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Abstract

The micro-speciation of citric acid is studied by analyzing NMR titration data. When
the site binding (SB) model, which assumes fully localized proton binding to the carboxylic
groups, is used to obtain microscopic energy parameters (dissociation constants, pair and
triplet interaction energies between charged carboxylate groups), contradictory results are
obtained. The resulting macroscopic constants are in very good agreement with the values
reported in the literature using potentiometry. However, the found pair interaction energy
between the terminal carboxylates and the triplet interaction energy are physically meaning-

less. In order to solve this apparent contradiction we consider the possibility of delocalized
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proton binding, so that the proton can be exchanged at high velocity in the NMR time scale
through short, strong, low-barrier (SSLB) hydrogen bonds. With this aim, ab initio MP2 cal-
culations using the SMD polarizable continuum model for the solvent were performed and
the fully roto-microspeciation elucidated. Firstly, fully localized proton binding was assumed,
and the resulting micro-state probabilities are in reasonable agreement with those reported
in previous works which use selective blocking of the carboxylic groups. They are, how-
ever, in clear disagreement with the microstate probabilities derived from the NMR titration
data, which predict, within a very narrow confidence interval, a unique micro-species for the
symmetric di-ionized form. Moreover, counterintuitively, the interaction between terminal
charged groups is much larger than that between central and terminal groups. As a con-
sequence, we have explored the possibility of delocalized proton binding by calculating the
energy of intermediate proton positions between two carbolxylic groups. The results reveal
that the exchange of the proton through the hydrogen bonds is in some cases produced with-
out energetic barrier. This effect is specially relevant in the di-ionized form, with all the most
stable conformations forming a SSLB, which together would constitute the only micro-state
detected by NMR. An alternative reaction scheme for the ionization process, based on proton

delocalization, is proposed.

Introduction

Citric acid is an important molecule involved in a broad range of biological, industrial and en-
vironmental processes.! For instance, it is a natural preservative and flavoring agent used in the
food industry? or a removable agent for heavy metal ions from waste-water.? Citrate is also rel-
evant in colloidal sciences, where it is used as a common stabilizer and a reducing agent in the
synthesis of gold nanoparticles, or as a coating on nanomaterials for biological applications.*
It is also involved in differential adsorption on crystal surfaces leading to differential growing
of crystal geometries.” All these properties are pH-dependent, so that a detailed knowledge of

the ionization mechanism of this small molecule is necessary. However, most of the studies on
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the ionization properties of citric acid have been approached within the macroscopic picture.
Each protonation step is described by an equilibrium reaction characterized by a macroscopic
equilibrium constant. Citric acid have three ionizable carboxylic groups, and the correspond-
ing macroscopic dissociation constants have been mostly measured using potentiometry, in a
wide range of ionic strengths and temperatures, in presence of different ground electrolytes.®™’
However, in the macroscopic approach, no information is provided about the population of the
micro-states, for which the protonation state of every individual site is specified.*"!* In the case
of citric acid, there is still controversy about the micro-state populations compatible with the
macroscopic dissociation constants. "1

Micro-speciation of ionizable molecules, and in particular that of citric acid, has mainly been
performed within the context of the site-binding (SB) model, for which every protonating site can
adopt two possible states, i.e., protonated or deprotonated. This means that the proton is localized
and ascribed to a unique protonating group, i.e., it can not be shared by two ionizable sites. The
SB model has been successfully used in a wide range of molecules, ranging from small molecules
to polyelectrolytes and proteins, both for proton and metal binding.''*!” Within this framework,
two approaches have been applied to the determination of the molecular micro-speciation. In the
so-called ’deductive’ methods, the molecule is modified so that one or several ionizable groups
are blocked. The non-blocked groups are supposed to have the same ionization properties as
in the original molecule. This assumption is the weakest part of the approach since changes in
the chemical structure of the molecule could modify the conformational and thus the chemical

environment of the rest of the groups, '*®

including the possible alteration or even destruction of
hydrogen bonds. In the case of citric acid, several authors have selectively blocked the carboxylic
groups forming the corresponding methyl-esters. The reported results, although consistent with
the value of the macroscopic constants, differ in the micro-state populations.'**°

A second approach applied to the determination of the micro-speciation of small molecules

is the use of spectroscopic techniques which are sensitive to the protonation of specific sites

and do not perturb the conformational structure of the molecule. Among them, high resolution
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NMR is probably the most versatile and has been widely used in the micro-speciation of a vast
array of ionizable molecules ranging from proteins to small molecules.*'!*"?2 The chemical
shift of a nucleus located in the proximity of an ionizable group is sensitive to its protonation
state. Actually, it has been shown that, if the conformational equilibria are fast enough, the
chemical shift is a linear combination of the degree of protonation of the neighbouring sites.'**
As a consequence, measures of the chemical shift vs pH provide information about the micro-
speciation of the molecule. Citric acid is an AB spin system with two sets of coupled methylene
protons (Fig. 1). Moore and Sillerud measured the pH dependence of the high resolution NMR
spectra of citric acid, including both the chemical shift and the spin-spin coupling,?* although no
micro-speciation analysis was reported.

However, situations have been reported for which the proton can be hardly ascribed to an in-
dividual donor group, the so called short, strong, low-barrier hydrogen bonds (SSLB-HB). SSLB-
HB present a very low energetic barrier between the asymmetric forms A - O —-H-.-O - B
and A — O---H — O — B, so that the location of the proton should be regarded as indetermi-
nate. The resulting resonance structure A — O---H.--O — B seems to show extra strength or
stability, and has attracted great interest in the last years because of their possible role in the sta-
bilization of transition states in enzymatic reactions.® The existence of SSLB-HB has been widely
accepted in solid state. For instance, neutron diffraction analysis of the crystals of monoanions of
dicarboxylic acids, such as maleate or phthalate, show that the proton is centered between the two
donor oxygens.?*~? The same conclusion has also been achieved in X-ray crystal analysis, where
the separations between the two donor oxygen atoms are characteristically short, compared to
the usual, asymmetric, hydrogen bonds.?** In solution, however, the matter is more controver-
sial. The study of UV and IR spectra of poly(fumaric) and poly(maleic) acids by Kawaguchi et
al. suggests the existence of shared protons between consecutive carboxylic groups, forming a
kind of third species besides the “fully” protonated and “fully” deprotonated groups.*! Recent
research has shown the existence of dicoordinated proton in condensed media. An archetypal

example would be the bisdiethyletherate salts, composed by H(OEt,); cations and weakly coor-
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dinating anions, being formed when strong acids are dissolved in diethyl ether.* IR spectroscopy
has shown that protons in liquid water form dicoordinated or even more complex structures of
the kind of [H (H,0),]*. Conversely, studies based on the NMR method of isotopic perturbation
report that some of the dicoordinated structures existent in solid state, such as maleate, phthalate,
among others, are, in solution, two tautomers in equilibrium differing in the solvation structure
(or solvatomers) of the carboxylic groups, rather than a single symmetric species. However, even
in this case, the H-bond of the solvatomers is not necessarily described by a double-well poten-
tial, but with a single-well potential with an additional contribution because of the instantaneous
solvation.?®3 Thus, certain degree of bond asymmetry seems to be compatible up to some ex-
tent with proton delocalization. QM/MM calculations with explicit solvent have also shown the
existence of a very low energetic barrier in the H-bond of the hydrogen-phtalate anion.**
Regarding citric acid, previous ab initio calculations were performed to study its conforma-
tional properties without the consideration of delocalized hydrogen bonds. Khan et al.* gener-
ated conformations of citric acid and its dissociated forms using a Monte Carlo method with a
classical force-field. The low energy conformers were optimized with the B3LYP/6-31+G level
in the gas phase and the polarized continuum model was used to perform single point solvent

1% performed Carr-Parrinello molecular dynamics simulations for the

calculations. Wrigth et a
completely deprotonated form of citric acid to obtain force-field parameters.

