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Conditions were studied for the separation of mixtures of all the 60 isomers 
of c;-C,, n-alkenes in the presence of the corresponding n-alkanes in highly 
eBicient glass capillary coh.unns (N w 0.5-W effective plates for n-alkenes with 
k M 3), coated with -C, hydrocarbon, Apiezon L or Carbowax 20M as stationary 
Pha= 

The separation of c& and trcznr-isomers of n-alkenes is made possible at a 
sticientiy high cohunn &ciency by the different dependences of their retentions on 
temperature_ The separation of positional isomers of n-alkenes having even carbon 
numbers for the pairs with the most centrally situated doubIe bonds can be achieved 
onIy by use of highly efficient columns with polar or non-polar stationary phases 
G&a = IoS pWes). Correlations between the structure and increments H, 61, dI/dT 
and dZ, derived from retention indices of n-alkenes, were used for identi&ation as 
they reflect the position of the double bond, the geometrical arrangement and the 
length of the carbon chain in various isomers. The so-calied propyl effect Was con- 
firmed for ir~4alkenes, disturbing the regularity of alI correlations between struc- 
ture and retention_ 

The influence of adsorption of n-ahcanes and n-alkenes at the polar phase- 
carrier gas interface on the retention characteristics is discussed. Reproducibility of 
retention indices of n-alkene isomers is a function of their capacity ratios (thickness of 
the stationary phase film in the column), decrease s with polarity of the stationary 
phase and the isomer under analysis and with the difFerence between a reference 
standard and the n-&ken ein question. These effects are so signiscant for the coiurnns 
with Carbowax 20M that a different retention sequence was found for some n-alkene 
isomers in columns with relatively small differences in the thickness of the stationary 
Phase- 
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INiODUCITON 

The separation of all positional and geometrical isomers of linear aikenes, 
even in the range up to CM, can only be achieved by using highly eflicient capillary 
columns for both non-polaP and pola? stationary phases. The conditions for the 
separation of n-alkenes higher than C, are even more exactingc6, and the separa- 
tion of all the isomers has not yet been effected_ 

The analysis of isomers of linear C, alkenes in the products from the isomeriza- 
tion of l-octadecene was described by Chapman and Keumme14. The isomeriration 
products were Grst separated into cti- and firms-fractions by _-solid chromato- 
graphy on alumina impregnated with AgNO,; l-octadecene was eluted together with 
the &-isomers. The fractions obtained were then analyzed in a 50-m capillary 
column with polyphenyl ether stationary phase at 125°C. Despite the fact that 
simplified mixtures of n-octadecene isomers were analyzd, the separation of internal 
positional ‘isomers was not achieved; l-octadecene, which was eluted together with 
cS3-octadecene on a capillary column coated with polyphenyl ether, was partly 
separated on a capillary column with butanediol succinate stationary phase. 

Falconer and WalkeP analyzed n-hexadecenes in the products from the 
wdiolysis of n-hexadecane- They found that the separation of linear hexadecenes on 
highly efficient capillary columns was not successful owing to some peak overlapping 
caused by a large excess of n-he_xadecane. Fourteen iiquid phases coated in packed 
colnmns were tested and 5 oA Carbowax 20M treated with terephthalic acid in a 
12-m packed column was found to be the most suitable. Five partly separated peaks 
were obtained for fifteen possible n-hexadmne isomers on this column at 155°C. 

We have previously shown6 that all the isomers of n-pentadeccnes and n-hexa- 
decenes in the producis from catalytic dehydrogenation of n-alkanes can be resolved 
by using very highly efiicient squalane stainless-steel capillary columns (500,000 
elective plates). However, very long analysis times, even at 130’2 (24 h), make it 
unsuitabie to apply this separation system to the analysis of still higher n-alkenes. 
The analysis of n-pentadecene isomers has recently been speeded up by using a 200-m 
glass capillary column coated with C, hydrocarbon stationary phass. 

The present paper considers the possibilities of separating mixtures of the 60 
isomers of Gdl, n4kenes and the corresponding rr-alkanes in &ts.s capillary 
columns coated with C, hydrocarbon, Apiezon L and Carbowax 20M stationary 
phases, with the aim of optimizing working conditions (efficiency, selectivity, tem- 
perature) and investigating the problems associated with the reproducibility of the 
retention data_ Relationships behveen the structure of n-alkene isomers and their 
retention behatiour were appkd to the identification of the isomers. 

Mixtures of the isomers of n-pentadecenes, n-hexadecenes, n-heptadecenes and 
n-octadecenes were prepared by catalytic dehydrogenation of the corresponding in- 
dividual C,&lS n-alkanesx. n-Alkenes from the reaction products were concen- 
trated in a silica gel column with Fluorescent Indicator Adsorption indicator by 
displacement chromato,=phy with the aid of isopropanol. 

Glass capillary coIumns were prepared of soft soda-lime glass (Unihost type; 



Iablonec Glassworks, Jablonec, Czechoslovakia)7. The imer walls were roughened with 
HCl and deactivated with trimethyichlorosilanes (columns coated with C, hydro- 
carbon and Apiezou L) or with methyl trifluoroethyl ether? (columus coated with 
Carbowax 2OM stationary phase). The stationary phases were applied by the dynamic 
method with the aid of a mercury piston 2oJ1_ Capillary columns (2OO-300 m x 0.25 
mm I.D.) were obtained by coupling two to four shorter coated cohmns by means of 
tubes made of thermoplastic poiytetratluoroethylene. 

