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We report the design and synthesis of a titanium catecholate framework, MOF-217, comprised of 2,4,6-
tri(3,4-dihydroxyphenyl)-1,3,5-triazine (TDHT) and isolated TiOg clusters, with 2-fold interpenetrated srs
topology. The dynamics of the organic linker, breaking the Cs,, symmetry, allowed for reversible twist
and sliding between interpenetrated frames upon temperature change and the inclusion of small
molecules. Introduction of 28 wt% imidazole into the pores of MOF-217, 28% Im-in-MOF-217, resulted
in four orders of magnitude increase in proton conductivity, due to the appropriate accommodation of
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Introduction

Structure dynamics is one of the key features in biological
systems that allows for accommodation of guest molecules,
selective chemical conversions, and concerted ion trans-
portation.’” Introduction of such controllable dynamics into
artificial solid-state materials is challenging, but it is likely to
promise enhanced physical and chemical properties.**® Metal-
organic frameworks (MOFs), constructed using linking organic
molecules with metal joints, provide precise control on their
pore size and geometry;"** thus they have great potential to
exercise structure dynamics and to optimize their properties
(Scheme 1 and S1t), such as proton conductivity."*"” One ideal
way to introduce dynamic operations into MOFs is stitching
molecular building blocks with mechanically interlocked
components into the framework (Scheme S1Bft).** Such
building blocks usually occupy a relatively large space; thus, this
approach is demanding on the pore size of the corresponding
MOF. Another way to create structure dynamics in MOFs is
interpenetration, where two or more sets of identical frames
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coexist in the same crystal but remain geometrically cate-
nated.'®?® The shift between these sets gives rise to structure
dynamics and leads to the opening and closing of the pores,
hence precisely controlling the behaviour of guest molecules
(Scheme S1Ct).>* Dynamics in neither approach involves the
change of coordination geometry at the metal joints, which is
different from the common flexible MOFs (Scheme S1At).>>*?
The number of MOFs exhibiting interpenetrated structures is
large, but most of them are dense and not suited for structure
dynamics or interaction with guest molecules. For the rest of
them, only a few allow for shift between different sets of frames,
but for the ones that do have such capability, they usually
exhibit excellent properties, such as selective inclusion and gas
separation.*"**

In this study, we revealed that dynamics between frames in
an interpenetrated MOF offers excellent accommodation for
molecules to achieve high proton conductivity under anhydrous
conditions at elevated temperature. Specifically, we synthesized

Schemel Twistand sliding dynamics in MOFs with an interpenetrated
structure.

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (A) Structure and topology analysis of MOF-217 (purple triangle represents the TDHT linker and yellow triangle represents the TiOg

cluster). (B) Structure transformation of MOF-217 during inclusion and removal of guest molecules (green dot represents DMF and blue pentagon
represents imidazole), as shown at one direction. (C) Twist and sliding of the MOF backbone before and after including 28 wt% imidazole, where
angle and distance were illustrated at two different directions, respectively.

a three-dimensional (3D) titanium catecholate framework,
MOF-217, with 2-fold interpenetrated srs topology (Fig. 1A),
where dynamics between frames was observed upon the inclu-
sion and removal of guest molecules (Fig. 1B). This MOF was
composed of a C3,-symmetry catecholate linker, TDHT, capable
of dihedral angle change at catecholate units (Fig. S1Af),
therefore inducing both twist and shift between different sets of
frames (Scheme 1 and Fig. 1C). The structure dynamics was
investigated by single crystal X-ray diffraction (SXRD), where the
change in both the unit cell and interframe distance was clearly
observed. Powder X-ray diffraction (PXRD) data showed that the
inclusion and removal of imidazole into this MOF resulted in
21% change in unit cell volume. The dihedral angle between the
TDHT linker (purple triangle in Fig. 1C) and TiOg cluster (yellow
triangle in Fig. 1C) at the opposite position of the same pore on
the same frame was twisted from 15° to 50°, while the

This journal is © The Royal Society of Chemistry 2020

interframe distance switched between 9.8 A and 3.3 A. The
accommodation of imidazole into pores of MOF-217 led to
drastic promotion in proton conductivity by four orders of
magnitude in comparison to the activated MOF. MOF-217 with
28% of imidazole by weight, 28% Im-in-MOF-217, exhibited
a proton conductivity of 1.1 x 107> S em™ " at 100 °C and can be
operated for 23 hours at 85 °C, providing a new approach for the
design of molecular based anhydrous proton conductors.

