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Abstract. It has been shown experimentally that the?tiBal™ potentiometric selectivity of
phosphoryl-containing podand R—O—(gHCH»>—O0),,—R, R = —GHs—P(O)Ph, n = 3 (1),
switches to B&"/Ca" when the ligand contains the longer polyether chair, 5 (Il ). Here, we
report molecular dynamics and free energy perturbation simulations performed usinggbr 4.1
program on the complexds M2+ (M2 = C&*, St and B&™, L = andll) in the gas phase

in order to gain a microscopic insight into structural and energy binding properties of podands as
a function ofn. Mixed QM/MM (PM3/AMBER) calculations were performed to analyse the role of
polarisation effects on the complexation selectivity of podands. It is shown that an increadeasf

not affect the interactions of {1 with phosphine oxide groups, but leads to less efficient interactions
of small cations with the polyether chain. Calculated potentiometric selectivitle(ﬁ#Jr > Ba2+)
andll (Ba2+ > Ca™) are in agreement with the experimental data.

Key words: ion-selective electrodes, podands, metal cations, molecular dynamics, QM/MM calcu-
lations, binding selectivity, molecular recognition, polarization effects.

1. Introduction

Podands [1, 2] R—O—(CH—CH,—O),—R with two phosphoryl-containing
terminal fragments (R) linked by a polyether chain, (Chart I) represent a
promising class of complexing agents. They can be easily modified by vary-
ing the substituents at phosphorus and the length of their polyether chain. More
than 50 phosphoryl-containing podands with different terminal groups 1-7;

R= —CHz—CHz—P(O)Xz, —0-C6H4—P(O)X2, —O-C6H4—CH2—P(O)X2, —_—
CH,—P(0O)X; with X = Ph, Alk and O-Alk) have been synthesized and studied
as complexing agents in THF : CHCANd in acetonitrile solutions (see [3-6] and
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n=3 (I); 5 (I)

Chart 1. Phosphoryl-containing podands studied by molecular dynamics simulations.

references therein). Extraction by podands of alkali and alkaline earth cations [7—
9], lanthanides [10, 11] and actinides [10-12] and a number of transition metals
[13-16] has been investigated.

Recently Petrukhiret al. examined phosphoryl-containing podands as carriers
of alkali [17] and alkaline earth [18] cations in ion selective electrodes (ISE).
An interesting result was found for the transport of alkaline earth cations by
podands R—O—(CH—CH,—O0),—R, R = —0-C¢H,—P(O)Ph from water to
the membrane containing dibutylphthalate as solvent. Podands with a relatively
short polyether chaim(< 3) selectively transport &, whereas those with longer
chains ¢ > 4) are selective for B4 [18]. From the results obtained in [18] it is
not clear whether this switching of selectivity is related to stereochemical effects
(formation of optimal coordination polyhedrons or suitable pseudo cavities for
metals), to electronic effects (polarization, charge transfer) or to solvation effects.
As no structural information on the complexes of these phosphoryl-containing
podands with alkaline earth cations is available, the coordination patterngtof M
are not known. This led us to undertake molecular modelling studies in order to
analyse the structure—binding affinity relationships on the basis of intra- and in-
termolecular interactions. Computer experiments can indeed provide microscopic
descriptions of molecular systems (structure, energy and dynamics) and mac-
roscopic parameters (thermodynamics of complexation, extraction and transfer).
Earlier, molecular mechanics and molecular dynamics studies have been per-
formed on some mono- and tripodands in the gas phase, in solution and at the
water/chloroform interface in relation to their complexation [6, 19, 20], extraction
[9, 21] and catalytic [22] properties.

