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SUMMARY

Whisker-walled open tubular columns were coated with either manganese(Il)
chlornide or cobalt(II) chlonnde These inorganic salt coated columns were employed to
study the nteraction of these sorbents with aromatic hydrocarbons that possessed
varying w-electron density and alkyl substitution Halogenated aromatic hydrocar-
bons eluted according to boiling point. whereas the retention of alkyl-substituted
benzenes increased with alkyl chain length and the degree of substitution The open
tubular columns provided increased performance compared to packed columns con-
taining these morganic salts The dynamic procedure was considered a practical
method for coating the whisker-walled columns The effects of column dimensions,
adsorbent concentration and sample capacity were studied

INTRODUCTION

Early reports of gas-solid chromatography with open tubular glass capillary
columas descrnibed techmiques that involved severe leaching of the surface to obtam
the adsorptive silica layer*. Subsequent studies reported on the development of
porous-layer open tubular (PLOT) columns where silica®*®, alumina’ ® and graphi-
tized carbon black®™? were layered on the inner wall of metal or glass columns. More
recent interest has been generated in preparing columns contaming metal com-
pounds. Micropacked capillanies containing alkaline earth metal d.-n-hexylphosphi-
nates were studied by Nawrocki e al.!3 and an ammomum-hydroxide-roughened
open tubular column coated with rubidium chloride'* has been nvestigated for the
separation of polynuclear aromatic hydrocarbons. Since two inorganic salts,

* Present address Smith Kline Amimal Health Products, West Chester, PA 19350, US A
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manganese(Il) chloride and cobalt(II) chlonde, were studied in packed columns by
one of us'>_ the application of these salts to open tubular columns was of interest. We
report here on the preparation of whisker-walled open tubular columns coated with
these salts and their influence upon the separation of various groups of substituted
aromatic hydrocarbons

EXPERIMENTAL

Appararus

A Hewlett-Packard Model 5750 gas chromatograph was modified for glass
capillary gas chromatography (GC). A glass-hned stainless steel split injection system
(Model GISS-4A, Scientific Glass Engineering, Austin, TX, U S A ) was mstalled in
the injection port from an F&M Model 810 gas chromatograph Glass-lined stainless
steel tubmg (GLT) (1/16 1in. O.D. x 0.3 mm I D.) was employed with heat-shrink
Teflon for connection of the capillary columns to the splitter and flame detector
Helium was used as the make-up gas and entered the detector combined with the
hydrogen gas. Divert and metering valves were installed to allow for separate m~asure-
ment and control of the hydrogen and helium flow-rates The end of the GLT
entering the detector was positioned past the hydrogen and make-up gas entrance
mside the detector to mamtain sample integrity.

The conditions for each analysis are presented with the appropriate chromato-
gram In the figures The flow-rates of air, hydregen and hehum make-up gas were
maintained for all of the analyses at 360, 40 and 66 mi/min. respectively. The linear
velocities were calculated from the leading edge of the solvent front which was identi-
cal to that of a natural gas injection

Pyrex 7740 glass tubing, 10 mm O D x 25mmID and Smm O D. x 4 mm
I D . were drawn (Model GDM-1 glass drawing machine, Shimadzu Scientific Instru-
ments, Columbia. MD, U S A)) to capillary tubing I mm O.D x 025mmID and |
mm O.D. x 05 mm I D., respectively, having a 10-cm coil diameter. The glass
capillary tubing was subjected to a whisker-growth technmique!® *7 using 2-chloro-
I.1.2-trifluoroethyl methyl ether at concentrations suggested by Sandra and Ver-
zele!'®

Reagents

Manganese(Il) chloride tetrahydrate and cobalt(ll) chloride hexahydrate, both
99.999 % gold label, were purchased from Aldrich, Milwaukee. WI, U S A ; absolute
ethanol (U.S Industrial Chemical Co, New York. NY, U.S A.); nmitrogen, helium
and hydrogen. each 99 9999/, and air zero gas (Liquid Carbonic through West Point
Supply, West Point, PA, US A ).

