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SUMMARY 

The temperature-programmed capillary gas chromatography of branched- 
chain CJ-Cs alkyl esters of acetic and mono-, di- and tri-chloro- and -bromoacetic 
acids was studied on low-polarity (SE-30) and highly polar (OV-351) columns. The 
retention behaviour of the esters was compared with that of the corresponding al- 
cohols, the retention indices and the retention index increments for the methylene 
units and the various halogen substituents were determined and the retention order 
of the individual components in the eight homologous series is discussed. 

INTRODUCTION 

The gas chromatographic (GC) retention behaviour of some isoalkyl esters, 
viz., methylethyl, 2-methylpropyl and 3-methylbutyl esters, of aliphatic Ci-C6 car- 
boxylic acids has been previously extensively studied’. Komdrek and co-workers2-4 
dealt with the GC separation of the C3-C6 isoalkyl esters of lower (C,-C,) carboxylic 
acids and their halogenated derivatives on non-polar OV-101 as the stationary phase. 

Recently, eight lower (C,-C,) branched-chain alcohols and their propanoyl, 
2- and 3-chloropropanoyl, butanoyl and 2-, 3- and 4-chlorobutanoyl derivatives have 
been separated by GC on SE-30 and OV-351 capillary columns with temperature 
programming’. In this paper, the retention behaviour of the same series of alcohols 
and the corresponding alkyl esters of acetic and mono-, di- and tri-chloro- and 
-bromoacetic acids is reported, this work extending previous studies with esters of 
acetic acid derivatives1J*s*6. The separations were carried out on SE-30 and OV-351 
quartz capillary columns with temperature programming. The relative retentions and 
Kovats retention indices for all 64 individual components in the eight homologous 
series were determined, and also the effects of the chain branching and the retention 
index increments of the various halogen substituents. The results are compared with 
those reported earlier’ .*. 

l For Part XXIV, see J. Chromafogr., 287 (1984) 293. 

0021-9673/84/%03.00 0 1984 Elsevier Science Publishers B.V. 
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EXPERIMENTAL 

Materials 
Branched-chain alcohols (l-8) were commercial products (Fluka, Buchs, Swit- 

zerland). The corresponding alkyl esters of acetic acid (9-16 = Al-A8), monochlo- 
roacetic acid (17-24 = MCll-MC18), dichloroacetic acid (25-32 = DCll-DC18), 
trichloroacetic acid (33-40 = TCII-TC18), monobromoacetic acid (41-48 = 
MBrl-MBr8), dibromoacetic acid (49-56 = DBrl-DBr8) and tribromoacetic acid 
(57764 = TBrl-TBr8) were synthesized from the corresponding alcohols and acid 
chlorides as described earlier’. Acetyl chloride (Fluka) and trichloroacetyl chloride 
(Merck-Schuchardt, Darmstadt, F.R.G.) were commercial products; the other halo- 
genated acetyl chlorides were prepared by the reaction of thionyl chloride (Fluka) 
with the commercial acids (Fluka and Merck-Schuchardt)s*6. Compounds l-64 are 
listed in Table I. 

Commercial mixtures of n-alkanes were obtained from different sources. 

Methods 
GC analyses were performed on a Perkin-Elmer Sigma 3 gas chromatograph 

on SE-30 and OV-351 quartz capillary columns under the operating conditions re- 
ported previously 6. The column temperature was programmed from 50°C at 6°C 
min-’ until the elution of peaks had ceased. The retention data were analysed with 
a Hewlett-Packard Model 3390A reporting integrator using standard programs. Re- 
tention times were measured from the time of sample injection and the mixtures of 
the compounds and n-alkanes were chromatographed immediately one after the other 
to allow identical operating conditions. 

The Kovats retention indices for the components were calculated8 by using 
two appropriate adjacent n-alkanes. The value of the dead volume time has no effect 
on the Kovats retention indices in temperature-programmed GC and it was not de- 
termined. 

