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Resolution of Microscopic Protonation
Mechanisms in Polyprotic Molecules

Michal Borkovec*, Marcin Brynda?, Ger J. M. Koper®, and Bernard Spiess®

Abstract: Microscopic ionization equilibria can be fully resolved by means of a novel site-binding model,
which is based on a cluster expansion technique borrowed from statistical mechanics. This model permits a
parameterization of the problem, and offers substantial advantages over the commonly used microscopic
equilibrium constants. While the number of microconstants grows very rapidly with the size of the molecules,
the necessary number of parameters of the site-binding model remain small, and one can even obtain com-
mon sets of such parameters within a homologous series of molecules. Based on this approach, two meth-
ods to obtain such microconstants are discussed, namely based on NMR titration data, and on the analysis

of potentiometric titrations within a homologous series.
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Introduction

residues, such as the degree of protonatiomerwhelming. Already for a simple tripro-
(i.e. site-specific titration curves) and thdic molecule, twelve microconstants have to

The wunderstanding of protonatiormicroscopic ionization constantse(micro- be determined — this problem was recently
mechanisms of polyprotic molecules reprezonstants). To discuss these aspects cauccessfully tackled for several triphos-
sents not only an important topic in analyteerning the microscopic ionization mechaphates witr?lP-NMR [7-9]. In the general
ical chemistry, but is equally relevant imisms in polyprotic molecules, the correcase ofN ionizable sites, there af2N-1
several applied disciplines, such as bisponding microscopic equilibria must bainknown microconstants [11]. In spite of

chemistry, pharmacy, or environmentatesolved completely.

the availability of individual site-titration

chemistry [1-3]. Classical potentiometric Initially, the determination of micro- curves from NMR, it is indeed not obvious
techniques yield information primarily scopic ionization constants was approachémw to determine all such constants for
about theanacroscopigrotonation equilib- with optical spectroscopy and with compartarger molecules.

ria, which only specify the number of pro-ative studies of similar compounds [4][5]. The aim of this short article is to sum-
tons bound without reference to the protddowever, these techniques were hardly satiarize the significant progress that can be
nation state of the ionizable sites. To obtaiisfactory, as optical spectra of polyprotianade in the resolution of microscopic ion-
direct insight into the protonation mechamolecules are notoriously difficult to ana4ization equilibria of polyprotic molecules
nism of a molecule, one needs informatiolyze. The situation has substantially imby applying so-called cluster expansion
about themicroscopicequilibria, where the proved with the availability of high-resolu-techniques borrowed from statistical me-
protonation state of each individual site ison and multi-dimensional nuclear magehanics [12]. The basic idea is to perform a
considered. From the latter, one can assasstic resonance (NMR) techniques [6]. Dueluster expansion of the free energy of the
the properties of individual ionizableto the fact that proton exchange is suffimicrostates [11], which provides an appro-
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ciently fast, the chemical shift often is a linpriate parameterization of the problem, and
ear function of the degree of protonation afeduces the number of unknowns dramati-
the neighboring ionizable site. Thus, byally. The description can not only be sys-
performing NMR titrations, and plotting tematically improved by including higher
chemical shift as a function of pH, one canrder contributions, but also incorporates
obtain the degree of protonation of individinherent molecular symmetries, which are
ual ionizable sites in a polyprotic moleculaisually not taken into account in the classi-
[3][7-10]. cal description of microscopic equilibria.
However, even with this kind of infor- We present two different approaches for the
mation at hand, the evaluation of the miresolution of microscopic equilibria in poly-
croscopic ionization constants is non-trivprotic molecules. First, the analysis is based
ial. Microscopic ionization equilibria of on site-specific NMR titration data [13].
polyprotic molecules are usually parameSecond, by analyzing homologous series of
terized in terms of all possible microconmolecules, we show that microscopic equi-
stants, and as the number of ionizable sitébria can be equally resolved based on
increases, their number becomes quicklylassical potentiometric titration data alone.
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Statistical Mechanics of
Protonation Equilibria

