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SUMMAli\’ 

Several modified adsorbents have been prepared by chemically bonding organic 
groups to form unimolecular layers on (a) a newly synthesised spherical silica gel, and 
(b) Spherisorb Alumina A20Y. They include three reversed-phase materials, two weak 
anion exchangers and a polar bonded cyano alumina. The kinetic properties of the 
materials have been determined by measuring their reduced plate height-velocity de- 
pendences, and their flow resistance parameters (a’). With one exception the bonded 
materials show performances which are as good as, or better than those of the un- 
modified adsorbents. The new materials have been found to be particularly useful in 
the separation of compounds such as: catecholamines, morphine alkaloids, tetra- 
cyclines, tricyclic antidepressants, vitamins, nucleosides, nucleotides, penicillin, bar- 
biturates and other polar substances of complex molecular structure. They give exccl- 
lent peak symmetry and high analytical speeds. The mechanisms of retention on the 
new materials are characterised and discussed. 
_. ..-.. _-.-_ . . . -.. ._. _.. ._ _ _. .__ ._.. ___..__.__._ .__, __. ._.. __ 

INTRODUCTION 

There has been a growing appreciation over the last two or three years that, 
as predicted by Martin and Synge in 1941 ‘, highest eff$ziencies in liquid chromato- 
graphy are to be achieved by using very small particles for the column packing2-‘. 
Knox and Saleem pointed out that with a pressure capability of 100-200 bar the 
theoretically optimum particle diameter would be around 2 pm. While practice has not 
yet confirmed this fully, 5-&m particles have now beensufficiently well packed that effi- 
cienciesonlyslightly inferior to these at the theoretical limit are now routinely obtained9. 

It is generally accepted that the best comparative measure of the intrinsic 
kinetic performance of a column packing material T &he plot of the reduced plate 
height, /I, against the reduced velocity, Y, along with a measure of the column resistance 
parameter fl ‘9*1o. These parameters arc defined in eqns. l-3. 

h = H/cl,, (11 

v = udpID,n (2) 

(3) 
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where N = plate height, cl, = mcun particle diameter, t/ = cluent linear velocity, 
D,,, = dif’fusion coemcient of solute in eluent, q = eluent viscosity, L = column 
length, and alp -1 pressure drop across column. 

An el-iicient column must have both a low reduced plate height It and a low 
resistance factor E ‘. Indeed us shown by Knox and Saleem”, the group hZ a ’ is in fact 
the best measure of this combined requirement for good performance and is directly 
proportional to the time for analysis for a given pressure drop and a required number 
of theoretical plates. 

In practice .cl: ’ is found to lie in the region 500-1000, depending upon the 
method of packing the column (see for example ref. 9) and the porosity of the packing 
material. 

Generally speaking, for any type of pncking material (/I, Y) curves and a’ 
values will be more or less independent of the size of the particles of packing. As 
shown previously ll*Iz the (/I, al) dependence can conveniently be expressed in the form 

where the /1. B and C terms have 1nuc11 tile same significance as in the original Van 
Deemterequation. However, A, Band Carenowdimensiotlless. A reflectsthegoodness- 
of-packing and in the best cases is below unity. B reflects axial diffusion geometry and 
is around 2. C measures the efficiency of mass transfer and the theoretical minimum’” 
for a fully porous particle and a slightly retained solute is about 10B2; experimental 
values are generally about 5 x low2 (ref. 11) or larger. 

Recently it has been shown that much improved column performance can be ob- 
tained byemploying the infinite diameter effect 13-1J first described by Knox and ParcheP 
whereby in a sufliciently wide column solute injected centrally fails to reach the walls 
and so avoids the disturbed region of packing near the wails. For 5- and IO-,um par- 
ticles packed in S-mm-bore tubes, columns up to 500 and 250 mm in length respectively 
will function as if of infinite diarncter”‘. 

A particularly useful range of dimensions for high-performance columns is: 
cl, * 5-lO,wn, L = 100-200 mm, column diameter >5 mm. With such columns h 
should be in the range 1.5-3 at 1- 1 = 5 and between 7 and 20 at v = 100. For the best 
packings It will be below 10 at v = 100 and have a minimum value of 2 or less. Values 
of w ’ should be in the range 500-1000 (refs. 9 and 16). 

While the main problems in column kinetics have now been solved, _difficulties 
are still experienced in the area of the therinodynamics of chromatography whicll 
relates to the mechanism of retention and the symmetry of elutcd bands. While sub- 
stantial improvements have been made in the quality of adsorbents whicll now have 
much more uniform pore geometry and consequently sllow more linear adsorption 
isotherms and better mass transfer characteristics than previouslyg, nevertheless the 
majority of adsorbents must still be partially deactivated before they give peaks with 
satisfactory elution profiles I’. Depending upon the polarity of the solutes being sepa- 
rated, ndsorbents may be deactivated with one of a number of polar species (e.g., 
acetonitrile, methanol, water). It is thought that the deactivator is preferentially ad- 
sorbed onto the most active sites, which are relatively few in number, and leave the 
less active but more numerous sites for adsorption and retention of solutes of interest, 

