (assume 

& q”j + c d eas equals zero), and then comparing calculated and experimental R_” 
values. The combined solute geometry and c A eas term A, is then given as : 

The difference in isomer geometry factors d,,, equal [ (Ai), - (At),], can be 
calculated directly from the X0 values of the two isomers I and 2 (R, and R,, respec- 
tively) without recourse to Eqns. (I) and’(z) : 

Ara = log RI. - log Rz (4) 

In the present study values of As were calculated from Eqn. (3) where it was 
convenient or necessary; otherwise values of A,, were employed in the interpretation 
of isomer effects. The calculation of A$ values for the substituted aromatics, as in the 
present study, is most accurate if the X0 value of the unsubstituted aromatic is also 
measured under identical experimental conditions (same adsorbent activity, same 
eluent), and used to evaluate So in Eqn. (I). This is equivalent to the use of relative 
retention volumes as discussed previously l, and was used exclusively in the present 
calculations of Ad values. 

Tables I and II summarize retention volume data for a total of 42 halogen 
substituted benzenes and 23 halogen substituted higher aromatics. go values for 
IS of these compounds have been reported previously1 for a slightly less active 
alumina (I.1 Y0 H~0-+&0,, equivalent to 0.5 o/0 W,O-Al,O, on old adsorbent ac- 
tivity scale ; see refs. 5 and IO). Adjusting for the difference in adsorbent activity 
between the data of Tables I and II and ref. (I) by means of Eqn. (I), the present 
and previously reported log _X” values for the halogen substituted aromatics agree 
within ho.04 log units (standard deviation), with the exception of the value previ- 
ously reported for p-dibromobenzene (which now appears” to have been erroneously 
low). It is seen, as observed previously 1, that many of these haloaromatics have 
anomalously low X0 values; that is, the calculated values of At are negative rather 
than zero. The various A$ values appear to correlate quite closely with the substi- 
tution pattern on the aromatic hydrocarbon nucleus, as noted earlier1 : for the di- 
substituted benzenes of Table I the average values of d f with their standard devia- 
tions (SD.) are, respectively : 

0.00 & 0.04 (SD.) 
-0.21 & 0.04 (SD.) 
-O.OI & 0.03 (S.D.) 

Similarly, for the polysubstituted benzenes and monosubstituted naphthalenes 
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TABLE I 

RETENTION VOLlJILlES OF HALOGEN SUBSTITUTED RENZENES 

Elucnt: n-pentanc; adsorbent: 0.7 y0 I-I,O-f&O,. 

Cab. * * 

Benzene O.IG 

Fluorobcnzene 0.28 

Chlorobcnzcne 0.35 
Bromobenzene 0.51 
Iodobenzene 0.70 

o-Difluorobenzcr,e 
nz-Difluorobenzcne 
p-Difluorobenzcne 
o-Fluorochlorobenzcnc 
m-Fluorochlorobcnzene 
p-Fluorochlorobenzenc 
a-Fluorobromobenzcnc 
wz-Fluorobromobenzene 
p-Fluorobromobcnzene 
a-Fluoroioclobenzene 
w-Fluoroiodobcnzenc 
p-Fluoroioclobenzene 
o-Dichlorobenzene 
w-Dichlorobenzenc 
+Dichlorobenzene 
o-Chlorobromobenzcnc 
wz-Chlorobromobenzene 
$-Chlorobromobenzene 
o-Chloroioclobcnzene 
w-Chloroioclobenzene 
p-Chloroioclobenzcnc 
o-Dibromobenzene 
vz-Dibromobenzcne 
p-Dibromobenzene 
o-l3romoiodobcnzene 
wz-Bromoiodobenzene 
p-l3romoiodobcnzcne 
o-Diioclobcnzcnc 
r+Diiodobenzenc 
p-Diioclobcnzcnc 

0.33 0.40 -0.07 
0.20 0.40 -0.20 

0.37 0.40 -0.03 
0.42 o-47 -0.05 
0.30 0.47 -0.17 
0.48 0.47 0.01 
0.56 o&3 -0.07 
0.42 0.63 -0.21 

0.50 0.63 -0.13 
0.85 0.82 0.03 
0,GG 0.82 -0. IG 
0~78 0.82 -0.04 
0.54 0.54 0.00 
0.37 0.54 -0.17 
0.52 0.54 -0.02 
0.66 0070 -0.04 
o-47 O-70 -0.23 
0.65 0,70 -0.05 
0.91 o,8g 0.02 
0.69 0.89 -0.20 

0.90 0.89 0.01 

0.79 o-86 -0.07 
0.58 0.86 -0.28 
0.84 0086 -0.02 

1.07 1.05 0.02 

0.81. 1.05 -0.24 
I *05 1.05 0.00 
1.2G I.24 0.02 

0.97 1.24 -0.27 
1.30 1.24 0.06 

1,z,3-Trichlorobenzcne 0.53 
1,z,4-Trichlorobenzene 0.43 
1,z,4,5-Tetrachlorobenzene 0.28 
I-Icxachlorobenzene o-37 
~,z-Dichloro-4-bromobenzene 0.57 
~,z-Dichloro-4-ioclobenzene 0.83 
1,3,5-Tribromobenzene 0.36 
1,2,4,5-Tctrabromobenzcne 0.86 

- - 
- - 
- - 
- - 
- - 

0.73 -0.20 

0.73 -0.30 
0.92 -0.G4 
1.30 -0.93 
0.89 -0.32 
I.08 -0.25 
1.21 -0.85 
1.5G -0.69 

* Value of R” for pentanc elucnt. 
** Eqns. (I-2). 
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TABLE II 

RETENTIONVOLUMES OF HALOGEN SUBSTITUTED POLYAROMATIC HYDROCARRONS; O.7o/o I-T@-f&O, 

Naphthalcnc 
1-Fluoronaphtl~alcnc 
2-Fluoronapl~tl~nlcnc 
1-Cl~loronapl~tl~alcnc 
z-Cl~loronapl~thalcnc 
1-l3romonaplitlialenc 
2-Bromonaphtlialcnc 
1-Ioclonaplitl~nlenc 
1,4-Dibron~onapl~thalcnc 

Biphcnyl 
‘4-Fluorobiphcnyl 
3-Cl~lorobipl~cnyl 
4-Chlorobiphcnyl 
3-Bromobiphcnyl 
4.-Bron~obiplicnyl 
4-Iodobiphenyl 
3,3’-Difluorobiphcnyl 
4,4’-Difluorobiphcnyl 
3,3’-Dichlorobiphenyl 
4,4’-Dichlorobiphenyl 
4,4’-Dibromobiphcnyl 
4,4’-~Diiodobiphcnyl 

Phcnanthrcne 
g-Brornophcnnnthrcnc 

Rnthraccnc 
g-Bromoanthraccne’ 
g, IO-Dichloroanthraccne 
g-Mcthylanthraccne 

1.39 
1.13 
1.50 
I.25 
1.72 
1.40 
I.S3 
x.5G 
1.31: 

0.49 0.16 
0.23 0.02 

0.15 1-71 - 

0.21 I.51 I,S3 
0.10 I.SO I.90 
0*42 2.12 1.90 
0.05 I-79 2.oG 

0,5s 2.32 2.06 

0.76 2. 52 2.2 5 
0.07 1.70 I.95 
0.22 1.85 1.95 

-0.0s I.75 2.09 

o-74 2.57 2.09 

1.11 3.03 2.41 
I.56 3.52 2.79 

0,ss 
1.28 0.7s 

I I5 q. 3.17 - 
o.so 0.37 2.20 3.52 
0.60 O.IG 2.07 3.55 

1.29 3.12 3.21 

265X 
2.65 

- 
1.51 
1.51 
1.58 
1.5s 

I.74 
I-74 
1.93 
2009 

- 
2056 

- 
-0.3sc 
-0.01~ 
-0.330 

0.140 
-0.340 

0.090 
-0.39Q 
-0.750 

- 
-0.02r 

-0.10~ 

0.221 

-0.27f 

0.2Gf 

0.27f 

-0.25’ 
-O.IOf 

-0.34’ 
0.4s 
0.62f 
0.73’ 

- 

-0.21f 

- 

-1.321 
- I .4Sf 

g#G 
9,s 

10~4 
IO.fq. 

10~7 
10~7 
.To,s 
10.0 
10.0 
II.2 

II.2 

11,s 

12.0 

11 Pcntanc elucnt. 
IJ 5% v methylcnc chloride-pentanc eluent (6x0 = 0.133). 
C 10 o/o v mcthylenc chloride-pentane eluent (~8’ = 0.163). 
c* Eqn. (I), relative to unsubstitutcd hydrocarbon. 
@ Calculated from pentanc clata only. 
f Values are for CH,Cl, strong eluent. 

of similar substitution pattern the average values of AS and their standard deviations 
are, respectively : 

x,2,4-(benzenes) -o.zg & 0.04 (S.D.) 
1,2,4,5-(benzenes) -0.66 & 0.04 (SD.) 
I-(naphthalenes) -0.36 & 0.04 (SD.) 
2-(naphthalenes) 0.07 rt: 0.0s (SD.) 

In the course of acquiring and interpreting the data of Tables I and II it became 
clear that certain similarities exist between the At and dl, values on alumina of the 
haloaromatics and of the unsubstituted aromatic hydrocarbons. Thus, with the ex- 
ception of the ovtlzo disubstituted benzenes (class IIa), which are unique in permitting 
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steric interaction of the two halogens and which will be cliscussed in another section, 
there is invariably a tendency among these isomers for the preferential adsorption 

;, of the longer and narrower compound. This is evidenced in the stronger adsorption 
of the $UYU Z~~YSZ~S ggzata dihalobenzenes, of z- VCKSUS I-halonaphthalenes, and of the 4- 
vwsus +halobiphenyls. Similarly, it has previously been shown7 that there is a statisti- 
cally significant correlation of aromatic hydrocarbon adsorption energy (on alumina) 
on the length and/or width of the molecule; long, narrow isomers (e.g. anthracene) are 
generally adsorbed more strongly than shorter, wider isomers (e.g. phenanthrene) . 
As we shall shortly see, the similarity of isomer effects in these Lwo series of compounds, 
the haloaromatics and the unsubstitutecl aromatics, is reaffirmed in a number of 
other “peculiarities” associated with these various dt and ~1 12 values. 

