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Satisfactory gas chromatographic separations usually require the various inter-
actions which determine peak characteristics to occur near equilibrium conditions.
Asaconsequence, techniques for obtaining thermodynamic and related functions have
developed exploiting data obtained under good analytical conditions. Thus, retention
volumes have been used to obtain thermodynamic quantities for solution processes!—3
and equilibrium constants for transient complexesi—5.

‘Abnormally large height equivalent to a theoretical plate values have been
observed in some chromatographic systems where complexes are believed to form
between the eluents and the active agent of the column®.?2,10, Variations in peak width
with molecular structure were particularly evident in our recent study of electron-
donor-acceptor interactions of molecular iodine with olefins®. When the theoretical
plate concept is applied to a hypothetical column, it is readily shown that peak
broadening results when the rates of interphase transfer of the sample are slow
relative to the residence time, so that rapid equilibration can no longer be assumed.
Nonequilibrium chromatographic processes have been considered quantitatively by a
variety of mathematical techmque':.“ The treatment of YAMAZAKI!? which uses the
Mellin transform to obtain successive moments of the distribution function provides
mathematical descriptions of peak characteristics readily comparable with experiment.

Either lack of rapid equilibration of the adsorption and desorption processes
relative to the carrier gas flow or the formation of iodine-olefin compounds which
form and decompose relatively slowly may cause the abnormally large height equiva-
lent to a theoretical plate values observed for some olefins, especially terminal #-olefins,
on iodine columns. The experimental data for peak broadening are unfortunately
cruder than retention volume data, but nevertheless, it is instructive to analyze the
peak broadening phenomena and to calculate relative equilibrium constants from

these data for comparison with similar constants previously obtained from retention
times alone8. -

EXPERIMENTAL

Reterition times and peak widths for a variety of paraffins and unsaturated
hydrocarbons have been determined on the columns described in Table I. Details of
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TABLE I
DESCRIPTION OF SOLID IODINE COLUMNS
Column  Solid support Weight  Physical descyviption "
. % todine
I Silanized firebrick, 19.8 20 ft. stainless steel 0.125 in, O.D,
60-80 mesh Chromosorb P :
AW, DMCS :
II Silanized Celite, 19.7 - 20 ft. stainless steel 0.125 in. O.D.
60-80 mesh Diatoport S
I1I Firebrick, 42-60 mesh Chromosorb P 19.2 20 ft. stainless steel 0.125 in. O.D.
v Firebrick, 30--60 mesh Chromosorb P 19.9 16 ft. Pyrex 4 mm L.D. .

column preparation and of experimental technique have been reported previously®,
and only salient features are given here. All measurements were at 0°. Most materials
were Phillips Petroleum Company pure or research grade hydrocarbons, and ro™3 to
x0™! pymole samples gave an adequate signal with flame ionization detection and r mV
recorder display. Injection was rapid (< I sec) compared with peak widths.

Flow rates were calculated from methane retention times, and are averages over
the entire column length. Because retention times of methane, ethane, and ethylene
are almost indistinguishable, it seems justifiable to assume that methane does not
interact with the column packings under the conditions used. Frequent injections of
methane and 2,3-dimethylbutane provided controls of flow rate and column operating
conditions. Minor adjustments for slight deviations from standard conditions have
been made to the tabulated data (Tables II and III) where appropriate.

Peak widths were measured along the base line between the extrapolated
tangents to the points of inflection on either side of the peaks. Retention times were
taken at the points of intersection of these tangents, which agreed closely with the
peak height maxima. Despite the skewness of some of the peaks, retention times and
peak widths were generally well defined and varied little with sample size for the small
samples used to obtain the data. However, for very broad peaks (e.g., those for the
terminal olefins), larger samples, sometimes approaching 10-! umole, were needed
to obtain a useable detector response, and the estimation of retention parameters
became more subjective. All measurements were made at least on duplicate experi-
ments, and four to eight or more repeat runs of those peaks most prone to error were
examined. ‘