Here we report molecular dynamics (MD) and quantum mechanics/molecular
mechanics (QM/MM) studies of the complexes of podahds = 3) andll (n =
5) with alkaline earth cations f# (M2t = C&*, SP* and B&*) aiming to gain
microscopic insights into their structure and binding selectivities as a function of
n. This is, to our knowledge, the first attempt to estimate potentiometric selectivity
coefficients of ISE based on molecular simulations.
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The potentiometric selectivity coeﬁicied(pot(M?+/M’;+), measured experi-
mentally by ISE, can be related to the difference between the free energies of
transfer A AGy)) of cations M™ and M}* from water into the membrane where
they form complexes with [23]

—RT -10g Kpo(M; /M) = AAGy = AGy ; — AGy, @)

To estimate the relative free energitd Gy we used a method [24, 25] based on
the free-energy perturbation technique [26].

Recently [9], we have performed MD simulations on the M?* and |l -
M2*(Pic™), complexes in the gas phase and in chloroform. It has been shown that
this weakly polar solvent does not significantly modify the structure of the com-
plexes compared to the gas phase. Therefore, in this study we assume that structures
simulated in the gas phase are similar to those in the dibutylphthalate solvent, used
in ISE [18]. No counterion, nor additional components of the membrane (sodium
tetraphenylborate [18]) were taken into account in our calculations. This is partially
justified by the fact that in ISE the complex is dissociated from the counterion [18].
Despite these simplifications, we have obtained reasonable results concerning the
structure of the complexes and the calculated potentiometric selectivities.

2. Method
2.1. FORCE FIELD CALCULATIONS

The AMBER 4.1 software [27] was used for molecular mechanics and molecular
dynamics simulations, with the following representation of the potential energy:

Etotal = ZpondKi (r — ”eq)z + EanglesK(-? (G 9e0)2+
+ Zdihedraid/s (1 + cOSne)
+ Zioj(q:iq;/ Rij — 265 (R} /Rij)® + € (R} /Rip)*).

Here the bonds and bond angles are treated as harmonic springs, and a tor-
sional term is associated with the dihedral angles. The interactions between atoms
separated by at least three bonds are described within a pairwise additive 1-6—12
potential. Parameters were taken from AlwsER force field [28]. The electrostatic
atomic charges (ESP) [29] ¢fand Il were calculated using the MNDO method
with the moPAC-5 program [30]. These charges were multiplied by 1.42 to scale
them to theab initio 6-31G* values [31].

No scaling of 1-4 nonbonded interactions was used. The cation parameters
(e, R*) were fitted by Aqvist to reproduce relative and absolute free energies of
hydration [32]. After 1000 steps of conjugate gradient energy minimization, the
MD simulations were run for 200 ps at 300 K using the Verlet algorithm [33],
starting with random velocities. The time step was 1 fs, without usiagke. A
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Chart 2. Charge distribution on the podandandll .

residue based cutoff of 10 A was used for nonbonded interactions. The temperature
was controlled by velocity scaling in the gas phase.

The ‘FEP’ (free energy perturbation) calculations were performed with the
windowing technique, changing tle R* parameters of Bt linearly with A, as
suggested in reference [34]:

& =A-em1+ (A—1)-emz; RI:)"RIT/Il_i_(l_)")'RK/IZ‘

We successively mutated @a— S+ — Ba2t. The mutation of a given cation
Mi* (free or complexed) to the next one%]'vlwas achieved in 11 windows. At
each window, 1 ps of equilibration was followed by 4 ps of data collection, and the
change of free energi G was averaged from the forward and backward cumulated
values.

2.2. ANALYSIS OF THE MD TRAJECTORIES

The cation-ligand interaction energieB, f,..,) and intrinsic energies of the lig-
and (L) have been recalculated from the MD trajectories usingMbe DRAW
program [35]. The energy fluctuations are typically 3-5 kcal/mol. To analyse the
energy contributions of different molecular fragments in the binding 6f

the complexes, the podands)(were ‘dissected’ into a ‘chain’ fragment —O—
(CH,—CH,—O0),— and two terminal groups (R = +-CgHs—P(O)Ph). The
coordination number of R was obtained by integration of the radial distribu-
tion functions (df) of the oxygen atoms of, around M*. The effective size

of the L - M?* complexes was calculated by the radius of gyration defined as:
ng, = (XR?/N, wherer; is the distance between the aténand the center of
mass of the complex, and the summation includes all atorhs &%+,
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2.3. QM/MM CALCULATIONS