Tables III-V summarize B” values for the isomer pa.irs anthracene/phenan- 
threne, chrysene/triphenylene, and picene/r ,2,3,+dibenzanthracene, using several 

RELATIVE SEPARATION OF PHENANTHRENE FROM ANTHRACENE ON ALUMINA; VARIATION \VITI-I 

ADSORBENT ACTIVITY AND ELUENT 

0.7% N,O-A I&+, 
25 “Jo v benzene-pcntane 
50 oh v benzene-pcntanc 
Benzene 
Ccl, 
10% v CH,Cl,-pcntnnc 
25 o/o v CL-I.&l,-pentanc 
50% v CH,Cl,--pcntanc 
50 o/o v isopropyl chloride-pentnne 
Isopropyl chloriclc 
25 o/o v ethyl ether-pcntnne 
50% v ethyl cthcr-pcntanc 
15thyl ether 

2.7% NzO-Al,O, . 

1 o/o v pyridinc-pentanc 
1 0/o v acetone-pentane 
10 o/o v benzene-pentane 
ccl, 
5 o/o v pkenetole-pcntanc 
1 o”/~ v CI-I,Cl,-pentanc 
25% v isopropyl chloride-pentmc 
Pentanc 
10 o/o v ethyl ether-pcntcznc 
Cyclohcxane 

3.7y0 N,O-AZ,O, 
25 o/o v benzene-pentanc 
Ccl, 

,wP” 10 o/o v CI-I,Clz-pentane 
’ ;,, .(,I. IO O/O ,v isopropyl chloriclc-pentane 

Pcntane 

0.Y7 
0.37 

-0.29 

1.4.0 
1.44 
0.71 
0.0.X 
1.50 
0.90 
I .1,3 

0.72 
0.17 

0.00 
0.15 

-0.51 
1.11 

0.51 

0.20 

-0.46 

0.79 
0.25 
0.35 
0.09 

-0.43 

0.27 
0.22 

0.23 
0.29 

0.63 
0.51 

0.55 
0. 7= 
0.65 

o.s7 
o.G3 
o.Go 

0.25 0.23 0.02 
0.32 0.1g 0.13 
0.85 0.71 0.14 
0.5 I 0.32 0.1g 

0.50 0.29 0.21 

0.G2 0.3s 0.24 
0.96 0.55) o-37 
2.07 1.70 0.37 
0.53 0.40 0.43 
1.52 1.37 0045 

0.02 

-0.1 I 

O.If.5 

O.GG 

1.1s 

-0.04 
-0.13 

0.11 

O-59 
1.J.S 

o.oG 
0.02 
0.05 
0.07 
0,07 

0.24. 0.34 

0.29 0.48 

0.5G 0.5s 

O.GS 0055 

0.70 o*53 

-0,03 
u.10 

0.1s 

O.?,G 

0. IG 

0.31 
0.29 

0.41 
0.2s 

0.06 
0.0s 
o.so 
0.09 
0.13 

* Eqn. (5). 
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TABLE IV 

RELATIVE SEPARATION OF T.RIPNENYLENE PROM CHRYSEN% ON ALUMINA; VARIATION WITH 

ADSORBliNT ACTIVITY AND ELUENT 

EEzcent Log $0 A 12 

Chrysene (I) Tri#henyl- ExjwC. Calc.’ - 
me (2) 

0.7 a/-, H,O-Al,O, 
50 y- v benzene-pentane 
Ethyl ether 

0.93 

50 y0 v CH,Cl,-pcntanc 
0.34 
0.37 

2.7 0/o H,O-A&O, 
25 o/o v benzene-pcntane 
CCl, 

1.17 

25 o/0 v ethyl ether-pcntane 
I .04 
o.Gg 

25 o/o v Cl-I&l,-pentanc 
50 o/o v isopropyl cl~loricle-pcntanc 

0.48 
0.93 

3.7 y. H,O-Al,O, 
25 o/o v l>enzenc-pcntnne 
ccl, 

0.64 
o.Go 

IO o/o v ethyl cthcr-pentanc 
IO o/o v CH&l,-pentanc 

0.64 
o-79 

O.IG 

0.31 
0.32 

0.77 
0.03 
0.05 

0.23 
0.36 
0.40 

I *OS 0.09 0.13 
0.92 0.12 0~18 
0.5 r 0.18 0.20 
0.29 0.19 0.22 
0.71 0.19 0.20 

0.61 0.03 
0*54 o.oG 
0.58 o.oG 
0.71 0.08 

0.04 
o.oG 
o.oG 
0.07 

__-- ~____._____ --- .---_-._ 

* Ecln. (9. 

TABLE V 

RELATIVE SEPARATION OF PICENE FROM X,2,3,4-DIBENZANTI~RACI~N~ ON ALUMINA; VARIATION 
WITH ADSORBENT ACTIVITY AND ELUENT 

Elmnl A 12 

I,2,3,4- EVptl. Cats.' - 
clibenmnlhra- 
cene (2) 

0.7 o/0 H20-AC,O, 
Benzene 
Ethyl ether 
CM,Cl, 

2.7 o/O H,O-A&O, 
5 Y. v pyricline-pentanc 
I0 o/o v acetone-pentanc 
25 o/o v phenetole-pentane 
Benzene 
Isopropyl chloride 
50 oh v ethyl ether-pentanc 
25 O/” v CH,Cl,-pcntane 

3.7 O/f H,O-Al,O, 
50 oh v benzene-pcntage 
CCl, 
IO o/o v ethyl ether-pentane 
25 y. v CH,Cl,-pcntanc 

. 
0,so 
1.23 
I.37 

1.34 
I.51 
1.0s 

0.44 
0.50 

-0.24 

0.90 
I.11 
1.32 

0.63 0.59 
0. rg 0.01 

0.Sg 0.50 

0.40 -0.13 
I.19 0.58 
I.05 0.42 
I.53 0.52 

0.04 -0.07 
0.18 0.23 
0.35 0.38 
o-53 0.43 
0.61 o.Gg 
0.63 O.GG 

0.71 0.74 

0.54 O.IC O.&J. 

I.IG 0.21 0.19 

0.54 0.23 0.21 

0.35 0.27 0.23 

,0*70 
1.37 
0.77 
o.G2 

* Eqn. (5). 
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different eluents and adsorbent activities. In all cases the longer of the two isomers is 
preferentially adsorbed, as previously noted ‘. A most interesting (and previously 
unreported) dependence of these hydrocarbon dl, values on eluent type can be ob- 
served in Tables III-V. In .the adsorption of anthracene and phenanthrene on 0.7 o/o 
H,O-Al,O,, for example, the d,, values vary by a factor of about three in going 
from eluents containing benzene to those containing ethyl ether. This effect is un- 
related to the strength ca” of the eluent mixture,, as may be seen from the complete 
lack of dependence of d,, on R” for either solute (X0 decreases with increasing CZE’; 
see Eqn. I). Rather, the dependence of n 12 on cluent type appears to be associated 
with the nature of the strong eluent in the particular binary (or pure solvent) used. 
Thus, for concentrations of the strong eluent ranging from IO to IOO y. in a given 
eluent linary, the value of d 12 (at a particular adsorbent activity) is relatively con- 
stant for a particular isomer pair. The weak eluent in the binary appears to play no 
part in determining A,,, as is further suggested by the data of Table III for 2.7 o/o 
H,O-Also, : here, pentane as eluent gives one of the largest d 12 values, while addition 
of only I o/o pyridine to the eluent reduces d 12 to almost zero. This dependence of ,412 
on eluent composition parallels other eluent anomalies examined in a previous papers, 
where it was also found that eluent-related d,, values (i.e. an c8 values) were deter- 
mined largely by the nature of the strong eluent in a binary, rather than by its 
concentration in the binary. This behavior was previously rationalized in terms of 
adsorbed phase interactions of eluent and/or solute with the adsorbent; the coverage 
of the surface by strong eluent is nearly complete from solutions such as those of 
Tables III-V, so that regardless of the concentration of the strong eluent component 
in the eluent phase, its concentration in the adsorbed phase is relatively constant 
(equal r~ 100 o/o). 

Whereas the total adsorption energy of the solute shows a gradual decline 
with increasing water content (see dashed curve for a in Fig. I), it has previously been 
noteds that A 12 for the aromatic hydrocarbon isomers shows a more drastic reduction 
with decreasing adsorbent water content. This behavior is adequately confirmed in 
the data of Tables I-III. If the A12 values for a particular strong eluent component/ 
isomer pair combination are compared relative to the value at 0.7 o/o H20-A120,, it is 
found that the relative values of d L2 at 0.7, 2.7, and 3.7 o/o H20-A120, are in the ratios 
1.00:0.54 (zto.06 S.D.) : 0.17 ( ho.07 S.D.). These ratios are plotted as o(t ZJGYSZCS 
adsorbent water content in Fig. I (solid curve, open circles), A value for z .I "/b 
H,O-Al,O, from a previous study’ is also included, using d 12 values for the isomer pairs 
anthracene/phenanthrene (ether, Ccl,) and picene/I ,2,3,4-dibenzanthracene (benzene) * 

The difference in the dependence of total solute adsorption energy (proportional 
to a) and of A,, (proportional to as) on adsorbent water content is qite apparent in 
Fig. I. a decreases sharply at first, and levels off at a value of about 0.6 (relative to 
o o/o H,O-A120,) past 4 o/o I&O-Al,O,. a$ on the other hand shows its steepest decline 
between 1.5 ancl 4 y. H,O-A1203, and appears to approach zero beyond 4 % .H,O- 
Al,O,. Clearly the two adsorbent activity functions a and ocr are clifferent, presumably 
reflecting different processes on the adsorbent surface. 

;I$t&+il! 
?..,., \ , * Values of Al2 for the isomer pair chrysenc/triphenylcne from this same study7 appear 

somewhat out of line, probably because of the diffkulty in measuring large R” values for these 
two solutes in systems with particularly low linear capacities, as well as the abznce in that study 
of special precautions (see Experimental). 
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We will nest show that this peculiar dependence of the hydrocarbon A, 2 
values on adsorbent activity and eluent type also extends to the halogen substituted 
aromatics of Tables I and II. The variation of haloaromatic ,A 1p values with adsorbent 
water content and eluent type is summarized in Table VI (compare with Tables I and 
II), Consider first the variation of A, 2 with adsorbent water content. Values of d I2 at 
one adsorbent activity can be calculated from a A 22 value at another activity (same 
strong eluent), simply by multiplying by the ratios of at or 61 values (whichever func- 
tion might prove applicable). The results of treatment of the data of Tables I, II and 
VI in this fashion are given in Table VI a. Clearly the above correlation of the halo- 
aromatic A r2 values with as is satisfactory, while the correlation with a is poor, just 
as in the case of the hydrocarbon isomers. 