The gas chromatographic analysis was performed on a Carlo Erbaapparatus, 
Model GI 452, equipped with a flame ionization detector_ Nitrogen and hydrogen 
at an inlet pressure of up to 0.3 MI% were used as canier gases. The retention data, 
measured as distances in the chromatogram, were expressed as retention indices; the 
average repeatability of the measurements was 0.2 index unit (1.U.) (standard 
deviation). 

RESULTS ANi DISCUSSION 

The product from the catalytic dehydrogenation of n-alkanes contains all the 
isomers of the n-alkenes corresponding to the carbon numbers of the initial n-alkanes. 
Other by-products, particularly alkylaromatics and alkadienes, are, however, formed. 
Mixtures of n-alkenes, containing a small amount of the parent n-alkanes, were 
obtained sticiently pure by concentration in a cohunn with silica gel and were used 
as model mixtures. 

Figs. l-4 show_ chromatograms of the separation of isomers of n-pentadecenes, 
n-hexadecenes, n-heptadecenes and rz-octadecenes on capillary columus coated with 
C, hydrocarbon (HC), Apiezon L (AL) and Carbowax 20 M (CW), respectively. 
Table I gives the corresponding values of the retention indices and their temperature 
increments di/dT. The probIems associated with the separation and identi%zation of 
ri-alkene isomers are now discussed. 

The difEculties in separating mixtures of higher n-alkene isomers can be 
demonstrated for n-hexadecenes, the fif-teen possible isomers of which boil in the 
range 282_2-287.4% or the thirteen isomers (excluding 2-alkenes) which have a 
range of 2.9X? corresponding to a retention interval of 21.1 I.U. on squalaue at 
130°C. The peaks are, however, irregularly spaced in this interval since with the 
shift of the double bond towards the centre of the molecule the properties of the two 
neighbouring positional isomers become more similar and their separation is more 
difficult_ This behaviour was demonstrated for the separation of n-pentadecenes and 
n-hexadecenes on a 200-m squahme capillary column6. At a temperature of 130°C 
and carrier gas (hydrogen) inlet pressure of 0.3 MPa, the analysis time was 24 h for 
n-he_xadecenes, and problems occurred with the separation of the pairs of frmrs-5-j 
&s4 and trans-3-/l-pentadecenes and analogous pairs of hexadecenes. In order to 
separate these pairs, a lower temperature had to be used which prolon,oed the analysis 
time. Thus a seamh was made for more suitabIe separation systems for higher 
n-alkenes. 

For the separation of MS u-alkenes, stationary phases were sekzcted so 
that highly e@icient glass capillary cohmms could be prepared which were sufhciently 
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Fig. 1. cfKomatoglams of the sepamtioil of I;-pentadecene isomas in the fol!owing columns: (2) 
ZUOmwithGh3 draarbon at 130°C and 0.3 ME% Hz; (b) 220 m with Apiezon L Et 154°C znd 0.3 
ME%% XL; (c) 3QO m with Girbosax 2OM at %“C and 0.1’5 ME% N,; t = ~ZZES-, c E &-&mer; 
-=lFpaltae_ 

stahk at higher operation temperatures. C, hydrocarbon and Apiezon L were ased 
to advantage as non-polar stationary phases, bearing in mind the experience gained 
in anaiysing JI-alkenes up to C,, on squalane ls6_ Since the preceding work? denon- 
sm-ated that, for n-deceqe isomers, the retention Interval expands with increasing 
poktity of the stationary phase, the separation of higher n-&ems was also studied on 
the polar stationary phase Carbowax SOM. 

The reqiGrement for bigbly effitient columns for the separation of isomers of 
n-alkenes up to C, &s well as for a snore reasonable amlysis time was solved by the 
preparation of tong glass capiDary c&mm (up to 380 m) bating thin %IIS of the 
stationary phase. T&e characteristics of the columns prepared, expressed as the 
deptndemes of the number of theoretical plates, n, and the number of dkctive 
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Fig. 2. Chrornatograms of the syaration of n-ksadecene isomers in the following cokui: (a) 
Zcornwith~hyW at 150°C and 0.3 ME% Hz; (5) 220~11 with Apiezun L at 154°C and 
0.3 MB N2; (c) 30 m with Ckrbowax ZOM at 110°C and 0.3 ME% N2; t and c as in Fig. 1; n-Czs = 
Ig4es.aae 

plates, N, on the capacity ratio, k, of the isomers, are iilus~ated in Fig. 5. Such 
cbaracter&ics had previously been obtained2 for a cobuun of C, hydrocarbon (a 
value of N = 670,ooO efketive pIates was measured for n-pentadecane with k = 11.8 
at 110°C). These dependenees indicate the very high efkiencies of the glass capikry 
eobmms prep- e.g., for isotners with k RI 3 the value of N is ~(2.0.5 - lo6 plates. 

