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SUMMARY 

Association constants for metal-binding by various nucleotides, crown ethers 
and nitroso-naphtholstionic acids in solution were measured by high-petiormance 
liquid chromatography employing appropriate eluents and non-polar bonded 
stationary phases. The resuhs are in excellent agreement with pertinent literature 
data. The procedure is applicable to the measurement of stability constants of com- 
plexes which contain one solute molecule and are formed in the solution used as the 
&rent, provided species bound to the stationary phase are not involved in the com- 
pIex formation and the chromatographic system is linear. The concentration of the 
metal ion in the appropriate mobile phase was varied and small quantities of ‘the 
above substances were injected into the column. The hyperbolic dependence of the 
retention factor, k, on the 

to reduction 
of electronic charge on the molecule and g > l_ On the other band nitroso-naphthol- 
sulfonates and crown ethers eluted faster in the form of a complex with metal ions 
so that q < 1. Theoretical and practicai limitations of the chromatographic approach 
to evaluation of stability constants are extensively discussed and tests are proposed 
to assure the applicability of the method to a given system. 

ENTRODU~ION 

Recently, signifkant advances have been made toward understanding the 
physico-chemical basis of solute retention in reversed-phase high-performance Liquid 
chromatography (HPLC)‘. It has been shown that the effect of solvent is predominant 
in determining solute interactions with the stationary phase, and can be solely 
responsible for the differences in the retention of closely related substances2~“. Thus, 
measurement of retention values in reversed-phase HPLC under appropriate con- 
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ditions should give quantitative information on certain physico-chemical phenomena 
which take place in solution 4s5. The usefulness of this approach has already been 
demonstrated by chromatographic evaluation of prototic d&so&&ion constant9. 
The pre~nt work is an attempt to augment this concept and to broaden the scope of 
physicochemical measuremeats by using HPLC for the quantitative evaluation of 
equilibrium constants for metal binding by various substances. 

_A wide variety of techniques has been described for the determination of 
stability constants of such complexes6~7_ S pectroscopic methods and titration are by 
far the most popular whereas electrochemical techniques aad calorimetry find less 
extensive use. Sometimes distribution methods based on extraction or ion-exchange 
are also employed. These traditional methods all share the requirements that complex- 
forming substances be available in highly pure form and have sufficiently high 
solubiliv in the liquid medium used in the investigation. Such constraints play a 
much lesser role in the measurement of equilibrium coustauts by gas chromatography 
and electrophoresis, which has been reviewed recently8. On the other hand with 
these methods the substances investigated have to be volatile and special experimental 
skills of the researcher are needed, respectively. Whereas exclusion chromatography 
has heen employed in an ingenious way to obtain association constant of complexes 
involvifig relatively large and polar molecules9~xo our literature search has yielded 
only one report that employed retention data obtained in liquid chromatography for 
the measurement of stability constants of complexes by ioa-exchange paper chro- 
matography”. 

Precision instruments with highly sensitive detectors, which are presently 
available in HPLC, facilitate rapid gatherin g of highly accumte retention data. 
Reversed-phase HPLC employing columns packed with “inert”, non-polar stationary 
phase of relatively uniform surface appears to be particularly suitable to study equ- 
Iibrium phenomena which take place in solution, i.e., in the mobile phase. Ln many 
respects the physico-chemical basis of reversed-phase HPLC is similar to that of 
extraction that has also been employed for the measurement of stability constants. 
Ia fact both processes feature solute distribution between a polar and a non-polar 
phase. Reversed-phase HPLC with bonded hydrocarbonaceous stationary phases, 
however, has the advantage over liquid-liquid partition systems used in extraction 
that the phases can be considered to be completely immiscible_ Whereas the chro- 
matographic technique offers convenience and accuracy, it has the disadvantage that 
the properties of bonded stationary phases are still ill-defined and the presently 
available colnmn materials do not aiways behave as completely inert non-polar 
phases. Therefore, as discussed later, certain tests are mandatory to assure that the 
chromatographic system under consideration is suitable for the measurement of 
certain type of stability constants_ 

Naturally, solute complexation in the elueat is frequently used in analytical 
work to manipulate the selectivity of liquid chromatographic systems” and thereby 
improve resolution. The employment of such secondary equilibria is a particularly 
powerfti tool in reversed-phase HPLC where retention is governed by solute-solvent 
interactions. Correspondingly, protonic equilibria and “ion-pair” formation between 
solutes carrying electronic charge and oppositely charged “hydrophobic” ions’**3 are 
widely used to adjust the retention of ioniaable eluites We have the term “hetaeroa”, 
the Creek word for companion (&ra+o~), for the comphzdng agent added to the 
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eluent in order to denote au infeutiomi use of secoudxy equilibria for the modulation 
of selectivity in reversed-phase chromatography5. 

The direct use of metal ions to form complexes in the eluent and thereby 
modulate selectivity was first explored in ion-exchange chromatography14*15_ At 
present the method is rapidly gaining importance in reversed-phase KPLC. In certain 
cases, such as when charge-transfer complexes are formedx6, the metal complex has a 
greater polarity and elutes faster than the non-complexed solutet’. Thus, A& com- 
plexes of various unsaturated and heterocyclic solutes have heen successfnlly used to 
enhance the selectivity of the separation IB. In other cases, however, metal complexation 
may result in a reduction of the electronic charge on the eluite molecule with a con- 
commitant increase in retention on non-polar stationary phases. It should be pointed 
out that this approach is different from ligand-exchange chromatographylg, where 
the metal is anchored to, and therefore is a part of, the stationary phase and its 
variantszo . 

The aim of the present investigation is to demonstrate that complexation of 
the solute with a hetaeron in the mobile phase is not only useful to change selectivity 
and thereby facilitate separation, but also allows chromatographic measurement of 
the pertinent stability constant, provided stationary phase properties are independent 
of the hetaeron concentration in the eluent. As with most other methods, when 
different complexes are present and they are rapidly interconverted on the time scale 
of the chromatographic separation, an average formation constant is obtained. 

THEORY 

Phenomenotogicd model: eflect of hetaeron concentration 

In the simplest case one solute molecule, S, forms a complex with one hetaeron 
molecule, H, and the equilibria involved in the chromato_mphic process can be 
represented by the. following scheme 

K K 

where the asterisk denotes that the species are bound to the stationary phase. The 
respective stability constants of the complex in the mobile phase and on the stationary 
phase are K, ICI* and K,*. The retention (capacity) factors for the free solute, the 
hetaeron and the complex, are denoted by ko, kh and k,, respectively. The equilibrium 
constant for binding the hetaeron to the stationary phase, I&, is related to kh by 

where p is the phase ratio of the column. In reversed-phase chromatography with 
bonded phases p can be reMed to the “concentration” of the hydrocarbonaceous 
ligates, such as the stearyl functions in octadecyl-silica, which are accessible to the 
Solute molecules, in the column. 



Amrding to a previous more detailed treatment of a similar set of chromate- 
graphic equilibria5 the dependence of the retention factor for the ehzite, k, OIE the 
hetaerm conmtioa [IZJ -can be expre~~I by 

provided that (i) the’concentration of the free sdute is much smalIer than [HJ, (ii) 
o&y a seal! fraction of the stationary phase su&we, i.e., tie accessible ligates on the 
surface of a bonded phase, is occupied by the bound eluite, and (iii) that soIute 
interaction with the bound hetaeron is relatively smaII, that is, Krf [ATI < 1. It is seen 
Corn eqn. 2 that by measuring the retention factor as a function of the hetaeron con- 
centration, the stability constant, k, can be evaha+d provided the retention factors 
of 

K [HJ << 1, retention of the be expressed by 

(3) 

Kz* is the stability constant of the conzplex formed by the solute with the 
hetaeroa bomd to the stationary phase and kh is the retention factor of the 
hetaeron. 

Both eqns. 2 and 3 represent limiting cases as far as the mechanism of the 
retention process is concerned and reflect a hyperbolic dependence of the retardation 
factor for the eluite on the hetaeron concentration in the duent. When such a limiting 
behavior is observed, then either eqn_ 2 or eqn, 3 can describe the system depending 
on the mechanism of the retention process. Therefore in any attempt to evaluate the 
stability constanf K, by using eqn. 2 we must make sure that not only the dependence 
of k on [HJ is hyperboiic but also that the mechanism of the chromatographic 
process is represented by eqn. 2 and not by eqn. 3. 

