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Tuning the architectures and luminescence
properties of Cu() compounds of phenyl and
carboranyl pyrazoles: the impact of 2D versus
3D aromatic moieties in the ligand backbonef
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Mark E. Light,® Clara Vifas, (2)® Francesc Teixidor, (2 Rosario Nufiez, (2 **
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Incorporation of one or two o-carborane moieties at the backbone of the pyrazole ring was achieved
by lithiation and nucleophilic addition onto the corresponding 3,5-dimethyl-1-(2-toluene-p-sulfonylo-
xyethyl)pyrazole. Two monosubstituted carboranyl pyrazoles (L2 and L3) and one disubstituted carboranyl
pyrazole (L4) were synthesized and fully characterized. All new compounds, and the corresponding
monosubstituted phenylderivative (L1) behave as N-type ligands upon coordination with Cul to afford
different polynuclear Cu() compounds 1-4. Compounds 1—-4 were fully characterized and their molecular
structures were determined by X-ray diffraction. It is noteworthy that whereas the pyrazolylphenyl ligand L1,
without o-carborane, provides a 1D coordination polymer (1), ligands containing carborane, L2-L3, affords
0D coordination compounds 2 and 3, and disubstituted carboranyl pyrazole ligand L4 gives rise to a 3D
coordination polymer. The photoluminescence behaviour of compounds 1-4 has been investigated in the
solid state and by TDDFT calculations for molecular compounds 2 and 3. Complex 2 exhibits blue emission
with a maximum at 483 nm and a high fluorescence quantum yield of 66.5%. According to TDDFT calcula-
tions the emission occurs from LUMO to HOMO-1 and HOMO-2 and deexcitation could be described as
cluster-centred excited state of d—s transition in origin. This result contradicts previous studies of scarce
tri-coordinated rhombohedral Cu() clusters, where it was assumed the origin of their emissions is
(X + M)LCT in nature by analogy with tetra-coordinated rhombohedral Cu(l) clusters. Complex 3 exhibits
very weak emission (@ of 5%) in the green region with a maximum at 517 nm, which according to TDDFT is
through a >CC state. Calculations also show that, upon excitation, 3 suffers a notable distortion resulting in
the total cleavage of the Cuyls framework. This cleavage could be the cause of the relatively large Stokes
shift observed for 3. To the best of our knowledge, this is the first time that such behaviour is observed for
this type of octahedral compounds. Additionally, the 1D polymer 1 exhibits weak fluorescence emission in
the orange range with a maximum at 609 nm and a remarkable Stokes shift, whereas the 3D polymer 4
exhibits a similar emission to compound 2, with a moderate quantum yield (®¢ of 13.7%).
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Polynuclear copper(i) halide clusters have been widely investi-
gated over decades due to their intriguing photophysical
properties.’ % Potential applications for these materials
include light-emitting devices (OLEDs),"*™* light-emitting elec-
trochemical cells (LECs),"* solar cells’ and luminescent
sensors.'®'” The interest in this family of compounds does
not only stems from their photoluminescent properties, but
also from the great diversity of structural motifs of the Cu,X,L,
(X = Cl, Br, I) skeleton.”"® Thus, several structural motifs have

i Electronic supplementary information (ESI) available. CCDC 2048361 and
2050921-2050924. For ESI and crystallographic data in CIF or other electronic
format see DOI: 10.1039/d1tc01395e

This journal is © The Royal Society of Chemistry 2021

been reported, ranging from 0D (coordination compounds) to
1-3D aggregates (coordination polymers).*'*'® For instance,
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Chart 1 Schematic representation of selected Cul aggregates in copperf(i)
coordination compounds and polymers.

Cu,X, rhomboid dimer or the Cu,X, cubane and stepped-
cubane are among the most common 0D structural motifs,*"®
while octahedral Cu,X, motifs are less common™ (Chart 1).
Regarding higher dimension aggregates, typical structural
motifs include single-, double-, looped-, helical-chains, rib-
bons, columns, etc.*®182°