In the present work, we consider the possibility of delocalized proton in some of the ionization
micro-states of citric acid by means of NMR titration data analysis, on the one side, and ab initio
calculations using the SMD polarizable continuum model for the solvent,?” on the other. A brief
summary of both methodologies is provided in section 2. The available NMR titration data re-
ported by Moore and Sillerud in ref.* are analyzed in section 3 within the SB model, i.e., a bound
proton is ascribed to a unique carboxylic group. Microscopic ionization constants, interactions
between ionized groups and micro-state probabilities are obtained. The robustness of the best

fitted parameters is tested by using Monte Carlo simulations of synthetic data sets. The results,

however, seem to be in part inconsistent with fully localized proton binding. Some of the obtained
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interaction energies, within a very narrow confidence interval, show nonphysical values, despite
the macroscopic constants are in very good agreement with those previously obtained by using
potentiometric titration under similar conditions. In particular, counterintuitively, the interaction
between terminal charged groups is much larger than that between central and terminal groups.
This fact could be explained because the reaction scheme does not take into account the possibil-
ity of delocalized proton binding in some roto-microstates, so that artificial effective interaction
energies are found. This possibility is discussed in section 4, where the ab initio calculations are
presented. With this aim, we perform an exhaustive scan of the most probable conformational
states within a particular macrostate (or roto-microstates), with special regard to those involving
H-bonds. The computations suggest that delocalized proton binding could be taking place in the
mono-ionized and di-ionized roto-microstates, with the proton moving without energetic barrier
between the ionized carboxylic group. This phenomenon could explain the anomalies detected

in the NMR analysis.

Methodologies

Macrostates, Microstates and Roto-microstates. Site Binding (SB) model

Let us firstly assume fully localized proton binding, so that a bound proton is ascribed to a unique
ionizable group. This is the starting hypothesis of the so-called site binding (SB) model. A par-
ticular conformational and ionization state, or roto-microstate, of a molecule with n protonated
sites is fully characterized by the probability p, (¢, ¢, an) , where ay denotes the proton activity,
q the ionization state and c a particular conformational state. The ionization state g is defined
by a set of variables ¢ = {q1, ¢2, ..., qn }, where N is the total number of ionizable sites. ¢; can
take two possible values: ¢; = 1 is the site is charged (i.e. deprotonated) and ¢; = 0 otherwise.

n=N—>._, x ¢ is the total number of protonated groups and define a macrostate n.
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It can be shown that p,, (¢, ¢, ay) can be expressed in the form®

pn (¢, ¢, an) = pn (¢, q) P, (an) (1)

pn (¢, s) represents the conditional probability of a roto-microstate provided that belongs to a

macrostate n. P, (ay) is the macrostate probability and it is given by

P, (ay) = 2ni @)

[1]

77777

is the semi-grand canonical partition function. K,, corresponds to the process of binding n pro-
tons to the fully deprotonated molecule. The set of K,, characterizes the macroscopic descrip-
tion, which does not differentiate between individual protonated groups. Note that, according to
eqn. (1) the pH-dependence of the roto-microstate probabilities comes only from the macrostates
probabilities, while the conditional probabilities are pH independent.!**® For carboxylic acids as
citric acid, the experimental quantities currently reported are the dissociation pKj-values. pK;
corresponds to the process of releasing the ith proton, i.e., the deprotonation of the species with
N —i+1 protons. K; and K, are related by pK; = —logK; = log (KN_Z'H/FN_I»). Finally, a mi-
crostate s is defined as the set of roto-microstates with the same ionization state.*® The microstate
probability is given by

T (@) =D pulc,q) 3)

and represents the conditional probability of a microstate s within a macrostate n. The mi-

crostate probabilities are related to the microstate free energy as

e—BF(a)
T, (q) = ) (4)
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which can be expressed in the form of the so-called cluster expansion
BE(q)
i Z pkig; + Z €ij4iq; + Z NijkdidiQe + - - - (5)
i j>i k>j>i

where 8 = 1/kgT, pk; is the microscopic dissociation constant of the site i; €;; is the pair
interaction energy between the charged sites i and j; \;;; represents the triplet interaction energy,
etc. pk; , €, \iji , the cluster parameters, do not depend on the conformational state, and they
are proper averages of the roto-microstates.**** Note that the choice of the protonation variables
is not unique. For instance, for polycations such as polyamines, a better choice is the set of
variables s; = 1 — ¢;, so that the interaction terms are non zero when the sites are charged, i.e.
protonated. For polyanions, however, the choice of the variables ¢; seems more natural since
the carboxylic groups are charged when they are deprotonated. In any case, the choice of the
protonation variables does not affect the resulting thermal averages.'' For citric acid, eqn. 5 can
be simplified using the symmetry of the molecule. Since the two terminal carboxylic groups are

equivalent, the cluster expansion remains

BF (q)
In10

= pk1 (1 + q3) + pka g2 + €12 (192 + 2G3) + €13¢193 + 123 Q14243 (6)

so that five parameters are necessary to fully characterize the micro-speciation of citric acid,
as depicted in Fig. 2a. They can be experimentally obtained by the techniques outlined in the

introduction. In this work the pH dependence of the NMR chemical shifts of citric acid is analyzed.

NMR titrations and SB model

If the conformational and protonation equilibria are fast enough, it can be rigorously shown that
the chemical shift of a particular atom « close to a ionizable group is given by the average of the
chemical shifts of the possible roto-microstates of the molecule.*’ The simple form of the NMR

spectrum of citric acid, shown in Fig. 1 indicates that this hypothesis is fulfilled by citric acid.**
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The chemical shift of a 'H nucleus close to an ionizable group at a given pH, ¢, (ag) , is then
given by '?
Oa (aH) = Z 6(/34 (Ca q) Pn (C7 q, aH) (7)

c?q

where 0, (¢, q) is the chemical shift corresponding to the atom o when the molecule is in a par-

ticular roto-microstate (¢, ¢). Eqn. (7) together with (1) leads to

So(an) = > banPu (an) (8)

AAAAAAAA

delta, which takes the value 1 when there are exactly n protons, and 0 otherwise. Note that Som
corresponds to the average of the chemical shifts of the roto-microstates corresponding to the
same macrostate. Eqn. (8), together with (2), allows determining the macroscopic constants by
fitting the experimental chemical shifts as a function of the pH. This information can be also
available by potentiometric titration. However, in order to obtain microscopic information, it is
necessary to express d, (ayn) as a function of the site-specific degrees of protonation, 6; (ay) , i =

1,..., N. They are related to the macroscopic probabilities by

0; (an) = Z AP, (ag) )
N

n=1,...,

where the coefficients A;, are given by

Ain = Z SiTn (Q) 5”?21‘:1,.4.,N i (10)

Expressing the macroscopic probabilities in terms of ; (ay) by inverting equation (9), and using

the fact that I (au) = 1 — >,y Pu(an), the chemical shift can be expressed in terms of
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the site-specific degrees of protonation as the linear combination

0o (an) =0a0+ Y Gaib; (an) (11)
i=1,., N

where 8,0 = 0.0 and 6, = anl)m’N (A7h) . (Scm — Sa()) can be regarded as the chemical
shifts of each protonated site. A significant advantage in using eqn. (11) instead of (8) is that the
symmetry properties of the molecule can be incorporated in the fitting process by assuming equal
0; (ap) values for equivalent ionizable sites, as it is the case of the first and third carboxylic groups
of citric acid. If chemical shift data versus pH are available for one or more reporter nucleus «,
da0 and the cluster parameters can be experimentally obtained using eqns. (9-11) together with

the symmetry properties of the molecule.

