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Satisfactory gas chromatographic separations usually require ,the various inter- 
actions which determine peak characteristics to occur near equilibrium conditions. 
As aconsequence, 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 complexes+*. 

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 c01umn~~~~ lo. 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 cliromatographic processes have been considered quantitatively by a 
variety of mathematical techniques 11. The treatment of YAMAZAKL~~ which uses the 
Mellin transfoti to obtain successive moments of the distribution function provides 
mathemaeical 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 N-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 alone*. 

EXPERIMENTAL 

Retention 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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TABLEI 
DESCRIPTION OF SOLID IODINE COLUMNS 

Column solid SU$~~OY~ Weight Physical descviption 
.I 

a/O iodine 

I 

11 

I.11 
IV 

Silanized firebrick, 
Go-80 mesh Chromosorb I? 
AW;DMCS 
Silanized Celite, 
60-80 mesh Diatoport S 
Firebrick, 42-Go mesll Chromosorb P 
Firebrick, 30-Go mesh Chromosorb P 

19.8 20 ft. stainless steel 0.1~5 in. O.D. 

IQ.7 d 20 ft. stainless steel 0.125 in. O.D. 

19.2 20 ft. stainless steel 0.125 in. O.D. 
19.9 IG ft. Pyrex 4 mm I.D. .., 

column preparation and of experimental technique have been reported previouslye, 
and only salient features are given hers. All measurements were at o”. Most materials 
were Phillips Petroleum Company pure or research grade hydrocarbons, and 10-3 to 
JO-' pmole samples gave an adequate signal with flame ionization detection and J: mV 
recorder display. Injection was rapid (e I set) 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 2,3dimethylbutane 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-r pmole, 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 
examine& 

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 advanced6 
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 (t’r = dr -to where to = &(methane)) are greater than - 0.5 min. 
EIowever, equilibrium constants derived from retention data on the untreated fire- 
brick-iodine Columns III and IV are valuable in illustrating the selfconsistency of the 
data despite the experimental uncertainties and are therefore included. * 

J. CJwomatog., 27 (~~67) 20-32 
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The height equivalent to a theoretical plat& (W) is calculated from the column 
length, L, the unadjusted retention time, t ,., and the peak width from the expression 

L(cm) r_l(cm) =1----- 
IG[t,(min)/peak width (min)]s 

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 ark also tabulated. 

I?araffins and cycloparaffins exhibit normal chromatographic behavior on 
iodine columns, but ‘olefins are retained longer and have larger iY values than their 
structurally analogqus 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, 

i/C I<‘* ke kc 
Aft ss A’, zks A s A, ==iz A, 

k’-c 12’~8 12-q k-c 
c , L * ’ L--y---/ 

V’s (exposccl. Ir, (gas phase) v’a (solid. 
support) iocline) 

where A stands for a hydrocarbon molecule (olefin or paraffin), As is a molecule 
adsorbed on iodine (without being complexed), AC is a molecule complexed with 
iodine, Ats and Ale are, respectively, the molecules adsorbed and complexed on the 
exposed “‘support” ; V,, Vs, and VI8 are the volume elements corresponding to the gas, 
iodine, an”d the exposed “support” phases, respectively. The following equilibrium 
constants are defined: 

~f’n = [&,]/[A], Kc = [Ac]/[A,l. Ifn = KJ~c = CM/l-Al, 

and 

been 

If’, = [A’.]/[h], If’, = [A’c]/[A’d, If’” = If’nlf’c = [A’c]/[A]. 

For this system, assuming continual equilibration .and a plane source, it has 
shown8 that 

where a (and CC) is the volume ratio l;l’,/vg (and V’,/V,), and to = L/U (with U = 
linear flow rate of carrier gas). To calculate equilibrium constants, the following 
assumptions were made: (I) for an olefin and its structurally analogous paraffin 
I&(01) = K,(par) and .Z”‘s(ol) = K’,(par), (2) &(par) = IC’C(par) = o, and (3) 
K’C(O1) = o. With one olefin chosen as standard (cis-butene-2 was chosen in ref. 8, 
and. is also taken as reference material in this discussion. Values for the standard are 
indictited by asterisks), the relative values for the equilibrium constants are 

Ka/Ji*‘a = [t,(ol) - tr(par)l / C&(01) - &(pNl* (2) 

J. Ckvomatog., 27 (xgG7) 20-32 
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If assumption (3) that olefins do not complex with the support is not valid, i.e., 
K’c # o, but if olefins interact with the exposed support in the iodine coated 
columns exactly as they do withuncoated support, then 

KJK*a = CW4 - @&=)I / PrW - pMpar)l * (3) 

where p = I’tz = (tr - t&r/(tr - to) pa= for the uncoated support material. The 
normalized retention time, t’n, is a .measure of the interaction of olefins relative to 
their structurally analogous paraffin@. 