RESULTS

Because the same columns have been used. to obtain the data needed to calculate
equilibrium constants from peak width measurements as were used in deriving these
constants from retention times alone, the arguments that were previously advanced®
concerning the relative reliability of the data from the various columns also apply in
this study. The most reliable data are for Columns I and II, especially when adjusted
retention times (!'y = ¢y —fo where Jo = !y(methane)) are greater than ~- 0.5 min.
However, equilibrium constants derived from retention data on the untreated fire-
brick—iodine Columns I1I and IV are valuable in illustrating the selfconsistency of the
data despite the experimental uncertainties and are therefore included.

J. Chvomatog., 27 (1967) 20-32



W. E. FALCONER, R. J. CVETANOVIC

22

"] oIqeL, U1 PoQUOSop o1e STWNI0) ¢

— — gL v v — — — , — auejdayopi)
— — 91 I'1 E g1 — -~ 6t Cg¢ o961 Go¥ _aueX3YopIA)
19°0 — ¥go° 190 1 Q1 oS oS 19g€ ofFt Co1 g1z - oueyuedoprh)
— olo gSo. —_ 1. . — — irz  9o€ — gg€ L — ‘suedoidojod)
190 Llyo o 6o €So - o1 o1i- lor: 6L¢€ I€€ €z ooz suenqiiyeun-£'e
— — w0 f90 Sgo il e 16€ g€ €61 991 sueusdjdylop-<
— — 61 €1 g1 Sc — — ¢t 069 191 . THE - ouExol
€90 €0 glo oo ofo 01 €ot . 68F  1€€ 6FE L6l - ofo1 suenqAiIN-z
1%o — 190 [S0o glo a8 ¥eC g6k SEE ogf zgg | Trgt - eueudg
— ggo Sto - 6f0 ggo o1 — Sz gof€  logz frg glui suedoxdjAyiop-z
6o ggo Lo gfo ggo [ €6z ogz 1€ ogc oSg 6FEn aueng
— IS0 — — glo €1 — ' 102 — —. 65¢  fom1 . _ euedoig
— — — — C— — foz  gl1 66 ofc L€  Som . aueyIsp

, . (y-9as 1)

¥ ALY re &t L6126 ¥ L€ & &y 61 260 2)v4 @OJ]
A1 11 na 1 Al I i I eHUA[00) . o
(wma)g (nsas)y 10Q4vI04pA L]

00 1V INIGOI AI70S NO SNISIVIVAOTIIAD GNV SNIJ4VAVA 04 () S3NTVA IV T¥DIIIZICHHL V O INTIVAINOE IHOIEH GNV {Y) STmiL NOILNIIHY

 namEavl

J. Chvomatog., 27 (1967) 20-32



RELATIVE EQUILIBRIUM :.CONSTANTS FOR IODINE—-OLEFIN INTERACTIONS 23
The height equivalent to a theoretical plate (H) is calculated from the column
length, L, the unadjusted retention time, ¢y, and the peak width from the expression

L(cm)
16[¢y(min) /peak width (min)]2

H(cm) =

Retention times and H values for four different solid iodine columns are given in
Table II for paraffins and cycloparaffins and in Table III for unsaturated hydro-
carbons. Flow rates aré also tabulated.

Paraffins and cycloparaffins exhibit normal chromatographic behavior on
iodine columns, but olefins are retained longer and have larger H values than their
structurally analogous paraffins. This specific interaction of olefins with the iodine
substrate is of special interest, and is ascribed to the formation of a transient olefin~
iodine complex. To separate this effect from the superimposed effect of the size of the
molecule (which is assumed to be equal for structurally analogous paraffins and
olefins) the overall adsorption process is described by the following equilibria,

k’c k’g kg kc
Alg = Alg = A = Ag = A,
k’-—c k’—g k—-g k—c
V’s (exposed Vg (gas phase) Ve (;olid
support) iodine)

where A stands for a hydrocarbon molecule (olefin or paraffin), Ag is a molecule
adsorbed on iodine (without being complexed), A is a molecule complexed with
iodine, A’; and A’ are, respectively, the molecules adsorbed and complexed on the
exposed “‘support’’ ; Vg, Ve, and V' are the volume elements corresponding to the gas,
iodine, and the exposed ‘‘support’’ phases, respectively. The following equilibrium
constants are defined: '