Preparation of columns

Hydrated 1norganic salts, MnCl, and CoCl,, contained in 1/4-in O D glass
tubes were dehydrated under dry nitrogen flow 1n a gas chromatograph. The chroma-
tograph oven was pregrammed at 5°C/mn from 25 to 125°C for MnCl, and 200°C
for CoCl, After 1 h of conditioning, the dehydrated salts were secured 1 the 1/4-n.
O.D. tubes under dry nitrogen using Teflon®-coated septums and stored at room
temperaturs
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For static coating, the whisker-walled glass capillary tubing was filled with
degassed absolute ethanol and allowed to set overnight to properly wet the surface
Typically. a 29 (w/v) coating solution of the dehydrated inorganic salt was prepared
in absolute ethanol and degassed The ethanol n the capillary column was pulled
back shightly from one end, then the degassed coating solution was drawn mto the
column with approximmately 20 9 excess using vacuum A seal was made by drawing
glue into one end The column, which was secured on a plastic cylinder n a close-
packed vertical position, was placed 1n a 25°C double water bath and attached to
vacuum The vacuum was increased until the ethanol started to evaporate The
vacuum was held constant while the water-bath temperature was gradually increased
to mamtamn an even coating rate. Seven days were necessary to coat a 30-m column
Immediately after coating, the column was installed 1n the chromatograph under
helium flow and thoroughly dried at 60°C overnight

If the imitial water-bath temperature was set too high (ca 55°C), the coating of
morganic salt tended to remain suspended on top of the whiskers, as seen m the
scanning electron micrograph in Fig la The scanning electron micrograph in Fig 1b
illustrates the coating obtamned under proper conditions

Owing to the prohibitively long time needed to coat longer columns (ca 50 m).
the dynamic coating method was employed As in the static procedure, the column
was filled with degassed absolute ethanol and allowed to set overnight The ethanol
was removed and the column conditioned n the gas chromatograph with helium flow
while temperature programming from 40 to 100°C at 2°/mun with a 1 h hold at 100°C
A buffer capillary was attached to the column and a degassed solution of the de-
hydrated morganic salt in absolute ethanol was drawn 1nto the column from the
oppostte end to fill 10-159/ of the column volume Pressure-controlled dry-nitrogen
flow was regulated to transport the solution through the column at a constant ve-
locity of 0 53-2 cm/sec. After coating. the column was detached from the buffer capil-

(a)

(Continued on p 4)

Fig. 1
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(b)

(c)

Fig 1 Scanning electron micrographs of whisker-glass capillary column surfaces a, static coated with a
sheet of MnCl,; b, properly static coated with MnCl,: ¢, dynamic coated with MnCl,

lary and nitrogen supply and connected to the injection port in the instrument. With
10 p_s.1. helium pressure, the column was allowed to thoroughly dry at 60°C over-
mght. A typical scanning electron micrograph of a whisker-walled glass capillary
column contaming 0 5 mg/m of MnCl, following dynamic coating 1s presented in Fig
lc Results from X-ray microanalysis of whisker-walled glass capillaries dynamically
coated with MnCl, and CoCl, substantiated the successful coating of the columns
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TABLE 1

SUMMARY OF THE PARAMETERS EMPLOYED FOR PREPARING THE INORGANIC-SALT-
COATED COLUMNS

Inorganic Length Diameter mg m Coating Coating Coanng Couting
sal: (m) (mm) coated method solution veloany pressure
coated concentration {(cm sec) (pstr)
(oufn)
MnCl, a8 025 1 static 2 — -
MnCl, 15 025 1 dynamic 25 026 14
MnCl, 45 025 03 dynamic 123 15-175 §-9
MnCl, 45 025 025 dynamic 62> 07-1 5
CoCl, 58 025 09 dy namic 25 152 22
CoC1, 56 025 05 dynamic 125 1 14
CoCl, 51 025 02 dynamic 625 05 6

I
l

The parameters employed for preparing the columns by the static and dynamic pro-
cedures are summarized in Table I

Column conditioning

A hehum carrier gas pressure of 10 ps1 was utihized with the columns con-
nected only to the mjection port of the gas chromatograph The oven temperature
was programmed at 1 /min from 40 to 220°C for CoCl, and from 40 to 245°C for
MnCl, and mamtained at these temperatures at least overmight or as long as 24 h

RESULTS

McGonigle and Grob!>. using MnCl, and CoCl, 1in pached columns, demon-
strated that these salts exhibited different adsorptive specificity m the separation of
several substituted aromatic hydrocarbons Retention of these components was
shown to increase with the incredased m-electron density of the adsorbate In the
present investigation. open tubular columns were employed to provide ncreased
resolution for a further study of this phenomenon

The retention charactenstics of 35 different compounds were studied on the
MnCl, and CoCl, open tubular colamns The results and pertinent chromatographic
conditions are histed in Tables il and Il and shown more evplicitly 1n the graphical
plots 1n Figs 2 and 3. respectively.