These different nuclear multiplicities and aggregate dimen-
sionalities are not only intriguing per se, but are also interesting
because their structural parameters greatly affect the photo-
physical properties of the resulting compounds. For instance, in
cubane-like clusters a dual emission is observed arising from two
different excited states. An halide-to-ligand charge transfer
(*XLCT, sometimes mixed with metal-to-ligand charge transfer,
*MLCT) gives rise to a high energy (HE) emission (ca. 450 nm)
while Cugl, cluster-centred (*CC) excited state yields a low energy
(LE) emission (ca. 600 nm), which is related to the Cu-Cu
distances.”" In fact, this relationship between Cu-Cu distance
and the LE emission gives raise to one of the most interesting
properties of cubane compounds: thermochromism.>* However,
this LE emission can be quenched using rigid ligands that prevent
cluster relaxation, thus “blocking” this emission,* or fine-tuned
using different heterocyclic donors.>* In contrast, stair-step clus-
ters only show HE emission, due to having longer Cu-Cu
distances.”® Regarding octahedral compounds, reports including
photophysical studies are much scarcer, with fewer than a dozen
papers published on the subject.'®****! This can be attributed
to the fact that octahedral cores are energetically unfavourable
compared to the cubane cores, as demonstrated by theoretical
calculations.”® Optical properties of these octahedral compounds
have also been studied and various reports suggest that the
rigidity and steric demands of the ligands seems to play a more
significant role in the photophysical properties than in the cubane
type clusters.”

With regards to the ligands employed in the above mentioned
polynuclear Cu(i) halides, nitrogen- (N-), sulfur- (S-) and phosphorus-
(P-ligands) containing ligands are commonly found.*>'*** Struc-
tures with N-ligands (either monodentate or multidentate) are by far
more common and show intriguing luminescent properties.”>**
Reported examples on octahedral motifs include bidentate ligands
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bearing small angles (e.g.,
N*N"), with only one example based on a monodentate
N-heterocyclic carbene ligand.*® Within the family of polynuclear
Cu(1) compounds containing N-ligands, pyrazoles are significantly
less studied than the overwhelming family of pyridines.** Further-
more, pyrazole ligands employed in such polynuclear Cu(i)
compounds are deprotonated (pyrazolate ligands) or neutral
pyrazolyl-pyridine/pyrimidine combinations.****** To our knowl-
edge, there is only one report on a neutral monodentate only-
pyrazole (not having other nitrogenated substituents) based Cu(i)
complex.”®> There are however some more reports on neutral poly-
pyrazolyl ligands, leading to a wide variety of coordination
polymers.**™*°

As part of our on-going research on pyrazole and
carborane®® ® based ligands for functional metal compounds,
we were interested in exploring the impact of adding the
icosahedral carborane clusters to the pyrazole fragment on
the coordination to Cu(r) ions and the corresponding lumines-
cence properties. Icosahedral carboranes 1,n-C,B;Hy, (7 = 2,
7 or 12) are a class of commercially available and exceptionally
stable 3D-aromatic boron-rich clusters that possess material-
favourable properties such as thermal and chemical stability
and high hydrophobicity.®*®® Neutral carboranes are remark-
ably robust boron clusters with two carbon atoms and possess
26 electrons for 12 vertices. The delocalized electron density is
not uniform through the cage, giving rise to extraordinary
differences in the electronic effects of the cluster.” This
unusual electronic structure is often highlighted by regarding
carboranes as inorganic three-dimensional ‘‘aromatic” analo-
gues of arenes.®®®® The average size of the o-carborane (148 A®)
is comparable to that of adamantane (136 A%) and is signifi-
cantly larger (40%) than the phenyl ring rotation envelope
(102 A®).”® Regarding the electronic effect, o-carborane behaves
as a strong electron-withdrawing group (similar to fluorinated
aryl) on a substituent at one of the cluster carbons.”®”* Thus,
introduction of the carborane moiety into a ligand backbone is
expected to exert a weaker metal-heteroatom interaction with
respect to the related phenyl derivative.®”*”> In addition, and
different from classical rigid flat aromatic ligands, spherical-
based linkers have access to extensive conformational space by
a combination of low-energy torsion of the substituents
(e.g., aliphatic) and by the spherical core of the linker.”® Thus,
for example, a spherical ligand shape such as carborane could
prevent the formation of intermolecular n-n staking interac-
tions while favouring the weak dihydrogen bond interac-
tions.””””® Furthermore, a remarkable influence of the
carboranes on the photophysical properties of luminescence
materials has also been demonstrated.”®®® When o-carborane
is linked to an aryl donor group, an intramolecular charge
transfer (ICT) process occurs from the donor moiety to
the acceptor cluster, which is influenced by the Cciyster—Celuster
(C.~C.) bond vibration,®" usually producing a quenching of the
fluorescence in solution. Moreover, these systems exhibit
aggregation-induced emission (AIE) in aggregate and solid
states, due to a restriction of the molecular motion, which
produces an important increase of the emission quantum
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Scheme 1 Representation of pyrazole ligands L1-L4 and their Cu()
compounds 1-4.