Eqn_ 1 can be generalized for the case, when the solute molecule has IL binding 
sites and the compiex contains j monovalent hetaeron species, as fellows 

k= (4) 

where k,, is the retention factor of the uncomplexed solute and kl is the retention 
factor of a complex containing i hetaeron. The stability constant of the cu,mpIex con- 
taining j hetaeron is K, and the total number of hetaerons that can bind is R. 

If the differences between the k, and k, values for a given multi-complex are 
sticientIy large, eqn. 4 can be used to evaluate the parameters. -More than often, 
however, the condition-r do not alIow the extraction of accurate stability constants 



when n B j > 3. Nevertheless ‘a recent study on the retention behavior of pteroyl- 
oEigo_y-r&lutamates iu reversed-phase chromatography= showed that the appropriate 
form of eqn. 4 could be used to estimate the protonation constauts of the. a-car- 
boxylie groups in moIecuIes containing up to seven glntsmyl moieties. 

Plots of retention factor against the dimensionless hetaeron concentration 

according to eqn. 2 yield rectangular hyperbolas such as that depicted in Fig. 1A for 
the case of kc > k,, When K[HJ = 0 there is no complex formation and the reten- 
tion factor is that of the free solute, kO. For K = l/IN] the hetaeron concentration 
equals the dissociation constant of the complex so that K[Hj = 1 and the retardation 
ratio of the elnite is given by (kc f k,)/2. Thus, the hetaeron concentration that yields 
the mean value of the retardation factor is nnmericslly equal to the stability constant. 
The upper limiting value of the retardation factor, kc, is obtained at sufhciently high 
hetaeron concentrations, K[m ZS- 1, when practically all eluite is present in the form 
of the complex. 

Fig. 1. A, Schematic ~Xastration of the hm.hoIic dependence of the retention faetor, k, on the 
concentration of compIexing agent (hetaeron) io the mobile phase, [Hl, accordiag to eqn. 2. The 
retention factor obtziaed at the hetaeron concentration that is numericaIIy equal to the rccipro& 
of the stabiIity coastaat of the complex, l/K, is indicated. The limiting retention factors k. uld 
kc are those of the free soIute and the complex, respective!y, under otherwk identical chromato- 
graphic conditions and xe assumed to he kO = 1 and k, = 6, so tit ffie retention modah& for the 
complex, qG, is 6. B, Schematic iIIuk&ion of the SigmoidaI dependence of the retention factor 
on the logarithm of the hetaeron coaceatration under the above conditions. - 

Upon plotting the retention factor against log [HI according to eqn. 2 
sigmoidal curves are obtained as illustrated in Fig. 1B for the case of k, -C k,,. The 
retardation factor shown on the ordinate is normahzed to the retention factor of 
the free solute whereas the abscissa is given by the negative logarithm of the normal- 
ized stability constant K[HJ_ The. hetaeron concentration at which the inflection 
occurs in the sigmoidal mrrve corresponds to the dissociation constaut of the com- 
plex_ H&&au regions of the sigmoidal graphs are usually reached at hetaeron con- 
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centrations two orders of magnitude around the stability constant The enhancement 
or attenuation of retention upon compIex formation is conveniently expressed by 
the modulus, ‘7. that is defined by 

3 = Wo 0 

where k,, and k me *he retention &ctors of the free soMe and the elmte complex, 
nz@ectively_ The limiting value of the modulus. qs, is obtained when compkx for- 
mation is complete at sufkiently high hetaeson concentrations, that is, 

‘~c = k&o 

Obviously when compiexation reduces retention qC is smaller than unity, whereas 
when the complex is longer retarded qC is greater than unity. 

The moduIus can be considered as a reduced retention factor and substituted 
in eqn. 2. Thus by using the dimensionless hetaeron concentration, #?, decked 
by fl= #[HJ, it can be show that 

It is seen that if complex&ion has no effect on the retention, that is, q5 = 1, the value 
of k cannot be measured chromatographically by using the present methods. The 
magnitude of qC can shed light on the physico-chemical basis of the complex&on 
process5 and change in selectivity upon complexation can be measured by comparing 
the appropriate moduli. 

Linearized gra_ph for parameter estimatien 

Although parameter estimation has been greatly facilitated by high speed 
computers, linearized forms of eqn. 2 allow the use of graphical methods for the 
evaluation of stability constants from chromatographic data. Some of such equations 
are listed in Table I and designated by capital letters for convenience_ If the depen- 
dence of k on [Hj is hyperbolic according to eqns. 2 or 3, plots of the experimental 
variables or groups of variables according to eqns. A to E ,oenerate straight lines. 
When the retention mechanism corresponds to the model underlying eqn. 2, the slopes 
and intercepts yield the s&kbility constant of the complex, K, as shown in Table Il. 
The value of k, can be obtained graphically whereas the magnitude of kO is readily 
evaiuated from chromatographic measurements in the absence of compIexing agent. 

Even if in chromatographic experiments the hetaeron concentration, PI-I and 
ionic strength can accurately be controlled, the measured retention factors there- 
fore, the calculated equilibrium constants are subject to experimental error. The 
accuracy of parameter estimation, however, depends not only on the magnitude and 
type of experimental error but also on the type of linearized equation used. Therefore, 
eqns. A-E are not expected to yield the same estimate for the stability constant. 

In order to establish which liuear transformation of eqn. 2 yields the most 
accurate estimates of chromatographic parameters, the linear transformation, eqns. 
A-E, were analyzed in a fashion similar to that done by Dowd and RiggP in a study 
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LB FORMS OF EQN. 2 FOR GRAP!XCAL EVALUATKBN OF FORMATION 
CONST~ FOR COMPLEXATIQN M THE MOBILE PHASE 

ml lkml 1 - - 
k-_ka=k,k-_ko+ k$ 

k - k,, 
-=-Kkik$ 

wl 

1 1 1 
-= L+ 
k-ko (kc--kxdkW.il k,-k. 

ml 
-= kc:& [Ali(kc_‘k,,)K k-h 

Q 

@I 

k--ko=- 
1 k-k0 

--+((k,-k,,) 
K WI 

Q 

of the linearized forms of the Michaelis-Mesten equation which is formally similar to 
eqn. 2. In that study three kinds of experimental uncertainties in the observed de- 
pendent variable were considered: (i) small uncertainties of constant magnitude, 
(ii) large uncertainties of constant magnitude, and (iii) large uncertainty proportional 
in magnitude to tie dependent variable. We examined the same type of uncertainties 
in the retention factor, the observed dependent variable in a chromatographic 
measurement, zssurning the hetaeron concentration, pH and ionic strength in the 
mobile phase are controlled without any error. 

TABLE11 

USE OF EQNS. A-E FOR LLV PLOTS ACCORDiNG TO THE FORMULA 
y = mx f b M ORDER TO EVALUATE THE STABILKTY CONSTANTS, K, OF COMPLEXES 
FORMED IN THE MOBfLE PHASE FROM RETENTION DATA OBTAINED IN REVERSED- 
PHASE CEIROMATOGEtAPHy 
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For a small ~lncertainty of constant magnitude in the retention factor a 
standard deviation d = 0.002 was assumed so that the coegicient of variation, a/k, 
ranged from 0.004 to 0.006. For a Iarge uncertainty of constant magnitude in the 
retention factor a standard deviation G = 0.01 was assumed so that the co&cient 
of variation ranged from 0.022 to 0.029, For smalI and large uncertainties of constant 
magnitude at 95% probability level the assumed uncertainties correspond to 
O&1.2% and 4.4-5.8 % of the retention factor, respectively. The coefficient of 
variation was chosen to be 0.03 for the uncertainty proportional to the retention 
factor corresponding to 6% of the retention factor at 95 % probability ievel. 

