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F O R E W O R D 

The A C S S Y M P O S I U M S E R I E S was founded in 1974 to provide a 
medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing A D V A N C E S 
IN C H E M I S T R Y S E R I E S except that, in order to save time, the 
papers are not typeset but are reproduced as they are submitted 
by the authors in camera-ready form. Papers are reviewed under 
the supervision of th
Advisory Board and are selected to maintain the integrity of the 
symposia; however, verbatim reproductions of previously pub
lished papers are not accepted. Both reviews and reports of 
research are acceptable, because symposia may embrace both 
types of presentation. 
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P R E F A C E 

C H R O M A T O G R A P H Y IS A P O W E R F U L S C I E N C E concerned with separations 
of a large number of complex compounds. The contributions of chromatog
raphy to various scientific disciplines remain unmatched as is exemplified by 
the progress made in biological sciences such as biotechnology, clinical 
pharmacology/therapeutics
compile some of the exciting developments in the science of chromatography 
and separation chemistry. 

A unified theory recently proposed to explain the manner of sorption 
and the form of sorption isotherm in gas, liquid, and ion-exchange 
chromatography is presented in some detail. Selectivity in reversed-phase 
high-pressure liquid chromatography is explored at length. Several chapters 
deal with characterization of bonded phases, relationship of column-packing 
structure and performance, variability of reversed-phase packing materials, 
and the differences between silica-based reversed-phase and poly(styrene-
divinylbenzene) columns. A short review is included to cover various 
approaches used in H P L C to achieve the desired selectivity for resolution of 
enantiomeric compounds. 

Detectors provide another route to optimizing selectivity by enhancing 
detectability of various classes of compounds. Discussion is included that 
describes the noise sources in optical detectors that allow optimization of 
such detectors. Two additional chapters deal with new and potential 
detectors including laser fluorimetry for H P L C , microcolumn H P L C , and 
F1A. 

Effective use of computerization in chromatography is further advanc
ing this science. Detailed information is provided regarding calculation and 
prediction of retention data for isocratic separations that allow optimization 
of methodologies. Calculation of retention data for complex gradient elution 
is also shown. 

Recent developments in separation science are covered from the 
standpoint of their impact on various modes of chromatography. Chromato
graphic applications of cyclodextrin and phenylboronic acid stationary 
phases are discussed. The renaissance in electrophoresis has given risen to 
high-resolution, two-dimensional gel electrophoresis. The basic methodology 
and recent advances are provided for studies on protein separations. Finally, 
the combination of capillary supercritical fluid chromatography and mass 

vn 
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spectrometry is discussed as another powerful tool for separation and 
detection of a variety of compounds for which G L C and H P L C cannot be 
used because of their apparent shortcomings. 

S A T I N D E R AHUJA 

C I B A - G E I G Y Corporation 
Suffern, N Y 10901 

May 20, 1985 
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1 
Manner of Sorption and Form of the Sorption Isotherm 
in Gas, Liquid, and Ion-Exchange Chromatography 

R. J. Laub 

Department of Chemistry, San Diego State University, San Diego, CA 92182 

The Langmuir model of sorption and isotherm relation are 
discussed in terms of approximations made in their formula
tion. An elementa
an equation that, in principle, accounts for adsorbate 
asymmetry, surface heterogeneity, multilayer formation, and 
sorption-desorption hysteresis and, hence, that encompasses the 
BET model and isotherm Types 0 through V. Summation exten
sion yields a comprehensive equation with which stepped 
isotherms can also be represented. The form of the latter is 
used to describe retentions in gas, liquid, and ion exchange 
chromatography; the powers and coefficients of the resultant 
expressions are shown in the first and third of these cases to be 
rigorously interpretable in terms of the solute activity and 
partition coefficients. 

The method employed for choosing appropriate systems and conditions for a 
particular analytical-scale chromatographic separation has tradit ional ly 
amounted to maximizing the column eff iciency and, at the same t ime, 
choosing (often nearly at random) stationary and/or mobile phases that are 
thought to be suitable for the sample at hand (optimizing the system 
selectivity) . Maximiz ing the ef f ic iency of chromatographic systems is taken 
to be well understood at the present t ime, at least i n principle (e.g., 1); even 
so, while this method of effecting separations is straightforward and i n fact 
frequently provides a satisfactory solution, very many instances are 
encountered wherein, i f for no other than pract i ca l reasons, the select iv ity of 
the system must be enhanced as wel l . However, given the paucity of 
quantitative guidelines regarding the lat ter , decisions made pertaining to 
appropriate experimental conditions and technique(s) wi th which to achieve 
this end have i n the past inevitably been based pr imari ly upon the experience 
of the analyst as guided by what l i terature reports there might be that 
describe anci l lary analyses (e.g., 2). 

A n alternative approach to optimizing the system select iv ity , and one 
more rat ional than that of tr ia l -and-error , would appear to be understanding, 
f i rs t , of the physicochemical basis of chromatographic separations C3-7); 
followed by modeling of the system at hand; thence optimizing the system and 
conditions within the boundaries of whatever level of resolution is sought (&} 

0097-6156/ 86/ 0297-0001 $09.25/0 
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2 C H R O M A T O G R A P H Y A N D SEPARATION C H E M I S T R Y 

see the reviews 2?\2)* However, while the third of these areas is now 
adequately characterized, the first and second remain only poorly understood 
since, presupposed, is a knowledge of the physicochemical interactions that 
take place between the solute and the mobile and stationary phases, as wel l as 
those that may occur between the mobile and stationary phases themselves. 
These may, i n addition, be interdependent. Any model of the se lect iv i ty of 
the chromatographic process must therefore take account of such 
interactions; one such theory, founded upon a modified form of the Langmuir 
model of sorption, is formulated i n what follows. 

G E N E R A L I Z E D R E P R E S E N T A T I O N O F I S O T H E R M T Y P E S 

The Langmuir Model 
The pioneering consideration of isotherms, including their representation and 
interpretation, was carried out by Langmuir at the turn of this Century (11). 
His model is that of a symmetric adsorbate (solute) that interacts with an 
adsorbent comprised of S unifor
to (adsorbs on) the solid surface. The process is said to result i n sites of 
the adsorbent becoming occupied, leaving S Q sites unoccupied, where 

S = S Q + S j (1) 

is presumed to obtain. 
The rate at which sites are vacated (i.e., the rate of adsorbate 

evaporation from the surface) is said to be given by k j S j , whereas the rate at 
which sites become occupied in the first place (i.e., the rate of adsorbate 
condensation) is P A ^ o ' w n e r e k j are rate constants, and where p A is the 
part ia l pressure of adsorbate above the adsorbent. Thus, at equil ibrium, 

k l S l = k 2 P A S o = k 2 P A ( S - S l ) ( 2 ) 

Now let 0 be the fract ion of sites occupied at any t ime: 

9 = S ^ S (3) 

Then, upon substituting equation 2 into 3, followed by rearrangements, 

k 2 P A 

e • 

Let t ing b = the ratio of the rate constants (i.e., an equilibrium 
constant) which is taken to be independent of p A , 

B P A 

9 • 

Alternat ive ly , 0 can be replaced by the volume ratio v A / V A , where v A is the 
volume of adsorbate actually on the surface, and where V A is the volume of 
adsorbate corresponding to monolayer coverage: 0 = V ^ / V A . A lso , since the 
density of the adsorbate is assumed to be unaffected by the adsorption 
process, 0 could equally be represented by a mole or weight rat io . 
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1. L A U B Gas, Liquid, and Ion-Exchange Chromatography 3 

The denominator of equation 5 tends to unity at very low pressure, 
whence v A = b V A p A ; plots of v A against p A are then predicted to be linear 
and of zero intercept. When i n contrast (b p A ) is not negligible i n comparison 
with unity, the plots are predicted to be curved concave to the abscissa, i .e . , 
the well -known Langmuir isotherm. 

The BET Model 

In pract ice , isotherm plots are of course found to describe a number of forms 
different from those mentioned above. Each has become known as a Type, 
where Type 0 is the ideal (i.e., linear) case, followed by Type I, the Langmuir 
isotherm. Examples of Types n-VI are also known, Brunauer, Emmet t , and 
Tel ler (12) being the first to collate systems that exhibit such curve shapes. 

These workers were also the first to model mult i layer sorption: the 
Langmuir assumption of a uniform surface is retained; further, solutes i n the 
first layer are said to be local ized to (i.e., immobi l ized on) a given site. 
Addit ional adsorbate molecules are then permitted to stack (but not interact) 
i n layers on top of one another, where molecules i n the second and subsequent 
layers are taken to have propertie
The resultant formulation with which isotherms of at least through Type V can 
be reproduced is then given by: 

( c / 0 p A 
0 = =— - =; (6) 

(1 - P A / P ° ) [ l + (c - D P A / P ° ] 

where c, a dimensionless constant greater than or equal to unity, is ap
proximately e x p ( H j - Hy ) / R T , that is , reflects the (temperature-
dependent) difference in the heats of sorption of the first and subsequent 
layers of adsorbate; and where p A is the bulk-solute vapor pressure. 

[The more famil iar form of the BET equation can be obtained by 
substitution of v A / V A for 0 , followed by rearrangements: 

P A 7 P A =
 ( C - ^ P A / P A + _ L 

/1 / Ov V A c V A c 
V A ( 1 " Vk,vA) A A 

where plots of the left-hand side of the re lat ion against P A / P a are predicted 
to be linear and from which both V A and c can be evaluated, tne former from 
the inverse of the sum of the slope and intercept , and the latter from 1 + the 
slope/intercept quotient.] 

Extension of the Langmuir Model to Include Equation 6 

As a prelude to application of the Langmuir formalism to chromatography, we 
first enquire whether some or other simple modif ication of i t can accomodate 
the B E T relat ion, equation 6, since, i f so, the resultant generalized expression 
might then be indicative of an appropriate model of the sorption process 
relevant to analyt ical separations. Accordingly, we rewrite the Langmuir 
equation with b replaced by a second constant b' i n the denominator of 
equation 5: 
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4 C H R O M A T O G R A P H Y A N D SEPARATION C H E M I S T R Y 

B P A 
0 = , , * (7) 1 + b ' P A 

where b = c /p^ , and where setting (1 + b' p A ) equal to the denominator of 
equation 6 provides the identity: 

b ' 

whence b1 is identif ied as being pressure-dependent. 
The BET model is well -known to hold only i n the l imi t of low pressure, 

so that equation 8 reduces approximately to: 

» ~ S^lJL ( ) 

When c » 2, b 1 « C / P A
 = D» whence equation 7 further reduces to equation 5, 

i .e . , the Langmuir model, with which isotherm Type I is described. In the 
l imit of suff ic iently low pressure, the re lat ion describes Type 0 as we l l , as 
discussed above. In those instances where c K. 2, b*« 0 which results also i n a 
Type 0 isotherm. When p A cannot be neglected then, for c » 2, isotherm 
Type II results, with the eventual appearance of the Type IV extension. In 
contrast, for c « 2, V « - p A / ( p A ) 2 which yields isotherm Type HI and, as p A 

is increased, Type V . Equation 7 thereby accounts for the seemingly-inex
plicable fact that stepped isotherms such as Types IV and V (the former being 
part icular ly common) are frequently observed at pressures far below that 
corresponding to saturation. (It is of interest i n this regard that isotherm 
Type II is a composite of Types I and m, whereas isotherm Type IV is a 
composite of Types I + I. S imi lar ly , isotherm Type V is comprised of Type m 
with extension to Type I.) 

Comprehensive Isotherm Relation 
The above derivations have been brought out i n ful l i n order to reveal the 
approximations made i n each and, moreover, to i l lustrate that neither the 
Langmuir nor B E T models account for multi-stepped isotherms despite mod i f i 
cat ion of the form of equation 5. F i r s t , of course, adsorbate species of 
interest generally, let alone those i n chromatography, self -evidently w i l l 
rarely be of spherical symmetry. Thus, adsorbates can adsorb onto an 
adsorbent i n different ways, for example, the hypothetical edgewise vs. planar 
adsorption of benzene onto a presumed-flat surface. In addition, not only can 
there be different conformations of the first layer of adsorbate on an 
adsorbent, but this layer may also orient the second layer, which i n turn can 
orient the third layer, and so on. The phenomenon is well -known i n the 
sorption of l iquid-crystal l ine materials onto solid surfaces, the so-called 
"boundary layer" (that is , that which is intermediate between the surface and 
bulk liquid) being known to extend i n some cases over thousands of Angstroms 
(13). However, the ordering is not necessarily unidirectional (nematic-like) 
and can i n fact extend i n two dimensions, analogous to two-dimensional 
ordering of smectic l iquid crystals. (With chiral adsorbates, there could 
evidently be superposed a twist as well.) 
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1. L A U B Gas, Liquid, and Ion-Exchange Chromatography 5 

The second major objection to the Langmuir and BET formulations 
derives from consideration of the adsorbent surface. Both models assume a 
finite number of uniform sites available for adsorption, but even cursory 
microscopic evaluation of surfaces of interest in chromatography demon
strates that with the possible exception of smooth glass beads, this is rarely 
the case. Surfaces such as diatomaceous earth, silica, etc. are highly 
heterogeneous and, in addition, possess microporous structure, the adsorptive 
properties of which can be much different from those of the surface (14). 

Also implicit in the models is that the surface remains unchanged when 
contacted with an adsorbate. This is now known to be incorrect in at least 
several instances, and adsorbates can in fact cause a reorganization of 
adsorbent surface atoms (15). 

Finally, because adsorbate molecules are adsorbed in a specific orien
tation (or array of orientations), there will be hysteresis involved in the 
sorption/desorption process (16). Hysteresis is known to arise also as a result 
of adsorbent-site heterogeneities (17). 

In order to take account of all of the above effects, we rewrite 
equation 7 at this point as a

[ i ^ b i A p A ] 
(10) 

i = l 

where isotherm Types 0-V can be represented as described above with n = 1, 
while multi-stepped isotherm shapes require that n ^ 2 with bj f b ! . The 
alternative (but equivalent) view is a virial expansion of equation 8, t\ie first 
three terms of which must evidently be: 

b ' = - (c - 1) - / o v 2 (c - 1) + (ID 

Multi-stepped isotherm shapes can therefore be described either by expansion, 
as required, of the summation of equation 10, or by virial extension of 
equation 11; while hysteresis is taken into account by replacing b» in the 
denominator of equations 5 et seq. with b j . Moreover, in doing so, and in 
contrast to the BET model, each of the second and higher layers of adsorbate 
can be distinguished as is important, for example, in instances of liquid-
crystalline solutes. 

APPLICATION OF EQUATION 10 TO GAS CHROMATOGRAPHY 

Generalized Representation of Retentions with Blended Sorbents 
It has been shown in very many (but by no means all) instances of the use of 
binary stationary phases in gas chromatography, that solute partition coeffic
ients at hypothetical zero column pressure drop (i.e., corrected for virial 
effects; JL8) are described by the relation (19-23): 
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6 C H R O M A T O G R A P H Y A N D SEPARATION C H E M I S T R Y 

K R ( M ) " K R ( B ) + K R ( C ) (12) 

where the subscripts refer to pure stationary phases B or C or to a mixture of 
these (M = B + C) , and where j6- (i = B or C) is a volume fract ion. In addition, 
Laub has described and discussed various modifications that can be incorp
orated into equation 12 to take account of solute-solvent stoichiometric or 
nonstoichiometric complexation along with concomitant solvent-solvent se l f -
association and/or solvent-additive interactions (24; see also ref . 25). 

In order to assess whether the isotherm formalism might be applied to 
these situations, we write equation 12, f i rst , i n the form: 

We then seek to interpret the constants b-,b ! i n what follows. 

Non-Interactive Solute Solution with Non-Interactive Solvents 

In the t r i v i a l case of what might wel l be referred to as elemental solute 
solution i n the stationary-phase blend M , there is presumed to be neither 
solute specific chemical interact ion with B or C , nor stoichiometric or non
stoichiometric solvent-solvent chemical interact ion. Thus, allowance is made 
for nonspecific solute interactions with M (such solutions being designated 
variously as ideal , athermal, "regular", "solvated", random contact-paired, and 
so forth, depending upon the enthalpy and entropy of mixing), while the 
solvent-solvent solution is taken to be ideal . The regression of solute p a r t i 
t ion coefficients against the solution composition i n these instances w i l l be 
l inear, and w i l l accordingly be described by equation 13 wi th b . ,b ! set equal 
to zero, i .e . , equation 12. Since the pure-phase part i t ion coefficients w i l l i n 
a l l l ikelihood di f fer , the slopes of such plots may be positive, zero, or nega
t ive , examples of a l l of which have been documented and discussed (12-21). 

We note also that solvent-solvent " ideal i ty" is mimicked by systems 
that exhibit part ia l misc ib i l i ty . Thus, equation 12 is expected to hold i n these 
instances as wel l , since the compositions of each phase of such two-phase 
systems are invariant with the notional concentrations of B and C. In testing 
this, Laub, Purne l l , and Summers (26) evaluated the part i t ion coefficients of 
several solutes with the solvent systems tr ibuty l phosphate/ethylene glycol 
and ethyl benzoate/propylene glycol (upper consolute temperatures of 53° and 
47°C, respectively), and found that not only was equation 12 obeyed as 
expected within the two-phase regions of each but also, that the lines were 
contiguous with those corresponding to the single-phase portions of the phase 
diagrams. 

[As one consequence of the " ideal i ty" of part ia l ly -misc ib le solvent 
systems, the use of mechanical blends of pure-phase packings is favored i n 
packed-column analyt ical separations since, i n the absence of any substantial 
vo lat i l i ty of B and C , equation 12 must be obeyed exactly and, hence, 
retentions with blended phases can be forecast from those with the two pure 
solvents (8,27j see the reviews %\Q%2$. The same holds also for the use of 

(13) 
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1. L A U B Gas, Liquid, and Ion-Exchange Chromatography 7 

tandem-connected packed (28,29) as wel l as capi l lary columns (30,31), 
provided that the pressure drop across each is correct ly taken account of 
(32,33).] 

Interactive-Solute Solution with Non-Interactive Solvents 
In the simplest of these situations, solute complexation with one of the 
stationary-phase components, say C , i n admixture with presumed-inert (i.e., 
non-interactive) diluent phase B , the G i l - A v / H e r l i n g re lat ion (34) is 
substituted into equation 12 to provide: 

Ko _ o . ^ ( B ) K A C * C (14a) 

o , t . * R ( C ) K A C 
T l ( C ) + » 

C 
*B*tL (B) (14b) 

where K ^ Q is the notional solute (A) complexation constant wi th C , 

. V c [ * R ( M ) " * R ( B ) ] K 
A C 

LiML 

*c * R ( B ) 
(15a) 

which, f o r l ^ ^ j linear i n j> [as in the several systems considered for 
example by Mart i re and R i e d l (35); see also the many systems c ited i n refs . 
12-21], reduces to: 

K A C 
V c f e c ) " ^ ( B ) ] 

* R ( B ) 

(15b) 

where the true (i.e., uncomplexed) part i t ion coefficient of A w i th C , J 
is defined by: 

V c ) " V c ) + (15c) 

and where is the molar volume of C . 
Setting equations 15a and 15b equal immediately yields equation 12 

(the manner, i n fact , i n which it was first derived), while substitution of 
equation 15c into equation 12 then provides equations 14. 
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8 C H R O M A T O G R A P H Y A N D SEPARATION C H E M I S T R Y 

Solute complexation with one of the solvent components, here C , is 
also described by the isotherm relat ion, equation 13, with n = 1: 

^ R ( M ) - * C 1*11(0) + T [ ^ ( C ) + 1 + X b i \ ] + * B ^ ( B ) (16) 

where equation 16 reduces to equation 14b (hence 14a) upon speci f ication of 
the following identities: 

. ^ ( C ) K A C (17a) 

, . c -

In instances i n which the solute interacts stoichiometrical ly both with 
B and C , equation 14b is expanded to: 

^ ( M ) " * C 

r o , t 
. o , t . ^ ( C ) " A C 

^ ( C ) 
^ , t + * R ( B ) A B 

B 
(18) 

In terms of the isotherm formalism this i s : 

^ ( M ) * R ( C ) + 1 + b ' ^ + 1 + b£ * 
b l H b 2 *B 

+ *B ^ ( B ) < 1 9 ) 

i .e . , equation 13 with n = 2, where i n addition to b^ and b j given as above, 
and b^ are ident i t i f ied as: 

rrO, t K A B (20a) 

b 2 " 
V B * 1 

(20b) 

Equations 16 and 19 are indicative of the versat i l i ty of the form of the 
isotherm relat ion, equation 13, insofar as the latter provides for description of 
solute complexation with either (or both) of the solvent components of binary 
stationary phases. In addition, each of what might otherwise appear simply to 
be empir ica l f i t t ing constants can be precisely interpreted (equations 17 and 
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1. L A U B Gas, Liquid, and Ion-Exchange Chromatography 9 

20). Moreover, the relations can obviously be expanded to take account of 
multicomponent phases to the same extent that the diachoric solutions 
re lat ion, equation 12, can be extended (36): 

n 

* R ( M ) = 

i = l 

Equation 12 takes account as wel l of solute/stationary-phase p a r t i 
tioning i n the instance of gas-solid chromatography since, i n the absence of 
adsorbent-adsorbent interactions, (adsorbate) solute specific retention 
volumes are described exactly by the weight-average of the retentions with 
the pure adsorbents (3?). This holds also i n the instance of adsorbate/adsor
bent charge-transfer complexation, i .e . , equations 14 and 15 (38). 

However, for binary-component l iquid (or solid or interfacial) sorbent 
phases, plots against i> are predicted to be linear irrespective of 
whether the solute complexe
f inite ; zero), or with
each finite) . That is , even though these various situations can be interpreted 
precisely i n terms of the equations presented thus far , the isotherm formalism 
appears at this point to provide l i t t l e advantage over the diachoric solutions 
equation i n the speciation of solute complexation with non-interactive 
solvents. 

Non-Interactive Solute Solution with Interactive Solvents 
The two solvent components have thus far been assumed to be non-inter
act ive , that i s , to form ideal solutions. Since these are equivalent to those 
comprised of immiscible liquids, Laub and Purne l l christened such systems as 
"diachoric" (partitioned volume) (20). That i s , diachoric solutions are defined 
as those for which the solvent-solvent ac t iv i ty coefficients 7 are unity and, 
hence, for which plots of solute part i t ion coefficients against solvent 
composition ous t regress l inearly. 

For example, Mart i re and R i e d l proposed some years ago that K ^ Q is 
calculable solely from the end-points of what amount to (straight-line) plots 
of equation 14a (i.e., equation 15b), provided that the two solvents are 
identical i n a l l respects (yield ideal solutions) save that one or the other 
complexes with the solute (35). Such systems include chloroform with the 
stationary phases n-heptadecane + d i -n -oc ty l ether, for which the ac t iv i ty 
coefficient of either solvent component (i = B or C ) i n the blend M (= B + 
C ) was said to deviate from unity by at worst ± 0.00 7 at j> = 0.5 (where the 
observed K ^ Q was taken to ref lect hydrogen bonding of the solute with the 
lat ter solvent). 

When i n contrast the solvent components somehow interact a t t r a c t i v e 
ly or repulsively (i.e., exhibit negative or positive deviations from Raoult 's 
law), the regression of Kp^j^ j must be presumed to be affected also. 
However, the form that this might take has yet to be specified i n any deta i l . 
Nevertheless, and i n order that equations 12 et seq. might be applied to 
combinations of stationary phases that are of interest i n solutions theories i n 
general, and i n analyt ical gas-liquid chromatography i n part icular , the effect 
of solvent-solvent interact ion on solute/stationary-phase partit ioning must be 
taken into account. 
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Modi f i cat ion of Equation 12 to Account for Solvent-Solvent Interac 
t i on . In every situation i n which deviations from equation 12 have been 
determined accurately, the signs and magnitudes of the deviations have been 
found to be v ir tual ly ident ical for non-interactive solutes (e.g., alkanes) wi th a 
particular pair of solvents. For example, n-pentane through n-octane, 
cyclohexane, and methylcyclohexane yie ld part i t ion coefficients with 
equimolar mixtures of squalane + dinonyl phthalate phases at 30°C that, 
uniformly, are ca . 7% greater than those predicted v ia equation 12 (39). 
Moreover, a l l exhibit (curvilinear) plots °* K p ^ j against ^ p j j p t n a t a r e 

slightly asymmetric toward the squalane ordinate. In contrast, tne same n -
alkane solutes deviate negatively and symmetrical ly from l inearity by ca . 1% 
with n-octadecane + n-hexatriacontane at 80°C (40). Chien and Laub (41) 
have also shown that the deviations from equation 12 exhibited by n-pentane, 
n-hexane, and cyclohexane with the three combinations of n-hexadecane, n -
hexadecyl iodide, and te tra -n -buty l t in fa l l between these extremes, amounting 
to ca . 1-2% symmetric positive deviation at i> = 0.5. 

We are accordingly led to postulate that deviations exhibited by such 
non-interactive solutes from one or another forms of the diachoric solutions 
re lat ion are i n fact a re f lect io
themselves from Raoult 's law. We therefore define an ar i thmetic -mean 
ac t iv i ty coefficient for blends of B + C , to which we assign the form: 

E 

l n *M = 2i£r - * [ X B l n * B ( M ) + X C l n 7 C ( M ) ] ( 2 1 ) 

where gjjj is the excess free energy of mixing of B and C , and where x* is a 
mole fract ion. Referr ing to the behavior of non-interactive ( K ^ g = K ^ Q = 
0) solutes with interact ive solvents then leads to the expression: 

"Sol) - | > c A K £ + « £ < B ) ] » M ( 2 2 ) 

where AK°» = K J ^ Q \ - A l ternat ive ly , the situation may be viewed 
from the standpoint that deviations from equation 12 y ie ld the mean deviation 
of the solvent components from ideal i ty . In either event, equation 22 can be 
tested immediately , provided that appropriate solvent/solvent a c t i v i t y -
coefficient or free-energy data are available or can be calculated. 

Solvent-Component Negative Dev iat ion from Raoult 's L a w . A blended-
solvent system that exhibits large negative deviations from Raoult 's law is 
aniline (AN) + phenol (PH): the phase diagram (42) indicates that 1:1 A N : P H 
compound formation is extant up to the congruent melt ing point of 31°C (x = 
0.5), with eutectic points occurring at 15° (x^™ = 0.2) and at -12°C ( x ^ = 
0.9). Further , Vernier , Raimbault , and Renon (43) have reported (glc-based) 
inf in i te -d i lut ion liquid-gas ac t iv i ty coefficients ^ ( M ) for several solutes 
with this solvent system, from which K ° ^ M ) can easily be calculated. 
Accordingly , and following assessment of the excess free energy of mixing of 
the two solvents as a function of solution composition, a mean ac t iv i ty 
coefficient can be calculated ut i l i z ing equation 21. The solute part i t ion 
coefficients can then be predicted v i a equation 22, comparison of which with 
those determined experimentally w i l l provide a test of the consistency of the 
relations, as wel l as a measure of the extent to which deviations from the 
diachoric solutions expression can be attributed to solvent-solvent interact ion. 
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To begin, Vernier and coworkers reported that the excess free energy 
of mixing of A N + P H at 3 4 ° C could be represented across the entire composi
t ion range to a fair degree of approximation by the Red l i ch -Kis ter equation: 

« S = R T X P H X A N [ B ' + C ( X P H " X A N > + D ( X P H " X A N ) Z ] ( 2 3 ) 

where B ! , C , and D are empir ical f i t t ing constants, which were found to be 
-1.7112, -0.2650, and 0.7156, respectively. (For example, the excess free 
energy of mixing for the system at x = 0.5 was said to be -261 ca l mol .) We 
show the gw calculated with equation 23 plotted i n Figure 1 as open 
triangles. Trie data exhibit a point of inf lect ion at x ^ N = A N ( * S O ' m * 6 n t 

be regarded as circumspect. A l ternat ive ly , a smooth curve can be generated 
with the (symmetric) one-term Margules expression: 

gE = A ' R T x  x  (24a) 

That calculated with (A1 R T) set equal to -950 ca l mol~* is shown plotted with 
open c irc les i n Figure 1. However, the curves generated with equation 23 and 
equation 24a are both symmetric with respect to K ^ N ' which is d i f f i cult to 
reconcile with the diverse chemical nature of aniline and phenol (the values 
are being reassessed at the present t ime by di f ferential scanning calor imetry , 
the results of which we intend reporting elsewhere). Thus, the excess free 
energy would seem to be better represented by the two-term (asymmetric) 
Margules expression: 

= R T (A x p H + B x A N ) x p H x A N (24b) 

where the values: A = -0.8713, and B = -2.0879 (closed circles i n Figure 1) 
were found to yie ld the best f it to the averages of the deviations from 
equation 12 of the partit ion-coeff ic ient data for the alkane solutes (n-
pentane, n-hexane, and n-heptane; crosses i n Figure 1). 

The latter result is c learly quite acceptable, the sole exception being 
the point at x = 0.5 (cross i n brackets). This datum is consistent with 1:1 
compound formation of the solvent components, which is ref lected also by the 
anomalous solution expansion at 30°C reported for this composition (44). 
Thus, since the partit ion-coeff ic ient data were taken at 34°C, i .e . , at only 3° 
above the congruent melt ing point of the aniline:phenol complex, the 
deviation might well be due to the onset of stoichiometric solvent-solvent 
sociation. Moreover, we have observed similar anomalies i n plots of part i t ion 
coefficients against volume fract ion at as much as 20° above eutectic points 
of mixed l iquid-crystal l ine phases (45). 

The self-consistency of equations 21, 22, and 24b is shown tested 
further i n Figure 2, where the calculated (open circles) and experimental 
(filled circles) solute part i t ion coefficients are plotted against J ^ N * ^ E 

latter were calculated from the solute ac t iv i ty coefficients reported by 
Vernier and coworkers as follows. F i r s t , stationary-phase mole fractions were 
converted to volume fractions v i a the relat ion: 
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1 1 1 1 1 I 
0. 0.2 0.4 0.6 0.8 1. 

Figure 1. Plots of the excess free energy of mixing g^J of aniline + 
phenol at 34°C, calculated with equations 23 (triangles), 24a (open 
circles) , and 24b (closed circles) . Crosses: gy^ calculated with equations 
21 and 22 for n-alkane solutes. 
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O i j , , , 1-100 
0. 0.2 0.4 0.6 0.8 1. 

'AN 

Figure 2. Plots of calculated (equation 22; closed circles) and 
experimental (open circles) part i t ion coefficients of n-alkane solutes (1: 
n-pentane; 2: n-hexane; 3: n-heptane, right-hand ordinate) wi th aniline + 
phenol solvents at 34°C. 

In Chromatography and Separation Chemistry; Ahuja, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



14 C H R O M A T O G R A P H Y A N D SEPARATION C H E M I S T R Y 

. _ _ X A N 
A N " x M ( l - r ) + r 

where r is the rat io of molar volumes of phenol (88.476 cm° mol " ) and aniline 
(92.204 cm m o l " ) (46), and where the excess volume of mixing is less than 
0.7% at x = 0.5 (44). The experimental K g / w \ were then deduced from the 
reported solute act iv i ty coefficients and the re lat ion (cf. ref . 4): 

Ko RT 
* R ( M ) " oo o ^ 

7 A ( M ) P A V M 

where the vapor-pressure data were obtained from ref . 46, and where V M was 
calculated as usual from: 

V =M

The predicted K p / ^ \ , through which were constructed the solid curves, were 
calculated from the end-point part i t ion coefficients, the 7^ derived from 
equations 21 and 24b, and equation 22. 

The fits i l lustrated i n Figure 2 are encouraging: the experimental 
part i t ion coefficients conform everywhere to the calculated values to within 
error l imits of at worst ± 3% except at *&AN = 0.5, which we take as indicative 
of the onset of compound formation as noted above. Moreover, random 
scatter i n the reported solute act iv ity-coef f ic ient data indicates that what 
deviations remain may we l l be due simply to experimental di f f icult ies i n using 
these volati le solvents as glc stationary phases (each exhibits a bulk vapor 
pressure of i n excess of 1 torr at 34°C: 46). 

In any event, and to the extent that the postulate can be tested with 
the data at hand, superposition upon the solute part i t ion coefficients of the 
solvent-component deviations from Raoult 's law, equation 22, appears to go 
far i n accounting for deviations from the diachoric solutions re lat ion. That is , 
the non-interactive probe-solute part i t ion coefficients ref lect interactions 
that are extant between the solvents, negative deviations from equation 12 
being indicative (as here) of solvent-solvent ac t iv i ty coefficients of less than 
unity. Moreover, even i f this were in fact to prove to be only approximately 
so, the way would nonetheless be open to a very powerful method of 
assessment (to the same degree of approximation) of (finite-concentration) 
solvent/solvent ac t iv i ty coeff icients: one need only measure (infinite-dilution) 
probe-solute part i t ion coefficients; then deduce 7 M v ia equation 22, 
thence gw as wel l as A n example of this is presented i n what follows. 

Solvent-Component Posit ive Deviat ion from Raoult 's L a w . The major
i ty of blended-solvent systems studied by glc appear to y ie ld solute part i t ion 
coefficients that correspond to positive deviations from equation 12. 
Accordingly , we assert that such solvent pairs also exhibit positive deviations 
from Raoult 's law. Unfortunately, however, there are no data to assess this at 
the present t ime. (The system di-n-octylmethanamine/n-octadecane is 
currently under study i n this Laboratory; prel iminary results suggest that 7 ^ = 
1.7 at x = 0.5.) Nevertheless,_we can at least examine the self-consistency of 
equation 22 by calculation of as outlined above for several non-interactive 
solutes with a given pair of stationary phases. Precise (47) and accurate (48) 
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part i t ion coefficients are available for a number of such species with squalane 
(SQ) + dinonyl phthalate (3,5,5-trimethylhexyl phthalate; DNP) (3°J and so, 
this system was chosen for study i n this portion of the work. 

The experimental part i t ion coeff icients for n-pentane through n-octane 
with mixtures of SQ + D N P are presented below i n Table I. The 7 M derived 
for the n-alkanes from the end-point part i t ion coefficients, the data of Table 
I, and equation 22 are then presented i n Table II. 

The goodness of f i t of the average 7y^ for the n-alkanes is i l lustrated 
graphically i n Figure 3, where the deviations A / % of the ca l cu la 
ted K g / M j relative to the experimental values are shown plotted against 
^ D N P v c l ° s e < l c irc les : n-pentane; open circles : n-hexane; open triangles: n -
heptane; open squares: n-octane). Also shown as horizontal dashed lines are 
the l imits of overall experimental error for the particular apparatus and 
techniques employed i n the work, which were estimated elsewhere (47) to be 
at worst ± 1.4% (the major contribution to which being determination of the 
column volume of l iquid phase). Of the 40 data points, 15 lie above the 
abscissa, while 25 fa l l below. Further , only 2 points fa l l outside the error 
l imi ts , these being for th
content of the stationary phase
that there is what appears to be a systematic var iat ion of 7y^ as a function of 
carbon number. A t J ^ ^ p = 0.5575, for example, the derived mean solvent 
act iv i ty coefficients are 1.045 (n-pentane), 1.056 (n-hexane), 1.063 (n-
heptane)and 1.071 (n-octane). The standard deviation of the average is ± 
0.011, however, and so, what systematic deviations there might be appear to 
correspond only to ca . ± 1 % . 

A s a further test of the veracity of the derived 7^, we compare i n 
Table HE the experimental part i t ion coefficients of cyclohexane and 
methylcyclohexane with the K g ^ j calculated from the mean solvent ac t iv i ty 

Table L Experimental Infinite-Dilution Liquid-Gas Partition Coefficients of 
Indicated Solutes with Listed Volume Fractions ^ N p of Squalane (SQ) + 
Dinonyl Phthalate (DNP) at 30°C 

kR(M) 

^ D N P n-Pentane n-Hexane n-Heptane n-Octane 

0. 98.54 304.4 926.9 2791. 
0.0751 96.30 299.1 909.1 2743. 
0.1483 95.09 295.3 898.9 2695. 
0.2153 93.74 291.4 886.3 2668. 
0.2716 93.56 290.6 883.0 2633. 
0.3252 92.52 285.3 864.6 2600. 
0.4516 88.76 274.1 826.9 2493. 
0.5575 84.01 258.2 779.3 2329. 
0.7113 77.39 237.6 711.0 2105. 
0.8200 73.71 224.5 664.5 1957. 
0.9072 70.48 214.8 636.1 1864. 
1. 66.05 197.1 578.9 1685. 

In Chromatography and Separation Chemistry; Ahuja, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



16 C H R O M A T O G R A P H Y A N D SEPARATION C H E M I S T R Y 

Table II. Mean Solvent Activity Coefficients 7 M at Indicated Volume 
Fractions HDNP of Squalane (SQ) + Dinonyl Phthalate (DNP) at 30°C, 
Calculated from End-Point n-Alkane Solute Partition Coefficients of Table I 
and Equation 22 

* M 
^ D N P n-Pentane n-Hexane n-Heptane n-Octane A v e . 

0.0751 
0.1483 
0.2153 
0.2716 
0.3252 
0.4516 
0.5575 
0.7113 
0.8200 
0.9072 

1.002 1 

1.014 6 

1.024Q 

1.042Q 

1.05U 
1.058 3 

1.044 6 

1.026Q 

1.025 2 

1.020 5 

1.009 3 

1.023 6 

1.035 9 

1.055 7 

1.058 6 

1.070
1.055
1.041 g 

1.037 4 

1.037 4 

1.009 3 

1.027Q 

1.040 3 

1.060 g 

1.062 5 

1.046 6 

1.035 8 

1.040 8 

1.013 0 

1.025Q 

1.045? 
1.057 2 

1.069 4 

1.056 2 

1.038 7 

1.042 7 

1.008 4 ± 0.004 6 

1.022g ± 0.005 6 

1.036 3 ± 0.009 0 

1.054 2 ± 0.007g 
1.060 6 ± 0.007 4 

1.042 7 ± 0.012 6 

1.034 3 ± 0 .006 2 

1.035 4 ± 0.010 1 

Table III. Comparison of Experimental Liquid-Gas Partition Coefficients of 
Cyclohexane and Methylcyclohexane Solutes with K g / M \ Calculated from 
Mean Solvent Activity Coefficient Data of Table II and Equation 22 

K R ( M ) 

Cyclohexane Methylcyclohexane 
^ D N P C a l c . E x p t l . C a l c . E x p t l . 

0. 579.2 579.2 1166. 1166. 
0.0751 569.6 568.5 1144. 1137. 
0.1483 563.4 560.7 1129. 1124. 
0.2153 557.5 553.2 1114. 1106. 
0.2716 555.8 552.2 1109. 1104. 
0.3252 548.3 541.2 1092. 1085. 
0.4516 528.7 522.6 1047. 1046. 
0.5575 500.3 495.8 986.0 984.5 
0.7113 462.1 458.9 903.5 902.7 
0.8200 436.8 435.7 848.9 845.4 
0.9072 420.0 421.1 811.8 815.8 
1. 387.9 387.9 745.0 745.0 
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coefficients of Table II (n-alkane solutes) and equation 22. The relative 
deviations are then shown as dels (cyclohexane) and f i l led triangles (methyl
cyclohexane) i n Figure 3. The worst of these are: 1.32% for cyclohexane at 
^ D N P = ° - 3 2 5 2 5 and -0.87% for methylcyclohexane at f * D N p = 0.0751. 

Having at this point established at least the internal consistency of 3w 
as a function of ^ n ^ p for the non-interactive solutes, the data were next used 
to approximate the excess free energy of mixing of SQ with D N P , as wel l as 
the (finite-concentration) ac t iv i ty coefficients of each of the solvent 
components i n the stationary phase. In doing so, the volume fractions ^ j ^ p 
were first converted to mole fractions X j ^ p v i a the re lat ion: 

r *DNP 
x. _ - — — DNP 1 + * D N p ( r - 1) 

where r is the rat io of the molar volumes of SQ (526.69 c m 3 mol" 1 ) and D N P 
(434.34 c m 3 mol ). The averaged y^j of Table II were then used with 
equation 21 to calculate gjjj
term Margules expression,
0.7 to 1.0. This yielded values for the coefficients A and B of 0.3484 4 and 
0 . 4 7 7 4 r e s p e c t i v e l y . The regression of g ^ as a function of X p N p is shown i n 
Figure 4, and is sl ightly asymmetric toward the D N P ordinate. F i n a l l y , 
^SQ(M) ^DNP(M) w e r e calculated from the relations: 

L N * S Q ( M ) = [ A + 2 ( B " A)XSQ1XSNP ( 2 5 A ) 

l n * D N P ( M ) = [ B + 2 ( A " B ) x D N p ] X S Q ( 2 5 b ) 

Plots of ln ^ s O t M ) / * 1 " X S Q ) Z a g a i n s t x S O a n d o f l n y P N P ( M ) / ( 1 ~ X D N P > 2 v s ' 
X D N P r e t u r n e < i " * e above-noted values of A and B With correlation coef f i c 
ients of 0.9 7 8 and 0 .9 o 6. 

The yj(M) are provided below i n Table IV; the inf inite -di lut ion ac t iv i ty 
coefficients derived either by extrapolation of these or by direct calculat ion 
(A = l n / c o f M ) ' ® = * n ^DNP(M) ) w e r e thereby found to be 1.416Q for SQ i n 
D N P , and 1761IQ for D N P i n §Q at 30°C. 

It is worth reiterat ing at this point that these data were determined 
solely from the inf ini te -di lut ion part i t ion coefficients of the (non-interactive) 
n-alkane probe solutes. 

Interactive-Solute Solution with Interactive Solvents 

Generally speaking, description of the retentions of solutes that interact 
stoichiometrical ly with either (or both) of the solvents, concomitant with 
solvent-component interact ion, would seem to be quite complex. For 
example, i n the instance that B and C form discrete adducts B C i n solution 
(giving rise as a result to negative deviations from Raoult 's law), the solute 
would i n effect be subject to partit ioning between the gas phase and a 
ternary-solvent stationary phase. Further , while it might be possible to assess 
separately the complexation of A with C as wel l as with B (for example, by 
determining K ^ g and K ^ Q i n separate series of experiments with an inert 
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diluent phase D , i .e . , equations 14 and 15), i t would be conjecture to suggest 
at this t ime (and with no supportive evidence as yet available) that any excess 
over the K R ^ J J calculated for A with B + C (i.e., i n excess of that predicted 
by the relat ion resulting from substitution of equation 18 into equation 22) 
would be due to some or other expression involving K A ( B C 1 * 

In contrast, the situation resulting from solute solution with solvents 
that interact i n a negative sense, that is , give rise to positive deviations from 
Raoult 's law, is straightforward. Supposing for the moment that the solute 
complexes stoichiometric al ly wi th solvent-component C, the notional p a r t i 
t ion coefficient of A with C > K R ( C ) ' w ^ s t * ^ ^e a constant (cf. equation 
15c). That i s , equation 22 is expected s t i l l to be va l id . The same reasoning 
applies as wel l i f the solute interacts both with B and C , v i z . , equation 18. 

The partit ion-coeff ic ient data for benzene and toluene solutes with 
squalane + dinonyl phthalate solvents provide an opportunity to test this, the 
putative K A C w i th D N P being reported (39) to be 0.276 ± 0.026 and 0.261 ± 
0.030 d m 3 m o l " 1 , respectively, at 30°C. [A corroborative value of 0.22 ± 0.10 
dm m o l " has also been obtained by N M R for the former (49).] Accordingly , 
we compare i n Table V belo
solutes with the K p ^ ^ ) calculate

The relative deviations for benzene indicate quite remarkable agree
ment: the largest discrepancy is -0.95% at ^ D N P = 0*4516, while the average 
of the deviations is -0.09^%, i .e . , equation 22 describes the experimental 
part i t ion coefficients of this supposed complex-forming solute on average to 
better than 0.1%. Toluene exhibits an average positive residual of 0.97% 
(roughly that of cyclohexane); even so, this also lies well within the l imits of 
experiment of ± 1.4%. Moreover, of the to ta l of 20 data points for these two 
interact ive solutes, only 1 (that for toluene at # D N p = 0.2153, 1.91%) fal ls 
outside the level taken for random error, and then only marginally so. In fact , 
of the 80 points considered altogether for SQ + D N P (four n-alkane, two 
a l i cyc l i c hydrocarbon, and two aromatic hydrocarbon solutes), the average 
residual of the deviations overall amounts only to 0.22%. 

In terms of the isotherm formalism, the situation with regard to inert 
as wel l as interact ive solutes with interactive solvents amounts to that with 
inert and interactive solutes with non-interactive solvents. That i s , since 
equation 22 appears to provide a description of the part i t ion coefficients of 
systems of the latter to within experimental error, empirical f i t t ing of 
equation 13 would seem to be superfluous. However, it may not always be the 
case that solute and/or solvent positive or negative deviations from Raoult 's 
law can be defined separately. This is part icularly true of l iquid 
chromatography, wherein the mechanisms of solute retention are at best only 
poorly defined. Thus, and for the purpose of achieving analyt ical separations, 
the isotherm relat ion may i n fact prove to be advantageous insofar as i t is a 
well-defined continuous function and, hence, can be incorporated immediately 
into the Laub-Purnel l window-diagram scheme of optimization. We consider 
the matter i n further detai l i n the Section that follows. 
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Table IV. Finite-Concentration Activity Coefficients ?i(M) for Blends (M) of 
Squalane (SQ) with Dinonyl Phthalate (DNP) at 30°C, Calculated from Mean 
Solvent Activity Coefficient Data of Table Π and Equations 25 

X D N P *SQ(M) ^DNP(M) 

0. 1. 1.611η 
0.0896 1.0047 1.4572 

0.1743 1.0172 1.3429 

0.2497 1.0344 1.2618 

0.3114 1.0523 1.2072 

0.3688 1.072Q 1.1645 

0.4996 1.126/ 1.0912 

0.6044 1.178g 1.0516 

0.7492 1.261Q 1.0180 

0.8467 
0.9222 
1. 1.4169 1. 

Table V . Comparison of Experimental Liquid-Gas Partition Coefficients of 
Benzene and Toluene Solutes with '. Calculated from Mean Solvent 
Activity Coefficient Data of Table Π illation 22 for Blends of SQ + DNP 
at 30°C 

K £ ( M ) 

Benzene Toluene 

^ D N P C a l c . E x p t l . Δ / % C a l c . E x p t l . 

0. 434.3 434.3 0. 1428. 1428. 0. 
0.0751 455.6 455.4 -0.04 1489. 1504. 1.01 
0.1483 479.5 481.4 0.40 1558. 1574. 1.03 
0.2153 502.0 505.7 0.74 1623. 1654. 1.91 
0.2716 524.5 525.0 0.10 1689. 1708. 1.13 
0.3252 540.9 539.4 -0.28 1736. 1760. 1.38 
0.4516 578.8 573.3 -0.95 1843. 1844. 0.05 
0.5575 597.2 597.1 -0.02 1891. 1921. 1.59 
0.7113 625.5 621.9 -0.58 1965. 1976. 0.56 
0.8200 646.6 647.7 0.17 2022. 2040. 0.89 
0.9072 668.4 664.9 -0.52 2082. 2085. 0.14 
1. 667.1 667.1 0. 2070. 2070. 0. 
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APPLICATION OF EQUATION 10 TO LIQUID CHROMATOGRAPHY 

In the instance of chromatography generally, the chemical potentials C**) of 
the solute (species A) i n the stationary (S) and mobile (M) phases must be 
equal in order to fu l f i l l the condition of thermodynamic equil ibrium: 

M S 
A A = MA (26) 

O r , upon identifying the standard-state chemical potentials pertinent to l iquid 
chromatography, and replacing act iv i t ies with molarity-based concentrations 
and ac t iv i ty coeff icients, equation 26 becomes (50,51): 

^ ' A ' 0 0 -cI*I'" (27) 

where the superscript oo indicates inf inite di lution. The solute part i t ion 
coefficient is defined as C ^ / C ^ , whereupon substitution of equation 27 for 
the concentration terms yields

^ = ^ A ' 0 0 A i ' 0 0 ( 2 8 ) 

It has now been confirmed i n very many studies both of "normal" as 
wel l as "reverse-phase" isochratic l iquid chromatography that, for a given 
binary carrier B + C , the ac t iv i ty coefficient of the solute i n the stationary 
phase is approximately independent of compositional var iat ion of the mobile 
phase. For example, i n the particular instance of s i l i ca L C with , say, ethyl 
acetate + hexane, the adsorbent surface sorbs a saturation layer of pure ethyl 
acetate at concentrations of i t of as low as 3% v /v i n the mobile phase. 
Moreover, the sorbed surface layer appears to be insensitive to any further 
addition of ethyl acetate (52,53). In "reverse-phase" L C , there is i n contrast 
some evidence to suggest that the physical state, e.g., of C^g chains is 
affected by the composition of the carr ier . Thus, such chains may well 
" f lat ten" to some extent at high concentrations of, for example, water i n 
admixture with methanol (54,55). Even so, whatever change there might then 
be of the solute act iv i ty coefficient in the stationary phase appears to be 
small i n comparison with that i n the mobile phase. 

Accordingly, for nonionic solutes and binary mobile phases B + C , 
equation 28 is rewr i t ten as: 

* R ( M ) 

S,oo 
y A ( M ) 

M,oo ~ " C 
A ( M ) 

Thus, inverse retentions are predicted to vary l inearly with the volume 
fract ion of mobile-phase component C i n mixtures M of B + C , so long as the 
solute ac t iv i ty coefficient i n the stationary phase remains approximately 
constant. 

Equation 29, f irst derived and discussed by Scott and Kucera (52,53), is 
c learly the L C analog of the G C relat ion, equation 12. And , as with the 
la t ter , while i t is found to hold i n many instances, i t fai ls badly i n very many 
others. Madden, M c C a n n , Purne l l , and Wellington (56-58) were the first to 
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address this problem from the standpoint of the Langmuir model. Essential ly , 
they employed a one-term version (n = 1) of equation 13, cast as the inverse i n 
accordance with equation 29. Subsequently, Hsu, Laub, and Madden (59,60) 
extended this to the fu l l summation form, v i z . , 

k A ( M ) K A ( C ) 
i = l 

* A ( B ) 
(30) 

where k j . \, the solute capacity factor with mobile phase i , is equal 
t o K p / / 3 , a n d where /3 is the mobile-phase/stationary-phase volume rat io . 
They then showed that equation 30, with n <: 2, provides fits of a l l known 
curve shapes of inverse retentions against mobile-phase composition to date 
encountered i n L C , including those that are ful ly parabolic : 

k A ( M ) |_ A ( C ) 1 + M * B 

b 2 * B 
1 + b 2 H k A ( B ) 

(31) 

Further , the abi l i ty to f i t retentions as a function of this or that system 
parameter (cast as hypothetical "(6") provides the means of computer 
opt imizat ion, v i a window diagrams, not only of the mobile phase but, i n 
addition, the column temperature, gradient programs, and so forth (61,62). 

However, i t was found i n the latter work that the roots b j , b ! for 
several systems were complex; equation 31 was therefore rearranged to the 
form: 

A ( M ) ° 
2 * B 

A ( C ) 
1 + c i * B + C 2 ^B 

k ' A ( B ) 
(32) 

where the following substitutions have been made: 

<=1 = < b l + b 2) 

c i = ( b i + b ' ) 

c 2 = ( b l b ' + b 2 b p 

(33a) 

(33b) 

(33c) 

c ' = ( b j b ' ) (33d) 
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It is therefore not surprising that equation 31 fits a var iety of curve shapes 
since, with the Langmuir term expanded to n = 2 (i.e., equation 32), the 
re lat ion i n fact contains the rat io of two quadratics. Nevertheless, and 
part icular ly i n view of the successful quantitative interpretation of the 
Langmuir forms of isotherm equations i n the instances of the B E T model 
(equations 7, et seq.) and retentions with blended stationary phases in gas 
chromatography (equations 14, et seq.), the L C relations cannot be dismissed 
as entirely empir ica l since, i n any event, although such a connection has yet 
to be established, whatever interpretations are placed on the f i t t ing constants 
must presumably involve at least the solute ac t iv i ty coeff icients i n the mobile 
and stationary phases (see below) and, most l ike ly , the (finite-concentration) 
act iv i ty coefficients pertinent to the mobi le - and stationary-phase 
components as wel l . 

APPLICATION OF EQUATION 10 TO ION EXCHANGE CHROMATOGRAPHY 

Of the various forms of l iqui
would seem to be most amenabl
since the mobile-phase/stationary-phase interact ion amounts simply to 
displacement of one (matrix-bound) ion by another. However, the effects 
introduced by charged species render such systems even more intractable than 
is the case with non-electrolyte solutions. Nevertheless, we show i n what 
follows that a rigorous expression can be wr i t ten for the relevant equilibrium 
constant, and that this can be re lated direct ly to chromatographic retentions. 

Consider an anionic solute A of valency y, A v ~ , i n competition with an 
anionic mobile-phase additive C of valency x, C x ~ , for sites of exchange. 
Fol lowing the nomenclature of Haddad and Cowie (63) we wri te : 

where x and y are stoichiometric coeff icients, and where the subscripts S and 
M refer to stat ionary-matrix and mobile phases, respectively. The 
thermodynamic equilibrium constant K i n terms of act iv i t ies a is then given 
by: 

We now replace the act iv i t ies with the products of concentrations and ac t iv i ty 
coefficients (cf. equation 27), v i z . , 

K = (34) 

K = (35) 
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where a superscript inf in i ty is appended only to the ac t iv i ty coefficients of 
the solute, that is , allowance is made for f inite concentration of the ionic 
mobile-phase additive. 

Rearrangement of equation 35 next provides: 

" s " X " S " y " s " y M , oo 
c 

= K 

C 

cx~ 
V x -
c x 

v -
= K 

<* M 
C X 

S,oo 
. A v " _ 

<* M 
C X 

Then, taking the x root of both sides, 

1 

"cs 1 

= K

"c s s " X M , oo " 1 

= K M 
V . A v \ ' x -

- c _ 
. V - . 

Inverting equation 37 i n order to cast i t i n the form of equation 29, followed 
by replacement of the part i t ion coefficient with the capacity factor, thereby 
yields the expression: 

1 

• = (const.)f C f 1 \ (38) 
k A ( M ) 

Equation 38 can be expected to hold i n instances where the mobile-phase 
additive B is present i n large excess over A such that the solute and additive 
ac t iv i ty coefficients as wel l as C _ remain invariant with 

c x" cx~ 
The function can of course also be wr i t ten i n terms of logarithms: 

l o g ^ ( M ) = (const.') - I l o g ^ J (39) 

the advantage being that a linear re lat ion is obtained. However, plott ing the 
retention data i n this manner amounts essentially to graphical comparison of 
logs which, as we show below, masks deviations i n the manner of regression of 
l / ( k w w \ ) against mobile-phase composition. 

We now seek to cast equation 38 i n the form of equation 30. To begin, 
we let mobile-phase component C be the ionic additive as above; component B 
then represents the mobile phase without additive. Accordingly , i n the case 
of ion exchange, ^ B ^ A ( B ) m u s t be zero since solute ions would be retained 
indefinitely i n the absence of f inite-concentration additive species competing 
to displace them from matr ix sites of exchange. Next , we set b ! equal to 
zero and, i n considering the simplest case, let n = 1, i .e . , a single-term 
expansion of the summation. Manipulation of the relations, and recol lect ion 
that = (1 - J6Q), then yields a generalized expression for b^: 

In Chromatography and Separation Chemistry; Ahuja, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



26 C H R O M A T O G R A P H Y A N D SEPARATION C H E M I S T R Y 

= - c o n s t , 
<* c) 

2 - 1 
x 

(40) 

Or , i n the absence 
(V. being a molar 

e of excess volumes of mixing, recognizing that 0 = C ^ V . 
volume), and replacing 1>Q with C r ^ x _ , equation 40 becomes: 

k A ( M ) 
c o n s t • 1 

c o n s t . ' 
i 

(41) 

Equation 41 thereby provides the means of representing solute inverse 
retentions as a functio
irrespective of the valenc
= x, the re lat ion reduces to: 

whereas, for y = 2x, 

r r ± — = c o n s t . \ 
A ( M ) \ C X " / 

± — = c o n s t . ' ((* V 
K M ) \ C x 7 

Alternat ive ly , for y = Mx, 

A ( M ) 

(42a) 

(42b) 

(42c) 

In the t r i v i a l case y = 0 (x finite), the relat ion also predicts that inverse 
retentions w i l l be invariant with mobile-phase additive concentration: 

r — — = c o n s t . 1 (42d) 
A ( M ) 

It must again be emphasized, however, that a l l of these expressions w i l l be 
val id only i n the l imi t that the solute and additive ac t iv i ty coefficients do not 
vary with additive concentration. 

Test of Equation 39 
The ion-exchange data reported by Haddad and Cowie for a series of anions 
with phthalate/biphthalate additive at p H 5.3 (63) comprise an opportunity for 
testing equation 39 (as wel l as equations 41, 42a, and 42c; see below). 
Accordingly , we provide i n Table VI log (M) a s a * u n c t * o n °* l o 8 * o r 

systems they considered, as wel l as the slope m, the y-intercept b, and the 
absolute value of the linear least-squares correlation coefficient r , the data 
being derived from Figure 1 of their work. 
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We note, f i rst , that the correlation coeff icients, for what they are 
worth (64), for the log-plots of C I " and H 2 P O ^ " are indicative of some scatter 
i n the data; even so, they (as wel l as the remaining solutes) appear to conform 
to linear regression, as expected i n light of the log-form of equation 39* 

Secondly, Haddad and Cowie reported that phthalic acid exists in 
solution as 47.6% H P " , 52.2% P 2 " , and 0.2% H 2 P at the temperature of their 
experiment and so, plots of log(k^/^j)) against log C Q (i.e., equation 39) for 
the univalent solutes would be expected to have slopes either of -1.0, of -0.66, 
or of -0.50, depending upon whether H P " , (HP" + P 2 " ) , or P 2 " governed the 
elution behavior, that is , controlled the solute retentions. The slopes actually 
observed for C I " (0.57), B r " (0.63), H 2 P 0 4 " (0.67), and I" (0.60) are i n fact only 
approximately consistent but, on average, approach -0.66. Thus, for these 
solutes at least, one interpretation of the log data might be that the blend of 
species (HP" + P 2 " ) predominates i n controll ing the retentions. However, this 
does not appear to be the case i n the instances of the divalent solutes: the 
theoretical slopes of equation 39 wi th H P " , (HP" + P 2 " ) , and P 2 " are -2.00, 
-1.33, and -1.00, respectively, whereas those found were -1.13 ( S 0 4

2 " ) , -1.10 
( S 2 O j 2 " ) , and -0.98 ( C 2 0
mobile-phase additive actin

Test of Equations 41 and 42 
The alternative view of these retention data, namely, the isotherm relat ion, 
equation 41, is shown tested i n Figure 5, where the experimental inverse 
capacity factors are plotted against C Q . (The abscissa could be converted to 
the concentration either of H P " or of P 2 " wi th the appropriate scaling factor 
although, since each is d irect ly proportional to the concentration of H ? P , 
there would be l i t t l e advantage, indeed some inconvenience, i n doing so.) We 
see, f i rst , that v ir tual ly without exception a l l of the points for the divalent 
species (as well as those for the "system") fa l l on straight lines, that i s , 
correspond to equation 42a for which y = x. Thus, the divalent mobile phase 
additive P appears to control entirely the retentions of these solutes. 

Figure 5 also leaves l i t t l e doubt that the data for the univalent species 
describe curves that are concave to the abscissa. In addition, the points for 
C I " at 4 m M and at 8 m M H^P appear to be slightly discrepant, while the 
datum for H 2 P 0 4 ~ at 6 m M is c learly very much so. Nevertheless, we assume 
at this point that, as with the divalent species, P 2 ~ controls the retentions of 
these solutes, i .e . . that y = %x and that equation 42c therefore applies. Thus, 
plots of ( ^ ( M ) ) against ( H 2 P ) ^ should be linear for these monovalent ions. 
In order to test this, the inverse capacity- factor data derived from least -
squares treatment of the experimental values of Table VI (which i n any event 
must be linear when regressed i n log form against log mobile-phase additive) 
are shown plotted i n Figure 6 (open circles) against ( H 2 P p : the data obviously 
describe straight lines. Next , the actual experimental data were plotted as 
solid c irc les . These, too, appear to regress l inearly against (H^P)^ as 
predicted. Moreover, the two points for C l ~ as wel l as that for H 2 P 0 4 which 
were said earlier to be potential ly discrepant are thereby brought out c learly 
as being so, the latter to about the same extent as the former two. 

Also shown for comparison as triangles and dashed curves i n Figure 6 
are the experimental data for S 0 4 , S 2 Oo~" , and C 2 0 4 which, according to 
equations 42, should regress against ( H 2 P p convex to the abscissa. That this 
is the case provides further evidence that the retentions both of the divalent 
(y = x) and the univalent (y = Hx) solute anions are controlled solely by P , 
and that equation 42a describes the former while equation 42c applies to the 
la t ter . 
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0 I I 1 1 1 
2 4 6 8 10 

10 3[H 2P]/M 

Figure 5. Plots of experimental ( ^ A ( M j ' " ^ ( c*« Table VI) against concen
trat ion (mM) of H 2 P mobile-phase adqitive for the anion solutes: C I " (1), 
B r " (2), H 2 P 0 4 " (3), S 0 4

2 " (4), S 2 0 3
2 " (5), T (6), C 2 0 4

2 " (7), and the 
"system" peak (8). 
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[ H 2 P ] , / 2 / M |V2 

Figure 6. Plots of (k ' #w\) against (H^P)^, equation 42c. Open c irc les , 
lines: inverse capacity- factor data for the monovalent anions derived 
from least-squares regression of experimental values of Table VI and 
equation 39; f i l led c irc les : observed inverse capacity factors. Triangles, 
dashed curves: observed inverse capacity factors of the divalent anions. 
Solutes numbered as i n Figure 5. 
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The generalized Langmuir- isotherm relat ion i n the form of equation 41 
thereby appears to encompass ion exchange chromatography i n addition to G C 
and L C ; most important, and as was the case for G C , each of the f i t t ing 
parameters can be interpreted quantitatively. In this instance, they pertain to 
the solute and additive concentrations and ac t iv i ty coefficients i n the mobile 
and stationary phases (equation 37). 

S U M M A R Y A N D C O N C L U S I O N S 

By definition, any model, however closely it approximates rea l i ty , 
remains only an analogy. Thus, for example, modeling inf in i te -d i lut ion 
ac t iv i ty coefficients by assuming that atoms (or segments of molecules) 
occupy positions of a three-dimensional lat t i ce and that interactions occur 
only at cross-points, offers at best only a crude picture of the continuum of 
intermolecular interactions i n the l iquid state. L a t t i c e models have therefore 
been roundly c r i t i c i zed on occasion; even so, the results thereby predicted, at 
least for systems for whic
of n-alkanes; cf. refs . 40,65) far exceed those arising, e.g., from solubi l i ty -
parameter theory. 

Much the same can also be said of the use made i n this work of the 
Langmuir model of sorption. The modified form of the relat ion, equation 7, 
cast so as to correct the worst of the approximations made i n deriving 
equation 5, has been shown to encompass the B E T formalism and, thereby, 
isotherm Types 0 through V . Further , when expanded as a summation, 
equation 10, (multi-stepped) Types VI were accounted for as we l l . The form 
of the latter was then shown to be applicable to chromatography when put i n 
terms relevant to the partit ioning process, equations 16, 19, and 22 (GC); 30-
32 (LC); and 38, 40, and 41 (ion exchange). In addition, the f i t t ing parameters 
were demonstrated i n the first and third of these cases to be related exp l i c i t ly 
to the solute and solvent ac t iv i ty and part i t ion coeff icients. (This portends 
that, at the very least, the forecasting of retentions w i l l henceforth require 
only a minimal body of predetermined data, followed by separation of the 
solutes of interest by application of the straightforward and quantitative 
technique of window-diagram optimization.) On the other hand, and despite 
successful exploitation of the isotherm equations developed i n this work and 
elsewhere we can, at this point, state with confidence only that the form of 
the relations appears to be applicable to a range of physicochemical 
phenomena pertaining to sorption; that the relations themselves describe the 
results arising from experiment; and that the parameters comprising the 
powers and coefficients can be interpreted exactly i n at least some 
instances. The matter thus appears to warrant further and comprehensive 
study. 
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Characterization of Bonded High-Performance Liquid 
Chromatographic Stationary Phases 

S. D. Fazio, J . B. Crowther1, and R. A. Hartwick 
Department of Chemistry, Rutgers, The State University of New Jersey, New Brunswick, 
N J 08903 

Capillary gas chromatographic methods are described 
for the analysi
HPLC stationary
digestion of the packing material producing stable and 
volatile derivatives easily analyzed by gas 
chromatography are compared for precision and 
accuracy. The methods were used to analyze a variety 
of commercial phases, possessing widespread 
monofunctional silane chemistries and bonding 
consistencies. 

The chromatographic p r o p e r t i e s of c h e m i c a l l y bonded packing 
m a t e r i a l s for HPLC can be profoundly i n f l u e n c e d by both the 
p h y s i c a l and chemical p r o p e r t i e s of the s i l i c a support ( 1 - 4 ) . The 
pore s i z e , pore s i z e d i s t r i b u t i o n , surface area and t r a c e metal 
content (5-7) w i l l i n f l u e n c e the surface c h a r a c t e r of the base 
s i l i c a m a t e r i a l . In a d d i t i o n , the c o n c e n t r a t i o n of r e s i d u a l 
s i l a n o l s (8-13) and the exact chemical composit ion and environment 
of the bonded l i g a n d groups (14-22) w i l l e f f e c t changes i n the 
s e l e c t i v i t y , even between batches of i d e n t i c a l l y bonded m a t e r i a l s 
(23) . In recent work i n our l a b o r a t o r y , we have been i n v e s t i g a t i n g 
the behavior of blended s t a t i o n a r y phases i n HPLC (24 ,25) , whereby 
two or more d i f f e r e n t l i g a n d s are c h e m i c a l l y bonded to the same 
support m a t e r i a l . For t h i s type of work, as w e l l as f o r 
comparisons to and between commercial ly a v a i l a b l e bonded phases, i t 
was necessary to know the exact chemical composit ion of the f i n a l 
bonded s u p p o r t . Not s u r p r i s i n g l y , many manufacturers e i t h e r w i l l 
not d i v u l g e , or do not know the exact composit ion of t h e i r 
commercial ly a v a i l a b l e m a t e r i a l s . T h e r e f o r e , i t was d e s i r e d that 
s i m p l e , r a p i d methods be developed to analyze the bonded m a t e r i a l s 
on a r o u t i n e bases . 

1Current address: College of Veterinary Medicine, Cornell University, Ithaca, N Y 14853 
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The chemical analysis of bonded siliceous packing materials 
for HPLC has been accomplished by a variety of techniques. Simple 
tests based upon chromatographic behavior of test compounds (26-28) 
or elemental analyses (29) are essential in following the progress 
of a particular reaction or for quality control of batches, but 
yie ld l i t t l e detailed structural information concerning the 
stationary phase composition. IR spectroscopy (30-34), thermal 
methods (21,35), photoacoustic spectroscopy (36), magic angle 
spinning and FT-NMR (37,38), direct measurements of exchange 
capacities (39), alkaline hydrolysis followed by derivatization and 
GC (40), pyrolysis gas chromatography (41), and most recently ESCA 
(43) have a l l been developed, and can be very powerful for the 
particular information desired. 

Gas chromatographic methods seemed the most amenable to 
routine use and required instrumentation which would be widely 
available in the average laboratory. The GC-pyrolysis methods were 
not suitable for our purposes since, with multifunctional phases, 
i t was necessary to determin
bonded ligands and cappin
pyrograms would be too complex to analyze under these conditions 
without extensive use of mass spectrometry. Likewise, the 
dissolution of s i l i c a gel under alkaline conditions (40), followed 
by GC analysis, yielded somewhat complex samples which were 
d i f f i c u l t to interpret even for simple phases consisting of only 
one ligand type. 

Recent work in our laboratory (44) produced an acid 
hydrolysis/GC method based upon controlled mixed-dimer formation. 
This technique left the original ligand structure intact but in a 
dimer form. Although suited for the analysis of the "mixed-mode" 
or "mixed-ligand" bonded phases (45,46) for which i t was developed, 
a shortcoming of the method was that only bonded phases known to 
u t i l i z e monofunctional silanes in the bonding procedure could be 
analyzed. 

A simple, rapid method was sought which could determine silane 
identity and quantity on bonded HPLC packing materials without 
prior knowledge of the chemistry of the sample. The use of 
trimethylsilanes as protecting groups in peptide synthesis (47,48) 
showed that the s i l i c o n oxygen bond could be selectively cleaved 
by aqueous f luorides. Widespread work in the area of 
semiconductors (49) showed that the s i l i con surface is etched by 
hydrogen f l u o r i d e / n i t r i c acid solutions. Erard et a l (50) employed 
anhydrous hydrogen fluoride in diethyl ether for the selective 
cleavage of siloxane bonds on bonded s i l i c a gels. There is also 
extensive l iterature on the analysis of sil icone polymers using 
Lewis acids such a boron t r i f l u o r i d e , aluminum tr i f luoride or 
aqueous hydrofluoric acid (51-56). 

Based upon these results and preliminary experiments in our 
laboratory, methanolic hydrofluoric acid solutions were chosed as a 
digestion/derivatization reagents for the proposed method. The use 
of an easily prepared aqueous hydrogen fluoride-methanol solution 
for selected cleavage of the siloxane linkage was found to produce 
stable and volat i le mono-, d i - , and tr i - f luoro oganosilane 
derivatives suitable for direct extraction and analysis by either 
capil lary GC or head space packed column GC. Advantages of the 
method over previously published techniques are the simplicity of 
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the proposed method which uses only inexpensive reaction vials and 
readily available gas chromatographic instrumentation. 
Furthermore, information is generated which can quantitate 
multiple ligands and with minor changes in procedure, be applied to 
a variety of bonded reversed-phase s i l i c a supports. 

Acid Hydrolysis of Bonded Phases. One of the problems encountered 
with acid hydrolysis of silane-bonded phases is that dimerization 
of the silane ligands is favored (42), as i l lustrated in Reaction 1 
of Figure 1 and Table I. Such dimerization can be helpful for the 

Table I. Kovats Retention Indices for Symmetric Dimer Silanes 

Dimers Indices 
C 5 Si -0 -S iC 1379 
C 8 Si-0-SiC8 1941 
C l C 3 S i - 0 - S i C 3 C l 1499 
PhC 3 Si-0-SiC 3 Ph 

C5Si • dimethylpentylsilane, 
CgSi - dimethyloctylsilane 
C l C 3 S i - 3-chloropropyldimethylsilane 
PhC 3Si • 3-phenylpropyldimethylsilane 
Kovats index for silane dimers used to analyze commercial materials 
or used as internal standards. Column: SE-30 

analysis of simple monoligand phases, or a source of added 
complexity in the case of multiple ligands, e.g. capping reagents 
or blended stationary phases. Symmetric dimers are formed when 
uncapped monofunctional support materials are subjected to acid 
hydrolysis. If the support material is end-capped, typical ly with 
trimethylchlorosilane (TMCS), both symmetric and unsymmetric 
dimers form in proportions dependent both upon the kinetics of 
hydrolysis, and upon the rate of dimer formation. If multiple 
ligands are bonded to the support, numerous unique dimers can be 
formed, greatly complicating the analysis. 

Three basic approaches have been developed in this study to 
eliminate these complications, each one being suited for a 
particular type of stationary phase. F i r s t , i f only the surface 
concentration of the primary ligand is of interest , simple acid 
hydrolysis with dimerization is used. This approach works best for 
determination of the primary ligand, e.g. C3, and for the 
estimation of impurities present. The formation of TMS-C3 dimers 
w i l l be minimal, provided the relative surface concentration of 
capping agent is low. 

The second approach involves determination of the relative 
concentrations of primary ligand and capping agent. In this case, 
excess large diameter (inexpensive) s i l i c a bonded with TMS is 
hydrolyzed along with the bonded s i l i c a of interest . Under these 
conditions, the formation of a trimethylsilyl -ether derivative of 
the ligand is favored, due to the local ly high concentrations of 
TMS. TMS derivatives of the silanes were produced in excess of 
96% y i e l d . For studies concerning multiple ligand bonding and 
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fOSIR 
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03IC5 
O8IC0 

(MCftt) 

a) RSMHIC5 
b) TMSO*lC5 
e) C5St04IC5 Aw* autntltttlvt) 

F i g u r e 1. The bonded s i l i c a m a t e r i a l s are a c i d c leaved and 
dimers analyzed u s i n g c a p i l l a r y GC accord ing to three procedures , 
the bonded m a t e r i a l can e i t h e r be 1) a c i d hydro lyzed and the 
dimer products e x t r a c t e d and d i r e c t l y analyzed by c a p i l l a r y gas 
chromatography, or 2) the packing m a t e r i a l of i n t e r e s t may be 
hydro lyzed along w i t h an excess of t r i m e t h y l s i l a n e (TMS) bonded 
s i l i c a , forming TMS d e r i v a t i v e s of the o r i g i n a l bonded l i g a n d or 
l i g a n d s , or 3) the packing m a t e r i a l i s hydro lyzed w i t h excess C x 

bonded s i l i c a , where C x i s a s i l a n e of unique c h a i n l e n g t h . The 
C x d e r i v a t i v e s can then be separated and analyzed f o r the sur face 
c o n c e n t r a t i o n s of both capping agent and primary l i g a n d s 
p r e s e n t . 
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mixed-phases, this approach proved to be simple, producing 
excellent qualitative and quantitative results- However, using TMS 
as a derivatizing agent obviously precluded obtaining information 
concerning the concentrations of TMS capping agent on the s i l i c a . 

