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The hysteresis phenomenon of proton conductivity is triggered by a trinuclear

cluster structural transformation with dynamic molecular migration, leading to
high intermediate-temperature proton conductivity as a result of the
supplementary highly efficient proton-transport channels (“SCN passageway”).

CLEAN WATER
AND SANITATION

Lietal., Chem 6, 2272-2282

September 10, 2020 © 2020 Elsevier Inc.
— https://doi.org/10.1016/j.chempr.2020.06.007

L))

for
Updaies


mailto:liuj@njnu.edu.cn
mailto:yqlan@njnu.edu.cn
https://doi.org/10.1016/j.chempr.2020.06.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chempr.2020.06.007&domain=pdf

¢? CellPress

Chem

Intermediate-Temperature Anhydrous High
Proton Conductivity Triggered by Dynamic
Molecular Migration in Trinuclear Cluster Lattice

Xiao-Min Li,"* Long-Zhang Dong,'-® Jiang Liu,"* Wen-Xin Ji,” Shun-Li Li," and Ya-Qian Lan"**

SUMMARY

Building an efficient and uninterrupted hydrogen-bond network by
visualized crystal-structure phase transformation to improve anhy-
drous proton conductivity and to elucidate the proton-transfer
mechanism is desirable but rare. Here, we have discovered a proton
conductivity “hysteresis” phenomenon triggered by an obvious
structural transformation in which the dynamic molecular migration
in a trinuclear cluster (NNU-66) results in the reorganization of the
H-bond network. The cluster structure after transformation (NNU-
66a) exhibits a remarkable proton conductivity of 1.94 x 103 S
cm ' and a superior performance durability of 24 h at 180°C. The
peculiar “SCN™ passageway" in NNU-66a plays a vital role in build-
ing an effective hydrogen-bond network for fast proton transfer.
Moreover, the corresponding density functional theory results indi-
cate that the introduction of the SCN™ passageway dramatically
lowers the energy required for proton hopping. Additionally,
NNU-66a is further fabricated into a proton-exchange membrane
and used in H,/O, fuel cells.

INTRODUCTION

The proton-exchange membrane (PEM) is a core component of proton-exchange
membrane fuel cells (PEMFCs) because it allows facile proton transport and deter-
mines the overall property of PEMFCs." > So far, Nafion is the most widely used com-
mercial PEM because of its high proton conductivity of 1072=107" S cm™" at 98%
relative humidity.*” However, Nafion strongly relies on water as the conductive me-
dium, which results in high operating costs of the water management system” and
impedes its wide utilization at a higher temperature range. Thus, intermediate-tem-
perature (100°C-200°C) PEMFCs are the focus of researchers” " because the higher
operating temperature has the following advantages: (1) faster electrode reaction ki-
netics make it feasible to use other cheaper ca’calys’cs;12 (2) the waste heat can be re-
cycled for direct heating, steam reforming, and combined heat and power,'? which
achieves a greater energy utilization rate; and (3) the higher operating temperature
can alleviate catalyst poisoning stemming from fuel impurity.'* In particular, the
operating temperature within the range of 150°C-180°C has become the most antic-
ipated development direction. The lower temperature limit of 150°C is to reduce the
affinity of carbon monoxide (CO) to avoid the serious performance damage caused
by CO adsorption on platinum catalysts and increase the tolerance of electrocata-
lysts to CO to solve the problem of CO poisoning.””"*"'® The upper temperature
limit of 180°C is to avoid the degradation of membranes.'* To date, two common
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intermediate-temperature proton-conducting materials—solid acids and

organic polymers?’?”—have been investigated, but neither of them can maintain
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The Bigger Picture
Intermediate-temperature
(100°C-200°C) proton-exchange
membranes with high proton
conductivity and visualized
proton-transfer pathways are very
important for understanding and
further developing the proton-
transfer mechanism. However,
most reported visualized
crystalline proton conductive
materials rely on water as the
medium for proton transfer, so no
efficient hydrogen-bond network
can be formed to obtain high
proton conductivity at
intermediate temperatures in
consideration of water
evaporation. Here, we have
synthesized a trinuclear cluster
with high proton conductivity at
intermediate temperature by
forming a highly efficient and
peculiar “SCN™ passageway” via
structural transformation.
Moreover, the structural
transformation also results in
conductivity hysteresis, which has
not yet been reported in this area.
Therefore, this work provides a
unique idea for improving proton
conductivity at intermediate
temperatures.
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performance under sustained operation because of their easy reduction and easy
escape of acidic molecules, respectively.”? Therefore, the development of a PEM
simultaneously satisfying high performance and persistence at temperatures of
150°C-180°C is of great research value and significance.