For small uncertainty of constat magnitude all linear transformations, with 
the exception of eqn. C, gave equahy accurate estimates of the parameters. Since the 
error in measurement of retention factors is usually greater than 3% in practical 
applications eqn. C is inferior to the other linear transformations. The inferiority of 
eqn. C was further corroborated by results obtained upon examining the other two 
cases, i.e. that with large uncertainty of constant magnitude and with error propor- 
tional to the retention factor. In fact for all types of errors investigated, eqn. C was 
clearIy the poorest of aI1 linear transformations. Among the rest of the linear trans- 
formations it is not easy to choose the best one for the type of uncertainties considered. 
Nevertheless, for errors having a relatively large constant value or beiig proportional 
to the retention factor, eqns_ A and B yield the most close estimates for the true 
vahxes of the parameters. 

Error analysis also showed plots made according to eqns. B or E give the 
biggest scatter of experimental points. On the other hand cqn. C not only yields the 
least accurate estimates of the parameters but it is also gives a misleadingly good fit 
of the data points to a straight Ike. 

Equifibria under tisestigation 

Metal binding by nucleorides_ The properties of nucleotidcs in general have 
been the object of extensive study ever since the central role of their bases in the 
storage and transmittal of genetic information via DNA and RN,4 was recognized. 
Investigation of the binding of metals by nucleotides has constituted an important 
part of this research. These were prompted by the recognition of the fict that Ca*’ 
and Mg? as well as alkali metals ions play important roles in controlling the rates 
of various irz viva phosphoryl-transfer reactions which determine cellular energy flow. 
Adenosine-S-triphosphate (ATP) has a special significance due to its centi roIe in 
enerw metabolism. In the present study metal binding by adenosine and g&illOSine 
nucleotides having two or three phosphate groups and by cytidinetriphosphate (CTP), 
was investigated. The chemical structure of these compounds is illustrated. The 
acronyms ADP, GDP and GTP stand for adenosine-5’-diphosphate, guanosine-5’- 
diphosphate and guanosine-S-triphosphate, respectively. 
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. . The muzkotides GUI exist in a variety of ionic forms as the protons on the 
phosphate -moiety can diiate and the ammo groups and nitrogens of. the r&s 
can be protonated. For our purpose the negatively charged species are of interest and 
by using ATE? as an exampie the possible ionization s+kps leading to such species are 
shown as follows 

ATPQ- f Hi 
x, 
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J-c3 
A’IW- + H’ -ATp’- 

Kz 
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The corresponding acid ionization constants, &, are usually given as the 
appropriate pK,_, values and the two highest, pK,, and pK,_, have the approximate 
values of 6.5 and 4.1, respectively at 25” and 0.1 ionic strengthS. 

The several ionic formscan combine with cations to form complexes”-S. If 
ATP- and ATp3- complex with a divalent metal, M2*, the corresponding equilibria 
can he written as follows 

K 
ATPQ- t Mz+ - 3 M.A-j-PZ- 

K 
ATP+ f M2+ sM.ATPl- (9h) 

At a particular pH value, one can define an apparent equilibrium constant for 
the formation of cation-ATP compIex as the ratio of the sum of the concentrations 
of all cation-ATP complexes to the sum of the concentrations of all free ATP com- 
plexes and free cation. Thus, Kbl.;zDp, the apparent stabiiitjr constant for formation 
of complex between ATP and metal, M2+, is given as 

([M-ATp’-] + [M-ATP’-]) 
Kkau’ = [M2’] ([ATPC-] t [A’W-] f [ATF-] i [ATPI-] -I- [ATPI) (loa’ 

On the other hand with the equilibrium constants defmed in eqns. aa-9b, the 
apparent equilibrium constant for ATP is given by 

Eqn. 10b demonstrates that the apparent binding constant is an average constant 
which is weighted by the fraction of each free species and the relative amount of 
each cation-binding form present. In this fashion the equilibrium constant appropriate 
to experimental conditions can be calculated if the stability constant for each reaction 
is known. AU methods used to measure metal binding by ATP, including the chro- 



matographic approach described here yield KM,,, whose value, of came, depends 
on the experimental conditions. Therefore in its c&uMion the individual equilibrium 
constants appropriate to the ionic stmgth and temperature of the experimental 
conditions are used. The theoreti&y expected vahxes of the a.ss&tio~ constant 
presented in Table IV were calculated by use of eqn. lob and the critical compilation 
of stability constants of Smith and MarteW. 

The above treatment can be extended to the interaction of other nucleotides 
with o;etais since all nuclcotides investigated in this study have several ionizable 
soups_ However, due to their ciif5ercnt chemical structure for ADP, GTP, GDP and 
CIP the formula of the apparent stabiity constant will have a different form than 
that given in eqn. lob for ATP. 

Metal birding by nitrosomphthol sdfonates. Nitroso-R-salt (NW) and 2- 
nitroso-I-naphthol4sulfonic acid (NNSA) are well known analytical reagents for 
trace analysis of several metal ions and their chemical structure is shown below. 

The detection of metal ions is facilitated by complex formation between the 
particular nitrosonaphtbol and the given metal ion. Consequently, the met& chelating 
properties of nitrosonaphthoIs have been examin cd by various investigators under 
dif5ercnt experimenta! conditions such as ionic strength, temperature and mixed 
aqueous and organic solven@~‘*_ 

The molecular structmcs of NNSA and NRS contain two and three ionizable 
groups, respectively_ Both the sulfonyl and hyclroxyl groups attached to the naph- 
thalene ring can be ionized. The pK= v2iue5 of the hydroxyl groups for NNSA and 
NRS are 6.20 and 6.88, rcspectiveIy 29. The pK, value of the sulfonic group for NNSA 
is 2.63_ All pK, values have been measured at an ionic strength of 0.1 and a tcmpcr- 
ature of 25”. With the symbol H,A standing for NNSA its ionization equilibria can 
be expressed 

&’ 
H,A Q HA- -j- H+ (1 la) 

HA- 
&’ -AZ- f H+ (1 lb) 

where the equiiibrium constants KI’ and K,’ cormspond to the protonation of the 
sulfonyl and the hydroxyl groups, respectively_ In the case of NRS one more equi- 
librium for the ionization of the second sulfonic acid group must be included. 

The number of ligand mokcules which will complex with a given metal ion 
wiil depend both on the &and and the particular metal ion. For NNSA and NRS 
with diE&e.nt metal ions 2 :l and 2:I comp1exe.s have ken reporkWs. Denoting 
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NNSA or NRS by An- and assuming that both types of complexes are formed, the 
complex formation with a divalent metal can be represented by the following equi- 
libria 

A”- + &40,-Z>- +& &,fA,Z”-“- 

(1W 

(12b) 

When only 1:l complex is formed, as in the case of NNSA-Zn com- 
pIexationz9, the stability constant, K Mzl, is given by the ratio of the concentration of 
the complex to the total free nitrosonaphthol and can be evaluated using the chro- 
matographic approach outlined in this work. When 2:l complex is present the 
stability constant is dependent on the solute concentration and our linear model does 
not apply to the system. 

Crown ether-alkali ion adducts. Crown ethers are cyclic polyethers in which 
oxygen atoms are separated by two aromatic or aliphatic carbons. A review of their 
properties and applications in analytical chemistry has recently appeared31. The term 
“crown” arises from the general structure of these compounds that resembles a crown 
in which the carbons form the circlet and the oxygens the points3x*3z. A large number 
of crowns have been prepared which vary in number of atoms in the circlet and the 
number of heteroatoms in the ring. In fact, some crowns use heteroatoms other than 
oxygen33. The nomenclature generally describes the number of atoms and hetero- 
atoms in the cyclic ether and the groups substituted for ethylene groups. Thus, 
dibenzo-l&crown-6 @EC), the structure of which is illustrated, consists of an 1% 
member ring with six oxygens with two phenyi groups. The molecular formula of the 
other compound, dibenzo-24-crown-8 @B24CS), examined here, is also shown. 

Crown ethers form very specific and stable complexes with alkali metal ions32. 
Since most crown ethers are soluble in organic solvents, they can be used to increase 
the concentration of salts in organic solvents. This has been exploited in various 
syntheses which require a nucleophiIe such as a halide ion or tbiocyanate inorganic 
solvents since their salts can be “solubilized” by using an appropriate crown ether. 