The protonation state of a polyprotic
molecule can be specified by introducing a
two-valued state variablg for each indi-
vidual sitei (i=1,2,...N) such that, = 1 if
the site is protonated aisg= 0 if the site is
deprotonated. The protonation microstate is
then uniquely defined by the set of state
variables §,, s,, ... , s }, abbreviated as
{s}. To each microstate one can assign a
standard free energy of formatidit{s})
with respect to the fully deprotonated state
and for unit activity of protons. The free en-
ergy can be parameterized through the co-
efficients of the cluster expansion [3][11]
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and the macroscopic titration curve can be
expressed as

—_— J
ay Ologz 1 &

6= N das - N 2 nP,(ay) (9)
or equivalently [1][2]
1 Z On[xnaH
== = F 10
N ©N K.ab (10)

From this function one can determine
all cumulative association constants (or
equivalently all macroscopid{values).

Additional quantities are of interest.
The conditional probability to find a partic-
ular microstate within its macrostatecan
be introduced by splitting the microstate
probabilities into a product

D) 5 it 3 S+ s - ® ) =mHR@

v Thereby, we have used the macrostate
where the sums run over all the sitestis and a normalization constant probabilityP (a,,) introduced in Egn. 8 and
the thermal energy, X isthe microscopic =~ _ I 1t ({s}) denotes the conditional microstate
ionization constant of the sitegiven all E=)_afe o (4) probability. Note that the macrostate prob-
other sites are deprotonated, apandA;;, tei} abilities are pH dependent, while the condi-
are pair and triplet interaction parameter%hls normalization constant can be intetional microstate probabilities are con-
(or interactivity parameters [7]). The paimpreted as a partition function. stants. The latter can be simply expressed as
mteractlons obey the symmetry relatig The average degree of protonation of an

., and without loss of generality one caimdividual sitem can be evaluated by aver- 7n({s:}) = K e PPlsd) (12)
setz-:II = 0. For the triplet interactions oneaging the state variablg,, over all mi-
similarly has?\IJk )\“k )\lk andA; —)\m = crostates, namely All microconstants can be calculated in

)\m = 0. Higher order clusters can also be a straightforward fashion as well. These
included if necessary. As we shall see, Om = > smp({s:}) (5) ionization constants commonly refer to the
however, the cluster expansion converges Loa protonation reaction, where one particular

rapidly, and in many situations one can ter- Thesesite-specifictitration curves can site is being protonated. If we label this site

minate the expansion already at the pair ifpe directly measured by NMR. with j, the association equilibrium can be
teraction level. The average degree of protonation ofritten as

The magnitude of the interactions dethe entire molecule is simply the average of
creases quickly with increasing distancall site-specific titration curves, namely Als;} +H= A{s)} (13)
between the ionizable groups, and interac-
tions beyond the nearest neighbors can bd = — > _ 6., . (6) wheres =s;foralli#jbuts=0ands'= 1.

usually neglected [3][11]. Molecular sym- Using the free energy (Eqgn. 1), the micro-
metry can be used to further reduce the Thismacroscopiditration curve can be scopic K value for the reaction given by
number of independent parameters. Thusieasured by classical potentiometry. Eqgn. 13 follows as [11]
the microscopic equilibria can be parame- The above expression can be rewritten A A
terized by specifying the microconstantin terms of more familiar quantities by real®ag.; =K = > ejusi — 5> Awisisi — - (14)
pK; and the interaction parametejgand izing that the partition functio& given in ' &
eventuallyA;, ). Thesecluster parameters Eqgn. 4 can be expressed as When the triplet contributions are neg-
fully define the microscopic equilibria, and lected, this relation reflects the group addi-
their number can be moderate even for a N tivity concept for the estimation of ioniza-
complex molecule. z_: (7) tion constants [14]. In the present approach,
The probability of a given microstate - the microconstants represent secondary pa-
can be now written as [3][11] where K,, are the cumulative associatiorameters, which can be easily evaluated
constant. The commonly used macroscopance the primary cluster parameters are
p({si}) = Elafke PP (2) step-wise dissociation constants can be exaown.
pressed in terms of the cumulative con-
where we have introduced the activity o$tants asif, = log,, K./K,—,. Eqn. 7 is al-
protonsa,, (where pH = —logsa,,), the total so referred to as thending polynomiafl]. Microscopic Equilibria from NMR

