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We investigated the configuration of substituent groups that
are post-synthetically bound to the pore surface in a porous
coordination polymer. This study demonstrates the
observations of orientation, coordination fashions of the
grafted groups which contribute to approach the improved
proton conductivity in porous frameworks.

Porous coordination polymers (PCPs) and metal organic
frameworks (MOFs) have attracted considerable attention for a
range of functions including separation,® catalysis,> and ion
conductivity.® As a strategy for designing pore characteristics, the
post-synthetic method (PSM), that is, the chemical modification
of a framework after self-assembly, has been a powerful
technique.?® * 5 In general, it is hard to describe their
crystallographic structures because post-grafted substituent
groups in pores have no crystallinity. Therefore studies on
spectroscopic characterizations of modified PCPs have been
limited except a few reports. For further development and
systematic design of functional pores by PSM, spectroscopic
characterization of the substituent groups is strongly required
because their configuration and mobility directly influence the
properties in the micropores. For the characterization of inside
pores, solid-state nuclear magnetic resonance (SSNMR) is a
useful method that provides local structure and molecular
mobility with disordering. So far, limited numbers of SSNMR
studies revealed the conformation of the guest molecule’ and the
structure of the functional group in the pores of PCPs.®

Among the functions of PCPs, anhydrous proton conductivity
has a great potential as a new type of ionic device such as solid-
state electrolyte in fuel cell. Some previous reports described that
guest organic molecules such as imidazole or histamine were
physically accommodated into the pores to generate proton
conductivity in solids.® For the development of proton conducting
PCPs, not only an improvement of conductivity, but also the
control of working temperature where conductivity exhibits is
important.

In this work, we demonstrate the post-synthetic modification
of histamine on the micropore surface and elucidate the
configuration of the histamine in the pores. SSNMR analyses
reveal the chemical bonding and location of the histamine inside
the pores and we also show the capability of proton conductivity
of the modified porous framework.

We  selected  [Zny(2,5-DOTP)],
dioxidoterephthalate, MOF-74 or

(boTP = 25-
CPO-27(zn)) with a

honeycomb analogous structure containing 1D straight
so micropores of ca. 11 A diameter and coordinatively unsaturated
metal sites (denoted as 1, Scheme 1).2° Because the metal of 1
plays the role of a Lewis acid site and 1 has high thermal and
chemical stabilities, it is a suitable framework for PSM. As the
post-grafted molecule, we employed histamine, which is also of
ss interest for proton conductivity.® To coordinate histamine to the
metal sites of 1, dehydrated 1 and histamine were immersed in
toluene and refluxed. Then the microcrystalline material obtained
was filtered and heated under vacuum to remove histamine
located on the surface of the microcrystals and toluene (product
s0 denoted 1-His). Powder X-ray diffraction patterns show that the
crystal structure was retained during PSM, bulk histamine on the
surface of crystal was removed by the heating treatment, and the
packing of the histamine molecules has no cyratallinity (Fig. S1).
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Scheme 1 (a) Crystal structure of [Zn,(2,5 dihydroxyterephthalic acid)],
65 (1), and (b) histamine.

An NMR spectrum of a solution of decomposed 1-His shows
loaded histamine that amounts to 0.77 histamine per one Zn?* and
slight residual toluene (Fig. S2). The TGA profile of 1-His (Fig.
S3) shows removal of histamine from the pores above 150 °C,

70 which is clearly higher than the melting point of bulk histamine
(83 °C). Even when the temperature ramping rate decreases, the
weight loss at 150 °C does not change, indicating that the
accommodated histamine is stably bound to the pore surface.

To elucidate the local configuration of histamine in the pore,

72D H-1C heteronuclear correlation (HETCOR),** which
highlights spatially adjacent species through H-"*C dipole—
dipole interactions,” ** was performed. Fig. 1 shows the 'H and
13C projection spectra and the *H-'3C correlation spectrum. In the
projection spectra, all the peaks of the framework, histamine, and

w toluene are observed. The 'H-C correlation spectrum shows
strong correlation peaks attributed to intra-/intermolecular
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interaction in the same molecular species. Weak intermolecular
correlation peaks between the 'H signal of the alkyl chain in
histamine at 2.3 ppm and the 3C signals of DOTP at 124.1 and
124.4 ppm shown in Fig. 1b and 152.5 ppm shown in Fig. 1a are

s observed. This indicates that the tail of the histamine molecule is
located near the Zn?* ions of 1-His, as shown in Fig. 2a.
Interestingly, there are no intermolecular correlation peaks
between the imidazole ring of histamine and DOTP. This
suggests that the distance between the imidazole ring of

10 histamine and DOTP is larger than that between the alkyl chain
of histamine and DOTP.
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Fig. 1 2D 'H-"*C HETCOR spectra of 1-His. The expansion of the **C
chemical shift region is shown in (b). Grey, pink, and blue boxes and
circles represent correlation peaks of intra-/intermolecular interaction in
15 the DOTPs, histamines, and toluenes, respectively. Orange boxes
represent intermolecular correlation peaks between the alkyl chain of
histamine and DOTP. Green boxes and circles show no intermolecular
correlation peak between the imidazole ring of histamine and DOTP.

