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SUMMARY 

The retention volumes per unit surface area for the adsorbents graphitized 
thermal carbon black and hydrogen-treated graphitized thermal carbon black, which 
have very homogeneous surfaces, for .different hydrocarbons up to GIL and some 
halogenated and oxygenated derivatives have been determined. For convenience, the 
Kovats retention indices for these compounds have been calculated. The thermo- 
dynamic meaning of these indices and the possibility of their molecular-statistical 
estimation based on an approximate theory of intermolecular interaction is discussed. 

INTRODUCTION 

Retention indices have often been used for the identification of substances in 
gas-liquid chromatography. These indices make it possible to demonstrate the reten- _ 
tion characteristics of different substances in comparison with a series of standard 
substances such as n-alkanes. 

The most useful system in gas-liquid chromatography is the KovQts logarith- 
mic system of retention indices I. In gas-solid chromatography on non-porous and 
wide-pore adsorbents with a known specific surface area, this index is given by 

(1) 

where KU,) -c Va.~(x) < ~.I(~+z) are the retention volumes per unit surface area 
of the adsorbent (subscript A) for zero sample size (subscript 1) of the substance in 
question (subscript X) and the nearest n-alkane, retained at the same temperature on 
the same adsorbent more strongly (subscript n + I) or more weakly (subscript n) than 
the substance X, n being the number of carbon atoms in the moIecuIe of this n-alkane. 

Pitt er al-l demonstrated that, if the number of carbon atoms in unsaturated 
molecules remains constant and the double bond remains in the same position, the 
retention indices of ?rm$-alkenes are higher than those of the corresponding cis- 
alk&es,. while- the retention indices of aJky&es are lower than those of cis-alkenes. 
Engewald et bL3 determined the retention indices of cycloalkanes, cycloalkenes and 
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cycioalkadienes C&i on graphitized thermal carbon black (GTCB). and compared 
them with those 5x1 squalane. It-was found that the diiTe@icein I values for most 
sub&rices OIL GTCB is higher than on squalane. The ‘1 values on GTCB have been 
used successfully to identify the thermal decomposition products of 1,5,9-cy&dode- 
catriene and its hydrogenation products’. 

In this work we consider retention indices on GTCB and on hydrcgen-treated 
graphitized thermal carbon black (HTGTCB)s-7 for numerous hydroearhons of 
different structures and also for various halogenatecl and oxygenated derivatives. 
DifZerent regularities were found that characterize the relationship between I atid the 
molecular structures of these substances. 

As the VA., values are related to the Henry c5ns’mt.s for adsorption, the reten- 
tion index, TX, is a definite thermodynamic constant which depends on the molecular 
structure of the substance x and of the corresponding n-alkanes and on the structure 
of the adsorbent as well as on the temperature. Eqn. 1 contains the differences 
log. VA.l(X) - log VA.lW and log YAS1~,,,, - log VAslcn,, which are equal to the 
logarithms of relative retention volumes for zero sample size. Therefore, the relative 
retention volumes. and the retention indices can be determined experimentally with 
a greater precision than the corresponding absolute retention volumes, VA.lcr,, because 
the influence of the changes in separation parameters such as the flow-rate and the 
pressure drop in the column is eJ.iminated. Rowever, the dependence of 1, on the 
structure of the molecule x and on temperature is more complicated than for the 
Henry constant itself, VA.l(X), . - and for its relative value, VA.l(Zj IVA.UnP 

In this paper, we aIso consider the theoretical estimation of 1. based on 
molecular-statistical calculations of VASr(+ Va.l(n, and VA,f(ntL,. 