YAMAZAKP, in general agreement with other workersfr, obtains the following 
expression for the excess, h, in the height equivalent to a theoretical plate (H) due to 
nonequilibration of the adsorption and desorption processes on several adsorption 
sites, i, 

h (4) 

where D is the diffusion constant and k and k:cl are respectively the rate constants of 
adsorption and desorption. Also, he obtains 

&/to = r 4- &Wka, (5) 

which is equivalent to eqn. (I) for two sites. 
In the present case two adsorption sites are considered: iodine (with rate con- 

stants for overall adsorption and desorption k and kd), and the exposed support (with 
corresponding rate constants k’ and k’d), so that 

Izt,2/@ = z U[ak/(k,# + cx’k’/(k’,)2] (6) 

The values of OC(E = V,/V,) and &(a’ = V’,/V,) 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 structurally analogous paraffin 

Under such! conditiol!s and for a given column, i.e., assuming a and a’ to remain 
invariant, eqhs. (5) and (6) become 

and 

From (8) and (7) it follows that 

(w)ol- (w?par 
‘I =HMol- (trhs-- 

. 
xv = const x U 

(7) 

(8) 

(9) 

J. Chvomatog., 27 (1967) zo-3:. 
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To evaluate approximately v it is further assumed that H > zD/U. Then 
eqn. (9) requires that q should be a linear function of U. The data obtained. with 
Column I at three different values of U can be used in princi,ple 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 dc and 61’ 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.11 
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 (cis-z-butene 
and gt-butane in the present case), eqn. (7) reduces to 

Since (k/k&l = (Ks)o~ -I- &, (k/kd)par = (Ke)par and it is assumed that (K&i = 
(7<e)pn,r, eqn. (IO) is identical with eqn. (2). 

To make use of eqn. (8) it is necessary to make some assumptions regarding the 
individual relation between k and kd and the rate constants ks, kw8, kc, k+ entering 
into the postulated equilibria. For the paraffins, k/kd = Kg, since Kc = o, and there- 
fore, k = kg, kd = kMs. For the olefins, k/kd = K,(I + Kc) and the simplest assump- 
tion is that 78 = k,, kg = lz-,/(I + Kc), i.e., complexing with iodine does not affect the 
rnte of adsor$$ion of olefins but it does decrease their rate of dmor@tion. If ,7cc > I and 
assuming as before, that K8(ol) = K8(par), then eqn. (8) reduces to 

Then for olefins. it follows that 

(12) 

72/12* = (I~,IK%GIF (13) 

If ks(= 12) = k”s(= k*s), as would be the case if adsorption were very efficient, then 
eqn. (13) reduces to 

Pi-a/K*tc r= El12 (14) 

Table IV lists &/lC *e values calculated from eqn. (14) for three flow rates on 
Column I and at single flow rates on each of Columns II, III and IV and compares 
these values with I<O/l<*cc previously calculated from eqns. (2) (or (IO)) and (3), 
assuming again that 72 ‘W H. Relative equilibrium constants for ,complexing of 
adsorbed olefins with iodine can be calculated from the data tabulated in Table IV, 
since 

KclK’c = (t’*,/t’r)par(~~al#‘a) (IS) 

J. CAvomato~., 27 (1967) ZO--~Z 
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TABLE IV 
: 

R'IELATIvEOVERALLR~UILIBRIUMCONS~AN'ES(~~)POR GASEOUSOL~FINSWITWSOL~D~ODINE ANDRELATIVF,RAT 
C~MPLUXES ATO’& 

Hydvocarbon K,,/K*pc (Equali& ~4) &J/P, ._. 
c \ I 

Columnb I II III IV Eqn. 
9 

Eqn. 
t 

Flow vates o.ga I.93 4*43’ 3.4 5.7 
(cm set-1) 

