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A general approach is proposed to the calculation of gas chromatographic retention indices
(RI) of organic compounds on standard polydimethylsiloxane stationary phases based on their
principal physico-chemical constants such as the boiling temperature, molar refraction or mole-
cular weight. A combination of logical criteria was established for comparing functions of
the above parameters for the identification of substances whose RI values are only determined
by their boiling temperatures. It is demonstrated that within homologous series, the dependence
of the RI value on the boiling temperature or any additive molecular parameter (molecular
weight, molar refraction, number of carbon atoms in the molecule, etc.) is nonlinear. If this
dependence is taken into account, the RI value of any organic compound can be predicted with
a precision comparable to the standard deviation of the statistically processed values determined
in nonequivalent conditions.

Modern methods of identication of organic compounds based on the results of their
GC-MS analysis rely most frequently on the sole intepretation of the mass spectra.
Chromatographic retention parameters are used relatively seldom (cf., e.g. refs' ™)
although they simplify the identification essentially, increase its reliability and make
the results less ambiguous. The main reason for the limited use of chromatographic
data is the absence of wealthy data banks of retention indices. While existing collec-
tions of mass spectra encompass more than 120 thousand substances®, the most
wealthy reference books on retention indices (RI)’~? contain no more than two
thousand compounds. In these circumstances, the lack of experimental RI data can
be reasonable well alleviated by calculating the values based on the readily available
and well-systemized banks of physico-chemical constants of organic substances.
The RI values calculated from retention times of the analytes and reference
n-alkanes according to Eq. () should not bc considered as a purely analytical
characteristics but rather as one of the parameters of the organic compounds, which
provides more information than the conventional physico-chemical parameters.

* Presented at the 46th Congress of the Czechoslovak Chemical Society, Pardubice, July 4,
1990.
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where tg ., tg » and tg .+, are retention times of the analyte and of reference n-alkanes
containing n and n + k carbon atoms in their molecules, respectively, and RII, =
= 100n and I, ., = 100(n + k). The values are obtained in different analytical condi-
tions, with different precisions, and using different function f(tg). f(tg) = log (tx — tm)
are Kovats indices (isothermal analysis conditions); f(tz) = tg are linear retention
indices (conditions of linear temperature programming); and f(tg) = tx + g log.
.(tx — t) are linear-logarithmic retention indices (generalized) (no limitations are
imposed on the temperature conditions of the analysis)'®'!; ¢, is the retention time
of the unsorbed gas.

Processing of Published RI Data

Polydimethylsiloxane elastomers from various suppliers (for the determination of
I,, most frequently in the 500 —3 500 range) and polyethylene glycols with molecular
weights of 4 000 to 40 000 (Ix 500 to 2 500) are currently used as the standard sta-
tionary phases for the determination of retention indices in the identification of
organic compounds. No standard conditions, however, have been universally adopted
as regards the chromatographic columns and temperature conditions. As a conse-
quence, the published indices for a given substance differ considerably; this must
be taken into account when using data from the literature for identification pur-
poses. The principal causes of these differences are the temperature dependence of
the RI value (B = dI/dT # 0), sorption effects on the interfaces'?, as well as the
effect of the reference compound-to-analyte amount ratio'?, which are difficult to
make allowance for. In these circumstances, it is more appropriate to characterize
organic compounds by their average RI values calculated from data from various
sources, disregarding the differences in temperature and other experimental condi-
tions of their determination, than to use single RI values determined in specific,
strictly predetermined conditions. This approach has been applied in ref.'* to the
collection of RI data of toxic compounds and their metabolites. Table I demon-
strates this processing of published data as well as of data obtained by the present
authors for styrene under different conditions. In this case the average value is
{I> = 879 and its standard deviation is s; = 5. This statistical value can change
slightly if new data are included in the collection. The average standard deviation
of the average RI values emerging from the processing of RI data for more than
5 thousand substances on the most universal polydimethylsiloxane stationary phases
is approximately 8, the majority of the s, values lying within the range of 5 to 15.
The best reproducibility is observed for compounds with the lowest coefficients of
temperature dependence of RI, which are those having no rings or active hydrogen
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atoms (alkanes, alkenes, esters, ethers, etc.); their B values lie between —0-1 and +0-1.
All classes of cyclic compounds, with higher B coefficients (arenes, cycloalkanes, and
their derivatives with § > 0-2) exhibit considerably higher s, values; for instance,
Iy = 657 + 9 for benzene, 1 167 + 14 for naphthalene, 1 752 + 31 for anthracene,
etc. The low reproducibility of the RI value for more polar compounds containing
active hydrogen atoms and thus giving asymmetric peaks in the chromatograms is
mainly due to the experimental error of their determination (e.g. {I) = 658 + 11
for butanol, 754 + 30 for ethylene glycol, 965 + 13 for phenol).

