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SUMNARY 

The anhydrous chlorides of vanadium (II), manganese (I I) and cobalt (II) were 
studied for possible use as packings in gas-solid chromatography. These compounds 
differ primarily in their number of available “3~1” electrons, viz. V(II)(3d”), Mn(II)- 
(3dG) and Co(II)(3d7). V arious saturated and unsaturated organic compounds were 
investigated as adsorbates to observe the influence of varying ,-c-electron densities. 
The heats of sorption were calculated and found to vary directly with the n-electron 
density of the adsorbate and vary inversely with the number of 3d electrons of the 
adsorbent. Separations achieved were a result of then-electron density of the samples. 
Conjugated systems adsorbed on the salts were studied, but the column appeared to 
be best utilized for compounds having isolated n-bonds. A highly electronegative 
qoup, not near to a n-bond, appeared to have little effect on the degree of sorption. 
Although it was not our purpose to determine absolutely the mechanism of sorption, 
3ur data indicate that chemisorption plays a major role in the interaction between 
adsorbent and adsorbate. 

[NTRODUCTION 

GARNER AND VEALI and later GARNERS defined three processes, each of which 

could be termed adsorption. The first of these, physical adsorption, is due primarily 

to Van der Waals forces. The latter two processes, reversible chemisorption and 

irreversible chemisorption, are attributed to bond formation between the adsorbent 

and the adsorbate. KIPLING AND PEAICALL~ observed that no single experimental 

measurement could provide a criterion to distinguish between chemisorption and 

physical adsorption as there were many exceptions to the general concept that the 

heat of sorption for physical adsorption is less than that for chemisorption. In a 

chemisorption process all three operations generally occur (unless conditions are 
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rigidly controlled) and the determined heats of sorption reflect the average contri- 
bution of all three sorption processes. 

Many publications’ have appeared wherein the authors proposed chemisorption 
as the mechanism involving the sorption of unsaturated compounds onto transition 
metal salts”-11. DENT AND I<oHI&~ proposed a definite bond between propylene and 
zinc oxide, infrared spectroscopy being used to study the sorption process. Some 
applications to gas chromatography have been demonstratedI”-1” using various 
transition metal compounds as adsorbents. In a series of articles, GIL-AV et nZ.1+-1.0 
demonstrated the use of stationary phases containing silver nitrate to perform 
separations of saturated and unsaturated compounds. 

These studies, coupled with the potential of column selectivity and Iligh- 
temperature operation, formed the basis of our research. It was hoped that the 
chlorides of vanadium(II), manganese(I1) and cobalt(I1) would be effective as 
packings in the separation of various unsaturated compounds by gas-solid cliromato- 
graphy (GSC). 

EXPIZRIMENTAL 

V(II), Mn(I1) and Co(I1) chlorides were purchased, as Reagent Grade anhydrous 
salts, from I< and I< Laboratories, Plainview, N.Y. DSC studies indicated the presence 
of hydrated water ancl curing conditions were selected to assure the anhydrous state. 
The columns were glass, G ft. in length, 0.25 in. O.D. Each was packed with Go/So 
mesh salt using vacuum and slight vibration. The packings were cured in the columns 
under helium flow for .three days at the following temperatures: VCI, (I~o”), MnCI, 
(230~) ancl CoCl, (rgo”). After three days, the columns were again vibrated uncler 
vacuum to fill any voids ancl cured an adclitional clay. 

A Varian Aerograph Model rS40-I gas cl~romatograp11 equipped with dual 
columns, flame ionization detectors, ancl on-column injection ports was employecl 
with helium, dried over calcium chloride and molecular sieves, as the carrier gas. 

A Leeds and Northrup potentiometer equipped with an iron-constantan 
thermocouple served as low-temperature monitoring system. 

Io-,ul-capacity Hamilton syringes, obtained from Hamilton Co., Whittier, 
Calif., U.S.A., were used for injection of samples. 

The following single components wer_e used for calculating heats of adsorption: 
(I) cycloliesane, cyclohexene, benzene, Iz-hexane, I-hexene, I-hexyne, 4-chloro-I- 
butene (all reagent grade; each 20.0~/~ (v/v) in methylene chloride); (2) ?z-pentane, 
I-pentene, I-pentyne (all reagent grade; each 20.0% (v/v) in qz-octane). 

