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SUMMARY 

A relationship between the gas chromatograpbic retention index and mdecular 
structure of the solute, based on the electrostatic interaction, has been found. The 
solute structure can be. defined by the “mokcuk com~ectivity~ and dipole moment. 
Good correlations between these theoretical parameters and the retention index 
values have been found. The mean relative error of the correlations is less than 1% 
and the regressiorr coefficients are better than O-99- These results have allowed the 
empirical expression RI = 8 i a, p2 to be obtained and this is discussed theoretically. 

In previous arti&s’*2 an attempt was made to establish a reIationship between 
the molecular structure of different substances and their retention indices, obtained 
under isoffiermal conditions from the retention indices of a family of n-aikanes3. The 
structure of the mokcule, and its fkmctional groups, were represented by means of 
two semi-empirical parameters: total electronic energy, E, as the steric contribution 
to the retention index; and the sum of the net electrostatic charges (Ql) Ioc&zed on 
each of the principal atoms of the mokcuks, as the contribution of the electrostatic 
interactions to the retention index. 

The retention index caz be related to the mokcuIar structure by m-s of the 
equation of a multilineal 

which may be solved by using the Iezst scluares metkP5_ The results obtained with 
several families of compounds are very interesting, taking into account the relevant 
governing factors and the degree of error (see Table r). 

However, the above model is useless for those substances which cannot be 



STATISFICAL REGRESSION ANALYSXS OF EQN. 1 FOR Dm CQMFTXJND 
FAMILEEs=V 

No. of compoun& 
No. of variables 
RcscssioIlc4X&ient 
R sigazcztion 
lSler%f~on 
Mean relative error (%) 

55 4% 27 
13 7 7 

0.9892 0.9869 0.9974 
>9939 >9939 >99.99 

0.094 0.072 0.043 
O-29 OX 0.89 

derived from a structural base serving as CuuIamental nucleus, and to tke atoms of 
which an electrostatic charge may be assigned haviig a physical significance. 

Tkercfore, a more general model has been formulated. 

THEORETlCAL 

The following postulates arc employed: 
(3) the electrostatic interactions between the solute molecules and the stationary 

phase contribute to the retention index through the general equation 

RT=6+B 

where 6 is a steric term related to tke molecular volume (mol_wt., “energy”, “bond 
contribution”, “vapour pressure”, etc.) aud B is a term related to the polar interactions 
with the stationary phase (“interaction index”, “enthalpy component of the activity 
coefficient’, em_). 

(b) 9 and B should be easily aud unequivocally determinable for auy molecule. 

A study has been made of the best way to represent the “steric terra” using a 
physical variabIe which characterizes the molecule. To do this, a family of hydro- 
carbons with different degrees of branching, for wbick H on squalane is described in 
the literatures, has been selected_ Under suck conditions, the _. - 1 interaction 
between the solutes and the statiouary pkase is known, we can assume tkat the inter- 
active term B is neglible, thus, *Se variable representing tke “steric factor” must yield 
a liuear correlation with the retention index: 

RI=6 i2) 

0f all the functions studied, only the empirical parameter named “molecufar 
conneeti+ty of the bonding orders”, x, and defined by Randic’, and Kier, Hall and 
Murrey’ -= is able to describe suck a behaviod. Adjusting eqn. 2, by the least 
squares method, we obtain: 
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ExI?-ti AND -.rED RETENTION INDXES FOR SA-fUE&.4- HY- 
DRCEARBONS 

No. afcampomds 15 
No. of %s.riables 1 
Regcesion czaeaient 099942 
RL 0.99884 
R.siguZatio~ 99s9 
EXQt%*S fb&iCJQ 0.W 
e, absdti eJTror CLCL) 
Mean absdute emx CL= j 4.39 
Mean rehtive error (m 0.85 
Equatim RI = 199.34% + 21.88 

CORl.pOd x 

Propane 1.4142 
E-Butane 1.9142 
n-Pentme 24142 
n43exane 2.9142 
n-Erepmle 3.4142 
wOcame 39142 
n-Nanme 4.4142 
fz-Decaue 4.9142 
rsoblrtane 1.7320 
Isopenhne 2.2700 
Neopeutaue 2JlOoo 
rsollexane 2.7700 
3-MethyIpentme 2.8080 
2,2-Dimethylbutane 2.5606 
2,3-DimethyIbu~ 26427 

RI H(A.) E *tJr (%/ 
.- 

300 303.8 ’ 
400 403.5 -/ 

3.79 126 
3.46 0.86 

- 500 503.1 3.13 0.62 
aJO 602.8 281 O-47 
700 702.5 2.48 0.35 
800 802.1 2.15 0.2i 
900 901.8 1.82 OLZZ 

ml0 1001.5 1.49 0.15 
366 367.1 1.14 0.31 
476 474.4 1.60 0.33 
414 420.5 6.56 1.58 * 
570 574.0 4.00 0.71 
585 581.6 3.36 0.57 
539 532.3 6.66 1.23 
570 548-7 21.31 3.74 

RT = s9.34x + 21.88 

Table III shows the statistical analysis of the adjustment, as well as the RI values Cal- 
a&&d by means of this equation, comparing them with the values given in the 
literature. 