Recently, metal-organic frameworks (MOFs) have made great contributions to the visu-

alized exploration of hydrogen-bond networks®*°

and the strategic improvement of
proton conductivity’*** because of their definite structures and functional organic
linkers. Currently, the reported high performance of MOF-based proton-conducting
materials predominantly originates from external water, but these materials seriously
lose water molecules as temperature increases (T > 70°C).*° Thus, the continuous
hydrogen-bond networks will be destroyed, leading to a dramatic decrease in conduc-
tivity, which is also the primary problem faced by MOFs as intermediate-temperature
proton conductors. Theoretically, the key to overcoming this difficulty lies in the fact
that the hydrogen-bond networks of materials will not be destroyed or even be able
to form more effective proton-transport routes when the temperature rises. The impor-
tant premise for achieving this strategy is generally that proton-conducting MOFs can
alter their hydrogen-bond networks by virtue of large structural phase transitions with
increasing temperature, thereby promoting their performance. However, the reported
crystalline proton conductive materials, whether MOFs or covalent organic frameworks,
have high-dimensional rigid structures, which makes it difficult to produce sufficiently
large structural phase transitions even at higher temperatures. In contrast, a low-dimen-
sional supramolecular structure stacked by hydrogen bonding, especially a zero-dimen-
sional cluster, has the potential superiority of changing the hydrogen-bond network
through thermally induced structural phase transition from three-dimensional directions.
At present, materials with high intermediate-temperature proton conductivities attained
from such a strategy of regulating H-bond networks by structural phase transition have
not been reported.

Here, we synthesized a linear trinuclear cluster, [Niz(NH2-trz)o(SCN)4(H20),)(SCN), - H,O
(denoted as NNU-66, NH,-trz = 4-amino-1,2,4-triazole), and its isomorphic [Fe3(NH,-
trz)6(SCN)4(H,0)5](SCN), - H,O (denoted as NNU-67) and [Cos(NH,-
trz)(SCN)4(H20)21(SCN), - H,O (denoted as NNU-68) by a simple solvothermal reaction
using cheap raw materials. Interestingly, we found a rarely seen phenomenon: the pro-
ton conductivity performance of these complexes abruptly increased when the temper-
ature rose to a certain value. Moreover, when the temperature fell, their proton conduc-
tivity performance was obviously higher than that at the same temperature of the heating
stage (i.e., generation of proton conductivity hysteresis), which indicates that a structural
phase transition process favoring proton conduction could happen during the interme-
diate-temperature period (150°C to 180°C). Importantly, in order to confirm this specu-
lation, we successfully captured the obvious dynamic molecular migrations in a nickel
(Ni)-containing cluster structure lattice before and after the phase transition temperature
by single-crystal X-ray diffraction (XRD) and clearly observed the variations in hydrogen-
bond networks in this structural transformation process from NNU-66 (before transfor-
mation) to NNU-66a (after transformation). Moreover, these three clusters after phase
transformation showed high proton conductivities of 1.94 x 1073 S cm™" at 180°C
(NNU-66a), 1 x 107> S cm™" at 150°C (NNU-67a), and 9.43 x 10°* S cm™ " at 160°C
(NNU-68a), which surpass those of many representative anhydrous proton-conducting
materials. To the best of our knowledge, this is the first crystalline material system to
enrich the hydrogen-bond network through structural phase transition and then improve
their performance of intermediate-temperature proton conduction. More significantly,
we found that the dynamic migration of the SCN™ anion has a crucial role in improving
proton conductivity because it provides an important “SCN™ passageway” in building a
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trinuclear cluster = TC

NNU-66a

Figure 1. Schematic Representation of Single-Crystal-to-Single-Crystal Transformation

(A-C) In order to clearly show the process of crystal transformation, trinuclear clusters (A)
(abbreviated as TC) are simplified. The two vertex-sharing tetrahedra represent a trinuclear cluster
(B), in which one Ni, one O, and one N atom form an orange plane, one Ni and two N atoms form a
green plane, and one O and two N atoms form a gray plane (C). See also Figure S2.