Tables H and ILL give the efficiencies c&ulated for the mixtures under anal- 
ysis, expressed as the tbeoretiral plate number, q,, required for &e separation of 
rhe critical pairs of positional isomers of rr-alkenes up to the baseline (resolution 
R= 1.5). The vnhxs ofn, obtined on Ca, hydrocarbon, Apiezon L and Carbow= 
MM he in the range 0.4. W-IO* 106 plates from which it follows that the sepzation 
is very exacting on both pokr and non-polar liquid phases. The values of rr, 2re 
gre&x for the ~RZIZ.S-~~~ than for the corresponding c&-isomers, and decrease with 
increasing carbon number in n-aikenes for rhe neighbouring positional isomers. 

The most serious difkuhies were found for the separation of rt-alkenes with 
even carbon nuHlbers and with the double bond position in the cm&e of ffie carbon 
chain, i.e., for -new” positionni structural features: for the pair of tfam-7-/tfam-S- 
or c&-7/c&-8-n-hexadeeene isomers, or for rhe pair of trans-8-/rrmts-9- or &r-S-/ 
cis-9+ocmdecene isomers. The retention interval of drmrs-isomers is by 35 oA shorter 
t&an for cis-isomers with Ma n-alkenes (Table IV) and hence the separation is 
more di@icuit for tfans- than for &-isomers_ The sepamtion of the pairs of the 
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Fii_ 4. Chromatograms of the separation of ~tkxse isomers in the foIlowing co1umn.s: (a) 
2OOmwith&hy droarbon at 160°C and 0.3 MPa H,; (b) 220 m with Apiezon L at 154°C and 
0.3 MPa Nz; (c) 300 m with Carbowax 20M at 110°C and 0.3 MPa N,; 2, c as in FE. 1; n-Cxs = 
n-octadecane. 

TABLE 1 

RIZENTION INDICES OF c;&,, /r-ALKENES ON c, HYDROCARBON, APlEZON L 
AND CARBOWAX 20M AND THEIR TEMPERATURE INCREMENTS 

1469.8 0.11 1470.9 
1472.2 0.10 1473.3 
1476.3 0.07 1477.2 
1476.3 0.09 1477.2 
1477.4 0.06 1478.3 
1480.3 0.05 1481.2 
1480.3 0.04 1481.2 
1481.7 0.08 1482.5 
1484.6 0.02 1485.7 
1486.7 0.04 1488.0 
1487.6 0.07 14ss.s 
1498.8 0.01 150.0 
uO6.8 0.06 1508.3 

1567.2 0.11 1568.1 0.09 16026 0.25 
1567.5 G.11 1568.3 0.09 1603.3 0.25 
1.570.8 0.10 1571.9 O-OS 1606.6 0.25 
1574.7 0.08 1575.3 0.07 1608.1 0.18 

dP+iT 

0.09 
0.08 
0.06 
0.07 
0.05 
0.03 
0.03 
0.07 
0.00 
0.03 
0.06 
0-w 
0.05 

1506.6 0.25 
1508.9 0.25 
1511.0 0.18 
1512.7 0.24 
1512.4 0.17 
1515.4 0.16 
1516.2 0.13 
1418.2 0.23 
1522.8 0.13 
1526.7 0.16 
1525.0 0.22 
1537.4 0.17 
1546.0 0.27 



tlms-7- 
Cl%-% 
tralu-c 
tR?JZS-5- 
tram4 
a-s4 
mm-3- 
l- 
C&3- 
mm-2- 
c&2- 

HepW 
ds-% 
clr-7- 
c&6- 
tnmsd3- 
tm-7- 
c&5- 
trm??-s- 
PGlU-S- 
trlnzs4 
&4 
trClK+3- 
I- 
Cid- 
from-t- 
&-2- 

act-a 
cir-9- 
&a- 
c&7- 
cisd- 
tmnS-9- 
tram-& 
trans-‘I- 
C&-5- 
tram& 
*LlRS-S- 
tram4 
&4 
trans-3- 
l- 
&-3- 
trczzr-2- 
c&-2- 

1 574.7 0.03 
1575.2 0.09 
1576.6 0.06 
1579.3 0.05 
1579-g 0.04 
1551.2 O&3 
1584.6 0.02 
1586.8 0.04 
X587.4 0.07 
159S.S o-01 
1606.7 OJX 

1575.7 
l-96.6 
1577.5 
1580.5 
1581.1 
1582s 
15551 
15SS.l 
15SS_8 
MOO_0 
16uS.s 

1664A 0.12 1665.6 
16659 0.11 l&7-0 
1669.6 0.11 1670.9 
1673.0 0.09 1674.0 
16736 O-08 1674.8 
1674.9 0.09 1676.0 
1675.9 O-07 1676.8 
1679.2 0.05 X6SO.l 
16SO_o O-04 16Sl.O 
16Sl.2 0.08 16S2_3 
16S4.6 0.02 1685.7 
16S6.8 0.M 1687.6 
1587.4 0.07 1688.7 
1698.8 0.01 1700.0 
1706.9 0.07 17GS.6 

1761.5 0.12 1762.4 
1762.4 0.12 1763.1 
1764.6 O.iI 1765.3 
1769.0 0.10 1769.6 
1771.3 0.09 1771.7 
lnl.8 0.0s 17722 
1773.1 O-OS 1773.6 
1774.4 0_0!3 1775.2 
1775.4 0.07 1775.9 
1778-J 0.05 1779.5 
1780.0 0-M 1780.6 
17Sl.O 0.08 1781.8 

