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ABSTRACT: Proton conduction in solids attracts great interest, not only
because of possible applications in fuel cell technologies, but also because of
the main role of this process in many biological mechanisms. Metal—organic
frameworks (MOFs) can exhibit exceptional proton-conduction perform-
ances, because of the large number of hydrogen-bonded water molecules
embedded in their pores. However, further work remains to be done to
elucidate the real conducting mechanism. Among the different MOF
subfamilies, bioMOFs, which have been constructed using biomolecule
derivatives as building blocks and often affording water-stable materials,
emerge as valuable systems to study the transport mechanisms involved in
the proton-hopping dynamics. Herein, we report a versatile chiral three-
dimensional (3D) bioMOF, exhibiting permanent porosity, as well as high
chemical, structural, and water stability. Moreover, the choice of this
suitable bioligand results in proton conductivity, and allows us to propose a
proton-conducting mechanism based on experimental data, which are displayed visually by means of quantum molecular
dynamics simulations.

B INTRODUCTION to be done to determine the real structure of the hydrogen-
bonded network involved in proton conduction.

A quite recent step forward toward the design of original
examples of MOFs consists of the use of biomolecules as
ligands to construct high-dimensional coordination networks,
called bioMOFs.>>*® This subclass of materials offer, among
other advantages, a more feasible moisture stability. Closely
related to this last point, it has been established that water
typically participates in molecular recognition and association in

Metal—organic frameworks (MOFs)' ™ are extensively studied
due to the large variety of physical and chemical properties that
they can exhibit,”> which are often related to their intrinsic
porous character and rich host—guest chemistry. Besides, the
design of highly robust, thermal- and water-stable (including
also acid and basic media) MOF materials becomes highly

relevant to facilitate good performance for potential applica-
6

tions. the solid state. Several studies further demonstrate that water
In this context, MOFs have recently become very relevant to thermodynamics is strictly dependent on the specific

achieve water-mediated proton’~* (H') or hydroxide (OH") physicochemical properties of the confining environment.**

ion*’-conducting materials, which can find application in fuel Hence, the choice of a suitable bioligand may well succeed in

cells.* This phenomenon is intimately related to the large the challenging task of affording water-stable bioMOFs with a

amount of disordered water molecules, acting as proton large number of water molecules embedded within their pores.

carriers, hosted in their channels. Despite the relatively large

number of MOFs showing excellent performance in proton Received: March 31, 2016

conduction and recent advances into the understanding of the Revised:  June 13, 2016

dynamics of proton transport in MOFs,”" further work remains Published: June 13, 2016

ACS Publications  © 2016 American Chemical Society 4608 DOI: 10.1021/acs.chemmater.6b01286
L2 4 Chem. Mater. 2016, 28, 4608—4615


pubs.acs.org/cm
http://dx.doi.org/10.1021/acs.chemmater.6b01286

Chemistry of Materials

o NH OH HiO_ O —N O
cu CU(
/N /
0 NH OH o N0 ToH
R HH
H e} o) R
HaL [CU',L(OH,)(OH) ™)
(R =Me) (m,n=1o0r2)

-  OUH). .
P Q@@ cuty
A 1 A_J N

oty [ /. ] [
CU(Z)'\S‘ = Q\fuu \)\/0\

Figure 1. (a) Chemical structures of the chiral bis(amino acid)oxalamide ligands (left), highlighting the potential coordination sites and chiral
centers and the corresponding dianionic bis(hydroxo) dicopper(I) complexes (right). Views of a fragment of 1 in the (b) ab and (c) bc planes,
respectively, with the atom numbering scheme (symmetry code: (I) = —x, =y + 1,z + */5; (I) = =y + L, x —y + 1, z; (1)) = —x + y, —x + 1, ). (d)
Perspective view of the three-dimensional (3D) open framework of 1 along the c-axis (the crystallization water molecules are omitted for clarity). (e)
Views along the crystallographic c-axis (left) and a-axis (right) of the array of hydrogen-bonded guest water molecules and hydroxide anions located
in each hexagonal channel. Cu and Ca atoms are represented by green and purple spheres or polyhedra, respectively, whereas the ligands are
depicted as sticks. The H atoms, when present, are represented as blue sticks, whereas the water molecules and hydroxide anions are depicted as red

and orange spheres. Hydrogen bonds are represented by dotted lines.