Unfortunately, the deactivation procedure is not always satisfactory. Indeed it 
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becomes highly unsatisfactory for solutes wllose molecules contain u large number of 
polar functional groups. such as -NH2, -OH, -COOH. -SOJM. and ionic groups 
generally. Such compounds are typical in biological. clinical and pharmaceutical 
situations and attempts to chromatograph them often give rise to badly tailed peaks 
even on columns which are highly efficient when tested with simple reference com- 
pounds’“. We suspect that this may be the result of a “template effect”. Thus. while 
simple deactivator molecules can block individtial adsorbent sites by forming say a 
single hydrogen bond, complex solute n~olccules will preferentially sclcct from the 
random array of adsorbent sites specific groups of sites which have the optimum 
geometry for ninxiniuni interaction. Such groups will be specific to particular solute 
species. In this way a surface which is essentially homogeneous for adsorption of 
simple molecules CNI prove to be heterogeneous for adsorption of mLlltifLlilctional 
molecules especially if they have a rigid molecular shape. It therefore appears that WC 
require R more radical modification of the adsorbent surface than can be achieved by 
simple deactivation if we are to achieve elfcctive chromatography of the complex 
molecules with highly polar functional groups. Such modifications clearly involve 
chemical reaction. 

The ideaofchemical modificationofan adsorbent toimprovcor modify its rcten- 
tive properties in chromatography is far from novel and has been pioneered by Halrisz 
and co-worl~ersL9-zz, Kirkland and De Stefano23*2~. Locke and co-workcrsZ5*2G and 
othersz7-3s. The field has recently been reviewed by Pryde 36. The most satisfactory ma- 
terials from the point of view of stability towards typical eluents and temperature are 
those where an organic group is bonded to a silicastructure by =Si-C or =Si-0-Si-C 
bondsZJJ‘A3”. Such materials have been usecl__in many novel applicntions36. In terms 
of kinetic performance the evidence suggests’ that silica gels having ;I unimolecular 
organic layer bonded to the support exhibit plate heights similar to or below those 
of the untreated silica gelJ7, while muterials in which a polymeric stationary phase is 
bonded to a support as in the DuPont Permc~phases (based upon the pellicular 
material Zipax) give somewhat impaired plate heights and higher mass transfer coef- 
ficients (C values in eqn. 4)“s*39. 

The purpose of the present work was to explore some of these ideas and in 
particular to prepare chemically modified adsorbents having high kinetic and 
thermodynamic performance for the types of highly polar and ionic solutes of 
interest in biochemical and pharmaceutical applications. The thermodynamic perfor.. 
mance is tested by examining the symmetry of elution pcnks obtained with complex 
molecules of a high degree of functionality, while the kinetic performance is assessed 
by determination of the (/I, Y) curve using simple reference compounds which are not 
expected to show any undesirable thermodynamic effects. 

EXPERIMENTAL 

The chromatographs used were a DuPont Model 830 instrument and 

laboratory-asscmblcd instruments of which the principal components were either a 
Haskel air pump (Olin Energy Systems, Sunderland, Great Britain) or an Orlita DMP 
1515 piston pump (Orlita. Giessen, G.F.R.), and n Cecil Model 212 variable- 
wavelength photometer (Cecil Instruments, Cambridge. Great Britain) fitted with an 
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8-,ul flow cell. Columns 125 mm long and 5 mm in bore were of internally polished 
stainless steel. Injection by micro syringe through a septum was made centrally on to 
the top of the column packing. Columns were terminated by stainless-steel frits of 
6-pm porosity (for CI, +. ’ lO,~~rn) or by sandwich frits comprising a 2-pm-porosity 
silver disk (Selas Flotronics. Spring House, Pa., U.S.A.) held between two thin stainless- 
steel frits (for cl,, < lO&lrn). Column fittings were made to designs previously de- 
scribed40. All columns were operated at ambient temperature in the isocratic mode. 

Particles of 10pm and above were dry packed by the rotate, bounce and tap 
method; particles smaller than 10pm were packed by tile balanced density method 
using a thick slurry in methyl iodide -t carbon tetrachloride3, or a dilute slurry in 
methyl alcohol followed by hexaneJL. Packings were driven home by pressures of 
2000-5000 p.s.i. 

. . . 
Slams 

Octadccyltrichlorosilane and chlorotrimethylsilane were purchased from 
Aldrich (Milwaukee, Wise., U.S.A.); y-aminopropyltriethoxysilane was purchased 
from Pierce (Rockford, Ill., U.S.A.). Commercial silancs were used as received. In 
addition, 2-(4-pyridyl)-l-trichlorosilylethane42 and 2-cyanoethyltrichlorosilaneJ3 were 
prepared by the literature methods. Their purity was checked by nuclear magnetic 
resonance and infrared analyses, and these silanes were freshly purified prior to use. 

Supports 
The silica used was an in-house preparation available in a variety of particle 

sizes down to around 6 pm, prepared according to the method of Raven and Knox, 
to be described elsewhere. The particles were spherical and had a surface area of ap- 
proximately 200 m2/g. The alumina used was 20qm Spherisorb A20Y gifted by AERE 
Harwell, Materials Preparation Unit, and is available from Phase Separations 
(Queevsferry, Flintshire, Great Britain). 

