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ABSTRACT: From a hydrothermal reaction using CuI,
KI, and 3,3′5,5′-tetramethyl-4,4′-bipyrazole (TMBP), the
triiodide anion I3

− has been integrated into the water-
stable 2D coordination polymer Cu(TMBP)I3 (1). In
contrast with other metal triiodide complexes, 1 features
remarkably small distortions in the bond distances
associated with the I3

− units (i.e., the Cu−I and I−I
bonds), which effectively link up the copper(I) centers
into infinite CuI3 chains. The electronic band gaps and
electrical conductivity data are also found to be consistent
with the I3

− ion acting as an effective linker across the
copper(I) centers.

There is a recent surge of interest in the making of
coordination polymers with significant semiconductive or

electroactive properties.1 A major motivation here is driven by
the structural diversity imparted by the organic components,
which provide rich potential for tailoring and exploring the
electronic properties in the solid state. The structural diversity is
readily seen in the various examples ranging from the close-
packed (nonporous) rubeanatocopper(II) compounds,2 copper
7,7,8,8-tetracyanoquinodimethane and related systems,3 metal
thioether/thiolate networks,4 to the more recent open-frame-
work/porous systems (e.g., the ones based on metal−sulfur
links).5

However, among the widely studied coordination network
systems,1b,6 the semiconductive subclass is remarkably small,
with the vast majority being decidedly insulators. Such an
observation reflects the generally weak electronic interactions
between the metal centers and organic linkers. To enhance the
electronic interactions, it is helpful to utilize softer, more
polarizable elements in the metal−organic bonding, for example,
a sulfur donor often results in a smaller band gap than the oxygen
and chloride counterparts.
In this context, the triiodide (I3

−) ion presents a curious case.
One the one hand, the iodide ion (I−) as a soft species figures
prominently in the construction of hybrid semiconductive
materials, as is illustrated by the hybrid perovskites7 and
analogues8 and their recent applications in solar cells.9 Such
remarkable electronic properties attest to the effective charge-
transport pathway, as is provided by the iodo linkers across the
metal centers. On the other hand, the larger andmore polarizable

triodide anion as a bridging linker has remained conspicuously
absent in the construction of coordination polymers. For
example, a CCDC search (see Figure S1 in the Supporting
Information, SI) for the M−I3−M fragment (M: any metal)
retrieved only several structures, but none of these features the
I3
− ion as an unbroken bridge across the metal centers: i.e., a large

elongation is observed of either the M−I or I−I interactions,
which effectively suppresses the cross-linking character of the
triiodide units.
That is why we wish to draw attention to the triiodide as a

distinct cross-linking unit, as observed in the 2D coordination
network of Cu(TMBP)I3 (1; TMBP = 3,3′5,5′-tetramethyl-4,4′-
bipyrazole); Figure 1. The significant cross-linking character is

reflected in the small variation of the Cu−I [e.g., 2.691 and 3.090
Å; cf. the van der Waals (VDW) contact for Cu−I, 3.41 Å10] and
I−I (2.839 and 3.040 Å; cf. the VDW contact for I−I, 3.96 Å10)
bond lengths. Compared with a monoiodide analogue, Cu-
(TMBP)I, previously reported,11 Cu(TMBP)I3 features a
smaller band gap and greater conductivity, highlighting the
effect of the more polarizable triiodide linker.
Compound 1 was obtained from a hydrothermal reaction of

TMBP, CuI, and a large excess of KI (see the SI). The I2 molecule
was apparently generated from the in situ air oxidation of KI; e.g.,
the reaction mixture was stirred in air for 15 min before being
loaded into the pressure reactor. The resultant black, needlelike
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Figure 1. (a) View of a single sheet in 1 along the c axis (hydrogen atoms
are omitted for clarity). (b) Schematic of the interlacing of two
individual sheets in 1 (with the TMBP and I3

