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SUMMARY .

The additivity concept, inherent in the equations of MARTIN and KOVATS, is
examined for some series of mono-substituted alkylphenols, chromatographed
under a series of rigorously controlled conditions. It is concluded that for a chain
length of up to four carbon atoms, the retention index changes by less than roo
units for each methylene group added, since the dominant factor controlling the
chromatographic behaviour is the phenolic hydroxyl group. For a chain length larger
than four carbon atoms, further substitution is sufficiently far removed from the hy-
droxyl group that the side chain behaves as an alkane, and the value for Al (terminal
—CH,) approximates closely to roo units of retention index.

INTRODUCTION

The role of chromatography in structural analysis is based simply on the idea
that the chromatographic behaviour of a molecule in a particular chromatographic
system is the result of a thermodynamlcally fundamental property of the molecule,
and that if the molecule is slightly altered in constitution or the system is slightly
modified, then the resulting changes in the chromatographic behaviour are caused
and determined by the structure of the molecules concerned.

~ The theoretical basis for the study of the relationship between the molecular
structure of molecules and their chromatographic behaviour is that initiated by
MARTIN ¢¢ al.'-3, who proposed a theoretical relationship between the chemical po-
tential and the partition coefficient of a substance when the substance was chromato-
graphed by partition chromatography. The partition coefficient is related to the Rp
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value of the substance and consequently to the Rjs value of the substance (as defined
by BATE-SMITH AND WESTALLY).

It can be shown that if the free energy of the whole molecule is considered to
be the sum of the partial free energies of the single functional groups constituting the
molecule, then the Rjs value of the whole molecule is the sum of the ARps values for
the constituent functional groups. This is the basic relationship for the structural
analysis of organic compounds by measurement of their chromatographic parameters.
The use of this relationship and the subsequent ideas have been reviewed by many
- workers. Amongst the latest reviews is that of BARK?, who reviews the application of
both PC and TLC in the structural analysis of organic compounds. Separation of
compounds by GLC depends on the partition of the compounds between an inert gas
phase chosen as the mobile phase and the liquid stationary phase. Hence there should
be a similar relationship between the retention of a substance in a particular system
and the chemical constitution and structure of the substance.

An internationally accepted retention index system proposed by KovaTs®
serves as the basic system for the application of the additivity principle to gas chroma-
tography. From the work of KovaTs and other workers’-1! have arisen six empirical .
rules governing the retention index (Z) (ref. 6) of a compound and its chemical consti-
tution. The first four rules summarise regularities in retention indices of a group of sub-
stances as determined in one stationary phase; the two additional rules are required for
a comparison of the retention indices of some substances on different stationary phases.

It is the intention of the present authors to investigate the applicability of these
rules and the related ideas to the interpretation of the gas chromatographic behaviour
of phenols chromatographed under conditions such that variations in behaviour of
related compounds can be attributed either to changes in the molecular constitution
of the species being chromatographed or to recognised changes in the chromatographic
systems.

During the last' decade there has been a considerable amount of work concerned
with the chromatography of phenols in PC, TLC and GLC. An extensive review of
the progress in the gas chromatographic analysis of phenols was made in 1966 (ref. 12).
However, hitherto, little attempt has been made to investigate the validity of the
KovATs-MARTIN type relationship for phenols. This paper reports the investigation
of a series of phenols chromatographed on several stationary phases and the sub-
sequent application of the results to the testing of the validity of these relationships,
with special reference to the first of the above empirical rules, Z.e. in any homologous
series the retention index of higher members increases by 100 units per methylene
group introduced. (This has been previously demonstrated for the series of primary
acids, methyl esters of fatty acids, n-aldehydes and methyl ketones (above a chain
length of five carbon atoms).)

