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SUMMARY

Retention indices () of Cg—C,;; n-alkynes have been determined on squalane,
Apiezon L, polyphenyl ether and polyethylene glycol 4000 in the temperature range
60-120° and are correlated with the structure of the isomers. The effects on 7 of the
position of the triple bond, of the chain-length and of the polarity of the liquid phase
are discussed. Equations are presented which describe the linear dependences of 7 on
the number of carbon atoms in the molecules, n. The best resclution of positional
isomers has been obtained on squalane.

INTRODUCTION

During investigation of the relations between the gas chromatographic (GC)
behaviour and molecular structure of unsaturated hydrocarbons, it was apparent that
few retention data were available for n-alkynes up to Cs (refs. 1-4), whereas higher
isomers had not been examined at all. As the contribution of the triple bond to the
retention is of considerable theoretical and practical interest, we have-investigated
more systematically the trends in the retention indices with the molecular siructure
. of CsC,, n-alkynes on four stationary liquid phases (squalane, Apiezon L, poly-
phenyl ether and polyethylene glycol 4000), which are often used in analytical practice.
Because of their high molecular weights and high boiling points, tri- and tetradecynes
could not be measured on squalane; however, the non-polar phase Apiezon L could
be used for the analysis of these compounds.

EXPERIMENTAL -

The alkynes were synthesized by alkylation of acetylene in liquid ammonia®
and were purified by use of preparative GC. Their purity was 95-99.9%,, as deter-
‘mined by capillary GC. All measurements were made on capillary columns in order
to achieve better separation of the positional isomers. Chrom-2 and Chrom-3 instru-
ments were used with a flame ionization detector. The carrier gas was nitrogen,
'hehurn or hydrogen. Mixtures of n-alkynes and n-alkanes were employed in ql.antmes,
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that mamtamed the symmetry cf the peaks at the maxlmum sensxtwnty. Vanatxon of

“sample size within the range 0.01-0.05 mm?® had no effect on the retention times. The
split ratio was ca. 1:200. Table I gives the working conditions and characteristics of
the stainless-steel cap:llary columns wh1ch were coated by a dynam1c me:thod6 '
TABLEI , :
EXPERIMENTAL »CONDITIONS

Stationary phase o
Squalane Apiezon L Polyphenyl = Polyethylene -
) : ether  glycol 4000
Column length™ (m) 100 ' 50 - 45 100
Column temperature (°C) 90-130 110-190 90-170 60-160
Column efficiency (number . )
of theoretical plates for
2.decyne) . : 113 000 36 000 53 000 73 600
Pressure at inlet (kg/cm?) 1626 1.5-2.0 1.2-1.6 1.6-2.6
Carzier gas flow-rate ) .
(ml/min) .- 0.3-0.4 0.2-0.5 1 0.1-90.5 0.20.3

* Inner diameter; 0.25 mm.

Retention indices were caiculated by means of Kovdts formula’. The dead
time was determined by the method described in ref. 6. The reproducibility of the
measurements, calculated as the standard deviation of at least five measurements at
each temperature, was - 0.6 index units (i.u.) for Cs~C,, and + 0.4 i.u. for higher
n-alkynes on squalane (SQ) and polyethylene glycol 4000 (PEG), and + 1 and 2- 9.8
i.u. on polyphenyl ether (PPE) and Apiezon L (ApL), respectively. '

~ The constants of the equations I = @ 4 bn, describing the linear dependences
of I on n, were calculated with a computer by means of a Ieast-squares method. The
I vzlues determined in this work for Cs—C, n-alkynes on squalane are in good agree-
ment with the previous data of Hively and Hinton'. ,

RESULTS AND DISCUSSION

The elution order and the separation of positional isomers

The retention indices of n-alkynes are-determined by their m-electron sys-
tem and its polarization, and by steric factors due to the withdrawal of free
rotation at the triple bond. The strength of the interaction: between the slightly
polar z-alkyne molecules and the molecules of the stationary liquid phase depends
markedly on the polarity of the latter and increases in the order SQ < ApL < PPE <
PEG. On SQ and ApL, where the main contribution to the intermolecular interaction
is due to dispersion forces, the lowest J values were observed (Tables II-V). On polar
PEG, dxpole——dxpole. interactions resulted in the highest 7 values, r-alkynes with »
carbon atoms were eluted near the n-alkane with (n 4- 2) carbon afoms (e. g n-
decynes were eluted near n-dodecane).