. 1784.7 0.02 1785.3 
lW6.8 0.04 1787.8 
1787.5 0.07 1788.4 
1795.9 0.01 1800.0 
1807.0 O-07 1808.6 

0.07 
0.023 
0.06 
0.05 
0.03 
0.07 
0.00 
O-03 
OAK 
0.00 
0.06 

0.10 
o-10 
0.09 
0.06 
O-06 
0.03 
0.05 
0.04 
0.03 
0.07 
OJJQ 
0.04 
0.06 
OX0 
O_O6 

0.11 
0.11 
0.10 
0.09 
0.08 
O_OS 
0.07 
0.08 
0_06 
0.05 
O-03 
O-07 
0.01 
0.04 
0.06 
O&O 
OB6 

1608.6 0.17 
1610.9 o-24 
1610.7 0.17 
1613.5 0.15 
1615.0 0.12 
1616.6 023 
1621.8 0.13 
1625J 0.16 
1624_0 022 
1636.2 0.17 
1644.5 0.27 

1699.2 0.27 
1700.9 0.26 
1704.2 0.25 
1705.3 0.18 
1706.3 0.17 
lTo9.I 0.24 
1708.9 0.17 
17120 0.16 
1713.7 0.13 
1715.0 023 
172Q.S 0.12 
1724.6 0.15 
1722.6 0.21 
1735.0 0.16 
17428 026 

1795.0 0.27 
1795.8 0.26 
1798.1 0.25 
lSO2.5 0.24 
1803.3 0.18 
18033 O-18 
1805.0 0.16 
1807.2 0.23 
1807.6 0.15 
1811.2 O-14 
1813.2 0.12 
1814.2 O-221 
1820.1 0.12 
1824.0 0.15 
1821.8 0.20 
1834-I 0.16 
1841.7 0.26 

positionA 7-/8-isomers is easier for n-heptadecenes than for the corresponding 
n-hexadecenes and a similar sitiation may also be expected for the separation of the 
pairs of S-/9-isomers of n-nonadecenes. These conclusions are in accord with the 
ruIes for separation of isomeric pairs which we_= published earlie+_ 
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Fig. 5. fkpenti of the theoretical plate number. n, and the efRctive plate number, IV, on the 
capacity ratio, &, of the components under analysis, on Apiezon L at 154°C and Carbowax 2OM 
at 115°C. C~hmns: Ap?ezon L, 220 m x 0.25 mm LD., inlet pressure 0.3 ME% Nz, Nr ffow-rate 
8_7cm/scc(0); Cartrowax 2OM. 3OOm x 0.25mm I.D.,0.3 MPa Nr, fIow-rate 7.7cm/sec (@). 

TABLE II 

VALUES OF rr, FOR cS3-/&-!?-OCTADECENE PAIR ON c, HYDROCARRON. APIEZON 
LANDCARROwAx2OM 

n _=16R=(~)*(y2): where a is the relative reterttion and iE_ &s the capacity ratio for 

cit-goctadecene. For &iseiine sqaration resolution, R = 1.5. 

stat- piirru Temperaame (“C) 

G7HY-n 160 
Apiaon L 154 
Carb0wa.x 2OM 110 

Capaci@ ratio, kr 

527 
G-77 
3.18 

Rel. retention, a l&*106 

1 .a042 3.2 
l_cKW 2.9 
l.oas 2.7 

TABLE m 
VALUEI: OF mnrp FOR 7-/S-POSiTiONAL Cl&,r cis- AND S~KGALKENES ON APIEZON L 
AT 154°C 

k: 0 *-106 

2-40 1.0031 7-4. 
4.05 1.0075 1.0 
6.85 1.0117 0.4 

2.49 1 .(I027 IO.1 
4.23 1.0040 3.4 
7.16 1.0071 0.9 
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TABLE IV 

RETENTION INTERVALS OF POSITIONAL &&is mms- AND ci+AIXENES ON ccl 
HYDROCAREON, APEZON L AND CARBOWAX 2OM AT 130°C 
H~=c,h~drOCXbQ n;AL=ApiczonL;CW=Cwbomx2OM. 

No. of car&n atoms traru-lronlers CidSQtTETS 

NC AL cw HC AL cw 

24.3 24.3 26.2 38.5 39.4 39.8 
26.2 26.4 27.9 41.0 41.1 42.3 

Cl7 zS.2 27.5 29.3 44.0 44.0 43.4 
cm 30.0 30.2 30.4 47.0 41.5 46.5 

Another problem is the separation of Cdl, trans-4_ltrrms-5-a&enes. Eu 
contrast to the regularities found in the separation of neighbouriug positional 
isomers of n-alkenes, the separation of this pair is more difkult thau that of the pair 
of ~~aas-5-/wazs-6-isomers or that of pairs hwiug more centrally situated double 
boais cable V). rwzs4Isomers of n-alkenes exhibit lower retentions, owing to the 

TABJ_.E v 

61 VALUES OF NEIGHBOURING POSlTiONAL tt-ci~~~- AND cis_ISOMERS OF Cldl,, n- 
ALKENES ON cfi HYDROCARBON, APEZON L AND CARBOWAX 20M AT 130°C 

HC = c, hydrocarbon; AL = Apitzon L; CW = Cadxwax XM. 

