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SUMMARY :

B The mﬂuence of the eluent composrtlon on the retentions of samples achieved
: ,,wrth reversed phases (RP), including tailing, is discussed. An *“‘eluotropic series” for
RPis proposed Analogies between the retention orders in liquid chromatography
‘with RP and in gas chromatography with graphmzed carbon black are pointed out.
The separatlons of ten mixtures important in routme work are described.

INTRODUCTION

7 In a reiated paper?, the preparation and properties of different reversed phases
(RPs) in relation to high-performance liquid chromatography (HPLC) were discussed.
The quality of the optimal organic bristle length chemically bonded on the surface of
thesilica and the surface properties of the support vary, depending on the most de-
sirable features, e.g., different types of RP are required if either a high speed of anal-
ysis or alternatively a high loadability (maximum sample si ize)isrequired. In this paper,
the optrrmzatlon of RP systems is considered.

EXPERIMENTAL AND RESULTS

.. _The s‘;atlonary phases (dichlorodibutylsilane and tnchlorooctadecylsrlane)
were prepared as described earlier!. The silica had an average pore diameter of about
100 A (Lichrosorb SI-100, Merck, Darmstadt, G.F.R.).. The particle size was either
_ about 10 gm or about 5 gm. Home built apparatus was used?, including a device for
- the control of the inlet pressure®. A differential refractometer (Model R401, Waters
" Assoc., Milford, Mass., U.S:A.)ora home-built UV detector operating at 254 - 10nm
was used. The samples were injected on the top of the column. The columns were
jdnlled and packed by a modified slurry technique, by cither a balanced-density or
7v1scosxty methods All of the eluents were purrﬁed, by at least dlstlnatlon, before use.

g Sample structza'e and ckramatogmphtc retenttons )
-+ The-order ‘of elution in:RP systems is oppos1te to that in chromatography
,w.th polar statronary phases the more polar the sample, the earher itis elutcd Flg 1

i'PaIt o*‘ the Ph.D Thes:s of Karl Kamb, Umversxty of Saarbrucken, Saarbrucken, 1974. A
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Fig. 1. Separation of phenols. Column: length, 20 cm; 1.D., 4.2 mm; drilled. Stationary phase: SI-
100-C,, d, = 10 pm. Eluent: water-methanol (7:3, v/v); « = 0.43 cm/sec; Ap = 180 atm. Samples:
1 = methanol (inert); 2 = hydroquinone (¥* = 0.3); 3 = resorcinol (0.65); 4 = catechol (1.0); 5 =
orcinol (1.3); 6 = phenol (2.2); 7 = p-cresol (4.6); 8 = m-xylenol (9.2); 9 = o-xyleno! (10.5).

shows the separation of various phenolic compounds using an RP with butyl groups
(SI-100-C,) as the stationary phase. The phenols with two hydroxyl groups have the
smallest retention, if the eluent is water—methanol (7:3, v/v). The addition of 2 methyl
group to these phenols (orcinol) results in an increase in the retentions (or capacity
ratios, &'). Phenol is eluted next, whereas the methylphenols (p-cresol) and the dimeth-
yiphenols (xylenol) are eluted much later. In this system, the addition of a methyl
group almost doubles the k' value (pherol, k' = 2.24; p-cresol, &' = 4.6; m-xylenol,
k' = 9.23). The more polar phenols (with three hydroxyl groups) are eluted with
the inert peak, but if the water concentration in the eluent is increased they are also
separated from the other phenols.

