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Abstract

Quantum mechanical calculations were performed to study the conformational behavior and
complexation between a sodium cation and a diazacrown (diaza-18-crown-6) using density
functional theory (DFT), Mgller-Plesset (MP2) and molecular mechanics methods. A goal of this
work is to gain a fundamental understanding of the interplay between water molecules, the
sodium cation and a diazacrown. Diazacrowns have a significant importance as the functional

units of a synthetic sodium channel, called a hydraphile, which functions within a lipid bilayer.
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This study follows on from our previous classical molecular dynamics study, which investigated
the free energy of transport of Na* as it passes through a lipid bilayer. In the present study we
focus on the complexation of Na®, the conformation of the diazacrown and electronic structure
that cannot be accessed by classical force fields. Furthermore, we benchmark the force field
used in the previous study and make a modification of the dihedral parameters to improve its
description. A whole range of configurations are scanned to gain an understanding of the
energy landscape and find the minimum energies for configurations involving the diazacrown,

iazacrown-Na®, diazacrown-water and diazacrown-Na*-water configurations.
d N

Our results show that there is an attractive interaction between Na* and the oxygen and
nitrogen atoms of the diazacrown for which the interaction between Na* and the oxygen atoms
are the stronger of the two. Natural bond orbital (NBO) analysis shows charge-tranfer between
the diazacrown and Na'resulting in a reduced positive charge for this cation. This charge
transfer occurs directly and via a water-mediated mechanism and could be crucial to the action
of the hydraphile sodium channel. Since, in our previous classical molecular dynamics work, it
was shown that water molecules accompany Na® cations as they are transported through a lipid
bilayer, while the cations are complexed to the diazacrown moiety of the hydraphile, we aim to
better understand the structural, electronic structural and energetic implications of this
complexation. Calculations of a water molecule interacting with the diazacrown show that the
strongest interaction involves a bridging water molecule that forms hydrogen bonds with two
diazacrown oxygen atoms or an oxygen and nitrogen atom on opposite sides of the diazacrown.
These interactions may be important in the ordering of water to form a water channel that

allows the Na* to pass through the lipid bilayer.
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Introduction

A variety of synthetic ion channels, ranging from Calixarenes!, peptidic macrocycles? and
cyclodextrins3 have been developed® with the aim to mimicking natural ion channels.
Hydraphiles, a class of synthetic cation channels, have been found to possess antibacterial
properties >® and attributed to them the ability to facilitate the transport of Na* across lipid

710 A number of different

membranes and, thereby, causing a disruption of bacterial cells
hydraphiles** have been synthesized and the rate of Na® transport across a lipid bilayer has
been found to be highly dependent on the combination of various functional groups that

1216 " Figure 1 shows a particular hydraphile that has been found to be

comprise the hydraphile
one of the most effective sodium channels’’. The lower panel of Figure 1 provides a
representation of the current proposed model®. According to the current model, the
hydraphile spans the lipid bilayer and Na® cations relay between diazacrowns with little
movement of the diazacrowns themselves. This is based upon the observations that the rate
of Na* transfer depends upon spacer length®® and experimental evidence that hydraphile side
arm groups, at the end of the hydraphile molecules, are located within the phospholipid head
group regionzo. The diazacrowns must, therefore, complex Na* as an initial step for entry of Na*
into the lipid bilayer. Furthermore, it has been suggested that the hydraphile acts as a channel
by assisting with the reorganization of water, which in turn helps to solvate the Na* 2422 Thisis
based on the observation that the rate of Na* transfer is dependent of the size of the central
diazacrowns of the hydraphile, which controls the number of configurations involving water

molecules. Further insight into factors that can affect Na* transport can be provided through a

combination of computational chemistry and molecular simulation techniques.
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The first simulation study that investigated the hydraphile sodium channel was coarse grained
simulation study concerning ion transport of the hydraphile within a lipid bilayer 2* has been
reported. This study showed the entry of a coarse-grained Na*-water cluster, represented by a
single bead particle, was shuttled through the lipid bilayer via the diazacrowns of the
hydraphile molecules. The coarse-grained study, however, did not provide the molecular and
electronic detail that can elucidate how individual water molecules interact with the

diazacrown and Na®.

Recently, we published a study that investigated the full hydraphile within a lipid bilayer. In
that study, the free energy of transport of the Na* through a DMPC lipid bilayer was studied. It
was shown that there was a reduction of the free-energy of transport when the Na* was
complexed with the diazacrown. The free energy with respect to the water coordination was
calculated and it was shown that the free energy of water-desolvation of Na* was reduced by
the presence of the hydraphile, in fact complexation by a terminal diazacrown. It was noticed
that even when it was transported with the hydraphile, water molecules accompanied the Na®.
Figure 2 shows a snapshot from a molecular dynamics simulation of the Na* being pulled
through a DMPC lipid bilayer whilst complexed with the terminal diazacrown of the hydraphile,
two water molecules accompany the ion, one either side of the diazacrown molecule. We aim
to gain an understanding of this effect on the level of detail that can be obtained by quantum
mechanical calculations. The present study investigates the factors that control the
complexation of the Na® within the diazacrown. One aspect is understanding the
conformational preference of the diazacrown. If the lowest energy conformation of the

diazacrown is quite different to that of the diazacrown when it is complexed to Na’, the
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diazacrown will have to reorganize and this will cause an additional energy penalty to
complexation. How will then water molecules interact with the diazacrown to help to
reorganize the non-complexed diazacrown structure allowing it to be more susceptible to

binding with Na*?

Our choice to study this system with QM is for several reasons. First, we want to calculate with
the most accurate energies and we benchmarked the DFT calculations with MP2/aug-cc-pvtz
calculations. Since we are dissecting the thermodynamics of the diazacrown-complexation, it is
most beneficial to use the most accurate calculations possible. This provides us with the most

accurate geometries and interaction energies.

In this study, all quantum calculations will be compared with force field calculations. The force
field in question is the force field used in our previous study. In that study, preliminary QM
calculations were performed to compare the interaction energies between QM with the FF;
however, these calculations did not deal with an adequately sampled conformational space, did
not consider multiple configurations and did not consider the diazacrown-Na*-water system.
The geometric and electronic structural aspects such as intermolecular distances and NBO
charges were also not analyzed in the previous study. The greater detail of the analysis in the
present study will, therefore, highlight further whether the force field can adequately describe

sodium complexation by the diazacrown within the lipid bilayer and bulk water.

To the best of our knowledge no QM studies of the complexation of Na* and diaza-18-crown-6
have been reported but many simulation studies have been made involving the complexation

of crown ethers and their derivatives with ions. Many insights into the complexation and
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conformation of the crown ethers have been previously gained by quantum mechanical®**® and

39-54

force field simulations™™". These studies, due to the similarity of 18-crown-6 to the diaza-18-

crown-6, provide us with a point of reference for comparison.

Specifically, in work by Al-Khahtani et al. **, the binding energy of 18-crown-6 with Li*, Na*, K*,
Rb* and Cs* was calculated by HF, B3LYP, CAM-B3LYP, M06 and MP2 levels of theory.
Behjatmanesh-Ardakani®® used B3LYP to investigate aza-,diaza-, and triaza-12-crown-4 binding
with Na+%. De et al.”® simulated the complexation of many different crown ethers with Na*
and Li* in the presence and absence of extra water molecule and Schurhammer et al.** studied

different binding modes of water with 18-crown-6 using B3LYP *>.

