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Acid - Base Properties of Adenosine 5’-O-Thiomonophosphate 
in Aqueous Solution ** 
Bin Song, Roland K. 0. Sigel, 

Abstract: The acidity constants of H,- 
(AMPS)’ were determined by potentio- 
metric pH titrations in aqueous solution 
at 25 “C and Z = 0.1 M (NaNO,). Titra- 
tions with a combined single-junction 
glass electrode were hampered in the pres- 
ence of AMPS by a “poisoning” effect; 
the problem could be avoided by use of 
two separated electrodes. The values of 

3.72f0.03 and pK:,A,,s, = 4.83F0.02 
are relatively close to each other; the 
buffer regions of the two equilibria over- 
iap, and therefore a micro acidity con- 
stant scheme was developed and the con- 

the acidity constants pK,&AMps, - - 

1. Introduction 

and Helmut %gel* 

stants for the various sites calculated. It 
is concluded that the thiophosphate- 
protonated species (AMPS.H)- domi- 
nates at about 75% occurrence, while the 
form (H.AMPS)-, with the proton at the 
N 1 site of the adenine residue, occurs at 
about 2 5 % .  Semiempirical AM1 and 
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Nucleotides participate in cellular metabolism as substrates or 
products in diverse biosynthetic pathways. The central role of 
nucleotides in living organisms“] has led to their being widely 
studied,[21 and so-called nucleoside phosphorothioates[31 or 
thionucIe~tides,[~~ in which an oxygen atom in the phosphate 
residue is replaced by sulfur, are nowadays widely employed as 
probes in all kinds of biological 6l Considering that 
most reactions in which nucleotides participate are also depen- 
dent on metal ions,r71 it is rather surprising to find that the 
acid- baseL4, 8, 91 and metal-ion-binding propertiesc4. ’ ”, ’ ‘ I  of 
thionucleotides have hardly been investigated. This contrasts 
with the situation for nucleotides themselves, for which much 
information concerning their metal-ion-binding properties has 
already been accumulated (see for example refs. [2,12,13]). 
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[**I Abhrcviations: Ado, adenosinc: AMP’-, adenosinc 5’-rnonophosphate; 
AMPSz-, adenosine 5’-0-thiomonophosphate, also known as adenosine 5’-0-  
monophosphorothioate o r  adenosine 5’-[a-thio]monophosphate; ATP4-, 
adenosine 5’-triphosphatt; ATP7S4-, adenosine 5’-0-[g-thio]triphosphate: En, 
ethylenediaminc (= 1,2-diaminoethane); RibMP’ -, wribosc 5-monophoa- 
phate. Species which are named in the text without a charge either d o  not carry 
one or represent the species in general (1.e.. independent of their degree of 
protonation): which of the two applies is always clear from the context. 

PM3 calculations including water as a 
solvent locate the proton in (AMPS.H)- 
mainly on the terminal oxygen atoms 
rather than the sulfur. The acid-base 
properties of H,(AMPS)’ are consider- 
ably more complicated than those of the 
parent nucleotide, H,(AMP)’ ; for the 
latter the two (intrinsic) acidity constants 
are well separated and consequently prac- 
tically all protons have left the N 1  site 
before deprotonation at the monoproto- 
nated phosphate group occurs. Finally. an 
estimate for the acidity constants of 
H,(ATPyS)’ - is given. 

The first nucleoside phosphorothioate was synthesized in 
1966,[31 and adenosine 5’-O-thiomonophosphate (AMPS, Fig- 
ure the thionucleotide in the focus of the present study, 
shortly thereafter;[l5l an improved synthesis was recently pub- 
lished.[l6I 

OH 6 H  

Figure 1. Structure of adenosine 5’-0-thioinonophosphate (AMPS’ ~) in its unri 
conforination [I41 

