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ABSTRACT: Development of proton conduction materials with high performance via functionalization of porous coordination 
polymers (PCPs) is challenging yet promising. Herein, a facile and efficient method to synthesize multi-carboxylate groups 
functionalized rigid ligands has been developed. Interestingly, when utilizing these ligands to prepare PCPs, the peripheral 
carboxylate groups of the ligands selectively coordinate to the metal ions for constructing the PCP frameworks while ortho-
dicarboxylic acid groups on the central benzene ring remain free in the pores. Single crystal X-ray diffractions and various gas 
sorption analyses reveal the characteristic of high density free carboxylic acid groups in the pores of these PCPs, not only 
forming hydrogen bond (HB) clusters and three dimensional HB networks potentially, but also stimulating the flexibility from 
these very robust PCP frameworks. Based on this unique structure, the PCP functionalized with four free carboxylic acids on 
every ligand (TJU-102) exhibits a high proton conductivity of 5.26×10−2 S cm−1 at 90 °C and 98 RH%. The activation energy 
for proton conduction of TJU-102 is ca. 0.59 eV, suggesting the conduction mechanism is dominated by vehicular fashion. 

INTRODUCTION 

Porous coordination polymers (PCPs) or metal organic 
frameworks (MOFs) are a class of crystalline porous mate-
rials composed of multifarious organic ligands and various 
metal nodes. Due to their wide design latitude of the frame-
works, outstanding features such as unique structures, de-
sired pores and functionality can be achieved simply by se-
lecting specific metal ions and organic ligands for self-as-
sembly.1-9 Based on this, PCPs have been extensively stud-
ied and popularly explored for multi-applications, including 
gas adsorption and separation,10-14 catalysis,15-24 sensors,25, 

26 energy storage,27-31 etc.  

In recent years, PCPs with functional groups (FGs, poten-
tial proton carriers or hydrogen bonds) are emerging as an 
ideal candidate in proton-conducting for fuel cells, which 
are very promising due to their structural designability and 
tailorability for improved performances.32-40 It is expected 
to obtain superprotonic conducting materials performing 
better than commercial Nafion in a wide temperature and 
RH range, which achieves values from 10−2 to 10−1 S cm−1 

(temperature 333−353 K, RH = 98%).41, 42 However, there 
are a very limited number of PCPs hitherto reported achiev-
ing the values higher or comparable to that of commercial 
Nafion. Therefore, it is still challenging to explore materials 
which possess high proton conductivity, and more im-
portantly figure out the relationships between the proton 
conducting performances and PCP structures at molecular 
level. 

With systematic design and modification, many PCPs 
have been investigated to achieve high proton conductiv-
ity.43 In general, there are two common approaches used to 
render proton conductive PCPs. The first one is to apply in-
trinsic proton sources, i.e., utilization of FGs contributing to 
proton pathways such as carboxylic/COOH,44, 45 sul-
fonic/SO3H36-39 and phosphonic/PO3H246, 47 as accessible 
functional sites39 grafted on the frameworks or getting 
counterions (H2PO4–, H3O+, NH4+, OH–, NH2(Me)2+) in the 
pores during PCP synthesis. The other approach is to pro-
vide extrinsic sources, i.e., encapsulation of protic molecules 
in the pores of PCPs. Generally the concentration of protons 



 

beneficial for proton conductivity can be increased by ad-
sorption or impregnation methods such as adsorbing NH3 
gas48, 49 or imidazole molecules,50, 51 and immersing PCPs in 
volatile acid solution (H3PO4 or H2SO4)52, but these methods 
usually suffer from the stability of PCPs during the modifi-
cation procedures. In addition, the effects for improving 
proton conductivity are distinct from each other by the in-
troduced FGs and the FG positions in the pores. It was found 
that carboxylic acid group (–COOH) with low pKa and 
strong Brønsted acid –SO3H functionalized PCPs in an 
isostructural series always show higher proton conductiv-
ity (1−3 orders of magnitude or even higher) than that of 
other FGs such as –NH2, –H, –Br.35 Hence, given the facile 
availability of these FGs, –COOH group is more optimal to 
functionalize PCPs for proton conductive materials. How-
ever, there is another big issue need to be addressed to ob-
tain free –COOH functionalized PCPs, since –COOH groups 
are generally in favor of coordinating with metal nodes 
without selectivity during solvothermal process. 

