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Abstract

Retention indices of methylbenzenes and chlorobenzenes on two fused silica capillary columns, HP-5 (diphenylsiloxane 5%
diphenyldimethylsiloxane) and ZB-WAX (polyethylene glycol), have been calculated at various isothermal temperatures and compared
with literature data. The retention index temperature effect was studied for each solute, finding greater retention index the higher the column
temperature. A comparison between the straight line fit and the fit to the recently proposed elquatienB/T +CIn T was carried out.

The effect of the stationary phase polarity on the retention index was checked. In general, a greater retention index was found for the more
polar stationary phase. The retention indices of the chlorobenzenes are greater than the retention indices of the methylbenzenes, irrespective
of the stationary phase and the column temperature. In addition, the influence of the methyl/chlorine substitution on the benzene molecule
was investigated at each temperature. The retention indices increased as the number of substituents (methyl/chlorine) increased. The retentiol
index increments of methyl and chloro derivatives are also discussed, which permits to compare the effect of both, methyl or chlorine, chemical
functions, for a fixed substituent number in the benzene molecule.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction tion index () of the chlorobenzenes and of monochloroben-
zene, of these solutes. Also, Castello et[2].determined
Methylbenzenes and chlorobenzenes are important com-retention factors of chlorobenzenes on several stationary
pounds in chemical industry, as hazard compounds, fungi- phases of different polarity, as SPB-1 and Wax. In this
cides, pollutants, etc. work the retention indices of chlorobenzenes were deter-
Retention indices of chlorobenzenes were determined inmined at 120-180C on a fused silica capillary column
1983 by Haken et a[1] at several temperatures on the un- coated with polyethylene glycol as stationary phase (ZB-
equally polar SE-30 and Carbowax 20M stationary phases.WAX).
Taking monochlorobenzene as reference, the authors stud- The retention indices of the twelve methylbenzenes were
ied the influence of the chlorination extent on the reten- determined among a broad bunch of alkylbenzgBed4],
tion index increments, i.e., the difference between the reten-very often at a single temperature, and in some cases on the
zero polarity stationary phase squal§eB]. Determinations
« Corresponding author. Tel.: +34 915 619400: fax: +34 915 642461, O P€nzene and toluene on DB-1, DB-5 and DB-WAX were
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The aims of this work are the determination of the re- 3. Results and discussion
tention indices of benzene, the 12 methylbenzenes and the
chlorobenzenes on the above stationary phases over a wide The retention indices of benzene and the methlbenzenes
temperature range. Furthermore, the investigation of the tem-obtained in this work withEq. (1) from the retention times
perature effect on the retention index, the effect of the polarity measured in the chromatograms on HP-5 and ZB-WAX, at
of the stationary phase on the retention index, and the influ- 100-160°C, are given ufable 1 and the retention indices of
ence of the number/chemical nature of substituents on thethe chlorobenzenes on ZB-WAX at 120-1&Dare summa-
retention index were studied at each temperature. rized inTable 2 while retention indices and retention factors

At the same time, the dependence of the slope and inter-of the chlorobenzenes on HP-5 at the same temperature range
cept on the extent of methylation and chlorination of the two were taken from ref§17,18]. The retention index values are
series of methylbenzenes and isomeric chlorobenzenes wasompared graphically with the Kats indices reported from
checked. the literaturg1,2,17]

Finally, these compounds on both stationary phases atdif- Fig. 1 shows the plot of the retention indicds,of the
ferent temperatures are discussed in terms of the comparisorl2 chlorobenzenes recently reporféd], those obtained in
of the retention index increments propounded by Haken et al. this work at 140C, and those obtained by Haken et[al.

[1] for chlorobenzenes and by Malc et al.[8] for methyl- in the last eighties, and those obtained by one of1$j.
benzenes. The lower straight line shows a good agreement between the
nonpolar stationary phases HH1Y] and SE-3(1,19], the
last two retention index values are closer because they are
2. Experimental the same SE-30, since HP-5 is slightly more polar. The upper
straight line shows greater differences, about 2-3%, between

The fused silica capillary columns used were: HP-5 the retention indices obtained on ZB-WAX (this work) and
(60m x 0.25mm i.d.x 0.25um) coated with cross-linked  those values taken from the literatufg.
diphenylsiloxane (5%) diphenyldimethylsiloxane, and ZB- Fig. 2 shows the retention indices of benzene and the
WAX (60m x 0.25mm i.d.x 0.25um) coated with cross-  methylbenzenes determined on nonpolar stationary phases
linked polyethylene glycol stationary phase, purchased from and thel values determined on HP-5 (this work) at T@
Zebron GLC columns from Phenomenex (USA). [7,10-12,15,19]

Solutes, the standardalkanes; benzene; methylbenzenes  Fig. 3shows the similar plot for the retention indices of
and chlorobenzenes were obtained from different suppliersbenzene and methylbenzenes on polyethylene glycols ob-
[Riedel-de Haen, Fluka, Aldrich, Sigma and Protocol Ana- tained on ZB-WAX (this work) and those reported in the
Iytical (USA)]. A purity of 98-88% sufficed for chromato- literature[7,10,13,14,2Q]
graphic use. If PEG 400[20] is disregarded, the discrepancies are rea-

Gas chromatograph was an HP 5890 equipped with a flamesonable bearing in mind that the retention indices of these
ionization detection (FID) system, the carrier gas flow-rate substances have been determined in different laboratories

being 1 cnd min—! of nitrogen. with different chromatographic columns and different gas
The EXCEL utility was used for the calculations. Microcal
Origin 6.0 was used for the linear regressions. Methane, the I 2 3 4 5 6

unretained substance for the hold-up time, and a homologous 000d ' ' ' ' '
series of standandtalkanes were used to obtain the retention ]
indices. Retention factors were used as retention datum to  2000.0-
calculate the retention index, according to Kt/ equation
[16]:

- 2200.0
- 2000.0
1800.0 - 1800.0

- 1600.0

1600.0
log(ky/k
1(x) = 100| ¢ 4 128K/ k) O . ]
log(kz+1/k:) 1400.0- 1 1400.0
where 1200.0] 4 12000
k= RTMM ) 1000.0- 11000.0
™ 1
800.0 - - 800.0
tr being the retention time measured from the chromatograms — — l
andty the hold up time, measured for methane in the same ! 2 3 4 3 6
chromatogram. Nei

k., k; andk, ;1 are the retention factors of the analyte, and _ _ o
fthen-alkanes elutina before and after the peak of salute Fig. 1. Comparison of the retention indices of chlorobenzenes at@40
0 ) ” 9 p o Retention index sourcell), ZB-WAX (this work) ((J), Carbowax 20M, ref.
Retention times were averaged for at least five injections for [1] (@), HP-5, ref[17] (O), SE-30, ref[1] (4), HP-5, ref[19] (¢), SE-30,
each compound. ref. [19].
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Table 1

Measured retention indices of benzene and the methylbenzenes on HP-5 and ZB-WAX at T@)-160

Solute HP-5 ZB-WAX

100°C 120°C 140°C 160°C 100°C 120°C 140°C 160°

Benzene 678+05 6833+10 6874+14 6946+3.0 9794+0.7 9886+09 9995+15 10104+1.1
Methylbenzene 782+05 7877+0.9 7910+1.1 7989+35 10775+0.3 10883+0.4 10994+0.6 11120+0.9
1,2-Dimethylbenzene 90B+ 0.3 9151+0.6 9228+1.6 9292+3.0 12210+ 0.3 12343+0.35 1248+ 1.0 12621+14
1,3-Dimethylbenzene 882+ 0.4 8881+06 8950+1.6 8998+0.9 11765+0.3 11881+0.3 12004+1.2 12128+1.8
1,4-Dimethylbenzene 883+04 8881+0.7 8927+04 9008+3.4 11695+0.4 11804+0.3 11933+0.7 12050+ 1.5
1,2,3-Trimethylbenzene 1036+ 0.1 10435+0.2 10533+0.3 10610+ 0.6 13663+ 0.2 13829+ 0.1 14002+ 0.6 14170+1.1
1,2,4-Trimethylbenzene 1005+ 0.2 10123+ 0.3 10194+0.6 10268+ 0.75 13124+ 0.1 13267 +0.1 13415+09 13555+1.1
1,3,5-Trimethylbenzene 9+ 0.1 9848+0.3 9908 +1.0 9964+29 12751+0.2 12873+0.2 13007 +0.6 13129+14
1,2,3,4-Tetramethylbenzene 118% 0.2 11694+ 0.15 11798+ 0.3 11894+ 0.3 15051+ 0.6 15246+ 0.5 15440+ 0.5 15638+ 0.3
1,2,3,5-Tetramethylbenzene 11@% 0.1 11370+ 0.1 11462+ 0.8 11538+ 0.35 14563+ 0.3 14745+ 0.2 14917+ 0.3 15086+ 0.8

1,2,4,5-Tetramethylbenzene 1124 0.1 113244+0.1 114144+0.8 11490+0.4 14473+0.4 14630+ 0.1 14803+0.2 14968+0.9
1,2,3,4,5-Pentamethylbenzene 131 0.2 12926+ 0.1 13036+ 0.15 13147 +0.15 16445+ 0.2 16667 +0.2 16880+ 0.95 17109+ 0.2
1,2,3,4,5,6-Hexamethylbenzene 148% 0.1 14524 +0.1 14652+ 1.0 14802+ 0.47 18383+ 0.4 18669+ 0.4 18940+ 0.5 19226+ 0.6

Table 2

Retention indices of the chlorobenzenes on ZB-WAX

Solute 120C? 140°C 160°C 180°C

CB 12571 12791+ 0.3 12950+ 0.8 13113+ 0.9
1,2-C2B 15298 15487 +£0.2 157024+ 0.2 15926 4+ 0.6
1,3-C2B 1455 14741+ 0.4 14946 + 0.6 15133+ 0.7
1,4-C2B 1482 15008 + 0.5 15196 + 0.3 15388 + 0.6
1,2,3-C3B 1742 17686 + 0.2 17953+ 0.2 18221+ 0.3
1,2,4-C3B 1665 16886 + 0.3 17104+ 0.7 17358 + 0.4
1,3,5-C3B 155 15693 + 0.2 15895+ 0.3 16107 + 0.6
1,2,3,4-C4B 1914 19380+ 0.4 19682 4+ 0.3 20011+ 0.4
1,2,3,5-C4B 1796 18237+ 0.2 18503+ 0.2 18769 + 0.4
1,2,4,5-C4B 180B 18154+ 0.2 18425+ 0.2 18696 + 0.1
1,2,3,4,5-C5B 1998 20262+ 0.1 20598 + 0.1 20935+ 0.2
1,2,3,4,5,6-C6B 2158 22023+ 0.3 22431+0.3 22840+ 0.4

a Calculated with thek values obtained by the extrapolation of Ink ¥s.CB, chlorobenzene; C2B, C3B, C4B, C5B and C6B, dichlorobenzenes, tri-
chlorobenzenes, tetrachlorobenzenes, pentachlorobenzene and hexachlorobenzene.
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Fig. 2. Comparison of the retention indices of benzene and the 12 methyl- _. . N

benzenes on nonpolar stationary phase at @@Retention index sources: Fig. 3. Comparison of retention |nd|c§s O.f benzene and the 12 methylben-
(W), Apolane-87, ref[15] (C), squalane, re{7] (®), SE-30, ref[10] (O), zenes on polyethylene glycols Retention index sourdjs:REG 400, ref.
OV-101, ref.[11] (4), DB-1, ref.[12] (), DB-5, ref.[12] (a), PONA, ref.  [20] (0), Carbowax 20M, ref[13] (@), Carbowax 20M, ref(7] (O), Car-