In addition to studies of ions with crown molecules, many studies have used QM calculations to

>8It was shown that the

investigate the interaction between ions with water clusters
structure of such clusters is a delicate competition between ion-water and water-water

Interactions™.

The hypothesis that water molecules interact with the hydraphile and assist in the action of the

ion channel properties will be investigated®®?% %% ¢,

Since it is unlikely that water molecules
interact with the hydrocarbon part of the hydraphile, we should expect that the diazacrown is

key in this respect and an understanding of how the water molecules form hydrogen bonds

with the oxygen and nitrogen atoms of the diazacrown is a goal of this study.

One reason to use quantum mechanics to study this system is to monitor the electronic
structure, particularly the charge transfer from the diazacrown to Na® since this could be a

crucial effect in the hydraphile ion channel. Boda et al*® showed by analysis of the HUMO-
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LUMO gap, charge transfer of 12-crown-6 with Li*. Varadwa et al*® reported 18-azacrown-6 (all
six oxygen atoms were substituted for nitrogen atoms) binding with late transition state metals
and the observed, using NPA charges, the transfer of charge from the azacrown to the metal
valence orbitals. Both studies showed that when more electron withdrawing substituents are

use, the charge transfer increases.

One further objective is to investigate the importance of properly treating dispersion
interactions to calculate interaction energies of highly interacting clusters. Calculations of
interaction energies performed using DFT with the B3LYP functional®?, which is known for its
poor treatment of dispersion interaction, will be reported. Results are compared with
calculations using the wB97XD functional®, which provides superior treatment of dispersion

interactions. MP2 calculations with a large basis set are used for further comparison.

Methodology/Quantum Mechanical Calculations

Density functional theory (DFT) calculations were performed on on diazacrown, diazarown-Na“,
diazarown-water and diazarown-water-Na® clusters using the 6-311+G(d,p) basis set with
Gaussian 09%. DFT, using the density functional, B3LYP®* and wB97XD®* was employed for
geometry optimization. The wB97XD functional was selected because of its superior ability to

treat dispersion interactions®.

Figure 4 illustrates the diazacrown used in the DFT calculations. In this study, nitrogen atoms in
the diazacrown are terminated by a methyl group instead of a phenyl or hydrocarbon chain as

in the case of the hydraphile.
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One aspect of assessing the interaction between the diazacrown and Na* cation was to find the
lowest energy configurations of the diazacrown and clusters of the diazacrown with a
complexed Na’. In addition, the minimum energy of the same complexed structure with the
addition of water molecules was calculated to understand the effect of water molecules as they
accompony the Na“, as it is pulled through the lipid bilayer. Since the diazacrown is a large
molecule and contains many degrees of freedom, the minimum cannot be necessarily obtained
by simply performing a geometry optimization; doing so may result in the cluster being trapped
within a local minimum. To counter this problem the distance between both nitrogen atoms
and between two opposite oxygen atoms were constrained and systematically modified
(scanned). Geometry optimizations were performed at each step completing a relaxed scan of
the “opening” coordinates. The lowest energy configuration from both scans was re-optimized

with no constraints.

Even though there are, obviously, other ways that the conformation of the diazacrown can be
explored, we feel that adequate configuration space has been explored. We also performed
scans of the various dihedrals within the diazacrown (results not shown), but since we obtained

no extra configurations, we decided to omit those results for clarity.

Interaction energies between different diazacrown, water, and Na® interactions are reported.

The interaction energies (Ej;) were calculated in the following way:

Eint= Emo/l -mol2~ Emo/l' Emo/2

where moll and mol2 are components of the complex. For example, in the water-Na* case,

moll represents a water molecule and mol2 represents Na*. Since the diazacrown alone and

8
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the diazacrown with two water molecules (no Na‘) need to minimized to calculate the

interaction energy, these were also be scanned in the same way as the clusters involving Na".

Mgller Plesset (MP2) calculations were also performed for the cluster. Geometry optimizations
were performed using the 6-311G+(d,p) basis set and single point-energies were performed on
the minimum energy structure using Dunning’s augmented correlation consistent triple-zeta
(aug-cc-PVTZ) basis set ° to provide accurate energies. Frequency calculations were performed
for the optimized geometries using DFT with the wB97XD functional to calculate changes in
enthaly (dH), free energy (dG) and entropy (dS). Changes in these values were given by taken

by subtracting the components (moll and mol2) from the complex, as for the E;,;, above.

The force field used in this study was the one used in our previous work® ;however, in that
study, dihedral parameters were not included and in this case, when geometry-optimizations of
the diazacrown were performed, there was a visible discrepancy between QM and force field
geometries. For this reason the dihedral parameters were added. These dihedral parameters
were taken from the MMFF force field ® and validated by comparing the relative energies of
different configurations of the diazacrown with different QM calculations. These parameters
are shown in the Supplementary material (Table S1). Molecular mechanics calculations were
performed using NAMD® to compare energies and force field-optimized geometries with QM

calculations.

Results and Discussion

Conformational scans
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As stated, scans of the N-N and O-O distances were performed for the diazacrown, diazarown-
Na®, diazarown-water and diazarown-water-Na" systems to investigate the effects of
conformation and to find the lowest energy conformations.

The energy profiles of the scans are shown in Figure 3 and above the energy profiles is the
diazacrown with the N-N and O-O distances indicated. Figure 3a shows the scans with
diazacrown only, Figure 3b shows the diazacrown in the presence of the Na®, Figure 3c shows
the diazacrown in the presence of two water molecules and Figure 3d shows the diazacrown in
presence of a Na'ion and two water molecules. The numbers on the graphs indicate different
conformations that will be discussed. All the conformations that relate to the numbers are
shown in the Supplementary material (Figures S1 to S5). Selected configurations that show
unique conformations are shown in the manuscript, Figure 4-Figure 8.

Scans were also performed using the B3LYP functional and the lowest energy configurations
were used in the B3LYP energy calculations. Scans were also made for the diazacrown in the

presence of a single water molecule and the lowest energy was obtained from these scans.

10
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Conformation of the diazacrown

The conformation of the diazacrown was investigated since this will influence its binding to Na™.
For example, if it is energetically favorable for the diazacrown to be in a closed position, it will
have to rearrange to bind the Na* in a more open position.

Figure 4 shows the diazacrown in three different conformations. The numbers relate to
numbers in the scan energy profiles in Figure 2a. Configuration 1 is the lowest energy
configuration found by the scans using the wb97xd functional. The arrows in the middle panel
show the distances (N-N and O-0) that were scanned. The right panel shows the lowest energy
configuration energy obtained from scans using the B3LYP functional. It was shown by

| 3 that there are three different forms of the 18-crown-6 crown ether; in that

Shurhammer at a
work, the C; configuration is a more closed form and is similar to configuration 1 but with two of
the nitrogen atoms in the diazacrown converted to oxygen atoms in the crown ether. The Dsgq
form is the open form and is similar to Configuration 7. There was a “mixed” form reported
that was similar to the B3LYP optimized structure.

