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ABSTRACT: The adsorption parameters (a) of 45 olefinic liquids with respect to poly-
(styrene-co-divinylbenzene) were established gravimetrically in the usual way. Those
for the structures that comprise RaRbCACRcRd, where each R is H or an alkyl group,
can be fitted to log af 5 log ai 2 Ds(Nf 2 Ni) relationships, where Ni and Nf are the
initial and final number of mass units in the subseries of the above general molecular
structure (GMS). The constant ai reflects the number of methyl groups in lieu of H
atoms and their positional relationship to each other on the double bond, whereas the
constant Ds reflects the unit change in log ai caused by incrementation of a (CH2)nR
substituent from n 5 1 to its allowable limit while the rest of the molecular structure
is kept constant. The results observed thereby confirm that these adsorption phenom-
ena involve a liaison between the pendent phenyl groups of the sorbent polymer and the
double bond of the sorbate liquid. The adsorption data accumulated in these studies
show that in the cases of olefinic liquids carrying other kinds of functional groups, such
as aromatic or ether groups, the adsorption preference usually favors the other func-
tionality, leaving the olefinic group in the “nonadsorbed” portion of the adsorbed
molecule where it can exert a positive influence on adsorptivity due to dynamic asso-
ciative interactions with the mobile sorbed molecules of its own kind. © 1999 John Wiley
& Sons, Inc. J Appl Polym Sci 73: 1583–1609, 1999
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INTRODUCTION

Earlier publications1 in this series, devoted to
studies of liquid sorption by poly(styrene-co-divi-
nylbenzene) [hereinafter referred to either as
poly(Sty-co-DVB) or (Sty)12x(DVB)x], reported the
concept of an adsorption parameter for the sorbed
liquid with respect to the sorbent polymer. This
parameter is defined as the number (a) of ad-
sorbed molecules per accessible phenyl group in
the polymer at liquid saturation. It can be estab-

lished gravimetrically by means of a set of six
(Sty)12x(DVB)x samples having known values of x
as described in considerable detail elsewhere1–16

and recounted briefly here in the Experimental
Section. The a values reported thus far (.500)
range from 0 to 4, and they are reproducible to
within 60.01. These values reflect very sensi-
tively the molecular structure of the adsorbed
species and how it is accommodated by that of the
repeat unit in the polymer. Consequently, they
are particularly useful in adsorption studies in-
volving homologous series (based on the atom or
functional group having the relatively stronger
affinity for the polymer) in which one variable in
a homologous series having a given general mo-
lecular structure (GMS) is incremented systemat-
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ically from 1 to its allowable limit while the others
are held constant. It was observed in such stud-
ies2–16 that the logarithms of the a values deter-
mined for a given homologous subseries exhibit a
linear relationship with the total number (N) of
methylene mass units (or the equivalent) as ex-
pressed by eq. (1).

log af 5 log ai 2 Ds~Nf 2 Ni! (1)

Here Ni and Nf are the initial and final N values,
respectively, of the homologous series being con-
sidered; ai and af are the corresponding a values;
and Ds is the characteristic decrementation con-
stant (i.e., the decrease in log a per unit increase
in N) for that series. Thus, after only a relatively
few a values for some of the key smaller molecules
were established experimentally, it was possible
to calculate with reasonable confidence those for
the many other molecular permutations that com-
prise the GMS classification.

The above studies also demonstrated that the
mode of adsorption to the adsorption site (in this
case the pendent phenyl group of the polymer at
liquid saturation) is a most important uncon-
trolled variable that must remain constant if the
network of log a versus N linear relationships
(i.e., vectors in multidimensional space) is to re-
produce the experimental data. A change in the
mode of adsorption within a given homologous
series is signalled by a sharp progressive devia-
tion from linearity, as illustrated by several ex-
amples reported in the literature.11–15

Our preceding publication16 reports that even
saturated hydrocarbons, which bear neither a
hetero atom nor a functional group, have a small
but measurable affinity for poly(styrene). The log
a versus N relationship for the linear series
H(CH2)nH, however, is abnormal in that the dec-
rementation constant [Ds; eq. (1)] is 0 (or slightly
less than 0) for n , 6, such that af may have a
maximal value of 0.08 6 0.04 at about n 5 6. It
was inferred from this observation that the mode
of adsorption of these molecules may involve a
liaison not only with the pendent phenyl group of
the polymer but also with the backbone, because
the magnitude of the attractive forces involved
are so small that they approach those reported for
self-association between H(CH2)nH molecules
when n . 6.17–19

The log a versus N linear relationship for the
cyclic (CH2)n series, however, is quite normal (ai
5 0.863 at n 5 4; Ds 5 0.0875 from n 5 4–10); and

it is almost parallel to but below that (ai 5 3.25 at
n 5 3; Ds 5 0.0888 from n 5 3–8) for the corre-
sponding cyclic ether series (CH2)nO (see fig. 2 of
Errede and Tiers16). The displacement between
the two linear relationships reflects the affinity of
the ether oxygen atom relative to that of the
methylene unit, despite the statistical factor that
favors the latter. It was inferred from this obser-
vation that the mode of adsorption for (CH2)n [see
fig. 1(b) of Errede and Tiers16] is essentially the
same as that suggested for (CH2)nO [see fig. 3(d)
of Errede and Tiers14; i.e., the association is pre-
dominantly with the pendent phenyl groups of the
polymer] and that the attitudinal angle (f) at
which the ”nonadsorbed” portions of the cyclic
structures that comprise these two series project
away from the adsorption sites are about the
same.

Having established the above reference data
base, we were in a position to elucidate how sys-
tematic changes in the molecular architecture for
the corresponding acyclic olefinic liquids affect
not only the attitude in the mode of adsorption
but also the polarizability–polarizability interac-
tions of these molecules with the pendent phenyl
groups on the polymer, the net effect of which
determines the respective a values. The purpose
of this publication is to report the results ob-
served in these sorption studies and the conclu-
sions derived therefrom.

EXPERIMENTAL

The set of six composite film samples, which were
employed as the polymeric sorbent in all our pre-
vious studies of (Sty)12x(DVB)x swelling to satu-
ration in hundreds of test liquids, were used
again in this study of sorption of acyclic olefinic
liquids. A large portion of this study was carried
out before each of the original set of composite
film samples had been subdivided into five un-
equal smaller portions (as described in our publi-
cation regarding sorption of sulfur-containing liq-
uids15), which was done to permit us to use a
“scaled down” version of the original protocol in
the evaluation of liquid samples that were only
available to us in small amounts (,10 mL). The
procedure for making these composite film sam-
ples, comprising (Sty)12x(DVB)x particles (.80%
by weight) enmeshed in polytetrafluoroethylene
microfibers, and the distribution of these particles
in the microporous composite films produced
thereby (see figs. 1, 6, 7, and 20 of Errede1) are
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described in considerable detail elsewhere.1–12

Reagent grade samples of test liquids were ob-
tained from commercial sources, and they were
used as such without further purification.

A set of composite film samples, each having a
known value of x (i.e., x 5 0.01, 0.02, 0.03, 0.04,
0.08, or 0.11), was allowed to swell to saturation
in excess test liquid at 23 6 1°C. Thereafter, the
volumes (S) of sorbed liquid per gram of en-
meshed particles in these samples were deter-
mined gravimetrically in the usual way.1–12 The
slope of the straight line, obtained when the S
values are plotted as a function of the correspond-
ing cube root of the average number l [i.e., the
ratio (1 1 x)/x calculated for the sample having
the average composition (Sty)12x(DVB)x] of back-
bone carbon atoms between covalent crosslinked
junctions in the respective samples, identifies the
relative swelling power (C, in milliliters of ad-
sorbed liquid per gram of particles) of the sorbed
test liquid in accordance with eq. (2).

S 5 C~l1/3 2 lo
1/3! (2)

Here l0 is the value of l extrapolated to S 5 0.
The corresponding adsorption parameter (a) was
calculated from the observed C values by means
of eq. (3).

a 5 104Cd/M (3)

The letters d and M refer to the density and
formula weight, respectively, of the test liquid.

The Flory–Huggins interaction parameter (xy)
is also calculated from C by means of eq. (4) as
described elsewhere.20

xy 5 0.49 1 1.01y 2 0.61yC (4)

Here y is the volume fraction of the polymer in the
polystyrene–liquid system. Because it was noted
that xy is most sensitive to the molecular struc-

Table I Monosubstituted Olefins CH2ACHR

No. R bp (°C) N d lo
1/3 C a x1

1 O(CH2)3H 30 5 0.640 1.71 0.26 0.25 1.34
2 O(CH2)4H 64 6 0.673 1.72 0.38 0.31 1.27
3 O(CH2)5H 94 7 0.697 1.71 0.36 0.27 1.28
4 O(CH2)6H 122 8 0.715 1.71 0.34 0.23 1.29
5 O(CH2)7H 146 9 0.730 1.71 0.34 0.20 1.29
6 O(CH2)8H 168 10 0.741 1.80 0.31 0.17 1.31
7 O(CH2)9H 192 11 0.750 1.81 0.24 0.12 1.35
8 O(CH2)10H 213 12 0.758 1.65 0.18 0.08 1.39
9 OCH(CH3)2 20 5 0.627 1.40 0.18 0.17 1.39

10 OC(CH3)3 41 6 0.653 1.71 0.079 0.064 1.45
11a OCH(CH3)CH2CH3 54 6 0.670 1.70 0.16 0.14 1.40
12a OCH2CH(CH3)2 53 6 0.665 1.80 0.22 0.18 1.37
13 OSi(CH3)3 55 7 0.649 — ,0.01 ,0.01 .1.5
14 OCH2Si(CH3)3 84 8 0.719 — ,0.01 ,0.01 .1.5

N, total number of methylene mass units or equivalent; d, density of the liquid; lo
1/3, value of l1/3 extrapolated to S 5 0; C,

relative swelling power, as defined in eq. (2) [those for samples having bp , 60°C were determined at least 4 times as described
in the text]; a, adsorption parameter, as defined in eq. (3); x1, Flory–Huggins interaction parameter, calculated using eq. (4).

a Determinations made using the scaled down version of the original analytical procedure as described in the Experimental
Section.

Table II a,v-Divinyl-Substituted Polymethylenes CH2ACH(CH2)nCHACH2

No. n bp (°C) N d lo
1/3 C a x1

15 2 60 6 0.692 1.40 0.49 0.43 1.20
16 4 114 8 0.746 1.10 0.46 0.32 1.22
17 6 169 10 0.750 1.50 0.40 0.23 1.26
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ture of the sorbed species at y 5 1 (see fig. 4 of
Errede and Tiers16), only the x1 values are re-
ported in Table I. The xy values at any other value
of y can be calculated using eq. (5).

xy 5 0.49 1 y~x1 2 0.49! (5)

The a values for analytes having low swelling
power (C , 0.4) and low boiling points (bp ! 60°C)

Table III Polysubstituted Ethylenes R1(R2)CACR3(R4) Where Ri 5 (CH2)nH and n 5 0–8

No.