EXPERIMENTAL

) The phenols were chromatographed on a Perkin-Elmer F-11 gas chromatograph
fitted with a flame ionisation detector. The experimental conditions under which the
chromatograph was operated are tabulated in Table I. In all cases the gas supplies
to the chromatograph and the detector were monitored through a series of control
valves to control and maintain the flows and pressures.
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TABLE I

LIST OF EXPERIMENTAL CONDITIONS UNDER WHICH THE CHROMATOGRAPH WAS OPERATED

Columns: (A). som X o.25 mm I.DD. stainless-steel capillary column coated with stationary phase;
(B) 2 m x 3 mm I.D. stainless-steel packed column. Stationary phases: (C) Apiezon L; (D)

249% OV-1silicone on HMDS-treated Chromosorb W (8o-~100 mesh). A1 and A2 refer to two different
capillary columns coated with Apiezon L. In all cases the carrier gas was nitrogen at 15 lb./sq.in.
and the detector supply was air at 20 1b./sq.in. and hydrogen at 2o lb./sq.in.

System No.

I 2 3 4 5 6 7
Column AT A1 Az Az B B B
Support = C C C C D" D D
Temperature (°C) 125 150 ' 130 150 110 130 150

Calibration of the chvomatogvaph

The chromatograph was calibrated by the chromatography of a homologous
series of n-alkanes under the same set of experimental conditions used for the phenols.

RESULTS

' The retention data and the chromatographic parameters calculated from them
are 'giVen in Tables IT, IIT and IV (for phenols) and V (for n-alkanes).

DISCUSSION 01‘ THE RESULTS

Chromatogmpky of the alkylj)henols

In order that a correlation between the chromatographic behaviour of phenols
and their chemical structure may be useful, the chromatographic behaviour of any
compound must be consistent in a given set of experimental conditions. Also, as well
as the chromatographic behaviour of complete molecules, the effect of unit structures
or chromatographically functional groups on the chromatographic behaviour of the
phenols should be consistent in a given set of experimental conditions. It would not
be:expected that the chromatographic behaviour of a functional group will be con-
stant in all environments, since mutual interaction between the functional group and
the nucleus will be dependent on the physico-chemical characteristics associated with
the functional group and the nucleus ‘and will vary as the strength and type of inter-
action vary.
: Those experimental cond1t1ons in which solute/stationdary phase interactions
were minimal, were chosen. Apiezon L., a paraffin grease, was chosen as one stationary
phase and OV-1, a methyl silicone, was chosen as an alternative stationary phase. The
temperature of the column and the carrier gas pressure remained constant throughout
each run. Retention times are the average of three runs under conditions of constant
temperature and pressure, in which the mean deviation was less than 3 %. Under such
rigorous standardisation of conditions, the results obtained on any one occasion are
comparable with those obtained from other chromatograms. -

The retention times of all of the alkylphenols chromatographed were measured
directly from the chromatograms and corrected for dead volume by deduction of the
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air peak time calculated by the method of PETERsON AND HirscH!3. The unit of reten-
tion time can be any value. It would probably be best if it were measured in absolute
units of time, viz. seconds, however, in practical chromatography one measures the
distance of the peak apex from the start, on a chart driven by a synchronous motor,
which is self-consistent. Thus, whilst precision can be ascertained, the accuracy is
not proven. In such practical circumstances it is best to use the time of the chart
motor and assume it to be absolute. Since all results are taken from the charts ob-
tained at the same constant speed for each chromatogram, no error is caused if the
values of the retention time, ¢p’, are compared directly. Thus, the unit of retention
time used here was that for o.r in. to be traversed on the chart. (This is nominally
24 sec.)

Retention indices were calculated by the VAN DEN DooL AND KRATZ modifi-
cationl of the KovaTrs equation®, in which ¢z’, the adjusted retention time, was
substituted for the retention volume, V.

:  [log tw'(X) — log t/(Py)]
IStPh xy L
T () = oot e (Prr) — 108 ' (Ba)]

-+ rooz

where
z = carbon number of reference hydrocarbon P;;
(# 4+ 7) = carbon number of reference hydrocarbon P;¢;
tr’ = adjusted retention time.

tr’(Pzvy) 2 tr'(X) 2> tr’ (P2)

The chromatograph and indirectly the chromatographic conditions were cali-
brated by chromatography of the homologous series of #-alkanes. A graphical rep-
resentation of the chromatographic behaviour of the homologous series of n-alkanes
in which log ¢p’ was plotted against carbon number of the »-alkanes, was prepared
for each series of experimental conditions used. In all cases a linear plot was obtained
showing that there is a linear increase in log ¢’ for every methylene group added to
the carbon chain in the experimental conditions used.

