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SUMMARY

Retention characteristics of 54 aromatic hydrocarbons have been measured on
three reversed-phase packing materials, ODS Hypersil (a fully capped octadecyl
bonded reversed-phase silica gel), uncapped ODS Hypersil (an intermediate in the
production of ODS Hypersil), and LiChrosorb RP-18, using three different eluent
compositions, 90:10, 80:20, and 70:30 methanol-water (by weight). ‘

For all nine combinations of packing material and eluent log k' shows a linear
dependence on carbon number for the n-alkylbenzenes and for those polymethyl-
benzenes in which all methyl groups are ortho to each other. The gradients of the
plots are essentially identical for ODS Hypersil and LiChrosorb RP-18, but are slight-
ly lower for uncapped ODS Hypersil. For compounds with the same carbon number,
those with higher hydrogen numbers are more retained. Examination of the corre-
lation of log k' for all 54 solutes with carbon number, hydrogen number and con-
nectivity index shows that none of these parameters provides a satisfactory universal
correlation.

For isomeric alkylbenzenes, retention is significantly affected by the number
of alkyl groups, by the structure of the alkyl groups and by the arrangement of the
groups on the benzene ring. It is noted specifically that ortho-substituted alkylben-
zenes have lower retention than isomers where the groups are not adjacent. This is
termed the “reverse ortho effect”. Branching of alkyl substituents reduces retention.

While the chromatographic behaviour of the 54 solutes on capped and un-
capped ODS Hypersil is broadly similar, the retention of the alkylbenzenes is slightly
increased by capping while the retention of polynuclear aromatics is slightly reduced
by capping. LiChrosorb behaves similarly to uncapped ODS Hypersil except that its
retention is much greater.

0021-9673/88/$03.50 © 1988 Elsevier Science Publishers B.V.
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INTRODUCTION

A detailed understanding of the relationship between retention and molecular
structure in liquid chromatography (LC) enables us to interpolate the chromato-
graphic behaviour of homologues and related solutes, to estimate the chromato-
graphic behavour of structurally similar compounds, and to optimise the chromato-
graphic conditions for the separation of complex mixtures in analytical and prepar-
ative separations.

In the case of aromatic hydrocarbons, relationships between retention and
molecular structure have been extensively studied for both adsorption (normal-phase
LC) and reversed-phase LC.

Relationships for alumina were early established by Snyder!:? and later in
more detail by Popl and co-workers3—3. More precise data was obtained by Kfiz er
al. in their studies of alkylbenzenes® and alkylbiphenyls’, using a moisture control
system (MCS) which provided a constant water content on the adsorbent surface.

Relationships for silica gel were established by Popl et al.5-3-° for mono- and
diaromatic hydrocarbons, and by K¥iz and co-workers for alkylbenzenes!®, alkyl-
naphthalenes!! and alkylbiphenyls!?, again using MCS.

Retention measurements for n-alkylbenzenes as a function of mobile phase
composition and temperature for reversed-phase systems have been made by Melan-
der and co-workers'3~'%, by Grushka et al.'®, by Colin and co-workers!72% and by
Berendsen and De Galan?!. The relation of retention to molecular structure has been
extensively considered!6-17,22726,

Jandera?” used n-alkylbenzenes as reference compounds to predict retention
on the basis of interaction indices. Sleight?® studied alkylbenzenes with different
substitution patterns, and correlated log k' with the total number of carbon atoms.
He also established the strictly linear relationship between log &’ and carbon number
for the n-alkylbenzenes.

Shabron et al.2° compared the retentive behaviour on uBondapak C, 4 of alkyl
substituted aromatic and hydroaromatic compounds having different parent groups,
and obtained empirical correlation factors for different structural features He pointed
out, for example, that when the parent compound contained a non-aromatic double
bond, as with indene and acenaphthalene, the two double bonded C-atoms had the
same effect on retention as a single aliphatic C-atom. Koopmans and Rekker3® stud-
ied the relationship of retention to hydrophobicity and connectivity indices for po-
lymethylbenzenes and basic polyaromatics using methanol-water (70:30, v/v) as
eluent and uBondapak C, ¢ as stationary phase. Karger et a/.3! studied hydrophobic
effects using basic phases. Kiselev ez a/.?* compared retention of polymethylbenzenes
and of n-alkylbenzenes on silanized silica gel using 2-propanol-water (40:60, v/v) as
eluent with their retention on underivatized silica with hexane as eluent. In the latter
system the polymethylbenzenes were less retained than the n-alkylbenzenes of the
same carbon number.