Value of n in Rn

5 (CH2)nH

N d lo
1/3 C a x1Ra Rb Rd Rd

bp
(°C)

Disubstituted
18a gem 0 0 1 2 31 5 0.650 1.85 0.34 0.33 1.29
19a 0 0 1 3 62 6 0.682 1.62 0.36 0.30 1.28
20a 0 0 2 2 64 6 0.680 1.75 0.38 0.32 1.27
21a trans 0 1 2 0 37 5 0.650 1.95 0.36 0.34 1.28
21aa 98% 0 1 2 0 37 5 0.647 1.80 0.33 0.32 1.30
22a 0 2 2 0 67 6 0.677 1.60 0.34 0.29 1.29
23a 0 1 4 0 98 7 0.701 1.64 0.30 0.22 1.32
24a 0 3 3 0 122 8 0.715 1.80 0.31 0.21 1.31
25a cis 0 1 0 2 37 5 0.650 2.10 0.44 0.43 1.23
26a 0 1 0 4 98 7 0.708 1.72 0.50 0.37 1.20
27a 0 1 0 iso-pr 57 6 0.671 1.60 0.19 0.16 1.38
Trisubstituted
28a 0 1 1 1 35 5 0.662 1.77 0.38 0.37 1.27
29a 0 1 2 1 69 6 0.698 1.45 0.43 0.37 1.24
30a 0 2 1 1 67 6 0.690 1.40 0.26 0.26 1.34
Tetrasubstituted
31a 1 1 1 1 73 6 0.708 1.70 0.57 0.49 1.15

a Determinations made using the scaled down version of the original analytical procedure as described in the Experimental
Section.

Table IV Miscellaneous Olefins Having a Second Functional Group

No. Molecular Structure N d lo
1/3 C a x1

32a CH3SCH2CHACH2 6 0.878 1.87 1.88 1.94 0.35
33a C6H5CHACH2 8 0.909 1.85 2.09 1.91 0.23
34 C6H5CH2CHACH2 9 0.892 1.87 1.92 1.51 0.33
35 C6H5OCH2CHACH2 10 0.978 1.88 1.99 1.51 0.29
36 trans CH3O2CCHACHCH3 7 0.944 1.70 1.49 1.46 0.59
37 trans H(CH2)2O2CCHACHCH3 8 0.918 1.81 1.51 1.26 0.58
38 H(CH2)3CO2CH2CHACH2 9 0.902 1.70 1.24 0.90 0.74
39 CH3CO2CH2CHACH2 7 0.928 1.70 0.90 0.86 0.95
40 O(CH2CHACH2)2 7 0.803 1.72 1.37 1.17 0.66
41 H(CH2)2OCH2CHACH2 6 0.760 1.75 1.10 1.01 0.83
42 H(CH2)3OCH2CHACH2 7 0.767 1.65 0.99 0.79 0.90
43 H(CH2)4OCH2CHACH2 8 0.783 1.65 0.88 0.62 0.96
44 (cyclo C6H11)CHACH2 8 0.805 1.70 1.04 0.79 0.86
45 CH2ACHCH2C6F5 10 1.358 2.60 0.57 0.38 1.15

a Determinations made using the scaled down version of the original analytical procedure as described in the Experimental
Section.
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Table V log af 5 log ai 2 DS(Nf 2 Ni) Relationships for Various Olefinic Series

GMS and Subseries Series No. ai : Ni Ds af:Nf r2

cyclic (CH2)n Reference line in
Figure 1

0.863:4 0.0875 [0.172]:12 40.993

CH2ACHCH22q(CH3)q(CH2)n21H
q 5 0, n 5 2–8 1 [0.418]:4 0.06406 [0.129]:12 40.9992
q 5 1, n 5 2–9 1a 0.164:5 0.0504:13
q 5 1, n 5 2–9 1b 0.064:6 0.0197:14

1Srs 2 1Srs 2h
q 5 0–2, n 5 2 2 [0.418]:4 0.4075 0.064:6 40.9994
q 5 0–2, n 5 3 2a [0.361]:5 0.0557:7
q 5 0–2, n 5 4 2b 0.31:6 0.0475:8
q 5 0–2, n 5 5 2c 0.27:7 0.0413:9
q 5 0–2, n 5 6 2d 0.23:8 0.0352:10
q 5 0–2, n 5 7 2e 0.20:9 0.0306:11
q 5 0–2, n 5 8 2f [0.173]:10 0.0265:12
q 5 0–2, n 5 9 2g [0.149]:11 0.0228:13
q 5 0–2, n 5 10 2h [0.129]:12 0.0197:14

1Srs 1 1Srs 1b
CH2ACHCH2CH32q(CH3)q

q 5 0–3 3 [0.361]:5 0.3018 0.090:7
CH2ACH(CH2)nCHACH2

n 5 1–7 4 0.506:5 0.06794 0.0198:11 40.9990
CH2AC(CH3)(CH2)dH

d 5 1–8 5 0.363:4 0.04139 0.186:11
CH2AC[(CH2)nH]2

n 5 1–8 6 0.363:4 0.02738 0.150:18
CH2AC[(CH2)cH][(CH2)8H]

c 5 1–8 7 0.186:11 0.01335 0.150:18
CH2AC[(CH2)c1nH][(CH2)d1nH]

c 5 1, d 5 2, n 5 0–8 2 d 6a 0.33:5 0.02738 0.155:17
c 5 1, d 5 3, n 5 0–8 2 d 6b 0.30:6 0.160:16
c 5 1, d 5 4, n 5 0–8 2 d 6c 0.272:7 0.165:15
c 5 1, d 5 5, n 5 0–8 2 d 6d 0.248:8 0.170:14
c 5 1, d 5 6, n 5 0–8 2 d 6e 0.225:9 0.175:13
c 5 1, d 5 7, n 5 0–8 2 d 6f 0.205:10 0.180:12

1Srs 5 1Srs 7
trans CH3CHACH(CH2)cH

c 5 1–8 8 0.403:4 0.07512 0.120:11 40.9996
trans H(CH2)nCHACH(CH2)nH

n 5 1–8 9 0.403:4 0.07077 0.0412:18 40.9999
trans H(CH2)bCHACH(CH2)8H

b 5 1–8 10 0.120:11 0.0580 0.0412:18
cis CH3CHACH(CH2)dH

d 5 1–8 11 0.464:4 0.0326 0.273:11
cis CH3CHACHCH22q(CH3)q(CH2)d21H

q 5 0, d 5 2–8 11 0.43:5 0.0326 0.273:11
q 5 1, d 5 2–9 11a 0.16:6 0.0946:13
q 5 2, d 5 2–9 11b 0.0595:7 0.0352:14

1Srs 12 1Srs 12g
q 5 0–2, d 5 2 12 0.43:5 0.4294 0.595:7
q 5 0–2, d 5 3 12a 0.399:6 0.0552:8
q 5 0–2, d 5 4 12b 0.370:7 0.0512:9
q 5 0–2, d 5 5 12c 0.343:8 0.0475:10
q 5 0–2, d 5 6 12d 0.318:9 0.0440:11
q 5 0–2, d 5 7 12e 0.295:10 0.0409:12
q 5 0–2, d 5 8 12f 0.274:11 0.0379:13

1Srs 11 1Srs 11b

ai, af, initial and final a values, respectively, in the series being considered; Ni, Nf, corresponding number of methylene mass
units or equivalent; the bold numerals indicate experimentally determined values.
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are particularly troublesome with respect to at-
taining good reproducibility (i.e., 60.01). This is
not only because of the relatively small difference
in weights of each sample before and after swell-
ing to saturation, but also even more so because of
the rapid rate of evaporation from these samples,
which makes it difficult to establish correction

factors that accurately reflect the weights of re-
sidual sorbed-but-not-absorbed liquid remaining
in the interstices between the enmeshed particles
in the respective composite film samples. In order
to minimize the error from these uncertainties,
the weight of sorbed liquid after attaining satu-
ration was remeasured at least 3 more times.

Figure 1 The log a versus N relationships for monosubstituted olefins and saturated
cyclic hydrocarbons. (- - -) The log a versus N linear relationship for series 2a–2h will
be parallel to that for series 2 and the log a versus N linear relationship for series 1a
and 1b should be parallel to that for the linear portion of series 1. (F) Experimental
data; (J) data obtained by extrapolation or interpolation; (j) phantom data (i.e., data
points that would have been exhibited by the homologous series being considered if it
did not undergo a change in the mode of adsorption characteristic of the series), as
described in the text.
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After each weighing, the liquid-swollen samples
were reimmersed in the test liquid and allowed to
remain overnight therein at 23.0 6 0.1°C before
the volume of sorbed liquid was redetermined
gravimetrically. The averages of the S values ob-
served for each of the composite film samples
were correlated with l1/3 and the best straight
line was established by linear regression to obtain
the corresponding values for C and l1/3

0, as de-
scribed above.

RESULTS AND DISCUSSION

Accumulation of Sorption Data

The acyclic olefinic liquids studied thus far for
which log a versus N relationships are estab-
lished are noted in Table I and (in part) in Figure
1. The data are subdivided into five categories:

1. the monosubstituted ethylenes CH2ACHR
(nos. 1–14 in Table I);

2. the a,v-divinyl-substituted polymethylenes
CH2ACH(CH2)nCHACH2 (nos. 15–17 in
Table II);

3. the disubstituted ethylenes having a gem
CH2ACRc(Rd), a trans (Rb)CHAC(H)Rc, or
a cis (Rb)CHACH(Rd) configuration (nos.
18–20, 21–24; and 25–27, respectively, in
Table III);

4. the trisubstituted ethylenes (Rb)CHACRc(Rd)
(nos. 28–30 in Table III); and

5. the tetrasubstituted ethylenes Ra(Rb)C
ACRc(Rd) (no. 31 in Table III).

The adsorption data for a set of miscellaneous
functional olefins are collected in Table IV (olefins
32–42).

The double bonded carbon atom bearing an H
and an R substituent (or another H) in these
ethylenes is recorded arbitrarily on the lower left
side of the double bond to identify the end actu-
ally making a liaison with the adsorption site; the
rest of the molecule extends away from this site
because of dynamic associative interactions with
the mobile sorbed but not sorbed molecules in the
system at liquid saturation as shown in Figure 2.

The test liquids that were evaluated using the
scaled-down version of the original protocol are
identified in Tables I–IV. The relative swelling
power [C; eq. (2)] of a volatile liquid sample (bp
, 60°C) was determined at least 4 times in order
to ensure good reproducibility of C because of the

observed small degree of swelling and rapid rate
of evaporation as described in the Experimental
Section. The adsorption parameter (a) and the
Flory–Huggins interaction parameter (x) for the
test liquids were calculated from the correspond-
ing observed C value by means of eqs. (3) and (4),
respectively.

Interpretations of Sorption Data

Monosubstituted Ethylenes, CH2ACHR

The data points (Table I) for the olefins
CH2ACH(CH2)nH are recorded in Figure 1,
which shows that the log a versus N relationship
for series 1 (Table V) is linear only for the mem-
bers having n 5 4–7 (D1 5 0.06406; r2 5 0.9992).
The observed deviation from linearity for the
higher members (n , 9) was expected on the basis
of an analogy with the results reported earlier for
similar series having the GMS Z(CH2)nH (e.g., see
figs. 32–36 in Errede1). This form of deviation is
attributable to self-association on the part of the
sorbed molecules due to correlated molecular ori-
entation of methylene units in the segment
(CH2)nH, which becomes significant when n ex-

Figure 2 Suggested modes of adsorption for mono-,
di-, and trisubstituted olefins.
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ceeds a critical value n9 . 6 and usually about 8,
as discussed previously.1,17–19 The exact n9 depends
on the nature of substituent Z that makes a liaison
with the adsorption site (see table 8 of Errede1).

The marked deviation from projected linearity
exhibited by the member having n 5 3 was unex-
pected, however. Although it was not possible to
establish the a values for the lower members (i.e.,
1-butene, propylene, and ethylene, which are
gases at 23°C), it was assumed that a would con-
tinue to decrease as n is decreased. Our studies
involving sorption of carbonyl liquids,* such as
CH3CO(CH2)nH and H(CH2)nCO2CH3, exhibited
patterns similar to that recorded in Figure 1: a
monotonic increase in a from n 5 0 to about 3,
followed by a linear decrease in log a thereafter to
the onset of deviation at n9 5 ; 8. The cause of the
observed maxima exhibited in these series, how-
ever, was not elucidated until our investigations
involving sorption of ethers10–14 and thioethers15

showed that such progressive deviations from lin-
earity exhibited by the members having n , 9 are
caused by a progressive change in the mode of
adsorption.