Ab initio calculations

In this work, both roto-microstate and microstate probabilities are evaluated by ab initio calcula-
tions. The fully protonated form of the citric acid was first prepared in the extended conformation
(Fig. 1a). The methylene carbons of the chain are denoted as C;, C, and Cs, each of them bound to
a carboxylic group, denoted as Cy; ,Ci3 (terminal carboxylic groups) and Cc, (central carboxylic
group). In addition, C, is also bound to a hydroxyl group. These three carbons form the skele-
ton of the molecule. The rotational state of C; — C, and Cy — Cs bonds, referred to as “central
bonds”, are characterized by two dihedral angles, ¢; and ¢,. The rotation of each central bond
results in three possible minima: trans (or, for abbreviation ¢ , with ¢; ~ 0); gauche™(g* with
¢; >~ 120); and gauche™ (g~ with ¢; >~ —120). The central bonds are considered to be in the trans
state when the molecule is fully extended. We have chosen Flory criteria to assign the sign of
the rotations, according to which the state g* of ¢; is obtained by rotating the pendant groups of
the carbon C; in the counterclockwise direction! (or, in an equivalent way, rotating the pendant
groups of the carbon C;;; in the clockwise direction). The possible conformational states of the
central bonds are represented in Fig. 1b. For each rotational state of the central bonds, there are

10
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various possible dispositions of the carboxylic groups, which have also been explored. Because
of their important contribution to the conformational stability, special attention has been paid
for the viability of establishing intramolecular hydroxyl-carboxyl and carboxyl-carboxyl hydro-
gen bonds. With these criteria at hand, conformations were generated in a systematic way. The
geometry of the conformers was optimized at MP2 level with 6-311++G(d,p) basis set using the
SMD water model. All the ab initio calculations were carried out with Gaussian 09.** Previous
studies**~** have shown the accuracy and performance of the SMD implicit model for calculations
of solvation free energies. Frequency calculations in solution were performed for all the struc-
tures to confirm the absence of imaginary vibrational modes. The calculation of the vibrational
contribution to the free energy in solution is required for cases where liquid and gas-phase struc-
tures differ appreciably or when stationary points present in solution do not exist in gas phase.*
Free energies and roto-microstate probabilities were obtained by performing statistical thermo-
dynamics calculations at 25°C, the temperature at which Moore et al. NMR experiments were
performed. Microstate probabilities were calculated using eqns. (3) and (4). The same approach

has been used for the rest of macrostates: the mono-ionized, di-ionized and fully ionized forms.

NMR titration of citric acid

Citric acid has two non-equivalent methylene protons (o« = A, B) corresponding to the two peaks
of the NMR spectrum (Fig. 3). Both the separation of the peaks A = 5, — dp and the average
position § = (J5 + dp) /2 are pH-dependent. Moreover, the two peaks are split by an amount
J, due to spin-spin coupling between the two hydrogen atoms. The pH-dependence of §, A and
J is shown in Fig. 4. High resolution 6, A and J versus pH data were obtained by Moore and
Sillerud work.?* The measurements were performed at 400 MHz and TMS was used as chemical

shift reference. For citric acid (N = 3), § can be expressed by means of eqn. (11) as

5 == 50 + 51391 (CLH) + 5292 (GH) (12)
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COOH

Figure 1: a) Representation of the fully extended citric acid molecule, showing the two main
dihedral angles responsible for the conformational variability. Carbon atoms are depicted in blue,
oxygen atoms in red and hydrogen atoms in white. The numbering of the carboxylic groups and
the hydrogens (A and B) resolved in NMR experiments are also indicated. b) Representation of
the three conformational minima obtained from the rotation of the C; — Cy and Cy — Cs5 central
bonds. The central bonds are considered to be in the trans (t) state when the molecule is fully
extended. We have chosen Flory criteria to assign the sign of the rotations, according to this
the state gauge+ (g7) of ¢; is obtained by rotating the pendant groups of the carbon C; in the

counterclockwise direction
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Figure 2: a) Reaction scheme of citric acid assuming fully localized proton binding. K are the
macroscopic dissociation constants, calculated using the cluster parameters via eqns. 19. The
fitted cluster parameters are reported: k; and k5 are the dissociation microscopic constants of
the terminal and central carboxylic groups, respectively. €15 and €;3 represent the interaction
energies between terminal-central and terminal-terminal dissociated carboxylic groups. Finally,
A123 accounts for the triplet interaction between the three dissociated carboxylic groups. The
resulting microscopic probabilities are also shown (bold letters), and compared with ab initio
calculations (between brackets). b) Reaction scheme considering the possibility of delocalized
bindings. The roto-microspecies resulting from ab initio calculations are now classified into two
groups: the ones which present delocalized proton binding and the ones which do not. Note that
in de di-ionized form the proton can be exchanged among the three carboxylic groups, so that
one one micro-species is detected in the NMR time scale. In the mono-ionized form, however,
both micro-states presenting localized and delocalized proton binding are possible.
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Sa 5|B
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Figure 3: Sketch of the NMR citric acid spectrum corresponding to the two sets of non-equivalent
methylene hydrogen atoms, A and B. The two peaks show spin-spin AB coupling, characterized
by a coupling constant .J. The position of the two peaks and the spin-spin coupling constant .J
are pH dependent. As a consequence, the average position of the two peaks (6 = (Ja + dg) /2)
and the separation between the two peaks (A = d5 — dg), reported by Moore and Sillerud®* are
also pH dependent. The assignation of each peak to a particular hydrogen atom, A or B, is only
illustrative.
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where 0; = (64; +95:) /2,(1 =0,1,2,3). The symmetry property ¢; = 63 has been used in
(11) since the terminal carboxylic groups are equivalent. 613 = d; + J3, and it accounts for
the influence of both terminal carboxylic groups in the chemical shift. g, the average chemical
shift for the fully deprotonated molecule, does not need to be fitted, since it can be obtained
from the plateau of the experimental § versus pH data in the region of high pH values, where the
molecule is fully deprotonated (Fig. 4a). Moreover, &y, d13 and d are not independent, since at low
enough pH values, the molecule is fully protonated (0; (ay — 00) = 1) giving the relationship
do + 013 + 02 = dp, where Op is the average chemical shift for the fully protonated molecule. The
value of dp is obtained from the plateau of the § versus pH data at low pH values. Then ¢ (from
eqn.12) reads

d = g + 61301 + (0p — 0p — 013) 02 (13)

where 013 is the only shift parameter to be fitted. In the same way, A can be expressed as

A=Ay + Ay360, + (Ap — Ay — Ay3) 05 (14)

and

J=Jo+ Jizb + (Jp — Jo — J13) 02 (15)

The validity of Eqns. (13-15) relies in the fact that J, A and J are linear combinations of the
chemical shifts of the four individual peaks, all of them fulfilling (11). The pH-dependence of 9,
A and J comes from 0 and 6s. 6y, g and Jj are obtained from the plateau of the Figs. 4a, 4b and
4c at high enough pH values (2.42 ppm, 56.8 Hz and 15.22 Hz, respectively), while dp, Ap and Jp
are obtained from the plateau at low pH values (2.81 ppm, 74.5 Hz and 15.86 Hz, respectively).
013, A13 and J;3 are adjustable parameters. The chemical shifts corresponding to the individual

peaks A and B, 65 and dp are related with 6 and A by

A A
Sa=0— s dn=0+ o (16)
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where f is the spectrometer frequency. We preferred, however, to fit the original data ¢, A and .J

rather than d,, 0g and .J since the peculiar shape of the curve A versus pH can show in a clearer

way the quality of the fitting.
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Figure 4: Markers: experimental average chemical shift (9), separation between the center of the
peaks (A) and spin-spin coupling (J) versus pH, taken from ref.?* Continuous lines: best fitted

curve obtained from eqns. (13-15) together with eqns. (18-20)