Smith3? carried out a comprehensive study of the retentive behaviour of C;—
C, substituted alkylbenzenes on three different reversed-phase silica gels using
methanol-water (70:30, v/v) as eluent. He confirmed the well established linear
relationship between log k' and carbon number for the n-alkylbenzenes and estab-
lished a similar relationship for polymethylbenzenes with adjacent methyl groups.
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The lower slope of the latter was explained on the basis of the increased electron
density on the benzene ring caused by the increased methyl substitution. Smith found
that the two bicyclic aromatics, biphenyl and naphthalene, eluted much earlier than
would be expected from their carbon numbers. Log &k’ correlated well with the con-
nectivity index for the n-alkylbenzenes and polymethylbenzenes but poorly for other
isomeric alkylbenzenes.

The present study aimes at finding relationships between molecular structure
and retention for an extended series of 54 aromatic hydrocarbons including, alkyl-
aromatics, cycloaromatics, hydroaromatics, and polynuclear aromatics, using three
different ODS bonded silica gels, and three different methanol-water eluents. The
three bonded silica gels were: ODS Hypersil, which is a fully capped octadecyl bonded
silica gel manufactured by Shandon Southern Products (Runcorn, U.K.), uncapped
ODS Hypersil, which is the intermediate in the production of ODS Hypersil just
prior to capping, and LiChrosorb RP-18 manufactured by Merck (Darmstadt,
F.R.G.). Comparison of the results from capped and uncapped ODS Hypersil was
expected to reveal the effects of underivatized silanol groups, while comparison of
ODS Hypersil and LiChrosorb RP-18 was expected to indicate any significant dif-
ferences between two materials both claiming the same bonding functionality.

EXPERIMENTAL

Equipment and chemicals

The HPLC equipment comprised a Waters Model M6000 pump (Waters As-
soc., Croydon, U.K.), a Rheodyne injection valve (Shandon Southern Products), a
Cecil Model 212 UV spectrophotometer (Cecil Instruments, Cambridge, U.K.). Col-
umns were of the Shandon design, 160 mm x 5 mm I.D. They were packed by the
slurry method using 2-propanol as slurry medium with methanol and finally hexane
as follower liquids. For chromatography a flow-rate of 1 ml/min was used through-
out. ODS Hypersil and uncapped ODS Hypersil were kindly gifted by Shandon
Southern Products. LiChrosorb RP-18 was obtained from BDH, Poole, U K. Eluents
were water-methanol mixtures. The methanol was HPLC grade from Rathburn
Chemicals, Walkerburn, U.K.; water was doubly distilled and stored in glass.
Methanol-water mixtures were made up by weight, not volume, to avoid uncertain-
ties arising from volume changes on mixing. Most of the hydrocarbons were kindly
provided by the Institute of Chemical Technology, Prague, Checkoslovakia; the re-
mainder were purchased from U.K. chemical suppliers.

Retention data were analysed and processed on an HP-85 personal computer
(Hewlett-Packard, Avondale, PA, U.S.A.) equipped with an 82905B impact printer,
an 8901 disk drive and a Servigor Model 281 plotter. Visicalc software was used to
prepare, compute and print tables.

Procedure

On the basis of preliminary chromatographic runs, mixtures containing from
two to five completely resolved hydrocarbons were prepared in methanol. Injections
of between 0.5 and 5 ul of each such mixture were made in triplicate. Column capacity
ratios, k', were calculated from the recorder traces using direct measurement of re-
tention distances according to