If information concerning the degree of capping was needed- a 
third method was developed in which an excess of large particle 
s i l i c a bonded with a ligand of unique chain length, (for example, 
C5 s i lane) , was added to the packing during the hydrolysis step. 
Although this technique is more expensive than using TMS s i l i c a , 
a l l ligands of interest and the degree of capping can be determined 
in a single GC run by analysis of the C x derivatives. 

Analysis of Reversed-Phase Materials. An example of a simple 
dimethyloctylmonochlorosilane bonded phase analyzed using the f i r s t 
dimer method is presented in Figure 2. The average ligand 
concentration was found to be 3.88 x 10"^ moles g " 1 . This compares 
to a value of 5.60 x 10~4 moles g""l calculated by elemental 
analysis . The lower values for the GC method were consistently 
observed, and were attribute
analysis cannot take into account the presence of multiple ligands 
on the surface with any degree of accuracy. Impurities in the 
bonded phase, consisting of silanes of different chain length or 
other unknown organics, w i l l yield elemental percentages not 
representative of the true surface ligand concentration. Also, i f 
any residual solvents remain absorbed within the s i l i c a pores, 
higher elemental values w i l l result . The efficiency of cleavage of 
the ligands under acidic conditions is another variable; however, 
extensive testing of the s i l i c a after hydrolysis using elemental 
analyses indicated the lack of significant carbon remaining on the 
s i l i c a . 

Analysis of Multifunctional Phases. Figures 3a and 3b show an 
application in which the ligand concentrations for a stationary 
phase consisting of multiple bonded ligands (in this case a 
C3/C3-S03" mixed-mode reversed-phase/cation/exchange phase) was 
monitored. In the synthesis of these multifunctional phases, i t 
was necessary to optimizate the sulfonation reaction of the phenyl 
ligand with chlorosulfonic acid, and to monitor the extent of 
hydrolysis occurring during this step. The degree of sulfonation 
was determined by following the decrease in peak area of the 
propylphenylsilane-TMS derivative over the course of the 
sulfonation. Decrease in dimethyloctylsilane-TMS derivative 
reflected loss of ligands due to hydrolysis. 

Determination of Capping Agents. An excess of C5 bonded material 
was used to determine the primary bonded ligand plus capping 
concentrations on the s i l i c a support for several commercial and 
laboratory bonded phases (Method 3). A series of bonded phases 
were prepared from silane bonding mixtures varying in their TMCS 
concentrations from 0% to 89%. The data concerning bonding mixture 
percentages versus the actual surface concentrations of the 
trimethyl- and dimethyloctyl silanes are presented in Table II . 

A commercial C3 material is included in the l i s t in Table II . 
The gas chromatogram of the commercial phase is shown in Figure 4. 
It is interesting to note the rather large concentration of TMS 
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C 8 
GC CONDITIONS 

COLUMN- BPItSGE) 
INJECTION SPLIT 
TEMPURATURE- IOO"-250* Blmln 

0 8 16 24 
MIN 

Figure 2. Direct analysis by capil lary GC of the acid hydrolysis 
products of a dimethyloctyl lOum s i l i c a phase, using C5 dimer as 
an internal standard. The smaller unidentified peaks were from 
the internal standard and from slight impurities in the hexane 
extractant. Instrumental and reaction conditions are described 
i n the experimental section. 
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ANALYSIS OF PHENYL-S03/C8 

(A) 

-Int. Std

CM6-

(B) 

Ct-TKS— 

8 TIME (MIN) 16 24 
8 TIME (MIN) 1 6 

24 

Figure 3 . Analysis of chemically bonded mixed phase (a) before 
and (b) after sulfonation of the phase with chlorosulfonic acid . 
The efficiency of the sulfonation reaction was reflected by the 
loss of dimethylpropylphenyl peak area, since the sulfonated 
products were not v o l a t i l e . The hydrolysis of a l l ligands was 
reflected in the loss of dimethyloctyl silane peak area. 
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PARTISIL Cf l ^ f tnd -capping analysis 
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Figure 4. Analysis of a commercial Cg material using method 3. 
An excess of C5 bonded s i l i c a was added to the reversed-phase 
material during hydrolysis. Under these conditions, the C5 
derivatives of the reversed-phase ligands are preferentially 
formed, allowing for the direct monitoring of both TMS capping 
agent and primary ligand identif ication and quantification. 
Other conditions as in Figure 2. 
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relative to dimethlyoctyl groups for this dimethyloctyl phase. 
Using direct analytical methods, such as the one presented here, 
should yield interesting data concerning various commercial 
phases, and the relationships between their particular chemistries 
and their chromatographic properties. A more unified understanding 
of differences between phases may result as this type of data 
becomes available. 

Table II . Determination of Cg/TMS Capping Ratios 
Using Capillary GC 

Bonded 
Material 

%C 8 %TMS %C 
Elemental 

mole % of Reactants 
During Bonding 

100:0 
49:51 
11:89 
C 8 

Commercial 

100% 
3.4% 

0% 
31% 

0% 
96.6% 

100% 

9.2% 
5.4% 
4.8% 

C8 
100% 

49%, 
11% 

TMCS 
0% 

51% 
89% 

Analysis of a series of test phases and one commercial phase, for 
the surface concentrations of dimethyloctyl silane and 
trimethylchlorosilane groups was performed using dimethylpentyl 
silane as the derivatizing agent. The test s i l i c a s were prepared 
using the indicated mole ratios of monochlorosilane reagents (last 
column), producing the indicated actual coverages (column 2). It 
i s interesting to note that the commercial material labeled as C3 
i n fact has a surface comprised of nearly 50% trimethylsilane 
groups. L i t t l e information concerning the degree of capping agent 
can be discerned from the elemental data alone. 

This method was also found to be very useful for checking the 
purity of chlorosilane reagents used in the various bonding 
procedures. Commercial dimethlyoctyl silanes were generally found 
to be f a i r l y pure, while several dimethlyoctadecyl, and 
dimethlydodecyl monochlorosilanes had gross impurities of numerous 
other chain lengths. 

Accuracy and Precision. In general, analysis by any of the three 
GC methods described produced ligand concentrations signif icantly 
lower than obtained using elemental analysis, even with carefully 
prepared monofunctional phases. As previously discussed, there are 
several possible sources for this discrepancy. 

For single batches of bonded phases, relative standard 
deviations of between 3-11% were observed. The real usefulness of 
the methods was in the qualitative information obtained. Details 
concerning exact surface coverages of multiple ligand groups, 
relative ratios of capping reagents, and of overall s i laca coverage 
were obtainable with very simple instrumentation available in most 
analytical laboratories. Much of this imformation could otherwise 
only be obtained by using other very sophisticated methods, i f at 
a l l . 
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Fluoride Derivatizatlon Technique 

Gas Chromatographic Analysis. A simplified reaction scheme showing 
the major expected products of fluoride derivatizatlon is shown in 
Figure 5. The fluoride derivatives of the silanes are more 
volat i le than the corresponding chlorides, aiding the gas 
chromatographic analysis of the longer chain silane ligands. An 
SE-30 stationary phase on a fused s i l i c a capil lary column was 
chosen for the generaly analysis of the f l u o r o s i l y l derivatives, 
producing excellent results as shown in Figure 6. Analysis of 
chain lengths up to about C13 for the dimethylmonofluoro derivative 
was possible on the SE-30 column. Figure 6 also shows that the 
lower l imit of chain length was about C5 tr i f luoro derivative. 
Solutes more volat i le than this , such as trimethylfluorosilane, 
were analyzed by head space GC. 

In order to reduce the time of analysis for routine 
reversed-phase analysis, GC conditions were optimized for each 
bonded phase chain length
test mixtures for mono-
octadecyl phases, including the internal standards. Analysis times 
were reduced to 11 minutes and 18 minutes, respectively, for each 
phase type. The response factors for both the octyl and octadecyl 
phases were found to be nearly unity for an FID detector. 
Conditions were also established for the routine separation of 
octyl or octadecyl phases of mono-, d i - or trifunctional silanes 
using packed columns with an OV-1 phase. 

Headspace Analysis of Capping Agents. Separation and analysis of 
the TMS "capping" agent often used on stationary phases 
necessitated the use of different GC procedures. Headspace 
analysis of a separate digest of the bonded phase of interest is 
performed, using septa-type Teflon v i a l s . Figure 8 shows a gas 
chromatogram of methyl-, ethyl - and n-propyldimethylmono-
fluorosilane derivatives, separated on a Porpak P packed GC column, 
with thermal conductivity detection. Good separations were 
achieved with total separation times of under 10 minutes. 

Hydrofluoric Acid Digestion Kinetics . The kinetics of the 
fluoride derivatizatlon reaction for octyl and octadecyl, mono- and 
t r i f l u o r o - s i l y l derivatives were studied, as shown in Figure 9, 
along with values obtained by elemental analysis for each phase. 
Formation of the fluorodimethyloctylsilane species was quantitative 
within 2 h r s . , while the tr i f luoroocty l - and octadecylsilanes 
required about 4 hrs . for conversion and phase transfer to the 
hexane. As compared to the fluorodimethyloctylsilane, nearly 
identical kinetics were observed for the fluorodimethyloctadecyl-
silane derivatives. Distribution coefficients for the 
monofluoroderivatives and the internal standards, between the 
aqueous acid and hexane were measured, and found to exceed 99%. 

An apparent recovery problem was consistently observed for the 
trif luorooctylsi lane and trifluorooctadecylsilanes, as shown in 
Figure 9. The yield of the ligand coverage when using the 
t r i f l u o r o - derivative of either the octyl or octadecyl phase alone 
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CH, 
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Figure 5. A simplified reaction scheme showing the major 
expected products of fluoride derivatizatlon of bonded reverse 
phase s i l i c a HPLC packings. 

j 

Capillory GC ( S E - 3 0 , 25 m. 

program 5 0 ° - 2 0 0 ° C at 67min. 

V 

U i 

c e F
5 

2 4 6 8 10 12 14 16 18 2 0 22 2 4 
min. 

Figure 6. Separation of a range of f luoros i ly l derivatives on a 
capil lary column, SE-30 stationary phase. Conditions: 
temperature program, 50-200°C at 6°C/mim. Peak identi f ication 
i s CXF3 represents a tr i f luoro-n -a lkyls i lane , CXF2 a dif luoro-n-
alkylmethylsilane, and G^F a fluoro-n-alkyldimethylsilane. 
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(a) 

0 *~l ' 8 ' 12 

(b) 

i 1 1 1 r t~ 

0 4 8 12 16 2 0 
MINUTES 

Figure 7. Optimized separation conditions for both octyl (top) 
and octadecyl (bottom) bonded phases on an SE-30 capi l lary (12 m) 
column. The octyl separation conditions are 65°C to 135°C at 
6°C/min. The octadecyl separation conditions are 180°C to 210°C 
at 2°C/min. Identification of compounds in chromatograms are: 
(1) Fluorooctyldimethylsilane, (2) n-Decane (internal standard), 
(3) Difluorooctylmethylsilane, (4) Trif luorooctylsi lane, (5) 
Octadecane (internal standard), (6) Trifluorooctadecylsilane, (7) 
Difluoromethyloctadecylsilane and (8) Fluorodimethyloctadecyl 
s i lane. 
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G.C. HEAD SPACE ANALYSIS 
Pocktd Column— Porapok P 
80/100 Mtth, 10* Itngfh 
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Figure 8. GC head space analysis and separation of the methyl-, 
ethyl - and n-propyldimethylfluorosilyl derivatives of several 
si lanes. For analysis of "capping" agent trimethylsilane, 
ethyldimethyl-bonded s i l i c a is added as the internal standard. 
Chromatographic conditions: Column; Poropak P (3 m), Isothermal 
at 165°C. 
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never exceeded 40-60% of the coverage calculated from elemental 
analysis . Two major peaks were observed in the GC chromatograms 
when analyzing trifunctional phases, as shown in Figure 10. The 
relative areas of these peaks were consistent, and i t was found 
that 85% quantitative yield was observed when the areas of both 
peaks were combined. Furthermore, under the GC conditions chosen, 
no other peaks were observed, thus allowing for positive 
identi f icat ion of tri functionally bonded phases. Quantitation was 
possible using empirical calibration curves. 

Confirmation by Mass Spectrometry. Extensive work was undertaken 
to confirm the identity of a l l fluoroderivatives using mass 
spectrometry. Electron impact fragmentation patterns confirmed 
the identity of the mono-, d i - and tri f luoro derivatives of the 
octyl and octadecyl ligands and a l l of the species labeled in 
Figure 5. 

The problem of incomplete recovery of the t r i f l u o r o -
derivatives was found du
these si lanes. Four o
trifunctional C3 ligands are shown in Figure 11. Identities of the 
two major species, accounting for 85% of the products formed, are 
the trif luorosi lane and the difluoromethoxy si lane, shown in the 
chromatogram of Figure 10. Extensive investigations of 
acetonitri le as a wetting agent instead of methanol produced new 
multiple products for the tri f luorosi lanes . It should be mentioned 
that the three last species are thermodynamically less favored 
than the f i r s t (12). Investigation of a wide range of reaction 
temperatures and acid concentrations fai led to eliminate completely 
the formation of side-products. Thus, after extensive 
investigations, the proposed methods were adopted for the 
quantitative analyses for mono- and d i - functional silanes of from 
C\ to C13 chain length, and qualitative and semi-quantitative 
analysis of trifunctional bonded silanes of the same lengths. 

Method Validation. The accuracy of the proposed gas 
chromatographic method was validated against elemental analysis 
(%C) over a wide range of bonding densities for monofunctional 
methyl (end-capping), octyl and octadecyl silanes. A l l phases for 
comparison were laboratory bonded using the appropriate 
monochlorosilane ligand, and the octyl and octadecyl were not 
end-capped. As shown in Table III, the regression slopes of the GC 
and elemental methods were close to unity for both methyl and octyl 
monofunctional ligands. Precision of the overall method for 
monofunctional bonded silanes, including digestion and GC analysis, 
was found to average 2-3% RSD for the methyl, 3-4% RSD for the 
octyl phases, and s l ight ly higher for the octadecyl phases, at 
4-5%. It was found that injection port temperature was a c r i t i c a l 
factor in the analysis of C13 phases. Temperatures below 240°C 
resulted in injection port discrimination of the internal standard 
and octadecyl fluoro derivatives. 

Application to Commercial Phases and Silane Reagents. The proposed 
GC method was applied to a number of commercial bonded phases, and 
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Figure 9. Concentration of bonded silane determined as a 
function of reaction time for the fluoride derivatizatlon of both 
monomeric and polymeric octyl bonded phases. The dashed l ine 
represents 100% recovery as determined by elemental analysis. 
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Figure 10. Capillary GC chromatogram of a packing material 
bonded with an octyltrichlorosi lane. Peak identi t ies : 1. 
Octyltri f luorosi lane; 2. n-Decane (internal standard); 3. 
octyl-O-methoxydifluorosilane. 
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to commercial silane reagents used in bonding. Figure 12 shows an 
example of a commercial chlorodimethyldodecylsilane reagent. 
Significant contamination with C3 and C5 chain lengths is evident. 
This type of contamination is most l ike ly due to impure olef in 
feedstocks from which the monochlorosilanes are synthesized via 
hydrosilation (18). 

Tables IV and V summarizes the bonding densities of a 
variety of C3 and C13 commercial phases along with the amount of 
trimethylfluorosilane (capping agent). The data shown were weight 
corrected back to grams of silane per gram of bare s i l i c a gel , 
according to Equation 1: 

v i 
Y ± . (1) 

1 - n Yi(MW)i + n Y±(MW)H 

Z E 
i=l i=l 

where Yj/ is the moles
gel , corrected for the mass of a l l bonded species present, and 
i s the original moles of ligand per gram of s i l i c a , uncorrected. 
MŴ  is the molecular weight of the Y i t n bonded si lane, not 
including the oxygen atom of the siloxane bond, and MWy is the 
molecular weight of a hydrogen atom. Equation 1 i s basically an 
extension of the equation of Unger et a l (1), expanded to include 
now a l l chemical species present. As opposed to elemental 
analysis, the speci f ic i ty of the GC method makes possible such 
analyses for multiple ligands, thereby providing a more complete 
picture of the bonded surface. 

It i s interesting to note that the majority of manufacturers 
are using monofunctional reagents for the octyl phases. The 
particular batches of LiChrosorb shown were the only phases found 
to use difunctional bonding. The GC method also correctly 
identif ied the trifunctional silane chemistries used in two 
commercial phases. 

The ligand loadings shown in Table IV would seem at f i r s t to 
vary widely. However, i f the loadings are divided through by the 
surface areas of the parent s i l i c a gel , the uniformity of the 
various commercial materials becomes more apparent. The data of 
Wise et a l (58) were used for the BET areas, or when not available, 
nominal surface areas of the parent s i l i c a gels as issued by the 
manufacturers were used. It can be seen that the bonding 
densities, in terms of micromoles m~2> are reasonably similar among 
most of the monofunctional octyl phases, and among the 
monofunctional octadecyl phases. The octadecyl phases were found 
bonded to a lower density than the octyl phases, an observation 
consistent with that found by Berendsen and others (57). 

Conclusion. In conclusion, a simple, rapid set of GC methods based 
upon hydrofluoric acid digestion and either hexane extraction or 
head space analysis have been developed which w i l l allow any 
laboratory equipped with a GC to identify and quantify the primary 
ligands and end-capping species present on the most widely used 
reversed-phase packing materials, i . e . , octyl and octadecyl bonded 
phases. The method has been confirmed against elemental analysis, 
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Figure 11. The structures of species identified by GC-MS in the 
HF digest of polymeric octyl bonded phases. The upper two 
products were the major components, comprising about 85% of the 
total s i lane. 
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Figure 12. A commercial dodecyldimethylchlorosilane after 
fluoride derivatizatlon showing chain length contamination. 
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Table III . Method Validation 

Functionality Phase GC Method*• Elemental Analysis* ' 
Monomeric Octyl 10.76 (0.45) 10.87 

6.56 (0.04) 6.88 
5.53 (0.20) 5.91 
2.53 (0.21) 2.91 

%RSD (GC) = 2.1% avg. d i f f . = 4.37% b -

Monomeric Octadecyl 6.60 (0.27) 6.62 
4.96 (0.12) 4.80 
3.31 (0.04) 3.20 
3.18 (0.08) 3.14 
1.54 (0.14) 2.45 

%RSD (GC) = 3.9% avg. d i f f . = 2.97% b -

Monomeric Trimethyl 15.70 (0.11) 14.83 
5.56 (0.12) 5.75 
2.99 (0.03) 2.60 
2.36 (0.07) 2.34 
1.16 (0.02) 1.63 

%RSD (GC) = 1.7% avg. d i f f . = 2.21% b -

Phase Y Intercept 0 Correlation Slope 
Coefficient 

Octyl -0.53 (0.01) 0.999 1.04 (0.08) 
Octadecyl -0.62 (0.14) 0.979 1.12 (0.58) 
Trimethyl -0.27 (0.04) 0.998 1.07 (0.26) 

a. A l l data are in moles/gram x 10^ 
mean and (standard deviation) 

b. Average difference as sx/Mean x 100. 
c. Elemental Data was given as the X axis and G.C. data were 

plotted on the Y axis . 
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Table IV. Commercial Octyl Phase 

Company Batch Type*• BETD* 0 c t y l c - Trimethyl 0 • 
Shandon 10/899 M 168 5.32 (0.33) ND 
MOS-Hypersil 
(5 urn) 
Whatman 100645 M 347 4.85 (0.10) 11.40 (0.66) 
P a r t i s i l - 5 
Dupont 23723-46 M 356 11.16 (0.51) 2.34 (0.01) 
(8 urn) 
LiChrosorb W1535 D 280 2.68 (0.06) ND 
(5 urn) 
LiChrosorb W1417 D 280 5.05 (0.15) ND 
(10 urn) 
Apex 14769 M 172 5.49 (0.20) — 

(5 urn) 
Nucleosil 9111 T XXX ND 
(10 um) 
Spherisorb B20018 
(5 um) 
Beckman 256-08 M 4.46 (0.15) 1.45 (0.11) 
Ultrasphere 
(5 um) 

a. Type denotes functionality of organochlorosilane used in 
bonding reaction, M- monochloro, D- dichloro, T- t r ich loro . 

b. BET numbers (m^/g) from ref. 19, or from manufacturers data. 
c. Octyl and Trimethyl concentrations are in moles/gram x 10"^. 

Mean and (standard deviation) are l i s t e d , and are weight 
corrected to grams of ligand per gram of bare s i l i c a . 

Table V. Commercial Octadecyl Phase 

Company Batch Type Octadecyl Trimethyl 
Dupont M 6.19 (0.17) ND 
(12 um) 
LiChrosorb W1219 D 5.50 ND 
10(um) 
Nucleosil 1041 T XXX 3.24 (0.09) 
(10 um) 
Alltech 19304 T XXX 8.91 (0.19) 
(5 um) 
Beckman M 4.15 (0.11) 2.01 (0.18) 
Ultrasphere IP 
Adsorbo- 0207 M 8.51 (0.56) 2.05 (0.01) 
sphere HS 
(7 um) 
Vydac 103062 M 6.71 (0.10) 4.63 (0.12) 
201-HS 
Versapack 038403 M 3.84 (0.22) 11.82 (0.67) 
(10 um) 
Techsil T-06-05 T XXX 2.38 (0.19) 
(5 um) 
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and requires only 5-100 mg of packing material, depending on 
bonding density. No special apparatus is necessary, and total 
digestion and analysis time is about 3 hours at room temperature, 
with multiple simultaneous sample preparation being possible. 
While hydrofluoric acid must be used this reagent is no more toxic 
than many other chemicals routinely handled in the laboratory. 
Nevertheless, normal safety precautions for HF should be observed. 

A c k n o w l e d g m e n t s This work was supported by the National Science 
Foundation, grant # CHE 8100224, and by the American Chemical 
Society, grant # 16161-AC3, and by the Rutgers Research Council. 

Literature Cited 
1. H. Engelhardt and H. Muller, J. Chromatogr. 218, 395 (1981). 
2. N. Tanaka, Y. Tokuda, K. Iwaguchi and M. Araki, J. Chromatogr. 

239, 761 (1982). 
3. S.A. Wise and W.E. May, Anal. Chem. 55, 1479 (1983). 
4. R.J. Amos, J. Chromatogr
5. A. Sokolowski and K.G. Wahlund, J. Chromatogr. 189, 299 

(1980). 
6. M. Verzele, M. De Potter and J. Ghysels, J. High Resolut. 

Chromatogr. Commun. 2, 151 (1979). 
7. M. Verzele, J. Lammens and M. van Roelenbosch, J. Chromatogr. 

186, 435 (1979). 
8. G.E. Berendsen, K.A. Pikaart and L. De Galan, J. Liq. 

Chromatogr. 3, 1437 (1980). 
9. B.A. Bidlingmeyer, J.K. Del Rios and J. Korpl, Anal. Chem. 54, 

442 (1982). 
10. N.H. Cook and K. Olsen, J. Chromatogr. Sci. 18, 512 (1981). 
11. L. Nondek and V. Vyskocil, J. Chromatogr. 206, 581 (1981). 
12. W.R. Melander, J. Stoveken and C. Horvath, J. Chromatogr. 199, 

35 (1980). 
13. P. Roumeliotis and K.K. Unger, J. Chromatogr. 149, 211 (1978). 
14. K. Karch, I. Sebastian and I. Halasz, J. Chromatogr. 122, 3 

(1976). 
15. E.J. Kikta and E. Grushka, Anal. Chem. 48, 1098 (1976). 
16. H. Hemetsberger, P. Behrensmeyer, P. Henning and H. Ricken, 

Chromatographia 12, 71 (1979). 
17. C.T. Wehr, L. Correis and S.R. Abbott, J. Chromatogr. Sci. 20, 

114 (1982). 
18. C.H. Lochmuller, A.S. Colborn and M.L. Hunnicutt, Anal. Chem. 

55, 1344 (1983) 
19. R.L. Gilpin and J.A. Squires, J. Chromatogr. Sci. 19, 195 

(1981). 
20. R.K. Gilpin, M.E. Gangoda and A.E. Krishen, J. Chromatogr. 

Sci. 20, 245 (1982). 
21. G.E. Berendsen and L. Galan, J. Liq. Chromatogr. 1, 561 

(1978). 
22. H. Hemetsberger, P. Behrensmeyer, J. Hening and H. Ricken, 

Chromatographia 12, 71 (1979). 
23. I.S. Krull, M.H. Wolf and R.B. Ashwort, Int. Lab. July/Aug., 

25 (1978). 
24. J.B. Crowther and R.A. Hartwick, Chromatographia 16, 349 

(1982). 

In Chromatography and Separation Chemistry; Ahuja, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



54 CHROMATOGRAPHY AND SEPARATION CHEMISTRY 

25. J.B. Crowther, S.D. Fazio and R.A. Hartwick, J. Chromatogr. 
(Baden Baden Proc., in press (1983)). 

26. R. Roumeliotis and K.K. Unger, J. Chromatogr. 142, 213 (1978). 
27. P.A. Bristow and J.H. Knox, Chromatographia 10, 279 (1977). 
28. C.J. Little, A.D. Dale and M.B. Evans, J. Chromatogr. 153, 381 

(1978). 
29. K.K. Unger, N. Becker and P. Roumeliotis, J. Chromatogr. 125, 

115 (1976). 
30. L.C. Sander, J.B. Callis and L.R. Field, Anal. Chem. 55, 1068 

(1983). 
31. R.P.W. Scott, and S.J. Traiman, J. Chromatogr. 196, 193 

(1980). 
32. H. Hemetsberber, W. Massfeld and H. Ricken, Chromatographia 9, 

303 (1976). 
33. J.L.M. van de Venne, J.P.M. Rindt, G.J.M.M. Coenen and 

C.A.M.G. Cramers, Chromatographia 13, 11 (1980). 
34. R.E. Majors and M.J. Hopper, J. Chromatogr. Sci. 12, 767 

(1974). 
35. L.T. Zhuravlev, A.V

Chem. 42, 1200 (1968). 
36. C.H. Lochmuller, S.F. Marshall and D.R. Wilder, Anal. Chem. 

52, 19 (1980). 
37. G.E. Mariel, D.W. Sindorf and V.J. Bartuska, J. Chromatogr. 

205, 438 (1981). 
38. R.K. Gilpin and M.E. Gangoda, J. Chromatogr. Sci. 21, 352 

(1983). 
39. S.G. Weber and W.G. Tramposch, Anal. Chem. 55, 1771 (1983). 
40. M. Verzele, P. Mussche and P. Sandre, J. Chromatogr. 190, 331 

(1980). 
41. L. Hansson and L. Trojer, J. Chromatogr. 207, 1 (1981). 
42. R.H. Prince in M.T.P. International Review of Science: 

Inorganic Chemistry Series I, Vol. 9 (ed. M.L. Tobe), 1972, 
p. 353. 

43. M.L. Miller, R.W. Linton, S.G. Bush, J.W. Jorgenson, Anal. 
Chem. 56, 2204-2210 (1984). 

44. J.B. Crowther, S.D. Fazio, R. Schiksnis, S. Marcus and R.A. 
Hartwick, J. Chromatogr. 289, 367-375 (1984). 

45. J.B. Crowther and R.A. Hartwick, Chromatographia 16, 349 
(1982). 

46. J.B. Crowther, S.D. Fazio and R.A. Hartwick, J. Chromatogr. 
282, 619 (1983). 

47. E.J. Corey and A. Venkateswarlu, J. Am. Chem. Soc. 94, 6190 
(1972). 

48. E.J. Corey and B.B. Snider, J. Am. Chem. Soc. 94:7, 2549 
(1972). 

49. P.J. Holmes, "The Electrochemistry of Semiconductors", 
Academic Press (1962). 

50. J.P. Erard and E. Kovats, Anal. Chem. 54, 193-202 (1982). 
51. B.J. Aylett, "Organoraetallic Compounds", Vol. 1, Part 2, John 

Wiley & Sons, New York (1979). 
52. L.H. Sommer, "Stereochemistry, Mechanism and Silicon", McGraw 

Hill (1965). 
53. J.A. Gardella, J.S. Chen, J.H. Magill, and D.M. Hercules, 

J. Am. Chem. Soc. 105, 4536-4541 (1983). 

In Chromatography and Separation Chemistry; Ahuja, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



2. FAZIO E T A L . Bonded HPLC Stationary Phases 55 

54. N. Okui, J.H. Magill and K.H. Gardner, J. Appl. Phys. 48, 4116 
(1977). 

55. N. Okui, H.M. Li and J.H. Magill, Polymer 18, 1152 (1977). 
56. N. Okui and J.H. Magill, Polymer 19, 411 (1978). 
57. G.E. Berendsen, K.A. Pkaart, L. De Galan, J. Liquid 

Chromatogr. 3, 1437 (1980). 
58. L.C. Sander and S.A. Wise, personal communication. 
RECEIVED October 3, 1985 

In Chromatography and Separation Chemistry; Ahuja, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



3 
Column-Packing Structure and Performance 

Vladimir Rehák 

Laboratory of Infectious Diseases, Faculty of Pediatrics, Charles University, 
Prague, Czechoslovakia 

The significance of bonded stationary phases is documented by 
constantly growing number of publications dealing with them, and 
from the use of a ne
Chromatography]. 

During the period of development of these useful packing 
materials many different preparation procedures were used and 
thoroughly studied. The method using the reaction between s i l ica 
and haloalkylsilane [alkoxyalkylsilane alternatively] has been found 
the best one and it is, nowadays, used exclusively. Although these 
packings are widely used, their structure and mainly the separation 
mechanism on them are still not completely understood. The general 
conclusion has been that the separation mechanism on these packings 
is very complicated involving a number of processes and has been 
val id up to now. The situation is simpler on non-polar phases 
[reversed-phase packings], where the bonded alkyls contain only -
CH2- and -CH3 groups. Such materials are, therefore, studied more 
frequently. 

Our attention has been focused on these packings too, and only 
one factor influencing retention on non-polar chemically bonded 
stationary phases in HPLC--namely the bonded phase structure--was 
studied. Two groups of packings [monomeric, " b r i s t l e " type] were 
synthesized [detailed description in 1,2], one having branched 
structures, the other unbranched ones. Materials having either the 
same total number of C atoms in the bonded alkyl or the same number 
of C atoms in the longest chain of bonded a lkyl were compared. 
Packings giving reproducible results are listed in TABLE I. 

Experimental 

Preparation of packings. Commercially u n a v a i l a b l e s i l a n e s were 
synthesized by the reaction described by Barry and coworkers [3] [1-
o l e f i n reacts with si lane under this scheme]: 

R-CH=CH2 + H-Si-RxCly > R-CH2-CH2-Si-RxCly, 

where R i s an a l k y l of required s t r u c t u r e , Rx i s methyl group, and 
x+y=3. Resul t ing h a l o a l k y l s i l a n e s were p u r i f i e d by vacuum 
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d i s t i l l a t i o n and characterized by determination of chlorine content, 
refractive index value and C,H content. 

A v a i l a b l e s i l a n e s were p u r i f i e d and characterized p r i o r to 
reaction with s i l i c a - g e l in the same manner. 

S i l i c a - g e l [LiChrosorb SI 100 - Merck, p a r t i c l e s ize 10 ym 
irregular ly shaped] was acid washed with the mixture of sul furic and 
n i t r i c acids 9:1 at the temperature of 130 degrees of centigrade. 
When the washing with water reached n e u t r a l i t y , i t was dried i n 
vacuo overnight at 150 degrees of centigrade. Its specific surface 
area and pore s ize d i s t r i b u t i o n were then e s t a b l i s h e d . This 
mater ia l was then reacted with appropriate s i l a n e i n toluene 
[modified method of Kirkland and deStefano 4]. The reaction mixture 
was heated under r e f l u x coo ler and the equimolar amount [to the 
amount of s i l a n e ] of t r i e t h y l a m i n e was added [Schmidt 5], The 
react ion was completed within three hours, as determined by C,H 
analysis of samples taken from the reaction mixture every half an 
hour. No difference between branched and unbranched packings were 
observed. 

Characterization of packings. I. C,H analysis : Thoroughly washed 
and dried samples were taken for the estimation of carbon content. 
A l l mater ia ls were then end-capped with hexamethyldisi lazane i n 
to luene, washed and dried again and new samples of packings were 
taken for the C,H a n a l y s i s . Carbon content of a l l packings 
increased s l i g h t l y by the end-capping [2-7 percent of the i n i t i a l 
v a l u e ] ; once more with no s i g n i f i c a n t difference between branched 
and unbranched packings. TABLE II summarizes the results . 

II. Specific surface area measurements: The method of thermal 
desorption introduced by Nelsen and Eggertsen [6] was employed using 
apparatus by Grubner [7], The r e s u l t s i n TABLE III show that the 
s p e c i f i c surface area decreases by bonding of an a l k y l . This 
decrease ranges between 35 and 52 percent of the value for 
unmodified s i l i c a for the packings described in this study. Values 
above 50 percent were obtained for bonded n-octadecyl and for s i l i c a 
modified with HMDS direct ly . For a l l other packings, values between 
35 and 52 percent were found. The di f ference i n decrease of 
specific surface area between branched and corresponding unbranched 
phase i s s m a l l . In a l l cases the values are s l i g h t l y lower for 
branched packings; however, the difference i s comparable within the 
accuracy of the method. 

III. Pore size distribution: Our assumption that bonding of an 
a l k y l reduces the main pore diameter was confirmed by Mart in ' s 
method [8]. The decrease in this value i s in a very good agreement 
with the value c a l c u l a t e d for each packing, using the s implest 
possible model—a cylinder, to whose inner walls maximum stretched 
a l k y l s are bonded. TABLE IV l i s t s the c a l c u l a t e d and measured 
values. The results for 1-ethyladamantyl cannot be correlated with 
the theory, apparently because of i t s structure differs greatly from 
those of the other a l k y l s . It cannot be excluded that only t h i s 
s tructure makes poss ib le s p e c i f i c i n t e r a c t i o n s leading to the 
d e v i a t i o n observed. [Martin 's method i s based on gel -permeation 
principle and the specific interactions must be excluded. It uses, 
as the test solutes, polystyrenes of known size and i t i s possible 
that polystyrene molecule not only enters the pores, as required, in 
part s p e c i f i c a l l y interacts with the structure of bonded adamantyl, 
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TABLE I - L i s t of prepared packings. 

Bonded alkyl Abbreviation C atoms Reference 
in chain total packing 

2,4,4-trimethylpentyl 2,4,4 5 8 n-pentyl, 
n-octyl 

4-butyloctyl Cg— 8 12 n-octyl , 
n-dodecyl 

1-ethyladamantyl adam 12 n-dodecyl 

n-butyl 4 4 

n-hexyl C^ 6 6 

n-octyl Cg 8 8 

n-dodecyl C ^ 12 12 

n-dodecyl C-̂ g 18 18 

methyl HMDS 1 1 

TABLE II - C,H analysis results . 

Packing Carbon content before 
end-capping 

Carbon content 
end-capping 

after Increase 

2,4,4 9.29% by weight 9.53% 2.6% r e l , 

Cg— 11.74 12.40 5.6 

adam 12.48 12.88 3.1 

Cg 10.88 11.13 2.3 

C 1 2 12.43 13.34 6.8 

C 1 8 16.32 16.79 2.8 
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TABLE III - Specific surface area measurements. 

Packing %C Amount of s i l i c a 
in 1 g of packing 

Corresponding 
surface area 

Area after 
bonding 

Decrease 

2,4,4 9.29 0.8633 g 292.0 m2 166.5 m2 42.98% 

C 8 11.74 0.8391 281.3 180.3 35.93 

adam 12.48 0.8341 279.7 281.3+ 

HMDS 3.74 0.9526 314.0 149.8 52.29 

C 8 10.88 0.8400 286.0 170.3 40.45 

C12 12.43 0.8300 277.7 162.0 41.60 

C18 16.32 0.7874 264.0 175.1 52.65 

Note: Carbon contents values before end-capping are given. 

TABLE IV - Pore size distribution - the mean pore diameter. 

Packing Approx. length of 
alkyl chain X 

Mean pore 
Calculated 

diameter X 
Measured 

2,4,4 3.6 90.0 91.2 

C 8 ~ 8.4 83.0 84.1 

adam 8.0 84.0 120.0+ 

C 8 8.4 83.0 86.6 

c 1 2 13.2 74.0 78.0 

C18 20.0 60.0 65.7 
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thus increasing elution volume of entire polystyrene; in this case, 
however, false results w i l l be calculated.] 

IV. Surface concentration of bonded molecules. Based on data 
given in TABLE III, the values of surface concentrations of bonded 
molecules were calculated. The results presented in TABLE V show 
that a l l packings i n the present work were prepared under the 
condition of maximum coverage [9]. The site requirements of bonded 
molecules were found to be between 40 and 52 square angstromes, 
roughly corresponding to the data reported by Hemetsberger [10]. 
The r e l i a b i l i t y of these data i s strongly dependent on the accuracy 
of both surface area measurements and C,H analyses. A comparison of 
values for pa irs of the corresponding branched and unbranched 
packings indicates that the coverage of branched phases i s s l i g h t l y 
lower. 

Chromatography. I. Packing of columns: Balanced density s l u r r y 
method was employed and the q u a l i t y of packed columns was tested 
chromatographically in methylene chloride. Benzene was injected as 
t e s t i n g s o l u t e . Column
symmetrical e l u t i o n curve , r e l a t i v e band broadening of 50 ym at 
l i n e a r v e l o c i t y of 5 mm/sec, and permeabi l i ty better than 1.10± 
-9 cm±2] were used for further experiments. 

Loadability of columns estimated as described by Karch [11], was 
found to be comparable for both branched and unbranched packings. 
Values between 5.10±-4 and 1.10±-5 g per gram of packing were found, 
depending on carbon content of the packing and solute used for this 
estimation. 

The rate of e q u i l i b r a t i o n after a change i n the mobile phase 
composition i s also comparable for both types of packings. If the 
methanol content i n a new mobile phase i s greater than 1 percent, 
constant capacity factors are reached very quickly—after 15-20 ml 
have been pumped through the column. If an e q u i l i b r i u m cannot be 
reached even after s e v e r a l l i t r e s of pure water have been pumped 
through the column suggests non-polar phase not wettable by water. 

The excellent reproducibil ity of packing and the efficiency of 
prepared columns were the same for both branched and unbranched 
packings and no differences were found in their loadabi l i ty . These 
facts enable us to compare different bonded phases and to interpret 
the influence of bonded phase structure on retention. 

II. Mobile phases: Three water/methanol mixtures of different 
composition [98:2, 70:30, 30:70] and pure methanol were used as 
mobile phases possessing different elution strengths. 

I I I . Solutes . At l e a s t three groups of so lutes were used i n 
each of four mobile phases described above. It was d e s i r a b l e for 
the so lutes within these groups to have k f values between 0.1 and 
15, to create homologous series or to have very similar structure. 
If possible, each group should be eluted within reasonable time at 
least in two mobile phases used in this study. 

IV. Retention. The dependence of retention described in terms 
of k f on s e v e r a l parameters [the length and structure of bonded 
molecule , s ize and structure of so lute molecule , and the mobile 
phase e l u t i o n strength] was studied. The measured k f va lues were 
normalized to 1 jjmol of a bonded molecule i n order to enable the 
structure e f fect on retent ion to be determined with greater 
sensi t iv i ty . Figures 1 and 2 show examples of dependence of log kf 
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TABLE V - Surface concentration of bonded molecules. 

Packing Umol of silane 
bonded to 1 m̂  

Number of silane 
molecules per 100 X 

Site requirement 
X 2 

2,4,4 3.40 2.05 48.87 

C 8 - 2.94 1.77 56.38 

adam 3.15 1.90 52.66 

c 8 
4.09 2.46 40.61 

Cl2 3.15 1.90 52.66 

Cl8 2.90 

C C C C C phenylalkane 
2 4 6 8 10 

Figure 1. Influence of the b r i s t l e length on the retentions of 
p h e n y l a l k a n e s . E l u e n t : methanol . Samples : 
ethylbenzene, butylbenzene, hexylbenzene, phenyloctane 
and phenyldecane. Stationary phases as given in TABLE 
I. 
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/ 

C 2 C j C 4 C $ a lcohol 

Figure 2. Influence of the b r i s t l e length on the retentions of 
n-alcohols. Eluent: water/methanol 70/30. Samples: 
ethanol, propanol, butanol and pentanol. Stationary 
phases as given in TABLE I. 
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on the length of bonded molecule [on b r i s t l e length]. For branched 
packings, the length of bonded molecule i s represented by that of 
the longest chain. For both types of phases, the k f va lue i s 
proportional to the b r i s t l e length. 

The following differences in retention were found. For a given 
s o l u t e , the k* value and e s p e c i a l l y the r a t i o of k f on branched to 
kf on the corresponding unbranched packings are determined by mobile 
phase e l u t i o n strength and so lute molecule s tructure . In mobile 
phases possessing high e l u t i o n strength the k ! va lues for given 
solute are always higher on unbranched packings. This di f ference 
decreases with decreasing e l u t i o n strength and the r a t i o of k f 

values can be reversed for many so lutes and the retent ion on the 
branched phases i s greater than on the corresponding unbranched 
phases. The so lute s tructure seems to be the p r i n c i p a l factor 
determining the condit ions under which t h i s r e v e r s a l of the 
retention occurs. Figures 3 and 4 i l l u s t r a t e this . They show the 
retent ion of d i f f e r e n t so lutes measured i n the same mobile phase 
[influence of mobile phas
a l l cases, methyl derivative
than on c o r r e s p o n d i n g unbranched phases , the r e t e n t i o n of 
d i a l k y l p h t h a l a t e s i s q u i t e d i f f e r e n t from phase to phase. 
Dialkylphthalates retention on bonded 2,4,4-trimethyl pentyl and 4-
butyl octyl i s comparable with that on the corresponding unbranched 
packings. The retent ion of these so lutes on the bonded 1 -ethyl 
adamantyl i s greater than on n-dodecyl [corresponding unbranched 
phase] or on n-octadecyl [the largest unbranched phase]. 

The s p e c i a l s e l e c t i v i t y of the bonded phases for a so lute the 
same structure as these, was a l s o studied. The bonded 1 -ethyl 
adamantyl was chosen as str iking example. The r e l a t i v e retention of 
adamantane to n-decane i n methanol was measured. This value was 
found to be lower than 1 on a l l packings except the bonded 
adamantyl. On this packing the retention of both CIO hydrocarbons 
i s equal. 

The l a s t part of experiments consisted i n a p p l i c a t i o n of the 
prepared packings [branched] to the separation of s e v e r a l drug 
mixtures. Barbiturates, anabolic steroids and anticonvulsants were 
chosen. Chromatograms of barbi turates obtained on the branched 
phases are shown i n Figure 5. In t h i s set of ten d i f f e r e n t 
barbiturates the main problem i s to separate phenobarbitone from 
allobarbitone [on the unbranched packings]. Very good s e l e c t i v i t y 
of a l l branched packings for these two barbiturates i s evident but 
over lapping peaks for other compounds appeared. As to the 
barbiturates the branched phases have the s e l e c t i v i t y different from 
unbranched ones. Peak shape can be improved s ignif icantly i f using 
a l k a l i z e d mobile phase, but t h i s s h o r t e n s the column l i f e 
d r a s t i c a l l y and so t h i s modi f icat ion was not employed with the 
unique branched packings. 

Separation of anabolics i s not very d i f f i c u l t . Good separation 
of testosteron and i t s methyl derivative [especially for the doping 
tests ] can be achieved on the unbranched packings. The use of 
branched packings didn't bring any improvement in this respect and 
separation of other compounds was even worse. 

The s h i f t s i n retent ion of ant iconvulsants on a l l tested 
packings were not s i g n i f i c a n t and both types of packings were 
successfully used for the analysis of serum samples from epi lept ic 
patients. 
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benzene pocylene 
toluene 

Figure 3. Influence of the solute molecule size and structure on 
the retentions of benzene methyl derivatives. Eluent: 
water/methanol 30/70. Samples: benzene, toluene and 
p-xylene. Stationary phases as given in TABLE I . 
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Figure 4. Influence of the solute molecule size and structure on 
the retentions of d i a l k y l p h t h a l a t e s . E l u e n t : 
water/methanol 30/70. Samples: dimethyl, diethyl and 
d i b u t y l phthalate . Stationary phases as given i n 
TABLE I. 
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7 

2 + 3 

ada 

9+ 

0 4 8 72 16 20 mm 

Figure 5. Separation of barbi turates on the branched phases. 
Eluent: water/methanol 65/35. Samples: 1-barbitone 
( 5 , 5 - d i e t h y l b a r b i t u r i c ac id) , 2-heptobarbitone (5-
methyl-5-phenyl), 3 -a l lobarbi tone ( 5 , 5 - d i a l l y 1), 4-
phenobarbitone (5-ethyl-5-phenyl), 5-aprobarbitone (5-
a l l y l - 5 - i s o p r o p y l ) , 6-cyclobarbitone (5 -ethyl -5 -cyclo-
h e x e n y l ) , 7 - b u t o b a r b i t o n e (5-ethy 1 - 5 - b u t y l ) , 8-
hexobarbitone (5-methy1-5-cyclophexeny1 N-methyl 
barbituric acid), 9-amobarbitone (5-ethyl-5-isopentyl 
b a r b i t u r i c ac id) , 10-pentobarbitone (5 -methyl -5 -
pentyl). Stationary phases as given in TABLE I. 
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Conclusion 

The difference observed in retention on the branched and unbranched 
phases are caused exclusively by the structure of bonded molecule 
because other factors can be neglected. The basic features of 
packings of both types, i.e. carbon content, pore size distribution, 
coverage, specific surface area, the quality of columns packed with 
these phases, loadabi l i ty and rate of equil ibration are similar . 

The di f ference i n retent ion on phases of d i f f e r e n t s tructures 
are more pronounced in mobile phases of lower elution strength. The 
k* values are governed by the solute structure. The results suggest 
that comparison of retention on the branched and unbranched phases 
could a l s o be used for s o l v i n g more general problems of the 
separation mechanism, based on study of molecular interactions. The 
phases with branched structure could also be useful in extending the 
application of HPLC. 
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Differences in Selectivity of Reversed-Phase Columns 
for High-Performance Liquid Chromatography 

I. Wouters, S. Hendrickx, E. Roets, J. Hoogmartens, and H. Vanderhaeghe 

Katholieke Universiteit Leuven, Instituut voor Farmaceutische Wetenschappen, 
Laboratorium voor Farmaceutische Chemie, Van Evenstraat 4, B-3000 Leuven, Belgium 

Results obtained by high performance liquid chromato
graphy of fifteen cephalosporin
and C18 packing material
characters of the packing materials and of the columns 
prepared with them are compared, i .e . surface, pore dia
meter, carbon content, methyl red adsorption values, 
plate number and separation factor. Important differen
ces in selectivity are observed between manufacturers, 
but also between batches from the same manufacturers. 
The correlation between the selectivity and the column 
characters considered is poor. 

I n m o s t p a p e r s t h e s e l e c t i v i t y o f t h e c o l u m n p a c k i n g u s e d , c o m p a r e d 
w i t h t h a t o f o t h e r p a c k i n g m a t e r i a l s o f t h e same t y p e , i s n o t d i s 
c u s s e d . 

U s u a l l y , when a u t h o r s d e s c r i b e t h e s e p a r a t i o n o f a g i v e n number 
o f p r o d u c t s , a p a r t i c u l a r b r a n d o f r e v e r s e d p h a s e m a t e r i a l i s u s e d 
w i t h a p a r t i c u l a r m o b i l e p h a s e . T h i s makes i t d i f f i c u l t t o d e c i d e 
w h e t h e r d i f f e r e n c e s i n s e l e c t i v i t y a r e due t o c h a n g e s i n m o b i l e p h a 
s e s o r i n p a c k i n g m a t e r i a l s . T h e r e f o r e , one i s o f t e n t e m p t e d t o b e 
l i e v e t h a t d i f f e r e n c e s i n s e l e c t i v i t y a r e m a i n l y c a u s e d b y t h e m o 
b i l e p h a s e . T h i s i s a m i s c o n c e p t i o n a l r e a d y m e n t i o n e d b y s e v e r a l 
a u t h o r s ( 1 - 9 ) . 

I n t h i s s t u d y t h e r e s u l t s , o b t a i n e d b y c h r o m a t o g r a p h y o f f i f 
t e e n c e p h a l o s p o r i n a n t i b i o t i c s o n d i f f e r e n t b r a n d s o f C8 a n d C18 
r e v e r s e d p h a s e m a t e r i a l s , a r e c o m p a r e d . I m p o r t a n t d i f f e r e n c e s i n 
s e l e c t i v i t y b e t w e e n m a n u f a c t u r e r s a n d a l s o b e t w e e n b a t c h e s f r o m t h e 
same m a n u f a c t u r e r , a r e o b s e r v e d . P a r t o f t h i s s t u d y h a s a l r e a d y b e e n 
p u b l i s h e d ( 1 0 ) . 

S a m p l e s 

T h e f o l l o w i n g c e p h a l o s p o r i n s w e r e c h r o m a t o g r a p h e d : c e p h a l o s p o r i n C 
d i h y d r a t e ( 1 ) , c e f a d r o x i l m o n o h y d r a t e ( 2 ) , c e f a t r i z i n e p r o p y l e n e -
g l y c o l a t e ( 3 ) , c e f a l o g l y c i n d i h y d r a t e ( 4 ) , c e f a c l o r m o n o h y d r a t e ( 5 ) , 
c e f a l e x i n m o n o h y d r a t e ( 6 ) , c e f r a d i n e a n h y d r a t e ( 7 ) , c e f a m a n d o l e ( 8 ) , 
c e f a l o t i n ( 9 ) , c e f o x i t i n ( 1 0 ) , c e f a l o r i d i n e 6 - f o r m ( 1 1 ) , c e f a p i r i n 
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( 1 2 ) , c e f a z o l i n ( 1 3 ) , c e f u r o x i m e ( 1 4 ) , c e f o t a x i m e ( 1 5 ) . T h e s t r u c 
t u r e s a r e shown i n F i g u r e 1. 

S t a t i o n a r y P h a s e s a n d C o l u m n s 

I n f o r m a t i o n o n t h e p a c k i n g m a t e r i a l s a n d t h e c o l u m n s i s s u m m a r i z e d 
i n T a b l e I . E x c e p t f o r t h e p r e p a c k e d c o l u m n s , a l l c o l u m n s w e r e 
p a c k e d f o l l o w i n g t h e same p r o c e d u r e , w h i c h was n o t n e c e s s a r i l y t h e 
o p t i m u m way f o r e a c h p a r t i c u l a r p a c k i n g m a t e r i a l . T h e c o l u m n s w e r e 
p a c k e d u s i n g a s l u r r y o f 2 . 7 g p a c k i n g m a t e r i a l ( 3 . 2 g f o r Z o r b a x ) 
i n 15 ml t o l u o l - c y c l o h e x a n o l 1 : 2 , a H a s k e l pump M o d e l D S T V - 1 2 2 w i t h 
a n i n l e t p r e s s u r e o f 5 b a r a n d w i t h m e t h a n o l a s t h e p r e s s u r i z i n g 
l i q u i d . T h e c o l u m n d i m e n s i o n s w e r e 25 cm a n d 4 . 6 mm I . D . , e x c e p t f o r 
t h e H i b a r c o l u m n : 25 cm x 4 mm I . D . 

A l l c o l u m n s w e r e c h e c k e d b y c h r o m a t o g r a p h y o f a m i x t u r e o f b e n 
z e n e , n a p h t h a l e n e , p h e n a n t h r e n e a n d a n t h r a c e n e w i t h m e t h a n o l - w a t e r 
( 7 0 : 3 0 ) a s t h e m o b i l e p h a s e . F o r P o l y g o s i l , m e t h a n o l - w a t e r ( 6 0 : 4 0 ) 
h a d t o be u s e d t o o b t a i

T h e p l a t e n u m b e r s p e
l u t e i n d i c a t i o n f o r t h e i n t r i n s i c e f f i c i e n c y o f t h e p a c k i n g m a t e 
r i a l s . I n d e e d , p r e v i o u s e x p e r i e n c e w i t h o t h e r p a c k i n g m e t h o d s r e s u l 
t e d i n h i g h e r e f f i c i e n c y e s p e c i a l l y w i t h L i C h r o s o r b a n d u B o n d a p a k . 
T h i s e x p l a i n s t h e d i s c r e p a n c y b e t w e e n t h e L i C h r o s o r b R P - 8 10 um 
H i b a r c o l u m n a n d t h e c o r r e s p o n d i n g home-made c o l u m n . A l t h o u g h t h e 
p l a t e number a f f e c t s r e s o l u t i o n , i t i s n o t a f f e c t i n g t h e s e l e c t i v i 
t y , w h i c h i s o u r m a i n i n t e r e s t . T h e s e p a r a t i o n f a c t o r , a , a l l o w s a 
r o u g h d i s t i n c t i o n b e t w e e n C8 a n d C18 d e r i v a t i s e d s i l i c a s . T h e C18 
m a t e r i a l s do n o t n e c e s s a r i l y show h i g h e r c a p a c i t y f a c t o r s ( k ' ) f o r 
a n t h r a c e n e . 

P l a t e n u m b e r s , c a l c u l a t e d o n a w e l l s e p a r a t e d c e p h a l o s p o r i n a r e 
a l s o s u m m a r i z e d i n T a b l e I . T h i s p l a t e number c a n a g r e e o r w i d e l y 
d i f f e r f r o m t h e c o r r e s p o n d i n g p l a t e number o b t a i n e d f o r n a p h t h a l e n e . 
F o r P a r t i s i l a n d Z o r b a x e x t r e m e d i f f e r e n c e s a r e o b s e r v e d . G e n e r a l l y 
l o w e r N/m a r e r e c o r d e d f o r c e p h a l o s p o r i n s . 

C h r o m a t o g r a p h i c C o n d i t i o n s 

T h e m o b i l e p h a s e was a c e t o n i t r i l e - w a t e r - 0 . 2 M p h o s p h a t e b u f f e r pH 
7 . 0 . T h e p e r c e n t a g e o f o r g a n i c m o d i f i e r was v a r i e d i n o r d e r t o o b 
t a i n c o m p l e t e e l u t i o n w i t h i n a b o u t 40 m i n , r e s u l t i n g i n o r g a n i c 
m o d i f i e r c o n t e n t s f r o m 1 t o 1 1 . 5 %. T h e f l o w r a t e was 1 m l / m i n a n d 
t h e d e t e c t o r was s e t a t 254 nm w i t h a s e n s i t i v i t y o f 0 . 0 5 A . U . F . S . 
A l l s e p a r a t i o n s w e r e c a r r i e d o u t a t r o o m t e m p e r a t u r e . 

R e s u l t s a n d D i s c u s s i o n 

F i g u r e s 2 a n d 3 show a c o m p a r i s o n b e t w e e n a c h r o m a t o g r a m o f L i C h r o 
s o r b R P - 8 10 um o b t a i n e d r e c e n t l y a n d a n o t h e r o b t a i n e d a few y e a r s 
a g o . D i f f e r e n c e s i n s e l e c t i v i t y a r e a p p a r e n t ; t h e o l d p a c k i n g m a 
t e r i a l g i v e s t h e b e s t r e s u l t s , p r o b a b l y due t o a somewhat l o w e r 
c o v e r a g e a n d b e t t e r i n t e r a c t i o n b e t w e e n p o l a r s o l u t e s a n d f r e e s i -
l a n o l s . T h e o l d e r c h r o m a t o g r a m was o b t a i n e d a t a somewhat l o w e r f l o w 
r a t e ( 0 . 8 m l / m i n ) a n d a d i f f e r e n t c h a r t s p e e d . P r e v i o u s l y t h e e l u 
t i o n o r d e r o f t h e c e p h a l o s p o r i n s a t t h e e n d o f t h e c h r o m a t o g r a m was 
1 3 , 1 2 , 4 , a n d now i t i s 4 , 1 3 , 1 2 . B e f o r e 5 a n d 7 c o e l u t e d a n d now 
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O R A H 

c—r 

COOR3 

GENERIC NAME R.,- - R 2 - R 3 - R 4 

1 S^SrR,M
 C H O O C - C H - ( C H 2 ) 2 - C H 2 - - C H . - 0 - C O - C H , - K - H 

CEFADROXIL „ v x „ 
2 H O - < / X > - C H — - C H ~ " H - H 

MONOHYDRATE \ _ / 1 3 

CEFALOGLYCIN 
4 

NH 2 

I N 

- C H 2 - S - ^ Ĵ N - H 

NH 0 H 

CEFATRIZINE 
3 PROPYLENE- H O - K ' N>— CH — - C H 2 - S - < > - H - H 

GLYCOLATE 

/ / \ \ - C H — - C H 2 - 0 - C O - C H 3 - H - H 
DIHYDRATE \ — / | 

NH. 

CEFACLOR / 7 ^ \ 
5 ( ' N > - C H — —CI - H - H 

MONOHYDRATE \ — / | 
NH 0 

CEFALEXIN /7^\ „ 
6 V X > - C H — — C H 3 - H - H 

MONOHYDRATE \ — / | 3 

NH 2 

CEFRADINE 
7 ( ' / V C H — - C H , " H - H 

ANHYDRATE \ V | * 
NH 0 

F i g u r e 1. C e p h a l o s p o r i n s t r u c t u r e s . C o n t i n u e d on n e x t p a g e . 

In Chromatography and Separation Chemistry; Ahuja, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 

file:////-CH�


4. W O U T E R S E T A L . Selectivity of Reversed-Phase Columns 71 

N— N 

8 CEFAMANDOLE ^ J ^ - C H - - - C H 2 - S - ^ - L i - H 

OH V 
C H 3 

9 CEFALOTIN ^ ^ " C H 2 " ~ - C H 2 ~ O - C O - C H 3 -Na - H 
S 

10 CEFOXITIN ^ " C H 2 " - C H 2 - 0 - C O - N H 2 - N a - O C H 3 

^ CEFALORIDINE fl \\ + ^~~\ 
1 1 S -FORM ^ S > C H 2 - " C H 2 - N ^ - - H 

12 CEFAPIRIN N ^ ^ - S - C H 2 - — CH 2— O —CO — C H 3 -Na - H 

N — N N—N 

13 CEFAZOLIN N > s ^ N - C H 2 — - C H 2 - S - C ^ / - C H 3 - H - H 

14 CEFUROXIME N ~ 0 C H 3 - C H 2 ~ 0 - C O - N H 2 -Na - H 

N r—C — 

15 CEFOTAXIME H2N"^{ / N-OCH3 - C H 2 - 0 - C O - C H 3 -Na - H 

F i g u r e 1 c o n t i n u e d . C e p h a l o s p o r i n s t r u c t u r e s 
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t h e y a r e s e p a r a t e d , 3 was b a s e l i n e s e p a r a t e d b e f o r e 15 a n d 16 a n d i t 
now e l u t e s a f t e r 15 a n d 1 6 , a n d 11 was w e l l s e p a r a t e d a n d i t now 
e l u t e s w i t h i n a g r o u p . L i C h r o s o r b m a t e r i a l s n o t o n l y s h o w e d i m p o r 
t a n t d i f f e r e n c e s i n s e l e c t i v i t y , b u t a l s o d i f f e r e n t p a c k i n g p r o c e 
d u r e s h a d t o b e u s e d . H o w e v e r , t h e m a t e r i a l s w e r e a l w a y s a v a i l a b l e 
u n d e r t h e same l a b e l . T h e s e r e s u l t s show t h a t b e t w e e n d i f f e r e n t 
b a t c h e s , s e l e c t i v i t y d i f f e r e n c e s e x i s t a n d t h a t a g i v e n s e p a r a t i o n 
i s n o t n e c e s s a r i l y r e p r o d u c i b l e f r o m b a t c h t o b a t c h o f d i f f e r e n t 
a g e s . 

T h e same p h e n o m e n o n was o b s e r v e d when a c o m m e r c i a l l y a v a i l a b l e 
L i C h r o s o r b R P - 8 10 um H i b a r ( F i g . 4) a n d a c o r r e s p o n d i n g h o m e - p a c k e d 
c o l u m n ( F i g . 3) w e r e c o m p a r e d . A l t h o u g h t h e same s e l e c t i v i t y was e x 
p e c t e d , i m p o r t a n t d i f f e r e n c e s w e r e o b s e r v e d . R e p l a c i n g a h o m e - p a c k e d 
L i C h r o s o r b R P - 8 10 um ( F i g . 3) b y a c o r r e s p o n d i n g 5 um c o l u m n ( F i g . 
5 ) , t h e same s e l e c t i v i t y was e x p e c t e d s i n c e o n l y p a r t i c l e s i z e i n 
f l u e n c e s t h e e f f i c i e n c y . I n f a c t a much d i f f e r e n t s e l e c t i v i t y was 
o b s e r v e d a n d f o r t h e 5 um c o l u m n a h i g h e r p e r c e n t a g e o f a c e t o n i t r i l e 
was n e e d e d t o e l u t e t h e c e p h a l o s p o r i n
m i n u t e s ) . T h e s e r e s u l t s sho
d u c e d i n o r d e r t o d e c r e a s e a n a l y s i s t i m e , i m p o r t a n t c h a n g e s i n s e 
l e c t i v i t y c a n o c c u r . 

I n T a b l e I I , t h e o r d e r o f e l u t i o n o b t a i n e d o n a l l t h e c o l u m n s 
e x a m i n e d a r e l i s t e d . On t h e Z o r b a x c o l u m n t h e c e p h a l o s p o r i n s a r e 
p o o r l y r e s o l v e d . H o w e v e r , f r o m t h e N/m v a l u e f o r n a p h t h a l e n e ( T a b l e 
I ) one w o u l d e x p e c t t h i s c o l u m n t o b e t h e b e s t . T h i s i s p r o b a b l y due 
t o t h e f a c t t h a t i t i s a w e l l c o v e r e d m a t e r i a l w h e r e l e s s i n f l u e n c e 
o f r e s i d u a l s i l a n o l s o c c u r s . T h i s p o o r r e s o l u t i o n d o e s n o t mean t h a t 
Z o r b a x i s a n i n f e r i o r p a c k i n g m a t e r i a l s i n c e we o b t a i n e d v e r y n i c e 
s e p a r a t i o n s f o r o t h e r d r u g s , b u t i t shows t h a t a m a t e r i a l w h i c h i s 
e x c e l l e n t f o r many s e p a r a t i o n p r o b l e m s a n d h a s t h e h i g h e s t c l a i m e d 
N/m v a l u e i s n o t n e c e s s a r i l y t h e b e s t f o r a p a r t i c u l a r s e p a r a t i o n 
p r o b l e m . 

U s i n g N u c l e o s i l a n d P o l y g o s i l C8 f r o m t h e same m a n u f a c t u r e r , 
l a r g e s e l e c t i v i t y d i f f e r e n c e s a r e o b s e r v e d w h i c h c a n p a r t l y be due 
t o t h e f a c t t h a t t h e p a r e n t s i l i c a s a r e d i f f e r e n t . G e n e r a l l y , s p h e 
r i c a l p a r t i c l e s g i v e h i g h e r p l a t e n u m b e r s t h a n i r r e g u l a r o n e s . I n 
s p i t e o f t h e h i g h e r p l a t e number f o r N u c l e o s i l , e x p e c t e d t o g i v e t h e 
b e t t e r r e s o l u t i o n , t h e l e s s e x p e n s i v e P o l y g o s i l shows b e t t e r s e l e c 
t i v i t y . F o r N u c l e o s i l C 8 , t h e same p h e n o m e n o n a s f o r L i C h r o s o r b C8 
h a s b e e n o b s e r v e d : a c h r o m a t o g r a m o b t a i n e d y e a r s a g o w i t h a n o t h e r 
b a t c h s h o w e d a d i f f e r e n t s e l e c t i v i t y . R e s u l t s o b t a i n e d o n N u c l e o s i l 
C18 10 um a n d u B o n d a p a k C18 10 um a g a i n e m p h a s i z e s e l e c t i v i t y d i f 
f e r e n c e s b e t w e e n m a n u f a c t u r e r s . 

On t h e R S i l a n d P a r t i s i l c o l u m n s , c e p h a l o s p o r i n 12 i s s t r o n g l y 
r e t a i n e d . T h i s c a n b e e x p l a i n e d b y t h e l o w l o a d i n g o f t h e s e c o l u m n s 
w h i c h a l l o w s a v e r y g o o d i n t e r a c t i o n o f t h i s p o s i t i v e l y c h a r g e d 
c e p h a l o s p o r i n w i t h t h e f r e e s i l a n o l s . 

G e n e r a l l y , t h e p o s i t i o n i n t h e e l u t i o n o r d e r c a n be q u i t e v a r i 
a b l e f o r some c e p h a l o s p o r i n s : i t c a n b e s e e n t h a t 10 moves f r o m t h e 
t h i r d p l a c e t o t h e t e n t h , w h i l e 7 i s a l w a y s f o u n d a t t h e n i n t h o r 
t e n t h p l a c e . I t i s i m p o s s i b l e t o s e e a n y r e l a t i o n s h i p b e t w e e n t h e 
s t r u c t u r e o f t h e c e p h a l o s p o r i n s a n d t h e i r e l u t i o n o r d e r w h i c h i s 
d i f f e r e n t o n a l l t h e c o l u m n s . I t i s c l e a r t h a t i t i s i m p o s s i b l e t o 
make v a l i d p r e d i c t i o n s a b o u t t h e s e l e c t i v i t y o f a c o l u m n t o w a r d s 
c e p h a l o s p o r i n s . I t i s a l s o c l e a r t h a t t h e p l a t e number i s o f l i t t l e 
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Column 

Table II : ORDER OF ELUTION OF CEPHALOSPORINS 

Order of elution of cephalosporins 

LiChrosorb RP-8 1 2 3  [To]  (7)

10 ym Hibar 
13 Q 4 12 11 8 9 10 LiChrosorb RP-8 1 2 15 14 3 6 5 

10 ym 
LiChrosorb RP-8 1 2 3 15 6 13 14 5 |l0| 11 12 4 8 9 
5 ym 

1 2 Zorbax C8 
7 ym 

Polygosil C8 
10 ym 

Nucleosil C8 
10 ym 

RSil C18 LL 
10 ym 

yBondapak C18 
10 ym 

Nucleosil C18 
10 ym 

P a r t i s i l ODS 
10 ym 

10 5 6 14 3 15 

1 2 

1 2 

1 2 

10 

10 

10 

1 2 15 14 

1 2 10 

0 11 13 4 8 9 12 

14 15 5 6 13 3 ( 7 ) 8 9 4 12 11 

14 15 5 6 3 13 ( 7 ) 4 8 9 12 11 

14 15 5 6 3 13 (?) 8 9 4 12 11 

' ' ( 7 ) 13 12 4 11 8 9 

3 5 6 13 (7) 4 12 8 9 11 

14 15 5 6 3 13 (7) 8 9 4 12 11 

1 2 15 3 6 14 5 10 
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v a l u e t o e s t i m a t e t h e u s e f u l n e s s o f a c o l u m n f o r a p a r t i c u l a r s e p a 
r a t i o n p r o b l e m . 

I n T a b l e I I I o t h e r p a r a m e t e r s g e n e r a l l y p r o v i d e d b y m a n u f a c 
t u r e r s a r e l i s t e d . I n t h e s e c o n d c o l u m n t h e s p e c i f i c s u r f a c e a r e a o f 
t h e p a r e n t s i l i c a a s s t a t e d b y t h e m a n u f a c t u r e r i s g i v e n . I n t h e 
t h i r d c o l u m n o u r r e s u l t s f r o m BET m e a s u r e m e n t s o n p a r e n t s i l i c a s o f 
t h e same t y p e a r e g i v e n . F o r L i C h r o s o r b 5 u m , t h e B E T m e a s u r e m e n t 
was 3 6 5 , w h i l e t h e c a t a l o g u e v a l u e was 5 0 0 . F o r Z o r b a x t h e r e i s o n l y 
a s m a l l d i f f e r e n c e b e t w e e n t h e v a l u e o f 289 we o b t a i n e d a n d t h e 
c a t a l o g u e v a l u e o f 3 0 0 . F o r P o l y g o s i l we do n o t f i n d h a l f o f t h e 
v a l u e s t a t e d b y t h e m a n u f a c t u r e r . On t h e o t h e r h a n d , f o r N u c l e o s i l , 
f r o m t h e same m a n u f a c t u r e r , t h e o b t a i n e d v a l u e o f 347 a g r e e s q u i t e 
w e l l w i t h t h e c a t a l o g u e v a l u e o f 3 0 0 . F o r P a r t i s i l g o o d a g r e e m e n t i s 
o b s e r v e d a n d l e s s s o f o r R S i l . 

P o r e d i a m e t e r s s t a t e d b y t h e m a n u f a c t u r e r a r e a l s o l i s t e d . As 
c a n b e s e e n , i t i s n o t common t o u s e w i d e p o r e s f o r l o n g e r c h a i n 
l e n g t h s . We a l s o d e t e r m i n e d t h e mean d i a m e t e r b y m e a s u r i n g t h e t o t a l 
p o r e v o l u m e o f p a r e n t s i l i c
t r a t i o n ( 1 1 ) . T h e mean p o r
B E T - v a l u e s a n d p o r e v o l u m e s a n d t h e p o r e s a r e a s s u m e d t o b e c y l i n 
d r i c a l . F o r p o r e d i a m e t e r s , t h e r e a r e a l s o l a r g e d i f f e r e n c e s b e t w e e n 
n o m i n a l v a l u e s a n d m e a s u r e d v a l u e s . F o r Z o r b a x a n d R S i l , t h e n o m i n a l 
v a l u e a g r e e s w i t h t h e m e a s u r e d v a l u e o f 8 nm. F o r P o l y g o s i l a l a r g e 
d i f f e r e n c e i s o b s e r v e d ; we m e a s u r e d 16 nm, t h e c l a i m e d v a l u e i s 6 
nm. 

C a r b o n c o n t e n t v a l u e s a r e t a k e n f r o m t h e l i t e r a t u r e . T h e y a r e 
e x p r e s s e d a s p e r c e n t a g e s o f t h e t o t a l m a s s . We d i d n o t d e t e r m i n e 
c a r b o n c o n t e n t , b u t t h e l o s s o f mass o n i g n i t i o n a t 700 °C was d e 
t e r m i n e d . F o r t h e l o s s o n i g n i t i o n one w o u l d e x p e c t t o f i n d h i g h e r 
f i g u r e s t h a n f o r t h e c a r b o n c o n t e n t , s i n c e t h e f o r m e r i n c l u d e s t h e 
l o s s o f h y d r o g e n a n d some w a t e r f r o m t h e s i l i c a a n d a l s o s i n c e i t i s 
e x p r e s s e d h e r e v e r s u s t h e mass o f t h e r e s i d u e o b t a i n e d a f t e r i g n i 
t i o n , w h i c h c o r r e s p o n d s a p p r o x i m a t e l y t o t h e amount o f b a r e s i l i c a 
i n v o l v e d i n t h e p r e p a r a t i o n o f t h e r e v e r s e d p h a s e . I n d e e d , when a 
s a m p l e o f s i l i c a i s h e a t e d u n d e r t h e same c o n d i t i o n s , a l o s s o n i g 
n i t i o n o f a b o u t 3 % i s o b t a i n e d . T h e c a r b o n c o n t e n t i s e x p r e s s e d 
v e r s u s t h e mass o f d e r i v a t i z e d m a t e r i a l . I t i s a l s o r e c o m m e n d e d t o 
e x p r e s s c a r b o n c o n t e n t a n d l o s s o n i g n i t i o n a s a f u n c t i o n o f t h e 
s p e c i f i c s u r f a c e a r e a o f t h e p a r e n t s i l i c a w h i c h i s s u p p o s e d t o g i v e 
a b e t t e r i d e a o f t h e l o a d i n g p e r u n i t s u r f a c e . T h e y^alues b e t w e e n 
b r a c k e t s a r e n o r m a l i z e d f o r a s u r f a c e a r e a o f 100 m s t a r t i n g f r o m 
o u r own BET m e a s u r e m e n t s . F o r s e v e r a l c o l u m n s , l o s s o n i g n i t i o n a n d 
c a r b o n c o n t e n t a r e q u i t e c l o s e ; f o r o t h e r s , e s p e c i a l l y Z o r b a x , a 
s t r i k i n g d i f f e r e n c e i s o b s e r v e d . 