RETENTION VOLUMES OF C&Z* HYDROCARBONS 

Figs. 1-3 show examples of the dependences of log V_4,, on l/Tobtained from 

Fig 1. Dependence of the logarithm of retention volume per unit surface area of GTCB &I V,,L) on 

inv-se temperature for C&, hydrocarbons. ? =-trans-&?uten&2; 2 = butadiene-l,3; 3 = cis- 
butene-2; 4 = n-butane; 5 = buteae-1; 6 = isobutane; 7 = propane; 8 = propene; 9 = cycle- 
propane. 
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Fig. 2. Dependence of In V_.,.z for GTCB on inverse temperature for C&I6 hydrocarbons. 1 = jr- 
Hexanc; 2 = benzcrie; 3 = hcxadiene-I,5 and hexync-1; 4 = trans-pentadiene-1,3; 5 = cis-penta- 
diene-1,3; 6 = methykydopentane; 7 = cyclohexane; 8 = n-pentaue; 9 = truns-pentene-2; 10 = 
cis-pentene-2; 11 = isopentane; 12 = pentadiene-l,4 and pentyne-1; 13 = cyclopentane; 14 = 
neopcntanes 

the experimental data*-” for C,-C, (Fig. 1), C,C, (Fig. 2) and C,-C, (Fig. 3) 
n-alkanes and for several different hydrocarbons with intermediate VA., values. These 
dependences are almost linear, with the exception of those for butadiene-1,3 2nd 
other dienes with conjugated bonds, and also for butene-2 and methylated benzene 
derivatives. The lines for all hydrocarbons with equal n lie below the lines for n-alkanes 
with the same n. In some instances (e.g., for methylcyclopentane and cis-pentadiene- 
1,3) the lines cross, Le., inversion of the sequence of retention volumes of the corre- 
sponding pair of hydrocarbons on GTCB occurs as the temperature changes”. Care 

20 25 $.ld 10 

Fig. 3. Dependence of In VAaI for GTCB on inverse temperature for Crcs hydrocarbons. 1 = u f 
-p-Xj+enei 2 = m-xylene: 3 = n-octane: 4 = ethylbenzene; 5 = toluene; 6 = n-heptane; 7 = 
methylcyclohexane; 8 = ex+&nethyLnorbornene; 9 = enrio-S-metbylnorbomene: 10 = norbor- 
nane: 11 = korbomene. 
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TABLE I 
KOVATS RETENlXON LNDICES FOR C, HYDROCARBONS ON CTCB 

Hy&ocmtron I$$-?= Alper lOT 
~__ -- 

Isobutane 374 0.2 
Butene-? 384 0.3 \ 

cis-Butene-2 402 0.1 
trans-Butene-2 415 0.4 
Buta&ene-1,3 41G 0.2 

is therefore essential when investigating the dependence of either VA_1 or I on tem- 
perature. 

RETENTION INDICES OF C,-c, HYDROCARBONS 

The I values for a series of hydrocarbons of different classes are given in 
Tables I-III. Many C,C, hydrocarbons have a lower retention index on GTCB 
compared with those for n-alkanes with the same n value. As for YAsl, the only 
exceptions are diene hydrocarbons with conjugated bonds. and trans-isomers of 
alkenes-2. For these hydrocarbons, the retention indices are higher than those for 
the corresponding n-ahcanes. The retention indices of alkynes are lower than those of 
the corresponding alkenes. For diene hydrocarbons with unconjugated double bonds, 
the difference in retention indices behveen alkenes and diene hydrocarbons is closer 
to the difference in values between the corresponding n-alkanes and alkene%. Hydro- 
carbon chain branching in alkanes sharply reduces the retention indices. It can be 
seen particularly for isopentane (l$$Es = 468) and neopentane (@~” = 410). This 
effect is due to the decrease in the number of atoms or groups of atoms of the 
adsorbed molecule that can be in contact with the plane surface of GTCB. Cyclization 
of zhe hydrocarbon chain also decreases the I value because the carbon atoms of 
cycIanes do not he in one plane. If the I vahres for isomeric molecules of methyl- 
cyclopentane and cyclohexane are compared, it can be seen that the molecule of 
methylcyclopentane (which is flatter) has a higher I value. 

Hence the dependence of I on the geometrical structure of molecules is much 
greater in gas-solid chromatography on GTCB than in gas-liquid- chromatography. 