In Figs 2 and 3. the increasing n-alkyl-substituted benzenes are on one curive
while a series of n-alkanes of similar boihing point containing no w-electron dens:ty
exhibit a curve at less retention Halogen-substituted benzenes are hnown to de-
activate the aromatic system through a withdrawal of the z-electron density Several
compounds of this type produce a retention—boiling point relationship which 1s sim-
ilar to the n-alkane series The retention effect shown by the halogenated com-
pounds 1s more pronounced on the MnCl,-coated column Bromo-, chloro- and
1odobenzene lay on a curve which 1s close to that of the n-alkanes However, their
curve tends to differ shghtly. with iodobenzene experiencmg less retention than an -
alkane of similar boiling point, particularly on MnCl, Itis known that the ability for
n-electron feedback mto the aromatic system is reduced as the size of the halogen
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TABLE 1
ADJUSTED RETENTION DATA ACQUIRED ON MnCl,

Column-45m x 025 mm [.D. MnCl, (1 mg/m) whisker-walled glass capillary. Helilum carner gas at 25
p-sa1. spht ratio = 100/1, attenuation = 4 x 1, linear veloaity = 21 5 cm/sec Temperatures detector,
265°C; injector, 250°C; column, 100-250°C programmed at 6°/min.

Order of Compound Bp (°C) ty (mun)
elution
i n-Octane 125-126 062
2 Benzene §01 084
3 Chlorobenzene 132 106
4 Bromobenzene 155-156 184
5 m-Dhichlorobenzene 172 1.8
6 p-Dichlorobenzene 174 2.58
7 o-Chlorotoluene 159 274
& o-Dichlorobenzene 179 276
9 Toluene 1106 292
10 m-Chlorotoluene 162 300
1t n-Decane 174 1 330
12 Iodobenzene 189 362
13 p-Chlorotoluene 162 380
14 Ethylbenzene 136 512
15 Isopropylbenzene 152-153 632
i6 o-Xylene 144 722
17 p-Xylene 138 724
18 nm-Xylene 139 736
19 sec.-Butylbenzene 173 §12
20 n-Propylbenzene 1592 § 30
21 tert -Butylbenzene 168 § 36
22 n-Dodecane 2163 890
23 Isobutylbenzene 173 910
2 n-Butylbenzene 183 10 60
25 1,3,5Tnmethylbenzene 164.7 1096
26 o-Diethylbenzene 1835 1126
27 m-Diethylbenzene 181182 11 76
28 1,2,4-Trimethylbenzene 1695 12.08
29 1-Isopropyl-3-methylbenzene 177 1220
30 p-Diethylbenzene 182-183 1316
31 n-Amylbenzene 2053 1396
32 Methoxybenzene 1538 14 14
33 n-Tetradecane 2535 1496
k23 n-Hexylbenzene 226 16.70
33 n-Heptylbenzene 233 1930

increases. This trend was clearly observed in these results. On CoCl, columns the
dichlorobenzenes exhibited retention characteristics similar to the n-atkanes, whereas
on MnCl, a less retentive affect from the increased withdrawal of w-electron density
was noticed. The reduced retention of the dichlorobenzenes with respect to the n-
alkanes of similar boiling point demonstrates the effect of bulk geometry on the
retention of the n-alkanes. In-contrast to the other halogenated compounds, the
chlorotoluenes were retained to a greater extent than n-alkanes of similar boihng
point. The additional electron-donating capacity from the methyl group provided
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TABLE HI
ADJUSTED RETENTION DATA ACQUIRED ON CoCl,

Column- 58 m x 025mm I D CoCl, (0 9 mg/m) whisker-walled glass camilary Helum carner gas at 24
pst Spht rano = 100/1, attenuation = 4 x 1, hnear veloaty = 13 5 cm/sec Temperatures detector,
265°C, mygector, 230°C, column, 160-290°C programmed at 6°/min