Although some crown e&hers bind a few large monovalent ions such as Ag+ 
and Hg*, their most interesting feature is a strong complexation with alkali metal 
but uot with most alkaline earth ions. The specificity is due to geometric factors; the 



ring is large enough to enclose only rel2tively.sm2ll c.ationsY. In the simplest case, 
a I rl complex is formed between the crown and cation. In the particular case where 
KNOs combines with a crown ether, e, the reaction can be written as 

K 
KNQ3f.e -KV+Ne (13) 

where the species on &e right-hand side of eqn. 13 form either a ‘Contact” or “solvent- 
separat&zd” ion pair_ If the spe&s indicated by Q and KQ’ are distinguishable 
chromatographicall~, the association constant for the “ion pair” formed in the above 
reaction can be determined by using the approach described here. 

A Model 601 liquid chrornuitograph (Perk&Elmer, Norwalk, Corm., U.S.A.) 
with a Model 7010 sampling valve with a 20-ml injection loop (Rheodyne, Berkeley, 
Calif., U.S.A.) was used. The effluent was monitored by either a Perkin-Elmer Model 
LC-55 variable wavelength photometric detector or a Model FS-970 fluorometric 
detector (Kratos-Schoeffel, Westwood, N-J., USA.) with excitation wavelength and 
emission titer cut-of& set at 218 and 300 run, respectively. Chromatograms were 
obtained with a Perk&Elmer Model 123 strip-chart recorder. In all cases the column 
temperature was kept at 25” by water circulation through an insulated stainless-steel 
jacket from Model K-2/R thermostated water bath (Messgeraetewerk, Lauda, 
G.F.R.). In all experiments the flow-rate of the eluent was maintained at 2 ml/min. 

Metal binding of nucleotides was investigated with a 250 x 4.6 mm LiChro- 
sorb RP-18 column (Knauer, Berlin, G.F.R.) packed with lO-pm octadecyl-silica. 
The eluent was 0.04 M acetate buffer, pH 4.75, containing the corresponding metal 
stiate and Na,SO, so that the ionic strength was maintained constant at 0.1 upon 
changing the concentration of the complexing metal. In this p2rt of the study the UV 
detector was set at 254 nm. 

The stability constants of the nitroso-naphthol-sulnic acids were determined 
by using a 250 x 4.6 mm 5-pm Partisil ODS column. (Whatman, Clifton, N.J., 
T_J.S.A_)). T&e eluent was 4- 10m2 &f piperazine-N,N’-his (2ethane sulfonic acid) 
(PIPES) buffer, pH 6.80, containing Ni?2SOQ as the background electrolyte and ZnSO, 
so that the ionic strength was maintained constant at 0.1 when the concentration of 
Zn*’ was varied. The W detector was set at 220 nm to monitor the column effluent 
in Irhese experiments. The stability constants of DBC complexes with potassium and 
sodium ions, as well as that of DB24C8 complex with cesium ion were determined 
from experimetits in which the fluorescence detector was used. The complexation of 
DBC with K+ and Na+ was investigated by using a 5-pm petiuoroheptyl-silica 
column and a lO+m LiChrospher RP-8 column, respectively. Both coh~mns were 
250 x 4.6 mm I.D. For the study of comp!ex formation between DB24XIS and 
cesium ion a IO-pm Spherisorb ODS 250 x 4.6 mm column was used. The three 
columns and the column materials with the exception of LiChrospher RP-8 (E- 
IMerck, Darmstadt, G-F-R.) were prepared in our laboratory (to be published). 
Samples of DBC and DB24C8 were prepared in the eluent &nd had concentrations of 
IO+ and lo-’ &f, reqcctively. 



ATP was obtained from Worthington (Freehold, NJ., U.S.A.), ADP, CDP 
&d GTP from Sigma (St- Louis, MO., U.S.A.), CTP from Qlbiochem (La Jolla, 
Calif., U.S.A.), DBC from Eastmaa (Rochester, N-Y_, U.S.A.), DB24CS from Strem 
Chemicals (Newburyport, Mass., U.S.A.) and “distilled-in-glass” methanol from 
Bardick & Jackson @kskegon, Mich., U.S.A._). 2-Nitroso-I-naphthol4sulfonic 
acid and nitroso-R-salt (l-nitroso-2-naphthol-3,6-disulfonic acid disodium salt) were 
purchased from Tridom/Fluka (Happage, N-Y., U.S.A.). All other chemicals were 
reagent grade. 

Retention times were measured from the distance between the injection point 
and the peak maxima on the chromatogram. The mobiIe phase hold-up times were 
measured at 230 nm by injecting NaNOz into the eluent and the retention time of the 
NaNo, peak was taken as &, and the retention factors, k, have been calculated in 
the usual waf5. The aualysis of the chromatographic data was performed with a 
HP-25 programma ble caktitor, and the equilibrium constants were evaluated by 
using the specifkd equations and linear regression on the data. 

We have found that with the reversed-phase systems at our disposal stabiity 
ccmstams for complexes described above could be evalrsated by asing the present 
approach when certain precautionary measures, which are discussed later, were taken. 
In each case linti forms of eqn. 2 have yielded association constants that are in 
good agreement with literature data. 

Figs. 2 and 3 show plots of typical experimental data according to the scheme 
depicted in Fig. 1B. In both cases the sigrnoidal behavior is expected and the graphs 

Fig. 2. Graph ilhstrating plots of the retention moduli of nuckotides against the negative !osxithm 
of molar ZP ccncentration, pZn, in reversed-phase HPLC on octadecykilica with 0.04 M aa%ate 
buffer. pH 4.75, the ionic strength of which s-as snai.ntied at 0.1 with 5iaSO. and ZIISOI. The 
solid lines were calculated from cqn. 2 by using appropriate p arzsn~,t~~ V&ES given in Table IV. 



Ck HORVibH, W. &ELAND--A. NAHUM 

, * 
+5 lo+ lo-4 I 

C K+l, [M] 

Fig_ 3_ Graph ilI~~&ratiag plots of the retention module of 2-nitroso-l-na_Dhthol4sulfonica~d (NNSA) 
and dibenzo-ScrownXi (DBC) as functions of the molar concentration of znl+ and K+ on 
logarithmic scak~ The stationary and mobile phases were: NNSA, octadecyI-siIica. and 0.04 M 
PIPES b&&r, pH 6.8; DBC, p~rfiuoroheptyl-silica and methanoI. The solid lines were caIcu&ted 
from eqn. 2 by ilsing appropriate parameter values given in Table IV. 

permit a direct estimation of the magnitude of the formation constants from the 
in&&on points. The use of eqns. A-E given in Table I for plotting the experimental 
data according to the forms shown in Table II is illustrated iu Figs. 4-9 for the various 
complexation reactions. The chromatographic conditions employed are summarized 
in Table III. 

By using these graphical methods we have evaluated the stability constants 
of various complexes from the slopes and intercepts of the linear plots according to 
the formulae given in Table II. In general the least squares fit of the experimental 
points to theoretical lines is very good; in each case the confidence limit is given at 
the 95 % Ievel. As expected from the results of the statistical analysis discussed previ- 
ous!y, the scatter of the experimental points is the greatest in Figs_ 4 and 9, which 
show plots according to eqns. A and E. 

Stability constants of the various systems have been evaluated from the ex- 
perimental data by using eqns. A and B. They are listed in Table IV together with 
the retention parameters as well as with the literature value of the equilibrium con- 
stants evaluated under different experimental conditions. The literature values of 
the stability constants in Table IV were recalculated to experimental conditions of 
ionic streugth and pH whenever appropriate as the chromatographically determined 
overall stabiiity constants are pH dependent and the literature values were usudy 
reported in terms of pH indepcndeut absolute values for the individual species. 

