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Confinement of Mobile Histamine in Coordination Nanochannels for

Fast Proton Transfer**
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Proton-conducting solids, which act as the electrolyte of fuel
cells, have received much attention. In particular, proton
conductivity operating under anhydrous conditions and in the
middle temperature region (>100°C) is regarded as a
significant target.!!! Heterogeneous hybridization of proton-
conductive molecules (or polymers) and solid supports, such
as amorphous silica and porous materials, is one of the
approaches for the preparation of proton-conductive
hybrids.?

Porous coordination polymers (PCPs) or metal-organic
frameworks (MOFs), built by metal ions with bridging
organic ligands, represent a new class of porous materials
with high designability in composition, structure, and func-
tion.’! To construct the proton conductors, we have focused
on the hybridization of the proton carrier and PCP/MOFs on
the molecular scale.”! Several works on proton conductivity
with PCP/MOF materials under high-humidity conditions
have been reported, and the composites show a remarkable
drop of conductivity when dehydrated.”! Only two reports on
PCP-based composites under anhydrous conditions have
been published, including our previous work.*® In both
cases, incorporated proton carrier molecules transfer protons
along the channels in ordered porous networks. However, the
conductivities were not high enough to use the materials for
practical systems. Therefore, other conductors having a
conductivity above 10~ Secm™ under anhydrous conditions
and in the middle temperature region are anticipated.’)

In the work reported herein, we constructed the compo-
site of aluminum-based microporous PCP and histamine, as
the proton-donating molecule, and achieved a conductivity of
over 10 Scm™" at 150°C in a completely anhydrous environ-
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ment. [AI(OH)(ndc)], (1, ndc=1,4-naphthalenedicarboxy-
late), which has high thermo/chemo stabilities, was utilized as
a support for the composite.”! In previous work™ we
hybridized 1 with imidazole to give a conductivity of
105 Scm ! at 120°C. Compound 1 possesses one-dimensional
channels with a 7.7x7.7 A’ pore diameter, as shown in
Figure 1a. Histamine was introduced as a proton-donating/
accepting molecule for hybridization. The melting point of
histamine (83 °C) is lower than that of imidazole (89°C), and
three proton-donor/acceptor sites of an imidazole ring and an
amine group act as the proton carrier (Figure 1b).
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Figure 1. a) Crystal structure of [Al(OH) (ndc)], (1). b) Schematic view
of histamine with three proton-hopping sites.

The histamine does not undergo sublimation, which is
different from imidazole, so we introduced the histamine into
1 by an immersion process. The activated powder of 1 was
suspended with histamine and dry toluene and the suspension
was heated to 95°C, at which the histamine started to melt.
After vacuum evacuation to remove toluene, we obtained a
fine powder of composite 1 and histamine (1DHis). The
amount of histamine in 1>His was checked by thermogravi-
metric analysis (TGA) measurement, which indicated that it
contains 30 wt% of histamine. This corresponds to one
histamine molecule per AI*" ion, which is twice as large as
that of the proton carrier in 1>Imidazole (mol/mol).

Powder X-ray diffraction (XRD) of 1DHis suggested that
the porous framework of 1 was maintained without any
distortion. The solid-state cross polarization magic-angle
spinning (MAS) “C NMR spectrum of 1DHis indicated the
existence of histamine in the composite. Peaks corresponding
to the carbon atoms of histamine in 1 were assigned by
comparison with the spectrum of bulk histamine. CO,
adsorption of 1DHis at 195 K (Figure 2a) was measured and
the total uptake decreased compared with 1, which suggested
that histamine molecules occupied the micropore spaces of 1.
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Figure 2. a) CO, adsorption isotherms of 1 (0) and 1DHis (e) at
195 K. b) SEM images of crystals of 1 (left) and 1DHis (right).

We also obtained the SEM images of 1 and 1DHis (Figure 2b)
and observed that the crystal morphology of 1DHis was
similar to that of 1, which indicated that the histamine
molecules in the composite were accommodated inside the
micropores of 1, not aggregated on the outer surface. The
TGA profile of 1DHis under a N, atmosphere showed no
drop until 170°C, which is desirable for conduction in a wide
temperature range of over 100°C. Note that if there were
extra bulk histamine molecules on the outer crystal surface of
1, we would observe the XRD pattern of bulk histamine and
an exothermic peak by differential scanning calorimetry
(DSC), but nothing was observed.