In this study, we firstly designed and synthesized two 
new ligands functionalized with six and eight –COOH groups 
(L1 and L2, Figure 1). Fortunately, two isostructural PCPs 
with two and four free (uncoordinated) –COOH groups on 
every ligand had been successfully synthesized and fully 
characterized. These two PCPs with unique hydrophilic 

pore surface and good stability were used for water-medi-
ated proton conduction, exhibiting superior proton conduc-
tion values up to 5.26×10−2 S cm−1. The activation energy has 
been analyzed to be 0.59 eV, indicating the conduction 
mechanism is likely vehicular fashion. By the comprehen-
sive investigation of the crystal structural features and gas 
adsorption properties, the proton conductivity perfor-
mance is found to be well consistent with the intrinsic char-
acteristic of the PCP, i.e., high density –COOH groups deco-
rated three-dimensional (3D) pores. 

RESULT AND DISCUSSION 

Synthesis and characterization. The new ligands pos-
sessing six –COOH groups (L1) and eight –COOH groups 
(L2) were synthesized through Suzuki-Miyaura coupling re-
action, and subsequently oxidation by KMnO4 in excellent 
yields. The detailed synthesis procedures are described in 
Supporting Information (SI). The solvothermal reaction of 
L1 with Cu(NO3)2·3H2O in the presence of nitrate acid in 
N,N'-dimethylacetamide (DMA) at 100 °C for 24 hours af-
forded blue block crystals of PCP TJU-101 (Figure 1, and Ex-
perimental section. TJU = Tongji University). In a similar 
method, PCP TJU-102 could be synthesized using ligand L2 
instead of L1. The structures were determined by single



 

 

Figure 1. (a) Synthesis scheme of TJU-101. (b) Synthesis scheme of TJU-102. (c) Spherical-cage (I) and spindle-cage (II) in TJU-101. 
(d) Spherical-cage (I) and spindle-cage (II) in TJU-102. (Cu, blue; O, red; C, gray; H, white) (e) PXRD of PCPs. (f) FTIR spectra of PCPs 
and ligands. 

crystal X-ray diffractions (Table S1). The frameworks of 
TJU-101 and TJU-102 are exactly isostructural with the re-
ported MOF NOTT-101,53 which shows a NbO-type topology 
and dicopper paddlewheel SUBs [Cu2(RCO2)4]. As shown in 
Figure 1, TJU-101 and TJU-102 possess two kinds of cages, 
i.e., approximately round shape Cage I and spindle shape 
Cage II. Compared with the framework of NOTT-101, the 
only difference shown in TJU-101 or TJU-102 is two or four 
additional –COOH groups grafted on the central benzene 
ring of the ligands. It was discovered that during the synthe-
sis the peripheral four –COOH groups can selectively coor-
dinate to Cu(II) cations to give the framework while the –
COOH groups on the central benzene ring remain free. This 
unexpected selectivity may be attributed to disturbance of 
the neighbouring –COOH group and fine distinction of their 
coordination capability when the –COOHs are bound to the 
metal nodes. It is worth mentioning that this rule will give 
inspiration for design of versatile PCPs bearing high-density 
free –COOH groups.  

The powder X-ray diffraction (PXRD) patterns of as-syn-
thesized compounds TJU-101 and TJU-102 are in good 
agreement with the ones simulated from their single-crystal 
data respectively, indicating the high phase purity and good 
stability at room temperature under air (Figure 1e). The 
thermogravimetric analysis (TGA) also supports that these 
two PCPs are stable up to 200 °C (Figure S1). The PXRD pat-
tern of reported compound NOTT-101 is also shown for 
comparison.54, 55 For characterization of compound com-
prising FGs such as –COOH, Fourier transform-infrared (FT-
IR) is a particularly useful technique. The FT-IR spectra of 
activated TJU-101, TJU-102 and NOTT-101 are shown in 
Figure 1f, together with those of the ligands L1 and L2. The 
weak absorption bands at 1771 cm−1 of L1 and 1791 cm−1 of 
L2 are characteristic of free –COOH groups, while the red-
shifted sharp peaks at 1699 cm−1 of L1 and 1694 cm−1 of L2 
indicate that most of the –COOH groups on the ligands man-
ifest hydrogen-bonded dimer. The broad bands observed at 
2640, 2531 cm−1 of L1 and 2644, 2529 cm−1 of L2 originate 
from the strong HBs between facing –COOH groups, further 