k' = (tx — to)/to (D



{Z. E. ADAMCOVA

J.H. KNOX, J. KR

690  LLO €T L1 BT Y87 €€€ 6Th 189 1Z€Te u 6 USZUSQIAIOWL ] 6'°] TT
990  TOo 1Tl ol T9T 19T 8I'E LKy LEY 08€T'€ 41 6 SUZUSQIAYIPWLL4T] 1T
v90  1L0 LIl ¥ET €T IST ¥6T  IE  6LS omTe 4l 6 SuazUSQIAIAMLL-€'7'] 0T
650 890 80T  TE1 €T €T 66T  98€ 109 (174:1 9 4l 6 suanjolhyig-d 61
80  L90 SOT 8Tl OST  ¥ET 98T  LLE  OLS 174:1 83 4l 6 susnoyAyig-w 8]
LS0  ¥90  POL 911 9€T 8T LST  €¥E 9IS 088€'€ 4l 6 suanjolAyig-o L]
IS0 LS50 880  LI'T 9T 91T  T6T  SEE 68 1331 4l 6 auszusqjidordosy 9j
80  vS0 L8O  S60  SI'l 081 60T 89T TV PIz8T 01 8 aualhx-d g1
80 S0 L8O 001 60T  I8T  L0T T 0¥ v1Z8T 01 8 SUSIAX-W 1
VO 050 80  ¥60 Ol  T®T Tl 0€T  TLE vLT8'T 01 8 kX~ €]
L pL01  TE0T - - - - - - €IS (43 61 SUOZUSQIARPUL-¥ T]
oVt 19v  8I'8  96€l  8TIT  TTE - - - €1L69 9 91 UZUIAR-U |1
9T e 009 SL6 Wl 1THT - - - €Ly ¥ 9 suozuaqiAuoN-« 0]
661  TOT  LEY  L89  TIOL 0991  ¥SUT  9EW - €IL6S w vl SUSZUNIAPO-¥ 6
vL 861 €€ €8v €49 PIIL TTLl L99T S8BTy €ILy's 0c £l suszuaqihidoq-u §
8I'l  6¥'1  LET  6€€  S§Y  OFL 601 €091  I¥'ST €IL6Y 81 au SUAZUAXOH U L
wo Tl SLT T 60E  66F  S89  SL'6  SESI €Ly 91 1 Suszuqhwry-u 9
1L0  ¥80  T€1 Wl TIT  9€E  LEv  L8S  0T6 €IL6e vl 01 suszuaqhing-u ¢
§$0  T90 80  ¥T1  #1  0€T 18T  19¢F 99 31243 4! 6 suazuaqédoig-u ¢
&0 Ly0 PO 060 660 8T  S81  €TT S £1L6T 01 8 suszudqidyig ¢
SE0 LEOD 650 890  IL0 9l 8TT LKl 8T LOIP'T 8 L suanjo], ¢
vC0  STO W0 €0 90  vLO  6L0 680  I¥I 0000 9 9 suszuog |
D D o) D 2 D £ D o)
01:06 0z:08 ~0£°0L
40100f A1ovdyv) ‘uopD H o) punodwio)

‘paddesun-qO [is1edAH M Uwnjod = £ ‘SO [1s10dAY Yim uwnjod
= %D ‘81-d¥ QIOSOIYDIT YNM uWN[od = ') 'YOpUl ANANOUUOD = "UO)) ‘S[MOJOW Ui SWOIe UAS0IPAY Jo 'ON = H ‘a|nd3[OW Ul SWOjR UOQIEd JO 'ON = D)

V1Vd NOLLNAL3Y
149714Vl



17

RETENTION RELATIONSHIPS FOR AROMATIC HYDROCARBONS

"aseyd apiqow (m/m) 191M-JouBYISW jo uomsodwo)

6t'1
171
080
18°0
180
LSO
860
860
a0
£L°0
34\
LSO
16’1
£9°¢
1€l
ST
(4!
9¢°'1
$6'0
06'0
08°0
L1l
68°0
680
980
wo
69°¢
89°0
69°0
850
w0

L9°0

8Tl
wl
80
/A
LSO
80
£8°0

80
wo
790
66C
60°¢
16'1
vL'l
[ [
98’1
wl
i
66'0
9¢’1
001
'l
660
$8°0
8¢
80
80
69°0
LG

6L°0

6t
87T
sl
1§71
0s°1
101
681
L8'1
6L0
8¢l
1L0
w1
1y
9¢'8
9T
£5°C
00'C
1T°¢
081
$9'l
(4!
we
69'1
L9l
99°'1
ye'l
9Tl
L 74!
8T'1
w0l
ﬁ.“

14!