Energy minimization of the complexdsand 1l with Ca* and B&" were per-
formed using the hybrid quantum mechanics/molecular mechanics (QM/MM)
method [36] implemented in thrROAR program [37]. In these calculations, the
cation is represented by classical MM method as described above, while for the
ligands we used the PM3 semi-empirical method [38], taking account of the elec-
tric field of the cation. The van der Waals cation—ligand interactions were treated
classically using themBER4 force field with the same parameters as in the MD
simulations [27, 32]. In this way, a polarization of the ligand in the field of the
cation was taken into account. Before QM/MM calculations, all structures were
preliminary minimized using themBeR4 force field.

TheROAR program [37] has been modified to print out the Mulliken charges on
the atoms of the ligand.

3. Results
3.1. MOLECULAR DYNAMICS SIMULATIONS IN THE GAS PHASE

In thel - M?* complexes, the coordination polyhedron of the cation represents a
distorted octahedron in which two phosphory},©xygens occupy axial positions,
whereas four @, atoms lie approximately in the same ‘equatorial’ plane (Fig-
ure 1). The average # - . .Opp, distances (2.15, 2.35 and 2.55 A for the complexes
of C&*,SP* and B&", respectively) are shorter by 0.2 A than théM-. -Ogp,

ones (2.35, 2.55 and 2.77 A, respectively).

The threell - M?* complexes have a helix-like shape (Figure 1) where the
cation is situated inside the pseudocavity formed by the donor atoms of the ligand.
The M?* . ..Opp distances are practically the same as in the correspomdiMy*
complexes, whereas interactions between the cation and ether oxygens are less
efficient (Table I). In thell - C&* andll - SP* complexes, the cation firmly
coordinates to five ether oxygens (2.46 and 2.63 A, respectively); the sixth one is
situated by 0.15-0.20 A further. In the Bacomplex, all six distances Ba. - -Og,
are similar (2.80 A).

The radial distribution functiongdfs) of oxygen atoms around the cation char-
acterize the difference between coordination patterns i thd>+ andll - M?*
complexes. They display two peaks corresponding to the coordinatiorfotd
the Q, and to Q. atoms, respectively (Figure 2). For a given cation, the first peaks
corresponding to phosphoryl oxygend iandll are similarly located, whereas the
second peak for th# - M2+ complexes is shifted to larger distances, compared
to those for thd - M?+ complexes. The second peaks are generally more diffused
than the first ones reflecting the mobility of theM - -Og, coordination bonds.

Both ligands are flexible enough to adjust themselves to the cation. As a result,
the effective radiusRgy, of theL - M2+ complex gradually increases with the size
of the cation (Table I). Interestingly, the bigger ionophtrevraps around NI in
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Figure 1. | - M2+ andll - M2+ complexes simulated in the gas phasétM= C&+, St
and Bz§+). Snapshots after 200 ps of MD.
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Table I. Geometr§ and energy characteristics df- M2+ andll - M2t complexes (M* = Cat,
Sr?t and B&T) simulated in the gas phase (classical MD). Average after 200 ps

Podand Podandl

ceét st Ba?t cat St Ba?t
Rgy® 5.14 5.24 5.51 5.05 5.14 5.25
M2+ ...Opn 2.15 2.35 2.55 2.17 2.35 2.56
M2t .. .Ogth 2.35 2.55 2.77 2.46,2.0  2.63;2.78 2.80
Em---Oeth —199  —169  —149 —240 -215 —189
Em---Opp —117 —94 —78 —-121 -95 -80
Em---L —316  —263  —227 —-361 -310 —269
EL 476 467 461 549 535 526
EqmL) 160 204 234 188 225 257

a Distances (A) between 2+ and oxygens of the phosphoryl groupsQCM- --Opy) and of the
polyether chain (I\?‘]Jr .- -Ogth). Statistical fluctuations are 0.05-0.10 A.

b Interaction energies (kcal/mol) for cation-terminal groupg( - -Opp), cation—'chain’ fragment
(Em - - -Oetn), cation—ligand E£)y....)- Intrinsic energies of the ligandt( ), total energy of the
complex Epmr) = Em.... + EL). Statistical fluctuations are 3—7 kcal/mol.