TABLE II 

KOVB-rS RETENTION INDICES FOR Cs lZYDROCARBONS ON GTCB 

H.WhCd?OR prc5 
s6-c &per 10°C 

I&X*&le 468 0.6 
Neopentane 410 1.2 
Cyclopentane 426 1.2 
lentme- 479 0.3 
cis-Pentene-2 481 0.8 
tram-Penten? 493 0.4 
Pentadiene-1.4 462 1.8 
Pentyne-1 463 1.0 
cis-Pentadiene-1,3 526 0.2 
tram-Pen*dcne-l,3 539 02 
_- 
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TABLE HI 

K0V.m. RETENTSON INDICES FOR & EZYDROCARBONS ON GTCB 

Li&i?ocarbun pXB 
9dJO%2 AfperiO"C 

Hexene-t 577 0.7 
Heq~-1 560 1.3 
HexadienedJ 560 1.4 
Me.tbyisjrclopentane 524 2.6 
Cyglohexane 508 4.1 
Cy&hexe= 535 1.7 
Cyckhexedkne 539 1.5 
Benzene 572 0.4 

RETENTION INDICES OF BRIDGED BICYCL0(2,2,l)HEPTANES 

The C-CL0 bridged hydrocarbons considered (Table IV) have Ivalues between 
those of n-pentane and n-octane. With bicycloheptane hydrocarbons (norbornane 
series), some atoms or groups of atoms of the molecule at any orientation remaln 
raised over the flat surface of GTCB, and some of them are a considerable distance 
from the surface. As a result, the energy of intermolecular interaction of these mole- 
cules with the adsorbent is much lower than that for n-alkanes with the same number 
of carbon atoms in the molecule. 

TABLE IV 

KOVp;Ts RETENTION INDICES FOR NORBORNANE DERIVATIVES ON GTCB 

Hydrocfuhn Alper iO”C 

Norhomane Ibicyclo(2,2,l)heptane] 534 2.5 
Norbomene ~icyclo(2,2,I)heptene-21 517 2.8 
err&-5-MethyIbicyclo(2,2,l)heptem-2 578 2.6 
exe-5-Methylbicyclo(2,2,l)hep~e-2 597 2.2 
1-Methylbicyclo(2,2,l)heptane 586 3.0 
endo-2-Metbylbicyclo(2,2,l)heptaae 592 3.2 
exq-2-Methylbicyclo(2,2,l)heptane 606 2.5 
2-MethyIenebicyclo(2,2,l)heptane 594 2.6 
7,7-Dimetbylblcyclo(2,2,l)heptane 643 3.6 
Indo-5-Vinylbicyclo(2,2,l)beptene-2 648 2.8 
exo-5-VinyibicycloO,2,l)heptene-2 669 2.8 
endo_l,ZDixethylbicycIo(2,2,l)heptane 649 3.5 
exe-1,2-Dimetbylbicyclo(2,2,l)hepzane 668 3.1 
rrmrs-S-E~y~denebi~cl~~~l)heptene-2 666 3.3 
cis-5-Ethylidencbicyclo(2,2,l)heptene-2 689 2.3 
1,4_Dimetbyibicyd~~5l)fieptane 666 3.6 
e~~~~~3-Di~ylb~clo(~~l)hep~e 667 2.6 
trans-2,3-Dime~ylb~~clo(52.l)heptane 675 3.2 
_~~~~~3-]Dimetbylbicycl~~l)heptane 694 2.7 
exe-2,2,3-Trimethylbicy&(2,2,1)heptane 678 3.5 
encro-2,~~T~ethy~b~~cI~~~l)hep~e 697 2.7 
2,2-DimetbyI-3-rnetby~enebicycIo(2,2,l)heptane 694 4.7 
endo-2-Ethyibicyclo(2,2,l)heptane 689 4.1 
exo-2-Ethylbicyd@,2J&eptarte 703 27 
e&u-Trimetbylenebicyck@,2,l)hep&uxe 717 3.5 

_...__. 
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Norbornene and its methyl-substituted deriv&ves-h&e lower I v&es. t&n 
the corresponding derivatives of norbornane. Dimethylnorbomane w&two methyl 
groups on one carbon atom is characterized .by lower I vahres than those for deri- 
vatives that have the methyl subs&rents on two .different carbon atoms. Of ‘the 
dimethyl derivatives of norbornane, 7,74methylbicycio(2,2,l)he&ne has the low&t 
I value. 

