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Abstract

A general method for formulating complex thermodynamic systems in terms of hierarchical interactions has been
developed, and has been applied in a previous analysis to hemoglobin oxygen binding data. Polyprotic acids can be
considered a simple chemical model of thermodynamic interaction between ligand binding events. To further
illustrate the hierarchical interaction approach it is applied to the analysis of the thermodynamic interactions
between proton binding events in inorganic polyprotic acids. pK values for arsenate, carbonate, chromate,
phosphate, phosphite, selenite, sulfide and sulfite were recast into hierarchical interaction terms. The intrinsic Kd,h

y13 Ž . y6 Ž .for protonation ranged from 8.8=10 M for phosphate to 1.3=10 M for chromate. Pairwise interactions
Ž . 4 5K between protonation events ranged from 1.3=10 for phosphite to 9.4=10 for carbonate. Third orderd,h h

Ž .interactions K were 0.91 and 0.51 for arsenate and phosphate, respectively, values relatively close to the nod,h h h
interaction value of 1. A principle feature of systems described by hierarchical interactions is that higher order
interactions, representing more complex interactions, are less likely to be significant than lower order interactions,
and this is further illustrated by these observations from polyprotic acids. The set of significant hierarchical
interaction values can be used to predict values for as yet unobserved events, and projected pK values are made for
all the polyprotic acids included in this study. Finally, application of this method to the protonation equilibria of

Ž 17.water demonstrates a profound pairwise interaction between protonation events K s1.3=10 , which isd,h h
attributed to oxygen’s small size and lack of polarizability. Q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The inherent complexity of thermodynamic sys-
tems containing multiple interacting events has
posed an impediment to the complete analysis of
such systems since the advent of modern thermo-
dynamic theory. An approach to such systems has
been developed which explicitly treats the full
potential complexity of a complex system as a
hierarchy of interactions. The concept of hierar-
chical interactions is an extension of the well

w xknown concept of pairwise interactions 1]3 as
illustrated in Scheme 1. This concept introduces a
term, ab, describing the pairwise interaction
between two events. The fact that the DGo values
describing the assembly of the different com-

Ž .plexes is a function of state path independent
requires that the term ab occur on both pathways
leading to the PAB complex in Scheme 1B. The
concept of pairwise interaction cannot be used to
treat the full potential complexity of systems with
more than two interacting events. In order to

Scheme 1. Alternative ways for formulating the PAB system
w x Ž . o4 . a Uppercase letters are used to denote DG values of

Ž .assembly. b Lowercase italicized letters are used to denote
hierarchical interaction DGo values. The free ligands A and B
are not explicitly indicated in this scheme.

extend this concept to the general case of N
interacting ligands it is necessary to introduce the
concept of higher than second order interactions
w x4,5 . The hallmark of this method is to take a
system described by N DGo values of assembly
and to recast them into N DGo values describing
the hierarchy of potential interactions in the sys-
tem.

An example of a three ligand binding protein
formulated using this method is shown in Scheme

w x2 4 . The term abc is a third order interaction
and represents the mutual interaction between
the three ligands A, B and C. The term abc can
be viewed equivalently as the effect of A binding
on how B and C interact, the effect of B binding
on how A and C interact, and the effect of C

Ž .binding on how A and B interact Scheme 3 . The
abc term is hierarchically analogous to the ab
term used in Scheme 1, since ab represents
equivalently the effect of A binding on B binding,
and vice versa. Also note that the system shown
in Scheme 2 has seven complexes, and, therefore,
requires seven DGo values to describe its full
potential complexity, a requirement which is sat-
isfied using both DGo values of assembly and
hierarchical interaction DGo values. There is a
one-to-one transformation between DGo values
of assembly and hierarchical interaction DGo val-
ues as illustrated in the bottom of Scheme 2 for
the PABC system.