This would occur in an ordered manner, through a process of
molecular recognition, even more dynamic in the presence of
proton conduction. However, despite these clear advantages
and the growing interest in bioMOFs, no examples of these
systems exhibiting proton conduction have been reported so

far.
Previous results on disubstituted oxamidato hgands derived
’ (see Figure

from natural amino acids are used as a basis®
la). Herein, we report a novel proton-conducting, chiral
bioMOF, of formula {Ca"Cu'[(S,S)-alamox];(OH),(H,0)}-
32H,0 (1) [H,-(S,S)-alamox = N,N’-bis((S)-2-propanoic
acid)oxamide, Figure la (left), with R = Me] exhibiting high
chemical, thermal, and water stability (up to alkaline (pH 14)
aqueous media). For the first time, the high-quality refinement
of the crystal structure of 1—showing the positions of the
water molecules and their hydrogen atoms—allows to propose
a conduction mechanism in a proton-conductive MOF, which
is fully supported by structural and theoretical data.

B RESULTS AND DISCUSSION

Synthesis and X-ray Crystal Structure. Compound 1
crystallizes in the chiral P63 space group of the hexagonal
system. Its structure consists of a chiral 3D calcium(II)—
copper(Il) network, which is built up from trans oxamidato-
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bridged dicopper(Il) units, {Cu,[(5,S)-alamox]}, acting as
linkers between the Cal ions through carboxylate; further
aqua/hydroxo groups (1:2 statistical distribution), acting as
additional bridges between two neighboring dicopper(II) units
and coordinated in a y* fashion, support the entire system,
unfolding an uninodal six-connected net of (4°.6°) Schlifli
symbol (see Figure 1 and Figure S1 in the Supporting
Information).

Overall, 1 can be described as a mixed oxamidate- and
carboxylate(aqua/hydroxo)-bridged, honeycomb-like hexagonal
3D Ca''Cu"s open framework showing relatively large
hexagonal channels along the c-axis (Figure 1d), which are
occupied by crystallization water molecules (see Figures le, as
well as Figures S1 and S2 in the Supporting Information).
These channels have a virtual diameter of ca. 1.0 nm, resulting
from the alternating orientation of the methyl residues from the
trans-(S,S)-alamox bridging ligands within adjacent channels.
The estimated empty volume without the crystallization water
molecules is 2089.1 A?, which is a value that represents up to ca.
58.0% of potential void per unit cell volume [V = 3604.1 A®]
(Figure S3 in the Supporting Information). A striking structural
feature of 1 is that all water molecules hosted in the pores are
hydrogen-bonded, forming one-dimensional (1D) ribbons
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along the c-axis (see Figure le) that involve the aqua/hydroxo
bridges of the network.

Thermogravimetric Analysis and Powder X-ray Dif-
fraction. Thermogravimetric analysis (TGA) shows a mass
loss at 473 K of 31.5% (Figure S4 in the Supporting
Information) which corresponds to 30 H,O molecules per
formula unit, a value close to the 32 lattice molecules found in
the crystal structure determined by single-crystal X-ray
diffraction (SCXRD) at 90 K. The vapor water adsorption
isotherm of 1 at 25 °C shows that the complete rehydration
process, with the recovery of 32 mmol of water per mmol of
bioMOF, can be only achieved under maximum relative
humidity (see Figure SS in the Supporting Information),
which is in complete agreement with the proton conductivity
measurements (see below).

Powder X-ray diffraction (PXRD) studies were carried out
on a polycrystalline sample of 1 (Figure 2). PXRD patterns

intensity / a.u.

20/°

Figure 2. (a) Calculated PXRD pattern profile of 1 (pattern profile a).
Variable-temperature XRD patterns of the activated phase of 1 at 298
K (pattern profile b), 343 K (pattern profile c), (d) 353 K (pattern
profile d), and 370 K (pattern profile e). PXRD pattern profiles of 1
after proton conduction measurements (pattern profile f) and (pattern
profile g) after 1 month of immersion in a pH 14 aqueous solution at
room temperature (RT).

show the retention of crystallinity over the entire range of
temperatures studied, confirming the structural robustness of
the material upon water loss (Figures 2, pattern profiles b—e).
In addition, the structural stability of this bioMOF was further
verified both after proton conductivity experiments (pattern f in
Figure 2) and also in basic aqueous media by immersion in a
pH 14 aqueous solution for one month (pattern g in Figure 2).

The permanent porosity of 1 was demonstrated by means of
N, adsorption at 77 K. The isotherm shows a type I behavior
with large uptake at low pressures (Figure 3). The Brunauer—
Emmett—Teller (BET) surface area calculated was 1015 m?/
g% with a calculated pore size** of 1.1 nm, which closely
corresponds to that determined from the crystal structure.