In the present case, which deals with sorption
of CH2ACH(CH2)nH liquids, it is suggested that
the cause of the observed increase in a from 0.25
at n 5 3 to 0.31 at n 5 4 may be attributed to a
progressive change from the “flat” mode of ad-
sorption believed to be operative for ethylene [Fig.
2(a)] to the more “vertical” mode of adsorption
characteristic for the higher members [Fig. 2(c)]
in which the nonadsorbed segment (CH2)nH ex-
tends away from the adsorption site.

It is also possible that the CH2ACH2, being
free of alkyl substituents, might be able to asso-
ciate simultaneously with two phenyl groups to
produce effective physical crosslinks between
polymer chains as suggested in Figure 2(b). Such
a “bridge” would serve to decrease the magnitude
of swelling accordingly. This phenomenon is anal-
ogous to that observed by Guenet et al., who stud-
ied reversible thermo-induced gel formation in
polystyrene solutions.21–26 They showed that
such formations involved small solvent molecules
that serve as bridges between adjacent phenyl
groups in the coiled forms of isotactic polystyrene

solutions, which afford rigid gels on cooling to
well below room temperature. The original solu-
tion of coiled polymer is reproduced when the
system is reheated to well above room tempera-
ture. If such “bridging” also occurs in liquified
ethylene, then it is logical to expect that the ten-
dency to do so will be less for propylene, because
of a less favorable accommodation in molecular
architectures, and that this tendency should di-
minish progressively with each additional meth-
ylene unit in CH2ACH(CH2)nH, such that it is
virtually eliminated for the members having n
. 3. Further evidence supporting the reality of
the bridging concept will be presented in subse-
quent publications.

It was observed7,11 that when the mode of ad-
sorption remains constant in a given Z(CH2)nH
series, the log a versus N linear relationships
for the corresponding methyl-substituted series
ZCH22q(CH3)q(CH2)n21H, in which q is 1 or 2 and
n is incremented from 2 to 9, are parallel to that
for the q 5 0 series (n 5 2–8). Consequently, the
corresponding crossover relationships in which n
is constant at 3–8 while q is incremented from 0
to 2 are parallel to that having n 5 2. It was also
noted15 that even in those cases in which the
mode of adsorption does not remain constant
when q 5 0, as indicated by the deviation from
linearity similar to that shown in Figure 1, the log
a versus N relationships for the corresponding q
5 1 and 2 series are linear when n 5 2–9 and in
fact they are parallel to the linear portion of the
parent q 5 0 series, such that the straight line
drawn through the data points for the second and
third members of a given crossover series (i.e.,
those for which q is incremented from 0 to 2 at a
given n) extend to within 60.01 of the a value
that would have been exhibited by the first mem-
ber of the crossover series if the lower members [n
, 3; and the higher members (n . 8)] of the q 5 0
series had not undergone a progressive change in
the mode of adsorption from that characteristic of
the middle members (3 , n , 8). The log a values
that would have related linearly in the usual way
to those for the corresponding second and third
members in the nonlinear portions of the q 5 0
series were named “phantom values”.15 In the
present case (Fig. 1, and in subsequent figures as
needed) these values are indicated by square sym-
bols lying on the dashed line extensions from the
linear portion of the log a versus N linear rela-
tionship for series 1. It is necessary to establish
the phantom values in the q 5 0 series because
they enable one to establish the a values for the

*The studies involving sorptions of ketones and esters were
completed before 1989, but meaningful interpretations of the
results obtained thereby were not possible until after comple-
tion of the studies involving sorption of ethers, which is de-
scribed in the literature.10–13 The results of the ketone and
ester studies and the conclusions derived therefrom are now
being prepared in forms suitable for publication.
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corresponding members in the q 5 1 and 2 series
as described in the following paragraph.

It is reasonable to assume that the above rela-
tionships should also exist when Z in such a series
is CH2ACHO. This is supported by the observa-
tion that the “phantom data point” (0.418 at N
5 4) deduced for CH2ACHCH2CH3 of series 1 and
the observed data points for CH2ACHCH(CH3)2
and CH2ACC(CH3)3 (i.e., olefins 9 and 10, respec-
tively, in Table I) define the log a versus N linear
relationship for series 2 (i.e., q incremented from
0 to 2 at n 5 2, D2 5 0.4075, r2 5 0.9994 in Table
V). Reasoning by analogy with the earlier studies,
the log a versus N linear relationship for series
2a–2h (i.e., those in which q is incremented from
0 to 2 at n 5 3–9, using the phantom values where
appropriate) will be parallel to that for series 2 as
indicated in Table V and Figure 1. It follows,
therefore, that the log a versus N linear relation-
ship for series 1a (q 5 1, n incremented from 2 to
9) and series 1b (q 5 2, n incremented from 2 to 9)
should be parallel to that for the linear portion of
series 1 (q 5 0, n incremented from 4 to 7) as
recorded in Table V and Figure 1.

Having established this array, we were in a
position to test the predicted values for the mem-
bersthatcomprisetheGMSCH2ACHCH22q(CH3)q-
(CH2)n21H using small liquid samples thereof. The
first of these was a 10-mL sample of the second
member of series 1a, namely, CH2ACHCH(CH3)-
(CH2)2H. The a value for this analyte (no. 11 in
Table I) was observed to be 0.14, which compares
very favorably with the value of 0.142 calculated by
means of the log a versus N linear relationship for
series 1a (Table V).

Additional samples of liquids that comprise the
above classification would enable us to test the
accuracy of the above predicted values more rig-
orously and, if necessary, to modify accordingly
the constants ai and Ds for the appropriate log a
versus N linear relationships.

It is inferred from the above results that the
most probable mode of adsorption for monosubsti-
tuted ethylenes CH2ACHR involves polarizabil-
ity–polarizability interactions of a p orbital on the
unsubstituted carbon atom of the double bond
with a p orbital most probably (on the basis of
steric considerations) at the para position of the
pendent phenyl group of the polymer (at liquid
saturation). The forces of dynamic associative in-
teraction between the R group and the mobile
sorbed-but-not-adsorbed molecules in the gel sys-
tem at liquid saturation causes the R group to
extend away from the adsorption site and also

causes the double bond to rotate to a more vertical
orientation with respect to that site, such that the
hydrogen atom trans to the R group is forced up
against the adsorption site [Fig. 2(c)]. This serves
to fix the attitudinal angle (f) such that the R
group projects away from the adsorption site,
which determines the decrementation constant
(D1) for the log a versus N linear relationship
unique to series 1.

It is interesting to consider the log a versus N
linear relationship deduced for series 3 [Table V;
i.e., CH2ACHCH2CH32q(CH3)q] using the phan-
tom value (0.361) for the member having q 5 1
and the observed value (a2 5 0.18) for the mem-
ber having q 5 2 (no. 12 in Table I). These data
enable one to calculate by means of eq. (1) that
the decrementation constant for series 3 is D3
5 0.3018 (i.e., log 0.361 2 log 0.18) and then to
calculate that the a3 value for the q 5 3 member
is 0.090.

It is noted that D3 is significantly less than the
decrementation constant (D2 5 0.4075) estab-
lished for CH2ACHCH32q(CH3)q (series 2 in Ta-
ble V). This result is consistent with results re-
ported earlier in studies that involved sorption of
the branched ethers RO(CH2)nCH(CH3)2 and
RO(CH2)nC(CH3)3. The decrementation constants
for these series, in which n is incremented from 1
to 10 at constant q, decrease with q (i.e., the slope
becomes less negative, see fig. 8 in Errede11 and
fig. 5 in Errede and Tiers14). This moderating
effect is attributable not only to a decrease in the
negative influence from steric hindrance, which is
caused by the presence of a methylene “spacer”
between the olefinic group and branched group,
but also to improved dynamic associative interac-
tions of a branched group at the v position (rela-
tive to the corresponding linear molecular archi-
tecture) with the mobile sorbed-but-not-adsorbed
molecules in the gel system at liquid-saturation.

In this regard we considered it of interest to
test the effect on a caused by replacing the
C(CH3)3 group of olefin 10 in Table I by Si(CH3)3
(olefin 13 in Table I). This replacement, however,
caused a sharp decrease from 0.064 for the former
to ,0.01 for the latter. In order to establish
whether this decrease was the result of electronic
or steric contributions, CH2ACHCH2Si(CH3)3
was also tested. The results (no. 14 in Table I)
were the same, suggesting that the pronounced
negative effect on the a value was due primarily
to the bulkier size of Si(CH3)3 relative to C(CH3)3.

In retrospect the complex log a versus N pat-
tern for CH2ACH(CH2)nH, as indicated by the
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members having n 5 3–10 (filled circles on the
lowest of the three continuous lines shown in Fig.
1), provides justification for the reluctance, which
was expressed in our preceding publication,16 to
extrapolate the log a versus N linear relation-
ships for both the (CH2)n series (highest bold ref-
erence line in Fig. 1) and the corresponding series
of monosubstituted polymethylene derivatives
{i.e., cyclo[(CH2)m21CH](CH2)nH} to the corre-
sponding lower members (i.e., m 5 2 or 3; see fig.
2 of Errede and Tiers16). The reasons given at the
time were that the mode of adsorption might
change from a rather vertical to a flatter orienta-
tion and/or that the electronic nature of the ring
architecture at n 5 2 would be that of a double
bond; either or both would dramatically change
the mode of adsorption.

The pattern recorded in Figure 1 for
CH2ACH(CH2)nH shows that both of these con-
cerns were justified. The negative deviation ex-
hibited by the lower members (n , 4) from the
linearity exhibited by the higher members shows
that a change in the mode of adsorption from a
vertical to a flatter orientation does indeed occur
in both the cyclic (CH2)m series and the cor-
responding monosubstituted cyclo[(CH2)m21CH]
(CH2)nH series when m 5 2 or 3 but not in
the latter series when n . 3. It is noted that
the decrementation constant Ds 5 0.0875 for
cyclo[(CH2)m21CH](CH2)nH (m . 3 in fig. 2 of
Errede and Tiers16) is greater than that (D1
5 0.0641) for CH2ACH(CH2)nH (series 1 in Fig. 1
and Table V). This marked difference is caused
primarily by the negation of the entropic factors
that favor efficient self-assembly on the adsorp-
tion site characteristic of cyclic molecules, when
that cyclic structure carries an alkyl substituent
covalently bonded thereto.

It is suspected that Ds for cyclo[(CH2)2CH]-
(CH2)nH will have a value between the two Ds
values cited above for the set of m . 3 series and
that for the m 5 2 series. The indicated monotonic
decrease in Ds reflects the corresponding change
in the electronic character of the cyclic portion of
(CH2)m21CHR, as m decreases from 4 to 2 (i.e., as
it approaches being a proper double bond at m
5 2).

a,v-Divinyl-Substituted Polymethylenes,
CH2ACH(CH2)nCHACH2

The log a versus N linear relationships for these
a,v-disubstituted polymethylenes (series 4 in
Table V) is given by the best straight line (es-

tablished by linear regression; r2 5 0.9990)
through the data points for the n 5 2, 4, and 6
members (nos. 15, 16, and 17 in Table II; filled
circles on the middle continuous line in Fig. 1).
The values of the constants for this relationship
are ai 5 0.506 at N 5 5 and D4 5 0.06794. The
log a versus N linear relationship deduced
thereby was then used to establish by interpo-
lation and/or extrapolation the a values for the
n 5 1, 3, 5, and 7 members (i.e., 0.506, 0.370,
0.271, and 0.198, respectively; dot-in-an-empty-
circle symbols on the middle continuous line in
Fig. 1).