A sample for conductivity measurement was prepared by
pelletizing powdered 1DHis. As reported previously, the
proton conductivity of guest-free 1 is negligibly low."!
Temperature-dependent conductivities were determined by
using AC impedance spectroscopy. The measurement cell was
filled with N, at atmospheric pressure. We observed a linear
increase of conductivity as the temperature was elevated:
3.0x107° Scm™ at room temperature to 1.7x 107> Secm™ at
150°C (Figure 3a). The conductivity at room temperature
was comparable to that of 1>Imidazole at 120°C." Note that
the conductivity of bulk histamine was 5.4x 107" Scm™ at
room temperature and 9.4x10°Scm™ at 75°C, both of
which were obviously lower than that of the composite. Bulk
histamine starts to melt above 80°C and we could not
measure solid pellets at a higher temperature (Figure 3a).

Figure 3b and c¢ show Nyquist plots of 1DHis at 25 and
110°C, respectively. The former is a typical profile for
temperatures below 50°C and has one semicircle with a
spur at low frequencies, which indicates blocking of protons at
either the electrode or grain boundaries. The equivalent
circuit (R,CPE,)(CPE,)) is adaptable for this case (where R, is
the resistance of proton transfer in the bulk phase and CPE,
and CPE, are the constant-phase element in the bulk phase
and electrode, respectively).’! R, is estimated by fitting
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Figure 3. a) Arrhenius plots of conductivity of 1DHis (e) and bulk
histamine (0) under anhydrous conditions. b, c) Nyquist plots of
1DHis at b) 25 and c) 110°C.

experimental profiles. Figure 3c, on the other hand, is a
typical profile for temperatures above 100 °C and a semicircle
is not observed. This disappearance of the semicircle is
accounted for by the decrease of the value of the time
constant 7, which is the product of the values of resistance and
capacitance. Because the capacitance values are almost
constant (ca. 107" F), the decrease of 7 is attributed to the
decrease of R,. This leads to a higher resonance frequency and
the semicircle becomes out of range.!'” In this case, the value
at the x-axis intercept is regarded as that of Ry, although the
equivalent circuit is assumed to be the same. Gradual
disappearance of the semicircle was observed from 60 to
100°C. The conductivity at 150°C is almost 100 times higher
than that of 1D>Imidazole at 120°C, and is comparable to
those of the other polymer-based proton conductors recently
studied under anhydrous conditions.!"

We checked the content of histamine in 1DHis after
washing it with organic solvent. Liquid "H NMR spectroscopy
of 1DHis after degradation showed the same amount of
histamine as that from TGA of the as-prepared sample, which
supports the view that the amount of histamine attached to
the outer crystal surface was negligible.

We investigated the mechanism of the high conductivity of
1DHis and the large difference in values for 1DHis and
1>Imidazole. The conductivity depends on the concentration
and mobility of the proton carrier. As mentioned above, the
concentration of the carrier of 1DHis is twice as large as that
of 1>Imidazole, although the molecular volume of histamine
(110 A% is larger than that of imidazole (65 A%).'"”) The
histamine molecules in 1 were more densely packed than in
the case of imidazole and formed an effective ion transporting
path. When we introduced half the amount of histamine into
1, 1DHis containing half the quantity of histamine was
obtained. The conductivities were 6.4x 107’ Scm™! at 25°C
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and 2.1x107* Scm™ at 150°C, which were over ten times
smaller than that of 1D>His with full loading. The conductiv-
ities are obviously larger than that of 1>Imidazole, although
the concentrations of histamine and imidazole are the same in
1. These results suggest that the concentration of the proton
carrier is critical for conductivity and also that there is an
intrinsic difference between histamine and imidazole.

