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A series of unprecedented cationic copper(i)—iodide aggregates,
(Cuglp)* ™, (Cugly)* ™ and (Cuyqoly)®™, are trapped in the in situ
formation of anionic-tetrazolate-based coordination polymers,
namely [Cuy(n3-D(ns-Cpta)l, (1), [Cus(ug-T)(pg-Mtta);(CN)I,
(2) and [Cus(pe-D(p2-D(ns-Mtta)s], (3) [Cpta = 5-(3-cyano-
phenyl)tetrazolate, Mtta = S-methyltetrazolate], which exhibit
structure-related green, cyan and blue luminescence, respectively.

In the historical research realm of polynuclear d'® transition
metal complexes,'? the prominent copper(i)—iodide aggregates
have attracted considerable attention, both in experimentalz“”’
and theoretical®® aspects. Recent focus has transferred from
isolated clusters to functional copper(i)—-iodide-based coordi-
nation polymers,”> on the basis that the structural diversity
and photophysical properties of copper(1)-iodide aggregates
can be propagated to coordination polymers via proper brid-
ging ligands. The structural variation in the [(Cu,l,)*™],
species is basically caused by the ligating versatility of the
iodine anion, constructing diverse neutral (x = y), anionic
(x < y) and cationic (x > y) aggregates.” ® In contrast to the
extensively investigated neutral™® and anionic species,® the
structural and luminescent aspects of cationic copper(1)-iodide
aggregates® remain unexplored due to synthetic and calculat-
ing difficulties.

The zinc-catalyzed “‘click’ reaction for synthesizing 5-sub-
stituted 1 H-tetrazoles, coined by Sharpless et al.,” was utilized
in the preparation of functional tetrazolate coordination
polymers, firstly by Xiong ez al..® and lately has been extended
to copper- and silver-catalyzed hydro(solvo)thermal in situ
reactions by our group.’ Herein, we report three copper(i)—
iodide—tetrazolate coordination polymers, namely [Cu,(ps-1)-
(ns-Cpta)], (1), [Cus(pus-D(ps-Mtta)3(CN)], (2) and [Cus(pe-1)-
(1o-I)(py-Mtta)s], (3), which exhibit structure-related green,
cyan and blue fluorescence, respectively.

In appropriate solvothermal conditions, we introduced
cuprous iodide salt to the tetrazole cycloaddition precursors,””?
sodium azide and isophthalonitrile (or acetonitrile), yielding
complexes 1, 2 and 3 (Chart S1 and Scheme S1, ESI).1 The
cuprous iodide in these reactions serves not only as the metal
catalyst for the in situ tetrazole cycloaddition, but also as the
source of the copper(i)-iodide aggregates. X-Ray crystallo-
graphic analyses confirm the in situ formation of the deproto-
nated anionic tetrazolate groups, all of which act as pyu
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1 Electronic supplementary information (ESI) available: Experimental
details, supplemental graphics and crystallographic data. CCDC
680145-680147. See DOI: 10.1039/b803636¢

bridging ligands. Interestingly, in the ““click” reactions form-
ing anionic tetrazolates, we have trapped a series of unusual
cationic copper()-iodide aggregates, (Cugl,)*" (in 1),
(CuglL)*™ (in 2) and (Cu,ol)®™ (in 3), as shown in Fig. 1.
Complex 1 is a 3D coordination polymer constructed from
repeating self-penetrated-macrocycle subunits (Fig. 2). There
are two kinds of tetrahedral copper(i) atoms (Fig. S1, ESI¥),
ligated by the pz-centered iodine atoms, and which construct
the cationic (Cuyl)*" aggregates (Fig. 1 top left, Cu2. --Cu2
2721 A, Cul-N 1.984-2.104 A, Cul-1 2.672 A, Cu2-N
2.053-2.113 A, Cu2-1I 2.627-2.665 A). The Cpta ligand is
generated in situ from the dicyano-precursor isophthalonitrile,
in which only one cyano-group undergoes cycloaddition to
generate the tetrazolate group.’¢'® Two inverse Cpta ligands
are linked through Cul-I-Cu2 linkages to construct the
macrocycle subunit, and two adjacent parallel macrocycles
are connected by sharing a (Cuyl,)* " aggregate, generating a
double-chain ribbon fragment (Fig. 2, left). These ribbons
extend along the a-direction or the [110] direction in an
inclined fashion. Each macrocycle subunit is penetrated by
two others from adjacent inclined ribbons, and two adjacent
inclined macrocycles are connected via two sets of Cul-N
bonds, accomplishing a rare 1D — 3D self-penetrating net-
work (Fig. 2, right)."' Notably, this structure represents an
example of genuine self-penetrating entanglement entirely
sustained by the coordinative bonds of the spacer ligands,'"
unlike those derived from interpenetrated sets of independent
networks that are cross-linked via counterion bridges, auro-
philic metal-to-metal linkages or other weak interactions.''
Complex 2 is a 3D coordination polymer constructed from
fascinating crown-like macrocycle subunits and cyanide lin-