number of bound protons We can introduce the probability of a parTitrations
ticular macrostate as
n=> s, 3) In favorable situations, one can measure
i P,(ay) = Z 'K}, (8) the site-specific titration curves directly

with NMR. This technique is most power-
ful when a 1/2 spin nucleus is situated in
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close proximity to the ionizable group inphate groups, and their individual site-titraGroup 1 shows a monophasic titration
question, and the other ionizable groupson curves have been measured WitR- curve as familiar from a monoprotic acid or
relatively far apart. The situation is almosNMR in 0.2 M KCI as described above. base, while the titration curves of groups 4
optimally realized for phosphate and for Consider first 6F-Ins(1,4,5)Rs shown and 5 show a biphasic behavior. This struc-
amine groups. The protonation state of ia Fig. 1 [8]. This example is chosen to ilture is characteristic for two strongly inter-
phosphate group can be probed throudhstrate the effect of the distance betweearcting groups.

the chemical shift of the correspondinghe ionizable groups. The molecular struc- The fit of the NMR data with the site-
31p-nucleus, while for an amine group théure suggests that the proximal groups 4 amihding model is shown in Fig. 1a. One can
I5N-nucleus can be used. Due to the lo® should interact very strongly. The distanbbtain a satisfactory description of the data
natural abundance of the latter, the signaigoup 1 should be weakly influenced by thby making the assumption that the interac-
are weak, but can be enhanced Witk en- other two and behave almost independeriton parameters; are negligible when in-
riched samples. In several situations, ong; in fact the fluorine substituent strengthvolving the group 1, namely, by consider-
can also uséH and13C-NMR, but since ens this phenomenon further [8]. The exng this group to be fully independent.
these nuclei may not be in close proximitperimentally observed site titration curve®©nly the interaction parameter between
to the ionizable group of interest, crossshown in Fig. 1la support this conclusiongroups 4 and 5 must be fitted, and one ob-
coupling effects may complicate the picture
[13].

To obtain the site-specific titration OH
curves, one simply measures the chemical
shift of the proximal nucleus as a function 2"O3PO 2
of pH. Since proton exchange is sufficient-
ly fast, the degree of protonation of the site >
m is then obtained from the corresponding F !
chemical shifd_ as [6]

5, — odeD)
5(PY0) _ 6(dep)

(3 i

()
O = (15)
where 5@l andsder) are the corresponding
chemical shifts in the fully protonated and
deprotonated molecule.

Once these site-specific titration curves
are known, they can be interpreted with the
site-binding model discussed above. Practi-
cally, one uses a least-squares fitting proce-
dure to extract the cluster parameters. In 4 6 8 10
many situations their determination is un-
ambiguous, but given the inherent noise in 1.0 (b)
the data, some of the parameters sometimes
cannot be properly determined. Once one
has agreed on a set of cluster parameters,
one can calculate all microconstants (as
well as all macroconstants). Evaluating the
pH dependent macrostate probabilities, and
the pH independent conditional microstate
probabilities, the microscopic protonation
mechanism of the molecule can be visual- 0.0
ized.

Let us illustrate the procedure with pH
two inositol-phosphate analogues, namely
6-deoxy-6-fluoromyainositol 1,4,5-tris 59 % 64 % (©)

(phosphate) (6F-Ins(1,4,5)Psee Fig. 1), 5.75 5.75
and 1,5-anhydroxylitol 2,3,4-tris(phos- 100 % £>. {O/\——O 100 %
phate) (Xylo(1,2,6)F see Fig. 2) [8][9].

657 g34
Both molecules have three ionizable phos- b. 399, 35 % (ﬁ>o

Fig. 1. Microscopic protonation mechanism of 6-desoxy-6-fluoro-
Mmya@inositol 1,4,5-tris(phosphate) (6F-Ins(1,4,5)P5) in 0.2 M KCI. (a) 8.34
Site-specific titration curves derived from 3'P-NMR titration data bo C£>.
(points) with best fits of the site-binding model (solid lines). The site in

question is indicated by a star and the corresponding number. (b) - 6.01
Macrostate probabilities. (c) Microstate probabilities and microcon-
stants. The filled circles indicate the protonated sites, while the open n=3 n=2 n=1 n=0
circles deprotonated ones.