RESULTS AND DISCUSSION 

Chromatograms of a mixture of the branched-chain alcohols and their acetyl 
and chloroacetyl derivatives, analysed on SE-30 and OV-351, are illustrated in Figs. 
1 and 2, and the GC separations of a mixture containing the brominated esters are 
shown in Figs. 3 and 4. Table I gives the retention data, relative to alcohols, alkyl 
acetates, n-tetradecane and the compounds analysed on SE-30. The plots of the re- 
tention are shown in Figs. 5 and 6. 

As previously reported*, the branched-chain alcohols are eluted on SE-30, 
except for the compound pair 2-methyl-1-propanol (4) and 2-methyl-2-butanol (5), 
in order of increasing boiling point, the retention order of the esters of branched- 
chain alcohols remaining unaltered. As is evident from Table II, the alkyl acetates 
(9-16) are eluted on a non-polar column in the sequence according to their boiling 
points, methyl and ethyl esters being eluted earlier than the methylethyl ester (9), 
n-propyl acetate between dimethylethyl (10) and I-methylpropyl (11) esters, n-butyl 
acetate with I,l-dimethylpropyl acetate (13) and n-pentyl acetate having the highest 
retention6. 
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Fig. 1. Chromatogram of a mixture of branched-chain alcohols (1-B) and the corresponding alkyl esters 
of acetic acid (9-16) and chlorinated acetic acids (1740), analysed on SE-30. S = Solvent; C14 = n- 
tetradecane; peaks are identified in Table I. 

? min 

Fig. 2. Chromatogram of the same mixture as in Fig. 1, analysed on OV-351. 



54 I. 0.0. KORHONEN 

6. 

- - - - 
J 

‘P 0 min Z? 
5’0 ’ ‘Qc I ’ 0’0 ’ ’ ’ ’ I ’ ’ ’ ’ 10 I.40 I I I I 

140’ ’ ’ '2&J' 
Fig. 3. Chromatogram of a mixture of branched-chain alcohols (l-8) and the corresponding alkyl esters 
of acetic acid (9-16) and brominated acetic acids (4164), analysed on SE-30. S = Solvent; C14 = n- 
tetradecane; peaks are identified in Table I. 

ov-351 s 

13 

I-- start - 

5 10 15 2P 0 min 
I 

so DC 80 110 140 170 

Fig. 4. Chromatogram of the same mixture as in Fig. 3, withoot the tribromo isomers (5764), analysed 
on OV-351. 
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As expected, the retention order is unaltered with the halogenated esters (Fig. 
5), the individual components being eluted in the order monochloro < monobromo 
< dichloro < trichloro < dibromo < tribromo isomers. Bearing in mind the re- 
tention behaviour of the monochlorinated branched-chain esters of propanoic and 
butanoic acids’, the monochloro isomer eluted earlier than 2-chloropropanoate, the 
monobromo and dichloro isomers between 2- and 3-chloropropanoates, the trichloro 
isomer between 3- and 4chlorobutanoates and the di- and tribromo isomers after 
4-chlorobutanoate. 

Figs. 1 and 3 show the fairly good separations of the mixtures on SE-30, only 
the compound pairs 21 and 33,45 and 49,55 and 57, and 56 and 58 showing complete 
overlapping. In addition, some partially resolved peaks are observed (Fig. 1). The 

ov -351 

. I 

/ . 

/‘\ J5’/’ z 
:--_. F’-’ 

Compound 

Fig. 5. Plot showing retention of branched-chain alcohols (l-8, curve l), alkyl acetates (AI-AS, curve 2), 
monochloroacetates (MCIlLMCl8, curve 3), dichloroacetates (DCll-DCl8, curve 4), trichloroacetates 
(TCll-TC18, curve 5), monobromoacetates (MBrl-MBr8, curve 6), dibromoacetates (DBrl-DBr8, curve 
7) and tribromoacetates (TBrlLTBr8, curve 8), analysed on SE-30 and OV-351. ART = Absolute retention 
time, measured from sample injection (Table I). 
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SE-30 