[19] (A), HP-5 this work. bowax 20M, re{10] (¢), carbowax 1540, ref14] (¢), ZB-WAX, this work.
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chromatographic conditions. Differences of about 3% are It is opportune at this stage to state that over certain temper-

normal and acceptable, because of the column-to-column dif-ature ranges the linearity is also a good ch¢icq.

ferences in the composition of the stationary phase materials. Table 3lists the comparison of the linear and non linear
temperature dependences of the retention index of benzene

By linear fit we understand the application of the equation:
Kovats et al[21] remarked that the relationship between , _ 4 4+ BT (5)

the retention index and the column temperature was not lin-

ear: “it can be seen that, in fact, temperature dependence oBy non linear fit we understand both the applicatiorEof.

the retention index is hyperbolic”. Therefore, it is admitted (4) and of the squares regression:

that the column temperature dependence is well described by, 2

an Antoine-type equatiof22—25} I'=Al+ BIT + B2T (6)
For the above analytes we can see that the linear dependence

B - - . S
I=A+ —— 3) of Eq. (5)is sufficiently good to describe the retention index
C+T temperature effect at 373-433 K, although the correlation co-
whereA, B andC are constants. However, Budahefgb] efficients obtained witleq. (4)are slightly better than those

pointed out that this curve can have a significant linear por- obtained with the linear regression.

tion, the length of wich depends mainly on the polarity ofthe ~ Table 4shows the comparison of the fit of the retention
solute examined, on the stationary phase applied and on theiindex of the chlorobenzenes on HR15] at the temperature
mutual interactions. This equation was much used in the lastrange 373-433K and of the fit of retention indices of the
century, but recentlj26—29] a new equation derived from  chlorobenzenes on ZB-WAX at 393-453 K. The retention
the application of the kinetic model to the retention indices indices of both species methylbenzenes and chlorobenzenes

[27] has been proposed: increase with increasing temperature in all cases.
The linear fit is not good for chlorobenzenes on HP-5, and

I=A+ ? +CInT 4 the 2nd degree polynomiakfy. (6] was used for the com-

Table 3

Temperature dependence of the retention indices of benzene and the methylbenzenes

Column Solute Eq. (3) Eq. (47

A B R A B c R

HP-5 B 5825 0.257 Q991 —43798 2551209 7388 0.997
MB 682.2 0.267 09867 —38086 251209 6725 0.991
1,2-M2B 7768 0.352 09994 —4171 2269852 2112 0.9995
1,3-M2B 7741 0.291 09976 1178 41006 1273 0.998
1,4-M2B 7750 0.288 Q9901 —50275 2999892 8624 0.997
1,2,3-M3B 8740 0.433 09989 —7969 460048 2886 0.999
1,2,4-M3B 8732 0.354 09998 —16880 106045 4068 1000
1,3,5-M3B 8733 0.284 09998 —9491 719166 2931 0.9997
1,2,3,4-M4B 979 0.493 09999 —21448 1204598 4985 1.000
1,2,3,5-M4B 978 0.418 09994 —5563 395596 2667 0.9995
1,2,4,5-M4B 9716 0410 09995 —9379 623776 3201 0.9995
1,2,3,4,5-M5B 107D 0.549 099998 —~19958 1131088 5023 1000
1,2,3,4,5,6-M6B 1188 0.688 09996 —37441 203379% 7832 0.9995

ZB-WAX B 784.6 0521 09991 41726 2246462 7683 0.9999
MB 863.2 0573 09993 —44124 2367317 8199 0.9999
1,2-M2B 9641 0.688 09999 -28183 1378167 6197 0.99995
1,3-M2B 9498 0.607 099989 -31212 163789 655 0.999995
1,4-M2B 9464 0.597 099959 —31545 1665253 6548 0.999995
1,2,3-M3B 10509 0.845 099998 —-33520 1549789 7266 0.9996
1,2,4-M3B 1043% 0721 099993 —20442 941205 5242 0.99996
1,3,5-M3B 103% 0.634 099981 —20872 1062735 5197 0.9998
1,2,3,4-M4B 11404 0977 099999 —69850 1814354 8450 0.999995
1,2,3,5-M4B 1132 0.870 099986 —12091 339522 4347 0.999995
1,2,4,5-M4B 1138 0.829 099983 40784 2037067 8409 0.99990
1,2,3,4,5-M5B 1233 1101 099991 —50845 2356023 10297 0.99993
1,2,3,4,5,6-M6B 1316 1399 099994 —55029 2299451 11356 0.99993

a|=A+BT.

b | = A+B/T+CInT (ref. [28]).
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Table 4