All e&u-isomers of mono- and disubstituted derivatives of norbomane and 
norbornene have lower I values than the exu-isomers,- the di&rencc being 14-20 units. 
.The re_rmlarity of the values obtained allows one to determine the structures of the 
isomers and to determine the ratio of the contents of endo- and e-To-isomers in the 
mixtures under investigation. 

The changes in the I values obtained iti this instance are also connected with 
the geometrical structure of the adsorbate molecules and their optimal orientation 
on a -fiat surface. Actually, in all instances the geometry of the en&-isomers is such 
that they can be arranged on the surface of GTCB less efficiently aud parts of their 
molecules are further from the basal face of graphite than with the e...o-isomers. 

RETENTION INDICES OF C&C,, AROMATIC J3YDROCARRONS 

The V, 1 value1”~i2 for benzene on GTCB at KKK (Table III) is lower than 
Ehat for n-hexaue, and the Ivalue for benzene.is 28 units lower than that for n-hexane. 
In isomeric alkylbenzcnes, the 1 value depends on the structure of the alkyl group 
and on the number of these groups attached to the aromatic nucleus (Table V). 

For mono-n-alkylbenzenes the increment of I per methylcne group is 87 units 
and mono-n-alkylbenzenes are retained on GTCB less than n-alkanes with the same 
number of carbon atoms. It is important to note that the series of mono-n-alkyl- 
berxzenes with a linear dependence of I on the number of carbon atoms in the side 
n-a&y1 chain begins with ethylbenzene, toluene, which has only one methyl group, 
behaving as the first representative of a poIymethylbenzene series. In the series of 
polymethylbenzenes, the replacement of each hydrogen atom of the ring by a methyl 

TABLEV 

I<Ov&S RETENTION I%ZICES FOR C,-Crl AROMATIC HYDROCARBONS ON GTCE? 

H~CliOCUdOtZ 
fGTCB 

200=c 
dfper 10°C 

~. 
Toluene 701 0.1 
Ethyltenzene 761 0.3 
in-Xylene 826 0.2 
PXykne a38 0.2 
o-Xylene 838 0.2 
n-Propylbenzelle 849 0.5 
Isopropylbenzene 793 0.3 
lJ,S-Trimetbylbenzen 949 0.2 
1.2,~Tximethylben 966 0.7 
1,2,3-Trime’&ylbenzene 973 0.8 
n-Butylbenzeae 936 0.8 
1,2,4,5-Tetramethylbenzene la97 0.1 
I ,2,3,5-Tetxamethylbenn& 1101 0.1 
&imyltKnqxe 1018 0.2 
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group does not lead to a constant increment in the retention index. It increases by 
128 units per methyl group on average and, beginning with toluene, the retention 
indices of polymethylbenzenes are higher than those of the corresponding n-alkanes. 

THEORkTICAL ESTIMATION OF RETENTION INDICES ON GTCB 

The molecular-statistical calculations of V_.,,r and other thermodynamic reten- 
tion characteristics of many hydrocarbons on GTCB have been made on the basis 
of the approximate theory of the intermolecular interaction’2-‘s. By comparison with 
the experimental s/,., values for a few hydrocarbons of different classes, these 
calculations enabled us to establish the influence of the valence of carbon atoms in 
hydrocarbon molecules on the intermolecular interaction with GTCB and to find 
semi-empirical expressions for the following atom-atom potential functions of this 
mteractron: ~)~t~~~~~t~~...~~~~~ane), wnrsphite) . ..C(nlkcne. aromatic hydrocarbon), Q)C(graphite)... 