However, extrapolation of this relationship
down to n 5 1 may not be justified. It was ob-
served in earlier studies8,12 involving a,v-disub-
stituted polymethylenes X(CH2)nX (X 5 Cl, Br, or
alkoxy; n 5 1–12) that X2CH2 is indeed the first
member of series X2CH(CH2)nH, but it is not the
first member of series X(CH2)n12X, the log a ver-
sus N linear relationships for which lie uniformly
above those of the former. In order to establish
unequivocally the adsorption series for which di-
vinyl methylene (i.e., 1,4-pentadiene) is the first
member, the a value for (CH2ACH)2CH2 will
have to be determined experimentally. Unfortu-
nately, samples of the liquids that comprise the
latter series are not yet available to us, which
precludes unambiguous assignment of the ad-
sorption series for which (CH2ACH)2CH2 is the
first member.

Figure 1 shows that the loci of the data points
for the members of series 4 (which tentatively
includes n 5 1) lies between the log a versus N
linear relationship for the reference series (CH2)n
(topmost bold straight line in Fig. 1) and the
complex relationship observed for series 1,
CH2ACH(CH2)nH (lowest bold continuous line in
Fig. 1). This comparison shows that the negative
slope of the log a versus N linear relationship for
CH2ACH(CH2)nCHACH2 (series 4; D4 5 0.0679),
is slightly greater than that (D1 5 0.0641) for the
linear portion of CH2ACH(CH2)nH when n
5 4–7, but considerably less than that (Dref
5 0.0875) for (CH2)n, such that the reference re-
lationship intersects the log a versus N linear
relationship for series 4 at about N 5 12 and that
for the phantom projected portion of series 1 at
about N 5 17.

The a values for the diolefins, however, are
uniformly greater than those of the monoolefins
at the same value of N. This is additional con-
firmation that the mode of adsorption for poly-
functional molecules is monodentate. It also
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supports the point of view that the nonadsorbed
functional groups can have a positive influence
on the manner in which the rest of that mole-
cule projects away from the adsorption site, be-
cause of improved dynamic interactions (attrib-
utable to the terminal olefinic group) with the
mobile sorbed-but-not-adsorbed molecules in
the polymer–liquid system at saturation as dis-
cussed in earlier publications.8,12,13 That the log
a versus N linear relationship for the diolefins
is uniformly above (and almost parallel to) that
for the corresponding monoolefins might be as-
cribed in part to the twofold greater statistical
opportunity for a terminal olefin group to make
a liaison with the adsorption site in the former
case relative to the latter.

It is inferred from this observation that the
attitudinal projection of the polymethylene seg-
ment away from the adsorption site in the case of
the diolefins must be essentially the same as that
in the case of the monoolefins [Fig. 2(c)]. The fact
that the decrementation constant (D4 5 0.0679)
for CH2ACH(CH2)nCHACH2 is actually slightly
greater than that (D1 5 0.0641) for CH2ACH-
(CH2)nH might reflect the difference in magni-
tude of contributions to steric hindrance offered
by a terminal CHACH2 group relative to that by
a terminal CH2CH3 group.

Polysubstituted Ethylenes Ra(Rb)CACRc(Rd)
[R 5 (CH2)nH and n 5 0–8]

The adsorption data for the analytes tested thus
far in this category (nos. 18–31) are recorded in
Table III, which also notes the number of meth-
ylene units (n) in each of the respective R sub-
stituents (a, b, c, or d) attached to the carbon
atoms of the double bond. Substituents Ra and Rc
are on one side of the double bond, and Rb and Rd
are on the other (i.e., Ra and Rc are cis to one
another whereas Ra and Rd are trans). The di-
substituted trans-olefinic liquids listed in Table
III are in fact cis–trans mixtures but are more
than 80% in the trans configuration, unless oth-
erwise specified (e.g., olefin 21a is 98% trans-2-
pentene). The purities of the disubstituted cis ole-
fins listed therein (nos. 25–27) are . 98%.

The a values (aa,b,c,d) for these molecules re-
flect the net result of the electronic, steric, and
associative contributions from the four R sub-
stituents attached to the double bond. Conse-
quently, progressive replacement of the hydrogen
atoms by methyl groups should exhibit a nonlin-
ear log a versus N relationship in the manner

discussed earlier8,12 for CH42qRq where q is an
integer from 0 to 4 and R is a hetero atom, such as
chloro or bromo (see fig. 2 in Errede8), or an
alkoxy group (see figs. 6–9 in Errede and Tiers12).
These earlier considerations represent relatively
simple examples that exhibit maxima at about q
5 3, but the present consideration is much more
complex because it involves progressive substitu-
tion on a double bond rather than on a single
carbon atom. Hence, the pattern for a versus the
degree of substitution should vary accordingly in
a more complicated manner yet to be determined.
Nevertheless, the patterns of rigidly intercon-
nected log a versus N linear relationships for each
of these classifications can be established by the
approach (described in the Introduction) used to
solve the molecular adsorptivity–structure rela-
tionships for the complex ethers and
thioethers.11–15

In the case of the olefins Ra(Rb)CACRc(Rd),
where R is either CH3 or H, there are six possible
permutations, each of which represent the first
member of a homologous series that can be incre-
mented systematically from CH3 to (CH2)8H
while the others are held constant, such that each
series will exhibit a unique log a versus N linear
relationship that reflects the net result of the
other contributing factors that are held constant.
The a value for the first member of a given series
will primarily reflect the net electronic contribu-
tions of the four substituents (H or CH3), whereas
the decrementation constant [Ds; eq. (1)] will pri-
marily reflect the mode of adsorption and attitu-
dinal angle at which the (CH2)nH substituent be-
ing incremented projects away from the adsorp-
tion site, as illustrated by the examples that
follow.

The first case, involving sorption of CH2ACHR
and the complications thereof, was already dis-
cussed (series 1–4 in Table V). The abnormal
deviation exhibited by the lower members of
CH2ACH(CH2)nH from the log a versus N linear
relationship exhibited by the higher members (n
. 3) does not occur in the cases of the olefin series
that bear more than one alkyl substituent be-
cause of the additional opportunities for dynamic
associative interactions that are even greater
than those noted for CH2ACHR in which R is a
branched alkyl group. In the cases of di-, tri-, and
tetrasubstituted olefins, each combination of two
or more alkyl substituents will afford a log a
versus N linear relationship that is unique to the
combination.
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In the second case, which involves sorption of
disubstituted olefins, there are three subclassifi-
cations: those in which the two substituents have
a gem, trans, or cis configuration [Fig. 2(d–f),
respectively]. The a0,0,c,d values for only three
members of the gem classification have been de-
termined thus far: 2-methyl-1-butene, 2-methyl-
1-pentene, and 2-ethyl-1-butene (olefins 18–20,
respectively, in Table III). The selectivity, how-
ever, is such that even this small set of sorption
results is enough to permit one to estimate with
reasonable confidence the a0,0,c,d values for the
remaining 33 members that comprise the classi-
fication CH2AC[(CH2)cH][(CH2)dH] in which c is
held constant at 1–8 while d is incremented from
c to 8.

Thus, the difference (log a0,0,1,2 2 log a0,0,1,3)
for the second and third members of
CH2ACCH3(CH2)dH (olefins 18 and 19 in Table
III) indicated that the Ds for series 5 (Table V) is
D5 5 0.04139. Having established D5, it was then
possible to calculate the a0,0,1,d values for the
other members of series 5 (i.e., those having d 5 1
and 4–8, as indicated in Table V).

Because the a0,0,1,1 value (0.363) deduced for
CH2AC(CH3)2 in series 5 is also that for the first
member of CH2AC[(CH2)nH]2 [i.e., series 6 in
which the number of methylene groups (n) in both
polymethylene chains are incremented simulta-
neously from 1 to 8], the Ds value for series 6 is
given by the difference (log a0,0,1,1 2 log a0,0,2,2),
namely D6 5 0.02738. Having established D6, it
was then possible to calculate the a0,0,n,n values
for the remaining members of series 6 (i.e., those
having n 5 3–8, as indicated in Table V).

The difference (log a0,0,1,8 2 log a0,0,8,8) for the
first (c 5 1) and eighth (c 5 8) members of
CH2AC[(CH2)cH][(CH2)8H] gives the Ds value for
series 7 (i.e., D7 5 0.01335), which enables one to
calculate the a0,0,c,8 values for the other members
of series 7 by interpolation using eq. (1), as indi-
cated in Table V.

That the decrementation constant for series 5
(D5 5 0.04139) is significantly greater than that
for series 7 (D7 5 0.01335) shows that incremen-
tation of the longer chain causes a greater nega-
tive affect on log a than does subsequent incre-
mentation of the shorter chain. Thus, the log a
versus N linear relationships for series 5, 6, and 7
are rigidly interconnected in a triangular array
(Fig. 3), such that 2D6 5 D5 1 D7. Similar trian-
gular arrays were deduced for dialkyl ethers hav-
ing two or more structural variables (for examples
see fig. 3 in Errede,10 figs. 9–14 in Errede,11 and

fig. 4 in Errede and Tiers14) and for the dialkyl
thioethers (see figs. 2, 4, 5, and 6 in Errede and
Tiers15), such that the intersections of the three
sets of mutually parallel log a versus N linear
relationships identified the a values for all 36
permutations of the classification being consid-
ered, as shown, for example, here in Figure 3 for
CH2AC[(CH2)cH][(CH2)dH].

The exact a0,0,c,d values for these members can be
calculated by means of eq. (1) using D6 5 0.02738
and the appropriate ai 5 a0,0,1,d (i.e., the a values
for the members that comprise series 5, in which
d 5 1–8) to establish the set of log a versus N
linear relationships that are parallel to that for
series 6: series 6a–6f (Table V). Thus, the a0,0,c,8

values for the members that comprise CH2

AC[(CH2)cH][(CH2)8H] (i.e., series 7) are given by
the a values for the set of final members in series
6 and 6a–6f, which are shown in Table V and
Figure 3.

Next we considered the three subseries of dial-
kyl olefins RbCHACHRc having a trans configu-
ration [Fig. 2(e)]: series 8 in which Rb is CH3 and
Rc is (CH2)cH where c is incremented from 1 to 8;
series 9 in which Rb and Rc both have the same
number (n) of methylene units that are incre-
mented simultaneously when n 5 1–8; and series
10 in which b in Rb is incremented from 1 to 8
while Rc is held constant at (CH2)8H. The log a
versus N linear relationships for series 8, 9, and
10 were deduced as follows: the a values for the
second (a0,1,2,0 5 0.34) and fourth (a0,1,4,0 5 0.24)
members of series 8 (olefins 21 and 23, respec-
tively, in Table 1; filled circles in Fig. 4) were used
to determine the difference (log a0,1,2,0 2 log
a0,1,4,0), which indicated the approximate decre-
mentation constant [eq. (1); D8 5 0.0756] for se-
ries 8. This was then used to calculate the a value
for the first member of series 8 (i.e., a0,1,1,0

5 0.405). In like fashion, the a values observed for
the second (a0,2,2,0 5 0.29) and third (a0,3,3,0

5 0.21) members of series 9 (olefins 22 and 24 in
Table I, filled circles in Fig. 4) were used to de-
termine the difference (log a0,2,2,0 2 log a0,3,3,0),
which indicated the approximate decrementation
constant (D9 5 0.0701) for series 9. This was then
used to calculate, by means of eq. (1), the a value
for the first member of series 9 (i.e., a0,1,1,0

5 0.401). This second calculation of the a value
for trans CH3CHACHCH3 was remarkably close
to that established via extrapolation using the log
a versus N linear relationship established above
for series 8. It was concluded therefrom that the
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mode of adsorption is essentially the same in se-
ries 7 and 8.