(D-1) Schematic representation of single-crystal-to-single-crystal transformation from NNU-66 (D)
to NNU-66a (I). TC1-TCé represent six simplified trinuclear cluster models (E). The structural
transformation experiences rotation (E and F), translation (F and G), and rotation and inclination (G
and H). R, rotation; T, translation; |, inclination. See also Video S1.

highly efficient proton-transport route. It is worth noting that such a SCN™ passageway
that can effectively improve the proton-transfer efficiency has not been reported before.
On this basis, we further fabricated NNU-66a into a PEM and then used it in H,/O, fuel
cells.

RESULTS

Structure and Characterization

Single-crystal XRD analysis revealed that NNU-66 crystallized in the P2,242; ortho-
rhombic space group (Figure STA; Tables S1and S2). As shown in Figure S2, the crys-
tal structure of NNU-66 is composed of three Ni(ll) ions, six NH,-trz ligands, four co-
ordinated SCN™ anions, two coordinated water molecules, two free SCN™ anions,
and one lattice water molecule. Specifically, the central Ni(ll) ion is surrounded by
six N atoms from six NH,-trz ligands, forming an octahedral geometry configuration
and providing three triazole bridges for another two Ni(ll) ions (Figure S3). Moreover,
the octahedral coordination of two terminated Ni(ll) ions is composed of three NH-
trz, two terminated monodentate SCN™ ligands, and one H,O molecule (Figure S4).
The crystal structures of NNU-67 and NNU-68 are consistent with NNU-66 except
that they replace Ni with Fe and Co, respectively. When NNU-66 (Figure 1D) was
heated to the temperature range of 150°C-180°C, structural phase transition
occurred (NNU-66a; Figure 11). The specific structural transformation process adopt-
ing simplified models (two vertex-sharing tetrahedra represent a trinuclear cluster
[TC]) is shown in Figures TA-1C, and Video S1 shows this dynamic variation process
of crystal structural transition (see the Supplemental Information). The left TC1-TC4
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rotate anticlockwise by 120° with the gray bottom as the axis, whereas the left TC5
and the right TCé rotate clockwise by 120° (Figures 1E and 1F). Then, TC3, TC4, and
TCé carry on translational motion of 1 A (Figures 1F and 1G). Figures 1G and 1H
show that TC5 experiences 120° clockwise rotation of the whole molecule with the
gray bottom of the left tetrahedron as the axis and 60° inclination of the whole mole-
cule with the right tetrahedron as the upward direction. Meanwhile, the orientation
of TCé is the same as that of TC5 after the rotation of the whole molecule, so the
more ordered molecular structure can be obtained (Figures S5 and Sé). Single-crys-
tal XRD analysis after the structural transition indicated that NNU-66a crystallizes in
the P21/n monoclinic space group (Figure S1B; Tables S1 and S3). The crystal struc-
ture of NNU-66a is also composed of three Ni(ll) ions, six NH,-trz, four coordinated
SCN™ anions, two coordinated water molecules, two free SCN™ anions, and one lat-
tice water molecule (Figure S7). Similarly, the central Ni(ll) ion is surrounded by six N
atoms from six NH-trz ligands (Figure S8), and the other two Ni(ll) ions are assem-
bled with three NH,-trz, two terminated monodentate SCN™ groups, and one
H>O molecule (Figure S9). It should be noted that the positions of free H,O mole-
cules and SCN™ anions in NNU-66a changed greatly in comparison with those in
NNU-66 (Figures S10 and S11).