Ky = [ASJ/[AL Ke = fAc]/[As]: Kq = KiK; = [Ac]/[A]:
and : '
K = [AG]I[A], K¢ = [A%]|[A%], K'a = K'aK’c = [A%]/{A]

For this system, assuming continual equilibration and a plane source, it has
been shown?® that

%’; = 1 4 als(1 + K¢) + @’ FK's(1 + K’) (1)
where « (and «’) is the volume ratio Vs/Vy, (and V'4/Vy), and {0 = L/U (with U =
linear flow rate of carrier gas). To calculate equilibrium constants, the following
assumptions were made: (1) for an olefin and its structurally analogous paraffin
Kq(ol) = Kg(par) and K’g(ol) = K's(par), (2) Ke(par) = K'¢(par) = o, and (3)
K's(ol) = o. With one olefin chosen as standard (cis-butene-z was chosen in ref. 8,
and, is also taken as reference material in this discussion. Values for the standard are
indicated by asterisks), the relative values for the equilibrium constants are

KalK*q = [tr(0]) — to(par)] / [t(0]) — tr(par)]* (2)
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If assumption (3) that olefins do not complex with the support is not valid, 7.e.,
K'c £ 0, but if olefins interact with the exposed support in the iodine coated
columns exactly as they do with:uncoated support, then

Ka/K*g = [{(0]) — pty(par)]/[¢!y(0]) — pir(par)]* (3)

where p== 15 = (! —?o)o1/(!y — {o)par for the uncoated support material. The
normalized retention time, ¢y, is a measure of the interaction of olefins relative to
their structurally analogous paraffinsS.

YAMAzZAKI!?, in general agreement with other workers!!, obtains the following
expression for the excess, %, in the height equivalent to a theoretical plate (H) due to
nonequilibration of the adsorption and desorption processes on several adsorption
sites, 1,

2D 2U ok (ka,)?

he=H—22 =
U (1 + Zoikifka)?

(4)

where D is the diffusion constant and % and %4 are respectively the rate constants of
adsorption and desorption. Also, he obtains

Iflo = 1 + zdikilkd, (5)

which is equivalent to eqn. (1) for two sites.

In the present case two adsorption sites are considered: iodine (with rate con-
stants for overall adsorption and desorption % and %4), and the exposed support (with
corresponding rate constants 2’ and %’g), so that

Mty2fto® = 2Ulak/(ka)? + o'k'/(R’ a)?] (6)

The values of a(x = Vg/Vy) and &’ (o’ = V'’s/Vy) cannot be known and in order to make
use of eqn. (6) it is necessary to introduce some simplifying assumptions. In the
following it is assumed that for an olefin and its structqrélly analogous paraffin

(k')ol = (k')pnr and (k'd)ol = (k'd)pn.r

Under such, conditions and for a given column, ?.e., assuming « and «’ to remain
. . \R i )
invariant, eqns. (5) and (6) become

(@~ @)= (7)o &), %

2
(7)o = () e = 20 ()~ (i) ®

From (8) and (%) it follows that

and

_ (H242) 01 — (H2¢2) par _ 2[(_’;%5) ol _(7;33) pm']

n _[(tr)él, — (br)parl® [(’,;?‘;)o1 — (7?;)1)01']2

J. Chvomatog., 27 (1967) 20-32

x U = const x U (9)




RELATIVE EQUILIBRIUM CONSTANTS FOR IODINE—OLEFIN INTERACTIONS 27

To evaluate approximately # it is further assumed that H > 2D/U. Then
eqn. (9) requires that 7 should be a linear function of U. The data obtained with
Column I at three different values of U can be used in principle to test this prediction;
however, although in many cases a qualitative agreement is found, the experimental
scatter turns out to be much too large for a stringent test of eqn. (9). Perhaps with the
columns used in this work the values of « and «’ may vary over a period of time for
wide variations of working conditions as a result of the relatively high volatility of
solid iodine. A better consistency may be expected for data such as those in Tables II
and III which are obtained simultaneously or in close succession on the same column
and at a single flow rate.