yield.®*”® It is also noteworthy that the design of carborane-C,-
containing fluorophores whose fluorescence quantum yield in
solution can be tailored by the cluster isomer (ortho- or meta-
carborane) and the substituent at the C. atom. Some of these
systems show moderate to good fluorescence emission effi-
ciency in solution and solid state, giving rise to fluorescent
materials in both states.®*™"

Table 1 Crystal and structure refinement data for L3 and compounds 1-4
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Herein we report the synthesis of three new pyrazolyl-
carborane derivatives and their Cu(1) compounds. We also report
a new Cu(1) derivative of a commercially available N-substituted
phenyl pyrazole ligand (L1) that was taken for comparison
between 2D and 3D aromatic groups (Scheme 1). We present
the synthesis, structural characterization, and photophysical prop-
erties in solid state for all compounds. Additionally, photophysical
properties for the molecular coordination compounds have been
analysed by TDDFT calculations.

Results and discussion
Synthesis and characterization

Three new N-substituted carboranyl pyrazole ligands, derived
from o-carborane, L2-L4 (Scheme 1), were prepared by the
reaction of lithiated o-carborane with the corresponding 3,5-
dimethyl-1-(2-toluene-p-sulfonyloxyethyl)pyrazole at low tem-
perature (see ESIT for details). All carboranyl pyrazole ligands
were fully characterized by standard spectroscopic and analy-
tical techniques (ESI,T Fig. S1-S16) and the structure of L3 has
been solved by single crystal X-ray diffraction (SCXRD; Fig. S17,
ESIT). Reactions of the phenyl pyrazole ligand L1 or the
carboranyl pyrazole ligands (L2-L4) with anhydrous Cul in
dry acetonitrile under nitrogen provided crystalline compounds
1-4 in good yields (Scheme 1). FTIR-ATR spectra showed the
characteristic signals in the region from 1556 to 650 cm™ " that
belong to vibrations of the pyrazole ring (Pz) and of the
N-substituted pyrazole derivatives.”>”®* Carborane based com-
pounds 2-4 show the characteristic broad B-H stretching
bands from the carborane (in the range 2572-2563 cm '
Fig. S18-S21, ESIt). Crystal structures of these Cu(1) compounds
were determined by SCXRD (vide infra), and their simulated

Compound L3 1 2 3 4

Empirical C10H24B10N> C13H;6CulN, C18H44B20Cu 1Ny C20H4sB20Cuz 1Ny C34He7B20Cu4l4Ng
formula

Formula 280.41 390.72 913.65 941.70 1579.92
weight

Crystal system Monoclinic Monoclinic Triclinic Triclinic Monoclinic
Space group P2,/c P24/c P1 P1 P2,/c

CCDC 2048361 2050921 2050922 2050923 2050924

Unit cell dimensions

a(A 10.8644(2) 4.2749(3) 10.361(2) 12.0222(8) 13.3779(13)
b(A 20.6842(3) 19.9244(15) 12.195(2) 12.9633(8) 19.272(2)

N 7.79360(10) 16.0826(11) 15.412(3) 14.3391(9) 23.825(2)

o« (9) 98.412(6) 72.561(2) 90.0

B 106.795(2) 97.106(2) 91.117(6) 78.697(2) 9.679(2)

7 () 96.772(6) 64.922(2)

Vv (A% 1676.68(5) 1359.31(17) 1911.6(6) 1924.9(2) 6055.0(10)

VA 4 4 2 2 4

F(OOO) 592 760 888 920 3048

0 (range) 3.107-29.515° 1.678-25.718° 1.981-27.522° 2.555-27.28° 2.285-27.522°
Max./min. 1.000/0.6042 0.4920/0.2737 0.7456/0.4209 0.0285/0.0064 0.7456/0.3935
transmission

Ind refln (Rin) 4322(1) 2381 (0.0937) 8766 (0.0594) 6686 (0.0917) 13904 (0.1346)
Final R indices R, = 0.0703, R, = 0.0451, R, = 0.0408, WR, = R, = 0.0541, WR, = R, = 0.0509, WR, =
[I > ZG(I)] WR, = 0.2152 WR; = 0.1262 0.0774 0.1341 0.1006