Results and discussion

Titanium MOFs are known to exhibit excellent chemical
stability due to the strong Ti-O bond in their structures.*
Unlike the large family of stable MOFs constructed using Zr
clusters,”®*” MOFs composed of Ti clusters are relatively
rare.”*?** This is mainly attributed to the fast hydrolysis of

Chem. Sci., 2020, 1, 3978-3985 | 3979
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titanium precursors in the reaction, disfavouring the crystalli-
zation process. Here, the synthesis of MOF-217 was conducted
by solvothermal reaction of 2,4,6-tri(3,4-dihydroxyphenyl)-1,3,5-
triazine (TDHT) with titanium isopropoxide (TTIP) in a Schlenk
tube. Precise control of the reaction temperature and moisture
level was implemented to reach a balance between hydrolysis of
Ti precursors and deprotonation of catechol linkers. If the
reaction temperature dropped below 150 °C, insufficient
dimethylammonium cations (DMA ions) could be generated for
the removal of protons from catechol linkers, resulting in the
formation of undesirable amorphous products. Therefore,
MOF-217 was grown at 180 °C for 48 hours to yield red octa-
hedral shaped crystals with suitable size for SXRD analysis. It
was worth noting that the use of anhydrous N,N-dime-
thylformamide (DMF) didn't improve the crystallinity of MOFs.
In contrast, regular analytical pure DMF with a trace amount of
water was suited to give large single crystals.

The phase purity of MOF-217 was confirmed by the singular
nature of the octahedral crystal morphology as shown in the
optical microscopy image and the crystallinity of MOF-217 was
evidenced by its sharp peaks in the PXRD pattern (Fig. S61). The
atomic structure of MOF-217 was identified by SXRD performed
on its single crystal at 100 K, revealing a space group of Pa3
(Table S1t). SXRD data were also collected at elevated temper-
ature, 200 K and 250 K (Tables S2 and S37), where the Pa3 space
group remained unchanged. In the crystal structure of MOF-
217, each Ti ion was coordinated with six oxygen atoms from
three TDHT linkers to give a distorted octahedral shape
(Fig. S87). The linkage of a three-connecting TiOg cluster and tri-
topic catecholate linker resulted in a typical [3 + 3] srs topology
with a 2-fold interpenetrated structure (Fig. 1A).%

The design and synthesis of TDHT linkers is the key to give
twist and sliding dynamics in MOF-217. MOFs based on cat-
echolate linkers have been successfully synthesized, including
Ti-MOF.?*3%% Most of the catecholate linkers in previous
studies are composed of fused rings and usually have high
symmetry with a rotational operation axis or mirror planes in
between the adjacent -OH groups in the same catechol ring
(Fig. S1BT). TDHT linkers in this work exhibited C-C single
bonds between the centre triazine ring and the catechol ring,
with one -OH group at both meta- and para- positions. This
allowed for the possibility of rotation along the C-C bond,
where the TiOg clusters are not on the rotation operation axis
along the C-C bond. Unlike rigid catechol linkers in previous
work, the rotation along the C-C bond in TDHT led to the
change of C;, symmetry of the TDHT linker to C; symmetry,
thus inducing dynamics into the backbone of MOF-217
(Fig. S1At and 1B). This symmetry change involved the breaking
of hydrogen bonds between nitrogen atoms in triazine rings
and hydrogen atoms in adjacent catechol rings. The structure
dynamics was clearly observed in SXRD studies, where the unit
cell parameters of the same crystal changed as the temperature
increased, @ = 20.9953(3) A at 100 K, and a = 21.1222(4) A at 250
K. The change in the bond length of C5-C7 is more obvious,
1.481(3) A at 100 K, and 1.470(2) A at 250 K (Table S4%). In
addition, the distance between two interpenetrated frames in
single crystal data was increased from 6.8 A at 100 K to 7.0 A at