Relative to a structurally analogous standard olefin—paraffin pair (czs-z-butene
and n-butane in the present case), eqn (7) reduces to

{Zr)or — (%) par — (BlRa)or — (k/kd)par — Ky
[(Zedot — (tr)pnr] * L&/ Rg)or — (/R a)par]® K#*q

Since (k/kd)ol = (Kg)o], -+ Ka,, (k/kd) par = (l{g) par and it is assumed that (Kg)ol =
(K s)par, €qn. (10) is identical with eqn. (2).

To make use of eqn. (8) it is necessary to make some assumptions regarding the
individual relation between % and %4 and the rate constants kg, %2—s, %e, 2-¢ entering
into the postulated equilibria. For the paraffins, k/kq = K, since K¢ = 0, and there-
fore, k = kg, kg = k-q For the olefins, k/kg = K1 + K.) and the simplest assump-
tion is that & = ks, kg == k-g/(T + K¢), i.e., complexing with iodine does not affect the
rateof adsorj)twn of olefins but it does decrease their rate of desorption. If K, > 1 and
assuming as before, that K s(0l) = K ¢(par), then eqn. (8) reduces to

(10)

(’”rz)ol'—(hlr par (%/ka®) 01 — (B/Ra®) par ~(k*d)ol Kq

F == = ~ .
L(Rt2) o — (2r2) par] * [(%/Ra®)or — (%/%ka2)par]* (Ba)or K*a

(11)

Then for olefins, it follows that

kalk*a = (Ka/K"a)|F . (12)
and since k/kg = Ka,

k¥ = (Ka/K*a)2/F (13)

If ko(= k) = k*s(= k*;), as would be the case if adsorption were very efﬁment then
eqn. (13) reduces to

KolK#q = F1/2 | - (14)

Table IV lists Ku/K%, values calculated from eqn. (r4) for three flow rates on
Column I and at single flow rates on each of Columns II, ITII and IV and compares
these values with K,/K*, previously calculated from eqns. (2) (or (o)) and (3),
assuming again that %'~ H. Relative equilibrium constants for 'complexing of
adsorbed olefins with iodine can be calculatcd from the data tabulated in Table IV,
since

Ko/K*e = ("%¢/t'r) pur(JCa/ K ¥a) (15)