Isom Cl, cl6 Cl7 Cl, 

9w.7-d 

NC AL CW HC AL CW HC AX CW HC AL CW 

1ram-2-l.rww3- 
rnuu-3-/rrm4 
tram4~tranM- 
tram-5-/tram.6. 
tram.&jtram-7- 
tram-7-/tram-& 
trau-8-ltrmrr-9_ 

crk-2.[cis-3- 
cis-3-lcis-4- 
cis-4.I&-s- 
$WW$ 

ciz-7:&S- 
C%3-:lcis-9_ 

14.5 14.3 15.4 14.5 14.3 15.2 14.5 14.3 15.3 14.5 149 14.8 
4.9 5.2 6.6 5.3 5.4 7.0 5.2 5.4 6.6 5.3 5.2 7.1 
0.3 0.0 0.2 0.9 1.0 0.9 1.1 1.2 1.1 1.4 1.5 1.4 
3.2 3.4 2.8 3.0 3.3 2.4 3.9 3.5 2.9 4.1 3.8 3.4 
1.4 1.4 1.2 2.5 1.9 2.1 2.6 2.2 2.6 2.6 2.6 2.4 
- - - 0.0 0.5 0.3 0.9 0.9 0.8 1.3 1.6 1.3 
- - - - - - _ _ _ 0.8 0.5 0.0 

19.5 19.8 22.0 19.6 19.7 21.5 19.5 19.9 21.2 19.5 20.3 21.1 
6.3 6.2 6.6 6.5 6.5 7.2 6.5 6.7 7.2 6.8 6.8 7.4 
6.0 5.6 5.3 6.3 6.1 5.5 6.6 6.5 5.9 6.6 6.8 6.6 
4.1 4.1 3.6 4.7 4.8 4.1 5.9 5.4 4.5 5.7 5.9 4.5 
2.7 2.3 2.3 3.6 3.8 3.3 3.7 4.1 3.1 4.7 4.5 4.2 
- - - 0.3 0.2 0.6 1.8 1.4 1.5 2.5 2.0 2.1 
- - - - - - - - - OS 1.2 0.6 

possibility of cyclization of +-he propyl group wi& &e z-ekction syskeem of the mole- 

cule 



which is why they are eluted closer to ErmLl-lisomers a- As ffie carbon number of 
n-&enes increases, the separation of mm4/trms-5-isomers improved slightly, 
again in agreement with the rules for retention behaviour of isomers”. 

The separation of geometrical isomers is somewhat easier than that of 
positional isomers since the dependence of their retention on temperature is different. 
The vapour pressur e of more asymmetric &-isomers has a greater dependence on 
temperature than that of the correspouding more symmetric rrm)rs-isomers and 
therefore the temperature increments of the retention indices are of the c&-isomers 
larger’. It follows from the values of dl/dT in Table 1 that the separation of the 
critical pairs of positional isomers wiE improve if the temperature is reduced. More 
central positional isomers of n-alkenes are eluted earlier than isomers in which the 
double bond is shifted towards the ends of the chain, and also possess somewhat 
greater values of dI/dc hence their separation slightly improves with temperature 
decrease_ 

This is another reason why the separaticn of positional isomers. of n-alkenes 
is more advantageous at lower column temperatures. To prevent long analysis times 
at these temperatures it is necessary to use capillary columns with thimrer films of the 
stationary phase and with hydrogen as carrier gas. Such conditions may not 
necessarily be the most convenient for the separation of some pairs of cis-/tfms- 
alkenes having ffie double bond in different positions, therefore the column temper- 
ature should be optimized (Figs. 14). 

By comparing the separations of n-alkenes on C, hydrocarbon, Apiezon L 
and Carbowax ZOM (Figs. l-4), it is possible to determine the changes in the retention 
sequence of some isomers with change in polarity of the stationary phase. As shown 
above, a similar effect -mutual shift cLr- and frans-isomers- may also partiahy 
achieved by changing the column temperature. The retention interval of positional 
trm- and &-isomers of n-alkenes slightly expands with increasing polarity of the 
stationary phase (Table IV), but with increasing carbon number this expansion in 
retention interval becomes smaller and for CI,-CI, &s-isomers there may even be a con- 
traction (this unexpected result will be discussed laterj. The application of more polar 
phases is afiantageous since the retention of n-akenes decreases enabling analyses 
at lower column temperatures. Another advantage of the application of polar phases 
is the fact that the cis-isomers yield greater dI/dT values than the trans-isomers, 
which makes easier the optimization of temperature during the separation of some 
isomers having more centrally situated double bonds. 

Reproducibility of retention in&es_ Problems may arise in the use of retention 
indices or optimal temperatures, based on the data of Table I, for the separation and 
the identikation of n-alkene isomers, particularly if a polar stationary phase is used. 

Fig. 6 shows the dependence of the retention index of I-pentadecene on its 
capacity ratio, obtained from measurements performed in seven different glass capil- 
lary columns coated with Carbowax 2OM at 110°C; the point corresponding to the 
value k = 5 was obtained on a column the surface of which was tit coated with 
BaCO, (ref. 14). It can be seen that the retention index of I-pentadecene obviously 
increases with its capacity ratio, i.e., with the thickness of the film of the stationary 
phase in the column. 