The good fit of experimental data to yieid linear plots iu Figs. 4-9 iudicate 
that the chromatographic retention of the eluite is mod&d by the secondary equi- 
libria iu agreement with the theoretical model deveiopcd here. As the stability 
constants estimated chromatographicaUy are very simikr to those measured under 
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dx tZi+l k/(k-lc,l. [Ml 

Fig 4. J&ear plots according to eqn. A for ATP, CEP, and GTP compkxaticn with Zn2+. The 
solid I&= wez cakuhted by lest squasrs anaSysis. Cltromatographic conditiom are given in Table 
IIL 

, 1 

8 t 

dx tZ#l k/tk+.c). CM] 

Fig. 5. Linear plots according to eqn. A for NNSA-Zn complexes in aqueous PIPES buff& pH 6.8, 
and DBC-K complexes in me&mol The solid lines were czh&ted by least squares anaEusis_ 
Chromatogxaphic conditions are given in Tab!e III. 
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Fig. 6. A, Linear plots according to eqn. B for the binding of Mg and Zn by ATP- The solid Lines 
were cakulated by feast squares anaIysk Chmmatographic cmditims are given in Table III. B, 
Linear plots according to eqn. B for NNSA-ZQ and DBC-K complexes in aqueous and methanolic 
solutions, rapectiveiy. Cbromatogmphic conditions arc given in Table III. 

different experimental conditions and reported in the literature, both the usefulness 
of HPLC as a tool for physico-chemical measurement and the broad applicability of 
the phenomenological model, cf- eqn. 2, are demonstrated. Nevertheless, certain 
precautionary measures, which will be discussed later, are necessary to obtain satis- 
factory results. 

DISCUSSION 

Physico-chemical basis of changes in retention upon complexation 

Solvophobic theory of retention in reversed-phase chromatography. The chro- 
mato,~phic method described here for the measurement of stabi!ity constants 
requires a marked augmentation or attenuation of the retention due to complex 
formation. Some insight into the physico-chemical basis of this phenomenon cau be 
obtained by recourse to the soivophobic theofls3’ that has been successfully adapted 
to account for retention behavior in reversed-phase chromatography2*“. 

The changes occurring in the molecular properties of the ehiite upon com- 

i 
z 
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Fq. 7. Linear pIots aazording to eqn, C for ATi-Mg and AliP-Zn cosuplexes. ‘Ihe solid lines were 
cakuhted by Ie%t squares anaIysis. Chromatograptic conditions are given in Table HI. 

M- 

: 
;I - 

: . 

, 

B- 

0 

GTP-Zn 

- 
0 

/ 

/ 

OP 

AT!‘-& 

Fig. 8. Linear plots zaaxmkg to cqn. D for the binding of Zn by ATP and GTP. The solid lines 
were cahhted by least squares anaQsis. CIhromatographic c~i~ditions are given in Table IPI. 
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Fig_ 9. J_&&.z& plots according to eqn. E for ATP-Mg and GTI-2% complexes. The solid lines 
were cakuhted by least squares analyzis. Chromatographic conditions are given in Table III. 

p!exation can be manifold. In most cases, however, it suf&es to consider one or more 
of the following alterations in eluite properties. (i) As 2 resuIt of complex formation 
the molecular surface are2 of the eluite changes and ffiereby the contact area of the 
complex upon binding to the non-polar surface of the stationary phase will be 
different from the corresponding contact are2 of the uncomplexed eluite. (ii) Upon 
complexation the dipole moment of the eluite becomes greater or smalier than that 
of the free solute. (iii) The process produces an alteration in the net electronic charge 
of the eluite moIecuIe. 

The consequences of changes in the moIecuI2r surface area of eluites on the 
retention have been discussed earlier in a treatment of “ion-p23 reversed-phase chro 
mato_maphy5_ It was shown that the retention modulus for the complex, qC, is linearly 
dependent on the molecular surface area of “hydrophobic” hetaerons such as Iong- 
chain alIcy sulfonates or quaternary alkyl atnines when the ionized solute forms 2 

complex with the hydrophobic ion in the mobile phase and the enhancement of 
retention arises from a stronger binding of the complex to the non-polar stationary 
phase with respect to the binding of the “free” solute. The results of experiments with 
biogenic amines and 2IkyI sulfate as the hetaerons having different chain-lengths 
ndeed showed the maximum value of the modulus to be linearly dependent on the 
carbon number of the alkyi chain, Le., on the increase in the surface area of the eluite 
complex. 

In many other practical situ2tions, however, the change in the size of the eluite 
is small upon compIex formation. The complexing of proton or metal ions by rela- 
tiveiy bulky organic molecules, for iustznce, is accompanied by negligible changes 
in the molecular vohune 2nd surface area. Under such conditions vari2tions occurring 
in the dipole moment or electronic charge of the eluite molecules upon complexation 
have to be considered- 

As shown previously* the effect of dipole moment of the eiuite on the reten- 



tion factor at temperature T can be approximated for a given chro.matographic 

system by 

lQk=const.+BdA-C& (14) 

where the constant and B are defined by eqns. 48 and 50 in ref. 2, pe is the dipole 
moment of the ehtite and C is calculated by 

1-A 53 c = 2k$-2v, 1 - sB(,/v,) 

The reduction in the molecular surf&e area upon binding the eluite to the stationary 
phase is given by AA and ku is the Bohzma~~ constarrt. The symbol 1 represeQts the 
volume ratio of the eluite-stationary phase conjugate arrd the elttite, v, and & are the 
molecular volume and average molecular polarizability of the eluite, respectively. The 
value of A can be tahen as 2 in reversed-phase chromatography with octadecyl-silica. 
The expression for 9 is given by 

where E is the dielectric co~staQt of the medium. 
&uuuing that the change in v, upon complex formation is negligible and & 

is a small fraction of v,, we can express the reteention modulus for the complex as 

IQ vc M const. -t_ B’AAA - q& _&I (17) 

where AA A is the increase in AA upon complex formation, pc and Jo,, are the dipole 
moments of the complex and the free solute. The constant C’ cilll be evahtated 
from eqn. 15. 

For cases when AAA is sufiiciently small eqn. 17 shows that if the complex 
has a smaher dipole moment than the free solute the modulus is greater than tmity 
and the complex is retarded longer. In contradistinction, if complexation is acccm- 
parried by an increase in the dipole moment the modulus is smaller than unity so that 
it results in decreasing retention. 

In most instances, changes in the net electronic charge upon complex for- 
mation have the greatest effect OQ altermg chromatographic rctcQtioQ. In an earlier 
repoti the modulus for ehrite retention arising from the conversion of a monopole 
to a dipole, when ~0 changes occur in the molecular surface area, was given as 

Z’e’ 
IQ ?ik = cpt - kBTe 

E -&*A & - &* 
e*;21,3be - T (BP3 f CI>] m-9 

where e is the electronic charge of the eluite, Z is the charge of the eluite, b, is ifi 
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radius and E* is the dielectric constant at the stationary phase surface. B and C are 
constants for a given ehrent and their values are tabulated for a variety of aqueous 
salt solutions~. Eqn. 18 is valid at reiatively high ionic strengths, I, usually employed 
in chromatog&phic experiments_ The estimation of changing retention upon protonic 
association or dissociation acxxxdin~ to eqn. i8 showed good agreement with the 
experimentahy observed values for aromatic acids and bases4_ 

Estimation of the retention mod& for the complexes zuder study. In the present 
work the stability constant of the complexes formed by DBC with Nat and K’ were 
measured. When the counter ions of Nat and K+ are only loosely associated with 
the complex cation 33 the process of complex formation from the neutral crown ether , 
by alkali ions could be considered as the formation of a monopole from a dipole. 
The phenomenon is sinilnt to the protonic dissociation of neutral ionogenic sub 
stances where complexation aIso results in decreasing retention and the use of 
eqn. 18 would allow us to make a crude estimate of the retention modulus for com- 
pIexation_ 

However, it is more likely that the counter ions of the Na+ or Ki will remain 
strongly associaf& with the crown ether-alkali metal ion complex in a medium of 
relatively low dielectric constant such as methanol. If the distance between the ions 
is assumed to be the same as that observed in the salt, the energy required for dissoci- 
ation of NaCl-crown ether to Na+-crown ether and chloride ion is 7.4 k,T, using 
2.3 A as the interionic distance 39_ The barrier is rather large compared to the vaIue 
of k,T calculated for water at 25”_ As a consequence, complex formation can be 
viewed as the creation of a large dipole moment in the crown ether molecule. When 
NaCl is the salt, the crown ether complex could have a moment greater than 11 
Debye (2.3 - lob3 cm x 4.8 - lo-r0 e_s_u_)_ 

In the tit approximation we can assume that the dipole moment of the crown 
ether is zero because of its centrosymmetic structure. Then the approximate expression 
for the modulus of the complex given by eqn. 17 can be further simplified to 

(19) 

provided the first two terms on the right-hand side of eqn. 17 are the same for both 
the uuccmplexed crown ether and the complex. The term C’ can be evaluated from 
the molecular properties so that we obtain 

In 7;1, =- 2.81 - 1O-2 & 

In order toarrive at eqn. 20 the following values were employed: molecular weight, 
328; density, 0.8; refractive index, 1.46. The value of 9 was calculatedt as 0.92. This 

crude approach yields an estimated value of l/14 for the modulus of the complex 
that compares to the observed value of l/6_ Thus we obtain the right order of magni- 
tude which is quite acceptable considering the simplifying assumptions employed here. 