Proton Conductivity Measurements and Conducting
Mechanism. Considering the strong interest observed recently
in proton conductors,” >3 together with the presence of an
array of hydrogen-bonded water molecules along the hexagonal
channels in 1 (see Figure le, as well as Figures S1 and S2), we
performed ionic conductivity measurements.
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Figure 3. N, (77 K) adsorption isotherm for the activated compound
1. Filled and empty symbols indicate the adsorption and desorption
isotherms, respectively.

Impedance data in the form of a complex plane plot for 1 at
353 K and different relative humidity values (RH), after full
equilibration of the measurements (Figure S6), are shown in
Figure 4a. The data show an overlapped/deformed broad arc at
high frequencies/low RH with an associated capacitances of
~(2-3) X 107" F cm™". With increasing RH, lower frequency
effects are seen, in the form of an inclined spike with an
associated capacitances of ~8—10 uF cm™, which indicates a
partial-blocking electrode response consistent with proton
migration. The structural stability of this MOF after post-
impedance measurements was checked by X-ray diffraction and
thermal analysis. The TG curves do not show changes in the
water content for the different environmental conditions tested
(Figure S4) suggesting the easy loss of two water molecules
when exposed to air—further confirmed by crystal structure
determined by SCXRD at room temperature (see the
Supporting Information)—which can be only fully recovered
within the humidity chamber. Furthermore, the PXRD patterns
after the measurements are consistent with the theoretical one
(Figure 2f).

The conductivity of 1 increases with the relative humidity
(Figure 4a), which is characteristic of many water-mediated
proton conductors. For instance, the conductivity at 353 K
increases from 1.1 X 107 S cm™" at 60% RH up to 8.6 X 107*$S
cm™' at 95% RH. The proton conductivity for 1 measured at
297 K and 95% RH, 1.0 X 107 S ecm™}, is comparable with
other carboxylate-based MOFs."' Figure 4b displays the overall
pellet conductivities in traditional Arrhenius plots as a function
of RH. These plots show a linear behavior with activation
energies (E,) of 0.42, 0.43, 0.42, and 0.34 eV for RH values of
60%, 70%, 80%, and 95%, respectively. These relatively small
numbers are within the range typically attributed to a Grotthuss
transfer mechanism via water molecules (0.1—0.5 eV).**~*¢

These results suggest that, even in the absence of free acid or
basic groups in the framework, the presence of a hydrogen-
bonded intricate chain involving both the free water and the
coordinated hydroxo/water molecules is enough to develo
moderate ionic conductivity. Although a vehicle mechanism
contribution cannot be discarded, this conductivity most-likely
arises from the proton hopping through the hydrogen-bonded
array of water molecules, as expected for a structure diffusion
mechanism,***’ as reported greviously in theoretical—exper-
imental studies in pure water” > or acid aqueous solutions.™
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Figure 4. (a) Nyquist plots for compound 1 at 353 K under four
different relative humidity (RH) values. Solid lines indicate the fitting
to the equivalent circuit (RbQb)(RgbQgb)(Qe). (b) Protonic
conductivity data of 1 versus reciprocal temperature (Arrhenius
plot) at four selected RH values. Activation energies were highlighted.

It is clear that proton transport mechanisms in solids attract
great interest, because of their relation to many natural
processes”* and its potential application in a wide variety of
electrochemical and energy-conversion devices.® However, the
vast majority of theoretical studies, with regard to the
mechanism of proton conduction (most of them of theoretical
nature), could only carried out so far in nonporous solids.”> >’
In contrast, despite the fact that MOFs show excellent results as
proton-conducting materials—they exhibit large pores, which
allows the movement of ions, as well as the presence of guest
carrier molecules””*°—the first joint experimental/theoretical
study dealing with the proton-conduction mechanism in a
MOF was published only very recently.’’ This outstanding
feature is undoubtedly related to the high disorder of the
solvent molecules.
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In a recent work,” Kitagawa et al. suggested that “only
MOFs having small pores should be employed to construct
visible proton-conducting pathways”. This would be based on
the reasonable assumption that disorder increases with
increasing pore size. However, despite the large pores, water
molecules hosted in the channels of 1 are particularly ordered
and their positions—including those of their hydrogen atoms
and, thus, the directionality of the hydrogen bond—could be
undoubtedly allocated. With this information in hand, we are
able to propose a clear conduction mechanism in a proton-
conductive MOF, in clear agreement with the recent findings
shown by Damasceno et al.”’