Using the same parameter to relate tie retention of a~ s?cyclic isoprenoid 
family with their structunzs, the equation obtained is: 

RI = 188.63X + 53.32 

J.n Table III the again calculated retention indices are compared with those in the 
literature, and the result of the statist&i analysis of the population is also given- 

Zn both cases, the equation obtained appears to be very sign&ant, as it is able 
to account for over 99.9% of the total variance of the data, and the absolute errors 
appearing in the recalculation were smaB, considering the extreme simplicity of the 
method applied. 

Similarly~ it is to be noted that Ramlic7 and Kier et al.p have &ated the 
pai3meterX to diEerentmolecular properties, the most interesting of which seems to be 



No. of compounds 
No. of vxiabks 

To2 caJeBk5ent 
R -on 

Eixne5.s function 
hean absohte error (iAl.) 
h&an rehtive error (%) 
Equation 

compo~ 

15 
1 

0.99975 
0.99950 

99.99 
omS2 

4.78 
0.52 

RI = 188.63% + 53.32 

x RI RI udc. E 

2-Methylbutane 2.27cm 478.6 481.52 292 
2-Methylpntame 27700 570-S 575.83 5.03 
2-Methjlhexane 3.2700 6S7_8 S70.15 235 
2-Methylheptane 3.7ial 766.4 764.45 1.w 
2-Methjkctane 4.2700 867.6 n3.78 8x2 
2,S-Dkxthylkptane 4.1259 829.7 831.60 1.94 
2,6-DhethyXoctane 4.6639 937.4 933.c&? 4.32 
2,7-Dimetny!octane 4.6259 931.8 92591 595 
2,6-Dkethyhonae 5.1639 1021.9 1027.40 5.43 
2,7-Dinxthylnonane 5.1639 1036.8 1027.40 9.40 
2,6-Dknethykkcae 5.6S39 1119.8 1121.71 1.91 
2,6Dhethyhndkane 6.1639 12181 1216.03 213 
2,S,9-TrinxethyIcleca~ s-0197 1178.9 1188.03 9.11 
2&,l0-Trhefhyiuadeczne 6.5197 1276.8 1283.14 6.37 
2&i-DimethyIdodecane 6.6639 1313.6 1310.34 3.30 

the molecular pokrizability. Indeed, if there is a linear relationship between the 
volume of the molecule and its polarizability, the connectivity, x, will describe mom 
comprehensively the interactions between non-polar molecules, which is the case 
stu&ci here.. 

Interactive term B 

5x1 order to study the interactive term easily and independently from the 
“stetic term”, a series of linear ahphatic alcohols was chosen, since they can be 
chrxnatographed on merent stationary phases and RI data for them may be fcund 
in the literature_ 

Fig. L shows the retention indices of the saturated linear akohoIs, as well as 
these O~IZ-alkarxes, on two stationary phases of different polarity: the two sets of three 
straight lines obtained on Garbowax 2OM (polar) and squakne (non-polar) are ver, 
zrimilar; the additionat variable reqnired to convert the three lines into a single refer- 
ence @ane (common to both sets) is what we call the “intetive term”. 

In order to express this “interactive term” by means of a physicA variable, 
we use the electrostatic theory of mokcular interaction_ Given that the total charge 
on any solute mokcule is zero, its abii to interact with the stationary phase may be 
differentiated through the ekctrostatic moments (dipole, quadmpole, etc.) providing 
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Fig. 1. l%tention indicz~ of ~atmated linear alc&oLs and rr-arkane against the stetic factor E. 

that the stationary phase is considered as a substratum of two-dimensional and un- 
defiined ekctricai charge distribution, commo~z to ali solutes the retention of which is 
being studied. To a Grst approximation, the degree of electrostatic molecular inter- 
action may be expressed using the dipole moment of the mokcuIe_ 

There is a precedent, in the literature, where the retention index is related to 
the dipole moment. Thus, in 1958, KovAs proposed the expression 

where the index increment on a polar column relative to a non-polar column is related 
to the solute polarity via its dipole moment cc_ The fkst term 6 Rd has a physical signi- 
ficance which parallels that of the “steric term” in our equation: 6 Rd is the increment 
of molar refractivity due to the soMe’s functional group, and therefore reflects the 
real volume of the solute molecules, as well as their polarizability. 

Thus, the complete equation for the calculation of the retention index is: 

N=qfbp2+c (3) 

T&is equation has been applied to the retention indices of a family of aliphatic 
akohols and hydrocarbons (Table IV) and to ole$kic and paraBnic hydrocarbons 
(Table V), taking the dipole moment values as given in the literature. In both cases, 
the equation succeeds in explaining over 99.9 % of the total variance ofthe data. AlI the 
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TABLE J.V 

ExPERlMENTAL6 AND CALCWLATED R?XENTlON INDLCES OF OLEFINI CAN-D 
PARAFnNIC HYDROcARB ONS ON SQUALANE AT 8W 
Biili~phk values of d&de momm t a;= usd~ 
No. oFcompouds 20 - 
No_ of vziabks 
R~oncWnt 09998: 
Rf om 
R s$gdicdo~ 9!399 
Exnezsfuuction - om57 
M_gan absolute error (Lu.) 1.83 
Mem relative error (“A 0.39 
EtptiOfl RT = ta).13X + 217.45$ + 16.89 (3.1) 