DEGREE OF PROTONATION

0.8 1 n=0

0.4 - n=1

0.2 A

MACROSTATE PROBABILITY
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tains 2.59. The corresponding microscopic The data can be again well modeled.28, 6.83, and 5.42, and obtain the
ionization constant®k; are 6.57, 8.34with a site-binding model, as shown irmacrostate probabilities shown in Fig. 2b.
and 8.60 for groups 1, 4, and 5, respectiv&ig. 2a. The interaction parametefsare The microscopic characteristics are shown
ly. These values turn out to be all differentpow important between all groups. JThe onm Fig. 2c, the microscopic protonation
since each of these groups has a differeintvolving proximal groups 1 and 2 (andmechanism of Xylo(1,2,6)Hollows.
chemical environment. One could improvequally 1 and 6) becomes 1.13, while the in- When decreasing the pH, the groups
the fit slightly by including additional teraction between the more distant groudsand 2 (or 6) all protonate almost simulta-
interaction parameters, but for the sake @ and 6 is weaker and turns out to be 0.54eously. While the microscopigk’  of
simplicity let us proceed with this resultThe ionization constants>k;  are 8.00 fogroup 1 of 8.00 is somewhat larger than
Note that only four adjustable cluster pagroup 1, and 7.66 for groups 2 and 6. The itk of group 2 of 7.66, the fact that there are
rameters are needed. could be slightly improved by introducing atwo identical groups make the resulting mi-
With these cluster parameters at hanttjplet interaction. Again, only four ad-crostates almost equally likely. The next
we can calculate the macroscopic constarjtsstable cluster parameters are needed. protonation step can be thought as simulta-
pK,. They turn out to be 8.79, 6.58, and From these cluster parameters we cakeous protonation of these two micro-
5.52. These constants are accessible framlate the macroscopic constamis, of species. The symmetrical species becomes
potentiometric titrations, but at this point,
their independent determination is only
necessary for verification [7][8]. From
these constants the macrostate probabilities -
follow, and they are shown in Fig. 1b. The o OPO3
corresponding conditional probabilities and 3, ~0gPO 1
the microscopic ionization constants are HO g OPO2"
given in Fig. 1c. ) 3
The microscopic protonation mecha- OH 6
nism of 6F-Ins(1,4,5)Pcan be now de-
scribed as follows. When decreasing the
pH, the group 5 protonates with a micro-
scopic p&  value of 8.60, while the group
4 with apK of 8.34. This leads to two dif-
ferent singly protonated microspecies, the
dominant one of 64% with group 5 proto-
nated, while to a minor one of 35% with
group 4 protonated. These populations are
reflected in the site-specific titration
curves, which show intermediate plateaus 0.0
at these values. The microstate, where 4 6 8 10
group 1 is protonated, does not really exist. pH
In the next protonation step, group 1 proto- 1.0 (b)
nates with apx  of 6.57, and leads to two
doubly protonated microstates with relative
populations similar to the previous ones. In
the last step, both microstates are protonat-
ed with microscopieX s of 5.75 and 6.01.
The next example of Xylo(1,2,6)P
illustrates the effect of symmetry [9]. As
evident from Fig. 2a, groups 2 and 6 are
equivalent, and thus only two site-titration
curves can be measured. The biphasic titra-
tion curve belongs to group 1, while the
broad monophasic curves belong to groups
2 and 6.

1.0 A

0.6

0.2

DEGREE OF PROTONATION

0.8 A

0.4 n=1

MACROSTATE PROBABILITY

0.0 T T H 1

53 % 52 % (C)

o)
. 6.53

7.66
5.74 .87
Fig. 2. Microscopic protonation mechanism of 1,5-anhydroxylitol 68
2,3,4-tris(phosphate) (Xylo(1,2,6)P;) in 0.2 M KCI. (a) Site-specific
titration curves derived from 3'P-NMR titration data (points) with 7.13
best fits of the site-binding model (solid lines). (b) Macrostate prob-