On the other hand, using (9-10), ¢, and 0, can be expressed in terms of the macroscopic

probabilities as
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91 (GH) =T (H@@) Pl ((ZH) + (71'2 (H@H) + Up) (HH@)) PQ (CLH) + P3 ((ZH) (17)
0, (ay) = m (OHO) P (ay) + (s (HHO) + my (OHH)) P, (ay) + Ps (ax)

where H and O represent a protonated (-COOH) and a deprotonated (-COO™) site, respec-
tively. The conditional probabilities are not independent since they are constrained by sym-
metry: m (OOH) = m (HOO), m (BHH) = m (HHO) and by the normalization conditions
m (OHO) +m (HOO)+m (OOH) = 1 and 7, (HOH) + 7, (HHO) + 7, (OHH) = 1. Therefore,
there are only 2 independent conditional probabilities, for instance, 7 (HOO) and 7, (HHO),

and (17) can be rewritten as

01 (an) = m (HOO) Py (an) + (1 — w9 (HHO)) P, (an) + P3 (an) s)
05 (an) = (1 — 2w (HOO)) Py (an) + 27, (HHO) P, (an) + Ps (ag)

Eqns. (17) can be fully expressed in terms of the cluster parameters. The macrostate prob-
abilities P; (ay) depend on the macroconstants through eqns. 2, which, after some elementary

calculations, can be related to the microscopic binding parameters of the cluster expansion (6) as

follows )
Ky =2k + ko
_ ki1(2kou+tkiv)
R e 1
_ kikouPow
\K'?’ - 2]1:2’12L+k17j
with logu = —¢19, logv = —€13 and log w = —\;93. The microstate probabilities are given by:

kot k1
™1 (HOO) egts + v m> (HHO) 2%k, + ko (20)

In summary, equations (13-15) and (18-20) contain eight parameters to be simultaneously fit-

ted to the experimental chemical shifts: three chemical shift parameters (013, A3 and J;3), two
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microscopic dissociation constants (k; and k) and three interaction energies (€12, €13 and Aja3).
The fitting procedure has been performed using standard nonlinear regression routines of MAT-
LAB.* The robustness of the fitting has been checked by means of Monte Carlo simulation of
synthetic data, which provides accurate estimates of the parameter confidence intervals without
requiring any assumption about the probability distribution of the parameters, or about the lin-
earity of the fitted mathematical model.**** In this method, an initial best fitting is performed
using the original data set. The average deviation between the best-fitted curve and the experi-
mental data is taken as an estimation of the variance o of the error probability distribution, which
is assumed to be Gaussian. Then a new set of synthetic data set is generated by adding random
errors to the experimental data. A fitting process is performed to the new data set and a new set
of best-fitted parameters is obtained. The process is repeated a sufficiently large number of times
(thousands in this work), and the resulting values for each particular fitted parameters are listed
in numerical order. The confidence intervals of 95%, the ones reported in this work, are obtained
by removing from the ordered list those values corresponding to the 0.5% of the upper and lower
tail. Since the probability distribution of the parameters does not need to be Gaussian, the con-
fidence intervals do not need be strictly symmetric. Hence both the upper and lower bounds of
the limiting intervals are reported (see Tables 1 and 2). Confidence intervals for functions of the
fitted parameters, such as microstate probabilities or macroscopic dissociation constants can be
obtained by the same procedure.

The found NMR parameters in eqns. (12-15) are shown in Table 1. The best-fitted parameters
013, A3 and Jy3 are reported within 95% confidence intervals. If the fitting is performed only to
0 and A data (Figs. 4a and 4b), without using the spin-spin coupling data (Fig. 4c) the results
do not change significantly. This fact supports the consistency of the obtained values. 4, A and
J for the fully protonated (dp, Ap and Jp) and the fully deprotonated (6o, Ao and .Jy) molecule
were not fitted but obtained from the plateaus of figs. 4 at low and high pH-values, respectively.

The cluster parameters are shown in Table 2, together with the ones calculated from the re-

sults reported in refs.*!* These works make use of selective methyl substitution of the carboxylic
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Table 1: Values of the 9;, A; and J; NMR shift parameters for citric acid defined in eqns. 13-
15. The NMR shifts corresponding to the fully deprotonated (i=0) or fully protonated (i=P) have
been obtained from the plateau of the curves of Fig. 4 at high and low pH-values, respectively.
013, A3 and Ji3 have been fitted to the three experimental curves in Fig. 4 simultaneously.
The 95% confidence interval has been estimated using a Monte Carlo method consisting in the
generation of synthetic data with random Gaussian errors with variance 20. d,, A, and J; have
been calculated using 0y = dp — dp — 013, Ao = Ap — Ay — Az and Jy = Jp — Jy — Jis,

respectively.

i 13 0 P 2
&; (ppm) [ 0.28 (+0.02/-0.02) 242 281 0.11
Ji (Hz) | 0.07 (+0.05/-0.06) 1521 15.81 0.53
A; (Hz) | -31.7 (+1.1/-12)  56.7 745 494

groups to deduce the complete ionization scheme of citric acid. The accuracy of these methods
relies on the assumption that the non-blocked groups have the same ionization properties as
the original molecule. Under this assumption, potentiometric titration of the modified molecules
allows determining two of the cluster parameters (for instance pk; and €;5). Provided that the
macroscopic dissociation constants are known, the restant three cluster parameters can be ob-
tained by solving the three eqns. 19. In the case of Martin work,'* we have used the macroscopic

1,°% instead of those at infinite dilution,® which leads

constants at [=0.1 M reported in Robertis et a
to important discrepancies with Pearce et al. results.” As previously pointed out in ref.,"® Martin
does not state the concentrations of ester used in the titrations, but these are supposed to be high
enough to significantly contribute to the ionic strength. This consideration seems confirmed by
the good agreement between both works when the macroscopic dissociation constants are not
taken at infinite dilution (Table 2).

The microscopic dissociation pk-values, pk; = 3.65, pke = 3.17, and the nearest neighbour
interaction energy, €15 = 0.56, are, within a narrow confidence interval, very similar to those

obtained from refs. %"

at 0.1M of KCl solution. However, the next-nearest interaction parameter
€13 and the triplet interaction parameter, \;o3 clearly differ from those obtained from the previous
works. The obtained values, €13 = 6.68 and \j33 = —5.65, represent enormous repulsive (9.1

kcal/mol) and attractive energies (-7.7 kcal/mol), respectively. Monte Carlo error analysis shows

that this behaviour is very robust within the whole confidence intervals, reported in Table 2
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indicate. In order to understand how unrealistic these values are, we can compare them with the
interaction energies of nearest-neighbour sites of other molecules whose ionizable groups are
separated by three bonds. For instance, for poly(maleic) and poly(fumaric) acids, with interactions
regarded as particularly strong, €;o ~ 1.5 — 3.9, depending on the background electrolyte and
the bond tacticity; for succinic acid €15 =~ 0.8;°! for poly(ethylene)imine, €15 ~ 2 and Aj93 =~
0.45.2 Moreover, it is important to highlight the strange fact that the interaction energy between
terminal charged groups €;3 is much larger than that between a terminal and the central group.
This is counterintuitive and very difficult to justify in physical terms, since when the two terminal
groups are charged, the molecule can accommodate the conformation to get a larger distance
between the charged groups than when a terminal and a central group are charged.