 

confirming the formation of –COOH dimers.56 In contrast, 
these sharp peaks disappear after four carboxylic groups of 
the ligand coordinate with copper accompanied by the ap-
pearance of two bands at around 1590 and 1450 cm−1, 
which are assignable to the asymmetric and symmetric car-
boxylate vibration respectively.57, 58 It is notable that dis-
tinct peaks observed at 1778, 1717 cm−1 of TJU-101 and 
1778, 1710 cm−1 of TJU-102 can be ascribed to coupling vi-
brations of the pendant ortho-dicarboxylic acids, but these 
peaks are not presented in the spectrum of NOTT-101. The 
complete absence of the peak around 3450 cm−1 of TJU-101 
and TJU-102 further suggests that commonly generated 
[(CH3)2NH2]+ is not produced and the –COOH groups are 
free inside the pores.58 All these FT-IR data support the PCP 
framework features described in the single crystal struc-
tures, i.e., the four coordinated carboxylate groups and free 
ortho-dicarboxylic acid groups. 

Adsorption properties. To comprehensively investigate 
the porosity and the possible interaction between the ad-
sorbate and PCP framework for gaining deep insight into 
the proton conduction and potential application in gases 
separation, various gas adsorptions on TJU-101 and TJU-
102 were conducted at low temperatures. Before the meas-
urement, the as-synthesized samples were exchanged with 
methanol and activated at 120 °C for 5 h to remove the guest 
molecules and coordinated water, accompanied by color 
change from pale blue to purple blue. As shown in Figure 
2a-b, for compound TJU-101, the adsorption isotherms of 
N2, Ar, CO, O2, CO2 and H2 manifest type-I with steep uptake 
at low-pressure region and no hysteresis, indicating porous 
framework of this PCP with open channel. There is no 
strong interaction between TJU-101 framework and gas 
molecules. For compound TJU-102, as shown in Figure 2c-
d, the adsorption isotherms of O2, CO2 and H2 present simi-
lar type-I. In stark contrast, the adsorption of N2, Ar and CO 
gases on TJU-102 shows stepwise uptake phenomenon at 
around P/P0 = 0.21, suggesting the dynamic structural 
changes. In consideration of the physical parameters of the 
gas molecule (Table S2) and the crystal structure, this unu-
sual adsorption behavior may be attributed to the dynamic 
vibration of the central benzene group mainly correlated to 
the measurement temperatures and polarizability of the gas 
relevant to the interaction strength.59 When the gas adsorp-
tion conducted at lower temperature (77 K for N2, 82 K for 
CO and 87 K for Ar), the four pendant free –COOH groups 

form some HBs to lock the dynamic motion of benzene 
groups resulting in pore partition. By the interaction with 
the gas molecule possessing larger polarizability (1.62 Å3 
for Ar, 1.76 Å3 for N2, 1.95 Å3 for CO, see Table S2),the HBs 
could be unlocked to release the partitioned pores for ac-
commodation of more gas molecules leading to the gate 
opening, while the polarizability value of H2 is too small 
(0.79 Å3) to provide strong interaction to open the gate.60 At 
higher measurement temperatures (90 K for O2, 195 K for 
CO2), the PCP framework may keep thermal dynamic vibra-
tion resulting in weak or unlocked HBs, and thus the ad-
sorption isotherms show no gate-opening behaviors. This 
adsorption behavior change induced by functionalization of 
PCP pore surface with high density –COOH groups is un-
precedented since all the NOTT type frameworks reported 
up to date are rigid and show type-I adsorption profiles. 
Therefore, great inspiration comes from these results that 
increasing the density of –COOH groups on pore surface not 
only produces –COOH HB networks for high proton conduc-
tivity but also tunes the flexibility of PCP frameworks. 

