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ABSTRACT: Stimuli-responsive smart materials, as an emerging
material, can fulfill reversible transformation of chemical/physical
properties under external stimuli such as mechanical stress, light, and
electricity, which has the highlights of rapid response, designable
structure, and function. Two ionic hydrogen-bonded organic frameworks
(iHOFs 36—37) were synthesized by self-assembly of bis(benzene-o/p-
sulfonic acid)-naphthalenediimide (o/p-H,BSNDI) and two basic
ligands. The naphthalenediimide (NDI) was introduced into the material
to equip iHOFs 36—37 with radical-driven photochromic behavior. The 3=
proton conductivity of iHOF-37 demonstrated a maximum of 6.50 X
107* S-cm™! at 98% RH and 100 °C, and it increased to 9.10 X 107> S-
cm™" due to dual free radical synergism following UV irradiation (NDI ~ “caas
and viologen), which represents a significant 14-fold enhancement.
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Furthermore, the incorporation of iHOF-37 into the chitosan (CS) matrix forms photochromic composite membranes. The proton
conductivity of the $§%-iHOF-37/CS composite membrane reached up to 5.70 X 107> S-cm™ at 98% RH and 90 °C, and reached
8.08 X 107 S:cm™" after UV irradiation. This work reveals the dual radicals generated by NDI and viologen derivatives, whose
synergistic action plays a significant role in enhancing the proton conductivity in iHOFs and composite membranes, rendering the

rational design of stimuli-responsive smart materials feasible.
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Bl INTRODUCTION

Crystalline smart materials (CSMs)," as a new generation of
stimulus-responsive smart materials, have excellent advantages
over traditional amorphous materials, such as fast response,
designable structure and function, and structure-performance
relationships that can be understood at the molecular level
through structure.”™® It has played an important role in
sensors,” adsorption and separation,10 chromism,"' ™% smart
grids and fuel cells."*™' Crystalline porous materials (CPMs)
can be characterized and computed by various characterization
and calculation methods such as in situ spectroscopy and
single-crystal X-ray diffraction/powder X-ray diffraction
(SCXRD/PXRD) to determine their exact structures, at the
molecular level, to help us understand the mechanisms and
structure—property relationships. Current research has focused
on metal—organic frameworks (MOFs),"” ™" covalent organic
frameworks (COFs)*'™*° and hydrogen-bonded organic
frameworks (HOFs),”* ™' whose properties benefit from
designable/ordered structure, rich and diverse physicochemical
properties, customizable functionalities and tunable pore
environments, providing smart materials with new opportu-
nities and a very comprehensive platform.

HOFs are crystalline framework materials formed from
organic ligands by intermolecular hydrogen bonding.*” Their
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weaker intermolecular hydrogen bonding interactions do make
HOFs more responsive when subjected to external stimuli, and
well-designed stimulus-responsive HOFs can be responsive to
physical/chemical stimuli and exhibit reversible changes in
structure, color, luminescence properties and conductivity.”
However, the weak hydrogen bonding force of it compared to
MOFs and COFs leads to insufficient stability, so the stability
of it is improved by different strategies: such as 7—7 stacking,
interpenetration, charge-assisted H-bonds and chemical cross-
linking.34_36 Among them, charge-assisted H-bonds are the
more widely used way to improve stability, in which two
different organic ligands can give HOFs more properties.
HOFs not only possess many advantageous properties of
MOFs and COFs, but also have their own unique properties,
such as solution processability, and recyclability, which are
interesting properties that make HOFs a highly competitive
platform for research and applications.”” ~*°
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Figure 1. From left to right: schematic diagram, supramolecular structure and number of proton carrier anchors of (a) iHOF-36, and (b) iHOF-37.
Color codes: C, gray; N, blue; H, white; O, red; S, yellow. Some hydrogen atoms, solvent molecules, and ligand molecules have been omitted for

clarity.