V e r y o f t e n i t i s a c c e p t e d t h a t t h e h i g h e r t h e l o a d i n g , t h e 
h i g h e r t h e a c e t o n i t r i l e c o n t e n t s h o u l d be i n t h e m o b i l e p h a s e t o 
o b t a i n e l u t i o n . I t i s o b s e r v e d t h a t t h e p e r c e n t a g e s n e e d e d i n o r d e r 
t o e l u t e t h e c e p h a l o s p o r i n s w i t h i n 40 m i n a r e v e r y d i f f e r e n t a n d no 
c l e a r c o r r e l a t i o n c a n b e s e e n w i t h t h e c a r b o n c o n t e n t . H o w e v e r , n o t 
o n l y t h e amount o f o r g a n i c m a t e r i a l p l a y s a r o l e , b u t a l s o t h e r e s i 
d u a l s i l a n o l a c t i v i t y . T h e r e f o r e we m o d i f i e d t h e m e t h y l r e d a d s o r p 
t i o n t e s t o f S h a p i r o a n d K o l t h o f f (13) i n o r d e r t o u s e i t f o r t h e 
q u a n t i t a t i v e m e a s u r e m e n t o f r e s i d u a l s i l a n o l g r o u p s . A s t o c k s o l u 
t i o n o f 400 m g / 1 0 0 m l o f m e t h y l r e d was u s e d a n d t h e r e s u l t s a r e 
g i v e n i n T a b l e I I I . F o r Z o r b a x , a v e r y l o w m e t h y l r e d a d s o r p t i o n 
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v a l u e o f 0 . 5 i s o b t a i n e d w h i c h means t h a t i t i s w e l l c o v e r e d m a t e 
r i a l . T h e h i g h m e t h y l r e d a d s o r p t i o n v a l u e f o r R S i l , i . e . 9 2 , c o r 
r e s p o n d s w e l l w i t h t h e l a b e l l e d l o w l o a d i n g ( L L ) , b u t i s c o n t r a d i c 
t o r y t o t h e f a c t t h a t t h i s m a t e r i a l i s s a i d t o be e n d c a p p e d t o e n 
s u r e minimum s i l a n o l a c t i v i t y . T h e m e t h y l r e d a d s o r p t i o n v a l u e c o r 
r e s p o n d s q u i t e w e l l w i t h c a p a c i t y f a c t o r s o f c e f a l o r i d i n e c a r r y i n g a 
p o s i t i v e c h a r g e o n t h e p y r i d i n i u m r i n g . T h e h i g h m e t h y l r e d a d s o r p 
t i o n v a l u e o f 92 f o r R S i l c o r r e s p o n d s w i t h a c a p a c i t y f a c t o r o f 27 
f o r c e f a l o r i d i n e . I t i n d i c a t e s t h a t c h r o m a t o g r a p h y o f c e f a l o r i d i n e 
c o u l d be u s e d t o c h e c k f o r f r e e s i l a n o l g r o u p s o n t h e p a c k e d c o l u m n . 

C o n c l u s i o n s 

I t c a n b e c o n c l u d e d t h a t c h r o m a t o g r a p h i c m a t e r i a l s c l a s s i f i e d u n d e r 
t h e g e n e r a l l a b e l o f C8 o r C 1 8 , c a n b e h a v e i n v e r y d i f f e r e n t ways 
p r o v i d i n g a w i d e r a n g e o f u n i q u e s e l e c t i v i t i e s . N o t a l l t h e m a n u f a c 
t u r e r s a r e a b l e t o p r o d u c e c h r o m a t o g r a p h i c m a t e r i a l s w i t h s u f f i c i e n t 
r e p r o d u c i b i l i t y o v e r l o n g e
a l w a y s b e r e p r o d u c e d o
same m a n u f a c t u r e r . T h e i n f o r m a t i o n g i v e n b y t h e m a n u f a c t u r e r s , s u c h 
a s t h e p l a t e number o b t a i n e d i n a t e s t c h r o m a t o g r a m , i s o f t e n i n 
s u f f i c i e n t o r i r r e l e v a n t t o e v a l u a t e c o l u m n p e r f o r m a n c e . O t h e r p a r a 
m e t e r s n e i t h e r g i v e i n f o r m a t i o n p e r t a i n i n g t o s e l e c t i v i t y . T h e p a r a 
m e t e r s d i s c u s s e d i n t h i s c h a p t e r h a v e b e e n f o u n d u s e f u l t o c o m p a r e 
d i f f e r e n t r e v e r s e d p h a s e m a t e r i a l s w i t h e a c h o t h e r a n d t o c h e c k t h e 
q u a l i t y o f d i f f e r e n t b a t c h e s o f t h e same m a t e r i a l . G r e a t c a r e i s 
r e c o m m e n d e d when a h i g h p e r f o r m a n c e l i q u i d c h r o m a t o g r a p h i c m e t h o d i s 
p l a n n e d f o r a p p l i c a t i o n i n s e v e r a l l a b o r a t o r i e s . T h e p r o p o s e d c h r o 
m a t o g r a p h i c s y s t e m s h o u l d b e t r i e d w i t h a s e r i e s o f d i f f e r e n t 
p a c k i n g m a t e r i a l s o f t h e same t y p e t o c h e c k f o r p o s s i b l e i n f l u e n c e 
o f t h e p a c k i n g m a t e r i a l o n t h e s e l e c t i v i t y . I f n o s i g n i f i c a n t i n f l u 
e n c e i s o b s e r v e d , a s f o r e x a m p l e f o r t h e p h e n a n t h r e n e - a n t h r a c e n e 
s e p a r a t i o n m e n t i o n e d a b o v e , t h e s i m p l e i n d i c a t i o n o f t h e c o l u m n t y p e 
C8 o r C18 may b e s u f f i c i e n t . B u t i f t h e r e i s a n i n f l u e n c e , a s i s t h e 
c a s e w i t h t h e c e p h a l o s p o r i n s , a s e l e c t i v i t y t e s t s h o u l d be p r o v i d e d . 
T h i s n e c e s s i t a t e s t h e u s e o f r e f e r e n c e m a t e r i a l s w h i c h w i l l r e n d e r 
t h e m e t h o d l e s s a t t r a c t i v e i n c a s e s w h e r e t h e r e f e r e n c e p r o d u c t s a r e 
n o t commonly a v a i l a b l e . 

C i t a t i o n i n p u b l i s h e d m e t h o d s o f t h e m a n u f a c t u r i n g b r a n d s o f 
p a c k i n g m a t e r i a l s known t o g i v e g o o d r e s u l t s i s r e q u i r e d f o r d o c u 
m e n t a t i o n , i t i s n o t j u s t i f i a b l e o n s c i e n t i f i c g r o u n d s a s l o n g a s 
m a n u f a c t u r e r s do n o t p r e p a r e p a c k i n g m a t e r i a l s w i t h b e t t e r r e p r o d u 
c i b i l i t y . 

Literature Cited 
1. Nice, E.C.; O'Hare, M.J. J. Chromatogr. 1978, 166, 263. 
2. Ogan, K.; Katz, E. J. Chromatogr. 1980, 188, 115. 
3. Colmsjö, A.L.; MacDonald, J.C. Chromatographia 1980, 13, 350. 
4. Panthananickal, A.; Marnett, L.J. J. Chromatogr. 1981, 206, 253. 
5. DiCesare, J.L.; Dong, M.W. Perkin-Elmer Corporation, 

Chromatography Newsletter 1982, 10, 12. 
6. Engelhardt, H.; Dreyer, B.; Schmidt, H. Chromatographia 1982, 

16, 11. 
7. Goldberg, A.P. Anal. Chem. 1982, 54, 342. 

In Chromatography and Separation Chemistry; Ahuja, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



82 CHROMATOGRAPHY A N D SEPARATION CHEMISTRY 

8. Shaikh, B.; Tomaszewski, J.E. Chromatographia 1983, 17, 675. 
9. Landy, J.S.; Ward, J.L.; Dorsey, J.G. J. Chromatogr.Sci. 1983, 

21, 49. 
10. Wouters, I.; Hendrickx, S.; Roets, E.; Hoogmartens, J.; 

Vanderhaeghe, H. J. Chromatogr. 1984, 291, 59. 
11. Verzele, M.; Lammens, J.; Van Roelenbosch, M. J. Chromatogr. 

1979, 186, 435. 
12. Majors, R.E. J. Chromatogr. Sci., 1980, 18, 488. 
13. Wouters, I.; Quintens, I; Roets, E.; Hoogmartens, J. J. Liquid 

Chromatogr. 1982, 5, 25. 

R E C E I V E D October 10, 1985 

In Chromatography and Separation Chemistry; Ahuja, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



5 
Selectivity of Poly(styrene-divinylbenzene) Columns 

John M. Joseph 

Squibb Institute for Medical Research, New Brunswick, NJ 08903 

Macroporous poly(styrene-divinylbenzene) copolymer, 
PRP-1, columns were used as the stationary phase in the 
reverse-phase HPLC of the synthetic β-lactam antibiotic 
aztreonam [2S-[2α,3β(Z)]]-3-[[(2-Amino-4-thiazolyl)[(1
carboxy-1-methylethoxy)-imino]acetyl]amino]-2-methyl-4-
oxo-1-azetidinesulfonic acid and related compounds. 
Aztreonam was separated better from its precursors and 
therefore could be assayed more accurately. In most 
cases, the elution order of compounds tested on a PRP-1 
column followed that in conventional reverse-phase, 
suggesting a similar separation mechanism. For various 
separations investigated, PRP-1 was found to be more 
suitable for our applications than the silica-based 
reversed-phase columns. 

Reverse-phase packings of octylsilane (C%) and octadecylsilane (Ci8) 
are by far the most popular and widely used stationary phases in 
modern liquid chromatography. In spite of their wide popularity as 
universal liquid chromatography phases, these alkyl bonded phases 
( s i l i c a packings, in general) have several shortcomings, the major 
one being their ins t a b i l i t y in aqueous phases (1,2). The p o s s i b i l i 
ties for the regulation of retention and selectivity by ion 
suppression and complexation are limited in the reverse-phase mode 
with functionalized s i l i c a , as degradation of the stationary phase 
occurs outside the pH range 2-8 (3). Column-to-column variation i s 
another major disadvantage with bonded phase columns. Significant 
variations in selectivity and retention characteristics exist among 
bonded phase columns from manufacturer to manufacturer, and even 
within lot to lot from the same manufacturer. Several reasons are 
attributed to this problem. A few are worth mentioning as they i n 
herently are associated with silica-based supports. Due to steric 
hindrance, the bonding reaction i s always incomplete leaving un-
reacted silanol groups (Si-OH) on the s i l i c a surface (4). These 
residual silanol groups can cause mixed retention mechanisms, 
especially with basic compounds, leading to non-reproducibility in 
retention from batch-to-batch of columns (5). In addition, residual 
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Si-OH groups are also focal points of attack for water and other 
"reagents in the mobile phase, causing dissolution of underlying 
s i l i c a with gradual deterioration in column performance and eventual 
reduction in column lifetime (5,6). The pH of the s i l i c a surface 
also varies from acidic, neutral, to basic, and is believed to i n 
fluence the preparation and properties of bonded phases (7). The 
inclusion of traces of transition metals in s i l i c a matrix can further 
influence the retention of acids, bases or neutral compounds that can 
undergo complexation reactions (1). Thus the selectivity and reten
tion characteristics of bonded phase columns also depend on the 
quality of s i l i c a used for the bonding reactions. 

The use of macroporous poly(styrene-divinylbenzene) copolymer, 
PRP-1, as reverse-phase adsorbent has been previously reported in the 
analysis of pharmaceuticals (8,9), organic acids (8), nucleosides 
(10), plant hormones (11), and phenolic compounds (12). The major 
advantage of this resin-based packing material i s i t s extreme 
stab i l i t y over a wide pH range of 1-13 (10)  The chemical s t a b i l i t y 
of PRP-1 at elevated pH
increased detectability
tives (14) was reported using PRP-1 column with mobile phase, at 
elevated pH levels (pH 8-9). Similarly, PRP-1 functionalized with 
trimethyl amine (PRP-X100 9 anion-exchanger) has been used with basic 
eluents in ion-chromatography using conductivity detection (15). 

This paper describes the use of poly(styrene-divinylbenzene) 
copolymer, PRP-1, as a reverse-phase adsorbent in the assay of the 
antibiotic aztreonam and related compounds. Comparisons are also 
made for similar assays using silica-based columns. None of the 
shortcomings described earlier, associated with bonded phase columns, 
is observed. In addition to the reverse-phase mode, the PRP-1 
columns are tested in ion-pair as well as in size exclusion modes of 
separation. Superior resolutions are obtained in the reverse-phase 
chromatography of ionic compounds without the use of ion-pairing 
agents. In addition to the normal adsorption and/or partitioning, 
TT-TT interaction is also seen to play a dominant role in the separa
tion of aromatic compounds using a PRP-1 column. 

Experimental 

The modular HPLC system used in this study included the following 
components: a Model 110A Altex pump (Beckman Scientific Instruments) 
or a System 4 Series programmable pump (Perkin-Elmer Corporation), an 
in-line f i l t e r , a Model 773 variable-wavelength UV detector (Kratos 
Scientific Instruments) fitt e d with a 12 uL flow c e l l , a Model 600 
Series autosampler with a nominal volume of 20 uL (Perkin Elmer 
Corporation) and a two channel recorder (Kipp and Zonen). The 
chromatographic data were processed with the aid of a Model 3357 
laboratory computer (Hewlett-Packard). 

The chromatographic separations were carried out either on a 15 
or 25 cm x 4.6 mm I.D. stainless-steel column packed with 10 ym 
poly(styrene-divinylbenzene) copolymer (PRP-1, Hamilton). The con
ventional reverse-phase chromatography was performed using either a 
10 um Whatman P a r t i s i l ODS-3 (25 cm x 4.6 mm I.D.) or a Waters 10 ym 
yBondapak C-g (30 cm x 3.9 mm I.D.) column. The analytical columns 
were kept at 31° using a column heater (Bioanalytical Systems, Inc., 
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LC-23A) unless otherwise specified. Since PRP-1 is a non-silaceous 
particle, no precolumn or saturator column was used. The s i l i c a -
based analytical columns were used in conjunction with a precolumn 
packed with 37 ym s i l i c a . 

The solvents used were: (a) HPLC grade methanol and acetoni-
t r i l e (Fisher Scientific) (b) water, double-distilled and stored in 
glass. Inorganic salts and acid (ammonium sulfate, potassium phos
phate monobasic, potassium phosphate dibasic and phosphoric acid, 
85%) were analytical reagent grade (Mallinckrodt Chemical Works). 

The mobile phase was delivered at a flow rate of 1-1.5 mL/min. 
The pH of the mobile phase was adjusted before the addition of 
organic modifiers. 

Results and Discussion 

Aztreonam is a (3-lactam antibiotic with a wide spectrum of activity 
against a variety of gram-negative organisms including Pseudomonas 
aeruginosa (16). The synthesi
amino acid, L-threonin
shows the structure of aztreonam and related compounds. 

Aztreonam, the (Z)-isomer, i s the biologically active form. The 
alternative configuration, the (E)-isomer, was synthesized. The open 
ring form (Z) obtained by the cleavage of the 3-lactam moiety is 
the principal biological metabolite. Other possible, related 
compounds include the ethyl ester of aztreonam, which could be 
formed in trace amounts during recrystallization of aztreonam from 
ethanol, desulfonated aztreonam, the open-ring form (E) and the 
desulfonated open*-ring form. 

Several HPLC systems capable of resolving aztreonam from 
possible related compounds, mainly the (E)-isomer and the open-ring 
form (Z) were examined. As shown in Figure 2, the conventional 
reverse-phase system u t i l i z i n g a Waters yBondapak C±Q column was 
found to be suitable for carrying out these separations. The mobile 
phase, here, ± s composed of 82% phosphate buffer (0.05M, pH 3.0)and 
18% methanol. The desulfonated aztreonam almost coeluTed with the 
open-ring form (Z) in this chromatographic system. As expected,the 
aztreonam ethyl ester was retained longer (RT *\> 24 minutes) than the 
rest of the compounds due to i t s increased hydrophobicity. 

An inherent problem and perhaps, one of the biggest disadvan
tages of silica-based columns, in general, i s the column-to-column 
variation (1). This was clearly manifested during an attempt to 
reproduce the separation profile obtained on a Waters yBondapak C^g 
column using other conventional Ci8 columns from diverse manufact
urers (Whatman, E. Merck, IBM, etc.) under similar and other chromo-
tographic conditions. Even though the separation of the open-ring 
form (Z) and the ethyl ester from aztreonam was accomplished, these 
reverse-phase columns lacked the selectivity to effect adequate 
resolution of the (Z)- and (E)- isomers of aztreonam. Similarly, 
amine columns ( s i l i c a bonded to n-propyl amine) from various 
manufacturers (IBM, Whatman, DuPont, and Waters) were also examined 
in the same capacity using a mobile phase of methanolic phosphate 
buffer (pH 3.5) containing small amounts of tetrabutylammonium 
hydrogen sulfate (18). Here also, the major problem was column-to-
column variation, which once again, proved to be real rather than 
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AZTREONAM ETHYL ESTER OPEN-RING FORM (Z) 

DE8ULFONATED OPEN-RING FORM OPEN-RING FORM (E) 

DESULFONATED AZTREONAM 

Figure 1. Structure of aztreonam and related compounds. 
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apparent with s i l i c a based columns. Only the Zorbax amine column 
(DuPont) provided adequate separation of aztreonam from related 
compounds including the (E)-isomer. In this instance, the mode of 
separation presumably i s ion-exchange (weak anion-exchanger). The 
elution order of aztreonam ethyl ester and open-ring form (Z) were 
found to be the reverse of that found in conventional reverse-phase 
HPLC (Figure 3). 

The less polar aztreonam ethyl ester was eluted f i r s t , and the 
relatively more polar open-ring form (Z) became the last eluting 
component in this chromatographic system. No change was observed in 
the elution order of the (Z)- and (E)- isomers of aztreonam. One 
d i f f i c u l t y with an amine column is the longer equilibration time 
required as opposed to reverse-phase (bonded phase and PRP-1). 

Figure 4 shows the separation of aztreonam and related compounds 
accomplished on a PRP-1 column. The mobile phase was essentially the 
same as that used in conventional reverse-phase except that a small 
amount of acetonitrile (4%) was incorporated to sharpen the peaks
Selectivity was found t
stationary phase compare
and otherwise d i f f i c u l t separations of these very closely related 
compounds. The improved resolution between the desulfonated open-
ring form and open-ring form (Z) would enable accurate quantitation 
of both of these compounds i f they were present as impurities in 
bulk material or formulations of aztreonam. The most noteworthy was 
the excellent resolution obtained between the (Z)- and (E)- isomers 
of the open ring form of aztreonam. It was found that the (Z)-
isomer always eluted before the corresponding (E)- isomer in both 
Ci8 and PRP-1 columns (Figures 2 and 4). Based on this, i t was 
presumed that the peak at RT 3.9 minutes (Figure 4) might be the 
(E)-isomer of open-ring desulfonated aztreonam. The aztreonam 
ethyl ester was retained longer on a PRP-1 column (RT ^ 35 min.) as 
opposed to conventional C^g columns. The polystyrene matrix i s 
believed to be extremely hydrophobic (6), which accounts for the 
prolonged retention of relatively non-polar entities like aztreonam 
ethyl ester. Except desulfonated aztreonam which was unavailable at 
the time of this experiment, the elution order of a l l the other 
compounds from a PRP-1 column followed that in conventional reverse-
phase, suggesting a somewhat similar retention mechanism under 
identical chromatographic conditions. The desulfonated aztreonam was 
retained longer (̂  16 minutes), and i t was eluted after the T E f -
isomer. Another type of interaction which is unique to PRP-1 is 
Tr-Tr interaction, especially with aromatic solutes (19) . Figure 5 
shows the separation obtained on a 15-cm PRP-1 column under the same 
chromatographic conditions. No loss of resolution was noted. The 
retention time was lowered with shorter columns. Concomitantly, the 
peaks appeared to be much sharper. 

The PRP-1 column also has been used successfully in the HPLC 
assay of several key aztreonam intermediates. The carbobenzoxy-L-
threoninamide (CBZ-L-threoninamide) was one. It was the f i r s t major 
intermediate isolated in the synthesis of aztreonam starting from 
L-threonine. The synthetic sequence is depicted in Figure 6. Two 
major impurities were benzyl alcohol and benzyl carbamate; the former 
produced by the hydrolysis of benzyl chloroformate and the latter by 
the reaction between benzyl chloroformate and ammonia. The purpose 
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(2) 
5.9 

RT IN MINUTES 

Figure 2. Conventional reverse-phase HPLC of aztreonam and re
lated compounds. Column: Waters ybondapak C-̂ g (30 x 3.9 mm i.d.), 
Mobile phase: 82% 0.05M phosphate buffer (pH 3.0)-18% methanol. 
Flow rate: 1.5 mL/min. Detection: UV 254 nm. Peaks: (1) = open-
ring form (Z), (2) = aztreonam (Z) , (3) = aztreonam (E), (4)= 
aztreonam ethyl ester. 

(2) 
6.5 

RT IN MINUTES 

Figure 3. Separation of aztreonam and related compounds using a 
Zorbax amine column (25 x 4.6 mm i.d., 30°C). Mobile phase: 97.5% 
0.1M phosphate buffer-5 mM TBAHS (pH 3.5) - 2.5% methanol. Flow 
rate: 1 mL/min. Detection: UV 220 nm. Peaks: (1) = aztreonam 
ethyl ester, (2) = aztreonam (Z), (3) = aztreonam (E), (4) = 
open-ring form (Z). 
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(2) 2.7 

(1) 
2.2 

(4) 6.9 

(3) 
5.2 

(5) 11.0 

Figure 4. Separation of aztrenam and related compounds usifjg a PRP-1 column (25 x 
4.1 nm i.d., 31 C). Mobile phase: 83% 0.05 M phosphate buffer (pH 3.0)- 13% methanol -
4% acetonitrile. Flow rate: 1 mL/min. Detection: UV 254 nm. Peaks: (1) = open-ring 
desulfonated form, (2) = open-ring form (Z), (3) = open-ring form (E), (4) = 
aztreonam (Z), (5) = aztreonam (E). 

(4) 
5.3 

(2) 
2.4 

(5) 
8.3 

(3) 
4.1 (1) 

2.0 

Ul 
RT IN MINUTES 

Figure 5. Separation of aztreonam and related compounds on a 15-cm PRP-1 column. 
Chromatographic conditions and elution order are the same as in Figure 4. 
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of the HPLC system was to resolve these two possible impurities and 
the two synthetic precursors, L-threonine and CBZ-L-threonine, from 
CB Z-L-threoninamid e. 

Figure 7 shows the separation of these compounds on a 15-cm 
(i.d. 4.6 mm) PRP-1 column. The mobile-phase consisted of methanol-
water (60:40) containing 0.05M ammonium sulfate. The chromatography 
provided excellent resolution of a l l compounds of interest with 
benzyl carbamate as the last eluting component (RT ^8.9 minutes). 
The use of ammonium sulfate in the mobile phase helped to reduce 
peak ta i l i n g . This HPLC system has now been used for the routine 
assay of CBZ-L-threoninamide. This method is fast, rugged, sensi
tive and reproducible. Column st a b i l i t y was found excellent with 
minimum column-to-column variation. Figure 8 shows the chromatogram 
of a batch of CBZ-L-threoninamide produced by an overseas manufact
urer. The sample was assigned a purity of 100% based on a reverse-
phase HPLC assay (Ci8 column) performed by a different laboratory. 
When the same sample was assayed in the author fs laboratory using a 
PRP-1 column, i t was foun
benzyl carbamate which coelute
column was used. Consequently, the laboratory using the common ODS 
column showed erroneously high purity results. 

In the meantime, attempts to develop a reverse-phase HPLC assay 
for CBZ-L-threoninamide were vigorously being made in other labora
tories. Eventually, a reverse-phase HPLC assay was developed for 
this compound using a Waters Radial Pak Ci8 cartridge (10 cm x 8 mm 
i.d.) and a mobile phase composed of 0.1M phosphate buffer-methanol 
(82:18). Figure 9 represents the chromatographic profile. Even 
though the most d i f f i c u l t separation of benzyl carbamate from 
CBZ-L-threoninamide was accomplished, the greatest shortcoming of 
this method was the prolonged assay time: approximately 55 minutes, 
six times longer than when a PRP-1 column was used. Such a lengthy 
assay time is less attractive for practical purposes. 

Styrene-divinylbenzene XAD copolymer was shown to give higher 
K1 values for amino acids containing aromatic residues (e.g.,phenyl 
alanine, tyrosine, etc.) as opposed to those with simple aliphatic 
moieties; for example, valine, leucine, etc. (20). This increased 
retention was attributed to the greater interaction of the aromatic 
moiety of the amino acid with the resin matrix by TT-TT interaction 
(20) . With an ODS column such unique interaction (TT-TT) i s non
existent. The a b i l i t y of the phenyl group of benzyl carbamate to 
exert this type of interaction with the PRP-1 matrix might have 
caused i t s easy separation on this column (Figure 10). 

Other efficient separations accomplished using a PRP-1 column 
were of compounds involved in the synthesis of carbobenzoxy-L-serin-
amide mesylate starting from the amino acid, L-serine (Figure 11). 
The purpose of the chromatographic system was to aid organic chemists 
at various synthetic steps by HPLC monitoring of the reaction inter
mediates. Fast and simple HPLC assays are crucial to this type of 
work, and in most cases, as in the current example, efficient HPLC 
assays were developed using PRP-1 columns. A l l three synthetic pre
cursors (L-serine, CBZ-L-serine and CBZ-L-serinamide) were presumed 
to be possible impurities in the f i n a l mesylate intermediate. As 
shown in Figure 12, these synthetic intermediates were completely 
resolved from CBZ-L-serinamide mesylate in less than eight minutes. 
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Figure 6. Synthesis of CBZ-L-threoninamide. 
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RT IN MINUTES 

Figure 7. HPLC of CBZ-L-threoninamide. Column: PRP-1 (15 χ 4.1 
mm i.d., 30°C). Mobile phase: 60% methanol - 40% water - 0.05M 
ammonium sulfate. Flow rate: 1 mL/min. Detection: UV 215 nm. 
Peaks: (1) = L-threonine, (2) = CBΖ-L-threonine, (3) = CBZ-L-
threoninamide, (4) = benzyl alcohol, (5) = benzyl carbamate. 
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3.4 
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Figure 8. Chromatograms of a batch of CBZ-L-threoninamide using 
Ci8 and PRP-1 columns. 
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R T IN M I N U T E S 

Figure 9. HPLC of CBZ-L-threoninamide using a Waters Radial Pak 
C 1 8 Cartridge (10 χ 8 mm i.d.). Mobile phase: 82% 0.1M phosphate 
buffer (pH 3.0) - 18% methanol. Flow rate: 2 mL/min. Detection: 
UV 204 nm. Peaks: (1) = L-threonine, (2) = benzyl alcohol, (3)= 
CBZ-L-threonine, (4) = benzyl carbamate, (5) = CBZ-L-threonina
mide. 
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BENZYL CARBAMATE 

Figure 10. Hypothetica  π-π
benzyl carbamate wit
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Figure 11. Synthesis of CBZ-L-serinamide mesylate. 

RT IN MINUTES 

Figure 12. HPLC of CBZ-L-serinamide mesylate. Column: PRP-1 
(15 χ 4.1 mm i.d., 30°C). Mobile phase: 60% methanol - 40% 
water - ammonium sulfate (1 gm/liter). Flow rate: 1 mL/minute. 
Detection: UV 210 nm. Peaks: (1) = L-serine, (2) = CBZ-L-serine, 
(3) = CBZ-L-serinamide, (4) = CBZ-L-serinamide mesylate. 
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The chromatography was performed on a 15-cm PRP-1 column with a 
simple mobile phase of methanol-water (60:40) containing ammonium 
sulfate (1 gm/liter). 

The same HPLC system was also used to monitor the next step of 
the synthesis where the mesylate underwent ring closure to form i t s 
tetrabutylammonium derivative (CBZ-L-azetidinone-TBA salt) which was 
f i n a l l y reduced to the corresponding azetidinone (Figure 13). Another 
possible impurity besides the precursor, CBZ-L-azetidinone-TBA salt, 
was lutidine which was used as a reagent during catalytic reduction. 
Figure 14 shows the resolution obtained on a 15-cm PRP-1 column as 
compared to that obtained on 25-cm Whatman 0DS-1 and ODS-3 columns 
under identical chromatographic conditions. Further modification of 
the mobile phase would be required to achieve similar separations on 
ODS-1 and ODS-3 columns. The elution order of these compounds from 
PRP-1 was identical to that from ODS with the most polar TBA deriva
tive as the f i r s t eluting component, followed by the less polar 
CBZ-L-azetidinone. Lutidine being least polar among the three was 
the last to elute from a l

Ion-pair chromatograph
bonded reverse-phase HPLC, as i t successfully separates both ionic 
and ionizable compounds, and i s considered an alternative to ion-
exchange chromatography (21, 22, 23). In reverse-phase ion-pair 
chromatography a surfactant is added to the aqueous mobile phase as 
a counter-ion to effect increased resolution of oppositely charged 
sample ions. Thus, tetrabutylammonium hydrogen sulfate (TBAHS) i s 
used as a cationic counter-ion for the separation of organic acids, 
whereas sodium dodecyl sulfate (or, more commonly, sodium heptane 
sulfonate) is used as an anionic counter-ion for the separation of 
organic bases. Various theories have been proposed to explain the 
mechanism of the ion-pair phenomenon. A complete discussion of the 
mechanistic aspects of ion-pair chromatography has been given by 
Bidlingmeyer (22). 

The objective, here,was to examine the retention characteristics 
of a PRP-1 column as opposed to ODS columns in ion-pair chromatogra
phy using TBAHS as the counter-ion. The compound I (Figure 15) is 
CBZ-L-azetidinone-TBA salt derived from L-threonine, and i t is 
another important intermediate in the synthesis of aztreonam. 
Compounds II and III are possible impurities associated with I. A 
reverse-phase ion-pair chromatographic method was originally 
developed for I using a Whatman ODS-1 column and a mobile phase com
posed of methanol-water (70:30) containing 0.1M ammonium sulfate and 
5 mM TBAHS (pH 5.0). Figure 16 shows the separation obtained for I, 
II and III. The chromatography took ^ 11 minutes with CBZ-L-azetidi-
nione-TBA salt (compound I) as the last eluting component. 

When the separation was carried out under similar conditions 
using a 25-cm PRP-1 column, no peak was v i s i b l e even after a period 
of ^ 50 minutes. A l l three test compounds were believed to be 
strongly retained on the PRP-1 column when TBAHS was used as the 
counter-ion. A fresh batch of the same mobile phase was prepared 
without TBAHS and the chromatography was repeated with another 25-cm 
PRP-1 column. The test compounds eluted this time with wide separa
tion in less than 30 minutes (Figure 17). On the contrary, loss of 
resolution for the test compounds I, II and III was observed when the 
chromatography was repeated using the same Whatman ODS-1 column with 

In Chromatography and Separation Chemistry; Ahuja, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



5. JOSEPH Poly(styrene-divinylbenzene) Columns 95 

H 
Z - N 

o * Q 
v SO,"TBA + 

CBZ-L-AZETIDINONE 
TBA SALT 

(i> 
LUTIDINE 

(3) 

H 
Z - N 

CBZ-L-AZETIDINONE 
(2) 

Figure 13. Synthesis of CBZ-L-aztetidinone. 
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Figure 14. Comparison of separations on PRP-1 vs C^g columns. 
Mobile phase: 60% methanol - 40% water - ammonium sulfate (1 gm/ 
l i t e r ) . Flow rate: 1 mL/min. Detection: UV 215 nm. Peaks: (1) = 
CBZ-L-azetidinone- TBA salt, (2) = CBZ-L-azetidinone, (3) = 
lutidine. 
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Figure 15. Structure of CBZ-L-azetidinone-TBA salt and related 
compounds derived from L,-threonine. 

RT IN MINUTES 

Figure 16. HPLC of CBZ-L-azetidinone- TBA salt derived from 
L-threonine using bonded reverse-phase ion-pair chromatography. 
Column: Cig (25 χ 4.6 mm i . d . , 30°C). Mobile phase: 70% water -
5 mM TBAHS (pH 5.0) - 30% methanol - 0.1M ammonium sulfate. 
Flow rate: 1 mL/min. Detection: UV 215 nm. 
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the modified mobile phase without TBAHS. Evidently, TBAHS helped to 
enhance the retention of ionic species on a bonded reverse-phase, 
thereby effecting their separation. Unlike C^g, poly(styrene-
divinylbenzene) matrix, by virtue of i t s polymer structure, 
possesses strong adsorbent properties (24) . It is now evident that 
PRP-1 could retain moderately ionic species (here, anions) better 
than bonded reverse-phase columns without further modifications of 
i t s polymer surface with large organic counter-ions like TBAHS. 

A small amount of TBAHS could be used to improve separation in 
the case of f a i r l y ionic compounds which show poor retention on 
PRP-1 columns. As shown in Figure 18, the marginal resolution 
obtained between aminoxyisobutyric acid and phthalic acid was 
improved by adding 1 mM TBAHS to the same mobile phase of acetoni-
trile-water (10:90) containing ammonium sulfate (4 gm/liter). TBAHS 
seemed to have no effect on the retention of aminoxyisobutyric acid, 
but i t enhanced the retention of phthalic acid considerably (from 
2.9 minutes to 25.9 minutes)

Exclusion effects ar
on the size of the solut
tion behavior of the macrocyclic heptaene antibiotic, amphotericin 
B, on a PRP-1 column. The reverse-phase fast LC method recently 
developed in the author 1s laboratory using a 5-cm long Ci8 column 
(3 micron particle size) gave a retention time of 5.5 minutes for 
this compound. This method also provided excellent resolution of 
amphotericin Β from the cofermented fX f component (25), another 
heptaene closely related to i t . The mobile phase consisted of 
0. 05M sodium acetate buffer (pH 5.0)-methanol-acetonitrile(45:35:30) 
containing 3 mM EDTA. Figure 19 shows the separation obtained when 
a sample of amphotericin Β was chromatographed on a 25-cm PRP-1 
column under the same chromatographic conditions. The amphotericin 
Β was retained even less (4.6 min.) than that on a shorter C^g 
column (RT 5.5 min.) with marginal separation from the TX T component. 
Using a C^g column of approximately equal dimensions(25 cm χ 4.6 mm 
1. d.) as the PRP-1 column, a retention time of ^ 20 minutes was 
obtained for amphotericin B. The poor retention of macrocyclic 
structures like amphotericin Β on PRP-1, compared to bonded reverse-
phase, could be explained only by size exclusion. Here, obviously, 
the selectivity and retention were not as good as that obtained with 
other modes of separation (adsorption, partitioning, π-π interac
tion, Η-bonding etc.) which are prevalent in poly(styrene-divinyl-
benzene), PRP-1, stationary phase. This was further exemplified by 
the poor resolution obtained between amphotericin Β and i t s fX f 

component. 
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Figure 17. Comparison of separations on PRP-1 and ODS columns 
with mobile phase containing no TBAHS. 
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Figure 18. Effect of TBAHS in the separation of f a i r l y ionic 
compounds using a PRP-1 column. Peaks: (1) = aminoxyisobutyric 
acid, (2) = phthalic acid. 
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Figure 19. Retention of amphotericin Β on PRP-1 and Cl8 columns. 
Mobile phase: 45% 0.05M sodium acetate buffer - 3 mM EDTA- 35% 
acetonitrile - 20% methanol (pH 5.0). Flow rate: 1 mL/min. 
Detection: 405 nm. Peaks: (1) = amphotericin X, (2) = ampho
tericin B. 
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Chromatographic Separation of Enantiomers 
on Rationally Designed Chiral Stationary Phases 

William H. Pirkle 

School of Chemical Sciences, University of Illinois, Urbana, IL 61801 

The separation of enantiomers by liquid chromato
graphy is now feasibl
preparative scales
stationary phas  (CSP) desig
scope of enantiomer separations to a point unim-
agined a few years ago. The enantiomers of liter-
erally tens of thousands of compounds can now be 
separated chromatographically, often with consid
erable understanding of the mechanism of the sep
aration process. Such understanding enhances one's 
ability to design improved CSPs and to assign ab
solute configurations from observed elution orders. 

It has long been understood that chromatography of racemates on 
chiral adsorbents might result in enantiomer separation. I n i t i a l 
efforts to use convenient chiral adsorbents (cellulose, starch, 
wool) usually met with scant success. With the advent of more 
sophisticated techniques, i t has become possible to separate the 
enantiomers of a large number, l i t e r a l l y tens of thousands, of 
compounds by liquid chromatography. Because of the close ties 
between l i f e and chirality, the abi l i t y to separate enantiomers by 
HPLC has an eager audience of potential users. 

Since enantiomer separation requires the intervention of some 
chiral agent, one may u t i l i z e either chiral mobile phase additives 
(CMPA) or chiral stationary phases (CSPs). While the requirement 
that one add a chiral substance to the mobile phase has obvious 
limitations for preparative separations, i t is not a serious 
problem for analytical separations. Indeed, for some types of 
compounds (e.g. amino acids) this approach may be preferred. Quite 
an extensive literature exists for the use of mobile phases 
containing chiral bidentate ligands and copper ions for the 
"ligand exchange" resolution of underivatized amino acids (1 ,2) 
and for N-dansyl derivatives of amino acids (3 ,^0 . Tartaric acid 
derivatives have also been used as CMPAs ( 5 ) . 

When one uses CMPAs, there is always as question as to why 
enantiomer separation occurs ( i f i t does). The same is true for 
those CSAs that we may term "biopolymers". This constitutes a 
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problem of sorts although one needn't understand why a separation 
occurs in order to use the separation. Once enantiomers are 
caused to give rise to separate chromatographic peaks, area 
measurement affords the enantiomeric purity of the sample. 
However, i f one doesn't understand why a separation should occur, 
then one is reduced to a " t r i a l and error" search for a system 
capable of producing the desired result. 

A great many interesting and useful enantiomer separations 
have been performed on "biopolymer" CSPs, several of which w i l l be 
mentioned for they are commercially available. Columns containing 
swollen triacetylated microcrystalline cellulose, available from 
Merck, have been extensively investigated by Mannschrek (6 ,̂7) and 
used in both analytical and preparative modes. Although there is 
l i t t l e detailed understanding as to how and why this CSP works, i t 
is thought that the laminar nature of the swollen crystals offers 
chiral cavities into which enantiomers must intercalate. The 
recent cyclodextrin CSPs, available from Advanced Separations 
Technology, clearly requir
chiral cyclodextrin (8).

S t i l l less well defined is the mode of action of various 
cellulose derivatives coated onto diphenyl-silanized s i l i c a ( 9 , 1 0 ) . 

Daicel markets columns made from actylated, benzoylated, 
cinnamoylated, phenyl carbamoylated and benzylated celluloses. 
While these columns afford a number of interesting enantiomer 
separations, there is no clear pattern as to what wi l l resolve on 
which column nor in what order the enantiomers w i l l elute. 
Consequently, the design of these CSPs is approached empirically 
and their use is on a t r i a l and error basis. A variety of 
polysaccharides has been so investigated. Again, no clear pattern 
of performance is evident ( 1 0 ) . 

Columns packed with silica-bound proteins have been devised; 
bovine serum albumin-derived columns ( 1 J _ ) are available from 
Macherey Nagel. These CSPs show a f a i r l y extensive scope of 
action, although the nature of the chiral recognition processes 
employed is s t i l l vague. Owing to the low concentration of active 
sites, these columns require quite small samples ( 0 . 5 - 5 nmol). 
Mobile phase variation is possible (over a limited range) and 
alters the chromatographic behavior of the enantiomers markedly. 
The columns must be treated carefully so as to not destroy the 
protein CSP. 

The biopolymer CSPs are attractive owing to the ready 
availability of the chiral precursors. Offsetting this advantage 
is an innate complexity that more or less baffles one*s abi l i t y to 
deduce the details of the operative chiral recognition processes. 
Moreover, one cannot easily alter or "fine tune" the structure of 
the CSP to enhance selectively. Finally, there may well be 
limitations as to the mobile phases which can be used owing to 
possible swelling, shrinking, denaturation, or dissolution. 

A great deal of the complexity of polymeric CSPs stems from 
the analyte perceiving the CSP as a chiral array of subunits 
(monomers) which may themselves be chiral. Unless one knows the 
structure of the array, one w i l l have d i f f i c u l t y in specifying a 
possible chiral recognition mechanism. Even then, an abundance of 
closely spaced potential interaction sites can preclude 
mechanistic understanding. This is also true for the synthetic 
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polymeric CSPs which have been devised. The more noteworthy of 
these is that of Blaske, derived from the acrylamide of 
ot-phenylethylamine (̂ 2) and the chiral polymer of Okamoto, derived 
from the triphenylmethyl ester of methacrylic acid ( 1_3). The 
latter is available from Daicel . Both phases perform useful 
separations and are thought to work by inclusion- l ike processes. 

An alternative approach (and one we have favored) is to 
consider chiral recognition as i t might occur between small chiral 
molecules in solution. Chiral recognition cannot occur unless 
there are at least three simultaneous interactions, at least one 
of which is stereochemically dependent, between a chiral 
"recognizer" and one of the enantiomers whose configuration is to 
be "recognized." The interactions so employed are the usual 
intermolecular interactions which occur in solution. One simply 
engineers a chiral molecule that contains functional groups 
capable of undergoing these interactions, anchors i t to a support, 
packs a column, and chromatographs a racemate which contains 
appropriate functionality
present i f the analyte i
simultaneous interactions. This simple rationale has great value 
and far-reaching implications. It provides an a p r i o r i basis for 
CSP design and i t provides a means of understanding the 
subsequently observed chromatographic behavior of assorted 
racemates on that CSP. It provides a means for rationally 
improving the performance of a given CSP. Final ly and 
importantly, the CSP is synthetic and i t s structure can be altered 
and controlled at w i l l . 

For example, our f i r s t CSP was 9-anthryl trifluoromethyl 
carbinol , linked at the 10-position to s i l i c a through a six atom 
connecting arm. This CSP was intended to u t i l i z e π-π 
interactions, hydrogen bonding interactions, and steric 
interactions to separate the enantiomers of compounds containing 
π-acidic and basic sites (14). Among the analytes which are part 
of this cl ientele are N-(3,5-dinitrobenzoyl) derivatives of amines 
and amino acids. Chiral recognition is reciprocal in that i f a 
CSP derived from (+)-A selectively retains (+)-B, then a CSP 
derived from (+)-B should selectively retain (+)-A. On this 
basis, CSPs derived from N-(3,5-dinitrobenzoyl) amino acids were 
prepared and evaluated (147l 5). 

The N-(3,5-dinitrobenzoyl) amino acid-derived CSPs show 
extraordinary scope and follow readily understandable patterns of 
behavior. These CSPs have been commercialized; analytical and 
preparative columns and packings are available from the Regis, 
J . T. Baker, and Sumitomo companies. The structural requirements 
these CSPs exact from resolvable analytes are stipulatable, albeit 
s t i l l in imprecise terms. For example, the N-(3,5-dinitrobenzoyl) 
amino acid columns u t i l i z e combinations of π-ττ; hydrogen bonding, 
dipole-dipole, and steric interactions to achieve chiral 
recognition. Thus, the analyte must contain a combination of 
ir -basic, basic or acidic " s i t e s , " possibly have a strong dipole, 
or perhaps contain a bulky steric interaction s i t e . These 
interaction sites must be arranged so as to act in concert. 
Generalized (16,1_7) and specific chiral recognition models have 
been presented (1_8) for a variety of analyte types. 
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Large columns of the N-(3,5-dinitrobenzoyl) amino acid CSPs 
have been prepared and multigram quantities of racemates have been 
separated automatically (19.). Fi f ty grams of racemic methyl 
N-(2-naphthyl) alaninate have been resolved per pass on a 6" X 1' 
column containing 13 kg of chiral packing. 

Among the analyte enantiomers separable on the N-3 ,5 -dinitro-
benzoylphenylglycine CSPs are N-acylated a-arylalkylamines 
(20,21_). After a study of the relation between analyte structure, 
chromatographic separability, and operative chiral recognition 
mechanism(s), several reciprocal α-arylalkylamine-derived CSPs 
were designed and constructed (22). These CSPs afford excellent 
se lect ivi ty for the N-3,5-dinitrobenzoyl derivatives of amines, 
α-amino esters, amino alcohols and α-aminophosphonates. From 
systematic study of such analytes, a deeper understanding of 
chiral recognition processes has been attained and employed to 
further improve the design of the a^arylalkylamine-derived CSPs. 
As a consequence, unusually large separability factors are noted; 
values ranging between 2
Large separability factor
These CSPs are not yet commercially available. Somewhat similar 
but less optimized (hence, less selective) CSPs are available from 
Sumitomo. These CSPs stem from the work of Ôi et a l and have many 
practical applications (23 ) . They are derived from N-acylated 
1-(a-naphthyl)ethylamine, commercially available from several 
sources. 

Similar CSPs derived from linking a-arylalkylamines to s i l i c a 
through urea functionality have been prepared by Ôi (23,25) and by 
ourselves (26). These CSPs are workable but usually inferior to 
the corresponding amide-linked CSPs. A commercial urea-linked 
α-phenylethylamine CSP column is available from Supelco but w i l l 
almost always show considerably less se lect ivi ty and narrower 
scope than the more sophisticated amide-linked CSPs derived from 
more "optimized" a-arylalkylamines. 

One important aspect of the α-arylalkylamine CSPs, both amide 
and urea-linked, is that they often have more than one chiral 
recognition process available to them. It was recently shown that 
these CSPs u t i l i z e two competing processes of opposite 
enantioselectivities (16,1_7). Optimization entails not only 
altering the structure of the chiral entity so as to maximize the 
strengths of essential interactions, i t also entails the manner in 
which the chiral entity is connected to the s i l i c a support and the 
spacing between adjacent strands of bonded phase (27). In simple 
terms, one process is more intercalative than the other. Densely 
packed strands disfavor the intercalative process, thereby 
enhancing the contribution of the nonintercalative process. 
Similarly , the orientation of the chiral entity with respect to 
the s i l i c a surface determines whether, using a given combination 
of analyte-CSP interactions, a portion of the analyte is 
intercalated between adjacent strands. In organic mobile phases, 
intercalation can lead to steric repulsion. Thus, different 
orientations of the chiral entity with respect to the s i l i c a w i l l 
alter the relative contributions of the two competing processes. 
By largely suppressing one process, rather high select ivity may be 
obtained from the other. In aqueous mobile phases, l ipophi l ic 
interaction begins to compensate for the steric repulsion which 
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attends i n t e r c a l a t i o n . Although m e c h a n i s t i c a l l y r a t h e r 
i n t e r e s t i n g , the p r a c t i c a l consequence of use of aqueous mobile 
phases i s u s u a l l y a r e d u c t i o n i n s e l e c t i v i t y . However, 
s e l e c t i v i t y i s s t i l l great enough f o r high q u a l i t y a n a l y s i s of 
enantiomeric p u r i t y . 

In the area of enantiomer s e p a r a t i o n , the number of a v a i l a b l e 
CSPs i s r a p i d l y p r o l i f e r a t i n g . While t h i s may be confusing, i t 
does o f f e r the researcher an opportunity to perform a number of 
" t r i a l and e r r o r " experiments to e f f e c t the d e s i r e d r e s o l u t i o n . 
Among these p r o l i f e r a t i n g CSPs are some whose mode of i n t e r a c t i o n 
i s r e l a t i v e l y w e l l understood. This o f f e r s the researcher a way 
to r a t i o n a l l y match a CSP to h i s analyte so as to maximize the 
p r o b a b i l i t y of success. 
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7 
Nonoptical Noise Sources in High-Performance Liquid 
Chromatographic Optical Absorbance Detectors 

Seth R. Abbott and Herman H. Kelderman 
Varian Instrument Group, Walnut Creek Division, Walnut Creek, PA 94598 

Improvement of optica
increasing the signal o
detector, noise is determined by the fundamental "shot  or 
statistical noise of the photon flux incident on the photodetector. 

However, this ideal situation is not always realized in HPLC 
optical detectors, for which both electronic and thermal noise 
sources can exceed optical shot noise, degrading the signal to noise 
level inherent to the optical design of the detector. 

Such "non-optical" noise sources are significant in current 
HPLC optical absorbance detectors in that they limit the reduction 
of fixed wavelength detector noise below approximately 10-5 absorb
ance units (au) and limit the noise achievable in deuterium lamp-
based photodiode array detectors to approximately 4x10-5 au. (The 
above noise values are given as peak to peak noise as seen on a 
recorder, which is approximately 6 times the rms noise for the case 
of a Gaussian noise distribution (1). 

Reduction of "non-optical" noise sources below the shot noise 
limit of the detector is thus critical in extending the performance 
of HPLC optical detectors. One must understand these noise sources 
prior to optimizing the design of a detector, and prior to applying 
new technology such as that of the linear photodiode array to HPLC 
detection. 

Noise Categories 

The noise of an optical detector is the root mean square of a series 
of individual optical, electronic and thermal noise source contribu
tions (assuming that the noise sources are uncorrelated). 

Ν - V ^ f ~ = VzNJ p t + z 4 e c + I t 4 e r m a l (1) 

Consider the case of an o p t i c a l absorbance detector. Each 
individual noise current translates into an absorbance noise N^ 
through the logarithmic relationship: 

0097-6156/ 86/ 0297-0107S06.00/ 0 
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NJL (au) - log 1 + Io 
I = photodetector current 

(2) 
L. — 

where the term η ^ / ΐ 8 i s denoted as the noise f r a c t i o n F^ . One can 
see that for a noise source to contr ibute -£10 au to a detector 
noise N, the noise f r a c t i o n must be held to approximately 20 ppm. 
This places stringent requirements on optical source s t a b i l i t y and 
referencing schemes, and on the electronic and thermal s t a b i l i t y of 
the detector components and electromechanical design* 

In considering a detector design, one can estimate the 
photodetector current I g through a knowledge of the source intensity 
and the col lection efficiency of the optical system (including the 
c r i t i c a l flow c e l l ) . One can then c a l c u l a t e terms for various 
optical , electronic and thermal sources using standard equations or 
experimental measurements. These are then translated into terms, 
from which one determines the relative contribution of each noise 
source to a system noise N. The r e s u l t of t h i s c a l c u l a t i o n then 
guides the detector desig
reduced to attain optimu

From the viewpoint of detector design, i t i s i n s t r u c t i v e to 
classify noise sources in terms of the dependence of the term on 
the photodetector current I g . (Note that the absorbance signal A of 
an o p t i c a l absorbance detector i s not dependent on I g . ) Common 
noise sources can thus be divided into three categories: 

Category I. The noise current n± i s dependent on I g , and the 
absorbance noise contribution i s dependent on I g : 

N j L = log 1̂ + ^j^-J - 8 (Ie> O ) 

O p t i c a l and e l e c t r o n i c shot noise belong to t h i s category, with 
n i a\A^S a n ( * n e n c e N i \As* 
Category I I . The noise current n^ i s independent of I g , and the 
absorbance noise contribution N^ is dependent on the f i r s t power of 

NJL = log 1̂ + j ^ j m f ( I g ) where H φ f ( I g ) (4) 

Diode array readout (scanning) noise and other e l e c t r o n i c noises 
such as Johnson thermal noise i n a readout r e s i s t o r and photo
detector dark current noise belong to this category. 

Category III. Noise source is a fixed fraction of I g , such that 
the absorbance noise contribution N^ is independent of the magnitude 

N ± = log | l + ~ η = log (1 + k) φ f (I g ) (5) 

These noise sources are due to changes i n flow c e l l o p t i c a l 
throughput and changes in photodetector response caused by thermal 
f l u c t u a t i o n s . Absorbance noise due to pump pulsations belongs to 
t h i s category, as does noise due to the di f ference i n the thermal 
coefficients and thermal environment of sample and reference photo-
detectors. The former "pulse" noise source i s a c r i t i c a l l i m i t in 
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HPLC analyzers based on post-column reaction detection. However PCR 
noise sources w i l l not be addressed further in this report. 

The three major noise categories are summarized i n Table I, 
below: 

Table I. Optical Detector Noise Categories. 

CATEGORY CHARACTERISTICS TYPES 
1. Optical shot noise 
2. Electronic shot noise 

3. Johnson thermal noise in resistor 
4. Photodetector dark current noise 
5. Array readout (scanning) noise 

ture coefficients. 
7. Thermal noise due to mobile 

phase/flow c e l l temperature 
coefficient. 

8. Pump pulsation noise. 

Category I noise i s reduced by a design strategy focussing on 
increasing the photodetector current Ig through either increased 
source intensity and/or increased optical collection efficiency. An 
x-fold increase i n I w i l l y i e l d a Vx~ reduction i n absorbance 
noise. Category II noise i s reduced by a combination of strategies 
in which n^ is reduced through appropriate electronic and thermo-
electronic design and through increasing the photodetector current 
I g . Note that i n this case, an x-fold increase i n I g yields a f u l l 
x-fold reduction in absorbance noise. 

Category III noise is reduced by strategies combining optimiza
tion of both detector and non-detector hardware as in reduction of 
reciprocating pump pulsation, the use of low thermal c o e f f i c i e n t , 
matched pairs of photodiodes for reference and sample beam optical 
trains, and thermal coupling of reference and sample photodiodes. 
Pump pulsation noise can also be reduced by proper flow c e l l 
design (2). 

Noise Characteristics and Equations 

Category I Noise Sources. 

1. Optical Shot Noise. The o p t i c a l shot noise current of a 
given photon flux i s proportional to the square root of the number 
of photons detected in a given time period: 

m s n
o s

 β l 2 ( l τ Β B l l / 2 ( 6 ) 

f(I s) 
8(1.) 

II. n i * «i e> 
Ni » f(I B) 

III. n i - « i 8

Ni * f(I B

where Τ i s the coulometric charge of an electron and the noise 
"bandwidth" Β i s equivalent to 1/2 7ΓΤ, where Τ is the time constant 
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of the detector amplifier circuit. Combining Equations 2 and 6, one 
obtains 

rms Ν 
os - H e ) 1/2 

(7) 

For HPLC o p t i c a l absorbance detectors, the term (2qB/l g) ^ 2 

<<1.0 and thus an x-fold increase i n I g w i l l reduce the absorbance 
noise contribution N Q g by VxT 

2. Electronic Shot Noise. The electronic shot noise of an 
electron current I flowing through a readout or feedback resistor 
of a detector amplifier circuit is proportional to the square root 
of the number of electrons passing through the resistor in a given 
time period: 

rms n e g = [2q I g B ] l / 2 (8) 

Thus in detecting a
signal current I , one*incurs an inherent shot noise current η such 
that: S 8 

m s n s m K s + n e Î > l / 2 " nos v T (9) 
For a state of art variable wavelength UV absorbance detector 

based on a deuterium lamp source and a 5 nm spectral bandwidth, I g 

i s of the order of 25 nanoamps. For T=0.5 seconds, Equations 2, 6, 
8, 9 evaluate to an rms shot noise current n g of 7x10 amps, an 
rms shot noise f r a c t i o n F g of 2.9xl0~"6 and a peak to peak 
absorbance shot noise contribution N g of 7.8x10 au. 

This value i s approximately 2-fold less than the typical noise 
of 1.5x10""̂  au observed for a state of art variable wavelength 
detector,* suggesting that a significant non-optical noise source 
or sources are present. 

For a state of art photodiode array UV absorbance detector 
based on a deuterium lamp source and 5 nm spectral bandwidth, I g is 
of the order of <3 nanoamps. For Τ =0.5 seconds, Equations 2, 6, 8, 
9 evaluate to an rms shot noise current n g of 1.8x10""^ amps, an rms 
noise f r a c t i o n F of 5.8x10""^ and a peak-to-peak absorbance noise 
contribution N g of 2.2x10 au. This is approximately 2-8 fold less 
than the noise of current array detectors, indicating the presence 
of a major non-optical noise source or sources. This i s an 
electronic noise source, called array readout noise (4), which w i l l 
be described in a later section. 

*Note that shot noise in this treatment was considered for the case 
of the sample diode channel only. R ference schemes in which a beam 
s p l i t t e r i s placed before the dispersive element ( f i l t e r or mono-
chromator) y i e l d reference channel currents s i g n i f i c a n t l y larger 
than I g , so that the contribution of the reference shot noise i s 
minimal. 
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Category II Noise Sources. 

This category encompasses electronic and thermoelectronic noise 
sources of great importance to the a p p l i c a t i o n of s i l i c o n 
photodiodes and photodiode arrays to optical detection in HPLC. 

3. Johnson thermal noise. Noise generated by thermal 
agitation of electrons (electron kinetic energy fluctuations) i n a 
resistor sets a lower li m i t on noise present in a detector readout 
c i r c u i t . Called Johnson thermal noise, t h i s non-periodic noise 
exists in a l l conductive elements, and is a function of temperature 
and resistance, described by: 

4 kT Β χ 1 / 2 

R / (10) 

where k i s the Boltzman
arises in both sample an

rms nj = nj Jl~ (11) 

At t y p i c a l ambient temperature (300°K), and 0.5 sec T , i n a 
typical megohm load resistor across each photodiode, Equations 10 
and 11 evaluate to rms nj value of 9.9x10"1^ amps, such that for the 
variable wavelength detector with an I g of 25x10 amps, the Johnson 
noise f r a c t i o n evaluates to an rms noise f r a c t i o n F j of 4x10 , 
generating ja Johnson absorbance noise contribution Nj (peak to peak) 
of 1.0x10 au. This value i s s l i g h t l y i n excess of the variable 
wavelength detector shot noise (Ng) calculated above and thus should 
be considered in state of art optical absorbance detector design. 

4. Photodetector dark current noise. The "dark current" of a 
photodetector refers to current which flows through that photo
detector at zero incident l i g h t l e v e l , and i s due to a variety of 
thermoelectronic sources. This produces a dark current noise i n 
sample and reference channels described by 

rms n j c = (2q i d c B ) 1 / 2 and (12) 

^ C ^ C I C N / 2 " < 1 3 > 

where the dark c u r r e n t i ^ c i s a f u n c t i o n of temperature, 
approximately doubling with every 10°C rise in temperature (3). 

For a UV-sensitive s i l i c o n photodiode near ambient temperature, 
i d c O x l O " 1 1 amps, and for T=0.5 sec, eq. (13) evaluates to an rms 
n d c of 2.0xl0" 1 5 amp. 

Again, for the variable wavelength detector with I g of 25xl0~ y 

amps, one calculates a diode dark current rms noise fraction F d c of 
8x10"*° and a dark current absorbance noise contribution N d c (peak to 
peak) of 2.1xl0~ 7 au. This i s not a s i g n i f i c a n t l i m i t to current 
absorbance detectors. However i t i s a s i g n i f i c a n t l i m i t to the 
application of photodiodes to fluorescence detection, for which I g 

i s 1000-fold lower than in absorbance detection. 
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5· Photodiode array readout (scanning) noise. In a photodiode 
array, the photon flux incident on each diode causes charge to 
develop across the diode capacitance C d (seen i n the schematic of 
Figure 1). At an integration time interval determined by the scan 
rate of the array, a JFET readout switch i s closed, dumping the 
photoelectrically generated charge of onto a readout capacitor 
C^. The charge i s then read out as a voltage at the output of an 
operational amplifier. 

The JFET switch i s closed by the step application of a -5 volt 
signal. Whenever this voltage step is applied to the open switch, 
the inherent junction capacitance of the JFET causes charge to be 
injected into the readout circuit. The fluctuation in this charge 
generates an e l e c t r o n i c readout or scanning noise current (n a), 
which i s independent of the photodiode signal current I g . 

Array readout noise i s minimized by reducing the switch 
junction capacitance to approximately 1-2 picofarads (this value can 
be higher on certain commercial self-scanned arrays) and by closely 
regulating the -5 volt powe
mental array detectors
approximately 4x10 au for Τ =0.5 sec. Since reverse optic 
polychromator/array designs yield I g values of <3 nanoamps, one can 
estimate an rms n a of approximately 1.6x10""-* amps. This noise 
significantly limits the performance of current array detectors. 

The magnitude of the array readout noise w i l l also severely 
l i m i t the application of the photodiode array to HPLC fluorescence 
detection since the fluorescence detector background current I g i s 
typically 1000-fold less than that of an absorbance photo-detector 
current. The low I g value i n fluorescence magnifies the r e l a t i v e 
effect of Category II noise sources such as array readout noise. 

Category III Noise Sources. 

6. Noise due to fluctuations in thermal environment and the 
temperature coefficient of photodiode response. The quantum 
efficiency of a photodiode i s a function of temperature. A state of 
art UV-sensitive photodiode with a typical quantum efficiency of 75% 
has a temperature c o e f f i c i e n t of between 0.02 to 0.2% per °C near 
ambient temperature (5). Use of sample and reference diode pairs 
that are experimentally matched i n terms of response temperature 
coefficient, can reduce this noise to approximately 4x10 au (peak 
to peak) per °C. Short term temperature fluctuations within optical 
detectors are of the order of 0.1°C and thus this "tempco" noise N t 

is approximately 4x10 au. 

7. Mobile phase/flow c e l l temperature coefficient noise. 
Short term fluctuations i n flow c e l l temperature can r e s u l t i n 
absorbance noise due to (1) a change i n the flow c e l l r e f r a c t i v e 
index p r o f i l e (thermal lens) which can a l t e r flow c e l l l i g h t 
throughput; and (2) an actual change in the absorption spectrum of 
the mobile phase, an effect seen only i f one operates near or below 
the UV cutoff wavelength of the mobile phase. The former effect i s 
minimized by an o p t i c a l design i n which incident l i g h t clears the 
flow c e l l without s t r i k i n g the flow c e l l w a l l / l i q u i d interface 
region and by heat sinking the mobile phase inlet line to the flow 
c e l l body. Experimental measurements using such an optical design 
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and λ£205 nm, indicate a tempco noise N m of <5xl0~ 5 au/°C. Flow 
c e l l short term thermal fluctuations are typically <0.1°C and thus 
the mobile phase/flow c e l l tempco noise N m is <5xl0~6 au. 

Pump Pulsation Induced Noise. So-called "pulse" noise has a period 
matching that of the reciprocating pump f i l l stroke, and i s caused 
by a change i n the flow c e l l ' s thermal lens. A Fourier transform 
power spectrum showing absorbance detector pulse noise i s shown in 
Figure 2. This effect is treated in detail elsewhere. Proper flow 
c e l l design, i d e n t i c a l to that required to reduce mobile phase 
tempco noise, yields an absorbance detector flow s e n s i t i v i t y of 
.£2x10"" au per m£/min flow change for organic mobile phase and 
approximately 3-fold lower for aqueous mobile phase. State of art 
HPLC reciprocating pump-based solvent delivery systems reduce pump 
pulsations to <2% and hence one obtains a peak to peak noise Np of 
<4xl0 au. Since reciprocating pumps u t i l i z e fast f i l l periods, 
the detector time constant can act to reduce pulse noise  such that 
with a Τ =0.5 sec, pulse

Variable Wavelength UV Absorbance Detector Noise Summary 

It i s now possible to consider the contribution of the previously 
described noise sources to the system noise Ν of optical absorbance 
d e t e c t o r s . Consider a s t a t e of a r t variable wavelength UV 
absorbance detector, based on a 30 watt deuterium source, a 5 nm 
spectral bandwidth, and a UV-sensitive si l i c o n diode photodetector. 
At 250 nm, the deuterium source geometry allows 113 watts through 
an étendue of 0.63 steradian-mm 2. A 5μ£flow c e l l with a 4 mm path 
and an o p t i c a l t r a i n designed such that incident l i g h t clears the 
flow c e l l walls allows collection of 0.094 steradian-mm , which i s 
accommodated by a small Ebert monochromator. The efficiency of the 
entire optical train i s 0.06 and thus the sample photodiode should 
collect (0.094/0.63)x0.06xll3 jiwatts - 1.0 μwatt, corresponding to a 
100 nanoamp sample current ( I g ) . In practice, 25 nanoamp i s 
achieved with this design in i t s manufactured (real) state. 

Assuming a detector Τ of 0.5 sec, and using the treatment of 
Section III, one estimates the noise source contributions listed in 
Table II, below: 

Table II. Noise Source Contributions - Variable 
Wavelength Detector (T =0.5 sec) 

1, 2. Shot noise N s 7.8x10"6 au 
3. Johnson thermal noise 

(10 6Ω R f ) N J 1.0x10"*5 au 
4. Photodiode dark 

current noise Ndc 2.1x10 ' au 
6. Sample/reference 

Ndc 
diode Tempco noise N t 4.0x10 0 au 

7. Mobile phase/flow c e l l 
Tempco noise Nm <5xl0"6 au (λ<205 nm) 

8. Pump pulse noise NP 
-6 

.£2x10 au 
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DIODE Cd 

DIODE 2 Cd 

READOUT SWITCH -

RESET SWITCH 

OP AMP 

Figure 1. Schematic diagram of photodiode array readout circuit. 
C^ - diode capacitance. Ĉ  = readout capacitor. 

1.0 
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Figure 2. Fourier transform of UV absorbance detector baseline 
for mobile phase flow rate of 1 m£/min water, corresponding to 
0.2 Hz reciprocating piston frequency. The upper trace i s the 
transform for the detector i n which incident l i g h t clears the 
flow c e l l walls. The lower trace i s the transform for a detector 
in which incident l i g h t strikes the flow c e l l walls ("light 
piping"). 
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Thus, shot and Johnson thermal noise are the major noise 
determinants of this system. Application of Equation 1 predicts a 
system noise Ν of 1.43x10"^ au, ipeak to peak) close to the experi
mentally measured noise (1.5x10 au) of such a detector. 

Fixed Wavelength Detector Noise Summary 

Now, one must consider how to improve optical absorbance detection 
limits, that is - how to reduce noise. One strategy i s to increase 
I through use of a fixed wavelength detector based on a discrete 
line lamp and an isolation f i l t e r to select the UV line of interest 
generated by the lamp ( t y p i c a l l y Zn, Cd or Hg lamps having major 
lines at 214 nm, 229 nm, 254 nm, respectively). 

For the case of a 5 watt Hg lamp, at 254+0.01 nm, the source 
geometry allows 476 watts through an étendue of 0.63 steradian-mm . 
Α 5μ£ flow c e l l with a 2.5 mm path and an o p t i c a l t r a i n designed 
such that incident l i g h t clears the flow c e l l walls should allow 
collection of the f u l l 0.6
an isolation f i l t e r . Th
0.12 and thus the sample p h o t o d i o d e s h o u l d c o l l e c t 
0.63/0.63x0.12x476 μwatt=57 μwatt. Since the variable wavelength 
detector treatment of Section IV overestimated the actual I by 4-
fold, assume that the fixed wavelength detector allows an I g 

corresponding to 57/4=14.3 μ watt or 1.43 microamps. 
Assuming a detector Τ of 0.5 sec, and using the treatment of 

Section III, one estimates the noise source contributions listed in 
Table III below: 

Table III. Noise Source Contributions - Fixed Wavelength 
Detector (254 nm, T=0.5 sec). 

1. 2. Shot noise N s l.OxlO"6 au 

3. Johnson thermal noise 
( 1 0 6 Q R f ) 

N J 1.8x10""7 au 

4. Photodiode dark 
current noise 

Ndc 3.7xl0~9 au 

6. Sample/reference 
diode Tempco noise 

N t 4.0xl0"6 au 

7. Mobile phase/flow c e l l Nm <5xl0"6 au 
8. Pump pulse noise 

NP <2xl0""6 au 

Application of Equation (1) predicts a system noise N of 7xl0""6 

au. Although the particular optical design described has not been 
reduced to practice, the theoretical estimate of 7xl0" 6 au peak to 
peak noise i s within a factor of 2 of the t y p i c a l noise (l-2xlO"" 5 

au) observed on commercial state of art fixed wavelength detectors 
at 254 nm. 
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In considering the noise sources of the fixed wavelength 
detector, note that despite an 8-fold reduction in shot noise rela
tive to the variable wavelength detector of Section IV, only a 2-
fold noise reduction i s predicted i n Table III. What has happened? 
The increased optical throughput and hence increased value of I g has 
s i g n i f i c a n t l y reduced both shot noise (Category I) and Johnson 
thermal and dark current noise (Category II), such that these noise 
sources are <10~6 au. However, the Category III noise source 
contributions are independent of I g and have become major noise 
determinants. 

It thus becomes clear that to achieve the shot noise l i m i t 
(10 au) of such a fixed wavelength detector, one must reduce the 
Category III noise sources, posing a challenge to both thermomech-
anical detector design and pump design. 

Photodiode Array UV Absorbance Detector Noise Summary 

Consider a UV absorbanc
array, a reverse optics/polychromato
c e l l and a 30 watt deuterium lamp, and a time constant set at 0.5 
sec. An experimental model yields a I g value of £3 nanoamps. Using 
the treatment of Section I I I , one estimates the noise source 
contributions listed in Table IV below: 

Table IV. Noise Source Contributions - Photodiode 
Array Absorbance Detector 

1, 2. Shot noise N s 2.2xl0"5 au 

4. Photodiode dark 
current noise 

Ndc 2.9x10""7 au 

5. Array readout N a 4.0xl0~5 au 

6. Sample/reference 
diode Tempco/noise 

N t 4.0xl0"6 au 

7. Mobile phase/flow c e l l 
noise 

Nm <5xl0~6 au 

8. Pump pulse noise NP <2xl0"6 au 

Application of Equation 1 predicts a system noise of 4.6x10""° 
au. Current commercial array detectors exhibit noise of 5xl0" 5 to 
2xl0~ 4 au. 

The noise c o n t r i b u t i o n s f o r the array d e t e c t o r d i f f e r 
s i g n i f i c a n t l y from those of the variable and fixed wavelength 
detectors due to the presence of a dominant electronic readout noise 
s p e c i f i c to scanning of the array, combined with a r e l a t i v e l y low 
o p t i c a l throughput r e f l e c t e d i n a low value of I g . These factors 
result in array readout and shot noise dominance. 

Future reduction i n array detector noise should focus on 
reducing the readout noise N a» Production of JFET switches with 
junction capacitance <1 picofarad i s dependent on technology outside 
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the realm of HPLC and is d i f f i c u l t to forecast. Cooling of the JFET 
switches and thermal control of the scan circuitry warrants study as 
a means to reduce array readout noise. It would also be beneficial 
to increase I since array readout noise i s a Category II noise 
source, for which an x-fold increase i n I g yields a f u l l x -fold 
decrease in noise. This could conceivably be achieved by develop
ment and use of higher power lamps (e.g., a 200 watt deuterium lamp, 
a xenon continuum lamp) and by use of optical designs based on plane 
grating polychromators having higher o p t i c a l e f f i c i e n c y than the 
more simple polychromators based on concave gratings. 

F i n a l l y , the scan rate of the array should be kept as low as 
possible within the constraints of limiting the integration time so 
as not to cause band-broadening of the chromatographic peak and of 
avoiding saturation of the photodiode. In this manner, one can 
minimize the amount of array readout noise relative to collection of 
a given sample current. For example, i f one were to scan an array 
at 100 Hz for 1 second  collecting a signal current I  at each scan 
and incurring a readou
averaging the 100 scans

100 η / η 
a / 100 I 0 = - -

N / Ï Ô Ô ' I Q 

However i f one were to scan the array at 1 Hz, for 1 second the 
signal current collected would be 100 I Q but the readout noise would 
only be n a and the readout noise fraction w i l l be only 

η 

To increase the saturation current threshold of the array, 
allowing one to maximize integration time (minimize scan rate) one 
can use larger area diodes, a decision which must be made prior to 
an optical design. 

Summary 

Optical absorbance detection in HPLC i s currently limited by several 
sources of "non-shot" or "non-optical" noise. As shown i n Summary 
Table V, a state of art variable wavelength UV absorbance detector 
comes within a factor of two of i t s 8x10"" au shot noise limit. In 
t h i s case the dominant noise sources are shot noise and Johnson 
thermal noise. 

An o p t i c a l design of a fixed wavelength absorbance detector 
based on a 5 watt discrete l i n e UV lamp should be capable of 
reducing shot noise to 10""° au. However Category I I I thermally 
induced noises due to the temperature c o e f f i c i e n t of photodiode 
quantum e f f i c i e n c y , mobile phase absorbance, flow c e l l o p t i c a l 
throughput and pump pulsations dominate the fixed wavelength shot 
noise, such that noise s i g n i f i c a n t l y below 10~ 5 au has not been 
achieved to date. 
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The r e l a t i v e l y low throughput of reverse optic/polychromator 
designs utilized in photodiode array UV absorbance detectors and an 
elec t r o n i c readout noise incurred i n scanning an array currently 
l i m i t noise in this detector to approximately 5x10 au. 

The brightest hope for reducing the non-shot and shot noise 
sources of variable wavelength and diode array detectors would be 
the development of higher power l i g h t sources with emission 
geometries compatible with micro-flow c e l l o p t i c a l c o l l e c t i o n . 
Tunable dye lasers with c r y s t a l doubling into the UV region would 
provide the source power and geometry required but are not yet 
feasible in terms of convenience, cost and perhaps stability. Study 
of higher power deuterium or xenon lamps appears warranted. 
Thermoelectric cooling of the readout switches of a photodiode array 
and thermal control of i t s scan circuitry also appears warranted for 
study. 

Reducing the non-shot Category III noise sources of the fixed 
wavelength detector w i l l require attention to improved thermomechan-
i c a l detector design t
imposed on the mobil
reference photodiodes, and continued reduction in HPLC reciprocating 
pump flow pulsations. 
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8 
Applications of Laser Fluorimetry to Microcolumn 
Liquid Chromatography 

V. L. McGuffin1 and R. N. Zare 

Department of Chemistry, Stanford University, Stanford, CA 94305 

Laser-induced fluorescence (LIF) is examined as a 
sensitive and selectiv
liquid chromatograph
cw helium-cadmium laser (325 nm, 5-10 mW) as the 
excitation source together with a simple filter/ 
photomultiplier optical system. Several flowcells 
are evaluated: (1) a flowing droplet; (2) an 
ensheathed effluent stream; and (3) a fused-silica 
capillary. The latter is judged to be the most 
promising for general use. The LIF detector is 
capable of sensing femtogram amounts of model solutes 
(coumarin dyes), and the response is linear over more 
than eight orders of magnitude in concentration. The 
potential of combining the high separation power of 
microcolumn LC with the high sensitivity of LIF 
detection is demonstrated through the analysis of 
multicomponent mixtures of polynuclear aromatic 
hydrocarbons and derivatized amino acids. 