Temperature dependence of the retention indices of chlorobenzenes

Column  Solute Eq. (6) Eq. (5F Eq. (4F

A Bl B2 R? A B R A B c R

HP-5[17] CB —1078.6 8.600 —0.0094 0.9902 21115 —1313928 —28319 0.9920
1,2-C2B 413.0 2.637 —0.0025 0.9887 4138 —262910 —4030 0.9880
1,3-C2B 591.2 1.665 —0.0014 0.9618 26992 —168006 —2090 0.9626
1,4-C2B 838.2 0.504 0 0.9899 —83881 487889 137@ 0.9986
1,2,3-C3B -517.1 7.358 —0.0076 0.9858 14223 —924229 —17859 0.9845
1,2,4-C3B —116.35 5.880 —0.0064 0.9826 14644 —869582 —18798 0.9797
1,3,5-C3B 914.9 0.607 0 0.9954 —549 —19419 21066 0.9961
1,2,3,4-C4B 133.2 5.325 —0.0054 0.9905 305% —212880 —1882 0.99996
1,2,3,5-C4B 207.0 4,793 —0.0049 0.9961 9658 —598673 —11371 0.9955
1,2,4,5-C4B 1064.7 0.708 0 0.9992 —-921 —21046 2491 0.99982
1,2,3,4,5-C5B 2437.6 -5.276 0.0074 0.9918 —235839 1348401 3626 0.9834
1,2,3,4,5,6-C6B 1145.4 1.347 0 0.9833 —284339 1598577 4358 0.9973

ZB-WAX CB 907.9 0.893 0.9968 1212 447 627 0.9991
1,2-C2B 1116.5 1.049 0.9993 1495 1040 1010 0.9993
1,3-C2B 10735 0.971 0.9998 1391 835 867 0.9999
1,4-C2B 1118.1 0.928 0.9998 1398 848 855 0.9994
1,2,3-C3B 12257 1.316 0.9999 1636 1168 1195 0.9995
1,2,4-C3B 1207.7 1.164 0.9995 1582 1034 1057 0.9983
1,3,5-C3B 1152.0 1.012 0.9997 1457 927 933 0.9992
1,2,3,4-C4B 1339.0 1.457 0.9975 1751 1632 1501 0.9991
1,2,3,5-C4B 12317 1.427 0.9984 1705 856 1078 0.9993
1,2,4,5-C4B 1345.0 1.153 0.9899 1788 929 996 0.9996
1,2,3,4,5-C5B 1367.9 1599 0.9991 18B6 1615 1555 0.9996
1,2,3,4,5,6-C6B 1303.5 2.168 0.9988  2(B5 1378 1678 0.9993

a|=A+BI1T +B2T2
b1 =A+B/T+CInT (ref.[28]).
C1=A+BT

parison with the fit td=q. (4) On the contrary, good linear fits ~ rine numbernch, or ng. Table 5gives the results of the
are obtained for the some solutes on the polyethylene glycol.sixteen linear Eq. (5) and nonlinear Eqg. (6) regressions
We see in the former case the advantage of the utilization of (parabolic, square or second degree polynomial) of MBs and
Eq. (6) CBs on HP-5 and ZB-WAX.

Looking atTable 4one coud not establish the same con- ConstanAis the independentterm of the linear regression;
clusions, because the second degree fit works better than thé\1 is the independent term for the squares regresBiamd
fit of EQ. (4)in many cases. It is seen that the retention in- Bl are the terms of first degree, aB@ the second degree
dices for MBs can be fitted to a straight line in the temperature term.
ranges in which thé values are determined, although the CoefficientsA andB increase with increasing temperature
can be somewhat better fitted wit. (4) forthe 16 linearfits. Correlation coefficients are better for HP-

With respect to the chlorobenzenes on HR-F the linear 5 as compared with ZB-WAX, irrespective of the identity of
fitis not advisable because of their low correlation coefficient. the substituent. This trend holds for thA& well. The worst
The fitto a 2nd degree curve gives a performance comparablecorrelation coefficients are for CBs on ZB-WAX. It seems
to that obtained witleq. (4) but on ZB-WAX, although the  that there is no difference between linear and square fits for
linear fit works good, in many instances the parabolic fit is the regression dfversus the number of of substituents at the
better enough to describe theemperature dependence. T intervals studiedTable 5.

Itis remarkable that benzene and toluene show good linear
fits and also good fits wiEq. (4) on the contrary to the 33 Effect of the substituent chemical nature on the
aldehydes and ketones studied in the same conditions on DByenzene molecule: the methylbenzene/chlorobenzene
1 and DB-5 over the temperature range 313-423%.

correspondence
3.2. The effect of the substituents number on the To check the effect of the substituent chemical nature onto
retention index the benzene molecule the retention indices of MBs on HP-

5 and on ZB-WAX at 100, 120, 140 and 180 (Table )
The retention indices of methylbenzenes (MBs) and are compared with the retention indices of CBs on HP-5 at
chlorobenzenes (CBs) at each temperature increase with thd20-180°'C[17] and on ZB-WAX at 120,140,160 and 130
extent of the substitution, i.e., with increasing methyl or chlo- (Table 2.
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Table 5
Effect of the number of substituents on the retention index of methylbenzenes and chlorobenzenes at several temperatures
T(K) 1=Anch, +B I =Al + Blnch, + T(K) I=Ang+B | =Al +Blng +
BZ(nCH3)2 B2(ne1)?
A B R A Bl B2 R A B R A Bl B2 R
MBs on 373 1256 6456 0993 689.3 812 81 0997 CBson393 1615 710.0 0.995 697.3 170.31.24 0.995
HP-5 HP-5
393 127.0 648.7 0993 687.6 913 59 0.997 413 162.3 7189 0996 730.5 1543 1.15 0.996
413 1286 651.8 0.992 691.0 926 6.0 0.997 433 165.7 7250 0.995 730.1 1622 0.50 0.995
433 129.7 656.6 0.992 699.0 90.8 6.5 0.996 453 170.2 7229 0995 7522 150.2 2.87 0.996
MBs on 373 1423 917.0 0.985 9829 818 10.1 0.994 CBson 393 1064.0 217.8-6.1 0.977
ZB-WAX ZB-WAX
393 1453 9234 0.984 9926 818 10.6 0.994 413 175.6 11359 0.977 1094.2 2081 0.977
413 1479 931.6 0.983 1003.5 82.0 11.0 0.994 433 184.3 11459 0.977 1109.3 2@ 0.977
433 1587 939.3 0.976 10152 81.1 11.6 0.993 453  189.4 1156.1 0.976 11229 2B3B 0.977