A linear dependence of P = f(k) was obtained (Fig. 7) for ali n-pa&x- 
decene isomers from measurements in three Carbowax columns within a relatively 
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naimw range of k values. It can be seen from this figure that the slopes of the straight 
lines diEi% for individual n-pentadecenes, being greater for cz% than for ?rmrs-alkenes, 
are close for &-isomers to I-alkene and greater for 2-alkenes than for the other 
positional isomers. In agreement with the above, the diBerences in the pro_oerties of 
individual cohunns during the separation appear as a shift of cfi- towards frrmr- 
isomers or of I- towards trmrs-isomers, while the mutual retention of positional 
isomers changes negligibly. This shift (change in sek%ivity), depending on the 
thickness of the film of the stationary phase, was observed, e.g., in the separation of 
isomers on two different Carbowax columns under the same experimental conditions, 
in that a reversed retention sequence was obtained for trans-6- and cis-S-peutadecenes 
(Fig_ 8). Another important aspect of this result is that, by changing the stationary 
phase Hrn thi&ness, the optimal sek~tivity of the capillary column may be adjusted 
for the separation of the mixture under analysis. 

The different slopes of the function I- = f(k) for individual isomers agree 
well with the values of dI= P laf - I”“-p”‘” for n-alkenes, discussed below. Based 
on these relationships the smaller retention indices of n-alkenes measured on 
Carbowax columns with thinner layers of the stationary phase could be explained by 
partial orientation of hydroxyl groups of ffie stationary phase towards the surface of 
the glass capillary. However, it is also necessary to consider the contribution of the 
adsorption of n-alkanes and n-alkenes at the poIar stationary phmer gas inter- 
face. In these separation systems in which retention results from both soIution and 
adsorption, the ratio of the two contributions changes with change in the amount 
of stationary phase in the column, which leads to changes in the retention is~dices’~~‘~. 

As can be seen from Fig. 9, the replacement of n-alkanes by I-alkenes as ’ 
the internal standard improves significantly the reproducibility of the retention indices 
of n-alkenes on Wbowax columns. 

In accord with the preceding conchrsions, the reproducibility of retention in- 
dices of n-alkenes in g&s capillary columns with non-polar stationary phases is 
substantially better than with polar phases. Retention indices of n-alkenes also changed 
on Apiezon L with the thickness of the fSm of the stationary phase, however to sub- 
stantially smaller extent than on Carbowax 20M. Table VI gives retention indices of 
I-pentadecene measured in four different glass capillary columns with Apiezon L at 
164°C. In spite of significant difEerences in the capacity ratios, comparabie with k values 
for Carbowax 2OM (Fig. 6), the retention indices of I-pentadecene change only slightly 
with the thickness of the tirn of stationary phase. Retention indices of n-alkenes 
appear to increase slightly with their capacity ratios even on Apiezon L. Column 2 is 
an exception since the retention index is somewhat greater than that ccrresponding to 
the capacity ratio measured, probably as a consequence of a more active glass sur- 
face. As can be seen from Fig. 10, greater retention of n-alkenes, in comparison with 
n-alkanes, appears on this Apiezon column, and trmrs-2-aikenes and the corresponding 
Cr&ZI, n-alkanes (Ir$ = 1702. I for trmrs-2-heptadecene) can be resolved. 

The position of the double bond in alkenes is at present determined by deri- 
vatization and subsequent gas chromatogmphic-mass - spectrometic (GC-MS) 
analysis. However, the precision of such determinations is limited bydiEcuhies in the 
interpretation of mass spectra”. 
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TAELE VI 

CAPACITY RATIOS AND Rl3ENTlON INDICES OF l-PENTADECENE ON ~I!ZZOEi L 
COLUh%NS AT 16PC 

cblcmm No. CIgm@rar&, k 4% 

1 a.40 m38.a 
2 O-76 1491.3 
3 038 14883 
4 1.87 1488.8 

Despite the lack of standards and retention data, ffic use of identification 
procedures for C&C= n-&mes which we had previously given1 for the identification 
of lower n-&cues on a squabe phase led to positive res&.s. The correlation used 
was that between the structure and the gas chromatographic behaviour of n-alkenes. 
-The parameters were as follows structural increments of retention indices, N; the 
ditkrence in the retention indices of the two neighbouring positional and geometrical 
isomers, 66; the tcm_perature increment of the retention indices, dI/dT; the difkrence 
in the retention indices of rz-abkenes on two stationary phases of different polarities, 
Ad. 
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Smc~d irrcremmt, H, This dzam%hs the position of the double b&d and 
of any isonrerita tion, as weli as the dependeke on tie iengsh of the carbon chain. 
The dependence 

Pc = P+alkeue) - P+a&ane) 

OQ the ca~hon number of +alkenes separated on C, hydrocarbon at 130°C is 
ilh&rated in Fig. LEa it can be seen that the dependences are charac&zistic for 
various homologous series of Ir-aIkenes md that their slopes decrease zs the double 
bond ShiRs towards the centse of the molecule. A similar dependence was found on 
Apiezon L. 

For the poiar statiouary phase Carbowax 2084 the character of the above 
dependence is Merent: the values of IP” decrease more i-apidIy with the car- 
bon mrnber (Fig. lib). This difkence for polar and non-polar stationary phases 
may be associated with the reduction of the relative contribution of the double 
bond to the intermolecular interaction as the length of the alkyl chain in the 
n-alkene iuolecuk increases. It may also be associated with the eEect of increasing 
adsorption of n--es (used as reference standards in the retention index system) 
wkh increasing number of their carbon atoms at the polar phase-carrier gas inter- 
faeL6 and with the diEmmt adsorptions of various n-a&ems at this interface. 