3980 | Chem. Sci, 2020, 1, 3978-3985

View Article Online

Edge Article

250 K, indicating the expansion of the net and the shift between
frames (Fig. S9 and Table S57).

The formation of the Ti-O bond was confirmed by the
presence of a characteristic Ti-O stretching peak,* 633 cm ™', in
the Fourier transfer infrared spectrum (FTIR) of the activated
MOF-217 (Fig. $S107). The complete deprotonation of the TDHT
linker was evidenced by the disappearance of O-H stretching
peaks in MOF-217 (Fig. S11+), as all of the -OH groups in the
TDHT linker were coordinated with Ti cations. X-ray photo-
electron spectroscopy (XPS) analysis of the activated sample
revealed the coexistence of Ti*" and Ti*" in the MOF backbone,
where two peaks were unambiguously observed in the Ti 2p profile
(Fig. S1371). This was consistent with the presence of the Ti** signal,
g = 1.924, in the electron paramagnetic resonance (EPR) spectrum
of the same sample (Fig. S147). Surprisingly, an additional EPR
signal with a g value of 2.005 was observed, which can be assigned
to semiquinone radicals.® It was known that catechol can be
partially charged to form semiquinone, which explained the pres-
ence of Ti’" in the MOF structure.* This was also reflected in the
irregular bond lengths of C-O and C-C adjacent to Til in the single
crystal structure of MOF-217 at different temperatures (Table S47),
a phenomenon also observed in previous report of a cobalt-based
catecholate MOF.* MOF-217 exhibited thermal stability up to 300
°C in air as revealed by thermogravimetric analysis (TGA)
(Fig. S157). Proton nuclear magnetic resonance (‘H-NMR) study of
the digested MOF sample in DCl/DMSO-d; solution determined the
presence of compensatory negative charges, DMA cations, in the
framework (Fig. S16t). Quantified analysis showed that the ratio of
DMA cations to TDHT linkers is 1.58 : 1. This combined with the
elemental analysis (EA) (Table S6t), giving a formula of [Ti(TDHT)
(Me,NH,); 55(DMF)y 15(MeOH)q 5(NBu,Br)o 15(H,0)55] for MOF-
217. PXRD was also performed on MOF-217 crystals after immer-
sion in water, a HCI aqueous solution with pH = 4 or a NaOH
aqueous solution with pH = 11 for 50 hours, where the PXRD
patterns were essentially the same as those of the original MOF,
indicating the high chemical stability of MOF-217 (Fig. S177).

The structure dynamics of MOF-217 is favourable to its
proton conductivity. MOFs have been successfully applied as
efficient proton conductors, taking advantage of the inclusion
of small molecules into porous crystals.***¢ Different from
MOF-based proton conductors capable of backbone distortion
(Scheme 1A),"**” MOF-217 in this study exhibited a different
type of structure dynamics, twist and sliding between the
interpenetrated frames (Scheme 1D). We found that this new
type of dynamics offered excellent accommodation of mole-
cules, here imidazole, a proton carrier known to promote the
proton conductivity of solid-state porous materials when
introduced into their pores.*”~*° The inclusion of imidazole into
MOF-217 led to drastic boost in proton conductivity, from 1.9 x
1077 Sem 'to 1.1 x 107> Sem ™! at 100 °C. Prior to the detailed
discussion on their proton conductivities, we studied the
structure dynamics induced by the pore filling of imidazole
molecules. The imidazole content in MOF-217 can be precisely
tuned from 16% to 32% by weight (1.8 imidazole for 1 Ti cations
to 4.5 imidazole for 1 Ti cations), where the accurate imidazole
content in each sample was simultaneously quantified by TGA
and EA (Fig. S18 and Table S81). PXRD studies were performed

This journal is © The Royal Society of Chemistry 2020
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on MOF-217 with different imidazole contents, using the acti-
vated MOF sample as the control (Fig. S201). MOF-217 filled
with 16% of imidazole by weight exhibited a PXRD pattern
similar to that of the activated MOF. As the imidazole content
increased to 18% by weight, however, systematic variation in
both peak positions and intensities were observed, indicating
the change of unit cell parameters as a result of structure
dynamics of MOF-217. These systematic changes continued to

as-synthesized MOF-217

-2.0 -1.0 0.0 1.0 2.0

activated MOF-217

View Article Online
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take place until the imidazole content increased to 28% by
weight (3.6 imidazole for 1 Ti cations), where the pores were
saturated. Further increase of the imidazole content resulted in
the deposition of imidazole crystals outside MOF pores
(Fig. S217), which can be reflected in the presence of extra peaks
in PXRD patterns (Fig. S207). In order to unveil the quantitative
change in unit cell parameters, Pawley refinements were per-
formed on small-angle X-ray scattering (SAXS) data of these