Accordingly, the average (a0,1,1,0 5 0.403
6 0.002) of these two determinations was ac-
cepted as the best value for trans CH3CH
ACHCH3 (empty circle in Fig. 4). The decremen-
tation constant (D8 5 0.0751; r2 5 0.9999) calcu-
lated by linear regression using the a values for
the first, second, and fourth members of series 8
and the decrementation constant (D9 5 0.0708; r2

5 0.9999) calculated using the a values for the
first, second, and third members of series 9 were
used to calculate the rest of the respective mem-
bers of these two series and are recorded in Table
V.

The perimeter of the triangular areas of rigidly
interconnected log a versus N linear relationships
for all the subseries of the trans-disubstituted

olefins having the GMS H(CH2)bCHACH(CH2)cH,
where the variables b and c can be incremented
independently or simultaneously, is given by the
log a versus N linear relationships for series 8, 9,
and 10. These three relationships are recorded in
Figure 4, which shows that they define a long
narrow triangle, such that almost all the data
points for the entire set of 36 structural permu-
tations of the above GMS can be identified almost
within experimental reproducibility by a single
line. Apparently, the moderating effect on the
attitudinal angle of projection, caused in this case
by systematic incrementation of H(CH2)b, is vir-
tually nullified by the concomitant electronic and
steric changes produced thereby. Hence, it is
meaningless to deduce the set of six relationships
that parallel the one for series 9 to identify more
precisely the a values for these permutations,

Figure 3 The log a versus N linear relationships for disubstituted gem- and cis-
olefins. (F) Experimental data; (E) extrapolation data used to calculate Ds for eq. 1; (•)
data obtained by extrapolation as described in the text.
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because of the uncertainty for measuring those
for the lower members (filled circles in Fig. 4),
which were used initially to establish this trian-
gular relationship.

The reader is reminded that the disubstituted
olefinic liquids used to establish the diagram
shown in Figure 4 were in fact cis–trans mix-
tures, only about 80% of which had the trans
configuration, which was estimated by their re-
spective indices of refraction. It is certain that an
analogous study using pure trans-disubstituted
olefins will exhibit log a versus N linear relation-
ships that are displaced uniformly below the lin-
ear relationships exhibited by the corresponding
4/1 mixtures, which is indicated by the compari-
son of the a values observed for the 80% (a0,1,2,0
5 0.34) and 98% (a0,1,2,0 5 0.32) pure samples of
trans-2-pentene (olefins 21 and 21a, respectively,
in Table III).

In the case of the cis-disubstituted olefins [Fig.
2(f)], again only three samples (all of which are

. 98% pure) were determined thus far (olefins
25–27 in Table III), but in this case the selectivity
does not allow one to establish the full triangular
array of rigidly interconnected log a versus N
linear relationships as described above for gem-
and trans-disubstituted olefins. This set, how-
ever, does allow one to establish the log a versus
N linear relationship for cis CH3CHACH(CH2)dH
(i.e., series 11 in which d is incremented from 1 to
8; Table V). The difference (log a0,1,0,2 2 log
a0,1,0,4) for the second (d 5 2) and fourth (d 5 4)
members (olefins 25 and 26 in Table III) gives the
Ds value for series 11 (i.e., D11 5 0.0326), which
enables one to calculate the a0,1,0,d values for the
remaining members of series 11 as recorded in
Table V. As expected, the plot of these data (Fig.
3) shows that their loci lie uniformly above that
for those comprising series 5, which supports the
point of view that cis-disubstituted olefins should
offer less steric hidrance to adsorption than the
gem-disubstituted olefins.

Figure 4 The log a versus N linear relationships for disubstituted trans-olefins. (F)
Experimental data; (E) data-point obtained via extrapolation of both subseries trans-
ethylenes; (•) data obtained via extrapolation of one subseries.
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If and when one or more members of cis
H(CH2)nCHACH(CH2)nH (n 5 2–8) become
available to us, it will be possible to deduce the
triangular network of rigidly interconnected log a
versus N linear relationships for the subseries of
H(CH2)bCHACH(CH2)dH and thereby identify
the a values for all 36 permutations having this
GMS. It is believed that the triangular network of
log a versus N linear relationships for the sub-
series in the cis classification will be similar to
that for those in the gem classification (Fig. 3) and
that it will lie uniformly above the latter.

Having established the log a versus N linear
relationship for series 11, it then became possible
to use the a0,1,0,i-pr value (olefin 27 in Table III) in
conjunction with the above relationship to estab-
lish the rectangular array of rigidly intercon-
nected log a versus N linear relationships for a
subseries of cis CH3CHACHCH22q(CH3)q(CH2)d21H.
Thus, the difference (log a0,1,0,2 2 log a0,1,0,i-pr) for
the first (q 5 0) and second (q 5 1) members of cis
CH3CHACHCH22q(CH3)q(CH2)d21H (series 12
in which d 5 2 and q is incremented from 0 to 2)
gives the Ds value for series 12 (i.e., D12
5 0.4294). This enables one to calculate the a
value for the third member (a0,1,0,t-bu 5 0.0595) of
series 12 as indicated in Table V.

Because the linear relationships for cis
CH3CHACHCH(CH3)(CH2)d21H and cis CH3CH
ACHC(CH3)2(CH2)d21H (series 11a and 11b in
which q is kept constant at 1 and 2, respectively,
while d is incremented from 2 to 9) are expected to
be parallel to that for series 11 in which q 5 0
while d is incremented from 2 to 8, the remaining
members of series 11a and 11b can be calculated
by means of eq. (1) using for the constants D11a
and D11b the value determined for series 1 (i.e.,
D11 5 0.0326) and for the constants ai the value of
a0,1,0,i-pr at N 5 6 for series 11a and the value of
a0,1,0,t-bu at N 5 7 for series 11b (or alternatively
by the set of log a versus N linear relationships,
series 12a–12f, that are parallel to that for series
12 and pass through the data points of series 11
at d 5 2–8), which is shown by the rhomboidal
array of data points in Figure 5. Thus, the inter-
sections of these two sets of parallel log a versus
N linear relationships for the subseries of cis
CH3CHACHCH22q(CH3)q(CH2)d21H identify the
a values for all 26 possible permutations of this
GMS.

When this rhomboidal array of data points
(Fig. 5) representing the log a versus N linear
relationships for the subseries of cis CH3CH
ACHCH22q(CH)q(CH)n21H (series 11, 11a, and

11b in Table V) is compared with that (dashed
straight lines in Fig. 1) representing series 1, 1a,
and 1b in Table V [i.e., CH2ACHCH22q(CH)q-
(CH)n21H], one notes some interesting similari-
ties. The a values for the members having the
same q and mass N are unusually close, especially
those for the members at N 5 4 (a0,1,0,1 5 0.43 for
cis CH3CHACHCH3 and a0,0,0,2 5 0.42 for
CH2ACHCH2CH3). The decrementation constant
(D12 5 0.429) for cis CH3CHACHCH22q(CH3)q (q
5 0–2; series 12 in Table V) is also very close to
that (D2 5 0.408) for CH2ACHCH22q(CH3)q (q
5 0–2; series 2 in Table V), but the decrementa-
tion constant (D11 5 0.031) for cis CH3CH
ACHCH22q(CH3)q(CH2)n21H (n 5 2–8 at q 5 0,
1, and 2; series 11, 11a, and 11b, respectively, in
Table V) is only about half that (D1 5 0.064) for
those having the GMS CH2ACHCH22q(CH3)q-
(CH2)n21H (n 5 2–8 at q 5 0, 1, and 2; series 1,
1a, and 1b, respectively, in Table V), which is
primarily responsible for the observed differences
in a values at the same mass N and a given q.
These data clearly show that the presence of a
cis-methyl substituent serves to lessen the nega-
tive effect on a caused by incrementation of n
from 2 to 8 at constant q, but it does not signifi-
cantly alter that caused by incrementation of q
from 0 to 2 at constant n.

In view of the above observation, we decided to
broaden such studies to include comparisons of
the log a versus N linear relationships for trans
CH3CHACH(CH2)nH and CH2ACHCH3(CH2)nH
(n incremented from 2 to 8; series 8 and 5, respec-
tively, in Table V) with the corresponding rela-
tionships for CH2ACH(CH2)nH and cis
CH3CHACH(CH2)nH (series 1 and 11, respec-
tively, in Table V). To this end, the latter two
relationships are used as reference lines in Figure
6 to permit easy side by side comparison with
those for series 5 and 8, thereby allowing one to
visually appreciate the relative affect on such re-
lationships caused by a methyl group placed in a
cis, trans, or gem orientation with respect to the
(CH2)nH substituent.

This comparison (Fig. 6) shows that the bene-
ficial effect attributed to a methyl group having a
cis orientation with respect to the (CH2)nH sub-
stituent is not produced when this orientation is
trans rather than cis. In fact, just the opposite is
true. Thus, the ai value at N 5 4 for trans
CH3CHACHCH3 (a0,1,1,0 5 0.40) is slightly less
than that for CH2ACHCH2CH3 (a0,0,0,2 5 0.42),
but considerably less than that for cis
CH3CHACHCH3 (a0,1,0,1 5 0.46). Moreover, the
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decrementation constants for their respective ho-
mologous series (nos. 8, 1, and 11) are in the order
D8 5 0.075 . D1 5 0.064 . D11 5 0.033.

This comparison (Fig. 6) also shows that the ai
value at N 5 4 for CH2ACH(CH3)2 (a0,0,1,1
5 0.36) is considerably less than those for
CH2ACHCH2CH3 or cis CH3CHACHCH3, which
reflects the decrease in electronic contribution
from the methyl group to the carbon atom making
liaison with the adsorption site, when that methyl
group is moved to the carbon atom adjacent
thereto. The decrementation constant for the

gem-disubstituted series (D5 5 0.041), however,
is less than that for the monosubstituted series
(D1 5 0.064) but greater than that for the cis-
disubstituted series (D11 5 0.033). It can be in-
ferred from these results that the magnitude of
steric hindrance to adsorption, based on the ob-
served Ds values for these four series, is in the
relative order D8 5 0.075 . D1 5 0.064 . D5
5 0.041 . D11 5 0.033.

The results observed for the three types of dis-
ubstituted olefins clearly show that the number,
position, and mass of the substituents on the dou-

Figure 5 The log a versus N linear relationships forcis-olefins having the GMS
CH3CHACHCH22q(CH3)q(CH2)dH, where d is 2–8 and q is 0–2. (F) Experimental
data; (J) data obtained by extrapolation or interpolation; (j) phantom data.
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ble bond in a homologous series of olefinic hydro-
carbons affect the constants ai and Ds that char-
acterize the log a versus N linear relationship for
the series being considered. It is believed on the
basis of an analogy with earlier studies8,12 involv-
ing sorption of CH42xXx liquids (X 5 Cl, Br, or
alkoxy; x 5 1–4) that these results reflect the
modes of adsorption of their respective homolo-
gous series to the adsorption site.

Accordingly, the above results are interpreted
to mean that each series represents a quantita-
tive alteration in molecular orientation at the ad-
sorption site from that characteristic of the mo-
nosubstituted olefins (series 1) to that character-
istic of the series modified by replacement of an H
atom by an alkyl substituent. In the reference
case, dynamic associative interactions between
the (CH2)nH chain and the mobile sorbed-but-not-

adsorbed molecules in the system at liquid-satu-
ration not only causes the nonadsorbed portion to
project away from the adsorption site, but it also
imparts a torque that twists the adsorbed mole-
cule onto its side. This causes the hydrogen atom
trans to the (CH2)nH substituent to be forced up
against the pendent phenyl group of the polymer,
while the rest of the molecule projects away from
that site at a fixed orientation as shown in Figure
2(b). In the gem-disubstituted olefins there are
two substituents on the nonadsorbed positions of
the double bond that participate in dynamic as-
sociative interactions with the mobile molecules.
In such cases, the second substituent provides a
counterrotatory torque about the double bond.
This enables the adsorbed molecule to “swivel”
about the pivotal point of association that in-
volves interaction of a polarizable methylene p

Figure 6 Comparisons of the log a versus N linear relationships for disubstituted
olefins with that for the corresponding monosubstituted olefins. (F) Experimental data;
(J) extrapolation or interpolation data; (j) phantom data obtained by extrapolation.
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orbital from the olefin with a polarizable p orbital
from a phenyl group. Consequently, the nonad-
sorbed portion of the adsorbed molecule is allowed
to self-adjust to a less sterically hindering trajec-
tory [Fig. 2(d)], thereby lessening the negative
effect on log a caused by incrementation in
(CH2)nH.