¢ Radius of gyration Rgyr) in A.

d The first number corresponds to the five firmly bound ether oxygens, the second number
corresponds to the weakly bound ) atom.

a more compact way thdrdoes: for a given catiomRy,, of thel - M2+ complexes
is larger than that of th# - M2+ complexes.

The energy component analysis shows that inlthé1?* andIl - M?* com-
plexes, the interaction energies of a givefiiwith the —GH,—P(O)Ph terminal
groups Ewm...o,,) are similar (Table I). This is consistent with the similarity of
the corresponding Kt - - -Opp distances. Although the total cation—polyether chain
interaction energiesHy...o,,) are larger for thél - M?+ complexes than for thie-
M2+ complexes, we notice that the average interactions pga®@m (Ew..o,,/N,
whereN is the number of @ atoms), are more effective for the smaller podand
(Figure 3). It also corresponds to smalle” M- -Ogy, distances in the - M2*
complexes compared to tiie- M2+ complexes (Table | and Figure 2).

Energy parameters given in Table | show that the relative contribution of the
terminal groups to the total cation-ligand interactiof (o,,/Ew...) decreases
with the size of the cation. Indeed, this ratio is 0.37, 0.36 and 0)34nd 0.34,
0.31 and 0.30I() for the complexes of Ca, S and B&*, respectively.
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Figure 2. Radial distribution functions Kit - - -O for thel - M2t (dashed line) antl - MZ+
(solid line) complexes simulated in the gas phasé{M Ca&+, S, and B&™).

4. Potentiometric Selectivity of Podands from Free Energy Perturbation
Simulations

To estimate the potentiometric selectivity coefficients according to (1), we calcu-
lated relative free energieS AGy, of transfer of M* ions from an aqueous to an
organic solution, using the thermodynamic cycle presented in Scheme 1 [24, 25].

AG
2+ tr,1 2+
LOfg + I\/Il,wat > [L Ml ]org
\LAGs,wszlt \LA(;A,org
+ +
Log+M3ha LM o
tr,2

Scheme 1
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Figure 3. Average energies (kcal/mol) of interaction betweeftMM2t = C&*, Si2, and
Ba?t) and the polyether chain in the M2+ andll - M2+ complexeger ether oxygen

This model assumes that (i) the free ions are present in water only, (ii) the charged
L - M?* complexes are entirely in the organic phase. The selectivity of extraction
is given by

AAGtr — AGtr,l - AGtr,z - AG3,wat - AG4,0rg- (2)

Calculations [9] performed on th# - M?t complexes showed that their
geometry in the gas phase and in chloroform are similar, and that they are sim-
ilarly solvated. Therefore, for the weakly polar dibutylphthalate solvent, one may
approximateA G4 org by AG4, 445

The relative free energies calculated according to Scheme 1 and Equation (2)
are given in Table 1. One can see that intrinsically({4 ga9 both podands in-
teract best with the smallest €acation in the order Cd > SP+ > Ba?+. The
selectivity order C& > Ba?* (for I) and B&t > Ca&* (for Il) in the biphasic
system is reproduced computationally only if the dehydration energy of cations
(AG3.way) Is taken into account. Thus, the potentiometric selectivity results from
an interplay between the binding affinity of the ionophore in the organic phase and
the dehydration energy of the cations.

Experimental and calculated potentiometric coefficientsKgg(Ba?+/Cat)
for | andll are presented in Figure 4. Although, the experimental values were
not reproduced quantitatively, the calculations give the correct trend of the poten-
tiometric selectivities of podands as a function of the length of polyether ehain
| is selective for C&", whereadl is selective for B&".