E-Nonane 
*DeCane 
2-Methyipropane 
2-Methylbutane 
2,2-Dimethylpropace 
2-Mehyipentane 
3-MetbyIpem(anz 
2&Dimethyhttane 
I-Propene 
2-Bntene 
2-Me&y!-l-progene 
2-Methyl-2-htene 
cir-2-Ehl-kne 
tram-2-Butene 

1.4142 
19142 
2.4142 
2.9142 
3.4142 
3.9142 
4.4142 
49142 
1.7320 
2.2700 
2aoal 
2.7700 
2.8oso 
25606 
l.m71 
1.7071 
1.5629 
22700 
19142 
19142 

0” 
0 
0 
0 
0 
0 
0 
0.13 
0.13 
0’ 
0.13’ 
0_17’ 

:G 

* 

0.34 
0.50 
0.44* 
0.33 
0 

500 
6tm 
700 
800 
900 

loo0 
366 
476 
414 
570 
585 
539 
287 
384 
383 
514 
417 
405 

iizi 
500.0 
600-l 
MO.2 
8m.2 
900.3 

1000.3 
367.2 
474.8 
417.1 
574.9 
585.1 
539.0 
285.1 
383.6 
384.0 
514.0 
423.6 
4Q0.0 

* calculated through a previous adjustnxnt of the other values. 

statistical terms and variables have a very higb degree of signifkan~ and the absolute 
error obtained from the recalculation is small, considering the simplicity of the 
method- 

Generai equzkm 
We conclude that the dipole moment of the solute molecule cau be used to 

estimate the degree of interaction with the stationary phase, aud that the equation 
proposed here describe5 the phenomenon of retention in a quite satisfmry manner. 

It should be poiuted out that in all the cases studied the values of the coefficients 
a and c of the variables adjusted are close to those giveu by equ. 3 for the theoretical 
straight liue rektiug l Je retention index of n-alkanes to their co~ectiyity: 

RI== 200% f 17.16 (9 
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E3@-a=ANDmmm RETENTION DATA FOR ALIPHATZC HYDRO- 
CARBONS 

No. offzoxnpolmds 17 14 
No. of variables 2 2 
Regressioneent 0.999905 0.999993 
Rz 0.999815 0999987 
Exner’s function 0.0052 OAXX5 
Mean absolute cnxn- (LIL) 3.05 
Mean&ath?ermh(~~ 0.37 kz! 
izquarim 

ckb0wax RI = 2oi.92% f 221.44cr + 11.17 
sczuakne iw = 2aLtxx c 4L24.d f 1695 

J?wme 
n-tie 
Keeufane 

K-H- 
n-Heptane 
n-octane 
n-Nonane 
JZ-D@XE 
E&al01 
1-Propanol 
I-Butanol 
l-Pen-01 
2-Pmpanol 
2-Butan 
2-pentan 
koburanol 
2-Methylbutauol 

CQk 

3oom WC571 
4uo.00 397.67 
500.00 498.63 
6ac4cio 599.59 
700.00 7Oc.55 
8OQ.00 84X.50 
900.00 902.46 

IQOOaO 1003.42 
942.8 951.89 

1044.9 1050.30 
1151.3 1148.89 
1256.3 1249.16 
931.4 934.85 

1028.6 1027.90 
1122s 1118.36 
1095.5 1095.20 
1211.4 1207.55 

expsl_ cak 

3ooJ.so 299.88 
450.00 399.91 

ZE 
7ao.00 

499.94 59997 
700.00 

800.00 8aO.03 
9aO.00 9clOsl6 

1000.00 lGOO.09 
421.5 42191 
521.8 521.47 
621.5 62l.06 
7z.7 720.96 

- 
- 
- 

584.5 58420 
694.4 695.98 

For molecules di&ering from the linear hydrocarbons, the retention may be based on 
eqn. 4, but id polarity term, function of #, should be added. An attempt to geneml- 
ize the equations obtained by correlation is now made. 

Suppose that, for a nonpolar molecule, zt constant retention index on any 
stationary phase is observed, its value dependmg exclusively on the steric contribution 
of the molecule, which we shall call 6 and which can be derived from equ. 4, according 
to: 

6 = 204~ f 17.16 0 

For a non-polar substance we can therefore write: 

In the case of polar molecuk.s, eqn. 6 must be adjusted to allow for the corresponding 
interactive term. The latter is related to the value of the solute dipole moment and 
transforms the retention index equation into the form: 
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The validity of eqn. 7 has been veriiled as follows. Starting from experimentaI 
RI and p data for a given substance X, it is possible to obtain the value of aF associa- 
ted with th% gas chromatogral&ic conditions 

a _mw-ex 
F- PxZ 

where rU, = retention index of solute X on the stationary phase F, Bx = steric 
term of sohrte X, calculated according to eqn. 5, px = value of the dipole moment of 
solute X and + = factor associated with the stationary phase and working conditions. 
Under identical experimental conditions, the “chromatographic dipore moment”, 
pz,, of the other molecules belonging to the same chemical series may be calculated 
using: 

If + represents the interaction capacity of the stationary phase F with the 
standard dipole, and if pcl is a function of the dipole moment value of the solute i, 
then it should be possible to use the pcl values obtained with this method to predict the 
RIvalues on any stationary phase F,, whose a,J value is known: 

This method has been applied to several families of chemicals, and the results ob- 
tained are now presented and commented upon. 