Once the cluster parameters are determined, the macroscopic dissociation constants can be
calculated using eqns. 19. Interestingly, despite the unreliable values of €;5 and \;s3, the macro-
scopic constants, calculated using eqns. 19, are in good agreement with the values reported in
previous literature, as shown in Table 3. Especially remarkable is the agreement with the values
reported by Robertis et al.>® (with I=0.1M and I=0.5 M), Crea et al.® (with I=0.5M), and Bénézeth

99354 and calcu-

et al.” (I=0.1m and I=0.5 m). They also agree with other experimental studies,
lations using the Pitzer theory.®*** In contrast, they differ with the values obtained at infinite
dilution.® This discrepancy is expected since the NMR experiments were done at a sodium citrate
concentration 0.1 M, so that the minimum value of the ionic strength in the titration experiment
was [=0.3 M.

In summary, in analyzing the pH-dependence of the NMR chemical shifts by means of the
SB model, i.e., assuming fully localized proton binding, we arrive to contradictory results: on the
one side, we obtain good values for the macroscopic constants, in agreement with those obtained
previously with potentiometry. But, on the other side, we get nonphysical values for the interac-
tion energies. This intriguing fact is also reflected in the obtained microstate probabilities, which

are shown in Table 4. They clearly differ from those obtained from refs.'* and.’> These works

predict a significant presence of the symmetric di-ionized microstate (OHO) (around 10-15%).
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As will be shown in section 4, ab initio computations assuming localized proton binding also lead
to the same conclusion. Conversely, our analysis shows that, within a very narrow confidence
interval, this microstate is virtually unexistent, so that only the asymmetric di-ionized microstate
is present. Algebraic arguments, complementary to the Monte Carlo test, can also be used to jus-
tify the robustness of this result. The analysis, outlined in the supporting information, shows the
existence of a unique minimum in the fitting process. The nonexistence of the di-ionized sym-
metric microstate is equivalent to a huge repulsive energy between the terminal carboxylates. In
the same way, this huge repulsive energy must be compensated by an enormous triplet attractive
energy to produce the tri-ionizazed state. Actually, it can be shown that the confidence interval
for the sum of €5 and 93 is very narrow, so that triplet interactions always compensate the
terminal-terminal carboxylate repulsion.

In this work we propose that this result, clearly an artifact, could be the consequence of trying
to analyze the NMR shifts assuming fully localized proton. Aiming at clarifying this point, in the
next section a systematic scan of the most stable conformations of citric acid is performed. As will
be shown, some of this conformations allow proton exchange between carboxylic groups without
energetic barrier, so that the basic assumption of the SB model, i.e., the assignment a carboxylic
group to a bound proton, is no longer suitable to understand the ionization properties of citric
acid. It is worth to note that proton delocalization can not take place in the experiments which use
selective methylation of the carboxylic groups. This would explain the observed discrepancies
with the results obtained from NMR titrations.

Table 2: Cluster parameters of citric acid at 25°C obtained by fitting the SB model (eqns. 18-19)
to NMR titration data taken from ref.?* The best-fitted values are given within 95% confidence
intervals, which are reported between brackets. The values calculated from refs.!* and,’® which
use selective methylation of the carboxylic groups, are also reported.

pky Pk €12 €13 A123

fitted from NMR titration  3.65 3.17 0.56 6.68 -5.65
I>03M (+0.04/ (+0.03/ (+0.08/ (+4.02/ (+4.67/

-0.03) -0.02) -0.08) -4.63) -4.07)

Martin* I ~ 0.1 M 3.85 3.35 0.73 0.54 -0.28

Pearce etal® I = 0.1 M 3.79 3.02 0.78 0.62 -0.15
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Table 3: Macroscopic pK-values of citric acid at 25°C calculated using the cluster parameters
obtained from NMR titrations (Table 2) and eqns. (19), together with values previously reported
in the literature, determined by potentiometry.

248! pK; PK;
from NMR titrations (Table 2) 2.95 4.13 5.54
using eqns. 19,7 > 0.3 M (+0.03/-0.03) (+0.05/-0.05) (+0.05/-0.05)

Bates etal® [ ~ 0 M 3.1340.02 4.764+0.01 6.4040.01

Pearce etal® I ~ 0O M 3.04 4.70 5.77
Robertis et al.>® [=0.1 M 2.92 4.35 5.77-5.78
Bénézeth et al.” 1=0.1 m 2.9040.01 4.3440.01 5.6840.02
Robertis et al.>® [=0.5 M 2.82 4.13-4.15 5.41-5.44
Crea et al.37=0.5 M 2.81-2.82 4.11-4.15 5.31-5.44
Bénézeth et al.” 1=0.5m 2.7740.01 4.1240.02 5.2740.04

Table 4: Microstate probabilities assuming fully localized proton binding at 25°C, calculated re-
placing the found cluster parameters (Table 2) in eqns. (20), together with values previously
reported in the literature, determined by potentiometry.

Uy (HH@)I 1 (H@@)=

Up) (H@H) Up) (@HH) 1 (@H@) 1 (@@H)
fitted from NMR titration 60.1% 19.9% 0.0% 50.0%
I1>03M (+0.5/ (+0.2/ (+0.4/ (+0.0/
-0.0) -0.3) -0.0) -0.2)
ab initio calculations I = 0 M 88% 6% 18% 41%
Martin*7 ~ 0.1 M 77% 11.5% 10.6% 44.7%
Pearce et al.>I ~ 0 M (exp) 79% 10.5% 11% 44.5%
Pearce et al.> I = 0.1 M (exp) 75% 12.5% 14% 43%
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Ab initio calculations and hydrogen bond formation. Local-
ized versus delocalized proton binding

The most stable roto-microstates of citric acid for the different degrees of ionization are shown
in Table 5. They are obtained by means of ab initio MP2 computations with 6-311++G(d,p) ba-
sis set using SMD water model. Free energies values are reported as relative to the most stable
roto-microstate of the same macrostate, which is given zero free energy. The roto-microstate
probability within a specific macrostate is then calculated using the Boltzmann distribution at the
same temperature of NMR experiments, 25°C. The possibility of state multiplicity due to symme-
try is also taken into account in the calculations. Only roto-microstates with probability larger
than 0.9% are shown in Table 5. The rest of them are reported in the supplementary information.
Once a particular macrostate was fixed, the conformational search of citric acid was carried out
preparing initial structures with gauche+, gauche- and trans conformations for ¢; and ¢, dihedral
angles. In addition, different orientations of the hydroxyl and carboxylic groups were also sam-
pled in a systematic way. Special attention has been paid to the formation of carboxyl-carboxyl
and carboxyl-hydroxyl hydrogen bonds because of their stabilizing capacity of the conformation.
The HB bond distance is also shown in Table 5. We consider that a HB is formed if the distance
between oxygen atoms is less than 3 angstroms and the angle O-H-O is larger than 120 degrees.
HB bonds between two carboxylic groups, one of them acting as an acceptor and the other one
as a donor, are indicated in the Table by an overbar on the corresponding deprotonated (“©”)
or protonated (“H”) site. The computations have firstly been performed assuming fully localized
proton binding.

In Table 5, the roto-microstates are depicted by means of two letters indicating the confor-
mations of ¢; and ¢- dihedral angles, followed by a number indicating the relative stability with
respect to the most stable roto-microstate having the same conformation. There is also an addi-
tional sub-index expressing the ionization state (0, -1, -2, -3). So, for instance, tg™1_5 represents

a di-ionized roto-microstate with ¢; in trans state, ¢ in gauge+ state, and with the most stable
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disposition in the g™ conformation.