Order of Compound Bp (°C) tg (mun)
eluticn =~
1 Benzene §01 030
2 n-Octane 125-126 0 36
3 Chlorobenzene 132 0 60
4 Toluene 1106 0 §6
5 Bromobenzene 155-156 106
6 o-Chlorotoluene 159 132
7 m-Dichlorobenzene 172 134
& Ethylbenzene 136 148
9 m-Chlorotoluene 162 152
10 n-Decane 174 1 1356
11 p-Dichlorobenzene 174 164
12 o-Dichlorobenzene 179 178
i3 p-Chlorotoluene 162 184
14 Isopropylbenzene 152153 196
15 Iodobenzene 159 222
16 n-Propylbenzene 1592 255§
17 tert -Butylbenzene 168 260
18 p-Xylene 138 270
19 m-Xylene 139 274
20 sec -Butylbenzene 173 274
21 o-Xylene 144 292
22 Isobutylbenzene 173 336
23 n-Butylbenzene 183 4 3%
23 n-Dodecane 2163 534
25 1-Isopropyl-4-methylbenzene 177 540
26 o-Diethylbenzene 1835 600
27 m-Diethylbenzene 181-182 6 08
2% p-Diethylbenzene 162-183 63§
29 1,3,5-Trnmethylbenzene 1647 674
30 n-Amylbenzene 2053 678
31 1,2,4-Trimethylbenzene 169 5 5§24
32 n-Hexylbenzene 226 950
33 Methoxybenzene 153§ 954
34 n-Tetradecane 2535 i1 60
35 n-Heptylbenzene 233 1265

more z-clectron density to the aromatic system which accounted for this change. As a
group, the retention increaseéd p > m > o which demonstrated the bulk geometry
effect.

Alkyl substitution on benzene i1s known to provide electron donation into the
aromatic system In Figs 2 and 3 the retention—boiling point relationships for the
alkyl-substituted benzenes were clearly defined and demonstrated greater column
retention in the order: trisubstituted, disubstituted, monosubstituted. This obser-
vation was more pronounced with CoCl,. Although o- and p-xylene have different
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Fig 2. Plot of adjusted retention data sersus boiling point for MnCl, Numbers correspond to compounds
histed 'n Table II. The numbers encircled represent groups of sumlarly substituted compounds

boiling points, their efution from the MnCl, column was very similar. In addition, the
elution order did not correspond to increasing boiling point. However, the interac-
tions on CoCl, proceeded according to boiling point (p < m < o) as expected. The
retention of the diethylbenzenes differed on both salts; whereas the three diethylben-
zenes were all grouped together on the CoCl, dialkyl-substituted curve, their interac-
tion with MnCl, produced a decreasing retention in the order of p > m > o with o-
diethyl benzene near the n-alkyl substituted curve and p-diethylbenzene near the
trisubstituted curve. Although this geometric effect with the dicthylbenzenes was not
encountered on CoCl,, an effect was observed for the butylbenzenes which was not
prominent on MnCl, In this case, 1sobutylbenzene and r-butylbenzene lay on the n-
alkyl-substituted benzene curve, whereas sec.- and zert.-butylbenzene exhibit shorter
retention on the CoCl, surface. These data suggest that branching on the z-carbon of
the n-alkyl chain prowdes less interaction with the adsorbent surface than branchmg

Finally, methoxybenzene oocupled a retention—boiling pomt position above
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Fig. 3 Plot of adjusted retention data rersus boihng point for CoCl, Numbers correspond to compounds
hsted m Table HI The numbers encircled represent groups of similarly substututed compounds

the trimethyl-substituted benzenes for both salts, as predicted by the increased reso-
nance donation of the methoxy group

A mixture of fourteen substituted aromatic hydrocarbons, similar to those
investigated on packed columns by McGomgle and Grob!S, was studied on several
MnCl, and CoCl, whisker-walled open tubular columns A chromatogram of this
mixture on a column coated 0.9 mg/m with CoCl, 1s presented 1n Fig 4. Chromato-
grams of these compounds on two MnCl, columns coated 1 mg/m are present in Figs
5 and 6 The increase m resolution and reduction of tathng observed in these chroma-
tograms in contrast to that observed by McGonigle and Grob!® provides an excellent
example of the performance offered by open tubular columns 1in gas-sohd chromato-
graphy.

The amount of inorganic salt 1n the capillary column was varied to determine
the effects upon the retention of the same adsorbates. The hnear velocity and column
length were held constant for each column to evaluate properly the influence of
varying concentrations of these inorganic salts. As illusirated in Table IV, changing
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Fig.4 Chromatogram of a fourteen-compound aromatic hydrocarbon mixtureona38m x 025mmI D