The Brunauer-Emmett-Teller (BET) surface areas of TJU-
101 and TJU-102 calculated from the N2 adsorption iso-
therms are 1281 and 214 m2 g−1, respectively, drastically 
decreased from those of the NOTT-101 (none –COOH func-
tionalization, 2805 m2 g−1) and one –COOH functionalized 
NOTT-101 (1919 m2 g−1).58, 61 This is ascribed to the in-
creased density of the –COOH groups, which dramatically 
carve up the effective nano-space of the PCPs, as shown in-
tuitively in Figure S2-S3.62, 63 

To understand the proton conduction under humidity, it 
is of significant to study the sorption of water molecules, 
generally serving as important medium during proton 
transportation. As shown in Figure 2f, water adsorptions on 
activated samples TJU-101 and TJU-102 were conducted at 
283 K initially. The isotherms of TJU-101 are quite different 
from those of TJU-102, further illustrated that the proper-
ties of the PCPs can be qualitatively different once the criti-
cal FGs increase into a higher density. As demonstrated by 
Henninger and Janiak et al., water sorption is influenced by 
pore volumes, open-metal sites (OMSs) affinity for water, 
hydrophilicity/hydrophobicity of the pore surface, hydro-
gen bonding capabilities of the FGs, etc.64 Both of the acti-
vated samples TJU-101 and TJU-102 manifest Cu(II) OMS, 
hydrophilic pore surface and hydrogen bonding capability 



 

 

Figure 2. Sorption isotherms of Ar (87 K), CO (82 K), and N2 (77 K) on (a) TJU-101 and (c) TJU-102. Sorption isotherms of O2 (90 K), 
CO2 (195 K), and H2 (77 K) on (b) TJU-101 and (d) TJU-102. (e) Isosteric heats of CO2 sorption for TJU-101 and TJU-102. (f) Water 
sorption isotherms of TJU-101 and TJU-102 at 283 K. STP and P0 denote standard temperature and pressure, and saturated vapor 
pressure, respectively. 

from the –COOH groups but those of TJU-102 are stronger. 
Therefore, under the influence of these three aspects, TJU-
102 shows comparable amount of water sorption (Figure 2f 
and S4) although the pore volume is much smaller than that 
of TJU-101 (0.129 cm3 g−1 for TJU-101 vs 0.542 cm3 g−1 for 
TJU-102, calculated from the N2 adsorptions). At low pres-
sure region, the water adsorption of TJU-102 shows a steep 
uptake suggesting the open channel or pores in the de-
gassed phase (absorbed amount = 145 mL(STP) g−1, P/P0 = 
0.05) and a type I profile indicating the rigid framework 

consolidated by the HBs. It is notable that Type I adsorption 
for water is rare for PCP because most of the pore surfaces 
constructed by organic ligands are hydrophobic resulting in 
the resistance to water molecule diffusion into the pores, 
i.e., abrupt water uptake occurs after P/P0 = 0.40.64 The wa-
ter adsorption isotherms of TJU-101 exhibit a gradual up-
take at P/P0 < 0.10 and a sharp increase at P/P0 = 0.10 sug-
gestive of less hydrophilic pore surface, dynamic frame-
work and interactions between the PCP framework and wa-
ter molecules.  



 

According to the results discussed above, the water ad-
sorption process is proposed as follows: firstly water mole-
cules diffuse into the open channels or pores and coordinate 
to the Cu(II) OMSs, and then interact with –COOH sites and 
coordinated water molecules which can serve as HB donors. 
Further adsorbed water will condense in the left nano-
space to form water clusters.[23] The isosteric heat profiles 
for more polar gas such as CO2 also hints the interactions 
between the gas molecules and the framework (Figure 2e 
and S5-S6). The initial heats of CO2 adsorptions (Qst) on TJU-
101 and TJU-102 are 27.0 and 34.8 kJ mol−1 respectively, 
and gradually drop off with the adsorbed amount increas-
ing, underlying strong interactions and even stronger inter-
actions for TJU-102 between the frameworks and CO2 mol-
ecules.65-67 The isosteric heat profile estimated from the wa-
ter sorptions of TJU-102 is extremely large at low coverage 
(119.9 kJ mol−1, see Figure S7-S8), ascribed to the strong in-
teractions with Lewis acids, i.e., Cu(II) OMSs; the interesting 
increase of Qst until the adsorption amount of 3.9 mmol g−1 
is attributed to the strong interactions with Brønsted acids, 

i.e., free –COOHs; the Qst value gradually decreases at higher 
coverage but is still relatively large, due to the formation of 
water clusters around the former adsorbed water mole-
cules.64, 68, 69 From these results comprehensively analyzed 
above, the adsorption properties are very consistent with 
our unique PCP structure featuring the typical Cu(II) OMSs 
and high density free –COOH groups. Moreover, the very hy-
drophilic pore surfaces and narrow pores facilitating the 
water adsorption and formation of versatile 3D HB net-
works for expedited proton conduction. 