For the fully protonated molecule, Cs HgO7, three minima were found with significant pop-
ulation: one for tt and two for tg*. tt1y corresponds to the fully extended molecule being the
most stable one (88%). It is not completely symmetric (¢; # —¢2), since the hydroxyl group
is oriented towards one of the terminal carboxylic groups while the other terminal carboxylic
group is oriented differently. Roto-microstates tg™ 1y and tg™ 2y, with very similar free energies,
are much less abundant (7.0% and 4.5%, respectively). In tg" 1, and tg*2, the hydroxyl group
points towards the gauche and the trans part of the molecule, respectively.

In the case of the fully deprotonated citrate anion, Cs H50~ 3 the most stable conformation
is tt1_3 followed by tg™1_3 (0.4 kcal/mol). Thus, tt1_3 has the greatest abundant of the fully
deprotonated form, with 62 %, followed by 33% of abundance for tg™1_3

For the hydrogen citrate anion, CsH;O- !, the more stable conformers are of the type ¢t (with
five dispositions), tg™ (one disposition) and g~ ¢~ (five dispositions). The most stables structures,
depicted in Fig. 5a and 5b, correspond to ¢¢1_; (with probability of 23%) and g g~ 1_; (48%)
conformations, with the same free energy. Assuming fully localized binding, in both cases the
central carboxylic group is ionized. In the case of g”¢g~1_;, a HB bond is formed between the
central deionized carboxyl and the terminal one, which clearly stabilizes this conformation. To-
gether with the roto-microstates tt2_; , tt3_ , tt4_; , tt5_1 and tg"1_y, all of them with an
ionized central carboxyl, the resulting probability for the symmetric charged form is 88%. This

1415 where the micro-state probabilities were obtained using selective

is in agreement with refs.,
methylation of the carboxylic groups, a technique for which HB are destroyed and therefore
delocalized proton binding is unavoidable. The comparison with the micro-state probabilities
obtained from these experiments is shown in Table 4. The agreement is remarkable taking into
account that water has been included implicitly. Models with implicit solvent have revealed to be
very useful in, for instance, differential solvation in chemical reactions.’® More complete models

including explicit water could lead to a more complete picture and are object of current research.

For the di-ionized species, Cs HsO ? , again reasonable agreement between our ab initio calcu-
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lations and refs. 41

is obtained. However, the micro-state probabilities are in total contradiction
with the NMR titration experiments. In our opinion, this discrepancy is, as revealed by Monte-
Carlo statistical analysis, robust enough to inspect alternatives to the standard SB model.

The picture changes considerably if we accept the possibility that at least some of the formed
HB allow the proton to be delocalized between two charged carboxylic groups. This means that, in
reality, one should consider three possible states for the proton: localized in the central carboxyl,
localized in the terminal carboxyl, and delocalized proton between two carboxylic groups. The
existence of this ’third” species was proposed by Kawaguchi et al.,*! who suggested the existence
of shared protons between consecutive carboxylic group to explain the pH-dependence of UV and
IR spectra of poly(fumaric) and poly(maleic) acids. Let us firstly classify the roto-microstates of
CsH;O7 ! into two groups: those which contain a HB bond between carboxylic groups and those
which do not. #t1_; (with probability 23%), tt5_; (1.1%) and tg"1_; (6.1%), which all represent
30.2% of the roto-microstates, do not present any kind of HB. On the contrary, g ¢~ 1_1,9 ¢ 2,4
, tt2_q,tt3_1 and tt4_; exhibit HB between the central and the terminal carboxylic groups. In the
case of t12_1, moreover, the three carboxylic groups participate in hydrogen bonds, with the two
terminal carboxylic groups acting as hydrogen donors and the central one as an acceptor. They
are thus candidates to present proton delocalization.

Let’s explore the possibility of proton delocalization by means of ab initio calculations. Firstly
note that in the conformations g ¢~ 1_; and g~ ¢~ 2_4, all the atoms have practically the same
coordinates, except that of the acid hydrogen, as can be observed in Figs. 5b and 5c. A shift
in the acid hydrogen position of about 0.3 angstroms makes to protonate a lateral (¢~¢g~1_1) or
the central (¢~ ¢g~2_;) carboxylic group. In order to analyze the free energy profile of the transi-
tion, additional calculations were performed by locating the acid hydrogen atom at intermediate
positions between both carboxylic groups. The obtained results are shown in Fig. 6a, where
we have plotted energy versus distance to the center between the two oxygens. The resulting
curve indicates that the transition between g~¢g~1_; and g~ ¢~ 2_; is produced with a small en-

ergetic barrier of about 0.2 kcal/mol. The most stable conformer is obtained when the proton is
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in between these two conformational minima. We can observe, however, that the localization of
the proton in this transformation is not symmetric, being more similar to the g~ ¢~1_; minima.
There are also species without HB between carboxylic groups: ¢t1_1, ¢t5_; and tgT1_y, all of
them corresponding to the symmetric form, for which the central carboxyl is ionized. Finally, in
the roto-microstates tt2_4, tt3_; and tt4_; the central carboxylic group is ionized and the lateral
carboxyl groups are protonated, but in this case forming a HB without proton delocalization. It
is worth to note, that those HB that are localized are those with the greatest HB distances (>
1.48 A), while those that are delocalized (SSHB) have the shortest ones (< 1.48 A) (Table 5). In
summary, the roto-microstates corresponding to the dihydrogen-citrate ion can be classified into
two groups: the symmetric form with localized terminal protons and the one with delocalized
protons. These values are very similar to the results obtained from NMR titrations, if the micro-
species are re-interpreted as symmetric with terminal localized protons versus asymmetric with
delocalized proton. The new interpretation of the reaction scheme is outlined in Fig. 2b. Unfor-
tunately, when proton delocalization taken into account, some information, such as the entropy
associated to proton delocalization, is lacking in order to rigorously estimate the probabilities of
localized and delocalized states.

In the case of the hydrogen-citrate anion Cs HsO5 2, proton delocalization could play an even
more important role. All the most stable conformations reported in Table 5 can be transformed
one into other either by a conformational change, or by transference of delocalized a proton
though a HB without energetic barrier (SSLB). This means that at the NMR time scale, all the
roto-microstates behave on average as a unique microstate, which is consistent with the surpris-
ing 100% probability for only one microstate. A large part of the population (61%) is distributed
between only two minima: the g~¢g~1_5 and g~ ¢~ 2_5 asymmetrical charged conformers (Figs.
5d and 5e). The only difference between these two conformers is the transference of a proton be-
tween the two terminal carboxyl groups. Calculations fixing the acid hydrogen at intermediate
positions indicates that this transition is performed without energetic barrier, as shown in Fig.

6b. Actually, the curve energy versus distance to the center of the oxygens is in this case very
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symmetric and exhibits a minimum of about -2 kcal/mol. A similar situation is found for the pairs
of conformers g g~ 3_ovsg g 4 oandtg™1_5 vstgt2_,, as shown in Figs. 6¢c and 6d. Moreover,

g~ g 5_5 can be transformed into ¢g" g4 5 and tg*2_, into tg*3_, just by a change in the dispo-

©CoO~NOUTA,WNPE

10 sition of the resting carboxylic group. As a consequence, within this new picture, there would not
12 be localized protons in the di-ionized form of citric acid, so that NMR can only detect a unique
14 species. We have depicted this result in Fig. 2b. The large discrepancy between the speciation re-
16 sulting from NMR titrations and previous works, based on methyl substitution emerges now as a
18 natural consequence of proton delocalization. Selected blocking of the carboxylic groups would
20 break the HB of the original molecule, so that the modified compound behaves as the original
22 one presenting only fully localized protons. This would also explain the rather good agreement,
24 within the limitations of the calculation technique, between “deductive” methods in refs.'* and®

26 and ab initio computations.