"The elution sequence and the resolution of posmonal isomers of Cm, C,zand
Cu n-alkynes is shown in Fig. 1. On all of the stationary phases studied, the internal
" isomers with the same value of  were eluted in the order 7-, 6-; 5-; 4-, 3~ and 2-alkynes,
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:TABLE i

RE’E’ENTION INDICES OF C¢=-Cy; n-ALKYNES ON SQUALANE
Co_mpqwtd -~ Temperature ( °C}

_ 86" - %0 - - 100 10 120 . 130
i-Hexyne - 586.7 584.0 5840 = 5839 583.7 583.7
2-Hexyne . = 6422 640.3 - 639.4 6384 638.3 638.5
3-Hexyne - . 6243 622.8 " 621.5 619.9 619.6 618.9

“1-Heptyne -~ 686.3 6843 - 6844 684.2 684.5 684.4
2-Heptyne 744.5 7432 . 7427 742.0 741.6 7413
3-Heptyne 718.1 717.1 716.3 7158 715.0 7143
1-Octyne T 783.7 783.8 783.7 - 7839 783.9
2-Octyne 8424 8420 841.4 28409 840.5
3-Octyne 817.8 817.0 8163 816.0 815.2
4-Octyne 8113 - 810.7 8103 809.7 809.2
i-Nonyne 883.¢ 834.1 884.1 884.4 8845
2-Nonyne 941.2 940.8 940.6 940.2 939.7
3-Noanyne 915.8 915.1 914.7 914.0 913.3
4-Nonyne 910.5 910.1 $09.7 909.2 908.7
1-Decyne 983.8 984.0 984.2 984.5 984.3
2-Decyne 1041.3 1041.0 1040.8 1040.4 1039.7
3-Decyne : 10142 1013.8 10133 10128 10119
4-Decyne 1007.5 1007.3 1006.8 1006.5 1005.9
5-Decyne 1008.4 1008.1 1008.0 1007.7 1007.3
1-Undecyne . 1084.2 1084.4 1084.5
2-Undecyne - 11401 1140.1 1139.5
3-Undecyne 1112.4 11120 1110.8

.~ 4-Undecyne 11048 1104 4 11939
5-Undecyne 11043 11040 1103.7
1-Dodecyne 1184.4 11846 1184.4
2-Dodecyne 1239.8 1239.8 12391
3-Dodecyne 12114 12110 1210.1
4-Dodecyne 12033 1202.9 1202.4
5-Dodecyne 1201.7 1201.4 1201.2
6-Dodecyne 1200.3 1200.0 1200.2

* Ref. 1.

i.e., in agreement with the shift of the triple bond to the end of the molecule (oaly
4-decyne was eluted before 5-decyne on SQ and AplL).

_ On SQ and ApL this trend reflecis the effect of changing the symmetry of the
charge distribution in #-alkynes on dispersion interaction. On these liquid phases the
elution sequence was nearly in accordance with the boiling points of the positional
isomers, and I-alkynes were cluted first.

.~ 1-Alkynes were retained more sirongly on PEG due to the formation of
hydrogea bonds, and emerged after all of the other positional isomers, except
the 2-alkynes. The elution order of the internal alkynes is in accordance with the
increase in the shielding effect of alkyl groups on the dipole-dipole interaction be-
- tween the n-alkynes and the polar liquid phase as the triple bond shifis to the centre

of the molecule. The magnitude of this effect increases markedly from methyl to

n-propyl and, accordingly, the change in 7 values between the 2-, 3- and 4-isomers is
. more pronounced. The separation of internal alkynes in which the triple bond is
- situated more than four atoms away from the terminal carbon atom is more difficult
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TABLE IIX
RETENTION IN'DICES OF Ci10Cis n-ALKYNES ON APIEZON L
Compound Temperature (°C}