Increasing the quantity of proton carriers and bringing in a
higher number of acidic functional groups,*"* such as
carboxylic acids,"** sulfonic acids,***® or phosphoric acids,
is an effective way to increase proton conductivity. The
presence of acidic functional groups not only increases the
proton transport sites of the material, but also enriches the
hydrogen bonding network of the structure.*’~*’ Introducing
stimuli-responsive groups into HOFs to change the micro-
environment of the structure when stimulated by external
conditions, thereby increasing the proton conductivity of the
material, is also an effective strategy. Photoinduced Electron-
Transfer (PIET)’ involves the introduction of light-responsive
groups into the material’s structural framework, thereby
facilitating the expeditious delivery of the material’'s light
signal to specific locations, resulting in the acquisition of
photochromic and light-modulated plasmonic conductivity
properties.

Herein, we synthesized two ionic HOFs (iHOFs 36—37) by
self-assembly of bis(benzene-o/p-sulfonic acid)-naphthalene-
diimide (o/p-H,BSNDI) and two types of basic ligands. The
NDI’" was introduced into the material framework to endow
iHOFs 36—37 with radical-driven photochromic behaviors,
unlike iHOF-36, one of the components in iHOF-37 was a
viologen derivative, which allows it to generate dual radicals
upon light irradiation. The photogenerated radical-induced
proton conductivity of iHOF-36 was enhanced by 2.2—3.6
times at 85% RH and 60—100 °C. The proton conductivity of
iHOF-37 peaked 6.50 X 107* S-cm™" at 98% RH and 100 °C,
and it rose to 9.10 X 107 S:cm™" due to dual free radical
synergism after UV irradiation, which was representing a
significant 14-fold enhancement. Additionally, iHOF-37 was
incorporated into a chitosan (CS) matrix and formed
photochromic composite membranes. The proton conductivity
of 5%-iHOF-37/CS composite membrane reached up to 5.70
X 107> S-cm™" at 98% RH and 90 °C, and reached 8.08 x 107
S-cm™" after UV irradiation. This study reveals the significant
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role of the synergistic effect of dual free radicals generated by
NDI and viologen derivatives in enhancing the proton
conductivity in iHOFs and composite membranes.

B RESULTS AND DISCUSSION

Crystal Structure Descriptions

iHOFs 36—37 were synthesized by self-assembly of bis-
(benzene-o/p-sulfonic acid)-naphthalenediimide (o/p-
H,BSNDI) by reaction with 1,1’-diamino-4,4'-bipyridine
diiodide (DBpy-2I) and [1,1’'-biphenyl]-4,4’-bis-
(carboximidamide) dihydrochloride (BPAM-2HCI), respec-
tively.

iHOF-36 has been analyzed by SCXRD to reveal that the
structural formula is [H,(BPAM)] (p-BSNDI)-(5H,0),
belonging to the triclinic crystal system with the space group
P-1. The asymmetric unit contains one p-BSNDI*~ anion, one
in situ protonated [H,(BPAM)]** cation, and five free water
molecules (Figure S1). We observe that these units assemble
into a three-dimensional supramolecular network structure
through hydrogen bonding interactions, as shown in Figure la.
Viewed from the a-axis, the p-BSNDI*” anions and
[H,(BPAM)]** cations are alternately arranged in each layer,
forming organic ligand chains. The chains in the first and
second layers are interconnected through hydrogen bonds
formed by sulfonic acid groups, amidine groups, water
molecules, and the O atoms on the two NDI core carbonyl
groups, resulting in two types of hydrogen-bonded rings,
designated as @ and @ (Figure S2). In structures @ and @, the
sulfonic acid groups, carbonyl groups, and O atoms of H,O on
p-BSNDI*™ are interconnected with the H atoms on H,0 and
[H,(BPAM)]** through hydrogen bonding, forming distinct
one-dimensional hydrogen-bonded tubular structures (Figure
S3).

iHOF-37 has been analyzed by SCXRD to reveal that the
structural formula is (DBpy) (o-BSNDI)-(DMSO)-(H,0),
belonging to the monoclinic crystal system with the space
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Figure 2. UV—vis spectrum of the crystalline powder discoloration process of (a) iHOF-36 and (b) iHOF-37. Inset: corresponding color changes
before and after irradiation. EPR spectra of (c) iHOF-36 and (d) iHOF-37 before and after 365 nm UV irradiation and after 18 h of irradiation.