This journal is © The Royal Society of Chemistry 2021
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PXRD patterns were compared with their experimental ones,
confirming their phase purity (Fig. S22-S24, ESIT). As shown in
Scheme 1, compounds 1 and 4 are insoluble coordination
polymers, while compounds 2 and 3 are molecular coordina-
tion compounds and therefore soluble in most organic sol-
vents. All spectroscopic and analytical data is consistent with
the solid-state structures determined by single crystal X-ray
diffraction methods (vide infra and Fig. S25-S32, ESI{)

Crystal structures

Suitable crystals for SCXRD were obtained for all compounds
(Table 1). Coordination polymers 1 and 4 crystallized in the
monoclinic P2,/c space group, while molecular compounds 2
and 3 crystallized in the triclinic P1 space group (Fig. 1-3).
[Cu(L1)I],, (1). Single crystal analysis of 1 revealed this
compound to be a 1D coordination polymer (Fig. 1). 1 forms
a 1D zigzag network with each iodine atom bridging two Cu()
atoms. Each Cu centre is surrounded by a nitrogen atom of the
pyrazole ligand and two iodine bridges (Fig. 1a). Thus, the Cu
atoms are three-coordinated, giving a trigonal-planar coordina-
tion geometry, with an I-Cu-I angle of 113.8°. Selected bond
lengths and angles are listed in Table S1 (ESIt). The geometric
parameters for this coordination polymer agree with the values
found in other Cu(r)-iodine structures.”® Cu---Cu and I.-I
distances in the 1D zigzag network are rather long (4.2749(8)
and 4.2749(5) A, respectively) to be considered metallophilic
interactions. The closest pyrazole-pyrazole and phenyl-phenyl
rings within 1 are oriented in a head-to-head fashion with ring
centroid to centroid distances of 4.275 A, all consistent with the
presence of n-7 stacking interactions (Fig. 1b). The 1D chains
are interacting with one another through intermolecular
Cp,~H: - -mtpy, interactions (H:--C 2.833 A, C-H---C 148.9°; see
dotted blue lines in Fig. 1c), providing corrugated 2D sheets

a) b)

c)

Fig. 1 Crystal structure of 1: (a) view of the coordination environment of
the Cu() centers. (b) Fragment of the 1D network of 1 showing the n—=n
interactions. (c) View of the 3D structure. H atoms have been omitted for

clarity in (a) and (b). Intermolecular contacts are shown as dotted blue
lines. Color codes: H pale grey; C grey; N blue; | violet; Cu yellow.

2D

7646 | J Mater. Chem. C, 2021, 9, 7643-7657

View Article Online

Journal of Materials Chemistry C

parallel to the ab plane (Fig. 1c). Stacking of the sheets along
the ¢ axis gives rise to the 3D packing of 1 (Fig. 1c). The 2D
sheets interact with one another through intermolecular
Cpn—H-- I contacts (H--I 3.18 A, C-H.-I 139.2°; see dotted
blue lines in Fig. 1c).

[Cu(L2)I], (2) and [Cu(L3)I]4 (3). Cu(1)) compounds formed
from carborane based pyrazole ligands L2 and L3 provide
molecular compounds 2 and 3, respectively (Scheme 1). This
contrast with the non carborane 2D aromatic ligand L1, which
formed the coordination polymer 1. Single crystal analysis of 2
revealed a dinuclear complex with the chemical composition
[CuL21],. Fig. 2a shows a rhombohedric shaped Cu,I, core
featuring very short Cu- - -Cu distances. There are two indepen-
dent molecules in the unit cell with slightly different Cu---Cu
distances, 2.4728(8) and 2.5158(9) A. Each trigonal-planar Cu
atom of 2 is bonded to the carboranyl pyrazole ligands through
the pyrazole N atom. Selected bond lengths and angles are
listed in Table S1 (ESIt). The geometric parameters for this
complex agree with the values found in other Cu(1)-iodine
structures.”® The Cu,l, unit lies on an inversion center that is
located in the middle of the motif. Consequently, the carbor-
anyl pyrazole ligands lie on opposite sides of the plane contain-
ing the Cu,I, units. Within each molecule, the pyrazole rings’
planes are nearly perpendicular to that of the Cu,l, plane
(84.54°). The 3D structure of 2 is formed by self-assembly
of molecules by intermolecular C-H---N interactions
(H---N 2.717 A, C-H---N 145.4% see dotted blue lines in
Fig. 2b) between the carborane C-H atoms and a one of the
pyrazole nitrogen atoms (Fig. 2b).