D@&zzce in retenriun indices, CU. This parameter shows characteristic regular- 
ities (Table V). Thus with the &if% of the double bond towards the centre of n-alkene 





moIecuies the VaIUes of 61 decrease (Fig. 12). Ihe regulari@ of this dependence 
is significantly distnrbed for all the pairs of C&J,, trmrs-4_ltrmtr-5-a&enesllcenes, and 
always towards lower vahtes of 81, because of the so-c&d propyl effect of tr0r.r4 
isomers. With increasing carbon number in n-alkenes, the values of 61 are almost 
identical for 2- to 4-aIkeues and increase slightly for more central positional 
isomers. 

For the corresponding geometrical c&-/&as-isomers, 61 decreases gsaduahy 
from positive to negative vaIues with the shift of the double bond position towards 
the eentre of the mole&e. Also a change in the retention sequence occurs: up to 
the d-position of the double bond the trans-isomers are eluted East, but starting from 
the S-position, it is the corresponding c&-isomers (Table VII). 

Teqnerame increments of the retention index, dlJdT. The dependence of the 
temperature increments of the retention indices on the position and the geometry of 
the double bond in Cl&& n-alkenes on C, hydrocarbon and Carbowax 20M is 
shown in Fig. 13. On the non-poiar phases (C, hydrocarbon and Apiezon L) the 
values of u/dT of nralkenes are similar; however, in contrast to expectation, they 
are slightly greater on C, hydrocarbon &au on Apiezon L. On the non-polar phases 
the values of dJ/dT are greater for cis- than for &=-isomers of n-aikenes for the 
same position of the double bond. The sequence of dT/dTvalues for I-alkenes eluting 
in the critical range of 3-alkenes is: tfms-3- < I- < cis-3-isomer. Wiffi the shift of 
the position of the double bond from ffie 2-position towards the centre of the 
+a!kene molecule dY/dT increases slightly_ 

The fl/dTvalues are greater on more poIar Carbowax 20M than on non-polar 
phases; they are also generally greater for &i- than for trmtrs-a2kenes because of a 
stronger hindering effect of more symmetric trmzs-dkenes on the interactions of the 
double bond with the stationary phase_ Characteristically large dl/dT values of 
2-alkenes on the poiar phase can be explained by a hyperconjugation effect (greater 
electron polarimbihty of ffie molecule resulting from the presence of an electron- 
donating methyl group in a neighbouring position to the double bond). For other 
isomers with centrally situated double bonds, ffie values of &/dT on Carbowax 20M 
slightly increase with the shift of the double bond towards the ceutre of the mole- 
cute and are close to those for the most central positional isomers of 2-alkeues. 

In homoiogous series of n-aIkene isomers the values of dl_laT are almost 
identieai, or they seem to be slightly greater on the non-polar phase and to decrease 
slightly on the polar phase with the carbon number in n-aikenes. 

The ditI%ence in dd/dTvahxes of corresponding c&-/@a-isomers rises with the 
poIarity of the stationary phase: it is on average 0.05 LU./T for non-polar C, 
hydrocarbon and Apiezon L phases and 0.08 I.U./°C for Qrbowax 2OM, which 
suggests important possibilities of separating n-aikanes from n-aJkenes_ The separation 
of n-alkaues from rmm-2-dkenes is a problem on Apiezon L cohmms since these 
compounds possess ahnost identical retention indices and dY/dTvaIues (however, 
their separation was obtained by nsing a more active glass surface). These pairs are 
separated on C, hydrocarbon, which is less polar than Apiezon L, trtm.r-2-alkenes 
being eluted before the correspoudiug n-aikaues (as on squalaue)_ 

DQ$&rrce in retention irdces, AL The values of A1 = P - PC also show 
regularities depending on the carbon number and the position of the double bond in 
n-alkenes @able VIII). It can be seen from Fig. 14 that Al values decreese with the 



carbon number in various homologous series of n-alkenes. it can be assumed thak 
except for a growing hindering effkct on the double bond with the expansion of the 
carbon chain, d&&xi for N values, the dependen= is due to the adsorption of 
n-aIkanes at the polar phax-caker gas interface and is propoaional to their number 
of carbon atoms, 

The Al values of the positional .&- and rrmrr-isomers decrease with the shift 
of the double bond from the 2- to the G-position and then, ~~~qxctedly, slightly 
increase with fG.rther shift towards the centre of the molecule. Large bi tiues for 
2- and partiy ako for 3-akenes can be explained by the hyperconjugation eSct. 
?&!atively large AI vdues for t-alkencs is in- agreement with the i&~&on of the 
acidic hydrogen atom of the most ekctronegztive carbon atom in the I-position with 
proton-aoceptor oxygen atoms of Carbowax 2OM. For rr~4isomers, showing the 
propyl eff&c& dl vabxes are somewhat lower than those expected on the basis of a 
simifar dependence for &4isomers (Fig_ M), and resuit From a relatively smalIer 