RESUJLTS ’ 

In order to be able to test the validity of eqn. 9, pr values were calculated for a 
number of saturated alcohols, whose retention indices on four different stationary 
phases are known [squdane, OV-17, 1,2,3&iscyanoethoxypropane (TCEP) and 
Carbowax 40001 a given temperature and degree of impregnation (‘Fable VI). Starting 
from the bibliographic value I4 of the dipole moment of ethanol Qz = 1.7OD), and of 
the retention indices of ethanol on each of the stationary phases, it is possible to 
calculate the +J factor corresponding to each stationary phase and temperature used. 

It is seen that the “ahromatographic dipole moment” values obtained, for the 
wide range of stationary phase polarities selected, vary by up to 6%, which is accept- 
able, since this is an 4 priur,i calculation of the pi of polar solutes. Therefore pt fan 
be considered as being independent of the nature of the stationary phase. The values 
ofp1 obtained show good agreement with those described in the literatur@. 

The methyl esters of fatty acids 
The methyl esters of fatty acids, possessinI, = different degrees of unsaturation 

and of branching, were chromatographed on two stationary phases ethylene glycol 
succinate (EGSj and SE-30. Methyl decanoate was taken as base molecule for the 
calculations, assigning to it a dipole moment of l-70 D, and the + factors associated 
with each stationary phase were calculated from it. Starting with the experimental 
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1-Propauol 
l-l3utanol 
I-Pentan 
2-l?ropailol 
2-Fropllo~ 
2-Butanol 
2-pentan 
Isobutanol 
rsojJereno1 

1.6867 
1.7240 
1.7662 
1.4672 

- 
1.5234 
1.5211 
1.6711 
1.7322 

1.7183 1.7026 1.7057 1.7033 0.03 1 1.85 
1.7474 1.7022 1.7178 1.7228 0.045 262 
1.7759 1.6976 1.7291 1.7422 0.078 4.50 
1.6271 1.6188 1.5936 1.5767 0.159 10.14 
1.6271 1.6188 1.5936 1.6132 0.033 2.07 
1 &OS7 1.6058 lSS42 1 S798 0.082 5.22 
1.5939 1.5947 lSS13 1.5728 0.073 4.67 
1.696S 1.666S l&SO6 1.6788 0.030 1.78 
1.7253 1.6710 1.6977 1.7066 0.061 3.58 

retention indices on EGS, the “chromatographic dipole moments” for the other mole- 
cules of the f&y were calculated, and these values used to cakulate tbc theoretical 
retention OQ the SE-30 cohunu. The calculatiou procedure is explained in de&ail in 
Table VII, which also composes the theoretical values obtained with the experimental 
ones. The proposed model is able to explain 99.940/, of the totaI variance of the data, 
with absolute errors sufhciently smaII to make it viable for identification purposes. 

AIdehydes and ketones 
Some bibliographic data15 for a number of aldehydes and ketones, on two 

stationary phases of different polarity (squalane and Carbowax) are avaikble. 
Butanal, whose dipole moment is 2.50 D”, is taken as base molecule for the caIcuIa- 
tion. When the chromatograpbic dipole moments of the other moIec&s of the group 
considered were calculated, it could be seen that this value is practicalIy constant for 
each homologues series, which is perfectly reasonable. Using the described procedure 
(eqrr. IO), values of the retention index for each member of tbe family, on the squaIane 
phase, were predicted and compared with the experimental data (for details, see 
Table VIII). The statisticaI analysis shows that, in spite of the smaher number of 
molecules present and the disparity of structures considered, one of which is furfural, 
99.89% of the total variance of the data can be explained. The mean absohrte value of 
the error is of the same order as the reproducibility of the chromatographic data and 
hence the prediction of the retention index values for these molecules, for which the 
experimental values are unknown, seems to be valid. 

l3ter.s 
From the literature” a number of experimental retention indices for esters, 

Iarger than those of the previous groups and also on two stationary phases (SE-30 
aud Carbowax), were obtained. A nnmber of acetates and methyf estem_were selected, 
as well as some molecuks having different conformations (methyl benzoate, methyl 
phenyketate, ethyl butyrate, isobutyl isobutyrate), in order to examine the possibil- 
ities of generahmtion. In the case of linear esters the dipole moment values recom- 
mended iu the Literature, constant for all the homologues with more than five carbons 
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TABLE W 

ExPERIMENTAL~ANDcALcuLA~ RETENTION DATA FOR FATFY ACID m 

Base nI!lade For the tzzdcdatim: Ixlethy~. decanriate; clipok Lila l-70 IT; retention indic& 
1328.3Oi.u on SE-30 (at 200% leo5.02 iu. on EGS (at 17070”); c+ &toss (eqn. 8). 40.1958 for 
SE-30 (at BF), 205.1508 for EGS (at 170”). 