The structure of 3 consists of a tetranuclear complex con-
taining a Cuyl, cluster and four molecules of ligand (Fig. 2c).
Compound 3 represents a novel example of the rare octahedral
clusters (Chart 1)."° The four Cu(i) atoms are arranged in a
rectangular array with two significantly different Cu---Cu dis-
tances [2.5917(8) and 2.9289(7) A]. The L3 and iodide ligands

" et
84~ §

Fig. 2 Molecular structures of 2 (a) and 3 (c) and two perspective views of
the packing of four molecules (b) and (d). H atoms have been omitted for
clarity. Intermolecular contacts are shown as dotted blue lines. Color
codes: B orange; C grey; N blue; | violet; Cu yellow.

This journal is © The Royal Society of Chemistry 2021
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bridge each edge of the Cu, plane to form a Cuy(L3),L, core.
The Cu, plane is further p,-capped by two iodine atoms
providing a distorted octahedron (Fig. 2c). The Cu-I bond
lengths in p,-bridging Cu-1 lengths vary from 2.6985 to
3.1044 A, which are significantly longer than the ones bridging
the edges of the Cu, plane (2.5662 and 2.6475 A). The carbor-
anyl pyrazole ligands coordinate to the four Cu(i)) atoms
through the ligand’s pyrazole N atom (Fig. 2c). Cu-N distances
vary from 1.985(4) to 1.990(4) A. Selected bond lengths and
angles are listed in Table S2 (ESIt). The geometric parameters
have been compared with other reported examples. There are
only fifteen entries in the CSD® for eleven such type of
octahedral cluster compounds and all of them bear two biden-
tate (neutral PAN>**1%%%7 or anionic N*N'®) ligands. Thus,
complex 3 represents the first example of such a family having
monosubstituted neutral N-donor ligands. The 3D structure in
this case is formed by self-assembly of molecules by weak
intermolecular C-H--I (H---I 3.019 A, C-H---I 161.7°) and
C-H---H-B (H---H 2.448 A, C-H---H 130.5°, B-H---H 110.4°)
contacts (Fig. 2d and Fig. S33, ESIY).

[Cuy(L4),1,4], (4). Single crystal analysis of 4 reveals this
compound as a 3D coordination polymer (Fig. 3). Each carbor-
anyl bis-pyrazole ligand coordinates to two different Cu,l,
clusters, namely, a rhombohedric shaped [Cu,l,] cluster and
a stepped cubane [Cuyl,] cluster. The rhombohedric shaped
Cu,l, core is similar to that present in complex 2 and features a
quite short Cu- - -Cu distance of 2.588(1) A. Each trigonal-planar
Cu(r) atom in this Cu,l, core is bonded to two different
carboranyl bis-pyrazole ligands through the pyrazole N atom.
The stepped cubane [Cu,l,] cluster can be seen as the deforma-
tion of the normal cubane-like [Cuyl,] cluster by the cleavage of
two trans-Cu-1 bonds located in the same face of the cubane
and bending the free rhombohedra to fulfil the chair conforma-
tion. The Cu3- - -Cu4 distance is 2.637(1) A, which is quite short
implying strong metal---metal bonding interactions. Each
stepped cubane core is bonded to four different carboranyl
bis-pyrazole ligands through the pyrazole N atom. Selected
bond lengths and angles are listed in Table S3 (ESIT). Although
these two types of Cu,l, clusters have been reported,'® com-
pound 4 represents the first example where both types are

Fig. 3 Fragment of the 3D structure of 4 showing rhombohedric [Cusl,]
(green) and stepped cubane [Cuyly] (red) clusters. H atoms have been
omitted for clarity. Color codes: B orange; C grey; N blue; | violet; Cu
yellow.

This journal is © The Royal Society of Chemistry 2021
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combined in a coordination polymer. The carboranyl pyrazole
ligand L4 adopts two different conformations that alternate
along the 3D structure (Fig. S34, ESIt).