CAPELU%RYGCOFC,p&te- 63 

TJsB&3ym __ 

VALUESOFbE=~‘---0Fw.m J%LKENE ISOMERS AT EWC 

Ca-RIRare .c&q G5 G7 G .- 

ttvmF-2- 423 42.1 39.7 38.7 
tE%&3- a.4 40.4 389 38.4 
amrr-d 39.7 38.7 37.5 36.6 
htvu-5- 39.8 38.7 37.5 36.6 

-40.2 39.3 38.5 37.3 
n-am-7- 40.4 39.7 38.5 37.5 
rram-s- - 39.4 38.6 37.5 
trama- - 38.3 

&r-2- 46-4 45.0 436 42.0 
&-3- 439 43.1 41.5 40.4 
c&4 43-s 424 40.8 39.8 
C&-5- 439 43.2 41.5 40.1 
c&-6- 438 429 41.3 
eiP7- z 44’1 43.5 41.8 
c&8- 43:7 43.8 42.2 
c&-9- - - 42.5 

l- 44.4 43.3 420 41.4 



interaction of the anomalous structure of rr~n~4isomers with the polar stationary 
phase. Theincrease in di values with the shift of the double bond from the 4- or S-po- 
sition towards the centre of the mokxule may be associated with the different ad- 
sorptions of n-alkene isomeP_ As the double bond shifts towards the centre of the 
molecule, the polarity of the n-alkene falls and therefore its adsorption at the polar 
phase-carrier gas interface rises. This conclusion is in accord With the fact that & 
values for E to 9-positional isomers are somewhat smaller on Carbowax ZOM than 
those on C, hydrocarbon or Apiezon L (‘Table V), and also with the trends in 
retention inte~~ais of tra- and cti-isomers of C,&,, n-alkenes on polar and non- 
potkar phase (Table IV). Comparison of d1 values for the corresponding c&- and 
trmrs-isomers shows that all the &-isomers have greater d1 values than their 
corresponding tra-isomers. 

CONCLUSIONS 

The high resolution capacity of the columns used (IV M 0.5 - 106 for k w 3) 
and the good repeatability of the measurements of the retention indices (S = 0.2 LU.) 
on both polar and non-polar stationary phase in a single column made possibIe 
correlations between the fine structure and the retention of isomers of C&III, 
n-alkenes The structure-retection correlations reflect fine di&rences in the stereo- 
chemistry and e!ectronis contiguration of the isomers. The position of the double 
bond in the carbon chain, stereochemistry and the length of carbon chain are 
reflected in difhxent values of H, 61, di/dT and dl as a consequence of the changes 
in the contributions of stereochemical and charge effects or of the effects on the 
retention index of the adsorption of n-alkanes and n-alkenes at the polar stationary 
phasct_curier gas interface. These correlations appear to be a good means of iden- 

tifying components of mixtures of isomers of C&C, n-alkenes without the need for 
internal standards 

On the other hand, for slightly polarizable substances, separated on the polar 
phase- the precise measurements illustrate how much the cohunn parameters (e.g., 
capacity ratio) itiuencc the values of the retention indices. This fact must be con- 
sidered seriously when using any compilation of GC retention data, particularly 
those measured in capihary coiumns. 

REFERENCES 

i L. Soj5k, J. Hiiv&&, P. Majer and J. Jam& A& Chem., 45 (1973) 293. 
2 L. Soj5k. J. Krup5k ad J. Jan&k, 1. Chronzatgr.. 191 (1980) 199. 
3 S. Rang, A_ Orav, IC_ Kuningzs 2nd 0. Eiscn. Chromatographiiz, IO (1977) 55. 
4 L. R. ctta~man aid D. F. Kemnme 1, Anal. CrLcsz.., 12 (l%s) 159s. 
5 W_ E. F&zoner and L. G. Walker, f. Chromttogr. SC& 9 (1971) 184. 
6 L. Soj&k, J. Hrivit&k, 1. OstrovsLj and J. Jan&. J. Chrcwzzfugr.., 91 (1974) 613. 
7 J. KrupEik, M. Kristin, M. Vakxhovi&w5 2nd 5. Jan&, J. Chromarogr., 126 (1976) 147. 
8 T_ Welsh, W. Engxxvald and C. Klaucke, Chrorznugrapphia, 10 (1977) 22. 
9 M_ Novotn$ and K. TcsaZk, Chonrtzfczgnz&& l(l968) 133. 

10 G. &homburg, H. Husmann and F_ Weeke, 1. Chromarogr., 99 (1974) 63_ 
11 G. ScSomburg and H. Husmaxm, G5roItzzrogMph5z, 8 (1975) 517. 
12 L. SojzZk, J. JzAk and J. A_ Rijks, J. Chromczfogr., 135 (I977) 71. 
13 L_ Soj&k, P. i5hrtzw J. I.&a and J. Jan&k, 1. Chroruz~~_. 174 (1979) 97. 
14 K. Grab. G. Grab and IC. Grab, Jr.. Cktwnzzugr&~, 10 (1977) 181. 
15 V. G. Euezkin and L. Soj5k, &&r.zt_ Crecfi. Cken~_ Cannun_, 43 (1978) 1588_ 
16 L. Sojzik and V. G.-Benz&h, in prquation. 
37G W-Francis and T_ Tandc, J- chronrafogr., 150 (1978) 139. 