Comparison of the effect of the strong eluent on the AL2 values Ior both aro- 
matic hydrocarbons and haloaromatics shows some obvious similarities. Pentane 
gives generally large values of A 12 for both the hydrocarbons (Tables III, IV) and 
halobiphenyls (Table VI) ; pyridine and acetone give smal.1 values (Tables III, V, VI). 
The correlation can be made quantitative by noting that Al2 can be expressed by the 
following theoretically reasonable relationship : 

412 = agE’&& (5) 

where ~8 represents an eluent-isomer function, and S1, is a property only of the two 
solutes I and 2. Best values of the eluent-isomer function E( were derived from the 
data of Tables III-VI and. are summarized in Table VII. Fig. 2 clemonstrates the 
validity of Eqn. (5) with. respect to the eluent term E$, as well as the identical depend- 
ence of the hydrocarbon ancl haloaromatic A 12 values on the type of strong eluent used. 
Here the average AL2 values (same strong eluent, one to three different adsorbent 

activities ; (At/a = c d12/~ or*) for each of the four isomer pairs shown are plotted 
O~YSZ~S the best values of E$. The validity of Ecln. (5) is further shown by comparison of 
experimental d le values in Tables III-VI with values calculated from Eqn. (5) and 

l- 

id,, I I I 

&?@ 
#+/_&iv 

Fig. 2. Depcndcncc of weak localization isomer effects on eluent type. Test of Eqn. (5), 
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RELATIVE SEPhRATION OP FIALOGISN SUUSTITUTED AROMATIC ISOMERS : VARIATION WITH 

ADSORRENT ACTIVITY AND ISLUXNT 

Solute 

.---_ 

EzalcHt 

- 

Log A0 d 1 A - 12 
-_ 

JL%pL Caic. * mptz. Cab. * 
-----__..--- 

2 .y % H,O-‘4 l,O, 

4,4’-Dichlorobiphcnyl (I) 
3,3’-Dichlorobiphenyl (2) 
4,4’-Dichlorobiphenyl (I) 
3.3’-Dichlorobiphcnyl (2) 
4,4’-Dichlorobiphcnyl (I) 
3,3’-Dichlorobiphenyl (2) 
4,4’-.Dicl~lorobiplicnyl (I) 
3.3’-l~icl~lorobipl~cnyl (2) 
4.,4’-Dicl~lorobipl~cnyl (I) 
3,3’-Diclilorobipl~cnyl (2) 

4.4’“Dicl~lorobil~hcnyl (2) 
3,3’-Dichlorobiphenyl (I) 
4,4.‘-Dicldorobiphcnyl (I) 
3,3’-Dichlorobiphcnyl (2) 

3.7 % N,O-A&O3 
4.4’-Dichlorobiphenyl (I) 
3,3’-Dicl~lorobipl~cnyl (2) 

Ucnzcnc 
o-l’oclochlorobcnzcnc 
?n-Iocloclilorobcnzenc (2) 
$-Ioclocl~lorobcnzcnc (T) 
o-Diioclobenzcnc 
nz-Diioclobcnzcnc (2) 
p-Diioclobcnzcne (1) 
Naplitlialene 
1-Cliloronaplitlialcnc (2) 

a-Chloronaphthalcnc (I) 

l/- o/O v pyriclinc-pcntane 
l/i yO v pyricline-pcntane 

0.03 
0.17 

1/a o/O v ncetone-pcntanc 0.26 

f/2 o/o v acetone-pcntanc 0.13 
IO o/O v benzene-pcntanc 0.37 
IO o/o v bcnzcne-pcntanc 0.15 

5 “/” v ethyl cthcr-pcntanc 0.49 
5 o/o v ethyl ether-pcntanc 0.1 S 
50 O/” v Ccl,-pentane 0.31 
50 “/0 v Ccl.,-pcntanc -0.0s 
5 o/o Cl-L&l,-pentanc 0.44 
5 oh CE-I,Cl,-pentanc 0.02 
pcntanc 1.36 
pcntanc 0,Sr 

pcntane 
pcntanc 
pcntane 
pentan,e 
pcntane 
pc11tanc 

pentanc 
pcntanc 
pentane 
pcntanc 
pcntanc 
pcntane 

o.G3 
0.36 

-0.53 
O.OL 

--0.11 

-0.0s 

0.21 

0.01 

0.09 

0.23 
0.24 
c.27 

O.SL+ 

0.14 
O.IL\ 

0.2g 

0.2g 

0.29 

0.37 
o-37 

--0.14 

0.13 
0.22 

0.31 

0.39 

0.42 

0*5.5 

0.27 

-0.13 
-0.25 0.03 
-0.22 

-0.0s 
- 0.2s 0.08 

-0.20 

-0.13 0.03 
-0.10 

-0,04 

0.14 
0.2G 

0.40 

0.37 

0.45 

0.59 

0.19 

0.04 

0.06 

0.07 

TABI,E V.[a 

DEPENDENCE ON cI1 OF d,, VALUES FOR HALOGEN SUl3STITUTED AROMATICS 
- 

sozzLtc pnir Shktg elzrefat A dsovbfmt activity 
conz~o~~mat (% N,O-A l,O,) 

“l,, (B) 
._.. 

EApI. Calc. (cc) Calc. (o(i) 
a h 

3,3/-s 4,4/- 
.Dichlorobiphcnyl CH,Cl, o-7 2.7 0,42 o.CG o-44 

3,3’-1 4,4’- 
Dichlorobiphenyl pcntane 2.7 3.7 0627 0.51 0.17 

3n-, $-Cldoroioclo- 
benzene pcntanc o-7 3.7 0,03 O.IG 0.04 

gws m; +Diiodobenzene pcntane 0.7 307 0.0s 0.24 o.oG 
‘,i. I-, 2-cllloro- 
“““c-; naphthalenc pentane 0.7 3.7 0.03 0.30 0.07 

Standard deviation & 0.24 f 0.06 

--- --- 
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SUMMARY OF ISOMER PARAMETERS USED IN CALCULATIONS OF TABLES III-VI 

y. N,O-A&O, tx1 --- Sola& pair Sl, 
--- 

0.7 

2.7 

3.7 

I.00 

0.54 

0.17 

Anthracene 0.54 
Phcnanthrenc 
Chryscne 0.37 
Triphcnylene 
Picene 1.27 
1,z,3,5-Dibenzanthraccnc 

4.4’-Dichlorobiphcnyl 0.77 
3,3’-Dichlorobiphcnyi 

stvong ezusnt cowt~p0mat El E0 

Cyclohexane 1.48 0.04 
Pentanc 1.43 0.00 
CH,Cl, . 1.08 0.42 
IIsopropyl chloride 1.01 0.29 
Ethyl ether 0.97 0.38 
CCI, 0-89 0.1s 

Benzene 0.63 0.32 
Phenetolc 0.gf.5 0.40 
Acetone 0.33 0.5G 
I?yridine -0. IO 0.71 

the functions as, EI, and the best values of S1, for the various isomer pairs involved. 
These values of S,, are given in Table VII. The standard deviation between the various 
experimental d I 2 values of Tables III-VI and those calculated from Eqn. (5) is 
& 0.07 log units, which appears to constitute good agreement, considering the range 
of values of d 12 (- 0.14 to 1.32) and the slight variability of di with the percent of a 
given strong eluent in an eluent binary (S.D, -& 0.07 from data of Table III). 

SEPARABILITY OF ISOMERS OF SOME ADDITIONAL AROMATIC TYPES (CLASS II AND III) 

Tables VIII and IX provide some additional data on the relative separation 
of aromatic isomers over alumina. For the halotoluenes, anisoles, methyl benzoates, 
acetophenones, and anilines, it is seen that on 0.7 o/o H,@-Al,O:, the para isomer is 
more strongly adsorbed than the nz:ta isomer, just as in the case of the dihaloben- 
zenes. The halonitrobenzenes appear to be an exception to this rule, however. Simi- 
larly, the dimethoxybenzenes follow the same rule, the para isomer being more 
strongly adsorbed than the n&a. As in the case of the I- and z-halonaphthalenes, 2- 

methoxynaphthalene and 2-acetonaphthalene are more strongly held than the I- 

isomers. The dinitrobenzene isomers show little difference in retention volumes, and 
the W&Z isomer is actually preferentially retained with benzene as strong solvent. 
The methoxynitrobenzene isomers appear to follow the general rule of preferential ad- 
sorption of the &zra derivative. The non-&ho (2,3-, 3,4-) benzcarbazoles follow the 
rule of preferential adsorption of the longest isomer at higher adsorbent activities 
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TABLE VIII 

RELATIVE SEPARATION OFSOME OTHER ISOMERTYPES ON ALUMINA 

Solule Eluenl* 

Toluenc pentane o-7 0.22 

m-Chlorotolucne (2) pentane o-7 o-33 
p-Chlorotoluenc (I) pentanc o-7 0.39 
o-Bromotoluene pentane o-7 047 
un-Bromotoluene (2) pcntanc o-7 0.45 
p-Bromotolucne (I) pentane 0.7 0.5G 

Anlsolc 
o-l;luoroanisolc 
m-l?luoroanisole (2) 
p-Fluorosnisole (I) 
p-ClIloroanisolc 
m-Iodoanisolc (2) 
p-Iodoanisole (I) 
2,4-Dichloroanisole 
2,4,6-Tribromoanisole 
o-Dimethoxybenzene 
wz-Dimethoxybcnzene (2) 
p-Dimethoxybcnzene (I) 
o-Dimethoxybenzene 
m-Dimcthoxybcnzene (2) 
p-Dimethoxybenzene (I) 
I -Methoxynaphthalene (2) 
2-Methoxynaphthalene (I) 

IO o/o v M-P 0.7 
10% v M-P 0.7 
IO y0 v M-P 0.7 
IO o/o v M-P 0.7 
100/~ v M-P 0.7 
IO o/0 v M-P 0.7 
10% v M-P 0.7 
10% v M-P 0.7 
10% v M-P 0.7 
50% v M-l? 0.7 
50 y. v M-P 0.7 
50% vM-I’ 0.7 
10% v M-P 3.7 
10 o/0 v M-P 3.7 
IO y. v M-l’ 3.7 
IO Of0 v M-P 0.7 
IO o/o v M-P 0.7 

0.45 
0.63 
0.23 
0.43 
0.42 

0.34 
O.GI 
0.32 
o-44 
0.71 
0.10 
0.38 

0.49 
0.05 
0.21 
0.66 
I.11 

-0.08 
-0.02 

-0.10 
--0.12 
-0.01 

o.oG 

0.11 

0.11 
-0.29 
-o.og 

-0.07 

-0.53 
-0.26 
-0.21 
-0.82 

0.51 
-0.10 

0.18 

--0.31 0.20 
-0.06 
-0.21 
-0.32 0.27 
-0.26 

-0.11 0.28 
0.25 

0.16 

0.45 

m-Nitrobromobenzcnc (2) 25% v M-P 0.7 0.52 0.00 0.23 
p-Nitrobromobcnzene (I) 25 o/o v M-P 0.7 0.52 
m-Dinitrobonzenc (2) 50 y. v B-P 2.7 0.90 -0.06 -0.10 
p-Dinitrobenzcne (I) 50 y. v B-P 2.7 0.84 
m-Dinitrobenzene (2) 25 o/o v M-P 2.7 0.91 -0.05 -0.10 
p-Dinitrobcnzenc (I) 25 O/O v M-P 2.7 0.86 

m-Methoxynitrobenzene (2) 50% v B-P 2.7 0.52 0.35 0.55 
p-Methoxynitrobenzene (I) 50 y. v R-P 2.7 0.87 

m-Methoxynitrobenzene (2) 25 o/o v M-P 2.7 o-53 0.30 0*55 
p-Methoxynitrobcnzene (I) 25 o/o v M-P 2.7 0.83 