To do this thd-incrementsAl (%), defined as 100{CB)
— I(MB)]/I(MB), are computed for several compounds of

Forexamplel(1,2-dimethylbenzene} I(methylbenzene)
929 — 799 130, andl(1,2-dichlorobenzene)—

both homologous series at the three common temperatured(monochlorobenzene) = 1088 887 = 201, so the coor-

120, 140 and 160C on the HP-5 stationary phase, yield-
ing: Al =8.4,10.9 and 11.0% for 1-substitution] = 16.3,
16.4 and 17.1% for 1,2-disubstitution;] = 18.6, 18.8 and
19.1% for 1,2,4-trisubstitutionAl = 18.6, 18.9 and 19.4%
for 1,2,4,5-tetrasubstitutiomy| = 17.1, 16.8 and 18.0% for
1,2,3,4,5-pentasubstitution, ad = 16.0, 15.6 and 16.7%
for 1,2,3,4,5,6-hexasubstitution, respectively. A slight in-

crease in the retention index increments with increasing tem-

perature is observed.

At each temperature, e.g., 120, the retention index in-
crements of the respective (1-), (1,3-), (1,2,3-), (1,2,3,4-),
(1,2,3,4,5-) and (1,2,3,4,5,6-) methyl and chlorine substitu-
tions are compared, with the followingincrement values:

Al =84, 151, 17.7, 18.5, 17.1 and 14.9%, i.e., the rela-
tive I-increment rises from one up to four substituents, but it

dinates of this point are (201, 130) on HP-5 at 160Anal-
ogously, for ZB-WAX we will have (275, 150) the coordi-
nates for 1,2-dimethylbenzene and 1,2-dichlorobenzene at
the same temperature.

Two quasiparallel increasing straight lines are obtained, a
better one (slope = 0.845 afRkE 0.998) for HP-5, while the
parameters for ZB-WAX (slope = 0.92 aid= 0.989) show
a poorer correlation.

In addition, itis to be remarked that the points correspond-
ing to the species (1,2-), (1,2,3-) and (1,2,3,4-) appear in
the straight line in an upper position than their diisomers
(1,3-), (1,4-), triisomers (1,2,4-), (1,3,5-), and tetraisomers
(1,2,3,5-), (1,2,4,5-).

3.4. Application of Haken et al’s retention index

decreases from five to six substituents, perhaps because thincrements

entrance of one more methyl radical or chlorine atom in the
molecule of a four-substituted or a five-substituted isomer in
the same ring might be hindered by the steric effect.

Next, as for the retention indices of the MBs and CBs on
the polar ZB-WAX at 160C, according toTables 1 and 2
the retention index increments rank frdgCB) = 1295 and
I(MB) = 1112, with a difference of 188-units, i.e., about
16.8% referred to MB, up to(HCB) = 2243 and(HMB) =
1923, with a difference of 320 units, ~16.6% referred to

Haken etal[1] determined the retention index increments,
i.e., the differences between the of the CBs, withng >
1, and thel of monochlorobenzene used as referentk,
=lcB — Imonochlorobenzenefinding similar increases to those
observed for the retention indices with temperature and with
the degree of the hydrogen atom substitution by Cl atoms.
Using this procedure we have computed these increments
for our experimental retention indices on chlorobenzenes and

HMB. Therefore, the situation is very much the same as that methylbenzenes. Obviously, for the lattelr=lyg — ltoluene

found for HP-5.

On the other hand, at 140 and 18D, Al (%) is 25.5
and 25.8% for 1,2,3,4-substitution)] = 20.6 and 21.0% for
1,3,5-substitution, and\l = 24.1 and 24.4%, respectively,

where MB means methylbenzenes wiiky, > 1.

In particular, the-increments at 140C of MBs and the
homologous CBs on HP-5 and on ZB-WAX are listed in
Table 6 Two effects are clearly appreciated: the station-

etc., which suggests a small temperature effect of the relativeary phase effect and the substituent effect. Referring to the

increment of MBs respect to CBs. However, there are no
significant differences with the previous results on HP-5.