CrIatky%e) and g)C(~phile)...H(hydroc;lrbcn)- Tk results of moIecular-statistical calculations 
based on these atom-atom potential functions were in good agreement with the 
experimental values of VA_, for many different hydrocarbons within the limits of 
error of the experimental determination of V,,,. Fig. 4 for e.uample, illustrates the 
agreement between the calculated and experimental log V,., values for C5 hydro- 
carbons. These calculations enabled us to predict the separation, Le., the sequence of 
VASI values, in the cases when these vahtes differ greatly. However, when the VA., 
values of the hydrocarbons compared are similar, the calculated sequence of VA,1 
values do not agree with the experimental values in some instances. These dircrepan- 
ties are the result of errors in the calculation which are due to some uncertainties in 
the geometry of the molecules, as well as to the approximations of the method used 
for the calculation of the potential function d5 of the intermolecular interaction of 
the molecule with the adsorbent 12@. For example, the calculated values of log V,., 
for neopentane are higher than those for cyclopentane, but the experimental values 
are lower for neopentane than those for cyclopentane. 

Tn the determination of the retention indices from eqn. 1, the errors in the 
alculation of In Va,r, ln Q(n) and VASl(nfl, can add together, which can lead to 

considerable errors in calculated I values. A comparison of theoretically calculated 

Fig. 4. Dependence of in VA,, for GTCB on inverse temperature for II-butane and some CS hydro- 
carbons. Lines, theoretically cakulated; symbols, experimental data. 1 = n-Pentane; 2 = isopen- 
tane; 3 = pentyne-l ; 4 = neopentaue; 5 = cyclopentane; 6 = n-butane. 
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TABLEVI 

COMl?kS&N OF RELATIVE RETENTION -VOiUbiE% @ELii’& TO.-TFIE r&I.kAl% 
-WITH THE SAME C&BON NUMBER) AND RETENTI ON INDICES FOR SOME HYDRO- 
CARBONS ON GTCB, OBTAINED FROM MEASURES AND. CALCULA- .ON 
THE BASIS OF AN APPROXIMATE THEORY OF l-NTERMOl$ECULAR INTESACI’ION 
- 
Tiry&ocarbon T (“K) Relative retention volume Retenrion zizdex 

Exp~rhental C&uIated Experknentral C&cu&ed 
- 
Plkopentane 329 0.24 0.24 410 422 
Cyclopentalle 329. 0.31 0.22 426 412 
TSOpXlhX 329 0.60 0.63 468 473 
Pentyne-1 329 0.56 0.51 463 45s 
cis-Pentadiem-1.3 329 1.55 1.10 526 SO5 
tramPentadiene-1,3 329 2.01 1.26 539 516 
Benzene 373 0.66 0.50 572 550 
Cyclohexane 373 0.26 0.28 508 515 

I values with experimentally determined values for some hydrocarbons on GTCB is 
shown in Table VI. Because of this effect, the determination of 1, from the absolute 
values of ~A.l(Xj9 VA.l(n) and ~A.l(ntl) calculated theoretically often does:not yield 
precise values for analytical purposes. 

Two methods are possrble for obtaining better results in the theoretical calcu- 
lation of I=. The fist method is to make the calculation of the potential function @ 
more precise, and the second is to use the molecular-statistical method in the calcu- ’ 
lation of not the absolute values of VA,l(X,, VA.r(n, and VA,I(nil, but the relative 
values K.l&L~a, and VA l(n lJ5 loil), which are present in eqn. 1. Some errors 
in the calculated in VA_, values can be thus expected to be eliminated. Both methods 
are of theoretical interest and will enable one to clarify the dependence of I not only 
on the structures of molecules but also on the temperature, which is of practical 
importance. 

RETENTION INDICES OF JkIfiOGENATED DERIVATIVES OF HYDROCARBONS 

For primary monohalogenated C1-Cc n-alkanes, equations have been ob- 
tained’3*‘6 that connect the retention indices with the number of carbon atoms, n, in 
their molecules: 

Fluoroalkanes : 
--l-cB L f- loG”c =loOn+ 20 (3 

Chloroalkanes : 

z,GT= lOOn f 130 (3) 

Bromoalkanes: 



Ft can he seen from the above equations that the retention indices of primary 
tionbhalogenated n-alkanes are higher. than those for the corresponding n-alkanes, 
fork fiuoralkanes by 20; for chloroalkanes by 130, for bromoalkanes by 178 and for 
iodoalkanes by 249 nnits. 