28% Im-in-MOF-217
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Fig. 2 Information on the structure dynamics of MOF-217 samples upon removing solvent molecules and introducing imidazole molecules. (A),
(B), and (C) 2D SAXS images (A = 1.540 56 A) and Pawley refinement of experimental SAXS data for the as-synthesized MOF-217, activated MOF-
217 and 28% Im-in-MOF-217, respectively, where blue circles represent experimental data; red lines represent calculated data; green lines show
the difference and purple bars show the Bragg position. (D), (E), and (F) Pawley refinement of experimental synchrotron data (A = 0.6526 32 A) for
the as-synthesized MOF-217, activated MOF-217 and 28% Im-in-MOF-217, respectively, where blue circles represent experimental data; red
lines represent calculated data; green lines show the difference and purple bars show the Bragg position. (G) the single crystal structure of MOF-
217 at 250 K and (H) simulated structure of MOF-217-activated. (I) the refined structure of 28% Im-in-MOF-217 determined by Rietveld
refinement based on synchrotron data (A = 0.8857 14 A, Fig. $21%). These defined crystal structures based on X-ray diffraction data were displayed
at the same direction to show the twist and sliding dynamics.
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samples (Fig. 2A to C), where low convergence residuals were
achieved in these refinements for all these samples. 21%
change in unit cell volume was observed between the activated
sample and 28% Im-in-MOF-217 (Table S91). PXRD data were
also collected using a synchrotron X-ray source (Fig. 2D to F and
S22t), which allowed for Rietveld refinement. The refinement
result gave a satisfactory residual, revealing the twist within the
same frame along the [111] axis and the sliding between
different frames upon the filling of imidazole into pores (Fig. 2G
to I). Specifically, the angle between opposite triangular coun-
terparts (purple and yellow triangles in Fig. 1C), representing
the tri-topic linker and TiOg cluster, switched from 15° to 50°,
while the interframe distance tuned from 9.8 A to 3.3 A. This
clearly demonstrated the capability of drastic structure
dynamics in this double interpenetrated MOF.

Variable temperature in situ PXRD (VT-PXRD) was performed
on the as-synthesized MOF-217 with the temperature range
from 25 °C to 100 °C, as shown in Fig. S24.T Systematic changes
in both peak positions and intensities were observed, indicating
dynamics of the structure upon temperature variation. After the
VT-PXRD test, this sample was solvated by immersion in DMF.
The sharp peaks in the PXRD pattern and the excellent match to
that of the as-synthesized sample further confirmed the thermal
stability of MOF-217. In addition, immersion of activated MOF-
217 back into the solvents led to the regeneration of its crys-
tallinity (Fig. S25%). Also, we synthesized a previously reported
Ti-MOF, Ti-CAT-5, with similar topology but a different
symmetry in the organic linker (Fig. S1Bt). Imidazole filling into
its pores in an amount similar to that in MOF-217 was per-
formed (Fig. S19 and Table S8t). However, neither the peak
position nor the peak intensity was varied upon the inclusion of
imidazole in Ti-CAT-5 (Fig. S237), which is distinctively different
from that observed in MOF-217. This again illustrated the
importance of structure dynamics for the appropriate accom-
modation of imidazole molecules.

The proton conductivities of activated MOF-217 and the ones
with imidazole filling in pores were tested by alternating current
(ac) impedance spectroscopy, using Ti-CAT-5 counterparts as
the control. Nyquist plots from the impedance test of these
samples were collected at elevated temperature (30-100 °C)
under a nitrogen atmosphere. Based on the impedance experi-
ment, the proton conductivity of activated MOF-217 was calcu-
lated, e.g. 1.9 x 10”7 S cm™ " at 100 °C, which was similar to that
of Ti-CAT-5, 3.8 x 107 S ecm ' at the same temperature
(Fig. S30 and S317). Analysis of the impedance at various
temperatures revealed the Arrhenius plot of each sample that
gave their corresponding activation energies. Based on the
activation energy, there are two different mechanisms for
proton conduction in general: (1) vehicle mechanism, trans-
ferring protons by the diffusion of protonated carriers with
activation energy more than 0.4 eV, and (2) Grotthuss mecha-
nism, transferring protons between the H-donor and acceptor
with activation energy less than 0.4 eV."" Activation energies
derived from these slopes in Arrhenius plots (Fig. 3B) were 0.89
eV for MOF-217 and 0.24 eV for Ti-CAT-5, respectively, both in
activated form. In this regard, the proton conduction for MOF-
217 is the vehicle mechanism, distinctively different from that