group P2,/c. As shown in Figure S5, the asymmetric unit
consists of six 0-BSNDI*~ ions, six DBpy** ions, two guest
water molecules, and seven DMSO molecules. As shown in
Figures 1b and S4, viewed from the g-axis, the 0-BSNDI*~
anions and DBpy*" cations are alternately arranged in each
layer, forming organic ligand molecular chains. In each chain,
the sulfonic acid groups, carbonyl groups, and solvent
molecules (H,0 and DMSO) on 0-BSNDI*~ are intercon-
nected with the H atoms of DBpy** and H,0O through
hydrogen bonds. Additionally, the solvent molecules of DMSO
and water interspersed in the voids are connected to the
adjacent chains above and below through hydrogen bonds,
extending infinitely to form a three-dimensional supra-
molecular network structure.

Through the analysis in Figure 1b, we found that there are
multiple highly ordered hydrogen bonding interactions in
iHOF-37, which positively contribute to the stability of the
crystal structure. When the crystal phase is viewed along the
crystallographic a-axis, the staggered arrangement of NDI and
amine molecules leads to a densely packed crystalline phase
and an intensive hydrogen bonding network, exhibiting a high
density of hydrogen bonds. Correlating the hydrogen bonds
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with the number of proton carriers, namely amine and sulfonic
acid groups, there are numerous proton donors and acceptors
within an area of 24 A in length and 23 A in width, which
facilitates proton binding and transport. In contrast, as seen
from Figure 1la, the structure of iHOF-36 has a lower density
of hydrogen bonds. Moreover, the number of proton carriers
within an area of 25 A in length and 18 A in width is
significantly less than that in iHOF-37. Therefore, we infer that
iHOF-37 is more favorable for proton transport. Detailed
crystallographic data for iHOFs 36—37 are provided in Table
S1, and hydrogen bonds data are listed in Tables S2—S3. 'H
NMR and FTIR spectrum of iHOFs 36—37 are shown in
Figures S6—S9.

Photochromic Study

The freshly prepared crystals are continuously exposed to a UV
light source; the color of iHOF-36 changes from its initial
beige to orange-red (Figure S17a), while iHOF-37 changes
from yellow to dark green (Figure S17b). Upon heating these
color-changed powders to 120 °C and maintaining this
temperature for approximately 6 h, we observed that the
colors largely revert to their original states (Figure S18). To
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Figure 3. (a) PXRD of iHOF-36. Proton conductivity (S-cm™) of (b) iHOF-36, and (e) iHOF-37 before and after discoloration at 60—100 °C
and different RH. (c) Arrhenius plots of iHOF-36 before and after discoloration at 85% RH and 50—100 °C. (d) Nyquist plot of iHOF-37 at 98%
RH. (f) Arrhenius plots of iHOF-37 before and after discoloration at 98% RH and at 50—100 °C.

assess the structural stability of the crystals during the
photochromic process, we conducted PXRD and Fourier
transform infrared (FTIR) spectrum analyses before and after
the color change (Figures S10—S13). Since there is no change
in the crystal morphology, it indicates that the structure
remains stable.

The UV—vis absorption spectrum further confirmed the
photochromism of iHOFs 36—37. Prior to UV irradiation, the
iHOF-36 sample exhibited significant absorption in the UV
region, and four new broad absorption peaks appeared at 488,
612, 699, and 780 nm in the visible region after UV irradiation.
As the irradiation time increases, the intensity of the
absorption bands in the ultraviolet region and at these
wavelengths continues to increase, and these peaks may be
characteristic of the photogenerated radicals. When the UV
light source was removed, the absorption bands gradually
weakened (Figure 2a). iHOF-37 exhibits a similar behavior,
with the difference being that after UV irradiation, three new
broad absorption peaks appear at 480, 624, and 756 nm in the
visible light region, accompanied by a change in appearance to
a deep green color (Figure 2b), and saturation was reached
after 15 min.