.--a---. I’---.-.-. * 
.-- 

.-.-.-.-._.-.-., 

ov-351 

Compound 

Fig. 6. Plot showing retention of the eight series as in Fig. 5 (curves l-8). Relative retention time (RRT) 
for the branched-chain alcohols (l-8) taken as 1.00 (Table I). 

isomeric chloro esters are eluted closer together, two monochloro isomers (17 and 
18) appearing earlier than the first eluted dichloro isomer (25) and, correspondingly, 
two dichloro isomers (25 and 26) having lower retentions than the first eluted tri- 
chloro isomer (33). Owing to the increased size of the halogen substituents, enhanced 
retention between the bromo esters is observed, five monobromo isomers (41-45) 
being eluted earlier than methylethyl dibromoacetate (49) and six dibromo isomers 
(49-54) earlier than the first eluted tribromo isomer (57). 

With the polar column the elution sequence is greatly influenced by the com- 
pound structures given in Table III. The alcohol pairs 2 and 1, and 5 and 3, are 
eluted in the reverse order to that on SE-30 and the alcohols 4 and 6 have the same 
retention6. With the alkyl acetates, the methylethyl (9) and dimethylethyl(l0) isomers 
are coincident, the elution order being reversed with 2-methylpropyl (12) and l,l- 
dimethylpropyl(l3) esters and with n-butyl and 1,2-dimethylpropyl(l4) esters (Table 
II). 

Generally the halogenated esters follow the pattern of the alkyl acetates, the 
elution order of the methylethyl and dimethylethyl isomers being variable, i.e., the 
monochloro isomers (17 and 18) are coincident and the dimethylethyl dichloro (26), 
monobromo (42) and dibromo (50) isomers have lower retentions than the corre- 
sponding methylethyl isomers (25,41 and 49), whereas the trichloro isomers (33 and 
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TABLE II 

CORRELATION BETWEEN THE BOILING POINTS AND THE RETENTION TIMES (RRT) OF 
THE LOWER ALKYL ACETATES ON SE-30 AND OV-351 

No. Ester B.p. RRT”’ 

(“CP 
SE-30 0 v-351 

Methyl acetate 57 0.13 0.24 
Ethyl acetate 77.1 0.16 0.27 

9 Methylethyl acetate 93 0.19 0.27 
10 Dimethylethyl acetate 95 0.21 0.27 

n-Propyl acetate 101.6 0.22 0.32 
11 I-Methylpropyl acetate 112.2 0.25 0.33 
12 2-Methylpropyl acetate 117.2 0.27 0.35 
13 l,l-Dimethylpropyl acetate 124.5 0.30 0.35 

n-Butyl acetate 126.5 0.30 0.40 
14 1,2-Dimethylpropyl acetate 129 0.32 0.38 
15 I-Methylbutyl acetate 133.5 0.34 0.41 
16 3-Methylbutyl acetate 142 0.37 0.47 

n-Pentyl acetate 149.3 0.41 0.53 

l From ref. 9, except for compound 14 (ref. 10). 
* Relative retention time for n-tetradecane taken as 1.00; values for n-alkyl acetates taken from 

ref. 6. 

34) are eluted in the reverse order (Figs. 2, 4 and 5). The alkyl acetates in general 
have lower retentions than the corresponding alcohols, the halogenated isomers being 
eluted in the order monochloro < trichloro < dichloro c monobromo < dibromo 
isomers. The tribromo isomers showed no peaks on the highly polar column used, as 
reported earlier with the n-alkyl tribromo isomer@. By comparing the retention be- 
haviour of the acetate esters with that of the monochlorinated propanoate and bu- 
tanoate ester@, it is evident that the monochloro isomer eluted between 2-chloro- 
propanoate and 2-chlorobutanoate, the trichloro, dichloro and monobromo isomers 
between 2- and 3-chlorobutanoates and the dibromo isomer after 4-chlorobutanoate. 