The linearity and its reproducibility have been taken as indicating that our
experimental conditions and techniques are sufficiently standardised to ensure that
meaningful comparisons of chromatographic results, obtained under these conditions,
are valid. Not only can the results from #n-alkanes be accepted but so can results from
other types of molecules. We thus propose that the chromatographic behaviour of
the alkylphenols may be discussed in terms of the change in retention index for changes

in structure of the phenols being chromatographed and also for changes in the chroma-
tographic systems.

AI (group)

This is the change in retention index (I) produced by the substitution of a group
into the parent nucleus. In the present series of alkylphenols, the change in chromato-
graphic behaviour produced by the addition of methylene groups to the side chain
of the parent alkylphenol is discussed: :

In a chromatographic system, in which chromatography is a true partition
process, AI(—-CH,), the increase in retention index, would be expected to remain

J. Chromatog., 48 (1970) 418-429



L. S. BARK, K. F. CLARKE

424

&

o6  S¥ex Lg tta 6 gSel €g  tga1 €g ogel lg eltx 98 gFt1 -jAdo1g-u-¥
€g  CCix 93 L¥nn 26  Forx o8 glux zg 9ozl o8 Cgz1 lg  ogz1 K-+
ol olo1 6. 1901 €g  zlox gl zbo1 zg Feix Lg 6611 lg ftln -HAgiep-¥
lg  tiax €L lgm zg o121 €. o121 i,  efer €L gber €L oge1 -jAdorg-u-z
gl  lzin L zin zg ¥E€ix 19 chin gL 1911 g9 tezzx ol 112X -Apg-z
6y  o6lor €6 Sfor ¥s  chor l9 1go1 oS  <bor ¥ of1r ¥ 1 - AYPN-T
— 0001 — g6 —  0g6 —  F101 — zchot — eIl — lgor jouagg
w1 w 1 w 1 w I v 1 w 1 w 1

£ wapshs 9 MaSAS - S wiapshs ¥ S&KW £ wapshs Z W3ashs I wapsAS Jouyg

STONTHATANTV-# JO STRIAS SN0D0TONOH THL 404 AAAY dNOYD ANTTAHLAN HOVE ¥0d Q v XAANI NOIINILHY ANV Q—wv ASVAYONI IHL

IATIAVY

'J+ Chromatog., 48 (1970) 418429



MOTIECUTL RN STRUIICTURE D CHROMA A28
WVENAS Bt Bt o/ NS Bt o B e VT A AN/ A & W ACAy LDAVAS NIELANNITAVEL T AN a3 ARLDI TV NS A dandime .'r‘lJ
constant for each methylene group added to a nucleus. Table Il contains the retention
.
data for the series of 2- and 4 alkylphenols
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on OV-1. When chromatographed on OV-1, the increase in retention index for the
addition of a methylene group to position 4 of the phenol nucleus is less than the
increase in the retention index for subsequent additions of methyl groups to the
alkyl chain.

A non-linear increase in the retention index was observed in the 2-n-alkylphenol
series when chromatographed on both Apiezon L. and OV-1.

That the addition of a methylene group to the nucleus does not produce the
same change in the chromatographic behaviour as the addition of a second group to
a side chain has been recognised by several workers. MARCINKIEWICZ ¢ al.1® indicated
thatin calculating 4AR,,(-CH,) they could not use the values obtained from 4-methyl-
phenol since the methylene group here is attached directly to thec ring and it is thus
under the electronic influence of that ring. They regarded this methylene group as
being constitutively different from a homologous methylene group.

The increase in retention index for each methylene group added for the series
of n-alkylphenols is shown in Table VI.