AMPS attracted our attention because no values quantifying 
the acid-base properties of the adenine residue exist, and the 
available literature values for the release of a proton from the 
monoprotonated thiophosphate group are relatively far apart, 
at pK, = 4.9[” and 5.3 ;[*I in fact, these values are actually micro 
acidity constants (see Section 2.1). Furthermore, and more im- 
portant, the values given are already in the vicinity of the acidity 
constant for the deprotonation of the H+(N 1 )  site of twofold 
protonated adenosine 5’-monophosphate, H,(AMP)’, pK, = 

3.84.[”1 Hence, considering that the latter nucleotide is the par- 
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ent compound of AMPS, it occurred to us that the release of the 
two protons from H,(AMPS)' might occur in overlapping p H  
ranges and that therefore a detailed study was warranted. Such 
knowledge is relevant for both the general use of AMPS in 
biological studies["] and for an understanding of its inetal-ion- 
binding properties."'. ''I By potentiometric p H  titrations we 
have now determined the macro acidity constants of 
H2(AMPS)' and evaluated these for the micro acidity constants 
of the various individual acidic sites. 

2. Results and Discussion 

The experimental conditions for the aqueous AMPS solutions 
([AMPS] = 0 . 2 3 m ~ )  used throughout this study were such that 
the well-known self-stacking of purine  derivative^"^^ was cer- 
tainly negligible.[20J 

2.1. Acidity constants of H,(AMPS)' : The AMPZ-  analogue 
AMPS2 - shown in Figure 1 is a tribasic species; it may bind two 
protons at  the thiophosphate group and one at  the N 1 site of the 
adenine residue. The first proton from rnonoesterified deriva- 
tives of phosphoric acid is released i n  water with pK, 1 ;['ll for 
H,(AMP)+, ~ K ~ z 0 . 4  was Hence, one may as- 
sumc (also in accord with results obtained for H,PO, and 
H,P0,S[221) that the corresponding value for H,(AMPS)+ is 
even lower; in any case, to be on the safe side, we conclude only 
that pK,< 1.5 for H,(AMPS)+ and indeed, during our experi- 
ments (pH 3.5-7.0) we never observed any indication of the 
formation of an H,(AMPS)' species. The deprotonation steps 
that could be observed were for H,(AMPS)', and these are 
expressed in the equilibria (1 a) and (2 b). The corresponding 

(1 a)  

K;j2(AMps, = [H(AMPS) ~ I [ H + l ~ W ~ ( ~ M P S ) ' l  (1 b) 

H ( A M P S j -  F- AMPS2- + H +  (2 a) 

GiAnps, = [(AMPS)'-][H +]:[H(AMPS)-] (2 h) 

acidity constants [Eqs. (1 b, 2 b)], measured in aqueous solution 
by potentiometric p H  titrations ( I  = 0.1 M. NaNO,; 25 "C). are 
listed in Table 1 [231 together with some pertinent literature val- 
ues for H,(AMP)' (cf. ref. [17]) and monoprotonated D-ribose 
5-monophosphate (RibMP2 -)[241 as well as adenosine."4b1 

Comparison of the various acidity constants listed in Table 1 
shows that the pK, of 3.72 is evidently largely caused by the 

II,(AMPS)" f H(AMPS)- + H +  

Table 1. Negative logarithms of the acidity constants [Eqs (1.2)] of the twofold 
protonated H,(AMP)' and H2(AMPS)' species (see Figure 1 )  as well as of the 
related inonoprotonated adenosine and ix ibose  5-monophosphate spccies dclcr- 
miiied by potentiometric pH titrations in water at 25 C and I = 0.1 M (NaNO,) [a1 

H(;idenosine) + 3.61 kO.03 ~ 4 b 1  
H(RibM1')~ 6 24&0.01 ~241 - 

H,(AMP)' 3.84 0.02 6.21 &0.01 [I 7a] 
H,(AMPS)' 3.72 i 0.03 4.83 k0.02 this work 

La] So-called practical (or mixed) constants [23] are listed; see Section 4.2. The error 
limits given are lhrcr tima the standard error of the mean value or the sum of the 
prohable Yystcinatic errors, whichever is larscr. [h] X = 0 for RibMP2- and 
AMP'-.  X = S for AMPS'-. 