When the second hydrogen is replaced by a
methyl substituent to produce the trans configu-
ration (series 8) instead of the gem configuration
(series 5), the lift from the combined effect of
dynamic associative interaction imparted by the
two trans substituents is much less than that
produced by two gem substituents. Moreover, the
magnitude of moderating torque about the double
bond is also much less in the case of the trans
configuration than in the gem structure. Conse-
quently, the magnitude of steric hindrance caused
by the projection of the trans-(CH2)nH substi-
tutent toward the adsorption site is exacerbated
rather than alleviated, as indicated in Figure 2(e),
such that the Ds for series 8 (D8 5 0.0751) is even
greater than that for series 1 (D1 5 0.0641).

When the second hydrogen replaced by a
methyl substituent produces the cis configuration
(series 11), the torques upon the double bond im-
parted by the two substituents are in the same
direction. This causes the two cis-hydrogen atoms
on the other side of the double bond to be forced
up against the adsorption site. In so doing the
attitudinal orientation angle of the adsorbed mol-
ecule is fixed such that both alkyl substituents
project away from the adsorption site, as shown in
Figure 2(f). This serves to minimize steric hin-
drance from the accumulated mass of these two
polymethylene substituents. Consequently, the
Ds for series 11 (D11 5 0.0326) is less than that for
series 1 (D1 50.0641).

These suggested models for adsorption [Figs
2(a–f)] imply that the mode of adsorption for the
disubstituted olefins is qualitatively similar to
that for the monoolefins. There are important
quantitative differences, however, due to the mo-
lecular attitudes in the adsorbed state, which re-
flect the number and relative positioning of the
hydrocarbon substituents covalently bonded
thereto. The adsorption attitudes suggested in
Figure 2 were deduced by intuitive reasoning pro-
cesses to be consistent with the observed results.
That the rationalization is self-consistent, how-
ever, is sufficient reason to accept the suggestions
only tentatively as working hypotheses that may
represent reality with reference to their respec-
tive molecular attitudes in the adsorbed state.

Supportive evidence obtained by some physical
means, spectroscopic or otherwise, is needed to
enable one to characterize the adsorbed molecular
architecture while in the presence of a much
larger amount of mobile sorbed-but-not-adsorbed
molecules of its own kind, which are present when
the polymer system is at liquid-saturation. Be-
cause such a physical means is not yet known, we
will continue to use such models as working hy-
potheses, so long as they remain consistent with
experimental results and serve reliably for com-
parative and predictive purposes.

In this respect it is intended that the results
observed in this study involving sorption of cis-
disubstituted ethylenes be compared with those
obtained in our studies involving the correspond-
ing cyclic olefins, which will be reported in our
next publication, allowing one to evaluate the ef-
fect on a caused by the physical constraints of the
ring.

The behaviors of the tri- and tetrasubstituted
olefins are even more complicated than those out-
lined above for the disubstituted olefins, and un-
fortunately the number of a values established
thus far for the multisubstituted olefins (nos.
28–31 in Table III) are relatively few. Before un-
dertaking these considerations, therefore, it is
good to compare the a values deduced for ethylene
and its methyl substituted derivatives to note the
effect on a caused by progressive replacement of
hydrogen atoms by methyl substituents. In such
considerations it is assumed that the mode of
adsorption is essentially the same: it involves li-
aison of the less hindered end (or side) of the
double bond with the adsorption site, while the
other end (or side) bearing the larger alkyl sub-
stituents extends away from this site as sug-
gested in Figure 2(c–e).

This correlation is recorded in Figure 7. The
phantom values for ethylene and propylene,
which were deduced by extrapolation to n 5 0 and
1, respectively, using the log a versus N linear
relationship for CH2ACH(CH2)nH (i.e., series 1 in
Table V) are also identified in the figure. The
“real” a values for the liquid forms of these two
molecules, if measured, are expected to be much
less than those for the phantom values recorded
here because of a change in the mode of adsorp-
tion from the vertical orientation characteristic of
the higher members [Fig. 2(c)] to the flat [Fig.
2(a); perhaps even a bridging orientation unique
to ethylene (Fig. 2(b)], which was explained in the
discussion of monosubstituted olefins. The figure
also identifies the a values for the three dimethyl-
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substituted olefins (i.e., gem, trans, and cis) that
were deduced by extrapolation to the first mem-
ber of their respective series, as explained in the
above discussions. The a values observed for
3-methyl-2-butene and 2,3-dimethyl-2-butene
(olefins 28 and 31, respectively, in Table III) are
also shown. The anticipated linear decrease in a
with x, the number of hydrogen atoms replaced by
methyl groups, is given by the dashed straight
line that passes through the data points for eth-
ylene, propylene, and trans-2-butene. That the
data point for the trimethyl-substituted ethylene
is somewhat above the dashed reference line can
be rationalized on the basis of small quantitative
changes in orientation and/or projection of the
nonadsorbed portion away from the adsorption
site, as explained in the discussion of the disub-
stituted ethylenes. However, it cannot be ratio-

nalized on the basis that the data point for the
tetramethyl-substituted ethylene is well above
the reference line, and in fact has an a value that
is even greater than the phantom value for pro-
pylene. The anomaly noted in Figure 7 is a “red
flag,” suggesting that a qualitative change in the
mode of adsorption may have started at x 5 3 and
became fully realized at x 5 4.

Up to this point, the mode of adsorption was
consistent with the point of view that one or more
hydrogen atoms on the olefin molecule was pro-
jected into the plane of p orbitals on the phenyl
ring. In the cases involving tetrasubstituted eth-
ylenes this mode of adsorption is not possible.
That adsorption does indeed occur, however, sug-
gests that the roles may be reversed (i.e., sorption
of tetrasubstituted olefins may be sterically easier
if it involves the hydrogen atom on the phenyl

Figure 7 Effect on a for the ethylenes caused by progressive replacement of the
hydrogen atoms by methyl substituents. (F) Experimental data; (J) data obtained by
extrapolation or interpolation; (j) phantom data.

POLYMER SWELLING. XXIII 1601



ring projecting into the p orbital system of the
olefinic bond) as suggested in Figure 8(a). This
alternate possibility will have to remain a moot
consideration, however, until more liquid samples
of tetrasubstituted olefins become available to us
for evaluation.

Meanwhile, we can only indicate the possible
complexity of the rigidly interconnected network
of log a versus N linear relationships expected for
the trisubstituted ethylenes based on the a values
observed for the three samples obtained thus far
in this classification (olefins 28–30 in Table III).
The trimethyl-substituted ethylene (no. 28 in Ta-
ble III) is the first member of three homologous
subseries in which one alkyl substituent is incre-
mented from 1 to 8 while the other two are held
constant. In addition, it is also the first member of
three homologous subseries in which two alkyl
subseries are incremented simultaneously while
the third is held constant, and it is the first mem-
ber of the series in which all three alkyl substitu-
ents are incremented simultaneously. Each pair-
ing of the appropriate single and double incre-
mentations will produce triangular arrays of
rigidly interconnected log a versus N linear rela-
tionships in a given plane of multidimensional
space. The log a versus N linear relationships in
these planes in multidimensional space are rig-
idly interconnected such that the data may be

projected onto a reference plane (Figs. 3, 4). The
2-dimensional pattern obtained thereby should
evoke in the mind of the observer a 3-dimensional
image (see examples recorded in figs. 10, 13, and
14 in Errede11). It is conceivable that one can
establish the rigidly interconnected network of
log a versus N linear relationships in multidimen-
tional space, but it will require additional sam-
ples of key members of the subseries that com-
prise this GMS classification.

The treatment becomes even more complex
when one attempts to consider the tetrasubsti-
tuted olefins. Nevertheless, it can be done, but it
involves a few more dimensions because of the
added variable and combinations thereof. Unfor-
tunately, the samples of two or more members of
each series, which are needed to establish such a
rigidly interconnected network of the respective
log a versus N linear relationships, are not yet
available to us.

Miscellaneous Olefins Having Other
Functional Groups

The results observed in the study involving sorp-
tion of a,v-divinyl-substituted polymethylenes
(nos. 15–17 in Table II and series 4 in Table V)
reconfirm that the mode of adsorption of polyfunc-
tional molecules to poly(Sty-co-DVB) at liquid-
saturation is monodentate: one functional group
is immobilized by a liaison with the pendent phe-
nyl group of the polymer while the others on the
nonadsorbed portion extend away from this site
where they are involved in dynamic associative
interactions with the mobile sorbed but not ad-
sorbed molecules of their own kind. Thus, the a
values for such polyfunctional molecules are af-
fected not only by the electronic and steric contri-
butions of the nonadsorbed functional groups, but
also by these dynamic associative interactions.

In the cases of a,v-disubstituted polymethyl-
enes having the GMS A(CH2)nR, where A and R
are the adsorbed and nonadsorbed functional-
ities, respectively, the manner in which the mode
of adsorption can be affected by R at the other
extremity is limited to how well it participates in
dynamic associative interactions with the mobile
sorbed-but-not-adsorbed molecules in the poly-
mer–liquid system at saturation. The magnitude
of this interaction affects the attitudinal angle (f)
at which the nonadsorbed portion [(CH2)nR]
projects away from the adsorption site8,13,15; and,
because the magnitude of steric hindrance to fur-
ther adsoption in a given A(CH2)nR series varies

Figure 8 Suggested modes of adsorption for tetrasu-
bstituted and functionally substituted ethylenes: as de-
scribed in the text.
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inversely with f, the Ds for that series varies
accordingly. Hence, Ds reflects the relative ability
of R to participate in such dynamic associative
interactions, which alter f positively. The differ-
ence DDs [5Ds for A(CH2)nH 2 Ds for A(CH2)nR],
therefore, is a measure of how well the group R in
the v position can alleviate steric hindrance to
further adsorption, as noted earlier,8,13,15 and
again here (Fig. 1) in the case of
CH2ACH(CH2)nCHACH2. For the sake of brev-
ity and convenience, the above ameliorating effect
on steric hindrance in such series will be referred
to descriptively as a “desteric” effect.15

The relative ability of the R group to exhibit a
desteric effect depends on its molecular struc-
ture.8,11–15 Although the results observed thus far
in this ongoing investigation do not yet enable one
to make hard quantitative comparisons because
the A and R pairings are not the same, the effi-
cacy for the incomplete compilation appears to be
in the following approximate order: C(OCH3)3

. CH(OCH3)2 . CH2OCH3 . CCl3 > CBr3

. CHCl2 > CHBr2 . CH2Cl > CH2Br . C(CH3)3

. CH(CH3)2 . CH2CH3.
In those cases for which the terminal groups A

and R are the same, it is not necessary to indicate
the adsorption preference; but when this is not
the case, the adsorption selectivity depends upon
the relative affinities of the functional groups A
and R for the adsorption site. The sorption pref-
erence in such cases is manifested in the con-
stants ai and Ds that characterize the log a versus
N linear relationship for the A(CH2)nR series,
which in most cases permits one to adjudicate
between the options when the observed results
are compared with those exhibited by the corre-
sponding series having only one of the functional
groups in the difunctional series being consid-
ered. In some cases, such adjudications can be
made even on the bases of comparisons involving
only a single set of equivalent structures in each
of the three homologous series involved. There is
a caveat here that the mode of adsorption for the
series being compared must be the same to ensure
valid comparison, which is indicated by the exam-
ples that follow.