The identification and quantitation of individual components in 
complex samples presents a challenging analytical problem that 
demands continual improvement of existing methodology and instru
mentation. This demand has been a primary motivation for the 
development of high-efficiency separation methods, such as gas 
(GC), supercritical f l u i d (SFC), and liquid (LC) chromatographic 
techniques. In particular, microcolumn liquid chromatography is 
rapidly gaining popularity for the separation of multicomponent 
mixtures of nonvolatile compounds. The microcolumns currently 
under development are of three general types: narrow-bore or 
microbore packed columns (1-4), semipermeable packed capillaries 
(5-7), and open tubular capillaries (8-11). Although the 
theoretical potential and the current state of the art are 

1Current address: Department of Chemistry, Michigan State University, East Lansing, 
M I 48824 
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8. M c G U F F l N A N D Z A R E Applications of Laser Fluorimetry 121 

different for each column type, these microcolumns have 
demonstrated several distinct advantages over conventional LC 
columns. F i r s t , microcolumns are capable of achieving much higher 
chromatographic efficiency than their conventional counterparts, 
exceeding one million theoretical plates (4,11). Consequently, 
microcolumns w i l l improve the separation of very complex samples or 
hard-to-resolve solutes. Alternatively, a given separation 
efficiency can be attained in a shorter analysis time using 
semipermeable packed capillary or open tubular capillary columns 
because of their high permeability (12). Another desirable 
attribute of microcolumns is their low volumetric flowrates 
(1-50 jiL/min), which result i n significantly reduced consumption of 
both sample and solvent. Although the economic and environmental 
advantages of reduced solvent consumption are immediately obvious, 
other benefits have become apparent with the continued development 
and use of microcolumn LC. For example, separations may be 
performed using novel mobile and stationary phases that are too 
expensive, rare, or toxi
(13). Furthermore, nove
that are largely incompatible with conventional columns, among 
which flame- or plasma-based detectors (14-18) and mass 
spectrometry (19,20) are representative examples. 

Despite the many advantages of microcolumn LC, there are 
several limitations that may ultimately restrict the practical 
application of this technique. Long analysis times, ranging from a 
few to many hours, are frequently necessary to provide resolutions 
of very complex samples. This problem is not characteristic of 
microcolumns themselves, but is inherent in a l l high-efficiency LC 
separations because of slow diffusional processes in the condensed 
phase. Another limitation of microcolumn LC i s the stringent 
technological requirements imposed on ancillary chromatographic 
equipment such as pumps, sample injectors, connecting hardware, and 
detectors. Although significant improvements have been achieved 
for many components of the chromatographic system, there has been a 
conspicuous lack of sensitive, low-volume detectors. In most 
current applications of microcolumn LC, the detectors are merely 
miniaturized versions of those employed with conventional columns, 
such as UV-absorbance, fluorescence, and electrochemical 
detectors. Whereas such devices are adequate at the present stage 
of column development, the technological limitations and the 
consequences of further miniaturization become immediately 
apparent. 

In order to achieve the f u l l potential of microcolumn LC, i t 
is necessary to develop new detection systems that are in 
compliance with the rigorous requirements of this analytical 
technique. Among the many pos s i b i l i t i e s , laser-based spectroscopic 
detectors appear to be particularly well suited for this 
application. The intensity of the laser radiation permits very 
high sensitivity to be achieved using those spectroscopic 
techniques i n which the signal i s proportional to source intensity; 
for example, fluorescence (21-23), phosphorescence (24-26), light 
scattering (27,28), and thermooptic or thermoacoustic measurements 
(29-31). Moreover, the highly collimated laser radiation can be 
readily focused into flowcells of nanoliter volume, as required for 
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microcolumn LC, without concomitant loss of radiant power. Other 
properties of laser sources, such as narrow spectral bandwidth, 
polarization, and temporal characteristics (pulsed or cw), have 
been favorably exploited for liquid chromatographic detection as 
well (22). 

Laser-induced fluorescence (LIF) is one of the simplest and 
most promising applications of laser-based detection in liquid 
chromatography. Previous investigations with conventional LC 
columns have clearly indicated the high sensitivity and selectivity 
that can be attained (33-40). Based on these preliminary and 
highly promising results, several laboratories have undertaken 
concurrently the combination of microcolumn liquid chromatography 
and laser fluorimetric detection (41-44). In the present study, we 
have developed a sensitive low-volume LIF detector that is 
compatible with a l l of the microcolumns described previously, yet 
is simple and reliable to operate. Several flowcells were 
constructed and evaluated  including a fused-silica capillary (45)
a miniaturized flowing drople
stream (21,22,35). The
characterized with respect to sensitivity, linear dynamic range, 
and dead volume. Finally, the outstanding performance of this 
detection system was demonstrated through the analysis of 
polynuclear aromatic hydrocarbon and derivatized amino acid 
samples. 

Experimental Section 

A schematic diagram of the liquid chromatography system and laser 
fluorescence detector is shown in Figure 1. The key components of 
this analytical system are described sequentially in what follows: 

Liquid Chromatography System. The solvent delivery system was 
constructed of two 10-mL stainless-steel syringe pumps (MPLC 
Micropump, Brownlee Labs, Santa Clara, CA). By splitting the pump 
effluent between the microcolumn and a restricting capillary 
(1:20-1:2000), isocratic separations were achieved reproducibly at 
column flowrates as low as 0.005 yL/min, and gradient separations 
as low as 0.1 yL/min. Samples of 0.5 to 50 nL volume were 
introduced by the s p l i t injection technique with a 1- L valve 
injector (Model ECI4W1., Valco Instruments Co., Inc., Houston, 
TX). The injection valve, splitting tee, and microcolumn were 
maintained at constant temperature (±0.3°C) i n a thermostatted 
water bath. 

Three different types of microcolumns were prepared. Packed 
microcolumns were fabricated from fused-silica tubing (Hewlett-
Packard, Avondale, PA) of 0.20 to 0.32 mm inner diameter and 1 to 
2 m length. This tubing was packed under moderate pressure 
(400 atm) with a slurry of the chromatographic material [Aquapore 
RP-300 (10 ym), Brownlee Labs; Micro-Pak SP-18 (3 urn), Varian 
Instrument Group, Walnut Creek, CA] i n an appropriate solvent (3)· 
In this manner, narrow-bore packed microcolumns reproducibly 
yielded 150,000 or more theoretical plates. Semipermeable packed 
capillary columns were prepared by loosely packing a Pyrex glass 
tube with an irregular s i l i c a adsorbent [LiChrosorb Si-60 (30 μη), 
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THERMOSTATTED 
WATER BATH 

He-Cd LASER 
325 nm 

UV-
ABSORBANCE 
DETECTOR 

€:ο:ΗίΓ:1] PICO-
AMMETER 

CHART 
RECORDER 

OR 
COMPUTER 

(a) 
FUSED-SILICA 

CAPILLARY FLOWCELL 
(Transverse Excitation) 

(b) 
FUSED-SILICA 

CAPILLARY FLOWCELL 
(Longitudinal Excitation) 

(O 
FLOWING DROPLET 
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COLUMN PACKING 
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ENSHEATHED 

LAMINAR FLOWCELL 

Figure 1. Schematic diagram of the liquid chromatography 
system and laser fluorescence detector with different 
flowcells: (a)-(d). I = injection valve, Τ » splitting tee, 
M = metering valve or restricting capillary, L = lens, F = 
f i l t e r , A = aperture, PMT * photomultiplier tube. 
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E . Merck Reagents, Darmstadt, F . R . G . ] , and subsequently extruding 
the packed capi l lary with a glass-drawing apparatus to 70 μη i . d . 
and 25 m length (7). Open tubular capil lary columns were 
fabricated from fused-s i l ica tubing of 10 to 100 μη i . d . and 5 m 
length (Scientif ic Glass Engineering, Inc . , Austin, TX), and were 
used without further surface modification. The latter microcolumns 
were employed solely to ascertain compatibility with the laser 
fluorescence detector and to optimize flowcell design. 

A variable-wavelength UV-absorbance detector (Model Uvidec 
100-V, Jasco Inc . , Tokyo, Japan) was modified to permit "on-column" 
detection with packed and open tubular fused-si l ica microcolumns, 
as described previously (3,45,47). The UV-absorbance detector was 
placed in series before the laser fluorescence detector (see 
Figure 1), and was used for comparisons of sensi t iv i ty , 
se lect iv i ty , and dead volume (44). 

Laser Fluorescence Detector. A helium-cadmium laser (Model 4240B, 
Liconix, Sunnyvale, CA)
of i t s s tabi l i ty and convenien
UV laser radiation (325 nm, 5-10 mW cw) was isolated with a 
die lectr ic mirror and was focused on the miniaturized flowcell with 
a quartz lens. Sample fluorescence, collected perpendicular to and 
coplanar with the excitation beam, was spectrally isolated by 
appropriate interference f i l t e r s and then focused on a 
photomultiplier tube (Centronic Model Q 4249 B, Bailey Instruments 
Co . , Inc . , Saddle Brook, NJ). The resulting photocurrent was 
amplified with a plcoammeter (Model 480, Keithley Instruments, 
Inc . , Cleveland, OH), and f i n a l l y was displayed on a stripchart 
recorder (Model 585, Linear Instruments Corp., Reno, NV). 

Several miniaturized flowcells were evaluated, including a 
fused-s i l ica capi l lary , a suspended flowing droplet, and an 
ensheathed effluent stream (Figures la -d ) . The fused-s i l ica 
capil lary flowcell was formed by removing the protective polyimide 
layer from a short section of fused-s i l ica tubing. When the LIF 
detector was used alone, the flowcell was simply an extension of 
the column i t s e l f (0.20 to 0.33 mm i . d . ) , thereby eliminating dead 
volume from connecting tubes and unions. However, when the 
UV-absorbance and LIF detectors were employed i n series, i t was 
necessary to use a capil lary of smaller diameter in order to reduce 
laminar dispersion between the detectors. In such cases, a 
fused—silica capil lary of 0.035—0.100 mm i . d . and 1 m length was 
attached to the microcolumn outlet with PTFE (Teflon) tubing, and 
formed the flowcells for both UV-absorbance and LIF detectors. By 
varying the inner diameter, flowcells were constructed with 
illuminated volumes from 1 to 100 nL, and corresponding optical 
pathlengths of 0.035 to 0.33 mm. Illumination was achieved in 
either the transverse (Figure la) or longitudinal (Figure lb) 
direction with respect to the flowcell axis . The latter method, 
which employed a UV-transmitting optical waveguide inserted 
direct ly into the capil lary f lowcell , was more easily aligned and 
permitted control of the illuminated volume without requiring a 
change i n capil lary diameter. The flowing droplet c e l l , 
i l lustrated in Figure l c , was a straightforward miniaturization of 
the windowless fluorescence flowcell described for conventional 
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liquid chromatography by Diebold and Zare (33). This c e l l was 
formed by suspending a flowing droplet of the microcolumn effluent 
between a fused-silica capillary and a quartz rod of similar outer 
diameter. By varying the diameter and spacing of the capillary and 
rod, the droplet volume could be adjusted from approximately 50 to 
200 nL, with corresponding optical pathlengths of 0.15 to 0.5 mm. 
The ensheathed effluent flowcell, shown schematically in Figure Id, 
was both structurally and functionally similar to those described 
by Hershberger et a l . (35) and Dovichi et_ a l . (21,22). This 
flowcell was obtained from a commercial flow cytometer (System 50, 
Ortho Diagnostic Systems, Inc., Westwood, MA), and consisted of a 
quartz tube of square cross section having a 0.25 mm square central 
bore. The effluent was introduced directly from the fused-silica 
microcolumn, which extended just beyond a conical stainless-steel 
jet at the bottom of the quartz tube. The sheath solvent, which 
was of similar composition to the column effluent, was supplied by 
a gas-pressurized liquid reservoir through two stainless-steel 
tubes perpendicular to an
Turbulence and mixing o
observed when pulseless, laminar flow conditions were maintained. 
The optical pathlength and effective volume of the effluent stream 
were controlled by hydrodynamic focusing, by varying the relative 
flowrates of the column effluent and the sheath solvent. In this 
manner, the pathlength was readily varied between 5 and 20 μη, with 
corresponding illuminated volumes of 20 to 300 pL (calculated 
values). The large volume of sheath solvent employed, typically 
0.5 to 5.0 mL/min, eliminated the advantage gained by microcolumns 
in reducing solvent consumption. 

Analytical Methodology. An N.B.S. Standard Reference Material (SRM 
1647) containing sixteen polynuclear aromatic hydrocarbons was 
diluted twenty-fold with methanol/methylene chloride (1:1) prior to 
analysis. 

Amino acids were derivatized with 1-dimethylaminonaphthalene-
5-sulfonyl chloride (dansyl chloride) according to the procedure of 
Tapuhi and coworkers (48-50). A 10""3 M stock solution of twenty 
common L-amino acids (Sigma Chemical Co., St. Louis, MO) was 
prepared by dissolving the carefully weighed standards i n 0.1 M 
aqueous hydrochloric acid. Aliquots of this solution were 
transferred to conical vi a l s , evaporated to dryness, and 
redissolved in 500 \JL aqueous buffer (0.04 M lithium carbonate, pH 
9.5). A 500 pL volume of dansyl chloride solution (5 x 10""3 M in 
acetonitrile) was added, and the derivatization was allowed to 
proceed i n the dark at 35°C for one hour. The reaction was 
terminated by the addition of 2% methylamine hydrochloride, and the 
derivatized sample was analyzed immediately by microcolumn liquid 
chromatography with UV-absorbance and LIF detection. 

Organic solvents employed i n this investigation were 
high-purity, distilled-in-glass grade (Burdick & Jackson 
Laboratories, Inc., Muskegon, MI); water was deionized and doubly 
d i s t i l l e d in glass (Mega-Pure System, Corning Glass Works, Corning, 
NY). 
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Results and Discussion 

Evaluation of Flowcell Performance. There are many important 
factors to be considered in the evaluation of flowcell performance 
for microcolumn liquid chromatography. Foremost among such 
c r i t e r i a is sensitivity; i.e., the signal-to-noise ratio that can 
be obtained for a standard sample injection. If we assume that the 
flowcells are uniformly illuminated in the laser beam and that the 
fluorescent emission is collected from each c e l l with the same 
efficiency, then the signal intensity should be primarily a 
function of the optical pathlength of each flowcell. Accordingly, 
the flowing droplet c e l l , which had the longest pathlength 
(0.15-0.5 mm), provided the largest photocurrent, while the 
fused-silica capillary (0.05-0.32 mm) and the ensheathed effluent 
(0.005-0.02 mm) flowcells yielded proportionately smaller 
responses. However, the background noise level also appeared to be 
nearly proportional to pathlength, indicating that the predominant 
source of noise was fluorescen
light from the effluen
Specifically, Raman scattering from the solvent seemed to be the 
major component of background interference, particularly when the 
detected emission wavelength was near the excitation wavelength. 
Thus, while the flowing droplet and ensheathed effluent flowcells 
were able to eliminate or discriminate against light originating 
from c e l l walls through spatial f i l t e r i n g , this did not translate 
directly to an improvement in signal-to-noise ratio. Indeed, this 
figure of merit was approximately the same for each of the 
flowcells investigated when appropriate spectral f i l t e r i n g was 
employed. Consequently, other performance c r i t e r i a , such as dead 
volume, simplicity of operation, and other factors dictated the 
preference in flowcell design. 

It is imperative that the volume of the flowcell and 
associated connections does not contribute excessively to the 
dispersion of the chromatographic peaks. Moreover, i t i s desirable 
to have a single flowcell design that w i l l accommodate microcolumns 
of different types and sizes, and w i l l adapt to their different 
volumetric requirements. The flowing droplet c e l l , which could be 
varied from 50 to 200 nL, was found to be suitable for packed 
microcolumns of 0.5 mm or greater inner diameter, but to suffer 
from reduced sensitivity and s t a b i l i t y for columns of smaller 
bore. On the other hand, the very small volume of the ensheathed 
effluent flowcell (20-300 pL) made i t suitable for open tubular and 
semipermeable packed capillary columns, but somewhat impractical 
for columns of larger bore because of reduced sensitivity and 
increased consumption of ensheathing solvent. In contrast, 
fused-silica capillary cells of varying dimensions could be readily 
interchanged to provide a suitable compromise between sensitivity 
and dead volume for a l l of the microcolumns under study. 

Another important consideration is the compatibility of the 
flowcell with the normal range of operating conditions in liquid 
chromatography. F i r s t , the flowcell should be compatible with a 
wide variety of solvents for both normal- and reversed-phase 
separations. Second, i t should readily accommodate variations in 
solvent flowrate to permit both high-efficiency and high-speed 
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applications. Furthermore, for optimal analysis of complex 
samples, the flowcell should allow gradients in either solvent 
composition or flowrate to be employed. Finally, i t is desirable 
for the detector c e l l to be insensitive to temperature and pressure 
fluctuations in order to minimize background noise. Although our 
investigations encompassed a wide range of operating conditions, 
the results can be briefly summarized in the following manner: For 
a fixed set of operating conditions (solvent composition, flowrate, 
temperature, pressure), the flowing droplet and ensheathed effluent 
flowcells could be readily optimized. However, because these cells 
have flexible boundaries in the optical region, they were strongly 
dependent upon the physical properties of the effluent and could 
not readily tolerate changes in operating conditions without 
reoptimization. Hence, these cells were not compatible with 
gradients in either solvent composition or flowrate. Moreover, 
both the flowing droplet and ensheathed effluent flowcells were 
sensitive to pressure and flow fluctuations from the pump
mechanical vibration, an
cells were essentially destructive
mixing of the column effluent such that another detector could not 
readily be employed in series. In contrast, the fused-silica 
capillary c e l l exhibited only nominal dependence upon the 
chromatographic conditions. 

Because of i t s operational simplicity, compatibility with many 
solvents as well as gradient elution, compatibility with a wide 
range of microcolumn types and sizes, and nondestructive nature, 
the fused-silica capillary flowcell was judged to be the most 
versatile and useful among those investigated. 

Characterization of LIF Detector. In a previous study (44), the 
LIF detector was characterized with the fused-silica flowcell using 
transverse excitation. The limit of detection, measured at a 
signal-to-noise ratio of seven (99.9% confidence level) for three 
replicate measurements, was determined to be 2.3 x 10"^ g of 
coumarin 440 (1.3 x 10"*^ moles) injected in a 25 nL sample. 
Whereas detection limits as much as an order of magnitude lower 
have been reported for laser fluorimetry (22), such results were 
obtained under rather rigorous conditions. In contrast, the 
detection limit demonstrated in the previous study (44) was 
achieved with a relatively low-power laser and simple optical 
system using a representative solute analyzed under normal 
chromatographic conditions. Hence, this high sensitivity can be 
routinely achieved under practical operating conditions. 

The fluorescence signal was found to be linearly related to 
solute concentration over at least eight orders of magnitude, 
extending from the detection limit (5 x 10" 1 0 M) to the solubility 
limit (2 x 10~2 M) of coumarin 440 in methanol. It was suggested 
that the small diameter of the capillary flowcell effectively 
reduced nonlinear behavior in both the absorption and emission 
processes, thereby reducing both inner and outer f i l t e r effects and 
extending the linear response into very high concentrations (44). 
This extraordinary linear range facilitates the simultaneous 
quantitation of both major and minor components in complex sample 
matrices. 
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There are several important sources of band broadening in the 
LIF detector, including both volumetric and temporal 
contributions. These contributions were assessed independently in 
order to establish the major sources of dispersion and to minimize 
their effects (44). The volumetric variance, given by the second 
s t a t i s t i c a l moment of the chromatographic peak, was determined to 
be from 0.06 nL 2 to 0.06 pL2 for capillary flowcells of 0.035 to 
0.33 mm diameter, respectively. This variance was predominantly 
due to laminar dispersion occurring between the microcolumn f r i t 
and the illuminated region (see Figure la). The temporal 
dispersion, given by an exponential time constant of 0.7 ms, was 
equivalent to 0.0001 nL 2 i n variance units. Thus, both volumetric 
and temporal variances were sufficiently small for almost any 
application in microcolumn liquid chromatography, including both 
high-speed and high-efficiency separations. 

Applications. Many molecules of environmental and biochemical 
significance are inherentl
polynuclear aromatic hydrocarbon
example. Although such compounds may occur i n very complex sample 
matrices, they can be effici e n t l y separated by microcolumn LC and 
sensitively detected by laser fluorimetry. An exemplary 
chromatogram is shown in Figure 2, wherein a Standard Reference 
Material (SRM 1647) containing sixteen polynuclear aromatic 
hydrocarbons has been analyzed. This separation was achieved on a 
fused-silica microcolumn (0.2 mm i.d., 1.3 m length) containing a 
3-pm octadecylsilica packing material (N=150,000) using an 
isocratic mobile phase of 92.5% aqueous acetonitrile. For 
comparison of sensitivity and selectivity, the chromatograms 
obtained with UV-absorbance and laser-induced fluorescence 
detection are illustrated in Figure 2. Several important features 
of LIF detection become apparent: Whenever fluorescence detection 
is applicable, the sensitivity is generally far superior to 
UV-absorbance and other common detection methods, frequently by 
several orders of magnitude. However, not a l l solutes of interest 
are naturally fluorescent, and very similar molecules may have 
widely differing absorption coefficients and quantum yields. This 
becomes evident when comparing the relative response of 
benzo(g,h,i)perylene and indeno(l,2,3-cd)pyrene, two six-ring 
polynuclear aromatic compounds present i n equimolar amounts in the 
Standard Reference Material. In this case, fluorescence of the 
alternate PAH benzoperylene i s significantly lower than that of the 
non-alternate indenopyrene due to differences in the absorption 
coefficient (51) and to quenching by the solvent acetonitrile. 
This high degree of selectivity can be advantageous for the 
simplification of complex chromatograms and for the reduction of 
background interferences. 

Because most common UV lasers operate at fixed wavelengths, 
the range of application of laser-induced fluorescence may be 
somewhat limited. The He-Cd laser provides additional ve r s a t i l i t y 
because two excitation wavelengths are available, 325 nm and 
442 nm. This feature i s illustrated in Figure 3, taken from the 
recent work of Guthrie, Jorgenson, and Dluzneski (41), where a 
solvent-refined coal f l u i d has been analyzed using an open tubular 
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LASER FLUORESCENCE 

λ β χ= 325 nm 

λ Θ Χ=442 nm 
λ >470 nm e m 

10 15 20 
mm. 

25 

Figure 3. Characterization of a solvent-refined coal sample 
by laser fluorimetric detection with dual excitation 
wavelengths. Column: open tubular glass capi l lary 
(16 pm i . d . , 2.3 m length) with octadecylsilane bonded phase; 

M o b i l e p h a s e : 50% a q u e o u s a c e t o n i t r i l e , 425 p s i . R e p r o d u c e d with 
p e r m i s s i o n f r o m R e f . 4 1 . C o p y r i g h t 1984 , P r e s t o n P u b l i c a t i o n s . 
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capillary column with a chemically bonded octadecylsilane 
stationary phase. It is evident that UV excitation at 325 nm 
(0.30 mW) is appropriate for the detection of small polynuclear 
aromatic hydrocarbons, while visible excitation at 442 nm (4.1 mW) 
permits greater sensitivity for PAH compounds of higher molecular 
weight. The complementary information contained i n these 
chromatograms provides a powerful analytical tool for the 
characterization of complex coal-derived samples. 

Molecules that are not amenable to LIF detection because of 
their low absorption cross sections or low fluorescence quantum 
yields may be analyzed through a variety of indirect fluorescence 
techniques. For example, non-fluorescent solutes may be detected 
by the extent to which they enhance (52) or quench (53) the 
emission of a fluorescent dye added to the mobile phase. 
Alternatively, simple displacement of the dye molecule in the 
column effluent by a non-fluorescent solute w i l l result in a 
reduction of the fluorescence intensity  which can provide nearly 
universal detection capabilit
applications (54). Finally
rendered detectable through the incorporation of a fluorescent 
label that is optimized for the laser excitation wavelength. 
Derivatization methods are particularly attractive because they 
introduce an additional dimension of chemical and spectroscopic 
selectivity that can simplify analyses in a predictable and 
reproducible manner. 

A wide variety of fluorescent molecular probes have been 
demonstrated to be suitable for excitation by the He-Cd laser: 
4-bromomethyl-7-methoxycoumarin has been employed for the detection 
of carboxylic and phosphoric acids (44,55), 7-chlorocarbonyl-
methoxy-4-methylcoumarin for hydroxyl compounds (42), 7-isothiocya-
nato-4-methylcoumarin for amines and amino acids (55), 7-diazo-4-
methyl-coumarin for a variety of aromatic compounds (55), and 
terbium chelate molecules with long fluorescence lifetimes (~ 1 ms) 
for protein analysis (56). In this study, we examined the u t i l i t y 
of l-dimethylaminonaphthalene-5-sulfonyl chloride (dansyl chloride) 
as a sensitive and selective reagent for the determination of 
biogenic amines and amino acids. 

The use of dansyl chloride as a derivatization reagent for 
amino acids and peptides is a well established and well accepted 
methodology. Nevertheless, improvements i n the separation and 
detection of these derivatives may have a significant impact on 
c l i n i c a l and biomedical research. The fluorescence excitation and 
emission spectra of the dansyl amino acids are shown in Figure 4, 
whereupon the laser excitation wavelength (325 nm) and f i l t e r 
emission wavelength (546 nm, 10 nm FWHM) have been indicated. It 
is evident that this fluorescent label i s not excited optimally by 
the He-Cd laser, yet there appears to be sufficient overlap to 
permit sensitive detection. The analysis of twenty common amino 
acids derivatives (50-100 pmol each) is demonstrated in Figure 5. 
This separation was achieved using a fused-silica microcolumn 
containing Aquapore RP-300, a wide-pore o c t y l s i l i c a packing 
material of 10-pm nominal diameter. The mobile phase consisted of 
an optimized gradient from 5% to 32% 2-propanol in a formic and 
acetic acid buffer (pH 3.2). The chromatographic separation shown 
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I ι I ι I ι I ι 1 1 L 
200 300 400 500 600 700 

WAVELENGTH (nm) 

Figure 4. Fluorescence excitation and emission spectra of 
dansyl amino acids. 
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here required four hours for completion when run at optimum 
flowrate (2.0 pL/min), yet i t clearly reveals the high resolving 
power of microcolumn LC. It is possible and frequently desirable 
to compromise separation efficiency to achieve faster analysis 
time; a slightly inferior chromâtogram, s t i l l with baseline 
resolution, can be obtained in less than two hours. For purposes 
of comparison, the separation was monitored using both 
UV-absorbance and laser fluorescence detection. The UV-absorbance 
chromatogram (Figure 5, upper trace) shows relatively poor 
sensitivity for the dansyl amino acids, even at the optimum 
absorbance wavelength. Because this detector is highly sensitive 
to changes i n absorbance and refractive index of the mobile phase 
during gradient elution, the small peaks of interest are 
superimposed upon a steeply sloping baseline. In contrast, the 
fluorescence chromatogram (lower trace) demonstrates a superior 
signal-to-noise ratio with the peaks of interest superimposed upon 
an absolutely fl a t baseline. The high sensitivity of the LIF 
detector permits the determinatio
well as some impuritie

Summary 

The development of suitable detectors is currently one of the 
limiting factors in the routine practical application of 
microcolumn liquid chromatography. The laser-induced fluorescence 
detector described herein appears to f u l f i l l the rigorous 
requirements because of i t s high sensitivity (a few femtograms of 
analyte detected), remarkable linearity (greater than 10° dynamic 
range), and small detection volume (0.06 nL 2 to 0.06 pL2 for 
flowcells of 35 to 330 μπι i.d., respectively). Although many 
improvements are possible, such refinements would involve a 
sacrifice i n the inherent simplicity, r e l i a b i l i t y , and 
affordability of the present detection system. This system can 
already be applied to a wide variety of interesting analytical 
problems, of which the separations of polynuclear aromatic 
hydrocarbons and dansyl amino acids are only representative 
examples. It would appear that the combination of laser-induced 
fluorescence detection and microcolumn liquid chromatography shows 
exceptional promise for the analysis of complex samples of 
biochemical and environmental origin. 
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9 
Recent Advances in New and Potentially Novel 
Detectors in High-Performance Liquid Chromatography 
and Flow Injection Analysis 

Ira S. Krul l 

Department of Chemistry, The Barnett Institute, Northeastern University, Boston, 
M A 02115 

A review is provide
and potentially novel, selective detectors for high perfor
mance liquid chromatography and flow injection analysis. 
A number of very useful and practical element selective de
tectors are covered, as these have already been interfaced 
with both HPLC and/or FIA for trace metal analysis and spe-
ciation. Some approaches to metal speciation discussed here 
include: HPLC-inductively coupled plasma emission, HPLC
-direct current plasma emission, and HPLC-microwave induced 
plasma emission spectroscopy. Most of the remaining detec
tion devices and approaches covered utilize light as part 
of the overall detection process. Usually, a distinct de
rivative of the starting analyte is generated, and that new 
derivative is then detected in a variety of ways. These 
include: HPLC-photoionization detection, HPLC-photoelectro-
chemical detection, HPLC-photoconductivity detection, and 
HPLC-photolysis-electrochemical detection. Mechanisms, 
instrumentation, details of interfacing with HPLC, detec
tor operations, as well as specific applications for each 
HPLC-detector case are presented and discussed. Finally, 
some suggestions are provided for possible future develop
ments and advances in detection methods and instrumenta
tion for both HPLC and FIA. 

For a t l e a s t the past twenty yea rs or more, tremendous progress has 
been r e a l i z e d i n the general f i e l d of high performance l i q u i d chroma
tography (HPLC). S i g n i f i c a n t progress has been repor ted i n many areas 
of i n s t r u m e n t a t i o n , i n t e r f a c i n g , automat ion , computer /microprocessor 
c o n t r o l , d e s i g n , and even r o b o t i c s c o n t r o l . I t has become very c l e a r 
tha t HPLC i s a dominant a n a l y t i c a l a r e a , whose growth cont inues today . 
Though chromatographic separa t ions have progressed very r a p i d l y over 
the past two decades i n high performance l i q u i d chromatography, to 
the c u r r e n t s i t u a t i o n where p r o t e i n s , enzymes, p o l y n u c l e o t i d e s , and 
much s m a l l e r molecules can now be r e a d i l y r e s o l v e d and recovered , the 
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f i n a l detection of analytes has progressed somewhat more slowly (1-14)· 
Any number of support materials, bonded phases, ion exchange packings, 
optically active phases, normal bonded phases, etc. have been made, 
and these were evaluated for the separation of inorganic and organic 
species during at least the past twenty years. Significant advances 
have also been made in the uniformity of particle sizes, narrow part i 
cle diameters, uniform particle distributions, and related parameters 
of importance related to the stationary phase. A large number of mo
bile phases have also been developed for HPLC separations, modifiers 
for these mobile phases, metal additives for the mobile phase, binary 
and ternary solvent mixtures, gradient elution, and combinations there
of. 

I n i t i a l l y , detection involved the refractive index (RI) approach, 
and though this crude method is s t i l l used for polymer and preparative 
separations, i t has fallen by the wayside in just about a l l low-level 
analytical determinations. Ultraviolet-visible (UV-VIS) detection a l 
so developed quite rapidly from the inception of HPLC, and today there 
are commercially availabl
multiwavelength, linear diod
spectrometers, and other approaches, a l l of which are general, non
selective methods of analyte identification. In most HPLC labs today, 
there are a number of UV-VIS detectors, and perhaps one fluorescence 
(FL) and one electrochemical (EC) detector for HPLC, FL monitors are 
quite useful, in that they are very sensitive, routinely operate at 
the trace and ultratrace levels, and are relatively selective in that 
few compounds exhibit inherent or native fluorescence. However, neither 
UV-VIS nor FL detectors really provide any compound identification, 
other than the presence of a chromophore and/or fluorophore. EC 
detectors have appeared more recently, but they have caught on very 
quickly, and appear to offer significant promise both with regard to 
selectivity and sensitivity of analysis. Especially with dual elec
trode approaches, already commercially available from several firms, 
EC i s able to provide good to excellent analyte identification or 
selectivity, together with very good sensitivity and detection limits. 
It would appear that LCEC w i l l continue to develop quite rapidly, es
pecially with regard to other applications, both organic and inorganic. 
But, i t w i l l always be limited to those compounds that have inherent 
electrochemical properties. Of course, a l l detection methods become 
suitable for any analyte when off-line or on-line derivatizations 
are employed, but there are some serious disadvantages in using homo
geneous, solution derivatizations in HPLC (15-17). Ideally, in the 
future, a l l derivatizations w i l l be performed on-line, pre- or post-
column, using reagents that do not get mixed with the HPLC eluent via 
two flowing streams. Solid phase reagents in HPLC would avoid the need 
for extra pumps, mixing chambers, reaction chambers, dead volume, etc. 

Perhaps UV-VIS, FL, or EC detectors can a l l be considered some
what selective, in that they respond only to those compounds that are 
chromophoric, fluorophoric, and/or electrophoric. None of them respond 
to a l l compounds passing through, as with the RI, but other than for 
wavelength ratioing or dual electrode response ratioing, they cannot 
provide true analyte identification or detector selectivity for a 
particular functional group, element, or size of molecule. They are 
a l l extremely sensitive, and indeed any detector today that cannot 
reach into the low parts-per-billion (ppb) range doesn't receive much 
attention in HPLC. The next generation of detectors w i l l have to be 
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more sensitive, and to provide more selectivity than is now possible 
with existing detectors. That i s , such newer detectors w i l l have to be 
able to discriminate one analyte peak from the next, and to provide 
some relatively unambiguous identification or characteristic for each 
analyte different from others present. We want the detector to see 
very low levels, and also to t e l l us something about what i t i s seeing 
at such low levels. Though the mass spectrometer (MS) provides true 
analyte selectivity and identification, i t is not about to become a 
very widely used or easily employed detector in most HPLC situations/ 
applications. Surely HPLC-MS is here to stay, i t is developing quite 
rapidly, but i t may never become as readily used and applied as HPLC-
UV or LCEC are already. 

The next generation of detectors should t e l l us something about 
an analyte or class of analytes that i t detects, and/or i t should 
respond to very select compounds, even in the presence of many other 
similar eluting compounds/analytes. The ultimate selective detector 
would respond to only one particular compound  but i t would not be 
very practical or economical
other compounds. Ideally
selective for one class of analytes, and under other operating 
conditions, selective for another class, but always provide informa
tion for each class separately. The word selective i s interpreted 
incorrectly; i t may not mean that the detector responds to a unique 
compound or compounds. Does i t mean that the detector responds to many 
compounds, but does so differently with different information? If i t 
responds to a very small number of compounds, i t i s much more selective 
in i t s response, but less useful for other classes. If i t responds to 
many classes, i t i s much less selective, but more useful and practical, 
and could s t i l l provide information that adds to the selectivity of 
the f i n a l response. In general, the term selective has come to mean 
response to only certain classes of compounds, and the term general 
means that a detector responds to everything that passes through that 
detector. 

We are going to consider in this chapter a very select group of 
new and potentially novel detectors, a l l of which provide for greater 
selectivity in their responses than UV-VIS, FL, and/or EC. Our choice 
of which detectors to discuss and consider here has been based, in 
part, on how we perceive the current trends in detector development 
and application. It has also been based on our own biased and personal 
interests, as dictated by our own recent research and development 
results with these very same detectors. 

The requirements for a potentially novel, selective detector in 
HPLC are several, including: 1) high sensitivity for many classes of 
analytes, perhaps into the low ppb range or below; 2) high degree of 
selectivity in responses as dictated by many experimental variables; 
3) compatibility with a l l important HPLC mobile phases; 4) qualitative 
and quantitative information about a particular analyte that differen
tiates i t s response from a l l or almost a l l others eluting nearby; 5) 
reproducibility of response for repeated injections; 6) high degree 
of accuracy and precision in quantitative determinations; and 7) 
an ease of interfacing with commercial HPLC instrumentation, f i t t i n g s , 
and equipment. Some of these requirements are met by many new detect
ors, but most new detectors do not meet a l l of these suggested needs. 
Some other, perhaps less important, but s t i l l practical requirements 
are that the detector be easy to use, modular in design, inexpensive, 
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facile to turn on and operate on a daily basis, easy to maintain and 
repair, immune to changes in flow rates and back pressures in the HPLC 
system, and compatible with multiple detection (series or parallel) 
approaches. The detector should also contribute relatively l i t t l e to 
overall band broadening of the HPLC peak, i t should be almost unnoticed 
in the f i n a l peak shape produced, and i t should be nondestructive by 
returning most or a l l of the originally injected analyte to the ana
lyst for further studies or determinations. Table I summarizes most 
of these ideal requirements for our new and potentially novel, 
selective detector for HPLC or FIA. 

Table I. Ideal Requirements for New and Potentially Novel, Selective 
Detectors in HPLC or FIA 

Suggested Detector Requirements Reasons for Suggested Requirements 
high sensitivity and low detection 

limits 
high degree of selectivity 

compatible with important HPLC 
mobile phases 

qualitative and quantitative 
information about analytes 

reproducibility of responses in 
peak height and peak area 

high degree of accuracy and pre
cision in quantitative analyses 

ease of interfacing with current 
HPLC instrumentation 

easy-to-use, operate, maintain, 
and/or repair 

modular in design 

immune to changes in flow rates, 
back pressure of column 

compatible with multiple detection 

l i t t l e additional band spreading 

nondestructive to analyte 

unreactive and unresponsive to 
HPLC mobile phases 

juseful for trace and ultratrace 

improve  analyt
qualitative confirmation 

can be used with current separations 
does not require new methods 

improved analyte identification, 
improved quantitative analyses 

improved accuracy and precision in 
quantitative determinations 

improved overall usefulness of 
fi n a l analysis 

[widespread acceptance by community-
at-large, greater usage and 
applications, less expenses 

more up-time, better acceptance by 
analysts, more u t i l i t y , reduced 
expenses, faster sample turnout 

may be moved from lab-to-lab, easy 
to transport, interface, arrange 

greater qualitative and quantita
tive reproducibility, more 
accurate and precise results 

useful with other detectors at the 
same time to improve analyte 
identification/confirmation 

l i t t l e loss of chromatographic 
resolution, efficiency, shape 

recovery of injected analyte, more 
studies on same material possible 

low background noise levels, no 
false positives due to solvent, 
no large solvent front present 
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We discuss here a select group of sélective detectors, these being: 
1) element selective detectors (ESD) that respond selectively to one 
or more element at the same or different times, including atomic 
absorption spectrometers (AAS), flame (FAA) or graphite furnace (GFAA), 
inductively coupled plasma (ICP) emission spectrometers, direct current 
plasma (DCP), and only incidentally microwave induced plasma (MIP) or 
atomic fluorescence spectrometer (AFS); 2) photoionization detector 
(PID) based on a photochemical ionization of the analyte molecule 
leading to formation and eventual collection/detection of ions and 
electrons; 3) a post-column, photolytic derivatization in LCEC or 
HPLC-photolysis-EC (HPLC-hv-EC) that uses a discrete photolytic 
degradation of the original analyte as the basic detection principle; 
4) a new photoelectrochemical detector (PED) that again uses light 
energy as an on-line, post-column derivatization step, but now to 
generate a short-lived, possibly excited species that has novel EC 
properties; and f i n a l l y , 5) a possibly novel electrogenerated lumi
nescence detector (ELD) that uses electrochemistry to generate new 
species that combine, self-annihilate
this then being detected
chromator outside of the ELD c e l l . Some of these newer approaches to 
detection in HPLC or FIA are s t i l l in development stages, indeed 
perhaps most of them f i t that description, but s t i l l others have a l 
ready been f u l l y optimized and remain to be more fu l l y applied to 
actual samples and specific applications. 

Element Selective Detectors for HPLC and FIA 

Trace inorganic analysis and speciation have become very popular and 
accepted only within the past decade or thereabouts, especially in 
view of the late realization on the part of many environmentalists 
and/or toxicologists that different metal species may have different 
biological/toxicological responses or effects in animals and man (18-
29). Though a variety of approaches have already been developed to 
perform inorganic, especially metal, speciation; including anodic 
stripping voltammetry, differential pulse voltammetry and amperometry, 
double differential pulse amperometry, differential pulse polarography, 
etc., many of these suffer from the lack of an i n i t i a l separation or 
chromatographic step before the selective detection step. Thus, of 
late, most reports deal with the interfacing of either gas chroma
tography (GC) or high performance liquid chromatography (HPLC) with 
some type of element selective detection. Prior to the current wide
spread popularity of various plasma induced emission techniques, this 
involved both flame and graphite furnace atomic absorption spectrosco
pies (FAA/GFAA). This area has most recently been adequately reviewed 
both by Schwedt and by Jewett and Brinckman (25, 26). It has long been 
our belief that true element selective detection in HPLC can only be 
done using some type of atomic absorption or emission spectroscopy 
(AAS or AES). Others contend that element selective detection can also 
be realized by various types of post-column derivatization, chelation, 
complexation, etc., as well as by electrochemical approaches (30-34). 
Nevertheless, perhaps some metal and nonmetal speciation studies 
today involve some type of GC/HPLC-element selective detection using 
atomic absorption or emission spectroscopy. Though FAA and GFAA have 
been used for quite some time now, both of these hyphenated methods 
in HPLC suffer some serious disadvantages and practical limitations 
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(35-52). HPLC-FAA approaches generally have impractical detection 
limits for many real world applications, although sample preconcentra-
tion methods can often get around such limitations. Of a l l element 
selective detectors for HPLC, perhaps FAA suffers from having the 
highest minimum detection limits (MDLs). This severely limits i t s use
fulness, except with those samples that already contain very high lev
els of metal species, and/or those where analyte (metal species) pre-
concentration is an easy task before HPLC-FAA. HPLC-GFAA, on the other 
hand, offers perhaps the best MDLs of a l l element selective detection 
approaches, at times reaching into the low ppb or high parts-per-
t r i l l i o n (ppt) ranges. This i s due to the inherent analyte preconcen-
tration step built into a l l GFAA methods by the use of a graphite 
furnace that allows for multiple sample introductions with desolvation 
prior to atomization-detection of a l l preconcentrated metal species. 

However, a serious disadvantage to HPLC-GFAA is the fact that 
some type of merry-go-round or automated sample collector and injector 
must be interfaced between the end of the HPLC column and furnace of 
the GFAA unit (49-52). Brinckman'
of Standards has best pioneere
mentation, methods, and f i n a l applications. Though extremely useful 
and practical for many environmental samples, the overall system re
quires a modest investment of time, energy, money, and total instru
mentation before i t is routinely operative. It also produces f i n a l 
HPLC-GFAA chromatograms that are in histogram fashion, because of the 
nature of the AA data output, and thus i t i s not generally possible 
to obtain a continuous, smooth chromatogram for this system. The HPLC 
portion of the system must be finely tuned so that there are no over
lapping peaks due to the same element containing moieties/analytes, 
otherwise the GFAA detection step might not be able to f u l l y resolve 
or separate these for fi n a l quantitative measurements. Though quite 
practical and useful, relatively few groups today use HPLC-GFAA 
approaches, perhaps because of the non-continuous nature of i t s data. 

Most literature reports today seem to u t i l i z e some type of plasma 
emission detection, be this inductively coupled plasma (ICP) or direct 
current plasma (DCP). Though microwave induced plasma (MIP) emission 
spectrometry has been used for at least twenty years in GC, i t does 
not appear at this writing to be very compatible with most convention
al HPLC flow rate requirements (20, 21). Though there are some reports 
using the MIP as a low flow-rate (microbore) HPLC detector, these 
appear to offer l i t t l e promise for more widespread acceptance and 
practical applications. We have recently attempted some HPLC-MIP work, 
but at any flow rate over 100ul/min, depending on the power of the MIP, 
the plasma immediately becomes extinguished. Some other groups, 
notably that of Caruso in Cincinnati, seem to have had more success 
with a high powered MIP in combination with low flow-rate microbore 
HPLC. Much more work seems to have been done in HPLC-ICP than in 
HPLC-DCP (18-22, 53, 54). Though these are very expensive detectors 
by conventional HPLC-detector standards, they appear to offer some 
very significant advantages for true element selective detection and 
overall inorganic, esp. metal, speciation today. It i s not yet clear 
which of these two plasmas is more advantageous in HPLC, though sure
ly more publications appear to use the ICP. This could be simply be
cause more researchers have purchased the ICP since i t is commercially 
available from many more suppliers than the DCP. Only one commercial 
DCP is available today, that being from Smith, Kline, and Beckman. 
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Their Spectraspan VI that appeared on the market in 1984 appears to be 
an ideal element selective detector for HPLC, though very few papers 
have thus far utilized that specific model in HPLC-DCP studies. It is 
arguable that MDLs via HPLC-DCP must, by the very nature of the DCP, 
always be inferior to the HPLC-ICP system. We have not found this 
always to be the case, and indeed in a very recent HPLC-DCP study of 
various chromium containing species, the HPLC-DCP MDLs appeared some
what better (lower) than those reported by HPLC-ICP methods (22). We 
have already suggested some possible explanations for these observa
tions, though nobody has yet made a f u l l , direct comparison of HPLC-
DCP vs HPLC-ICP MDLs for even a few metal species. 

There are s t i l l some significant problems in both HPLC-ICP and 
HPLC-DCP interfacing for practical applications where low MDLs are 
generally needed. But for a few miraculous reports using HPLC-ICP that 
provided MDLs at or below the published MDLs for direct-ICP work, we 
and others have come to realize that the basic nebulizers developed 
years ago for direct-ICP are less-than-ideal for any HPLC-ICP inter
facing today. Such nebulizers
were never designed fro
trations of analytes eluting from an HPLC column. Even with the ultra
sonic nebulizers that provide for much more efficient sample intro
duction into the ICP, the f i n a l MDLs via HPLC-ICP with this particular 
nebulizer are s t i l l less than adequate for trace inorganic speciation 
requirements today. Many have suggested that this is indeed the f i n a l 
solution to the HPLC-ICP MDL problem, but we and others are less than 
convinced based on the evidence at hand. What then i s the real answer 
to the major obstacle to more widespread acceptance and u t i l i t y of 
the ICP/DCP systems for HPLC applications, or is there more than one 
single answer possible? We tend to believe that there are several 
possible solutions to this problem, and these could be: 1) electro
thermal or graphite furnace/cup sample vaporization in HPLC-ICP; 2) 
post-column hydride derivatization in HPLC-ICP or what i s termed 
HPLC-HY-ICP; 3) post-column chemical chelation or complexation of 
metals in HPLC-ICP; and 4) use of the Vestal thermospray interface for 
HPLC-ICP/DCP and related approaches. It would be possible to spend the 
rest of this chapter just discussing these four possible approaches 
for improved HPLC-ICP/DCP interfacing, but we w i l l attempt to do so 
in less than one or two paragraphs. 

The ICP has some significant advantages for trace metal detection 
in comparison with both FAA and GFAA, especially with regard to multi
element capabilities and elimination of most matrix effects. Perhaps 
for these very reasons, as well as i t s current popularity, a great 
amount of work appears today in the literature attempting to interface 
both GC and HPLC with ICP (18-21, 25, 55-57). Most of this work has 
involved conventional ICP nebulizer interfaces, and only within the 
past few years have serious alternative approaches for HPLC-ICP inter
facing been evaluated for improved MDLs. Electrothermal vaporization 
for improved sample introduction into direct-ICP systems has been 
described, and already some investigators are using HPLC-electro-
thermal vaporization-ICP approaches for true metal speciation (78-84). 
However, virtually a l l of these attempts to use electrothermal or 
heated tantalum ribbon sample introduction methods for HPLC-ICP coup
ling are non-continuous, operate in a step-wise manner, require col
lection of HPLC fractions, and cannot function in a true on-line 
mode. At times, depending on the particular analyte species being 
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studied, these methods also require simultaneous UV detection of the 
HPLC eluents, followed by collection of those fractions of interest 
for manual or automated introduction into the ICP. These approaches 
are reminiscent of the HPLC-GFAA methods, and though producing semi-
continuous HPLC-ICP element specific chromatograms, they are far from 
ideal or routine in operations. If the HPLC eluent can be continuously 
introduced into a heated graphite rod or tube, with continuous pre-
concentration and removal of solvent followed by continuous intro
duction of the analyte alone, this might be a practical approach. 

Post-column, on-line, continuous hydride derivatization after 
HPLC separation, with continuous introduction of the now-formed metal 
hydrides into the ICP appears a truly practical and on-line approach 
for various applications (28, 54, 85-87). Figure 1 illustrates in 
schematic fashion the instrumental arrangement for performing on-line, 
continuous, post-column, real-time hydride derivatization in HPLC-
Hydride Generation-ICP approaches (28)· We have now successfully used 
this system and approach for the trace analysis and speciation of 
arsenic in drinking well
mination of methylated organotin
the U.S. Food & Drug Administration (FDA)(54). Figure 2 illustrates a 
typical HPLC-HY-DCP chromatogram for three methylated organotins, now 
using a paired-ion, reversed phase HPLC separation. MDLs, calibration 
plots, l i n e a r i t i e s , analyte selectivity, and related analytical para
meters of importance for true trace analysis and speciation of these 
metals capable of forming hydrides, a l l appear adequate for additional 
applications. We have already used HPLC-Cold Vapor-ICP approaches for 
organomercury speciation, analogous to what others have done for HPLC-
CV-GFAA of these same mercury species (88)· These newer approaches for 
metal speciation also appear quite adequate and appropriate for real 
applications in the future. Hydride or cold vapor generation techniques 
as a separate post-column derivatization step for select elements thus 
appears to be a quite practical and viable overall hyphenated method 
in HPLC-ICP/DCP for future end uses. Detection limits are presumably 
improved over conventional HPLC-ICP/DCP in the absence of this post-
column reaction by several orders of magnitude in a l l cases studied, 
which thus makes the HPLC-HY-ICP/DCP approach practical today for 
at least those metals capable of forming hydrides or a cold vapor. 

However, that s t i l l leaves a very large number of elements i n 
capable of forming volatile hydrides, for which some alternative, 
practical, on-line approach remains to be developed for future HPLC-
ICP /DCP interfacing. Post-column metal/element chelation or complexa-
tion has been used somewhat in the past for direct-ICP/DCP sample 
introduction, but most of these results have been less*-than-promising 
(89-93). We have also studied this approach, with off-line derivatiza
tion of various metals into known, presumably volatile derivatives 
that have been used in GC analysis. Use of such pre-formed chelates 
or complexes in direct-ICP analysis, using conventional cross-flow 
nebulizers, has not yielded any significant enhancements in f i n a l 
sensitivities or MDLs. Even using organic solvents for introduction 
of these metal chelates has not yet yielded significant lowering of 
the MDLs in comparison with conventional metal introduction into 
direct-FAA or direct-ICP systems (94-96). It does not now seem likely 
that either volatile metal derivatives and/or the use of more volatile 
organic solvents, such as methyl isobutyl ketone (MIBK), w i l l have 
pronounced, positive effects on f i n a l FAA or ICP/DCP sensitivities/MDLs. 
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Figure 1. Schematic diagram of the total HPLC-HY-ICP instrumenta
tion. Reproduced with permission from Ref. 28. Copyright 1984, 
Marcel Dekker. 
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Figure 2. HPLC-HY-DCP chromatogram of mono-, d i - , and trimethyltin; 
column: 25 cm χ 4.1 mm i.d., lOum, PRP-1; mobile phase: 0.003M PIC 
B-6/0o003M KF/0.02N H2S04/2.5% HOAc at 2.5 ml/min flow rate; 200ul 
loop injection; chart speed 0.5 inch/min; f u l l scale 5 mV. Repro
duced with permission from Ref. 54. Copyright 1985, Williams & Wilkins. 
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One other possible approach for overall improved HPLC-ICP/DCP 
performance related to lowered MDLs, has to do with the use of a heated 
spray chamber of even a Vestal-type thermospray introduction system 
(97-104). The idea of these approaches i s to produce a much finer 
aerosol-mist or heated spray from the HPLC eluent, which is then 
partially or f u l l y desolvated prior to entering the flame of the FAA 
or the plume region of the ICP/DCP. In some ways, this is an extension 
of the current ultrasonic nebulizer, which also produces a very fine 
mist that is more effi c i e n t l y transported into the plasma plume area 
for f i n a l detection. Though some work has already been done using a 
heated aerosol or spray chamber, and much work has been done by 
Browner1s group on the effect of aerosol droplet size as these effect 
f i n a l detection limits, overall results-to-date do not appear very 
promising for significantly reduced MDLs. Much less has been done on 
the possible use of a heated spray chamber/nebulizer for HPLC-FAA or 
HPLC-ICP/DCP, though a great deal of work has already been done in 
HPLC-mass spectrometry with such interfaces (101-106). We would expect 
these newer approaches o
possible applications t
explore such newer interfacing techniques (107). 

In closing this section, i t should be emphasized that element 
selective detection in HPLC i s an area now undergoing very rapid ex
ploration and development, and significant improvements in HPLC-ICP/ 
DCP detection limits with resultant practical applications should 
be realized in the near future. If a then relatively inexpensive 
element selective spectroscopic detector could be developed for con
ventional or microbore HPLC, with a successful interface providing 
low MDLs, this could result in a more widespread acceptance and appli
cation of both the overall instrumentation and f i n a l techniques. 

The Photoionization Detector in HPLC or FIA 

For many years, the photoionization detector (PID) has been studied 
and applied in GC, and i t i s recognized as both a very sensitive and 
selective approach for trace analysis (108-115). For about the past 
decade, various people have attempted to interface this same PID with 
HPLC separations, in order to provide a f i n a l HPLC-PID system com
patible with reversed and normal phase HPLC solvents (116-119). Most 
recently, Driscoll et_ a l . have described the successful interfacing 
of reversed and normal phase HPLC with a high temperature PID (PI-52) 
via a heated oven that effectively vaporized a l l of the HPLC effluent 
prior to i t s introduction into the PID unit (116). In some ways, this 
is similar to the thermospray interface for HPLC-MS, as already 
discussed above. Figure 3 illustrates the overall instrumentation 
schematic for this particular HPLC-PID approach, wherein a l l or a 
fraction of the HPLC effluent can be introduced into the high 
temperature GC oven. Using this approach, the HPLC effluent is 100% 
vaporized within the oven, as a function of temperature and residence 
time therein, dependent on total flow rate entering the oven, and 
this vaporized mixture of mobile phase solvents and analyte molecules 
is then passed through to the f i n a l PID. The overall approach has 
been optimized with regard to carrier gas, lamp energies, mobile 
phase compatibility, flow rate compatibility, and f i n a l MDLs. Calibra
tion plots for typical analytes have been over several orders of mag
nitude starting from the detection limit range. Under the best of 
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Figure 3. Schematic diagram of the HPLC-PID apparatus in operation. 
Reproduced with permission from Ref. 116. Copyright 1984, 
Elsevier Science. 
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conditions yet realized, and for the compounds showing the greatest 
sensitivity, MDLs can be in the low ppb range (5-50 ppm) (116). A wide 
variety of classes of organics have already been studied by this HPLC-
PID interface, many of which are summarized in Table II, together with 
MDL (ng) and lamp energy (eV) used for those particular compounds. 
Typical HPLC-PID chromatograms are illustrated in Figures 4-5, one for 
a normal phase separation of N-substituted anilines, the second for 
a reversed phase separation of these very same anilines, now eluting 
in the exact opposite (reversed) order. 

Work is continuing in our labs on improvements in the overall 
HPLC-PID interface, the use of volatile organic and inorganic buffers 
for reversed phase separations of bioorganics, improvements in MDLs 
and sensitivities, and extension of HPLC-PID applications to other 
classes of organics and inorganics. In view of the large number of 
classes of compounds suitable in GC-PID, often at the ng detection 
limits, i t is hoped that most of these w i l l be suitable candidates 
in HPLC-PID as well. This could suggest the eventual trace determina
tion of amines and amino
any prior, off-line or on-lin
the PID. If this proves feasible, i t would be the only sensitive and 
selective detector available today in HPLC that could detect such 
underivatized materials. This may also prove useful in the eventual 
detection of peptides, polypeptides, and perhaps even proteins and 
enzymes, which could offer significant advantages over current methods. 

The PID works on the principle of ionizing an electron from the 
starting compound, usually this is a non-bonding electron on nitrogen, 
sulfur, oxygen, or a halogen, though i t could be an aromatic Pi-elec
tron on benzene, and the resultant organic cation and electron are 
then captured by the electrodes within the PID to produce a resultant, 
overall current. The number of cations and electrons generated per g 
or millimole of analyte entering the PID then determines that compound's 
sensitivity and f i n a l MDLs. This is a function of the ease of photo
ionization or ionization by photochemical means for that particular 
compound, which electrons are available for photoionization, and the 
energy and intensity of the light striking these molecules. Thus, 
photoionization i s really akin to the flame ionization process, but 
instead of using a flame, the PID uses light energy to ionize the 
original analyte molecules. Operating the PID at a high temperature of 
about 275°C ensures that none of the analyte or mobile phase molecules 
w i l l recondense on the window of the PID. Use of methanol/water mobile 
phases also maintains a very clean window in the PID, so that repro
ducibility of response i s generally quite high in HPLC-PID operations, 
even for extended periods of time. Although there i s one commercial 
system now on the market (HNU Systems, Inc., Newton Highlands, Mass.), 
i t has only been available for about one year, and i t has not yet been 
widely applied to real samples. Such work i s now in progress, and we 
hope to report further results with this very HPLC-PID system in the 
near future (120). Not a l l normal or reversed phase solvents w i l l 
prove compatible with the PID requirements, especially those solvents 
that have any photoionization propensity or properties. Virtually a l l 
alcohols and water are f u l l y compatible with the PID, but solvents 
such as acetone or acetonitrile, and others, are not. This really has 
to do with the ionization potentials of these solvents and the IP of 
the lamp being used. Those solvents having IPs lower than the lamp 
energy w i l l produce very high background noise levels, making them 
incompatible with routine, continuous HPLC-PID operation. 
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Figure 4o The HPLC-PID chromatogram of N-substituted anilines on a 
Lichrosorb Si60, 25 cm χ 4.6 mm i.d. column. Mobile phase: 3% IPA/ 
hexane, flow rate 0.46 ml/min, sp l i t ratio 3:7 (PID:waste), 10.2 
eV ]-|mp, interface at 230°C, PID at 290°C, attenuation setting 1 χ 
10" ̂  aufso Reproduced with permission from Ref. 
1984, E l s e v i e r S c i e n c e . 
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Figure 5· The HPLC-PID chromatogram of three N-substituted anilines: 
N-methyl, Ν,Ν'-diethylaniline, and NjN'-dimethylaniline. Column: 
Cg, lOum, 25 cm χ 4.6 mm i.d.; mobile phase: HOH/ACN (25/75, ν/ν), 
flow rate 0.8 ml/min, s p l i t ratio 7:3 (PID:waste), 9.5 eV lamp, 
interface oven 240°C, PID at 290°C, attenuation setting 2 χ 10~ 1 0 

aufs. Reproduced with permission from Ref 0 116 0 Copyright 1984, 
E l s e v i e r S c i e n c e . J. Chromatogr. 
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Table II. Minimum Detection Limits for Certain Organic Compounds by 
HPLC-PIDο 

Organic Compounds Minimum Detection Limits (ng) Lamp Energy (eV) 
Bromobenzene 3 10.2 
Iodobenzene 4 10.2 
Phenol 4 10.2 
Chlorobenzene 5 10.2 
Ν,Ν'-Dimethylaniline 5 9.5 
Dioctylphthalate 5 10.2 
Fluorobenzene 7 10.2 
N,N T-Diethylaniline 20 9.5 
N-Me thy1ani1ine 60 9.5 
o-Xylene 60 10.2 
Anthracene 
Benzene 
Naphthalene 
2-0ctanone 125 10.2 
N-MethyIf ormamide 
Ν, Ν1-DimethyIformamide 

500 10.2 N-MethyIf ormamide 
Ν, Ν1-DimethyIformamide 500 10.2 
Ν,Ν1-DiethyIf ormamide 600 10.2 
3-Hexanone 700 10.2 

a. HPLC conditions: Alltech Cg column, lOum, 25 cm χ 406 mm i.d.; 
mobile phase, acetonitrile-water (75:25, ν/ν), 0.8 ml/min, directly 
to the photoionization detector in HPLC-PID. 

Source: Reproduced with permission from Ref. 116. Copyright 1984, 
Elsevier Scientific, Holland. 

Post-Column, On-Line, Continuous Photolytic Derivatizations in HPLC-
Electrochemical Detection (EC) and FIA-EC 

Liquid chromatography (LC) with electrochemical detection (EC) or 
LCEC has now been popular for about the past decade, and i t has rapid
ly become a widely accepted and readily applied method of trace organ
ic and inorganic analysis (121-126). Both oxidative and reductive LC
EC have been described in numerous publications and presentations, 
and several firms now offer commercial instrumentation based on both 
amperometric and coulometric EC detection for HPLC. As with any 
detection method, only those compounds that have inherent EC proper
ties, that can actually be electrochemically oxidized/reduced, w i l l 
prove useful, to varying degrees, in LCEC. Those compounds that do 
not have natural, inherent EC properties must then be derivatized, 
either off-line or on-line, pre- or post-column, to form new materials 
with EC detection properties vastly different than the starting, un-
derivatized analyte (127-131). There are some serious disadvantages 
in the use of off - l i n e , pre-column derivatizations for any type of 
detection i n HPLC, and i t i s generally accepted that on-line, post-
column approaches should be used whenever possible and necessary 0 

Indeed, various commercial post-column reactors are now on the market 
for performing automated, on-line, real-time, continuous chemical 
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derivatizations in HPLC, especially with UV or FL detection methods 
(132). Most of the already described derivatizations for LCEC; however, 
have utili z e d off-line approaches, generally pre-column, and there 
have been serious disadvantages in a l l such approaches/schemes. 

To try and overcome this apparent deficiency in derivatizations 
for LCEC, and realizing that post-column derivatization methods are 
d i f f i c u l t in LCEC using chemical approaches, we have now developed a 
quite useful and practical photolysis or photohydrolysis approach in 
LCEC (133-136). Figure 6 illustrates the basic HPLC-hv-EC apparatus in 
operation, wherein the analytes eluting from the HPLC column are 
individually passed around a medium pressure, broad spectrum mercury 
discharge lamp immersed in ice-water or a low temperature water bath. 
Species that have photolytic or photohydrolytic properties are rapidly 
and often very effici e n t l y converted into new products, perhaps stable 
inorganic or organic anions, such as n i t r i t e , benzoate, etc., and 
these are then passed into the f i n a l EC detector. Though, in principle, 
i t should now be possible to use both reductive and oxidative EC 
methods, we have generall
oxidative techniques, as
Depending on the particular starting analyte, one or more than one 
photoproduct may be formed, and each of these could have different EC 
detector properties. Optimization of the system involves determining 
the best (longest) residence time for each analyte in the irradiator 
Teflon c o i l or mesh, ideal salt and i t s concentration in the mobile 
phase, mobile phase solvents compatible with hv-EC requirements and 
HPLC separations desired for particular analytes, and f i n a l l y , EC 
detector electrode materials, working potentials, single or dual 
(parallel or series) arrangements, etc. Once a l l of the various instru
mental requirements are met and compatible, the HPLC-hv-EC system 
can be operated routinely for extended periods of time, often with 
automated sample injection and data collection. The only limitation 
that we have found to date, after several years of operation, has to 
do with the fact that the Teflon irradiator tubing tends to harden 
with time and crack. This necessitates i t s replacement, perhaps every 
six months, depending on how long and often i t has been used. We have 
developed a certain woven mesh arrangement for this Teflon irradiator 
tubing, which removes most effective dead volume or system variance 
due to the post-column photolysis system. This i s quite similar in 
design to that described earlier by Halasz, Englehardt and Neue, and 
others for post-column chemical derivatiztions, on-line in HPLC. 
Peak shape i s quite similar to any HPLC-UV peak, and overall post-
column variance is l i t t l e more than without the entire irradiator 
in-line between the HPLC column and EC detector entrance (10%). 

This newer analytical approach could effectively replace any 
need for reductive LCEC in the future, since i t appears that most 
compounds already studied by reductive means can now be done by 
oxidative HPLC-hv-EC methods as well. This has included compounds 
such as: 1) organic nitro derivatives, C-nitro, 0-nitro, N-nitro, etc.; 
2) N-nitroso compounds, such as N-nitrosamines, N-nitroso amino acids, 
etc.; 3) organothiophosphates, such as malathion, parathion, ethion, 
etc.; 4) aromatic esters and amides, such as benzamide, vitamin B^, 
alkyl benzoates, etc.; 5) beta-lactams, such as penicillins and 
cephalosporins; 6) mycotoxins, such as vomitoxin or deoxynivalenol; 
8) drugs such as chlordiazepoxide, barbiturates, cocaine, and others. 
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We believe that many other classes of compounds w i l l be shown to be 
suitable analytes for these approaches, and that MDLs w i l l be, as they 
have been for most of the above compounds, in the low ppb ranges 
(1-50 ppb or below). In those instances where particular analytes are 
already amenable to oxidative LCEC, without post-column photolysis, 
confirmative evidence for their presence can be obtained by HPLC-hv-EC. 
That i s , the dual electrode response ratios for these compounds with 
and without irradiation are almost always very different, depending 
on the particular starting analyte. Also, the optimum working electrode 
potentials with and without irradiation post-column are also very 
different, providing further confirmation p o s s i b i l i t i e s . We have demon
strated for many compounds additional confirmation via the dual 
electrode response ratios possible with and without irradiation, using 
the same electrode working potentials or different sets of these. 

Though not yet commercially available, many suppliers offer 
irradiation units suitable for this type of post-column photolysis, 
which only requires the preparation of the Teflon mesh, but even that 
i s already commercially availabl
Various publications hav
irradiator, and we have summarized such approaches i n our own recent 
publications (133-136). A separate paper w i l l shortly be published 
dealing with precisely how to weave this type of post-column irradia
tor, and that should provide sufficient details for anyone to repro
duce what we have already done in HPLC-hv-EC (137). In the interim, 
the excellent work of Engelhardt and Neue, as well as that of Kratos 
Instruments, should be consulted for further details (138). Any 
commercially available HPLC system and EC detector can, in principle, 
be used in HPLC-hv-EC with this approach, and the entire system can 
be constructed within one single day, i f desired. It is easy to learn, 
easy to construct, easy to operate, and easy to apply to new samples 
and analytical problems. At the moment, we are investigating a wide 
variety of l i c i t and i l l i c i t drugs, including many barbiturates, and 
other drugs of abuse. These results are most encouraging and exciting 
(137). Similarly, we have evidence-at-hand that many organohalogen 
compounds, including organobromines, organoiodines, and possibly 
organochlorines, w i l l a l l be suitable substrates for HPLC-hv-EC 
methods (139). That could provide the HPLC analyst, at last, with true 
halogen selective detection methods, especially via the use of dual 
electrode response ratios and different working electrode surface 
materials. This work is only now in progress, but already we have 
sufficient evidence to indicate that a l l organoiodine and organo-
bromine compounds should be suitable substrates in HPLC-hv-EC. It i s 
our hope and intention that these newer methods of trace organic and 
inorganic analysis w i l l be adopted by many other analysts and labs, 
and that they w i l l become standard analytical approaches in the very 
near future. 

The Photoconductivity Detector in HPLC (HPLC-PCD) 

This i s a detection approach that has been described in the l i t e r a 
ture for several years, i s already commercially available from Tracor 
Instruments Corp. (Austin, Texas), and has been applied to various 
classes of compounds (140-143). The detection of non-ionic compounds 
by electrolytic conductivity depends on the conversion of the original 
compound to ionic species which, when dissolved in an aqueous electro-
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lyte, increases the conductivity of that f i n a l electrolyte. It has 
long been known that halogenated compounds, organohalogens, such as 
many of the commonly used pesticides, are photolytically degraded to 
form halogen acids and other products. The photoconductivity detector 
(PCD) u t i l i z e s the increased conductance of the mobile phase electro
lyte which results from the formation of halogen acids when halogenated 
compounds are exposed to UV light. Not only halogenated compounds, but 
also compounds such as N-nitrosamines, N-nitro derivatives, organo-
thiophosphates (malathion, parathion, etc.), sulfonamides, and a wide 
variety of drugs, are a l l suitable analytes in HPLC-PCD methods. 
Figure 7 illustrates a block diagram of the various parts that make-up 
a commercial photoconductivity detector in HPLC-PCD operation (142). 
In many ways, and perhaps this i s why we have included this novel and 
selective detector in this review, the PCD resembles the above dis
cussed HPLC-hv-EC approach. The HPLC-hv-EC or photoelectroanalyzer 
detection scheme ut i l i z e s the exact same photolysis step post-column, 
continuous, real-time, on-line, and then passes the newly generated 
anions or other photoproduct
The PCD does the same thing
selective conductivity measurement approach, which perhaps provides 
much less analyte selectivity and information than the photoelectro
analyzer approach. Nevertheless, the PCD has found relative acceptance 
and u t i l i t y , although the number of papers describing i t s applications 
and usefulness are somewhat limited in number. The HPLC mobile phase 
requirements for the PCD are probably very similar to those for the 
HPLC-hv-EC method, in that mobile phase constituents should not cause 
excessively high background noise levels on the conductivity detector. 
These same constituents must also not undergo any photolytic process 
that could convert them to newer materials then having conductance 
properties above the original mobile phase constituents or analytes. 
Virtually any HPLC system is compatible with the PCD, though as with 
any detector, pressure fluctuations should always be minimized as 
much as practical in order to reduce overall noise levels. 

As with the photoelectroanalyzer, the PCD is not compatible with 
most normal phase solvents or separations, and thus both methods must 
be used with aqueous based mobile phases in reversed phase HPLC. Both 
are on-line, real-time, and continuous processes, and both can be used 
for long periods of time with high overall reproducibility, accuracy, 
and precision. It has always appeared strange that the PCD has never 
become as popular as i t could or should be, and we believe that this 
has been due to a lack of promotion, publications, presentations, and 
vis i b l y good applications of general and widespread interest. Basic
al l y , i t has appeared that the manufacturer has not promoted i t s own 
product, and though they have often presented papers at scie n t i f i c 
meetings, notably the various Pittsburgh Conferences, formal publica
tions in a large number of different journals have been somewhat lack
ing. The PCD has always been a potentially useful and very practical 
detector in HPLC, but i t has been treated, or so i t would seem, like 
an orphan of the manufacturer. Hopefully, this unfortunate state-of-
affairs w i l l soon change, or else the PCD w i l l fade from the market
place and disappear altogether. 

A New Photoelectrochemical Detector for HPLC and FIA (HPLC-PED) 

The earlier work with the photoelectroanalyzer system, HPLC-hv-EC, led 
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us quite naturally to consider placing the light directly within the 
EC c e l l , and onto the working electrode surface (144, 145)· The idea 
of using electrochemistry to measure or monitor photochemical products, 
intermediates, or processes, has been suggested and attempts described 
for several years (146-156). Most modern texts on electroanalytical 
chemistry have at least a small section dealing with photoelectro-
chemistry, though there are many variations on this term. What we mean 
here i s the use of photochemistry or light to generate new species 
having different electrochemical properties for detection than the 
original, unphotolyzed compound/analyte. Though others have used this 
approach in solution, using rotating ring-disk electrodes and other 
approaches, i t is now f e l t that they were looking at ground-state 
intermediates or photoproducts of the photolysis reaction. It seems 
unlikely in view of their experimental systems that they were ever 
studying the electrochemical properties of electronically promoted 
excited states, such as singlets or t r i p l e t s . Though that earlier work 
may s t i l l stand on i t s own, i t seems to bear l i t t l e relation or resem
blance to that which we ar
We should point out, in
numerous publications attest to the impossibility of electrochemically 
detecting, by conventional oxidative or reductive techniques, any 
short-lived, electronically promoted excited states generated photo-
chemically, such as singlets or t r i p l e t s . Our- approach, Figure 8, 
ut i l i z e s a high intensity, broad spectrum, mercury or xenon/mercury 
discharge lamp that produces a light beam of high intensity that is 
then focused and directed through the top-half of a two part, thin-
layer, flow-through amperometric transducer c e l l sold commercially 
for more conventional LCEC applications and studies (Bioanalytical 
Systems, Inc., West Lafayette, Indiana). The light beam then impinges 
through a quartz window cemented into the top half (auxiliary 
electrode) of this two part c e l l * directly onto the working electrode 
surface operated at any desired oxidative or reductive potential. 
Single or dual, series or parallel arrangements of the c e l l can be 
used, with various working potentials and materials, such as glassy 
carbon, gold/mercury, platinu, or s i l v e r . In the dual electrode 
configuration, these could be of the same or different materials, 
one or both could be irradiated, they could be operated at the same 
or different working potentials. A l l of these conditions, as well as 
changing the wavelength of light used, increase the overall possible 
selectivities available for any given analyte amenable to PED detec
tion (145). Mobile phase requirements are very similar to those 
needed for successful LCEC, salts and solvents that have no EC 
properties, and no photolytic products derived from these constituents 
that would then have their own unique EC properties either. Any 
conventional, commercial HPLC system i s compatible with the PED, again 
requiring relatively pulseless solvent delivery, and the mobile 
phase must be thoroughly degassed of dissolved oxygen. This i s now 
possible via many techniques, but the simplest is surely the use of 
a zinc (granular) oxygen scrubber placed on-line, just prior to the 
sample injection valve in the HPLC system. A l l parts of the HPLC-PED 
system must then be stainless steel, so that no oxygen from the air 
can redissolve in the mobile phase after i s has passed the injection 
valve stage (157). The light source must be contained in a black box 
to protect laboratory workers, and the EC c e l l should be contained in 
a small Faraday cage to reduce background noise levels and spikes. 
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This use of a thin-layer, flow-through, amperometrie EC c e l l to 
generate, in situ, new electrochemically active species appears very 
different from the work of Weber and colleagues (148, 149). That work 
used a light beam that passed right across the surface of the working 
electrode in a wall-jet configuration, but never impinged directly on
to the surface at 90 angles. Our own approach puts the light directly 
onto the working electrode surface at 90°, there i s no question that 
the surface is undergoing irradiation at a l l times. As the individual 
HPLC analytes elute from the HPLC column into the PED c e l l , they are 
irradiated, presumably at the working electrode surface or just above 
this, and something is produced that then has i t s own unique EC 
properties. None of the compounds in Table III, which i s but a partial 
l i s t of those compounds already shown responsive under PED conditions, 
have their own EC responses with the lamp off, except for 2-cyclohexen-
1-one, a somewhat special case. None of the known solution photo-
products of the other compounds in Table III having PED responses with 
the lamp on, have been found to have any EC responses under these 
particular operating condition
that something formed betwee
ground state product(s) is responsible for the PED responses being 
seen. That could be a singlet excited state, a t r i p l e t excited state, 
a ground-state free radical derived from the singlet or tr i p l e t after 
a hydrogen abstraction reaction with the hydrogen donating alcohol 
solvent, or a radical anion ground-state intermediate leading to the 
observed f i n a l photoreduced products of these ketones and aldehydes. 
Numerous experiments are s t i l l needed to conclusively prove the 
actual mechanism operative in PED operation. We are acutely aware, 
indeed painfully aware after certain recent sc i e n t i f i c meetings and 
presentations, that on both experimental and theoretical grounds, i t 
should be impossible to electrochemically detect a short-lived, 
electronically excited (promoted) singlet or t r i p l e t species. Virtually 
a l l carbonyl ketones and aldehydes exhibit varying responses on the 
PED, and MDLs for many of these compounds are equal to or better than 
the best HPLC-UV conditions. Many compounds that are very poor UV 
responders appear to have quite usable and practical MDLs via PED. 