In Configuration 1, there are close contacts between hydrogen atoms and nitrogen atoms (at
an average of 2.51 A) due to dispersion interactions. These interactions decrease the energy of
this conformation. Configurations 3 to 5 in the Supplementary Information (Figure S1) show
increasing levels of closing of the diazacrown and formation of intermolecular interactions and,
therefore, lowering of the energy. The low energy configurations shown in Figure S2 (especially

configuration 6), all have attractive hydrogen/oxygen intermolecular contacts and this also

decreases the energy, relative to the more open structure.

Table 1 shows the relative energies of the three different structures, geometry optimized by

11
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B3LYP, wB97xd and MP2 using the 6-311G+(p,d) basis set. The MP2 energies were calculated
using the aug-cc-pvtz basis set. For B3LYP, the mixed configuration is the lowest, closely
followed by the closed, C; configuration, followed by the open, Dsq configuration. For wB97xd
and MP2, however, the ordering is different, with the closed C; (Configuration 1) being the
lowest in energy, followed by the mixed (lowest B3LYP) with the open, D34 (Configuration 7)
structure being the highest in energy. The force field shows similar energies to the wB97xd and
MP2 energies validating our choice to improve the force field used in our previous work by

adding extra dihedral parameters.

Interestingly the C;configuration became more open when optimized by B3LYP and the
hydrogen atom to nitrogen atom distance increased (3.16 A), compared with wB97xd (2.51 A).
The distance for MP2 is 2.54 A, which is much more similar to the wB97xd structure. Since, it is
likely that the hydrogen atom to nitrogen atom interaction is due to dispersion interactions,
this result shows how important dispersion interactions are; that is, the added dispersion terms
in wB97xd reproduce the MP2 result more closely (both in distance and the energetic ordering
of the different configurations). The parentheses in Table 1 show the free energy values (the
relative entropy, enthalpy and free energy values are shown in Table S2 in the Supplementary
Materials). It can be noticed that the difference in free energy, between Dsq and C;, is lower
than the difference in energy. This is because there is less entropy (vibrational) in the Ci
structure (lower by ~7 cal/mol/K) due to the hydrogen-nitrogen hydrogen bonds. This will

reduce the favorability of this conformation.

Shurhammer et al. ** showed that for the 18-crown-6, D3gq is less stable than C; by 17 kcal/mol

12
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(MP2/6-31G). We, however, found that for the diazacrown, (MP2/aug-cc-pvtz) the energy
difference is only 7.35 kcal/mol. The difference in energy is due to the difference in basis set
and because in the work of Shurhammer et al the crown ether was used instead of the

diazacrown.

Conformation of Complexed diazacrown

Similar scans were performed for the diazacrown-Na® systems to investigate the effect of
conformation on the binding. In the presence of Na“, there is a barrier to changing the
conformation away from the minimum. This is because the attraction of the nitrogen and
oxygen atoms with Na" restricts large changes in N-N or O-O distances. There is a shoulder
within the minimum energy for the N -N distance and this is responsible for the two different
configurations (shown in Figure S3); however, these structures are qualitatively the same with
only slightly different oxygen and nitrogen atom to Na® distances. The lowest energy

configuration (configuration 2 in Figure 3b) is shown in Figure 5.

Conformation of diazacrown-water systems

The energy profiles in Figure 3c show the scans of the N-N and O-O distances when there are
two water molecules but no Na* present. There are two low energy configurations, 1 and 4.
Configurations 2 and 3 (Figure 6b and S4) are similar to each other; these configurations have
one water molecule that is bridging the diazacrown nitrogen atoms, hydrogen bonded with its
hydrogen atoms (water N-N), and the other water molecule that is hydrogen bonded to the
diazacrown oxygen with only one of its hydrogen atoms (water Q). For configurations 1 (Figure
6b) and 4 (Figure 6¢), however, both water molecules are bridging the diazacrown; for

13
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configuration 1, both water molecules are bridging a nitrogen and an oxygen atom (water N-O).
For configuration 4 (Figure 6¢), one water molecule is bridging a nitrogen and an oxygen atom
(water N-O) and the other water molecule is bridging two oxygen atoms (water 0-0).
Configurations 1 and 4 are the lowest energy configurations because all four water hydrogen
atoms are hydrogen bonding with diazacrown nitrogen or oxygen atoms yet for configuration 3,
only one water molecule has both of its hydrogen atoms hydrogen bonding, the other water
molecule only hydrogen bonding with one of its hydrogen atoms. It can be noticed that the
energy profiles of the diazacrown-water clusters are quite different to the diazacrown-only
scans. Whereas in the diazacrown scans there is an energetic penalty for the diazacrown to be
in a more open configuration, for the diazacrown-water scans the minima (Configurations 1-4)

are at more open positions since open positions are necessary for water bridging to occur.

The diazacrown-water system with two water molecules was scanned to provide the lowest
energy configuration to use in the interaction energy calculation of the diazacrown- water
cluster. To provide a more lucid measure of the interaction energy between water and the
diazacrown, however, relaxed scans of a diazacrown-water cluster, with only one water

molecule, were performed.

Figure 7 shows two configurations that were obtained from the relaxed scans. Figure 7A shows
the lowest energy configuration obtained from the scans using the wb97xd functional; in this
configuration the water is hydrogen-bonding with both diazacrown nitrogen atoms (N-N
bridging). Figure 7B shows the lowest energy configuration obtained from the scans using the

B3LYP functional, the water molecule in this case bridges the two diazacrown oxygen atoms.

14
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Table 1 shows the relative energies for both configurations after geometry optimizations with
the two density functionals, MP2 and the force field. It can be noticed that the different
configurations have energies within 2 kcal/mol of each other for every method. wb97xd and
MP2 both show that configuration A has a lower energy than configuration B yet B3LYP and the

force field show the opposite trend.

Similar “bridging ” hydrogen bonding between a water molecule and crown oxygen atoms have
been reported by Schurhammer et al. for crown ethers with a water molecule using QM
methods **. The lowest energy configuration (by B3LYP/6-311G++(3df,3pd) was one where the

D3d structure of 12-crwon-6 was bridged by a water molecule.

Conformation of diazacrown-Na*-water system

The energy profiles of the scans of the diazacrown-Na'-water system (Figure 8d) are similar to
those of the diazacrown-Na* system, where there is a steep well caused by the restriction of the
diazacrown conformation by the interaction of the diazacrown with the Na*. The energetic
profile of the scans, however, is complicated by the addition of water molecules, which affect
the energy as they interact differently with the diazacrown as the diazacrown conformation
changes. There is a lowering of energy for both conformations 1 and 3 ( Figure 8b), compared
with conformation 2 (Figure 8a). Figure S4 shows that conformation 1 and 3 are qualitatively
similar and so conformation 3 is shown only in Figure 8b. In both cases, both water molecules
sit with their oxygen atoms interacting with the Na®. For conformation 2, both water molecules
interact with the diazacrown by hydrogen bonding with one of their hydrogen atoms to

diazacrown oxygen atoms (water O). For conformations 1 and 3, however, one of the water

15
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molecules is able to hydrogen bond to both a diazacrown oxygen atom and a nitrogen atom

(water O-N) and this extra hydrogen bonding interaction significantly lowers its energy.