The non-linearity of the increase in the retention index in the first three mem-
bers of the 2- and 4-n-alkylphenols may be explained by the electronic effects induced

by the first substltutlon The hyper-con]ugatwe release of electrons by the methyl
group in the first substitution will have the effect of rediicing the aoverall nn]qufv of

F22% 2L el AL <32 22V w2 CllTLL i Liiln -2 —ill e D ]

the hydroxyl group. Therefore the increase in retention index e\pected frorn the a.d-

dition of the meth ] ne group will be affected 1\17 the relative increase in volatility of
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the phenol, caused by the decrease in the polarlty of the hydroxyl group and the con-

G
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The electronic effects on the hydroxyl group due to the addition of subsequent
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group no longer forms part of a on]ugate double bond system and the electronic
effects cannot, therefore, be transmitted to the hydroxyl group. The increase in the
retention index for subsequent additions of methylene groups can be correlated with
this addition of a methylene group without any consideration of the remainder of
the molecule.

The first two members of the 2-n-alkylphenol series show greater deviation from
linearity in the increase of retention index for each methylene group added than do
any subsequent members. In addition to the electronic effects caused by substitution
into the ring, the approach of the hydroxyl group of the phenol molecules to the
phase interface is sterically hindered by the methyl group in the or¢ko position. A
relatively shorter increase in retention time, and hence in the retention index, would
thus be expected for the addition of the first methylene group at the ortho position

~than would be expected for any subsequent additions to the side chain. This effect
due to steric hindrance has been termed the ‘ortho effect’ and has been demonstrated
for phenols and other compounds in TLC.

In the 4-substituted phenols the electronic effects of substitution are greater
than the steric effects caused by substitution of groups into this position 4 and prob-

F
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ably outweigh the steric effects. However, in the case of z-substituted phenols both
electronic effects and steric effects are important.

The increase in retention index for each methylene group added does not, how-
ever, reach the value of 100 in any of the systems used. .

The dominant factor affecting the chromatographic behaviour of phenols in
general is undoubtedly the polar hydroxy! group, and the modification of the chroma-
tographic behaviour due to the addition of methylene groups is overshadowed by
the effect of this hydroxyl group. It is concluded that a minimum chain length is
required before the increase in retention index for each methylene group added to the
side chain has a value of 100 units of retention index.

No m-alkylphenol with a chain length larger than three carbon atoms was
available for this investigation and consequently the homologous series of sec.-alkyl-
phenols of general formule,

CH3

|
o
HO |

CnHan +1

of which compounds were available for # = o to 6, was examined.

The increase in retention index for each methylene group added for the homo-
logous series of sec.-alkylphenols is shown in Tables VIla and b (Table V1la refers to
phenols derived from z-ethylphenol, Table VIIb refers to phenols derived from
4-ethylphenol).

Examination of the retention data for the series of 2- and 4-alkylphenols in-
dicates that the effect of chain branching is of paramount importance. In all examples
quoted in Tables VIIa-and b the increase in retention index for the addition of a
methylene group to position 1 of the side chain, 47(1-CH,), is considerably less than
the increase in the retention index for the addition of a methylene group to the
terminal position of the side chain, 47(terminal —~CH,).

It is suggested that the addition of a methyl group to position 1 of an alkyl
chain produces no effective increase in chain length, whereas the addition of a methy-
lene group to the terminal position does produce an increase in chain length equiv-
alent to one step along the homologous series of n-alkanes. It is considered that the
energy required to detach the molecules from the surface of the stationary phase
will be proportional to the chain length. Since the addition of a methylene group to
position 1 of an alkyl chain does not effectively increase the chain length, it would
be expected that a secondary alkylphenol would elute before the isomeric n-alkyl-
phenol and that 47(x-CH,) would be less than A7 (terminal —CH,). These hypotheses
are consistent with the structures of the molecules concerned, and with the chromato-
graphic values obtained.

A regular increase in the retention index was observed for each methylene
group added along the series from 4-sec.-butylphenol to 4-(r-methylheptyl)phenol.
This increase approximates closely to 100 in the examples quoted.