J. Chromatog., 27 (1967) 20-32
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TABLE v

RELAT!VE OVERALL EQUILIBRIUM CONSTANTYS (Ka) FOR GASEOUS OLEFINS WITH SOLID IODINE AND RELATIVE RATE

COMPLEXES A'I o°s

W. E. FALCONER, R. J. CVETANOVLE

Hydyocarbon Ka/ K%, (Equation 14) KolK*, .
| Column® F i ur v "Egn.  Eqn.
Flow vates 'o.gz 1.93 4.43 3.4 5.7 4 (2)e (3)°
(em sec™!)
RCH=CH,
Propylene 2.6 3.1 —_ —_ 3.9 — 0.8 0.9
Propylene-dg 4.1 5.1 — — 7.3 — 1.3 1.5
Butene-t 2.7 7.1 8.2 8.2 9.6 10.2 4.2 5.2
Pentene-1 12,1 10.4 13.9 12.6 —_ —_— 10.4 12,7
3~Methy1bptcnc-x 5.8 5.4 8.4 5.7 —_ 13.1 3.5 4.3
Rac == CH a
2~ Mcthylpropcnc 0.34 0.23 0.22 0.31 0.15 —_ 0.26 0.16
2-Methylbutene-x 0.84 0.67 0.57 0.80 — 0.44 0.92 0.80
2+:Methylpentene-1 1.0 1.3 1.7 I.4 - —_— 1.9 1.4
cis-RCH=CHR
cis-Butene-2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
cis-Butene-2-dg 1.3 1.2 1.9 1.4 1.5 _— 1.3 1.5
cis-Pentene-2 2.8 2.7 2.5 2.9 — 1.6 3.6 4.0
trans-RCH=CHR
irans-Butene-2 0.41 0.37 0.35 0.51 0.26 — 0.26 0.22
trans-Butene-2-dy 0.46 0.39 0.38 0.49 0.39 —_ 0.28 0.25
irans-Pentene-2 0.94 0.68 0.64 0.78 — 0.58 0.69 0.56
RyC=CHR
2-Methylbutene-2 0.87 0.63 0.50 0.7 0.23 0.26 1.0 0.45
-\Icthvlpentcne-z 1.7 1.2 1.7 1.5 — — 2.3 0.58
l\oc CR
...3-Dxmeth\ lbutene-2 2.4 .gE 1.9 2.1 — — 3.5 0.93
Cycloolefins
Cyclopentence 3.0 2.7 1.7 2.6 — 1.2 2.1 2.3
Cyclohexene — 30 34 (98)d — — 41 48
Cycloheptene — 12 9 (xg)e —_ — 7.0 7.7
Diolefins
Butadiene-1,3 1.9 2.7 2.6 2.8 3.1 1.6 1.1 1.3
Butadiene-1,3-dg 3.2 $-3 4.2 (r.2)9 — 2.9 1.8 2.1
Acctylene derivatives
Methylacetylene 0.48 047 — —_ (o.05)8 — 0.46 0.56
Methylacetylene-d, 0.48 o.47 — _— — —_ 0.46 0.56
Aromatic hydrocarbons
BRenzene 8.7 6.9 6.5 5.5 —_ —_ 6.1 2.5
Toluene —_ — -— 19.8 —_— —_ — —_ ‘

a gis-Butene-2 is taken as standard, equal to 1.000.
® Columns are described in Table L.
¢ Average values taken from ref. S.

4 Broad
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andjor small ¢ values make the data in parentheses less quantitative than the oth%
tabulated values.
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: CONSTANTS FOR COMPLEX FORMATION (%) AND DECOMPOSITION (%._,) FOR ADSORBED OLEFIN-SOLID IODINE

kc/k*o ‘ k...c/k*..g .

. I Ir = 1r I o I II nr mw
0r-93 .93 443 3.4 57 4 0.92 1.93 4.43 34 - 5.7 4

0.22 0.30 — — 0.035 — o.10 0.09 — —_ 0.03 —
0.26 0.27 _— _— 0.07 _— 0.07 0.05 -— — 0.02 —

0.24 0.42 (0.05)4 o.21 0.22 0.29 0.06 0.00 (0.03)4 0.06 0.05 0.05
0.34 0.24 (o.10)4 o0.14  — — 0.08 0.08 (0.04)¢ o0.05 —_ —

0.13 0.22 (0.02)d o0.13 — 0.13 0.09 0.13 (0.03)¢ o.I0 — 0.05
0.87 1.6 1.8 (0.24)4 1.4 — 2.3 4.6 5.4 (1.4)4 7.1 —
0.62 o0.80 1. 0.39 —_ 2.0 I.4 2.0 2.8 r.3 — 5.8
0.50 0.26 0.23 0.16 — —_ 1.8 X.0 0.74 0.78 — —_