_--____ 

m-Bromo methylbcnzoate (2) 50 y. v M-P 0.7 0.19 0 *og 0~27 
p-Bromo methylbenzoate (I) 50 y. v M-P 0~7 0.28 

m-Bromoacetophenone (2) 
p-Bromoacetophcnone (2) 
m-l3romoncctophenone (2) 

#.,p-Bromoacctophenone (I) 
I -Acetonaphthalene (2) 

” 2-Acetonaphthalene (I) 

50 “/o v M-F 0.7 0.72 0.14 0.32 
50 y. v M-P 0,7 0.86 
IO o/o v M-P 3.7 0.45 0.09 
IO o/o v M-P 3,7 o-54 
M 0.7 0.53 O*IG 
M 0.7 o&g 

(conlinued on p. 478) 
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wz-Chloroanilinc (2) M 1.7 o-95 0.13 
$-Chloronniline (I) M 1.7 J..os 

,ilz-Chloroanilinc (2) M 2.7 0.37 0.07 
p-Chloroanilinc (I) M 2.7 0.44 

wz-Chloroanilinc (2) 50% vM-P 3-7 0.53 0.04 
p-Chloroaniline (I) 50 76 v M-l? 3-7 o-57 

x.2-Bcnzcarbazolc M ‘2 3 7 0.54 

2,3-Benzcarbazolc (I) M 2.7 1.06 
3,4-Bcnzcarbazole (2) R/x 2.7 0.73 
I ,2-Renzcarbazole M 3*7 0.2s 
a,3-Rcnzcarbnzolc (I) M 

;:; 
0.07 

3,4-l3cnzcarbazolc (2) M 0.10 

-_ --- 

l M-l = CI-I&J,-pentane: B-P = bcnzcnc-pcntanc: M = CEI,Cl,. 
** Eqn. (5) ; see test. 

o-33 

-0.03 

TABLE IS 

STERIC AND ZLECTRONIC EFFECTS IN THE SUBSTITUTED BENZENLS; 3.7 o/0 ~!t,o-Al,o, 

Sobufe Ehent * LogR” A,,** AN*** a Q"t c7 - 
--._--- 

Anisolc 
jh-Methyl anisolc 
o-ltlctliyl anisolc 

Nitrobenzenc 
p-Nitrotoluene 

13enzonitrilc 
p-1Mctllyl bcnzonitrilc 
o-Methyl benzonitrile 

lMethy1 bcnzoatc 
p-Methyl methylbcnzontc 
o-Methyl 

Acctoplux~onc 
$-Methyl acctoplicnonc 

Aniline 
p-Methyl aniline 
o-Methyl aniline 

Pyricline 
a-Pi coli ne 
y-Picolinc 

Bromobenzene * l l l 

p-Bromotolucnc 
a-l3romotolucne I 

pcntanc 0.57 
pentanc 0.72 
pentanc 0.52 

IO o/0 v M-X’ 0.57 
10% vM-I? 0.7.1 

25 o/o v lM-P o-31 
25% v M-P 0.42 

25 o/o v M-P 0.27 

25% v M-P 0.27 
25 70 v lM-I’ 0.35 
25% v M-l? o.oG 

25% v M-P o,G5 
;?5yo v l&I-P 0.77 
25, 50% v M-P ref. (g) 

50% v B-I 

pentnnc 
pentanc 
pcntanc 

ref. (9) 

0.51 
0.5G 
0.47 

0.11 -0.20 

0.20 

0.23 -0.15 

0.20 -0,2g 

0.24 

0.27 -0.36 

0.31 Y-o.43 

-0.01 -0.og 

r.13 

“-77 

2.0s 

2.12 

2.39 

z.sz 

3.07 

0.35 

-0.17 

-0.17 

-0.17 

-0.17 

-0.17 

-0,17 

-0.17 

-0.x7 

i sooc;?ZY!Z” = 
CH,C12-pentane (xoO/~ v: a&’ = 0.101; 25% v: cm0 = 0.163); ELI = benzene- 

l ’ Calculatccl from p-nictllvl derivative , relntivc to toluenc and parent compound. 
*** Calculatccl as (log np,,,;,, - (log R_O)pnrn. 

l * * * Data for 0.7% H,O-hl,O,. 
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(class I), with the z,3-isomer being more strongly held than the 3,4-isomer on 2.7 o/o 
H,O-Ai,O,. The dependence of these d 32 values of Table VIII on adsorbent activity 
and eluent type shows certain differences, however, relative to the hydrocarbon 
and .haloaromatic isomer d 1. 2 values. In some cases the decrease in d,, with increasing 
adsorbent water content is less than predicted by ai, and closer to that predicted by CL 
Table X summarizes these results as previously for the haloaromatics. In the case of 
the chloroanilines and the benzcarbazoles, d 12 appears to correlate reasonably well 
with cq, but in the other four examples of Table X this is clearly not the case. Similarly, 
in the case of the methoxynitrobenzenes of Table VIII, and the acetonaphthalenes 
from ref. (3)) the expected dependence of d 12 on the strong eluent ~2 value (Eqn. 5) is 
not observed. These observations, in conjunction with the absence of an isomer effect 
in the nitrobromobenzenes and a small reverse effect in the dinitrobenzenes, strongly 
suggest that for most of the n&a and tiara disubstituted benzenes, and I- and 2- 

substituted naph*halenes of Table VIII, fundamentally 
isomer adsorption in these solutes relative to isomers of 
and haloaromatics (class I). 

different factors determine 
the aromatic hydrocarbons 

TABLE X 

DEPENDENCE OP d la ON ADSORBENT WATER CONTENT FOR ISOMEk PAIRS OF TABLE VIII; 
METHYLENE CWLORIDE STRONG ELUENT 

Isomer pair A dsovbent aclivdltcy 
( y0 19,0-A I,O,) 

I 2 

wz-, p-Dimcthoxybenzenc 0.7 
I, 2-Mcthoxynaphthslcnc o. 7 
wz-,pMcthoxynitrobcnecnc 0.7 
I-, 2-Acetonaphthalene o-7 
m-, +Chloroaniline o-7 
z-, 3-, 3,4-Benzcarbazolc 2.7 

3.7 
a 

;:;a 
3.7” 
3*7O 
3.7 

A,, values (adsorbent 2) 

Exptl. Cab (at) Calc. (ct) 

O.IG 0.05 0.21 
0.20” 0.05 0.34 
0*49h 0.05 0.22 

0.1g” 0.03 0.12 
0.04 0.02 0.10 

-0.03 0.11 0.31 

a Data of ref. (3). 
h Corrected for different strong cluents, according to Eqn. (5). 
c Data of ref. (9). 

Table IX summarizes the effect of @zra and orlho methyl substituents on the 
retention volumes of various substituted benzenes, primarily to evaluate the effects of 
electronic activation, and steric interference to adsorption by an ortlzo methyl, These 
data are .discussed in greater detail in the next section. 

ORIGIN OF ISOMER EFFECTS IN THE PRESENT SOLUTES: MECHANISMS OF ADSORPTION 

The previously discussed data of Tables I-VI, VIII, and IX permit a number of 
intriguing generalizations on thelfactors which determine isomer separation on alumina. 
These generalizations and the data upon which they are based deserve further exam- 

LN’L ination from a fundamental viewpoint, so as to determine the ultimate scope of their 
““’ application and to gain insight into the basic molecular processes which occur in the 

adsorption of these and other solutes on alumina. During this examination it is 
important to keep in mind the differences between ortho isomer types (class II, e.g. 
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o-dichlorobenzene, I-chloronaphthalene, g-chloroanthracene, I-2-benzcarbazole, etc.) 
and non-orllzo isomers (e.g. ~zeta and paj#a isomers, z-substituted naphthalenes, 2,3- 
and 3,+benzcarbazoles, etc.). The various factors which can lead to special effects in 
the adsorption of ortlzo isomers have been briefly reviewed in the Introduction. 
Factors leading to differences in the adsorption of non-o&o isomers include electronic 
activation of one group by another 3~~~0~0, the relative orientation of solute adsorbing 
groups vis a vis adsorbent sites3~7~14~ x5, and the ability of an adsorption region on the 
adsorbent surface to accommodate (i.e. fit) the adsorbing solute’. 

Among the simplest and most easily evaluated factors are electronic activation 
of one group by another (class III), and the steric hindrance of a strongly adsorbing 
group by a more weakly adsorbing group (class II a). Two preceding papersfi,O have 
discussed these effects in considerable detail for several classes of heteraromatic 
solutes. The data of Table IX permit the further examination of these factors. In the 
case of the $-methyl derivatives (class III), steric effects are absent and any da values 
for these solutes (relative to toluene and the non-methyl substituted benzene deriv- 
ative) may be attributed to electronic activation of the other substituent by the 
methyl group. Since the methyl group itself is very weakly adsorbing, activation of 
the methyl group by the other substituent cannot appreciably affect solute adsorption 
energy. Values of ds for the p-methyl derivatives of Table IX are listed as values of 
d@, referring to the electronic activation of a group (X) by a second group (‘II). 
Previously0 it has been found for a single group X that d O is proportional to the ad- 
sorption energy of X (which may change with steric crowding of X by other groups), 
i.e. ocQox, and to the HAMMETT G functionlO of the group Y (e,g. see Pig. 4, ref. 6) au. 

-0.4 

-0.1 

0 1 

Fig. 3. Solute geometry effects in the para substitutccl toluenes. Variation of do with group ad- 
sorption energy a Q”j (au = -0.17)~ Verification of Eqn. (0). 

Fig, 4. Solute geometry effects in the ovll1.0 substituted toluenes. Variation of A, with group 
adsorption energy a Q”t, Verification of Eqn. (7). 