Casting a complex state system in terms of
hierarchical interactions has significant concep-
tual, theoretical, and statistical advantages over
alternative methods for formulating such systems.
These advantages arise from the fact that higher
order terms reflect increasingly complex interac-
tions between successive events, and may or may
not be physically significant. For example, the abc

Ž .term Scheme 2 represents the mutual interac-
tion between the binding of A, B, and C. For the

Ž .abc term to exist physically requires: 1 that the
three second order interactions which it modu-

Ž . Ž .lates ab, ac, and bc to exist physically, and 2
for the actual abc interaction to exist physically.
If, for example, no interaction can occur between

ŽA and B, then both ab the interaction between
. ŽA and B and abc the effect of C on the interac-

.tion between A and B will be equal to zero.
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Ž . o Ž .Scheme 2. Formulation of PABC system seven complexes in terms of seven DG values of assembly top left and in terms of
o Ž .seven hierarchical interaction formulated DG values top right , and the algebraic definitions for the relationships between the

Ž .parameters defining the two formulations below illustrating the one-to-one nature of this reformulation. Described in detail in
w xGutheil and McKenna 4 .

Rules have been developed for reformulating
complex systems in terms of hierarchical interac-

w xtions 4,5 . The algebraically defined equilibrium

Scheme 3. The PABC system from Scheme 2 redrawn to
emphasize effect of saturation with C on the observed interac-

w xtion between A and B 4 . Note that the interaction between A
Ž .and B with C bound on the right abqabc differs from the

Ž .interaction between A and B on the left ab by the amount
abc. Physically, abc represents the effect of A binding on the
interaction between B and C, and the effect of B binding on
the interaction between A and C, and the effect of C binding

Ž .on the interaction between A and B as illustrated here .

constant equivalents to hierarchical interaction
reformulated DGo values can be used to alge-
braically analyze complex systems, which allow
theoretical questions concerning the behavior of
such systems to be appropriately framed and
solved, as demonstrated by the theoretical analy-
sis of cooperativity in a hypothetical dimeric pro-

w xtein 6 , and the derivation of the mathematical
relationships between monomer and multimer

w xmodels of protein ligand binding isotherms 5 .
Hierarchical interaction terms can also be used as
stepwise regressors in the statistical analysis of
data, as demonstrated by the analysis of hemo-

w xglobin oxygen binding data 7 . In this application
higher order terms are incrementally included in
the fitting of data, and the significance of the
higher order terms determined by appropriate
statistical tests. This analysis demonstrated that
pairwise interactions were both necessary and
sufficient to account for the oxygen binding
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properties of hemoglobin. The conceptual ap-
proach of hierarchical reformulation can be ap-
plied to any state parameter, as demonstrated by
the use of hierarchically reformulated extinction
coefficients for the analysis of spectroscopically

w xmonitored hemoglobin oxygen binding data 7 .
Interactions between proton binding events in

organic polyprotic acids have been used to study
electrostatic, dipolar and conformational effects

w xbetween protons in such simple systems 8,9 .
More recently these same systems have received
attention as model systems for site specific ther-
modynamic interactions in more complex systems
such as interactions between thermodynamic
events in proteins, where site specific refers to
knowledge of the behavior of a specific site when

w xstudied in the context of other sites 10 . These
analyses have generally treated interactions as
pairwise interactions, however, the possibility for
more complex behavior, as revealed by third and
higher order interactions, exists for polyprotic
acids as it does for protein binding events. The
application of the concept of hierarchical interac-
tions to the analysis of the site specific thermody-
namic properties of chemically simple polyprotic
acids would further demonstrate this concept and
its utility in analyzing interactions in ‘complex’
systems. This method is, therefore, used here to
analyze the interactions between successive pro-
tonation events which occur in inorganic polypro-
tic acids.