' ' S0 130 150 70 190
1-Decyne . 9947 9964 - 9972
2-Decyne 1051.9 1052.2 1050.6
3-Decyne 1019.8 1015.3 1017.4
4-Decyne 10123 1012.0 -1019.8
5-Decyne 1013.4 10123~ 10129
1-Undecyne = 1094.6 i095.5 1095.2 1096.1
2-Undecyne - 11514 11518 1150.8 11503
3-Undecyne 1118.8 11186 11169 1116.1
4-Undecyne 11105  1110.6 11099 11099
5-Undecyne 1109.7 1110.1 1109.2 1108.1
1-Dodecyne ) 11946  1195.2 1197.2
2-Dodecyne 1251.0 1250.5 12504
3-Dodecyne 1218.0 1216.4 12155
4-Dodecyne 1208.4 1208.6 1208.5°
5-Dodecyne 1208.4 12074 1207.6
6-Dodecyne 1206.6 1206.0 1206.4
1-Tridecyne - 1295.5 1297.2 . 1297.7
2-Tridecyne 1350.6 13510 13506
3-Tridecyne 13158 13150 1314.8
4-Tridecyne 1307.1 1306.9 1306.6
5-Tridecyne 1305.5 1305.7 - 13059
6-Tridecyne - : 1302.6 1303.5 1303.9
1-Tetradecyne : 1395.7 13974 1398.3
2-Tetradecyne 1450.7 1451.2 1451.2
3-Tetradecyne . 1414.9 1414.4 1414.5
4-Tetradecyne g 1406.9 1406.5 1406.7
5-Tetradecyne 14039 1404.3 1405.1
6-Tetradecyne 1401.1 1401.2 1402.0

7-Tetradecyne 1400.2 1400.3 1400.7

as the shift of the triple bond towards the centre of the molecule leads to neghglble
variation in the symmetry and polarity of the molecule.

The difference, 67, between I values of neighbouring isomers depends on the
polarity of the stationary phase. On a given phase and at a given temperature, the
81 values decreased as the triple bond shifted towards the centre of the molecule
(Table VI). The pairs of n-alkynes which possess the most distant positions of the
triple bond from the terminal carbon atoms e.g., 4- and S-decynes, 5- and 6-dadecynes
and 6- and 7-tetradecynss, were the most difficult to separate. On PEG, where
1-alkynes were eluted after 3-alkynes, the maximum values of 6I-were found for 2-.
and 3-isomers. The separatlon of pairs of 1- and 2-alkynes depended slightly on the
number-of carbon atoms in each molecule; the resolution of pairs of 2--and 3-, 3-
and 4-, 4 and 5- and 5- and 6-alkynes was improved as the carbon chain mcreased
in length. The same trend has been observed® with ‘n-alkenes. . _

Using a capillary column of SQ, all of the isomers of the CeCy7 r-a]kyn&e were
separated except 4- and 5—undecynes. On PEG, only 5- and 6—dodecynes were not
separated.
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TABLE e s :
RETEN’HON INDICES OF CoCie n-ALKYNES ON POLYPHENYL ETHER
Compatmd R Temperature (°C}
- ‘%0 10 30 10 1o

i-Nonyne =~ - 1002.7 - 10034 1003.8 -

' 2-Nonyne 1066.5 - 1067.6 1068,5

3-Nonyne - 10329 - 1032.5. 10324

4-Nopyne . 1021.8 - 10220 - 1023.2
i-Decyne . = 11027 . 11035 1104.3

2-Decyme - 11675 1169.0 1171.2

3-Decyne . 1131.8 | 11319 1132.0

4-Decyne : 1120.2 11210 1121.2

5-Decyne ~ 1120.6 11209 11215

- 1-Undecyne 1201.5 1203.1 1204.5 1205.3
2-Undecyne 1266.7 1267.6 1268.8 1269.6
3-Undecyne - 1230.0 1230.6 1231.2 1231.3
4-Undecyne 1218.3 1219.0 12200 1221.2
5-Undecyne . 1217.9 12183 1219.2 - 12197
1-Dodecyne : 13029 1304.2 1304.7
2-Dodecyne : 1367.5. 1368.4 1370.5
“3-Dodecyne: : 1329.4 1329.7 1330.1
4-Dodecyne , . 1316.6 1317.6 1319.0
5-Dodecyne -1315.8 1317.0 1317.6