Methyl 4k’canaate 
Methyl d&mm& 
Methyltetmdesamate _ 
Methyl Ikexadecanoate 
*M&y1 Fleptadeczanuate 
Methyl mtadecarmate 
Methyl t&radka-9+imate 
Methylhexadeca-9_emate 
Methyl actah-k-k 
Methyl octadus9,12_dienoate 
Mexhyl rxtadeca-9*12J5-tiien~~ 
Methyi isooctadesan~te 
Methyl anteisononadezanozte 
M&y1 isaedoate 
Methyl anteksouncosanoate 

LEGS x 6- 

1805.02 53i487 121213 
19839 6.97487 142213 
2156.84 7.97487 161213 
2325.96 8.97487 181213 
241092 9.47487 191213 
2495.86 9.97487 201213 
2230.5 7.79137 1575.43 
2387.5 8.79137 1775.43 
2547.71 9.79137 1975.43 
2621.40 9.60786 1938.73 
271249 g-42436 190263 
2463.64 9.8307 1983.30 
2566-11 10.3687 209020 
2638.02 10.8307 2183.30 
2739.64 11.3687 22m94J 

CpIculhiio of retention tMex UC: S.?530: 

P 

1.700 
1.669 

- 1.629 
1583 
1559 
1.535 
1.787 
1.727 
1.670 
1.824 
1987 
1.530 
1.522 
1.489 
1.479 

Methyl decanoate 132829 13283 0.0 
Methyl dodecanoate 1524.10 1518.3 5.8 
Methyl tetzdecm~ 1718.80 17127 6-l 
Methyl hexadecanoate 191280 1911_5 1.3 
Methyl heptackmmate 2009.85 20122 235 
M&y1 octadecanaate 210693 2113.0 6.10 
Methyl tetradefa-9_emJate 1703.77 17txL3 3.47 
Methyl hexadeza+-emate 1895.36 18926 2.76 
Methyl aztadeca-Wuatc 2087.56 2lll.C 23.89 
Methyl cctadeca-9,12aoate 207249 2074.0 1.54 
M&y1 cctadsa-9,12,l~kienoate 2060.82 2076.1 1531 
Methyl isoakidecanoate 2077.42 20762 1.11 
Methyl antekonona~~te 2lz4.01 21842 034 
Metsylisoeicasanoatz 227239 2277.8 5.45 
Methyl ante~ouncosanoate 2378.82 1285.3 6.49 

statisticElaN(y* 
No_ of cQmpoLm& 
No. of csik&ks 
Regnssion cosicknt 
Rz 
Meazi absolute error (LIL) 
&fean relatk error (“4 

15 
2 
0.99973 
039945 
6.09 
0.31 



RI z 8 P 
imiizzi 1092.4 890.7 3.0236 20236 421.88 621.88 2-u) 250 

Hep@=l 1191.4 3.5236 721.88 250 
12928 4.0236 821.88 250 

NOnanal i392.0 4.5236 921.88 2.50 
1492.2 5.0236 1021.88 2.50 

Fen- 992.7 2.5236 521.88 2.50 
hP_ 933.7 2.3794 493.04 2424 
Noa2aone-3 13aO.s 4.4749 - 912.13 2.275 
FtdUlXI L4.53.8 25581 528.78 3.523 

R!.?teRliin index cnlurlarion 
(on sqrralmre) 

Cpls. Exprl. & 

741.08 746.5 5.42 
. Ezi!tz 941.17 840.89 844.8 - 3.91 

NonanaI 104098 - 
641.18 644-O 282 

E3Opentaoal 604-74 608.5 3.76 
Nommme-3 1010.53 - 
Ft.EfUd 764.74 762.0 2.74 

SratirnialdYSLS 
No. of mokdes 5 
No. of variables 2 

099946 
039893 

Mean absolute error (ia.) 3.73 
Mean dative error (“A 0.52 

in the chain, have been used in all instances. Nonyl acetate was sekcted for the cd- 
tzuhion of the factors associated with the stationary phases used. 

The reda obtained are shown in Table IX. The cah!!ated values are near to 
the experimental ones, representing on both stationary phases, over 99.99% of the 
total v&e of the data, with a relative error not exceeding 0.5%. With structurally 
cliB%ent moldes, no -tion was observed. 

The aim here was to try and see whether the destibed method cm&l deal with 
mok4xIles of various structures wbkbwere suEtientIy complex to make them un- 



Propyl acetate 64noo I.7798 
kcpropyi xetate 571.16 1.509’ 
Bay1 2cetate 700.00 1.700 
Isob& acetate 671.16 1.599* 
Amyi acetate m.00 1.700 
IiGmylzzlzeme 771.17 1.632O 
Hexyl acetate 9xmO 1.7eO 
Ischexylacetate 871.16 1.613’ 
Heptyl aetate ltXJO.00 1.700 
Nenylacetate 1m.00 1.700 
Decyl_acetate 130O_aI 1.700 
-laceme 1500.00 1.700 
Methyl butyrate 612.33 1.700 
Methyl isobutyrate 588.68 1.610 
Methyl ualerare 71213 1.700 
Methyl isovalzrare 683.30 1.610 
Methyl bexanoate 812I3 1.700 
Methyliso~s2ncate 783.30 1.610 
Methyl beptanoate 912.13 1.700 
Methyl octamate 101213 1.7aO 
,Metbyl nolIal~te 111213 1.700 
Methyl decamate 121213 1.700 
Met&y1 un~ozte 131213 1.700 
Metbyl dodewmate 1412.13 1.700 
Methyl my&ate 1612.13 1.700 
Metbyl hexadecaoate 181213 1.700 
&f&y1 octadecanoate 2012.13 1.700 
Methy.i benwate 86246 2_437* 
Ethyl butyme 712.13 1.572* 
Isbutyl isobutyrate 859.84 1.334Q 
Methyl pbenylacetate 957.05 2.489* 

No. of Inoleades 
No. of variables 
Regrfsion CoefEcient 
Rz 
Mean absoIute error (i.u.) 