1 AR 1 94 A\
32 AU nﬁ ) Q\;/\ ‘\)/
33

34 a) b) c)

40 d) e)

42 Figure 5: More stable roto-microstates of di-hydrogen citrate (q=-1): tt1_, (HOH) (a), g~ g 11
43 (HOH) (b) and g~ ¢~ 2_; ©OHH (c); and hydrogen citrate (q=-2): g g~ 1> (HOO) (d)and g g~ 2_»
44 (©OH) (e). Oxygen atoms are depicted in red, carbons in green and hydrogen atoms in white.

50 Conclusions

The micro-speciation of citric acid is studied by analyzing NMR titration data. When fully local-
ized proton binding is assumed, the so-called site-binding (SB) model, microscopic dissociation
constants, together with pair and triplet interaction energies between charged carboxylate groups
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Table 5: Relative free energies of conformations of citrate in water obtained by MP2 calcula-
tions for all the possible degrees of ionization (0,-1,-2,-3). “H” indicates a protonated carboxylic
group while “©” depicts a deprotonated carboxylic group. The participation of a carboxylic group
in a intramolecular hydrogen bond between two carboxylic groups is indicated by an overbar
over the corresponding “H” and “©” sites. Only conformations with a proportion greater than
0.9% are shown. Relative Free energies in water (in kcal/mol) and hydrogen bond dinstances
(in angstroms). Conformational proportions were calculated using proper Boltzmann factors at
25°C. The hydrogen bond are classified into two groups: those which present localized proton
binding and those who canform a SSLB-HB.

charge | conformation protonation  AG, Relative  d(H---O) HB type
(kcal/mol) population (A)

0 ttl, HHH 0.0 88% - -
tgt 1, HHH 15 6.9% - -
tg2 HHH 1.8 4.4% - -

-1 |t HOH 0.0 23% - -
t2_, HOH 1.5 3.7% 1.50 local.
t3_, HeH 1.6 3.2% 1.63 local.
ttd_, HOH 2.1 1.5% 2.13 local.
tt5_y HOH 2.2 1.1% - -
tgT1 4 HOH 1.2 6.1% - -
g g 1, HOH 0.0 48% 1.46 SSLB
g 9721 OHH 0.9 10% 1.36 SSLB

2 [tgtl, ©HO 0.8 10% 1.37 SSLB
tgT2_, ©06H 1.2 5.3% 1.43 SSLB
tgT3_, ©06H 1.5 3.1% 1.47 SSLB
g g 1 HOO6 0.0 37% 1.47 SSLB
G 972 ©06H 0.3 24% 1.46 SSLB
g g 3, OHO 0.9 8.2% 1.36 SSLB
G g 4 s HOeo 1.0 6.7% 1.44 SSLB
979759 HOO 1.3 4.0% 1.47 SSLB

3 | ttl g 0006 0.0 62% - -
tgt1l_5 000 0.4 33% - -
tgT2_3 0606 1.6 3.8% - -
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Figure 6: Free energy profiles for the intramolecular proton transfer between a) g~¢g~1_; and
g g 1_1;b)g g1 sandg g 2 9;¢)g g 3 sandg g 4_9;d)tg"1_sandtg™2_, asa function
of the deviation of the proton from its centered position in the hydrogen bond.

d)

are obtained. The resulting macroscopic constants are in very good agreement with the values
reported in previous literature using potentiometry. However, the found pair interaction energy
between two terminal carboxylates and the triplet interaction energy are physically meaning-
less. The obtained interactions between two terminal charged groups are much larger than that
between a terminal and the central groups. To be sure that this strange result is not an artifact
produced by uncertainties in the fitting procedure, a robustness test based on random generation
of synthetic data has been performed. Algebraic arguments also lead to the same conclusion.
This apparent contradiction suggested a more detailed analysis of the standard reaction scheme
based on the SB model. As a consequence, full elucidation of the conformational structures for
each ionization state of citric acid became necessary. Special attention has been paid for the
formation of hydrogen bonds, due to their stabilizing effect. With this aim, ab initio MP2 calcula-
tions using the SMD polarizable continuum model for solvent were performed. When protons are
constrained to be bound to a particular carboxylic group, the resulting micro-state probabilities
are in reasonable agreement with the micro-speciation reported in previous works using selec-

tive blocking of the carboxylic groups. They were, however, in disagreement with the microstate
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probabilities derived from the NMR titrations, specially in the case of the hydrogen-citrate ion.
A more careful analysis of the calculations suggested the possibility of proton delocaliza-
tion between two or even three carboxylate groups. The computations indicate that both di-
hydrogen and hydrogen citrate adopt stable conformations which could present proton delocal-
ization through low barrier HB between carboxyl groups. In the case of the hydrogen citrate ion,
we find that all the stable conformations (with probability near 100%) present this possibility. This
suggest a new reaction scheme including micro-species presenting delocalized proton binding.
In this new scheme, NMR would only detect a unique micro-species for the hydrogen-citrate ion.
This is what is concluded from the analysis of NMR titration data and would explain why when
the protons are constrained to be localized, the fundamental assumption of the SB model, non-
physical interaction energies are obtained. Micro-speciation of di-hydrogen citrate ion seems to
be better explained if delocalized proton binding is considered for some of the roto-microstates.
Delocalized proton binding in solution is an open and controversial issue, which has been
the subject of recent research. This work suggests that NMR in solution, combined with suitable
micro-speciation analysis and ab initio calculations, could shed some more light on this important

topic.
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+ Additional figures showing free energy minimum conformations of citric acid obtained
from ab initio optimizations in solvent for fully protonated, mono-deprotonated, di-deprotonated

and fully deprotonated forms.
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« Additional tables showing relative free energies and proportions of all conformations of

13 citrate in water for charge states -1 and -2 obtained by MP2 calculations.

16 This material is available free of charge via the Internet at http://pubs.acs.org/.
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The reported best-fitted parameters correspond to the unique
local minimum of the fitting procedure. An additional ar-
gument to the robustness of the found microscopic binding
parameters.

Let us outline an argument to show that the best-fitted parameters shown in
this work correspond to a unique minimum of the fitting process. Firstly note
that by rewriting the equations

0 =g + 01301 + (0p — do — d13) 02 (1)
A=Ay + Az0 + (AP —Ap — A13) 02

replacing

{91 (GH) =T (H@@) P, (CLH) + (1 — T2 (HH@)) Py (aH) + Pj (aH) (2)

05 (CLH) = (1 —2m (H@@)) Py (CLH) + 279 (HH@) Py (CLH) + P3 (aH)

in eqn. (1), § and A can be expressed in terms of the macroscopic probabilities
P; (an), which only depend on the macroscopic dissociation pK;-values via

K, af

[1]

Pn (aH) =

)

[1]

= Z FZCLZH ) pK, = 710gKZ‘ = IOg (FN—H-l/FN—i)
1=0,...,N

(3)
Introducing Eqns. (2) in (1) we obtain § and A as a linear combination of the
macroscopic probabilities. As a result we obtain the equations

=0 +X P (aH) +Y P (aH) + (513 —50) Ps (U,H) (4)
A:A0+IP1(GH)+yP2(aH)+(AP*Ao)Pg(aH)



where X, Y, z and y are new parameters to be fitted and defined as

X = (250 — 20p + 3(513) T (H@@) + (5}3 — g — 513)
Y = (2513 — 200 — 3513) T2 (HH@) + 013 (5)
Xr = (QAO — QAP + 3A13) T (H@@) + (AP - AQ — Alg)
Yy = (QAP - QAQ - 3A13) T2 (HH@) + A13

But we have very good values for the macroscopic dissociation constants,
obtained previously by potentiometry. Recalling too that dp, dg, Ap and Ay do
not need to be fitted (they are directly obtained from the chemical shifts at very
low and very high pH-values), we get that Eqns. (4) reduce to a linear fitting
of X, Y, z and y. As a result, only one minimum can be obtained in fitting
eqn. (4) to the experimental NMR, curves. Thus, the values of X, Y, z and y
are uniquely determined. The obtained values are (within the experimental and
numerical error) X=0.137, Y=0.266, x=-15.14, y=-5.65.