Fig. 4 is the plot of thel-increments of the MBs
(monomethylbenzene as standard) at¥B0computed from
the retention indices on HP-5 and ZB-WAXgble J), versus

former, for each solute the retention index-increment in-

creases from the nonpolar to the polar stationary phase,
e.g., AI(HMB) = 674 on HP-5 againstl(HMB) = 795

on ZB-WAX), although the disubstituted meta and para,

and 1,3,5-trisubstituted species do not follow the trend:

the l-increments for CBs (monochlorobenzene as standard) Al = 104/101, 102/94 and 200/202, on HP-5/ZB-WAX,

on HP-5[17] and on ZB-WAX (Table 2, respectively.

respectively, but, rather, the increments are constant. As
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Table 6 mer have larger retention index increments than the lat-

Incremental retention index differencesl, of the chlorobenzenes and the gy,

homologue methylbenzent As for the MBs, it is seen thahl(MB) = 132 against

Substituent position Stationary phase Al(CB) = 197 for the (1,2-) substitution, and\((HMB)
HP-5 ZB-WAX = 674 compared wittAI(HCB) = 823 for full substitution
140°C 140°C 140°C 140G on HP-5, Wh|IeAI(MB) = 149 againstAl(CB) = 270, and

AlI(HMB) = 795 againstAl(HCB) = 923 for the same sub-

MB cB MB ce stitutions on ZB-WAX. Therefore, the retention index incre-

1.2 132 197 149 270 ments increase with the degree of methyl or chlorine replace-
1"31: 18‘2‘ 123 égl ;gg ment in the benzene molecule for all congeners in the two
123 262 331 301 490 homologous series for the two stationary phases, again show-
1,2.4- 228 334 242 410 ing a stronger effect in the polar stationary phase. Therefore,
1,3,5- 200 288 202 290 chlorobenzenes are longer retained than methylbenzenes on
1234- 388 543 445 659 both stationary phases. Something already seen previously is
i;ig ggg i;c?) ggi 2‘3‘2 also confirmed: the larger values for the (1,2-), (1,2,3-) and
12345 513 646 589 747 (1,2,3,4-) species against the two diisomers (1,3-) and (1,4-),
1.2,3.4.5,6- 674 823 795 923 the two triisomers (1,2,4-) and (1,3,5-), and the two tetraiso-
Reference:1-substitution. Al = Ivs — Imonomethyibenzerie Al = lop — mers (1,2,3,5-) and (1,2,4,5-), as seen in the pldtigf 4

I monomethyibenzendVIB, methylbenzene’s homologous series; CB, chloroben-
zene's homologous series. L L
9 3.5. Application of Maak et al.'s retention index

for the chlorobenzenes, only the 1,3,5-trisubstituted CB increments

does not follow this trend eitherAl = 288/290). Obvi-

ously, the chlorobenzenes show the effect more strongly — The effect of the hydrogen atom replacement in the ben-
as compared with the methylbenzenes, because the forzene molecule’s ring byCHz groups from one to six sub-

0.0 100.0 200.0 300.0 400.0 500.0 600.0 700.0 800.0 900.0 1000.0
800.0 T T T T T T T T T T T T T T T T T T T 800.0
700.0— - 700.0

4 a) HP-5 4
600.0—_ s';o:pqezg.8845 1,2,3,4,5,6- —_ 600.0
500.0— - 500.0
400.0— - 400.0
300.0— - 300.0
& 200.0-] 1,2- - 200.0
@ 1 1,3,5- .
CICJ 100.0 — 100.0
N . 1,3- ]
c 0.0 - - 0.0
o)
_Q L I L I L I L I L I L I L I L] I L I L
= 100.0 200.0 300.0 400.0 500.0 600.0 700.0 800.0 900.0  1000.0  1100.0
% 900.0 ] T T T T T T T T T T T T T T T T T T T T ] 900.0
£ 800.0 o — 800.0
< 700.0 b) ZB-WAX 1,2,3,4,5,6- —{ 7000
600.0 - slope=0.920 - 600.0
i R=0.989 J
500.0 1,2,3,4,5- - 500.0
400.0— - 400.0
300.0] J 3000
200.0— - 200.0
J 1,4- J
100.0 - o 10. - 100.0
. 1,3- .
0.0 N I S I I N B N S N N S R S H S E 0.0

100.0 200.0 300.0 400.0 500.0 600.0 700.0 800.0 900.0 1000.0 1100.0
Al (chlorobenzenes)
Fig. 4. Plots of the retention index increments of methylbenzenes vs. the retention index increments of chlorobenzeh@s(af) HR-5 and (b) ZB-WAX.

Solutes: 1, 1,2-X2benzene; 2, 1,3-X2benzene; 3, 1,4-X2benzene; 4, 1,2,3-X3benzene; 5, 1,2,4-X3benzene; 6, 1,3,5-X3benzene; 7, 1,08;48X4benze
1,2,3,5-X4benzene; 9, 1,2,4,5-X4benzene; 10, 1,2,3,4,5-X5benzene, and 11, 1,2,3,4,5,6-X6benzene. X, substituent chemicakrat@ie: (CH
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stituents was investigated by Malcet al.[8] on squalane.
The calculated retention index incremesit, of each com-

100.0 110.0 120.0 130.0 140.0 150.0 160.0
T T T T T T T

225.04 o pps H{225.0
pound with respect to that from which it stems, e.g., the | © BWAX :
three disubstituted species 1,2-, 1,3- and 1,4- come from  200.04 200.0
the monosubstituted species. Up to 17 methylbenzenes were 175.0.] ] 1750
computed. ] |
Following this method the increment (or difference) be- 150.0 150.0
tween the retention index values of the same seventeen® : :
methylbenzenes and homologue chlorobenzenes and the 12504 125.0
compounds from which they stems are computed on HP-5 100.0. '1000
and ZB-WAX at 140°C. ] |
Thesel-increments’l = 1, — 11 are listed inTable 7 I, 75.0 4 175.0
is the retention index of a methylbenzene andhe reten- : 1
tion index of the parent congener with one less methyl, for %00 — - - - - - —50.0
instancesl = 1(1,2-M2B) — |(MB), etc. Ma@&k et al. also 1000 110.0 120.0 130.0 140.0 150.0 160.0

referred to this increment dg, .