1.00 1.00 . 1,00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
1.0 1.3 0.5 1.7 1.1 — 0.78 0.95 0.36 0.42 0.71 _—
0.73 0.56 0.62 0.34 — 1.8 0.52 0.47 0.56 0.24 —_ 1.7
0.39 0.38 0.69 0.34 0.33 —_ 1.5 1.7 2.4 1.1 2.2 —_
0.43 0.37 0.67 0.66 0.35 _— 1.4 1.5 2.2 1.6 1.5 —_
0.24 0.27 0.35 0.29 —_ 0.38 0.87 1.3 1.6 1.2 2.1
0.70 0.94 1.6 0.28 I.I 1.9 1.5 2.3 3.9 I.1 8.2 0.7
0.28 0.42 0.35 0.16 — — 0.83 1.4 0.92 0.76 —_ —_
0.32 0.49 0.71 0.29 e — 0.57 0.87 1.1 0.66 —_— —_—

{ o1z 0.13 0.31 0.12 — 0.43 0.25 0.28 0.70 0.30 — 1.1
—_— 0.13 0.15 (0.05)4 ~— —_ — 0.04 0.04 (0.01)0 — —
—_ 0.01 0.02 (o.01)d — —_ — 0.04 o.10 (0.05)8 — —_
0.39 0.27 0.10 0.22 0.08 ' 0.33 0.32 0.19 0.12 0.17 0.09 0.36
0.30 0.29 0.1II —_— — 0.23 0.17 0.13 0.08 — —_— 0.17
2.8 3.7 _— — — —_ 2.0 2.1 — — — —
2.8 3.7 —_ — — — 2.0 2.1 —_— — — —_
0.05 0.05 0.08 0.08 —_ — 0.09 o.11 0.16 0.18 —_— —_—

J. Chyomalog., 27 (1967) 20~32
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Considering the simplifying assumptions which had to be made and the difficulty of
determining accurately H and ¥, values for the very broad peaks obtained with a
number: of olefins studied, the K,/K*, values from eqn. (14) (and K/ K*, from eqn.
(x3)) have adequate correspondence with similar data from ref. 8. It is therefore quite
possible that the rates of adsorption do indeed remain approximately constant for
various olefins.

However, it is also possible that the difference observed between the equilibrium
constants calculated from peak broadening measurements and those from retention
data are genuine, i.e., that the rates of complex formation may differ appreciably from
olefin to olefin. In this case, one refinement of the treatment is to assume that the rate
determining steps are the formation (rate constant %) and breaking (#-¢) of the
complex, while physical adsorption (%s) and desorption (%-s) occur rapidly. With this
assumption, the rate of adsorption is Ry = %.[As] = Kkc[A]. Therefore, k& = K ke,
and eqn. (x3) is replaced by

K, Kgq )/

kelk*e = (75—75—

(16)

Furthermore, k/kg = Kq = (Kgk¢)/k=c, s0 that kg = k.. and eqn. (12) is replaced by

heolk¥— = (Ko/K*a)|F (17)
Equation (x4) has been used to calculate %k_¢/k*_. values which are also tabulated in
Table IV. In principle, the K./K*, values from eqn. (15) could be used to calculate
relative rates of complex formation from egn. (16), but we believe that the K /K *

previously reported® are more reliable quantitatively, and, therefore, these previous

data have been used to obtain the %./k*%, values listed in Table IV (k¢/k*, = (K ¢/K*c)/
(k—c/b*—c)).

DISCUSSION

YAMAZAKI’s equations!? which relate rates of interphase transfer to excess peak
broadening (i.e., the part of the peak width over and above that caused by diffusion
broadening alone) enable one to calculate overall equilibrium constants, K,, and rate
constants for adsorption and desorption from chromatographic peak width measure-
ments, and in principle, also from skewness or asymmetry measurements on the
peaks. To apply his derivations, near equilibrium conditions must be avoided for :he
experimental measurements. By making reasonable but fairly extensive assump’ions,
overall equilibrium constants for complexing of a number of structurally difizrent
olefins with solid iodine have been estimated relative to c¢is-butene-z using height
equivalent to a theoretical plate measurements. From the same experimental data,
relative rate constants for the forward and reverse interactions have also been cal-
culated. Constants thus calculated from peak width measurements provide an in-
dependent set of values to compare with those calculated from retention measure-
ments. To date, it has not been feasible to extract from peak asymmetry characteristics
a third set of constants for intercomparison.