Preparation of the bonded phases 
The silica or alumina to be reacted was dried by heating at 120” for 4 h in a 

vacuum oven and then immediately treated with excess of the organosilane in a dry 
organic solvent at reflux temperatures, 

Solvent and excess organosilane were filtered off, and the support thoroughly 
washed with acetone (in the case of 6-pm particles, by sedimentation). Water was 
added to hydrolyze any residual silicon-chloride bonds, and the support was again 
washed with acetone before drying in a vacuum oven. Finally, the support was ex- 
tracted in a Soxhlet apparatus for 24 h with benzene or chloroform to remove any 
higher-molecular-weight material present. In cases where the residual surface hydroxyl 
groups were found to confer undesirable chromatographic properties on the support, 
these were blocked with trimethylsilyl (TMS) groups. The bonded supports which are 
the subject of this work include a reversed-phase octadecyl (ODS) material bonded 
to silica (with and without TMS groups), denoted ODS-silica or ODS/TMS-silica, 
weak anion-exchange materials bonded to silica (y-aminopropylsilyl), denoted NH2- 
silica, [2-(4-pyriclyl)-ethylsilyl)] bonded to alumina, denoted pyridyl-alumina, 
a polar phase (2-cyanoethylsilyl) bonded to alumina, denoted CN-alumina, and a 
short-chain reversed-phase material bonded to silica denoted SAS-silica44. A chemi- 
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TABLE I 

CHEMICALLY BONDED SUPPORTS 

ODS/TMS-silica 

SAS-silica 

NW+ilica 

CN-alumina 

Pyridyl-aluminu 

ClsH& -I- MC,% 

short chain 

N’ \ 
?- 

(U-i,),-si - 

.-- _. 

7 /Ini silica’ 

7.5 /cm silica’ 

7/4111 silica’ 

20 /cm alumina” 

20 /cm alumina** 

_. . 

__. 
C H N 

Rcvcrscd 8018 i.G6 - 
plxlsc 

Rcvcrscd - - - 
phase 

Polar 2.06 O.SG 0.73 3.4 
adsorbent 
or weak 
anion 
cxchangcr 

Polar or 1.63 0.36 0.57 2.6 
rcvcrscd- 
phase 
adsorbent 

Polar 1.30 0.54 -2 
adsorbent 
or weak 
anion 
cxchangcr 

l Tn IIOLI~C preparation of spherical silica gel. 
‘* Sphcrisorb AZQY. 

tally bonded y-aminopropylsilyl alumina support has already been used for the de- 
termination of the llerbicide paraquat in human urinP. The amount of organic 
group introduced by the bonding reaction was followed by the microanalysis figures 
which are shown in Table I. 

RESULTS AND DISCUSSION 

Plots of reduced plate height, 11, against reduced velocity, Y. are sl~own in Figs. 
1-3 for spherical silica gel and the three modified silica gels. SAS-silica, ODS/TMS- 
silica, and NH,-silica. Fig. 4 compares data for cyanoethyl bonded to Spherisorb 
Alumina A20Y (CN-alumina). Diffusion coefficients required for calculation of re- 
duced velocities were calculated from the Wilke--Chang equation (see ref. 10). The 
lines drawn are the best fits to the data given by eqn. 4, and the values of /;I. a’. A. 
B, and C, for each solute are shown in Table II, along with values previously obtained 
for other packings. A typical test cllromatogram for SAS-silica is shown in Fig. 5. 

The plate height curve for the new spherical silica gel is very similar to that for 
Spherisorb S obtained previously and lower than that for other silica gels with which 
Spherisorb was recently comparedg. 

The overall results broadly confirm the view that the formation of a uni- 
molecular-bonded layer on the surface of either silica or alumina has no profound 
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Fig. 1. Rcduccd plate height W. velocity plots. (A) Spherical silica gel. 91tm. Elucnt, II-C,,HIJ .I- I “/, 
mcthnnol; solutes, nitrobcnzcnc (0) and p-aminoazobcnzcnc (0). (B) SAS-silica, 7.5 [(In. Elucnt 
water-methanol (30:70); solutes, acctonc (@). 2-phcnylcthanol (a), and 2,G-xylcnol (0). 

Fig. 2. Reduced plate height VS. velocity plot for ODS/TMS-silica, 7 !rm. Elucnt, water-rncthanol 
(60:40): solutes, acctonc (a) and phenol (0). The solid lint rcprcscnts the nican data for silica gel 
from Fig. 1. 
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Fig. 3. Reduced plate height VS. velocity plot for NH,-silica, 71cm. Elucnt, 0.25 A4 NazHPO, with 
WJPOs added to give pH 2.95; solutes, ascorbic acid (0). nicotinic acid (O), and sulphanilic acid 
(a). The solid lint reprcscnts tbc mean data for silica gel from Fig. I. 

Fig. 4. Reduced plate height VS. velocity plots for CN-alumina (bonded to A20Y Sphcrisorb), 20 
[irn. Elucnt, N-C~HI~; solutes. tolucnc (0) and fluoranthene (0). 

effect on the kinetic performance of the material. From both Figs. 1 and 2 and Table 
II it is clear that bonding if anythingimproves the performance ofan adsorbent rather 
than the reverse in agreement with the findings of Horgan and Little”‘. 

The values of sz’ fall in the lower part of the acceptable range and so indicate 
that the materials showed good flow properties. The parameter B reflects the rate of 
axial diffusion. If axial diffusion occurs only in the mobile phase, then B cannot exceed 
2. This appears to be the best value to fit the data on the aluminas. However. the rather 
high value of I) - 4 is required to fit the data on the silicas. If substantiated, this may 
indicate that solute molecules can move relatively freely over the surfaces of the silicas 
even when in the adsorbed state. Unfortunately, our data are not sufficiently extensive 
at low values of y to pinpoint the exact value of B and tnorc data are required to con- 
firm values higher than 2. 

The values of A, with the exception of the high value for NH,-silica, are near 
unity, as required for well packed columns. Difficulty was experienced in packing 
NH,-silica, resulting in A = 2.7, and further work on the composition of the support- 

’ ing liquid used in the slurry packing technique is required. 
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TABLE II 

KINETIC PARAMETERS 
PACKING MATERIALS 

M~tminl &A 

(/.I tt I) 
._-...-. ._. 