Figs. 2 and 4 show the much poorer resolutions of the mixtures on OV-351 as 
on SE-30. Several overlappings occurred with the alcohols and alkyl acetates, owing 
to the reduced retention of the latter. Additional overlappings are found with the 
chlorinated derivatives (Fig. 2), but Fig. 4 shows that all the bromo isomers are 
resolved. It seems, however, that in the presence of the tribromo isomers some over- 
lapping would have occurred. 

The relative retentions, relative to the alcohols, are shown in Fig. 6. It can be 
seen that on SE-30 the retention is maximized with l,l-dimethylpropyl isomers (13, 
21,29 and 45), dimethylethyl trichloroacetate (34) and methylethyl esters (49 and 57) 
and minimized with methylethyl acetate (9) and halogenated 3-methylbutyl isomers 
(24, 32, 40, 48, 56 and 64). OV-351 showed the maximum retention for the l,l- 
dimethylpropyl isomers (13 and 21) and dimethylethyl isomers (26, 34, 42 and 50), 
the minimum retention occurring with all 3-methylbutyl isomers (16, 24, 32, 40, 48 
and 56). 

Table IV shows the correlation between the retention indices determined with 
temperature programming in this work and with isothermal operation as reported 



GLC ANALYSES. XXV. 61 

TABLE III 

STRUCTURES OF THE ESTERS STUDIED 

Ester series Structure 

Methylethyl (1) 

Dimethylethyl (2) 

I-Methylpropyl (3) 

2-Methylpropyl(4) 

0 

II 
CCCHC 

I 
C 

0 c 
II I 

ccucc 
I 

C 

0 
II 

CC-@CCC 
I 

C 

0 
II 

c-cut-cc 
I 

C 

0 c 

II I 
I,l-Dimethylpropyl (5) C-CUC-CC 

I 
C 

0 
II 

1,2-Dimethylpropyl (6) CCUCCC 
I I 

cc 

I-Methylbutyl (7) 

0 
II 

c-cxsc-c-cc 
I 

C 

3-Methylbutyl (8) 

0 
II 

c-c*cc-c,c 

c 
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TABLE IV 

CORRELATION BETWEEN THE RETENTION INDICES (I) OF ISOALKYL ESTERS, DETER- 
MINED UNDER ISOTHERMAL AND TEMPERATURE-PROGRAMMED CONDITIONS 

Ester Column 

SE-30* ov-loI** SE-30- 0 v-351* 0 v-225*** 

Al 639 646.8 643 818 840 
A4 149 757.2 750 1009 911 
A8 853 859.7 859 1117 1087 

MC11 845 850.7 1280 
MC14 956 959.6 1392 
MC18 1061 1062.5 1504 

DC11 918 920.8 1345 
DC14 1030 1028.8 1458 
DC18 1133 1129.6 1567 

TCll 995 995.9 
TC14 1106 1103.8 
TCl8 1208 1203.3 

MBrl 906 916.2 
MBr4 1021 1025.8 
MBr8 1125 1127.9 

* Present work with temperature programming. 
* From ref. 2 at 80°C. 

l * From ref. 11 at 15o’C. 

1312 
1425 
1532 

1365 
1488 
1595 

earlier2s”. The agreement between the values is exceptional in spite of the different 
columns and operating conditions used. The comparison is defective owing to the 
absence of the isothermal data for the halogenated esters on polar columns, as only 
the data for Al, A4 and A8, i.e., for isoalkyl acetates, have been published. According 
to the results of Ashes and Haken 11, the values for isoalkyl acetates on acceptor 
stationary phases varied with the polarity of the phase in the following ranges: Al 
(735949), A4 (859-1086) and A8 (965-1186), the highest values occurring on the 
most polar stationary phase, XF-1150. The values on OV-225 given in Table IV are 
lower than those on OV-351, but this is due to the higher polarity of the latter phase. 

Retention indices of the eight series and increments of retention indices for 
methylene units and halogen substituents determined on SE-30 and OV-351 are given 
in Tables V and VI, a summary of the retention increments being presented in Table 
VII. 