3982 | Chem. Sci., 2020, 1, 3978-3985
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Fig. 3 (A) Nyquist plots for 28% Im-in-MOF-217 at different temper-
atures. (B) Arrhenius plots for 28% Im-in-MOF-217 (red), 28% Im-in-Ti-
CAT-5 (blue), 23% Im-in-MOF-217 (orange), 16% Im-in-MOF-217
(green), activated MOF-217 (purple), and activated Ti-CAT-5 (khaki).
Circles represent values from experiments, while dashed lines show
their fitting slopes. For imidazole filled materials, their activation
energies were calculated based on proton conductivities below 80 °C.

of Ti-CAT-5. Moreover, protons on DMA cations are hopping
along with the hydrogen bond network in Ti-CAT-5, while DMA
cations are diffusing through the framework of MOF-217 for
proton conduction. High temperature may destroy the
hydrogen bond network in Ti-CAT-5, thus resulting in the
decrease in the mobility of protons and proton conductivity. In
contrast, higher temperature will favour the structure dynamics
of MOF-217, which provides a higher degree of freedom for the
transfer of DMA cations, therefore increasing the mobility of
proton carriers.

MOF-217 with 16% to 28% of imidazole by weight into the
pores exhibited dramatically improved proton conductivity, 1.3
x 10°and 1.1 x 10 > Scem ' at 100 °C (Fig. S32, $331 and 3A).
The activation energies of these samples were also derived using
the data up to 80 °C (Fig. 3B), at which stable operation was
achieved. As the imidazole content increased, the activation
energy decreased gradually. Molecular dynamic calculations
were carried out to assess the radial distribution functions
(RDFs) for the distance between H-acceptors and H-donors
(Fig. S37 to S397%), and the number of H-bonds in MOF-217
(Fig. S401) with different imidazole contents. The results
revealed the formation of a larger portion of H-bonds between
the N atom in the imidazole and the O atom in the MOF
structure, as imidazole was introduced. Therefore, a mixed

This journal is © The Royal Society of Chemistry 2020
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mechanism of both vehicle and Grotthuss was likely to be
present, which is consistent with the decreased activation
energies. The increase in the imidazole content in MOF pores
led to a more pronounced contribution from the interaction
between the proton carrier and MOF, hence the further
promotion in proton conductivity.

The proton conductivity of a material is dictated by both the
concentration and mobility of proton carriers within this
material.*” Comparing between MOF-217 and Ti-CAT-5 with an
identical imidazole content (28% by weight), drastically higher
proton conductivity was observed in MOF-217, 1.1 x 10> S
em ! at 100 °C (Fig. 3A and S347). This value is four orders of
magnitude higher than that of activated MOF-217, one magni-
tude higher than that of 28% Im-in-Ti-CAT-5 under identical
conditions, and is among the best performing MOF materials
under similar conditions (Tables S10 and S117). The activation
energy of 28% Im-in-MOF-217 was lower than that of 28% Im-in-
Ti-CAT-5 (Fig. 3B), indicating more involvement of MOF frames
in proton conduction. This is likely due to the better contact
between the MOF and imidazole in the pores, another advan-
tage of flexibility between interpenetrated sets. The recycle test
was performed on 28% Im-in-MOF-217 to evaluate the
dynamics and stability of the material. Continuous tests at 85 °C
revealed negligible decrease in proton conductivity within 23
hours (Fig. S35%). It was worth noting that the crystallinity of
MOF-217 was fully preserved throughout the entire impedance
test, as evidenced by its unaltered PXRD pattern (Fig. S367).

Conclusions

We synthesized a Ti-MOF, MOF-217, using a catecholate linker
capable of switching between C;, and C; symmetry. This MOF
exhibited a double interpenetrated structure, where twist and
sliding dynamics was observed upon temperature change and
the inclusion of molecules into its pores. Structure dynamics in
imidazole within MOF-217 offered extra freedom for proton
carriers, leading to drastic promotion in its proton conductivity
by four orders of magnitude. This twist and sliding dynamics
introduced into MOFs represents a new way for the design of
molecular based anhydrous proton conductors.