Figure le shows the hydrogen-bonded pathways developing
inside one hexagonal channel in 1. At first sight, it is reasonable
to suppose that several concerted tautomeric equilibriums
should be followed in the channels (and in other proton-
conducting MOFs). We focus just on a few of them to suggest a
model consistent with the experimentally located hydrogen
atoms. The observed pattern of atomic positions in the water-
branched chain is reliable with a hopping of protons between
neighboring and hydrogen-bonded water molecules, which is
consistent with a Grotthuss-like mechanism.** The distances
crossed by the H atoms in the hopping process range from
0.73(4) A to 1.14(1) A with corresponding O---O separations
varying in the range of 2.686(10)—2.957(9) A (detailed values
in Table S1 in the Supporting Information).

The proposed mechanism is detailed as follows: Figure Sa
represents the starting situation found in the crystal structure,
whereas Figures Sb and Sc show the proposed intermediate
stages with the proton hopping between neighboring molecules
and their consecutive reorientation to finally recover the
original situation (Figure S5d). Their orientations represent
always a valid structure for the water net. We choose as the
proton transfer starting point O2W, which can initiate two
different pathways: toward O9W (path 1) or toward O1W
(path 2). Afterward, the two pathways must follow the labeled
way of path 1/path 2 or exhibit a possible deviation (path 1’ or
path 2'), which is logical, given that an efficient concerted
pathway requires multiple ways. Another important point is the
occurrence of a hydrogen bond between hydroxo/water (O1H)
and water molecule (O2W). The O2W---OH distance of
2.908(5) A and the quite perfect directionality of the hydrogen
bond (O—H---O2W angle of 171(14)°) seem to suggest that a
proton transfer from O1H to the “initiator” O2W happens,
indicating that a hydrogen of the hydroxo/water bridged
molecule in 1 plays a role, as proton injector, in the proposed
mechanism.

As shown in Figure S, the proton transfer extents to the
O10W and O11 disordered water molecules located in the
center of the channels, suggesting that the entire network of
water molecules participates in the conduction. We suggest that
the translation movement of O10w and O11 waters along the c-
axis around the center of the hexagonal voids (see structure
refinement and Figure S7 in the Supporting Information) is
consistent with proton transfer along the 1D channels and
could be the key point for the proton conductivity. It is obvious
to suggest that the insertion of acidic molecules, acting as
proton injectors, would increase the proton conductivity value
dramatically.

Theoretical Calculations. A detailed study of this type of
material is not an easy task. Although some computational
schemes, such as ab initio and density functional theory (DFT)
methods, could offer a more realistic vision of this process, they

DOI: 10.1021/acs.chemmater.6b01286
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Figure S. Complete cycle of the proton conduction showing the proton hopping between the hydrogen-bonded water/hydroxo molecules and the
sequential reorientation: (a) starting real situation (data shown by crystal structure), (b, c) intermediate proposed stages where the proton hopping
and the water molecules reorientation occur, and (d) recovery of the starting situation. The water molecules are represented by red filled spheres.
The black, gray, and blue solid lines represent the initial (observed), the broken and the formed O—H bonds, respectively. The dotted circles and the
continuous circles represent initial and final hydrogen positions, respectively. The dotted lines represent the hydrogen bonds. [Details on O---O
distances: OIW---04W, 2.870(8) A; O1IW---O6W, 2.957(9) A; O2W---O9W, 2.752(9) A; O2W---O1W, 2.866(6) A; O2W---O1H, 2.908(5) A;
O3W--05W, 2.776(6) A; O3W---O9Wa, 2.825(10) A; O4W---O5W, 2.801(9) A; O4Wa---O8W, 2.775(12) A; OSW---O6W, 2.740(9) A; OTW--
08W, 2.780(11) A; O7W---O10W, 2.885(10) A; O8W---O9Wa, 2.754(12) A; and O10W---O114, 2.686(10) A. Symmetry code: (a) = —y, x — y, z.]

have not been considered, because of the complexity and high
CPU time consumption that is implied. Thus, using quantum
molecular dynamics simulations, we have found an excellent
compromise alternative. This methodology has been used to
contrast the proposed structure diffusion mechanism on the
basis of the experimental data. This simplified model provides
us with a visual and dynamic picture of the proton hopping
between neighboring water molecules within the hydrogen-
bonded 1D arrays of water molecules hosted in the channels
(see Videos S1—S6). Two different simulations were done on a
fragment of the water channel, where O2W is considered as the
starting point and therefore and additional hydrogen—coming
from the '/; water-bridged molecule O1H—was added. In the
first simulation, the O11A water molecule was replaced by a
hydroxo group in order to include, in a way, the attractive effect
of the anode on the extra proton (see computational details, as
well as Videos S1—S4). In the second one, no replacement was
done to verify that the proton hopping occurs in a spontaneous
manner (see Videos SS and S6). Overall, the optimized
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structures shown in the videos are in agreement with the
proposed structure diffusion (Grotthuss-type) mechanism™*®
involving the cleavage and formation of O—H bonds, together
with the hopping of the protons, followed by reorientation of
the water molecules.