Powder XRD (PXRD) measurements demonstrated that the patterns of the three
complexes are well matched with the simulated one, confirming their high phase pu-
rities and similar crystalline structures (Figure S12). The scanning electron micro-
scopy (SEM) images clearly show the morphologies of these clusters (Figures S13-
S16). The results of elemental analysis of NNU-66 and NNU-66a provided in the syn-
thesis section of the Supplemental Information are consistent with those obtained
from crystal structures. In order to further determine the elemental compositions
of NNU-66 and NNU-66a, we performed energy-dispersive X-ray (EDX) spectros-
copy (Figures S17 and S18). The EDX spectra show that Ni, O, N, C, and S exist in
NNU-66 and NNU-66a, in which O comes from H,0. The X-ray photoelectron spec-
troscopy (XPS) spectra shown in Figures S19 and S20 also reveal the presence of all
elements (Ni, O, N, C, and S) and that O comes from the coordinated H,O and free
H,O molecules in crystal lattices. Thermogravimetric analysis (TGA) of the three
complexes indicated that their structures are stable before 180°C, 150°C, and
160°C (Figures S21A, S22A, and S23A). Moreover, combined with the TGA curves,
the PXRD patterns of the heated samples show that they have enough high thermal
stabilities to ensure the proton conductivity measurements (Figures S21B, S22B, and
S23B). Meanwhile, the thermal stability of NNU-66a indicates that it remains struc-
turally intact until 204°C (Figure S24).

Proton Conduction

Proton conductivity of the three complexes was measured by alternating-current
(AC) impedance spectroscopy under continuous heating and anhydrous conditions
(Figures 2A, S25A, and S26A). Combined with the thermogravimetric curves of these
clusters, the upper temperature limits for proton-conductivity tests were set to
180°C, 150°C, and 160°C for NNU-66, NNU-67, and NNU-68, respectively. The Ny-
quist plots display two semicircles and a tail, among which the two arcs represent the
bulk and grain boundary resistance, respectively, and the tail relates to the mobile
ions blocked by the interface between the electrode and electrolyte (Figures S27-
$29).*¢ Moreover, we adopted bulk proton conductivities in this case, so we em-
ployed the intercepts along the x axes of higher frequency to gain the bulk resis-
tances.’’ Interestingly, the conductivity performances of NNU-66, NNU-67, and
NNU-68 suddenly increased when the complexes were heated to a certain temper-
ature: NNU-66 jumped from 3.98 x 1077 S cm ™" at 140°Ct0 5.8 X 107* S cm ™" at
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Figure 2. Proton Conductivity

(A and B) The Nyquist plots of NNU-66 and NNU-66a at temperature ranges of 30°C-180°C (A) and 170°C-30°C (B).

(C) Temperature-dependent proton conductivities of NNU-66 and NNU-66a (30°C-180°C).

(D) Comparison of the proton conductivity among NNU-66a, NNU-67a, NNU-68a, and some other representative materials.
(E) Arrhenius plot of NNU-66a at a temperature range of 30°C-180°C.

(F) Time-dependent proton conductivity of NNU-66a performed at 180°C.

150°C, NNU-67 jumped from 1.59 x 1077 Scm™" at 130°C t0 4.47 x 107*Scm ™" at
140°C, and NNU-68 jumped from 3.90 x 1078 S cm~" at 150°C t0 9.43 x 107* S
em™" at 160°C (Figures 2C, S30, and S31). It is also worth mentioning that NNU-
66, NNU-67, and NNU-68 exhibited enhanced proton conductivities by 5, 3, and
4 orders of magnitude, respectively, after undergoing an abrupt increase in perfor-
mance. Eventually, the conductivities of NNU-66a and NNU-67a reached 1.94 x
1073 and 1 x 1073 Scm™" at 180°C and 150°C, respectively. Importantly, their high-
est performance values are comparable with those of the representative anhydrous
proton-conducting materials shown in Figure 2D and Table S4, unveiling their po-
tential for further application as PEMs. After the complexes reached the upper-limit
temperatures, we further measured their proton conductivities after lowering the
temperature (Figures 2B, S25B, and S26B). As shown in Figures 2B, S30, and S31,
their performance values were evidently higher than those under the same temper-
atures of the heating period, implying that the phase-transition behavior accompa-
nied by the formation of effective proton-transport paths occurred at elevated
temperature.