Splicricnl silica SC1 9 

Sphcrisorb S 10 9 
ODS/TMS-silica ’ 7 

SAS-silica 7.5 

N I+l-silica 7 

Sphcrisorb AZOY 
CN-aluminn 

20 
20 

Zipax 29 
Pcrmaphasc ETH 40 
Corasil 48 
Porasil 4x 
-__.-._.---..-. . - . -_ 

FOR ADSORBENTS. BONDED ADSORBENTS AND OTHER 

nitrobcnzcnc 
p-;lminoazobcnzcnc 
aroniatics 
acctonc 
pl1cn01 
acctonc 
Z.G-xylcnol 
ascorbic acid 
nicotinic acid 
sulphanilic acid 

nilrobcnzcnc 
tolucnc 
fluoranthcnc 

__ ._ _ 

0.3 
5.1 
- 
0.3 
2.3 
0.9 
1.5 
0.2 
0.4 1 
0.8 I 
6.6 
0.0 
2.0 

8 
l-3 
l-5 
1 

500 0.9 4 

450 g5 “4 . 

720 2.7 4 0.0 l-O.03 

0.5 2 
0.8 2 
I ’ .L 2 

I .o 
2.0 
2.0 
1.8 

. _ . 

0.05 
0.14 
0.12 

0.04 

0.02 
0.04 

0.08 
0.05 
0.13 

0.01 
O.OG 
0.06 
0.05 

9 

9 

46 
38 
11 
11 
..- 

0 1 2 3 4 
,minutes 

Fig. 5. Test chromatogram. Packing, SAS-silica. 7.5 frm. Elucnt, water-mctlianol (30:70). Solutes: 
I =: sulphnnilic acid: 2 =.-. \vntcr: 3 .:-:: acctonc; 4 =-: 2-phcnylcthilnol: 5 = 2,G-xylcnol. The plate 
number for 2,G-xylcnol is 7000, the column Icngth is I25 nun, I-I =: 17.8/m, and Ir = 2.4. 

Of greatest interest are the C values, which reflect the resistance to mass 
transfer within the particles. For the bonded materials these are either comparable 
with or lower than the corresponding values for the original adsorbents. Thus for the 
ODS/TMS-silicu;f’or which the data are most extensive. the plate height rises very 
gradually with velocity above the minimum value 01’ /I = 2.5. and even at. Y = 100, 
/I is not larger than 8. The plate height curve is both lower and less steep than that for 
the silica gel itself nnd is comparable to that obtained previously for 29-,um Zipax 
(DuPont trade name), which until recently gave the lowest (/I. 17) curve of any material 
testcdJeqJ7, It is well below that for the polymer-bonded material Permaphase ETH 
(DuPont trade name138. The excellent properties of ODS/TMS-silica are emphasised 
by the low C value of0.04. The new SAS-silica gives an even lower (/I, V) curve and a 
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remarkably low C value as well as low values of A and D”. As shown below, this C 
value of 0.02 is in the region of the theoretical minimum and makes SAS-silica one 
of the best materials so far devised for high-performance liquid chromatography 
(HPLC). The C value for NH,-silica cannot be determined with precision from the 
data obtained since the major contribution to dispersion arises from the II term. We 
can, however, say that C cannot be larger than about 0.03 and could be as low as that 
for SAS-silica. 

The aluminas show similar features to tile silicas. Thus CN-alumina.shows 
similar values of A and C to Spherisorb Alumina from which it was prepared. Gener- 
ally, Spherisorb Alumina has superior packing characteristics when compared with 
silica gels (lower n values) but its mass transfer properties are less good (slightly 
higher C values); this appears to hold for the bonded aluminas also. 

. The minimum C value which is theoretically attainable can be evaluated from 
the equation given by Giddings lo for the plate height contribution from a uniform 
porous sphere. If the porous sphere contains mainly eluent within its pores, the fol- 
lowing result may be derived from Giddings’ analysis: 

I (I + /%I’ - X) D,,, 
c”Xl’ (I + /i’)Z ‘D, 

where k’ is the capacity ratio, s = fraction of eluent in interparticle space (approxi- 
mately 55”/, for a typical silica gel), and D, is the mean diffusion coefficient for mole- 
cules within the particle. Since the maximum value which D, can possess is D,,, (the 
value in bulk eluent), the theoretical minimum value for C for an unretained solute 
(18 = 0) becomes C = (I - s)/30 = 1.5 x IO-2. whereas for lc’ = 2 the minimum 
value of C becomes 0.9 x 10w2. 

The reason for the improved mass transfer in bonded materials is not clear but 
we suspect that one effect of reaction of the hydroxyl groups of the silica or alumina 
surface may be to enhance the effective diffusion rate D, by eliminating layers of 
mobile phase held very tightly to the adsorbent surface by hydrogen bonds. Such layers 
would be expected to be more than usually viscous and so would restrict dif’rusion of 
foreign molecules within them. Replacement of strongly orientating Si-OH or Al-OH 
groups by weakly orientating 0-Si-alkyl groups might therefore enhance solute dif- 
fusion and reduce C values. This explanation for the superior performance of some 
of the bonded materials is advanced tentatively at this stage until further experimental 
data are available. 