Even the limitations of the simplified model used, the
dynamics simulation shown in Videos S1—S6 shed light on the
same direction and contrast the possibility of the proposed
pathways on the basis of the experimental data. In this sense,
several remarkable features are clearly observed:

(i) The hopping of the protons occurs through a process of
cleavage and formation of covalent O—H bonds involving the
formation of relatively small charged water clusters: H;O,",
H,0;*, and H,O,", followed by a solvent reorganization
process;>”

(ii) The transfer of a hydrogen atom from the initiator O2W
to the terminal O10W, after successive proton transfers and
water molecules reorientation, follows the sequence: “O2W—

DOI: 10.1021/acs.chemmater.6b01286
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OIW—-0O8W—-O7W—O10W”, as predicted in the proposed
mechanism (path 1 in Figure 5); and

(ili) The proton, upon arriving to the terminal O10W,
continues on its way, along the c-axis to O11A, suggesting that
the proton hopping continues along the disordered water
molecules through the center of the channels (see Figure S7).
In the two theoretical simulations, the process requires 200 and
300 fs to finish.

B CONCLUSIONS

In summary, we have reported the rational design of a unique
chiral 3D bioMOF. This novel material exhibits permanent
porosity, high chemical, structural and water/basic media
stability, and proton conductivity. Compound 1, hosting a
large number of water molecules in their large pores in an
ordered manner, allowed us to overcome the well-known
difficulties™ to achieve detailed experimental information on
the pathways involved in the hopping of protons between
neighboring water molecules in a MOF during proton
conduction. We propose a precise Grotthuss-like mechanism,
showing the different hydrogen-bonded pathways developing
inside the channels of a proton-conductive MOF. Our results
highlight the importance of design-by-synthesis as a very
powerful tool to understand complex physicochemical
phenomena of biological and industrial interest.

B EXPERIMENTAL SECTION

Preparation of {CugCal(S,S)-alamox];(OH),(H,0)}32H,0 (1).
Well-shaped hexagonal prisms of 1 suitable for X-ray structural analysis
were obtained by slow diffusion in an H-shaped tube of aqueous
solutions containing stoichiometric amounts of (Me,N),{Cu,[(S,S)-
alamox](OH),}-6H,0 (see the Supporting Information) (0.12 g, 0.18
mmol) in one arm and CaCl, (0.01 g, 0.06 mmol) in the other. They
were isolated by filtration on paper and air-dried. Yield: 2.28 g, 67%;
Anal.: caled for C,,CusCaHy,N4Og; (1734.4): C, 16.62%; H, 5.35%;
N, 4.85%. Found: C, 16.87%; H, 5.21%; N, 4.85%; IR (KBr): v = 1618
cm™! (C=0).

Single-Crystal X-ray Diffraction. Crystal data for 1:
C,4CuCaHy,NOs;, hexagonal, space group P6; a = 17.6943(10)
A, ¢ = 132921(8) A, V = 3604.0(5) A, T = 90(2) K, Z = 2, pac
1.598 g cm™, u = 1.917 mm™, Flack parameter = 0.02(1), of the
34464 reflections collected, 5790 are unique and 4983 observed with I
> 20(I). Refinement of 332 parameters gave R = 0.0367 and R,, =
0.0966 for reflections with I > 26(I) and R = 0.0452 and R,, = 0.1017
for all reflections, with S = 1.062. Further detailed information on the
structural data can be found at the Supporting Information.