G2domzx SE20 
28 24 
2 2 

0399627 099974 
0299253 0399a 
6.16 524 

Men relative emmr (“h 0.46 0.44 

- 
866 

1065 
l(#I2 
1169 
1116 
1264 
1208 

- 
1569 
1674 

- 
971 
903 

1081 
1013 
1183 
1094 
1282 
1378 
1484 
1584 
1694 
1800 
2002 
2190 

- 

1631 
1032 
1090 
1759 

1009.4 
866.0 

1074.0 
10020 
1174.0 
1116.0 
1274.0 
1208.0 
1374.0 
1574.0 
1674.0 
1874.0 
986.1 
924.1 

1036.1 
1018.7 
1186.1 
1118.7 
1286.1 
1386.1 
1486.1 
1586.1 
1686.1 
1786.1 
1986.1 
2186.1 
2X6.1 
1631.0 
1032.0 
1090.0 
1759.0 

- 
802 

- 

8% 
853 
993 

- 

1096 
1296 
1395 
1595 

- 
- 

808 
- 

907 
- 

lax 
1109 
1211 
1310 
1410 
1513 
1714 
1911 
2098 
lOsO 
787 
901 

1156 

704.0 
6&O 
795.0 
755.2 
W!i.O 
858.7 
995.0 
956.7 

1095.0 
1295.0 
1395.0 
I 595.0 
707.1 
678.1 
807.1 
768.5 

iz-; 
1007:l 
1107.1 
1m.1 
1307.1 
1407.1 
1507.1 
1707.1 
1907.1 
2107.1 
1057.1 
793.4 
918.3 

1160.8 

suitable for calculation by any of the other systems propoSea in ffie diEercnt thcosics 
of retez~tion and structure. Heintz et d_* have recently published atable of retention 
indices for bicyclic alcohols and esters, on two stationary phases: Carbowax. and 
EGSS-X (ethylene succinate - methysilicone copolymer flow silicone content, W.S. 
Patent 3,263,401)). From this tabIe, those molecules which possess o&y the akohol 
function have been select& 

The only suitable dipole moment value found in the bibliographic tables14, 
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was 1.65D for bicycle [2.2.2&~ctan-t-o1 and we took it as the base for cak~Iations. 
From the experimental retention index data on Carbowax, it was possible to c&oJ.ate 
the chromatograpbic dipole moment for each of the mokcu!es of the family consider& 
and these values were then used for the calculation of Zhe retention indices on the 
0th.e two stationaq phases for which are available data, namely,: SE-30 and EGSSX. 
The results obtained, as well as their comparison with the experimetital values, are 
shown in Table X. The resdts obtained on the SE-30 phase are very similar to those in 
the previous tables (mean error 6 i-u., regression coefikient 0.99) while the results 
obtained with EGSSX phase are Iess satisfactory. This difI?erence is also observable 
in the case of the methyl esters (Table VII) and suggesti a p&cukr interaction 
mechanism. 

TABLE x 
EXPERIMENTAL= AND CALCULATED RETENTION DATA FOR CYCLIC ALCOHOLS 

Base molecule for the cdculation: bicycI@,2,2~octan-l-01; dipole moment, 1.65 D6; retention imkx, 
1660 i.u. on carbowax (140”); crp ftior, 339.23 for cmxxvax (140”). 

conzgkmrd Ckromatograpkic di;oOe nwnznt a&&- 
tion for tl;e soluies (on cmbow~) : 

A l3ieyclo[3,3,~)~ctan+ol 
B Bieyclo[2,2&ptan-l-o1 
C Bicyclo[2,2,2&xtan-l-cd 
D em!+Bieyclo[~~l]octan-2-l 
E ex~Bieyclo[2,2,l&can-2+d 
F arib-2-Metbyl-bicyc1o[2,2,1~heptan-2-ol 
G ~~2-M~y~icyclol~~l~~~-2-01 
H ~7-Dime~y~2~~yI-~~~o~~~l]hep~-2-ol 
I ~~7-D~yi-2~yl-bi~~o~~~l]~p~-2~1 

x 6 

1660 
1495 
1598 
1544 
1558 
1471 
1469 
15i4 

3.31228 679.62 1.70 
27854 574_24 1.64 
3.2854 674.24 1.65 
2x602 58920 1.678 
2.8602 589.20 1.69 
3.1834 653.84 1.55 
3.1834 653.84 1.55 
3.9443 806.02 1.50 
3.9443 806.02 1.53 

P 

aF factors. 142.06 for SE-30 (from C retention data), 408.39 for EGSSX (from F retention data) 
Rz 

AsA!% EGSSX 

A 
B 
C 
D 
E 
F 
G 
H 
I 

citk Jzxptl. CQk ls-ptl. 
1090 1310 1859 - 

956 942 1672 1669 
1061 1061 1786 1775 
989 - 1739 1704 
995 - 1755 1711 
996 998 1635 1635 
995 999 1635 1636 

1125 1133 1730 1719 
1139 1146 1762 1755 

starting from the aF v&es dcdated from ethanol, on= the series of & v&es. 
for a -particular stationary phase have been caknlated (for this purpose, the retention 
indices oP &bowax we= =p!oyed) it is possi’ole to c&date 4 &ori the HfFJ of 
any of these solutes on any other stationary pbzq at a given temperature (eqn. 10). 