86'¢
see
454
L'l
6L'1
STl
§TT
§TT
60
8671
18°0
STl
§§°9
88°TI
9Ty
18°¢
LST
69¢
§6°T
(44
86'1
ILT
66’1
00'C
o'l
0Ll
191
Sl
9’1
8C'1
SVl

651

L6°€
69°€
65T
L
oL
671
561
561
060
81
€80
6T
20Tl
€612
6L9
s
Ve
oLh
£°€
81°¢
ST
Le€
6£C
9T
01T
661
161
0T
051
81

861

£S°6
elL
ey
8¢t
6v'e
SET
194
194
o'l
90°¢
wl
1454
L6l
0s°Le
£e’6
0T'8
(%Y
L0'8
[4 %Y
09y
6’
w9'¢
96'¢
66'¢t
8Lt
0ge
80'¢
76C
el
S 4
13T

10°¢

90°¢l
97'01
06'¢
[44 4
06T
IS
[Y2Y
881
19°¢
091
6¢°C

686l
90°¢l1
6C'L
€801
65°L
0L9
or's
(13
(4.4
SLy
39 4
Sy
96t
1Le
00y
ele
§¢'t

S6'¢

96'¢1
6LT1
'8
tey
44
17°¢
Ies
(443
L6l
o'y
691
68°C

81°8C
£6'1C
£T01
(Yadl
Sell

£C0l
se'L
99'6
659
w9
L6'S

1T’s
us
5SS
v8'€
L9%
95°

61°¢ce
yo've
ov'el
60'8
SL'8
L6'S
071
0TI
§9°¢
8t°L
96°C
LOS

06'8¢
91
9l
10°¢T
1L°91

vl
9171
secl
61°01
L001
£€'6

$6'8

15484
WL
L8'8
99
0S°L

07’8

LTyl9
Lvl9
L8Y1°9
1Sy

8119t
yILOY
Y608t
¥SI8y
LYOv'€
SYe0y
e
SYes'e
0p98°L
L1€0°8

8V86'S
PIce's
6510°S
000t
180Lv
180LF
v1L0v
vLLOY
LYS9'E
LyS9'e

L099°¢
LTY6'E

LTY6E
L8V6'E
LYIL'E
L099°¢

168’
CLTR'E

14!
vl
vi
0l

0l
0]
01
01
8

Cl
8

01
3
9

(4
o«
91
81
81

81
91
91
14!
14!

81
81
81
4

¢l
4!
14!
14!
ol

0l
6
6
81
81

Sl
vl
4]
4
Cl

4!
11
13!
01
0l

01
0l
ol
01
0l

0l
61

01

[Auaydioj-d pg
Auogding-w ¢g
[Auaydiaj-e g
suayiydeusoy |g

SudIONLI (S
JAuoydig 6p

JUMBIYIUY 8
SUSIJIURUIYJ L
auseyydeN gy
JuareylydeuoipAyensy, sy
Sudpuy b

suepu| ¢f

SUSZUIq[AYJoeXI 7Y
JuazuaqjAxayorohorg-d 1

suazuaqiAdoadosii-¢z'1 Op
suazuaqlIng--1421-1q-d 6§
JUIZUSQIAXIYOILD) 8¢
JUIZUIQAYIOWEXIH /€
suozuaqjAdoadosng-d 9¢

suszusqifdosdosn-w ¢
suanjoyking-1491-p ¢
JuaZUIqAYIoWEIUSg €€

JUAZUSQAYIOWENAL -G T ] 1€

QUAZUQIAYIOMENAL - C T | OF
SuzZUSQIKI-d 67

UAZUIGIAWINGT-11 Q7
b Ui Ats ¥ ol 14

SUIZUAGIAYIONT-0 [T
swdwWAD-d 97

audZURqIAING 1497 T
ArraTrant Cyner _aso 2~

4‘%:2—2-u¢| v .‘h
auszusqAInqos] €7



18 J. H. KNOX, J. KRIZ, E. ADAMCOVA

where # is the retention time (or distance on chart) for a solute peak, and ¢, is the
retention time (or distance on chart) of the unretained solute peak. The retention
time of the unretained solute peak was taken as the time interval from the moment
of injection to the time when the trace for the solvent disturbance crossed the baseline.
The solvent disturbance peak was generated by the methanol in which the samples
were dissolved. Retention data were reproducible to better than 2% from run to run
provided that an entire set of data were obtained over a period of 10-18 h. Column
activity was checked several times during any such experiment by injecting a standard
mixture of n-alkylbenzenes.