Proton Conductivity Studies. Electrical characterization for 1
was carried out on dense (~96%—98% theoretical density) cylindrical
pellets (diameter ca. S mm and thickness ca. 1 mm) obtained by
pressing ca. 40 mg of sample at 250 MPa, for 1 min. The pellets were
pressed between porous C electrodes (Sigracet, No. GDL 10 BB, no
Pt). The sample cell was placed inside a temperature- and humidity-
controlled chamber (Espec, Model SH-222) and connected to an
impedance analyzer (Agilent, Model HP4284A). AC impedance data
were collected over the frequency range from 20 Hz to 1 MHz with an
applied voltage of 1 V. The reproducibility of the experiments was
evaluated by performing duplicate measurements in two different
pellets. This may rule out extrinsic transport through the grain
boundary associated with the pelletizing process,”’ although single-
crystal measurements are necessary to discard interparticle conduction.

Proton conductivity measurements were carried out at different
relative humidities (RH = 60%, 70%, 80%, and 95%) after equilibration
by successive heating/cooling cycles from 21 °C to 80 °C at 0.2 °C/
min. This procedure ensures stable conductivity values, being those
fully reproducible after several cycles of measurements.
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Impedance spectra were recorded upon cooling (0.2 °C/min) from
80 °C to 21 °C at S °C intervals. The stabilization time before each
data acquisition was S min, with a maximum temperature variation of
0.1 °C.

Computing Details. Quantum molecular dynamics simulations
were performed using the SIESTA program, version 3.2,°" starting
from an optimized structure. Only a hexagonal pore from the crystal
structure of 1 with 64 H,0O molecules was chosen as a theoretical
model to study the pathways involved in the proton conductivity. In
order to simplify the model and to save computer processing unit
(CPU) time, the walls of the channel were removed, ie., only the
water molecules were retained. In order to avoid a crumbling or large
structural distribution of the system, the positions of the O atoms were
highly constrained, whereas the H atoms remained free, allowing
proton interchange between the neighboring molecules. The water
molecule proposed as the starting proton donor into the experimental
section was protonated (H;0"). Two different simulations were
carried out (see Videos S1—S4 and Videos SS and S6). In order to
simulate the effect of the anode when the electric voltage was applied
in the measurement of the proton conductance, a water molecule in a
distant place was deprotonated in one of them (a hydroxo group is
considered instead of a water molecule) (Videos S1—S4). Finally,
preliminary calculations with no constraints of the O atoms also
suggested a structure diffusion mechanism. Further detailed
information on the structural data can be found in the Supporting
Information.
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Videos S1-S6 showing the proposed proton conduction
mechanism. The Supporting Information is available free of
charge on the ACS Publications website at DOIL: 10.1021/
acs.chemmater.6b01286.
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graphic refinement and hydrogen bonds details for 1
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Crystallographic data (CIF)

Cambridge Crystallographic Data Centre information for
CCDC-1432054 (1) (PDF)

Video S1: Proton conduction mechanism from the
quantum molecular dynamics simulations showing the
proton hopping between the hydrogen bonded water
molecules and the sequential reorientation; oxygen and
hydrogen atoms are represented by red and pink spheres,
respectively (the first 200 fs of the simulation are shown)
(AVI)

Video S2: Proton conduction mechanism from the
quantum molecular dynamics simulations showing the
proton hopping between the hydrogen bonded water
molecules and the sequential reorientation; oxygen and
hydrogen atoms are represented by red and pink spheres,
respectively (the first 200 fs of the simulation are shown)
(AVI)

Video S3: Proton conduction mechanism from the
quantum molecular dynamics simulations showing the
proton hopping between the hydrogen bonded water
molecules and the sequential reorientation; oxygen and
hydrogen atoms involved in the conducting mechanism
are represented by magenta and orange spheres,
respectively (the first 200 fs of the simulation are
shown) (AVI)

Video S4: Proton conduction mechanism from the
quantum molecular dynamics simulations showing the
proton hopping between the hydrogen bonded water
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molecules and the sequential reorientation; oxygen and
hydrogen atoms involved in the conducting mechanism
are represented by magenta and orange spheres,
respectively (the first 200 fs of the simulation are
shown) (AVI)

Video S5: Proton conduction mechanism from the
quantum molecular dynamics simulations showing the
proton hopping between the hydrogen bonded water
molecules and the sequential reorientation; oxygen and
hydrogen atoms are represented by red and pink spheres,
respectively, and oxygen and hydrogen atoms involved in
the conducting mechanism are represented by magenta
and orange spheres, respectively (the first 300 fs of the
simulation are shown) (AVI)

Video S6: Proton conduction mechanism from the
quantum molecular dynamics simulations showing the
proton hopping between the hydrogen bonded water
molecules and the sequential reorientation; oxygen and
hydrogen atoms are represented by red and pink spheres,
respectively (the first 300 fs of the simulation are shown)
(AVI)
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