CoCl, whisker-glass capillary column coated 0 9 mg/m Linear velocity, 13 § cm/sec, helium carnier gas at
25 p.su.; temperatures detector 265°C, injector 250°C, column 160-250°C, programmed at 6°C/mun, spht
ratio, 100 1; attenuation, 4 x 1, sample, 2 ul of 0 07 of each compound 1o methylene chloride. Peaks._ 1
= benzene, 2 = chlorobenzene, 3 = toluene; 4 = o-chlorotoluene, 5 = m-chlorotoluene, 6 = p-chloro-
toluene; 7 = 1sopropylbenzene, § = rert -butylbenzene, 9 = m-xylene, 10 = p-xylene, 11 = o-xylene, 12
= lasopropyl4-methylbenzene, 13 = 1,3,5-trimethylbenzene, 14 = 1,2 4-tnmethylbenzene

the concentration of CoCl, from 0.9 to 0.5 mg/m reduced the adjusted retention time
of the adsorbates by half. However, a minimal change was observed when the concen-
traticn was decreased from 0.5 to 0 2 mg/m. The retention order remained essentially
the same on the three columns except for ferz.-butylbenzene and isopropylbenzene.
Their retention mcreased with respect to the other components as the amount of sohd
phase decreased. As the amount of CoCl, decreased; m- and p-xylene eluted closer to
each cther and finally merged into one peak on the 0.2-mg/m-coated column Similar
decreases in retention of the fourteen compounds were observed on MnCl, when the
concentration was reduced (Table V). Unlike the CoCl, column, the retention order
varied ir an unpredictable fashion The shift in the retention order of the xylenes
changed with respect to isopropylbenzene and zert.-butylbenzene whose retention
order appeared unaffected. Although the elution order of the last three components
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Fig 5 Chromatogram of a thirteen-compound aromatic hydrocarbon mxtureona2sm x 025mmlI D
MnCl, whisker-glass capillary column coated 1 mg/m Linear velocity 27 5 cm/sec, hehium carrier gas at
25 ps1, temperatures detector 265°C, mjector 250°C, column 100-200°C, programmed at 6°C/min split
ratio, 140 I; attenuation, 2 x 1;sample, 0 3 ul of 0 1 9/ of each compound 1n methylene chloride Peaks 1
= benzene, 2 = chlorobenzene, 3 = o-chlorotoluene, 4 = m-chlorotoluene, 5 = toluene, 6 = p-chloro-
toluene, 7 = 1sopropylbenzene, § = m-xylene, 9 = o-xylene, 10 = p-xylene, 11 = tert -butylbenzene, 12
= l-isopropyl-4-methylbenzene, 13 = 1 2 4-tnmethylbenzene

remained the same, a shift in the relative retention of 1-1sopropyl-4-methylbenzene
was noticed as the concentration of the mnorganic salt was decreased.

The fourteen compounds used 1n this study were mjected mto a bare 60 m x
0 25 mm L.D. whisker-walled open tubular column, under similar conditions, to de-
termine if the silica glass surface influenced the retention order. All of the compounds
eluted essentially unretained, as they all eluted with the solvent front. This was con-
firmed by headspace analysis of each compound individually

Fig. 7 presents a separation of eight alkylbenzenes which was undertaken to
study the influence of double-bond conjugation with the aromatic system. Styrene
(b.p. = 145°C) cluted prior to ethylbenzene (b.p. = 136°C) Apparently, conjugation
with the aromatic system does not produce the anticipated longer retention from
additional z-electrons. The spatial geometry of the molecule appears to effect its
retentive characteristics more than the contribution of additional n-electrons to the
aromatic system. Allylbenzene, containing an unconjugated side chain, and trans-§-
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Fig 6. Chromatogram of a fourteen-compound aromatic hydrocarbon mixtureona45m x 025mmID
MnCl, whisker-glass capillary column coated 1 mg/m Linear velocity, 21 § cm/sec, helium carrier gas at
25 ps.i ; temperatures detector 265°C, injector 250°C, column 100-210°C, programmed at 6°C/min; sphit

ratio, 100:1; attenuation, 4 x i;sample, 1.0 gl of 0 07 % of each compound in methylene chlonide Peaks- 1
= banzene; 2 = chlorobenzene; 3 = o-chlorotoluene; 4 = m-chlorotoluenc; 5 = toluene; 6 = p-chloro-
toluene; 7 = 1sopropylbenzene; § = m-xylene; 9 = o-xylene; 10 = p-xylene; 11 = tert.-butylbenzene, 12
= 1 3,5-tnimethylbenzene, 13 = lasopropyl-4-methyl-benzene; 14 = 1,2, 4-tnmethylbenzene.