Reorganization/Preorganization of diazacrown

The question regarding the reorganization of the diazacrown upon complexation by Na* can
addressed by taking the configurations of the diazacrown-Na®, diazacrown-2water and
diazacrown-water configurations and removing the Na’ or water molecules to leave the
diazacrown only. When single-point energies are performed, this provides a measure of the
amount of reorganization that must occur for the diazacrown to be complexed by Na*. Table 2
shows the relative energies, using wb97xd of the diazacrown configurations where the
diazacrown obtained from removing the Na* from the diazacrown-Na® cluster is set as the
reference. Also included are the root mean square displacements (RMSD) between the
diazacrown-Na" cluster (Na* removed) and the other diazacrown conformations. The energy of
the lowest-energy diazacrown configuration is -17.01 kcal/mol more stable than the reference,
the diazacrown-1water (water removed) is slightly lower, followed by the diazcrown obtained
from removing both water molecules from the diazacrown-2water cluster. The RMSD values
followed the same trend with the diazacrown-2water (two water molecules removed)
diazacrown showing the lowest deviation from the reference. These results indicate that the
presence of a water molecule pre-organizes the diazacrown for complexation with Na*. The

presence of another water molecule enhances this effect.

Interaction Energies

16
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Interaction energies, at the wb97XD/6-311+G(d,p), B3LYP/6-311+G(d,p) and MP2/aug-cc-PVTZ
levels of theory, between the diazacrown-Na®, diazacrown-water diazacrown-water-Na*
molecular pairs are shown in Table 3. These interactions provide us with a measure of the
specific interactions that will be important when the diazacrown is part of the hydraphile
sodium channel. In all cases the interaction energies were obtained by taking the lowest
energy configurations (from the relaxed scans) for each component of the interaction energy
calculation. The diazacrown-Na*-water interaction energy was calculated by subtracting the Na*
energy and the diazacrown-water energy from the energy of the diazacrown-Na*-water system.
This interaction energy, therefore, provides the interaction between the Na* and the rest of the

system.

Calculations using the wb97XD functional

The diazacrown-Na* and diazacrown-Na*-water systems have similar interaction energies. This
indicates an equivalence of both situations, where Na® is transported through the lipid bilayer
in the presence and absence of extra water molecules. The Na'-water interaction energy is
much smaller than the diazacrown-Na’ interaction. The diazacrown-water interaction is smaller

than that of the Na'-water interaction

Calculations using the B3LYP functional

The results for B3LYP show a different order of interaction energies with the diazacrown-Na*-
water complex showing more negative interaction energy than the diazacrown-Na* complex.
This shows a different result to wB97XD and would indicate that it is more stable for Na* to be

complexed to the diazacrown in the presence of additional water molecules, particularly as it is

17
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transported through a lipid bilayer. For both functionals, the diazacrown-Na‘-water energies
are similar yet the diazacrown-Na® interactions are less attractive for the B3LYP functional
because of the lack of dispersion contribution for B3LYP. The interaction energy for Na'-water
interaction energy is calculated to be less favorable using wB97XD than the B3LYP functional
yet the diazacrown-water interaction is more favorable using wB97XD than the B3LYP
functional. This causes a change in the balance between Na®, diazacrown and water molecules

in the diazacrown-Na*-water cluster calculated by B3LYP, compared with wB97XD.

The difference in order, between wB97XD than B3LYP, is significant since it provides different
conclusions; that is, from the B3LYP calculations we would conclude that water molecules are
more likely to accompany Na* through a bilayer when Na* is complexed to the diazacrown. The

wB97XD calculations, however, suggest that both scenarios are equally likely.

MP2 Calculations

To address the disparity between the wB97XD and B3LYP calculations, MP2/aug-cc-PVTZ
calculations were performed; this level of theory should be sufficiently high to accurately
distinguish between these two cases. The MP2 calculations showed that both energies were
almost identical and, in that aspect, agreed with the wB97XD results. The MP2 energies,
however, are less negative by approximately 10 kcal/mol and this could indicate that the

dispersion used in the wB97XD function is overestimated.

The other MP2 energies, diazacrown-water and Na'-water energies were also more similar to
the wB97XD than to the B3LYP energies. The MP2/aug-cc-PVTZ interaction energy was
insensitive to small differences in geometry since single-point energies started from the B3LYP,

18

Page 18 of 53



Page 19 of 53

RSC Advances

wB97XD and MP2(6-311G+(d,p)) geometry-optimized structures yielded very similar interaction

energies (results not shown).

Force field calculations

The diazacrown-Na" interaction energy is intermediate between the MP2 and wB97XD energies
but importantly, the diazacrown-Na*-water energy is far greater. One reason for this is because
the interaction between Na® and water is greater than all QM results, which causes more

negative interaction energy for the diazacrown-Na*-water cluster.
Comparison of Binding energies with earlier work

Interaction energies can be compared with earlier results for binding energies of Na* with
crown ethers. In the paper by Al-Khahtani et al*, the binding energy of 18-crown-6 with Na*
was -101.56 kcal/mol (B3LYP, -85.98 kcal/mol diazacrown, this study) and —93.60 kcal/mol
(MP2, -80.18 kcal/mol, diazacrown, this study). In the study by De et al.®®, it was shown for 18-
crown-6, using B3LYP/6-311++G(d,p) that the interaction energy of the most stable cluster was

-89.33 kcal/mol. These increased energies indicate the greater binding by diazacrown oxygen

atoms than nitrogen atomes.

It was shown by Behjatmanesh—Ardakani25 that the binding enthalpies of aza-,diaza-, and triaza-
12-crown-4 binding with Na* are lower than our energies (71, 76 and 77 kcal/mol respectively)
since there are less binding groups and there was not full complexation because of the smaller
cavity. The binding increased with an increasing number of NH groups, which was surprising
considering the lower interaction energy in the current study for the diaza-18-crown-6

compared with the 18-crown-6.
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Similar Interaction energies were calculated in our earlier work but in that study®’, the
interaction energies were not calculated from a rigorous search for the lowest energy

configurations. The current work, therefore, provides a significant refinement to that work.

Further Thermodynamic properties

To provide further information regarding the favorability of Na* complexation, the enthalpy,
entropy and free energy changes are reported for calculations using the DFT with the wB97XD
functional. These values are shown in Table 4. Also shown are the rotational, translational and
vibrational contributions to the entropy. First, dH values are consistently, approximately 2
kcal/mol less negative than the interaction energies. dG values are all less negative than dH
values because all dS values are negative (dG=DH-TdS); however, since dS values vary, the
differences between dH and dG values also vary. The dS for the diazacrown-water cluster
causes the dG to be considerably lower than dH and this causes this interaction free energy to
be very small, almost zero. For the diazacrown-water cluster the rotational contribution is the
largest. This is because the rotation of water is restricted as a result of interaction with the
diazacrown. This rotational entropy may be a key contribution when considering the
diazacrown within lipid bilayers since it may offset any interaction the water has with the
diazacrown. The vibrational contribution for the diazacrown-water cluster is positive, however,

since there are more vibrational degrees of freedom available (hydrogen bonding).