The PED therefore appears to be a quite sensitive (low ppb) and 
selective detector that could prove quite useful for many carbonyl 
derivatives, especially ketones and aldehydes. Together with dual 
electrode approaches, as suggested above, analyte selectivity appears 
unique for the compounds amenable to PED. A number of standard 
chromatograms have already been obtained for mixtures of carbonyls, 
and actual applications with practical samples are now being developed 
(158). It i s expected that a number of publications in the coming 
years w i l l more fu l l y describe and depict the PED, as well as what i t 
can be applied for and what unique approaches i t may offer the trace 
analyst. A l l of this is in addition, of course, to the rather exciting 
idea of perhaps using electrochemistry to characterize and describe 
and better understand photοchemically promoted, electronically excited 
states derived from promotion of a ground-state electron into a non-
bonding orbital (η-Pi*). Even i f i t turns out that electrochemistry 
cannot be used to detect or characterize electronically excited, 
short-lived species, the PED w i l l s t i l l have i t s own interest as far 
as what i t can be used for in HPLC/FIA applications in trace analyti
cal chemistry. 
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Table III. Some Organic Compound Responses in FIA-PED* 

Organic Compound 
p p

HPLC mobile phase no no 
Acetone no yes 
2-Cyc1ohexen-1-one yes yes 
Acetophenone no yes 
2,3-Butanedione no yes 
Cinnamaldehyde no yes 
Mesityl oxide no no 
Benzaldehyde no yes 
Indanone no yes 
o-Aminobenzaldehyde no yes 
1,4-Cyclohexanedione no yes 
Fructose no no 
L-Alanyl-L-phenylalanine no no 

a. FIA-PED conditions used a mobile phase of 20%MeOH/80% HOH + OdM 
NaCl, flow rate of 0.8 ml/min, injection volumes 20ul, -0.6V 
(reductive) vs Ag/AgCl reference electrode, GC working electrode, 
photochemical lamp 500W Hg arc, lOmV f u l l scale EC attenuation. 

Source: Reproduced with permission from Ref. 144. Copyright 1984, 
BAS Press. 
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Conclusions and Future Advances in Selective and Sensitive Detectors 
for HPLC and FIA 

We have tried to depict some of the more recent advances in the devel
opment of new and potentially novel sensitive and selective detectors 
of use in HPLC and/or FIA. Our efforts and descriptions have been, 
in the main, limited to those areas of most familiarity and experience 
in our own research efforts. The development of new approaches to 
detection of organics and inorganics in chromatography or flow injec
tion must be guided by certain inherent, basic principles of selec
tion. These could be outlined as follows: 

1. The detector should meet an existing need in the analytical 
community, and provide detection limits, methods, and results 
having serious advantages over existing approaches. 

2. The detection approach should be widely applicable and usable 
by a very large number of analysts, and i t should find ready 
acceptance and u t i l i t

3. The detector shoul
purchase, easy t  operate, y , y , 
have a short warm-up time, and be modular in design so that i t 
w i l l f i t into any laboratory already having HPLC instruments 

4. The detection method should be both sensitive and selective, 
in order to find the widest application to real samples, and 
to provide a high degree of analyte identification and/or 
confirmation. 

5. The detection method should be quite different from a l l other 
existing approaches, that i s , i t should be truly novel and 
provide us with further understanding and knowledge in 
analytical chemistry. 

6. The detector should be compatible with both normal and rever
sed phase chromatography, nonaqueous and aqueous based solvents. 

To some extent, we have chosen to explore new and potentially 
novel detection areas, because they seemed to offer promise of unusual 
success, and at times, because they seemed to offer solutions to 
existing problems of pressing need and concern. Hopefully, these 
and other c r i t e r i a w i l l prevail in the future as well. 

What about the future? We have tried to indicate already some of 
the areas where we and others are continuing to develop detection 
approaches for HPLC and FIA, and how those developments might proceed 
in specific regards. What else i s there to be done in the future, 
aside from the use of lasers in optical detectors, which some of our 
colleagues are already developing or have successfully developed? 
Along the lines of the photoelectrochemical detector, we are toying 
with the possible uses of electrogenerated luminescence or HPLC/FIA, 
as a possible alternative to the now well-established chemiluminescence 
post-column detection methods described in recent years (158-164). 
Electrogenerated chemiluminescence i s very similar to photoelectro
chemical detection, in that we are using light and electrochemistry, 
but in reversed modes (146, 147). Whereas the PED uses light to gen
erate a new species that then has novel electrochemical properties for 
f i n a l detection, the ELD approach w i l l use electrochemistry to gene
rate new species that react with one another to generate luminescence, 
thereby decaying to neutral species. That luminescence could then be 
monitored by any suitable photomultiplier or monochromator. This 
approach would clearly be limited to those combinations of compounds 
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that are able to undergo electrochemical promotion or reduction and 
oxidation to produce two oppositely charge species in nearby proximity 
at the light output region of the flow-through c e l l . Whatever light 
were produded would then have to be collected, focused, collimated, 
and directed into the f i n a l light detector. It i s possible that i n 
direct or quenched electrogenerated luminescence, â  lji room tempera
ture phosphorescence in HPLC, could also be devised in the future. 
Though certainly a new detection approach in HPLC and FIA, having 
inherent novelty, i t i s questionable at this time i f i t w i l l have 
widespread applicability and acceptance for practical applications. 
However, in view of the current decided popularity and application 
of chemiluminescence detection in HPLC/FIA, the ELD method just might 
r i v a l this now established approach, at least for certain analytes. 
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Microcomputer-Assisted Retention Prediction in 
Reversed-Phase Liquid Chromatography 

Kiyokatsu Jinno and Kazuya Kawasaki 

School of Materials Science, Toyohashi University of Technology, Toyohashi 440, Japan 

A computer-assisted system for predicting retention of 
aromatic compounds
-phase liquid chromatography. The basic retention de
scriptions have been derived from the studies on quanti
tative structure-retention relationships. The system 
was constructed on a 16-bit microcomputer and then 
evaluated by comparing the retention data between 
measured and predicted values. The excellent agree
ment between both values were observed on an octadecyl
si l ica stationary phase with acetonitrile and methanol 
aqueous mobile phase systems. This system has been 
modified to give us the information for optimal separa
tion conditions in reversed-phase separation mode. The 
approach could also work well for any other reversed
-phase stationary phases such as octyl, phenyl and ethyl 
silicas. 

A l t h o u g h l i q u i d c h r o m a t o g r a p h y was d i s c o v e r e d a b o u t 80 y e a r s a g o , i t 
h a s b e e n w i d e l y u s e d a s a n e f f i c i e n t a n a l y t i c a l t e c h n i q u e s o n l y d u r i n g 
t h e l a s t d e c a d e . W i t h t h e d e v e l o p m e n t o f h i g h p e r f o r m a n c e l i q u i d 
c h r o m a t o g r a p h y ( L C ) , c o m p l e x m i x t u r e s c a n now b e r e a d i l y s e p a r a t e d 
i n t o t h e i r c o m p o n e n t s a n d t h e n a n a l y z e d q u a n t i t a t i v e l y a n d q u a l i t a 
t i v e l y . T h e r a p i d a s c e n t o f t h i s t e c h n i q u e i s one o f t h e m o s t i m p r e s 
s i v e p h e n o m e n a i n t h e h i s t o r y o f a n a l y t i c a l c h e m i s t r y . F u r t h e r m o r e , 
t h e u t i l i t y o f LC h a s b e e n c a t a l y z e d b y t h e d e v e l o p m e n t o f m o d e r n h i g h 
e f f i c i e n c y c o l u m n s , s e n s i t i v e a n d s p e c i f i c o n - l i n e d e t e c t i o n s y s t e m s , 
a n d m i c r o p r o c e s s o r s f o r i n s t r u m e n t o p e r a t i o n s , a s w e l l a s d a t a 
h a n d l i n g . H o w e v e r , t h e s e l e c t i o n o f s a t i s f a c t o r y s e p a r a t i o n c o n d i 
t i o n s i s s t i l l a m a j o r p r o b l e m i n L C . I n o r d e r t o s e t t h e b e s t s e p a 
r a t i o n c o n d i t i o n , a n a l y s t s g e n e r a l l y s u r v e y t h e i n f o r m a t i o n a b o u t i t 
f o r t h e i r r e s p e c t i v e p u r p o s e s i n many p u b l i s h e d a r t i c l e s , a n d t h e n 
f i n d t h e m o s t p r o m i s i n g c o m b i n a t i o n o f m o b i l e p h a s e a n d s t a t i o n a r y 
p h a s e . A f t e r t h a t , t r i a l a n d e r r o r e x p e r i m e n t s a r e p e r f o r m e d t o f i n d 
t h e b e s t o p t i m a l s e p a r a t i o n c o n d i t i o n f o r t h e i r p u r p o s e s . T h i s 
a p p r o a c h i s v e r y d i f f i c u l t a n d t i m e - c o n s u m i n g . A n i m p r o v e d a p p r o a c h 
i n v o l v e s s y s t e m a t i c o p t i m i z a t i o n w i t h t h e c o m p u t e r t e c h n i q u e s s u c h a s 

0097-6156/ 86/ 0297-0167$06.25/ 0 
© 1986 American Chemical Society 

In Chromatography and Separation Chemistry; Ahuja, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



168 C H R O M A T O G R A P H Y A N D SEPARATION C H E M I S T R Y 

"Window D i a g r a m " o r " S i m p l e x " m e t h o d s ( 1 - 5 ) . T h i s a p p r o a c h i s very -
u s e f u l t o g e t o p t i m a l s e p a r a t i o n c o n d i t i o n s ; h o w e v e r , i t h a s one m a j o r 
l i m i t a t i o n . I t n e c e s s i t a t e s a l l m a t e r i a l s o f i n t e r e s t b e a v a i l a b l e . 
I n p r a c t i c e , i t i s d i f f i c u l t t o a c h i e v e t h i s b e c a u s e s t a n d a r d m a t e r i 
a l s may n o t b e c o m m e r c i a l l y a v a i l a b l e o r a r e h i g h l y t o x i c a n d t h e r e 
f o r e c a n c r e a t e new p o l l u t i o n p r o b l e m s . T o o v e r c o m e t h i s d i s a d v a n t a g e , 
a n a l t e r n a t e a p p r o a c h h a s b e e n p r o p o s e d b y t h e a u t h o r s ( 6 - 1 0 ) . T h a t 
a t t e m p t i s r e t e n t i o n p r e d i c t i o n . I f r e t e n t i o n o f s o l u t e s c a n b e p r e 
d i c t e d a t a p p r o p r i a t e e x p e r i m e n t a l c o n d i t i o n , o p t i m i z a t i o n p r o c e d u r e 
c a n b e more e a s i l y a t t a i n e d i n a s h o r t t i m e . 

I n o r d e r t o p r e d i c t r e t e n t i o n o f a n y s o l u t e , a c l e a r u n d e r s t a n d i n g 
o f t h e r e t e n t i o n m e c h a n i s m i s n e e d e d . D u r i n g r e c e n t y e a r s , much 
e f f o r t h a s b e e n d i r e c t e d t o i n v e s t i g a t e t h e m e c h a n i s m o f s o l u t e r e t e n 
t i o n i n r e v e r s e d - p h a s e L C b o t h b y c h r o m a t o g r a p h y a n d / o r s p e c t r o s c o p y 
( 1 1 - 1 8 ) . A t p r e s e n t , " s o l v o p h o b i c t h e o r y " i n t r o d u c e d b y H o r v â t h e t 
a l . ( 1 9 - 2 1 ) i s g e n e r a l l y a c k n o w l e d g e d a s one o f t h e m o s t c o n s i s t e n t 
t h e o r i e s t o d e s c r i b e s o l u t e d i s t r i b u t i o n p h e n o m e n a i n r e v e r s e d - p h a s e 
L C . A c c o r d i n g t o t h i s e n t r o p i c a l l
b e a n t i c i p a t e d t h a t p h y s i c o c h e m i c a
s u r f a c e a r e a , i t s p a r t i t i o n c o e f f i c i e n t b e t w e e n two i m m i s c i b l e p h a s e s 
a n d i t s a q u e o u s s o l u b i l i t y may c o r r e l a t e w i t h t h e r e t e n t i o n i n r e v e r 
s e d - p h a s e L C . I n p r a c t i c e , s u c h c o r r e l a t i o n s b e t w e e n r e t e n t i o n a n d 
p h y s i c o c h e m i c a l p a r a m e t e r s e x i s t a n d some o f t h e s e p a r a m e t e r s h a v e 
b e e n d e t e r m i n e d b a s e d o n t h o s e r e l a t i o n s h i p s . F o r e x a m p l e , a g r e a t 
d e a l o f e f f o r t h a v e b e e n made t o u s e r e v e r s e d - p h a s e L C a s t h e m o s t 
p r o m i s i n g m e t h o d f o r t h e d e t e r m i n a t i o n o f l o g a r i t h m o f p a r t i t i o n c o e f 
f i c i e n t o f a compound i n 1 - o c t a n o l / w a t e r s y s t e m w h i c h i s a g o o d 
m e a s u r e o f i t s h y d r o p h o b i c i t y : t h i s i s a n i m p o r t a n t p a r a m e t e r i n q u a n 
t i t a t i v e s t r u c t u r e - a c t i v i t y r e l a t i o n s h i p s (QSAR) ( 2 2 - 2 8 ) . T h i s i d e a 
i n QSAR c a n b e a p p l i e d t o p r e d i c t r e t e n t i o n i n r e v e r s e d - p h a s e L C . 

T h a t i s t o s a y , p r e d i c t i o n o f r e t e n t i o n i n r e v e r s e d - p h a s e L C c a n 
b e m a d e , b a s e d o n t h e p r e m i s e t h a t r e l a t i o n s h i p s e x i s t b e t w e e n t h e 
p h y s i c o c h e m i c a l p a r a m e t e r s r e p r e s e n t i n g t h e m o l e c u l a r p r o p e r t i e s o f 
t h e s o l u t e s u c h a s s t r u c t u r e , s h a p e a n d / o r e l e c t r o n i c s t a t e s e t c . , a n d 
i t s r e t e n t i o n , i f s u c h p a r a m e t e r s a r e a v a i l a b l e . T h e b a s i c c o n c e p t i s 
shown i n e q u a t i o n - 1 : 

k 1 = f ( P i ) (1) 

w h e r e k 1 i s a c a p a c i t y f a c t o r o f a s o l u t e d e f i n e d a s k 1 = ( t r - t 0 ) / t 0 , 
i n w h i c h t r i s t h e r e t e n t i o n t i m e o f i t a n d t Q i s t h e c o l u m n v o i d - t i m e 
a n d i s p h y s i c o c h e m i c a l p a r a m e t e r s o f t h e s o l u t e . S u c h a p p r o a c h h a s 
b e e n named a s q u a n t i t a t i v e s t r u c t u r e - r e t e n t i o n r e l a t i o n s h i p s (QSRR) b y 
H o r v â t h e t a l . ( 2 9 ) . B a s e d o n t h e QSRR s t u d i e s , o n e w i l l b e a b l e t o 
d e r i v e e q u a t i o n s s u c h a s e q u a t i o n - 1 i n v a r i o u s r e v e r s e d - p h a s e L C 
s y s t e m s . A n d t h e n , b y u s i n g t h e e q u a t i o n o b t a i n e d , r e t e n t i o n o f 
s o l u t e s c a n b e p r e d i c t e d . 

I n t h i s c o n t r i b u t i o n , we w i l l d e s c r i b e t h e b a s i c a p p r o a c h t o c o n 
s t r u c t t h e r e t e n t i o n p r e d i c t i o n s y s t e m i n r e v e r s e d - p h a s e LC f o r a l k y l -
b e n z e n e s , p o l y c y c l i c a r o m a t i c h y d r o c a r b o n s (PAHs) a n d p o l a r g r o u p s u b 
s t i t u t e d b e n z e n e s , b a s e d o n t h e u s e o f s u c h e s t a b l i s h e d r e l a t i o n s h i p s 
b e t w e e n r e t e n t i o n a n d p h y s i c o c h e m i c a l p a r a m e t e r s o f t h e s e c o m p o u n d s . 
T h e s y s t e m h a s b e e n c o n s t r u c t e d on a 1 6 - b i t m i c r o c o m p u t e r , a n d t h e 
a p p l i c a t i o n f o r o p t i m i z a t i o n o f s e p a r a t i o n c o n d i t i o n s w i l l b e d e m o n 
s t r a t e d . 
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E x p e r i m e n t a l 

T h e l i q u i d c h r o m a t o g r a p h i c s y s t e m u s e d c o n s i s t e d o f a M i c r o f e e d e r M F -
2 (Azuma E l e c t r i c , C o . , L t d . , T o k y o , J a p a n ) a s t h e pump a n d a U v i d e c -
1 0 0 I I I u l t r a v i o l e t s p e c t r o m e t e r ( J a s c o , T o k y o , J a p a n ) a s t h e d e t e c t o r 
s e t a t 210 nm a n d / o r 260 n m . T h e c o l u m n s w e r e p l a c e d i n a K o m a t s u DW 
620 ( T o k y o , J a p a n ) t h e r m o s t a t k e p t a t 20 + 0 . 1 ° C . 

F o u r r e v e r s e d - p h a s e c o l u m n s ( P T F E t u b i n g s o f 0 . 5 mm i . d . χ 12 cm 
l o n g ) w e r e p r e p a r e d b y t h e s l u r r y t e c h n i q u e ; (1 ) J a s c o F i n e S I L C18 (5 

u r n ) , (2 ) D e v e l o s i l C8 (5 urn, Nomura C h e m i c a l s , S e t o , J a p a n ) , (3 ) D e -
v e l o s i l C - p h e n y l (10 jmm, C p ) a n d (4) J a s c o F i n e S I L C2 (10 urn) . 

T h e m o b i l e p h a s e s c o n s i s t e d o f HPLC g r a d e a c e t o n i t r i l e a n d 
m e t h a n o l p u r c h a s e d f r o m K a n t o C h e m i c a l s ( T o k y o , J a p a n ) a n d p u r i f i e d 
w a t e r . A l l o f t e s t s u b s t a n c e s w e r e c o m m e r c i a l l y a v a i l a b l e f r o m many 
s o u r c e s . T h e f l o w r a t e o f t h e m o b i l e p h a s e was a l w a y s 4 u L / m i n . 
P r i o r t o t h e m e a s u r e m e n t s t h e c o l u m n s w e r e e q u i l i b r a t e d w i t h e a c h 
m o b i l e p h a s e u n t i l a c o n s t a n t v a l u e was o b t a i n e d f o r t h e r e t e n t i o n o f 
t h e t e s t s u b s t a n c e . T h
e a c h m o b i l e p h a s e , i n a
m i l l i o n ( p p m ) . I f a s o l u t e was n o t e a s i l y s o l u b l e i n t h e m o b i l e 
p h a s e , i t was d i s s o l v e d i n p u r e a c e t o n i t r i l e o r m e t h a n o l d e p e n d i n g o n 
t h e m o b i l e p h a s e i n u s e . 

T h e r e h a v e b e e n a n u m b e r o f p u b l i c a t i o n s o n d e t e r m i n a t i o n o f 
c o l u m n v o i d - v o l u m e ( 3 0 - 3 5 ) a n d t h i s s u b j e c t i s s t i l l o n e o f t h e h o t 
t o p i c s i n L C . F r o m o u r k n o w l e d g e a n d b a s i c s t u d y o n t h i s s u b j e c t ( 3 6 , 
3 7 ) , we d e c i d e d s o d i u m n i t r i t e a n d s o d i u m n i t r a t e a r e g o o d s o l u t e s 
t o m e a s u r e c o l u m n v o i d - t i m e i n r e v e r s e d - p h a s e L C . T h e r e f o r e , t h e 
e l u t i o n t i m e o f s o d i u m n i t r i t e was u s e d a s t 0 i n t h i s w o r k . I t s c o n 
c e n t r a t i o n u s e d was c . a . 100 ppm i n e a c h m o b i l e p h a s e . 

A l l m e a s u r e m e n t s o f c a p a c i t y f a c t o r s f o r a r o m a t i c compounds w i t h 
v a r i o u s L C s y s t e m s w e r e made a t l e a s t i n t r i p l i c a t e s . T h e a v e r a g e 
r e p r o d u c i b i l i t y o f e a c h r u n was b e t t e r t h a n 1 .0 % r e l a t i v e s t a n d a r d 
d e v i a t i o n . 

M u l t i p l e r e g r e s s i o n a n a l y s e s w e r e p e r f o r m e d b y t h e u s e o f aMELCOM 
800 c o m p u t e r ( M i t s u b i s h i E l e c t r i c , C o . , L t d . , O s a k a , J a p a n ) . T h e 
c o m p u t e r s y s t e m f o r r e t e n t i o n p r e d i c t i o n was a 1 6 - b i t m i c r o c o m p u t e r 
NEC 9801 ( N i p p o n E l e c t r i c , C o . , L t d . , T o k y o , J a p a n ) , a n d t h e p r o g r a m s 
w e r e w r i t t e n i n B A S I C l a n g u a g e . 

R e s u l t s a n d D i s c u s s i o n 

I n t h e p r e s e n t s t u d y , t h e c a p a c i t y f a c t o r v a l u e s o f 20 a l k y l b e n z e n e s , 
18 PAHs a n d 28 p o l a r g r o u p s s u b s t i t u t e d b e n z e n e s w e r e d e t e r m i n e d o n 
t h e f o u r r e v e r s e d - p h a s e c o l u m n s w i t h m o b i l e p h a s e s o f m e t h a n o l - w a t e r 
a n d a c e t o n i t r i l e - w a t e r . 

I n o r d e r t o e s t a b l i s h t h e r e l a t i o n s h i p s b e t w e e n r e t e n t i o n a n d 
v a r i o u s p h y s i c o c h e m i c a l p a r a m e t e r s , h e r e we c a l l " d e s c r i p t o r s " , a s 
d e s c r i b i n g t h e f e a t u r e s o f m o l e c u l a r p r o p e r t i e s o f a s o l u t e , t h e 
f o l l o w i n g s w e r e s e l e c t e d : 
l o g Ρ ; i t i s t h e l o g a r i t h m o f t h e p a r t i t i o n c o e f f i c i e n t i n 1 - o c t a n o l / 

w a t e r a n d t h e m e a s u r e o f t h e h y d r o p h o b i c i t y o f a m o l e c u l e ( 3 8 ) . 
π ; i t i s t h e h y d r o p h o b i c s u b s t i t u e n t c o n s t a n t a s t h e m e a s u r e o f 

t h e h y d r o p h o b i c i t y o f t h e s u b s t i t u t e d g r o u p i n a m o l e c u l e ( 3 9 ) . 
V w , A w ; t h e y a r e c a l c u l a t e d f r o m t h e v a n d e r W a a l s r a d i i o f t h e a t o m s 

c o m p o s i n g a m o l e c u l e ( 4 0 ) . V w i s t h e v a n d e r W a a l s v o l u m e a n d 
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A w i s t h e v a n d e r W a a l s s u r f a c e a r e a . 
F c ; c o r r e l a t i o n f a c t o r , F c i s c a l c u l a t e d a s F c = ( n u m b e r o f d o u b l e 

b o n d s ) + (number o f p r i m a r y a n d s e c o n d a r y c a r b o n s ) - 0 . 5 f o r 
n o n - a r o m a t i c r i n g ( 4 1 , 4 2 ) . 

σ η ; H a m m e t t ' s c o n s t a n t . 
H A , H D ; t h e y a r e p a r a m e t e r s s h o w i n g t h e e x t e n t o f s u b s t i t u t e d g r o u p s ; 

HA i s e q u a l t o t h e n u m b e r o f h y d r o g e n a c c e p t o r g r o u p s a n d HD 
i s e q u a l t o t h e n u m b e r o f h y d r o g e n d o n a r g r o u p s i n a m o l e c u l e 
( 3 9 ) . 

F r o m t h e b a s i c s t u d i e s o n QSRR f o r a l k y l b e n z e n e s , PAHs a n d p o l a r 
g r o u p s s u b s t i t u t e d b e n z e n e s , t h e d e s c r i p t o r s s t a t i n g a s f o l l o w s a r e 
h i g h l y p r o m i s i n g t o d e s c r i b e t h e r e t e n t i o n i n r e v e r s e d - p h a s e L C w i t h 
t h e f o u r d i f f e r e n t s t a t i o n a r y p h a s e s : f o r a l k y l b e n z e n e s a n d P A H s , F c 

a n d l o g Ρ a r e g o o d d e s c r i p t o r s f o r d e s c r i b i n g t h e i r r e t e n t i o n w i t h 
C18 a n d Cp c o l u m n s , a n d A w a n d l o g Ρ w i t h C8 a n d C2 c o l u m n s , r e s p e c t 
i v e l y . F o r s u b s t i t u t e d b e n z e n e s e x c e p t p h e n o l ' s , π a n d ( H A - H D ) a r e 
g o o d d e s c r i p t o r s . I n t h i s i n s t a n c e , ( H A - H D ) i n d i c a t e s t h e h y d r o g e n 
a c c e p t i n g a b i l i t y o f t h e
g o o d d e s c r i p t o r s w i t h t h
e q u a t i o n s l i s t e d i n T a b l e I w e r e o b t a i n e d b y t h e m u l t i p l e r e g r e s s i o n 
a n a l y s e s f o r r e t e n t i o n d e s c r i p t i o n o f a r o m a t i c c o m p o u n d s . T h e e q u a 
t i o n s a r e o n l y t h e r e t e n t i o n d e s c r i p t i o n s a t t h e f i x e d m o b i l e p h a s e 
c o m p o s i t i o n s , h o w e v e r . 

T o g e n e r a l i z e t h e r e t e n t i o n d e s c r i p t i o n s f o r η d i f f e r e n t m o b i l e 
p h a s e c o m p o s i t i o n s , t h e f o l l o w i n g η e q u a t i o n s s h o u l d b e o b t a i n e d b y 
t h e same p r o c e d u r e s w i t h m u l t i p l e r e g r e s s i o n a n a l y s i s . T h e r e l a t i o n 
s h i p f o r e a c h c o m p o u n d ' s g r o u p a n d s y s t e m c a n b e d e s c r i b e d i n t h e 
g e n e r a l f o r m a s f o l l o w s : 

X = X 1 l o g k 1 = a i P i + b i P 2 + c ^ 

X = X 2 l o g k ' = a 2 P i + b 2 P 2 + c 2 

X = X n l o g k» = a n P i + b n P 2 + c n ( 2 · ) 

w h e r e X i s t h e v o l u m e f r a c t i o n o f o r g a n i c m o d i f i e r i n t h e m o b i l e p h a s e 
a n d a a n d b a r e t h e c o e f f i c i e n t s c o r r e s p o n d i n g d e s c r i p t o r s , Ρ χ a n d P 2 , 
r e s p e c t i v e l y a n d c i s t h e i n t e r c e p t , a n d η i s t h e n u m b e r o f e x a m i n e d 
e x p e r i m e n t a l c o n d i t i o n s . 

I f a , b a n d c c a n b e e x p r e s s e d a s f u n c t i o n s o f X , n a m e l y , i f X - a , 
X - b a n d X - c a r e h i g h l y c o r r e l a t e d , t h e f o l l o w i n g t h r e e e q u a t i o n s c a n 
b e o b t a i n e d b y t h e m u l t i p l e r e g r e s s i o n a n a l y s e s : 

a = f ! (X) = jjj diX1 (3 ) 

b = f 2 (X) = 1χ e ^ 1 (4 ) 

c = f 3 (X) = ix f j X * (5) 

w h e r e m i s t h e n u m b e r l e s s t h a n η a n d d ^ , e^ a n d f i a r e t h e c o e f f i 
c i e n t s c o r r e s p o n d i n g t o " i " p o w e r s o f X . I f s u c h e q u a t i o n s a s 3 , 4 
a n d 5 c a n b e d e r i v e d , t h e f o l l o w i n g e q u a t i o n - 6 w i l l b e o b t a i n e d f o r 
e a c h c o m p o u n d s ' g r o u p . 

l o g k ' = f 1 ( X ) P 1 + f 2 ( X ) P 2 + f 3 ( X ) (6) 

In Chromatography and Separation Chemistry; Ahuja, S.; 
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T a b l e I . R e t e n t i o n d e s c r i p t i o n s b y m u l t i - c o m b i n a t i o n o f two d e s c r i p 
t o r s f o r a r o m a t i c c o m p o u n d s , w h e r e t h e f o l l o w i n g r e l a t i o n 
s h i p i s a s s u m e d : 

l o g k 1 = a Ρλ + b P 2 + c (2 ) 

(a ) a l k y l b e n z e n e s a n d PAHs 

c o l u m n a n d m o b i l e phase*-*- P ^ P 2 a b c r * 2 

C18 A l o g Ρ F c 0 . 1 8 7 0 . 0 2 9 - 0 . 5 5 2 0 . 9 9 0 
C18 M l o g Ρ F c 0 . 2 3 0 0 . 0 5 6 - 0 . 8 4 7 0 . 9 8 9 
C8 A A w l o g Ρ 0 . 0 7 0 0 . 0 6 7 - 0 . 3 3 1 0 . 9 8 3 
C8 M A w l o g Ρ 0 . 1 0 7 0 . 0 9 5 - 0 . 6 3 4 0 . 9 8 9 
Cp A l o g Ρ F  0 . 2 3 5 - 0 . 0 2 2 - 0 . 2 1 3 0 . 9 9 5 
Cp M l o
C2 A A

Ç 2 M A w l o g Ρ 0 . 0 1 0 0 . 0 5 6 - 0 . 8 2 9 0 . 9 8 2 

(b) p o l a r g r o u p s s u b s t i t u t e d b e n z e n e s e x c e p t p h e n o l s 

c o l u m n a n d m o b i l e p h a s e P i p
2 a b c r 

C18 Â π (HA-HD) 0 . 1 3 6 - 0 . 0 4 9 - 0 . 0 0 7 0 . 9 5 9 
C18 Μ π (HA-HD) 0 . 1 3 0 - 0 . 0 4 8 - 0 . 0 5 0 0 . 9 2 5 
C8 Α π (HA-HD) 0 . 2 4 0 - 0 . 0 3 1 0 . 2 1 5 0 . 9 6 5 
C8 Μ π (HA-HD) 0 . 2 8 3 - 0 . 0 4 5 0 . 1 1 7 0 . 9 7 8 
Cp Α π (HA-HD) 0 . 1 7 8 - 0 . 0 2 5 0 . 2 2 2 0 . 9 7 6 
Cp Μ π (HA-HD) 0 . 1 9 1 0 . 0 0 5 0 . 1 0 6 0 . 9 8 2 
C2 Α π (HA-HD) 0 . 2 3 4 - 0 . 0 1 7 0 . 2 1 2 0 . 9 5 0 
C2 Μ π (HA-HD) 0 . 2 7 3 - 0 . 0 1 0 - 0 . 0 9 8 0 . 9 8 2 

( c ) p h e n o l s 

c o l u m n a n d m o b i l e p h a s e p i p 2 a D c r 

C18 Α π S * 3 0 . 1 8 2 0 . 1 8 2 - 0 . 3 6 8 0 . 9 5 2 
C18 Μ π S 0 . 1 6 6 0 . 1 7 5 - 0 . 3 4 3 0 . 9 7 4 
C8 Α π S 0 . 2 9 4 0 . 0 8 0 - 0 . 1 9 2 0 . 9 5 2 
C8 Μ π S 0 . 3 4 3 0 . 0 9 9 - 0 . 2 3 5 0 . 9 7 9 
Cp A π S 0 . 2 2 0 0 . 1 3 1 - 0 . 2 2 1 0 . 9 6 0 
Cp M π S 0 . 1 9 1 0 . 1 5 8 - 0 . 4 0 1 0 . 9 7 0 
C2 A π S 0 . 3 0 2 0 . 1 1 5 - 0 . 1 0 3 0 . 9 5 3 
C2 M π S 0 . 3 1 2 0 . 1 5 2 - 0 . 1 7 1 0 . 9 5 6 

*1 A : a c e t o n i t r i l e : w a t e r = 6 5 : 3 5 . 
M: m e t h a n o l : w a t e r = 7 5 : 2 5 . 

*2 r : c o r r e l a t i o n c o e f f i c i e n t . 

*3 S = πσ, ( 1 - π ) , 
h 
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T h i s e q u a t i o n means t h a t , i f X , t h e c o n c e n t r a t i o n o f o r g a n i c 
m o d i f i e r i n t h e m o b i l e p h a s e , a n d P ^ a n d P 2 , d e s c r i p t o r s o f a compound 
a r e g i v e n , t h e l o g a r i t h m o f t h e c a p a c i t y f a c t o r , l o g k ' c a n b e d e t e r 
m i n e d f o r a n y c h r o m a t o g r a p h i c c o n d i t i o n s . T h i s i s t h e b a s i c c o n c e p t 
o f t h e r e t e n t i o n p r e d i c t i o n s y s t e m i n v e s t i g a t e d i n t h i s s t u d y . 

T o s i m p l i f y t h e e x p l a n a t i o n , a n d a s t h e t y p i c a l e x a m p l e f o r 
c o n s t r u c t i n g t h e r e t e n t i o n p r e d i c t i o n s y s t e m , o n l y t h e c a s e o f t h e C 1 8 
c o l u m n h a s b e e n f o c u s e d i n t h e f o l l o w i n g d i s c u s s i o n s . 

T h e e q u a t i o n s o b t a i n e d a c t u a l l y b y t h e e x p e r i m e n t s f o r t h e C18 
c o l u m n a r e shown i n T a b l e I V , w h e r e t h e d a t a l i s t e d i n T a b l e I I a n d 
T a b l e I I I w e r e u s e d t o o b t a i n t h e m . G i v e n t h e e q u a t i o n s f o r t h e C18 
c o l u m n , i t i s p o s s i b l e t o p r e d i c t r e t e n t i o n o f a r o m a t i c c o m p o u n d s . 
Some c o m p o u n d s w e r e p r o b e d t o m e a s u r e t h e i r r e t e n t i o n a n d t h e m e a s u r e d 
c a p a c i t y f a c t o r s w e r e c o m p a r e d w i t h t h e v a l u e s p r e d i c t e d b y u s i n g t h e 
e q u a t i o n s i n T a b l e I V . I t c a n be f o u n d i n F i g u r e 1 t h a t p r e d i c t e d 
c a p a c i t y f a c t o r s f o r a l m o s t a l l compounds a g r e e w i t h t h e m e a s u r e d o n e s 
w i t h i n + 10 % r e l a t i v e e r r o r s . O f c o u r s e , t h i s f a i r l y g o o d a g r e e m e n t 
b e t w e e n m e a s u r e d a n d p r e d i c t e
c o l u m n s u g g e s t s t h a t i t s h o u l
o t h e r r e v e r s e d - p h a s e s s u c h a s C 8 , Cp a n d C2 c o l u m n s . 

A c c o r d i n g t o t h e a b o v e m e n t i o n e d p r o c e d u r e s , t h e c o m p u t e r -
a s s i s t e d r e t e n t i o n p r e d i c t i o n s y s t e m (RPS) f o r t h e C18 c o l u m n w a s c o n 
s t r u c t e d o n t h e 1 6 - b i t m i c r o c o m p u t e r . T h e f l o w - c h a r t o f t h i s f u n c t i o n 
o f RPS i s shown i n F i g u r e 2 . I n t h e u s e o f RPS a s t h e s y s t e m t o 
p r e d i c t r e t e n t i o n t i m e s o f s o l u t e s , t h e f o l l o w i n g d a t a a r e i n p u t w i t h 
t h e i n t e r a c t i v e s t y l e a f t e r a c c e s s i n g t h e f u n c t i o n o n t h e CRT o f t h e 
c o m p u t e r ; (1) t h e compound name o r t h e c h e m i c a l f o r m u l a o f i n t e r e s t i n g 
s o l u t e s , (2) e x p e r i m e n t a l c o n d i t i o n s ( m o b i l e p h a s e ( M ) , v o l u m e 
f r a c t i o n o f o r g a n i c m o d i f i e r i n t h e m o b i l e p h a s e ( X ) , f l o w r a t e o f 
t h e m o b i l e p h a s e ( F ) ) . 

When c o m p o u n d s ' names o r c h e m i c a l f o r m u l a s a r e i n p u t t o R P S , t h e 
c o m p u t e r c a l c u l a t e s s u i t a b l e d e s c r i p t o r s f o r t h e i n p u t c o m p o u n d s ' 
g r o u p s a n d t h e n c a p a c i t y f a c t o r s ( k ' ) f o r t h e s o l u t e s a t s e l e c t e d 
m o b i l e p h a s e c o m p o s i t i o n a r e p r e d i c t e d . 

F r o m t h e i n p u t v a l u e s o f F , t h e t h e o r e t i c a l p l a t e n u m b e r , Ν i s 
c a l c u l a t e d b y t h e r e l a t i o n s h i p - 7 a p p r o x i m a t e l y m o d i f i e d f o r t h e c o l u m n 
u s e d ( e x p e r i m e n t a l l y d e t e r m i n e d ) , t h o u g h g e n e r a l l y Ν i s a f u n c t i o n o f 
l i n e a r v e l o c i t y o f t h e m o b i l e p h a s e . 

Ν = 3482 F - 0 * 4 (7 ) 

T h e n , a c h r o m a t o g r a m , b a s e d o n t h e a s s u m p t i o n t h a t t h e p e a k b a n d i s 
G a u s s i a n , c a n b e d r a w n a c c o r d i n g t o t h e f o l l o w i n g e q u a t i o n - 8 ; 

y = 1 / 2 / ί Γ σ e x p ( - ( x - t r ) 2 / ( 2 σ 2 ) ) , σ = t r / / N , t r - 4 σ < x < t r + 4 σ 

(8) 
w h e r e χ a n d y r e p r e s e n t t i m e a n d p e a k i n t e n s i t y , r e s p e c t i v e l y , a n d 
i s t h e s t a n d a r d d e v i a t i o n o f t h e G a u s s i a n c u r v e c o r r e s p o n d i n g t o b a n d 
w i d t h , t w . 

T h e d i s t r i b u t i o n f u n c t i o n , y i n t h e e q u a t i o n - 8 i s n o r m a l i z e d i n 
s u c h a way t h a t / y d x i s e q u a l t o u n i t y . 

A n e x a m p l e t o d e m o n s t r a t e t h e p e r f o r m a n c e o f t h i s f u n c t i o n o r t h e 
p r o c e s s f o r t h e r e t e n t i o n p r e d i c t i o n i s shown i n F i g u r e 3 f o r s e p a r a 
t i o n o f a l k y l b e n z e n e s m i x t u r e . 
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T a b l e I I . C a p a c i t y f a c t o r v a l u e s a t v a r i o u s m o b i l e p h a s e c o m p o s i t i o n s . 

(a ) a c e t o n i t r i l e / w a t e r s y s t e m 

compound v o l u m e f r a c t i o n o f a c e t o n i t r i l e i n m o b i l e p h a s e 
0 . 70 0 . 6 5 0 . 6 0 0 . 5 0 0 . 4 0 0 . 30 

t o l u e n e 1 1 . 8 
e t h y l b e n z e n e 1 . 16 2 . 0 6 3 . 8 0 2 2 . 3 
t e r t - b u t y l b e n z e n e 6 . 5 4 
p - d i i s o p r o p y l b e n z e n e 2 . 43 5 . 3 7 1 3 . 1 
i n d a n 1, 32 2 . 3 5 4 . 4 8 
n a p h t h a l e n e 2 6 . 0 
a c e n a p h t h y l e n e 4 0 . 8 
a n t h r a c e n e 9 . 5 5 
b e n z o ( j ) f l u o r a n t h e n e 5 . 10 11 . 4 
a n i l i n e 
n i t r o b e n z e n e 
d i m e t h y l p h t h a l a t e 0 . 59 0 . 9 0 1 . 3 5 2 . 4 9 4 . 88 
o - n i t r o t o l u e n e 0 . 80 1 . 3 4 2 . 2 6 4 . 6 9 1 0 . 4 
p - c h l o r o a n i l i n e 1 . 0 2 1 . 5 2 2 . 7 8 5 . 33 
a - b r o m o - p - n i t r o t o l u e n e 0 . 82 1 . 4 8 2 . 7 4 6 . 4 0 1 6 . 1 
p - n i t r o p h e n o l 0 . 4 9 0 . 6 2 0 . 9 4 1 . 6 5 2 . 94 
p - m e t h o x y p h e n o l 0 . 4 2 0 . 5 2 0 . 7 1 1 . 0 7 1. 64 
p - h y d r o x y a c e t a n i l i d e 0 . 2 7 0 . 3 1 0 . 3 4 0 . 4 7 0 . 59 

(b) m e t h a n o l / w a t e r s y s t e m 

compound v o l u m e f r a c t i o n o f m e t h a n o l i n m o b i l e p h a s e 
0 . 7 0 0 . 7 0 0 . 6 0 0 . 5 0 0 . 4 0 

b e n z e n e 5 . 21 
e t h y l b e n z e n e 4 . 3 5 2 3 . 1 
m - e t h y l t o l u e n e 1 . 3 9 3 . 0 4 7 . 2 4 1 8 . 9 
1 , 2 , 3 - t r i m e t h y l b e n z e n e 1 7 . 2 
t e r t - b u t y l b e n z e n e 1 . 4 7 3 . 4 7 
i n d e n e 0 . 9 7 1 . 8 2 3 . 7 6 8 . 2 9 1 8 . 6 
n a p h t h a l e n e 1 1 . 9 3 0 . 9 
a c e n a p h t h e n e 10 . 4 2 9 . 8 
p y r e n e 29 . 2 
b e n z ( a O a n t h r a c e n e 5 . 0 4 1 6 . 2 
b e n z o ( j ) f l u o r a n t h e n e 7 . 2 6 2 5 . 0 
a n i s o l e 0 . 6 3 1 . 0 5 1 . 8 5 3 . 3 1 6 . 25 
d i m e t h y l b e n z e n e 0 . 5 0 0 . 7 7 1 . 2 4 2 . 2 8 4 . 29 
a - b r o m o a c e t o p h e n o n e 0 . 5 9 0 . 9 3 1 . 7 0 3 . 2 8 7 . 05 
p - c h l o r o a n i l i n e 0 . 5 7 0 . 9 0 1 . 4 6 2 . 6 2 4 . 93 
m - a m i n o a c e t o p h e n o n e 0 . 3 9 0 . 5 2 0 . 7 3 1 . 1 0 1 . 8 7 
p h e n o l 0 . 3 8 0 . 5 4 0 . 7 6 1 . 1 1 1 . 79 
m - e t h y l p h e n o l 0 . 5 5 0 . 8 8 1 . 5 5 2 . 9 7 6 . 18 
m - a m i n o p h e n o l 0 . 3 0 0 . 3 9 0 . 4 5 0 . 5 7 0 . 77 
p - a m i n o p h e n o l 0 . 7 9 1 . 0 0 1 . 0 4 1 . 3 2 1 . 82 
o - n i t r o p h e n o l 0 . 5 6 0 . 9 0 1 . 4 4 2 . 4 8 4 . 39 
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T a b l e I I I . R e s u l t s o f m u l t i p l e r e g r e s s i o n a n a l y s i s o f t h e c o r r e l a t i o n 
b e t w e e n l o g k ' , P ^ a n d P 2 . 

( a ) f o r a l k y l b e n z e n e s a n d P A H s , w h e r e P-ĵ  i s l o g Ρ a n d P 2 i s F c , 
r e s p e c t i v e l y . 

X m o b i l e p h a s e 
a c e t o n i t r i l e / w a t e r 

s y s t e m 
m e t h a n o l / w a t e r 

a b c r a b c r 
0 . 8 - -
0 . 7 0 . 0 9 6 0 . 0 7 3 
0 . 6 0 . 1 8 0 0 . 0 4 5 - 0 . 4 8 7 1 . 0 0 0 0 . 3 1 0 0 . 0 9 1 - 0 . 8 0 6 0 . 9 9 8 
0 . 5 0 . 2 5 3 0 . 0 3 8 - 0 . 4 2 0 0 . 9 9 9 0 . 3 3 0 0 . 1 0 8 - 0 . 5 7 8 0 . 9 9 7 
0 . 4 - - - - 0 . 3 6 9 0 . 1 5 4 - 0 . 5 3 8 0 . 9 9 5 
0 . 3 0 . 3 6 2 0 . 0 8 5 - 0 . 2 0 8 1 . 0 0 0 - - -

(b ) f o r p o l a r g r o u p s s u b s t i t u t e d b e n z e n e s e x c e p t p h e n o l s , w h e r e P ^ 
i s π a n d P 2 i s ( H A - H D ) , r e s p e c t i v e l y . 

X m o b i l e p h a s e s y s t e m 
a c e t o n i t r i l e / w a t e r m e t h a n o l / w a t e r 

a b c r a b c r 
0 . 8 - - - 0 . 1 0 8 - 0 . 0 5 5 - 0 . 1 6 4 0 . 9 5 8 
0 . 7 0 . 1 4 1 - 0 . 0 7 4 - 0 . 0 7 2 0 . 9 8 6 0 . 1 5 8 - 0 . 0 7 3 0 . 0 6 7 0 . 9 6 8 
0 . 6 0 . 2 1 2 - 0 . 0 8 2 0 . 1 4 4 0 . 9 7 6 0 . 2 1 2 - 0 . 0 8 8 0 . 3 2 5 0 . 9 4 9 
0 . 5 0 . 3 0 3 - 0 . 1 0 5 0 . 3 7 8 0 . 9 7 6 0 . 2 6 3 - 0 . 0 9 6 0 . 6 0 7 0 . 9 5 5 
0 . 4 0 . 4 2 7 - 0 . 1 3 4 0 . 7 0 3 0 . 9 8 6 0 . 2 9 7 - 0 . 1 0 5 0 . 9 1 1 0 . 9 3 2 
0 . 3 0 . 5 6 3 - 0 . 1 6 4 1 . 0 5 5 0 . 9 9 2 - - -

( c ) f o r p h e n o l s , w h e r e P ^ i s π a n d P 2 i s π σ ^ Ι - π ) , r e s p e c t i v e l y . 

X m o b i l e p h a s e s y s t e m 
a c e t o n i t r i l e / w a t e r m e t h a n o l / w a t e r 

a b c r a b c r 
0 . 8 - - - - 0 . 1 6 1 0 . 2 0 0 - 0 . 4 0 8 0 . 9 5 1 
0 . 7 - - - - 0 . 2 0 4 0 . 2 0 0 - 0 . 2 3 8 0 . 9 9 4 
0 . 6 5 0 . 1 5 6 0 . 1 8 0 - 0 . 4 0 1 0 . 9 5 9 - - - -
0 . 6 0 . 1 8 5 0 . 1 8 0 - 0 . 3 1 0 0 . 9 6 2 0 . 2 9 1 0 . 2 0 0 - 0 . 0 7 4 0 . 9 9 4 
0 . 5 0 . 2 8 2 0 . 1 8 0 - 0 . 1 7 3 0 . 9 7 5 0 . 3 6 1 0 . 2 0 0 0 . 1 2 7 0 . 9 9 2 
0 . 4 0 . 3 5 1 0 . 1 8 0 0 . 0 2 9 0 . 9 9 1 0 . 4 3 0 0 . 2 0 0 0 . 3 5 9 0 . 9 9 1 
0 . 3 0 . 4 5 4 0 . 1 8 0 0 . 2 2 7 0 . 9 9 5 - - - -
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F i g u r e 1 . R e l a t i o n s h i p s b e t w e e n p r e d i c t e d a n d o b s e r v e d k ' v a l u e s 
o n t h e C18 s t a t i o n a r y p h a s e . 
A : m o b i l e p h a s e ; a c e t o n i t r i l e : w a t e r = 65 : 35 
Β : m o b i l e p h a s e ; m e t h a n o l : w a t e r = 75 : 25 

R e p r o d u c e d w i t h p e r m i s s i o n f r o m R e f . 1 0 . C o p y r i g h t 1 9 8 4 , E l s e v i e r . 
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Q S T A R T J 

Column l e n g t h : L ( c o n s t ) 
V o i d volume : V e ( c o n s t ) 
T h e o r e t i c a l p l a t e number : N « f ( F ) 

Ζ Samp l e number : r. / 
Sample name / 

i « η 

C a l c u l a t i o n 

M o b i l e phase s e l e c t i o n t m 
Volume f r a c t i o n o f o r g a n i c m o d i f i e r 
i n t h e m o b i l e phase : X 
F l o w r a t e : F 

i « 0 

i - i • 1 I 

I 
1ος - f 1 ( M , X ) P 1 ( i ) • f 2 < M , X ) P 2 < i ) • f 3<M,X> 

P r e d i c t e d c a p a c i t y f a c t o r fc r e t e n t i o n t i m e 
S y n t h e s i z e d chromatogram 

F i g u r e 2 . F l o w - c h a r t f o r r e t e n t i o n p r e d i c t i o n i n r e v e r s e d - p h a s e 

L C . R e p r o d u c e d w i t h p e r m i s s i o n f r o m R e f . 1 0 . C o p y r i g h t 1 9 8 4 , 

E l s e v i e r . 
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I n t h i s e x a m p l e , t h e c h e m i c a l f o r m u l a s o f t h r e e a l k y l b e n z e n e s 
s u c h a s e t h y l b e n z e n e , t e r t - b u t y l b e n z e n e a n d p - d i i s o p r o p y l b e n z e n e a r e 
i n p u t i n RPS a n d t h e n t h e v o l u m e f r a c t i o n o f a c e t o n i t r i l e i n t h e 
m o b i l e p h a s e i s s e t t o 0 . 5 0 a n d t h e f l o w r a t e i s 4 μ ί ν π ι ΐ η . T h e c h r o 
m a t o g r a m s y n t h e s i z e d b y RPS a s shown i n F i g u r e 3 - ( a ) was c o m p a r e d w i t h 
t h a t o b t a i n e d b y t h e a c t u a l r u n a s shown i n F i g u r e 3 - ( b ) . T h e a g r e e 
ment b e t w e e n b o t h c h r o m a t o g r a m s i s e x c e l l e n t . T h i s r e s u l t i n d i c a t e s 
t h a t t h e s y s t e m p r o v i d e s u s e f u l i n f o r m a t i o n f o r s e p a r a t i o n c o n d i t i o n s . 

B y t h e u s e o f t h e m a i n f u n c t i o n o f RPS i t i s p o s s i b l e t o p r e d i c t 
r e t e n t i o n o f s o l u t e s u n d e r a n y s e t o f c o n d i t i o n s . T h i s f u n c t i o n w i l l 
a l l o w d e t e r m i n a t i o n o f o p t i m a l s e p a r a t i o n c o n d i t i o n s b y e v a l u a t i o n o f 
t h e s e p a r a t i o n s u n d e r v a r i o u s p o s s i b l e c o m b i n a t i o n s o f c h r o m a t o g r a p h i c 
p a r a m e t e r s . 

I n o r d e r t o e v a l u a t e t h e s e p a r a t i o n , we h a v e t o know how r e s o l u 
t i o n ( R s ) a n d a n a l y s i s t i m e ( T m ) v a r y w i t h e x p e r i m e n t a l p a r a m e t e r s 
s u c h a s F , k ' a n d N . 

R s f o r c l o s e l y s p a c e d b a n d s c a n b e d e r i v e d a s 

R s = 1 / 4 ( a / o - l ) ( k y ( l + k ' ) ) / N

w h e r e k £ a n d k ^ a r e t h e c a p a c i t y f a c t o r s f o r b a n d s L a n d S , r e s p e c t i 
v e l y , a n d α i s t h e s e p a r a t i o n f a c t o r a n d t h e t h e o r e t i c a l p l a t e 
n u m b e r , Ν i s d e t e r m i n e d b y t h e e q u a t i o n - 7 a s t h e f u n c t i o n o f f l o w r a t e 
F . 

T i m e r e q u i r e d t o c o m p l e t e t h e s e p a r a t i o n i s c a l c u l a t e d b y t h e 
e q u a t i o n - 1 0 a n d 1 1 ; 

T m = "trmax + 4 σ m a x , σ m a x = t r m a x / / S T ( 1 0 ) , (11 ) 

w h e r e t r m a x i s t h e r e t e n t i o n t i m e o f t h e l a s t e l u t e d s o l u t e . 
T h e f l o w - c h a r t o f t h i s f u n c t i o n i n RPS i s shown i n F i g u r e 4 . 

When RPS i s u s e d a s t h e s y s t e m t o o b t a i n a n o p t i m i z e d s e p a r a t i o n c o n 
d i t i o n , t h e f o l l o w i n g d a t a r e q u i r e d : 
( 1 ) t h e c o m p o u n d name o r t h e c h e m i c a l f o r m u l a o f i n t e r e s t i n g s o l u t e s , 
( 2 ) t h e a n a l y s i s t i m e r e q u e s t e d (TjJ;) , 
(3 ) t h e r e s o l u t i o n f o r t h e two s o l u t e s o f i n t e r e s t ( R g ) . 

B y i n p u t c o m p o u n d s ' names o r c h e m i c a l f o r m u l a s t o R P S , s u i t a b l e 
d e s c r i p t o r s f o r t h e c o m p o u n d s ' g r o u p d e s i r e d a r e c a l c u l a t e d w i t h t h e 
same p r o c e d u r e s a s i n t h e m a i n f u n c t i o n o f RPS b y t h e c o m p u t e r a n d 
t h e n c a p a c i t y f a c t o r s f o r t h e s o l u t e s a t v a r i o u s m o b i l e p h a s e c o m p o s i 
t i o n s a r e p r e d i c t e d b y s t e p - b y - s t e p w i t h t h e i n t e r v a l o f X = 0 . 0 1 f o r 
b o t h a q u e o u s a c e t o n i t r i l e a n d m e t h a n o l m o b i l e p h a s e s . T h e r a n g e 
a v a i l a b l e i n t h i s p r o c e d u r e i s f r o m 0 . 3 t o 0 . 7 o f X - v a l u e s f o r a c e t o 
n i t r i l e s y s t e m a n d f r o m 0 . 4 t o 0 . 8 f o r m e t h a n o l s y s t e m , r e s p e c t i v e l y . 
A f t e r c a l c u l a t i o n s o f c a p a c i t y f a c t o r s f o r t h e d e s i r e d s o l u t e s , R s a n d 
T m f o r e a c h s t e p a r e e s t i m a t e d a c c o r d i n g t o t h e e q u a t i o n - 9 a n d 1 0 , a t 
f i v e d i f f e r e n t f l o w r a t e s o f t h e m o b i l e p h a s e s u c h a s 1 , 2 , 4 , 8 a n d 
16 j i L / m i n ( b e c a u s e we u s e m i c r o c o l u m n s ) a n d t h e n q u a l i t y o f t h e s e p a 
r a t i o n i s j u d g e d u s i n g a s i m p l e n u m e r i c a l c h r o m a t o g r a p h i c r e s p o n s e 
f u n c t i o n (CRF) d e f i n e d a s f o l l o w s : 

CRF = I T m - T * 1/ Τ* + I R s - Rg 1/ R* (12) 

T h e m o s t o p t i m i z e d c o n d i t i o n s a r e o b t a i n e d when t h e CRF v a l u e i s 
t h e m i n i m u m . I n t h i s d e f i n i t i o n o f C R F , i f R s i s t o o l a r g e c o m p a r e d 
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^ START 

Column length : L(const) 
Void volume : V 0 (const) 
Flow rate : F 
Theoretical plate number : N=f(F) 

1 
/ Sample number / / Sample name / 

/ Analysis time : TM / 
/ Two solutes interested : 11,12 / 
/ Resolution = R S / 

I -J f u I 

P 1 ( i ) & P 2 ( i ) 
Calculation 

— — < ^ i : η ^> 

M = 0 , j = -1 
COMI(l) = .30 , COME(l) = .70 
COMK2) = .40 , COME(2) = .80 
CRFMIN(l) = 1. 70141E + 38 
CRFMIN(2) = 1. 70141E + 38 

M = 1 : A c e t o n i t r i l e 
M = 2 : Methanol 

j * j • 1 I 
I 

I X = COMI (M) + i/ιο··) I 

ϊ = ι + 1 

F i g u r e 4 . F l o w - c h a r t f o r t h e o p t i m i z a t i o n o f s e p a r a t i o n c o n d i 
t i o n s i n r e v e r s e d - p h a s e L C . R e p r o d u c e d w i t h p e r m i s s i o n f r o m R e f . 
9 . C o p y r i g h t 1 9 8 4 , E l s e v i e r . 

Part 1 of 3. Continued on page 182. 
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Figure 4. Part 2 of 3. Continued on page 183. 
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Figure 4. Part 3 of 3. 
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w i t h t h e r e q u e s t e d v a l u e , i t i s c o n s i d e r e d a s t h e e x c e s s i v e c o n d i t i o n 
a n d t h e s y s t e m s e a r c h e s t h e c o n d i t i o n c l o s e r t o t h e r e q u e s t e d o n e . 
A t t h i s s t a g e , t h e u s e r c a n p r i o r i t i z e r e s o l u t i o n o r a n a l y s i s t i m e . 
I n c a s e t h e p r i o r i t y i s r e s o l u t i o n , t h e f i r s t t e r m o f t h e e q u a t i o n - 1 2 
s h o u l d be w e i g h t e d t o z e r o , w h i l e t h e s e c o n d t e r m s h o u l d be w e i g h t e d 
t o z e r o i n t h e o p p o s i t e c a s e . 

W i t h o v e r 800 t i m e s c a l c u l a t i o n s , RPS c a n f i n d t h e o p t i m i z e d s e 
p a r a t i o n c o n d i t i o n f o r t h e d e s i r e d s o l u t e s a n d t h e s y s t e m p r o v i d e s 
n u m e r i c a l v a l u e s s u c h a s m o b i l e p h a s e c o m p o s i t i o n , f l o w r a t e , a n a l y s i s 
t i m e a n d r e s o l u t i o n a t t a i n e d a t t h a t c o n d i t i o n , a n d t h e n RPS d r a w s 
t h e i d e a l i z e d c h r o m a t o g r a m a t t h e o p t i m i z e d s e p a r a t i o n c o n d i t i o n o n 
t h e C R T . 

To d e m o n s t r a t e t h e p o t e n t i a l o f t h i s f u n c t i o n o f R P S , a n e x p e r i 
ment was p e r f o r m e d . T h e d e m o n s t r a t i o n a s shown i n F i g u r e 5 i s t h e 
s e p a r a t i o n o f a t e s t - m i x t u r e o f a n i l i n e d e r i v a t i v e s . T h e c h e m i c a l 
f o r m u l a s o f t h r e e a n i l i n e d e r i v a t i v e s s u c h a s a n i l i n e , N - m e t h y l a n i l i n e 
a n d N - e t h y l a n i l i n e w e r e i n p u t i n RPS a n d t h e a n a l y s i s t i m e o f 10 m i n 
a n d a r e s o l u t i o n v a l u e o
r e q u e s t e d . RPS p r o v i d e d
c o m p o u n d s ; b o t h t h e c o n d i t i o n s d e s i r e d b y t h e u s e r a n d c o n d i t i o n s 
a t t a i n e d i n t h i s s y s t e m . T h e s y s t e m s h o w e d t h a t a n a l y s i s t i m e o f 11 
m i n a n d t h e r e s o l u t i o n o f 1 .1 w o u l d be o b t a i n e d a t t h e 65 % a c e t o -
n i t r i l e i n t h e m o b i l e p h a s e a n d t h e f l o w r a t e o f 4 u L / m i n . T h e s y n 
t h e s i z e d c h r o m a t o g r a m a p p e a r e d o n t h e CRT a n d t h e p r i n t e r c o n n e c t e d 
w i t h t h e c o m p u t e r . The a c t u a l r u n was c a r r i e d o u t t o e v a l u a t e t h e 
p e r f o r m a n c e o f RPS a t t h a t o p t i m i z e d s e p a r a t i o n c o n d i t i o n o f 65 % 
a c e t o n i t r i l e i n t h e m o b i l e p h a s e a n d t h e f l o w r a t e o f 4 u L / m i n . T h e 
s y s t e m ' s a n a l y s i s t i m e o f 11 m i n c o m p a r e s f a v o r a b l y w i t h m e a s u r e d 
a n a l y s i s t i m e o f 1 1 . 5 m i n . 

C o n c l u s i o n 

T h e p r o c e d u r e t o c o n s t r u c t RPS f o r r e v e r s e d - p h a s e L C was e s t a b l i s h e d , 
b a s e d o n t h e QSRR s t u d i e s . I n t h i s p r o c e d u r e , i f t h e i n f o r m a t i o n 
a b o u t r e t e n t i o n d a t a o f s e v e r a l s t a n d a r d m a t e r i a l s a t some m o b i l e 
p h a s e c o m p o s i t i o n s ( f o u r o r f i v e ) f o r a g i v e n c o l u m n i s i n p u t i n t o t h e 
c o m p u t e r , i t i s p o s s i b l e t o p r e d i c t t h e r e t e n t i o n o f t h e s o l u t e s , 
w h i c h b e l o n g t o t h e same c l a s s o f t h e c o m p o u n d s , w i t h f a i r l y g o o d 
a c c u r a c y i n a few s e c o n d , a r e l a t i v e e r r o r o f + 10 % f o r t h e m e a s u r e d 
r e t e n t i o n d a t a . 

T h e a c c u r a c y o f t h i s s y s t e m i s d e p e n d e n t o n t h e c o r r e l a t i o n c o e 
f f i c i e n t o f a r e t e n t i o n d e s c r i p t i o n o b t a i n e d f r o m s t u d i e s o f QSRR, 
t h e r e f o r e , t h e s e l e c t i o n o f d e s c r i p t o r s i s t h e m o s t b a s i c a n d i m p o r 
t a n t t a s k t o c o n s t r u c t R P S . T h i s s e l e c t i o n c o u l d b e done w i t h s t a t i s 
t i c a l f r a m e w o r k , e v e n i f s u c h d e s c r i p t i o n i s n o t c l e a r l y d e r i v e d f r o m 
t h e o r i e s . T h e r e t e n t i o n d e s c r i p t i o n o b t a i n e d f r o m QSRR s t u d i e s i s 
more e f f e c t i v e f o r a r a p i d a n d a c c u r a t e p r e d i c t i o n o f r e t e n t i o n t h a n 
t h a t d e r i v e d f r o m t h e o r e t i c a l m o d e l s , b e c a u s e t h e f o r m e r i s s i m p l e 
a n d d o e s n o t r e q u i r e i n t r o d u c t i o n o f a n u m b e r o f p h y s i c o c h e m i c a l p a r a 
m e t e r s ( t h e y a r e o f t e n n o t c l e a r l y known a n d a r e v e r y d i f f i c u l t a n d 
t i m e - c o n s u m i n g t o d e t e r m i n e ) f o r t h e l a t t e r c a s e . By c o n t r a s t , t h e 
c o n s i d e r a t i o n o f p h y s i c a l m e a n i n g s o f d e s c r i p t o r s d e r i v e d f r o m QSRR 
s t u d i e s g a v e t h e o v e r v i e w o f r e t e n t i o n m e c h a n i s m s i n r e v e r s e d - p h a s e 
L C ( 7 - 1 0 ) . T h a t i s t o s a y , h y d r o p h o b i c i t y , s i z e a n d s h a p e o f a l k y l -
b e n z e n e s a n d PAHs a r e d o m i n a t e f a c t o r s c o n t r o l l i n g t h e i r r e t e n t i o n , 
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1. a n a l y s i s time (min) ? JO. 
2. tuo s o l u t e s ' number of i n t e r 

est ? 2.3 
r e s o l u t i o n f o r these compounds 
to be d e s i r e d ? 1.2 

SAMPLE LIST 
No. 1 C6H5NH2 
No. 2 C6H5NHCH3 
No. 3 C6H5NHC2H5 

column : Fine S I L C18-5 
column dim.: 0.5mm i . d . χ 12 cm 
eluent : CH3CN:H20 = 65 : 35 
f l o u r a t e : 4 (ul/min) 
v o i d time: 5 (min) 
t h e o r e t i c a l p l a t e number: 2000 

r e s u l t output (Y/N) ? Y 

************************ RETENTION DATA ************************ 
compound k' r e t e n t i o n time (min) 
C6H5NH2 0.65 8.26 
C6H5NHCH3 0.8
C6H5NHC2H5 1.1
**************************************************************** 

****************** CONDITIONS DESIRED BY USER ****************** 
a n a l y s i s time : 10 (min) 
s o l u t e s of i n t e r e s t : C6H5NHCH3 & C6H5NHC2H5 
r e s o l u t i o n of these s o l u t e s to be d e s i r e d : 1*2 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
************* CONDITIONS ATTAINED IN THIS SYSTEM *************** 
a n a l y s i s time : 11 (min) 
r e s o l u t i o n to be a t t a i n e d : 1.1 
**************************************************************** 

*•* SEPARATION CONDITIONS *** SAMPLE LIST 

column : Fin e S I L C18-5 
column dim.: 0.5mm i . d . χ 12 cm 
eluent : CH3CN:H20 = 65 : 35 
f l o u r a t e : 4 (ul/min) 
v o i d time: 5 (min) 
t h e o r e t i c a l p l a t e number: 2000 

1 C6H5NH2 
2 C6H5NHCH3 
3 C6H5NHC2H5 

F i g u r e 5 . E x a m p l e o f t h e o p t i m i z a t i o n o f t h e s e p a r a t i o n o f a n i l i n e 
d e r i v a t i v e s . I n p u t i n f o r m a t i o n i s u n d e r l i n e d . R e p r o d u c e d w i t h 
p e r m i s s i o n f r o m R e f . 9 . C o p y r i g h t 1 9 8 4 , E l s e v i e r . 
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w h i l e f o r t h e p o l a r g r o u p s s u b s t i t u t e d b e n z e n e s , h y d r o p h o b i c i t y a n d 
e l e c t r o n i c p r o p e r t i e s o f s u b s t i t u e n t s a r e f a c t o r s t o g o v e r n t h e i r 
r e t e n t i o n i n r e v e r s e d - p h a s e L C . 

T h e f u n c t i o n o f RPS c a n a i d s e t t i n g up t h e c h r o m a t o g r a p h i c s e p a 
r a t i o n c o n d i t i o n s . T h e o p t i m i z a t i o n o f a s e p a r a t i o n c a n be d o n e 
e x p e r i m e n t a l l y b a s e d a c h r o m a t o g r a p h e r ' s e x p e r i e n c e a n d i n t u i t i o n , o r 
w i t h c o m p u t e r c o n t r o l b a s e d o n t h e " C h e m o m e t r i c s " , i . e . , " S i m p l e x " 
p r o c e d u r e ( 4 , 5 ) . A l t h o u g h s u c h a p p r o a c h e s a r e r e l i a b l e a n d p r o m i s i n g 
e n o u g h t o u s e f o r p r a c t i c a l p u r p o s e s , t h i s i s a t i m e - c o n s u m i n g t a s k 
b e c a u s e a n u m b e r o f e x p e r i m e n t s r e q u i r e d w i t h t h e i n c r e a s e f a c t o r s 
f o r o p t i m i z a t i o n . On t h e o t h e r h a n d , i t i s p o s s i b l e t o o p t i m i z e a 
s e p a r a t i o n i n RPS w i t h a l m o s t t h e same a c c u r a c y a s o b t a i n e d i n t h e 
c o n v e n t i o n a l C h e m o m e t r i c s a p p r o a c h e s w i t h i n a few m i n u t e s . 

RPS c o n s t r u c t e d h e r e c a n b e u s e d f o r t h e p o s i t i v e i d e n t i f i c a t i o n 
a n d g i v e s t h e i n f o r m a t i o n f o r s e t t i n g up t h e c h r o m a t o g r a p h i c c o n d i 
t i o n s . F u r t h e r a c c o m p l i s h m e n t s o n t h e f o l l o w i n g i t e m s w i l l make t h e 
s y s t e m more g e n e r a l a n d i n c r e a s e t h e a p p l i c a b i l i t y o f R P S : 
(1 ) t h e i n t r o d u c t i o n o f mor

c r i p t i o n o f a n y compound
(2) t o a p p l y t h i s s y s t e m f o r g r a d i e n t e l u t i o n mode a n d / o r f o r t e r n a r y 

m o b i l e p h a s e s y s t e m s . 
(3 ) o n - l i n e p r e d i c t i o n o f s o l u t e r e t e n t i o n a n d o p t i m i z a t i o n o f L C -

s e p a r a t i o n s . 
I n a d d i t i o n , i t i s a p p a r e n t f r o m t h e r e s u l t s d e s c r i b e d i n t h i s 

c o m m u n i c a t i o n t h a t t h e r a p i d i d e n t i f i c a t i o n o f t h e s o l u t e i s p o s s i b l e 
w i t h o u t a n y s t a n d a r d m a t e r i a l s . F o c u s i n g o n some s e l e c t e d c o m p o u n d s 
i d e n t i f i e d b y t h e m e t h o d h e r e , more p r e c i s e i n f o r m a t i o n c o u l d b e 
o b t a i n e d b y t h e more a d v a n c e d a n d c o m p l i c a t e d a n a l y t i c a l t e c h n i q u e s 
s u c h a s GC-MS w i t h s p e c t r a d a t a - b a s e s y s t e m . N a t u r a l l y , t h e o t h e r 
s p e c t r o s c o p i c t e c h n i q u e s s u c h a s F T I R o r UV ( w i t h p h o t o d i o d e a r r a y f o r 
t h r e e d i m e n s i o n a l m e a s u r e m e n t s ) ( 4 3 , 4 4 ) c o m b i n e d w i t h t h e s y s t e m 
m i g h t h a v e a n e v e n h i g h e r p o w e r i n t h e i d e n t i f i c a t i o n p r o c e s s e s o f 
p r a c t i c a l s a m p l e s . 

A c k n o w l e d g m e n t s 

T h e a u t h o r s w o u l d l i k e t o e x p r e s s t h e i r s i n c e r e t h a n k s t o T h e 
M e c h a n i c a l I n d u s t r y D e v e l o p m e n t a n d A s s i s t a n c e F o u n d a t i o n o f J a p a n 
f o r t h e i r p a r t l y f i n a n c i a l l y s u p p o r t . 
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11 
Calculation of Retention for Complex Gradient Elution 
High-Performance Liquid Chromatographic 
Experiments: A Universal Approach 

Sterling A. Tomellini1,3, Shih-Hsien Hsu1, R. A. Hartwick1, and Hugh B. Woodruff2 

1Department of Chemistry, Rutgers, The State University of New Jersey, New Brunswick, 
NJ 08903 

2Merck Sharp & Dohme Research Laboratories, Rahway, NJ 07065 

A numerical method for the calculation of retention 
under complex gradient HPLC elution conditions is 
presented. The approach is applicable to virtually 
any gradient or solvent-solute relationship. 
Examples include binary, ternary, quaternary, linear 
and multiple-linear solvent gradients as well as for 
cases involving stationary phase programming (coupled 
column gradient elution experiments). 

The chromatographic experiment is somewhat unique in that more time 
is normally spent designing the experiment than interpreting the 
resulting data. It is for this reason that much of the current 
work in liquid chromatography is directed at helping the researcher 
determine which experimental conditions w i l l produce an adequate 
separation. A number of papers have been published which 
demonstrate various approaches for the "optimization" of liquid 
chromatographic parameters. The researcher should, however, be 
conscious of two questions before choosing to use any 
"optimization" strategy. F i r s t , one should ask when an 
optimization strategy should be used. The second question the 
researcher should address is what is meant by an "optimum" in 
regard to any LC separation and in particular to the separation 
which is presently under consideration. 