methylstyrene, of similar substitution except for the conjugated double bond po-
sition, both elute according to boiling point with respect to z-propylbenzene. There-
fore, no marked interaction was observed with a longer alkyl function conjugated to
the benzene system. Styrene and zrans-8-methylstyrene did not elute from the CoCl,
column. Consequently, the effects of this type of conjugation were not studied with
this salt The effect of conjugation m the ring was investigated with cyclohexane,
cyclohexene, 1,3- and },4-cyclohexadiene and benzene. The chromatograms from
headspace sampling of a mixture of these compounds is found in Figs. 8 and 9 for
MnCl, and CoCl,, respectively. An increase in the z-electron density (cyclohexane <
cyclohexene < cyclohexadiene < benzene) resulted in an increase m the retention of
these compounds on MnCl, regardless of boiling point. The conjugated 1,3-cyclo-
hexadiene eluted earlier than the 1,4-cyclohexadiene demonstrating that the 1solated
unconjugated n-electrons were adsorbed more strongly than the delocalized con-
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TABLE IV

COMPARISON OF ADJUSTED RETENTION DATA FOR FOURTEEN AROMATIC HYDRO-
CARBONS ANALYZED ON WHISKER-WALL OPEN TUBULAR COLUMNS COATED WITH
VARYING CONCENTRATIONS OF CoCl,

Linear velocity 13 § cm/sec Carner gas hellum Temperatures aetector, 265°C, injector, 250°C, column,
160-250°C programmed at 6°/mun Spht ratio- 100/1 Attenuation 4 x 1

Compound Adjusted retention time tg (mun)
0 9 mgim* 0.5 mg[/m** 02 mg[m***

Benzene 040 020 0
Chlorobenzene 054 032 024
Toluene 122 050 036
o-Chlorotoluene 19% 070 056
m-Chlorotoluene 224 050 064
p-Chlorotoluene 254 058§ 074
Isopropylbenzene 254 114 090
tert -Butylbenzene 342 150 124
m-Xylene 342 132 10
p-Xylene 374 142 104
o-Xylene 394 154 116
I-Isopropyl-4-methylbenzene 646 314 242
1 3,5-Tnmethylbenzene 8§25 330 284
1,2,4-Tnmethylbenzene 940 394 362

*Column 5§ m x 025 mm I D
** Column 56 m x 025 mm I D
*xx Column 5Slm x 025 mm ID

TABLE V

COMPARISON OF ADJUSTED RETENTION DATA FOR FOURTEEN AROMATIC HYDRO-
CARBONS ANALYZED ON WHISKER-WALL OPEN TUBULAR COLUMNS COATED WITH
VARYING CONCENTRATIONS OF MnCl,

Column dimensions-45m x 0 25mm [ D Linear veloaity 21 8cm/sec Carrter gas helium. Temperatures
detector, 265°C, mjector, 250°C, column, 100°~210°C programmed at 6°/min Spht ratio 100/1 Attenu-
ation 4 x 1

Compound Adjusted retention ume tgy (mn)
I mg/m 0.5 mg/m 02 mgim

Benzene 0% 030 036
Chlorobenzene 118 040 032
o-Chlorotoluene 274 110 092
m-Chlorotoluene 310 12§ 108
Toluene 316 i24 114
p-Chlorotoluene 400 156 130
Isopropylbenzene 672 330 304
m-Xylene 6 82 346 366
o-Xylene 740 3 8% 346
p-Xylene 1.56 396 366
tert -Butylbenzene §94 478 442
1,3,5-Tnmethylbenzene 11 80 748 738
1-Isopropyl4-methyibenzene 1296 818 758

1,2,4-Trimethylbenzene 1348 §30 798
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Fig. 7. Chromatogram of compounds selected to study the cffect of MnCl, on conjugation with the

benzene system. Column, hnear velocity and camer gas asin Fig. 5, temperatures. detector 235°C, njector

250°C, column 100-200°C, programmed at 10°C/mn; spht ratio, 130 1; attenuation, 2 x 1;sample, 0.5 zd

of 0 1 % of cach compound n methylene chlonde. Peaks. 1 = toluene, 2 = styrene, 3 = ethylbenzene; 4 =

allylbenzene; 5 = propyibenzene; 6 = 1sobutylbenzene, 7 = trans-f-methylstyrene; § = n-butylbenzene.