Table Il. Relative free energies of mutation (kcal/mol) ofitaSrt, BT, uncomplexed and complexed by podahadsdil &

C&t — BaZT

Podand Podandl

c&t » st st - BT  cdt — Baft c&t — st st > B2t
AGy (complexed M) 37.5/37.7 29.9/29.7 67.4 34.7/34.6 30.8/31.1
AG3 (free M2T) inwateP  34.9 30.8 65.7 34.9 30.8
AAGyy, calcul =27 1.0 -1.7 0.3 -0.1
AAGy, experiment& -1.0

& Calculations in the gas phase. The two numbers correspond to ‘forward’ and ‘backward’ mutations.
b Experimental values from reference [39].
¢ Experimental free energies derived from the potentiometric selectivity coefficients from reference [18].
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Figure 4. Experimental and calculated potentiometricsz’:a?Jr selectivities of podands
andll R—O—(CH,—CH,—O0),—R, R = —0-CgHs—P(O)Ph, n = 3-5.

5. Discussion

5.1. RELATIONSHIPS BETWEEN STRUCTURE AND BINDING SELECTIVITY OF
PODANDS

It follows from Table Il that switching of Cd/Ba?* to Baf*/C&™ selectivities is
related to the reduction from 67.4 kcal/mol (poddhdo 65.5 kcal/mol (podand

1) of therelative binding affinity (AG4(Ca*/Ba")) of the ligand withi. Here we
rationalize this effect in terms of geometry and energy parameters given in Table
I. It can be seen (Table |) that the interaction energies between the cation and the
terminal groups.Ew...o,,, are practically the same for the- M2+ andll - M2+
complexes, i.e., the ‘switching’ effect is mostly related to the interactions“df M
with the polyether chain. In the - M?* complexes, the smaller ligaridforms
shorter M . . .Ogy, coordination bonds than ligandl. The difference between
M2t .. .Ogq distances ik - M2t varies as a function of cation size: it ranges from
0.15 A for C&* to 0.03 A for B&*. Two important features follow from these
observations: (i) each& atom inll - M?* interacts with the cation less efficiently
than inl - M?*, and (ii) this phenomenon is more important for the complexes of
C&* than of B&*. In addition, Figure 3 shows that the cation—‘chain’ interaction
energy per @ atom is larger fot - M?* than forll - M2,

Thus, an increase of the length of the polyether chaidoes not modify
cation-terminal group interactions, but modulates the cation—chain interactions as
a function of the cation’s size and, hence, modulates cation binding selectivities of
podands.
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5.2. QM/MM CALCULATIONS ON | - M?*f COMPLEXES POLARIZATION
EFFECTS ON COMPLEXATION SELECTIVITY OF POBNDS

Electronic polarization effects were not included in our MD and FEP simulations,
although they can play an important role in the metal binding selectivity of podands
bearing readily polarizable phosphoryl and aromatic fragments. Quantitatively, it
is not clear whether taking polarization into account increases the gap between
relative free energied G4(Cat*/Batt) for | andll, thus favouring the switching
of Ca&*/Bat to Ba/Ca+ complexation selectivity of podands with In order
to rationalise these effects, we performed calculations on the uncomplexed ligands
| andll and their complexes with & = C&* and B&* using the mixed QM/MM
(PM3/aMBER) method. Although, the current version [37] of the QM/MM pro-
gramROAR s not able to perform free energy calculations, some conclusions about
polarization effects on binding selectivity of podands could be drawn using the
minimized energies of the complexes.
Data given in Table Il show that QM/MM calculations lead t¢M - -Opn and
M2t .. .Ogq distances some of which are practically the same, while others are
smaller by 0.02—0.03 A than those obtained in force field calculations.
Interactions with M* in the complexes lead to the shift of the electron dens-
ity of a ligandL toward its donor atoms; this effect is stronger for the smaller
cation. Thus, the Mulliken charges on thg,@toms increase from-0.85 for the
uncomplexed podands te1.23 - Ca&*) and to—1.16 L - Ba?*). A similar
trend is observed for thedy atoms: their charges varies, on average, frofn25
(L), to —0.45 L - Ca?*) and to—0.40 L - B&?*). Ab initio QM calculations also
demonstrate such polarization of the coordinated ligand [40].
The relative energies of the complexgg(Ce*/Ba?™) = EjcaL;— Ega calcu-
lated by the QM/MM method+89.8 and—-82.7 kcal/mol forl andll respectively)
are larger than themBER values (74.6 and—71.8 kcal/mol, Table Ill). The gap
between these values is larger with QM/MM (7.2 kcal/mol) than withBER
(2.8 kcal/mol), showing that polarization of the ligand favours the switching of
Ca&t/Bat to B&t/Caft complexation selectivity of podands with