The methods of calculation of RI data are based on collections of statistically
processed data, and thus the most objective criterion for their precision is the agree-
ment between the calculated and experimental values; it should be such that
iI .= (I)[ < 2s;, which corresponds to the confidence level & = 0-95.

General Principles of Calculation of RI Values
from Physico-Chemical Parameters

The existing procedures for the calculation of RI from physico-chemical constants
suffer from substantial limitations. The equations used are most frequently linear
and they only differ in the number and nature of the independent variables x;:

TABLE I

Results of statistical processing of the retention indices of styrene on polydimethylsiloxane
stationary phases

I Determination Index type: Source of

X temperature, °C* f(tp) in Eq. () information
870 Ty =40,r= 2 tg + qlog(tg — 1) authors’ data
875 65 log (tg — ) ref.!?
878 Ty—= 50,r=3 tp + qlog (tg — t) authors’ data
878 100 tg + qlog(tg — t.) authors’ data
879 80 log (tg — 1)) ref.”
881 To=170,r=23 tg + qlog (tg — t.) authors’ data
884 100 log (1 — t) ref.'®
885 100 log (g — 1) ref.!”
900° c . ref.14

{I) = 879 + 5 (number of measurements N = 8)

“ T, is the starting temperature (°C) and r is the temperature increase rate (K min"l) in the
temperature programming mode; b this value was eliminated based on statistical processing
with respect to the 3o criterion (900 > 879 + 3-5); ¢ data are absent.
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No theoretically grounded recommendations exist for the choice of the parameters x;:
They certainly must include those variables that are associated with the distribution
coefficients and with the contribution of the induction and dispérsion interactions
in the “sorbate-stationary phase” system, viz. the boiling temperature T, (refs'®:!%)
or its reciprocal value?°, and molar refraction R, (refs'®!?). When the debatable
and ambiguous concept of increasing the precision of calculation by increasing the
the number of independent variables in Eq. (2) is pursued, the sets of x; are
extended greatly by including the molecular weight M, (refs'®72?), molar volume
V,, (refs'®2%), vapour pressure functions?3, dipole moments?#:25 and occasionally
even more specific parameters, e.g. the basicity constants for pyridines?®. Cases
exist where arbitrarily chosen combined parameters such as M, T; (ref.?!) or Ry/V,,
(ref.??) were used, only documenting the empirical approach to the formulation of
the correlation equation of type (2). Structural and topological characteristics of
organic substances are also used in the calculations using equations of this type;
these include, e.g., the total number of carbon atoms in a molecule!®, the number
of methyl groups®®27, Wiener’s number and molecular indices of connectivity?®:2%,
and some quantum chemical data?? (cf. reviews*®:*!). In such cases, combination
of physico-chemical, structural and topological parameters of organic compounds
in a single equation lacks physical meaning. As a result, in spite of the great variation
in the parameters used, the relationships obtained are only valid for limited sets
of substances, usually isomers or homologues over narrow molecular weight or
boiling temperature ranges. This is responsible for the low practical value of these
methods of calculation. The precision of the results is very low: even for alkanes,
one of the simplest classes of substances, the errors attain as much as 31 index
units3°, ‘ '

In the present paper, the following approaches are proposed to the calculation of
retention indices of organic substances on the weakly polar dimethylsiloxane sta-
tionary phases: ' ‘

1) A new principle of evaluation of the RI value of any organic compound, which
is not associated with the application of a predetermined correlation equation but
instead, involves a preliminary check of a series of logical criteria for comparing
chromatographic equivalents of the M,, T, and R,, values. '

2) A new form of the simplest three-parameter correlation equation for the cal-
culation of the RI values of homologues over well-investigated homologous series.