All the translational entropy contributions are similar negative values since there are two
molecules interacting to create one molecule. The rotational and vibrational entropy

contributions vary considerably, however. For Na*-water system, there is a positive rotational
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entropy contribution since the Na'-water system is less rotationally isotropic than its

constituent parts.

The experimental values (mass spectroscopy) '* ’* for the free energy and enthalpy of the
interaction between Na* and water are shown in parentheses and match very close to the

whb97xd values.

The effect of implicit Solvation

To gain an understanding of how the diazacrown may behave in bulk water and in the lipid
bilayer environments the PCM model was used to calculate the interaction energies of the
clusters (Table 6) and relative energies of the diazacrown configurations (Table 5). This was
performed with the water solvent and the octane solvent, the octane solvent being used to
simulate the hydrophobic environment within a lipid bilayer. First, Table 5 shows relative
interaction energies of different conformations of the diazacrown calculated with PCM
solvation. For water solvation, there is a very small energy difference between the three
configurations. This indicates that within bulk water, the diazacrown should be able to adopt
many different configurations. For the octane solvation, there is only a slight difference in
relative energies compared with gas phase. This indicates that when the diazacrown is within
lower dielectric systems like the lipid bilayer, the conformational behavior should be different.

These claims will be tested in future publications in classical molecular dynamics studies.

Table 6 shows the interaction energies of the molecule pairs shown in the PCM solvation

models using water and octane. In the presence of the water solvent the interaction energies
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are much less negative. The effect of the solvation with octane is intermediate between water
solvation and gas-phase. In bulk water the complexation is less favored than within a
hydrophobic environment. Na* can more easily be released from the diazacrown in water but it

becomes more stable within a low dielectric environment like the lipid bilayer.

Interestingly, for both water and octane solvation, there is now a difference in the diazacrown-
Na® and diazacrown-Na'-water energies. In both cases the diazacrown-Na® interaction energy
is less negative than the diazacrown-Na’-water interaction energy; the difference is 8.51
kcal/mol for water solvation and 2.82 kcal/mol for octane solvation. For the water solvation,
this may be irrelevant since we are combining explicit and implicit solvation of water. For
octane solvation, however, this may be important since it highlights a slight energetic
difference between the two different situations and therefore, a preference for the Na* to
move through a more hydrophobic environment like a lipid bilayer without additional water

molecules.

Intermolecular Distances

Selected distances, calculated using DFT with the wB97XD functional, between molecules in the
optimized clusters are shown in Table 7 (diazacrown-water, diazacrown-Na® and Na*-water
systems) and Table 8 (the two configurations of the diazacrown-Na*-water cluster).

For both diazacrown-Na® (Table 7) and diazacrown-Na*-water (Table 8) clusters, Na'-
diazacrown oxygen atom interactions (Na'-Oqown (Direct)) have shorter distances than Na®-
diazacrown nitrogen atom distances (Na'-N¢own(Direct)) indicating that the oxygen atoms are
more important for sodium binding than the diazacrown nitrogen atoms.

22

Page 22 of 53



Page 23 of 53

RSC Advances

Force field calculations show that the diazacrown nitrogen atom to Na* distances are increased
(by 0.14 A) and diazacrown oxygen atom to Na* distance decreased (by 0.05 A) compared to
QM results. In our previous work ®, the radial distribution function (RDF) of Na* to diazacrown
oxygen and nitrogen atoms, as Na" was pulled through a DMPC lipid bilayer, whilst complexed
with the terminal diazacrown of the hydraphile, was reported. It showed that the Na* to
diazacrown oxygen distance centered at 2.3 A (ranging from 2-2.7 A) but the Na* to diazacrown
nitrogen atom distance appeared at much greater distances (ranging from 3.6 to 4.6 A).
Although the force field description of the Na*-N interaction appears slightly too weak, this may
not make a huge difference in the real system since the difference in the optimized
configuration is small compared to the difference in the optimized structure and average

structure obtained in MD.

In the paper by Du et al., it was shown that the B3LYP/6-311++G(d,p) that for the lowest
energy configuration, the crown oxygen atom to Na* distance varied from 2.40 to 2.49 A, which

is in a similar range to our results.

One question is whether the Na*-diazacrown oxygen atom and Na‘-diazacrown nitrogen atom
lengths change as a result of complexation of an additional water molecule on each side of the
diazacrown. First, we will consider Configuration 2 (see Figure 8, left panel). After the addition
of water molecules, there are now two pairs of oxygen atoms (“Water-mediated” and “Direct”,
indicated by circles in Figure 8A) with different distances to Na*. The Na'-oxygen distances for

“Water-mediated” are longer (by 0.78 A) than those of “Direct” water molecules and this is
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caused by the involvement of the water molecules; in fact, the water molecules bridge the Na*-

diazacrown oxygen atoms in this case, maintaining a water mediated interaction.

For Configuration 3, there are “Water-mediated” and “Direct” Na'-diazacrown oxygen
interactions but also  “Water-mediated” and “Direct” Na'-diazacrown nitrogen atom
interactions. The “Direct” Na'-Ogown distance is smaller than the “water-mediated” distance by
1.13 A, the “Direct” Na*-N¢own distance is smaller than the “water-mediated” distance by 1.07

o

A.

It should be noticed that for both Configuration 2 and 3, the “Direct” interaction distance of the
diazacrown-Na*-water cluster is shorter (by 0.06 A, Configuration 2, and 0.1 A, Configuration 3)
than the Na’ to diazacrown oxygen atom distance of the diazacrown-Na® cluster. For
configuration 2, the Na*-N¢own distance is greater (by 0.11 A) than for the diazacrown-Na*
cluster but for Configuration 3, the “direct” Na'-Nown distance is smaller than the diazacrown-
Na* cluster by 0.19 A. The reason for this decreasing of “Direct” distances is because in the
diazacrown-Na" cluster, the diazacrown oxygen and nitrogen atoms are all competing for Na*
but when water in mediating, the Na* is being pushed towards the “direct” oxygen and nitrogen

binders.

The Na'-water oxygen atom distances for the diazacrown-Na'-water system are greater than
for the equivalent value for the Na*-water system (2.30-2.36 A for diazacrown-complexed and
2.35 A for Na*-water system). This is because of a lowering of electrostatic interactions when

Na® is complexed (see NBO analysis below).
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In the MD simulations in our previous work, the RDF between the two diazacrown nitrogen
atoms of the terminal diazacrown of the hydraphile as Na* was pulled through a DMPC lipid
bilayer (Shown in Figure S6 in the Supplementary Material). The peak distance is at 8.4 A but
Figure 3b shows that the lowest energy distance is at 5.3 A for the diazacrown-Na* system and
Figure 3d shows that the lowest energy distance is at 6 A for the diazacrown-Na*-water system.
These differences could either be because of discrepancies between the force field and DFT
results or because of the effect of condensed phase properties. In future MD studies we will
investigate the conformational properties and force field effects of the diazacrown to answer

these questions.