This also appears to be true of the d, values for the various substituted benzenes of 
Table IX, as may be seen by plotting them zJeY.szCs &Jog cru in Fig. 3. From this plot we 
can calculate the electronic activation of other groups X by any group Y: 

de = -0.G 6! go% by (6) 
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It is noted in Fig. 3 that the relationship appears to hold for all solute groups 
with the possible. exception of bromo, whos e adsorption energy is too small’to deter- 
mine whether n c is really.zero or + 0.03 as predicted by Eqn. (6). Besides permitting 
us to calculate de in other solutes, and to evaluate electronic contributions to isomer 
separation, the applicability of Eqn. (6) to the data of Fig. 3 has added significance. 
All of the solute groups represented in Fig. 3 show an increase in adsorption energy 
with substitution of the electron donating methyl group, implying that they adsorb 
with electron donation to an adsorbent site. The fact that d, is proportional to tQos 
for the various solute groups represented here further suggests a basically similar 
adsorption mechanism, one where the energy of adsorption of ,1~ is simply proportional 
to the net negative charge localized on X. This suggests simple coulombic attraction 
between a negative group X and a positive adsorbent site. The aromatic l&to group 
discussed earlier0 does not appear to fit the correlation of Fig. 3, implying a different 
adsorption mechanism. I-Iowever, this does not seem reasonable in view of the corre- 
lation of de for the acetyl group in Fig. 3, since both the acetyl and keto groups 
would be assumed to adsorb by the same mechanism. Possibly the approximate 
,method of estimating ol/ values in the preceding treatment? of the aromatic keto 
groups was in error by an amount sufficient to explain this discrepancy. 

The effect of an ovtlzo methyl in the solutes of Table IX is twofold: the methyl 
in the o~t11.0 position provides approximately the same electronic activation. of X as a 
pnra methyl (see discussion in ref. g), and an o&ho methyl may sterically interfere 
with the optimum interaction of X with an adsorbent site. The purely steric effect 
(class II a) in the ovllzo substituted solutes of Table IX d s is therefore given by (log X0) 
$aYa-(log _R”) ortho for these methyl substituted compounds, since in other respects 
the adsorption of ortho and para isomers should be identical. As shown in Fig. 4, 
values of d S are also porportional to bcQoz, just as were values of d d. This correlation 
tends to support a coulombic interaction adsorption of X as suggested by Fig. 3, 
since if the effect of the ortlzo methyl is to increase the distance between X and the 
adsorption site (by crowding) by a fixed amount, the loss in adsorption energy of X 
would be proportional to the original adsorption energy CCQ O5 (see discussion of ref. 8). 
This analysis also suggests that d 8 should be given as the product of c@Oz and a steric 
factor sl/ for the group Y (szI proportional to the size of 

Values of sy can then be estimated from the size of Y and previous values of 

U). 

(7) 

.4 8 as a function of the group Y (see ref. 9). Eqn. (7) is expected to be only approxi- 
mately valid because of the complexity of steric interactions, but should be fairly 
accurate in comparing effects for groups Y of comparable size. For example, on the 
basis of bond length and Van der Waals radius data 1’ it can be estimated that the 
same steric hindrance (same value of sl/) to the adsorption .of the chloro group would 
be involved in the three compounds, I,z-dichlorobenzene, o-chlorotoluene, and I- 

vm chloronaphthalene, 

%,:. 
Class I, isomws 

Returning to the non-ovtlzo disubstituted halobenzenes of Table I, (class I)? w,e 
will attempt next to evaluate the relative importance of various factors which might 

J. Clzromato~., 20 (1965) 463-495 

” 
;’ 



482 L. R. SNYDER 

be determining these B” and dl values. Electronic activation of one halogen group by 
another is an apparently plausible explanation for the preferential adsorption of 
para zle~sszts meta isomers, since the halogen group in the W&Z position is more strongly 
electron withdrawing (larger value of c2/, and therefore larger value of ,4 e). IIowever, 
the para halogen substituent is also deactivating, so that if this explanation possessed 
any merit, negative values of dz for the para disubstituted benzenes should also be 
observed (equal to approximately half the meta AZ values). This is not observed, the 
para AS values being equal to zero within experimental error. This conclusion con- 
cerning the unimportance of electronic effects is further strengthened by calculations 
of the magnitucle of AC for the tizeta and para dihalobenzenes. By comparison with 
p-bromotoluene, electronic effects are predicted to be zero; using Eqn. (6), on the 
other hand, we calculate* values of dt ranging from -O.II to -0.32 for the meta 
derivatives, and -0.02 to 0.26- for the para derivatives*. ,In neither case do these 
calculated At values bear much resemblance to the experimental values, and we con- 
clude that electronic interaction of the two halogen atoms cannot explain the anoma- 
lous adsorption of the dihalogen substituted benzenes. The similarity of the haloaro- 
matic and hydrocarbon isomer effects also supports this conclusion since electronic 
effects cannot be involved17 in most unsubstitutcd hydrocarbon isomers (i.e. alter- 
nant hydrocarbons). 

Another possible effect in the adsorption of the nreta and para dihalobenzenes 
is the relative ease of accommodating the adsorbing solute molecule in the region sur- 
rounding an adsorption site. Thus, due to the geometry of the adsorbent surface, 
molecules of certain shapes might not easily “fit” onto an adsorption site. Some evi- 
dence for the preferential exclusion of very wide molecules (e.g. decacyclene) from the 
alumina surface has been reported in the case of the aromatic hydrocarbons”. Cal- 
culation of A# values for the corresponding alkyl benzenes should resolve this point, 
since the geometries of toluene and of the halobenzenes are generally similarl*. Previ- 
ous data1 for 1.1 O/- 1-120-Also, show ds values of the xylenes equal to -0.03 for 
para and -0.04 for meta, while average values for various nzsta and para dialkyl 
benzenes* * are -0.04 ($mru] and- 0.01 (meta) .The geometrical shape of the substitut- 
ed benzenes seems therefore to play no significant role in determining Aa; there is 
clearly no correspondence between At values for the isomeric alkyl and halo benzenes 
of similar shape. 

Another possible explanation of the differences in adsorption of the meta and 
para dihalobenzenes, and the one we believe to be correct, is that the adsorbing 
groups in these solute molecules (two halogens, one phenyl) prefer to overlap strong 
adsorbent sites or active adsorption regions on the adsorbent surface. Previously 
we have’showns that where very strongly adsorbing solute groups are involved, only 
one such group can adsorb on a strong adsorbent site, and the adsorption energies of 
other solute groups on the same molecule are reduced in proportion to the “tightness” 
with which the one strongly adsorbing group is held to the strong site. Clearly no 
such effect is involved in the halobenzenes, since the adsorption energies Q”g of the 
various halogen atoms are too small for “strong” localization of this type; further- 

* Calculation from Eqn. (6) assumes electronic activation of each halogen group by the other, 
and assumes AC is proportional to the irtlrinsk adsorption energy, of x,Q”;ti (see subsequent dis- 
cuss;:n and ref.. 3) rather than to (20z. 

Alkyl.group is methyl or ethyl. 
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more, strong localization does not appear to lead to pronounced differences in the 
adsorption of meta versw para isomers. Rather, the delocalization or energy loss of 
other strongly adsorbing solute groups is reduced as the distance ,between them and 
the localizing solute group increases 3,a. If we distinguish between strong localization 
of one solute group on an adsorbent site (as previouslye), and “weak” localization of 
certain weakly adsorbing solute groups (class I solutes) on some gvoz@ of adsorbent 
sites (these may or may not be th.e same as are involved fn strong localization), it 
appears that the sites involved in weak localization lie on straight lines on the adsorb- 
ent surface, and involve “regions” of strong adsorption interaction\ rather than 
discrete, separated points. Thus, in the monohalo- and para-dihalobenzenes, the 
centers of these various groups (halogen or phenyl) may lie on a straight line, but 
cannot always overlap a set of discrete point-sites since the distance between the 
different group centers is variable (because of the differing halogen-carbon bond 
lengths). In the case of the meta dihalobenzenes, accommodation of all the adsorbing 
groups over the linear group of active sites is not possible; this is illustrated in the 
diagrams of Fig. 5 (top line), with the active site region indicated by the faint straight 
line. 

Ce He Co HI& P-CIH,-Xz 
wl-C~H4-X* 

1,2,4-c,3 H,X, b2.3-cdw 1 
o-C~H,X~ 1,2,4.5-C& x4. 

__&_@&.a+&&--- 
I-X-CloH~ 2-X-C,,H, B-X-anlhrocane 

9-X-phenonlhrans 3-X-btphenyl 
4-X - blphenyl 

Fig. 5. Hypothetical configuration of various solutes for weak localization on alumina line- 
of-sites. 

One test of this localization theory of the halobenzene di values is afforded by 
the magnitude of the energy loss .4c. In the case of the para derivatives the theory 
predicts that ds equal 0.00, and this is within experimental error of the observed 
values (av. -0.01 & 0.03). For the, meta derivatives, the theory would predict that 
dt is equal to some fraction of aQ”d, where i refers to the “delocalized” halogen atom. 
Actually, as seen in Table I, for some solutes (e.g. Wdifluorobenzene) the. observed 
energy loss appears to exceed aQ”r (i.e. m-difluorobenzene is less strongly adsorbed 
than fluorobenzene), implying more than IOO y0 loss of the adsorption energy of 
X upon delocalization. This apparent paradox results from a failure to distinguish 
between the nominal adsorption energy of X, aQor, and its “intrinsic” adsorption 
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energy OC_Q_~~~. The nominal adsorption energy ctQ”r is actually the sum of the intrinsic 
(actual) adsorption energy of X plus the effect of the substituent X on the adsorption 
energy of the benzene ring. As seen in Fig. 3, an electron donating substituent gener- 
ally increases the adsorption energies of other groups in the same solute, and the 
same is true of the phenyl group, where introduction of a methyl group increases the 
adsorption energy of the ring on calcined alumina by + 0.09 unitsl0. From this ob- 
servation and the ratio of average (meta and para) cr values for the methyl and various 
halo substituents we can estimate that the introduction of the various halogen sub- 
stituents into a benzene ring causes the following respective changes in the adsorp- 
tion energy aSo of the benzene ring (on adsorbent of Table I) : fluoro, -0.15 ; chloro, 
-0.22 ; bromo, -0.23; iodo, -0.23. The intrinsic adsorption energies Q”g of the 
aromatic halogen groups on 0.7 o/0 H,O-A1,03 are then calculated as 0.27 (fluoroj, 
0.41 (chloro), 0.58 (bromo), and 0.77 (iodo). Assuming these latter values of a_QOi, all 
of the msta derivatives of Table I now show less than IOO O/( loss of adsorption energy 
for the second halo group, as theoretically required. 