kers (Fig. 3). There exist three crystallographically
cuzA @8 @Hon
\
(lllf- ‘I/“
K
£ ) \‘P (Cugly)*
Fig. 1 A series of cationic copper(1)-iodide aggregates trapped in the

in situ anionic tetrazolate formation. (Cusl,)*" in 1, (Cugl,)* ™ in 2,
(Cuyol)®" in 3 (Cu: green, I: purple).
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Fig. 2 Complex 1: the overall 3D framework (right, Cu: green, I:
purple, N: blue, C: grey, H omitted), showing the self-penetrating rings
highlighted in orange, and the illustrated penetrated macrocycles (left,
in different colours) that are linked together.

independent copper(1) atoms (Fig. S2, ESI¥), two of which are
tetrahedral and construct the cationic (Cugl,)** aggregates
along with py-centered iodine atoms (Fig. 1 bottom left,
Cul---Cul 2982 A, Cu2-N 1.971-2.097 A, Cu2-1 2.951 A,
Cul-N 2.048 A, Cul-12.636-2.718 A), and the other one is a
trigonal copper(i) linking the cyanide group (Cu3---Cu3A
2.856 A, Cu3-N 1.929-2.028 A). The cyanide ligand was
generated in situ via C—C bond cleavage in acetonitrile under
the solvothermal conditions.!> The building subunit is a
16-copper-membered crown-like macrocycle, in which all six
pg-Mtta ligands are linked to copper(i) atoms (Fig. 3 right,
bottom). Adjacent macrocycles along the h-direction are con-
nected by sharing (Cugl)*" aggregates, constructing 1D
double-ribbon fragments. Adjacent 1D fragments parallel
along the a-direction are further connected via Cu2-N bonds
in an ABAB fashion, generating a crossbedded layer fragment
(Fig. 3 right, top). The overall 3D framework is accomplished
by the connections of parallel 2D layers via Cu3—-CN-Cu3
linkages, stabilized by aurophilic-like Cu3---Cu3A interac-
tions (Fig. 3 left).

Complex 3 is a 2D bi-layered coordination polymer contain-
ing novel cationic (Cu;l4)® " building blocks (Fig. 4). All three
types of the tetrahedral copper(1) atoms (Fig. S3%), ligated by
the rare pg-centered and p,-bridged iodine atoms, are observed
in the Z-ribbon-shape (Cuols)°" aggregates (Fig. 1 right,
Cu3---Cu3 2.670 A, Cul-N 1.959-2.009 A, Cul-I 2.922 A,
Cu2-N 1.927 A, Cu2-12.929 A, Cu3-N 2.045-2.079 A, Cu3-1
2.553-2.762 A). Note that there are only two other examples
of high-connected iodine atoms in copper(i)-iodide aggre-
gates, one with e and the other with pg bridging modes.*”"?

Fig. 3 Complex 2: the overall 3D framework (left, Cu: green, I:
purple, N: blue, C: grey, H omitted), and the 2D layer fragment (top
right), showing the crown-like macrocycle subunits (bottom right)
highlighted in red and yellow.

inverse

Fig. 4 Complex 3: the overall 2D bi-layered framework (left, Cu:
green, I: purple, N: blue, C: grey, H omitted) constructed from two
inverse single layers (right).