4 (do (310 

RCH=CH, 
Propylene 
PPopylenc-ds 
Butcnc- I 
Pcntcnc- z 
3-Mctlrylbutcnc- I 

R,C=CH, 
2-Mcthylpropcnc’ 
2-Mcthylbutonc-I 

, 2.Mothylpcntcnc-I 

Gis-RCH = CHR 
GiS-BUtCnC-2 
cis-Butcne-2-r& 
cis-Pcntcnc-2 

Jrarrs-RCH=CHR 
IrarwButcnc-2 
Jrarrs-Butcnc-2-& 
iraws-Pcntcnc-2 

R,C==CHR 
2-Mcthylbutenc-2 
a-Mcthylpcntcne-2 

R,C=CR, 
2,3-Dimsthylbutenc-2 

Cyclool&ns 
Cyclopentunc 
Cyc.lohese.nc 
Cyclohcptcnc 

Dioletins 
Butndienc- 1.3 
Butndicnc- I, 3-d. 

hcctylcnc defivatives 
Mcthylncctylenc 
;Ucthplacctylenc&, 

Aromatic hgdwzarbons 
acazene 
Tolucnu 

2.G 
4-1 
7*7 
12.1 
5.8 

;:: 
7-1 

10.4 

5.4 

- 

7.2 
13.9 
8.4 

- 
- 

8.2 
12.6 
S-7 

3.9 

g:: 
- 
- 

- 
- 
10.2 
- 

X3.1 

0.8 

I-3 
4.2 

x0.4 
3.5 

0.9 

;:: 
12.7 

4.3 

o-34 0.23 0.22 0.31 0.15 - 

0.84 0.67 0.57 0.80 - 0144 
.I .o I.3 I.7 I.4 - - 

0.2G 
0.92 
1.9 

I.00 I,00 I.00 1.00 1.00 1.00 
I.3 1.2 I.9 I.4 I*5 - 
2.8 2.7 2.5 2.9 - 1.G 

1.00 

f:% 

0.41 o-37 0.35 0.51 0.26 - 0.26 0.22 
0.46 0.39 0.38 0.49 0.39 - 0.28 0.25 
0.94 0.68 0.64 0.78 - 0.58 0.69 0.5G 

0.s; 
I.7 

2.4 

3.0 
- 
- 

r-9 
3 .3 

0.4s 
, 0.49 

. 

s- ‘# 
- 

o.G3 
I.2 

0.50 
I.7 

0.78 0.23 0.2G 
I.5 - - 

1.0 0.45 
2.3 0.58 

I.9 
E 

1.9 2.1 - 3.5 0.93 

2.7 
30 
I2 

3Y 
9 

2-t 2.6 
4.3 4.2 

piit 
I 4 

2.8 
(r.z)d 

- 

- 
- 
- 

3.1 
- 

I.2 
- 
- 

2.1 2.3 
41 48 

7-Q 7.7 

1.6 1.1 I.3 
2.9 1.S 2.1 

o.4i 
o-4 7 

. 

- 
- 

0.46 O.$ 
0.46 0.56 

6.9 6-5 
- - 

- 
- 

S-5 
19-s 

(o.og)d - 
- - 

- - 
- - 

6.1 2.5 
- - 

= cis-Butcnc-2 is ta&en as standard. equal to 1.000. 
b Columns are descxibed in Table 1. 
= .%\wage values taken from tcf. 9. 
d Broari peaks and/or small G ~~.Iues xnake ‘the data in pnrcntheses less quantitative than the 0th 

tabulnrcd \dues, 
, 
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CONSTANTS FOR COMPLEX FORMATION (ho) AND DRCOMPOSITION (kc! FOR ADSORBED OLBPIN-SOLID IODINE 

I 

0.22 

0.26 
0.24 
0.34 
0.13 

0.30 
0.27 
0.42 
0.24 
0.22 

- 
- 
(0.05)” 
‘(O.lO)(J 
(0.02) * 

- 0.05 - 0. so 0.09 
- 0.07 - 0.07 o.o_fj 
0.2;. 0.22 0.29 0.06 0.09 
0.x4 - - 0.08 0.08 
0.13 - 0.13 0.09 0.x3 

- 

(Ko3) fl 
(0.04) cl 
(0.03) d 

- 
- 
o.oG 
0.05 
0.10 

0.03 
0.02 
0.03 
- 
-- 

0.87 I.6 I.8 
0.62 0.80 I.1 
0.50 0.26 0.23 

- 2.3 4.6 5.4 
2.0 I.4 2.0 2.8 
- 1.8 1.0 0.74 

(;$* 
. 