TABLE XI 

Exl?ERIMENTAL~ AND cALcuL4TED RETENTION DATA FOR ADPHATiC AL 
~lSOI.§ . . _ 
Base molecuk for cdadation: ethanol; dipok nIOInen~ 1.7OD; rehition indices. 384.43 iu. on 
!squk (90”). 937.04 iu,. 0-n ch&ow2x; (90% 535.26 i.u. OrI ov-17 (90”), 120221 i.K. OP TCEP 
(9w; +I factors @lo), 29.214 for Sqa 220.429 for carbowax, 81.405 for OV-17.312182 for 
-xcEP. .-- 

e- 
_~+==d tztso~tograp~&pktlw~mlrularo~ 

. for the sl3t&?s (on cdiowQx) 
Iu,” x a 0 

EtlEIllOi 937.04 1.4142 
I-~opanol 1041.32 1.9142 
1-Butanol i 150.43 2.4142 
1-Pentmol 1256.01 2.9142 
Z-Pr~pZUlOl 923.37 1.7320 
2-B~kanol 1024.37 2.2700 
2-mltauol 11337 2.7700 
Jsobutanol 1093.77 2.2703 
ISOptntanoi 1214.06 2.8080 

3mao 
4oo.m 

z-z 
363:56 
471.16 
nl.16 
471x 
578.76 

1.70 
1.7057 
1.7178 
1.7291 
1.5936 
1.5842 
I.5813 
1.6806 
1.6977 

SQ ov-17 TCEP 

cuk. exptc_ Cd. exptL talc. exptL 

I-Ro~Ol 484.99 483.12 636.84 640.35 1308.3 1305.02 
I-Butan 586.21 586.83 740.21 748.55 14212 1404.58 
I-FezltarloI 687.34 691.14 i343A.O 856.76 1533.4 1499-7 
2-Propacml 437.75 425.45 570.30 570.07 1156.4 1181.7 
2-Butanol 54x48 538.96 675.46 681.06 1254.6 1277.2 
2-Bzntanol W.21 638.76 77471 777.97 1351.8 1365.1 
LSObutanOl 553.67 552.75 701.03 705.54 1352.9 1338.5 
Eiopentanol 662% 666.42 813.40 820.49 1478.5 1450.5 

SQ Ov-Il TCEP 
Eio. of IIloIedes 8 8 8 
No. of varkbles 2 2 2 
Regxssion coeEcient 0.99926 0.99940 0.9960 
IF 0.99853 0.9988 0.9920 
Mean absolute error (is.) 4.12 6.80 19.64 
Me2n relative emor (“A 0.72 0.93 1.45 

The results of such a calculation are shown in Table XI where they are cumpared 
with the experimental values previously obtained’g. 

Except for the case of TCEP, where the experimental RI error range was large 
(HI-15 i-u.), the adjusted experimental data are quite acceptable. It can be seen that 
eqn. 10, in every instance, accounts for over 99% of the total variance of the data, all 
the statistical parameters being sign&ant. 

Derivatives of cycZohexone 
The same calculation procedure was used as iri the previous case, applied to a 

group of 36 derivatives of cyclohexzmes and cyclohexenes (methyl; X&dimethyl, iso- 
propyl and :I-methyl-l-isopropyl) in order to obtain the retention i&ices on capillary 
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colrunns. The stationary phases were squalane, methylsilicone (SE-30) and phenyl- 
cyanopropyfmethylsil (OV-225)20. Methykyclohexane (x = 3.393) was used as 
the base molecule. 

Using eq. 3.1 in Table V, in order to make a correction for hydrocarbons, 
olefins and para%ns, we obtain 8 = 696.9 for methylcyc~ohexane. The retention 
indices found for methylcyclohexane were: 

C.kbOWZXu)M 795.2 Q&W = 600.12 
sQu_ 731.9 &SQ) = 217.45 
ov-225 7715 af(OV-225) = 456-78 
SE-30 7309 *(SE-30) = 211.40 

From eqn. 3.1 we calculated the & values for each phase and the chromatographic 
dipole moments associated with each substance (see Table V). 

Table XIT shows the statistical results for the 36 akyl derivatives of cyclo- 
hexane and cyclohexene using three different stationary phases. 

TABLE W 

CYCJiOEiEXANE AND CYCLOHEXENE ALKYL DEJUVATWES 

statistital summary of cakdaed and expzrimenti (20) retention indices. RI on carbowax 20 M 
are used to obtain the “&mmato~phic dipore moinentn. 

SQ 0 v-225 SE-30 

No. oEcompunds 
Regression coefkient 
P 
Mean relative error (“h 
Mean absolute error (i.u.) 