Proton conductivity. Owing to the hydrophilicity of –
COOH group and chemical stability of TJU-101 and TJU-102, 
and considering the –COOH groups within the pores which 
could serve as carriers to provide orderly accommodated 
proton (H+) or as conduction pathways to aid the proton 
transfer, the proton conduction tests of these PCPs were 
carried out under humidity conditions. Alternating current 
impedance spectroscopy was measured to investigate the 
proton conductivity. 

 

Figure 3. Nyquist plots of TJU-101 at (a) 50% RH and (b) 98% RH. Nyquist plots of TJU-102 at (c) 50% RH and (d) 98% RH. (e) 
NOTT-101 at different temperatures under 98% RH. (f) Arrhenius plots of PCPs under 98% RH. 



 

The Nyquist plots are shown in Figure 3 and the data are 
summarized in Table 1. The proton conductivity of TJU-101 
is 6.37×10−8 S cm−1 at 50 °C and 50% relative humidity (RH). 
After adsorbing more water molecules, the value increased 
to 1.23×10−4 S cm−1 at 98% RH under the same temperature. 
Distinctly, it indicates water molecules play a crucial role in 
proton conduction of this new PCP system. The same trend 
happened on TJU-102, with the moisture elevating (from 
50% RH to 98% RH), the values of proton conductivity im-
proved by one or two orders of magnitude. In addition, the 
impedance was measured from 25 to 90 °C at 98% RH to 
detect the effect of temperature. At 25 °C, the proton con-

ductivity of TJU-101 was 3.38×10−6 S cm−1, and it was im-
proved significantly and reached by 5.00×10−3 S cm−1 (about 
three orders of magnitude higher) with the temperature in-
creasing. This suggests the temperature is also an indispen-
sable factor to boost proton transportation. In other words, 
the energy required for proton transfer is of great im-
portance in these two PCPs. Notably, the maximum value of 
TJU-102 is up to 5.26×10−2 S cm−1 at 90 °C, surpassing most 
other remarkable proton conductivity PCPs (Table S3). To 
the best of our knowledge, TJU-102 possesses the highest 
proton conductivity of the reported PCPs functionalized 
with free –COOH groups (Table S4).

Table 1. The proton conductivities (S cm−1) of NOTT-101, TJU-101 and TJU-102.  

 RH (%) 25 °C 40 °C 50 °C 60 °C 70 °C 80 °C  90 °C 

NOTT-101 98 - - - 1.10×10−5 3.53×10−5 4.91×10−5 1.48×10−4 

TJU-101 50 - - 6.37×10−8 9.88×10−8 6.47×10−7 1.16×10−6 6.73×10−6 

98 3.38×10−6 1.06×10−5 1.23×10−4 4.61×10−4 1.34×10−3 2.57×10−3 5.00×10−3 

TJU-102 50 - - 1.66×10−5 3.87×10−5 1.32×10−4 3.32×10−4 1.38×10−3 

98 6.26×10−6 2.26×10−5 2.57×10−4 1.13×10−3 3.21×10−3 1.41×10−2 5.26×10−2 

 

To demonstrate the role of –COOH groups in proton con-
duction mechanism, the isostructural NOTT-101 but with-
out free –COOH group was synthesized and examined the 
proton conductivity for comparison. The proton conductiv-
ity of NOTT-101 was 1.48×10−4 S cm−1 at 90 °C and 98 RH% 
(Table 1), which is much lower than that of TJU-101 
(5.00×10−3 S cm−1) and TJU-102 (5.26×10−2 S cm−1). In addi-
tion, it did not show a regular Nyquist plots at low temper-
ature and high humidity (Figure S10). Its conductive ability 
may be ascribed to the protons originated from coordina-
tion water molecules of Cu OMSs, which require an endo-
thermic process to form H3O+.70 This hints that –COOH 
groups in the pores of TJU-101 and TJU-102 contribute a lot 
to proton conduction. Comparing the proton conductivity 
values of TJU-101 bearing two –COOH groups with TJU-102 
bearing four –COOH groups, proton conductivity of the lat-
ter is about one order of magnitude higher than that of the 
former. To make the comparison clearer, the densities of –
COOH groups in pores or channels are calculated. As shown 
in Table S4, the –COOH density of TJU-102 (0.044 mol cm−3) 
is ca. 8 times as that of TJU-101 (0.0056 mol cm−3). It is ap-
proximately proportional to the values of proton conductiv-
ity. Meanwhile, we also calculated the free –COOH density 
of other reported PCPs (detailed in the Table S4). It was 
found that there is no obvious proportional relationship be-
tween the value of proton conductivity and density of –
COOH groups for different PCP systems. The proton conduc-
tivity could be influenced by proton carrier types, the 
amount of FGs, the distances between the FGs and so on.44 