The 2D bi-layered structure (Fig. 4 left) is constructed from
two inverse parallel single layers (Fig. 4 right) linked via the
Cul-N bonds, and each layer contains one half of the
(Cuyoly)®™ aggregate, which connects six surrounding ps-Mtta
ligands.

It is noteworthy that the observation of this series of
cationic copper(1)-iodide aggregates is unexpected and unpre-
cedented, according to the latest version of the Cambridge
Structural Database (CSD).'* The [Cuyl,] linkage is com-
monly observed but mostly as a part of the neutral cubane-
like Cuyly cluster, whereas the [Cugl,] linkage is sporadically
observed in the construction of certain complicated [Cu,l,]
aggregates,”®!> and the [Cuyol,] linkage has never been ob-
served. The versatile iodine anions, with ps, py or pe bridging
modes, play dominant roles in generating diverse trigonal,
tetrahedral or trigonal prismatic centers, and hence lead to
distinct bond lengths and angles, especially the Cu---Cu
distances (2.721 A in 1, 2.982 A in 2, 2.670 A in 3) in the
different cationic aggregates, respectively. A prominent catio-
nic (Cuasslio)™®" cluster, sustained by highly symmetrical
anionic-polyoxometalate-based frameworks, was recently
communicated.>”

At room temperature, solid-state 1, 2 and 3 show distinct
strong photoluminescence with maxima (Ahax) at 525 nm,
479 nm and 445 nm upon excitation at 393 nm, 355 nm and
338 nm, exhibiting green, cyan and blue emissions, respectively
(Fig. 5). According to previous research and our investigation
on copper(1)—tetrazolate compounds,'*® the emissions of these
complexes are tentatively attributed to a [Cu —
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Fig. 5 Solid-state fluorescent emission spectra of 1 (solid line),
2 (dot line) and 3 (dashed line) at room temperature.
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n*(tetrazolate)] metal-to-ligand charge transfer (MLCT),
probably involved with Cu---Cu [3d — 4s] cluster-centered
(CC) excited states. Although the explanation of luminescence
remains controversial in the current level of science, we have
found some valuable phenomena in this system: (i) the red
shift of the bands in the spectrum of 1 compared to those of 2
and 3, probably because the phenyl group (compared to
methyl group) increases the electron-accepting character of
the ligand, which lowers the excited-state energy level of Cpta,
and hence a smaller energy gap in the MLCT and a higher
wavelength emission occurs; ! (ii) the red shift of the bands
in the spectrum of 2 (with mixed trigonal-tetrahedral copper(1)
atoms) compared to that of 3 (with only tetrahedral copper(1)
atoms) may be due to the higher d* energy level of trigonal
copper(1) compared to that of tetrahedral copper(i), accord-
ingly a smaller energy gap in the MLCT and a higher
wavelength;>**” (iii) there may exist CC excited states because
of the vibronic progression in the spectra and the short
Cu- - -Cu distances in the structures,” but it is still uncertain
in light of Cotton’s work through DFT calculations, which
points out that short Cu- - -Cu separation does not guarantee a
metal-metal bond, and related bonds and angles with the
bridging ligands should be taken into account.!'®?

In conclusion, we have unprecedentedly trapped a series of
cationic copper(i)-iodide aggregates, by taking advantage of
Sharpless’s “click” reaction for the formation of anionic-
tetrazolate-based coordination polymers, which possess struc-
ture-related fluorescent properties. This work is significant not
only for producing a novel type of halogenocuprate aggregate
through utilizing a simple synthetic route, but also for ex-
emplifying the correlation between crystal structures and
luminescent properties in copper(i) compounds. To further
clarify the structure-luminescence relationship, theoretical
calculations, as well as luminescent thermochromism, should
be investigated in the future.

This work is financially supported by the National Natural
Science Foundation of China (Nos. 20571050 and 20771072).
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