2. Materials and methods

2.1. pK ¨alues

Ž .pK dissociation values for arsenate, carbo-d
nate, chromate, phosphate, phosphite, pyrophos-
phate, selenite, sulfide and sulfite were obtained
from the CRC Handbook of Chemistry and Physics
w x11 . The apparent second pK for carbonate ofd
6.40 is composed of contributions from the
H CO ¡H OqCO equilibrium and the true2 3 2 2

q 3y w xpK for H CO ¡H qHCO of 3.80 12 . Thed 2 3
true pK of 3.80 is used here.d

2.2. Con¨ersion to hierarchical interaction terms

Systematic rules for formulating complex sys-
tems in terms of hierarchical interactions have

w xbeen developed 4,5 , and will be summarized
here for the present analysis. For multiple identi-
cal binding sites a statistical correction factor
Ž .SCF is used to relate the macroscopically appar-
ent behavior of the system to the microscopic
properties of the individual interactions. For ex-
ample, for a polyvalent anion such as phosphate
there are four equivalent oxygens any one of
which can associate with a proton to yield the
singly protonated intermediate. If one oxygen has
an intrinsic association equilibrium constant of K i
for binding a proton,

w x;OHq y Ž .H q;O ¡;OH K s 1q yi w x w xH ;O

then for four such oxygens on PO3y an apparent4
macroscopic association constant of 4K would bei
observed

w xHPO4q 3yH qPO ¡HPO K s s4Kq4 4 m iw x w xH PO4

Ž .2

This relationship is well known and easily de-
w xmonstrated algebraically 13 . When working with

o Ž .DG values SCFs show up as yRT ln SCF terms,
i.e.

o Ž . Ž .DG syRT ln K syRT ln 4Km m i

Ž . Ž .syRT ln K yRT ln 4i

o Ž . Ž .sDG yRT ln 4 3i

SCFs can be considered the entropic effect of
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multiple binding sites. When defining a system it
is our convention to always use intrinsic constants
and SCFs. The SCF for a step can easily be
determined as the number of ways forward di-
vided by the number of ways back. For example
for phosphate with four oxygens to which a pro-
ton can bind we would have

SCFs4r1 SCFs3r2
3y q 2y q 1yPO qH › HPO qH › H PO4 4 2 4‹ ‹

SCFs2r3 SCFs1r4
q q 1qqH › H PO qH › H PO3 4 4 4‹ ‹ž /

Ž .4

For the first step there are four ways forward
and one way back. For the second step there are
three ways forward and two ways back, etc. The
final step is shown in parentheses since, to our
knowledge, a fourth protonation for phosphate
has not been observed but appears possible under
sufficiently acidic conditions.

The second aspect of reformulating a complex
system is the concept of hierarchical interactions
w x4 . The reformulation rule is that the association
of the new ligand at a particular step is repre-

Ž .sented by a term equal to the primary first order
term plus combinations of the new ligand with
already bound ligands, first one at a time, then
two at a time, etc., up to all the already bound
ligands, and finally minus the statistical correction

w Ž .xterm yRT ln SCF for the step. To reformulate
the thermodynamic model for example for phos-

Ž .phate Table 1B , the first protonation has a
o Ž o. Žmacroscopic DG DG of h the base term1

describing the intrinsic affinity of one of the oxy-
. Žgens for a proton yRT ln4 the SCF term for

.multiple oxygens . The second protonation step
Ž o.DG is equal to the base term h, plus a term hh2

Ž .describing the possible pairwise second order
interaction between the first and second proton
binding event, minus the SCF term, yRT ln3r2.

Ž o.The third protonation step DG is described by3
the base term h plus possible pairwise interac-
tions with each of the already bound protons 2hh,
plus a third order interaction term of the in-

coming proton with the two already bound pro-
tons hhh, and finally minus the SCF term for the
step, yRT ln2r3. A fourth protonation step
Ž o.DG is possible on the remaining free oxygen4
Ž .not previously observed to my knowledge which
is described by the base term h plus pairwise
interactions with each of the already bound pro-
tons 3hh, plus three third order interactions 3hhh
Žthere are three ways of grouping the incoming
proton with any two of the three already bound

.protons , plus a fourth order interaction term
hhhh, minus the SCF term for the step,
yRT ln1r4. This yields the model shown in Table
1B which is defined both in terms of hierarchical

Ž o .interaction free energies DG values and corre-
sponding hierarchical interaction K values.