A possible explanation of retention in RP systems is the interaction of the solute
with the non-polar stationary phase by dispersion or London forces. The influence of
the conformation of the samples on the retention should, in a first approach, be sim-
ilar to that in gas chromatography for isomeric hydrocarbons with graphitized
carbon black as the stationary phase®. In the latter instance, the retentions increase
w:th increasing chain length of the hydrocarbon available for interaction with the
stationary phase. To illustrate these effects, the separation of isomeric aliphatic al-
cchols (not a real separation problem for HPLC) is shown-in Fig. 2. 2-Propanol is
eiuted before r-propanol, and ferz.-butanol before sec.-butanol; both of the latter
are eluted before isobutanol and n-butanol. The relative retention of the last two com-
ponents is only 1.11. After the elution of ali of the butanols, & similar effect is appa-
rent for the pentanols. The &' values increase with increasing apolar ¢hain length of
the monofunctional alcohois. In order to elute the higher alcohols, the eluting strength
of the eluent must be increased. On increasing the methanol content of the eluent,
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Fig. 2. Separation of aliphatic alcohols (Ci—Cs). Column and stationary phase as in Fig. 1. Eluent:
water-methatol (9:1, vfv); & = 0.65 cmfsec; Ap — 180 atm. Samples: 1 = D0 (inert); 2 =
methanol (&° = 0.03); 3 = ethanol (0.5); 4 = 2-propanoi (1.1); 5 = n-propanol (1.42); 6 = rert.-
butanol (2.7); 7 = sec.-butanol (3.2); 8 = isobutanol (3.8); 9 = n-butanol (4.2); 10 = rert.-pentanol
(7.3); 11 = sec.-pentanol (9.7).

the alcohols with longer chains are eluted. The last of each group with a given number
of carbon atoms is always the n-alcohol. This result indicates that a similar sorption
mechanism could be suggested for the retention on RP systems as in gas chromato-
graphy on graphitized carbon black.

Influence of eluent composition

With decreasing polarity of the eluent, the refention of a given compound de-
creases if RPsare used. The elution of solutes can be accelerated by increasing the con-
centration of organic solvent in water. In Fig. 3, the dependence of &’ values for al-
cohols and phenols on the concentration of methanol in its mixtures with water is
demonstrated. If the methanol concentration is less than 509, (v/v), the log k' values
decrease linearly. The slope of the graphs of &’ versus methanol concentration for these
solutes seems (within experimental error) to be independent of the length of the bristle
and of the quality of the sample. With pure methanol, the alcohols are almost inert
(%" < 0.02), whereas phenol has a & value of 0.2.

Eluotropic series are well known in chromatography with polar efuents™®.
The same effect can be done for RP systems. The basic eluent in this system is



oz K. KARCH, L. SEBESTIAN, L. HALASZ, H: ENGELHARDT -

pentunolng» B
’phenollc‘s
_butanol/ Cig. ;
‘phencl/Cy -
0 butanol/Cy
: Y4
arl - —
-0 50 : © 100 “ewater in methanot

- Fig. 3. Vanatxon of k valus with eluent oomnosmon. Eluent: water-methanol mixtures. Samples: '
butanol, penumol phenol. Stauonary phm -SI-100 with C. and Cx, bnsﬂas. ) .

, water, because on an RP the retention of a glven sample is mammal In order to ac-
©.celerate the’ analysxs (i-e., to reduce the capacity ratios, k') in water soluble and more -
or less apolar-organic liquids have to be mixzed with the water. By expenence, an

cluotropic series can be elucidated by . measuring the retentions of the organic solvents

mentioned above on an RP with water as eluent. The higher the &’ value of the organic
.compound is in this system, the more it will acceierate the retention of a. given sample
if its mixture with water is used as the eluent. In Table I the retentions of some typical

_ compounds, relauve to methanol, w1th ‘water as eluent usmg R_Ps with Cg and C1a

TABLE 1

RELATIVE R_ETENTIONS (RELATIVE TO ‘WETHANOL) ON RPS WITH VVATER AS_
-ELUENT (“ELUOTROPIC SERIES™) : .