RESULTS AND DISCUSSION

Table I lists the values of the capacity factors for the 54 hydrocarbons on the
three stationary phases and with the three eluent compositions. Each value represents
the average of at least three measurements. The majority of compounds examined
were alkylbenzenes and had the empirical formula C,H,,-, but compounds with
the following empirical formulae were also characterised: C,H,,- s (indane, tetralin,
cyclohexylbenzene), C,H,,— 10 (indene), C,H,,— 1, (naphthalene), C,H,,_ ;4 (biphen-
yl and acenaphthene) and so on up to C,H,,— 2> (terphenyls).

We have examined the following aspects of the structure—retention relationship
for the 54 solutes. (i) Correlations between log &' and (a) the number of carbon atoms
in each molecule, (b) the number of hydrogen atoms in each molecule, and (c) the
connectivity index of each molecule33. (ii) The effects of the following structural
features: (a) the length of the alkyl chain, (b) the number of alkyl groups, (c) the
arrangement of the alkyl groups (the ortho effect), and (d) the shape of the alkyl
groups. (iii) The effect of capping an ODS silica gel.

1.5

000
i l—
. 1.0 T I }'éa\
X | I 0-0-0
Qo5 14
=7 | 6%0
0.0 | 5160
i ! o
-0.5 ]
' & &8 10 12 14 16 18 20

NUMBER OF CARBON ATONMS

Fig. 1. Dependence of log k' for 54 aromatic hydrocarbons on carbon number. Packing material, ODS
Hypersil; eluent, methanol-water (80:20, w/w). Solutes identified by number are listed in Table 1. Symbol
representation: (@) r-alkylbenzenes, () polymethylbenzenes and other alkylbenzenes, (#) cyciohexyl
benzenes, (&) polycyclic aromatics. Broken line is drawn through points for the all-ortho polymethylben-
zenes; full lines are drawn (in order from the top) through points for n-alkylbenzenes, cyclohexyibenzenes,
and polycyclic aromatics.
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Correlations of log k' with structural features

Correlation with carbon number. In reversed-phase LC, k' invariably increases
with carbon number for any series of compounds, although with adsorbents in nor-
mal-phase LC®7 k' may hardly change (alumina) or may even decrease (silica gel)
with increase in »n..

Fig. 1 shows the dependence of log k" upon carbon number with ODS Hypersil
as packing and methanol-water (80:20) as eluent. Similar results were obtained for
the other packing materials and other mobile phases. More or less linear dependences
were observed for n-alkylbenzenes, polymethylbenzenes, cyclohexylbenzenes, and
potynuclear aromatics. The dependence for n-alkylbenzenes is strictly linear for all
members except benzene (slighly low £') and toluene (slightly high k’), and is shown
by the uppermost full line. The dependence for the polymethyibenzenes is also linear
when all the methyl groups are adjacent (broken line above the full line for the n-
alkylbenzenes) as found by Smith32, The other polymethylbenzenes show slightly
higher retention than the all-ortho isomers. By contrast, the points for branched chain
alkylbenzenes and cyclohexylbenzenes are significantly below those for the n-alkyl-
benzenes. The points for the cyclohexylbenzenes mark more or less the lower limit
of this group (hexaethylbenzene being the exception). In general the points for all the
alkyl- and cycloalkylbenzenes fall within a relatively narrow band marked out by the
two full lines in Fig. 1. Log k* values for the polynuclear aromatics (PNAs) fall well
below those for the other aromatics and show considerable variance from a straight
line. o-Terphenyl shows particularly low retention, and acenaphthene (compound 51)
particularly high retention relative to the general body of the PNAs. In addition the
general gradient of the log k' versus n plot for the PNAs is about half that for the
n-alkylbenzenes, confirming the earlier results of Shabron er al.?°.

Correlations with hydrogen number. The H-atoms in the sample molecules had
a remarkably large effect on their retention in the reversed-phase systems studied.
This is seen clearly by comparing Figs. 2 and 3. Fig.. 2 shows chromatograms where
the number of C-atoms was kept constant while the number of hydrogen atoms was
changed. Fig. 3 shows chromatograms where the number of hydrogen atoms was
kept constant while the number of carbon atoms was changed. The effect of adding

JL

s "
e :

NS
T 1

4 10 45 50
RETENTION TIME (min)

98'3

o -

Fig. 2. Chromatogram of selected mixtures showing the effect of addition of hydrogen atoms when the
carbon numbser is fixed. Column packing, ODS Hypersil; eluent, methanol-water (80:20). Any gives the
difference in the hydrogen number for the solutes in each chromatogram.
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Fig. 3. Chromatograms of selected mixtures showing the effect of addition of carbon atoms when the
hydrogen numbser is fixed. Conditions as for Fig. 2. 4n, gives the difference in the carbon number for the
solutes in each chromatogram.

another hydrogen atom is only slightly less than that of adding another carbon atom.
Addition of hydrogen atoms invariably increases retention: thus indane is more re-
tained than indene, cyclohexylbenzene is more retained than biphenyl, and tetrahy-
dronaphthalene is more retained than naphthalene.