deprotonation of the H'(N1) site of the adcnine residue of 
HJAMPS)', whereas the second deprotonation step, with a 
pK,, of 4.83, has largely to be attributed, in agreement with 
earlier work,[*. 91 to the deprotonation of the monoprotonated 
thiophosphate group. The two values given in the literature for 
this deprotonation step were determined by NMR shift mea- 
surements in aqueous solution containing 20 ?4 D,O: pk, = 5.3 
(18 "C; I undefined)[*] and pk, = 4.9 (30 "C; I undefined).['I 
Considering that this N M R  method actually measures micro 
acidity constants, k ,  and that the experimental conditions differ, 
these two values are in fair agreement with the present macro- 
constant, p ~ ~ , ~ , , , ,  = 4.83. 

It is interesting to note that replacement of one of the oxygens 
of the phosphate group of AMP by a sulfur atom reduces its 
basicity by approximately 1.4 log units. This observation is in 
agreement with the conclusion of Jaffe and CohniS1 that the pK, 
values of thiophosphates ". . . are at least 1 pH unit below the 
pK,, of the parent compounds". 

2.2. Micro acidity constants scheme for H,(AMPS)': The 
macro acidity constants for H,(AMPS)' listed in Table 1 are 
separated only by about 1.1 log units; this means that equi- 
libria (1 a) and (2a) actually overlap somewhat. To be able to 
quantify correctly the intrinsic basicities (or acidities) of the 
proton-binding sites, we calculated the necessary microcon- 
stants. This evaluation (Figure 2) was carried out in analogy to 
a similar problem discussed previously in ref. [17a]. 

(AMl3.H)- + H+ 

pk H-AMPSH \ 
= 3.84 f 0.02 = 4.71 k 0.04 

H \\ / 
\ = (3.72 f 0.03) + (4.83 i: 0.02) 1 

pKE,(AMl'S) + PKH(AMPS) 
(H.AMFS.H)* - (AMPS)" + 2H+ 

H.AMp\ = 8.55 i: 0.04 / 
= 4.34 * 0.14 

pk H.AMPS.H 

= 4.21 + 0.15 

(H.AMPS)-+ H+ 

Figure 2. Equilibrium scheme defining the micro acidity constants ( k )  and showing 
their interrelation with the macro acidity constants ( K )  and the connection between 
(AE\/IPS.H)- and (H.AMPS)  and the other species present. In (AMPS.kl)-  thc 
proton is bound to  the thiophosphate group. and in (H.AMPS)- i t  is at N 1 of the 
adciiinc residue (Figure 1); (H.AMPS.H)".  also often written as H,(AMPS)'. 
carries a proton :it N 1 and another at the thiophosphate group. The arrows indicate 
the direction for which the acidity constants are defined. Usc of the value measured 
for H,(AMP)'. pKix,,,M,, = 3.84k0.02 (see Table l) ,  for the microconstant 
p k $ ~ ~ s p ~ , I  permits calculation of the other microconstants from Equations (3  a).  
(3 b). and (3c). The error limits of the  various constants were cdlcuiated according 
to the error propagation after Gauss; the limits correspond to three times the 
standard error (see Table I ) .  For further details see Section 2.2. 
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Figure 2 summarizes the equilibrium scheme for H,- 
(AMPS)' defining the microconstants ( k )  and giving their inter- 
relation with the macro acidity constants (K). There are three 
independent equations, (3a), (3 b), and (3c) (Figure 2), but four 
unknown microconstants.[' 7a, 2s] However, by assuming that 
the monoprotonated thiophosphate and phosphate groups of 
H,(AMPS)' and H,(AMP)', respectively, have the same effect 
on the deprotonation of the H'(N1) site of the adenine 
residue, one may conclude that pkizE;FH = pE2(AMPS) = 

3.84 0.02.['7a1 Consequently, the other three microconstants 
can now be calculated. The corresponding results are given on 
the arrows in Figure 2. 