-Compound -~ " Bristle length” .~
Cs - G -
Mzthanol R 10 .10
 Aceticacid ~ . - 7. 27— -
.Ethanol - = 32 31
- Acetonitrile . 33 0 31
.“2-Propanol ~ 84 - 83 . -
Dunethyltbrmarmde 94 . .76
-Acetogte - o 0 -93 0 88
n-Propanol. - -~ .. (108 101 -

- Dioxan .- . 0 13570 1L7-
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’ bnstles dre gwen. The hold-up time was afways determmed with D,0 using a differ-
ential refractometer as defector. If ethanof and 2-propanol with identical concentra-
tions in water are used as eluents, the retention time of a sample will be fower with the
2-gropanot system. On the other hand, it is an empirical rule, weli known in column
liquid chromatography, that it is better to use higher concentrations of 2 weak el-
uting liquid in water than a lower concentration of a strong eluting liquid. Using the
strong liquid; the possibility of an unwanted displacement mechanism increases. Un-~
fortunately, the change in the relative retentions is difficult to-predict with the aid
of the eluoiropic series. Specific interactions in the RP-eluent-sample system are not
unusual and can result in significant deviations from the behaviour predicted with the
aid of Fable I. One risk, for example, is that the acidic silanol groups of the RP (if
present) can catalyse the seif-condensation of acetone mixed with water, to give diace-
tone alcohol. If the quality of the eluent changes inside the colummn, the chromato-
graphic properties are not predictable.

~Acetic acid in ““norinal-phase’’ chromatography is sometimes a stronger, (here
more polar) eluent than water. In RP chromatography, however, it acts in a similar
manner to methanol In the separation of acidic or basic substances, the addition of
acetic acid to the eluent also reduces the tailing of the peaks. The influence of acetic
acid isshown in Figs. 4 and 5, for the separation of hydroxyphenylacetic acids (some
metabolics of adrenaline). In Fig. 4, 2.5% (v/v) acetic acid in water was used as the
eluent. In contrast to the result with water alone as eluent, the peaks show no failing.
The analysis is completed after 14 min. In Fig. 5, the same separation is demonstrated

N ;Lv,

Grind gy . &

Fig. 4. Separation of aromatic hydroxy wboxykv. acids. Coiumn as in Fig. 1. Stationary phase: SI-
WOe-Cyx, 4, = 10pum. Eluent: water + 2.5% (v/v) acetic acid; « = 0.8 cm/sec; JAp — 180 atm.
Samples: 1 = noradrenaline (bns-tzrtrate) (inert); 2 = unknown; 3 = 4-hydroxy-3-methoxymandelic
cacid & =074 = Lhydmxyphenylacetxc acid (5.2); 5 = 3-hydroxyphenylacetic acid (6.8); 6 =
hema?asiﬁzc aczé 9.7
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Fig. 5. Separation of aromatic hydroxy carboxylic acids. Column and stationary phase as in Fig. 4.
Eluent: water -- 10% (v/v) acetic acid; « = 0.8 cm/sec; dp = 180 atm. Samples as in Fig. 4. &*
values: 1 =inert; 3 =03;4=1.6; 5 =2.1; 6 = 2.75.

with 1@ % (v/v) acetic acid in water as eluent. The separation is finished within 3 min.
The &’ value of homovanillinic acid decreased from 9.65 (Fig. 4) to 2.74 (Fig. 5).

It has been shown! that the absolute and relative retentions are higher with C,g
than with C, bristles. For optimal separations, it is forfunately not necessary to have
all kinds of RP stationary phases differing in their bristle lengths, as the effect of bristle
length can be compensated for by changing the elution strength of the mobile phase.

In Fig. 6, the separations of carboxylic acids on 2 C,g and on a C; RP are
shown. To obtain comparable times of analysis, the amount of acetic acid in water
was doubled from 109/ for the C; RP to 209 for the Cm RP. The relative retentions,
hewever, are still higher for the C,; RP system.