− linkers simplified as
struts). A drawing of TMBP is placed at the lower right.
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crystals are air-stable and insoluble in water and common organic
solvents. Single-crystal X-ray diffraction reveals that 1 features a
2D net (Figure 1a) formulated as Cu(TMBP)I3, which
crystallizes in the space group Pbca, with the asymmetric portion
of the unit cell containing one CuI3 fragment and a TMBP
molecule. The 2D network features a nonplanar, corrugated
shape that allows for two individual sheets to interlace, as is
schematically represented in Figure 1b, with the copper center
simplified as a nod and the TMBP and triiodide linkers as the
struts. The two nets thus interlocked constitute a lamellar
domain, and the lamellae are stacked along the crystallographic c
axis to result in a close-packed structure with typical VDW
contacts across the individual coordination grids.
As shown in Figure 1a, each copper(I) atom is four-

coordinated in a distorted tetrahedral geometry, by two iodine
atoms from two triiodide anions at Cu−I distances of 3.089(9)
and 2.690(1) Å, respectively, and two nitrogen atoms from two
separate TMBP molecules at Cu−N distances of 1.925(7) and
1.912(7) Å, respectively. Whereas the N−Cu−N angle is opened
up to be 144.8°, the I−Cu−I angle (76.3°) is quite small, making
for a distinct end-on I···I contact of 3.584 Å (shorter than the
VDW distance of 3.96 Å10) across the two triiodine ligands
around each copper(I) center. Each TMBP is electroneutral and
bridges two metal centers, and the TMBP molecule features a
dihedral angle of 57° between the pyrazole units. The
combination of copper(I) centers and TMBP molecules forms
zigzag chains extended along the b axis. The neighboring chains
are linked by triiodide anions, resulting in a 2D corrugated
network (Figures 1a and S2 in the SI). The interlinking triiodide
anion is nearly linear (an I1−I2−I3 angle of 176.4°), with some
distortions, as reflected in the bond length of I1−I2 (2.839 Å),
being shorter than I2−I3 (3.039 Å).
To highlight the uniqueness of the interlinking, bridging

character (i.e., across the two copper centers) of the triiodine ion
in compound 1, we present the three usable structures retrieved
from the above-mentioned CCDC search for metal triiodide
complexes. As is shown in Figure 2, the central iodine atom in

QEPPAE features the elongated I−I distances of 3.65 and 3.62 Å
and can be considered rather as an isolated I− ion in weak
contacts with two GeI4 species. On the other hand, the short I−I
distances (2.90−2.92 Å) in TUPSIG01 and XEDCEO indicate
well-defined triiodide (I3

−) character, but these can be
considered as isolated I3

− ions charge-balanced by the very

ionic K+ and Cs+ ions (as in the typical ionic compound of NaI3),
with little orbital overlap in between. In compound 1, by contrast,
the soft and highly polarizable copper(I) centers, together with
the short I−I and Cu−I connections, present a unique case in
which to probe the electronic interaction across the metal centers
as well as throughout the solid state.
The phase purity and thermal stability of 1 were examined by

powder X-ray diffraction (Figure S3) and thermogravimetric
analysis (Figure S4), respectively. To probe the solid-state
electronic properties, the diffuse-reflectance spectrum of a
powder sample of 1 (spectrum c of Figure 3) was measured.

By fitting of the steepest slope on the absorption edge, on the
basis of the Kubelka−Munk function, a band gap (Eg) of 1.28 eV
(917 nm) was obtained for 1. By comparison, a band gap of 2.15
eV (546 nm) was found from the diffuse-reflectance data
(spectrum b of Figure 3) of the recently reported compound
TCuI [composition: (TMBP)CuI], which is a 3D coordination
polymer consisting of CuI chains integrated by the TMBP linkers
(see Figure S5 in the SI for the crystal structure).11 The
significantly smaller electronic band gap in compound 1 is
consistent with the integration of the triiodine anions as highly
polarizable building blocks of the polymer grid. Such a
contribution (toward reducing the band gap) from the triiodine
anions apparently overrides the somewhat elongated Cu−I
distances (2.691 and 3.090 Å) in compound 1 compared with
those of TCuI (i.e., 2.678 and 2.802 Å).
Electrical conductivity measurement on the crystals of 1 also

reveals its semiconductive nature. The needlelike single crystals
of 1 facilitate measurement in the two-probe configuration. Thus,
the sample exhibited a typical ohmic contact, yielding the
conductivity value of 9.38 × 10−4 S m−1 (Figure S6 in the SI). By
comparison, compound TCuI [composition: (TMBP)CuI,
containing no I3

− linkers] is an insulator, exhibiting a
conductivity lower than 10−10 S m−1. The greatly enhanced
conductivity of 1 is consistent with the more polarizable nature of
the I3

− linker, and the consequently smaller electronic band gap,
as seen in Figure 3. Further studies are being pursued on the
electronic properties of compound 1, which include a four-probe
conductivity measurement to exclude the contact resistance and
integration of the needle-shaped crystals into a field-effect
transistor.
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Figure 2. Local bonding features of the three crystal structures
(containing I3

− between metal centers) retrieved from the CCDC
database, together with the local feature of 1.