These microconstants now permit the estimation of the 
ratio R of the monoprotonated species (H.AMPS)- and 
(AMPS.H)- (Figure 2), which carry the proton at N 1 or at the 
thiophosphate group, respectively [Eq. (4)]. The values for the 

(4) 

ratio given in parenthesis are the upper and lower limits, respec- 
tively, calculated from the error propagation. Overall it is evi- 
dent that the species (AMPS.H)- is dominant at about 75% 
occurrence, while (H.AMPS)- forms only a t  about 25%. Cer- 
tainly, this result is an estimate, but still it proves i) that both 
tautomeric forms of H(AMPS)- occur simultaneously in appre- 
ciable amounts and ii) that the (AMPS.H)- species dominates 
and therefore largely determines pKz(A,,,,, as already indicated 
in Section 2.1. 

2.3. Some considerations on the acid-base properties of the thio- 
phosphate group: That one proton in H,(AMPS)' is bound at 
the N 1 site of the adenine residue and the other at the thiophos- 
phate group follows clearly from the acidity constants listed in 
Table 1 .  However, while protonation of the adenine residue at 
N 1 is unequivocal, the site of protonation at the thiophosphate 
group is less clear (see also Section 2.4). Considering that the 
phosphorus in a phosphate monoester has a tetrahedral struc- 
ture,[261 the three terminal oxygens in the phosphate residue 
(Figure 3) have identical properties; that is, each of them in the 

dianion carries two thirds of a charge 
unit. If one of these three oxygens is re- 
placed by a sulfur atom, assuming that 
a proton does not bind at  all to the sul- 
fur atom one might expect a decrease of 

Figure3, Tetrahedra, the pK, value by 0.18 pK units (because 
structure of phorphate in ROP0:- the proton finds three possi- 
residue bilities to bind, and in ROP0,S2-, un- 

der the assumption made, only two). On 
the other hand one might argue that owing to the lower elec- 
tronegativity of sulfur compared with oxygen, the charge densi- 
ty at the remaining two terminal oxygens increases. If this were 
the case then the basicity, that is, the affinity for protons, of 
these two oxygens should increase. Consequently, considering 
that these two aspects operate in opposite directions, one might 
expect that the value for PK~( , , ,~ ,  would be about the same as 
for PK&,~) or, if the second of the two effects is somewhat 

2- 

R ,,,px;o 71 

larger, a higher basicity for AMPS2- might even be expected. 
However, exactly the opposite IS observed; the acidity of the 
monoprotonated thiophosphate group in (AMPS. H)- is lower 
than that of the monoprotonated phosphate residue in 
H(AMP)- by about 1.5 pKa units [expression (S)]. Indeed, this 

ApK, = pK,HO,,, - p k f i ~ ~ ~ . k ,  = (6.21 fO.01) -(4.71 k0.04) 
( 5 )  

= 1 S O  f 0.04 

ApK, value agrees well with observations made by Jaffe and 
Cohn['I in water containing 20% D,O, who found pK, = 6.7 
for H,PO, andpK, = 5.4 for H,PO,S- (ApK, = 1.3), as well as 
with the results of Makitie and KonttinenLZ7] for the same two 
acids in aqueous solution at  I = 0.1 M (KC1) and 25 T, namely 
pKfzp0, = 6.76 and pKf2po,s = 5.38, and hence ApK, = 1.38. 