APPLICATIO\IS

Although the main advantages of RP systems Ixe in the sepatatmn of polar
samples that are usually not eluted from silica columns; it is 2lso possible to separate
hydrocarbons’ 10 and other non-polar mixtures such as. p@txad-_. Fig. 7 shows the
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_Fig. 6. Separation of caffeic acid and derivatives. Column as in Fig. 1. Stationary phases: (2) SI-100-
Cs, d; = 10 um; (b) SI-100-C;s; 4, = 10 um. Eluents: (a) water + 10 %% (v/v) acetic acid; & = 0.55
cm/sec,dp = 160 atm; (b) water + 20%; (v/v) aceticacid; # = 0.55 cm/sec; 4p = 160 atm. Samples:
.1 = china acid (tetrahydroxycyclohexylmrboxyhc acid) [irert in (@) and (b)]; 2 = chlorogenic acid
- & valuis (@) 1.1:.(b) 0.11; 3 = cafieic acid {(2) 1.5; (b) 0.8]; 4 = p-coumaric acid {(a) 3.3; (b) 2.1];
5 =m-coumaric acid (a) 4.3; (b) 2. 7], 6 = o-coumaric acid [(a) 5.7; (b) 3.7}; 7 = coumarin [(a)
- 7.5; (b) 49]. -

" separation of pesticides on a column packed with a C;g phase. The eluent is water—
“methanol (1:4, v/v). On i mcreasmg the water content of the eluent to 25 (v/v), the
'k’ value of aldrin increases from 10 to 28. Even with such high &’ values, symmetneal'
o p..aks arc obtained. ‘

‘ ~Even alxphatxc esters can be separated which such a system, as shown in Fig. 8.
As the ‘water content of the eluent is increased, the &’ values increase and the peaks
_show taxlmg, because of the poor solubxhty of the esters in the eluent. The separations
. shown'in Figs. 7 and 8 can also be achieved by gas chromatography. If required, the
. ‘speed’ of analysis as a functlon of the viscosity of the eluent could be compared here.
-~ It should be pointed out that the sensitivity of the electron-capture detector (usual for
S pestxclde analysisin gas chromatography) isseveral orders of magmtudes greater than
- éthat of the detectors used in liquid chromatoaraphy -

In th 9, ‘the separation of Cs—C,s-aliphatic fatty acids is shown The lawer
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Fig. 7. Separation of pesticides, Column and stationary phase as-in Flg. 4. Eluent: water—methanol
(1:4, v/v): & = 0.5 cm/sec; Ap = 170 atm. Samples: | = methanol (inert); 2 = dimethoate (K" =
0.1); 3 = lindane (1.6); 4 = gammexane (L.7); 5= “methoxychlor (2.9); 6 = endrin (4.0); 7=

heptachlor (6.5); 8§ = aldrin (164} ) A R
B - s [ 7 h - 7 ) =
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Fig. 8. Segamtmn aof whaaghc acid esters. Column andstatzonary phage as in Fi ig 4. Efuent' water—
© wsthanol (317, V)5 u = 0.5 cm/sec; Ap = 185 atm._ Sampf&S' I = unkaown; 2 = 5,0 Gaertd;

= ethyl acetate {& = 0.2); 4 = butyl acstate I8); § = ethyl vafemte ©.8}; 6 = ﬁutyf&umm
(1 4.), T == hgptgl aceiate (1.5)., 8 = ethyl pﬁenytacefats €t 9), 9= ﬁei!m pﬁenviamtate {4.:}

“fatty acm{s can be sepa:ated at iugher water confents in. tﬁe eitzeﬁt imt tﬁe peak‘s, )
start to tail owing o dxssoc;aﬂqn, This tailing can be- reduwd 5y ad&mg acids. {com-_
pare Figs:4-6}. In contrast to gas chmmatogxaphy, the i’attgr acrds can of coa& be
separated without denvatxzansn )

" The separatmn ot qumones and suﬁsﬁiui.eé qmrmus is snewn mth if} ﬁfiﬁcfz
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Fig. 9. Separation of aliphatic carboxylic acids. Column and stationary phase as in Fig: 4. Eluent:
dioxan-water—2-propanol (4:3:2, vfv/v): « = 0.3 cmfsec; Ap = 190 atm. Samples: 1 = isovaleric
acid (inert); 2 = unknown; 3 = caproic acid (¢* = 0.32); 4 = caprylic acid (0.6); 5 = capric acid
(1.1); 6 = undecanoic acid (1.4); 7 = lauric acid {2.0); 8 = palmitic acid (10.3).
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E“Fxg. 10.- Sepamtmn of qumones Column and statxonaty phase as in Fig. 4. Eluent: water-methanol
i, -vfv: u= Oécm[sec, Ap.= 190 atm. Samples: I = methanol (inert); 2 = =-p-quinone (&' =
-0.2);:3 = naphthoguinosie (0.5); 4 = anthraquinone (2.7); 5 = 2-méthylanthraguinene (4 7), 6=