Logical Criteria for the Evaluation of the RI Values

It is well-known that the RI value of any organic compound on a weakly polar sta-
tionary phase depends primarily on its boiling temperature. The character of the
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functional dependence I(T,,), however, is not clear, and its approximation by a linear
function of type (2) is very crude. In the n-alkane series this dependence is rather
logarithmic. Hence, in the evaluation of RI it is more appropriate to use the chroma-
tographic equivalent of the boiling temperature which was proposed as early as 1971
and named “standard retention index32, viz.

Iy = 100 + 100 28 To.x = 108 Tonn

(3)

log Tyn+1 — log T, , ’

where T, ., Tp.. and T ,:+ are boiling temperatures of analyte and of reference
h-alkanes containing n and n + 1 carbon atoms, respectively.

The most important feature of the I+ quantity, which has not been studied in suffi-
cient detail, is the fact that for some substances, isoalkanes for instance3?, it is nearly
equal to the expenmental RI value on a polydimethylsiloxane stationary phase.
In other cases it is recommended that the indices be calculated by using the simplest
relation of the type I, = I + AI where Al is a tabulated increment for the given
homologous series. Actually, the approximate equality of I; to I, is met not only
for some hydrocarbons but also for some sole compounds from other classes, e.g.
C;H,CI (I, = 532 +4;1; = 533), CoH,F (I, = 665 + 8; I+ = 665), C;H,CO,CH,
(I, =708 + 6; I; = 715), (C,Hs);N (I, = 676 + 3; I = 671), CH,=CHSi(CH,).
.Cl, (I, = 680; I; = 676), etc. For all such compounds on the above stationary
phases the RI values are virtually independent of any specific “‘sorbate-stationary
phase” interaction and are determined by their boiling temperatures solely. In these
cases the problem of the calculation of RI, for some of the substances at least, can
be treated from another point of view, viz. as one of the identification of those com-
pounds for which the condition I, ~ Iy is met. For tackling this problem, it is con-
venient to compare the I values with the chromatographic equivalents of other
characteristics of the substances, introduced in an analogous manner. These include
particularly the molecular weight and molar refraction, which reflect dispersion
and induction interactions with the sorbate, important on nonpolar stationary
phases.

The concept of the chromatographic equivalent of molecular weights coincides
with that of dispersion retention indices introduced by Evans and coworkers®?
in 1986, viz.

Iy = 1001 + 100 My = M.,
Mr.n+l - Mr.n

= 2). (4)

The I values can also be employed for the evaluation of RI for compounds from
different classes according to the scheme I, = Iy + AI by using tabulated correc-
tions AI (ref.*3). The chromatographic equivalent of molar refraction is introduced
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for the first time as

I = 1008 + 100 Rmx = Rmn _ 5.65R,  —29), (5)
m,n+1 — m,n
where R, = V,(n? — 1)/(n® + 2), n and V,, are the refractive index and molar

volume of the substance, respectively, 2:2 is the double hydrogen refraction, and
Rnn+1 — Ry o = 462 is the refraction increment of the CH, homologous difference.
Both experimental data at the same temperature and the known additive schemes
can be used for the calculation of the R, and Iy values.