2.3. Calculation of hierarchical interaction parameter
¨alues from pK ¨alues for phosphated

The hierarchically reformulated model for
phosphate is shown in Table 1B, the unreformu-

Ž .lated stepwise parameters describing the proto-
nation of phosphate are summarized in Table 1C,
and the calculations required to convert the unre-
formulated parameters into a corresponding set
of hierarchically reformulated constants are sum-
marized in Table 1D.

2.4. Calculation of the projected pK ¨alue for the
fourth protonation of phosphate

Phosphate has four equivalent oxygen atoms,
and it appears possible for a fourth protonation

q w Ž .qxto occur to yield the cation H PO P OH . As4 4 4
discussed above, an important feature of hierar-
chically reformulated parameters is that higher
order terms are less likely to be physically andror
statistically significant than lower order terms.
This is illustrated for phosphate where the third
order dissociation interaction equilibrium con-
stant has a value of K s0.51, which is nearlyd,hhh

Ž . Žequal to its null no interaction value of 1 corre-
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Table 1

aConversion of K values for phosphate protonations into hierarchical interactionsd

Ž .A Constants
Ts258C
Rs8.314 Jrmol K
RTs2.479 kJrmol

Ž .B Hierarchically reformulated model
hq2hhqhhh hq3hhq3hhh

hyRT ln4 hqhhyRT ln3r2 yRT ln2r3 qhhhhyRT ln1r43y 2y y qPO )HPO ) H PO ) H PO )H PO4 4 2 4 3 4 4 41 2 3 4
Ž .C Unreformulated parameters

Ž .K M 2.20Ey13 6.23Ey08 7.52Ey03 ?d
y1Ž .K M s1rK 4.55Eq12 1.61Eq07 1.33Eq02 ?a d

Ž .pK sylog K 12.66 7.21 2.12 ?d d
o Ž .DG syRT ln K y72.25 y41.13 y12.12 ?a

Ž .D Calculation of hierarchical parameter ¨alues
o

DG shyRT ln4 sy72.251
b oh sDG qRT ln4 sy72.25q3.44 sy68.811

c y1Ž . Ž .K sexp yhrRT s1.14E12 Ma,h
d Ž .K s1rK s8.80Ey13 Md,h a,h

Ž .pK sylog K s12.06d,h d,h

o
DG shqhhyRT ln3r2 sy41.132

ohh sDG yhqRT ln3r2 sy41.13q68.81q1.01 s28.692
Ž . Ž .K sexp yhhrRT s9.42Ey6 unitlessa,h h

Ž .K s1rK s10600 unitlessd,h h a,h h
Ž .pK sylog K sy5.03d,h h d,h h

DGo shq2hhqhhhyRT ln2r3 sy12.123
o Ž .hhh sDG yhy2hhqRT ln2r3 sy12.12q68.81y2 28.69 y1.01 sy1.693
Ž . Ž .K sexp yhhhrRT s1.98 unitlessa,h h h

Ž .K s1rK s0.51 unitlessd,h h h a,h h h
Ž .pK sylog K s0.30d,h h h d,h h h

E. Calculation of projected ¨alue for pKd4
Ž .if hhhh s0 K s1h h h h

o Ž . Ž .DG shq3hhq3hhhqhhhh y RT ln1r4 sy68.81q3 28.69 y3 1.69 q0q3.44 s15.614
o y1Ž . Ž .K sexp yDG rRT s1.84Ey3 Ma4 4

Ž .K s1rK s543 Md4 a4
Ž .pK sylog K sy2.74d4 d4

a o Ž o .All DG values including hierarchical interaction DG values given in units of kJrmol. Thermodynamic equilibrium constants are formally unitless. However,
w xpractical units do exist for equilibrium constants expressions 15 and are given in this Table in parentheses.