Epatl%ons 

%ZZ= 
SE-30 

36 36 36 
0-W 09972 0.9963 
09937 09945 09926 
0.77 0.83 0.93 
6.74 794 8.18 

RI = 6, f 217.45& 
RI = a, f 456.78p,= 
RT = ??, + 211AOpc: 

DISCUSSION 

The p~OtCftheaF~fficie&S obt&xdfObreach StatiOaaqphaseagainStthe 

retention index increments (as defined-by McReynolds) for I-butanoi (AR&) for each 
-exhibits a linear relationship (Fig. 2)_ This seems to sug~+ a similar relation for any 
other stationary phase and thus it would appear to be possible to predict, apriori, the 

Revalue ofanymokcule of the family on any of the phases described by McRey- 
ElOld+. 

The hypothesis of a linear relationship between aF and ARIb is based on the 
resemblance between the polarity profiles of the stationary phases as described by 
McReynolds. This suggests that an interactio~a mechanism common to most of the 

commercial stationary phases exists. Apiezon, Nujol and polyester phases are ex- 
ceptions to this r~$e (FYjg. 3): 

This method shows great potential for predicting-the retention index for com- 
pounds which contain the same functional group, .but without substituticn of any 
elements by heteroatoms. The mole&&r connectivity parameter as defined by Randic7 
and Hall et ~1.~ cannot d&tin,& between merent atoms in the same topological 
structure. 



ri 2. aF coe&iena for different statio& phases a@imt tk mtention inda in amrkats for I- 
butanoJ_ 

A theoretical explanation for the empirical relation LO can be found, taking as 
a basic theory that of “field-flow fractionation” by GiddingP, in which the normal 
field of the carrier gas flow is caused by the electrostatic interactions at large distances 
between the stationary phase and the eluted molecules. According to HirschCelder 
er al.=, the potential energy of interaction averaged ovc2r orientations may be ex- 
p_~~ecl by : 

‘The induction efkct is never impOrtantS in interactions between neutral 
molec&s, while the dispersion effect is important even in the interactions bekveen 
molecuks with large dipole moments. Using @is theory and omitting terms diCki 
by r with an expotient qf more than 6, we obtain 

for the averaged interaction energy between two mokuks a and b (stationary phase 
and soWe) where @ = dipoIe moment, k = Boltzmann cuns9n~ T = absolute 
tern-ture, r = distance of the interaction, a = polarizability id F = ito” = k-st 
ionization energ$ a z . 

From the. classic&expression for the retention index -“’ ’ -’ - - . 
_-. 
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i 3 5 7 

Fii 3_ McReynoIds rerenrion index incrementsz for some stationary pElases_ s01I&es: 1 = 
benzene; 2 = I-butanol; 3 = 2-pentanone; 4 = I-nitropropaae; 5 = pyridine; 6 = 2-me&yI-2- 
peararI01; 7 = 2-9ctyxxe_ Stationary phases: TCEP = 1,2,3-Tris(cya.no ethoxy)propane; DEGS = 
&ethylene gtycol succinate; DEGA = diethykne gtycol adipste; CW 20&f = Carbowax 20M; 
Al%-L = Apiezon L: SQ = suqalane. 

we tie only-the function between brackets as an expression of retentioc I: 

Taking into account the relationship between V, k and AGO: 



Then to a Srst approximation it is possiile to assume that. when dealing with systems 
of reguk solutions, (d&P), =(dn( m (4sa)3 where the subscript 1 E X, the &ted 
substance with index function I,, 2 s n, the hydrocarbon that precede 1, and 3 E 
n+1, the hydrocarbon that follows 1. 

We assume that: 

Replacing the interaction energies pi, p2 and p3 by their corresponding values given 
in eqn. 11 and taking into account the fact that the Crst ionization energies are very 
similar, we obtain the following expression (Table XIIJJ 

r-1 = 8& -&t a1 - Q2 

9kTl,a& - (r3 a3 - ~2 
(12) 

where f+ = dipole moment of the substance, ,cz,, = dipole moment of the stationary 
Ph==, 10 = ionization tiergy of stationary phase, a, = polkizability of stationary 
phase, q = polarizabi!ity of the substance and a, - o, = polarizabiity difference 
between two homologous and consecutive hydrocarbons. 

TABLE XIlI 

ENERGY OF FIRST IONIZATION= 

Energy fevl 

10.55-10.79 
l&48 
10.24 
9.2 

11.4 
10.17 
10.09 
9.7-9.9 

In eqn. X2, the term in p2 depends only on the nature of the stationary phase 
and the zbsolrrte temperature. The difkence crj - a, can be considered as a constant, 
and curresponds to the a, factor in the empirical relationso. En the other hand, the 
second term of the expression dwds only on the polarizabiity (steric molecular 
parameter) of the substance, and according to Kier et d?, the polarizability is directly 
related to the molecular wnne4Sivi~; in other words as 6 of the equation LO. 

The authors are very obliged to Professor R. Ca.rb6 and Dr. Martin for their 
help and criticism on the mathematical aspects of this work; and also to the Fnndaci6n 
7icent.e de Medieta y -barri, de D&ica-Arra&k, Alava”, for its Gnancial 
snpport- 
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