Analysis of the crystals by an electron paramagnetic
resonance (EPR) spectrum revealed that no free radical signals
were detected in either crystal before UV irradiation. However,
iHOFs 36—37 exhibited significant radical signals with g-
factors of 2.0026 and 2.0023 after UV irradiation, respectively
(Figure 2c,d). These results indicate that the color change is
caused by electron transfer following UV irradiation, resulting
in the formation of NDI-centered radical anions. As observed
in the EPR spectrum, the intensity of the radical signals in the
crystals significantly increases after UV irradiation.
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Stability Studies of Crystals

Prior to exploring the proton conductivity of these crystals, we
conducted a comprehensive stability study. Freshly prepared
15 mg samples of iHOFs 36—37 were soaked in water for 24 h
or a week, in boiling water, and in aqueous solutions with pH
values of 1 and 11 for 24 h, respectively, followed by drying.
PXRD analysis revealed that the experimental PXRD patterns
were highly correlated with the simulated patterns (Figures 3a
and S13), indicating that both samples exhibited good stability
in water, acidic, and alkaline environments.

Furthermore, we employed thermogravimetric analysis
(TGA) to monitor the stability of the crystals in an air
atmosphere within the temperature range 25—800 °C. As
illustrated in Figures S14—S1S, the analysis indicated that the
thermal decomposition temperatures of these samples were
very close, demonstrating that the crystals exhibited excellent
thermal stability. From the TGA curves, it is evident that
iHOF-36 began to lose weight at 35 °C, which suggests that
the hydrogen bonds within the crystal are relatively strong. The
mass decrease within the range of 35 to 170 °C was due to the
evaporation of crystalline water molecules. For iHOF-37, the
mass decrease trend within the range of 35 to 200 °C was due
to the combined loss of H,O and DMSO.

Proton Conductivity Properties

The unique structural features and photochromic behavior
exhibited by these iHOFs inspired us to further explore their
proton conductivity properties in the solid state.

Taking iHOFs 36—37 as the objects of study, we pressed
the powder of these samples into thin sheets at 5 MPa.
Subsequently, we employed electrochemical impedance spec-
troscopy (EIS) to comprehensively test the proton con-
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ductivity of these sheets under different relative humidity attributed to an increase in the number of proton transport
conditions (68%—98% RH) and temperature ranges (60—100 channels within the sample, leading to a reduction in
°C). The proton conductivity of iHOF-36 was enhanced resistance. These test results indicate that their proton
significantly from 2.86 X 107* to 1.00 X 107> S-cm™" with conductivity is positively correlated with temperature and
increasing temperature at 85% RH, an improvement of about RH. To further investigate the proton conduction mechanism,
3.5-fold (Figure S23). Similarly, the proton conductivity of we recognized that the activation energy (E,) is crucial for
iHOF-37 was enhanced with increasing temperature from 3.40 understanding the potential of proton migration. Therefore, we
X 107* to a remarkable 6.50 X 107* S-cm™" at 98% RH (Figure calculated the activation energy based on the Arrhenius
$25). We speculate that as the temperature and RH were equation. The activation energy of iHOF-36 at 85% RH and
increased, more water molecules may penetrate into the 100 °C was 0.33 eV (Figure 3c), and the activation energy of
material, thereby disrupting the proton transport pathways. iHOF-37 at 98% RH and 100 °C was 0.25 eV (Figure 3f).
Therefore, we did not include these data in our statistical when E, < 0.4 eV, which is consistent with the typical Grotthuss
analysis. By analyzing the PXRD patterns in Figures 3a and mechanism,”>> suggesting that the high-density hydrogen
S12—-S13, we found that both iHOFs 36—37 maintained bonding network inside the crystal promotes the proton
structural stability after exposure to water vapor. The proton hopping migration, which effectively reduces the potential
conductivity data are detailed in Figure 3b,e and Tables S4— barriers during proton migration and consequently lowers the
SS. These test results indicate that their proton conductivity is E..
positively correlated with both temperature and RH. The In an effort to investigate the effect of radicals generated
increase in proton conductivity with rising RH may be during the light-induced electron transfer process on proton
225 https://doi.org/10.1021/prechem.4c00102
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Figure S. (a-d) SEM images of X-iHOF-37/CS (X = 0%, 1%, 3%, 5%) composite membranes. (e-h) Total elemental distribution map of the 5%-
iHOF-37/CS membrane and the image mapping of elements corresponding to N, O and S in the membrane. (i-1) AFM topography images of X-

iHOF-37/CS (X = 0%, 1%, 3%, 5%) composite membranes.