Thus, according to the above algorithm, three parameters, viz. IM, I and I, are
sufficient for the identification of cases, where Ix ~ I; and thus for the evaluation
of gas chromatographic RI values without additional calculations, and they can be
attributed to any organic compound whose M,, T,, nj and g} .values are known.
Analysis of the collection of RI data for approximately 200 subStaltoes of more than
100 homologous series revealed that in the evaluation of RI,j the interrelation
between Iy, Iy and I should be taken into account as follows. |

A. The inequality Iy, > I;, Iz holds true, i.e from among the three chromato-
graphic equivalents considered, Iy is the highest. (This applies to approximately
129; substances included in the collection). In this case the RI value can be directly
equated with the I; value, the average error being + 12 index umts

B. Among the three parameters considered, any pair exhibits approximate equar
lity, i.e. Iy ~ I, Iy = Iy, Iyy = Iy; in the limiting case, Iy ~ Iy ~ Iy (about 23%
substances in the collection). In this treatment, two indices are regarded as ap-
proximately equal if their difference does not exceed the standard deviation of the
statistically processed cxperimental data, i.e. 8—10i.u. In this case, also, the RI
value is best approximated by I, the average error being +11i.u.

Groups A4 and B involve a large fraction of all types of hydrocarbons (unsaturated
in particular), nearly all their halo derivatives, silanes, derivatives with trivalent
nitrogen( amines, diamines and hydrazines), esters, ethers, mercaptans, some sul-
fides, etc. It should be emphasized that the problem of the feasibility of evaluating
indices without extra calculations based on the relationship I, = Iy is addressed sepa-
rately in each individual case, no additional information being required.

C. The inequality Iy < Iy < It is most frequently encountered (65%, of all sub-
stances in the collection). In this case the experimental RI values usually lie within
very wide ranges of the inequality Iy < I, < I;. However, even in this case it is
suitable to single out a group of substances for which the relation I, ~ Iy is valid.
For this purpose it is necessary to estimate the dispersion of the three I, parameters
in terms of the corresponding standard deviation,

1 = [S( — LY, - ©)
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where {I) = (Iy + Ig + I1)[3. If sy < 100 (19% substances of the collection), then,
as in the cases 4 and B, the best approximation for RI is I'r, although in this case
the average error increases to +19 (CI variant of evaluation). Attempts to improve
the results by replacing the proposed rule by a three-parameter correlation equation
of the type

I, =al; + bl + ¢ (7)

with the coefficients a = 0-882, b = 0-122 and ¢ = 14-3 determined by the least
squares method lead to increase in precision which is of no practical significance
(average error +18).

This variant of evaluation of RI applies to aliphatic ketones, unsaturated alde-
hydes, furans, oxiranes, phenol ethers, sulfides, thiophenes, alkyl hydrazones, etc.

If s, > 100 (33% of the collection), the relation I, ~ I no longer holds true. In
this case, virtually identical results can be obtained by using a correlation equation
of type (7) with coefficients a = 0-542, b = 0-538 and ¢ = 487, or a similar equation
involving the s, value, viz.

I,.=a'ly + b's; + ¢ (8)

with a’ = 1-085, b’ = —0-979 and ¢’ = 33-9. In this case the average errors of the
indices attain +20 and +18i.u. for Egs (7) and (8), respectively (C2 evaluation
variant).

The most polar-compounds containing -OH or ~COOH functional groups with
active hydrogen atoms are characterized by a low reproducibility of experimental
RI data, and thus their prediction will involve the highest errors. It is desirable to
include them in a separate group of substances which invariably belong to type C
with respect to the interrelation of the parameters Iy, Iz and I't and are characterized
by values of s; > 100 (13% of the collection). Their indices can only be evaluated
by means of correlation equations (7) and (8) with different sets of coefficients, viz.
a =0708, b =0472 and ¢ = —88:0, and a’ = 1-185, b’ = —0-881, ¢’ = —99:1
(€3 evaluation variant); the errors are 20— 30 i.u.

The comparison of the Iy, Iy and I practically implies verification of a series of
logical criteria for their comparison, which in many cases eliminates the necessity
for further calculation. For approximately one-half (54%) of organic compounds
from the collection investigated, the I; values provide the best approximation of
the indices. In other cases the experimental RI data are best evaluated from the
parameters I; and Iy contained in correlation equations with similar coefficients
(6 ~ b ~ 0-54 in C2 variant and a ~ 0:71, b ~ 0-47 in C3 variant). These values
characterize compounds whose chromatographic retention is determined not only
by their boiling temperatures but also, to a considerable extent, by induction inter-
actions with the stationary phase (only polar compounds belong to type C). Analysis
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of coefficients in Eq.(7) for the CI variant, where the validity of I, ~ Iy can be as-
sumed, shows that for these substances the effect of the second factor is much lower
(a ~ 0-88 > b = 0-12). It is noteworthy that in this method, the dispersion retention
indices I (ref.?) are not directly used in the calculations; they only occur in the
stage of logical operations or are indirectly involved in the values of s, in calculations
from equations of type (8). This fact can be indicative of a low contribution of the
corresponding mechanism of ‘“‘sorbate—stationary phase” interactions.