6. Conclusions

This work is devoted to theoretical studies of the transfer of alkaline earth cations
by podands R—O—(CH—CH,—O0O),—R with terminal phosphoryl groups from
water to a weakly polar solvent.

According to MD simulations, the coordination patternsl of M>* and Il -
M2+ (M?t = C&*t, SPt, Ba&t) complexes differ. In the former, the cation has
an octahedral environment, where axial positions are occupied by the oxygens of
phosphoryl groups. In the latter, the complexes have a helix-like shape. Anincrease
of the length #4) of the polyether chain does not affect the energetics &f-M
terminal group interactions. On the other hand, the cation-ether oxygen interaction



Table Ill. Geometr$ and energl characteristics of - M2t andll - M2+ complexes (M = C&*+ and B&£*) in the gas phase

obtained after energy minimization usingiBER4 force field (MM) and PM3(MBER (QM/MM) methods

Podand Podandl

cat Ba?t cat Ba?t

MM QM/MM MM QM/MM MM QM/MM MM QM/MM
M2+ ...Oph 2.14 2.08 2.52 2.45 2.16 2.11 2.53 2.48
M2 .Ogth 2.33 2.33 2.69 2.67 2.41 2.46 2.77 2.80

2.5% 2.7%
EM...Ou ~196.6 —-151.9 —249.0 1945
Ewm...0p, -119.7 -76.1 —-120.1 —-79.6
EM..L -316.3 3775 —-228.0 —271.8 —-370 —417.8 —2741 —306.1
EL 401.1 —4.4 3874  -203 466.3 —61.2 4424  —90.2
EmL) 84.9 —381.9 159.4 —292.1 96.4  —479.0 168.2 —396.3
MM QM/MM MM QM/MM

Erel(C&T/Ba2T) —74.6 —89.8 —718 827

a Average distances (A) between 2 and oxygens of the phosphoryl groups 2(fVI-~-Oph) and of the polyether chain

(M2t -Opgtp).

b Total (Epwi ;) and relative £re|(Ce/Ba2T) = EjcalL] — E[BalL]) €nergies of the complexes, kcal/mol.

€ The first number corresponds to the five firmly bound ether oxygens, the second number corresponds to the weakdadand O
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energies per ¢, atom decrease with, and change as a function of the cation’s
size. The variation of may therefore modulate the binding selectivity of podands.
Molecular dynamics and free energy simulations, and quantum mechan-
ics/molecular mechanics calculations show that both podands intrinsically have
a greater affinity for C& than for B&+. Experimental binding selectivities are
reproduced when dehydration energies of cations are taken into account. The
switching of B&+/Ca* (for podandl, n = 3) into B&+/Ca* (for podandll , n =
5) potentiometric selectivities is explained by the fact that both ligands bind both
cations similarly via their phosphoryl oxygens. As a result, the ether chdin of
is somewhat too long to efficiently wrap around the smallest catiott .CEhe
agreement between the calculated and experimental potentiometric selectivities is
encouraging and suggests that such computer simulations should play an increasing
role in the prediction of potentiometric selectivities.
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