conduction behavior, we conducted electrochemical impe-
dance measurements on iHOFs 36—37 samples that had been
exposed to UV light following the same procedure as before.
The samples before and after light exposure exhibit similar
temperature-dependent proton conduction characteristics. As
shown in Table S4 and Figure S24, the proton conductivity of
iHOF-36 was enhanced from 6.43 X 107 to 2.39 X 107> S-
cm ™! with increasing temperature at 85% RH, an improvement
of about 3.7-fold. Comparing the proton conductivity before
and after discoloration at 100 °C and 85% RH, we calculated
that the proton conductivity on/off ratio was 2.39. It was
noteworthy that in the structure of iHOF-37, there exist anions
centered on NDI and bipyridinium cations, which undergo
electron transfer upon light induction to form stable dual free
radical. Their synergistic effect plays a crucial role in enhancing
the proton conductivity. The proton conductivity of UV-
irradiated iHOF-37 was enhanced with increasing temperature
from 3.12 X 107° to a remarkable 9.10 X 107 S-cm™ at 98%
RH (Figure S26). Comparing the proton conductivity before
and after discoloration at 100 °C and 98% RH, we obtained
that the maximum proton conductivity on/oft ratio was 14,
and its proton conductivity amplitude can reach 9—12 times at
different temperatures (Figure 3b,d,e). As shown in the purple
patterns (Figure 3c/f), the E, of UV-irradiated iHOFs 36—37
were 0.40 and 0.44 eV, respectively, a result which suggests
that the proton conduction in the structure may be a hybrid
mechanism of both the Grotthuss mechanism and the Vehicle
mechanism hybrid mechanism. Specifically, at low temperatures
and low RH, proton conductance was more inclined to follow
the Grotthuss mechanism, whereas at low RH and high

226

temperatures or high RH, proton conductance was more likely
to favor the Vehicle mechanism due to the high presence of
H,;0". In summary, the proton conductivity of iHOFs 36—37
was significantly enhanced, possibly due to the formation of
stable radicals after light irradiation. Therefore, we conducted a
study of its mechanism.

Mechanistic Studies

The electrostatic potential (ESP) of iHOFs 36—37 was
calculated by the Gaussian 09 program (b3lyp/6-311 + g(d)
smd). The analysis of the results in Figure 4a,b indicates that
the initial electrons of iHOFs 36—37 are primarily
concentrated around the oxygen atoms of the NDI core’s
carbonyl and sulfonic acid groups, as well as the sulfur atom of
the sulfonic acid group. Notably, iHOF-37 exhibits a broader
electron distribution and higher electron density compared to
iHOF-36, suggesting that its initial electron density is
significantly greater. In the EPR tests, we observed that both
sulfonate ligands, p-H,BSNDI and o-H,BSNDI, exhibited
distinct radical signals, with the latter showing a higher signal
intensity than the former (Figures S19—S20). Given that the
DBpy-2I compound is a viologen derivative, during the
photoinduced electron transfer process, the DBpy** cation
acquires an electron to form a viologen radical cation (Figure
4c). Combining these results with those from Figure 2c,d, we
conclude that iHOF-36 exhibits single radical characteristics,
while iHOF-37 demonstrates a synergistic effect of double
radicals.

During the exposure period, the electron transfer process of
iHOF-36 was analyzed. p-H,BSNDI consists of two 7-

https://doi.org/10.1021/prechem.4c00102
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Figure 6. (a-c) Nyquist plot before UV irradiation of X-iIHOF-37/CS (X = 1%, 3%, 5%) at 98% RH and different temperature. (d-f) Nyquist plot
after UV irradiation of X-iHOF-37/CS (X = 1%, 3%, 5%) at 98% RH and different temperature.