The methylene increments in the three series of the esters, i.e., 1 + 3 -+ 7, 1 
+ 4 + 8 and 2 + 5, are in the ranges 87-107, 102-128 and 104131 on SE-30 and 
lower on OV-351, viz., 7496, 106131 and 102-125 retention index units (i.u.), re- 
spectively. The increments determined for the isoalkyl esters (A4, A8, MC14, MC18, 
DC14, DC18, TC14, TC18, MBr4 and MBr8) on SE-30 given in Table V are in good 
agreement with the values of Komdrek ef ~1.~. 

The effect due to replacement of an a-hydrogen atom in the 1, 3 and 4 series, 
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TABLE VII 

SUMMARY OF RETENTION INCREMENTS OF METHYLENE UNITS AND HALOGEN SUB- 
STITUENTS WITH THE ESTERS ON SE-30 AND OV-351 

Conditions as shown in Figs. 14. 

Increment* Column 

SE-30 0 v-351 

87-131 
3=2 
69-131 
87-93 

201-208 
69-74 
75-79 

262-272 
154171 
191-207 

74-131 
-29 to 29 
49-125 
74-94 

375402 
59-66 

-24 to -35 
469487 
204213 

- 

l As in Tables V and VI. 

a p-hydrogen atom in the 1,2 and 3 series and a y-hydrogen atom in the 3 series with 
a methyl group is shown in Tables V-VII. Owing to the increase in molecular weight, 
an enhanced retention is always observed on SE-30, as expected, the increments for 
the a-, /I- and y-substitution being in the ranges 35-62, 69-131 and 87-93 i.u., re- 
spectively. On OV-351, however, the additional methyl group in the cr-position gen- 
erally causes a reduction in the retention of the dimethylethyl series (Table VI), the 
increments varying between 3 and - 10 i.u. The cr-substitution in the 3 series (3 + 
5) might be expected, based on earlier observations, to produce a smaller increase 
than cr-substitution in the 4 series (4 + 6), but Table VI shows that nearly the same 
increases are observed, the values being in the ranges 17-29 and 16-27 i.u., respec- 
tively. Higher increments for the /I- and y-substitution were obtained, those in the 
l,l-dimethylpropyl series (2 + 5) being the highest, 102-125 i.u. 

The increases in the retention indices on SE-30 for the first, second and third 
chlorine atoms are 201-208, 69-74 and 75-79 i.u., respectively, the corresponding 
increases with the mono-, di- and tribromo isomers, owing to the increased size of 
the halogen substituent(s), being considerable higher, i.e., 262-272, 154-171 and 
191-207 i.u. (Table VII). The increased retention of the monochloro esters is greater 
on OV-351 than on SE-30, i.e., 375402 i.u., owing to the increased polarity of the 
stationary phase. The second chlorine atom causes a negligible reduction in retention 
compared with that on SE-30, whereas a significant reduction occurred with the third 
chlorine substituent (- 24 to - 35 i.u.), leading to a reversed order of elution of the 
di- and trichloro isomers. With the brominated esters, the increases on a polar column 
for the first and second halogen atoms are 469487 and 204213 i.u., both greater 
than those on SE-30 (Table VII). 

The retention index ratios on the two columns are given in Table VI. The 
highest values are observed for the methylethyl esters, although the variation is small. 
The enhanced retention of the various isomers, due to polar interactions, i.e., Zov_351 
- ZsE_30 (Table VI), is highest with the 3-methylbutyl and 2-methylpropyl series and 
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decreases, as expected, with increasing a-methyl substitution, being lowest with the 
dimethylethyl and 1,l -dimethylpropyl series. 

The effects of chain branching’~‘*~’ 3 and the various halogen substituents2J4 
in the homologous series of esters on both polar and non-polar stationary phases 
have previously been extensively studied, and it is evident that similar results and 
trends are also apparent with the halogenated branched-chain esters investigated in 
this work. 
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