Furthermore, the activation energies (Ea) for proton con-
ductivity of PCPs at 98% RH were calculated according to 
the Arrhenius plots and shown in Figure 3f. The Ea values of 
TJU-101 and TJU-102 were determined to be 0.50 and 0.59 
eV, respectively, which hints H3O+ is the conduction transfer 
media and the vehicular mechanism is dominant according 

to the summarized rules.71, 72 In order to prove this, pellet of 
TJU-102 after 50% RH tests was utilized to measure imped-
ance spectroscopy without humidity at high temperature 
(>100 °C, Figure S12). A sudden decrease of the proton con-
ductivity was observed over 3 minutes (Figure S13), and it 
declined slightly when the time was over 20 minutes. When 
the water is completely removed, the Nyquist plots of TJU-
102 is also becoming irregular (Figure S14). It is rational 
that the H3O+ species as proton-attached vehicles diffuse 
into pores, of which free –COOH groups provide protons 
and adsorbed water molecules as proton acceptors. The 
higher proton concentration providing more H3O+ gives 
higher proton conductivity of TJU-102 than that of TJU-101. 
Consistently, the activation energy of TJU-102 is also higher 
than that of TJU-101. 

Critical points for high proton conductivity. To de-
velop novel PCPs with high performance for proton conduc-
tion, generalization of the relationship between the PCP 
structure and proton conduction performance is of signifi-
cant importance based on the reported examples. Summa-
rized critical points will help us for the design and synthesis 
of next generation PCPs, and thus make the performance 
qualified for practical applications. This relationship was il-
lustrated based on our free –COOH functionalized NOTT-
101 system: first of all, according to the reported excellent 
works, the FGs on PCP surfaces facilitating for proton con-
ductivity have been screened out in the trends: –SO3H ≈ –
COOH > –NH2 > –H > –Br.32, 33, 35, 40, 43 In our system, the most 
suitable functional group, i.e., –COOH was grafted on the 
NOTT-101 pore surface.  

Secondly, if there are ideally consecutive hydrogen-bond-
ing chains or networks in the channels or pores, the PCP ma-
terials will rationally manifest excellent proton conductiv-
ity. Generally, 



 

 

Figure 4. Adjacent (a) round shape and (b) spindle shape cages in TJU-102 crystal structure with HBA and HBD potential surfaces. 
Blue and red regions represent HBD and HBA potentials, respectively (see the color histogram). (c) The potential HB clusters as 
proton reservoirs and proton transportation channels of TJU-102. (d) Potential HBs forming in the crystal of TJU-102 and the bond 
distances. (e) Scheme for preparation of the sample pellet and the packing morphology of the small TJU-102 crystals in the pellet. 

the higher the density of proton supplying groups such as –
SO3H and –COOH, the higher the value of proton conduction. 
This is because high density means close distance between 
the proton supplying groups, i.e., giving high chance to form 
HBs for smooth proton transportation. As shown in Figure 
4a-b, the round shapeand spindle shape cages comprise the 

whole pores of TJU-102, drawing with hydrogen bond ac-
ceptor (HBA) and donor (HBD) potential surfaces. From dif-
ferent views the very high density HBD potential (colored 
as blue) and HBA potential (colored as red) can be intui-
tively visualized. This important characteristic was further 



 

evaluated by the –COOH density of various –COOH function-
alized PCPs (Table S4). Indeed TJU-102 gives the highest 
value of –COOH density (0.044) without consideration of 
the coordinated H2O molecules, which also can lead to a 
great contribution to the proton conductivity.70 It is worth 
mentioning that a correct estimation of the –COOH density 
should be made by consideration of the –COOH groups be-
ing free and in the pores.  