It is obvious that the only reason to use an optimization 
strategy is that the response surfaces are unknown and would 
require too much effort to evaluate directly. Liquid 
chromatography has an added complication in that the 
chromatographic response may be time dependent (due to changes in 
the column, etc.). The problem with a l l such strategies i s , 
however, defining what is meant by the "optimum" separation. The 
problems associated with such indicators are well known ( 1 ) · 
DeGalan (2) has demonstrated that the chromatographic response 
surface actually consists of two independent surfaces (time and 
resolution). The "optimum" separation w i l l , therefore, most 

3Current address: Department of Chemistry, University of New Hampshire, Durham, 
N H 03824 
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probably be a compromise between time and resolution. Furthermore, 
i t should be emphasized that the information desired from a 
chromatographic experiment must also be considered when determining 
the "optimum" separation. Thus, the "optimum" separation can vary 
considerably among various researchers even for a single sample. 

An alternative approach for determining which conditions 
produce adequate separations is to take a limited amount of 
chromatographic data and use available knowledge to predict 
expected responses. Such an approach can be termed a 
"calculational" approach and can generally be broken into two 
parts. The available data must f i r s t be fitted to an expected 
retention vs. solvent concentration curve. Once the coefficients 
for this curve are known, calculations can be made for both 
isocratic and gradient conditions. The gradient equations can be 
solved using either numerical integration techniques or exact 
solutions. Normally exact calculations can be used to predict 
elution times and widths for isocratic conditions. Exact solutions 
are also available for
solutions, however, ar
solvent components and the relationship between solvent components 
and retention data. Often exact solutions are not available for 
complex gradient conditions which leads to the use of more flexible 
techniques employing numerical integration (22)* Furthermore, use 
of numerical methods to treat gradient conditions allows for 
independence between the f i t t i n g of retention to solvent 
concentration data and the gradient calculations. Also, numerical 
integration is generally more computer amenable as programming 
complexity is significantly reduced i f only one calculational 
algorithm is required. 

The development of computer programs capable of using the 
calculation approach to assist the researcher in determining which 
chromatographic conditions are useful w i l l be presented. The 
theory, assumptions, advantages and disadvantages of the 
calculations on which the programs are based w i l l also be 
presented. Examples w i l l be given for separations of test 
compounds using binary, ternary and quanternary, linear and 
multiple-linear gradients. Calculation of retention times for 
combined stationary and mobile phase programming w i l l also be 
presented. 

Theory 

Single Column. It is well known that the capacity factor, k f, for 
a compound often varies in a predictable manner with respect to the 
concentration of organic modifier for aqueous solutions under 
reverse phase conditions. It has been shown for a single organic 
modifier the relationship i s : 

Ln(k») - ACX + D C x 2 + Β (1) 

where A, B, and D are constants and Ĉ  i s the concentration of 
organic modifier which is generally given in volume percent. 
Additional modifiers are expected to affect the capacity factor of 
a compound in a similar manner. It is expected, therefore, that 
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for an aqueous solution containing two organic modifiers the 
relationship w i l l be: 

Ln(k f) - ACi + BCi 2 + DC2 + EC 2
2 + FCiC2 + G (2) 

where A, B, D, E, F and G are constants. Notice that a terra has 
been included which varies as a function of both and C2- Using 
similar mathematical f i t t i n g any number of organic modifiers can be 
used. 

Once the expected relationship between k' and organic modifer 
is known, the values of the constant coefficients must be 
determined. Using a limited amount of experimentally determined 
isocratic data the coefficients can be calculated by using a linear 
least squares f i t algorithm. The minimum number of data points 
required varies with the number of terms in the equation being f i t . 
The data for mobile phases containing one organic modifier are f i t 
to Equation 1 and require at least 3 experimentally determined data 
points. Likewise, 6 data points are required for aqueous mobile 
phases having two organi
containing methanol and
f i t t i n g equations any number of organic modifiers may be employed. 
Liquid chromatography is often thought of as a volume problem but 
is in fact fundamentally a length problem since the column length 
is a limiting parameter. A l l separations must be completed by the 
time the compounds have traveled the length of the column. Thus, 
one of the fundamental equations of LC i s : 

Length =* Velocity χ Time (3) 

In the isocratic case the velocity is constant and Equation 3 
becomes : 

L c o l 5 5 fcR x uband ( 4) 
Where L c o ^ is the column length, t R i s the retention time for a 
given solute and U^ a n (j is the linear velocity of that solute band. 
If the velocity is not constant, as is generally the case in 
gradient elution, the integral solution for Equation 4 must be used 
which is given as: 

t R 

L c o l s / uband.inst' d t ( 5) 
0 

where U ^ a t l ( j e ^ n s t i s the instantaneous velocity of the solute band 
and the integration limits are from time s 0 to time = t R . 

The velocity of a band can be found for the isocratic case by 
f i r s t rearranging the often used expression for k f: 

to get 

t R = t M ( l + k») (7) 
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where i s the elution time of an unretained solute. U D a n c i for 
elution under isocratic conditions can be calculated by dividing 
the column length by t R (as given in Equation 7) resulting in: 

"band - W / ( t M ( l + k'>) W 
For the gradient case where k' is generally changing throughout, 
the instantaneous band velocity is of interest. It follows from 
Equation 8 that Ub a n ( i . e i n s t can be found in terms of the 
instantaneous k f, k f i n s t , such that: 

uband.inst s L c o l / ( t M ( l + ^ 1 η β ϋ ) ) (9) 

Thus the fundamental equation for gradient elution becomes: 

L c o l - I W / U M U + k f i n s t ) ) ' d t (10) 

Obviously, Equation 10 reduces to Equation 4 for isocratic cases 
where k f £ n s t Is constant over time. 

Using Equation 10 i t i s , in theory, possible to solve exactly 
for the retention time of any band knowing the relationship between 
the solute's instantaneous kf and time. If, however, the 
instantaneous kf vs time relationship is mathematically complex, 
as can be the case in gradient elution, then an exact solution for 
t R w i l l be d i f f i c u l t i f not impossible to determine. There are a 
number of factors affecting the complexity of the k , ^ n s t vs. time 
relationship, among these are: 

1. The number of modifiers in the mobile phase and the 
relationship between k* and concentration for these 
modifiers. 

2. The gradient shape (i.e., linear, multiple linear, 
complex). 

3. The instrumental delay time which causes most solutes to 
travel isocratically before being overtaken by the 
gradient. 

4. A time correction which is necessary since the gradient 
front after overtaking the solute band generally moves at 
a faster velocity than the solute band. 

While exact mathematical solutions for retention times are 
preferable (when available) for manual calculations, numerical 
integration has two major advantages when the computing power of a 
large computer is available. F i r s t , solutions are not always 
available. Second, the versatility of numerical integration 
reduces the amount of programming effort necessary and also the 
size of the required programs i f multiple experimental conditions 
are to be allowed. 

As when using exact solutions, the f i r s t step when using 
solutions employing numerical integration is to determine the 
relationship between k* and solvent composition for each solute 
using limited isocratic data. Next the retention times of each 
solute must be calculated in turn. F i r s t , the time spent by the 
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solute traveling under the i n i t i a l isocratic conditions caused by 
the instrumental delay time, t D , must be calculated. Knowing the 
actual time delay before the gradient front reaches the solute band 
and the k' of the solute band during this time, the distance 
traveled by the solute under isocratic conditions can be 
determined. Notice that this problem is essentially a related 
rate problem of the type normally presented in beginning calculus 
courses. It is easiest to visualize the problem by thinking of the 
solute band as having an effective head start in distance equal to 
the measured gradient time delay multiplied by the linear velocity 
of the gradient front down the column which is equal to t i C O i / t ^ . 
If the gradient front travels for a time, t c o r r at a velocity equal 
to l i C O i / t j 4 and the solute band travels for the same time at a 
velocity given by Equation 8, L c o i / ( t j 4 ( l + k')), then knowing the 
effective head start of the solute band allows for the calculation 
of t c o r r . Simply stated the distance traveled by the solute band 
plus the head start must be equal to the distance traveled by the 
gradient front at the tim

(Lcol/tMC1 + k')) x t c o r r ) + ( ( L c o l / t M ) χ t D « L c o i / t M χ t c o r r (11) 

Solving Equation (11) for t c o r r gives: 

tcorr β ((1 + k ,)/k f) x t„ (12) 

The distance traveled by the solute band isocratically, l>±30 can be 
found by substituting Equation 12 into Equation 8 and rearranging 
to get: 

L i s o - ((Lcol * t D ) / ( t M χ k 1)) (13) 

Knowing the time spent by the solute band traveling isocratically 
and i t s position in the column when the gradient takes effect 
allows the calculation of the distance over which the gradient w i l l 
affect the solute since: 

L i s o + Lgrad • L c o l ( 1 4> 

This, L g r a ( j can be substituted into Equation 10 for L c o i to become: 

t R i 
Lgrad β / " / ( k , i n s t + 1>·<*«? ( 1 5> 

0 
where 

tR s t c o r r + tR» (16) 

and u is the linear velocity which is equal to Ι ^ Ο Ι ^ Μ · Notice 
that while the problems previously noted as being associated with 
the instrumental delay have been overcome, i t is s t i l l often not 
possible to solve Equation 15 exactly. It is easiest, therefore, 
to evaluate the integral in a stepwise manner by simply 
incrementing the time by some small step, calculating the 
corresponding k' for the resulting time and then calculating the 
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length traveled during the time interval. The sum of the time 
steps w i l l equal t R , when the sum of the lengths traveled is equal 
to L g r a < j . A continuous correction must be made, however, since the 
actual time spent traveling and the time corresponding to the 
gradient concentration which the solute band encounters are 
generally not the same. The reason for this is that the gradient 
concentration seen by the band is not only dependent on the time 
after the gradient has started but also on the position of the band 
in the column. The simplest way to eliminate length from the 
problem is to calculate a "gradient" time as well as an actual 
time. While the actual time interval is specified, the "gradient" 
time interval, t ^ r a ^ 9 i n t i can be calculated using the relationship: 

where ^trav.act.int * s t n e length traveled by the solute band in 
the actual time interval. Thus, the sum of t g j intervals is 
equal to the "gradient
time that must be used
factors for the stepwise integration. 

Multiple Columns. The basic calculational steps are the same for 
the coupled column experiment as for the single column experiment 
with the exception of the determination of solute band migration 
caused by the instrumental gradient delay. The distance a solute 
band migrates isocratically w i l l depend not only on the mobile 
phase concentration during the gradient delay but also on the 
capacity factor vs mobile phase relationship for the solute on each 
column encountered. The distance migrated isocratically w i l l also 
depend on the length of each column traversed. Solving the 
coupled-column gradient experiment thus becomes a problem of 
tracking throughout the elution the position and speed of a l l 
solute bands and the gradient front. 

The key to understanding the effect of multiple columns on the 
time that the gradient overtakes the solute band is to treat each 
column as a separate delay volume. If the gradient overtakes the 
band in the f i r s t column, then the previously derived relationship 
between instrumental delay time and the length traveled by the band 
in the column isocratically, L^ s o» can be used: 

where L c o i is the column length for column 1, tn is the 
instrumental delay time, t M i s the retention time of an unretained 
solute for column 1 and k' is the capacity factor at the mobile 
phase conditions of the instrumental delay for the solute of 
interest. If, however, the band travels through the f i r s t column 
isocratically then the distance the solute traveled in the second 
column before being overtaken by the gradient must be calculated. 
If one considers the situation just as the solute band reaches the 
head of the second column, then i t can be seen that the f i r s t 
column has simply acted as an additional delay volume and an 
equation similar to Equation 1 can be derived. The correction that 
must be made is simply that the delay time used for column 2, t^» 

tgrad.iut 3 8 tactual.int ~ Ltrav.act.int/ u (17) 

L i s o β ( L c o l x t D ) / ( t M χ k») (18) 
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i s equal to the instrumental delay time plus the retention time of 
an unretained solute for column 1, t ^ i minus the elution time of 
the solute band from column 1, t R]_. If the elution time of the 
band in column 1 i s derived in terms of the solute's capacity 
factor in column 1, then the delay time for column 2 becomes: 

The same logic can be applied to any number of columns coupled 
together and this forms the basis of the developed programs. 

Once the position at which the gradient overtakes the solute 
band is known, numerical integration allows the calculation of the 
solute's retention under gradient conditions. The calculations 
involved for the gradient coupled column experiment are essentially 
identical to that used for single column gradient elution once the 
distance traveled isocratically is known. The integral for the 
gradient is evaluated in a stepwise manner by incrementing the time 
by some small step (0.0
calculating the correspondin
calculating the length traveled during the time interval. The sum 
of the time steps w i l l equal t R , when the sum of the lengths 
traveled is equal to Lg r ad. A continuous correction must be made, 
however, since the actual time spent traveling and the time 
corresponding to the gradient concentration which the solute band 
encounters are generally not the same. The reason for this is that 
the gradient concentration seen by the band is not only dependent 
on the time after the gradient has started but also on the position 
of the band in the column. As previously stated the easiest way to 
eliminate length from the problem is to calculate a "gradient" 
time as well as an actual time. While the actual time interval is 
specified, the "gradient" time interval, tg r a (j β ± r i t, can be 
calculated using the relationship, 

Where ^trav.act.int * s t n e length traveled by the solute band 
in the actual time interval, and u c o ^ is the linear velocity of the 
gradient front in the column presently containing the solute band. 
Thus, the sum of tgrad.int intervals is equal to the "gradient" 
time seen by the solute band and i t is this time that must be used 
to calculate the instantaneous capacity factors for the stepwise 
integration. As in the case of the single column experiment, the 
actual retention time for the solute w i l l equal the sum of the time 
spent traveling isocratically and the time spent traveling under 
gradient conditions. 

Single Column Experiments 

Apparatus and Reagents. Five test solutes were used to determine 
the accuracy of the predictive capabilities of the developed 
program. They were: uracil, phenol, acetophenone, nitrobenzene and 
methylbenzoate. A l l compounds used were reagent grade or better. 

t D2 88 (tD + (1 + k'lXLcoKD/ux) + t M 1 ) (19) 

tgrad.int = uactual.int " Ltrav.act.int/ ucol (20) 

EXPERIMENTAL SECTION 
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HPLC grade (J.T. Baker, Inc., Phillipsburg, N.J.) methanol, 
acetonitrile and tetrahydrofuran were used as organic modifiers. 
Mobile phases were prepared volumetrically using double-distilled, 
deionized water and were sparged with helium before use. 

The chromatographic system consisted of a Brownlee MPLC 
MicroPump (Brownlee Labs., Santa Clara, Calif.) using a nominal 150 
ul packed-bed mixing chamber to ensure the reproducibility of the 
gradient concentration, a Rheodyne variable sample loop injection 
valve (Rheodyne, Cotati, Calif.) model 7413, set at 0.5 ul and a 
Kratos (Kratos Analytical Instruments, Ramsey, N.J.) model SF 769 
U.V. detector operating at 254 nm. with a 0.5 ul flow c e l l . The 
analog output of the detector was recorded using a Kipp & Zenon, 
BD-40 series, strip chart recorder. 

Laboratory-bonded octyl stationary phases were prepared using 
either Whatman Partisil-10 10 urn s i l i c a gel (batch no. 100591) 
(Whatman, Inc., Clifton, N.J.) or Shandon MOS-Hypersil 5 urn 
spherical support (batch no. 10/899) (Shandon Products, Ltd., 
Cheshire, England). Bot
s i l i c a gel with a 5-fol
toluene, using 5 ml of pyridine as an acid scavenger. Reaction was 
allowed to proceed at 65-70°C for 24 hours. Phases were then 
washed in methanol, dried and exhaustively end capped with 
trimethylchlorosilane. Stationary phases were packed into 250 χ 1 
ram id glass lined columns by slurrying 300 mg of packing into 3 ml 
of isopropyl alcohol, and packing at a pressure of 10,000 psi for 
approximately 15 minutes, using acetone as the packing solvent 
(23). The MOS-Hypersil bonded phase was used for the binary 
gradient studies while the Partisil-10 bonded phase was used for 
ternary and quaternary gradient experiments. 

Multiple Column Experiments. Six test solutes were used for the 
multiple column experiments. They were: ura c i l , guaifenesin, 
p-cresol, p-ethylphenol, nitrobenzene and methylbenzonate. A l l 
solutes were reagent grade or better. Mobile phases were prepared 
as previously stated for single column experiments. The stationary 
phases used were produced by reacting the appropriate chlorosilyl 
derivative with Whatman Partisil-10. The phenyl phase and C^3 
stationary phases used were slurry packed into 150 χ 1 mm and 100 χ 
1 mm id glass lined columns, respectively. The chromatographic 
system was the same as described previously except a 220 ul 
instrumental delay was used for the multiple column experiments. 

A l l computer programs were written in FORTRAN using a Digital 
Equipment Corporation (Maynard, Mass.) VAX 11/780. A l l 
calculations were made using the revised version of a previously 
described program (22). 

Procedure. Since the MPLC MicroPump is a dual-syringe pump only 
two solvent concentrations were used for ternary and quanternary 
gradients. Solvent proportioning was made by the pump in a l l cases 
to obtain the required isocratic data. The flow rate throughout 
the entire study was kept constant at 50 ul/min. The instrumental 
delay volume was varied by injecting the solutes at various times 
before and after the gradient was started. 
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RESULTS AND DISCUSSION 

Single Column Experiments 

Isocratic Data. As previously described, mobile phases containing 
one modifier require at lease three isocratic data points to allow 
f i t t i n g the expected k' vs modifier concentration curve. Methanol 
was used as an organic modifier to test the capabilit ies of the 
program on binary gradients. The retention times of the five test 
solutes were determined under four isocratic conditions (35%, 45%, 
55% and 65% methanol). The retention data are given in Table I . 
Retention times were generally found to vary by less than 0.2 
minutes between runs for a given isocratic solvent concentration. 
Given the excellent reproducibility of retention times observed, 

Table I . Binary Isocratic Data 

Point # 1 
Solute Retention Time (Minutes) 

Uraci l 
Phenol 
Acetophenone 
Nitrobenzene 
Methylbenzoate 

3.1 
4.1 
4.8 
5.4 
6.2 

3.2 
5.2 
6.4 
7.4 
9.7 

3.2 
6.9 

10.2 
12.0 
18.9 

3.2 
10.4 
18.6 
20.6 
41.4 

Mobile Phase Concentration 

Point # % Methanol 

65.0 
55.0 
45.0 
35.0 

a. A l l times are in minutes. 
b. A l l solvent compositions are in volume percent. 

single data points at any given solvent composition were 
subsequently used for the f i t t i n g of k* vs solvent composition 
data. Multiple experiments could be performed for each composition 
i f desired, however, in practice this was not found to be 
necessary. 

Binary Gradients. Retention data for a number of binary gradients 
were acquired and compared to predicted values. The instrumental 
delay volume was determined to be 155 u l . The actual and 
calculated retention times (along with the percent differences) for 
a 10 minute gradient from 35% to 65% methanol are given in Table 
l i a . The same gradient was run with a 255 ul instrumental delay 
simulated by injecting the solutes 100 u l (2.0 minutes) before 
starting the gradient. The retention data for this gradient are 
also given in Table l i a . The program easily accommodated the 
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varying instrumental delays, allowing the scientist to evaluate 
quickly the effects of such a delay. 

Data were also acquired for binary multiple linear gradients. 
The actual and calculated retention data for one of these gradients 
are presented in Table l i b . In this instance, only the last two 
compounds, nitrobenzene and methylbenzoate, ever experienced the 
second segment of the gradients. The actual and calculated 
retention values are again in excellent agreement, demonstrating 
the accuracy of both the mathematical approach and program. Total 
error in both the generation of the gradient and computer 
calculations averaged better than 1.5% for the demonstrated cases. 

Ternary Gradient Systems. While the f i t t i n g of the isocratic 
concentration vs retention relationship is f a i r l y straightforward 
for mobile phases containing one modifier, i t becomes increasingly 
d i f f i c u l t as the number of modifiers increases. Ternary solvent 
systems contain two independent and one dependent variables and 
require at least six isocrati

Theoretically, a wel
be used for determining the capacity factor response surface for 
ternary and higher order systems. Experimentally, however, such 
multivariate experiments can be extremely d i f f i c u l t to perform due 
to instrumental and time limitations. To demonstrate the approach 
of numerical integration for complicated relationships between 
capacity factor and solvent composition, as are typically 
encountered in ternary and quaternary chromatographic systems, i t 
was decided to acquire data along a solvent "line" generated by 
allowing the binary HPLC pump to proportion two ternary (or higher) 
reservoir solvents to obtain the required number of isocratic data 
points. These isocratic data were then f i t to expected k1 vs 
solvent composition relationships. Such "line" experiments have 
inherent mathematical limitations and instab i l i t i e s of which the 
user must be aware. A f i t is being forced to a given relationship 
and this relationship may have no physical meaning, therefore, 
useful results , i f any, can only be expected within the chosen 
boundary conditions. Furthermore, good f i t s may exist between 
other, possibly less complicated relationships and the experimental 
data. However, the use of a solvent "line" represented a practical 
means to simulate the complexity of a f u l l surface map u t i l i z i n g 
the available instrumentation. 

Ternary gradients were run using aqueous solutions containing 
methanol and acetonitrile as organic modifiers. A solution of 
50:10:40 acetonitrilemethanol:water was used as the high strength 
solvent while the low strength solvent was a mixture of 5:30:65 
acetonitrile:methanol:water. The pump i t s e l f was used to 
proportion these two solvents for the isocratic experiments. The 
ternary isocratic retention data are given in Table III. Figure 1 
illustrates by use of a ternary diagram, both the solvent 
compositions which are possible using the solvents chosen for the 
reservoirs and also the points at which isocratic data were 
acquired. 

Using the fitted ternary data, a ten minute gradient was run 
from 14.0% acetonitrile, 26.0% methanol to 41.0% acetonitrile, 
14.0% methanol. The gradient was run with a 155 ul instrumental 
delay, producing the chromatogram shown in Figure 2. The 
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Table II. Binary Gradient Data 

a. Single Segment Linear Binary Gradient Profile 

Conditions: 
Solvents: Methanol/Water 
Gradient: 35.0:65.0 ΟΗ 3ΟΗ:Η 20 

to 65.0:35.0 CH3OH:H20 
over 10 min. 

1. 155 ul Instrumental delay 

Solute Obs. ta Calc. tR % d i f f . 
Uracil 3.2 
Phenol 
Acetophenone 
Nitrobenzene 
Methylbenzonate 15.4 15.2 1.2 

2. 255 ul Instrumental delay 

Solute Obs. t R Calc. t^ % d i f f . 
Uracil 3.2 
Phenol 9.6 10.0 4.2 
Acetophenone 13.4 13.5 0.7 
Nitrobenzene 14.4 14.4 0 
Methylbenzoate 17.2 16.9 1.7 

b. Multiple Linear Binary Gradient Profile 

Conditions : 
Solvents : 
Gradient: 

to 

then 
to 

Methanol/Water 
35.0:65.0 CH3OH:H20 
50.0:50.0 CH3OH:H20 

over 5 min. 
50.0:50.0 CH3OH:H20 
65.0:35.0 CH3OH:H20 

Delay Volume: 155 u l . 

Solute 
Uracil 
Phenol 
Acetophenone 
Nitrobenzene 
Methylbenzoate 

Obs. 
3.2 
9.0 
12.0 
13.0 
16.2 

Calc. t^ 

9.3 
12.1 
13.0 
16.0 

% d i f f . 

3.3 
0.8 
0 
1.3 

a. A l l retention times are in minutes 
b. A l l solvent compositions are in volume percent. 
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Figure 1. Ternary solvent diagram i n d i c a t i n g mobile phase 
concentrations for i s o c r a t i c data points. Reproduced from Ref. 22. 
Copyright 1985, American Chemical Society. 
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Figure 2. Microbore HPLC of test solutes showing actual and 
calculated (c) retention times for a 10 minute linear ternary 
gradient, (conditions listed in Table 4a) using a 155 μΐ 
instrumental gradient delay. Column; 250 X 1 mm; laboratory 
bonded P a r t i s i l 10 C3; flow rate; 50 μΐ min " 1 . Detector; Kratos 
769, fitted with a 0.5 ul flow c e l l . Wavelength 254 nm, 
sensitivity 0.1 aufs. Pump; Brownlee MPLC micobore gradient pump. 
I n j e c t o r ; Rheodyne 7413 with a 0.5 u l i n j e c t i o n loop. Reproduced 
from Ref. 22. Copyright 1985, American Chemical Society. 
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Table III. Ternary Isocratic Data 

Point # 1 2 3 4 5 6 
Uracil 3.2 3.0 3.0 3.0 2.8 2.8 
Phenol 11.8 9.2 7.7 6.4 5.8 5.4 
Acetophenone 21.0 15.0 11.9 9.4 8.2 7.5 
Nitrobenzene 29.4 21.6 16.8 12.8 11.0 9.7 
Methylbenzoate 41.0 26.6 19.3 14.0 11.8 10.4 

Mobile Phase Concentration 

Point// % Acetonitrile % Methanol 
1 14.0 26.0 
2 20.8 23.0 
3 27.5 20.0 
4 34.3 17.0 
5 38.8 15.0 
6 

corresponding data are presented in Table IV a. The gradient used 
is graphically illustrated in Figure 3. Another ten minute, 
ternary gradient was run from 27.5% acetonitrile, 20.0% methanol to 
43.3% acetonitrile, 13.0% methanol with a 155 ul instrumental 
delay. The results for this gradient are given in Table IV b. The 
results for the ternary gradients clearly show that even though 
ternary systems are mathematically and experimentally very complex, 
they can be handled with an accuracy exceeding 96%. 

Quaternary Gradients. In order to test the applicability of the 
program and instrumentation under rigorous conditions, quaternary 
solvent systems were investigated for both linear and multiple 
linear gradient shapes. Quaternary gradients have not been 
exploited full y , possibly because of the tremendous complexity of 
such solvent systems. A solvent concentration line was again 
evaluated as opposed to the entire response surface. It should be 
noted that quaternary and higher order systems pose additional 
problems since their response surfaces require four or more 
dimensions to visualize. While a minimum of ten isocratic data 
points are necessary to f i t the equation for aqueous solutions 
containing three organic modifiers, eleven data points were 
acquired. The high strength mobile phase reservoir contained an 
aqueous 12.5% tetrahydrofuran, 20.0% acetonitrile and 12.5% 
methanol solution and the low strength mobile phase was an aqueous 
2.5% tetrahydrofuran, 2.5% acetonitrile and 25.0% methanol 
solution. The 11 isocratic data points used are given in Table V. 
Both linear and multiple-linear quaternary gradients were run. The 
results for a twenty minute gradient from 6.0% THF, 8.6% 
acetonitrile and 20.6% methanol to 11.0% THF, 17.4% acetonitrile 
and 14.4% methanol with a 155 ul instrumental delay are given in 
Table VI a. A graphical illustration for this gradient i s 
presented in Figure 4. Changing the instrumental delay had l i t t l e 
effect on the accuracy of the calculations. 
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10h 

I ι ι — 
0 5

MINUTES 
Figure 3. Ten minute ternary gradient f o r the chromatogram shown 
i n Figure 2, as entered into gradient generator. Reproduced from 
Ref. 22. Copyright 1985, American Chemical Society. 

I ι Ι
Ο 10 20 

MINUTES 

Figure 4. Twenty minute quaternary gradient p r o f i l e as entered 
into the gradient generator. Reproduced from Ref. 22. Copyright 
1985, American Chemical Society. 
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Table IV. Single Segment Linear Ternary Gradient Profiled 
— - _ _ 

Conditions: 
Solvents : 
Gradient: 

Acetonitrile/Methanol/Water 
14.0:26.0:60.0 CH3CN:CH3OH:H20 
41.0:14.0:45.0 CH3CN:CH30H:H20 
over 10 min. 

Delay Volume: 155 u l . 

Solute Obs. ta 
Uracil 3.2 
Phenol 10.5 
Acetophenone 14.4 
Nitrobenzene 17.4 
Methylbenzoate 18.8 

Calc. tft 

10.3 
14.1 
16.8 
18.3 

% d i f f . 

1.9 
2.0 
3.4 
2.7 

b. 
Conditions: 

Solvents : Acetonitrile/Methanol/Wate
Gradient : 28.0:20.0:52.0 CH3CN:CH3OH:H20 

to 43.0:13.0:44.0 CH3CN:CH30H:H20 
over 10 min. 

Delay Volume: 155 u l . 

Solute 
Uracil 
Phenol 
Acetophenone 
Nitrobenzene 
Methylbenzoate 

Obs. tg 
3.0 
7.4 

10.7 
13.9 
15.0 

Calc. tft 

7.5 
10.8 
14.1 
14.9 

% d i f f . 

1.4 
0.9 
1.4 
0.1 

Finally, a multiple linear quaternary gradient was run 
consisting of a f i r s t segment from 6.0% THF, 8.6% and 20.6% 
methanol to 10.0% THF, 15.6% acetonitrile and 15.6% methanol in 
10.0 minutes followed by 10.0 minute segment to 11.0% THF, 17.4% 
acetonitrile and 14.4% methanol. Like the previous quaternary 
gradients the THF and acetonitrile concentrations rise from the 
i n i t i a l to the fi n a l concentrations while the methanol 
concentration f a l l s . The results for the multiple linear 
quaternary gradient are presented in Table VI b. 

The overall accuracy of the quaternary gradient experiments 
was slightly worse than for the simple binary gradients, but in no 
case was the error between predicted and observed more than 6%. It 
was f e l t , given the complexity of the system, that these errors 
were sufficiently small for prediction purposes. 

Multiple Column Experiments. The accuracy of the developed program 
was checked by performing three binary linear gradient, coupled 
column experiments. Prior to conducting the gradient experiments, 
four isocratic data points were acquired for the five test solutes. 
These isocratic data are presented in Table VII. 

The f i r s t two gradient coupled column experiments were 
performed with a C^g column f i r s t (injector end) connected to a 
phenyl phase column. The f i r s t linear binary gradient run using 
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Table V. Quaternary Isocratic Data 

Point # 1 2 3 4 5 6 
Compound Retention Time (minutes) 
Uracil 3.1 3.0 3.1 3.0 3.0 2.9 
Phenol 17.0 
Acetophenone 21.0 
Nitrobenzene 35.4 32.4 30.0 27.6 25.6 23.5 
Methylbenzonate 43.0 38.2 34.4 31.0 28.2 25.4 

Point # (cont.) 7 8 9 10 11 
Compound Retention Time (minutes) 
Uracil 3.2 3.2 2.8 3.0 3.0 
Phenol 11.7 11.2 10.0 9.4 8.8 
Aectophenone 13.0 12.3 11.1 10.2 9.6 
Nitrobenzene 22.3 20.7 19.0 16.6 15.6 
Methylbenzoate 23.8 21.7 19.8 16.9 16.0 

Mobile Phase Composition 
Point # % Tetrahydrofuran % Acetonitrile % Methanol 

1 5.50 7.75 21.25 
2 6.00 8.63 20.63 
3 6.50 9.50 20.00 
4 7.00 10.38 19.38 
5 7.50 11.25 18.75 
6 8.00 12.13 18.13 
7 8.50 13.00 17.50 
8 9.00 13.88 16.88 
9 9.50 14.75 16.25 
10 10.50 16.50 15.00 
11 11.00 17.38 14.38 
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Table VI. Linear Quaternary Gradient Data 

a. Single Segment Linear Profile 
Conditions: 

Solvents : THF/Acetonitrile/Methanol/Water 
Gradients : 

6.0:8.6:20.6:64.8 THF:CHCN:CH30H:H20 
to 11.0:17.4:14.4:57.
over 20 min. 

Delay Volume: 155 u l . 

Solute Obs. ta Calc. t R % d i f f . 
Uracil 3.0 
Phenol 14.2 14.2 0 
Acetophenone 15.8 16.0 1.3 
Nitrobenzene 24.1 23.4 2.9 
Methylnrnzoate 25.4 24.8 2.4 

b. Multiple Linear Quaternary Profile 
Conditions: 

Solvents : THF/Acetonitrile/Methanol/Water 
Gradient: 

6.0:8.6:20.6:64.8 THF:CH3CN:CH3OH:H20 
to 10.0:15.6:15.6:58.8 THF:CH3CN:CH3OH:H20 
over 10 min. 

Delay Volume: 155 u l . 

Solute Obs. Calc. t^ % d i f f . 
Uracil 3.0 
Phenol 13.8 13.6 1.4 
Acetophenone 15.2 14.9 2.0 
Nitrobenzene 22.4 21.6 3.6 
Methylbenzoate 23.5 22.8 3.0 
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Table VII. Isocratic Retention Data 

Column: 10 cm Cia 

Compound Volume Percent Methanol 
65% 55% 45% 35% 

Uracil 1.4 1.4 1.4 1.6 
Guaifenesin 2.0 2.4 3.3 6.4 
p-Cresol 2.5 3.8 5.9 11.2 
Nitrobenzene 3.3 5.0 8.2 15.2 
p-Ethylphenol 3.3 6.0 11.2 25.0 
Methylbenzoate 4.1 7.2 14.0 31.6 

Column: 15 cm Phenyl phase 
Compound Volume Percent Methanol 

65% 55% 45% 35% 
Uracil 2.0 2.0 2.0 2.2 
Guaifenesin 
p-Cresol 
p-Ethylphenol 5.5 10.0 18.2 42.6 
Nitrobenzene 6.6 11.0 18.2 36.0 
Methylbenzoate 6.6 12.6 24.2 58.2 

this configuration was a 30 minute gradient from 50% to 70% 
methanol. The delay volume for a l l gradients was held constant at 
220 u l . The actual and calculated retention times under these 
conditions for the five test solutes are given in Table VIII a. 

A second gradient was run from 45% to 70% methanol in 30 
minutes with both the actual and calculated retention times for the 
test solutes being given in Table VIII b. Excellent agreement 
between the experimentally determined retention times and those 
calculated by the program were observed for both cases. 

The order of the columns was then reversed so that the solute 
entered the 15 cm phenyl phase column and eluted from the 10 cm C^g 
column. A forty minute gradient from 30% to 70% methanol was run. 
The resulting data are presented in Table IX. Again, excellent 
agreement between the actual and calculated retention times 
occurred for a l l five compounds. 

The average accuracy of the calculations for these coupled 
column experiments are actually better than those previously 
described for single column experiments. While this may at f i r s t 
be surprising i t must be realized that the theory used for a single 
column experiment is merely a simplification of that necessary for 
the coupled column experiment. It is reasonable therefore to look 
for experimental differences between the two sets of experiments 
performed. The most obvious differences are: 

1. differences in gradient delay 
2. differences In slope of gradient 
3. differences in complexity of gradient conditions studied 
4. differences in the ab i l i t y to f i t capacity factor vs 

mobile phase conditions for Cg and C^g stationary phases 
5. possible Instrumental differences. 
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Table VIII. Actual and Calculated Retention for Coupled 
C^3 and Phenyl Columns 

Conditions : 
Column Order and Length: 

1. C 1 8(10 cm) 
\ 2. Phenyl (15 cm) 
Flow rate: 

50 ul/min 
Delay Volume: 

220 ul 

a. Gradient Conditions: 50% to 70% Methanol over 30 minutes 
Compound Actual t R Calc. t R % d i f f . 
Uracil 3.5 
Guaifenesin 9.
p-Cresol 12.
p-Ethylphenol 17.9 18.0 0.5 
Nitrobenzene 17.9 17.8 0.6 
Methylbenzoate 21.0 21.0 0.0 

b. Gradient Conditions: 45% to 70% Methanol over 30 minutes 
Compound Actual t^ Calc. trç % diff« 
Uracil 3.6 
Guaifenesin 11.2 10.8 3.6 
p-Cresol 15.0 14.8 1.3 
Nitrobenzene 21.0 20.9 0.5 
p-Ethylphenol 21.5 21.6 0.4 
Methylbenzoate 24.4 24.5 0.4 

Table IX. Actual and Calculated Retention for Coupled 
Phenyl and C^g Columns 

Conditions : 
Column Order and Length: 

1. Phenyl(15 cm) 
2. C 1 8(10 cm) 

Flow Rate: 
50 ul/min 

Delay Volume: 
220 ul 

Gradient Conditions: 30% to 70% Methanol over 40 minutes. 
Compound Actual tg Calc. tg % diff« 
Uracil 3.7 
Guaifenesin 20.4 20.5 0.5 
p-Cresol 25.4 24.5 2.0 
Nitrobenzene 32.2 31.9 0.9 
p-Ethylphenol 33.8 33.5 0.9 
Methylbenzoate 37.0 36.8 0.5 
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The actual determination of which factors are most important 
in determining the accuracy of calculated retention w i l l require 
further investigation. The fact remains, however, that the 
developed approach and corresponding computer programs can predict 
retention under complicated experimental conditions with acceptable 
accuracy. The program as written can accommodate up to 6 coupled 
columns, each with their own particular k* vs mobile phase 
composition function, over any desired gradient function. This 
represents then a nearly universal approach to the calculation of 
retention for solutes under a l l possible elution conditions. 

With the program and derived mathematics, the scientist can 
calculate the retention times and peak widths for any set of 
solutes, run under any conditions ranging from isocratic to complex 
gradients with multiple columns. Given this mathematical tool , the 
problem of determining which chromatographic conditions w i l l 
achieve the desired separation, within any constraints, becomes the 
next problem to be approached. The solution to such an 
"optimization" problem is not easy, however, the necessary 
universal mathematical
this area to develop approaches to optimization strategies. 

Conclusions. The algorithms derived using integration by parts on 
a larger computer avoid the problems of attempting to derive exact 
mathematical solutions to the gradient integral equations. 
Computation times are short, even for complicated gradient shapes 
and long elution times. Calculations required at most only a few 
seconds. In addition, excellent f l e x i b i l i t y is achieved using this 
computational approach, since v ir tua l ly any k* vs solvent 
composition relationship can be accommodated. The same type of 
f l e x i b i l i t y is expected to be found for different gradient shapes, 
especially those of unusual profiles not readily described by any 
particular function. Multiple linear gradients were ut i l ized for 
this work, since most new instruments construct gradients by 
linking linear segments. However, complicated gradients of any 
mathematical form can be handled as readily with l i t t l e programming 
ef fort . 

The a b i l i t y to calculate a solute's retention for experiments 
involving both solvent and stationary phase programming should 
allow for increased interest in these types of experiments. 
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12 
Manipulation of Stationary-Phase Acid-Base Properties 
by a Surface-Buffering Effect 
Boronic Acid-Saccharide Complexation 

C. H . Lochmüller and Walter B. Hill 

P. M. Gross Chemical Laboratory, Duke University, Durham, NC 27706 

The presenc
face bound
phases lowers the apparent pKa of the acid 
groups. This "surface buffering" effect permits 
boronate-saccharide complexation chemistry to 
occur at much lower pH values than is typically 
the case. The broader implications of the de
liberate use of such effects are discussed. 

Lochmuller, Wilder and Marshall ( 1 ) observed an apparent 
lowering of the pKa for surface-bound quinazolines using photo-
thermal spectrometric titration approach and further evidence for 
the mechanism of this change i n acid base behavior has recently 
been reported by L o c h m u l l e r and H i l l ( 2 ) . It appears that s i t e -
s i t e interactions (charge repulsion) and "surface buffering" by 
residual amine groups combine to produce the apparent change. 
Mat l i n and Davidson (3 ) also observed interactions between the 
neutral species picramidopropyl and propylamine in a "mixed", 
bonded phase by photοthermal spectrometry. 

One of the problems with sil i c a - b a s e d chromatographic 
materials is their relatively high solubility in mobile phases of 
pH higher than 7.5 units. It is interesting to speculate that at 
least for some important ionic equilibria, the acid-base chemistry 
of bound molecules might be manipulated by deliberately intro
ducing a "surface buffering" e f f e c t . We chose to explore this 
possibility by studying the complexation of saccharides by boronic 
acid anion because of the importance of saccharides and the nor
mally high pH conditions required (pH 8-10) Gilham had postulated 
that the l o c a l p ositive or negative charges on ce l l u l o s e i n 
fluenced the pKa of phenylboronic acid at low mobile phase ionic 
strength (4 ). In addition, Lochmuller and Amoss f i r s t demon
strated the advantage of "mixed" bonded phases in systems where 
the complexation constants are large and contribute to poor trans
fer k i n e t i c s (5 ). Later Karger used this approach to improve the 
performance of bound metal complex phases ( 6 ) . Partial derivati
zation of amine si l i c a s might be expected to improve the ef f i c i e n 
cies obtained with boronate phases by the same reasoning. 
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Because of their r e l a t i v e abundance and their widespread 
importance in biology and medicine, mixtures of saccharides, 
nucleosides and nucleotides have been separated using high-
performance l i q u i d chromatography (HPLC) with amino, cyano, n̂ . 
-alkane, s i l i c a and ion-exchange columns (7-9 ). Mobile-phase 
additives have also been used to enchance the saccharide selec
t i v i t y on both normal and reversed phases as well as on cation 
exchange resins (10-12). Phenylboronic acid-diol derivatives have 
also been analyzed by gas chromatography and mass spectroscopy 
(13) and the interaction between boronic acids and diols has been 
extensively studied (14). Aqueous boric acid mobile phases were 
i n i t i a l l y used to separate diols by paper chromatography and by 
electrophoresis (15). The incorporation of phenylboronic acid as 
a mobile phase additive was shown to increase the Rf values for 
most saccharides to a greater extend than that seen with boric 
acid ( 16 ). Phenylboronic acid derivatives also display a large 
b a c t e r i o s t a t i c e f f e c t compared to boric acid (17). After Gilham 
i n i t i a l l y demonstrate
tuted cellulose in th
sides (4)other boronic acid stationary phases have been prepared 
using polystyrene, c e l l u l o s e and s i l i c a gel (18-23). Although 
these stationary phases are quite selective towards diols, they 
require alkaline mobile phases for adequate retention which se
verely l i m i t s the use of s i l i c a gel matrices. The present study 
investigates the use of boronic acid-substituted, amine-modified, 
s i l i c a gel matrices for the separation of saccharides and nucleo
sides under neutral conditions. 

Phenylboronic a c i d i s a Lewis a c i d (2Λ) whose a c i d i t y i s 
influenced by substituents on the aromatic r i n g and the phenyl-
boronate anion has a tetra h e d r a l structure (see Figure 1). The 
e q u i l i b r i u m between the phenylboronate anion and a d i o l i s shown i n 
Figure 2. Phenylboronic acids als o i n t e r a c t with amines although 
t h i s i n t e r a c t i o n i s quite weak (2_5). The various c r y s t a l l i n e 
structures of phenylboronic a c i d and monosaccharides and nucleo
sides that have been postulated (26,27) demonstrate the phenyl
boronic acids can form complexes with a v a r i e t y of d i o l s . Although 
most of these c r y s t a l l i n e phenylboronic complexes are a i r stable, 
the saccharide complexes r a p i d l y hydrolyze i n water or i n alcohols 
and the nucleoside complexes hydrolyze i n water i n less than 15 
minutes. Since these d e r i v a t i v e s decompose, i n water, the existence 
of an a i r - s t a b l e boronate-diol complex i s not a guarantee of 
complexation under chromatographic conditions (16) . A more 
accurate p r e d i c t o r i s the magnitude of the formation constant for 
a p o l y o l with phenylboronic a c i d i n water (24). 

EXPERIMENTAL 

Materials. The saccharides, 4-bromotoluene, magnesium turnings, n-
-bromosuccimide, η-propylamine and benzoyl peroxide were purchased 
from Al d r i c h Chemical Company (Milwaukee, WI, U.S.A.) and the 
nucleosides were purchased from Sigma Chemical Company (St. Louis, 
MO, U.S.A.). Boric acid and n-butanol were obtained from 
Mallinckrodt Chemical Company (Paris, KY, U.S.A.). 

In Chromatography and Separation Chemistry; Ahuja, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



C H R O M A T O G R A P H Y A N D SEPARATION C H E M I S T R Y 

OH 2

Figure 1· The Equilibrium between Phenylboronic Acid and 
Water. 
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Figure 2. The Equilibrium between the Phenylboronate Anion 
and a Diol. 
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3-aminopropyltriethoxysilane (AO750) and 3-aminopropyl-
dimethylethoxysilane (A0735) were purchased from Petrarch Systems, 
Inc. (Briston, PA, U.S.A.) P a r t i s i l 10 S i l i c a Gel (s = 323 m/g; 
pore diameter = 93A) was obtained from Whatman Chemical Separa
tion, Inc. (Clifton, NJ, U.S.A.) Methanol and water were Omni-
solv-HPLC grade from MCB (Cincinnati, OH, U.S.A.), and the 0.05 M 
phosphate buffers were prepared with Omnisolve - HPLC grade water. 
Synthesis. 4-Tolylboronic Acid was prepared from 4-bromotoluene, 
magnesium turnings and tributylboronic acid according to the pro
cedure of Bean and Johnson (28). The yield was 56% after several 
recrystallizations from water. The addition of N-bromosuccinimide 
to 4-tolyboronic acid with dibenzoyl peroxide in anhydrous carbon 
tetrachloride gave an 85% yield of 4-(co-bromomethyl)phenylboronic 
acid (29). 

The synthesis of both aminated s i l i c a phases consisted of 
adding either 3-aminopropyltriethoxysilane (for Phase B) or 3-
aminopropyldimethylethoxysilane (for Phase D) to dried (130°C) 
P a r t i s i l 10 and refluxin
with stir r i n g over dry
with methanol, the aminated s i l i c a gels were stored in a vacuum 
desiccator un t i l use. The physical characteristics of these s t a 
tionary phases are listed in Table I. 

Both aminated phenylboronic stationary phases (Phases Β and 
D) were prepared by adding a 20% excess of 4-(w-bromomethyl)-
phenylboronic acid to the respective aminated P a r t i s i l 10 phase 
and refluxing in sodium-dried toluene with pyridine (see Figure 
3). After Soxhlet-extracting with methanol for forty-eight hours, 
the phases were stored in a desiccator u n t i l use. 

a-(3-Aminopropyldimethylethoxysilane)-4-tolyboronic acid was 
prepared from an equimolar solution of 3-aminopropyldimethyleth-
oxysilane and 4-(u>-bromomethyl)phenylboronic acid at room tempera
ture i n sodium-dried toluene. After several recrystallizations 
from hexane the structure was confirmed using proton nuclear mag
netic resonance and infrared spectroscopy (Yield - 65%, m.p. -
172°C). Phase Ε was prepared by adding this silane to dried 
P a r t i s i l 10 and refluxing for eight hours, the phase was stored in 
a desiccator u n t i l use. The physical c h a r a c t e r i s t i c s of a l l of 
these stationary phases are listed in Table I. 

a-(ii-Propylamino)-tolylboronic acid (the model compound) was 
synthesized by adding a 0.1 molar solution of 4-(a>-bromomethyl)-
phenylboronic acid to a 1.0 molar solution of freshly d i s t i l l e d 
n-propylamine at 50°C with stir r i n g over dry nitrogen gas. After 
d i s t i l l i n g off the solvent and the excess reagent, the product was 
recrystallized several times with isopropanol and the structure 
confirmed by proton nuclear magnetic resonance and infrared spec
troscopy (Yield - 72%; m.p. - 196°C). The pKa of the model com
pound was determined to be 10.4 according to the potentiometric 
titration method of Torssell (30). 

Chromât ography 

The chromatographic system incorporated a Varian (Walnut Creek, 
CA, U.S.A.) Model 5000 l i q u i d chromatograph, a Varian CDS 111L 
data system and a Valco injection valve fitted with a 10 1. i n 
jection loop. Solute elution was monitored with a Perkin Elmer 
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Table I: Physical Properties of P a r t i s i l 10 Stationary Phases 

Phase I.D. A B C D E 

I n i t i a l Amine 
Concentration 3.27 3.27 1.48 1.48 0.815 
moles/m2 (xlO 6) 

Phenylboronic Acid 
Concentration — 0.946 — 0.475 0.815 
moles/m2 (xlO 6) 

Residual Amine 
Concentration — 2.32 — 1.00 0.00 
moles/m2 (xlO 6) 

Residual Silanol 
Concentration 4.73 4.73 6.52 6.52 7.19 
moles/m2 (xlO 6) 

Ratio of 
Residual Amines — 2.46 — 2.11 0.00 
to Phenylboronic 
Acid 

I n i t i a l Amine 

% Reaction 40.90 40.90 18.50 18.50 10.20 

Phenylboronic 
Acid — 28.90 — 32.10 
% Reaction 

• I n i t i a l concentration assumed to be 8.00 moles/m2. 
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Figure 3. The Synthesis of Phyenylboronic Acid Bonded 
Phases on P a r t i s i l 10. 
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(Norwalk, Conn., U.S.A.) LC-85B UV/Vis detectro ( c e l l volume = 
1.4μ1; response time = 20 mS.) and a Laboratory Data Control 
(Riviera Beach, FL, U.S.A.) RefractoMonitor Model 1107. The 
stationary phases were upward slurry packed at 9000 psig. with 
90:10 (v/v) methanol: water into a 25 cm. χ 4.6 mm. I.D. 316 
stainless steel column fitt e d with 2μπι f r i t s . The average plate 
number, N, for each column was calculated from the mean values of 
multiple injections of mannitol, sorbitol and sucrose with a to
t a l l y aqueous mobile phase at 1.0 ml./min. The average Ν for 
Phases B, D and Ε were 340, 1812, 1500 plates, respectively. 
Chromatographic conditions were 25°C, 1.0 ml./min. and 50-100 atm. 
2H2Û was used as a measure of the column dead volume. A l l of the 
solutes were freshly prepared in the mobile phase. 

Results and Discussion 

The intent of these studie  i  t  investigat  th  influenc f 
neighboring, unreacted
phenylboronic acid stationar
prepared using reagents which result in either polymer (or "bulk") 
or monomeric ("brush") phases. Boronate phases prepared from such 
different materials might have significantly d i f f e r e n t l o c a l en
vironments. In addition, i t was considered important to prepare a 
phase in which only phenylborate would be present by using a 
phenylboronic acid silane. 

Three stationary phases were prepared on P a r t i s i l 10: an 
a-(n-propylamino)-4-tolylboronic acid stationary phase prepared 
from a "bulk" or polymeric amine s i l i c a (Phase B), an a-(ii-pro-
pylamino)-4-tolylboronic acid stationary phase prepared from a 
"brush" or a monomeric amine phase (Phase D), and a phase prepared 
d i r e c t l y using an «-(dimethylethoxypropylaminosilane)-4-tolyl-
boronic acid (Phase E). The physical c h a r a c t e r i s t i c s of the 
phases are l i s t e d i n Table IV. The capacity factors (k f) for 
selected saccharides and nucleosides on these columns with water 
as the mobile phase are listed in Table II. The capacity factors 
(k 1) for these solutes on Phase Β and D are much greater than 
those on Phase Ε whereas the amino stationary phases themselves 
(Phases A and C) have only minimal capacity for these saccharide 
solutes. The order of elution for interacting solutes is identi
cal to that observed in other phenylboronic acid chromatographic 
systems (19,20) although saccharides with unfavorable diol forma
tions and the 2'-deoxyribose derivatives have l i t t l e capacity on 
any of these columns. The chromâtograms of a mixture of three 
interacting saccharides on Phases D and Ε are shown in Figure IV. 

Comparison of the intercolumn capacity factors i s made more 
meaningful by normalization for the boronic acid surface concen
tration (moles/m2) of the phase (see Table I I I ) . These results 
indicate a large percentage increase in normalized capacity fac
tors for Phases Β and D with respect to Phase Ε which c l e a r l y 
demonstrates the influence of residual amines on solute retention. 
The residual amines (found only in Phase Β and D) are promoting 

phenylboronate-solute interactions by lowering the apparent pKa of 
the phase either by direct interaction with boronic acid moieties 
or by indirect buffering of the surface environment. (See Fig. 5.) 
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Table II: The Capacity Factors Of Saccharides And Nucleosides In Water 

k',100% H20 

Solute Phase A Phase Β Phase C Phase D Phase £ 

Saccharides: 

L~(+)-Arabinose 0. 01 0 42 0 .02 0 .42 0 08 
D-Cellibiose 0. 0
2-Deoxy-D-Ribose 0. 0
Dulcitol 0. 02 2. 79 0. .01 3. 34 0. 26 
Fructose 0. 05 3. 07 0, .03 4. .14 0. 26 
L-(-)-Fucose 0. 02 0. 14 0. .02 0. 14 0. 10 
D~(+)-Galactose 0. 08 0. 36 0. .03 0. ,12 0. 05 
D-Glucose 0. 02 0. 14 0. .02 0. 05 0. 03 
Inositol 0. 02 0. 04 0. .02 0. 08 0. 03 
Lactose 0. 02 0. 09 0. 03 0. 12 0. 03 
D-(+)-Maltose 0. 02 0. 01 0. .02 0. 05 0. 01 
Maltotriose 0. 02 0. 01 0. .02 0. 04 0. 01 
D-Mannitol 0. .02 2. 33 0. .02 3. 99 0. 26 
D-(+)-Mannose 0. 02 0. 22 0. 02 0. 21 0. 05 
a-D-Melibiose 0. .02 0. 27 0. .02 0. 09 0. 02 
D—Raffinose 0. .02 0. 01 0. 02 0. 07 0. 01 
I>~(-)-Ribose 0. .06 1. 61 0. 04 2. 22 0. 18 
Sorbitol 0. .04 4. 14 0. 05 7. 15 0. 45 
Sucrose 0. .01 0. 01 0. 01 0. 05 0. 02 
D-(+)-Xylose 0. .02 0. 44 0. 02 0. 08 0. 05 

Nucleosides: 

Adenosine 0 .19 7. 89 0. 20 16. 59 2. 05 
Cytidine 0 .11 4. 36 0. 13 13. 15 1. 03 
2-Deoxyadenosine 0 .22 0. 04 0. 15 0. 99 0. 68 
2-Deoxycytidine 0 .13 0. 21 0. 16 0. 64 0. 34 
2-Deoxyuridine 0 .03 0. 09 0. 08 0. 32 0. 09 
Guanine 0 .22 5. 47 0. 32 14. 33 1. 34 
Thymidine 0 .04 0. 08 0. 05 0. 38 0. 22 
Uridine 0 .05 4. ,15 0. 06 11. 86 0. 84 

In Chromatography and Separation Chemistry; Ahuja, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



C H R O M A T O G R A P H Y A N D SEPARATION C H E M I S T R Y 

SA2 
S. Methanol 
1. D-(-)-Ribose 
2. D-Mannitol. 

WITHOUT 
RESIDUAL 
AMINES 

(PHASE E) 
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Time (min.) 

WITH 
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(PHASE B) 

10 20 30 
Time (min.) 

Figure 4. The Separations of a Mixture of Saccharides on 
Phenylboronic Acid Stationary Phases. 
Mobile Phase = water. 
Flowrate β 1.0 ml./min. 
Ultraviolet Detection at 195 nm. 
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Table III. Percentage Increas
Strongly Interacting Saccharide

Acid Stationary Phases 

% Increase in Normalized k* 

Solute Phases D & Β Phases D & £ Phases Β 

Adenosine 319 1287 231 
Cytidine 501 2082 263 
Dulcitol 139 2072 810 
Fructose 168 2653 926 
Guanine 421 1736 252 
D-Mannitol 241 2556 679 
I>-(-)-Ribose 175 2065 687 
Sorbitol 244 2622 692 
Uridine 469 2331 327 

In Chromatography and Separation Chemistry; Ahuja, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



220 C H R O M A T O G R A P H Y A N D SEPARATION C H E M I S T R Y 

Table IV. Capacity Factors of Saccharides and Nucleosides on Phase D 

Solute Water 

Saccharides : 

L-(+)-Arabinose 0.42 
D-Cellibiose 0.0
2-Deoxy-D-Ribose 0.1
Dulcitol 3.34 
Fructose 4.14 
L-(-)-Fucose 0.14 
D~(+)-Galactose 0.12 
D-Glucose 0.05 
Inositol 0.08 
Lactose 0.12 
D-(+)-Maltose 0.05 
Maltotriose 0.04 
D-Mannitol 3.99 
D-(+)-Mannose 0.21 
a-D-Melibiose 0.09 
D-Raffinose 0.07 
D-(-)-Ribose 2.22 
Sorbitol 7.15 
Sucrose 0.05 
D-(+)-Xylose 0.08 

Nucleosides : 

Adeno s ine 16.59 
Cytidine 13.15 
2 *-Deoxyadenosine 0.99 
2'-Deoxycytidine 0.64 
2'Deoxyuridine 0.32 
Guanine 14.33 
Thymidine 0.38 
uridine 11.86 

.·, T«25°C. 

pH 6.0 pH 5.0 pH 4.0 

0.12 0.05 0.04 

0.66 0.49 0.15 
0.50 0.15 0.13 
0.11 0.07 0.06 
0.10 0.04 0.03 
0.06 0.01 0.03 
0.07 0.01 0.02 
0.08 0.06 0.04 
0.04 0.00 0.01 
0.05 0.00 0.00 
1.07 0.41 0.14 
0.11 0.06 0.03 
0.08 0.02 0.02 
0.07 0.00 0.01 
0.41 0.15 0.12 
2.13 0.78 0.25 
0.09 0.01 0.02 
0.08 0.02 0.05 

3.65 2.23 0.91 
2.55 0.95 0.34 
0.89 0.81 0.52 
0.29 0.23 0.12 
0.22 0.15 0.10 
2.81 2.08 0.58 
0.25 0.20 0.15 
1.69 1.67 0.31 
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8T 

CM—Τ Τ — — I f-
4.0 5.0 6 0 7.0 

pH O F M O B I L E P H A S E 

Figure 5. The Dependence of Saccharide Capacity on a 
Phenylboronic Acid Stationary Phase (Phase D) on 
Mobile-Phase pH. 
Flowrate = 1.0 ml./min. 
Refractive Index Detection. 
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Even though the residual amine: phenylboronic acid r a t i o 
(from Table I) is higher for Phase Β than for Phase D, the average 
normalized k's for interacting solutes on Phase D are larger than 
on Phase B. There are several possible explanations for this 
observed dependence of the capacity on the silane backbone struc
ture: 1. The polymeric backbone (Phases A and B) is composed of 
some amine moieties which remain inaccessible both to reaction 
with a-bromo-4-tolyl-boronic acid and to solvent modifications. 
Therefore, the ratio is an inflated estimate of the actual amine 
moieties available for interaction with the other moieties or with 
solvent. 2. The polymeric backbone could consist of terminal 
amines having more freedom of movement than in the monomeric 
phase. These surface-bound moieties would therefore be expected 
to be more accessible to solvent modification which would weaken 
the interactions between neighboring bound molecules. 3. Surface 
polymerization could also increase the average pore diameter of 
the bounded phase (by plugging smaller pores) reducing the number 
of s i t e - s i t e interaction
(2). 

The r e l a t i v e l y slow k i n e t i c s of complexation has been pro
posed as a cause of the generally low e f f i c i e n c i e s of boronate 
stationary phase systems (19). The plate numbers of interacting 
solutes in these studies are about 90% of otherwise observed and 
assymetry is unchanged. The latter is unusual since previous work 
showed tailing ascribed to the presence of a "non-linear isotherm" 
(20). Perhaps the combination of surface buffering and mixed 
bonded phase effect creates a more favorable, more uniform sorp
tion environment. 

CONCLUSION 

The observed differences in normalized diol capacity factors i n
dicate that residual surface amines do lower the apparent pKa of 
phenylboronic stationary phases by either site-site interactions 
or by the buffering of the surface environment. Incorporating the 
buffer into the surface structure instead of in the mobile phase 
is advantageous in lowering the mobile-phase pH required to 
achieve retention on weakly basic stationary phases, for collec
ting fractions in preparative chromatography and in extending the 
l i f e t i m e of chromatographic equipment (especially columns with 
s i l i c a substrates). Although most of the solute capacity in a 
chromatographic system depends on the mobile-phase composition and 
the major stationary-phase moiety, some capacity may result from 
residual surface species. Even i f these residual functions do not 
interact directly with the solutes, they can modify the surface 
environment res u l t i n g i n a change in the overall performance of 
the stationary phase. Similar surface buffering effects should be 
of use in other types of ionic equilibria where i t is desirable to 
a l t e r the apparent i o n i z a t i o n constant. A more complete under
standing of these stationary-phase surface interactions should 
lead to the further refinement of separation strategies. 
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Cyclodextrin Mobile-Phase and Stationary-Phase 
Liquid Chromatography 

L. J . Cline Love and Manop Arunyanart 
Department of Chemistry, Seton Hall University, South Orange, NJ 07079 

A three-phase equilibrium model which predicts 
capacity factor,
mobile phase concentratio
describe the retention behavior of solutes. Graphs of 
1/k' vs. [CD] are linear, but not parallel, with 
intersection points about which retention order of 
binary mixtures reverse. CD-solute formation 
constants, Kf, calculated from these graphs show that the larger the Kf value, the greater the rate of change of k' with [CD], and the CD concentration at 
the intersection points varies depending on the amount 
of added methanol. The retention order using CD 
mobile phases changes for different types of 
stationary phases (CN or C-18), but the Kf values are invariant with column type. Separations using 
cyclodextrin stationary phases and conventional 
reversed phase solvents were improved by addition of 
buffer when separating phenolic compounds. Separation 
order using a conventional reversed phase C-18 column 
and a beta-CD stationary phase column changes because 
of the additional interaction involving CD-solute 
complexation. Dependence of k' on methanol content of 
the mobile phase was found to be exponential for beta 
and gamma cyclodextrin columns, exactly analogous to 
reversed phase LC on C-18 columns. Separation of 
enantiomers of leucine and norlecine is demonstrated 
using a β-CD column and a buffered aqueous methanol 
mobile phase. 

A q u e o u s a n d m e t h a n o l i c s o l u t i o n s o f c y c l o d e x t r i n s h a v e b e e n e m p l o y e d 
a s m o b i l e p h a s e s i n h i g h p e r f o r m a n c e l i q u i d c h r o m a t o g r a p h y ( H P L C ) , 
a n d a s s t a t i o n a r y p h a s e s b y b o n d i n g t h e c y c l o d e x t r i n t o s i l i c a 
p a c k i n g b y s e v e r a l w o r k e r s ( 1 - 8 ) . T h e y h a v e b e e n s h o w n t o b e 
e s p e c i a l l y s u i t a b l e f o r s e p a r a t i o n o f s t r u c t u r a l i s o m e r s , c i s - t r a n s 
g e o m e t r i c i s o m e r s , a n d e n a n t i o m e r s . C y c l o d e x t r i n s ( C D ) a r e 
t o r o i d a l - s h a p e d , c y c l i c , o l i g o s a c c h a r i d e s made up o f a - 1 , 4 l i n k e d , 
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D - g l u c o p y r a n o s e u n i t s . B e c a u s e o f t h e s i z e c o n s t r a i n t s o f t h e i r 
h y d r o p h o b i c c a v i t i e s , c y c l o d e x t r i n s a c t a s " h o s t s " t o f o r m s t a b l e 
i n c l u s i o n c o m p l e x e s w i t h a v a r i e t y o f " g u e s t " s p e c i e s . T h e 
s t a b i l i t y o f t h e c o m p l e x i s g e n e r a l l y r e l a t e d t o t h e g u e s t ' s a b i l i t y 
t o p h y s i c a l l y f i t w i t h i n t h e CD c a v i t y , a n d t h e t i g h t n e s s o f f i t i s 
s e n s i t i v e t o t h e i s o m e r i c c h a r a c t e r i s t i c s o f t h e g u e s t m o l e c u l e s , 
t h u s f a c i l i t a t i n g s e p a r a t i o n o f v e r y s i m i l a r s p e c i e s . H o w e v e r , many 
o t h e r f a c t o r s , s u c h a s V a n d e r W a a l f o r c e s , d i p o l e - d i p o l e 
i n t e r a c t i o n s , h y d r o g e n b o n d i n g , a n d h y d r o p h o b i c i n t e r a c t i o n s a l s o 
p l a y r o l e s i n d e t e r m i n i n g t h e e a s e o f c o m p l e x f o r m a t i o n ( 4 ) . I n 
a d d i t i o n , f o r e f f i c i e n t e n a n t i o s e l e c t i v i t y , c h i r a l s o l u t e s m u s t 
c o n t a i n a s u b s t i t u e n t w h i c h c a n h y d r o g e n b o n d w i t h t h e 2 - h y d r o x y l 
g r o u p s a t t h e e n t r a n c e o f t h e CD c a v i t y ( 9 , 1 0 ) . 

I n c o n v e n t i o n a l r e v e r s e d p h a s e H P L C , d i f f e r e n c e s i n t h e 
p h y s i c o c h e m i c a l i n t e r a c t i o n s o f t h e e l u a t e w i t h t h e m o b i l e p h a s e a n d 
t h e s t a t i o n a r y p h a s e d e t e r m i n e t h e i r p a r t i t i o n c o e f f i c i e n t s a n d , 
h e n c e , t h e i r c a p a c i t y f a c t o r  k *  I n r e v e r s e d - p h a s e s y s t e m s 
c o n t a i n i n g c y c l o d e x t r i n
c o m p l e x e s b a s e d n o t o n l
m a k i n g t h e s e s y s t e m s m o r e c o m p l e x . I f 1 : 1 s t o i c h i o m e t r y i s 
i n v o l v e d , t h e p r i m a r y a s s o c i a t i o n e q u i l i b r i u m , g e n e r a l l y r e c o g n i z e d 
t o b e o f c o n s i d e r a b l e i m p o r t a n c e i n m i c e l l a r c h r o m a t o g r a p h y , c a n b e 
a p p l i e d ( 1 1 - 1 3 ) . T h e f o r m a t i o n c o n s t a n t , K f , o f t h e i n c l u s i o n 
c o m p l e x i s d e f i n e d a s t h e r a t i o o f t h e e n t r a n c e a n d e x i t r a t e 
c o n s t a n t s b e t w e e n t h e s o l u t e a n d t h e c y c l o d e x t r i n . A d d i t i o n o f 
o r g a n i c m o d i f i e r s , s u c h a s m e t h a n o l , i n t o t h e c y c l o d e x t r i n a q u e o u s 
m o b i l e p h a s e s h o u l d a l t e r t h e k i n e t i c a n d t h e r m o d y n a m i c 
c h a r a c t e r i s t i c s o f t h e s y s t e m . T h i s w o u l d a l t e r t h e K f v a l u e s b y 
m o d i f y i n g t h e e n t r a n c e a n d e x i t r a t e c o n s t a n t s w h i c h d e t e r m i n e t h e 
q u a l i t y o f t h e s e p a r a t i o n . 

I t i s w e l l k n o w n t h a t k ' d e c r e a s e s a s t h e c o n c e n t r a t i o n o f 
o r g a n i c m o d i f i e r i s i n c r e a s e d i n H P L C , a n d i t i s o f i n t e r e s t t o 
d e t e r m i n e i f t h i s r e l a t i o n s h i p h o l d s i n C D - H P L C . N o r m a l l y , k ' 
d e c r e a s e s e x p o n e n t i a l l y w i t h t h e v o l u m e f r a c t i o n , δ , o f o r g a n i c 
m o d i f i e r , a n d a l i n e a r r e l a t i o n s h i p b e t w e e n I n k ' a n d [ o r g a n i c 
m o d i f i e r ] i s d e s c r i b e d i n E q u a t i o n 1 b e l o w ( 1 4 ) , 

I n k ' = I n k O - S 6 ( 1 ) 

w h e r e k ° r e p r e s e n t s t h e k ' v a l u e f o r a c o m p o u n d u s i n g a n a q u e o u s 
m o b i l e p h a s e . T h e q u a n t i t y , S , d e p e n d s o n b o t h t h e s o l v e n t s t r e n g t h 
a n d o n t h e s p e c i f i c i n t e r a c t i o n s b e t w e e n t h e s o l u t e , s t a t i o n a r y 
p h a s e a n d t h e m o b i l e p h a s e . E q u a t i o n 1 h a s b e e n s h o w n t o h o l d f o r 
manv s u b s t a n c e s ( 1 4 - 1 8 ) . H o w e v e r , H e n n i o n ( 1 7 ) a n d S c h o e n m a k e r s 
( 1 8 ) c a r r i e d o u t d e t a i l e d s t u d i e s o f t h e v a r i a t i o n o f k ' w i t h t h e 
v o l u m e f r a c t i o n o f o r g a n i c s o l v e n t i n w a t e r , a n d d e t e r m i n e d t h a t t h e 
d e p e n d e n c e b e c o m e s n o n - l i n e a r when t h e c o m p o s i t i o n r a n g e o f t h e 
m o b i l e p h a s e i s e x t e n d e d . I n a d d i t i o n , t h e r a t e o f c h a n g e o f I n k ' 
w i t h v o l u m e f r a c t i o n o f o r g a n i c s o l v e n t i s d e p e n d e n t o n t h e a c t u a l 
m o d i f i e r e m p l o y e d . I n t h e p r e s e n t s t u d y , o n l y m e t h a n o l g a v e a 
s a t i s f a c t o r y l i n e a r r e l a t i o n s h i p b e t w e e n I n k ' w i t h v o l u m e f r a c t i o n 
o f m e t h a n o l i n t h e m o b i l e p h a s e . 

T h e u s e o f CD m o b i l e p h a s e s s u f f e r s t h e d i s a d v a n t a g e s o f l o w 
s o l u b i l i t y i n w a t e r ( 0 . 0 1 6 M ) , e v e n l e s s s o l u b i l i t y i n m e t h a n o l i c 
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s o l u t i o n s , a n d c o s t . H o w e v e r , c y c l o d e x t r i n s c h e m i c a l l y - b o n d e d t o 
s i l i c a s t a t i o n a r y p h a s e s c a n b e u s e d t o s o l v e m a n y s e p a r a t i o n 
p r o b l e m s ( 1 , 1 9 ) . S e v e r a l i n v e s t i g a t o r s h a v e s h o w n t h a t o p t i c a l , 
g e o m e t r i c a l , a n d s t r u c t u r a l i s o m e r s c a n b e s e p a r a t e d u s i n g C D - b o n d e d 
s t a t i o n a r y p h a s e s ( 2 0 - 2 4 ) . T h e y c o n c l u d e d t h a t C D - b o n d e d s t a t i o n a r y 
p h a s e s r e t a i n e d s o l u t e s v i a i n c l u s i o n c o m p l e x a t i o n a n d 
e n a n t i o s e l e c t i v i t y , w h i c h w a s d e t e r m i n e d b a s e d o n a t h r e e - p o i n t 
a t t a c h m e n t m o d e l . 

T h i s p a p e r d e s c r i b e s t h e e l u t i o n b e h a v i o r o f b e n z e n e , o r t h o - , 
m e t a - , a n d p a r a - n i t r o p h e n o l , n a p h t h a l e n e , a n d b i p h e n y l i n a q u e o u s 
a n d m e t h a n o l i c c y c l o d e x t r i n m o b i l e p h a s e s . T h e i n c l u s i o n c o m p l e x 
f o r m a t i o n c o n s t a n t s o f t h e s e s e l e c t e d c o m p o u n d s i n 3-CD m o b i l e 
p h a s e s c o n t a i n i n g 0 % , 1 0 % , a n d 2 0 % m e t h a n o l a r e r e p o r t e d . T h e 
f o r m a t i o n c o n s t a n t s o b t a i n e d u s i n g a CN c o l u m n / C D m o b i l e p h a s e w e r e 
d e t e r m i n e d a n d u s e d t o p r e d i c t t h e e l u t i o n b e h a v i o r o f t h e t e s t 
c o m p o u n d s o n C - 1 8 c o l u m n s . A l s o , t h e e l u t i o n b e h a v i o r o f s o l u t e s o n 
C - 1 8 , 3 - C D , a n d Y - C D s t a t i o n a r y p h a s e s a r e c o m p a r e d . 

E x p e r i m e n t a l 

A p p a r a t u s . T h e HPLC s y s t e m c o n s i s t e d o f a T e c h n i c o n F A S T . L C h i g h 
p r e s s u r e pump ( T e c h n i c o n , T a r r y t o w n , N J ) , M o d e l 7 1 2 0 s a m p l e i n j e c t o r 
w i t h a 2 0 μί_ i n j e c t i o n l o o p ( R e o d y n e , I n c . , C o t a l i , C A ) . T h e HPLC 
a n a l y t i c a l c o l u m n s w e r e 5 pm S u p e l c o s i l C - 1 8 a n d 5 urn S u p e l c o s i l L C -
CN ( b o t h 2 5 cm χ 4 . 6 mm i . d . f r o m S u p e l c o , I n c . , B e l l f o n t e , P A ) , a n d 
C y c l o b o n d I ( b e t a - C D ) a n d C y c l o b o n d I I (gamma-CD) (25 cm χ 4 . 6 mm 
i . d . , A d v a n c e d S e p a r a t i o n T e c h n o l o g i e s , I n c . , W h i p p a n y , N J ) . A 
p r e c o l u m n ( 1 2 . 5 cm χ 4 . 6 mm i . d . ) p a c k e d w i t h s i l i c a g e l ( 2 5 - 4 0 ym) 
w a s l o c a t e d b e t w e e n t h e pump a n d s a m p l e i n j e c t o r i n o r d e r t o 
s a t u r a t e t h e m o b i l e p h a s e w i t h s i l i c a t o m i n i m i z e d i s s o l u t i o n o f t h e 
a n a l y t i c a l c o l u m n p a c k i n g . A l l c h r o m a t o g r a m s w e r e r e c o r d e d o n a 
R e c o r d a l l M o d e l 5 0 0 0 s t r i p c h a r t r e c o r d e r ( F i s h e r S c i e n t i f i c , 
S p r i n g f i e l d , N J ) . 