In the localization of the nz:ta dihalobenzenes as in Fig, 5, it is apparent that 
there should be a tendency for the more strongly adsorbing halogen atom to localize, 
and therefore dg should be proportional to the CCQO~ value of the delocalized halogen. 
For the four nzeta derivatives of Table I containing a fluoro substituent, we would 
predict that this atom is delocalized (it is the most weakly adsorbing halogen) ; 

it is found that the average value of df is -o.Ig -J= 0.02. Similarly, for the three meta 
derivatives containing a chloro (but no fluoro), the average value of di is -0.20 & 
0.03; for the two vmta derivatives containing bromo (but no fluoro or chloro), the 
average Ai value is 0.26 & 0.03; for ~~zcta diiodobenzene, Ag equals -0.27. Thus, in 
support of our theory the average value of AZ increases with the adsorption energy of 
the delocalized halogen. 

The relative orientation of the ortlzo dihalobenzenes along the linear active site 
region is somewhat obscure, The orientation shown in kg. 5 (second line) is one 
possibility, although the phenyl ring now appears to be delocalized, which should 
lead to a negative value of At. However, we have previously shown0 that two ovtlzo 
groups can form an especially strong bond to a single adsorption site by chelation, and 
it is possible that in the case of the &ho dihalobenzenes the advantage of this bonding 
situation overcomes the disadvantage of delocalizing the benzene ring. If the orien- 
tation of the ovtho dihalobenzenes is conceived of as straddling the line of active sites, 
with the center of the ring on the line and the two halogens each slightly displaced 
from the line (line bisecting the angle between the two halogens), the I,z+trihalo- 
benzenes would appear to suffer little if any energy loss (the 4-halo group is fairly 
close to the line of sites in this case), while in the 1,2,3-trihalobenzenes, the 3-halo 
group should be completely delocalized. Actually, the ?,2,3-trihalobenzenes have 
smaller dg values (- 0.20) than the 1,2,4Gsomers (- 0.29)) suggesting the alternative 
configurations of Fig. 5 (line two) for these isomers. The Ag values for the remaining 
polyhalobenzenes of Table I can now be estimated in terms of the preceding analysis. 
For 1,2,4,5-tetrachloro- and tetrabromobenzenes, the configuration of Fig. 5 ,(line 
two) ‘with two delocalized halogens should apply, so that At should be equal to 
-0.40 and -0.52; respectively, Values of -0.64 and -0.69 were actually observed. 
For z,3,5;tri,bromobenzene, the configuration would .be the same as for the vvtsta 
dihalobenzene of Fig. 5 ‘(line one) with two delocalized bromo groups and As cal- 
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culated equal to -0.52 ve~szts -0.85 experimental. Similarly, for hexachlorobenzene, 
we have the same configuration as for 1,2,3-dichlorobenzene (Fig, 5, line two) with 
three additional delocalized chlorines ; a total dj of -0.20 (for the partial localization 
of I ,2,3-trichlorobenzene) plus -0.60 (three delocalized chloro groups) or -0.80 is 
predicted ZJEYSZGS the experimental value of 
present phenomenon, 

-o.g3. Considering the complexity of the 
the weak localization theory appears to give a reasonable 

explanation of the d$ values of the polyhalobenzenes. 
Similarly, as shown in Fig. 5, line 3, the present theory predicts the preferential 

adsorption of the 2-halonaphthalenes relative to the I-halonaphthalenes. The z- 
position is also sterically hindered by the a-hydrogen*, so that the average dz value 
(pentane eluent) for the I-halonaphthalenes (equal -0.36) is quite reasonable 
(estimated - 0.2 I for delocalization plus -o.og for d 8). Similarly, the diagrams for 
g-haloanthracene and phenanthrene in Fig. 5 (lines 3, 4) suggest a larger negative 
value of dg for the anthracene derivatives, relative to the unsubstituted hydrocarbon, 
as is experimentally observed. The calculated value of dg for g-bromophenanthrene 
relative to phenanthrene should be the sum of delocalization and steric hindrance 
effects: zero for delocalization plus -o.og for steric hindrance, equal a total of -o.og 
veYs%ts -0.21 experimental. The calculated value of A, for g-bromoanthracene and 
o,I o-dichloroanthracene would be about -0.2 for each delocalized halogen plus an 
unknown amount for the crowding of each halogen in the g-position of anthracene; 
The actual values of AS for these two compounds -1.32 and - 1.48 appear too large. 
An average value of d, equal to -0.7 is implied by these’ At values, and this is 
certainly too large (the maximum value of As for a group X must be less than the 
inherent adsorption energy of X after delocalization; 0.2-0.4 in this case). Possibly 
other, normally minor, factors are involved. in the case of the 9-haloanthracenes, such 
as electronic activation of all three anthracene rings by the g-halo group, rather than 
just the ring attached to the halogen, with greater than normal reduction in the ad- 
sorption energy of the hydrocarbon nucleus, Also the increase in solute width which 
occurs when a g-substituent is introduced into the anthracene nucleus may be im- 
portant. The R” value for q-methyl anthracene in Table II, relative to anthracene 
and the increase in energy in going from benzene to toluene, suggests a contribution 
to A$ for a. g-haloanthracene from this width effect of about 0.1 units. 

The 3-halobiphenyls of Table II show AS values close to what we would predict 
from the present theory. As shown in Fig. 5 (line 4) the 3-halo substituent will be 
completely delocalized, as in the case of one of the substituents in the ~zetlz dihalo- 
benzenes. We would therefore predict the following do values for the various meta 
halobiphenyls of Table II (corrected to CW,Cl, eluent; Eqn. 5) : 

3-Chlorobiphenyl -0.15 (-0.10 exptl.) 
3-Bromobiphenyl -0.20 (“0.27 exptl.) 
3,3’-Difluorobiphenyl -0.29 (-0.25 exptl.) 
3,3’-Dichlorobiphenyl -0.30 (-0.34 exptl.) 

Agreement between calculated and experimental values is satisfactory. As ex- 
ati,rpected the 4-halobiphenyls .are all more strongly adsorbed than the 3-halo isomers, 
% but in most cases the A$ values of these solutes are significantly fmsitive, rather than 

* A,, for this hindrance should be about equal to A, for an orllzo methyl, as previously dis- 
cussed. 
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close to zero as predicted by our simple theory. We will comment on this fact shortly. 
The preferential adsorption of long aromatic hydrocarbons relative to shorter 

isomers (e.g. anthracene z)erszGs phenantkrene) is also easily explained by the present ‘E 
theory, as illustrated by the figures of Fig. 5 for the substituted anthracene and 
phenanthrene isomers. That is, a larger fraction of the anthracene molecule can lie 
on top of the line of active sites than in the case of phenanthrene. The same would be 
true of chrysene relative to triphenylene, and of picene relative to r,z,3,4-dibenz- 
anthracene (Tables III-V), as well as other aromatic isomers (e.g. ref. 7). 

The peculiar dependence of d 12 for the haloaromatic and aromatic hydrocarbon 
isomers on adsorbent water content (e.g. ad function in Fig. I) tends to support the 
present theory since the localization of molecules on lines of sites would be expected 
to be a marked function of the coverage of these sites by adsorbed water. Presumably 
initial water either adds to a different class of sites, or else adds to the line ‘of sites 
unselectively. This would agree with the “weak” nature of the present localization 
effect. Ultimately, between addition of z and 4 o/o water to the adsorbent, the lines of 
sites become largely covered, or else are disrupted by intermittent adsorption of 
water along the line. Either process would explain the decline of these d,, values to 
zero for adsorbent water contents greater than 4 Oh. 

The peculiar effect of the eluent on these dX2 values of the aromatic hydro- 
carbons and their halo derivatives also appears understandable in terms of the present 
theory. If the strong eluent itself shows any preference for adsorption on the weak 
linear sites, relative to other parts of the adsorbent surface, the value of et should 
tend to decrease with increasing adsorption energy of the strong eluent molecule, 
which is roughly proportional to co for the strong eluent. As noted in Fig. 6 there,is a 
definite correlation between .st and EO of the type expected. The variability of eg 
values for the same strong eluent between different isomer pairs appears about as 
great as the scatter of the data in Fig. 6. 

i.50 

1.00 

&‘i 
0.50 

0.00 

0.2 0.4 0.6 
E0 

Fig. 6. Dcpcndcncc of eluent-isomer parameter on strength of strong elucnt component. 

The nature of the linear sites whichgive rise to these weak localization effects in 
the adsorption of the aromatic hydrocarbons and haloaromatics on alumina is of + 

considerable interest. Fig. 3 suggests that the adsorption of most solute groups on ,, ’ 

alumina involves coulombic interaction with a positive *field associated with an ad- 
sorbent site. This positive field might be associated either with surface aluminum 
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atoms or hydroxyl groups (i.s. hydrogen bonding). These aluminum atoms or attached 
hydroxyl groups are presumed to be distributed in a regular, crystalline array on the 
adsorbent surface, at least over small regions which are part of a single crystallite. 
Fig. 7 shows such a hypothetical distribution of surface aluminum atoms, As in every 
crystalline array, lines may be drawn through various sets of aluminum atoms; 
these linear regions then constitute areas of net positive fields, on which the preferen- 
tial adsorption of linearly arranged electron donating groups is easy to visualize. 
Alternatively, these lines of sites might correspond to linear lattice defects or crys- 
tallite edges. 

Fig. 7. Hypothetical view of alumina surface showing regular array of exposed aluminum atoms 
and resulting line-of-sites. 

As a final commentary on the nature of the alumina sites responsible for the 
weak class I localization of the aromatic hydrocarbons and their halo derivatives (as 
in Fig. 5), it is interesting to compare the adsorption of these two groups of solutes on 
alumina verszcs silica. The aromatic hydrocarbons are believed14 to localize on surface 
silanol groups in the case of adsorption on silica, and the resulting relationship 
between solute adsorption energy and solute molecular structure is markedly differ- 
ent for silica relative to alumina. Similarly, the adsorption of the haloaromatics on 
silica does not at all resemble their adsorption on alumina, as may be seen from the 
data of Table XI. Here, log R” values for the halobenzenes on 2.5 y. 1-120-AlSO, 
are given, and the intrinsic adsorption energy Q”g of the various aromatic halo groups 
calculated as previously for alumina. Whereas Q”g for the adsorption of these halo -_ 

TABLE XL 

ELUTION OF THE HALOBENZENES FROM 2.5% H,O-SO, (DAVISON CODE 12)~~ DENTANE 

SoEute Log 2” a QOi 

Benzene 0.79 
i’l Fluorobcnzenc 0.64 -0.06 
.,, Chlorobenzenc 0.59 -0.06 

Bromobenzene 0.62 --o.o3 
Iodobenzenc 0.64 -0.01 
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groups on alumina ranges from 0.27 to 0.77, on silica the average value of 8”~ is zero 
within experimental error (- 0.04 & 0.02). That is, these aromatic halo groups show 
no tendency. to adsorb on the silica surface from pentane. From these two observations 
we conclude that the alumina sites responsible for weak localization effects appear 
quite different from the sites responsible for normal adsorption on silica; these alumina 
sites are, therefore probably’surface or second row aluminum atoms rather than hy- 
droxyl groups. 