Fig. 5is the plot of thd-incrementsdcn,, of the methyl-

Fig. 5. The retention index increments of methylbenzenes calculated b
benzenes on HP-5 and ZB-WAX computed at 1G0versus 9 y Y

‘ h Macak et al.[8] on squalane§ich,, vs. those calculated by udl, on two
the incrementscy, of the same 17 compounds obtained by  stationary phase®(), HP-5 and (), ZB-WAX). SeeTable 7for the identity

Macak et al.[8] on squalane at 9&C. The acceptable linear-  of the solutes.
ity of the straight lines is shown by the linear regression pa-
rameters: slope = 1.2280.029, intercept =28.99+ 3.70,
correlation coefficient =0.9959 on HP-5, and slope = 2894

0.051, intercept =121.05+ 6.55,R=0.9956 on ZB-WAX, According toTable 7 thesl of the dimethylbenzenes gen-
which highlight a good correlation between our results and erated from toluene are 132, 104, and 102, on HP-5, and 149,
those of Maéks et al. on methylbenzenes. Comparing the 101 and 94 on ZB-WAX, hinting at the sequenoetha~
I-increments for chlorobenzenes obtained atX@@n ZB- para< ortho. Theorthoposition is the isomer with the highest
WAX (Table 7 with the ¢ obtained with the data of Haken  electronic density, and, subsequently, the introduction of one

et al.[1] on Carbowax 20M at the same temperature a worse more methyl will produce a highéfsincrement as compared
linearity (R=0.907) was obtained, but it still supports the cor- with its other isomers.
relation between the results of the retention index increments
of the chlorobenzenes on the two polyethylene glycols.

SlcH,

3.6. Methylbenzenes

As for the five triisomers, the largest I-incremetit=
158/200 (HP-5/ZB-WAX) corresponds to the formation of

Table 7
Retention index incrementi], of the methylbenzenes and chlorobenzenes relative to their parent compound on two stationary phases
Number Basic compound Basic compound Stationary phase
before substitution after substitution
HP-5 ZB-WAX
Methylbenzenes Chlorobenzenes Methylbenzenes Chlorobenzenes
Benzene 1 104 191 B 2795
1 1 1,2 132 197 149 270
2 1 13 104 159 101 195
3 1 14 102 169 94 222
4 13 1,2,3 158 172 200 295
5 1,3 1,35 96 129 101 95
6 1,2 1,2,3 130 134 152 220
7 1,2 1,24 96 137 93 140
8 1,4 12,4 126 165 148 188
9 1,2,4 1,2,3,4 160 209 223 249
10 1,2,4 1,2,45 122 146 156 126
11 1,2,3 1,2,34 126 212 144 169
12 1,2,3 1,2,3,5 93 146 92 88
13 1,35 1,2,35 155 189 191 255
14 12,45 1,2,3,4,5 163 166 208 211
15 1,2,35 1,2,3,45 158 169 196 202
16 1,2,3,4 1,2,3,4,5 125 121 144 88
17 1,2,3,4,5 1,2,3,4,5,6 161 177 206 176
T=140°C[8].
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1,2,3-M3B by the entrance of a third methyl in the ring be- from 1,3- and 1,2,3- from 1,2- have the lowest increments,
tween the two vertices of the hexagon occupied by methyls 129/95, and 137/140, because as the third chlorine enters the
in them-xylene, which is called “doublerthoeffect’[8], i.e. ring in positions far away from the other chlorines already
the third methyl enters in arthoposition with respecttothe  present in the parent diisomers, it probably lowers the elec-
already existent methyls. The same isomer generateddrom tronic density, and, therefore, the electrical interaction with
xylene has an smallér (130/152) because, althoughthe third the stationary phases.

methyl enters in aarthoposition with respect to the two adja- Similarly, the three tetrachlorobenzenes with largist
centvertices of the ring, it has an hydrogen atom and a methylare 1,2,3,4- from 1,2,4- (209/249), 1,2,3,4- from 1,2,3-
as neighbours, not two methyls as in the previous case. The(212/169), and 1,2,3,5- from 1,3,5- (189/255), the first two
formation of 1,2,4-M3B fronp-xylene ¢l =126/148) shows  because of the doubtethoeffect as the fourth chlorine atom
similar increments, and the other two species generated fromenters the ring irrtho positions, while 1,2,4,5- from 1,2.4-
m-xylene andp-xylene, respectively, even lowet,= 96/101 (81 =146/126) and 1,2,3,5. from 1,2.3 & 146/88) are the
and 96/63, since the third methyl enters the ring in positions isomers with smallest increments because the new chlorine
far away with respect to the existing methyls, softening the enters the ring in positions far away from thieho positions,
steric effect. with a subsequent lowering of the electronic density.

The 1,2,3,4- and 1,2,3,5-tetraisomers generated by the in- Pentachlorobenzene generated from 1,2,3,4- is the one
troduction of a fourth methyl in the ring of 1,2,4- and 1,3,5-, with smallestl (121/88) because the fifth chlorine although
respectively, inortho position are the ones with largelst entersthering in aorthoposition, one of their neighbours be-
increments §l = 160/223 and 155/191). On the contrary, inghydrogen. The largesitvalues are of pentachlorobenzene
1,2,3,5- generated from 1,2,3- is the one with lowkest formedfrom1,2,4,5-, (166/211), and from 1,2,3,5- (169/202)
increment §l = 93/92), since the methyl enters in a posi- due to the quadruplertho effect, since in both cases the fifth
tion far away from the doublertho and with hydrogens as  chlorine enters the ring in an ortho position with respect to the
the two neighbours, lowering again the steric effect. 1,2,3,4- other four chlorines. Finally, hexachlorobenzene generated
and 1,2,4,5-, generated from 1,2.8-€ 126/144) and 1,2.4-  from the chlorination of pentachorobenzene has a surpris-
(81 = 122/156), upon introducing the methyl externally to ingly low I-incrementgl ~ 177 for both stationary phases,
the doubleortho or ortho—para positions, so that it has a bearing in mind the strong steric effect of this molecule.
methyl and a hydrogen as neighbours, are in an intermediateTherefore, the trend is similar to that found in methylben-
position. zenes.