When the number of charges change in oligoelectrolyte molecules upon com- 
plexation the situation is more complicated_ In the present work the binding of 
divalent metal ions by nuckotide triphosphates is investigated_ Similar problems, 
however, are frequently encountered in reversed-phase chromatography as demon- 



&rated recently by the effect ofpH on the retardation of pteroyl-oligo-y-L-glutamatesfl. 
In the case of molecules, which carry more than oue charge, the mathematical ex- 
pression for the retention factor depends on the way the charges are treated- If the 
charges are iu close proximity they may be added and treated as one charge located 
in the center of the molecule. The last term of eqn. I8 can then be used for calcnlation 
of the modulus for the reteution of diierently charged species. 

If charge separation in the eltite molecule is substantial, individual charges 
should be considered independently. In such cass the total electronic charge is 
thought to be the sum of unit charges acting independently and Zz in eqn. 18 is 
replaced by 2, the mm&r of charges in the molecule. This accounts for the 
effect of 2 uuit charges on the corresponding free energy change and as a result, 
the Iogaritbm of the retention factor is a linear function of 2, a behavior that was 
recently observed with dissociated pteroyl-oligo-y-L-glutamates in reversed-phase 
chromatography2’. 

As the charge density of nucleotides is lacahzed on the phosphate oxygens, 
the model based on independent unit charges in the molecule appears to be more 
reasonable than the assumption of additive charges. Therefore we shall use it to ’ 
estimate the retention modulus for metal binding to nucleotides. In the case investi- 
gated both the free solute and the complex are charged. The diEerence in net charge, 
AZ, is given by 

AZ = Z, - Z,, (21) 

where Z, and Z, are the net charges on the eluite ;rn the complex and in the free form, 
respectively. In our case the retention modulus is calculated for the formation of a 
species comprised of a dipole (the complex between MgZi and two basic oxygens) 
and n monopoles from the reaction of a species composed of (n+2) monopoles with 
MgZ+ so that AZ = 2. An extension of eqn. 18 appropriate to this situation yields 

AZe’ E -E* 
ln7&=Cj&-- 

k&Q 9=1”=b c 

With values A = 2 and E* = 35, which are appropriate in RPC with octadeeyl-silica 
or octyl-silica as the stationary phase, by using a molecular weight of 550 .for ATP 
and assuming that the dipole moment is about 12 Debye as in the crown ether 
calculation by using equs. 15 and 22 we fiud that In qc has the value of 0.79, i.e., the 
modulus of the complex, fle, is 2.2. This value shows a much better agreement with 
the observed value, q5 = 1.6, than that one would expect considering the crudity of 
the various assumptions used in the calculation. 

The above examples demonstrate that the solvophobic theory can indeed be 
used to predict the effect of complex formation on eluite retention iu reversed-phase 
IIPLC. Whereas the estimates are at present not accurate enough to predict retention 
data in practical work, they are remarkably good considering the approach taken to 
their calculation. 



Selection of proper expehwntd con&ions 

Deviations from linearity 
Smnpk overload&g- The dependence of the retention factor on the hetaeron 

concentration can be described by eqn 2 only if the behavior of the chromatographic 
system is close to the ideal behavior represented by the underlying modei. It implies 
that the sorption isotherm of the eluite is linear in the concentration range investigated 
and the properties of both the stationary and mobile phases remain invariant upon 
introducing the sample into the system Sample concentrations well within the purview 
of HPLC usually stice to avoid column overloading or depletion of the hetaeron 
in *he mobile phase, thus, maintaining a linear system represent-cd by eqn. 2. Under 
circumstances, however, when the value of K is relatively high, the latter restriction 
may require the use of very small samples and the utmost detector sensitivity available 
in HPLC. 

Testing for the appropriate sample size is ~~ecessary by varying in a wide range 
the amount of solute inject& also at the highest detector sensitivity possible. The 
sample size used in measurements of equilibrium constants should be so small that 
the retention values are truly independent of the sample amount even at the lowest 
concentration of hetaeron in the eluent, i.e., working with practically zero sample 
size is required. In fact, the great advantage of HPLC is that highly sensitive detectors 
allow the use of very low sample concentrations, thus, the chromatographic process 
with or without secondary equilibria can be maintained linear. Consequently, easily 
measurable retention values can be directly used to extract thermodynamic infor- 
mation from the data. 

In such physico-chemical measurements by HPLC deviation from linearity 
may occur due to the employment of too concentrated sample solution. In this case 
a signigcant fraction of the hetaeron in the eluent volume containing the eluite is 
bound to the soiutc and the concentration of the free hetaeron is larger than the 
assumed value in and in the vicinity of the eluite band. As the measured retention 
ratios do not correspond to the hetaeron concentration in the eluent as prepared, the 
relationship in eqn. 2 does not hold. 

This effect can be elii ted if an upper bound is set for the eluite concen- 
tration which is equal to the concentration of the hetaeron in the mobile phase. The 
permissible concentration of the solute in the sample, [S], can be estimated by 

(23) 

where both [S] and [a are molar concentrations. It is seen that the permissible 
SOlUte concentration in the sample increases with the concen’ntion of the hetaeron 
and decreases with increasing values of K. Hetaeron depletion can be eliminated over 
the whole length of the cohmm and for any hetaeron concentration in the mobile 
phase if the con~ntration of the injected sample is adjusted via eqn. 23 with [HI = 0, 

i.e. IS] = l/K Of course, the sample is usually dissolved in the eluent having the 
appropriate hetaeron concentration_ It may be desirable to use the kg& possible 
sample volume “&at still affords acceptable band spreading and the smallest amount 
Of Solute that affords a well detectable peak. 

The employment of higher than the permissible sample concentration CaQ 
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Fig. 10. Plots of retention data obtained at different sample loadings for the formation of the KC 
complex of dibenzo-lS-crown-6 @BC) in methanol according to eqn. B. Injected amount of DBC: 
I, O.O72pg, q ,72pg. At high DBC load the ordiite intercept is positive indicating that the data 
do not follow the phenomenological model described by eqn. 2. For chromztographic conditions, 
see Table III. 

readily lead to false results because the data can yield misleading quasi-linear plots 
such as shown in Fig. 10. The data measured for the complexation of DBC with Kf 
are plotted according to eqn. B. Under otherwise identical conditions in one case the 
concentration of DBC in the sample was 10e3 M, and in the other 10m5 M. In both 
cases straight lines cot&l be drawn through the points although the data obtained 
with samples having lower DBC concentrations show superior fit. Considering that 
the stability constant for the complex is 10ms l/mole, CJ Table TV, the permissible 
sample concentration is about lo- 5 M according to eqn. 23. Thus it is expected that 
data measured with samples having such a solute concentration yield a straight line 
with the appropriate slope and intercept. Yet, the data obtained with hundred times 
more concentrated samples give also a quasi-straight line on a plot according to 
eqn. B. The fallacy, however, is easy to recognize as the intercept of this line obtained 
with 10s3 M DBC samples in Fi g. 10 has the wrong sigu (see eqa. B in Table I). 