The existence of large, positive As values for the ,4-halobiphenyls remains an 
anomaly in terms of the preceding theory, which is concerned only with how solutes 
suffer adsorption energy losses (minus A$ values) through delocalization of adsorbing 
solute groups. Nevertheless, these positive A$ values for the 4-halobiphenyls appear 
to be related to the di and S,, values of the remaining haloaromatics and aromatic 
hydrocarbons in Tables I-VI, since the effect of strong eluent type and adsorbent 
activity on all of these various AZ and S,, values is quite simiiar (i.e. Eqn: (5) holds). 
These positive A$ values for the 4halobiphenyls are reminiscent of the adsorption 
behavior of the +polyphenylsa, which also show larger than predicted x0 values, as 
well as eluent and adsorbent activity effects of the type governed byl3qn. (5). 

Values of Sg may be defined for a sohte, analogous to S,, for a solzcts pair, and 
calculated from Eqn. (5) with Aa replacing A,, and St replacing S1,. 

In Fig. 8 we have plotted Sg values for the p-polyphenyls (circles) relative to 
biphenyl, Z~SYSUS solute length*. St is seen to be a marked function of solute length, 

II- / -4 

SOI+T& LENGTH a. 
Fig, 8. Dependence of* solute Ss vdues on solute length 
polyphenyls; T = p-halobiphcnyls, 

fused hydrocarbons; P- 

rising sharply for lengths greater than 19 A, and eventually leveling off for lengths 
beyond 22 A. If we assume that 25~ for these and other solutes is in fact governed by 
solute length, then we can calculate St for the solutes anthracene, triphenylene, and 
picene for inclusion in Fig. S. Phenanthrene and triphenylene have the same lengths as 

* This calculation was performed as follows: values of R” for the #-polyphenyls from benzene 
through +quinquephenyl were available from a previous stFdye.; AZ was assumed zero for benzene 
and biphenyl, and Eqns. (I) and (2) then predict that R” for a p-polyphenyl,with n phenyl rings is 
given as RI, 9*n-1 where RI, is the R” value for bcnzene~solute) and Y is the ratio of A’. values for 
biphcnyl to benzene: At was th&r calculated as in Eqn. (3), and St calculated as2&s(, as in 
Eqn. (5) for S,,, 

Y 
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biphenyl, so the Si values of anthracene and chrysene relative to biphenyl, are simply 
the S, 2 values of the two solute pairs anthracene/phenanthrene and chryseneltriphen- 
ylene. r,z,3,4-Dibenzanthracene has approximately the same length as anthracene, 

” so S,, for picene is approximately,the sum of S L2 values for the two solute,pairs picene/ 
1,2,3,4-dibenzanthracene and anthracene/phenanthrene. The resulting S$ values for 
the hydrocarbons anthracene, chrysene, and picene (relative to biphenyl) are ‘also 
plotted zwwus solute length in Fig. 8 (squares). Finally, the Sg values of the various 
4-halobiphenyls (defined relative to biphenyl) are also included in .Fig. 8 (triangles). 
A single smooth curve is seen to fall on top of all of these data, suggesting that a 
common adsorption mechanism is determining the large, positive ‘values of ds in each 
of these three classes of solutes. Previously this effect has been attributed7 to the 
localization of aromatic hydrocarbons on strong adsorption sites, where longer solute 
molecules have a greater chance for simultaneously overlapping two such strong 
sites; in terms of this explanation, the plot of Fig. 8 would suggest an average spacing 
of about 13 A between strong sites. However, the size of the limiting value of Sj, 
which corresponds to the adsorption energy of about IO aromatic carbons,. makes 
this explanation completely untenable in terms of a preceding analysis14 of adsorption 
on heterogeneous surfaces. Thus, the adsorption energies or So values of benzene and 
naphthalene (whose lengths are well under IO A,, the threshold length in .Fig. 8) are 
in close proportion to the number of aromatic carbon atoms in each solute’molecule. 
The separated strong site hypothesis (13 A spacing of sites) would predict that benzene 
is localized on a strong site, -with its adsorption energy or So value some 3.2 units 
higher than for non-localized adsorption, and that the second four carbons of naphtha- 
lene are not localized with the increase in adsorption energy proportionately smaller 
(see discussion of adsorption of fused aromatic ,hydrocarbons on silica, ref. 14) ; this 
is clearly not the case. Moreover, the advantage of initial adsorption of an aromatic 
solute on a strong site, d.S” equal 3.2 units, is actually much larger than the observed 
So value for benzene (1..86 units). These various considerations suggest that the ad- 
sorption of solutes less than IO L% long do not experience strong localization, while 
for longer solutes some new adsorption phenomenon is becoming available for stab- 
ilizing the solute in the adsorbed phase. One possibility, for which there is no sup- 
porting physical evidence, is a concerted adsorption mechanism at two widely sep- 
arated, potentially strong sites, where the adsorbing molecule actually serves as a 
bridge for interaction of the two sites. For example, an electron might be added to one 
end of the adsorbing solute, and removed from the other; or a positively and nega- 
tively charged site pair might be neutralized by interaction with the same adsorbed 
solute, Until additional information is uncovered about the fundamental aspects of 
this phenomenon, however, further speculation does not appear warranted. 

Because the various dt values in class I isomers are “unique” functions of 
eluent and adsorbent activity (Eqn. 5)) these effects are grouped in the x.4 ea8 term 
of Eqn. (2) ; that is, dr = dCa,. 

CLass II agtd III isomers 1’ : 
ysp.* It has already, been noted that. the A,, values ,of the solutes. of ,Table VII.1 
+,.,folloti the, same .trends with isomer structure as in the haloaromatics and hydro- 

carbons of Tables ,I-VI : preferential adsorption of o&o and Sara .disubstituted hen: 
zenes and z-substituted naphthalenes. Several of the solutes of Table VIII, however, 
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do not obey Eqn. (5) with respect to the effect of adsorbent activity and eluent type 
upon relative isomer separation or d,, value. This suggests that for some of the solutes 
of Table.VIII weak localization (as in the case of the haloaromatics and aromatic 
hydrocarbons) is not responsible for these differences in isomer adsorption, Previous 
studies3 have established that solutes with one or more strongly adsorbing solute 
groups (e.g. methoxy, nitro, acetyl, etc.) tend to localize on strong adsorbent sites; 
with resultant delocalization of the remainder of the solute molecule. Thus, in a 
solute such as $-dimethoxy benzene, one methoxyl group tends to become attached 
to a strong site, with the remaining methoxyl group then delocalized, Strong locali- 
zation effects of this sort should logically preclude weak localization as in the 
various solutes of Tables I-VI (e.g. as in Fig. 5). In the ovtlzo disubstituted benzenes 
where one’or both groups are strongly adsorbing, previous studies6 have shown that 
an &ho arrangement of two adsorbing solute groups (class II b) strongly increases 
solute adsorption energy by permitting simultaneous interaction of the two groups 
with a single site; the pronounced preferential adsorption of the ortho isomers of 
Table VIII suggests that the same phenomenorris involved with these solutes as well. 
The difference in adsorption between the nzeta and para isomers of Tab1.e VIII can 
reasonably be ascribed to electronic effects (class III) of the kind embodied in Fig. 3 
and Eqn. (6)) as may be seen from the calculated do and d 1 2 values of Table VIII for 
these solutes, which assume electronic activation of the strongest adsorbing (localized) 
solute group by a meta or para substituent. The standard deviation of these calculated 
and experimental values is & 0.14 units, and the experimental do and d,, values are 
plotted wwcs calculated values in Fig. g. It seems clear from the latter plot that the 
major differences in the adsorption of these tizeta and para isomers are explained. by 
simple electronic activation of the localized solute group. Similarly, it is possible 
to explain the weaker adsorption of the r-substituted naphthalene derivatives of 
Table VIII by steric hindrance of the B-hydrogen (class IIa), just as in the ortho 
methyl benzene derivatives of Fig. 4. The data of Fig. g do not include the chloro- 

+ 0.4 

Air o 
42 

ExP+* _ 0.4 

Fig. g. Cdculation of isomer electronic effects for solutes of Table VIII by Eqn. (6). 

anilines of Table VIII, because these solutes are believed to adsorb by a dual acid- 
base mechanisma, and the simple,treatment implied in Eqn. (6) does not apply without 
elaboration. In ‘the case of the benzcarbazole isomers, the preferential adsorption of 
the 1,2-isomer at lower adsorbent activities has previously been ascribed9 to the fact 
that the pyrrole derivatives ,adsorb by proton transfer; and crowding the nitrogen 
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proton by o&ho substitution as in x,2-benzcarbazole increases the proton acidity .and 

adsorption energy of the N-H group. The preferential adsorption of the 2,g-isomer at 
higher adsorbent activities appears to be the same sort of effect as noted in the $- 
polyphenyls and other solutes of Fig. 8 ; by comparison of the 2;3- and 3,4-isomers 
(where steric effects are absent) in terms of Fig. 8, with correction for the adsorbent 
activity and eluent type, we would calculate for 2.7 o/o H,O-hl,O3 and methylene 
chlor+ide eluent, d 12 equal 0.49 (zleysws 0.33 experimental). 

Since class II and III isomers appear to be free of “unique” eluent and adsorb- 
ent activity effects, their dt and dl, values are grouped in the c 2”~ of Eqn. (2) ; 

i.e. Aa = a q”j. 

FURTHERVERIFICATION OF EQN. (I) FORVARYING ADSORBENT ACTIVITY 

For a given eluent and solute, the effect of varying adsorbent activity on solute 
retention volume is easily predicted from Eqn. (I). Given a value of ,R” at ant; ad- 
sorbent activity, the quantity (So - ESA J can be calculated (assuming 2 A eas = o) , 
and values of ,R” at other adsorbent activities estimated, using previously tabulateddt 10 
values of the adsorbent parameters v”a and a.. Previous tests of Eqn. (I) in this con- 
section, however, have been largely limited to the aromatic hydrocarbons as solutes 
and only a few eluents (e.g. pentane, Ccl,, benzene) of weak to moderate strength.’ In 
view of the peculiar dependence of the hydrocarbon and haloaromatic d,, values on 
adsorbent activity (i.e. correlating with a$ rather than with a), it seems .worthwhile 
to further evaluate the general accuracy of Eqn. (I) as regards dependence of E” on 
adsorbent activity. Table XII presents experimental ,R” data for II different solute/, 
eluent combinations at 3 :or 4 differ&t adsorbent activities. The solute and eluent 
types represented in Table XII cover a wide range of molecular structures and ad- 
sorption aflinities. Values of (So - s”A ,J for each soluteleluent combination were 
calculated from the &” values for 3.7 oA l&O-Al,O,, arid are listed in Table ‘XII. 
x0 values for the remaining adsorbent activities were then calculated from Eqn. (I). 