Finally, an easily overlooked point is the characteristic of 
3D proton transportation channels. Given the channels in 
PCP is usually anisotropic, the PCP can still achieve the high-
est intrinsic conduction value when the device is made by a 
single crystal and aligned to the optimal proton transporta-
tion channel.73 However, in practical application the device 
fabricated by randomly packed powder crystals generally 
leads to a decline of the proton conduction value because of 
a potential increase of the proton transportation distance in 
the case of the anisotropic proton transportation channels 
(Figure 4e). This state will be radically different if the pro-
ton transportation channels are three-dimensional; the pro-
ton transportation can be directly out-of-plane of the pellet 
device. As shown in Figure 4d, TJU-102 features a variety of 
potential HBs with the distance from 2.3 Å to 6.1 Å, suppos-
ing water molecules may bridge in the O atoms. From the 
view of single crystal structure, these HBs form various 
clusters in 3D serving as proton reservoirs to boost smooth 
and fast proton transportation, which inevitably renders 
TJU-102 very high proton conductivity (Figure 4c). Briefly, 
to design and synthesize PCP materials with high perfor-
mance of proton conduction three aspects should be fully 
considered: –SO3H or –COOH as FGs, high density of the acid 
FGs in the channels or pores, 3D proton transportation 
pathways provided by 3D HB networks. 

CONCLUSIONS 

In summary, we have firstly developed a general and fac-
ile method to synthesize multi–COOH groups (up to 8) graft-
ing rigid polyaromatic compounds which are overwhelm-
ingly used for constructing versatile PCPs. In addition, it has 
been discovered that during the PCPs assembling by these 
ligands the peripheral –COOH groups can selectively coor-
dinate to metal ions remaining the ortho–COOH groups free, 
which render us unique PCPs with free –COOH groups func-
tionalized on the pore surfaces. These structural character-
istics are explicitly characterized and well consistent with 
their properties manifested on gas adsorptions and proton 
conductions. The high density of free –COOH groups in the 
pores lead to PCP frameworks tuning from high rigidity to 
little flexibility accompanied by pore tailoring, and more im-
portantly bring us high proton conductivity up to 5.26×10−2 

S cm−1 of TJU-102. Based on the current PCP system, the re-
lationship between proton conductivity and PCP structures 
has been rationalized which will give inspiration to develop 
PCPs with superior proton conductivity. Notably, the syn-
thetic method we have developed here for this kind of PCPs 
is universal, and therefore achieving PCPs with even higher 
density of free –COOH groups by sophisticated design is 
quite promising in future. 

EXPERIMENTAL SECTION 

Detailed procedures for the ligands synthesis and charac-
terization are provided in the Supporting Information. Only 
experimental procedures for reported MOFs are shown be-
low. 

Synthesis of TJU-101. A mixed solvent 
(DMA/H2O/HNO3, 8/2.4/0.8 mL) and a mixture of 
Cu(NO3)2·3H2O (48.8 mg, 0.20 mmol) and L1 (39.5 mg, 0.08 
mmol) were placed in a 20 mL sealed vial, heating at 100 °C 
for 1 day. Blue cubic crystals of TJU-101 suitable for single-
crystal X-ray diffraction were obtained. The crystals were 
rinsed with acetone and dried in air (47.2 mg, yield 90%, 
based on the ligand). For activation, as-synthesized crystals 
were soaked in 15 mL acetone for 3 days, the acetone was 
exchanged every day, subsequently, filtrated and dried at 
100 °C overnight under vacuum to obtain purple crystals. 

Synthesis of TJU-102. A mixed solvent 
(DMA/H2O/HNO3, 8/2.4/0.8 mL) and a mixture of 
Cu(NO3)2·3H2O (48.8 mg, 0.20 mmol) and L2 (46.6 mg, 0.08 
mmol) were placed in a 20 mL sealed vial, heating at 100 °C 
for 1 day. Blue cubic crystals of TJU-102 suitable for single-
crystal X-ray diffraction were obtained. The crystals were 
rinsed with acetone and dried in air (52.4 mg, yield 89%, 
based on the ligand). For activation, as-synthesized crystals 
were soaked in 15 mL acetone for 3 days, the acetone was 
exchanged every day, subsequently, filtrated and dried at 
100 °C overnight under vacuum to obtain purple crystals. 
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