When the halogen atom is transferred from position 1 to position 2, the Z 
values decrease_ For example, for Zbromoalkanes the difference in the retentionin- 
dices compared with the corresponding n-alkanes is 160 units instead of 178 for 
I-bromoalkanes. 

For the polyhalogenated derivatives of methane and ethane investigated, the 
retention indices increased proportionally to the number of halogen atoms until all 
of the halogen atoms in the molecule were able to touch the fiat surface. For di- 
haiogenated derivatives, each halogen atom introduces the same number of retention 
index units as for I-halogenated n-alkanes. For example, for CH@, I%:?: = 363, 
for CH,Br, I:$: = 469 and for CH21z Zz:$J = 604. 

However, the retention indices of chloroform and carbon tetrachloride dif’fer 
by only ~0 umts (for CHCl, I,,., GTCB = 448 and for CC& ZFGg = 499). This result is 

connected with the geometry of the molecules: in the most favourable orientation, 
one chlorine atom of the adsorbed Ccl., molecule is removed from the flat surface 
of graphite and the contribution of this atom to the total energy of intermolecular 
interaction of the molecule with GTCB is much less than for the other three atoms. 

RETENTION INDKES OF OXYGENATED DERNATIVES OF HYDROCARBONS 

in order to eliminate the additional specific interaction of carbonyl and 
hydroxyl groups of oxygenated compounds with trace amounts of chemisorbed 
oxygen complexes on the GTCB surface, the retention indices of oxygenated com- 
pounds were determined on GTCB that had previously been treated with hydrogen 
at 1000°C (HTGTCB)s-s*12. 

The following linear dependences of retention indices of oxygenated derivatives 
of different classes on the number of carbon atoms in their molecules, n, were found7*‘3 : 

Ethers: 
zWrGTCB 

150°C =loonf 37 

Aldehydes : 

HTGTCB 
I 150°C =lOOnf 61 

(6) 

(7) 

Methyl ketones : 

Z uTG-k-cB 
S.SO”C =monf 66 (8) 

Symmetrical ketones : 

Z HTGTCB 
15GYZ =loon+ 41 .- 

&-imary akohols: 

ZEfTGrcB 
1.5O”C =lOOn+ 87 

Acetates: 
~HTGTCB = 

150% 93 n + 127 

(9) 

(10) 

(11) 
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proptonates: : 

I HTCXCB 
15O’C = 95n+-117 :-(12) 

, Butyrates: 

I HTGTCB 
L50”C = 92nf125 (13) 

For molecules of mcno-oxygenated derivatives that contain the s.ame number 
of carbon atoms, ethers have the lowest retention indices, being only.37 u&s higher 
than those of the corresponding n-alkanes. 

This effect is connected_wi’Lh the elevated position of the oxygen atom situated. 
between the methyl or methylene groups of greater Van der Waals radii. The retention 
indices of aldehydes and methyl ketones with the same number of carbon atoms are 
very similar. Primary alcohols have the highest retention indices of the mono- 
oxygenated compounds. The retention index of each homologue of the first Sve 
series of oxygenated substances considered changes by 100 units, as for n-allcanes, 
which shows that the contribution of one methylene group in both n-alkanes and 
the oxygenated derivatives is the same. 

The retention indices of esters change from one homologue to another by 
?2-95 units. However, eqns. 11-13 must be regarded as approximate, hecause only 
esters with not more than 10 carbon atoms have been investigated. 

Simpie correlations can connect the retention indices of oxygenated compounds 
with their boiling temperatures, which enable one to calculate the boiling temperature 
of an unidentified substance from its .retention index. Equations connecting the 
boihng temperatures with the retention indices of the members of each homologous 
series of oxygenated compounds have been published’, as well as examples of the 

-identification of oxygenated compounds using retention indices on HTGTCB. 
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