Taken as a whole, our results support the view that small-particle unimolecu- 
larly bonded materials perform at least as well in terms of their (11, V) curves as the 
larger pellicular materials in which a polymer is deposited within the interstices of the 
porous surface layer. In practice. they give very rapid separations with high resolution 
and there seems to be no doubt that future progress must be made in this direction. 
Ultimately, it s,Tems probable that bonded materials with packing and mass transfer 
properties close to the theoretical limit can be produced. 

Applicatious and retettfiort mecl~anisms for bonded materials 
As shown by the applications whicll follow, adsorbents to which orgahic 

groups are chemically bonded via =Si-0-Si-R bonds are particularly suitable for 
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the separation of solutes of high polarity. The molecular constitution of such solutes 
has a significant effect both on the degree of retention and upon the peak shape and 
it is therefore relevant to consider the chromatograms presented below in relation to 
the molecular formulae of the solutes. Representative examples of these, formulae 
I-XI, are accordingly given. 

ODS/TMS-silica ad ODS-silica. ODS/TMS-silica, where a very high propor- 
tion of Si-OH groups have been silanized, is particularly suitable for the separation 
of catecholamines and their metabolitcs (representative formula I) as shown in Fig. 6. 
This type of separation has obvious application in clinical chemistry since the impor- 
tant metabolites dopamine, vanilmandelic acid, and homovanillic acid are also sepa- 
rated. 

Fig. 7 shows the separation of some common benzodiazepines, nitra’zepam. dia- 
zepam (Valium) and chlorcliazepoxide (Librium) (II) on ODS-silica (which had not 
been blocked by reaction of residual hydroxyl groups). This separation could be made 
the basis of a quality control method for pharmaceutical preparations. 

Both chromatograms show excellent peak symmetry and good efliciencics 
equivalent to 1500-2000 theoretical plates, indicating that the partition isotherms be- 
tween the eluent and the modified silica gels are linear. The reduced plate heights are 
in the range 10-13. 

Our results, in terms of resolution, pressure drop and speed of analysis, com- 
pare well with those of Persson and Karger for catecholamines”, and of RodgersJ9 
and WebePO for benzodiazepines. 

Reversed-phase partition chromatography using bonded as well as non-bonded 
stationary phases is, of course, well establisl~ed23*51~sz and in simple cases, for example 
with aromatic hydrocarbons or phenols, solutes elute in order of decreasing polarity. 
While this is broadly the case here for the catecholamines, the eluent used was com- 
plex. The catecholamines will be present in acid solutions as cations and in the 
presence of sodium lauryl sulphate, ion pairs are almost certainly the species which 
are sorbed into the organic stationary phase. The benzodiazepines, on the other 
hand, will be un-ionized in the basic eluent usedrand their elution order does not seem 
to be readily explained in terms of the molecular structures. 

SAS-silica. The new SAS-silica has proved to be especially useful for the resolu- 
tion of solutes of very high polarity containing a large number of functional groups. 
Such molecules tend to give badly asymmetric peaks when separation on currently 
available packing materials is attempted. As suggested in the introduction, we con- 
sider this to be attributable to what we have called the “template effect”. Fig. 8 shows 
a separation of tetracycline (III) from its four main contaminants in 4 min’“. While 
the peaks are still somewhat asymmetric, they are much less so than those in the 
published literature53*gJ and further improvement is almost certainly possible by 
adjustment of the eluent composition. 

Fig. 9 shows a rapid separation of six opium alkaloids, a group which like the 
tetracyclines has proved somewhat intractable in the past giving tailed peaks55-s9. It 
is noticeable that in Fig. 9 the peaks for papnverine (IV). narcotine, and cryptopine 
are narrow and symmetrical, while those for morphine (V), codeine and thebaine are 
somewhat asymmetric. The former group have relatively flexible molecular structures, 
while the molecules of the latter group all have the much more rigid morphine struc- 
ture. This supports our contention that a high degree of functionality combined with 
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Fig. G. Separation of catecholamincs. Column packing. ODS/TMS-silica (G l(m): column dimen- 
sions, 125 mm x 5 mm I.D.: elucnt, acetonitrilc-water-cont. sulphuric acid [10:90:0.3 (v/v) con- 
taining 0.1 “/” (w/w) sodium lauryl sulphatc]: prcssurc, 1100 p.s.i.: tcmperaturc, ambient: wavclcngth. 
280 nm. 1 ==: Hornovanillic acid and vanilmandclic acid; 2 =-= noradrcnalinc: 3 == adrenaline; 4 == 
DOPA: 5 == normctadrenalinc: 6 z-7 dopaminc; 7 =- mctadrcnalinc: 8 72 3-mcthoxytyraminc. (Rc- 
produced by permission of J. Jurand’“.) 

Fig. 7. Separation of benzodiazcpincs. Column packing, ODS-Silica (G lrm): column dimensions, 
125 mm x 5 mm I.D.: cluent, methanol-water-ammonia (60:40:0:5. v/v): prcssurc. 500 p.s.i. ; 
tempcraturc, ambient; wavclcngth, 254 nm. 1 -= Acctonc: 2 = nitrazepam: 3 = diazcpam (Valium); 
4 = chlordiazcpoxidc (Librium). (Reproduced by permission of J. Jurand4n.) 

0 2 L 0 L 8 
minutes minules 

Fig, 8. Separation of tctracyclincs. Column packing, SAS-Silica (G ItIn); column dimensions, 
125 mm x 5 mm I.D.: clucnt, 0.01 M HCIOJ in acctonitrilc-water (14.5:85.5, v/v); prcssurc, 1000 
p.s.i.; tcmpcraturc, ambient: wavelength. 280 m-n. 1 -= 4-Epitctracycline: 2 = tetracycline: 3 = 
chlortetracyclinc: 4 z= 4-cpianhydrotctracycline: 5 = anhydrotetracyclinc. (Rcproduccd by permission 
of J. Jurand4”.) 