One distinct feature of 1DHis and 1D>Imidazole is the
conformational structure of the proton carriers. The structure
of histamine has been under intense study because of
biological interest. It was revealed that various kinds of
ionic states and conformations are possible depending on the
chemical environment of the molecule, whereas crystalline
histamine has only one conformation (the trans form).!'”!
Because the conductivity and activation energy are quite
different from those of bulk histamine, histamine in the pore
of 1 possibly has an appropriate conformation for proton
hopping, where a shallow and uniform potential field is
formed. Some of the conformations promote proton exchange
by intramolecular hydrogen bonds between the amine group
and imidazole ring. Because the rate-limiting step of proton
hopping in the Grotthuss mechanism is molecular reorienta-
tion, the intramolecular proton exchange in histamine leads
to smooth reorientation of the molecules, which is not feasible
for imidazole.

As mentioned above, bulk histamine exists in only the
trans form with an intermolecular hydrogen bond between the
N atom of the amino group and the H atom in the imidazole
ring,™ whereas the histamine in 1 could not form a bulklike
crystal structure because of restricted space. The DSC profile
of bulk histamine showed a sharp exothermic peak at the
melting temperature (83°C) and the 1DHis did not present a
clear peak from room temperature to 100 °C, which suggested
that the accommodated histamine did not undergo phase
transition. Because we introduced melted histamine into 1, it
can be considered that the accommodated histamine mole-
cules have a different packing system from bulk histamine.

To selectively observe the environment of histamine in 1
by solid-state 'H NMR spectroscopy, we prepared 1d>His
(1d: [AI([D¢]ndc)(OH)]) in which all the protons except for
the OH group in the framework of 1 were replaced by
deuterium. The solid-state "H NMR spectra of bulk histamine
at 298 and 318 K and of 1d and 1dDHis at 298 K are shown in
Figure 4. The single peak of 1d at 6 =3 ppm in Figure 4c is
assigned to the OH group and the spectrum of bulk histamine
at 298 K has broad peaks. The solid bulk histamine has
crystallographically two independent positions in the struc-
ture, and the broadening of the spectrum is attributed mainly
to a dipole—dipole interaction and large molecular anisotropy
because of intermolecular hydrogen bonds.

Meanwhile, the spectrum of bulk histamine at 318 K (see
Figure 4b) has more distinguishable peaks and we can assign
each proton. Thermal activation of histamine promotes
molecular isotropy showing the peak splitting. On the other
hand, the spectrum of 1dDHis in Figure 4d has a similar
shape to that in Figure 4b but each peak seems significantly
sharper. This indicates that the accommodated histamine in
1d at 298 K has isotropic behavior similar to the thermally
activated bulk histamine and it contributes to effective proton
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Figure 4. Solid-state MAS "H NMR spectra of bulk histamine at a) 298
and b) 318 K, and of ¢) 1d and d) 1dDHis at 298 K. Asterisks are
assigned to protons in the 1d framework. Spinning rates are 15 kHz.

hopping. In fact, the activation energy of proton hopping of
1DHis was 0.25 eV, calculated by the Arrhenius equation.
Such a low energy was also observed in other proton-
conductive materials,"® and this value is clearly smaller
than for bulk histamine (2.3 eV) and reported anhydrous
PCP/MOF conductors.™®! The high activation energy of bulk
histamine results from its strong 3D intermolecular hydrogen
bonds with a frans conformation. On the other hand, the
dense packing and rich conformation of histamine in 1,
neither of which was observed in the case of imidazole,
provided an effective environment for proton hopping. Solid-
state. MAS “AINMR spectra of 1 and 1DHis were also
measured and the obtained spectra were almost identical,
thus indicating that the coordination environment around the
AP" is unchanged even after histamine accommodation.

In conclusion, we have fabricated a proton-conductive
composite that consists of histamine and aluminum PCP/
MOF hybridized on the molecular scale. The hybridization
method was simple and resulted in a conductivity of over
103 Scm™ at 150°C under anhydrous conditions. A rich
structural conformation, molecular isotropy, and high con-
centration of histamine in 1 contribute to the remarkable
improvement of conductivity. With its low activation energy,
the material is regarded as a superionic conductor and the
PCP supports are promising for the creation of hybrid
conducting materials. Modification of the porous structure
or morphology controls of the composite, such as alignment
on substrates, are the next challenges.!"”
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