To this end, the adsorption data for a set of 14
olefins that carry a second functional group are
collected in Table IV. The entries are listed in the
approximate descending order of their respective
a values. These data show that all except that for
CH2ACHCH2C6F5 (a 5 0.38) are considerably
higher than the highest a value deduced for an a

olefin, which is the phantom value (a 5 0.49;
series 1 in Table I) for propylene.

This is consistent with the point of view that
the relative affinities of acyclic monoolefins are
markedly less than those for the corresponding
structures having a phenyl,2 ether,10–14

thioether,14 or ester group. Thus, in the cases of
liquid molecules having an olefinic double bond
and one of the other functional groups noted
above, the adsorption preference will usually fa-
vor the latter, leaving the olefinic group free in
the nonadsorbed portion where it can affect the a
value of the adsorbed molecule by electronic con-
tribution to the adsorption site and/or by dynamic
associative interactions with the mobile mole-
cules. As stated above, the constants ai and Ds
that characterize the log a versus N linear rela-
tionship of the series being considered can be
used as criteria for adjudicating the adsorption
selectivity. Examples of such adjudications in-
volving the list of olefins having a second func-
tional group (Table IV) are given in the following
paragraphs.

As noted earlier in the comparative studies
involving sorption of C6H5SCH3 and C6H5OCH3
(see table 4 in Errede and Tiers15), it is the phenyl
group of such molecules that is involved in a di-
rect liaison with the adsorption site, not the het-
eroatoms. However, the latter affect the magni-
tude of a for these molecules by their electronic
contribution to the adsorption site via inductive
or resonance contributions to the phenyl group
adsorbed thereto. The same is true for vinyl ben-
zene (i.e., styrene) and allyl benzene (olefins 33
and 34, respectively, in Table IV): it is the phenyl
group that makes the liaison with the adsorption
site whereas the olefinic group is part of the non-
adsorbed portion of the molecule that extends
away from the adsorption site, and it can affect
the magnitude of a via electronic interaction with
the phenyl group, as described above.

The ratio of the a value for styrene (1.91) to
that for allyl benzene (1.51) is consistent with the
expectation based on electronic resonance theo-
ries. Table VI compares the a values observed for
such difunctional molecules (column A) with
those for the corresponding molecular structures
in which the olefinic unsaturation had been eli-
mininated (column B) and with those for the cor-
responding molecular structures in which the ar-
omatic group was replaced by the equivalent
number (six) of linear polymethylene groups (col-
umn C). As expected, the a values for these two
aromatic compounds (column A) are slightly
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greater than those for the corresponding struc-
tures in column B, but they are considerably
greater than those for the corresponding struc-
tures in column C. This is interpreted to mean
that the adsorption preference is greatly in favor
of the phenyl group over the olefinic group.

Adjudication of the adsorption preference us-
ing the above criterion, however, is much more
difficult in the case of allyl-pentafluorobenzene (a
5 0.38; olefin 45 in Table IV), because the a value
for the reference molecule (ca. 0.22) in column B is
about the same as that (0.20) observed for the
reference molecule in column C. The small differ-
ences in these two cases is not sufficient to permit
one to choose between the two alternatives. The
possibility that the pentafluorobenzene is making
a liaison with the adsorption site while the allyl
group is serving to raise the attitudinal angle of
projection away from the adsorption site is just as
probable as the alternate possibility that the ole-
fin group is liaising with the adsorption site while
the pentafluorobenzyl group is serving to increase
the angle of projection away from the adsorption
site.

Adjudication of the adsorption preference in
the case of vinylcyclohexane (a 5 0.79; olefin 44 in
Table IV) is also uncertain for essentially the
same reasons: the a values for the reference com-
pounds in column B (ethylcyclohexane; a 5 0.18)
and in column C (1-heptene; a 5 0.23) are approx-
imately equivalent. It is suspected that the ad-
sorption preference favors cyclohexyl over the vi-
nyl group for reasons to be offered after we have
had the opportunity to present the data accumu-
lated in our studies involving sorption of cyclic
olefins, which will be the subject of our next pub-
lication.

In contrast to the above uncertainties, the com-
parison data in Table VI for methyl allyl sulfide
(olefin 32 in Table IV) unequivocally shows that
the adsorption mode involves a liaison with the
sulfur atom rather than with the olefin group. In
the study involving sorption of thioethers bearing
a methyl substituent and a group that can partic-
ipate well in dynamic associative interactions
with the mobile sorbed molecule, we suggested
that such molecules are tilted to one side so that
the methyl substituent attached to the sulfur
atom is pressed against the adsorption site and
the rest of the molecule extends away from that
site [see fig. 3(a) in Errede and Tiers15]. Consis-
tent with this suggestion, the mode of adsorption
for methyl allyl sulfide is believed to be as shown
schematically in Figure 8(b).

The adsorption preference in the cases of the
ester olefins (olefins 36–40 in Table IV) is also
unmistakably in favor of the ester group rather
than the olefinic double bond. In each case, the
difference between the a value observed for the
difunctional molecule (column A in Table VI) and
the reference structure in column B is much
smaller than the corresponding difference be-
tween column A and column C. These compari-
sons are interpreted to mean that the mode of
adsorption of ester-olefin molecules involves a li-
aison with the ester group while the rest of the
molecule extends away from that site as shown in
Figure 8(c). Our studies involving sorption of mo-
noesters and diesters, which will soon be submit-
ted for publication, have shown that the mode of
adsorption for such molecules depends on the
numbers of methylene groups on both sides of the
ester group. Although these factors complicate
the adsorption picture somewhat, the magnitude

Table VI Comparisons Indicating Mode of Adsorption on Basis of a Values

A B C

C6H5CHACH2 1.91 C6H5CH2CH3 1.55 CH2ACH(CH2)6H 0.23
C6H5CH2CHACH2 1.51 C6H5(CH2)3H 1.33 CH2ACH(CH2)7H 0.20
C6F5CH2CHACH2 0.38 C6F5(CH2)3H ca. 0.22 CH2ACH(CH2)7H 0.20
cyclo C6H11CHACH2 0.79 cyclo C6H11(CH2)3H 0.18 CH2ACH(CH2)6H 0.23
CH3SCHACH2 1.94 CH3S(CH2)3H 1.80 CH2ACH(CH2)4H 0.31
trans CH3CHACHCO2CH3 1.46 H(CH2)3CO2CH3 1.22 trans CH3CHACH(CH2)3H 0.29
trans CH3CHACHCO2CH2CH3 1.26 H(CH2)3CO2CH2CH3 1.01 trans CH3CHACH(CH2)4H 0.24
CH3CO2CH2CHACH2 0.86 CH3CO2(CH2)3H 1.20 CH2ACH(CH2)4H 0.31
H(CH2)CO2CH2CHACH2 0.90 H(CH2)3CO2(CH2)3H 0.89 CH2ACH(CH2)6H 0.23
O(CH2CHACH2)2 1.17 O(CH2CH2CH3)2 0.48 or

O(CH2CH2OCH3)2 1.02
CH2ACH(CH2)4H 0.31

The functional group making a liaison with the adsorption site is indicated in bold.
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of such complications in this case is not sufficient
to alter the conclusion stated above, as will be
made clear after it has been possible to present all
the adsorption data for this classification.

Adjudication of the adsorption preference for
diallyl ether (a 5 1.17; olefin 40 in Table IV) is
complicated by its unusual mode of adsorption
due to the dynamic associative interaction of both
diallyl groups with the mobile sorbed-but-not-ad-
sorbed molecules. This causes both of the at-
tached substituents to extend away from the ad-
sorption site at relatively sharp angles as shown
in Figure 8(d), which serves to decrease the mag-
nitude of steric hindrance to further adsorption.
When these centers of unsaturation are elimi-
nated to produce the reference molecule di-n-pro-
pyl ether (column B; a 5 0.48), one n-propyl sub-
stituent lies over the adsorption site while the
other extends away from that site at a relatively
low angle of projection [fig. 4(b) of Errede and
Tiers12], which results in considerable increased
steric hindrance to further adsorption. The modes
of adsorption in these two cases are obviously
very different, and therefore this precludes mak-
ing a valid comparison in accordance with the
caveat mentioned above. In this case, a much
more appropriate reference compound is di-(2-me-
thoxy)ethyl ether (a 5 1.02; the alternate refer-
ence compound listed in column B of Table VI),
which is held to the adsorption site in essentially
the same way [see fig. 4(b) of Errede and Tiers13]
as that shown here for diallyl ether [Fig. 8(d)].
Because the a value for diallyl ether (1.17) is
greater than that for di-(2-methoxy)ethyl ether,
we concluded that the ability to increase the angle
of projection of the nonadsorbed portion away
from the adsorption site (i.e., the desteric effect)
may be greater when the terminal substituent is
a vinyl group than when it is a methoxy group,
despite that the latter is rated relatively high in
the partial list of substituents identified thus far
that can induce a desteric effect.

The set of three allyl ethers (nos. 41–43 in
Table IV) are members of the homologous series
having the GMS H(CH2)mOCH2CHACH2 (i.e.,
series 13 in Table VII). Hence, adjudication of the
adsorption preference in this case can be done
more effectively by comparing the log a versus N
linear relationship for this series with those for
H(CH2)mO(CH2)3H and for CH2ACH(CH2)n12H.
This comparison (Fig. 9) shows that the log a
versus N linear relationship for H(CH2)mOCH2CH
ACH2 is much closer to that for H(CH2)mO(CH2)3H
than it is to that for CH2ACH(CH2)n12H. This is

interpreted to mean that a liaison of H(CH2)m-
OCH2CHACH2 (i.e., series 13 in Table VII) with
the adsorption site involves the oxygen atom of
the H(CH2)mO group. The fact that the log a ver-
sus N linear relationship for H(CH2)mOCH2CH
ACH2 is uniformly above that for H(CH2)mO-
(CH2)3H reflects the relative desteric contribu-
tions of the allyl and n-propyl groups, which are
kept constant in their respective series while n is
incremented from 1 to 3. In the allyl ethers the
desteric contribution on the part of the allyl
groups may be sufficiently great that inversion
of the preference [of the sort noted for the
H(CH2)mO(CH2)nH ethers when m becomes
larger than n (see figs. 3, 7, 11, and 12 in Errede
and Tiers11 for examples)] may not occur in series
H(CH2)mOCH2CHACH2 until m is incremented
to some critical value m9 even larger than 4
(but,8).

Because series 14 in Table VII is an a,v-
difunctionally substituted polymethylene [i.e.,
CH3O(CH2)nCHACH2], the critical value n9 at
which the higher members of the series begin to
deviate from the linearity expressed by eq. (1),
due to correlated molecular orientation,1,17–19

does not occur until n . 12. Hence, it is interest-
ing to note here that if it were possible to obtain
one or more liquid samples of the members that
comprise series 14, it would then be possible to
deduce thereby the a values for almost all of the
96 permutations of the GMS H(CH2)mO(CH2)nCH
ACH2 (in which n is incremented from 1 to 12
while m is kept constant at 1–8) in the manner
used to deduce the planes of rigidly intercon-
nected log a versus N linear relationships for the
monoether series H(CH2)mOCH(CH3)(CH2)nH
and H(CH2)mOC(CH3)2(CH2)nH (figs. 11 and 12,
respectively, of Errede11).