- 6-Dodecyne : 1315.7 1316.6 1317.0
1-Tridecyne - 14026 14033 14047 1405.4
2-Tridecyne 1467.6 1468.2 1470.3 1471.1
3-Tridecyne 1429.2 1429.3 1429.4 1429.7
4-Tridecyne 1415.3 14164  1417.2 1417.3
5-Tridecyne , 1414.0 1414.9 1415.5 1416.3
6-Tridecyne . 14122 1413.7 14152 1416.1
1-Tetradecyne . : . 1502.0 1503.1 1504.8 1505.8
2-Tetradecyne - ) 1568.3 1569.1 1570.3 = 15709
3-Tetradecyne 1529.1 i529.2 1529.1 1529.1
4-Tetradecyne 1515.2 1516.0 1516.5 1517.2
5-Tetradecyne 15127 15129 1514.8 1514.9
6-Tetradecyne 1509.3 15111 1512.3 1513.5
7-Tetradecyne ' 1508.1 1509.3 i511.2 1512.3

Dependence of I on the number of carbon atoms
" - On all of the stationary phases studied, 7 exhibited a linear dependence on the
- number of carbon atoms in a molecule (Fig. 2). The constanis @ and b of the equations,
I = a + bn, describing these linear relations are given in Table VII. The differences
between the experimental and calculated values of the constants are less than 0.3 9.
The increments of I per CH, group (ICH) were dependent on the number of carbon
atoms in the molecule and on the posttxon of the triple bond (Table VII). As with
n-alkenes®, lower I.:H values were found for the first members of the homologous
series up to Cs—C, on SQ For higher isomers, the ICH values did not vary appreciably
with n.Some of the alkynes, e.g., 1-pentyne, 2-hexyne and 3-heptyne, had markedly
higher fc;; -values on SQ, as observed with l-pentene, cis- and frans-2-hexene and
' .trans-S-heptene ThIS anomaly in the behavmur of n-alkenes was explamed in terms
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CTABLEV. S : : T
i RETEN’HON I\IDICES OF. Cs—Cu n-# ALKYNES ON POLYE.THYLENE GLYCOL 4000
f valus for Ce~Cyand C;5~Cys n-alkyna at 110° were w.lcuzated from thedependenoes ofZ on coiumn

tellpriciilic .

Compound - - Temperature {(°C)