bReformulated DGo values are denoted with lowercase italicized letters.
c Reformulated equilibrium association constant.
dReformulated equilibrium dissociation constant.
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o .sponding to a DG of 0 , especially when com-
pared with the second order interaction term
value of K s1.06=105. It is expected that thed,hh

Ž .fourth order interaction term hhhh will have a
value even closer to its null value. Based on this
premise it is possible to project a best estimate
value for the pK of the fourth protonation event.d
This calculation is summarized in Table 1E.

2.5. Hierarchically reformulated parameter ¨alues
for other polyprotic acids, and projected pK ¨alues

The values for the reformulated parameters for
the series of polyprotic acids listed in Table 2
were calculated from known pK values analo-
gously as shown in Table 1 for phosphate, and are
summarized in Table 2. Projected pK values are
also summarized in Table 2.

2.6. Hierarchically reformulated model for the protic
equilibria of water

Two pK values are known for water, a pK ofd d
y1.74 for protonation of water and a pK ofd

w x15.74 for protonation of the hydroxide ion 14 . In
contrast to the other polyprotic acids treated
above, the value for the basic interaction for
O2yqHq, defining the base term h for this sys-
tem, is not known independently. The method of
hierarchical reformulation can be applied to situ-
ations of this type and this analysis is summarized
in Table 3. In this analysis collections of hierar-
chically reformulated parameters are simply
treated in the same way as individual parameters
Ž . Ž .cf. Scheme 3 , for example the term hqhh , a
combination of a first and second order term, can
be considered as the apparent first order term
Ž app. y qh for the observable HO ¡H O¡H O2 3

Ž .equilibria. In this case hhqhhh appears as the
Ž app.apparent second order term hh in this sys-

Ž .tem, and hhhqhhhh appears as the apparent
Ž app.third order interaction term hhh . For exam-

ple the term for the fourth protonation step in
Ž . ŽTable 3 can be rewritten as hqhh q2 hhq

. Ž .hhh q hhhqhhhh yRT ln4 corresponding to
happ q2hhapp qhhhapp yRT ln4. Values for the

Ž . Ž .aggregate terms hqhh and hhqhhh can
therefore be derived from the known second and

third pK values for water as shown in Table 3D.d
Best estimates for values of individual constants
can be obtained if the third order term hhh is set
equal to zero. This allows the projected values for

Ž .hh, and then for h, to be derived Table 3E .
Finally, if hhhs0 then the projected value for h
provides an estimate for pK for water, and ifd1
hhhs0 and hhhhs0, then a value for pK cand4

Ž .also be estimated Table 3F .

3. Results and discussion

The results of the application of the method of
hierarchical reformulation to the analysis of in-
teractions in inorganic polyprotic acid equilibria
are summarized in Table 2. Of the two acids with
three available pK values, arsenate and phos-d
phate, both clearly demonstrate small third order
interactions. This observation demonstrates that
pairwise interactions between protons dominate
the observed equilibria. That third order interac-

Ž .tions hhh are relatively insignificant demon-
strates that one proton does not greatly influence
how any two other protons interact. This result is
expected for a rigid molecular system dominated
by electrostatic interactions between protons. The
polyprotic acids listed in Table 2 demonstrate a

Ž .range of pairwise hh interaction values between
subsequent protonations, with values for pKd,hh
ranging from y4 to y6. Most of the acids listed
in Table 2 are oxy-acids, and among these there is
a rough correlation between the size of the cen-
tral atom and the magnitude of the interaction,
with carbonate being the smallest and showing
the highest interaction in the series. However, it
appears other factors are at work than simply
distance since sulfide, where the incoming pro-
tons are expected to be in relatively close prox-
imity to one another, shows substantially less
interaction than for sulfite, where the incoming
protons are further apart due to the intervening