R e a g e n t s . C e r t i f i e d A . C . S . s p e c t r o a n a l y z e d m e t h a n o l , p h e n o l , m-
n i t r o p h e n o l , b e n z e n e , n a p h t h a l e n e , s o d i u m a c e t a t e , a n d a c e t i c a c i d 
w e r e o b t a i n e d f r o m F i s h e r S c i e n t i f i c a n d w e r e u s e d a s r e c e i v e d . T h e 
3 - C D , d a n s y l - D L - l e u c i n e , d a n s y l - D L - n o r l e u c i n e ( a l l f r o m S i g n a l 
C h e m i c a l C o . , S t . L o u i s , M 0 ) , o - c h l o r o p h e n o l , m - c h l o r o p h e n o l , p -
c h l o r o p h e n o l , o - n i t r o p h e n o l ( a l l f r o m E a s t m a n K o d a k C o . , R o c h e s t e r , 
N Y ) , p - n i t r o p h e n o l , a n d b i p h e n y l ( f r o m M C B , S o u t h P l a i n f i e l d , N J ) 
w e r e a l l u s e d a s r e c e i v e d . 

P r o c e d u r e . Two s e p a r a t e p r o c e d u r e s w e r e e m p l o y e d , r e f e r r e d t o a s 
s y s t e m I a n d s y s t e m I I b e l o w . S y s t e m I c o n s i s t e d o f a n o n p o l a r C - 1 8 
c o l u m n a n d a p o l a r CN c o l u m n , b o t h u s e d w i t h a m o b i l e p h a s e 
c o n t a i n i n g 3 - C D . T h e m o b i l e p h a s e w a s p r e p a r e d b y d i s s o l v i n g t h e 
a p p r o p r i a t e q u a n t i t y o f 3 - C D i n d i s t i l l e d w a t e r , a q u e o u s 10% 
m e t h a n o l , o r a q u e o u s 2 0 % m e t h a n o l , f o l l o w e d b y f i l t r a t i o n t h r o u g h a 
0 . 4 5 ]im N y l o n - 6 6 m e m b r a n e f i l t e r ( R a i n i n I n s t r u m e n t s , W o b u r n , M A ) . 
S y s t e m I I c o n s i s t e d o f a n o n p o l a r C - 1 8 , a 3 - C D , a n d a Ύ - C D c o l u m n , 
a n d t h e m o b i l e p h a s e w a s w a t e r c o n t a i n i n g a n o r g a n i c m o d i f i e r . T h e 
m o b i l e p h a s e w a s p r e p a r e d b y a d d i n g t h e a p p r o p r i a t e q u a n t i t y o f 
m e t h a n o l t o d i s t i l l e d w a t e r c o n t a i n i n g 0 . 0 5 M s o d i u m a c e t a t e b u f f e r , 
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f o l l o w e d b y f i l t r a t i o n t h r o u g h a 0 . 4 5 ym N y l o n - 6 6 membrane f i l t e r . 
F o r b o t h s y s t e m s , m e t h a n o l i c s t o c k s o l u t i o n s w e r e d i l u t e d t o t h e 
d e s i r e d c o n c e n t r a t i o n s w i t h e i t h e r d i s t i l l e d w a t e r o r m e t h a n o l . A 
m o b i l e p h a s e f l o w r a t e o f 1 . 0 m L / m i n w a s u s e d , a n d r e t e n t i o n t i m e s 
m e a s u r e d f r o m t h e p o i n t o f i n j e c t i o n t o t h e peak maximum o n t h e 
c h r o m a t o g r a m . T h e v o i d v o l u m e s u s e d i n t h e k ' c a l c u l a t i o n s w e r e 
2 . 8 7 m L , 2 . 8 5 m L , a n d 2 . 7 5 mL f o r t h e S u p e l c o s i l C - 1 8 , t h e 
S u p e l c o s i l L C - C N , a n d b o t h t h e C y c l o b o n d I a n d C y c l o b o n d I I c o l u m n s , 
r e s p e c t i v e l y . 

R e s u l t s and D i s c u s s i o n 

C y c l o d e x t r i n M o b i l e P h a s e s 

A t h r e e - p h a s e e q u i l i b r i u m m o d e l f o r p a r t i t i o n i n g o f s o l u t e , E , 
b e t w e e n a b u l k a q u e o u s p h a s e a n d d i s s o l v e d c y c l o d e x t r i n , a n d b e t w e e n 
t h e b u l k a q u e o u s p h a s e a n d t h e s t a t i o n a r y p h a s e  L  a l l o w s o n e t o 
d e r i v e e q u a t i o n s r e l a t i n
c o n c e n t r a t i o n o f C D . T h
d e r i v e d f o r m i c e l l a r c h r o m a t o g r a p h y w h i c h a l s o a s s u m e s a t h r e e - p h a s e 
m o d e l [I'd, 1 3 ) , 

<f>[Ls] K i 
k ' = S—l— ( 2 ) 

1 + K f [ C D ] 

w h e r e φ i s t h e p h a s e r a t i o o f t h e s t a t i o n a r y p h a s e v o l u m e , v s , t o 
t h a t o f t h e m o b i l e p h a s e , v m , Κχ i s t h e s o l u t e - s t a t i o n a r y p h a s e 
e q u i l i b r i u m c o n s t a n t , a n d K f i s t h e s o l u t e - c y c l o d e x t r i n f o r m a t i o n 
c o n s t a n t . T h i s e q u a t i o n p r e d i c t s p a r a b o l i c d e p e n d e n c e o f k ' o n t h e 
c o n c e n t r a t i o n o f C D , a n d l i n e a r d e p e n d e n c e o f 1 / k ' o n [ C D ] , a n d i t s 
v a l i d i t y w a s t e s t e d i n t h e p r e s e n t s t u d y . 

D e p e n d e n c e o f r e t e n t i o n o n m o b i l e p h a s e c o m p o s i t i o n . T h e r e t e n t i o n 
d a t a f o r b e n z e n e , o - , m - , a n d p - n i t r o p h e n o l , n a p h t h a l e n e , a n d 
b i p h e n y l c h r o m a t o g r a p h e d o n a S u p e l c o s i l L C - C N c o l u m n u s i n g m o b i l e 
p h a s e s c o n s i s t i n g o f a q u e o u s β - C D , β - C D i n 10% m e t h a n o l , a n d β - C D i n 
2 0 % m e t h a n o l a r e s h o w n i n T a b l e I , a n d a r e g r a p h i c a l l y s h o w n a s 1 / k ' 
v s . [ C D ] i n F i g u r e 1 . A s p r e d i c t e d b y E q u a t i o n 2 , t h e p l o t s a r e 
l i n e a r , a n d t h e l i n e a r r e g r e s s i o n a n a l y s e s a r e g i v e n i n T a b l e I I . 
T h e v a l u e s o f K f , a l s o g i v e n i n T a b l e I I , w e r e c a l c u l a t e d f o r e a c h 
s o l u t e u s i n g t h e s l o p e / i n t e r c e p t r a t i o s f r o m t h e g r a p h s i n F i g u r e 1 . 
I t i s a p p a r e n t f r o m t h e g r a p h s t h a t t h e l i n e a r d e p e n d e n c e o f t h e 
s o l u t e s o n m o b i l e p h a s e c o m p o s i t i o n a r e n o t p a r a l l e l , b u t i n t e r s e c t 
o n e a n o t h e r . T h i s a l l o w s r a p i d d e t e r m i n a t i o n o f t h e o p t i m u m m o b i l e 
p h a s e c o n c e n t r a t i o n f o r s e p a r a t i o n o f m i x t u r e s b y m e a s u r e m e n t o f t h e 
k ' a t t w o c o n c e n t r a t i o n o f 3 - C D f o r e a c h s o l u t e . T h e o p t i m u m 
c o n c e n t r a t i o n i s d e t e r m i n e d b y d r a w i n g t h e l i n e s a n d s e l e c t i n g t h e 
p o i n t o f maximum s e p a r a t i o n b e t w e e n t h e k ' v a l u e s . I n a d d i t i o n , 
s h o r t e r a n a l y s i s t i m e i s g a i n e d ( w i t h o u t c h a n g i n g t h e r e t e n t i o n 
b e h a v i o r ) b y a d d i t i o n o f a n o r g a n i c m o d i f i e r s u c h a s m e t h a n o l . One 
d r a w b a c k o n t h e u s e o f a d d e d m e t h a n o l i s t h e d e c r e a s e i n t h e 
s o l u b i l i t y o f β - C D i n m e t h a n o l i c s o l u t i o n s . 

C h a n g e s i n t h e r e t e n t i o n o r d e r o f t h e o r t h o - , m e t a - , a n d p a r a -
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T a b l e I . V a r i a t i o n o f C a p a c i t y F a c t o r o f C o m p o u n d s o n S u p e l c o s i l - C N 
C o l u m n s v e r s u s A q u e o u s [3 - C y c l o d e x t r i n ] w i t h 0, 10, a n d 20% M e t h a n o l 

[ β - C y c l o d e x t r i n ] (M) 

Compound 0 0 . 0 0 1 0 . 0 0 2 0 . 0 0 4 0 . 0 0 6 

B e n z e n e 2 . 9 2 2 . 6 1 2 . 4 3 2 . 1 2 1 . 8 8 
P h e n o l 2 . 4 5 2 . 2 0 2 . 1 3 1 . 8 8 1 . 6 9 
o - N i t r o p h e n o l 5 . 2 4 4 . 8 5 4 . 5 4 3 . 9 1 3 . 5 0 
m - N i t r o p h e n o l 6 . 3 3 5 . 5 1 4 . 9 0 4 . 0 2 3 . 5 0 
p - N i t r o p h e n o l 6 . 2 4 5 . 1 8 4 . 4 9 3 . 5 3 3 . 2 1 
N a p h t h a l e n e 2 9 . 4 6 1 9 . 5 3 1 5 . 0 8 1 0 . 6 0 8 . 0 6 
B i p h e n y l 7 4 . 0 0 2 1 . 0 0 1 2 . 7 4 7 . 6 8 5 . 6 1 

10% M e t h a n o l 

B e n z e n e 2 . 0 7 1 . 7 6 1 . 5 7 1 . 2 8 1 . 0 8 
P h e n o l 1 . 6 3 1 . 4 7 1 . 3 8 1 . 2 0 1 . 0 7 
o - N i t r o p h e n o l 2 . 9 8 2 . 7 6 2 . 5 8 2 . 2 8 2 . 0 3 
m - N i t r o p h e n o l 4 . 1 0 3 . 5 6 3 . 1 9 2 . 6 5 2 . 2 6 
p - N i t r o p h e n o l 4 . 0 4 3 . 3 9 2 . 8 9 2 . 2 9 1 . 9 0 
N a p h t h a l e n e 1 4 . 4 8 9 . 6 1 7 . 3 5 4 . 9 8 3 . 7 5 
B i p h e n y l 3 1 . 7 9 1 0 . 3 1 6 . 2 8 3 . 5 4 2 . 5 1 

20% M e t h a n o l 

B e n z e n e 1 . 4 7 1 . 3 1 1 . 1 6 0 . 9 5 0 . 8 1 
P h e n o l 1 . 0 6 1 . 0 2 0 . 9 6 0 . 8 8 0 . 8 1 
o - N i t r o p h e n o l 1 . 8 4 1 . 3 1 1 . 1 6 0 . 9 5 0 . 8 1 
m - N i t r o p h e n o l 2 . 4 9 2 . 3 7 2 . 1 9 1 . 9 4 1 . 7 3 
p - N i t r o p h e n o l 2 . 4 4 2 . 2 3 2 . 0 0 1 . 7 3 1 . 5 2 
N a p h t h a l e n e 6 . 7 2 5 . 5 6 4 . 5 9 3 . 4 5 2 . 7 4 
B i p h e n y l 1 2 . 7 3 6 . 6 8 4 . 5 0 2 . 7 6 2 . 0 1 
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n i t r o p h e n o l i s o m e r s i l l u s t r a t e some o f t h e u n u s u a l i n t e r a c t i o n s 
o c c u r r i n g i n t h e s e p a r a t i o n . I n t h e a b s e n c e o f 3-CD i n t h e m o b i l e 
p h a s e , t h e e l u t i o n o r d e r b a s e d o n t h e m e a s u r e d k ' v a l u e s i s o r t h o < 
p a r a < m e t a . W h e n 3 - C D i s a d d e d t o t h e m o b i l e p h a s e , s o l u t e 
m o l e c u l e s a r e i n c l u d e d i n t o t h e CD c a v i t y , a n d t h e r e t e n t i o n o r d e r 
may c h a n g e d e p e n d i n g o n t h e s t r e n g t h o f i n t e r a c t i o n b e t w e e n t h e CD 
a n d t h e s o l u t e . H o w e v e r , many o t h e r f a c t o r s c a n p l a y a r o l e i n 
d e t e r m i n i n g t h e o r d e r o f r e t e n t i o n , s u c h a s 3-CD c o n c e n t r a t i o n a n d 
t h e a m o u n t o f a d d e d o r g a n i c m o d i f i e r . T h e c h a n g e s i n t h e o r d e r o f 
r e t e n t i o n o f t h e n i t r o p h e n o l s t r u c t u r a l i s o m e r s a r e s h o w n i n F i g u r e 
1 . A t a g i v e n m e t h a n o l c o n c e n t r a t i o n , t h e r e t e n t i o n o r d e r d e p e n d s 
o n t h e c o n c e n t r a t i o n o f 3 - C D , a n d r e v e r s a l o f t h e r e t e n t i o n o r d e r 
o c c u r s o n e i t h e r s i d e o f t h e i n t e r s e c t i o n p o i n t o f t h e l i n e s . T h e 
3-CD c o n c e n t r a t i o n a t t h e i n t e r s e c t i o n p o i n t s c h a n g e s d e p e n d i n g o n 
t h e a m o u n t o f a d d e d m e t h a n o l . T h e s e d a t a s u g g e s t t h a t t h e 3-CD i s 
f o r m i n g i n c l u s i o n c o m p l e x e s w i t h t h e i s o m e r s , a n d t h a t t h e s t r e n g t h 
o f t h e s e i n t e r a c t i o n i s a f f e c t e d b y t h e c o m p o s i t i o n o f t h e b u l k 
s o l v e n t s y s t e m . 

R e t e n t i o n o r d e r a l s
s t a t i o n a r y p h a s e e m p l o y e d . F i g u r e 2A s h o w s t h e c h r o m a t o g r a p h i c 
s e p a r a t i o n p a t t e r n f o r s e v e r a l s o l u t e s u s i n g a S u p e l c o s i l L C - C N 
c o l u m n a n d a m o b i l e p h a s e c o n t a i n i n g 0 . 0 0 1 M 3-CD i n 2 0 % m e t h a n o l 
a q u e o u s s o l u t i o n . U n d e r t h e s e c o n d i t i o n s , t h e c o m p o u n d s a r e 
r e t a i n e d i n t h e o r d e r p h e n o l < b e n z e n e < o r t h o < p a r a < m e t a -
n i t r o p h e n o l , a n d b a s e l i n e s e p a r a t i o n i s n o t a c h i e v e d . H o w e v e r , b y 
u s i n g a S u p e l c o s i l C - 1 8 c o l u m n w i t h a l l o t h e r c o n d i t i o n s t h e s a m e , 
b a s e l i n e s e p a r a t i o n s a r e a c h i e v e d ( F i g u r e 2 B ) , b u t w i t h 
c o n s i d e r a b l y l o n g e r r e t e n t i o n t i m e s a n d a d i f f e r e n t r e t e n t i o n o r d e r 
( p h e n o l < p a r a < m e t a < o r t h o < b e n z e n e ) c o m p a r e d t o t h o s e u s i n g t h e 
CN c o l u m n . T h i s r e s u l t s b e c a u s e m o r e p o l a r s o l u t e s h a v e s m a l l e r k * 
v a l u e s o n n o n p o l a r s t a t i o n a r y p h a s e s . T h u s , o n e w o u l d e x p e c t 
b e n z e n e t o b e r e t a i n e d l o n g e r o n t h e C - 1 8 c o l u m n t h a n o n t h e CN 
c o l u m n . 

E f f e c t o f m o b i l e p h a s e c o m p o s i t i o n o n K f . T h e f o r m a t i o n c o n s t a n t 
f o r c o m p l e x f o r m a t i o n o f s o l u t e w i t h t h e CD i s g i v e n b y t h e r a t i o o f 
t h e e n t r a n c e t o e x i t r a t e c o n s t a n t s o f t h e s o l u t e w i t h t h e CD 
c a v i t y . T h i s c o n s t a n t s h o u l d b e i n v a r i a n t w i t h c y c l o d e x t r i n 
c o n c e n t r a t i o n , b u t w o u l d b e e x p e c t e d t o c h a n g e u p o n a d d i t i o n o f 
o r g a n i c m o d i f i e r s t o t h e CD m o b i l e p h a s e . E x p e r i m e n t a l l y , t h e K f 
v a l u e s i n c r e a s e d s o m e w h a t u p o n a d d i t i o n o f 10% m e t h a n o l , b u t t h e n 
d e c r e a s e d s i g n i f i c a n t l y u p o n a d d i t i o n o f 20% m e t h a n o l ( T a b l e I I ) . 
T h i s s u g g e s t s t h a t s m a l l a m o u n t s o f m e t h a n o l ( u p t o 10%) e n h a n c e s 
t h e e n t r a n c e r a t e c o n s t a n t o v e r t h e e x i t r a t e c o n s t a n t , m o s t 
p r o b a b l y b e c a u s e t h e h i g h l y i n t e r a c t i v e w a t e r m o l e c u l e s n o r m a l l y 
p r e s e n t i n " e m p t y " CD c a v i t i e s a r e d i s p l a c e d b y m e t h a n o l m o l e c u l e s 
w h i c h w o u l d f a c i l i t a t e e n t r a n c e o f t h e s o l u t e . F u r t h e r i n c r e a s e s i n 
t h e m e t h a n o l c o n t e n t o f t h e b u l k a q u e o u s p h a s e r e s u l t i n a l e s s 
p o l a r b u l k p h a s e i n w h i c h t h e s o l u t e i s m o r e s o l u b l e , t h u s e n h a n c i n g 
i t s e x i t r a t e c o n s t a n t , d e c r e a s i n g t h e e n t r a n c e r a t e c o n s t a n t , a n d 
d e c r e a s i n g t h e s t a b i l i t y o f t h e i n c l u s i o n c o m p l e x ( s m a l l e r K f ) . 
G e n e r a l l y , t h e m a g n i t u d e o f t h e K f v a l u e s r e f l e c t s b o t h t h e s t r e n g t h 
o f i n t e r a c t i o n b e t w e e n t h e CD a n d a n a l y t e , a n d t h e r a t e o f c h a n g e o f 
k ' w i t h [ C D ] . T h u s , t h e l a r g e r t h e K f v a l u e , t h e g r e a t e r t h e 
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[β-CD] in H2O.M [β-CD] in [β-CD] in 
1 0 % CH 3OH,M 2 0 % CH 3OH,M 

F i g u r e 1 . D e p e n d e n c e o f 1 / k ' o n ( A ) [ β - C D ] i n w a t e r , ( B ) 
[ 3 - C D ] i n 10% m e t h a n o l , a n d ( C ) [ β - C D ] i n 20% m e t h a n o l , f o r 
( O ) p h e n o l , (A) b e n z e n e , ( • ) p - n i t r o p h e n o l , (ψ) o -
n i t r o p h e n o l , ( # ) m - n i t r o p h e n o l , ( 0 ) b i p h e n y l , a n d ( • ) 
n a p h t h a l e n e ; c o l u m n , S u p e l c o s i l L C - C N ( 2 5 cm χ 4 . 6 mm 
i . d . ) ; f l o w r a t e , 1 m L / m i n . 

υ 

8 1 2 

'Time (mm) 
2 4 4 8 7 2 

Time(min) 

F i g u r e 2 . C h a r a c t e r i s t i c s e p a r a t i o n p a t t e r n o f ( 1 ) p h e n o l , 
( 2 ) b e n z e n e , ( o ) o - n i t r o p h e n o l , ( p ) p - n i t r o p h e n o l , (m) m-
n i t r o p h e n o l ; c o l u m n ( A ) S u p e l c o s i l L C - C N ( 2 2 5 cm χ 4 . 6 mm 
i . d . ) , ( B ) S u p e l c o s i l C - 1 8 ( 2 5 cm χ 4 . 6 mm i . d . ; m o b i l e 
p h a s e , 0 . 0 0 1 M β - C D i n a q u e o u s 20% m e t h a n o l ; f l o w r a t e , 1 
m L / m i n ; d e t e c t o r r a n g e , ( A ) 0 . 0 4 a n d ( B ) 0 . 0 2 a . u . f . s . 
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T a b l e I I . C a l c u l a t e d F o r m a t i o n C o n s t a n t s a n d S t a t i s t i c a l A n a l y s i s 
f o r S o l u t e s w i t h 0 , 10 a n d 20% M e t h a n o l / 6 - C y c l o d e x t r i η M o b i l e P h a s e s 

Compound S l o p e I n t e r c e p t % 1 RSD K f ( L / m o l ) 

S l o p e I n t e r c e p t 

B e n z e n e 3 1 . 0 0 . 3 4 8 2 . 8 3 0 . 8 5 8 9 
P h e n o l 2 9 . 6 0 . 4 1 4 5 . 2 5 1 . 2 6 72 
o - N i t r o p h e n o l 1 6 . 0 0 . 1 9 0 2 . 5 8 0 . 8 1 8 4 
m - N i t r o p h e n o l 2 1 . 4 0 . 1 6 0 3 . 5 4 1 . 7 7 134 
p - N i t r o p h e n o l 2 5 . 7 0 . 1 6 7 1 . 3 3 6 . 5 0 154 
N a p h t h a l e n e 1 4 . 8 0 . 0 3 5 4 1 . 7 9 2 . 5 2 4 1 8 
B i p h e n y l 2 7 . 1 0 . 0 1 9 0 3 . 8 5 1 8 . 9 3 1 , 4 3 2 

10% M e t h a n o l 

B e n z e n e 7 3 . 0 0 . 4 8 9 1 . 4 5 0 . 7 3 1 4 9 
P h e n o l 5 2 . 8 0 . 6 2 0 2 . 3 2 0 . 6 8 8 5 
o - N i t r o p h e n o l 2 6 . 0 0 . 3 3 6 0 . 7 1 0 . 1 9 77 
m - N i t r o p h e n o l 3 2 . 8 0 . 2 4 6 1 . 2 6 0 . 5 7 1 3 3 
p - N i t r o p h e n o l 4 6 . 5 0 . 2 5 0 1 . 2 5 0 . 7 8 186 
N a p h t h a l e n e 3 1 . 8 0 . 0 7 0 1 0 . 6 1 0 . 9 7 4 6 8 
B i p h e n y l 6 1 . 1 0 . 0 3 4 9 1 . 1 9 7 . 0 7 1 , 7 5 1 

20% M e t h a n o l 

B e n z e n e 9 3 . 3 0 . 6 7 6 1 . 0 5 0 . 4 9 1 3 8 
P h e n o l 4 9 . 2 0 . 9 3 9 2 . 4 1 0 . 4 3 5 2 
o - N i t r o p h e n o l 2 3 . 3 0 . 5 3 9 3 . 0 7 0 . 4 5 4 3 
m - N i t r o p h e n o l 2 9 . 9 0 . 3 9 7 2 . 8 2 0 . 7 2 75 
p - N i t r o p h e n o l 4 1 . 5 0 . 4 1 1 2 . 2 2 0 . 7 6 101 
N a p h t h a l e n e 3 6 . 3 0 . 1 4 6 1 . 3 8 1 . 1 6 2 4 9 
B i p h e n y l 6 9 . 9 0 . 0 8 0 3 0 . 7 4 2 . 1 6 8 7 0 
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s t r e n g t h o f i n t e r a c t i o n a n d t h e g r e a t e r t h e r a t e o f d e c r e a s e i n k ' 
w i t h i n c r e a s i n g c y c l o d e x t r i n c o n c e n t r a t i o n . C y c l o d e x t r i n m o b i l e 
p h a s e c h r o m a t o g r a p h y p r o v i d e s a n e f f e c t i v e w a y t o d e t e r m i n e 
i n c l u s i o n c o m p l e x f o r m a t i o n c o n s t a n t s , a n d t h e i r m a g n i t u d e s a r e 
u s e f u l i n e v a l u a t i n g s o l u t e - C D i n t e r a c t i o n s . A l s o , t h e K f v a l u e s 
o b t a i n e d c h r o m a t o g r a p h i c a l l y c a n b e c o n f i r m e d s p e c t r o s c o p i c a l l y i f 
i d e n t i c a l e x p e r i m e n t a l c o n d i t i o n s a r e e m p l o y e d . 

D e p e n d e n c e o f c o m p l e x f o r m a t i o n c o n s t a n t s on c o l u m n t y p e . A c c o r d i n g 
t o E q u a t i o n 2 , o n e w o u l d e x p e c t t o o b t a i n i d e n t i c a l K f v a l u e s u s i n g 
e i t h e r a CN o r a C - 1 8 c o l u m n . T h e d a t a i n F i g u r e 2 r e v e a l e d l a r g e 
d i f f e r e n c e s i n k ' b e t w e e n d i f f e r e n t c o l u m n t y p e s , a n d t h a t l e n g t h y 
e x p e r i m e n t s w o u l d b e r e q u i r e d t o c a l c u l a t e K f u s i n g t h e C - 1 8 c o l u m n . 
H o w e v e r , t h e K f v a l u e s o b t a i n e d u s i n g t h e CN c o l u m n s h o u l d a l l o w 
p r e d i c t i o n o f k ' v a l u e s a t a n y c o n c e n t r a t i o n o f CD f o r t h e C - 1 8 
c o l u m n . I n o r d e r t o t e s t t h i s h y p o t h e s i s , t h e C - 1 8 c o l u m n w a s f i r s t 
c a l i b r a t e d b y m e a s u r i n g t h e k ' v a l u e s o f t h e c o m p o u n d s s h o w n i n 
F i g u r e 2 u s i n g a 0 . 0 0 4
v a l u e a t z e r o 3 - C D c o n c e n t r a t i o
t e r m ) w a s t h e n c a l c u l a t e d u s i n g t h e m e a s u r e d k ' , t h e 3 - C D 
c o n c e n t r a t i o n , a n d t h e K f v a l u e p r e v i o u s l y d e t e r m i n e d o n t h e CN 
c o l u m n . T h e o b s e r v e d k ' s a n d c a l c u l a t e d Φ [ 1 _ 5 ] Κ ι t e r m s a r e g i v e n i n 
T a b l e I I I . T h e i n t e r c e p t a n d f o r m a t i o n c o n s t a n t s s h o u l d a c c u r a t e l y 
p r e d i c t k ' v a l u e s a t a n y c o n c e n t r a t i o n o f k 1 i f E q u a t i o n 2 
a d e q u a t e l y d e s c r i b e s t h e s y s t e m . 

T a b l e I I I . T e s t o f I n v a r i a n c e o f M o b i l e P h a s e C D - S o l u t e 
F o r m a t i o n C o n s t a n t s o n D i f f e r e n t R e v e r s e d P h a s e C o l u m n s b y 
P r e d i c t i o n o f k" o n a C - 1 8 C o l u m n u s i n g K f f o u n d o n a CN C o l u m n 

Compound E x p e r i m e n t a l 9 

k ' 
I n t e r c e p t 
Φ Ε ί 5 ] Κ 1 

P r e d i c t e d ^ O b s e r v e d 0 

k ' k ' 
Δ % 

P h e n o l 4 . 6 9 5 . 6 7 5 . 1 4 5 . 2 8 2 . 6 5 
o - N i t r o 1 3 . 6 9 1 6 . 0 4 1 4 . 7 7 1 5 . 0 7 1 . 9 9 
m - N i t r o 9 . 9 2 1 2 . 9 2 1 1 . 2 3 1 1 . 6 7 3 . 7 7 
p - N i t r o 7 . 0 3 9 . 8 7 8 . 2 1 8 . 4 7 3 . 0 7 
B e n z e n e 1 4 . 1 0 2 1 . 8 8 1 7 . 1 5 1 7 . 3 6 1 . 2 0 

a U s i n g a C - 1 8 c o l u m n a n d a 0 . 0 0 4 M 3 - C D / 2 0 % m e t h a n o l m o b i l e p h a s e ; 
i n t e r c e p t c a l c u l a t e d f r o m e x p e r i m e n t a l k ' , [ C D ] , a n d K f . 

b P r e d i c t e d k ' f o r a 0 . 0 0 2 M 3 - C D / 2 0 % m e t h a n o l m o b i l e p h a s e 
c a l c u l a t e d u s i n g t h e i n t e r c e p t a n d K f v a l u e s . 

c E x p e r i m e n t a l l y o b s e r v e d k ' a t same m o b i l e p h a s e c o n c e n t r a t i o n . 

To t e s t t h e v a l i d i t y o f E q u a t i o n 2 a n d t h e c o n s t a n c y o f t h e K f 
v a l u e s b e t w e e n d i f f e r e n t c o l u m n s , t h e m e a s u r e d k ' v a l u e s f r o m t h e 
c h r o m a t o g r a m shown i n F i g u r e 3 w e r e c o m p a r e d t o t h e o n e s c a l c u l a t e d 
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a s d e s c r i b e d a b o v e f o r t h e same m o b i l e p h a s e c o m p o s i t i o n ( T a b l e 
I I I ) . T h e d e v i a t i o n s b e t w e e n t h e c a l c u l a t e d c a p a c i t y f a c t o r a n d t h e 
o b s e r v e d c a p a c i t y f a c t o r r a n g e d f r o m 1 . 2 t o 3 . 8 % . T h i s g o o d 
a g r e e m e n t s t r o n g l y s u g g e s t s t h a t E q u a t i o n 2 a c c u r a t e l y d e s c r i b e s t h e 
s e p a r a t i o n p r o c e s s , a n d t h a t t h e K f v a l u e s a r e n o t a f f e c t e d b y t h e 
n a t u r e o f t h e s t a t i o n a r y p h a s e . 

C y c l o d e x t r i n S t a t i o n a r y P h a s e s 

T h e r o l e o f t h e m o b i l e p h a s e c o m p o s i t i o n . T h e a b i l i t y o f i o n i z a b l e 
a c i d s a n d b a s e s t o f o r m c y c l o d e x t r i n i n c l u s i o n c o m p l e x e s o r t o 
i n t e r a c t w i t h n o n p o l a r s t a t i o n a r y p h a s e s c a n b e a f f e c t e d b y a l t e r i n g 
t h e pH o f t h e m o b i l e p h a s e ( 2 5 ) . E q u a t i o n 2 h a s b e e n e x p a n d e d t o 
p r e d i c t pH e f f e c t s o n k ' u s i n g m i c e l l a r m o b i l e p h a s e s , a n d t h e same 
e x p a n d e d e q u a t i o n s s h o u l d e q u a l l y w e l l a p p l y t o C D - m o b i l e p h a s e 
c h r o m a t o g r a p h y ( 2 6 ) . B u f f e r s a d d e d t o t h e m o b i l e p h a s e n o t o n l y 
m a i n t a i n a c o n s t a n t p H , b u t c a n a l s o i m p r o v e e f f i c i e n c y , e n h a n c e 
r e s o l u t i o n , i m p r o v e a s y m m e t r i
p h e n o m e n a e n c o u n t e r e d u s i n
a n d 5 i l l u s t r a t e t h e s e e f f e c t s f o r t h e s e p a r a t i o n o f o - , m - , a n d p -
n i t r o p h e n o l u s i n g a g a m m a - C D s t a t i o n a r y p h a s e c o l u m n w i t h a 
c o n v e n t i o n a l 1/4 m e t h a n o l / w a t e r m o b i l e p h a s e , b o t h b u f f e r e d a n d 
u n b u f f e r e d . The c h r o m a t o g r a m i n F i g u r e 4 e x h i b i t s p o o r e f f i c i e n c y 
a n d l a c k o f r e s o l u t i o n o f t h e o r t h o a n d m e t a i s o m e r s . C o n s i d e r a b l e 
i m p r o v e m e n t i s o b t a i n e d b y a d d i n g 0 . 0 5 M a c e t a t e b u f f e r , pH 4 . 6 , t o 
t h e same s y s t e m ( F i g u r e 5 ) . N o t e t h a t t h e r e t e n t i o n t i m e s u s i n g t h e 
b u f f e r e d s y s t e m a r e a p p r o x i m a t e l y h a l f t h o s e o f t h e u n b u f f e r e d 
s y s t e m . T h e t h r e e i s o m e r s c a n n o t b e a d e q u a t e l y r e s o l v e d , p r o b a b l y 
b e c a u s e o f l e s s e f f i c i e n t m a s s t r a n s f e r b e t w e e n t h e m o b i l e a n d t h e 
s t a t i o n a r y p h a s e , a n d b e c a u s e t h e s o l u t e s ' s i z e a r e s m a l l c o m p a r e d 
t o t h e g a m m a - C D c a v i t y s i z e , r e d u c i n g t h e s t r e n g t h o f t h e CD 
c o m p l e x . B u f f e r w a s u s e d i n t h e m o b i l e p h a s e f o r a l l o f t h e s t u d i e s 
o n m e t h a n o l e f f e c t s d e s c r i b e d b e l o w . 

T h e t h r e e s t r u c t u r a l i s o m e r s o f n i t r o p h e n o l , t h e t h r e e i s o m e r s 
o f c h l o r o p h e n o l , a n d t h e p a r e n t p h e n o l a r e s e p a r a t e d u s i n g n o n p o l a r 
C - 1 8 a n d b e t a - C D c o l u m n s s h o w n i n F i g u r e s 6 a n d 7 , r e s p e c t i v e l y . 
G e n e r a l l y , t h e e l u t i o n o r d e r u s i n g c y c l o d e x t r i n s t a t i o n a r y p h a s e s i s 
b a s e d o n t h e a b i l i t y o f e l u a t e s t o f o r m CD i n c l u s i o n c o m p l e x e s , a n d 
t h e l a r g e r t h e s o l u t e - C D K f , t h e l a r g e r t h e k ' w i l l b e . H o w e v e r , 
t h e n a t u r e o f t h e s p a c e r a r m a t t a c h i n g t h e CD t o t h e s t a t i o n a r y 
p h a s e s u p p o r t , a n d t h e m o b i l e p h a s e c o m p o s i t i o n c a n p l a y i m p o r t a n t 
r o l e s i n t h e s e p a r a t i o n p r o c e s s . F o r e x a m p l e , t h e i n c l u s i o n 
f o r m a t i o n c o n s t a n t s f o r c r e s o l i s o m e r s h a v e b e e n r e p o r t e d i n t h e 
o r d e r o r t h o < m e t a < p a r a , a n d t h e o r d e r o f r e t e n t i o n w a s o r t h o < 
m e t a < p a r a ( 1 , 2 3 ) . H o w e v e r , a n o t h e r l i t e r a t u r e r e p o r t g a v e a 
r e t e n t i o n o r d e r f o r t h e same c r e s o l i s o m e r s a s m e t a < o r t h o < p a r a 
( 2 0 ) . B e c a u s e CD c o l u m n s h a v e a d d i t i o n a l i n t e r a c t i o n s w i t h s o l u t e s 
o t h e r t h a n s t r i c t l y h y d r o p h o b i c ( a s w i t h C - 1 8 c o l u m n s ) , t h e e l u t i o n 
o r d e r o n t h e t w o c o l u m n s w o u l d n o t b e e x p e c t e d t o a l w a y s b e t h e 
s a m e . I n s p e c t i o n o f t h e o r d e r s i n F i g u r e s 6 a n d 7 r e v e a l d i s s i m i l a r 
r e t e n t i o n o r d e r s f o r t h e i s o m e r s s t u d i e d . 

T h e e f f e c t o f t h e a m o u n t o f o r g a n i c m o d i f i e r i n t h e m o b i l e 
p h a s e o n t h e c h r o m a t o g r a p h i c b e h a v i o r o f n i n e t e s t c o m p o u n d s w a s 
s t u d i e d u s i n g t h r e e d i f f e r e n t s t a t i o n a r y p h a s e s , n a m e l y , C - 1 8 , b e t a -
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CM 
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£ 
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I I —*J V / ^ v_ 

0 ' 8 16 24 32 4 0 48 56 
Time ( m i n ) 

F i g u r e 3 . C h a r a c t e r i s t i c s e p a r a t i o n p a t t e r n o f t h e same 
c o m p o u n d s i n F i g u r
mm i . d . ) ; m o b i l e
m e t h a n o l ; f l o w r a t e , 1 . 0 m l / m i n ; d e t e c t o r r a n g e , 0 . 0 4 
a . u . f . s . 

m 
CM 

< 

UJ 

3 , 4 

Ο 1 8 16 

T i m e (min) 

F i g u r e 4 . C h a r a c t e r i s t i c s e p a r a t i o n p a t t e r n o f ( 1 ) p h e n o l , 
( 2 ) p - n i t r o p h e n o l , ( 3 ) m - n i t r o p h e n o l , ( 4 ) o - n i t r o p h e n o l ; 
c o l u m n , C y c l o b o n d I I (gamma-CD) ( 2 5 cm χ 4 . 6 mm i . d . ) ; 
m o b i l e p h a s e , 1/4 m e t h a n o l - w a t e r ; f l o w r a t e , 1 . 0 m L / m i n ; 
d e t e c t o r r a n g e , 0 . 0 4 a . u . f . s . 
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10 
0) 
< 

3,4 

0 2 4 6 8 

Time (min) 

F i g u r e 5 . Same a s i n F i g u r e 4 e x c e p t t h e m o b i l e p h a s e h a d 
0 . 0 5 M a c e t a t e b u f f e r a d d e d (pH 4 . 6 ) . 

2 

0 4 8 12 16 
T i m e ( m i n ) 

F i g u r e 6 . S e p a r a t i o n p a t t e r n o f ( 1 ) p h e n o l , ( 2 ) p -
n i t r o p h e n o l , ( 3 ) m - n i t r o p h e n o l , ( 4 ) o - n i t r o p h e n o l , ( 5 ) o -
c h l o r o p h e n o l , ( 6 ) p - c h l o r o p h e n o l , a n d ( 7 ) m - c h l o r o p h e n o l ; 
c o l u m n , S u p e l c o s i l C - 1 8 ( 2 5 cm χ 4 . 6 mm i . d . ) ; m o b i l e 
p h a s e , 1/1 m e t h a n o l - w a t e r w i t h 0 . 0 5 a c e t a t e b u f f e r (pH 
4 . 6 ) ; f l o w r a t e , 1 . 0 m L / m i n ; d e t e c t o r r a n g e , 0 . 0 8 a . u . f . s . 
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c y c l o d e x t r i n , a n d g a m m a - c y c l o d e x t r i n . T h e r e s u l t s l i s t e d i n T a b l e 
IV show a d e c r e a s e i n r e t e n t i o n w i t h i n c r e a s i n g m e t h a n o l c o n t e n t f o r 
a l l s o l u t e s . T h e e l u t i o n o r d e r o f o r t h o a n d m e t a - n i t r o p h e n o l 
o b t a i n e d f o r b o t h t h e C - 1 8 a n d b e t a - C D c o l u m n s r e v e r s e s b y c h a n g i n g 
t h e m o b i l e p h a s e f r o m b u f f e r e d a q u e o u s t o b u f f e r e d a q u e o u s m e t h a n o l . 
F o r t h e b e t a - C D s t a t i o n a r y p h a s e , t h e r e t e n t i o n o r d e r o f n i t r o p h e n o l 
i s o m e r s i s o r t h o < m e t a < p a r a , w h i c h f o l l o w s t h e o r d e r o f t h e 
i n c l u s i o n c o m p l e x f o r m a t i o n c o n s t a n t s ( T a b l e I I ) . I t s h o u l d b e 
n o t e d t h a t t h i s r e t e n t i o n o r d e r i s n o t t h e same a s t h a t p r e v i o u s l y 
r e p o r t e d i n t h e l i t e r a t u r e o f m e t a < o r t h o < p a r a ( 2 0 » 2 3 ) . T h e 
l a c k o f a g r e e m e n t f o r t h e s e i s o m e r s i s m o s t l i k e l y d u e t o t h e f a c t 
t h a t d i f f e r e n t e x p e r i m e n t a l c o n d i t i o n s w e r e e m p l o y e d i n t h e s t u d i e s , 
a n d t h e c o l u m n s l i k e l y h a d d i f f e r e n t 3-CD l o a d i n g s . 

T y p i c a l l y p l o t s o f I n k ' v e r s u s m e t h a n o l c o n t e n t o f t h e m o b i l e 
p h a s e i s s h o w n i n F i g u r e 8 . T h e p l o t s a r e l i n e a r , a n d e x h i b i t a 
h i g h d e g r e e o f c o r r e l a t i o n b a s e d o n t h e r e s p e c t i v e r e g r e s s i o n 
a n a l y s i s g i v e n i n T a b l e V . T h e s e d a t a i n d i c a t e t h a t t h e c a p a c i t y 
f a c t o r o f t h e s e t e s t s o l u t e
b o n d e d s t a t i o n a r y p h a s e
c o n t e n t o f t h e m o b i l e p h a s e . T h e r e f o r e , t h e e l u t i o n b e h a v i o r 
o b t a i n e d w i t h t h e s e t h r e e t y p e s o f c o l u m n s c a n b e e x p l a i n e d i n a 
s i m i l a r m a n n e r , a n d t h e CD c o l u m n s b e h a v e i n t h e same f a s h i o n a s 
c o n v e n t i o n a l r e v e r s e d p h a s e c o l u m n s . 

4 

5 

2 

7 

F i g u r e 7 . Same s o l u t e s a s i n F i g u r e 6 ; c o l u m n , C y c l o b o n d I 
( 3 - C D ) ( 2 5 cm χ 4 . 6 mm i . d . ) ; m o b i l e p h a s e , 1 / 4 m e t h a n o l -

w a t e r w i t h 0 . 0 5 M a c e t a t e b u f f e r (pH 4 . 6 ) ; f l o w r a t e , 1 . 0 
m L / m i n ; d e t e c t o r r a n g e , 0 . 0 4 a . u . f . s . 
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T a b l e I V . C a p a c i t y F a c t o r s f o r S o l u t e s o n C - 1 8 , B e t a - C D a n d Gamma-CD 
C o l u m n s V e r s u s M e t h a n o l C o n t e n t i n t h e M o b i l e P h a s e 

% M e t h a n o l ( v / v ) a 

0 10 2 0 3 0 4 0 5 0 

Compound k ' o n C - 18 C o l u m n 

P h e n o l 2 1 . 5 7 1 0 . 1 8 6 . 2 5 3 . 2 5 2 . 1 4 1 . 1 5 
o - N i t r o p h e n o l 
m - N i t r o p h e n o l 
p - N i t r o p h e n o l 5 8 . 1 6 2 1 . 1 1 1 1 . 5 3 5 . 6 9 3 . 2 9 1 . 6 9 
o - C h l o r o p h e n o l 9 2 . 6 6 3 9 . 3 9 2 0 . 9 9 1 0 . 1 1 5 . 4 5 2 . 6 7 
m - C h l o r o p h e n o l 1 1 5 . 0 2 5 7 . 8 9 3 2 . 5 1 1 6 . 0 7 8 . 5 2 4 . 0 8 
p - C h l o r o p h e n o l 1 0 5 . 3 4 5 1 . 9 3 2 9 . 4 3 1 4 . 5 0 7 . 6 4 3 . 7 3 

k ' o n B e t a - C y c l o d e x t r i n C o l u m n 

P h e n o l 4 . 3 2 3 . 2 2 2 . 5 3 1 . 8 1 1 . 1 4 0 . 7 6 
o - N i t r o p h e n o l 8 . 7 6 4 . 7 2 3 . 2 5 2 . 1 1 1 . 3 1 0 . 8 8 
m - N i t r o p h e n o l 7 . 5 1 5 . 4 7 3 . 9 7 2 . 5 6 1 . 4 8 0 . 9 1 
p - N i t r o p h e n o l 9 . 0 4 7 . 0 9 5 . 3 1 3 . 4 7 2 . 0 5 1 . 4 1 
o - C h l o r o p h e n o l 1 0 . 1 3 6 . 5 5 4 . 5 3 2 . 7 2 1 . 5 6 0 . 8 8 
m - C h l o r o p h e n o l 1 2 . 0 6 8 . 6 1 6 . 1 7 3 . 7 4 2 - 1 5 1 . 1 3 
p - C h l o r o p h e n o l 1 3 . 2 9 9 . 8 5 7 . 1 1 4 . 3 3 2 . 5 4 1 . 3 5 
N a p h t h a l e n e 5 6 . 8 9 2 9 . 9 1 1 9 . 7 9 1 0 . 2 7 5 . 4 3 2 . 5 0 
B i p h e n y l - 1 0 3 . 7 3 5 9 . 6 5 2 7 . 4 3 1 2 . 8 2 5 . 0 8 

k ' on G a m m a - C y c l o d e x t r i η C o l u m n 

P h e n o l 1 . 7 3 1 . 2 3 0 . 8 4 0 . 5 9 0 . 4 3 0 . 3 1 
o - N i t r o p h e n o l 7 . 1 2 3 . 3 9 1 . 9 0 1 . 1 2 0 . 7 6 0 . 4 2 
m - N i t r o p h e n o l 2 . 7 8 1 . 7 8 1 . 1 6 0 . 7 5 0 . 5 3 0 . 3 6 
p - N i t r o p h e n o l 1 . 7 5 1 . 2 9 0 . 9 4 0 . 6 7 0 . 4 9 0 . 3 5 
o - C h l o r o p h e n o l 5 . 4 3 3 . 2 5 1 . 9 0 1 . 1 0 0 . 7 2 0 . 4 5 
m - C h l o r o p h e n o l 4 . 9 6 3 . 1 4 1 . 8 9 1 . 1 0 0 . 7 3 0 . 4 4 
p - C h l o r o p h e n o l 3 . 9 3 2 . 5 2 1 . 5 6 0 . 9 3 0 . 6 3 0 . 3 9 
N a p h t h a l e n e 4 0 . 8 9 1 8 . 2 7 9 . 2 6 4 . 3 2 2 . 3 2 1 . 1 3 
B i p h e n y l - 3 5 . 0 0 1 3 . 7 5 5 . 4 2 2 . 6 1 1 . 0 9 

a M e t h a n o l - w a t e r i n 0 . 0 5 M a c e t a t e b u f f e r , pH 4 . 6 . 
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T a b l e V . S t a t i s t i c a l A n a l y s i s o f S l o p e s , I n t e r c e p t s , R S D s , a n d C o r 
r e l a t i o n C o e f f i c i e n t s f o r G r a p h s o f k ' v s . % M e t h a n o l ( v / v ) f o r 

S o l u t e s o n C - 1 8 , B e t a - C D , a n d Gamma-CD C o l u m n s 

Compound S l o p e I n t e r c e p t % RSD C o r r e l a t i o n 
( - ) C o e f f i c i e n t 

S l o p e ( - ) I n t e r c e p t ( - ) 

C - 1 8 C o l u m n 

P h e n o l 0 . 0 5 7 
p - N i t r o p h e n o l 0 . 0 5 9 
m - N i t r o p h e n o l 0 . 0 6 9 4 . 0 5 9 4 . 7 2 2 . 4 3 0 . 9 9 6 
p - N i t r o p h e n o l 0 . 0 6 9 3 . 8 8 0 4 . 7 4 2 . 5 3 0 . 9 9 6 
o - C h l o r o p h e n o l 0 . 0 7 0 4 . 4 4 9 2 . 1 8 1 . 0 3 0 . 9 9 9 
m - C h l o r o p h e n o l 0 . 0 6 6 4 . 7 5 5 1 . 4 7 0 . 6 2 0 . 9 9 9 
p - C h l o r o p h e n o l 0 . 0 6 6 4 . 6 5 7 1 . 4 0 0 . 6 0 0 . 9 9 9 

B e t a - C y c l o d e x t r i n C o l u m n 

P h e n o l 0 . 0 3 5 1 . 5 3 5 5 . 8 4 4 . 0 0 0 . 9 9 3 
o - N i t r o p h e n o l 0 . 0 4 5 2 . 0 9 1 3 . 3 4 2 . 1 8 0 . 9 9 8 
m - N i t r o p h e n o l 0 . 0 4 3 2 . 1 2 1 5 . 6 3 3 . 4 3 0 . 9 9 4 
p - N i t r o p h e n o l 0 . 0 3 8 2 . 3 1 6 6 . 3 5 3 . 1 9 0 . 9 9 2 
o - C h l o r o p h e n o l 0 . 0 4 9 2 . 3 8 7 4 . 0 4 2 . 4 9 0 . 9 9 7 
m - C h l o r o p h e n o l 0 . 0 4 7 2 . 6 2 4 6 . 7 5 3 . 6 7 0 . 9 9 1 
p - C h l o r o p h e n o l 0 . 0 4 6 2 . 7 3 2 7 . 1 7 3 . 6 3 0 . 9 9 0 
N a p h t h a l e n e 0 . 6 1 1 4 . 0 8 9 4 . 1 0 1 . 8 6 0 . 9 9 7 
B i p h e n y l 0 . 0 7 6 5 . 5 1 5 4 . 8 7 2 . 2 2 0 . 9 9 6 

G a m m a - C y c l o d e x t r i η C o l u m n 

P h e n o l 0 . 0 3 5 5 . 3 7 0 1 . 5 2 2 . 9 7 0 . 9 9 6 
o - N i t r o p h e n o l 0 . 0 5 5 1 . 8 3 5 4 . 6 0 4 . 1 6 0 . 9 9 6 
m - N i t r o p h e n o l 0 . 0 4 1 0 . 9 8 8 2 . 1 6 2 . 7 0 0 . 9 9 6 
p - N i t r o p h e n o l 0 . 0 3 2 0 . 5 7 1 0 . 7 7 1 . 3 2 0 . 9 9 9 
o - C h l o r o p h e n o l 0 . 0 5 0 1 . 6 6 5 2 . 0 9 1 . 9 0 0 . 9 9 9 
m - C h l o r o p h e n o l 0 . 0 4 9 1 . 6 0 7 1 . 5 4 1 . 4 1 0 . 9 9 9 
p - C h l o r o p h e n o l 0 . 0 4 6 1 . 3 6 9 1 . 5 3 1 . 5 7 0 . 9 9 9 
N a p h t h a l e n e 0 . 0 7 1 3 . 6 5 6 1 . 6 4 0 . 9 7 0 . 9 9 9 
B i p h e n y l 0 . 0 8 6 4 . 3 6 2 2 . 4 9 1 . 6 3 0 . 9 9 9 
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T h e c o n v e n t i o n a l C - 1 8 a n d t h e CD c o l u m n s d o i n t e r a c t 
d i f f e r e n t l y w i t h s o l u t e s o f c e r t a i n c l a s s e s o f i s o m e r s . F o r 
e x a m p l e , C - 1 8 c o l u m n s c a n n o t s e p a r a t e e n a n t i o m e r s u n l e s s s p e c i a l 
a d d i t i v e s a r e i n t r o d u c e d i n t o t h e m o b i l e p h a s e . T h e c y c l o d e x t r i n 
b o n d e d p h a s e s , h o w e v e r , c a n e a s i l y s e p a r a t e e n a n t i o m e r i c s p e c i e s a s 
i l l u s t r a t e d i n F i g u r e 9 . T h e D a n d L e n a n t i o m e r s o f d a n s y l - D L -
l e u c i n e a n d o f d a n s y l - D L - n o r l e u c i n e a r e r e s o l v e d u s i n g a b e t a - C D 
c o l u m n , b u t a t t e m p t s t o s e p a r a t e t h e s e i s o m e r s w e r e u n s u c c e s s f u l 
u s i n g a C - 1 8 c o l u m n . T h e n a t u r e o f t h e i n t e r a c t i o n s b e t w e e n 
e n a n t i o m e r s a n d t h e c y c l o d e x t r i n c a v i t y h a s b e e n d e s c r i b e d e l s e w h e r e 
( 2 0 / 2 1 ) . 
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F i g u r e 8 . D e p e n d e n c e o f I n k ' o n m e t h a n o l c o n t e n t i n t h e 
a q u e o u s m o b i l e p h a s e o f ( · ) m - c h l o r o p h e n o l , (O ) P~ 
c h l o r o p h e n o l , ( • ) o - c h l o r o p h e n o l , a n d ( • ) p h e n o l o n 
S u p e l c o s i l C - 1 8 ; (ψ-), ( φ ) , ( A ) , a n d ( Δ ) same o r d e r o f 
c o m p o u n d s a b o v e o n C y c l o b o n d I ( 3 - C D ) c o l u m n ; ( 0 ) , ( Q ) , 
(φ) , a n d (O ) same o r d e r o f c o m p o u n d s a s a b o v e on 
C y c l o b o n d I I (gamma-CD) c o l u m n . 
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w 
CM 
CO 
.Q 
< 

Ε c 
CM 0) 
< 

12 24 3< ç) 12 24 3 6 
Time (min) 

F i g u r e 9 . S e p a r a t i o n o f ( A ) d a n s y l - D L - l e u c i n e a n d ( B ) 
d a n s y l - D L - n o r l e u c i n e e n a n t i o m e r s ; c o l u m n , C y c l o b o n d I ( β -
CD) ( 2 5 cm x 4 . 6 mm i . d . ) ; m o b i l e p h a s e , 4 5 / 5 5 m e t h a n o l -
w a t e r w i t h 0 . 0 5 M a c e t a t e b u f f e r (pH 4 . 6 ; f l o w r a t e 1 . 0 
m L / m i n ; d e t e c t o r r a n g e , 0 . 0 8 a . u . f . s . 
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14 
High-Resolution, Two-Dimensional, Gel Electrophoresis 
of Proteins 
Basic Concepts and Recent Advances 

Russell P. Tracy 

Departments of Pathology and Biochemistry, University of Vermont College of Medicine, 
Burlington, VT 05405 

Two-dimensional
method of choice for protein separations, when high 
resolution is required. Routinely, >1000 polypeptides can be 
separated by this technique, with >3000 possible under 
special conditions. This paper discusses the basic methods 
involved, such as gel composition and solubilization 
buffers, as well as recent advances, such as membrane 
preparations, gel scanning devices and the production of 
antibodies from gel spots. 

Since the landmark publication of O'Farrell in 1975 (J_), two-
dimensional gel electrophoresis (2D6EL) has become, in terms of 
resolution at least, the pre-eminent protein separation technique. 
Usually performed as the combination of isoelectric focusing (IEF) done 
under denaturing conditions (9 mol/L urea, 2% non-ionic detergent) and 
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PA6E) 
done in slab gels, this technique is capable of separating > 1000 
polypeptide gene products on a single gel, with three to four times this 
resolution possible, using special techniques. While the theoretical 
resolution of 5,000-10,000 polypeptides (hi), is not usually achieved 
for technical reasons, It is none-the-less clear that 2D6EL offers the 
biochemist and cell biologist the highest resolution for protein 
separation currently available. 

The historical aspects of 2D6EL have been reviewed previously (2*3), 
and an excellent text has recently been published, covering many 
aspects of 2DGEL (4). The purpose of this article is to briefly touch on 
basic methodologies, and review recent advances in some detail, in an 
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14. T R A C Y Gel Electrophoresis of Proteins 245 

attempt to highlight those areas which have already expanded or will 
likely expand, the usefulness of this already powerful technique. 

Background 

The nomenclature "2DGEL" generally has come to mean a combination of 
IEF and SDS-PAGE as described above. An example of such a separation 
of renal cell carcinoma is shown in figure 1. Over 1000 spots are visible 
on this silver-stained gel. While this discussion will be limited to this 
particular technique, the reader should be aware that many 
two-dimensional electrophoretic techniques have been utilized, such as 
two-dimensional Immunoelectrophoresis and two-dimensional 
SDS-PAGE ( e.g.,+/- 2- mercaptoethanol)

The advantages and disadvantage

Table I. Advantages and Disadvantages of 2DGEL 

Advantages References 
high resolution; > 1000 components 2 
sensitive 

quantity: <1 ng/spot 5 
charge: <1 charge unit 6 
mass: < 0.5 kd (SDS apparent MW) 6 

compatible with Western blot techniques 7 
compatible with global analysis methods 8 

Disadvantages 
technically demanding 2 
not preparative 5 
reproducibility of quantitation is difficult to achieve 9 

Primary among the advantages is the excellent resolution that this 
technique offers. Chief among the disadvantages is the difficulty of the 
technique. 

The types of samples which may be analyzed by 2DGEL are varied, 
including virtually all animal tissues, fluids, and cells, and many 
microbial and plant specimens. The resulting patterns for most of these 
specimens are complex, and often contain more information than the 
researcher can immediately utilize, especially since 2DGEL is most 
often done to study a small subset of the total protein set present. This 
type of "local" analysis may be done visually, or with the aid of a small 
densitometer However, much more complex analyses are possible 
("global" analyses) with the aid of a computerized image analysis 
s y s t e m ( i i ) . T h i s i s d i s c u s s e d i n m o r e d e t a i l below. 
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Figure 1. Silver stained two-dimensional gel of renal cell 
carcinoma. The acid side is oriented to the left, and large proteins 
are on the top. Approximately 800 spots are present. 
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sample preparation 

Many d i f f e r e n t s a m p l e p r e p a r a t i o n s o l u t i o n s h a v e b e e n u t i l i z e d t o 
s o l u b l l i z e v a r i o u s s p e c i m e n s . W e h a v e f o u n d t h a t m o s t s a m p l e s c a n be 
a n a l y z e d u s i n g one of t h e s o l u t i o n s l i s t e d i n T a b l e II. 

T a b l e II. 2D6EL S o l u b i l i z a t i o n S o l u t i o n s 

5 o l . N o . S a m p l e C o m p o n e n t s R e f e r e n c e 
1 s e r u m , u r i n e 2 % S D S , 5 % 2 - M E , 10% g l y c e r o l , 

0 . 0 5 m o l / L C H E S , pH 9 . 5 12 
2 l y m p h o c y t e s , 9 m o l / L u r e a , 2 % N P - 4 0 , 0 . 1 m o l / L 

o t h e r e e l Is DTT  2 % 7 - 9 a m p h o l y t e s 1,13 
3 t i s s u e , m u s c l e *
4 t i s s u e , g e n e r a l 9 m o l / L u r e a , 1 % S D S , 2% N P - 4 0 , 

2% 2 - M E , 2 % 9 -1 1 a m p h o l y t e s , 
2 m m o l / L P M S F , 2 m m o l / L b e n z -
a m i d i n e , pH 9 . 5 15 

5 R B C g h o s t s 4 m o l / L u r e a , 2% N P - 4 0 , 2 % 2 - M E , 
1% 3 - 1 0 a m p h o l y t e s 16 

6 p l a s m a 1 % T r i t o n - X - 1 1 4 e x t r a c t i o n ; 
m e m b r a n e s t h e n , 9 m o l / L u r e a , 5% 2 - M E , 2% 

9 - 1 1 a m p h o l y t e s 1 7 , 1 8 
7 m i c r o s o m e s 9 . 5 m o l / L u r e a , 2% C H A P S , 0 . 0 5 m o l / L 

DTT, 1 % 3 - 1 0 a m p h o l y t e s , pH 4.1 19 
S D S , s o d i u m d o d e c y l s u l f a t e ; 2 - M E , 2 - m e r c a p t o e t h a n o l ; C H E S , c y c l o -
h e x y l a m i n e s u l f o n i c a c i d ; N P - 4 0 , N o n - l d e n t 4 0 n o n - i o n i c d e t e r g e n t ; 
P M S F , p h e n y l m e t h y l s u l f o n y l f l u o r i d e ; C H A P S , 3 -[(3 - c h o l a m i d o p r o p y l ) 
d i m e t h y l a m m o n i o l - 1 - p r o p a n e s u l f o n a t e . 

T h i s l i s t of s o l u t i o n s , w h i l e by no m e a n s c o m p r e h e n s i v e , s h o u l d 
p r o v i d e a t l e a s t a s t a r t i n g p o i n t f o r t h e s o l u b i l i z a t i o n o f v i r t u a l l y any 
a n i m a l s p e c i m e n . 

T h e m o s t r e c e n t a d d i t i o n t o t h e l i s t i s t h e m e t h o d f o r m e m b r a n e 
s o l u b i l i z a t i o n , r e p o r t e d by W l l l a r d - G a l l o e t a l (12) . T h i s p r e p a r a t i o n 
s c h e m e I s s i g n i f i c a n t l y e a s i e r t o u s e t h a n [ 1 2 5 l ] - l a c t o p e r o x 1 d a s e 
l a b e l l i n g m e t h o d s , a n d r e s u l t s i n b e t t e r q u a l i t y g e l s . B a s e d upon e a r l i e r 
w o r k by B o r d i e r Q f i ) , t h e n o n - I o n i c d e t e r g e n t T r i t o n - X - 1 1 4 i s u s e d t o 
s o l u b l l i z e w h o l e c e l l s a n d t i s s u e s . Onc e s o l u b i l i z a t i o n Is c o m p l e t e , t h e 
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sample Is heated to 37eC, which causes the precipitation of the 
Triton-X-114 at its so-called "cloud point". Any associated hydrophobic 
proteins, predominantly plasma membrane proteins, are also 
precipitated. This precipitate may be easily collected and analyzed by 
2D6EL. The results presented by Willard-Gallo (Γ7) clearly indicate that 
this method is superior to the classical methods of [125l]-labelling or 
membrane isolation for many application. 

Also concerning membrane proteins, Perdew et al (19) have recently 
demonstrated the the usefulness of zwitterionic detergents, as 
compared to non-ionic detergents, for increasing the solubility of some 
membrane proteins, as well as increasing the quality of the 2DGELs 
themselves. 

IEF/SDS-PAGE 

There are many variations of the recipes for the IEF and SDS-PAGE gels 
used in 2DGEL The standard conditions used in our laboratory are listed 
in Table III; a detailed review may be found in reference 4. 

Table III. Conditions for 2DGEL 

Component Specifications 
IEF gels 

IEF electrolyte (+) 
IEF electrolyte (-) 

equilibration buffer 

SDS-PAGE 

SDS-PAGE Buffer 

3.5% acrylamide, 9 mol/L urea, 2% NP-40 
ampholytes (~2%) : 

serum analysis: 3-10, 1.2 ml; 2-4, 0.1 ml; 
9-11,0.24 ml 

tissue analysis: 3-10, 1.0 ml; 5-7, 0.25 ml 
0.85% phosphoric acid 
0.02 mol/L sodium hydroxide; 1.0 mol/L if 
a wide pH range is desired 
0.01 mol/L Tris-HCl, pH 6.8, 10% glycerol, 
2% SDS, trace bromophenol blue 
10-20% acrylamide, exponential gradient; 
0.5 mol/L Tris-HCl, pH 8.5, 0.1% SDS 
0.02 mol/L Tris-glycine, pH8.0, 0.1% SDS 

As 2DGEL has been used more and more to analyze different 
specimens, researchers have developed different IEF gradients to suit 
their purposes. My laboratory has reported on a broad range gradient 
(4-10) for the analysis of human myeloma proteins (20), and an acidic 
gradient for the non-collagenous proteins of bovine bone (21), but many 
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o t h e r s have been r e p o r t e d a s w e l l . O T a r r e l l h a s r e p o r t e d a m e t h o d f o r 
a n a l y z i n g v e r y b a s i c p r o t e i n s ( w h i c h do n o t e n t e r g e l s w i t h t h e r e g u l a r 
pH g r a d i e n t ) , c a l l e d n o n - e q u i l i b r i u m pH g r a d i e n t e l e c t r o p h o r e s i s 
(NEPH6E), a t y p e of I s o t a c h o p h o r e s l s ( 2 2 ) . W l l l a r d e t a l h a v e r e p o r t e d a 
s i m i l a r s y s t e m (21). In t h i s m e t h o d , s a m p l e s a r e a p p l i e d t o t h e IEF g e l s 
f r o m t h e a c i d i c s i d e ( u s u a l l y , t h e y a r e a p p l i e d f r o m t h e b a s i c s i d e ) , and 
e l e c t r o p h o r e s i s i s s t a r t e d w i t h o u t any p r e - f o c u s i n g . I n s t e a d o f t h e 
u s u a l 1 0 , 0 0 0 V . h r s , t h e g e l s a r e p r o c e s s e d f o r " 2 , 0 0 0 V . h r s . W h i l e not 
a c h i e v i n g e q u i l i b r i u m , t h i s p r o c e s s d o e s a l l o w t h e r e s e a r c h e r t o 
v i s u a l i z e t h e b a s i c p r o t e i n s b e f o r e t h e y t r a v e l o f f t h e g e l on t h e b a s i c 
s i d e . 

I n c r e a s e d r e s o l u t i o n h a s b e e n t h e s u b j e c t o f m a n y r e c e n t s t u d i e s . 
S o m e o f t h e s e e f f o r t s a r e s u m m a r i z e d i n T a b l e IV

T a b l e IV. I n c r e a s e d R e s o l u t i o n 1n 2 D 6 E L 

M e t h o d R e f e r e n c e 
M u l t i p l e IEF g r a d i e n t s a n d m u l t i p l e S D S - P A G E g e l s 

f o r t h e s a m e s a m p l e 2 4 
B o t h IEF a n d NEPHGE f o r t h e s a m e s a m p l e 2 5 
L a r g e r IEF g e l s 2 6 
L a r g e r S D S - P A G E g e l s 2 7 
B o t h l a r g e r IEF a n d S D S - P A G E g e l 2 5 , 2 8 
I m m o b i l i z e d a m p h o l y t e s In IEF g e l _ 2 2 — 

Of t h e s e m e t h o d s , t h e s y s t e m of D A Y o u n g a n d c o - w o r k e r s o f f e r s t h e 
l a r g e s t i n c r e a s e In r e s o l u t i o n t o d a t e ( 2 8 . 3 0 ) . A n e s t i m a t e d 3 , 0 0 0 
p r o t e i n s p o t s m a y be r e a d i l y v i s u a l i z e d . T h e s e " g i a n t " g e l s ( 3 7 x 3 9 c m ) , 
h o w e v e r , a r e e v e n m o r e t e c h n i c a l l y d e m a n d i n g t h a n r o u t i n e 2 D G E L s , and 
n o t r e a d i l y done i n l a r g e b a t c h e s , a s a r e t h e s m a l l e r g e l s ( 1 6 x 1 6 c m ) . 

T h e d e v e l p m e n t h o l d i n g t h e m o s t p r o m i s e f o r f u t u r e a d v a n c e s i n 
r e s o l u t i o n , h o w e v e r , i n v o l v e s u s i n g i m m o b i l i z e d a m p h o l y t e s i n t h e IEF 
g e l s ( 2 2 ) . T h e pH g r a d i e n t s p r e p a r e d w i t h t h e s e r e a g e n t s a r e e x t r e m e l y 
s t a b l e , a n d c a n s u p p o r t m u c h l a r g e r p r o t e i n l o a d s t h a n c o n v e n t i o n a l 
a m p h o l y t e s . They a r e a l s o v e r y r e p r o d u c i b l e . T o d a t e IEF g e l s u s i n g 
i m m o b i l i z e d a m p h o l y t e s c o n s i s t of r e l a t i v e l y n a r r o w pH r a n g e s a n d a r e 
m o r e d i f f i c u l t t o p r e p a r e t h a n c o n v e n t i o n a l IEF g e l s (11) . N e v e r t h e l e s s , 
t h e p o t e n t i a l f o r t h i s t e c h n i q u e i s i m p r e s s i v e , a n d r a p i d a d v a n c e s a r e 
e x p e c t e d . 
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Visualization 

Originally, the protein patterns resident in 2DGELs were visualized 
using autoradiography (1), or Coomassie Blue (12). Starting with the 
report of Merril and co-workers (32), however, staining with silver has 
become an important method of visualization for 2DGEL (see gel in 
figure 1 ). This method relies on the reaction of proteins in the gel with 
silver ions, followed by reduction to metallic silver. While the exact 
nature of this reaction is not known, silver staining has become popular 
for two reasons. First, it is "100 times greater in sensitivity than 
Coomassie Blue for most proteins (33). This sensitivity is gained at 
some cost, however. Coomassie Blue, while relatively insensitive, has a 
much wider linear range (i.e., staining density per unit protein) than 
does silver stain, and produce
that often occurs with silver stain. 

Second, silver staining may be done in a manner which produces 
different colors for different proteins, apparently in a characteristic 
manner (34). However, the reproducibility and linearity of the color 
silver stain is still being debated (35). In many cases, however, the use 
of color silver staining may aid in the identification of a protein, or aid 
in differentiating two protein spots that appear close together on a gel. 
Recently, several commercial silver stain methods have become 
available, including those from Bio-Rad (Richmond, CA 94804), Helena 
(Beaumont TX 77704), PolyScience (Warrington PA 18976), Kodak 
(Rochester, NY 14650; actually a nickel stain), and Health Products, Inc. 
(South Haven Ml 49090; a color stain). 

Most workers will photograph the stained gels for later analysis. If 
the gels are to be analyzed by overlaying on a light box, as is commonly 
done, then transparencies must be made from the original negatives. 
(Overlaying the wet gels themselves leads to gel breakage, and limits 
the time of analysis, since silver gels tend to fade.) The multiple 
photographic steps are tedious and often lead to a loss of information. 
Harrison has reported the production of real-size images by direct 
exposure of light through the 2D6EL onto X-ray duplicating film, thereby 
creating a positive transparency (3f>). This procedure Is rapid and 
simple, especially if automatic processing equipment is available, and 
yields high quality images of silver-stained gels with a minimal loss of 
spatial or density information. Unfortunately, Coomassie Blue stained 
gels may not be recorded this way due to the color sensitivity of the 
film. 

When radioactively-labelled protein samples are available, e.g., [35S]-
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methionine-labelled cultured cells, f luorography is the most common 
method of visualization. Formerly, this entailed laborious washings of 
the gels with toxic reagents, but recently relatively simple-to-use 
reagents have become commercially available, which greatly simplify 
the procedure of impregnating the gel with the fluorophore. Two such 
reagents are "Enlightening", New England Nuclear (Boston MA 02118) 
and "Amplify", Amersham (Arlington Heights IL 60005). 

Interpretation 

It has been long recognized that, once the technical aspects of 2DGEL 
have been mastered, data analysis becomes the paramount problem (37). 
In a general sense, 2DGEL may be used in two ways  "Local" analysis 
refers to using the 2DGE
a sample sufficiently such that quantitative or semi-quantitative 
information can be obtained on one or a limited number of protein spots. 
"Global" analysis refers to the process of obtaining quantitative 
information on virtually all of the protein spots present on a gel and 
comparing these data to similar data from other gels on a spot by spot 
(presumably protein by protein) basis. 

Local analysis can be performed visually on a semi-quantitative 
basis, or with the aid of a simple densitometer system for quantitative 
data. My laboratory has described a simple densitometric system based 
on the use of a TV camera and a microcomputer that is suitable for this 
type of work (10) and others have done the same (37.38). or have 
adopted one-dimensional scanners to this purpose (39.40). 

The major complicating factor in such analyses is the normalization 
of density information for quantitative purposes. Due to the inherent 
reproducibility problems of the technique, an "internal standard" spot, 
used to determine spot ratios for experimental spots, greatly 
facilitates the comparison of an experimental gel to a control gel. As 
yet, no exogenously added "internal standard" protein has been 
described, and various investigators have used endogenous proteins (e.g., 
actin, in cellular samples) as the "internal standard", the assumption 
being that the amount of this protein does not change between control 
and experimental samples. This assumption should be supported by 
independent measurements of the standard whenever possible. 
Alternatively, the absolute amount of density associated with a spot 
can be used, but this can increase the error associated with the 
measurement, especially if silver staining is used. 

Global analysis must be done with the aid of a computerized image 
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analysis system. Several such systems have been developed by 
reseachers, and several others are available commercially. Figure 2 
illustrates the key components of such a system, which include: 1 ), a 
scanning device for input of raw data; 2), a terminal to control the main 
computer (CPU) as well as a graphics computer (terminal) on the front 
end; 3), an option is a specialized processor, such as an array processor, 
to shorten computation time as the image is being manipulated; 4), a 
large capacity disk drive for on-line storage and a tape drive for 
archival storage; and, 5), a high-resolution printer/plotter for 
generating hard copy. Table V lists several of the systems that support 
global analysis of 2DGELs. 

Table V. Computerized 2DGEL Image Analysis Systems Supporting Global 
Analysis 

Research Group System Name Reference 
Anderson et al TYCHO 11 
Garrellsetal QUEST 24 
Hruschka GELS2 41 
Lemkin, Lipkin GELLAB 42 
Miller et al LECtro 43 
Ridder - 44 
Skolnick et al - 45 

Company 
Biolmage Corp. Visage Ann Arbor, Ml 
Image Analytics Corp. LGS-30 Hockessin, DE 
S.E.P. Corp.11 - Genoble, France 
Vickers Instruments Corp. Scanagel Maiden, MA 

1 1 Société European du Propulsion . 

While very sophisticated in design, none of these systems is, as yet, 
"fully automated" for global analysis and varying amounts of operator 
interaction may be required. Depending upon the system, this interaction 
may be needed to accomplish one or more of the following: removal of 
streaks and other artifacts; identification of landmark spots to 
facilitate image "registration" (correct alignment of the spots of one 
gel with the spots of another gel); and correction or removal of poorly 
resolved or mis-registered spots. Entering a gel may take from 30 
minutes to several hours depending upon the quality of the gel, and if 
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the image is to reside in the system as a master image or as a 
comparison image. Generally, the problem of internal standardization is 
either ignored (and absolute density values are used) or each spot is 
expressed as a percent of the total spot density on the gel, a value 
which is generally proportional to the percentage of total cell protein 
if several hundred of the most abundant spots are included in the 
analysis. 