In order to have a preliminary understanding of the proton-conducting mechanism, we
calculated the activation energy (E,) of the three samples after phase change during the
cooling process (Figures 2E, S32, and S33). The values of the activation energy of NNU-
66a, NNU-67a, and NNU-68a were 0.66,0.71, and 0.66 eV, respectively, suggesting that
the proton-transport process of the three complexes belongs to the vehicle mechanism.
It can be concluded that the free H,O molecules and SCN™ anions as proton carriers by
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means of self-diffusion dominate proton transport between clusters, resulting in the
vehicle mechanism.?® Additionally, we carried out two heating-cooling cycles of pro-
ton-conductivity measurements of the Ni-containing complex with the temperature
range of 30°C-180°C (Figure S34). As shown in Figure S35, NNU-66 changed to
NNU-66a in the first heating process, and in the subsequent temperature heating and
cooling processes, the proton conductivities of NNU-66a were highly consistent with
each other at the same temperatures, attesting to its structural stability in the measure-
ment. It is well known that the sustainability of properties is a necessary condition for
further application of materials on PEMFC. So, we performed the time-dependent mea-
surements of the three complexes at their individual maximum temperature to verify the
thermal stabilities of their proton conductivities. As shown in Figure 2F, the high proton
conductivity of NNU-66a could be maintained for 24 h at 180°C without obvious loss,
proving that NNU-66a has excellent durability in performance. Analogously, we found
that the high proton conductivities of NNU-67a and NNU-68a also had good persis-
tence (Figures S36 and S37), indicating that they possess indispensable prerequisites
for further application. Meaningfully, the PXRD patterns showed that the peaks of
NNU-66 after undergoing proton-conductivity measurements were essentially consis-
tent with the simulated peaks of heated crystal NNU-66a collected by single-crystal
XRD, demonstrating that NNU-66 undergoes phase transition to NNU-66a and keeps
the structural integrity of NNU-66a during testing (Figure S38). Additionally, the infrared
spectra of NNU-66 after the test were in line with those of NNU-664, validating the trans-
formation of NNU-66 to NNU-66a due to the increase in temperature in intermediate-
temperature proton-conductivity measurements and that NNU-66a is structurally robust
(Figure S39).

Electronic Conduction

To exclude the influence originating from electronic conduction to acquired conductiv-
ity, we also examined the electronic conductivity of NNU-66 under identical temperature
ranges (30°C-180°C) (Figure S40). Figure S41 intuitively illustrates the ultralow electronic
conductivity of NNU-66 during the heating process. On the basis of the comparison with
proton conductivity at the same temperature, it shows that the electronic conductivity
can be completely neglected because the proton conductivity is about 5 orders of
magnitude higher than the electronic conductivity at 180°C, which leads to the conclu-
sion that electronic conduction does not play a role in the obtained conductivity (Table
S5). This means that the high conductivities under intermediate temperatures and anhy-
drous conditions derive from the intrinsic efficient proton transfer.

Mechanism of Proton Conduction

Achieving high proton conductivity is the most important goal in anhydrous proton
conduction, where superior performance depends on the diversity of proton-hop-
ping sites and routes along with fast proton mobility.**’ For the sake of systemati-
cally shedding light on the proton-transfer mechanisms, we comparatively analyzed
the proton-transport processes in NNU-66 and NNU-66a in detail via crystallog-
raphy. During the testing process, as the temperature increased, NNU-66 under-
went phase transition and generated NNU-66a, which equipped NNU-66a with a
supplementary SCN™ passageway, resulting in a highly efficient proton-transfer
pathway (Figures 3A and 3B). This means that the proton-transfer pathways of
NNU-66a contain effective zigzag-arranged SCN™ passageways composed of
many “SCN bridges,” which are built by each of the two adjacent SCN anions (Fig-
ure 3D), whereas the distance between SCN™ anions in NNU-66 is too long to form
such effective bridges for proton hopping (Figure 3C). Notably, the insertion of such
“SCN bridges” efficiently shortens the distance of protons transfer in NNU-66a.
Meanwhile, the SCN™ anion as a counterion can also promote the rapid movement
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NNU-66a ,