Ž .oxygens. The nature polarizability of the ligating
Ž .atom i.e. oxygen or sulfur therefore plays an

important role in determining the magnitude of
interaction. These effects are dramatically illus-
trated by the profound interaction between sub-
sequent oxygen binding events observed for water
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Table 2
aSummary of results for polyprotic acids

Ž .Arsenate ns4
pK s11.40 hsy60.20 K s1.58Ey11 pK s10.80d1 d,h d,h
pK s6.77 hhs23.45 K s1.61E4 pK sy4.21d2 d,h h d,h h
pK s2.25 hhhsy0.23 K s0.91 pK s0.04d3 d,h h h d,h h h
Projected: pK sy2.30d4

Ž .Carbonate ns3
pK s10.25 hsy55.79 K s1.68Ey10 pK s9.77d1 d,h d,h
pK s3.80 hhs34.10 K s9.42E5 pK sy5.97d2 d,h h d,h h
Projected: pK sy2.65d3

Ž .Chromate ns4
pK s6.49 hsy33.63 K s1.28Ey6 pK s5.89d1 d,h d,h
pK s0.74 hhs30.39 K s2.11E5 pK sy5.32d2 d,h h d,h h
Projected: pK sy4.93, pK sy10.68d3 d4

Ž .Phosphate ns4
pK s12.66 hsy68.81 K s8.80Ey13 pK s12.06d1 d,h d,h
pK s7.21 hhs28.69 K s1.06E5 pK sy5.03d2 d,h h d,h h
pK s2.12 hhhsy1.69 K s0.51 pK s0.30d3 d,h h h d,h h h
Projected: pK sy2.74d4

Ž .Phosphite ns3
pK s6.58 hsy34.04 K s7.70Ey7 pK s6.10d1 d,h d,h
pK s2.00 hhs22.90 K s1.28E4 pK sy4.11d2 d,h h d,h h
Projected: pK sy2.59d3

Ž .Selenite ns3
pK s7.30 hsy38.03 K s1.50Ey7 pK s6.82d1 d,h d,h
pK s1.46 hhs29.92 K s2.33E5 pK sy5.37d2 d,h h d,h h
Projected: pK sy4.39d3

Ž .Sulfide ns4
pK s11.96 hsy63.30 K s4.40Ey12 pK s11.36d1 d,h d,h
pK s7.04 hhs25.04 K s3.10E4 pK sy4.49d2 d,h h d,h h
Projected: pK s2.20, pK sy2.72d3 d4

Ž .Sulfite ns3
pK s6.99 hsy36.31 K s3.06Ey7 pK s6.51d1 d,h d,h
pK s1.68 hhs26.90 K s6.69E4 pK sy4.83d2 d,h h d,h h
Projected: pK sy3.31d3

a w xIn the first column are pK values from the CRC Handbook 11 , and subsequent columns are reformulated values calculated as
in Table 1. The value of n for each acid denotes the number of protonation sites and is used in calculating SCFs. Projected values
given in the last line for each acid were calculated from the reformulated parameters using the same procedure as outlined in Table
1 for phosphate. All the K values in this Table have practical units of M.d, h

Ž .pK sy17, Table 3 , and can be rationalizedd,hh
as a consequence both of oxygens small size and
lack of polarizability.

Using the pairwise interaction values obtained

with a given polyprotic acid and the premise that
third and higher order interactions are relatively
insignificant, as demonstrated by arsenate and

Ž .phosphate Table 2 , allows pK values to bed
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Table 3

aAnalysis of the protonation equilibria of water in terms of hierarchical interactions

A. Constants
Ts258C
Rs8.314 Jrmol K
RTs2.479 kJrmol

B. Hierarchically reformulated model
hq2hhqhhh hq3hhq3hhh

hyRT ln4 hqhhyRT ln3r2 yRT ln2r3 qhhhhyRT ln1r42y y y 2qO )HO ) H O ) H O )H O2 3 41 2 3 4