Fig. 4 plots the dependence of log k' upon hydrogen number using the same
data as for Fig. 1. Necessarily a strict linear dependence is still observed for the »-
alkylbenzenes and for the all-ortho polymethylbenzenes. However the cyclohexylben-
zenes now fall on the same line as the n-alkylbenzenes, while the points for the PNAs
now lie above those for the n-alkylbenzenes, and the best straight line through them
has a much higher slope.

Correlations with connectivity indices. The connectivity index has been found
to give a useful correlation with retention in reversed-phase systems34. For example

1.5

-t o, mS S e

8 12 16 20 24 28 32

NUMBER OF HYDROGEN ATOMS
Fig. 4. Dependence of log k£’ upon hydrogen number. Conditions and data as for Fig. 1. Symbol identi-
fication: (@) n-alkylbenzenes, (&) polymethylbenzenes and other alkylbenzenes, (@) polycyclic aromatics.
Lines in order from the top are drawn through points for: condensed ring polynuclear aromatics (broken
line), polyphenyls (full line), n-alkylbenzenes (full line), and propylbenzenes (broken line).
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Fig. 5. Dependence of log £’ upon connectivity index. Conditions, data, symbols and lines as for Fig. 1.

the log k' values of a large set of Cs—C,; alkanes with different degrees of branching
were found to lie within a much narrower band when plotted against the connectivity
index than when plotted against the carbon number.

Fig. 5, again using the same data as Fig. 1, plots log k" against the connectivity
index, and is rather similar to Fig. 1. Evidently the connectivity index mainly reflects
the number of carbon atoms in the group under study. The four more or less linear
dependences are again shown. The polymethylbenzenes now show a considerably
higher slope than the n-alkylbenzenes, while the slope for the PNAs is only a little
less than that for the cyclohexylbenzenes. Amongst the PNAs only o-terphenyl is
now exceptional; the point for acenaphthene falls on the line of the other PNAs, and
the spread of points about the line is generally less than in Fig. 1 and 4. While the

TABLE II
PARAMETERS OF LINEAR REGRESSION FOR ALKYLBENZENES

log k' = bn + a; where k' = capacity factor, n = carbon number, a and b are regression coefficients, r2
= coefficient of determination.

Column Mobile b . a r
phase
ratio

LiChrosorb RP-18 70:30 0.210 —1.118 0.99894
80:20 0.168 —1.142 0.99955
90:10 0.129 —1.166 0.99931

Hypersil ODS 70:30 0.212 —1.335 0.99947
80:20 0.166 —1.328 0.99976
90:10 0.124 —1.321 0.99970

Hypersil uncapped 70:30 0.191 —1.259 0.99921
80:20 0.148 —1.237 0.99921

90:10 0.112 —1.268 0.99947
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correlation in specific areas may be better than when using carbon and hydrogen
numbers it is not significantly better overall.

We conclude that none of the simple structural parameters examined can pro-
vide a unique correspondence with retention for the range of aromatic compounds
covered.

Effect of structural changes on retention
Alkyl chain length. Numerous studies have established that the retention of
n-alkylbenzenes increases exponentially with chain length according to

logk’ = a + bn 2)

where 7 is the number of carbon atoms in the molecule. The data obtained in this
work and listed in Table I, provide the regression coefficients for the three stationary
phases and the three eluents listed in Table I1. Only £’ values of benzene and toluene
show deviations from eqn. 2. If, for example, toluene and benzene are omitted from
the data for ODS Hypérsil with methanol-water (70:30) as eluent, the correlation
coefficient is increased from 0.99947 to 0.99989.