Fig. 9. Separation of opium alkaloids. Column packing, SAS-Silica (G/(m); column dimensions, 
125 mm x 5 mm I.D.: eluent, 0.025 M NH3 in methanol-water (1 :l): pressure, 800 p.s.i.: tempera- 
ture, ambient; wavelength, 240 nm. 1 = Acetone; 2 = morphine; 3 = papaverinc; 4 = narcotinc; 
5 = codeine; G = cryptopine; 7 = thcbainc. (Rcproduccd by permission of J. Jurand4”.) 
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rigidity of the molecular structure leads to bad peak shape probably because there 
always exist a small number of surface sitqs which have the correct geometry for strong 
adsorption of these complex rigid molecules. 

Tricyclic tranquillizers (VI) (Fig. 10) and a selection of the B group of vitamins 
(VII) (Fig. 11) are also well resolved on SAS-silica. These species are somewhat less 
polar than the tetracyclines and present less of a problem in regard to peak symmetry. 
In both Figs. 10 and 11, the efficiency is equivalent to up to 2000 theoretical plates, 
and the analytical speed is a considerable improvement on what has previously been 
attained both for the water-soluble vitamins30*“o*61 and for the tricyclic tranquillizers”2. 

Unlike the partitioning of non-polar compounds into a long-chain hydro- 
carbon stationary phase such as ODS, partitioning of such highly polar compounds 
as tetracyclincs into a short-chain hydrocarbon phase is quite unexpected since these 
compounds are almost insoluble in hydrocarbon solvents. Yet SAS-silica is clearly 
both retentive and of high chromatographic efficiency. It is also selective and its 
selectivity can be altered over wide limits by change in the composition of the eluent. 

We believe that SAS-silica partitions because it extracts the less polar com- 
nonent(s) from the eluent and so provides what amounts to an adsorbed stationary 
phase layer whose composition is substantially different from and much less polar, 
than that of the mobile phase. Thus in the case of the tetracyclines, which are eluted 
by aqueous perchloric acid containing acetonitrile Is, it seems most likely that we are 
partitioning tetracycline-perchlorate ion pairs between a predominantly aqueous 
mobile phase and a relatively, but not completely, non-polar adsorbed stationary 
phase which is rich in acetonitrile. 

I I , I I 

0 L 8 
minutes 

0 5 IO 
minutes 

Fig. 10. Separation of tricyclic tranquillizers. Column packing, SAS-silica (G j/m); column dimensions, 
125 mm x 5 mm I.D.: eluent, methanol-water-ammonia [75:25:0.5 (v/v) containing 0.1 % (w/w) 
sodium lauryl sulphate]: pressure, 1300 p.s,i.: temperature, ambient; wavelength, 240 nm. 1 = Tri- 
mipramine; 2 = amitriptyline; 3 = imipramine; 4 = ndrtriptyline: 5 = dcsipramine; 6 = pro- 
triptyline. (Reproduced by permission of J. Jurand48.) 
Fig. I I. Separation of B vitamins., Column packing, SAS-silica (G!(m); column dimensions. 
125 mm x S mm I.D.; clucnt, water-methanol-cone. sulphuric acid [85:15:0.25 (v/v), containing 
0.1 % (w/w) sodium lauryl sulphate]: pressure, 2000 p.s.i.; temperature, ambient; wavelength, 270 
nm. 1 = Impurities: 2 = caffeine; 3 = vitamin B2: 4 = vitamin B3: 5 = vitamin BG. (Reproduced 
by permisSion of J. Jurand48.) 
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In the separation of the tricyclic tranquillizers in basic solution, and of the 
vitamins in acid solution, the addition of a small concentration of sodium lauryl 
sulphate had a profound effect as it did on the elution of the catecholamines from 
ODS/TMS-silica. It is probable that here again the detergent is strongly adsorbed on 
to the non-polar surface and that the formation of ion pairs and probably also of 
micelles play a part in the partitioning process. Further work on this form of chro- 
matography will be published in due course63. Recent papers by Kraak and HuberG 
and Persson and KargerG also deal with ion pair partition chromatography. 

The short-chain alkyl-bonded silica is evidently much more versatile than 
would at first sight be anticipated. It appears to act very much like an adsorbent which 
partitions mainly by virtue of the influence it has on the composition of the liquid in 
the immediate vicinity of its surface (say within l-5 nm). But Lmlike conventional 
adsorbents such as silica or alumina, the SAS-silica preferentially extracts the non- 
polar component(s) rather than the polar components of an eluent. It is thus the true 
reversed-phase analog of a normal adsorbent such as silica gel or alumina. 

NH2-silica. Anion-exchange materials have long been used for the analysis 
of nucleic acid materials but generally chromatographic performance measured as the 
rate of generation of plates for a given pressure drop has been relatively 10~“~. The 
bonded pellicular support AAX Permaphase (DuPont trade name) showed a consid- 
erable improvement on homogeneous ion-exchange resins and on previous pellicular 
materials for nucleotide analysis d6 but was still not as efficient as the equivalent un- 
bonded material Zipax. Fig. 12 shows that by using a unimolecular-bonded material 
the four DNA nucleotide monophosphates (VIII) can be separated very rapidly under 
quite gentle pressure conditions and with excellent plate efficiency. Likewise. AMP and 
cyclic AMP can be resolved in 2 min, as shown in Fig. 13. 