The precision of the evaluation of RI with the assistance of the logical criteria
proposed is relatively close to the maximum attainable precision because the standard
deviations of the statistically processed experimental data are on the same order
(£5 to +15), and are much higher for substances having active hydrogen atoms.
Moreover, for many organic compounds the boiling temperatures reported by
different authors differ by 1 —3 K and more. This is manifested by additional errors
of the RI values being no less than 5—15i.u.

Table II gives a comparison of RI values calculated by the proposed method (Ix)
and the average experimental RI values for some organic substances on polydimethyl-
siloxane stationary phases.

Calculation of RI Values within Homologous Series

The establishment of the main source in equations of type (2), i.e. evaluation of the
dependence of RI values of organic compounds on their boiling temperatures in
a linear form, makes it possible to consider the feasibility of calculating the indices
of unknown representatives of well-investigated homologous series from a new
point of view. Verification of a set of the simplest correlation equations showed that
a three-parameter equation of the form

logl, =alog T, + bA + ¢ 9)

is the most suitable for the calculation of RI from the data for other homologues
over relatively wide ranges of molecular weights and boiling temperatures. In this
equation, T, is the boiling temperature (in K) of the compound under investigation
and A is any additive property of the homologues such as the molecular weight M,,
molar refraction R,,, total number of carbon atoms in the molecule n¢, number of
carbon atoms in alkyl substituents, etc. The coefficients in Eq. (9) are calculated
from data for a set of homologues of the given series by the least squares method.

Any of the above additive parameters 4 gives virtually the same results, thus
indicating that all equations of type (9) can be regarded as equivalent. The use of
the M, and n. values is most convenient, molar refraction calculations requiring
additional data. Verification of the applicability of Eq.(9) to the calculation of RI
on the example of several homologous series (Table III) gave evidence that this
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TasLe III

Parameters of the equation log I, = alog T, + b4 + ¢ for some homologous series (poly-
dimethylsiloxane stationary phases)

Homologous Number of
series nc 4 a b compounds <lafp>

Alkanes 4—10 nc  2:0094 —5-206.107° —2:2800 73 3
Cycloalkanes 3—11 ne 1-8587 —2:7446.1073 —1-9006 46 10
Alkenes 4—12  nc  1-8891 —1:5906.107° —1-9933 53 4
Arenes 6—13 M, 17952 4:5606.107° —17622 50 5
Ethers 4—8 ne  1-8627  7-4906.10”% —1-9402 8 6
Esters 2—10 M, 22645 —4:3732.107° —2:9847 50 10
Ketones 3—9 ne 19290  7-3749.107% —2:1696 19 10
Alkyl chlorides ~ 2—8 ne 20292 —4:060.107%  —2:3453 15 4
Alkyl bromides  1—5 ne  1-8515 —2-3901.107° —19012 12 4
Dichloroalkanes 1-—5 ne 16235 4:075.107° —13437 12 7
Alkyl pyridines ~ 5—8 M, 1:6540 83101.10"% —14842 15 4

TaBLE IV

Results of the calculation of retention indices of some alkanes from the equation log I, =
= alog Ty + bnc + ¢ (a= 20094, b= —0-005206, c = —2:2800)