Figure 3. Room temperature optical absorption spectra for powder
samples of (a) TMBP, (b) TCuI, and (c) 1.
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(d) Gańdara, F.; Uribe-Romo, F. J.; Britt, D. K.; Furukawa, H.; Lei, L.;
Cheng, R.; Duan, X.; O’Keeffe, M.; Yaghi, O. M. Chem.Eur. J. 2012,
18, 10595−10601. (e) Hmadeh, M.; Lu, Z.; Liu, Z.; Gańdara, F.;
Furukawa, H.; Wan, S.; Agustyn, V.; Chang, R.; Liao, L.; Zhou, F.; Perre,
E.; Ozolins, V.; Duan, X.; Dunn, B.; Yamamto, Y.; Terasaki, O.; Yaghi, O.
M. Chem. Mater. 2012, 24, 3511−3513. (f) Narayan, T. C.; Miyakai, T.;
Seki, S.; Dinca,̆ M. J. Am. Chem. Soc. 2012, 134, 12932−12935. (g) Sun,
L.; Miyakai, T.; Seki, S.; Dinca,̆ M. J. Am. Chem. Soc. 2013, 135, 8185−
8188. (h) Kambe, T.; Sakamoto, R.; Hoshiko, K.; Takada, K.; Miyachi,
M.; Ryu, J.-H.; Sasaki, S.; Kim, J.; Nakazato, K.; Takata,M.; Nishihara, H.
J. Am. Chem. Soc. 2013, 135, 2462−2465. (i) Cui, J.; Xu, Z. Chem.
Commun. 2014, 50, 3986−3988. (j) Zhang, Z.; Yoshikawa, H.; Awaga, K.