Fig. 14 shows an interesting separation where procaine penicillin G gives two 
peaks, one for the base cation of procaine (IX) and the second for the penicillin anion 
(X). The penicillin peak is wide and tailed presumably because of the highly func- 
tionalized structure of the anion which is adsorbed onto rare but specific sites on the 
silica underlying the organic phase. Cephalosporins may also be separated on this 
material under similar conditions. 

The retention of a base cation (such as that of procaine) by an anion exchanger 
is unexpected but has previously been observed with the dicationic herbicides paraquat 
and diquat45 using aminbpropylsilyl bonded to alumina and an aqueous-methanoli~ 
buffer as eluent. It is believed that the retention mechanism in such cases is essentially 
ion-pair partition onto a highly polar surface rather than ion exchange. It was there- 
fore of interest to examine whether or not NH,+ilica was behaving as a genuine ion 
exchanger when retaining simple acids. 

According to the simple theory of ion exchange 39, the /c’ values of an acid held 
by an anion exchanger should be inversely proportional to the ionic strength af the 
eluent, ,u, and for weak acids should increase with increase in pH as the degree of 
ionization of the acid is increased. For degrees of ionization below say IO “/, k’ should 
be proportional to l/[H+]. Although for a weak ion exchanger the degree of ionization 
of the base and hence its retentive power will eventually decrease as the pH is raised, 
this is not expected to occur for aminopropyl for pH < 7 since the p& value of the 
base cation is around IO or 1 I.. Accordingly, /c’ should increase with pH until the acid 
solute is completely dissociated; thereafter /c’ should remain independent of pH. In 
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Fig. 12. Separation of DNA nucleotidcs. Column packing, NH2-silica (G//m); column dimensions, 
125 mm x 5 mm I.D.; clucnt, 0.01 M NarHPOq -t- HJPO~ to pH 2.46; prcssurc, 420 p.s.i.; tem- 
pcraturc, ambient: wavelength, 254 nm. I = 2’-Dcoxycytidinc-S’monophosphoric acid; 2 = 2’. 
dcoxyadcnosinc-5’-monophosphoric acid : 3 = 2’-deoxyguanosine-5’-monophosphoric acid: 4 = 
thymidine-5’-monophosphoric acid. 

Fig. 13. Separation of AMP and cyclic AMP. Column packing, NH,-silica (G/(m); column dimcn- 
sions, 125 mm x 5 mm I.D.; cluent, 0.005 M NazHPO., -f- I-IJPO~ to pH 2.46; prcssurc, 550 p.s.i.; 
tempcraturc. ambient: wavclcngth, 258 nm. I = AMP; 2 -= cyclic AMP. 

Fig. 14. Chromatogram of procaine penicillin G. Column packing, NHL-silica (6,~m): column di- 
mensions, 125 mm x 5 mm I.D.; clucnt, 0.01 M Na2HP04 -I- HJPOJ to pH 3.25; pressure, 625 
p.s.i.; tcmperaturc, ambient; wavelength, 230 nm. 1 = Procaine; 2 = penicillin G. 

practice, these simple predictions will be more qualitative than quantitative since re- 
tention by simple adsorption and partition will generally occur and since activities 
(which should strictly be used in the above arguments) only roughly follow concen- 
trations in ionic solutions. 

Nevertheless, the effects of variation of ionic strength and pH still provide the 
best tests for the mechanism of retention on a supposed ion exchanger. 

Fig. 15 shows that at pH 3.0 there is indeed a roughly linear relationship be- 
tween k’ and I/,X. Over a tenfold range of p, I? changes about tenfold for o-phthalic 
acid (pK, = 2.59; *30°% anion) and p-toluenesulphonic acid (*99’;/, anion), whereas 
for the weakly ionized benzoic acid (pK, = 4.19; < 10% anion) there is a lesser in- 
crease in lc’ and for 2,6-xylenol, which is un-ionized, Ic’ is small ((0.45) and indepen- 
dent of ionic strength. These trends are thus good evidence that with moderately and 
strongly ionized acids the NH2-silica acts as a true ion exchanger wllile for the un- 
ionized 2,6-xylenol retention is probably by adsorption. For the intermediate case 
of a weakly ionized acid both ion exchange and adsorption contribute to retention. 

The effect of variation of pH is shown in Fig. 16 and a maximum is clearly 
shown at a pH of around 4.5 in those cases where partial ionization occurs, viz. o- 
phthalic acid, benzoic acid ii.ind sulphanilic acid (p/C,, = 3.23; 35% zwitterion and 
65% cation at pH 4.5). For fully ionized p-toluenesulphonic acid (pK,, < 1) pH 11a.s 

no erect at values below 4, while for the un-ionized 2.6-xylenol very little effect is 
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Fig. IS. Plot of capacity ratio (k’) vs. l/ionic strength (I///) for NH&lica. Elucnt, NaJ-IPO* -t. 
H1P04 to pH 3.0. Solutes: o-phthalic acid (pK;, 2.59: 30’;/, anion) (0); p-tolucncsLllphonic acid 
(PK. < 1 : 99’4 anion) (A); bcnzoic acid (PK. 4.19: = IOl;; anion) (fz:~) : 2,6-xylcnol (un-ionized) (a); 
sulphanilic acid (pK,, 3.23: cation/zwittcrion) (a). 