The self-consistency of the relative overall equilibrium constants Kg/K*4 in
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Table IV suggests that the approximations required to calculate these data usmg
YAMAZAKI’s equations are indeed reasonable and not “too drastic. This belief is
strengthened by the correspondence between the constants thus calculated and
those obtained in ref. 8 directly from retention times. The trends exhibited by the
two sets of equilibrium constants are very similar, and except for propylene, the
K,/K*4 constants agree at least within a factor of two, and generally are much closer.
The previously observed?® secondary deuterium isotope effects are also reproduced.

The correlation between the two sets of Kq/K*, ‘values indicates that those
factors which determine the retention times of an olefin on a solid iodine column also
dictate the extent of excess peak broadening in the column. It will be interesting if this
observation can be extended to include peak shapes, 7.e., skewness and kurtosis, as is
suggested by YAMAZAKI’s treatment2,

The chemical 51gn1ﬁcance of the trends in complex stability has already been
discussed$, and therefore is not considered here.

The quantitative significance of the rate constants for complex formation (%¢)
and complex decomposition (%-¢) is somewhat questionable. As expected, the terminal
olefins exhibit slow complexing and especially slow complex decomposition. Cyclo-
olefins and aromatics are likewise slow in making and breaking complexes, whereas
those olefins branched at the double bond tend to be relatively faster. Increasing
molecular size also appears to reduce the relative rates. However, the scatter is con-
siderable and these values must be evaluated with this scatter in mind.
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SUMMARY

The equations obtained by YAMAzAKI to describe retention characteristics
under nonequilibrium chromatographic conditions have been applied to the iodine-
olefin system. Starting from these equations, relative overall equilibrium constants for
the interactions of gas phase olefins with solid iodine at 0° have been estimated from
measurements of excess peak broadening. These data closely resemble similar con-
stants obtained from retention time measurements alone. Relative rates for complex
formation and complex decompostion have also been derived from height equivalent
to a theoretical plate data. The same factors are believed to determine both retention
time and excess peak width under nonequilibrium conditions.

REFERENCES .
1 P. E. PorTER, C. H. DEAL AND F. H. STROSS, J. Am. Chem. Soc., 78 (1956) 2999,
2 W. E. FALCONER AND R. J. CVETANOVIE, Anal. Chem., 32 (1962) 1064.
3 D. E. MARTIRE, in L. FowLER (Editor), Gas Ckromatography, Academic Press, 1963, p. 33.
4 E. GiL-Av AND J. HERLING, J. Phys. Chem,, 66 (1962) 1208,
5 M. A. Muus aAxD F. T, WE1ss, J. Am. Cham Soc., 84 (1962) 4697.
6 R, J. CveTANOVIié, F. J. DUNCAN AND W, E, I‘ALCONER, Can. J. Chem., 42 (1964) 2410,
7 R, J. CvETaNovié, F. J. DuncaN, W, E. FALCONER AND R. S, IrwiN, J. Am. Chem. Soc., 87

(1965) 1827,

J. Chvomatog., 27 (1967) 20~32



32 , W. E. FALCONER, R. J. CVETANOVIG
F
8 R. J. CveTanovié, F. J. Duncan, W, E, FALCONER AND W, A, SUNDER, J. An. Chem. Soc., 88

(1966) 1602.
o T. R. PHILLIPS. AND D. R, OwENS, in R. P. W, Scort (Editor), Gas Chromatography 1960,

Butterworths, London, 1960, p. 508.
10 G. P. CarTONI, R, S. LowRrlIEg, C. S. G. PHILLIPS AND L, M. VENANZI, in R, P. W, ScorT (Editor),

Gas Chromatograply ro6o, Butterworths, London, 1960, p. 273.
11 For examples, see refs. 1 through 6 and g of the preceding paper!?,
12 H. YaMmazaxl, J. Clwvomalog., 27 (1967) 14.

J. Chromatog., 27 (1967) 20-32