) 60 89 : 100 110 120 140 150 160
1-Hexyne - = 836.8 8328 ' ) 827.1
2-Hexyne 836.7 862.2 : 860.3
3-Hexyne 831.5 829.0 - 8252
1-Heptyne - 937.5 9342 _ 929.6
2-Heptype - 964.9 964.4 $64.8
3-Heptyne . 9155 913.3 910.3
1-Octyne 1036.5 1034.1 1030.7
2-Octyne . 1063.0 1063.8 10649
- 3-Octyne 1013.1 - 19125 : 1011.7
4-Octyne 1000.2 - 9990 9976
1-Nonyne ] 11348  1133.7 11329 11320
2-Nonyne 1161.5 1163.0. 1163.0 11634
3-Nonyne 11054 1109.5 1108.8 1108.1
4-Nonyie . 1095.0 10958 11952 1094.5 - :
1-Decyne ' 1255.3 12340 12334 12328 12315
2-Decyne 12617 1262.7 1263.4 1263.7 1265.2
3-Decyne 1207.7 - 12074 - 12074 12073 . 1207.0
4-Decyne ) 11920 11922 11921 11920 11922
5-Decyne 11905 11%0.7 11908 - 11909 1191.3.
1-Undecyne . 1333.7 1333.4 1333.2 13325 13320 1331.1
2-Undecyne 1362.1 13628 13636 13650 13653 . 1365.6
3-Undecyne . 13059 1306.0 13062 13062 13054 1304.8
4-Undecyne 1288.6 12889 12822 12896 1288.8 1289.3-
5-Undecyne 1285.5 12857 1286.0 12868 12865 12864
1-Dodecyne ) 1434.0 14339  1433.8  1433.1 14325 14326
2-Dodecyne 1463.,0 1463.6 1464.2 1465.3 14655  1466.6
3-Dodecyne 1405.7 1405.6 1405.5 1405.5 14053  1405.0
4-Dodecyne 1387.0 13872 1387.1 = 1387.7 . 1388.0 13885
5-Dodecyne 1382.8 13830 13832 1383.8 13842 13843
6-Dodecyne i 1381.3° 1381.6 1381.8 13825 13827 13830
1-Tridecyne o 1533.1  1533.0 15329 15323 1533.2
2-Tridecyne : 15625 1563.3. 1565.1 -1565.2 - 1566.7
3-Tridecyne 1504.7 15048 = 1505.0 15042 15053
4-Tridecyne . 1486.1 14864  1486.8 .14806.7 - 1486.8 -
S5-Tridecyne 1479.8 1480.3 1481.2 14813 14825
6-Tridecyne ) 1476.9 4775 1478.6 14783  1479.7 .-
- 1-Tetradecyne 1632.7 16329  1633.1 = 1632.2 © 1633.2
2-Tetradecyne o . 16638 16643 1665.7 ' 16654 - 16669
3-Tetradecyne 1604.2 -+ 16043 - 16045 - 16042 16049
4-Tetradecyne ‘ . . 15845 15849 15858 < 1585.5 . 1586.5
.5-Tetradecyne’ . o 15777 15785 1579.7. 1579.5 - 1580.7 -
6-Tetradecyne - - o 1573.6 15743 ° 1575.6 . 15756 1576.8 -

7-Tetradecyne o , 15715 15723 15740 - - 15740 '1575.3”_
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Fig. 1. Chromatograms of the positional isomers of Cyo, Cy2 and Cy¢ n-alkynes in the presence of the
corresponding s-alkanes. Stationary phase: A, squalane; B, polyphenyl ether; and C, polyvethylene
glycol 4000. On PEG the carrier gas was hydrogen. The peaks are numbered according to the position
of the tri plc bond in the molecule.

of u.he posszblhty of formation of cyclic arrangements due to intramolecular inter-

~actions®, The same effects may be present in alkynes. From Table VIII, it can be seen
that the ICF values decreased as the triple bond shifted to the centres of the molecules;
for 1-and 2-alkynes of CC,, the ICH values are 98-102 i. U, and for 5- and 6-alkynes
vof Cl_——C“ the corresponding values are 95-98 i.u.

: The values of the retention index reported are useful for the ldenuﬁcatwn of
n—alkynes by GC and GC-mass specirometry, and their dependences on 7 permit the
valués of higher homologues to be calculated. The trends in £ with temperature and

- ‘the corre!atxons between the retention index increments and molecular structure will

be discussed m a subsequent paper" Our later expenments have shown that when



: -'TABL_. VI
DIFFER.ENCES BET\VEEN I VALUES OF CHARACTERISTIC PAIRS OF n—ALKYNES
AT 1I0° - o ) : :
.I\'umbef' - Phase B Posuzon of rnple z'zond - 3 - o
of carbon ) - - N — -
N 1,2 2,3 "3 ,4_ B 4,5 s »75,76, ‘ 6,‘ 7 -

“atomsin .
the molecule

Squalane : '
é ‘ 545 185
T, s ) '57.8 . 26.2 C o
3 : . » 577 . 25.1 60 -
9 . 565 259 5.0 _
10 '56.6 275 6.5 . —L2:
1t : . 559 277 76 - 065 -
12 : ' 554 284" 81 16 14 V'
. Apiezon L ) R - B
10 57.2 32.1 7.5 o —1.1.
11 56.8 326 -. 8.3 - 08 .
12 : ) 553 34.1 7.8 1.2 14
13* : 55.1 348 87 16 29 ,
14° ) S 55.0 35.8 80 : 30.. 28 0.9
" .Polypheny! ether - ) AR
g o 64.2 35.1° 10.5 )
10 . : 65.5 37.1 109 0.1
11 . 64.5 370 . 116 0.7 -
12 646 381 128 08 - 0.1
13 . 650 @ 384 13.9 - 1.3: 1.8
14 i ’ 66.3 39.2 139 - 25 29 17
' Polyethylene glycol 4600 - o ' ’ o
6 - ) ' 33.2 351
7 ' ' 358 545
8 342 © 532 | i4.1
9 ' 30.1 54.2 136 - -
10 ) : 30.0 56.0 (153 13
13 B - 294 56.8 17.1 . 3.2
12 : 29.7 - 358.0 184 4.2 14