In the series of z-alkylphenols the value for 47(1-CH,) is again considerably less
than for 47/ (terminal —CH,). The increase in the retention index for each methylene
group added does not approach roo units of retention index until higher along the
series. This again is undoubtedly due to the ‘ortho effect’, 7.e. the effect of steric

J. Chyvomatog., 48 (1970) 418—429
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hindrance of the hydroxyl group by the ortko-substituted group. I'rom 2-(z-methyl-
butyl)phenol the additional methylene groups are sufficiently far removed in space
as to have no effect on the chromatographic properties of the hydroxyl group. Thus
the addition of the methylene group to the terminal position of the alkyl side chain

produces the same chromatographic behaviour as the addition of a methylene group
to the n-alkanes.

CONCLUSION

It is concluded that for a chain length of up to four carbon atoms the ‘ncrease in
retention for each methylene group added to the alkyl side chain of 2- and 4-alkyl-
phenols is less than 100 units of retention index, since the dominant factor controlling
the chromatographic behaviour is the phenolic hydroxyl group.

For a chain length larger than four carbon atoms, further substitution is suf-
ficiently far removed from the hydroxyl group, and the chain length is sufficiently long
for the alkylphenol to assume some of the properties of a n-alkane, and for the value
of AZ(terminal —CH,) to approximate clearly to roo units of retention index.

It would also be expected that the substitution of more than one methyl group
into the nucleus would result in ‘‘non-additive’’ properties to be shown by the second
and subsequent methylene groups, since only the first group would be entering a
simple 7 bond system with only one functional group.

The difference between the addition of the first methyl group to the aromatic
nucleus and subsequent addition of methylene groups to this methyl group in their
effect on the chromatographic behaviour has also been recognised by MARCINKIE-
wicz et all5, who worked on paper chromatography and some reversed-phase
chromatographic systems. They regarded the methylene group (ring attached) as
being constitutively different from alkyl groups not directly attached to the aromatic
nucleus. They calculated 4Ry (ring attached) by comparing phenol with its mono-,
di- and trimethylated derivatives but restricted their calculations to those phenols
which did not contain substituents o#¢ko to the hydroxyl group.

The effect of substitution of more than one methylene unit directly into the
ring is currently being investigated by chromatographing a series of mono-, di- and
trimethylphenols, under a selection of chromatographic conditions.

ACKNOWLEDGEMENT

One of us (K.F.C.) would like to thank the Directors of Coalite and Chemical
Products Ltd. for permission to publish the work.

REFERENCES

1 A. J. P. MARTIN AND R. C. M. SYNGE, Biochem. J., 35 (1941) 1358.

2 R. ConspEN, A. H. GORDON AND A. J. P. MARTIN, Biochem. J., 38 (1944) 224.

3 A. J. P. MARTIN, Biochem. Soc. Symp. (Cambvidge, Engl.), 3 (1950) 4.

4 E. C. BATE-SMITH AND R. G. WESTALL, Biochim. Biophys. Acta, 4 (1950) 427.

5 L. S. BARK, in G. PATAKI AND P. NIEDERWIESER (Editors), Advances in Thin-layer Chrvomalo-
graphy, Vol. I, Elsevier, Amsterdam, in press.

6 E. Kovars, Advan., Chromatog., 1 (1962) 230.

7 E. Kovarts, Helv. Chim. Acta, 41 (1958) 1915.

J. Chromatog., 48 (1970) 418-429



MOLECULAR STRUCTURE AND CHROMATOGRAPHIC BEHAVIOUR., XIX. 429

8 E. KovaTs, Z. Anal. Chem., 181 (1961) 351.

9 A. WERLI AND E. Kovarts, Helv. Chim. Acta, 42 (1959) 2709.

10 A, WERLI, Dissertation No. 3032, E. T. H., Zurich, 1961.

1T P. A.T. SWoBODA, in M. VAN Swaay (IEditor), Gas Chromatography 1962, Butterworths, London,
1962, p. 289.

12 A Guide to the Analysis of Phenols by Gas Chromatography, Polyscience Corporation, Evanston,
Ill., 1966. :

13 M. L.. PETERSON AND J. HirscH, J. Lipid Res., T (1959) 132.

14 H. vAN DEN Doon AND P. D. KrArz, J. Chromalog., 11 (1963) 463.

15 S. MARCINKIEWICZ, J. GREEN AND D. McHALE, J. Chromatog., 10 (1963) 158.

J. Chwomalog., 48 (1970) 418—429