Z-etby_anthracmncne ©6.1):;7= Z-Ieﬂ.-butylanthraqumone {8.1). ]
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: demonstrates the umq_ue pzopemes of RPswhere substances tExat d:fi‘er oniy in. a meth-f X
vyl or: me;hylene group (anthraqumone, methyl’anthraqmnone, et&ylauthraqmnone) B

- are ess.iy sepatated {relative retentions > 1. 3. -
‘ Fig. 11 shows the separation of tryptaphan aﬁd sorne- ef 1ts mefabohtes. By
varying the water- and methanoi concentrations, the peaks of interest can be shifted
to regions where they do not mterfere with other components that arise from the -
&zeiagicai material.

S

I w

N

[min} 15 ¢ 5 0

Fig. 11. Separation: of tryptophan metabolites. Column and statiomary phase as in Fig. 4. Eluent:
water-methanol-acetic acid (200:15:5, v/v/v); u = 0.5 cm/sec; Ap = 160 atm. Samples: 1 = inert;
2 == 3-hydroxyanthranilic acid (¢’ = 1.6); 3 = tryptophan (5.7); 4 = xanthuric acid - (7 9); 5=
'qmurenxc acxd 8.7). - .

—

Steroxds can be separated with silica!!, alumina'?, ternary mixtures'and hcavily
loaded columns?*. In these systems, the order of the refention is a function of the po-
Iarity of the steroids. They can also be separated on RPs, their solubility in polareluents

_being greater than in apolareluents. Optimal conditions for such separations are achiev-
ed by making slight variations to the water:methanol ratio in the eluent. In Fig. 12,
the separation of some androgenic steroids is shown. The eluent is water—methanol
{40:60, v/v). The corticosteroids are eluted with water—methanol (25:75, v/v), as
shown in Fig. 13, while for optimal separation of the progesterones an even higher
proportion of methanol is required, and in Fig. 14 a separation with water—methanol
(20:80, v/¥) is shown.

Heart glycosui..s such as dxgltoxm and related compounds can aiso be sepa-
rated on RP systems, as shown in Fig. I5. The more hydroxyl groups there are in
the steroid molecule, the earlier it is eluted. Acetylated derivatives are, of course, .
moré strongly retained than the non-acetylated compounds. Increasing the methanol

~ content from 70% to . 75% (v[v) decreases the & value of acetyldigifoxin from 3.9 -
to 3.1. Consequentiy, the reproducibility of such separations’ will beacceptabfe only
if the ccmgas:f;on ef the eiuent is controlled cafefuﬂg. - I .
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Flg 12 Separatxon of a.ndtogemc hormonm. Column and statzonary phase as in Fig. 4. Eluent:

water-methanol (20:30, v/v); z = 0.3 cm/sec; Ap = 195 atm_ Samples: 1 = methanol (inert); 2 =
4-androstene-3,17-dione (X" = 3. 1); 3 = testosterone (4.2); 4 = androstene-33,178-diol (5.1); 5 =
'So:oandrostane-3 17-dione (6. 4), 6= I7a—methyl—5—androstene—3§,I‘Zﬁ-dxol (7.7); 7 = androsterone

(11 2)