The following mixtures were prepared ‘for trial separation : (I) cyclohexane, 
cyclohexene, benzene (in qz-decane ; I :I : I : 2 by vol..) ; (2) gz-hexane, I-hesene, I- 

hexyne (in methylene chloride; I : I : I :2 by vol.) ; (3) vz-pentane, I-pentene, I-pentync 
(in gz-octane; 1:1:x:2 by vol.). 
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W11en samples of acetylenic or olefmic compounds were injected as the pure 
vapor, extremely long retention times resulted even at column temperatures well 
above sample boiling points, i.e., b.p. + 50-70”. In addition, poor reproducibility 
and ektreme tailing occurred. These phenomena were not observed with samples 
having saturated linkages. Useful chromatograms with reasonable retention times 
and good reproducibility were obtained for acetylenic and olefinic compounds when 
these were prepared in ZO.O~/~ (v/v) solutions using a sample size of I pl. Solvents 
were selected which experimentally displayed no sorption in our system and whose 
boiling points were compatible with our samples. For purposes of comparison, 
samples leaving saturated linkages were also prepared in an appropriate solvent as 
20.0”/~ (v/v) solutions, Initial injections ‘of samples having unsaturated linkages 
exhibited a sequential decrease in retention time per injection until a constant value 
was obtained. This occurred only at the beginning of the day and was interpreted as 
clue to gradual saturation of available irreversible sorption sites. Usually, three or 
four I+ injections of sample solution (20.0~~~) were required to “saturate” the 
c01u11111. 

RESULTS AND DISCUSSION 

Heats of adsor+tion 
In Tables I-III are listed the heats of adsorption of the samples studied along 

with the respective boiling points and some pertinent operating conditions. Certain 
observations may be noted. In all cases, the heats of adsorption increase in the order: 
3d”, 3d7, 3dn, i.e., MnCl,, CoCl,, VCl,. This is predictable in that VCl, possesses the 
greatest number of available “d” orbitals and 3db(MnCl,) is a particularly stable 
state. Temperatures as high as twice the boiling point were required to elute un- 
saturated samples from VCl,. It is interesting to note that the difference AH, ben- 
zene - AN, cyclohesane is much less on all CO~UI~~I~S than the difference L~H, I- 

TAl3LE I 

JIJSATS 012 ADSOIZl”~ION ON h’lllC1, IN IfChJ./hlOJ~lE 

~oJlclitioJls as Ii&ccl. 
. ..-_-. -.-..__-.~....-.--. -__-_-._-.---_---.-----_--_~_._ 

Sarrrfilc 13oil,i?rg d I-J,, n colamWl Flow r#atc 

floi9r 1 

F) 

~~ua~cvalim (ltzll~trzin) 

.____ ___. __ ,_.._....... _.” . . . ._...__ --- ._.__... ___..- __- .._.._._ - ._-._ . . ..-.- ._-... -._- .-_--...-_.. _ .-.._...._-... _-._- 

~2-Pclltallc 36.2 2.16 Go-80 J6.cJ 

I-Pcntcnc 29.2 2.78 Go-80 16.cj 

I-l?clltync LkO.0 ‘I.@ Go-80 r6.g 

n-I-Iesanc! Gg.0 3.2-C 60430 1q.S 
I-I-Icxenc 63.5 3.99 60-80 rq.8 
I-I%xync 7r.s 5.99 60-80 1‘F.S 
Cyc1011csn11c 8 I . -1. 2.53 Go-40 l-F.7 
Cyc1011csc11c . 83.0 4.67 Go-So T4.7 
~3c11zc11c 80. I 5.29 GO-80 14.7 
.f-Chloro-I-butcnc 75.0 .{.GI GO-80 IS.3 

1’ All results ncgntivc. 
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TABLE II 

IIEATS OF ADSORPTION ON COCI, IN ICCAL/MOLE 

Conclitions as listed. 

Samfile Flow rate 

n-Pcntanc 36.2 
1-l?entene 29.2 
I-Pentync 40.0 

n-Hcxnne Gg.0 
I-Hexenc 63.5 
I-I-Iexyne 71.5 

Cyclohexanc S1.4 
Cyclohexene 83.0 
Uenzene So.1 

a All results negative. 

2.54 60~30 15.1 
3.72 60-80 15.1 
7.23 60-50 15.1 

5.16 60-80 15.1 
5.96 60-80 15.1 
11.87 60-80 . ‘. 15.1 

46.;; 
60-80 15.7 

7:50 
60-80 15.7 
60-So IS.7 

pentyne - AH, I-pentene or AHa I-hexyne - AH, I-hexene, as shown in Table IV 

with the greatest difference noted on VCl,. It had been predicted by MUHS AND 

Wmss20 that benzene, while containing the largest amount ofn-electron density, is 

a conjugated system and will not be as strongly chemisorbed as compounds with 

isolated &bonds. This is best explained by the fact that conjugation will tend to 

weaken the interaction of a z-bond with a metal ion field. 