These calculated E” values are included in Table XII, and the average standard 
.deviations at each adsorbent activity between ‘experimental and calculated R_“‘values 
,are shown at the bottom of Table XII. The uncertainty’of’the calculated R” values 
:is seen to increase with decreasing adsorbent activity, as expected.‘from the’ corre- 
spondingly greater extrapolation of Eqn. (I) involved. Deviations of calculated from 
*experimental go values appear randomly distributed, showing no trends with eluent 
type or So value of the solute; this suggests that Eqn. (I) is basically correct as 
regards the dependence of no on adsorbent ‘activity:Most previously reported data 
.for LEAC separation have been determined for 3,7-4.0 y0 H,O-Al,O;; the extrapo- 
lation of these B” values to higher adsorbent activities is seen from Table XII to 
involve an uncertainty of 0.1 to 0;2 log units. The, syste’m ‘N-methyl-i-quinolone/ 
edioxane in Table XII, which is not included in the standard’deviations at the bottom 
-of Table XII, fits Eqn. (I) only poorly: the standard deviation for this system is’over 
three times the average standard deviation for the remaining 10 solute/eludnt @is- 

ZTterns of Table XII. Dioxane (EO = 0.56*) is considerably stronger than the remaining 
.., 

* The value for dioxanc has previously been reported6 as somewhat higher (0.63). The 
.present: value (0.56) is believed to reflect greater purity of the dioxane used in acquiring the data 
.of Table XII. This change in go for dioxanc has no effect on the calculations based on this eluent in 
preceding papers. ’ 

J. Cltvomalog., 20 (1965) 465-495 



492 L. R. SNYDER 

TABLE XII 

TEST OB EQN. (I) FOR VARYING ADSORBENT ACTIVITY 4 
4 

Solute Eluent Log R_” So-d & 

0.7% r*7% 2.7 % 
u,o- N,O- 

;;7YJl 

A&O, 
2 - 

A Z,O, AJ2% 
-_ 

G-Chloroquinoline (kxptl.) 
(talc J * 

Quinoline (expt1.j 
(talc.) 

lXmethylphtlIalatc (exptl;) 
(talc.) 

Standard deviation between cal- 
culated and experimental 
values” 1 

pentane 

pentane 

pentane 

pcntanc 

ccl, 

benzene 

ethyl ether 

CI-I,CI, 

cl-I,Cl, 

benzene 

dioxane 

0.16 
0.34 
1.36 
1.36 
I.71 
I.73 
2.76 
2.54 
1.J.I 

0.5s 

0.72 
oi98 

I.94 
1.67 
1.85 
I.73 
o-47 
1.00 

& 0.20 1tOo.15 

-0.05 
0.05 
I .05 
0.95 
1.28 

I .28 

2.27 
2.00 

0.66 
0.53 
1.24 
1.21 

0.4s 
0.62 
0.51 
0.59 
I.35 
I.23 
1.48 
1.28 
0.13 
0.63 

-0.27 
-0.23 

0.61 
0.59 
0.93 
0.89 
1.70 

I a55 
0.32 
0.21 

0.75 
0.83 
0,22 
0.29 
0.19 
0.26 
o-99 
0.85 
1.13 
0.89 

fo.12 

--0.53 
- 

0.24 
- 

0.52 
- 

1.11 
- 

-0.13 
_- 

0.45 
- 

-0.05 
- 

-0.08 

0~46 
- 
0051 
- 

-0.04 
- 

1.g2 

3.09 

3.54 

4.45 

2.54 

3.43 

2.66 

2.62 

3.45 

3.52 

2.68 

l Using Eqn. (I) and value of (So-Ass’) calculated from R,” for 3.7% N,O-A120,. 
* l Ignores values for N-methyl-2-quinolone elutcd by dioxane. 

eluents of Table XII (co < 0.42), suggesting that Eqn. (I) may become less accurate 
for extrapolation of n O values to higher ,adsorbent activity when eluent strength 
exceeds,some. intermediate value (go N 0.5). 

It is theoretically reasonable that the actual change in no for dioxane as 
eluent is less than predicted, since as the strength of the eluent continues to increase it 
must eventually begin to compete with .water for the strongest adsorption sites. 
Ultimately, in the case of eluents as strong as water, water deactivation of the adorb- 
ent would have ?ao effect on activity or X0. 

An additional test of Eqn. (I) with respect to varying adsorbent activity is 
provided by values of OCE~ calculated from the data of Tables III-V for the weaker 
adsorbing hydrocarbon, isomers (phenanthrene, triphenylene, and r ,2,3,4-dibenz- 
anthracene, where d , 2 ‘does not form part of the. calculation of 3”). These experi- 
mental aso values can be compared with values calculated from so values for the 
pure eluents, .or from Eqn, (8) (see ref. 2) for binary eluents: (, ‘. 

aEaAn 

log Xn 10a~l,Ch3-~~.i) + I - Xn 
= ca0A + ------w----P__ 

nb 
(8) 

I/ 
XB refers to the mole fraction of the stronger eluent component in the binary, nb is 
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the R 6 value of the strong eluent component, and r OAB, E On, and EOB refer, respectively; 
to the so values’of the binary, of the weak eluent, and of the strong eluent. Eqn. (8) 
accurately describes the aso values of binary eluents for adsorption on 3.5-4.0 y0 
H,O-Al,O, (e.g. 2.5). Experimental and calculated values of aso from Tables III-V 
for 0.7 and 2.7 y0 l&O-Al,O, are compared in Fig. IO. With the exception of data 
for the acetone-pentane and pyridine-pentane mixtures (crosses), reasonable agree- 
ment is observed between experimental’and calculated OCEO values. The average error 

d&O 
(Expt.1 

Oc E” (Calc.1 
Fig. IO. Calculation of clucnt strength for various cluents of Tables IIITV. 0.7% H,O-A&O,: 

$ 
= benzene-pentsne binaries: 0 = Ccl,-pentane binaries; q ‘= C.FI,Cl,-pcntnne binaries; 
= isopropyl chloride-pentane binaries ; m = ethyl ether-pentanc bina&es. 2.7 o/o H,O-AZ,03 : 

0 = benzene-pcntanc binaries: + == Ccl,-pentano binaries; I = CI&Cl,-pentane binaries; 
v = isopropyl chloride-pentane binaries : m = ethyl ether-pentane binaries; $ = phenetole- 
pentane binaries: x = acetone-pentane and pyricline-pentane binaries. 

in the calculated values is 0.022 units, corresponding to an uncertainty in log _X” for 
the average solute of about 0.2 units. This compares closely to the uncertainty in 
calculated values of Table XII for adsorption on 0.7-2.7 o/o l&O-Also,. No trends in 
the error of calculated values with eluent strength or adsorbent activity can be dis- 
tinguished in Fig. IO. In the case of the binaries containing the very strong eluents 
pyridine (EO = 0.71) ‘and acetone (so = o.gG), the calculated ~CEI values are less 
accurate again suggesting the inapplicability of Eqn. (I) in predicting changes in B” 
for changing adsorbent activity, when very strong eluents (go > 0.5) are involved. 
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GLOSSARY OF TERMS 

Solute surface volume, approximately proportional to area required 
by solute upon adsorption. 
Localization function for solute strong adsorbing group 12. 
Value of A 8 for the strong eluent in a binary eluent solution, 
Solute geometry factor. 
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SUMMARY 

L. R. SNYDER 

Adsorption energy of solute groups i and x from pentane onto calcined 
adsorbent. 
Intrinsic adsorption energy of group i, equal QOf corrected for acti- ‘2 
vation of benqene ring attached to i. 
Ratio of retention volumes for two isomers, r = RJR,. 
Sdlute linear equivalent retention volume (ml/g). 
Value of no for pentane eluent. 
Values of _X O for isomers I and 2. 
Steric factor proportional to size of group Y; see Eqn. (7). 
Solute adsorption energy from pentane onto calcined adsorbent. 
Solute geometry factor for weak localization; ads = a.&~, analogous 
to Ecln. (5). 
Difference in Ss values for isomers I and 2 ; see Eqn. (5). 
Mole fraction of strong eluent B in binary eluent mixture. 
Solute groups. - 
Adsorbent surface volume (ml/g). 
Adsorbent activity function.’ 
Adsorbent activity function for 
localization; see Eqn. (5). e 

Solute geometry factor, equal oc i; 
Values of Ad for isomers I and 2. 
(&), - (&)s: see Eqn. (4) 

isomer effects arising from weak 

q”j + C&as; defined in Eqn. (3). 

Value of q”j arising from electronic interaction of two solute groups 
X and Y; see Eqn. (6) ; called A5,j in part X. 
Value of q”f arising from steric interaction of two solute groups X and 
Y ; see. Eqn. (7). 
Eluent strength parameter. 
Eluent strength of binary solution (A-B). 
Eluent strengths of solvents A and B. 
Eluent-isomer parameter for relating weak localization effects to 
eluent type ; see Eqn. (5). 
Adsorbent linear capacity (ml/g). 
HAMMISTT functionla. 
Value of Q for solute group Y which is electronically activating group X. 

Average value of A I ,Jac$ for one isomer pair-eluent type combination ; 

equal C Al&Z a$. 

The separation on alumina of a number of isomeric aromatic hydrocarbons and 
their substituted derivatives has been investigated. Several factors which affect the 
relative separation of such isomers have been established. For solutes without ,, 

strongly adsorbing groups (Q”t > I), there is a marked tendency for the adsorption of 
the longest isomer, and the relative separation ,of such isomers is strongly dependent 2 
upon both the. eluent type and adsorbent activity used. Solutes with strongly ad? I, 
sorbing groups show, a general.preference for the adsorption of that isomer in which 
electron donation, to the strongest adsorbing group Jy other. solute groups is greatest., ,:: 

:, 
,, i 
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Orllzo isomers (where adsorbing solute groups sterically interact) may be more or 
less strongly adsorbed than other isomers: where two adsorbing groups are &ho 
to one another (e.g. o-dichlorobenzene) , adsorption of the isomer is generally increased; 
where one of the ortko groups is non-adsorbing (e.g. o-chlorotoluene) , adsorption of 
the isomer is generally decreased. Alumina containing 2.5-3 yO water appears opti- 
mum for the separation of aromatic isomers. The separation of polynuclear aromatic 
hydrocarbons on alumina is discussed. The effect of adsorbent activity on other 
separations over alumina has been re-examined, and earlier conclusions have been 
largely confirmed. An effort ‘has been made to further elucidate the various mechanisms 
of adsorption on alumina. 
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