abilities. (c) Microstate probabilities and microconstants. The sym-
bols have the same meaning as in Fig. 1.
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asymmetrical by binding a further proton tahe series into a single data set, and findTdne power of the present approach be-
group 2 withp& of 6.53. During this step,common set of cluster parameters describomes now fully apparent, as only four
group 1 remains protonated, and thus leadsy the entire homologous series by meamduster parameters are needed to describe
to the plateau in its site-specific titratiorof a least-squares procedure. Already relall equilibria within the entire series.
curve. In the other case, the asymmetricively few members in the homologous se- The model can be further tested by cal-
species becomes symmetrical when groufes can be sufficient to make the solutionulating the macroconstants of the tetren.
1 with pK of 7.13 is being protonated.  overdetermined, and the validity of theéThe results are given in the Table. While the
model can be tested as well. Thus, micrenodel with only nearest neighbor pair in-
constants can be reliably extracted frorteractions fails to reproduce its macrocon-
Microscopic Equilibria from macroconstants within such a series. Equigtants properly, the model including triplet
Potentiometric Titrations alently, once can obtain the cluster paramasteractions does an excellent job in pre-
ters from potentiometric titration curvesdicting these values. The model with four
The common wisdom is that informa-but as the macroconstants are usually beiotyster parameters thus describes the exper-
tion about microscopic equilibria cannot béabulated, we prefer to base our analysis @mental data in the homologous series very
extracted from macroscopic potentiometrithose. well, and can be used to obtain all other
titration curves. This observation follows Let us illustrate the procedure withproperties with confidence. The pertinent
from the fact that the macroscopic titratiothe analysis of linear polyamines withresults are summarized in Figs. 3-5.
curve only depends on the macroconstantdNH-CH,—CH,— as the repeating unit. The  Fig. 3 shows the situation for dien. The
and the microconstants do not enter. experimentally determined macroconstantste-specific titration curves are shown in
However, given the alternative paramein 0.1 M KCI of the first four members of Fig. 3a. One observes that only the primary
terization of the problem proposed herdhe series are summarized in the Table [15mine groups protonate at high pH, while
this conclusion must be revisited. AllThe simplest model assumes two differethe secondary amine mainly protonates at
macroconstants (as well as the microcomicroconstantg ™ angls™  for the pri-much lower pH. The macrostate probabili-
stants) can be expressed in terms of timneary and secondary amines, and nearews are shown in Fig. 3b, and the splitting
cluster parameters. Thus, given the macraeighbor pair interactions with a strengtlof the macrostates in the corresponding mi-
constants for a molecule, one can attempt ¢haracterized with interaction parameder crostates is illustrated in Fig. 3c.
solve the inverse problem. However, th&he best fit of the first three members of the The protonation mechanism can be thus
necessary number of cluster parametesgries is shown in the left column, and ondescribed as follows. When one decreases
normally exceeds the number of macrocombserves that the data are not describéfie pH, both primary amines protonate at
stants, and the solution remains underdeterery well. The next step to improve thdirst in a two-step process. The mi-
mined. For example, for both triphosphatesiodel is to include next nearest neighbarrospecies with both primary amines proto-
(with three macroconstants) discusseghair interaction or nearest neighbor triplehated is very stable and dominates the pic-
above, four cluster parameters were needederactions. Least squares fit of the datare over a wide pH range. Only at substan-
to describe the situation. shows that next nearest neighbor pair intetially lower pH the secondary amine is
This problem can be overcome, howevactions are negligible, but that the triplet inbeing protonated. The secondary amine al-
er, by analyzing a homologous series déractions turn out to be important. Theo protonates in an intermediate fashion at
molecules. To an excellent approximatiormodel which includes these interactionkigher pH to a small extent leading to the
the cluster parameters remain the sanpeovides an excellent fit of the data [11]small peak in the site-specific titration
within such a series. Thus, one can combirféhe resulting cluster parameters prel eurve.
the macroconstants for several members 8f42pK") = 8.44¢ = 1.97, and\ = 0.42.