Once a system is capable of generating information for global 
analysis, software must be written to implement a particular strategy 
to analyze this information. To date, this work has lagged behind the 
technical develpment work, but some progress has been made. Anderson 
et al and Garrells have examined the differences between two cell lines 
by the following strategy  Each spot on each of two gels is analyzed and 
an integrated density valu
then compared to each other by plotting on a graph (e.g., value for a spot 
on gel 1 on the x-axis and value for that spot on gel 2 on the y-axis). A 
statistical comparison is done as well (8.11). In preliminary 
investigations both groups of investigators clearly have shown that this 
strategy classifies cells in the order of their biological similarity to 
the control cells (8.11 ). Anderson et al then extended this approach with 
the use of cluster and principal component analyses (4S>). They have 
shown that, using these more sophisticated statistical methods, a panel 
of human cells lines are easily distinguished one from another, and that 
a statistical "directionality'* may lead to a better understanding of 
co-regulated sets of proteins (45). While still in its infancy, this area 
of investigation holds much promise for the future analysis of 2DGEL 
data on a global scale. 

Ancillary Techniques 

Many ancillary techniques have been developed in recent years, but 
several stand out in their ability to extend the usefulness of 2DGEL. This 
final section will discuss four of these: Western blotting, antibody 
production from gel spots, and metabolic labelling to determine amino 
acid composition and tyrosine-specif 1c phosphorylation. 

Western blotting (transblotting; immunoblotting; electroblotting) 
refers to the technique of electrophoretically transferring proteins 
from gels to nitrocellulose, or other protein-binding solid support 
sheets, so that these proteins may be analyzed immunologically without 
interference from the acrylamide matrix. For a general review of this 
subject see reference (47). In a study designed to illustrate the general 
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usefulness of Western blotting with 2DGEL, Anderson et al analyzed 
human plasma proteins using 30 different antisera to reveal the 
locations of their respective proteins (7). While the majority of the 
antisera worked well in this system, the study also pointed out that 
monoclonal antibodies, relying on only a single epitope, can be 
problematical if the particular epitope of interest does not survive the 
2DGEL process. Many other investigators also have used Western 
blotting with 2DGEL to investigate individual proteins, e.g., the 
immunoblot study of low density lipoprotein receptors in individuals 
with hypercholesterolemia (48). 

The production of antibodies to proteins cut from SDS-PAGE gels has 
been popular for well over a decade, but only recently have investigators 
attempted to produce antibodies to spots cut from 2DGELs. My 
laboratory has done a stud
key steps (49.50). These key steps are outlined in figure 3, along with 
the general research plan adopted in my laboratory. Protein spots that 
are identified as interesting are cut from 2DGELs in sufficient quantity 
for injection of the protein as well as [125l]-labelling. If the proteins 
are relatively rare in abundance, then pre-fractionation (e.g., a column 
separation step), followed by a concentration step may be necessary. 
Using the labelled antigen, monoclonal antibodies (MoAbs) may be 
identified and used directly to study the protein of interest, or, if not 
reactive with the native protein, used to isolate sufficient denatured 
protein to produce a rabbit antiserum. MoAbs are preferred in this 
process as a first step for several reasons: 1 ), a mouse requires less 
antigen than does an animal such as a rabbit; 2), even using spots cut 
from a 2DGEL, one may not be able to prepare absolutely pure antigen, a 
problem which can be circumvented with MoAbs; 3), the quantity of 
antibody which may be produced with hybridoma methods, if the correct 
MoAb is found, greatly facilitates affinity isolation, assay production, 
etc. This type of approach has been used by my laboratory (5_L), and 
others (52T53)r to extend the investigative power of 2DGEL. 

Latter et al have recently published the results of a study in which 
cells growing in culture were labelled with 20 radioactive amino acids, 
each in a different experiment, and analyzed by 2DGEL (54). The 
resulting autoradiographs were studied with an image analysis system 
so that amino acid compositional data could be extracted. This 
information was then compared to the amino acid composition data 
resident in two large data bases, using computerized search methods. 
Out of the 122 spots studied in this manner, tentative identifications 
could be made on 17 of them based on the amino acid composition alone. 
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Figure 2. Essential components of a computerized system capable 
of supporting "global" analysis of two-dimensional gels. 
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Figure 3. Essential steps in our research plan for developing 
monoclonal antibodies to spots cut from two-dimensional gels. 
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Further supporting evidence has been obtained on 7 of these proteins. 
The authors contend that this method is much less time-consuming than 
cutting out spots for amino acid analysis which, if the laboratory is set 
up for multiple 2DGEL analyses, is correct. However, as the authors also 
point out, the information that is obtained on the identity of a protein 
spot is tentative, and must be supported by an independent method. 
Latter et al used various other independent methods, such as nonactin 
treatment to demonstrate mitochondrial origin, co-migration with 
isolated proteins, and location on the gel (i.e., size and charge) to 
support their contentions. Others have suggested that spots may be cut 
fron 2DGEL for microscale amino acid sequence analysis (55), and my 
laboratory has in fact used this method to demonstate the identity of 
alpha-1-microglobulin (51). Nonetheless, the use of amino acid 
compositional informatio
prove to be extremely usefu p  identifying
spots present on 2DGELs. 

Finally, the use of [32P]-orthophosphate to label cells growing in 
culture has allowed the identification of many of the phophoproteins 
present in the cells of interest. However, recently it has become of 
interest to know which of these proteins are phosphorylated on a 
tyrosine residue, as tyrosine phosphorylation has been implicated in the 
regulation of cellular growth rate and in transformation. Cooper and 
Hunter have published a procedure for identifying which of the 
phosphoproteins seen on a 2DGEL is a tyrosine phosphoprotein, based on 
the alkali stability of the tyrosine phosphate as compared to the more 
common serine or threonine phosphate (56). Two-dimensional gels are 
run, using [32P]-labelled cells as samples. After autoradiography, the 
gels are treated with 1 mol/L KOH for 2 hours at 55eC, neutralized, and 
then re-exposed. The authors report that the serine and threonine 
phosphorylations are much reduced when compared to the tyrosine 
phosphorylations which are relatively alkali stable. Thie method should 
prove enormously useful in identifying that subset of proteins which are 
phosphorylated on tyrosine residues, a subset which appears to be of 
regulatory significance much out of proportion to its relative abundance. 
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Capillary Supercritical Fluid Chromatography and 
Supercritical Fluid Chromatography-Mass Spectrometry 

R. D. Smith, B. W. Wright, and H. R. Udseth 

Chemical Methods and Kinetics Section, Pacific Northwest Laboratory, Richland, 
WA 99352 

Capillary column supercritical fluid chromatography 
(SFC) and its combinatio
MS) constitute importan
of materials not amenable to GC and GC-MS. Applica
tions include the analysis of thermally labile and 
high molecular weight materials. Recent developments 
summarized here include: the development of narrow 
bore (25-50 μm) fused silica capillary columns with 
bonded, crosslinked and deactivated stationary phases 
for high resolution separations; methods using rapid 
pressure programming for high speed capillary SFC 
separations; and the capability for interfacing capil
lary SFC with both chemical ionization and electron 
impact mass spectrometry. Capillary SFC with both 
flame ionization and mass spectrometric detectors 
provide detection limits in the picogram range and 
significantly improved separations compared to HPLC. 
This review describes the physicochemical basis of 
SFC and SFC-MS and recent applications in the analysis 
of fuels, high molecular weight mixtures, and labile 
mycotoxin and pesticide materials. 

Supercritical fluid chromatography (SFC) is becoming increasingly 
recognized as having an important intermediate role between gas 
and liquid chromatography. The recent spur for the development of 
SFC has been the introduction of fused s i l i c a capillary columns 
(1,2) and the availability of commercial instrumentation. The 
high chromatographic efficiencies (3-5) possible with capillary 
columns having small diameters (< 75 ym) has attracted attention 
for the analysis of complex mixtures not amenable to gas chroma
tography (GC). These applications require both sensitive and 
highly selective detectors. The properties of dilute super
c r i t i c a l fluid solutions allow the application of both gas and 
condensed phase detection methods for SFC. The capillary column 
SFC-mass spectrometer (MS) interface, which meets the demands for 
both sensitivity and selectivity, has provided a further impetus 
for capillary SFC development (6-9). 
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Supercritical Fluids. In the last few years, the analytical applica
tions of supercritical fluids have expanded rapidly, mirroring a 
similar surge of interest in supercritical fluid extraction and 
fractionation for various chemical engineering processes. Super
c r i t i c a l f l u i d extraction (10,11), supercritical fl u i d chromato
graphy, and direct fl u i d injection (DFI) -mass spectrometry 
(7,12,13) u t i l i z e the properties of a compound at temperatures and 
pressures above i t s c r i t i c a l point. At elevated pressures this 
single f l u i d phase has properties intermediate between those of 
the gas and liquid phases and dependent upon the fluid composition, 
temperature and pressure. Figure 1 gives a pressure-density rela
tionship in terms of reduced parameters (e.g., pressure, tempera
ture or density divided by the appropriate c r i t i c a l parameter), 
from which only minor deviations occur for a l l single component 
fluids. Isotherms for various reduced temperatures show the var i 
ations in density which can be expected with changes in pressure. 
Thus, the density of the supercritical fl u i d w i l l be typically 10^ 
to 10^ times greater tha
sures. Consequently, molecula
shorter intermolecular distances. The "liquid- l i k e  behavior of a 
supercritical fl u i d results in greatly enhanced solubilizing capa
b i l i t i e s compared to the "subcritical" gas, but with higher d i f 
fusion coefficients and lower viscosities compared to the corre
sponding liquids. Compounds of high molecular weight can be dis
solved in the supercritical fl u i d phase at low temperatures, e.g_., 
the solubility (and chromatography) of polystyrene having a molecu
lar weight in excess of one million has been demonstrated (14). 
Polymers with molecular weights in excess of several thousand are 
known to be soluble in supercritical carbon dioxide which has a 
c r i t i c a l temperature of only 31 C. 

Examples of compounds which can be used as supercritical fluid 
solvents are given in Table 1. In addition to pure solvents, f l u i d 
mixtures can be advantageously employed to increase the range of 
molecular species which are soluble in a single supercritical fl u i d 
or to allow operation in a more favorable temperature range. 

TABLE 1 
EXAMPLES OF SUPERCRITICAL SOLVENTS 

Boiling C r i t i c a l 
Point (C) Temperature (C) 

C r i t i c a l 
Pressure 

C r i t i c a l 
Density 
(g/cm3) Compound (bar) 

C0 2 

NH3 

H20 
N20 
Ethane 
Ethylene 
Propane 
Pentane 
Benzene 
Methanol 
Ethanol 
Isopropanol 

-103.7 9.2 

-78.5 31.3 
-33.4 132.4 
100.0 374.2 
-88.6 36.5 
-88.6 32.3 

-42.1 96.7 
36.1 196.6 
80.1 288.9 
64.7 240.5 
78.5 243.0 
82.5 235.3 

72.9 
112.5 
218.3 
71.7 
48.1 
49.7 
41.9 
33.3 
48.3 
78.9 
63.0 
47.0 

0.448 
0.235 
0.315 
0.45 
0.203 
0.218 
0.217 
0.232 
0.302 
0.272 
0.276 
0.273 
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Solubility in Supercritical Fluids. The typical relationships 
observed for the solubility of a solid in a supercritical fl u i d as 
a function of temperature and pressure is illustrated in a simpli
fied manner in Figure 2. The solute typically exhibits a "threshold 
pressure" above which solubility increases significantly (15). 
The "threshold pressure" is obviously dependent upon detector 
sensitivity and has l i t t l e fundamental value. The region of 
maximum rate of increase of solubility with pressure is typically 
near the c r i t i c a l pressure where the rate of increase in density 
with pressure is also greatest. This results from the fact that 
there is often a linear relationship between log (solubility) and 
density for nonvolatile compounds up to the concentrations where 
solute-solute interactions become important. In contrast, where 
v o l a t i l i t y is low and at densities less than or near the c r i t i c a l 
density, increasing temperature w i l l typically decrease solubility. 
However, "solubility" may increase at sufficiently high temper
atures where the solute vapor pressure becomes significant. Thus, 
while the highest supercritica
are obtained near the c r i t i c a
within experimental pressure limitations may be obtained at some
what lower densities but higher temperatures. On the basis of 
currently available data, solubility trends in supercritical fluids 
may be summarized as follows: 
(1) As with liquids, polar solutes are most soluble in polar super

c r i t i c a l fluids, although nominally nonpolar fluids can be 
remarkably good solvents for many moderately polar compounds. 
Carbon dioxide, for example, at higher pressures can exhibit 
solvating properties intermediate between pentane and methylene 
chloride. 

(2) The maximum increase in solubility with pressure usually occurs 
near the c r i t i c a l density (16); however, available data for 
highly polar solutes in less polar or nonpolar solvents shows 
that significantly greater densities (and pressures) may be 
necessary to obtain substantial solubility. 

(3) At normal operating pressures, half to several times the c r i t i 
cal pressure, solubility typically increases with pressure 
under isothermal conditions. 

(4) Under conditions of constant density, solubility generally 
increases with temperature. 

(5) A temperature increase under isobaric conditions w i l l generally 
result in decreased solubility at pressures less than several 
times the c r i t i c a l pressure, and increased solubility at higher 
pressures. 

Supercritical Fluid Chromatography. The origin of SFC with packed 
columns goes back over two decades (17-26). The recent interest 
in SFC has been due in large part to the limitations in both chromato
graphic efficiency and detection methods with HPLC. The introduction 
of fused s i l i c a capillary columns with nonextractable stationary 
phases for SFC (1_) and the potential compatibility with gas phase 
detection methods (13) has served to further increase the attention 
given these methods. 

The advantages of SFC for improved separation and detector 
interfacing accrue from the nature of the supercritical fluid (10). 
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REDUCED DENSITY 

T r = REDUCED TEMPERATURE 

Figure 1. Typical pressure-density behavior for a pure super 
c r i t i c a l f l u i d in terms of reduced parameters. 

CONSTANT TEMPERATURE CONSTANT PRESSURE 

i-

Figure 2. Typical trends for the solubilities for solid 
solutes in supercritical fluids as a function of pressure or 
temperature (see text). 
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The lower viscosities and higher diffusion coefficients relative 
to liquids result in the potential for significantly enhanced 
chromatographic efficiency per unit time compared to HPLC. In 
SFC, the mobile phase is maintained at a temperature somewhat 
above i t s c r i t i c a l point (often at reduced temperatures of 1.02 to 
1.4). The density of the supercritical phase is usually several 
hundred times greater than that of the gas, but less than that of 
the liquid at typical SFC pressures (25-500 bar). The mild thermal 
conditions (determined by the choice of mobile phase) allow the 
application to labile compounds. Additionally, the use of open 
tubular capillary columns results in a greatly reduced pressure 
drop across the column at typical linear velocities; an important 
consideration i f the pressure programming capability of SFC is to 
be exploited to optimize selectivity. Pressure programming in SFC 
provides many of the advantages of gradient elution in HPLC while 
avoiding the complications impacting gradient reproducibility (27). 
As is illustrated later, this also provides the basis for very 
rapid pressure programmin
rations. 

With the development of small diameter (< 75 \lm) fused s i l i c a 
capillary columns coated with crosslinked and nonextractable station
ary phases, high resolution separations with efficiencies approach
ing those of conventional capillary gas chromatography have been 
obtained (2,5). This is illustrated in Figure 3 which shows the 
separation of the polycyclic aromatic hydrocarbon fraction of a 
middle d i s t i l l a t e fuel sample. In this separation a 20 m χ 50 μι 
(i.d.) fused s i l i c a capillary column coated with a bonded and 
crosslinked 50% phenyl methylphenylpolysiloxane stationary phase 
was used with a supercritical carbon dioxide mobile phase at 40 C. 
Studies under isobaric conditions have demonstrated that more than 
3,000 and 10,000 theoretical plates/m can be obtained with 50 urn 
and 25 urn (i.d.) columns, respectively (27). Although this measure 
of efficiency is inapplicable under pressure programmed conditions, 
i t provides the basis for the high selectivity evidenced in such 
separations. 

The application of capillary SFC to such complex mixtures 
clearly benefits from the use of selective detectors such as the 
mass spectrometer. As is shown in the next section, the combina
tion of SFC with mass spectrometry has many of the same advantages 
of instrumental simplicity and f l e x i b i l i t y as GC-MS. 

Mass Spectrometric Detection for SFC. The advantages of coupling 
a chromatographic technique with mass spectrometry are considerable, 
as evidenced by the major role of GC-MS in mixture analysis. However, 
in contrast to GC, where the effluent is compatible with classical 
gas phase ionization methods, the ideal approach to interfacing 
SFC or HPLC with mass spectrometry is not immediately obvious. 
The attraction of SFC-MS or HPLC-MS combinations led to significant 
interest in the late I9601s and early 1970fs. The early dominance 
of HPLC technology, dictated the emphasis on HPLC-MS development. 
While these efforts have shown considerable success, they have not 
yet yielded instrumentation comparable to GC-MS in usefulness. 
The most promising current approach, u t i l i z i n g "thermospray" ioniza
tion (28), is most applicable to the most polar, easily ionized 
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20 m x 50 μητι 
C 0 2 , 40°C 

Figure 3. SFC of the polycyclic aromatic hydrocarbon fraction 
of a middle d i s t i l l a t e fuel using supercritical carbon dioxide 
at 40 C. 
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compounds. These compound classes, which generally include materi
als soluble in aqueous solvent systems, are also the most d i f f i c u l t 
to address by SFC. Thus, SFC-MS and thermospray LC-MS may be viewed 
as complimentary techniques, which together allow the analysis of 
virtually any compound not amenable to GC. 

The development of an SFC-MS interface obviously requires 
that the SFC effluent undergo a pressure reduction for both ioniza
tion and subsequent mass analysis. The most direct approach to 
this problem involves expansion of the f l u i d through a nozzle and 
production of a collimated beam, using molecular beam skimmers, 
which is then ionized and analyzed using conventional electron 
impact ionization (EI) mass spectrometry. This approach was f i r s t 
proposed in the literature by Milne (29), and was a direct exten
sion of his work with molecular beam systems, with the principle 
differences being that the supercritical fluid solution would have 
much higher densities than normal in free-jet expansions. Milne 
qualitatively discussed the potential problems of this approach 
and suggested that the hig
fi c i e n t l y small diamete
entially pumped vacuum system. He also indicated that the most 
serious potential problem of this approach would be cluster forma
tion during adiabatic expansion. (In molecular beam studies, great 
care is taken to assure adiabatic, shock-free expansion conditions 
by using beam skimmers to sample the expanding gas into a lower 
pressure environment before the shock fronts form due to inter
action with background gases and disrupt the process.) 

Shortly after this i n i t i a l report, Giddings, Myers, and 
Wahrhaftig presented a more quantitative evaluation of the molecu
lar beam approach for "the gas phase isolation of nonvolatile mole
cules by high pressure jets for mass spectrometry" (30). These 
workers came to the conclusion that solvent clustering might not 
be significant and solute-solute association could be minimized i f 
the expansion was sufficiently rapid. In addition, a solution of 
3-carotene in supercritical carbon dioxide was expanded through a 
small laser d r i l l e d o r i f i c e . This work provided the basis for the 
ambitious studies of Randall and Wahrhaftig (31-33), which provided 
a detailed examination of the molecular beam approach to SFC-MS 
interfacing. 

The instrumentation constructed by Randall and Wahrhaftig 
uti l i z e d a three-stage vacuum system which followed the classical 
approach to molecular beam studies (33). This work demonstrated 
that solutes of low v o l a t i l i t y could be injected into a low pres
sure environment. The degree of solvent clustering was much less 
than estimated on the basis of previous work, and found to be 
dependent on a number of experimental parameters. Interestingly, 
Randall and Wahrhaftig demonstrated that not only solute-solute 
clustering was negligible, as anticipated, but also that solute-
solvent clustering was much less than expected. Of considerable 
interest was the observation that the degree of solvent-solute and 
solvent-solvent clustering was greatly reduced as the background 
pressure in the f i r s t (nozzle-skimmer) vacuum region was increased 
(32). 

The molecular beam approach, however, does not provide a practi 
cal SFC-MS interface for routine analytical applications. The 
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significant complexity of this instrumentation, the multi-stage 
vacuum system, and operational d i f f i c u l t i e s (such as beam alignment) 
prevented serious application. More important, however, was that 
this approach provided relatively poor sensitivities (yg range) 
which may have been indirectly related to the frequent orifice 
"plugging 1 1 problem noted by these workers (32). Our experience 
has since shown that such plugging problems are often due to the 
use of excessively high concentrations such that a nearly saturated 
supercritical fl u i d solution exists which apparently leads to rapid 
solute precipitation and plugging at the point of expansion. 

Aside from the work of Randall and Wahrhaftig, the only other 
early attempt to interface supercritical fl u i d chromatography was 
the direct introduction work of Gouw et al (34). Although no de
t a i l s were provided, and additional information has not been pub
lished, this approach apparently required compound v o l a t i l i t y for 
transfer to a conventional mass spectrometer electron impact ion 
source. Application appeared limited by compound v o l a t i l i t y and 
poor sensitivity. 

Instrumentation for Capillary SFC-MS. The development of fused 
s i l i c a capillary columns with stabilized stationary phases suitable 
for SFC presented the opportunity to eliminate the disadvantages 
of the molecular beam approach. The typical fluid flow rates for 
50 ym i.d. columns are in the range of 1-2 1/min (as liquid); 
this range can be handled by conventional two stage mass spectrom
eters (as typically configured with chemical ionization capability) 
without the use of the liquid nitrogen cryo-pumps required for 
commercial direct liquid introduction LC-MS interfaces (35). 

In 1982 an effective capillary SFC-MS interface was described 
(6,7). In this work supercritical f l u i d conditions were maintained 
in the column to a region immediately adjacent to the ion source, 
where the f l u i d was rapidly decompressed by expansion through an 
or i f i c e . The lower fluid flow rates with capillary columns avoided 
the complex multi-stage pumping systems characteristic of the molec
ular beam approach. Rather than attempting to sample the unper
turbed expanding gas by conventional electron impact ionization, 
this direct fluid injection (DFI) method ut i l i z e d the shock fronts 
and rapid collisional processes in the expanding jet to disrupt 
cluster species and prevent droplet formation (13). Thus, the DFI 
method not only greatly simplified instrumental design but elimi
nated the two major drawbacks of the molecular beam approach: 
clustering phenomena and inadequate sensitivity. 

The DFI process requires supercritical fluid conditions to be 
maintained as close to the point of ionization as possible to mini
mize loss of labile or nonvolatile materials. An improved under
standing of the DFI process can be gained by consideration of clus
ter formation during expansion of a high-pressure jet through a 
nozzle, as illustrated schematically in Figure 4. When an expan
sion occurs in a chamber with a fi n i t e background pressure (P v), 
the expanding gas w i l l interact with the background gas producing 
a shock wave system. This includes barrel and reflected shock 
waves as well as a shock wave perpendicular to the jet axis (the 
Mach disk). The Mach disk serves to heat and break-up the clusters 
formed during the expansion process. The break-up of clusters is 
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Ideal P i n h o l e O r i f i c e 

S u p e r c r i t i c a l F l u i d 
( 5 0 - 5 0 0 a t m ) 

M a c h D i s k 

R e g i o n (~1 T o r r ) 

S h o r t C a p i l l a r y R e s t r i c t o r 

1-10-μηπ C a p i l l a r y 
R e s t r i c t i o n 

S u p e r c r i t i c a l F l u i d 

C l u s t e r 
F o r m a t i o n 

M o l e c u l a r " 
S p r a y 

M a c h 
D i s k 

Figure 4. Schematic i l l u s t r a t i o n of the Direct Fluid Injection 
(DFI) process. An ideal expansion through a pinhole orifice 
(top) and expansion through a capillary restriction (bottom). 
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further aided by the rapid collisional processes in the chemical 
ionization source where the average molecule undergoes on the 
order of 10^ collisions before escaping, assuming no wall losses. 
Since the solute concentration for a large peak in capillary SFC 
is typically < 10 ppm, i t is clear that solute clustering of neut
ra l molecules in the ion source w i l l usually be negligible. 
(Similar arguments apply for clustering of the ionized species 
since a typical average number of ion-molecule collisions in a 
chemical ionization source is in the range of 10^ - 106.) 

The distance from the orifice to the Mach disk may be crudely 
estimated from experimental work (36) as 0.67D(Pf/P v)l/2 > where D 
is the orifice diameter and Pf is the fluid pressure. Thus, i f 
Pf = 400 bar, P v = 1 torr, and D = 1 ym, the distance to the Mach 
disk is 0.4 mm. The "droplets" formed during the expansion of a 
dense gas result primarily from solvent cluster formation during 
adiabatic cooling in the f i r s t stages of the expansion process. 
The extent of cluster formation is related to the f l u i d pressure
temperature, and the orific
prediction of the exten
however, Randall and Wahrhaftig (31-33) adapted an empirical method 
of "corresponding jets" (37) to attempt an estimation of the degree 
of cluster formation. Unfortunately, this approach required extra
polation far beyond the range of previous data and predicted an 
average cluster size several orders of magnitude larger than found 
experimentally (̂  20). 

In reality, the ideal pinhole type ori f i c e shown at the top 
of Figure 4 is impractical for current capillary SFC-MS interfaces. 
In the i n i t i a l work with 100-200 ym i.d. capillary columns this 
concept was viable with 0.5 - 1.0 ym holes (6). However, even in 
this case the minimum substrate thickness was »r 15 ym (and readily 
deformed i f not precisely supported) and had a conical channel due 
to nature of the laser d r i l l i n g process. Although, greater success 
was achieved with orifices d r i l l e d in 50-100 ym thick material, 
this typically required multiple laser "shots", was less precise 
and reproducible, and more expensive. In addition, this approach 
presented significant mechanical d i f f i c u l t i e s associated with pro
ducing a high pressure, low dead volume seal and the necessary 
precise alignment with smaller capillaries. 

In reality, a l l practical restrictor designs consist of short 
capillary channels, schematically illustrated on the lower part of 
Figure 4. A practical compromise involves the use of short lengths 
(1-3 cm) of small inner diameter (5-10 ym) fused s i l i c a tubing or, 
more favorably, tapered restrictors made by rapidly drawing the 
terminal end of the fused s i l i c a column in a reproducible manner. 
This later approach has the additional advantage of eliminating 
connector dead volume. The characteristics of flow through such a 
restrictor are complex and cannot be precisely predicted. However, 
i t is expected that most of the pressure drop occurs near the end 
of the tapered region. Since i n i t i a l cluster formation involves 
volatile solvent molecules, heat applied in the later stage of 
this expansion reduces solvent clustering and facilitates transfer 
of solute molecules. However, i t is clear that as the capillary 
restriction becomes longer, solute clustering can become significant 
with an excessively long restrictor leading to precipitation of 
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the solute. This can be manifested as "spikes 1 1 in the detector 
output or plugging of the restrictor. While nucleation processes 
w i l l ultimately result in solute clusters, this w i l l not be s i g n i f i 
cant for sufficiently short restrictors and typical SFC concentra
tions. Available experimental results indicate that the DFI process 
produces a gas spray incorporating the nonvolatile solute mole
cules under these conditions. Although experimental results for 
higher temperatures and more polar f l u i d systems are limited, our 
mass spectrometric observations show no evidence of solute cluster 
formation in any systems studied to date (other than that typical 
for the selected ion source pressure and temperature). Our exper
ience with fluids as diverse as 002, NH3 and supercritical water 
suggest that the DFI method is viable i f saturated solutions are 
avoided at the point of restriction. 

Current Instrumentation. The instrumentation used for SFC-MS has 
been described in detail elsewhere and w i l l be only briefly consid
ered here (7-9, 9, 13, 28)
pump is used to generat
Injection utilizes an HPLC valve with volumes from 0.06 to 0.2 yL 
and flow splitting at typically ambient temperatures. Since the 
s p l i t occurs for a subcritical liquid, discrimination between sample 
components is negligible. Split ratios range from as l i t t l e as 
1:3 for conventional separations on long (> 15 m) 50 ym columns to 
as high as 1:80 for fast separations on 25 ym columns. The need to 
minimize sample volume is clearly indicated by consideration of the 
fact that the total volume of a 1 m χ 25 ym column is only 0.5 yL. 

One instrument configuration utili z e d in this laboratory is 
shown in Figure 5. In this instrument the column was mounted in a 
constant temperature gas chromatograph oven, which also served to 
heat the air circulated through the DFI probe. A zero dead volume 
union is typically used to connect the column to a short length of 
»/* 4-8 ym i.d. or contoured (tapered) fused s i l i c a restrictor. The 
restrictor and probe tip are heated to compensate for cooling due 
to decompression of the f l u i d during the DFI process. 

The mass spectrometers utili z e d to date in this laboratory 
are conventional quadrupole mass spectrometers with two stages of 
pumping. Both electron impact (EI) and chemical ionization (CI) 
ion sources have been evaluated for SFC detection. The instrumen
tation illustrated in Figure 5 allows axial injection of the SFC 
effluent, although this is not an important parameter, and d i f f e r 
ent designs are used in another instrument (6-8512,13). Methane, 
isobutane or ammonia are the most frequent used CI reagent gases. 
An advantage of SFC-MS with small diameter capillary columns is 
that the flow rates are small enough that any CI reagent gas may 
be used. Typical detection limits range from 0.1 to 10 pg depen
ding upon the compound, analysis time, column configuration, and 
CI reagent gas. 

An additional advantage of SFC-MS compared to HPLC-MS is the 
recent development of a practical EI source (38). Nearly a l l capil
lary SFC-MS has ut i l i z e d CI; i n i t i a l attempts at EI ionization 
generally resulted in greatly decreased sensitivity (7) or spectra 
which contain both CI and EI components (39). However, the low 
flow rates with 50 ym diameter columns, which typically correspond 
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to 0.1 to 0.5 mL/min of gas at standard conditions, can be made 
compatible with direct fluid injection using EI ionization. Most 
EI sources are relatively tight and are designed to operate at 
lower flow rates or, i f a higher flow rate is used (as in GC-MS), 
with gases which w i l l produce spectra quite similar to EI (i.e., 
charge transfer from helium). However, this "tighter" ion source 
can result in significant CI contributions in SFC-MS which can be 
reduced by a more open design (38). 

A simple solution to this problem is to u t i l i z e the SFC gas 
flow to create a small higher pressure region adjacent to the "open" 
EI source (38). Thus, the f l u i d expands into a heated expansion 
region (1 cm χ 0.14 cm i.d. with a 0.1 cm orifice to the ioniza
tion volume) which provides the higher pressure necessary for clus
ter break-up prior to the ionization region. The temperature of 
this region is typically 50 to 150 C higher than the mobile phase 
temperature (38). The expansion region efficiently directs the 
SFC effluent into the ionization volume of a high efficiency ion
izer having an extremel
sure in the ionization volume
ficient break-up of clusters formed during expansion and transfer 
of the SFC effluent to the ionization volume. While EI sensitivity 
is typically one to two orders of magnitude less than that obtained 
by CI, good mass spectra are usually obtained with < 1 ng injec
tions and the mass spectra show no CI contributions. The f l e x i 
b i l i t y in selection of the ionization method and the ab i l i t y to 
use the existing EI spectral libraries provides an additional advan
tage for SFC-MS relative to LC-MS combinations employing direct 
liquid introduction. 

Capillary Columns for SFC-MS. At present, the major limitation to 
broad application of capillary SFC technology is related to the 
availability of columns compatible with supercritical fl u i d mobile 
phases. The fused s i l i c a capillary columns used in this work were 
deactivated and coated with crosslinked and surface-bonded station
ary phases using techniques similar to those reported by Lee and 
coworkers (40,41). Columns from less than 1 m to more than 20 m 
in length and with inner diameters of 10 to 200 ym have been 
examined. Column deactivation was achieved by purging with a dry 
nitrogen flow at 350 C for several hours followed by si l y l a t i o n 
with a polymethylhydrosiloxane. Any unreacted groups on the hydro-
s i loxane were capped by treatment with chlorotrimethylsilane at 
250 C. After deactivation, the columns were coated with approxi
mately a 0.15-.25 ym film of SE-54 (5% phenyl polymethylphenyl-
siloxane) or other polysiloxane stationary phases. The coated 
stationary phases were crosslinked and bonded to the deactivation 
layer by extensive crosslinking with azo-t-butane (41). The impor
tance of deactivation procedures for elution of more polar compounds, 
such as the trichothecenes, has been demonstrated elsewhere (42). 

Columns which are currently available are most amenable to 
less polar solute and f l u i d systems, and appear to be nearly ideal 
for fluids such as carbon dioxide. More polar fluids or fluids 
having higher c r i t i c a l temperatures appear to degrade column per
formance, probably due to the greater solvating power of these 
fluids and physical processes related to solubility in the sta-
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tionary phase. Improved columns are anticipated which w i l l be 
more suitable for these demanding fluid systems. 

Capillary SFC-MS Development and Applications. The i n i t i a l applica
tions of SFC have stressed thermally labile and higher molecular 
weight mixtures not amenable to GC. Many of the early applications 
of capillary SFC have utilized carbon dioxide as the mobile phase, 
but the extension to alternative fluids is being actively pursued. 

In SFC both the mobile phase and the stationary phase can be 
varied to enhance selectivity. The changes in selectivity are 
illustrated in Figure 6 which shows SFC-MS total ion chromatograms 
obtained for CO2, C2H6, and N2O mobile phase under similar 
supercritical conditions. The separations were obtained at identi
cal reduced parameters ( P R = 1.27 and T r = 1.06). In addition to 
the two n-alkanes (CIQ and C15), the separations included aceto
phenone T A P ) , N-ethylaniline (EA), naphthalene (NAP), 1-decanol 
(DEC), and £-chlorophenol (CP) which were chosen to span a range 
of polarities. Compariso
cant changes in selectivit
phase. 

Capillary SFC is particularly attractive for labile compounds 
which are d i f f i c u l t at best to analyze by GC and for which selectiv-
i t i e s and sensitivities obtainable by HPLC are often inadequate. 
Figure 7 illustrates application to labile acid and carbamate pesti
cides. This figure shows a capillary SFC-MS total ion chromatogram 
obtained during a pressure programmed separation. Examples of 
mass spectra are given in Figure 8 which compares the methane CI 
(right) and ammonia CI (left) spectra for dicamba and chlorpropham 
obtained during similar SFC-MS separations. The a b i l i t y to select 
essentially any CI reagent allows one to obtain optimum sensitivity 
by minimizing fragmentation or to enhance structural information 
by u t i l i z i n g a more energetic CI reagent such as methane. 

An example of the capability of capillary SFC-MS for complex 
mixture analysis is given in Figure 9 which shows separation of 
the polycyclic aromatic hydrocarbon fraction of a diesel fuel 
marine material (5)· This separation was obtained with CO2 at 
60 C u t i l i z i n g a linear pressure ramp. In general, the isobutane 
chemical ionization produced predominately (M+l)+ ions with smal
ler amounts of (M+43)+ and (M+57)+ ions. The solvent peak is small 
since the molecular ion is not in the mass range scanned (however, 
trace impurities in the carbon dioxide were detected). Typical 
single ion chromatograms from this analysis are given in Figure 
10. These chromatograms, show numerous isomeric species for some 
components. Since the protonated molecular ions, or (M+l)+ ions, 
are at odd m/Z values, the molecular weights of the components are 
even. Tentative identifications based on molecular weight and 
chromatographic retention time for these components are indicated. 
The mass spectra obtained from this analysis typically show domi
nant (M+l) + signals and are useful for assigning molecular weights 
to the unknown components and, when used in conjunction with chro
matographic retention times, serve as a basis for actual component 
identifications. The material in this fraction consists primarily 
of two and three ring neutral polycyclic aromatic hydrocarbons and 
numerous isomers of their alkylated homologs. Various alkylated 
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Figure 6. Comparison of capillary SFC-MS total ion 
chromatograms for a mixture with (A)CC>2, (B) C2H5, and (C) Ν 2 0 
mobile phases. 
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B P M C 
P r o p a c h l o r 

Pesticides 
COo - 75°C 

A l a c h l o r 

L i n u r o n 

3 0 3 1 3 2 3 3 3 4 3 5 3 6 

T i m e ( m i n u t e s ) 

1 8 0 1 9 0 2 0 0 2 1 0 

P r e s s u r e ( a t m ) 

Figure 7. Capillary SFC-MS separations of an eight component 
pesticide mixture using a 8 m χ 50 ym column at 75 C using 
carbon dioxide as the mobile phase. 
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Figure 9. Total ion chromatogram obtained from the capillary 
SFC-MS analysis of the polycyclic aromatic hydrocarbon fraction 
of a diesel fuel marine. 
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Figure 10. Typical single ion chromatograms for selected masses 
for the capillary SFC-MS analysis in Figure 9. 

In Chromatography and Separation Chemistry; Ahuja, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



15. SMITH E T A L . Capillary SFC and SFC-MS 279 

isomers of monocyclic aromatic compounds are also present (e.g., 
substituted benzenes and tetralins). Exact identifications of the 
many isomers would require retention data obtained from chromato-
graphing individual standards for each component, although in some 
cases more sophisticated mass spectrometric techniques can be used 
to identify isomeric species (13). 

High Speed Capillary SFC. Until recently the practice of SFC was 
restricted to packed columns (17,20-26,43). Capillary columns are 
clearly superior for most applications in gas chromatography, while 
packed columns in liquid chromatography have tremendous advantages 
compared to open tubular capillary columns due to the small column 
diameter (< 10 ym) required to produce equivalent separations (44). 
Since supercritical fluids have properties intermediate between 
those of a gas and those of a liquid, one might expect that both 
packed and capillary SFC methods would be competitive and the 
method of choice depend on the particular separation desired
Until recently the most
for SFC would imply tha
for rapid efficient separations of less complex mixtures, whereas 
small diameter (< 75 ym) capillary columns, which produce greater 
numbers of total effective theoretical plates under isobaric condi
tions, would be preferred for complex mixture analysis. As prac
ticed, the approximate time scale of the rapid packed column SFC 
separations is on the order of two minutes (43), although high 
resolution separations have required as much as 1 day. In con
trast, the time scale of typical high resolution capillary column 
separations is on the order of two hours (3,5,8,45,46). 

Rapid separations are clearly desirable where sufficient selec
t i v i t y exists for the particular component(s) of interest. The 
low pressure drop across capillary SFC columns allows the solvating 
properties of the flu i d to be controlled by changing the pressure 
on a nearly instantaneous basis (9). Additional advantages are 
related to the ease of pressure control and the absence of station
ary phase modification which decreases reproducibility in HPLC. 
The pressure programming capability allows a significantly wider 
molecular weight or compound-type range to be separated in a given 
time than with packed SFC columns, which are generally restricted 
to isobaric operation for rapid separations due to the large pres
sure drop. As with packed columns (43), capillary columns with 
supercritical mobile phases can be operated at much higher than 
optimum linear velocities (45,46) to obtain greater numbers of 
plates/sec with only a moderate increase in plate height. 

The compatibility of capillary column SFC with mass spectrom
etry provides the high selectivity necessary to characterize even 
relatively complex mixtures in rapid separations. The average 
peak width is relatively constant and is nearly ideally suited to 
the maximum practical scan speeds for most quadrupole mass spec
trometers (̂  0.5 sec for a reasonable mass range). Figure 11 pro
vides a comparison between the total ion chromatograms for a high 
resolution capillary SFC-MS separation and a rapid SFC-MS separa
tion of a coal tar extract using 15m χ 50 ym and 1.75 m χ 50 ym 
columns, respectively. The high resolution capillary SFC-MS 
separation ut i l i z e d supercritical carbon dioxide at 60 C and a 
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Ί 1 1 • 1 • 1 ' Γ 
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Figure 11. Comparison of a high resolution capillary SFC-MS 
separation of a coal tar extract obtained using a (A) 15 m χ 50 
ym column with (B) a rapid separation on a 1.75 m χ 50 ym 
column with a 50 bar/min pressure ramp. 
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linear pressure ramp from 75 bar to 175 bar at 1 bar/min. The 
fast separation (B) utilized a linear pressure ramp of 50 bar/min 
starting at 75 bar and provided a level of characterization which 
is adequate for many purposes, especially with the inherent high 
selectivity of mass spectrometry. Even greater chromatographic 
selectivity can be obtained with smaller diameter columns and 
enhanced analytical selectivity can be obtained with a "soft" CI 
reagent gas to limit fragmentation and tandem mass spectrometric 
techniques (e.g., MS/MS) to resolve dissimilar compounds of the 
same molecular weight (47). 

Although the highest chromatographic selectivity for the separ
ation of any two compounds within a given time constraint w i l l be 
obtained in an isobaric separation, the situation is quite different 
for multicomponent mixtures. Since an optimum pressure w i l l exist 
for separation of any two components, more complex mixtures would 
require a different optimum pressure for each solute pair and some 
sacrifice of optimum selectivity  As mixture complexity increases
and the range of kf value
increasingly inadequate
density) programming is that separations can be obtained for a 
multicomponent mixture which w i l l be superior to isobaric separa
tions in terms of speed, selectivity and detector sensitivity. 

Rapid pressure programmed capillary SFC techniques provide an 
excellent method for the fast separation of simple to moderately 
complex mixtures. The degree of compromise between total separa
tion efficiency and speed of analysis can be selected and adjusted 
to meet the requirements for a specific separation. An example of 
a rapid SFC separation of a thermally labile pesticide mixture is 
shown in Figure 12. These carbamate and acid pesticides are gener
ally considered to be non-gas chromatographable (50). The separa
tion was achieved using a 1.5 m χ 25 ym i.d. column, carbon dioxide 
mobile phase at 100 C and 135 bar i n i t i a l pressure, and a pressure 
ramp of 50 bar/minute starting a few seconds after injection. The 
mobile phase linear velocity at the i n i t i a l conditions was approxi
mately 5.5 cm/sec. This separation was complete in two minutes 
with average peak widths of only a few seconds. By using a well 
deactivated column these very polar components were successfully 
eluted with good chromatographic peak shape using carbon dioxide 
as the mobile phase. 

Rapid separations are enhanced by using small-diameter columns 
to maximize the number of theoretical plates per unit column length. 
This allows much shorter columns (and faster separations) to obtain 
the same overall efficiency. The mobile phase can also be operated 
at higher linear velocities in small diameter columns without signif
icantly degrading performance. The separation efficiency (theoreti
cal plates) for a 50 ym and 25 ym i.d. column is compared in Table 
II· A similar comparison using the Trennzahl (TZ) or separation 
number (SN) for pressure ramped analyses is described in Table I I I . 
The Trennzahl number defines the number of peaks separated by 
approximately twice the width at half height that can be fit t e d 
between two standards. The 25 ym i.d. column generated about four 
times as many theoretical plates per meter and almost ten times as 
many plates per minute as the 50 ym i.d. column. Although the 25 
ym column was slightly shorter and the mobile phase linear velocity 

In Chromatography and Separation Chemistry; Ahuja, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



C H R O M A T O G R A P H Y A N D SEPARATION C H E M I S T R Y 

Propoxur 

Picloram 

C0 2 , 100°C 
75 atm, 100 atm/min 
1.5 m χ 25 μηι 

Phenmedipham 

, Chloramben 

60 120 
Time (seconds) 

180 

Figure 12. Fast capillary SFC separation of acid and carbamate 
pesticides. 
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Table II. Efficiency Comparison for Isobaric Separations 

Column 
v a 

(cm/sec) k' 
n-Ci3 n-Ci4 

n/m n/min k 1 n/m n/min 

2 m χ 50 ym 
1.5 m χ 25 ym 

3.0 2 .8 
4 . 2 1.9 

3 ,120 1,470 4 . 0 3 ,050 
12 ,800 10 ,900 2 .8 14 ,530 

1,080 
9 ,480 

aMobile phase linear velocity. 

Table 3 : Trennzahl Number (TZ) Comparison for Fast Pressure Ramps3 

Column v(cm/ sec)b T R (C 2 Q) (min) TZ ( 2 6 " C 2 8 ) 

2 m χ 50 ym 
3 m χ 50 ym 
1.5 m χ 25 ym 3.2 3.1 3 .2 

Reparations were made using a 50 bar/min pressure ramp. 
^Mobile phase linear velocity at the i n i t i a l pressure of 75 bar. 

was slightly greater, the difference is striking. For pressure 
ramped analyses the Trennzahl number was five times greater for 
the 25 ym i.d. column and was achieved in 25% less time. A small 
difference was obtained for the longer 50 ym i.d. column. 

An important and unique property of capillary SFC is the capa
b i l i t y for very fast pressure programming rates. The nearly neglig
ible pressure drop across a short capillary column allows the f l u i d 
density (or solvating power) to be varied on a nearly instantaneous 
basis. Enhanced sensitivity results from the low effective k 1 at 
the time of elution and the substantial "peak compression" phenomena 
due to the large density increase ( 2 8 ) . 

An example of an alkane mixture chromâtographed at three differ
ent pressure ramp rates is shown in Figure 13 . These separations 
were obtained with a 1.5 m χ 25 ym i.d. column, carbon dioxide at 
100 C, and an i n i t i a l pressure of 75 bar. Even the slow ramp of 
35 bar/min provided a complete separation in approximately five 
minutes. As the ramp rates were increased some degradation of 
resolution became apparent. However, the analysis time was re
duced by more than half. A quantitative comparison of the separ
ation quality as defined by the Trennzahl number of selected alkane 
pairs for various ramp rates is given in Table IV. The retention 
time (TR) for one of the alkane components in each pair is also 
listed. The fi n a l column in the table defines the separation power 
per unit time. The Trennzahl numbers decreased by a factor of two 
when the ramp rate was increased from 25 to 160 bar/min. However, 
the analysis time decreased by a factor of 2 . 5 . Consequently, the 
separation power per unit time (T Z / T R) actually increased with the 
more rapid ramp rates. During pressure ramping the linear velocity 
of the mobile phase through the column generally doubles when going 

In Chromatography and Separation Chemistry; Ahuja, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



284 C H R O M A T O G R A P H Y A N D SEPARATION C H E M I S T R Y 

Figure 13. Comparison of three different rapid pressure ramps 
for the rapid SFC separation of an alkane mixture. 
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from 75 to 350 bar. Increases of up to 8 cm/sec appear to have 
negligible effects on the chromatographic performance. In addition, 
a rapid pressure ramp gives rise to an effective velocity gradient 
across the column (27). Consequently the average linear velocity 
is substantially higher than suggested by the i n i t i a l void volume. 

Table IV. Separation Number Comparison for Various Pressure Ramps3 

Ramp TZ T R(min) TZ TR(min) TZ TR(min) TZ/T R
b 

(bar/min) C14-Ci6 Ci4 C26-C28 C26 C14-C28 C28 

25 12.3 2.2 3.4 3.9 49.2 4.1 11.9 
35 11.0 2.1 3.6 3.9 50.3 4.1 12.3 
50 9.6 1.9 3.2 3.1 40.5 3.3 12.3 
75 6.8 1.5 2.5 2.3 31.1 2.4 12.7 

100 7.0 1.3 1.8 1.9 30.9 2.0 15.4 
160 6.4 1.

aData obtained on a 1.5 m X 25 m i.d. column with a mobile phase 
linear velocity of 3.5 cm/sec at the i n i t i a l starting pressure of 
75 bar. 

Reparation power per unit time, TZ/TR(min) (Ci4-C28/TRC28) · 

A potentially important application area for capillary SFC 
and SFC-MS is in the analysis of thermally labile molecules not 
readily amenable to gas chromatography, such as mycotoxins of the 
trichothecene group (48,49). Figure 14 shows a fast separation of 
four trichothecenes on a short 0.8 m χ 25 ym column at 100 C with 
supercritical CO2 as the mobile phase. Diacetoxyscirpenol (DAS) 
and T-2 toxin are easily resolved while the two macrocyclic com
pounds, roridin A and verricarin J, are not well separated. How
ever, even this level of separation is often sufficient given a 
highly selective detector such as the mass spectrometer. Applica
tion of SFC-MS to these compounds is described in detail elsewhere 
(42). 

The major advantage of capillary SFC for fast separations 
compared to packed column methods results from the use of pressure 
programming to rapidly vary the mobile phase solvating power. The 
capillary SFC methods provide rapid separations and peak widths 
nearly ideally compatible with typical maximum mass spectrometer 
scan speeds. Since the total SFC effluent enters the mass spectrom
eter, quantitation is straightforward. In addition, significantly 
higher sensitivities can be obtained due to the narrow peak widths 
and detection limits in the sub-picogram range have been found 
using selected ion monitoring techniques (9,42). 

Mass Spectrometric Methods for Capillary SFC-MS. A significant 
advantage associated with capillary SFC-MS methods, and in contrast 
to a l l mechanical (e.g., moving ribbon) HPLC-MS interfaces, results 
from the f l e x i b i l i t y in selection of ionization methods. Although 
i n i t i a l studies were conducted using chemical ionization, and i t 
remains the method of choice for most applications, the DFI process 
is also compatible with electron impact ionization (37). 
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Figure 14. Rapid capillary SFC/MS separation of a standard 
mixture of diacetoxyscirpenol (DAS), T-2 toxin and the macro-
cyclic trichothecenes verricarin J and roridin A. 
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Electron impact mass spectra also provide more spectral inform
ation than typically contained in CI spectra. However, as the 
range of SFC-MS application broadens to more polar and higher molec
ular weight materials chemical ionization methods w i l l become more 
valuable. In addition to the higher sensitivity usually obtained 
with CI, the identification of an unknown compound obviously bene
f i t s from knowledge of the molecular weight typically obtained by 
CI. Since many materials of interest w i l l not be in existing 
libraries of mass spectra, the value of EI spectra is reduced, 
particularly for high molecular weight compounds where few peaks 
may be obtained near m/Z values indicative of the molecular species. 
Proper selection of CI reagent gases may be the most effective 
method for obtaining the combination of molecular weight and struc
tural information for characterization of unknown materials. More 
sophisticated mass spectrometric methods (e.g., MS/MS and high 
resolution MS) with SFC are already being explored in this labora
tory to meet these demands (42,51). 

Future Directions 

The recent progress in capillary SFC-MS has demonstrated signif
icant potential as an favorable alternative to HPLC-MS for many 
applications. The capillary SFC instrumentation is relatively 
simple and the practice of SFC with fluids such as CO2 is amenable 
to routine laboratory application. The improved chromatographic 
resolution and sensitivity possible with capillary SFC-MS compared 
to LC-MS should serve to make this approach increasingly attractive. 

While the potential exists for rapid growth i n SFC and SFC-MS 
applications, practical problems remain to be resolved. Improved 
injection techniques are required and, in particular, on-column 
injection techniques which remove sample solvent prior to analysis 
and eliminate restrictions due to low sample solubility or limited 
injection volumes. The limitations for more polar materials are 
mostly unexplored. A large fraction of the compounds presently 
separated by HPLC can, in principle, be analyzed using SFC. In 
fact, i t is not unreasonable to predict that essentially any com
pound soluble in an organic solvent should be amenable to SFC. 
Many highly polar materials are soluble in supercritical fluids 
such as ammonia. As an example, Figure 15 gives the mass spectra 
of 2-deoxyadenosine obtained using supercritical ammonia for DFI-
MS. At present the most likely classes of compounds to be inacces
sible by SFC are those soluble only in aqueous solutions and where 
specific chemical interactions (such as hydrogen bonding) are re
quired for solubility. 

Major applications of SFC and SFC-MS w i l l undoubtedly be in 
the analysis of high molecular weight polymer and organic mixtures. 
The potential for separation of high molecular weight polymers has 
been well established. An example showing the application to analy
sis of the high molecular weight triacylglycerols obtained from a 
supercritical fl u i d extraction of butter is given in Figure 16. 
The figure shows major components were separated in less than three 
minutes. A pressure ramp of 100 bar/min starting at 75 bar was 
uti l i z e d , demonstrating the high speed capability of capillary 
column separations. Figure 17 shows the mass spectrum of palmitoyl-
disteraroylglycerol (MW = 862) obtained during the capillary SFC 
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Figure 15. Supercritical ammonia DFI-MS chemical ionization 
spectra of 2-deoxyadenosine. 
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T i m e ( m i n u t e s ) 

Figure 16. Rapid capillary SFC separation of butter t r i a c y l -
glycerols. 
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separation of this mixture which further illustrates the ab i l i t y 
to characterize compounds of low v o l a t i l i t y and high molecular 
weight. 

The current limitations of SFC technology result from the 
early stage of development of the technique. Current columns have 
been adapted almost directly from capillary GC technology. The 
demands imposed by supercritical fluids are different from those 
encountered in GC and are primarily related to the necessity for 
chemical and physical stability of the stationary phase. At present, 
higher temperatures and more polar fluids lead to degradation of 
stationary phases, causing frequent plugging of restrictor devices. 
Similarly, improved methods for column deactivation and formation 
of homogeneous stationary phase films in smaller diameter capillary 
columns are desirable. Current research in this and other labora
tories is addressing these problems and improved capillary columns 
allowing a much wider range of SFC-MS applications can be antici
pated. 
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de v i c e 3 , 160 
f u t u r e advances i n s e l e c t i v e and 

s e n s i t i ve det e et o r s , 1 60-161 
p o t e n t i a l l y n o v e l d e t e c t o r s , 137-161 

Flow i n j e c t i o n a n a l y s i s ( F I A ) 
element s e l e c t i v e d e t e c t o r s , 141-146 
phot o i o n i z a t i o n dete ct o r , 146-150 

F l o w c e l l , f u s e d - s i l i c a c a p i l l a r y , 127 
F l o w c e l l c o m p a t i b i l i t y , c o n s i d e r e d i n 

microcolumn l i q u i d 
chromatography, 126 

F l o w c e l l performance 
f a c t o r s c o n s i d e r e d i n microcolumn 

l i q u i d chromatography, 126 
l a s e r f l u o r i m e t r y experiment , 126 

F l o w i n g d r o p l e t c e l l , c o n s i d e r e d i n 
microcolumn l i q u i d 
chromatography, 126 

F l u o r i de d e r i va t i z a t i o n 
commercial 

do de c y l dimet h y l c h l or os i 1 an e , 50f 
c o n c e n t r a t i o n of bonded s i l a n e 

determined as r e a c t i o n 
time f u n c t i o n , 48f 

c o n f i r m a t i o n i n HPLC s t a t i o n a r y phase 
experiment , 47 

F l u o r i d e d e r i v a t i z a t i o n — C o n t i n u e d 
method v a l i d a t i o n i n HPLC s t a t i o n a r y 

phase experiment , 47 
r e a c t i o n k i n e t i c s i n HPLC s t a t i o n a r y 

phase experiment , 43-47 
s i m p l i f i e d r e a c t i o n scheme o f bonded 

s i l i c a packings i n HPLC, 44f 
F l u o r i d e d e r i v a t i z a t i o n technique i n 

s t a t i o n a r y phase e x p e r i m e n t , 
HPLC, 43-53 

Fluorography as v i s u a l i z a t i o n method, 
two-dimensional g e l 
e l e c t r o p h o r e s i s , 251 

F l u o r o s i l y l d e r i v a t i v e s , GC head space 
a n a l y s i s and s e p a r a t i o n , 46f 

F l u o r o s i l y l d e r i v a t i v e s i n s t a t i o n a r y 
phase experiment , HPLC, 43 

Formation constant 
e f f e c t of c y c l o d e x t r i n m o b i l e 

Formation constants 
column dependence i n c y c l o d e x t r i n 

mobi le phase, 234 
0 - c y c l o d e x t r i η m o b i l e phases , 233t 
p r e d i c t i o n on C18 column u s i n g 

c y c l o d e x t r i n m o b i l e phase , 234t 
F o u r i e r t r a n s f o r m , UV absorbance 

d e t e c t o r b a s e l i n e , 1l4f 

G 

Gas chromatography 
comprehensive i s o t h e r m r e l a t i o n 

a p p l i c a t i o n , 5 
form of the s o r p t i o n i s o t h e r m , 1-31 
i n t e r a c t i v e - s o l u t e s o l u t i o n with 

i n t e r a c t i v e s o l v e n t s i n G C , 18-21 
i n t e r a c t i v e - s o l u t e s o l u t i o n with 

n o n - i n t e r a c t i v e s o l v e n t s i n 
GC, 7-9 

n o n - i n t e r a c t i v e s o l u t e s o l u t i o n w i t h 
i n t e r a c t i v e s o l v e n t s i n GC, 9 

n o n - i n t e r a c t i v e s o l u t e s o l u t i o n w i t h 
n o n - i n t e r a c t i v e s o l v e n t s i n GC, 6 

s o l vent-component negat ive d e v i a t i o n 
from R a o u l t 1 s Law i n GC, 10-17 

solvent-component p o s i t i v e d e v i a t i o n 
from R a o u l t ' s Law i n GC, 14-18 

s o l v e n t - s o l v e n t i n t e r a c t i o n i n GC , 10 
s o r p t i o n manner, 1-31 

GC chromatogram, c a p i l l a r y , p a c k i n g 
m a t e r i a l bonded w i t h an 
o c t y l t r i c h l o r o s i l a n e , 48f 
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G e l e l e c t r o p h o r e s i s , t w o - d i m e n s i o n a l , 
b a s i c concepts and recent 
advances , 244-256 

G l o b a l a n a l y s i s 
components of a computerized 

system, 255f 
computerized image a n a l y s i s 

system, 251-253 
disadvantages of computerized 

a n a l y s i s systems, 2 52-2 53 
software w r i t t e n , 253 
two-dimensional g e l 

e l e c t r o p h o r e s i s , 251 
G r a p h i t e furnace atomic a b s o r p t i o n , 

d i sadvant age , 142 

H 

High-performance l i q u i d chromatography 
(HPLC) 

samples i n p a c k i n g s e l e c t i v i t y 
experiment , 68-69 

s e l e c t i v i t y d i f f e r e n c e s of r e v e r s e d -
phase columns, 68-81 

s t a t i o n a r y phases and columns i n 
r e v e r s e d - p h a s e column 
s e l e c t i v i t y , 69, 72t 

a c c u r a c y and p r e c i s i o n i n bonded 
s t a t i o n a r y phase experiment , 42 

b a s i c p r i n c i p l e s i n new d e t e c t i o n 
d e v i c e s , 160 

bonded s i l i c a packings i n , s i m p l i f i e d 
r e a c t i o n scheme, f l u o r i d e 
d e r i v a t i z a t i o n , 44f 

c a l c u l a t i o n of r e t e n t i o n f o r complex 
g r a d i e n t e l u t i o n , 188 

capping agent d e t e r m i n a t i o n i n 
s t a t i o n a r y phase 
experiment , 38-42 

capping r a t i o d e t e r m i n a t i o n i n 
s t a t i o n a r y phase experiment , 42t 

c h a r a c t e r i z a t i o n o f bonded s t a t i o n a r y 
phases, 34-53 

element s e l e c t i v e d e t e c t o r s , 141-146 
f l u o r i d e d e r i v a t i z a t i o n t e c h n i q u e i n 

s t a t i o n a r y phase 
experiment , 43-53 
f l u o r i d e d e r i v a t i z a t i o n i n 
s t a t i o n a r y phase experiment , 47 

f l u o r i d e d e r i v i t i z a t i o n method 
v a l i d a t i o n i n s t a t i o n a r y phase 
exper iment , 47 

f l u o r i d e r e a c t i o n k i n e t i c s i n 
s t a t i o n a r y phase 
experiment , 43-47 

High-performance l i q u i d chromatography 
(HPLC)—Continued 

f l u o r o s i l y l d e r i v a t i v e s i n s t a t i o n a r y 
phase experiment , 43 

f u t u r e advances i n s e l e c t i v e and 
s e n s i t i ve det e et o r s , 1 60-161 

heads pa ce a n a l y s i s of capping agents 
i n s t a t i o n a r y phase 
experiment , 43 

h i s t o r y o f d e t e c t i o n methods, 137-138 
method v a l i d a t i o n , 51t 
m u l t i f u n c t i o n a l phases i n s t a t i o n a r y 

phase experiment , 47 
n o n - o p t i c a l n o i s e sources i n 

s t a t i o n a r y phase 
experiment , 107-119 

o p t i m i z e d s e p a r a t i o n c o n d i t i o n s f o r 
o c t y l bonded phases , 45f 

p h o t o i o n i z a t i o n d e t e c t o r , 146-150 

L C E C , 152 
r e a s o n t o use o p t i m i z a t i o n 

s t r a t e g y , 188 
requirements f o r a p o t e n t i a l l y n o v e l , 

s e l e c t i v e d e t e c t o r , 139 
r e v e r s e d - p h a s e m a t e r i a l s i n 

s t a t i o n a r y phase experiment , 38 
s e l e c t i v i t y o f U V - V I S , F L , and EC 

d e t e c t o r s , 138-139 
s e p a r a t i o n o f f l u o r o s i l y l d e r i v a t i v e s 

on c a p i l l a r y column, 44f 
s i l i c a - b a s e d columns, 

d isadvantage , 85 
— S e e a l s o Reversed-phase HPLC 

HPLC—See High-performance l i q u i d 
chromatography 

I 

ICP—See I n d u c t i v e l y coupled plasma 
e m i s s i o n s p e c t r o s c o p y 

I n d u c t i v e l y coupled plasma (ICP) 
e m i s s i o n s p e c t r o s c o p y 

advantages over FAA and GFAA, 143 
continuous h y d r i d e d e r i v a t i z a t i o n 

a f t e r HPLC s e p a r a t i o n , 144 
diagram o f HPLC-HY-ICP 

i n s t r u m e n t a t i o n , 145Γ 
n e b u l i z e r s developed, 143 
problems i n HPLC i n t e r f a c i n g , 143 

Ion-exchange chromatography 
s o r p t i o n i sotherm f o r m , 1-31 
s o r p t i o n manner, 1-31 
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I o n - p a i r chromatography, e x t e n d i n g 
scope of bonded re verse -phase 
HPLC, 94-95 

I s o c r a t i c r e t e n t i o n d a t a , HPLC 
r e t e n t i o n time c a l c u l a t i o n 
experiment , 206t 

Isotherm model , BET model , 3 
Isotherm p l o t t y p e s , 3-4 
Isotherm r e l a t i o n 

comprehensive 
i n t e r a c t i v e - s o l u t e s o l u t i o n w i t h 

i n t e r a c t i v e s o l v e n t s i n 
G C , 18-21 

i n t e r a c t i v e - s o l u t e s o l u t i o n w i t h 
n o n - i n t e r a c t i v e s o l v e n t s i n 
G C , 7-9 

i o n exchange chromatography, 24 
i sotherm t y p e s , 4 -5 
l i q u i d chromatography, 22 
n o n - i n t e r a c t i v e s o l u t e

w i t h i n t e r a c t i v e s o l v e n t
GC, 9 

n o n - i n t e r a c t i v e s o l u t e s o l u t i o n 
w i t h n o n - i n t e r a c t i v e s o l v e n t s 
i n G C , 6,7 

solvent-component negat ive 
d e v i a t i o n from R a o u l t ' s Law i n 
GC, 10-17 

s o l v e n t - s o l v e n t i n t e r a c t i o n i n 
GC, 10 

t e s t i n g f o r ion-exchange 
chromatography, 28 

Isotherm r e l a t i o n s , comprehensive, 
solvent-component negative 
d e v i a t i o n from R a o u l t ' s Law i n 
G C , 10-17 

Isotherm types 
comprehensive i s o t h e r m r e l a t i o n , 4-5 
Langmuir model f o r m u l a , 2-3 
r e p r e s e n t a t i o n , 1-4 

J 

Johnson thermal n o i s e , HPLC absorbance 
d e t e c t o r s , 111 

L 

Langmuir i sotherm model , 
o b j e c t i o n s , 4-5 

Langmuir model f o r m u l a , i sotherm 
t y p e s , 2-3 

L a s e r f l u o r e s c e n c e d e t e c t o r 
schematic d i a g r a m , 123f 
used i n microcolumn LC 

experiment , 124 
Laser f l u o r i m e t r i c d e t e c t i o n , 

c h a r a c t e r i z a t i o n of a 
s o l v e n t - r e f i n e d c o a l sample, 130f 

L a s e r - i n d u c e d f l u o r e s c e n c e ( L I F ) , 
a p p l i c a t i o n o f l a s e r - b a s e d 
d e t e c t i o n , 122 

L a s e r - i n d u c e d f l u o r e s c e n c e (LIF) 
d e t e c t i o n 

f l u o r e s c e n t m o l e c u l a r p r o b e s , 131 
n o n - f l u o r es cent s o l u t e s d e t e c t e d , 131 

L a s e r - i n d u c e d f l u o r e s c e n c e (LIF) 
d e t e c t o r 

a p p l i c a t i o n s i n microcolumn L C , 128 
band-broadening s o u r c e s , 128 
c h a r a c t e r i z a t i o n i n microcolumn 

range of a p p l i c a t i o n , 128 
s e n s i t i v i t y and s e l e c t i v i t y compared 

w i t h UV-absorbance, 128 
L i q u i d chromatography 

a c t i v i t y c o e f f i c i e n t independent of 
mobi le phase c o m p o s i t i o n , 22 

s e l e c t i o n of s e p a r a t i o n c o n d i t i o n s , 
t r a d i t i o n a l , 167 

s o r p t i o n i s o t h e r m form, 1-31 
s o r p t i o n manner, 1-31 

L i q u i d - g a s p a r t i t i o n c o e f f i c i e n t s , 
experimental i n f i n i t e - d i l u t i o n , 15t 

M 

Margules e x p r e s s i o n , excess f r e e energy 
of m i x i n g , 11 

Mass s p e c t r o m e t r i c d e t e c t i o n 
i o n s o u r c e s f o r SFC, 270 
molecular beam approach , 266 
pressure r e d u c t i o n o f SFC 

e f f l u e n t , 266 
MDL—See Minimum d e t e c t i o n l i m i t s 
Microbore HPLC, r e t e n t i o n times f o r 

t e r n a r y g r a d i e n t , 200f 
Microcolumn LC 

l a s e r f l u o r i m e t r y experiment 
a n a l y t i c a l methodology, 125 
s o l v e n t s employed, 125 

Microcolumn l i q u i d chromatography 
a p p l i c a t i o n s of l a s e r 

f l u o r i m e t r y , 120-134 
d e t e c t i o n systems , 121-122 

In Chromatography and Separation Chemistry; Ahuja, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



300 C H R O M A T O G R A P H Y A N D S E P A R A T I O N C H E M I S T R Y 

Microcolumn l i q u i d chromatography— 
Continued 

LC system i n l a s e r f l u o r i m e t r y 
experiment , 122 

microcolumns under development, 120 
r e s o l v i n g power, 134 

Microcolumns 
advantages over c o n v e n t i o n a l LC 

columns, 121 
l i m i t a t i o n s , 121 

Microwave- induced plasma (MIP) e m i s s i o n 
s p e c t r o s c o p y , c o m p a t i b i l i t y w i t h 
HPLC, 142 

Minimum d e t e c t i o n l i m i t s (MDL) 
HPLC-ICP/DCP system, 146 
o r g a n i c compounds by HPLC-PID, 151t 

Mixed phase, c h e m i c a l l y bonded, GC 
a n a l y s i s a f t e r s u l f o n a t i o n , 40f , 4 l f 

Mobi le phase n o i s e , 112,113 
M o b i l e phases , column packin

experiment , 60 

Ν 

Noise 
c l a s s i f i c a t i o n o f s o u r c e s , 108, 109t 
d e f i n i t i o n of c a t e g o r i e s , 108-109 
f l u c t u a t i o n s i n thermal 

environment, 112 
m o b i l e pha3e, 112,113 
mobile phase / f low temperature 

c o e f f i c i e n t , 112 
o p t i c a l , reduced by a design 

s t r a t e g y , 109 
o p t i c a l absorbance d e t e c t o r s , 113-115 
o p t i c a l d e t e c t o r , d e f i n i t i o n , 107 
photodiode a r r a y absorbance d e t e c t o r 

cont r i b u t i o n s , 116t 
photodiode a r r a y UV absorbance 

d e t e c t o r , 116-118 
pump p u l s a t i o n i n d u c e d , 113 
s canning , 112 

HPLC absorbance d e t e c t o r s , 112 
wavelength dete c t o r , 11 5t-11 6 

Noise s o u r c e s , 1984 s t a t e - o f - a r t 
o p t i c a l absorbance d e t e c t o r s , 1l8t 

c a t e g o r y I , 109-110 
category I I , 111-112 
c a t e g o r y I I I , 112-115 

0 

O p t i c a l absorbance d e t e c t i o n l i m i t s , 
i m p r o v i n g , 115 

O p t i c a l shot n o i s e , e q u a t i o n , 109 

Ρ 

Packing m a t e r i a l s 
b r a n c h e d , performance i n column-

packing s t r u c t u r e experiment , 63 
c h a r a c t e r i z a t i o n i n column-paeking 

s t r u c t u r e experiment , 57 
chemical a n a l y s i s of bonded 

s i l i c e o u s , 34-35 
chromatographic p r o p e r t i e s , 34 
m e t h a n o l i c h y d r o f l u o r i c a c i d s o l u t i o n 

f o r a n a l y s i s , 35-36 
p r e p a r e d , co lumn-packing s t r u c t u r e 

exper iment , 58t 
s t r u c t u r e and performance, 56-67 

P a r t i s i l 10 s t a t i o n a r y phases , p h y s i c a l 
p r o p e r t i e s , 21 4t 

P a r t i t i o n c o e f f i c i e n t s 

s o l u t e s , 21t 
comparison of cyclohexane and 

methylcyclohexane s o l u t e s , 1 6t 
d e v i a t i o n s , 17f 

P h e n o l s , p h y s i c o c h e m i c a l parameters i n 
r e v e r s e d - p h a s e L C , 170 

P h e n y l a l k a n e s , r e t e n t i o n , b r i s t l e 
l e n g t h i n f l u e n c e i n c o l umn-packing 
s t r u c t u r e experiment , 61f 

Phenylboronic a c i d 
c h a r a c t e r i s t i c s , 211 
i n c r e a s i n g s a c c h a r i d e R f , 211 

P h o t o c o n d u c t i v i t y d e t e c t o r ( P C D ) , 
HPLC a p p l i c a t i o n s , 154-155 

P h o t o c o n d u c t i v i t y d e t e c t o r (PCD) 
HPLC mobile phase r e q u i r e m e n t s , 155 
HPLC r e l a t i o n s h i p t o other 

components , 1 57f 
resembles HPLC-hv-EC a p p r o a c h , 155 
s u i t a b l e a n a l y t e s , 155 

Photodetector dark c u r r e n t n o i s e , HPLC 
absorbance d e t e c t o r s , 111 

Photodiode a r r a y readout c i r c u i t , 
schematic d i a g r a m , 1l4f 

P h o t o e l e c t r o c h e m i c a l detector (PED) 
advantages over HPLC-UV d e t e c t i o n 

d e v i c e s , 158 
a n a l y t e s e l e c t i v i t y , 158 
d e f i n i t i o n i n HPLC a p p l i c a t i o n s , 156 
HPLC and FIA u s e s , 155-159 
HPLC-PED system, 157f 
mechanism i n o p e r a t i o n , 158 
mobile phase requirements f o r 

HPLC, 156 
o r g a n i c compound responses i n 

F I A , 159t 
P h o t o i o n i z a t i o n d e t e c t o r (PID) 

diagram o f HPLC-PID a p p a r a t u s , 147f 
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P h o t o i o n i z a t i o n d e t e c t o r — C o n t i n u e d 
HPLC-PID chromatogram of 

N - s u b s t i t u t e d a n a l i n e s , I49f 
HPLC-PID chromatogram of three 

N - s u b s t i t i t u t e d a n i l i n e s , 1 50f 
improvements i n o v e r a l l HPLC 

i n t e r f a c i n g , 148 
i n t e r f a c i n g w i t h HPLC 

s e p a r a t i o n s , 146-148 
p r i n c i p l e s behind d e t e c t i o n , 148-150 

Physicochemical parameters 
a l k y l b e n z e n e s i n r e v e r s e d - p h a s e 

L C , 170 
phenols i n r e v e r s e d - p h a s e L C , 170 
r e l a t i o n s h i p s w i t h r e t e n t i o n , 169 
r e v e r s e d - p h a s e L C , 169-170 

P i - p i i n t e r a c t i o n , phenyl group of 
b e n z y l carbamate w i t h PRP-1 
m a t r i x , 93f 

Plasma e m i s s i o n s p e c t r o s c o p y
advantages f o r HPLC, 142-14

Poly ( s t y r e n e - d i v i n y l benzene) column 
e x c l u s i o n e f f e c t s , 97 
HPLC system, 84 
r e s o l u t i o n , aztreonam, 87 
r e t e n t i o n c h a r a c t e r i s t i c s as opposed 

t o ODS columns, 94 
s e l e c t i v i t y , 83-97 
s e p a r a t i o n s improved i n i o n i c 

compounds , 97 
s e p a r a t i o n s a c c o m p l i s h e d , 90 
s u c c e s s f u l use i n 

c a r b o b e n z o x y - L - t h r e o n i n a m i d e , 87 
Poly ( s t y r e n e - d i v i n y l benzene ) copolymer, 

advantages as a r e v e r s e - p h a s e 
a d s o r b e n t , 84 

P o l y c y c l i c a r o m a t i c h y d r o c a r b o n , SFC 
u s i n g s u p e r c r i t i c a l carbon 
d i o x i d e , 265f 

P o l y n u c l e a r aromatic h y d r o c a r b o n , 
chromatogram of s t a n d a r d s , 129f 

Pore s i z e d i s t r i b u t i o n , column-pa e k i n g 
s t r u c t u r e experiment , 57, 59t 

P r o t e i n p a t t e r n s , v i s u a l i z a t i o n i n 
two-dimensional g e l 
e l e c t r o p h o r e s i s , 250 

Q 

Q u a n t i t a t i v e s t r u c t u r e - a c t i v i t y 
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