The regression coefficients giving the values of 4 in eqn. 2 are essentially the
same for ODS Hypersil and LiChrosorb RP-18, but are slightly lower for uncapped
ODS Hypersil. This is what might be expected in view of the presence of accessible
silanol groups in the uncapped material: Of course, in this work, the eluents contained
a considerable proportion of water which would undoubtedly reduce the adsorptive
effects of the silanol groups drastically. Nevertheless they still have some of the re-
pulsive effect on alkyl chains which they show when the #-alkylbenzenes are chro-
matographed in non-polar eluents on bare silica gels-.

Number of alkyl groups. Retention increases with increasing number of alkyl
groups when the total carbon number is fixed, and of, course, whenever the carbon

TABLE II1
PARAMETERS OF LINEAR REGRESSION FOR ORTHO-SUBSTITUTED METHYLBENZENES

Benzene, toluene, o-xylene, 1,2,3-trimethylbenzene, 1,2,3,4-tetramethylbenzene, pentamethylbenzene and
hexamethylbenzene. log k' = bn + a; where k' = capacity factor, n = carbon number, a and b are
regression coefficients, r2 = coefficient of determiniation.

Column Mobile b a r?
phase

LiChrosorb RP-18 70:30 0.202 —1.050 0.99937
80:20 0.172 —1.140 0.99849
90:10 0.149 —1.272 0.99967

Hypersil ODS 70:30 0.203 —1.256 0.99933
80:20 0.168 —-1.333 0.99956
90:10 0.144 —1.453 0.99944

Hypersil uncapped 70:30 0.186 —-1.210 0.99936
80:20 0.154 —-1.262 0.99787

90:10 0.134 —1.404 0.99916
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Fig. 6. Effect of eluent composition on selectivity of ODS Hypersil for n-alkylbenzenes (full lines) and
all-ortho polymethylbenzenes (broken lines). The dotted line for LiChrosorb RP-18 is for n-alkylbenzenes
using methanol-water (70:30) as eluent.
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Fig. 7. (a) Chromatogram showing the close correspondance of retention times for the all-ortho polyme-
thylbenzenes and r-alkylbenzenes having the same carbon numbers when using methanol-water (70:30)
as eluent. (b) Chromatogram showing the selectivity for the same group when using methanol-water
(90:10) as eluent. Packing material, ODS Hypersil.



24 J.H. KNOX, J. KRIZ, E. ADAMCOVA

.

5 10
RETENTION TIME (min)

Fig. 8. Chromatograms of selected isomeric alkylbenzenes showing selectivity effects. Packing, ODS Hy-
persil; eluent, methanol-water (80:20).

number is increased. When all groups are ortho to each other there is a linear relation-
ship between Log k' and n. The linear regression coefficients are given in Table I1I.
Fig. 6 shows the plots with ODS Hypersil as packing for the three eluents used, and
for both n-alkylbenzenes and polymethylbenzenes. The dotted line gives the plot for
n-alkylbenzenes on LiChrosorb RP-18 for comparison using one of the eluents.
With the same eluent, the retention of the n-alkylbenzenes relative to that of
the polymethylbenzenes having the same carbon number is roughly equivalent for
the three stationary phases, but selectivity increases as the water content is lowered,
being greatest for methanol-water (90:10). This is illustrated in Fig. 7a and b. Fig.
7a shows the near equivalence of the retention times of solutes of the same carbon
number when using 70:30 eluent, while Fig. 7b shows the increased retention of the
polymethylbenzenes over the n-alkylbenzenes in the 90:10 mixture.
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Fig. 9. Correlation of log k' on ODS Hypersil with log k° on uncapped ODS Hypersil. Eluent,
methanol-water (80:20). Dotted line is locus for equal £’ on the two packing materials.
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The reversed ortho effect. The “ortho effect” is an effect observed with alumina
and silica gel whereby the retention of substances with substituents in the ortho posi-
tion is greater than that of isomers with substituents in other positions. With the
ODS silica gels studied here the opposite effect is observed and the ortho-substituted
isomers show the least retention. This is seen in the retention parameters for the
xylenes, ethyltoluenes, diethylbenzenes, trimethylbenzenes and tetramethylbenzenes
(see Table I). The inverse ortho-effect is particularly strong when large substituents
are in ortho positions.

The inversion of the ortho effect on transferring from adsorption to reversed-
phase chromatography is evidently just what one would expect.