Why is ROPOS- more basic than ROP0,S2 ? Is it because 
the proton is partially sulfur-bound to the latter species, or is it 
because the proton in ROP0,H is chelated by hydrogen bonds 
in a six-membered ring including a water molecule to one of the 
other two (negatively charged) terminal oxygens and that this 
inhibits the release of the proton? Clearly, replacement of one of 
the two oxygens by a sulfur would destabilize such a hydrogen- 
bonded chelate and thus facilitate the release of the proton from 
a -OP(O,S)H- group. Frey and Samiiions[281 explaincd the ob- 
servations described-the relative strengths of analogous sulfur 
and oxyacids-quite generally, with the assumption that "in 
aqueous solution a negative charge localized on sulfur is less 
unstable than one localized on oxygen . . . because the larger size 
and polarizability of sulfur relative to oxygen . . . (allow) the 
charge density in a thiolate anion to be less than that in an 
oxyanion". 

2.4. Where is the proton in (AMPS.H)- located? Regarding this 
question, the review by Frey and Sammons[281 summarizing the 
experimental evidence concerning the bond order and charge 
localization in nucleoside phosphorothioate anions, as well as of 
some related work,["] is helpful. For AMPS2- it was concluded 
that the P-S bond is a single bond with a negative charge 
localized on sulfur and that the two terminal P- -0  bonds ap- 
proach bond orders of 1.5, so each oxygen carries half a charge 
unit,~2s. 2 9 4  

That the negative charge density is high on the sulfur atom 
was also concluded for thiophosphate by Katchalski et al. from 
changes in the absorption spectrum; these authors considered 
tautomeric equilibria but made no final suggcstioii regarding 
the location of the proton.[301 I t  is thus interesting that Hidaka 
et al. concluded that two P0,S3- ions coordinate to [trans-Co- 
(En)J3' through the S atoms.[311 On the other hand, Frey and 
Sammons[281 placed the proton in HP0,S2- at an oxygen in 
accord with the infrared and Raman spectroscopic studies of 
Steger and Martin,1321 whose P-S stretching of 
HP0,S2- and Pols3- are consistent with single bonds,'zyh1 
and who found no sign of an S-H group in HP0,S2- . [28.321 

With the above-mentioned situation in mind, semiempirical 
calculations were carried out for thioacetic acid and monopro- 
tonated methylthiophosphate, which is the most simple model 
for (AMPS.H)- (Figure 1). We included thioacetic acid 
(pK, = 3.33)[331 in the calculations because i) practically the 
same ApK, value (1.42) is observed compared with acetic acid 
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( p K ,  = 4.75)',,] as given in Section 2.3 for the phosphoric/thio- 
phosphoric acids and also because ii) it has been unequivocally 
shown by Raman and infrared spectroscopy[341 that the right- 
hand side of the tautomeric equilibrium CH,C(S)OHe CH,- 
C(0)SH is heavily favored at room temperature, that is, "the 
acid is substantially completely in thc thiol rather than the 
thione form";[34b1 this also applies to related acids[351 like 
monothioforniic acid.r35"' Indeed, calculations based on the 
PM3 method of Stewart,r361 including water as  a solvent by 
applying the SM 3 procedure of Cranier and T r ~ h l a r , ' ~ ' ~  yielded 
a reaction enthalpy at standard conditions of -32 kJmol-I 
for the tautomeric equilibrium CH,C(S)OH + CH,C(O)SH. 
A corresponding result of - 20 kJ mol- ' was obtained with the 
AM 1 calculation technique of Dewar et al.[381 considering the 
presence of water with the SM 2 It is satisfying to see 
that both semiempirical calculation procedures, despite the dif- 
ference in the actual values, frtvor the CH,C(O)SH tautomer at  
25 'C, in accord with the experimental observations described. 
This gives one the confidence to apply the same two calculation 
techniques to the tautomeric equilibrium CH,OP(S)(O)- 
OH + CH,OP(O),SH- ; the results are 38['"3 371 and 
53 kJmol- ' , [38~3yJ meaning that the proton is now preferably 
oxygen-bound, which is in agreement with the suggestion of 
Frey and Sammons for HP0,S2- and H,P0,S-.[281 

'To conclude, the reliability of such semiempirical calculations 
should not be overestimated, but they appear to indicate the 
correct trend. In other words, they confirm the experimental 
observation that CH,C(O)SH is quite stable and consequently 
thcy suggest also that CH,OP(O),SH- is the less stable tau- 
tomer, meaning that at 25 "C CH,OP(S)(O)OH- either strongly 
dominates or at least exists to a large fraction in the 
CH,OP(S)(O)OH- e CH,OP(O),SH- equilibrium. Hence, it 
appears that in (AMPS.H)-- the proton is mainly oxygen- 
bound, although it is still possible that a minor fraction of the 
sulfur-bound tautoiner also occurs. 