Fig. § Chromatogram of compounds selected to study the effect of MnCl; on conjugation in the six-
membered ning. Column and carrier gas as mn Fig. 6, hnear veloaity, 22.1 cm/sec, temperatures- detector
225°C, mjector 230°C, coluran 45°C (2-min hold)-70°C, programmed at 6°C/min; spht ratio, 100 1,
attenuation, 4 x 15 20-ul headspace sample_ Peaks: I = cyclohexane; 2 = hexane; 3 = cyclohexene, 4 =
1,3-cyclohexadiene; 5 = 1,4<cyclohexadiene; 6 = benzene.

jugated system. A similar retention order i1s obtamed on CoCl, except that 1.4-
cyclohexadiene (b.p. = §5.6°C) eluted just after benzene (b p. = §0.1°C). The dif-
ference in selectivity of this salt may result from the difference in boiling points or
from the difference in conjugation of the sorbate molecules. In contrast to MnCl,, the
retention of 1,4-cyclohexadiene containing the two unconjugated double bonds on
CoCl, was greater than the retention of benzene containing the three conjugated
double bonds. In Fig. 3 the n-alkylbenzene curve was closer to the n-alkane curve for
CoCl, than in Fig_2 for MnCl,. This may indicate that the contribution of n-electron
density to the separation is more pronounced with MnCl, than with CoCl,. Figs. 8
and ¢ show hexane to be eluted in a similar retention position. Although the boiling
point of hexane (68°C) is much less than cyclohexane (81°C) the greater confor-
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mational spatial geometry of hexane allows 1t to mnteract with more of the adsorbent
surface and experience longer retention. The chromatograms of ten alkyl-substituted
benzenes on MnCl, and CoCl, are presented mm Figs. 10 and 11, respectively. Cn
CoCl, the retention was in the order of mono-, di- and tri-substitution. On MnCl,,
however, the retention order was somewhat scattered with regard to alkyl substi-
tution. The retention order of the butylbenzenes was similar to that observed on
graphitized carbon black according to Kiselev and Yashin!®. The explanation of this
elution sequence 1s based upon the size of the side-chain hinks were n-butylbenzene is
largest and rerr.-butylbenzene 1s smallest. As discussed earlier, the larger side chain
provides more direct contact with the adsorbent surface and was retamed longer
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2 & ' & & 10 @ 12w 6 T 2 T & & = 8

Tine (min) Tine (nind

Fig. 9 Chromatogram of compounds selected to study the effect of CoCl; on conjugation mm the six-
membered ning Column as in Fig. 4, limear velocity, 15 1 cm/sec, hellum carnier gas at 24 p s 1, tempera-
tures detector 225°C, injector 230°C column 60-73°C, programmed at 1°C/min, split rat.o, 100 1, attenu-
ation, 4 x 1, 35-p1 headspace sample. Peaks 1 = cyclohexane, 2 = n-hexane, 3 = cyclohexene, 4 = 1,3-
cyclohexadiene; 5 = benzene, 6 = 1,4-cyclohexadiene

Fig 10 Chromatogram of ten aromatic hydrocarbons Column and carner gas asin Fig 5, linear veloaity,
25 9 cm/sec; temperatures detector 265°C, injector 250°C, column 120-200°C, programmed at §°C/mn,
split ratio, 140 1, attenuation, 4 x 1; sample, 04 d of 0 1 ¢ of each compound 1n methylene chlonde
Peaks 1 = sec -butylbenzene, 2 = tert-butylbenzene, 3 = 1sobutylbenzene, 4 = n-butylbenzene, 5 =
1,3,5-tnmethylbenzene, 6 = o-diethylbenzene, 7 = m-dicthylbenzene, § = 1,2,4-tnmethylbenzene, 9 = 1-
1sopropyl-4-methylbenzene, 10 = p-dicthylbenzene
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Isobutylbenzene, which has the dumethyl substitution and the f-carbon of the side

chain, appears to the adsorbent as a larger group than that of sec.-butylbenzene and,
therefore, was retained longer.

10

SO |

v .3 r 3 * T 3 L2 T ¥ 3 ¥ 4 r ——r

¢ 2 [ 3 3 10 12 ia i6 i3
Time (min)
Fig. 11 Chromatogram of ten aromatic hydrocarbons Column, hinear velocity, carner gas acd tempera-
tures as m Fig 4; split ravo, 112:1, attenuation, 4 x I; sample, 1 gl of 0 149 of each compound
methylene chlonde. Peaks: | = rerz-butylbenzene, 2 = sec -butylbenzene; 3 = isobutylbenzene; 4 = n-
butylbenzene, 5 = l-isopropyl-4-methylbenzene; 6 = o-diethylbenzene; 7 = m-diethylbenzene, 8 = p-
diethylbenzene; 9 = 1 3 5-tnmethylbenzene; 10 = 1,.2.4-tnmethylbenzene.