J. Am. Chem. Soc. 2014, 136, 16112−16115. (k) Sheberla, D.; Sun, L.;
Blood-Forsythe, M. A.; Er, S.; Wade, C. R.; Brozek, C. K.; Aspuru-Guzik,
A.; Dinca, M. J. Am. Chem. Soc. 2014, 136, 8859−8862. (l) Campbell, M.
G.; Sheberla, D.; Liu, S. F.; Swager, T. M.; Dinca, M. Angew. Chem., Int.
Ed. 2015, 54, 4349−4352. (m) Park, S. S.; Hontz, E. R.; Sun, L.;
Hendon, C. H.; Walsh, A.; Van Voorhis, T.; Dinca, M. J. Am. Chem. Soc.
2015, 137, 1774−1777.
(6) (a) Yuan, S.; Lu, W.; Chen, Y.-P.; Zhang, Q.; Liu, T.-F.; Feng, D.;
Wang, X.; Qin, J.; Zhou, H.-C. J. Am. Chem. Soc. 2015, 137, 3177−3180.
(b) Deshmukh, M. S.; Yadav, A.; Pant, R.; Boomishankar, R. Inorg.
Chem. 2015, 54, 1337−1345. (c) Falkowski, J. M.; Sawano, T.; Zhang,
T.; Tsun, G.; Chen, Y.; Lockard, J. V.; Lin, W. J. Am. Chem. Soc. 2014,
136, 5213−5216. (d) Liu, S.-Y.; Qi, X.-L.; Lin, R.-B.; Cheng, X.-N.; Liao,
P.-Q.; Zhang, J.-P.; Chen, X.-M. Adv. Funct. Mater. 2014, 24, 5866−
5872. (e) Cui, J.; Wong, Y.-L.; Zeller, M.; Hunter, A. D.; Xu, Z. Angew.
Chem., Int. Ed. 2014, 53, 14438−14442. (f) Henline, K. M.; Wang, C.;
Pike, R. D.; Ahern, J. C.; Sousa, B.; Patterson, H. H.; Kerr, A. T.; Cahill,
C. L. Cryst. Growth Des. 2014, 14, 1449−1458. (g) Zhang, X.; Liu, W.;
Wei, G. Z.; Banerjee, D.; Hu, Z.; Li, J. J. Am. Chem. Soc. 2014, 136,
14230−14236. (h) Shan, X.-C.; Jiang, F.-L.; Yuan, D.-Q.; Zhang, H.-B.;
Wu, M.-Y.; Chen, L.; Wei, J.; Zhang, S.-Q.; Pan, J.; Hong, M.-C. Chem.
Sci. 2013, 4, 1484−1489. (i) Safko, J. P.; Kuperstock, J. E.; McCullough,
S. M.; Noviello, A. M.; Li, X.; Killarney, J. P.; Murphy, C.; Patterson, H.
H.; Bayse, C. A.; Pike, R. D. Dalton Trans. 2012, 41, 11663−11674.
(j) Peng, R.; Li, M.; Li, D. Coord. Chem. Rev. 2010, 254, 1−18. (k) Lin,
R.-B.; Li, T.-Y.; Zhou, H.-L.; He, C.-T.; Zhang, J.-P.; Chen, X.-M. Chem.
Sci. 2015, 6, 2516−2521. (l) Lee, J. Y.; Lee, S. Y.; Sim, W.; Park, K.-M.;
Kim, J.; Lee, S. S. J. Am. Chem. Soc. 2008, 130, 6902−6903. (m) Kondo,
M.; Yoshitomi, T.; Seki, K.; Matsuzaka, H.; Kitagawa, S. Angew. Chem.,
Int. Ed. Engl. 1997, 36, 1725−1727. (n) Graham, P. M.; Pike, R. D.;
Sabat, M.; Bailey, R. D.; Pennington, W. T. Inorg. Chem. 2000, 39,
5121−5132. (o) Gardner, G. B.; Venkataraman, D.; Moore, J. S.; Lee, S.
Nature 1995, 374, 792−795. (p) Yaghi, O.M.; Li, G. M.; Li, H. L.Nature
1995, 378, 703−706. (q) MacGillivray, L. R.; Subramanian, S.;
Zaworotko, M. J. J. Chem. Soc., Chem. Commun. 1994, 1325−1326.
(r) Hoskins, B. F.; Robson, R. J. Am. Chem. Soc. 1989, 111, 5962−5964.
(7) (a) Mitzi, D. B.; Feild, C. A.; Harrison, W. T. A.; Guloy, A. M.
Nature 1994, 369, 467−469. (b) Mitzi, D. B.; Wang, S.; Feild, C. A.;
Chess, C. A.; Guloy, A. M. Science 1995, 267, 1473−1476. (c) Mitzi, D.
B.; Liang, K. Chem. Mater. 1997, 9, 2990−2995. (d) Kagan, C. R.; Mitzi,
D. B.; Dimitrakopoulos, C. D. Science 1999, 286, 945−947. (e) Xu, Z.;
Mitzi, D. B. Chem. Mater. 2003, 15, 3632−3637.
(8) (a) Tang, Z.; Guloy, A. M. J. Am. Chem. Soc. 1999, 121, 452−453.
(b) Castro-Castro, L. M.; Guloy, A. M. Angew. Chem., Int. Ed. 2003, 42,
2771−2774. (c) Guan, J.; Tang, Z.; Guloy, A. M. Chem. Commun. 2005,
48−50.
(9) (a) Kojima, A.; Teshima, K.; Shirai, Y.; Miyasaka, T. J. Am. Chem.
Soc. 2009, 131, 6050−6051. (b) Green, M. A.; Ho-Baillie, A.; Snaith, H.
J. Nat. Photonics 2014, 8, 506−514. (c) Yan, K.; Long, M.; Zhang, T.;
Wei, Z.; Chen, H.; Yang, S.; Xu, J. J. Am. Chem. Soc. 2015, 137, 4460−
4468. (d) Im, J.-H.; Luo, J.; Franckevicǐus, M.; Pellet, N.; Gao, P.;Moehl,
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