Figure 3. Proton-Transfer Mechanism

(A and B) Possible proton-transfer path of the SCN™ passageway in NNU-66 (A) and NNU-66a (B).
(C and D) Schematic representation of the proton transfer of the SCN bridge in NNU-66 (C) and
NNU-66a (D).

of H+ 48,49

in the continuous SCN™ passageway and then further increase the effi-
ciency of proton transport. Consequently, the proton conductivity of NNU-66a is
greatly improved by the faster proton mobility and more diversified transmission

paths, which are fundamentally caused by molecular rotation and movement.

DFT Calculations

Compared with NNU-66, NNU-66a has a faster proton-transport passageway for effi-
cient proton transfer. In order to further understand the mechanism of proton conduc-
tion in NNU-66a, we applied DFT calculation by employing the models of SCN™ anions
in NNU-66 and NNU-66a extracted from their crystal structures. Results of the DFT calcu-
lation showed that the energy required for proton hopping with a distance of 3.83 A be-
tween SCN™ anions of two adjacent TCs in NNU-66 is 0.34 eV (Figure 4A). However, the
distance between the SCN™ anions of two adjacent clusters becomes shorter in NNU-
66a as a result of the molecular motions. As can be seen in Figure 4B, the energy
required in NNU-66a for proton hopping between two similar adjacent SCN™ anions
is almost negligible, which means that this process can be regarded as free movement.
It is worth noting that the free movement is like self-diffusion. In other words, the SCN™
passageway of NNU-66a has been proved to not only be an efficient transport platform
with almost zero energy consumption but also use the same self-diffusion mode to trans-
fer protons, such as the vehicle mechanism of the experiment. Therefore, through the
structural phase transition, NNU-66a can form a highly effective proton-transport H-
bond network, thus obtaining high proton conductivity.

H,/O; Fuel Cell

With the purpose of verifying the possibility of practical application, we fabricated NNU-
66a into a membrane (Figures S42 and S43) and further assembled the membrane into a
H,/O; fuel cell (Figure 4C). Figure S44 shows the morphology and thickness of the NNU-
66a membrane. In addition, the NNU-66a membrane has good thermal stability, which
guarantees the intermediate-temperature test of fuel cells (Figure $45). The mechanical
properties of the NNU-66a membrane are presented in Figure S46 and Table Sé, which
show 339.47 and 7.49 MPa for the elastic modulus and ultimate tensile strength,
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Figure 4. DFT Calculations and Performances of H,/O, Fuel Cells

(A and B) DFT studies of the energy required for proton transport with SCN ™ anions as the medium
in NNU-66 (A) and NNU-66a (B).

(C) Scheme of the PEMFC using the NNU-66a membrane as PEM.

(D) The performance of an Hy/O; fuel cell with the NNU-66a membrane as the electrolyte at 180°C.
The purple and pink spheres represent current-voltage and current-power measurements,
respectively.

(E) Plot of open-circuit voltage versus time at 180°C.

respectively. Furthermore, we explored the performance of the NNU-66a membrane
and then concluded that the maximum open-circuit voltage and maximum power den-
sity are 0.72V and 1.43 mW cm?, respectively, at 180°C (Figure 4D), which means that
the NNU-66a membrane has the potential for further research in the field of intermedi-
ate-temperature PEMFCs. Additionally, as shown in Figure 4E, the performance of the
H,/O; fuel cell has good stability because of negligible degradation.

Conclusions

In summary, we have synthesized a TC model system used as an anhydrous proton
conductor at intermediate temperature, and it exhibits a superior performance of
1.94 x 107Scm™" at 180°C, representing one of the highest values of reported intrinsic
anhydrous proton-conducting materials. Furthermore, we manufactured the superior
NNU-66a into a membrane and then used it in a Hy/O5 fuel cell. Most importantly, we
observed the proton conduction “hysteresis” caused by structural phase transition.
Moreover, structural analysis of NNU-66 and NNU-66a revealed that the efficiency
including diversified and fast proton-hopping paths plays a significant role in inherent
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proton conduction, in which our proposed SCN™ passageway is particularly important
for fast proton transport. We propose a structural phase-transition strategy for regulating
proton conductivity at intermediate temperatures, and it is important for the further
development of proton conductors through visualized crystal structural change.

EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

Further information and requests for resources should be directed to and will be ful-
filled by the Lead Contact, Ya-Qian Lan (yglan@njnu.edu.cn).

Materials Availability
This study did not generate new unique reagents.

Data and Code Availability
The accession numbers for the crystal structure CIF reported in this paper are CCDC:
1971816 and CCDC: 1971815 for NNU-66 and NNU-66a, respectively.

Synthesis of [Niz(NHx-trz)s(SCN)4(H20),](SCN),-H,0 (NNU-66)

NiSO4-6H,0 (105 mg), NH,-trz (67.5 mg), and NH,4SCN (61 mg) were dissolved in
the mixed solution of CH3;0H (2.5 mL) and H,O (5 mL). Subsequently, the solution
was transferred into a 20 mL vial to be heated at 100°C for 72 h. When the reaction
was complete, the mixture was filtered, and the filtrate was left to volatilize slowly.
After a period of time, pale purple bulk crystals appeared in the filtrate, and these
were cleaned with distilled water and naturally air dried. The final material was ob-
tained. Yield: 63% based on NiSOy4-6H,0. Elemental analysis calculated for NNU-
66 of CqgH3oNizN3003Se (%): C, 19.94; H, 2.77; N, 38.78; S, 17.73; found (%): C,
19.50; H, 2.76; N, 38.41; S, 17.23. FT-IR (KBr, cm™"): 3,444 (m), 3,278 (m), 3,188
(w), 3,143 (w), 2,102 (s), 2,027 (s), 1,612 (s), 1,544 (s), 1,393 (m), 1,212 (s), 1,085 (s),
1,039 (s), 1,001 (s), 873 (m), 692 (m), 625 (s), 466 (m), 436 (m).

Synthesis of [Fes(NH-trz)s(SCN)4(H20),1(SCN),-H,0 (NNU-67)

FeSO4-7H,0 (110 mg), NH,-trz (67.5 mg), and NH4SCN (61 mg) were dissolved in a
mixed solution of CH3OH (2.5 mL) and H,O (5 mL). Subsequently, the solution was
transferred into a 20 mL vial to be heated at 100°C for 72 h. When the reaction
was complete, the mixture was filtered, and the filtrate was left to volatilize slowly.
After a period of time, green bulk crystals appeared in the filtrate, and these were
cleaned with distilled water and naturally air dried. The final material was obtained.

Synthesis of [Co3(NH2-trz)s(SCN)4(H20)2]1(SCN),-H,O (NNU-68)

CoS0O4-7H,0 (112 mg), NH,-trz (67.5 mg), and NH4SCN (61 mg) were dissolved in a
mixed solution of CH3OH (2.5 mL) and H,O (5 mL). Subsequently, the solution was
transferred into a 20 mL vial to be heated at 100°C for 72 h. When the reaction
was complete, the mixture was filtered, and the filtrate was left to volatilize slowly.
After a period of time, green bulk crystals appeared in the filtrate, and these were
cleaned with distilled water and naturally air dried. The final material was obtained.

Synthesis of NNU-66a

Crystal NNU-66a can be obtained by heating NNU-66 to 180°C for several hours.
Elemental analysis calculated for NNU-66a of C1gH30Ni3sN3003S4 (%): C, 19.94; H,
2.77; N, 38.78; S, 17.73; found (%): C, 19.88; H, 2.85; N, 38.26; S, 17.89. FT-IR
(KBr, cm™"): 3,328 (w), 3,129 (m), 2,992 (w), 2,896 (m), 2,094 (s), 2,005 (s), 1,627 (s),
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1,504 (s), 1,415 (m), 1,292 (s), 1,209 (m), 1,161 (s), 1,079 (s), 989 (s), 880 (s), 791 (w),
674 (s), 626 (s), 469 (w), 434 (w).
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