The sample capacity of both the MnCl, and CoCl, columns 1s rather hmited.
The amount of each component analyzed on the 25-m MnaCl, column in Fig. 5 was
ca. 2 ng compared to ca. 7 ng on the 45-m column in Fig 6 where the peaks exhibited
more tathng. If larger amounts of sample were injected, this phenomenon increased.

Columns of 0.5 mm 1.D. were prepared with 2 mg/m and 5 mg/m coatings of
MnCl,, which correspond to 2 x and 5x the amount contained in the 0.25 mm L.D.
columns, respectively. These columns did not provide sufficient retention of the ar-
omatic hydrocarbons. Also, in preliminary work, 0.25 mm I.D. columns much less
than 30 m in length did not provide adequate resolution of the compounds studied.
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DISCUSSION

The difficulties of coating a glass open tubular column with inorganic salts 1s
synonymous with coating polar hquid stationary phases Many techniques have been
employed to roughen glass capillary columns The growth of silica whiskers, however,
produces 1ncreased surface area which allows for mcreased adsorbent exposure to
the adsorbates as well as a sufficiently roughened surface to stabilize the adsorbent
Static coating of the salts was a lengthy, laborious procedure with blockage occurring
at coating-solution concentrations greater than 59 The dynamic procedure pro-
vided a more practical approach for coating the inorganic salts A 259, w/v coating
solution was considered the maximum for proper deposition of the salts A similar
result was observed by Ober ez al '* in coating rubidium chloride The retention order
of the fourteen-compound aromatic hydrocarbon mixture obtained on the whisker-
walled columns containing MnCl, and CoCl, was similar to that obtained on conven-
tional packed columns by McGonigle and Grob*®. The major differences were the
mcreased resolution and reduced peak taithing exhibited by the open tubular columns
As a consequence of the increased resolution with these columns 1t was possible to
examme the influence of m-electron density and substitution on several aromatic
hydrocarbous The halogenated aromatic hydrocarbon series chloro-, bromo-, and
1odobenzene; m-, p- and o-dichlorobenzene, and o-, m- and p-chlorotoluene eluted
according to increasing boiling points on both salt coated columns. In contrast, the
elution of the positional 1somers of the xylenes and the diethylbenzenes was affected
more by geornetrnic considerations than boiling point. With both salts, the diethylben-
zenes eluted m the sequence ortho, meta, para indicating that the increased physical
bulk of the molecule produces longer retention. The xylenes eluted 1n an unpredic-
table manner on MnCl,, whereas on CoCl, they were retamned according to boihing
point Therefore, the geometrical interaction is not evident with less than a two-carbon
alkyl substitution. The elution order of geometrical isomers containing a butyl side
chain demonstrated an increased retention with a corresponding increase n side
chamn length on both salts regardless of boiling pont

A compound containing a double bond 1n conjugation with an aromatic
system eluted earlier than the corresponding alkyl benzene of similar boihing point on
MnCl, The effect of conjugation in the six-membered rning also indicated that com-
pounds contaming 1solated double bonds (1,4-cyclohexadiene) are retained to a
greater extent than those contaiming an equivalent number of conjugated double
bonds (1,3-cyclohexadiene) Although this study demonstrated that mcreased reten-
uon accompanied ncreasmg n-electron density, I,4-cyclohexadiene was retained
longer on CoCl, than benzene. Data obtained by Nawrocki ef a/ '3 in analyzing
cyclohexane, cyclohexene, 1,3- and 1,4-cyclohexadiene and benzene on alkaline earth
metal di-n-hexylphosphinate micropacked capillary columns provided a retention
order simmlar to that obtained with the whisker-wall-coated CoCl, columns

The columns containing the same concentration of MnCl, prepared by either
the static or dynamic method provided similar retention data. Varying the concentra-
tion of the salt coated on the whisker-walled columns of similar dimension provided
evidence that the surface of MnCl, and CoCl, was porous, since an mcrease m salt
concentration resulted 1n a corresponding increase 1n retention of the adsorbates.
Columns of 0 5 mm I D. were not adequate; therefore, use of smaller I D columns
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was necessary- The optimum length of the columns appeared to be 25-30 m since
longer columns did not offer increased efficiency. The sample capacity of these salt-
coated columns is lower than that of liquud-phase-coated open tubular columns.
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