Alkane T,.°C ne (I &5, I, |AIl
iso-Cy —11-8 4 365+ 5 360 S
2,2-diMeC; 95 5 412 4 2 416 4
3-MeC; 633 6 584 | 2 584 0
2,3-diMeC, 580 6 568 + 3 565 3
n-C, 984 7 700 704 4
2,4-diMeC; 80'5 7 630 4- 2 638 8
3,3-diMeC; 86-1 7 659 -+ 3 658 1
3-EtCs 935 7 687 -+ 2 686 1
3,3-diMeCq 112-0 8 744 1 4 748 4
2,2,3-triMeCs 109-8 8 738 - 4 739 1
2,2,4-triMeC; 99-2 8 691 4 2 699 8
2-Me,3-EtCq 1156 8 762 + 2 762 0
2,2,3,3-tetraMeC, 1065 8 725 & 12 726 1
3-MeCyg 144-2 9 871 - 1 868 3
2,6-diMeC, 135-2 9 827 1 831 4
2,2,3,4-tetraMeCs4 133-0 9 823 + 4 822 1
2,3,3,4-tetraMeCs 141-6 9 862 -+ 5 857 5
3,3-diEtCyg 1462 9 881 + 5 877 4

<AL =3
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equation is obeyed irrespective of the chemical nature of the substances concerned;
the average errors vary from 3 to 10i.u., which is less than the average standard
deviations of the starting data. In this case the coefficients a vary from 1-6 to 2-3,
which bears out the basically nonlinear character of the dependence I(T,) and the
inadmissibility of using linear equations of type (2).

Tables IV and V give specific examples of the use of Eq. (9) with different sets of
coefficients for the calculation of RI of isoalkanes and alkylpyridines. The analysis
of the maximum deviations |AlI| indicated that they are not related to the structure
of the substance and are most probably fortutious and caused by errors in the deter-
mination of either RI or the boiling temperatures. However, for the majority of
series, the calculated RI values of higher homologues may be markedly under-
estimated as compared with the experimental data. This effect is certainly related
with the starting data processing principle. When the indices are averaged, the
temperature ranges within which the experimental data lie are displaced towards
higher values for higher homologues. Moreover, the average <I) values themselves

TABLE V

Results of the calculation of retention indices of some alkyl pyridines from the equation log I, =
=alog Ty + b M, + ¢ (a= 16540, b= 83101.10™4, c = —1-4842)

Pyridine T,,°C M, KI) + 54 I, |AI|
2-Me 1296 93 799 + 13 794 5
3-Me 144-0 93 849 + 11 842 7
4-Me 145-4 93 847 + 12 846 1
2,3-diMe 161-2 107 925 + 17 924 1
2,4-diMe 158-4 107 919 + 11 914 S
2,5-diMe 157-0 107 913 4 11 909 4
2,6-diMe 144-0 107 873 + 7 864 9
3,4-diMe 1791 107 995 + 6 987 8
3,5-diMe 172-5 107 970 + 7 964 6
2-Et 148:6 107 878 + 12 880 2
3-Et 166:0 107 938 + 10 941 3
4-Et 167-7 107 951 £ 9 947 4
4-isoPr 181-5 121 1 026° 1022 4
4-Pr 173-:0 121 1047 + 17 1050 3
2,3,6-triMe 177-:0 121 1002 + 10 1 006 4
2,4,6-triMe 170-4 121 981 + 7 981 0

ATy = 4

? The single value of RI of this compound from literature data (without statistical processing).
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pertain to different temperature conditions and can be most effectively used in
temperature programming conditions. Evaluation of the temperature dependence
of RI is not included in any of the existing methods of their calculation, including
the method proposed in this paper. Therefore, underestimated results should be
expected to emerge from extrapolation of the indices of higher homologues from data
of the simplest members of the series. In order to eliminate these errors, the coeffi-
cients of Eq. (9) should preferably be calculated from the data of homologues differing
by no more than 6 —8 carbon atoms.

The advantages of the proposed simple method for the evaluation and calculation
of the RI value of nearly any organic compound which is characterized by its boiling
temperature at atmospheric pressure are evident: they are based on readily available
physico-chemical constants and require no complex calculations, the precision
of the results comparing well with that provided by other, considerably more labo-
rious methods3°-3!,

The authors wish to express their gratitude to the Organizing Committee for having been given
the opportunity to present the results of this work at the 46th Congress of the Czechoslovak Chemical
Society.
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