MuhpIe equilibria. Eqn. 2 does not reflect the dependence of the retention 
factor on the hetaeron concentration when in the concentration range investigated 
complex formation cannot be described by a single, concentration independent equi- 
librium constant because the complex contains more than one solute molecule. The 
deviation, however, is not easy to recognize in many cases so that great care has to 
be employed not to calculate some “equilibrium constant” that falls short of the 
physicochemical meaning of an association constant for the somplex in solution and 
would not represent an apparent constant such as given In eqn. 1Oa. 

For instance, NRS forms not only 1 :I but also 2:l complexes with zir~&~~ 
‘and crown ethers are known to form “sandwich” complexes when the radius of the 
alkali metal ion such as that of Cs’ is relatively larges3. Pn these cases the system is 
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not linear because the association constant and consequentiy the retention factor 
depend on the analykal concentration of the eluite. Moreover this concentration is 
not constant but changes along the coiumn. rA rigorous treatment of such problems 
leads to an equation with at least seven parameters. 

Plots of data according to the form shown in Fig. lB, for instance, do not 
necess&Iy reveal that the dependenoe of the retention factor on the logarithm of 
heberon concentration does not satisfy eqn. 2. This is illustrated for the case of 
NRS-ZnZC complexes in Fig. 11 and a curviiinear regression analysis of the data 
yields a wlue of 1@-85 [M-l] for the equilibtium constant that is to be compared 
with the literature value of iWW [M-l] corrected for total eltite concentration and 
the interaction between Znzi and Se-. Fortunately some of the linearized forms 
of eqn. 2 can be used for the diagnosis of such deviations from the model. Fig. 12 
shows linearized plots according to eqn. B for the retention data obtained in the 
course of investigating the formation of NRS-Zn2* and DB24C3-Q’ complexes. 
Four and two data points obtained with NRS and DB24C8, respectively, at Iow 
hetaemn concentrations are fa off from the apparently straight fines obtained with 
data measured at higher metal ion concentrations. In the case of NRS if only those 
data points zre consider& which fall on the apparent straight line the calculated 
stability constant wouId be 1.75 times higher than the literature value thus the estimate 
would be in serious error. For DB24CS the linear part of the plot is not as deceptive 
because the r~onconformance of the data with eqn. 2 is obvious from the positive 
ordinate intercept. The above example ckarly demonstrates the necessity of taking 
into account retention data obtained at low hetaeron concentrations even if the 
temptation to discard the data points as the result of experimental error would be great. 

C Znz+ I= [Ml 

Fig_ 1: _ Plot of retention data obczined for the formation of Zn-complex of &mm-R-salt at a sample 
Ioad of 6pg. The s&d line obtained by non-linear regression ax&s%. of eqn. 2 correspod~ to a 
stability constant of IO’-” I;mole, which is 1.5 times Seder than the cmxckti iiterature value of 
lWw l/moIe_ 
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Fig. 12. Plots illustrating the effkct of a second complexation equilibrium of the eluite with the 
hetaeron according to eqn. B for NRS-Zn and DB&HX-Cs in aqueous and metbanolic solutions, 
respectively. The solid lines ;-.-,-re drawn by a least squares analysis of eqn. B ignoring the last four 
and two data points with the highest retention factors for NRS and DB24C8, respectively. For 
NRS this procedure gives a stability constant that is 1.75 times higher than the literature vah!e. The 
negative intercept of the line for DB24.03 clearly shows that the behavior of the chromatographic 
system is not described by eqn. 2. For cbromatographic conditions, see Table III. 

Observation of the peak shape as a function of the sample concentration may 
shed light OIL the behavior of the system huse departure from linearity often 
manifests itself in strongly asymmetric peaks or even in peak splitting. 

Eflect of strong hetaeron binding to the stationary phase 
In practice the inhomogeneity of the stationary phase surface, and with 

reversed-phase chromatography the presence of accessible silaool groups at the 
surface in particular, is blamed most commonly for peak asymmetry at low sample 
COI.ICentiti0nS. 

The selection of the stationary phase could be an important factor when 
specific interactions between the hetaeron and the stationaq phase surface, e.g. free 
silanol groups, can cause deviations from our equilibrkm model so that eqn. 2 does 
not describe the retention behavior of the eluite as a function of the hetaeron cou- 
~Mrz~tion. In our study of complexation with metal ions, bonded phases of high 
m-face coverage have given satisfactory results as experiments performed under 
appropriate conditions with three Merent commercially available columns, RP-8, 



RP-IS and Par&l ODS, yielded for NNSA-Zn complexes the same stability 
constant within experimental error. Thus, di@arent type of reversed-phase columns 
can be used in such studies. Indeed, an experimental perfiuoroheptyl-silica stationary 
phase has also been found s-t&able for such measure ments. Although for metal 
binding by organic substances such chromatographic systems appear to behave 
in a regular manner, in other cases the selection of the stationary phase might have an 
effect on the accuracy of the measurements. 

Our simple model, c,E, cqn. 2, is based on a mechanism that entails complex 
formation in the mobile phase, and only in the mobile phase, with reversible binding 
of the complex by the stationary phase. However, in many cases the chromatographic 
process may be different. Under many practical conditions the hetaeron, e.g. a 
“hydrophobic” ion, may be bound to the stationary phase to such an extent that 
complex formation with the bound hetaeron is appreciable and, as a result, eqn. 2 is 
not applicable to the dependence of the retention factor on the hetaeron concen- 
tration. For instance hydrophobic hetaerons such as hexadecyltrimethyl ammonium 
ions used in ion-pair reversed-phase HPLC for the enhancement of the retention of 
acidic components can be strongly adsorbed on the stationary phase so that K[BJ < 1 

-and the mechanisms of the chromato_ma_phic process lead to eqn. 3. Since formally 
both eqns. 2 and 3 are the same, thz linear plots described above would yield straight 
lines also. However, if complexation with the hetaeron bound to the stationary phase 
is predominant, the parameter estimation would not yield the stability constant for 
the complex in solution_ Consequentiy it is necessary to assure, often by using extra- 
chromatographic means, that the system parameters are represented by the constants 
of eqn. 2 and not by those of eqn_ 3_ 

Certain hetaerons such as divalent metal ions, can irreversibly change the 
surface of some bonded siliceous stationary phases over a prolonged time interval. 
Then retention might occur due to the metal ions at the surface and the retention 
behavior does not obey the simple model described by eqn. 2. In order to recognize 
alterations of the column surfate during a given series of experiments, the hetaeron 
concentration in the mobiIe phase should be changed in a random fashion. Care 
should be taken to equilibrate the respective mobiie phase with the column surface 
every time the concentration of hetaeron in the mobile phase is changed. 

In our study modification of the column surface was observed with Zn** as 
the hetaeron when a home-made octadecyl-silica column was used in preliminary 
experiments. As a result ATP retention factors were not reproducible at low con- 
centrations of Znz+ after the column was exposed to high (2 - 10mz M) concentrations 
of Znzf_ The retention factor of ATP at low (lo-; M) concentrations of Znzi 
increased by almost a factor of ten after the column was exposed to high concen- 
trations of Zn*+ relative to the value obtained before exposure of the column to high 
concentrations of Zn*+. On the basis of this experience with a column packed with 
a home-made octadecyl-silica having substantial silanol concentration at the surface 
other types of cohuuns have been used. The above effect was not observed with 
Par&l ODS 2 and other commercial!y available columns_ 

With increasing hetaeron concentratious both the formation constant of the 
compIex in the mobile phase, K, and the equilibrirun constant for hetaeron binding 
by the stationary phase, Kh. may affect the dependence of the retention factor on 
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the hetaeron concentration4 that follows a parabolic relationship in such a case and 
is given by 

Eqn. 24 can also be used for the evaluation of the stability constant in solution, K, 
when the equilibrium constant for the binding of the hetaeron to the stationary phase, 
Kh, is known. 

Linear plots and departures from the simple model 
In order to illustrate the efiect of departures from the simple model such as 

those manifested in eqn. 24 on linearized plots over a wide range of conditions we 
have performed computer simulation of the expected behavior. Eqn. 24 can be 
written in dimensionless form as 

where the parameter o! expresses the magnitude of hetaeron binding to the stationary 
phase relative to complex formation and is given by 

Comparison of eqn. 25 to eqn. 7 shows that the factor (1 +&Q-l is the measure of 
the deviation from hyperbolic behavior. 