Experimental
Materials and methods

N,N-Dimethylformamide (DMF), methanol, petroleum ether
(PE), dichloromethane (CH,Cl,), chloroform (CHCl;), acetoni-
trile (MeCN), ammonium hydroxide, trifluoromethanesulfonic
acid (CF3SO;H), imidazole, and sodium sulfate (Na,SO,) were
obtained from China National Medicines Corporation Ltd. N,N-
Dimethylformamide (DMF, anhydrous, 98%) and methanol
(anhydrous, 98%) were purchased from J&K Chemical Co.
Boron tribromide (BBr3, 1.0 M in CH,Cl,) was purchased from
Aladdin. Titanium(v) isopropoxide (TTIP), tetrabutylammo-
nium bromide (NBu,Br), amylamine and 3,4-dimethox-
ybenzonitrile were purchased from Sigma Aldrich Chemical
Company. 2,3,6,7,10,11-Hexahydroxytriphenylene (HHTP) was
obtained from TCI. Chloroform and dichloromethane were

This journal is © The Royal Society of Chemistry 2020
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dried using freshly activated molecular sieves 4A prior to use.
Other chemicals were used without further purifications. All
manipulations of air and moisture sensitive materials were
conducted under a nitrogen atmosphere in a glovebox or on
a Schlenk line.

Synthesis and activation of MOF-217

TDHT (12 mg, 0.030 mmol) was dissolved in 400 ul DMF and
frozen with a bath of liquid nitrogen in a Schlenk tube. NBu,Br
(10 mg, 0.031 mmol) was dissolved in 400 pul DMF and then 100
ul methanol with 4 pl amylamine as the modulator was added.
The solution of titanium isopropoxide [Ti(i-OPr),, 7.5 pl, 0.025
mmol] in 200 pl DMF was injected quickly into this frozen
system. These reactants were immediately sealed and vac-
uumed through a freeze-pump way. Reaction was naturally
turned to ambient temperature, stirring for 30 minutes and
heating at 180 °C for 48 hours, and then red octahedral shaped
crystals were obtained. The as-synthesized sample was refluxed
using DMF for 1 day and methanol for another 1 day. Next, the
MOF sample was transferred to a supercritical CO, drier and
washed 5 times with liquid CO, (liquid CO, was refreshed every
15 minutes) for removing residual solvents. During this process,
the chamber was heated up to 38 °C and held on the super-
critical condition (typically 1300 psi) for 45 minutes, and then
CO, was slowly bled from the chamber for nearly 6 hours.
Finally, activated MOF-217 was obtained.

Synthesis and activation of Ti-CAT-5

Ti-CAT-5 was synthesized by an improved procedure based on
reference.?® Titanium isopropoxide [Ti(i-OPr),4, 9 pl, 0.03 mmol],
HHTP (10 mg, 0.030 mmol), and NBu,Br (10 mg, 0.031 mmol)
were dissolved in 1 ml anhydrous DMF and 30 pl anhydrous
methanol, with 4 pl amylamine as the modulator. Then the
mixture was transferred into an 8 mm dia glass tube which was
quickly frozen and vacuumed through a freeze-pump way. The
tube was put into an oven and stood for 48 hours at 180 °C. After
the reaction was cooled down to room temperature, brown
powder was collected by centrifugation at 11 000 rpm for 5
minutes. The as-synthesized sample was washed using DMF 5
times and MeCN 9 times, and then dried under vacuum at room
temperature for 24 hours to get the activated sample. Charac-
terization experiments such as PXRD, IR, XPS, TGA, EA and N,
absorption were performed to identify the successful synthesis
of Ti-CAT-5 (Fig. S7, $12, S13, S15, $26-528 and Table S8¥).

Imidazole loading and ac impedance experiment

Imidazole was ground with activated MOF-217 and sealed in
a tube, and then stood at 120 °C under reduced pressure over-
night. Also, imidazole was embedded into Ti-CAT-5 in the same
way as proton conduction comparison. Powdery samples were
pressed into a pellet with 12 mm dia and ~0.4 mm thickness.
Each pellet was sandwiched using two stainless electrodes and
a spring for good contact, and sealed into a button cell.
Considering the humidity in air, this process was manipulated
in a N, glovebox. Both sides of the cell were attached with silver
wires, and then put into a homemade chamber for temperature
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control. Alternating current (ac) impedance analysis was per-
formed on a Biologic VPM-3 electrochemical workstation in the
1 Hz to 10 MHz frequency range and with 10 mV input voltage
amplitude at different temperatures (30-100 °C). Zsimpwin
software was used to simulate an equivalent circuit (Fig. S297)
to match the Nyquist plots and obtain resistance values. Finally,
resistance values were input in the equation (¢ = L/RS) to get
conductivity values.
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