From these HETCOR results, we propose that the imidazole
20 rings are located at the centre of the pore, as shown in Fig. 2a.
There are six accessible metal sites in a cavity with the size of ca.
11 x 11 x 7 A3, Considering the size of histamine (ca. 110 A%),
the imidazole rings are probably closely packed next to each
other in the straight channels. To support the proposed
25 configuration of packed histamines, we carried out molecular
dynamics calculations for the histamines. A typical calculated
structure is shown in Fig. 2b; it supports the results of SSNMR
regarding the direction of grafted histamine in the pores.
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Fig. 2 (a) Schematic representation of proximity between framework and
histamine. (b) Typical simulated configuration of packed histamines in 1.

To evaluate the proton conductivity, we performed a.c.
impedance measurements of 1-His under an N, atmosphere. Fig.
S4 shows the temperature dependence of proton conductivity.
The anhydrous conductivity of 1-His is 4.3 x 10° S cm™ at
146 °C, while 1 shows no conductivity in the region 30-200 °C.
Although the observed conductivity is not high, the ion-
conductive range of temperatures is largely shifted from 40-80 °C
to 120-146 °C compared with the bulk histamine. This increasing
ion-conductive temperature is attributed to the PSM treatment of
the framework. Whereas the imidazole rings of histamines are
assembled in the centre of the 1D pores, which is proposed from
SSNMR and calculation, the conductivity is not high compared
with a previous report® even if histamine is actually more
disordered than the proposed structure. We need to understand
why the proton conductivity is not large even though the
histamine is well packed in the pores.

We therefore carried out **N cross-polarization magic angle
spinning (CPMAS) measurements, where the chemical shift is
sensitive to the protonation of the nitrogen atom.*® Fig. 3 shows
the natural abundance N CPMAS spectra of bulk histamine and
1-His at 298 K. Compared with the spectrum of bulk histamine,
the peak of alkyl amine is shifted upfield (ca. -14 ppm). This
upfield shift would suggests that there is no protonation of the
alkyl amine®® and the amine coordinates to the metal site.”®
Moreover, the peaks corresponding to the imidazole ring also
change. If there was protonation of N(1), one coalescent peak of
N(1) and N(2) would appear. However, two peaks are observed at
176 and 207 ppm in the spectrum. Even in the variable
temperature >N CPMAS spectra, the peaks remain unchanged, as
shown in Fig. S5. Therefore, fast proton exchange (>10° Hz)
would not occur in the nitrogens of the imidazole ring in grafted
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histamine.
Fig. 3 ®N CPMAS spectra of (a) bulk histamine and (b)1-His at 298 K.

To elucidate the mechanism of slow proton hopping, variable-
temperature *H MAS NMR of 1-His (Fig. S6) was performed.
The peaks of histamine in the spectrum are broader and remain
unchanged in the region of 25-110 °C. This indicates that the
mobility of histamine is lower than that of histamine in previous
high proton-conducting PCP.% Therefore, the low mobility of
histamine in 1-His limits the proton hopping between imidazole
rings, thus causing low proton conductivity in the pores in spite
of increasing conductive-temperature. To design proton
conductors that show high conductivity at higher temperatures,
we should anchor proton carrier molecules with high mobility to
pore surfaces. Note that ®N and 'H SSNMR studies show the
mechanism of proton hopping and offer suggestions for
developing well-designed proton-conducting PCPs/MOFs.

In conclusion, we have elucidated the configuration, protonic
state, and mobility of post-modified histamine inside pores and
discussed the relation between these characterizations of
histamine and proton conductivity. The SSNMR studies, with the
aid of calculation, show a way to characterize post-grafted
substituent groups in functionalized frameworks. In addition, this
study shows the first example of the synthesis of an anhydrous
proton-conducting framework using PSM. This approach should
contribute to the study of increasing the operating temperature of
anhydrous ion-conducting frameworks.
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