When Q = 0, there is no deviation and the forms of eqn. 25 linearized accord- 
ing to the schemes represented by cqns. A-E yield straight lines. On the other hand 
the effect of non-zero a values is illustrated in Fig. 13 in which (~7- 1)/p is plotted 
against 17 since this type of plot is equivalent to that obtained by using eqn. B that 
has frequently been employed in the course of the present study. Simulation was 
carried out by assuming that the retention modulus of the complex is either 4.0 
(Fig. 13A) or 0.25 (Fig. 13B). Comparison of the two plots shows that the magnitude 
of 175 has a significant efhzct on system behavior. The plots depicted in Fig. 13A reveal 
why apparently straight lines could be obtained by plotting data measured in a narrow 
range of conditions. It is seen that the intercept and slope, even the sign of the slope, 
is difherent for such “straight lines” from the ideal line at a = 0. When complex 
formation reduces retention (see Fig_ 13B), straight lines, which are almost paraliel 
to the ideal line, are obtained for (I c 0.5 at sticiently high values of the retention 
modullrs. 

The efkct of deviations from the simple mechanism, cf- eqn. 2, was also 
examined by using all linear transformations of eqn. 25, that is, those equivalent to 
eqns. A-E, in a fashion similar to that shown in Fig. 13. As expected, not all equations 
are equally sensitive to deviations from the “ideal” behavior, therefore, their utility 
as diagnostic tools for discerning changes in the physico-chemical mechanism of the 
chromatographic process are also different. When complex formation enhances 
retention, i.e., qc > 1, plots according to eqns. A and B are the most sensitive to 
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Fig. 13. A, EZect of deviations from the conpkxation model descrii by eqn. 2 due to appreciable 
hetaercn binding by the stationary phase as illustrated by departure from linearity in plots according 
to eqrt EL In the case shown, q = 4, that is. complex formation increases the retardation of the 
eItite. The parameter a = KdK measures the extent of hetaexon binding to the column surface 
relative to the eluite. B, Illustration of the same effect when I]= = O-25, that is, compkation de- 
creases the retardation factor. Deviation Corn ideal behavior is measured by the parameter a Note 
that for a > 0.5, i.e., when both me&anisms become equaUy important, extrapolation of the linear 
portion of the cmxzs give negative intercepts indicating that eqn. 2 does not hoId despite the 
apparent linearity of the pIot under certain conditions. 

deviations from liuearity as measured by the value of Q and are strongly curved if a 
wide enough concentration range is examined. In the range of 0.1 6 @ < IO, i.e., 
when the range of hetaeron concentration encompasses two orders of maguitude 
around the equilibrium constant, piots according to equs. A and B show a reversal 
of slopes even at a: = 0.01, whereas the other plots exhibit very small deviaticus from 
linear behavior_ As expected, however, all plots strongly deviate from liuearity in 
certain domain of q when Q P 0.5, i.e., the two equilibrium constants, K aud Kh are 
about the same and both mechanisms are equally important. 

For illnstrating the result obtained by using eqn, A, plots of the dimensionless 
form of eqn. 24 linearized according to cqn. A arc depicted in Fig. 14. It is seen that 
for snfkiently high a values negative intercepts of the quasi-straight lines are ob- 
tained and thus the departure from the model can be diagnosed. 

The diagnostic value of all plots is very low when complex formation decreases 
retardation, i.e., qe -C 1. In such cases, the departure from linearity is relatively smaIl 
so that plots of experimental data may be erroneously taken as straight l&s yielding 
incorrect “apparent” values of the parameters_ Only when both rnecknkns are 
equally important, i.e. a 2 O-5, can deviations from the simple model be recognkd 
because the linear portions of the plots give negative intercepts when extrapolated 
to Sj = 0, 
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Fig_ L4. Deviations f’rom linearity in plots according to eqn. A due to the effect of appreciable 
&aeson biding by the statiomry phase. In the cze ilhstrakd qs = 4, that is, complex formation 
increases the retardation factor. The relative magnitude of hetzeron binding is expressed by the 
parameter a. 

Secondmy cqquilibria in analytical work 

A distinguishing feature of liquid chromatography is the wide range of mobiIe 
phase properties which can be exploited to obtain desirable retention factors with 
a given column. Secondary equilibria such as those investigated here may be used for 
“fine tuning” of the selecrivity of a chromatographic system. 

The efkct of suitable secondary equilibria may be used to advantage in two 
ways. It may be possible to adjust the mobile phase composition by varying hetaeron 
composition in such a way that certain sampIe components form complexes ancl 
thereby retention or detectability can be manipulated in order to attain higher reso- 
lution or more convenient retention values. As shown in an earlier study the pro- 
tonation of simple conjugate bases to form neutral acids results in a sign&ant 
enhancement of the capacity factor. Thus, the retention of a charged eluite can be 
increased by converting it into a neutral species, and vice versa, by simply adjust,ing 
the pH of the eluent. The effect of MgL+ in the eluent on the retention of ATP is not 
as dramatic, yet, it results in an increase of the retention by a factor of 1.8 at 0.02 M 
MgClr (see Table III). On the other hand the presence of Mgz+ has virtually no effect 
on the retardation of AMP. Hence, ATP, which is otherwise only slightly retained on 
non-polar stationary phases could be separated from AMP with divalent metal ions 
in the eluent. 

On the other hand addition of lo-’ and 1W2 M of K+ and Zn2’ ions, 
respectively, to the eluent results in up to a tenfold decrease of the retention factor 
of DBC add NNSA. This effect can be used to bring about faster elution of these 
substances, e.g., in order to reduce separation time or detect relatively low ~corxfx- 
trations of these solutes. Alternatively the manipulation of retention may facilitate 
separations which otherwise would be impossible. 



As shown in a recent review= the scope of the analytical appkations of 
secondary equilibria in reversed-phase HPLC is rapidly expanding_ Undoubtedly 
various novel hefaerons will be introduced in order to bring about s&c changes in 
the retention behavior of certain sample components. Of course, secondary equilibria 
aho may adversely atkt analytical results due to poor pcah shape. An understanding 
of the physico-chemical basis of such phenomena, however, can be of great help in 
adjusting conditions to get symmetrical peaks and high column efficiency. 

CONCLUSIONS 

HPLC with non-polar stationary phakes offers a precision method for the 
evaluation of stability constant of complexes formed in solution as demonstrated by 
various examples. The advantages of the chromatographic method stem from the 
high precision and detector sensitivity of present day instruments and relative sim- 
plicity of reversed-phase chromato_graphy both operationally and theoretically. 

LModern HPLC apparatus, which enables the investigator to control accurately 
and quickly experimental conditions, off&s means for convenient and rapid measure- 
ments. The use of precision eluent mixing devices can bc particularly advantageous 
in measuring retention factors at various eluent compositions in order to evaluate 
the moduh. 

Unlike all other methods, the use of HPLC alfords measurements with impure 
samples without further purilication because with properly chosen efficient chro- 
matographic systems impurities are separated from the eluite and hetaero=Iuite 
complex. In our experiments commercially available substances were employed 
without further purikation and in all cases p&cs representing impurities were present 
on the chromatogram. 

Because of the low solute concentrations in the eluent the solubility dots not 
impose constraints on measurements by HPLC, whereas poor sample solubihty often 
limits the empIoyment of conventional techniques. Submicrogram quantities of a 
substance may be adequate to measure equilibrium constants by HPLC, in contra- 
distinction to conventional methods. 

The advantages of FLPLC rm be exploited for such physico-chemical meassure- 
ments when a chromatographic system with an ekent, which is a proper medium for 
the equilibrium constant to be evaluated and yields conveniently measureable reten- 
tion ratios, as weti as a stationary phase, which is inert for the hetaeron, are 
available and very low eluite concentrations in the e6lucnt can bc monitored by a 
sensitive detector. 

Nevertheless the method is applicable for the measurement of association 
constants only in those cases when the rate of equilibration in the mobile phase is 
rapid on the time scale of the chromatographic run. Otherwise poor peak shape and 
peak splitting render the evaluation of retention factors diflknlt without the computer- 
This may be one of the rare instances where the high speed of HPLC is an apparent 
disadvantage. 
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