Table. Comparison of experimental and fitted
values of the macroconstants for a homolo- Molecule N PK

gous series of linear polyamines. Experimental? Model IP Model IIP
Ethylenediamine (en) 2 9.89 9.77 9.72
H,N(CH,),NH, 7.08 6.97 7.15
1,4,7-Triazaheptane (dien) 3 9.84 9.79 9.74
H,N(CH,),NH(CH,),NH, 9.02 9.15 9.10
4.23 3.98 4.08
1,4,7,10-Tetrazadecane (trien) 4 9.74 9.80 9.76
H,N[(CH,),NH],(CH,),NH, 9.07 9.20 9.16
6.59 6.42 6.69
3.27 3.68 3.36
1,4,7,10,13-Pentazatridecane (tetren) 5 9.74 9.82 9.78
H,N[(CH,),NH];(CH,),NH, 9.14 9.24 9.21
8.05 8.26 8.30
4.70 4.45 4.73
2.97 3.50 2.99

At an ionic strength of 0.1 M. The values are taken from [15].

bBest fit with two different models [11]. Model | involves nearest neighbor pair interactions on-
ly, while in model Il nearest neighbor triplet interactions are included as well. The best fit values
for model Il are pK\Y =9.42, p 0D = 8.44, ¢ = 1.97, and A = 0.42.
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Fig. 3. Microscopic protonation mechanism of 1,4,7-triazaheptane (di-
en) at 0.1 M KClI derived from potentiometric titration data (see Table).
(a) Calculated site-specific titration curves for the sites labeled by a
star. (b) Macrostate probabilities. (c) Microstate probabilities and mi-
croconstants. The filled circles indicate the protonated sites, while the
open circles deprotonated ones.

Fig. 4. Microscopic protonation mechanism of 1,4,7,10-tetraazade-
cane (trien) at 0.1 M KClI derived from potentiometric titration data (see
Table). (a) Calculated site-specific titration curves. (b) Macrostate
probabilities. (c) Microstate probabilities and microconstants. Only the
most probable states are shown. The fully protonated state is omitted
for brevity. The symbols have the same meaning as in Fig. 1.

Fig. 4 illustrates the situation for trien.amines do contribute to a small degree aate maximum in the site-specific titration
The site-specific titration curves shown iwell. The third and fourth protonation stepcurve. The third protonation step leads to
Fig. 4a now display a more complicated bahe protonation of the secondary amingbe highly symmetric microstate, where
havior, but reflect a similar pattern to thelominate the picture, which takes place iboth primary and the central secondary
previous case. The primary amines protdwo distinct steps. groups are protonated. For the fourth proto-
nate at high pH, while the secondary amines Fig. 5 indicates the corresponding patiation step, the prominent microstate is
protonate at lower pH, however, in a twotern for tetren. In the first protonation stepagain a symmetric one, where the central
step fashion in this case. This behavidhe protonation of primary amine is mossecondary amine is deprotonated. The rela-
can be understood by investigating thkkely, as the secondary groups are moitéve stability of this microstate leads to a
macrostate probabilities shown in Fig. 4lacidic and thus protonate to a lesser exteptonounced deprotonation of the central
and the corresponding microstates showburing the second step, the other primarsecondary amine around pH 4.
in Fig. 4c. In the first two protonation stepsgroup protonates for the same reason. The Further confidence in the present ap-
the protonation of the primary amines is thprotonation of secondary groups occurs togoach can be gained by comparing the
dominating process, albeit the secondaminor extent, as evident from the intermepresent results with the analysis of
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Fig. 5. Microscopic protonation mechanism of

H H 1,4,7,10,13-pentazadecane (tetren) at 0.1 M

HoN N NSNS N NH, KCI derived from potentiometric titration data

H (see Table). (a) Calculated site-specific titra-

tion curves. (b) Macrostate probabilities. (c)

(a) Microstate probabilities and microconstants.

Only the most probable states are shown. The

fully protonated state is omitted for brevity.

The symbols have the same meaning as in
Fig. 3.

1.0

0.8

0.6

0.4

0.2

DEGREE OF PROTONATION

0.0

proach is based on the analysis of the
macroconstants within a homologous series
of polyprotic molecules. In both cases, one
extracts the cluster parameters by means of
a least-squares procedure. Once these pa-
rameters are known, all properties of the
microscopic equilibria can be calculated.
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