Fig. 16. Plot of log k’ IT. pH for tlic NHz-silica packing. Elucnt, 0. I M NazHPOJ -I- HJPOJ. Solutes: 
a-phthalic acid (0); p-tolucncsulphonic acid (e); bcnzoic acid (0): 2.6.xylcnol (0): sulphanilic 
acid (a). 

seen over a still wider pi-l range, As pH is increased above 4.5, /c’ falls for all the acids. 
The position of the maximum is, however, far below the pH at which propylamine 
would itself be un-ionized. The fall in lc’ as pH is increased above 4.5 csinnot therefore 
be due to a fall in the degree of ionization of the base. We believe quite n direrent 
explanation applies. The isoelectric point of silica gel occurs at a pH in the range of 
4-5, silica being negatively charged at higher pH and neutral or positively charged at 
lower pH”‘. We believe that when the silica becomes negatively charged the ion- 
exchange capacity of the aminopropyl cations can be neutralized by the negative 
charges on the silica. Thus the effect is somewhat analogous to an increase ofcounter- 
ion concentration in the eluent in that the availability of bonded cations for ion ex- 
change is reduced. We are dealing not with failure of the base to ionize but with satura- 
tion of the ion-exchange capacity by fixed charges on the silica gel surface. 

Py~ic~yl-alltmilia. The material formed by bonding 2-(4-pyridyl)trichloro- 
silylethane to the surface of 20-pm alumina is a useful chemically bonded weak anion- 
exchange material in which the 4-alkylpyridine group is separated from the alumina 
by a two-carbon spacer unit. Majors 2Q has recently prepared a similar support by 
bonding a 2-ethylpyridyl group to silica. The bonded pyridyl and cyanoethyl groups 
and the previously reported bonded aminopropylsilyl groupJS are, we believe. the 
first examples of stationary phases chemically boncled to alumina for use in HPLC. 
These materials have been used with a range ofacid buffers and in thecase of the amino- 
propyl material for the repeated injection of neat urine samples, without deterioration 
in chromatographic performance Js, The pyridyl material can be used either as a 
modified polar adsorbent, as shown in the separation of some aromatic hydrocarbons 
(Fig. I7), or as a weak anion exchanger, as demonstrated by the separation of some 
barbiturates (XI) (Fig. 18) and nucleosicle components (VIII) (Fig. 19). Again trhe 
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Fig. 17. Separation of aromatic hydrocarbons. Column packing, pyridyl-alumina (20 I/m): column 
dimensions, 125 mm x S mm I.D.; eluent, hcxane (water saturated)-dioxan (95: 5, v/v): pressure, 120 
p.s.i.: temperature, ambient: wavelength, 254 nm. 1 == Tolucnc: 2 = pyrcnc: 3 = 9,10-benzophen- 
anthrcnc; 4 = I ,2,5,6-dibcnzofluorcne. 

Fig. 18. Separation of barbiturates. Column packing, pyridyl-alumina (20 /lm): column dimen- 
sions, 125 mm x S mm I.D.; eluent. 0.04 M sodium hydroxide -t- boric acid to pH 7.1 : pressure, 
350 p,s,i,: tcmperaturc, ambient; wavelength, 254 nm. I = Barbituric acid: 2 = hcxobnrbitonc; 3 = 
phcnobarbitone. 

Fig. 19. Scparntion of nucleosidc components. Column packing, pyridyl-alumina (20 /lrn): column 
dimensions, 125 mm x S mm I.D.: eluent, 0.01 M KH2POo at pH 4.75: pressure, 210 p&i.: tem- 

_. pcraturc, ambient; wavelength. 254 nm. 1 = Uracil: 2 = adcnine: 3 = adenosinc. (Rcproduccd by 
courtesy of Laboralory Pracfid~.) 

separations obtained compare well with those reported in the literature for barbitu- 
rates6”-70 and for nucleosidcs and nucleic acid baseP in terms of speed and chroma- 
tographic eficiency. 

CONCLUSIONS 

The main conclusions of this work may Le summarised as follows: 
(I) Both silica gel and alumina may be chemically modified by reaction with 

silanes to give materials having a unimolecular surface layer of organic material. 
These materials are stable over a wide range of solvent composition and pH. They 
exhibit partitioning properties which are radically different from those of the un- 
modified adsorbents. 

(2) Chemical modification of an adsorbent can improve the plate height ob- 
tained with the material. Thus the ODS/TMS- and SAS-silicas showed significantly 
lower plate heights than the spherical silica gel from which they were prepared (and 
other silica gels for HPLC). Their mass transfer coefficients closely approached the 
theoretical minimum. 

(3) Chemically modified adsorbents, especially when fully reacted, are particu- 
larly suitable for the separation of highly polar substances of complex molecular 
structure which give severely tailed peaks with normal adsorbents. Typical examples 
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of this type are tetracyclines, morphine alkaloids, and tricyclic antidepressants. In 
many instances ion pairs appear to be involved in partitioning into the organic phase. 

(4) Aminopropyl silica or pyridyl alumina can act both as polar adsorbents or 
as weak anion exchangers. In the latter capacity, retention of acids on NH,-silica 
showed the expected response to increase of ionic strength and decrease in pH below 
4.5 (namely a decrease), but at pH above 4.5 retention again decreased unexpectedly. 
This is thought to be due to saturation of the ion-exchange capacity of the amine by 
negative surface charges on the silica. 

(5) The development of new chemically modified adsorbents is likely to have 
a profound effect on the future usefulness of HPLC. 
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