3. Conclusions 

From an acid-base point of view AMPS is clearly a more com- 
plicated molccule than its parent nucleotide AMP. The two pK, 
values for H,(AMP)' are separated by about 2.4 pK, units (sce 
Table 1 ) ;  this means that practically all protons have left the N 1 
site (compare with pKi(,,,, = 3.61 before deprotonation at 
the still monoprotonated phosphate group (compare with 
pK&ihMp, = 6.24[241) proceeds (see Figure 4, upper part). This is 
very different for H,(AMPS)' ; here the two deprotonation re- 
actions overlap, and consequently a t  about pH 4.28, where the 
H(AMPS) species reaches its maximum concentration (see the 
lower part of Figure 4), approximately 25% of the protons are 
at the N 1 site and 75% at  the thiophosphate group;[4o1 in the 
latter the protons appear to be mainly on oxygen atoms (as 
discussed in Section 2.4). 

As for H,(ATPyS)' (a thio analogue of ATP, which is also 
widely employed as a probe in biological studies, e.g., 
refs. [5a,6a,18a,18e,41]), a similar rigorous evaluation of its 
acid-base properties still needs to be made. Based on the avail- 
able acidity constants for H,(AMP)' (Table 1 )  and H,(ATP)'- 
(cf. ref. [42]) and the differences observed between H,(AMP)' 

c 
c 0 

7z 
51 
A 
s 

3 4  5 6  7 8  
PH 

Figure 4. Efl'ect ol pH on thc concentration of the species present in a diluted 
;iqui.onssolutioiiofAMP(top)orAMPS(hottom)at25 ' C ; I  = 0.1 h f .NaN0, .  The 
result5 are plotted as the percentage of the total AMP or AMPS present. The 
Calculations are based on thc acidlty constants listed in Table 1 .  

and H,(AMPS)* (see Table 1) one may estimate values for 

I = 0.1 M); the estimated error limits are k 0 . 1  pK unit. The 
estimated pK&TP.tS) value for H(ATP;JS)~- is lower by 
ApKa = 1.4 than that measured for H(ATP),- ( p K ~ ~ A T p ,  = 

6.47);[421 this difference is identical with the one obtained by 
Jaffe and Cohn"] in their 31P NMR shift experiments for the 
same species. It  is evident that in this case also some overlap in 
the pH ranges of the two deprotonation reactions occurs, a 
situation which could be analyzed analogously to the treatment 
presented here for H,(AMPS)'. 

H2(ATP1;S)'- : P ~ ~ 2 ( A r p , s ,  = 3.88 and pK&Tp;,s) = 5.09 (25 " C ;  

4. Experimental Section 

4.1. Materials: Two different lots of the dilithium salt of AMPS2- were 
obtained from Sigma, St. Louis, MO. and a further samplc of the dilithium 
salt came from Scrva Feinbiochemica, Heidelbcrg (Germany). Throughout 
the studies n o  differences between the three samples could be detected. The 
curve fits carried out in connection with the determination of the pKa values 
of H,(AMPS)+ proved the absence of any impurity with acid-base proper- 
ties. In fact, the very high purity of the commercial AMPS was confirmed by 
ii rel'eree, who rui a "P NMR spectrum of a sample from Sigma: we are most 
grateful to the referee for this action. The aqueous stock solution of AMPS'- 
was freshly prepared daily, and the pH wa:, adjusted to about 7.5. 
Potassium hydrogenphthalate, HNO,. NaOH (Titrisol), and sodium nitrate 
(all pro analysi) were from Merck, Darmstadt (Germany). All solutions were 
prepared with bidistilled C0,-free water. The titer of the NaOH used for the 
titrations was established with potassium hydrogenphthalatc. 