Pentamethylbenzene formed by the introduction of a fifth
methyl in the ring of 1,2,4,5- or 1,2,3,5- are the ones with the
largest-increments§l = 158/196 and 163/208, respectively, 4. Conclusions
because the methyl will enter in an ortho position with re-
spect to the neighbours in the ring. On the contrary, the MB  The retention indices of chlorobenzenes calculated at 120,

generated from 1,2,3,4-, the one of low&ist 125/144, will 140, 160 and 180C on HP-5 and at 140, 160 and 18D on
not. ZB-WAX (our stationary phases), and those reported in the

Hexamethylbenzene has a higimcrementg§l = 161/206, literature on SE-30 and Carbowax 20M at the same temper-
because the sixth methyl can only enter the ring in the only ature ranges, are in good agreement.
possible vacant position, i.ertho position with respect to The retention indices of methylbenzenes at 400ob-
the neighbours, one and five vertices, so that there will be atained by us on HP-5 and ZB-WAX agree with data taken
significantortho effect. from the literature.

The retention indices of MBs and CBs increase with in-

3.7. Chlorobenzenes creasing temperature in HP-5 and ZB-WAX, over the temper-

ature ranges 373—-433 and 393-453 K. The lineattand4)

The extention of Ma&ks treatment to chlorobenzenesis a [26] fits were compared, with slight advantage of the latter.
contribution of this work. The penetration of a chlorine atom Correlation coefficients were good, specially on ZB-WAX.
in the benzene molecule produces a laidgercrement than Retention indices of both series of compounds increase
that of a methyl group§l = 191/279 against 104/99.5 (HP-  with increasing number of substituents, irrespective of their
5/ZB-WAX). The sequence increment of dichlorobenzenes chemical nature. The linear and nonlinkgersus substituent
ism< p <o, with §1 = 159/195, 169/222 and 197/270, the number regressions are equivalent. The effect of the chemical
isomer with largest retention index increment being the one function of the benzene derivative is also clear: the retention

in the ortho position. index of CBs are 16% larger than the retention index of MBs
The trichlorobenzenes with largeidtare 1,2,3- generated  at the different temperatures.
from 1,3- (172/295) by doublertho effect and 1,2,4- gener- Plots ofl-increments of MBs versus CBs on both station-

ated from 1,4- (165/188) by singbethoeffect, but in the first ary phases, taking the mono-isomer as reference, give in-
case the new chlorine has two chlorines as neighbours as comereasing straight lines with correlation coefficients of 0.998
pared with one in the second. The species 1,3,5- generatecind 0.989 on HP-5 and ZB-WAX, respectively.
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At a given temperature, thel-increments com- [9] E.E. Kuguceva, V.I. Masinskij, Zh. Anal. Khim. 38 (1987) 2023.
puted as|(MBs) — I(methylbenzene) and(CBs) — [10] T. Toth, J. Chromatogr. 279 (1985) 157. _
I(monochlorobenzene) are larger for the polar stationary 1] \1/'1% Gerasimenko, V.M. Nabivach, Zh. Anal. Khim. 37 (1982)
phasg, and forag'lven statlor)ar)_/ phaSE('MBs)<A.I (C.BS).. [12] J.A. Lubeck, D.L. Sutton, J. High Resolut. Chromatogr. 6 (1983)
Both increments increase with increasing substitution in all 328,
cases. [13] C.F. Doring, D. Estel, R. Fisher, J. Prakt. Chem. 316 (1974) 1.

Theortho position has a larger retention index than their [14] B. Kumar, R.K. Kuchhal, P. Kumar, P.L. Gupta, J. Chromatogr. Sci.
metaandparahomologues; the 1,2,3-substitution has alarger 24 (1986) 9. . ) .

tention index than their 1.2.4- and 1.3.5- homoloaues and[ls] J.M. Santiuste, E. Ullrich, J.M. Taks, unpublished results.
re 'an 1 »9,2- NOMOIOQUES, and ) £ 5, kowats, Helv. Chim. Acta 41 (1958) 1915.
the 1,2,3,4-substitution has a larger retention index than their[17] j.m. santiuste, J.M. Taics, Chromatographia 58 (2003) 87.
1,2,3,5- and 1,2,4,5-homologues. [18] J.M. Santiuste, J. Harangi, J.M. Eas, J. Chromatogr A 1002

A fair agreement is found between the incremental reten- ~ (2003) 155. o
tion index of metylbenzenes and chlorobenzenes obtained by19] J-M. Takacs, personal communication (2003).

. [20] K. Héberger, Chromatographia 25 (1988) 725.
us on HP-5and ZB-WAX and the results published by Haken >, £ pieqo, b Fritz, G. Taéin, E.Sz. Koats, J. Chromatogr. 126

et al.[1] on SE-30 and Carbowax 20M, and by Néeet al. (1976) 63.

[8] on squalane. [22] M.V. Budahegyi, E.R. Lombosi, T.S. Lombosi, S.Y.&taros, Sy.
Nyiredy, G. Taran, I. Timar, J.M. Talacs, J. Chromatogr. 171 (1983)
213.
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