electron-rich benzenesulfonate centers and one electron-
deficient naphthalenediimide center. It is speculated that the
sulfonate groups, in conjunction with H,O, act as electron
donors. Upon stimulation with 365 nm UV light, electrons are
initially transferred from these donors to the [H,(BPAM)]**
cation, and subsequently from [H,(BPAM)]** to the NDI
center, ultimately forming a radical anion centered on NDI. To
confirm the electron transfer processes in iHOFs 36—37, XPS
analysis was conducted. The XPS spectra of the peaks of O 1s,
S 2p, and N 1s are shown in Figure 4d-i. After exposure to 365
nm UV light in iHOF-36, as seen in Figure 4d-f, an increase in
the area of the high binding energy peak near 531.31 eV in the
O Is spectrum was observed. Additionally, an increase in the
area of the binding energy peak near 168.90 eV in the S 2p
spectrum was noted, indicating electron loss from the O and S
atoms. In the N 1s spectrum, a decrease in the area of the high
binding energy peak near 400.43 eV suggests that the N atom
has gained electrons.

Similarly, the electron transfer process in iHOF-37 was
analyzed. The composition of 0-H,BSNDI in iHOF-37 is
similar to that in iHOF-36. It is speculated that the sulfonate
groups, in conjunction with solvent H,O/DMSO, act as
electron donors, providing electrons to the DBpy** cation
upon stimulation with 365 nm UV light, prompting its
conversion to the [DBpy]* radical cation. Subsequently,
electrons are further transferred to the NDI center, forming
a radical anion centered on NDI. This process ultimately leads
to the formation of a double radical synergistic mechanism.
The XPS spectra of iHOF-37 are shown in Figures 4g-i. An
increase in the area of the high binding energy peak near
533.29 eV in the 1s-O spectrum and an increase in the area of
the binding energy peak near 168.53 eV in the 2p-S spectrum
were observed. Additionally, compared to the O 1s spectrum
of iHOF-36, the increase in the peak area of the O atom was
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lower, which we attribute to the formation of the viologen
radical cation as the bipyridinium cation gains electrons. These
observations indicate electron loss from the O and S atoms. In
the N 1s spectrum, a decrease in the area of the high binding
energy peak near 402.72 eV suggests that the N atom gained
electrons. Based on this comprehensive analysis, we conclude
that iHOF-37 exhibits superior electron transfer capability
compared to iHOF-36, which is more favorable for proton
conduction, enhancing the proton conductivity. These
diagrams indicate the distribution of ESP potential values for
iHOFs 36—37 (Figures $21—S22).

Membrane Characterization

Chitosan (CS) possesses excellent film-forming ability and
hydrophilicity, so we doped crystals into it to obtain X-iHOF-
37/CS composite membranes (X = 1%, 3%, 5%). We
conducted in-depth research on their morphology, flexibility,
water absorption and swelling, proton conductivity, and other
properties. We conducted a detailed analysis of the micro-
structure of the composite membranes using scanning electron
microscopy (SEM) and atomic force microscopy (AFM). The
SEM images clearly indicate that the crystal particles are evenly
distributed within the CS matrix, and as the crystal content
increases, the surface roughness of the membrane also
increases (Figures Sa-d and S$28). Furthermore, an energy
dispersive spectroscopy (EDS) analysis was conducted on the
5%-iHOF-37/CS membrane to investigate the element
distribution (Figure Se-h). It was found that N, O, and §
(with S originating from the crystals and N, and O from both
the crystals and CS) are uniformly distributed within the CS
matrix, forming a dense and homogeneous composite
membrane material. The AFM images (Figure Si-1) indicate
that the surface of the pure CS membrane is smoother, and the
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surface roughness of the membrane increases with the increase
in crystal doping concentration.

The thermal stability of the membranes was investigated
using TGA. From the data analysis in Figure S16, it is observed
that the membranes initially undergo a gradual mass loss
between 35 and 180 °C, primarily due to the evaporation of
H,0 and DMSO within the membranes. The second stage of
mass loss, observed between 180 and 250 and 250—350 °C, is
attributed to the thermal decomposition of —SO;H groups.
Compared to the pure CS membrane, the overall thermal
stability of the composite membranes gradually increases with
the increasing doping ratio of the crystals.