For the most part, the magnitude of the heats of sorption do not compare to 

that which may be generally considered chemisorption (viz. 5 IO kcal/mole)SI 

although the heats of adsorption of I-hexyne on VCl, and CoCl, (13.8 and 11.S7 

kcal/mole, respectively) and I-pentyne on VCl, (10.~8 kcal/mole) are greater than 

this limit. However, earlier observations described under Sanz$Zc s&zz would indicate 

TABLE III 

HEATS OF ADSORPTION ON vcl, IN ICCAL/MOLE 

Conclitions as listed. 

San@ Ze Boz’ling AH,a colu~vnn mow ratr? 
@ohat 
(“C) 

n-Pcntane 36.2 3.00 95-135 14.9 
I-Pcntene 29.2 6.02 110-135 14.9 
I-Pentyne 40.0 IO.28 110-135 14.9 

w-Hexane 69.0 . 5.33 I 10-135 14.9 
I -Hcxene 63.5 7.25 110-135 14.9 
I-Hexyne 71.5 13.79 100-120 14.9 

Cyclohexane 81.4 4.90 I 10-135 14.9 
Cyclohexene 83.0 7.48 110-135 14.9 
Benzene 80.1 8.46 100-135 14.9 

4-Chloro-I-butcne 75.0 s.2s 100-135 14.9 

* All results ncgativc. 
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DIP~ERI3NCl%.S IN HEATS OF AI~SOI~I'TION IN lCChL/MOLl5* 

lw‘ncl, cocz, P’CI, 
I-____________^_ ._..._._._ 

0.62 0.g8 0.97 
1.86 3.51 4.26 

2.00 5.91 6.54. 

I’7 

1’ All results ncgativc. 

that some physical adsorption is most certainly occurring. Recalling the observation 
of GARNER et cd.‘-” , at lower concentrations, higher heats of sorption would occur 
for all samples escept those which possess saturated linkages. Doubtless, further 
work is indicated to study more fully the ineclmlisrns of the observed sorptions. This 
knowledge is not essential to our purpose in tile work of attaining separations. How- 
ever, we feel the data are indicative that cl~en~isorption plays a role in retention of the 
samples stuclied. 

Figs. 1-3 represent the clironi~~togranis obtained in separating a given family 
of samples differing prinmrily in the degree of n-electron density. Included are the 

630 640 450 360 270 180 ) b T 

Time (see) 
610 720 630 540 450 360 270 180 9 0 * . Time (set) 

Fig. I. Scpnrntion of ?I.-pcnta.nc, r-pcntcnc and I-pentync on CoCl,. Tcmpcraturcs: injection 152”, 
clctcctor I 330, 
I-pc11tc11c, c = 

c0lulllIl 29' to 230” (nt 2o”/mi11,) l?low rate: 14.7 ml/tnin. A = u-pcntanc, 13 = 
I-~x!,ty Ilc, D = 12-octane, 'I = impurities. 

A 

Fig. 2. Separation of s-hcxa~lc, 

clctector .12gO, 

I-liescnc and 1-liexync on VCI,. ‘I’cmpcrnturcs: injcctioii r44”, 

‘J3 
coluni~i 2G” to Igo (at zo”/niin). Flow rate: 14.5 ml/niin. A = Mcthylcnc cliloridc, 

= w-hcxane, C = I-hcscnc, D = I-hexync. 

Fig. 3. Separation of cyclol~esanc, cyclohcxene and benzene on MnCl,. Tcmperaturcs: injection 
r44O, clctector 126O, colu~nn 75” 
I3 

to Igo (at S”/min). l?low rate: 14.0 ml/min. A = cyclolicsanc, 
= cyclolicxcnc, C = bcnzcnc, D = wclccanc. 
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TABLE v 

AREAS OP P.lZAICS FROM I’IG. I 
____..__...._._..._ --- __.... -,_ .___ ,..__...._.___._._. .____...._._. 