In the meantime, it is informative to indicate
semiquantitatively the general shape of the 8
3 12 array of data points that can be deduced on
the basis of the log a versus N linear relationship
already established for H(CH2)mOCH2CHACH2

(series 13 in Table VII) and the comparison of the
a values for O(CH2CHACH2)2 and O(CH2CH2-
OCH3)2 noted in Table VI, which indicate that the
decrementation constant (D14) for the methoxy-
olefins CH3O(CH2)nCHACH2 should be some-
what less than that for the corresponding dime-
thoxy ether series CH3O(CH2)n12OCH3 (0.0429;
fig. 2 in Errede and Tiers13: the relative desteric
influence of CHACH2 is somewhat greater than
that for OCH3.
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For purposes of illustration, therefore, we as-
sume that D14 has a value of 0.04 (i.e., slightly
less than the 0.0429 observed for the a,v-dime-
thoxypolymethylenes). This approximation, in
conjunction with the a value (a1,1 5 1.29) deduced
for CH3OCH2CHACH2 (which is also the first
member of series 14), enables one to calculate by
means of eq. (1) the approximate a1,n values for
the n 5 2–12 members of CH3O(CH2)nCHACH2

in which n is incremented from 1 to about 12, as
outlined for series 14 in Table VII and as shown in
Figure 9.

Reasoning by analogy with the results ob-
served in the studies recorded in figures 11 and 12
of Erede,11 the log a versus N linear relationships
for each of the subseries in the classification hav-
ing the GMS H(CH2)mO(CH2)nCHACH2, in
which n is held constant at 2–12 while m is incre-
mented from 1 to (n 1 3) ,9 (i.e., series 13a–13k
in Table VII), should be parallel to that estab-
lished for series 13 (D13 5 0.1060; n 5 1 while m
is incremented from 1 to 5 in Table VII). Simi-

larly, those for each of the subseries, in which m is
held constant and n is incremented from 1 to 12
(series 14a–14g in Table VII), will be parallel to
the log a versus N linear relationship for
CH3O(CH2)nCHACH2 (D14 5 ca. 0.04; i.e., series
14 in Table VII) as shown in Figure 9. The inter-
sections of these two sets of mutually parallel
lines identify the am,n values for all 96 permuta-
tions of GMS H(CH2)mO(CH2)nCHACH2, except
for the five data points (represented as empty
squares) in the triangular area at the bottom-left
corner of the array shown in Figure 9. These may
be phantom values for the respective members, if
indeed there is a change in the mode of adsorption
at a critical value of m 5 m9, where the forces
owing to dynamic associative interaction on
H(CH2)m become greater than those on
(CH2)nCHACH2, as described earlier for the sat-
urated ethers (for examples see figs. 7, 11, and 12
in Errede11).

The diagonal line drawn from the data point
for CH3OCH2CHACH2 (a1,1 5 1.29 at N 5 5 in

Figure 9 The log a versus N relationships for alkoxysubstituted olefins. (F) Experi-
mental data; (J) data obtained by extrapolation or interpolation; (j) phantom data.

1606 ERREDE AND TIERS



Fig. 9) to that (a8,8 5 0.123 at N 5 19) for
H(CH2)8O(CH2)8CHACH2 identifies the log a
versus N linear relationship for the subseries
H(CH2)mO(CH2)mCHACH2 (series 15 in Table
VII; m 5 1–8). The decrementation constant for
this subseries is D15 5 0.073 [i.e., (D13 1 D14)/2].

The log a versus N linear relationship for series
15a in Table VII, which extends from the data
point for H(CH2)5OCH2CHACH2 (a5,1 5 0.481 at
N 5 9) to that for H(CH2)8O(CH2)4CHACH2 (a8,4

5 0.175 at N 5 15), is parallel to the log a versus
N linear relationship for series 15 as are those for

Table VII log af 5 log ai 2 Ds(Nf 2 Ni) Relationships for H(CH2)mO(CH2)nCHACH2

GMS and Subseries No. ai:Ni Ds af:Nf r2

H(CH2)mO(CH2)nCHACH2

m 5 1–5, n 5 1 13 1.29:5 0.1060 0.481:9 40.9999
m 5 1–6, n 5 2 13a 1.18:6 0.348:11
m 5 1–7, n 5 3 13b 1.07:7 0.247:13
m 5 1–8, n 5 4 13c 0.979:8 0.177:15

1Srs. 15a
m 5 1–8, n 5 5 13d 0.892:9 0.161:16
m 5 1–8, n 5 6 13e 0.814:10 0.147:17
m 5 1–8, n 5 7 13f 0.742:11 0.134:18
m 5 1–8, n 5 8 13g 0.677:12 0.123:19
m 5 1–8, n 5 9 13h 0.617:13 0.112:20
m 5 1–8, n 5 10 13i 0.563:14 0.102:21
m 5 1–8, n 5 11 13j 0.513:15 0.0929:22
m 5 1–8, n 5 12 13k 0.468:16 0.0847:23

1Srs. 14 1Srs. 14g
m 5 1, n 5 1–12 14 1.29:5 ca. 0.04 0.468:16
m 5 2, n 5 1–12 14a 1.01:6 0.367:17
m 5 3, n 5 1–12 14b 0.79:7 0.286:18
m 5 4, n 5 1–12 14c 0.62:8 0.225:19
m 5 5, n 5 1–12 14d 0.481:9 0.176:20

1Srs. 13
m 5 6, n 5 2–12 14e 0.348:11 0.138:21
m 5 7, n 5 3–12 14f 0.247:13 0.108:22
m 5 8, n 5 4–12 14g 0.177:15 0.0847:23

1Srs. 15a 1Srs. 13k
H(CH2)m1aO(CH2)m1bCHACH2

a 5 1, b 5 1, m 5 0–7 15 1.29:5 ca. 0.073 0.123:19
a 5 5, b 5 1, m 5 0–3 15a 0.481:9 0.177:15
a 5 4, b 5 1, m 5 0–4 15b 0.62:8 0.161:16
a 5 3, b 5 1, m 5 0–5 15c 0.79:7 0.147:17
a 5 2, b 5 1, m 5 0–6 15d 1.01:6 0.134:18

Srs. 131
a 5 1, b 5 2, m 5 0–7 15e 1.18:6 0.112:20
a 5 1, b 5 3, m 5 0–7 15f 1.07:7 0.102:21
a 5 1, b 5 4, m 5 0–7 15g 0.979:8 0.0929:22
a 5 1, b 5 5, m 5 0–7 15h 0.892:9 0.0847:23

1Srs. 14g
a 5 1, b 5 6, m 5 0–6 15i 0.814:10 0.108:22
a 5 1, b 5 7, m 5 0–5 15j 0.742:11 0.138:21
a 5 1, b 5 8, m 5 0–4 15k 0.677:12 0.176:20
a 5 1, b 5 9, m 5 0–3 15l 0.617:13 0.225:19
a 5 1, b 5 10, m 5 0–2 15m 0.563:14 0.287:18
a 5 1, b 5 11, m 5 0–1 15n 0.513:15 0.367:17

1Srs. 14 1Srs. 13k

See Table V footnote.
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the three others (series 15d, 15c, and 15b) that
extend diagonally from the data points for the m
5 2, 3, and 4 members, respectively, of subseries
H(CH2)mOCHCHACH2. Similarly, the lines that
extend diagonally from the data points for the n
5 2–12 members of CH3O(CH2)nCHACH2 (i.e.,
series 15e–15h in Table VII) are parallel to the log
a versus N linear relationship for series 15 [i.e.,
H(CH2)mO(CH2)mCHACH2]. Thus, this set of 12
mutually parallel diagonal lines also passes
through the intersection of the other two sets of
mutually parallel lines that approximately iden-
tify the am,n values for 91 of the 96 permutations
of the classification having the GMS
H(CH2)mO(CH2)nCHACH2.

It is also of interest to note that the set of 17
vertical lines that extend upward from N 5 6–22
scaled on the abscissa identify 17 vectors for a
homologous series of the type H(CH2)m1aO-
(CH2)n2aCHACH2 in which 1 to a methylene
units are transferred systematically at constant
N from the nonadsorbed portion to the adsorbed
portion of the molecules that comprise these ho-
mologous series within the bounds indicated by
the perimeter of the rhomboid-shaped data area
identified in Figure 9.

Perhaps liquid samples of one or more mem-
bers in this classification having the GMS
H(CH2)mO(CH2)nCHACH2 will become available,
enabling the quantitative establishment of the
data array shown in Figure 9 in the manner de-
scribed above.

Moreover, if it were possible to obtain one or
more members of the branched series H(CH2)m-
OCH22q(CH3)q(CH2)n21CHACH2 in which q is 1
or 2, it would then be possible to deduce the mul-
tidimensional rigidly interconnected network of
log a versus N linear relationships contained
within a rhombohedron-shaped volume domain.
The rhomboid planes that contain the log a versus
N linear relationships in which q is incremented
from 0 to 2 at constant m and n (see, e.g., Fig. 5)
would extend downward from each of the log a
versus N linear relationships for those parallel to
that for series 13 (q 5 0, m 5 1–8, n 5 1), series
14 (q 5 0, m 51, n 5 1–12), and series 15 (q 5 0,
m 5 n 5 1–8). The points of intersections for the
three sets of mutually parallel rhomboid planes
within this rhombohedron domain identify the
am,n,q values for all the permutations contained in
the universe having the GMS H(CH2)mOCH22q-
(CH3)q(CH2)n21CHACH2.

The universe of data points would be more
than doubled if it were possible to obtain a few
additional samples in which both substituents at-
tached to the ether oxygen atom have branched
methyl groups [i.e., members with q9 5 1 or 2 in
the classification having the GMS H(CH2)m21-
(CH3)q9CH22q9OCH22q(CH3)q(CH2)n21CHACH2].
This would enable one to deduce a threefold
greater array of am,n,q,q9 values contained within a
rhombohedron of space that extends sharply
downward from the face of the original rhomboid
area. This would be done in the manner used to
deduce the cluster of tetrahedron-like structures
that represent the rigidly interconnected network
of log a versus N linear relationships for
H(CH2)m21(CH3)q9CH22q9OCH22q(CH3)q(CH2)n21H
(see figs. 10, 13, and 14 of Errede11).

It is interesting to note here that the log a
versus N linear relationships calculated for the
subseries of the above GMS for the ether-olefins
lie well above those for the corresponding sub-
series that does not carry an v-olefin group. This
difference reflects the desteric influence of the
olefin group when located at the v position of the
nonadsorbed portion of the adsorbed molecule.

The above suggested research efforts represent
more than just an academic exercise in extension
for extension’s sake. Admittedly, the extrapola-
tions that would follow from the above suggested
measurements for the above complex olefin-ether
GMS project steeply downward to well below the
lowest level of a that can be measured by the
present experimental procedure. Nevertheless,
these extrapolation values have significant mean-
ing because they enable one to identify a homol-
ogous series, the log a versus N linear relation-
ship of which begins in this domain of nonmea-
surable values and extends upward to a domain
that does contain molecular structures having
measurable a values. Procurement of the identi-
fied structures would permit one to compare the
observed value with the predicted value deduced
via upward extrapolation. Such identifications
might justify the time and effort needed to pre-
pare samples of these molecular structures via
synthetic organic chemistry procedures.

This philosophical approach has been used to test
the validity of the rigidly interconnected network
of log a versus N linear relationships in multidi-
mensional space11 for the ethers having the GMS
H(CH2)m21(CH3)q9CH22q9OCH22q(CH3)q(CH2)n21H.
The relatively good agreement between predicted
and observed values in the two comparisons com-
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pleted thus far was most gratifying. The results
observed in these preliminary comparisons will
be reported after we have had the opportunity to
test whether or not such predictive mathematical
procedures are also valid in other more compli-
cated functional classifications, such as ketones
and esters. The data accumulated in those studies
are being organized for interpretation and prep-
aration in a form suitable for publication.
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