14 , 311 596 197 68 41 21
* At 150°,

TABLEVH
CONSTANTS a AND 5 or: THE EQUATION [ = a + bn AT 110° . ‘
Campom:ds . s . ApL* . . - PPE . - PEG
a b a b a4 b & b
‘1-Alkynes —16.54 10007 <490 10003 - 10552 - 99.78° . 232.35 - 10009
2-Alkynes - 4051 9999 - 50.66 100.00 _ 169.51 ~ 99.85 . 26394 . 99.92 - .
3-Alkynes. = 2618 - 9874 2360 9939 = 14073 99.09 21750  '99.00 -
4Alkynes. = 2628 9806 - 21.38 . 5894 - 13836 .. 6822 21531 . 9769 -
‘5-Alkynes . - ‘39 32.. 9685 3338 ©.97.87 14393 97.68 22844 © 9619
6-Alkynes: -~ - . 23508 0 9785 L. Ui el T
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»-’CONTRIBUT[ONS OF ON“‘ METHYLENE GROUP TO THE RETENT}'.ON INDICES
(s ) OF Co-Cie n-ALKYNES AT 110°

r va!ues foz C;—Cs n-alkynes at 86° were taken fmm ref l.

. ;Number Plxase T ) o Tnple bond position ) )
“of carban o - ) -
arams in = ) 2 3 : 4 5 6
molecule :
3—~ 4 '86.6 ]
45 5 990 848
5> 6 : 1024 95.2 ,
6— 7. _ 1003 103.6 95.9
7— 8 : 935 994 100.5
8-> 9 v 100.4- $9.2 98.4 99.4
9 — 10 ) 100.1 100.2 928.6 97.1 -
10— 11 100.0 - 893 - 691 98.0 96.3
11— 12 100.2 997 $9.0 98.5 974
Apiezon L )
10— 11 . ] 99.9 - 99.5 99.0 98.2 96.3
i1 — 12" - 1090 99.7 99.5 98.7 98.2
12—13" 1003 100.1 994 88.5 98.1 96.6
13— 14" - o 100.2 iC0.1 99.1 99.8 98.4 98.5
: Polyphenyl ether .
910 100.1 101.4 99.4 $9.0
10—-11 ) 99.6 98.6 98.7 $8.0 97.4
11 12 ' 99.8 999 98.8 97.6 97.5
12—13 ‘ 99.7 100.1 99.8 98.7 98.2 96.5
i13—~14 . e 994 100.7 99.9 999 98.7 97.6
S Polyethylene glycol 4600 .
- 6— 7 101.9 104.5 85.1
- 7—- 8 . 101.7 160.1 1014
- 8—> 9 . . 102.2 981 971 97.6
99— 10 100.5 100.4 98.6 96.9
10— 11 ‘ 100.0 99.4 98.6 96.8 94.9
11— 12 . 100.5 100.8. 996 - 983 97.3 :
1213 992 98.9 99.1 989 968 95.3

1314 N 99.6 101.3 99.5 98.4 979 96.7

* At 150°.
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Fig. 2. Dependences of I on the number of carbon atoms, n, in the melecule at 110°. Stationary
phases as in Fig. 1. The lines are numbered according to the position of the triple bond in the molecule.

hydrogen is used as the carrier gas the absolute retention times of n-alkynes, as with
n-alkenes®, are shorter compared with those obtained when the carrier gas is helium
or nitrogen. Lower column temperatures may therefore be used with hydrogen, leading
to better separation of isomers. The use of hydrogen as carrier gas is recommended
for the analysis of n#-alkynes with high boiling points.
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