The hydrogen bonding distances between water hydrogen atoms with diazacrown oxygen and
nitrogen atoms are revealing (see diazacrown/water clusters in Figure 7. The water hydrogen
bond distance to the diazacrown oxygen atom is shorter in cluster B than the water hydrogen
bond distance to the nitrogen atom was in cluster A, indicating a stronger interaction hydrogen
bonding to diazacrown oxygen atoms than to diazacrown nitrogen atoms; this shows a
similarity to the Na'-diazacrown interactions, where interactions to the diazacrown oxygen
atoms are shorter than those to nitrogen atoms. One reason is that diazacrown oxygen atoms
are more negativley charged than nitrogen atoms causing a greater electrostatic attraction (see

section on “NBO analysis” below).

In the parentheses in Table 7 and 8 are the distances for the calculations using the PCM

solvation with the water solvent, using DFT with the wB97XD functional. See the
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Supplementary information for related discussion (Section named “Effect of Solvation model

on intermolecular distances”)

Natural bond orbital analysis

NBO analysis was performed on all the clusters using the wB97XD functional. NBO analysis
provides information about the charges on each atom within a molecule which can lend insight
into the strengths of electrostatic interactions and inter/intra-molecular charge transfer and

polarization.

The atomic charges are shown in Table 9. Where there is more than one of a particular atom
type, the average of the values for the charges are reported. First, the charges for the
diazacrown oxygen atoms are more negatively charged than the nitrogen atoms and this
explains the greater electrostatic interaction and closer distances to Na"and water (seeTable 7
and 8). Furthermore, the water hydrogen to diazacrown oxygen distances are shorter when the
diazacrown is complexed to Na® (as part of diazacrown-Na‘'-water cluster) than the
corresponding hydrogen bond distance to the uncomplexed diazacrown. The reason for this
can now be explained by the difference in charge of the diazacrown oxygen atoms when
complexed by Na*. Since the diazacrown oxygen atoms become more negatively charged in the
presence of Na’, the interaction with the water hydrogen atom is stronger and this causes a

shorter hydrogen bond distance.
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Electron transfer within the diazacrown-Na*-water and diazacrown-Na* clusters

One aspect that should be highlighted, since it should have a large influence on the behavior of
the hydraphile-facilitated transport of Na’, is the charge transfer within the diazacrown-Na*-
water and diazacrown-Na® systems. Charge transfer can be monitored with reference to the

atom charges and second order pertubation theory.

The charges in Table 9 show that both nitrogen and oxygen atoms are less negatively charged in
the free diazacrown compared to the diazacrown complexed with Na’, in the absence and
presence of additional water molecules. Furthermore, free Na* has a charge of +1 but when
the Na® is complexed within the diazacrown the charge is less positive. This implies transfer of
electron density from the diazacrown to the Na*; however, the diazacrown oxygen and nitrogen
atoms are actually more negatively charged when complexed to the diazacrown. The charges
of the hydrocarbon groups, and in particular the hydrogen atoms, are more negative in the
complexed diazacrown; that is, there is an inductive affect caused by Na’, where electron
density is transferred from the hydrocarbon groups and leaves the oxygen and nitrogen atoms
more negatively charged. The presence of extra water molecules, in Configuration 2 of
diazacrown-Na*-water cluster, actually reduces the Na* charge to +0.63 compared to a Na’
charge of +0.68 when it is complexed to the diazacrown with no additional water molecules.
This reduction, however, should not purely be because of charge transfer to the water
molecules since the Na* charge is only slighly reduced by the interaction of a water molecule in
the Na*-water cluster. Interestingly, the diazacrown oxygen atoms that are farther away from

Na® (“water-mediated”) have a similar charge to “Direct” diazacrown oxygen atoms; this is
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because they are still connected to the Na* via the water molecules, a water-mediated electron
transfer mechanism (see below). For Configuration 3 of the diazacrown-Na*-water cluster, the

charge of Na' is similar to the Na* of the diazacrown-Na" cluster.

The NBO charges for Na* were also calculated using the solvation model and these are shown in
the parentheses of Table 5. It can be noticed that the charges are not affected significantly by

the solvation model.

Even though electron density originates from the hydrocarbon groups, during the complexation
of Na*, electron transfer from the oxygen and nitrogen atoms to the Na* should be dominant.
This is confirmed by second order-perturbation theory, which tests whether there is an electron
donation from one atom to another. This electron donation results in a stabilization and the

energy of stabilization is given by

_ q:F (i, j)?
6]' — €;

where g is the donor orbital occupancy, & and & are orbital energies and F(i,j) is the off-
diagonal NBO Fock matrix element. For the diazacrown-Na® cluster, the largest stabilizations
are given by donations from diazacrown oxygen and nitrogen lone pairs (13.41 and 7.84

kcal/mol respectively) to sodium lone pair orbitals.

For the diazacrown-Na*-water cluster, the water bridging charge transfer between diazacrown
oxygen atoms (Direct) and Na* should be shown in second-order pertubation theory. First, for

Configuration 2, there is electron density donation from the water molecules to Na®, but not for
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the water-Na* cluster, indicating the donation is not inherent to water-Na* interactions. The
donation is shown by large stabilizations from “water-mediated” diazacrown oxygen atoms to
the water molecules (diazacrown oxygen lone pairs to water oxygen-hydrogen antibonding
orbitals — largest stabilization is 6.75 kcal/mol). Moreover, there is electron density donation
from bridging water oxygen lone pairs and from hydrogen-oxygen bonding orbitals (largest is
10.28 and 8.08 kcal/mol, respectively) to Na* lone pairs. Moreover, there is water-mediated

electron transfer from the diazacrown oxygen to Na®.

For configuration 3, there is a similar water-mediated electron transfer mechanism (see section
named “Water mediated charge-transfer for Configuration 3 of diazacrown-Na*-water

cluster” in the Supplementary material).

We can now provide a description of charge transfer that occurs from the diazacrown to Na*
and this is represented in Figure 9, where arrows show the direction of electron transfer.
There are two mechanisms for electron transfer from the diazacrown. For mechanism 1 there
is electron transfer from the diazacrown hydrocarbon groups to the diazacrown oxygen and
nitrogen atoms followed by direct electron transfer from diazacrown oxygen and nitrogen
atoms to Na’. Conversely, in Mechanism 2 there is water-mediated electron transfer where
there is electron transfer from “Water-mediated” diazacrown oxygen atoms to the water
molecule followed by electron transfer from the water molecule to the Na*. In this case there is
also the initial electron density transfer from the diazacrown hydrocarbon groups to the

diazacrown oxygen and nitrogen atoms. This is evidenced by the increase in positive charge of
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the hydrocarbon hydrogen atoms for the Na* complexed (+0.19) clusters compared to the

diazacrown-only cluster (+0.17).

The overall effects of the electron transfer mechanisms makes the Na* less negatively charged,
which should make Na* less hydrophilic and more favorable within the lipid bilayer. This work,
therefore, highlights a tactic for the design of better sodium channels, namely to increase this

electron transfer further to reduce the effective charge of Na**?

. This tactic may not only be
used for the development of ion channels but for other applications, where it would be

beneficial for the complexing of metal ions to be improved, such as the removal of metal ions

from nuclear waste’”.