C. Unreformulated parameters
Ž .K M ? 1.82Ey16 55.0 ?d

y1Ž .K M s1rK ? 5.50E15 1.82Ey2 ?a d
Ž .pK sylog K ? 15.74 y1.74 ?d d

o Ž .DG syRT ln K ? y89.84 9.93 ?a

D. Calculation of aggregate hierarchical parameter ¨alues
o

DG shqhhyRT ln3r2 sy89.842
oŽ .hqhh sDG qRT ln3r2 sy89.84q1.01 sy88.832

o Ž . Ž .DG shq2hhqhhhyRT ln2r3 s hqhh q hhqhhh yRT ln2r3 s9.933
oŽ . Ž .hhqhhh sDG y hqhh qRT ln2r3 s9.93q88.83y1.01 s97.763

E. Calculation of projected ¨alues for hh and h
if hhhs0

Ž .hh s hhqhhh yhhh s97.76y0 s97.76
K s1.32 E17d,h h
pK s y17.12d,h h

Ž .h s hqhh yhh sy88.83y97.76 sy186.59
K s2.04 E33d,h
pK s32.69d,h

F. Calculation of projected ¨alues for pK and pKd1 d4
if hhhs0

o
DG shyRT ln4 sy186.59y3.44 sy190.031
K s5.13 E34d1
pK s33.29d1

if hhhs0 and if hhhhs0
o Ž . Ž .DG shq3hhq3hhhqhhhhyRT ln1r4 sy186.59q3 97.76 y3 0 q0q3.44 s110.124

pK sy19.29d4

a See footnote to Table 1.
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projected for previously unobserved or unobserv-
able pK values. These are summarized in Tabled
2 for polyprotic acids and in Table 3 for water.
Some of the pK values projected in Table 2 mayd
be within the realm of measurement. Determina-
tion of these projected values would either pro-
vide additional confirmation for the premise that
third and higher order interactions are insignifi-
cant for the polyprotic acids, or demonstrate third
and higher order interactions are significant and
provide some basis for rationalizing these higher

Žorder interactions. In some cases, e.g. carbonate,
an additional protonation may result in a change
in coordination, and the projected value should
not in such cases be considered a reasonable

.expectation for the pK . Sulfide is of particulard
interest since its projected third protonation pKd
of 2.2 is within the realm of measurement in
aqueous solution.

The results presented here also provide a fur-
ther illustration of a fundamental feature of hier-
archically reformulated models } that higher
order interactions are less likely to be physically
significant than lower order interactions. As dis-
cussed in the introduction, for a higher order
interaction to exist requires all lower order inter-
actions which it modulates to exist. The method
of hierarchical reformulation represents a one-to-
one transformation from the N DGo of assembly
required to define N complexes relative to the
free components in the system, and no informa-
tion is gained or lost in performing this transfor-
mation. This method appears to be the only ratio-
nal way in which such a one-to-one transforma-
tion can be made without losing or gaining infor-

Ž .mation i.e. N parameters to N parameters . Given
the utility of this approach demonstrated here

w xand in a number of previous applications 5]7 ,
this method represents the best available method
for examining interactions between events in
complex state systems.

Site specific behavior is a term used to refer to
the thermodynamic properties of a given functio-
nal group or site when contained within a net-
work of interacting or potentially interacting sites
w x10 . The method of hierarchical reformulation
allows the site specific properties of a system to

either be determined directly from available data,
as demonstrated for the pK values for the po-a
lyprotic acids listed in Table 2, or for these
properties to be extrapolated from available data,
as demonstrated by the projected pK valuesa
listed in Tables 2 and 3. The use of inorganic
polyprotic acids provides a simple demonstration
system for this approach. It is expected that this
approach will also yield valuable insights when
applied to the more complex organic polyprotic
acids which have been the traditional subject of

w xsite specific behavior studies 10 .
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