A awus of fuds fey C, hyhocavbo~rzs (cm2) 

+Pentane r-Pc9ztmae x-Pcnty~nc 

Injection 1 336 =4o 682 

Injection a 2.50 IS3 520 
Injection 3 3x9 a32 652 

_________.__ _ __..__ _.__-_. __..,...,.__,___. _ _..... . . .._._.. - ____. -.. ._-... . . .._ 
Ratio of pcalr atwas tdative lo I-ficntc~tac~~ 

-.-- 

A 
n-Pentane 

A 
I-Pente?ae 

A 
I-Pcvltyne 
--.--. 

r-Pentmae r-Pe9atenc x-Pcntcnc 
-_.P-.-_.-_ ~-------.------- 

Injection 1 1.40 1.00 2.S5 
Injection 2 I.37 1.00 2.55 
Injection 3 1.38 1.00 2,531 

---------_ __-___.-.. 
RR = mm ratio. 

appropriate operating conditions. In all cases, the column temperature was pro- 
grammed and allowed to equilibrate for 5 min between runs. Three successive I-$ 
injections were made and the resulting areas computed by triangulation. In the 
absence of an internal standard, in each chromatogram, the areas traced by two 
members of the family were divided by the area of the third member of the family 
in order to view reproducibility. These data are recorded in Tables V-VII. As may 
be noted in these tables the greatest range in peak area ratios in any series of injections 
was less than 3%. In addition, about IO min are required to completely elute the 
samples. The data also indicate that the heat of adsorption (see Tables I-III) may 
be used to predict the order of elution in separation. 

TABLE VI 

AREAS OI? PEAICS FROM PIG. 2 

Ae3a.s of peaks f0.v C,, lydvocavbons (cm3) 
-- 
?a-Hexane I-HCXCTM I-Nc,Yy?ze 

Injection 1 443 412 423 
Injection 2 4S5 436 ++s 
Injection 3 490 452 468 
-- --.__-.._---.--.-_..___- ___._. - .._ - _.--_ 

Rat,io of ficnk areas mlativc to r-Hcxcnc~~ 
---_-__I- -._____. 

A 
n-Hcxane r-HcxeltS r-Hcxy?aa 

I--Hcwne 
A 

I-Hcxenr! 
A 

,, i%?exoac 
-- 

Injection I 1.08 I.00 1.03 
Injection 2 1.11 1.00 1.03 
Injection 3 1.0s 1.00 1.03 

-- - 
nA = arm ratio. 
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ARl%hS or I’I%AlCS I~ROM VIG, 3 

._-...- -___ --- ._._ - .._ .._-_ . . ..__ _ ____ .___..... ,_, ,_ .,__. _. _.. .,. __ _._. I ..___ ^.__ ___,. ._ _. ._._ _ -.__ ,. 
A 17ws of ficaks /VI* cyclic coaltpo~t~~ds (cIul) 

- 

Cyclohexa~ac CyClVllC;V~~l~ 13emcnc - 
_.._..___... _____ ..__ _... _^.._ ____ ____ _.-.-_-___..___-..-__.-___.-__._-...----_-_~ . ..-. . 

Jnjcction I 203 291 675 
lnjcction 2 19s 2 8 I GGI 
lnjcction 3 212 293 677 
. . ._._. .._ . . .._ -.. _.._ _ ,._._.__.._. .,.... -._ _. _ _ .._. _ . 

Ital.io of peak arcas wlat~ivc to cyclol~c~xc~ttc~~ 

.lnjcction 1 O.OCj8 1.00 2.32 
Injection 2 0.704 I .oo 2.35 
.I 11 jcction 3 o-713 1.00 2.31 

_.._--.-..-- .__.__-.--.....-_..._ . ._ ._. _.._. _. __.._....__..__.._..._-..... ~......._.-_._.-....... _._ .._--.- --.._ 
IL A = ;wca ratio. 

CONCLUSIONS 

It is felt tllat the transition metal salts studied offer a practical basis for 
quantitative separation of Lilscnr iso~la~r~c Itydvocn~4orts wilh hacvcnsi7g h.g~2xs of 
wnsatwation (LIHIDU) and cyclic iso~aeric It_vd~ocnrbo~zs htlr. incmasing degrees of 
zmsatwation (CIHIDU). Co~npounds possessing isolated n-bonds being the more 
strongly adsorbed. While the data for 4-chloro-I-butene in Tables I and III are not 
conclusive, it is clear that no drastic difference in retention behavior can be noted 
in compounds having IGghly electronegative groups (e,g. halogen) not near to a z- 
bond. We are continuing our study of the retention behavior of compounds possessing 
electronegative groups more adjacent to the z-electron density along wit11 the influ- 
ence of less electronegative groups possessing non-bonding electrons (e.g. alcohols, 
ethers, etc.) as the latter may display their own interactions with the adsorbent. 
Additionally, we are investigating the separation of various isomers (c.g. cds-tra7l.s 
isomers). Throughout any studies, one must always beware of the influence of physical 
adsorption which almost always occurs regardless of the degree of chemisorption. In 
addition to our chromatographic studies of these systems we will be investigating 
the interactions of our packings with the various aclsorbates under static conditions 
by spectroscopic techniques. 
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