4.2. Potentiometric pH titrations: The pII titrations were carried out with a 
Metrohm E 536 potentiograph, E655 dosimat, and 6.0202.100 (JC) combined 
single-junction macro glass electrodes or separated electrodes (a 6.0133.100 
Metrohm pH measuring electrode with a 6.0726.100 Ag:AgCI refcrcncc elcc- 
trode). The buffer solutions (pH 4.64, 7.00.9 00: based on the NBS scale. now 
U. S .  National Institute of Standards and Technology (NIST)) used for cah- 
bration were also from Mctrohm AG. Herisau (Switzerland). Direct pH-me- 
ter readings were used in the calculations of' the acidity constants; these 
constants are so-called practical. mixed. o r  Rrcrnsted constants [23a]. Their 
negative logarithms given for aqueous solutions at I = 0.1 M (NaNO,) and 
25-(3 may be converted into the corresponding concentration constants by 
subtracting 0.02 from the listed pK, values [23a]: this conversion term con- 
tains both the junction potcntial of the glass electrode and the hydrogen-ion 
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activity [23,43]. It should be emphasized that the ionic product of water (K,) 
and thc conversion term mentioned do not enter into the calculations bccause 
the differences in NaOH consumption between pairs of solutions, i.e. with 
and without ligand [23], were used in the evaluations (see also below). 

At the beginning our potentiometric pH titrations were seriously hampered 
by the use of the above-mentioned combined glass clcctrodes: as soon as the 
ligand AMPS was added to the tltration vessel. “poisoning” of the electrode 
could be observed; this means that during the titration the plotted p H  vs. 
volume of Na0I-I curve became unsteady (in this connection see also 
ref. [44]). The problem increased every time a solution containing the ligand 
was titrated. An improvement in thc titration curves of the solutions with the 
ligand could be achieved firstly by rigorous exclusion of dioxygen from the 
titration vessel right from thc beginning and addition of the neccxary HNO, 
only shortly before starting the titration, and secondly by washing the elec- 
trode after each ligand titration for 45 s in 50mM HNO,, flushing it with 
water, and then leaving it for 10 min in 3~ KCI solution to rccover. Finally 
we found that the problem could be avoided and that excellent titration 
curves could be obtained with the two separated electrodes mentioned. a 
pH-measuring electrode in combination with a reference electrode. but still 
carrying out the treatments described above. The results listed in Section 2 are 
the averages obtained from all experiments. 

4.3. Determination of the acidity constants of H,(AMPS)’: Thc acidity con- 
stants g,,,4Mps, and K&MPS) of H,(AMPS)’ were determined by titrating 
50 mL of aqueous 0 . 5 6 m ~  HNO, and NaNO, ( I =  0.1 M; 25 ’C) in the 
presence and absence of 0 . 2 3 m ~  AMPSZ- under N, with 1 mL of 0 . 0 3 ~  
NaOH, and by means of the difference in NaOH consumption between two 
such titrations for the calculations 

The acidity constants were calculated with an  IBM-compatible PC (with an 
80486 processor) connected to a Hewlett-Packard 7475 A plotter and a Broth- 
er M1509 printer, with a curve-fit procedure that used a Newton-Gauss 
nonlinear least-squares program within the pH range of about 3.7 to 7, which 
corresponds to a neutralization degree of about 50% for the equilibrium 
H,(AMPS)’/H(AMPS)- and to  one of more than 99% for the equilibrium 
H(AMPS) ~ /AMPS2 - .  The results given in Table 1 are the averages of 27 and 
34 independent pairs of titrations for pF&MPS, and pGoMps,, respectively. 
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