Implications of results for action of hydraphile sodium channel

Previous experimental data only provides information about transfer rates of Na* of various
hydraphiles with different substituents ** ?° but has yet to be able to probe the detailed
molecular and electronic aspects of the process. The present paper investigates the
coordination of Na® with the diazacrown moieties of the hydraphiles and provides insight into

this process in the following ways:

1) The interaction energy of Na* with the diazacrown and water molecules is similar to that
of the diazacrown in the presence of additional water molecules (for wB97XD and
MP2/aug-cc-PVTZ calculations); the interaction energy result offer an explanation for
the effectiveness of the hydraphile. Since the interaction energies are similar it is likely
that both mechanisms are possible (Na* in the presence and absence of water

molecules). Our previous work suggested that when the number of solvent states
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2)

3)
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increases, there are a greater number of mechanisms that are available for transport of
Na* and this could mean that the transport process is more likely ®’.

There is hydrogen bonding between the diazacrown oxygen and nitrogen atoms and
water and this may be responsible for water ordering and channel forming in the

12, The presence of Na* within the diazacrown

hydraphile as proposed by Murray et a
actually strengthens the water diazacrown interaction and this may be a factor in the
ordering of water. The ordering of water molecules and reduction of rotational entropy
may offset this effect, however. We are currently working molecular dynamics
simulations, investigating how the hydraphile can stabilize a water channel.

It is likely that charge transport is a key factor in the facilitated transport of Na* by the
hydraphile since it will make it less charged and more ready to pass through the
hydrophobic lipid bilayer. The presence of water molecules accompanying the Na* with

the diazacrown actually increase the charge transfer via a water mediated mechanism

and may increase this effect.

The accuracy of QM method and force field

This study highlights how important density functional choice is when considering the

interaction between ions, diazacrowns and water molecules. Whereas calculations using the

B3LYP functional predicted the sodium cation to be more favorable within the diazacrown, in

the presence of additional water molecules rather than in their absence, calculations using the

wB97XD functional showed that both interactions were similar. This was confirmed by

MP2/aug-cc-PVTZ calculations. The force field calculation shows an even greater difference in
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interaction energies between the two systems and this could have profound effects when it
comes to simulating the transport of Na* through the lipid bilayer. It should be noted that the
Na‘-water interaction, which drives the difference in interaction energy for the force field
involves electrostatic and Lennard-Jones parameters of a well-established force field (TIP3P
water”® and ion FF of Beglov and Roux’® ). Modifying these parameters could modify the
condensed phase properties of ion solvation or the dizacrown-Na® interaction. Moreover, the
NBO analysis has shown that the diazacrown causes a significant decrease in the charge of the
Na®, which would in-turn cause a decrease in the water-Na" interactions and this strongly points
to the necessity of polarization when considering the interaction of Na* within the diazacrown;
this is even more important than when Na’ is solvated in bulk water. There is already a

75 The work here suggests that for

polarized force field, which can treat lipid bilayers
accurate classical simulations, which will capture the hydraphile-assisted transport behavior

and thermodynamics, a polarizable force field for the diazacrown will need to be parameterized

and adopted.

We showed results of the diazacrown with implicit solvent in octane and water to provide
information regarding how a change in environment may affect the results; however, to gain
further understanding of the detailed behavior of the diazacrown in lipid bilayer, we should
gain an understanding of the interaction of explicit lipid molecules with the diazacrown and

such a study is currently being conducted within our group.
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Conclusions

The results of the present study have helped to highlight the factors that affect how Na® is
transported through a lipid bilayer by an artificial sodium channel, the hydraphile. Quantum
chemical calculations (DFT, using two different functional, and MP2 calculations) of a fragment
of the hydraphile, the diazacrown, were performed to provide detailed information about the
complexation of Na*. This study follows on from our previous study that investigated the
mechanism of the hydraphile within a lipid bilayer using classical molecular dynamics. In the
present study, the QM calculations were, therefore, used to, both, scrutinize the accuracy of
the force field, improve the force used and provide greater detail, including the electronic

structure that force field methods cannot provide.

Calculations of water interactions with Na* and of water interactions with the diazacrown were
calculated for comparison. There is electron donation from the hydrocarbon groups of the
diazacrown to the diazacrown oxygen and nitrogen atoms, which then donate electron density
to the Na“, diminishing the positive charge of Na*. When extra water molecules are added to
the diazacrown-Na® system, the water hydrogen atoms became hydrogen-bonded with the
diazacrown oxygen atoms, bridging the diazacrown oxygen-Na® interaction. The water
molecules could then mediate the electron transfer from the diazacrown oxygen atom to the

Na*.

Results attained at the highest level of theory (MP2/aug-cc-PVTZ) agree with results of DFT with
the wB97XD functional that the interaction energy of Na* with the diazacrown is the same value

as in the presence of extra water molecules and this could be key to the success of the
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hydraphile Na* channel. It was shown that water molecules interact with the diazacrown by
hydrogen bonding to two oxygen atoms and bridging to another oxygen or nitrogen atom and
water molecules help to pre-organize the diazacrown ready to accept the sodium ions.
Moreover, it is thought that the hydraphile reorganizes water within a lipid bilayer and
rotational entropy losses upon interaction of water molecules with the diazacrown may weaken

this interaction and be important when considering this process.

The present study shows how important density functional choice is when considering the
delicate balances between water, Na* and ion-complexing molecules. Density functionals that
correctly treat dispersion interactions should be more effective in this respect. This was

confirmed by MP2/aug-cc-PVTZ calculations.

Overall, this study provides a a detailed molecular, energetic and electronic basis for the
different interactions involved within the diazacrown functional groups of hydraphile sodium
channels, was provided; this understanding takes us a step closer to providing a comprehensive
description of the mechanism of action of the hydraphile sodium channel and will help in

designing more effective sodium channels in the future.
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Table 1: Relative energies (in Kcal/mol) of three different structures of the diazacrown

B3LYP wb97xd MP2 FF

diazacrown D3y 3.86 8.95 (5.81) 7.35 9.09

G 0.75 0 0 0

Mixed 0 2.21(0.87) 2.13 3.093
diazacrown- A 1.27 0 0 1.71
water B 0 0.87 0.93 0
diazacrown- 2 1.73 1.85 (0.30) 1.60 0
water-Na* 3 0 0 0 0.34

Table 2: Relative energies and root-mean-square deviations of diazacrown conformations after
reorganization. Zero is set by the energy of the diazacrown after the Na* was removed from
the diazacrown-Na" cluster.

Cluster Relative energy | RMSD
(kcal/mol) (A)
diazacrown-Na* 0 0
diazacrown -17.01 1.47
diazacrown- 1 water -10.27 1.19
diazacrown — 2 water | -5.42 0.78
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Table 3 : Interaction energies of the molecule pairs shown in Figures 4-7. All energies are in
Kcal/mol. A)and B) indicate the different configurations shown in Figure 7.