Shape of alkyl groups. Branching of the alkyl group generally reduces retention
as in other modes of chromatography. This is illustrated in Fig. 8 which shows chro-
matograms of the butylbenzenes and of other isomeric alkylbenzenes. The order of
elution of the butylbenzenes, namely terz.-, sec.-, iso- and n-butylbenzene is in agree-
ment with Smith32 and is the same as found in gas chromatography. This order does
not follow the connectivity index (see Table I).

Comparison of capped and uncapped ODS silica gels

Fig. 9 plots log £’ on ODS Hypersil against log £ on uncapped ODS Hypersil.
Points are shown for the n-alkylbenzenes, the polyphenyls, and the condensed ring
aromatics. Points for the other alkylbenzenes lie on or close to the line for the »-
alkylbenzenes. The dotted line (1:1 line) represents equal &’ values on the two phases.
For the alkylbenzenes the points lie above the 1:1 line so the process of capping ODS
Hypersil slightly increases retention. This is no doubt due to a slight increase in
carbon content produced by capping. Points for the polynuclear aromatics lie either
on or below the 1:1 line. Accordingly capping either leaves their retention unchanged
or decreases it. Apparently with the uncapped ODS Hypersil there still remains some
small interaction between the residual silanol groups of the uncapped material and
the aromatic rings. The effect of capping which removes these interactions is not

a 1.0 1
3
2
8 0.5:
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A
~ 0.0
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8 .
-0.5 1Tttty
-0.5 0.0 0.5 1.0

LOG k’ (LiChrosorb-RP18)
Fig. 10. Correlation of log k' on ODS Hypersil with log k' on LiChrosorb RP-18. Conditions as for Fig,
9.
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quite compensated by the increased hydrophobic interaction resulting from the extra
carbon content. Thus as shown earlier even with a high water content in the eluent
the silanol groups still appear to have some adsorptive capacity.
Fig. 10 shows a similar plot comparing LiChrosorb RP-18 with ODS Hypersil.
The retention on LiChrosorb RP-18 is substantially greater than that on ODS Hy-
persil as seen by the position of the points relative to the 1:1 line. This is no doubt
due to the greater carbon content of LiChrosorb RP-18. Otherwise the relative posi-
tions of the points are very similar in Figs. 9 and 10, indicating that LiChrosorb
RP-18 is closer to uncapped ODS Hypersil than to the standard capped ODS Hy-

+

BENZENE

1.85

LOG (conc. of mobile phase)

1.9

1.95

Le
roft
0.6
0.6}
0.4
0.2

& HEXAMETHYLBENZENE -

b

1.85

LOG6 ¢(conc. of mobile phase)

1.9

1.85

2

1.8

Fig. 11. Dependence of log k' upon eluent composition for the three packing materials. (

1.85

LOE (conc. of mobile phese)

1.9

1.85

(b) =
.8 PROPYLBENZENE T
. ol
: 0.4 ff ]
S o2 ]
0.0 I .
AN
2.2} Y
1.8 1.6 1.9 1.55 2
LOG (conc. of mobile phsse)
(d) A
1l « OCTYLBENZENE
\ 1 . ]
~,
:, Lef NN ]
S \\\.\ ]
~l N, .
o.8ft AR 1
~,
- N ]
0.9 \\\'0
\ Y R
1.8 1.85 1.9 .95 2
LO6 (conc. of mobile phase)
)
Lo ANTHRACENE
. oaf
X a6l .
v
S sep
g.2y ‘\\‘\\ |
N
0.0 3
1.8 1.65 1.9 1.95 2

sorb RP-18; (- - -) ODS Hypersil; (——-) uncapped ODS Hypersil.

LO6 (conc. of moblle phese)

) LiChro-



RETENTION RELATIONSHIPS FOR AROMATIC HYDROCARBONS 27

persil in its selectivity for different types of aromatic hydrocarbon. However the
gradient of the line through the points for the n-alkylbenzenes is very close to unity
in Fig. 10 whereas it is significantly above unity in Fig. 9. This similarity between
LiChrosorb RP-18 and ODS Hypersil is also shown in Fig. 11a—f which give examples
of the linear relationships between log k' and log (% methanol). The gradients for
ODS Hypersil and LiChrosorb RP-18 are virtually identical while those for uncapped
ODS Hypersil are significantly lower.

We note the danger in making judgements as to whether a material such as
LiChrosorb RP-18 is capped or uncapped on the basis of retention measurements
made only with hydrocarbons.
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