Tensile tests were conducted on the membranes to obtain
their stress—strain curves (Figure S27). Compared with the
pure CS membrane, the composite membranes containing
iHOEF-37 exhibited good mechanical stability at various doping
ratios. The water uptake and swelling degree are related to
tensile properties. To investigate the impact of crystals on the
water retention and dimensional changes of the membranes,
water absorption and swelling experiments were conducted
(Table S8). The experimental results indicate that the
incorporation of crystals has a negative effect on the water
absorption and swelling characteristics of the membranes.
Compared with the pure CS membrane, as the crystal content
increases, both the water absorption and swelling ratios of the
membranes decrease. The 5%-iHOF-37/CS membrane
exhibits the lowest water absorption and swelling ratios, with
a water absorption ratio of 26.32% and a swelling ratio of
18.65%. Ion exchange capacity (IEC) is a crucial indicator for
evaluating the number of exchangeable ions in PEMs, primarily
referring to sulfonic acid groups. Generally, the higher the IEC
value of PEMs, the better their proton conductivity. We
determined the IEC of the membranes using acid—base
titration (Table S8) and found that the IEC value of the
membranes increased with the increasing crystal content.

Proton Conductive Properties of Membranes

Proton conductivity is one of the fundamental parameters for
evaluating the performance of the PEMs. The incorporation of
iHOF-37 into chitosan (CS) matrix forms photochromic
composite membranes and EIS tests were conducted.

As shown in Figures 6a-c, S29—S30 and Table S6, the
proton conductivity of the pure CS membranes was 1.39 X
107> S-em™ at 98% RH and 90 °C, the proton conductivity
was significantly enhanced with the increase of the doping ratio
of iHOF-37, when doped at 5%, the proton conductivity was
enhanced with increasing temperature from 2.85 X 107> to a
remarkable 5.70 X 107> S-cm™. The color-changed membrane
was subjected to EIS testing under 98% RH (Table S6 and
Figure 6d-f) the proton conductivity significantly increased
from 5.70 X 107* to 8.08 X 107> S-cm™'. Comparing the
proton conductivity of membranes with different doping ratios
before and after UV irradiation at 90 °C and 98% RH, we
calculated the optical on/off ratios of proton conductivity to be
1.22, 1.12, and 1.42 for doping levels of 1%, 3%, and 5%
crystals, respectively. The E, was 0.19 and 0.11 eV before and
after discolouration of 5§%-iHOF-37/CS at 98% RH and 90
°C, respectively (Figure S31), and they were both Grotthuss
mechanisms. Statistics are available on the relationship between
the proton conductivity of membranes with different doping
ratios and that of pure CS membranes (Table S7). The proton
conductivity of photoconductive materials with photochromic

properties reported in the literature was compiled and analyzed
(Table S9).

B CONCLUSIONS

In summary, by strategic design, we successfully constructed
two charge-assisted HOFs named iHOFs 36—37 based on two
types of basic ligands and bis(benzene-o/p-sulfonic acid)-
naphthalenediimide (o/p-H,BSNDI). The NDI was intro-
duced into the material to endowed iHOFs 36—37 with
radical-driven photochromic behaviors, and the photochro-
micity was confirmed by UV—vis, EPR, unlike iHOF-36, one
of the components in iHOF-37 was a viologen derivative,
which allows it to generate dual free radicals upon light
irradiation. The photogenerated radical-induced proton
conductivity of iHOF-36 was enhanced by 2.2—3.6 times at
85% RH and 60—100 °C. The proton conductivity of iHOF-
37 peaked at 6.50 X 107* S-cm™" at 98% RH and 100 °C, it
rose to 9.10 X 107> S-cm™" due to dual free radical synergism
after UV irradiation, which was representing a significant 14-
fold enhancement. Meanwhile, iHOF-37 with a highly ordered
hydrogen bonding network was doped into the CS matrix to
polymerize into a membrane, which effectively improved the
comprehensive performance of the composite membrane. The
proton conductivity of the $5%-iHOF-37/CS composite
membrane reached 5.70 X 107> S:cm™ at 98% RH and 90
°C, and the proton conductivity was enhanced by about 1.42-
fold after UV irradiation compared with that to 8.08 X 107> S
cm™! before irradiation. As a result, the present work
demonstrates compounds with photochromic and photo-
induced modulated proton conduction properties, providing
ideas and methods for the design and development of
multifunctional and smart crystalline materials with diverse
photochromic properties, and tunable proton conduction.
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