B3LYP/6- whb97xd/ MP2/ Force field
311G+(d,p) 6- aug-cc-PVTZ (kcal/mol)
(kcal/mol) 311G+(d,p) | (kcal/mol)
(kcal/mol)
diazacrown- -8.002 -14.21 -13.28 -5.14
water
diazacrown-Na* | -85.98 -91.52 -80.18 -86.09
diazacrown-Na*- | -90.29 -90.51 -80.67 -103.97
water
Na*-water -25.78 -24.76 -22.36 -29.73
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Table 4 : Enthalpy, Entropy and free energy changes of the molecule pairs shown in Figures 4-7.
Also included are the individual contributions, translational (Trans), rotational (Rot) and
vibrational (Vib), of the entropy.

dH dG ds Rot Trans Vib
(kcal/mol) (kcal/mol) cal/mol/K | cal/mol/K | cal/mol/K | cal/mol/K
-12.15 -1.66 -35.20 -10.03 -34.43 9.53 .
diazacrown-water i
diazacrown-Na* -88.96 -79.95 -30.24 -0.03 -35.11 4.90 _E
diazacrown-Na*- | -89.38 -81.85 -25.27 0.142 -35.13 9.72 :
water E
Na*-water -23.76 -17.22 -21.96 7.86 -32.88 3.06 !
(24.00°™) (17.597%™) |
|

Parentheses show experimental results with citations

Table 5: Relative interaction energies of different conformations of diazacrown using PCM

solvation model with water and octane

No solvation Water (kcal/mol) Octane (kcal/mol)
(kcal/mol)

DEY 8.95 0.063 7.81

G 0 0 0

Mixed 2.21 0.63 2.13
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Table 6 : Interaction energies of the molecule pairs in this study with the PCM solvation models
using water and octane. All energies are in Kcal/mol.

Solvation Solvation

(water) (octane)
diazacrown-water -11.88 -13.02
diazacrown-Na* -23.05 -58.09
diazacrown-Na*-water | -14.54 -55.27
Na‘-water -3.17 -13.74
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Table 7 : Selected distances within diazacrown-water, diazacrown-Na+ and water-Na+ clusters.

The 6-311G+(d,p) basis set was used for all geometry optimization calculations. Parentheses

show distances calculated using the PCM water solvation model.

System Interaction Distance (A) Distance (A)
(wB97XD) (FF)
diazacrown-water Hwater-Ncrown (A) 2.14 2.24
Hwater-Ocrown (A) - 2.02
Hwater-Ncrown (B) - -
Hwater-Ocrown(B) 1.94 2.02
diazacrown-Na* Na"-Ocrown 2.50 (2.55) 2.45
Na"-Ncrown 2.69 (2.59) 2.83
Na'- water Na"-Oyater 2.25(2.37) 221
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Table 8: Selected distances within diazacrown-Na*-water clusters

Page 40 of 53

diazacrown-Na*-Water

Configuration 2

Interaction

wb97XD

Length (A)

FF

Length (A)

Huwater 0 ~Ocrown 1.84 (1.82) 1.96

Na*-Ocrown (Direct) 2.44 (2.47) 2.38

Na*-Ocrown (Water-mediated) 3.22(3.21) 3.36

Na"-Ncrown (Direct) 2.80(2.81) 3.60

Na*-Owater 0 2.36 (2.41) 2.25

Huwater 0-Ocrown 1.79 (1.80) 1.9

Huwater 0-N-Ocrown 1.95 (1.85) 2.07

diazacrown-Na*-water Huater on-Nerown 1.97 (1.96) 219
Configuration 3 Na*-Ocrown (Direct) 2.40 (2.42) 2.37
Na*-Ocrown (Water mediated) 3.53(3.77) 3.50

Na"-Ncrown (Direct) 2.52 (2.56) 2.52

Na*-Ngown (Water mediated) 3.59 (3.67) 3.75

Na*-Owater o-N 2.34 (2.45) 2.24

Na*-Owater 0 2.30(2.36) 2.23
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Table 9: NBO charges (in elementary charge units, e) for different atom groups within the
Clusters, calculated with DFT using the wB97XD functional.

Ocrown Nerown Na* Owat Herown
diazacrown-Na*-Water -0.62 -0.58 0.63 (0.64) -0.96 0.19
2
diazacrown-Na*-Water -0.62 -0.59 0.68 (0.72) -0.978 0.19
3
diazacrown-Na* -0.62 -0.59 0.68 (0.67) -- 0.19
Na'-1 water -- -- 0.996 (0.998) -1.01 --
Water - - - -0.92 --
diazacrown -0.60 -0.56 -- - 0.17

Parentheses show values from the PCM model with water

41




RSC Advances Page 42 of 53

Figures

Hydrocarbon linker

\ T / Phenyl

Diazacrown

sidearm

Figure 1 : Top panel shows a simulation model of a typical hydraphile molecule showing three
diazacrown molecules connected by hydrocarbon linkages. Bottom panel shows the current
model for the action of the hydraphile as a cation transporter within a lipid bilayer. Dotted
lines and blue ovals represent lipid molecules. Solid lines are the hydraphile, red spheres are

water molecules and purple spheres Na® cations. Graphic idea is taken from Gokel and Negin
18
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Figure 2: A snapshot from a molecular dynamics simulation of the Na* being pulled through a
DMPC lipid bilayer whilst complexed with the terminal diazacrown of the hydraphile.
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Figure 3: Scans of O-O and N-N distances within the diazacrown for systems containing, a)
diazacrown, b) diazacrown-Na® c¢) diazacrown-water d) diazacrown-water-Na".
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B3LYP - Mixed

Figure 4: The diazacrown in three different conformations. The numbers relate to numbers is
the scans in Figure 3a. Configuration 1 is the lowest energy configuration found in this study.
The arrows in b show the distances (N-N and 0-0O) that were scanned. The right panel shows
the lowest energy configuration obtained from the scan using the B3LYP functional.
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Figure 5: The diazacrown-Na" system at its minimum energy structure. The number relates to
the number shown in Figure 3b - the lowest energy configuration found in this study.
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water N-O water O

water N-N
water N-O water N-O

Figure 6: Configurations of the diazacrown-2water system. The numbers relate to numbers is
the scans in Figure 3c. Configuration 1 is the lowest energy configuration found in this study.
Water N-O refers to a water molecule that is hydrogen bonding with a diazacrown nitrogen and
oxygen atom, Water O-O refers to a water molecule that is hydrogen bonding with a two
diazacrown oxygen atoms, Water N-N refers to a water molecule that is hydrogen bonding with
a two diazacrown nitrogen atoms, Water O refers to a water molecule that is hydrogen bonding
with only one diazacrown oxygen atom.
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Figure 7. Diazacrown/water clusters. A. A single water molecule is hydrogen bonded with a nitrogen
and oxygen atom B. A water molecule is hydrogen bonded with two oxygen atoms and additionally
interacts with a nitrogen atom.
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255 .
water O ‘ Water J Direct
& Mediated

water O-N

Figure 8: Configurations of the diazacrown-Na'- 2water system. The numbers relate to
numbers is the scans in Figure 3c. Configuration 3 is the lowest energy configuration found in
this study. Water O refers to a water molecule that is hydrogen bonding with only one
diazacrown oxygen atom and Water O-O refers to a water molecule that is hydrogen bonding

with a two diazacrown oxygen atoms.
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Mechanism 1 Mechanism 2

9

Figure 9: A representation of the electron transfer shown in NBO calculations. Mechanism 1:
There is electron transfer from the hydrocarbon groups to the diazacrown oxygen atoms
followed by direct transfer from the diazacrown oxygen and nitrogen atoms to Na*. Mechanism
2: There is water-mediated electron transfer from diazacrown oxygen atoms to Na* (diazacrown
oxygen to water hydrogen and water oxygen to Na®).
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