With those values for X, Y, x and y at hand, the problem reduces to
show that the solution of the system of Eqns. (5), containing four unknowns
(m (HOO), m (HHO), 613 and A;3) is unique for values of m (HOO) and
7o (HHO) lying between 0 and 1. This is an elementary exercise of algebra and
numerical computation by eliminating d;3 and A;3 from the system of equations
and analysing the solutions for the resulting 2-equations system for 7 (HOO)
and m (HHO). It is found that the only solution (within the experimental and
numerical error) corresponds to

7 (HOO) ~ 0.5; my (HHO) ~ 0.20 (6)

which are very close to the obtained values by direct fitting of all the microscopic
binding parameters to the experimental NMR shift data. Furthermore, recalling
that

1

k1

which is very close to the ratio obtained by direct fitting. Replacing (7) in the
expression for m (HOO)

1 v
—— ~05 = —~0 8
2 i e %0 (8)

m1 (H@@) =

so that the repulsive interaction between terminal charged groups must be larger
than the interaction terminal-central group.



FIGURES of Supplementary Information

Free energy minimum conformations of citric acid obtained from ab initio op-
timizations in solvent for fully protonated (Fig. S1), mono-deprotonated (Fig.
S2), di-deprotonated (Fig. S3) and fully deprotonated (Fig S4) forms. In Fig S2
and S3, it is also indicated the labelling to specify the state of each of the three
carboxylic groups: “H” specifies a protonated carboxylic group and “©” specifies
a deprotonated carboxylic group. The participation of a carboxylic group in a
intramolecular hydrogen bond is indicated by a overbar over the corresponding
“H” or “©“ site.
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Figure S1: tt, tg and g¢g minimum conformations of citric acid obtained from
optimizations at MP2 level with the SMD water model with the 6-311++G(d,p)
basis set for charge state 0. The labeling indicates the conformation of each
of the two principal dihedral angles (¢ for ¢rans, g for gauche).
superscript of g indicates the sign of the gauche angle. Relative free energies
with respect to the most stable minimum conformation for each charge state
in kcal/mol. The color of atoms correspond to blue for carbon, red for oxygen,
white for hydrogen. Intermolecular hydrogen bonds are also indicated by red

dashed lines.
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Figure S2: ¢t minimum conformations of citric acid obtained from optimizations
at MP2 level with the SMD water model with th 6-311++G(d,p) basis set for
charge state -1. The same preferences and units as indicated in Fig S1 were

used.
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Figure S3: tg minimum conformations of citric acid obtained from optimizations
at MP2 level with the SMD water model with th 6-311++G(d,p) basis set for
charge state -1. The same preferences and units as indicated in Fig S1 were

used.

Fig. S3. Minimum conformations of citric acid obtained from optimizations
at MP2 level with the SMD water model with th 6-311++G(d,p) basis set for
charge state -2. The same preferences and units as indicated in Fig S1 were

used.
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Figure S4: gg minimum conformations of citric acid obtained from optimizations
at MP2 level with the SMD water model with th 6-311++G(d,p) basis set for
charge state -1. The same preferences and units as indicated in Fig S1 were

used.
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Figure S5: ¢t minimum conformations of citric acid obtained from optimizations
at MP2 level with the SMD water model with th 6-311++G(d,p) basis set for
charge state -2. The same preferences and units as indicated in Fig S1 were

used.
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Figure S6: tg minimum conformations of citric acid obtained from optimizations
at MP2 level with the SMD water model with th 6-311++G(d,p) basis set for
charge state -2. The same preferences and units as indicated in Fig S1 were

used.
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Figure S7: gg minimum conformations of citric acid obtained from optimizations
at MP2 level with the SMD water model with th 6-311++G(d,p) basis set for
charge state -2. The same preferences and units as indicated in Fig S1 were

used.
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Figure S8: tt, tg and gg Minimum conformations of citric acid obtained from
optimizations at MP2 level with the SMD water model with th 6-311++G(d,p)
basis set for charge state -3. The same preferences and units as indicated in Fig
S1 were used.
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TABLES of Supplementary Information

Tables S1 and S2 show relative free energies and proportions of all conformations
of citrate in water for charge states -1 and -2 obtained by MP2 calculations.

Table S1: Relative Free energies (in kcal /mol) in water of different conformations
for the mono-deprotonated form of citrate. Conformational proportions are
calculated at 25°C. “H” specifies a protonated carboxylic group and “©” specifies
a deprotonated carboxylic group. The participation of a carboxylic group in a
intramolecular hydrogen bond between two carboxylic groups is indicated by an
overbar over the corresponding “H” or “©" site.

conformation AG,¢ Relative population

ttl_q HOH 0 23%
t2_4 HOH 1.5 3.7%
tt3_4 HOH 16 3.2%
ttd_4 HOH 2.1 1.5%
tth_q HOH 2.2 1.1%
t6_q OHH 2.5 0.8%
74 OHH 2.6 0.6%
tt8_1 OHH 2.7 0.5%
tgT1_y HOH 1.2 6.1%
tgT2_1 OHH 3.2 0.2%
tgT3_1 ©OHH 3.7 0.1%
tgT4_q HHO 4.9 0.0%
tgTH 1 HHO 6.8 0.0%
tgt6_4 OHH 7.0 0.0%
g g 14 HOH 0.0 48%
99 24 OHH 0.9 10%
g 9 31 HOH 2.6 0.6%
g g 4 OHH 8.4 0.0%
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Table S2: Relative Free energies (in kcal/mol) in water of different conforma-
tions for the di-deprotonated form of citrate. Conformational proportions are
calculated at 25°C. Charged carboxylic groups and intramolecular hydrogen
bonds are indicated as in Table S1.

conformation AG,; Relative population

ttl_o HOO 3.4 0.1%
tt2_o OHO 3.9 0.1%
tt3_o OHO 48 0.0%
tgt1l_, OHO 0.8 10%
tgt2_s e6H 1.2 5.3%
tgt3_, e6H 15 3.1%
tgt4_, ©6H 3.5 0.1%
tgt5 o Hee 5.0 0.0%
tgt6_o HOO 5.0 0.0%
tgT7_o HOO® 5.1 0.0%
tgT8_o OHO 6.1 0.0%
g g 1_9 Hee 0.0 37%
97972 9 660H 0.3 24%
9 g 3 9 OHO 0.9 8.3%
g g 4 o Hee 1.0 6.8%
g g 5 9 HOO 1.3 4.0%
g g 6_9 HoO 238 0.3%
g g T 2 Hee 3.0 0.3%
9 g 8 ©0H 3.3 0.1%
g 9 9 9 ©O0H 6.7 0.0%
g~ g 10_o HOO6 7.6 0.0%
g g 11 o OHO 7.7 0.0%
g g 12_5 OHo 11.1 0.0%
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