) o
N

" o
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‘Fig.. 13 Separatzon of cortmstemzd... Co!umn and statxonary phase as in Fug. 4. Eluent: water—
’;metﬁanoi(ZS.‘TS vf¥); 2 =05 cm/sec,dp =175 atm. Samples: I. = methanol(inert); 2 = cortisone
*"=03);3.= hydrocortlsone 045); 4 = teﬁahydrocamsone (0 9), 5 —-ll-dmoxyoomcosterone
'(! ,_), 6 = ll-dsoxycomcosterane amtate (2.5) . : R . -
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Fig. 14. Separation of progestezom Column and sfationary phase as in Fig. 4. Eluent: water~
msthanol (10:40, v/v); u = 0.35 cm/sec; Ap = 195 atm. Samples: 1 = = methanol (inert); 2 = _preg-
nznetriolone (&' = 1.0); 3 = 17a-hydroxypm°&ster0ne (1.2); ‘4 = pregnanetriof (3. 0), 5 = pro-
gesterone (4.7); 6 = pregnanediol (5.4);:7 = pregnenolone (5.9); 8 = 16a-methylpregnenolone (8.2).

x ;__t,'s, ) [rmn] B 4" . '_'6‘ L

- " Fig. 15, Separatxon of h&rt glycos_des- Celumn and statmna:y phase as’ m F:g. 4. Eiuent. water—‘~
" methanol (30:70, v/v), 2= G4 cmfsec; Ap = 175 atm, Samphs' F = methanol @inert); 2 = stro--

phantin- K= 04);3 = lanatos:d C (1.1); 4 ='digoxin 11 4), 5= Izmatosxd B (3 7), 6= Ianmxd AA;
(1. 6), 7 = drgxtoxm (10..1), 8= acetvldlghexm (13.9), 9 unknown L ) '
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3 DISCUSSION

Sl W'th R}? systems ‘many: types of \rgamc compounds can be analyzed and 1t-‘
3o macnihia fa camarsta budennarhane “gaide alanhale and alen vary nalar ciihatannas’
i 0> yuaal.uu; I.U WPG.EGW u}u&m Wu) a\dua CLWUUIB [+ - 183 axau YCL} PU&‘Z& auuauxnwa

R It isg of course, untrue that alkyl groups bonded chemxcally on the surface of silica
are “the best\statlonary phases Often optimal separations are achieved with sihca.
- alumma or lxquzd statlonary phases because of specific interactions between: the sam-
ple and the stationary phase. The great advantage of the RP systems over active solids’
-is ‘that the water—solid adsorption ethbnum is much faster with RPs and the reten-
 tioms.are less influenced by the water content of the eluent. The less polar the eluent,
the greater is the mﬂuenee of water on the retentions. Because it is virtually impos-
_'sible to ensure that the components of the ehients have corresponding water confents,
arapid water—stationary phase equilibrium is extremely impoitant in gradient elution.
’ A further advantage (or disadvantage) of RPs is that small changes in the com-
_position of the eluent (for example, methanol-water mixtures) alter the absolute and
relative retentions. The methanol-water system is non-ideal: the heat of mixing is
“high, the v1scosxty and the interdiffusion coefficient are not a linear function of the
concentration, and moreover they pass through a maximum or minimum. The conse-
quence of the high heat of mixing is sometimes degassing of the eluent in the mixing
chamber and other problems, for example in the solvent delivery system. The viscosity
- of methanol-water (40:60, v/v) is 1.6 cP at room temperature compared with 0.54 cP
and 0.9 cP for methanol and water alone, respectively. The diffusion coefficients of
the samples change inversely. For these reascns (among others), the height equivalent
to a, theoretlcal plate is not defined and has no physical meaning in gradient elution.

..~ The conformation of the sample can be very imporiant if RPs are used, because
of the mteractxon of the apolar groups of molecules and the apolar bristics. For the
same reason, the introduction of small polar or apolar groups into a large sample
molecule influences the retentions significantly (Figs. 10 and 12-14). Perhaps it is
possible to compare this sorption mechanism and the general rules given here with
those applicable in the gas chromatographm separatxon of hydmcarbons on graphitiz-
ed carbon black®.

: " The log &’ values of a homologous series change linearly w1th the composition
of the eiuent if RP systems are used, and lmear eluent programmmg results in equx-
-distant retentions of these mxxtu:es
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