0.78 

7.X - 
- 5.8 
- - 

1.00 1.00 I.00 1.00 I.00 I,00 I.00 I .oo 1.00 11.00 z.00 
I.0 I.3 0.5 1.7 1.X - 0.78 0.95 0.36 0.42 0.71 
0.73 0.56 oh2 0.34 - 1.8 0.52 0.47 0.56 0.24 - 

0.39 0.38 0.69 0.34 0.33 - 1.5 =*7 2.4 I.1 2.2 
0.43 0.37 0.67 0.66 0.35 - 1.4 =.5 2.2 1.6 I.5 
0.24 0.27 0.35 0.29 - 0.38 0.87 x.3 I.6 I.2 - 

0.70 0.94 1.G 0.28 I.1 
0.28 0.42 0.35 0.16 - 

=*9 I.5 2.3 3.9 1.1 8.2 
0.83 1.4 0.92 0.76 - 

0.32 0.49 0.71 0.29 - - 0.57 0.87 1.1 0.66 

0.12 
- 
- 

0.13 
0.13 
O.OI 

0.31 
0.15 
0.02 

0.12 - 
(0.05)” - 
(O.OL)d - 

0.43 
- 
- 

0.25 
- 
- 

0.28 0.70 
0,04 0.04 
0.04 0.10 

- 

- 0.30 
(o.ol)a - 
(0.05)” - 

0139 0.27 
0,30 0.29 

2.8 3.7 
2.8 3.7 

0.10 
0.11 

0.22 0.08 
- - 

o-33 
0.23 

- 
- 

0.32 
0.17 

2.0 
2.0 

o.xg 
0.13 

2.1 
2.1 

0.11 
- 

0.12 0.17 0.09 
0.08 - - 

- 
- 

- - 
- - 

- 
- - - 

0.05 0.08 0.08 - 
- - - 

- 
- 

a.09 
- 

0.16 
- 

0.18 - 
- - 

- 
- 
0.05 
- 
0.05 

I.00 
- 

1.7 

- 
- 
2.1: 

9.7 
-, 

- 

I.1 
- 

0.36 
0.x7 

- 
- 

- 
- 

. 
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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 *a values from eqn. (14) (and Kc/K*c from eqn. 
(IS)) have adequate correspondence with similar d.ata from ref. 8. It is therefore quite 
possible that the rates of adsorption do indeed remain approximately constant for 
various olefins. 

IIowever, 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 oJc com$Zex formatiovz may differ appreciably from 
olefm to olefin. In this case, one refinement of the treatment is to assume that the rate 
determining steps are the formation (rate constant kc) and breaking (L,) of the 
complex, while physical adsorption (R,) and desorption (L) occur rapidly. With this 
assumption, the rate of adsorption is Ra = &[AJ = K&[A]. Therefore, ?z = KBkC, 
and eqn. (13) is replaced by 

Furthermore, k/kd = Km = (K8kc)/1Lc, so that Iza = ILc and eqn. (12) is replaced by 

k-cJk’-c = (KaIK*‘,JIF . (17) 

Equation (IS) has been used to calculate k-,Jk*- c values which are also tabulated in 
Table IV. In principle, the Kc/K* c values from eqn. (IS) could be used to calculate 
relative rates of coinplex formation from eqn. (IS), but we believe that the Kc/K*c 
previously reported$are more reliable quantitatively, and, therefore, these previous 
data have been used’ to obtain the k,J1~* c values listed in Table IV (kc/k*, = (K,/K*,)/ 
(LP*-,)) l 

DISCUSSION 

YAMAZAICL’S equations12 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, I!&, 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 beavoided for ilhe 
experimental measurements. By making reasonable but fairly extensive assump? ions, 
overall equilibrium constants for complexing of a number of structurally dif,:S3rent 
olefins withsolid iodine have been estimated relative to c&butene-2 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 Ka/K*a in 
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Table IV suggests that the approximations required to -calculate these data using 
YAMAZAKL’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 
Ka/.K*a constants agree at least within a factor of two, and generally are much closer. 
The previously observed2 secondary deuterium isotope effects are also reproduced. 

The correlation between the two sets of Ka/K *a 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, i.e., skewness and kurtosis, as is 
suggested by YAMAZAKL’S treatment?. 

The chemical significance 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 (R,) 
and complex decomposition (I<+) 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 YAMAZAICI 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 o” 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. 
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