It is noteworthy that whilst the pyrazolylphenyl ligand (L1,
Scheme 1) provides a Cu(i) coordination polymer, the corres-
ponding ligands with carborane in place of phenyl (L2-L3,
Scheme 1) provide 0D metal compounds (Scheme 1 and
Fig. 1, 2). The n-n interactions observed between the pyrazole
and phenyl rings of L1 in compound 1 indicate that most
probably such interactions occur in solution and during the
reaction with Cul to provide the observed single chain coordi-
nation polymer 1. Such n-r interactions are not possible when
the phenyl ring is replaced by the carborane fragments and this
obviously prevents the formation of coordination polymers.
The latter can only be obtained by employing the disubstituted
carboranyl pyrazole ligand L4 (Scheme 1 and Fig. 3).

Luminescence properties in the solid state

Compounds 1-4 are white crystalline solids under ambient
light. The absorption spectra of 1-4 were measured in solid-
state at room temperature (Fig. S35, ESIt). Polymer 1 shows
three absorption bands at high energies (224, 269, 290 nm) and
a shoulder at lower energy (369 nm). Complex 2 exhibits a
maximum of absorption at 363 nm. The tetranuclear complex 3
shows three absorption regions, the first one at high energy in
the range from 200 nm to 320 nm with a maximum at 306 nm, a
second region in the range 320-410 nm and a the third one at
lower energy from 410 tailing to 600 nm. Polymer 4 exhibits a
very broad absorption band composed of two different regions,
the high energy region from 210 nm to 320 nm with two
maxima at 257 and 289 nm and a low energy region from
320 nm tailing to 600 nm. This broad absorption band of 4
seems to correspond to the combined absorption spectra for 2
and 3 (Fig. S35, ESIT). Absorption bands at higher energies have
been associated with pyrazole ligand-centred m — m* transi-
tions, and they correlate nicely with the UV-vis spectra of the
free ligands (Fig. S16, ESIt). On the other hand, lower energy
absorptions have been attributed to (X+M)LCT transfers.’® In
order to further investigate the UV-vis spectra, theoretical
calculations were performed for discrete coordination com-
pounds 2 and 3 (vide infra).

The normalised solid-state excitation and emission spectra
for the four compounds are shown in Fig. 4. The emissive
excited states observed in Cu(1)-halide compounds are known
to originate from a variety of sources, such as halide-to-ligand
charge transfer (XLCT),"*® metal-to-ligand charge transfer
(MLCT),"*® intra-ligand charge transfer (ILCT),'”° and, for
Cu(1)-cluster compounds, a cluster-centred excited state of d—s
character (CC).”° As such, their photophysical properties bear a
strong intrinsic relationship with their structural features.

The crystalline solid of polymer 1 exhibits dual emission in
the blue (460 nm, HE) and orange (609 nm, LE) regions of the
visible spectra upon excitation at 283 nm, with low absolute
quantum yield (@g) of 4% (Table 2). The emission spectrum of 1
is broad and unstructured, which according to the literature on
Cu(1) compounds is typical of charge-transfer (CT) emissions.**
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Fig. 4 Excitation (dashed lines) and emission (solid lines) spectra for
compounds 1-4 in the solid state at 298 K.

Table 2 Photophysical data for compounds 1-4

UV-vis maximum Excitation Emission P
Compound absorbance (nm) (Amax, NM) (Amax DM) (%)
1 290 283 460, 609 3.8
2 363 340 483 66.5
3 306 318 517 4.9
4 349 336 467 13.7

Contrary to Cu(1)-iodide rhomboid dimers or tetramers, photo-
physical studies of single-stranded Cu(i)-iodide polymers are
scarce. The first one was reported by Cariati et al. in 2002,*> and
since, only few others have been reported.*®*%'°>'% Ag the
Cu-Cu bond length is the primary factor governing CC excited
states in Cu(r) clusters,® their long distances in 1 (4.275 A,
Table S4, ESIt), being larger than the sum of their van der
Waals radii (2.8 A), seem to preclude them as the source of its
emission. Thus, according to the few reports on similar single-
stranded Cu(i) polymers, the HE emission is attributed to a
mixture of *XLCT and *MLCT,****'°? whereas LE emission to
*XMCT.'* Note that there are only two cases of double emis-
sion in single-stranded Cu(i) polymers, both reported by
Cariati.> Although similar results have been reported for
double-stranded or grid-like Cu(1) polymers,'®>'% direct extra-
polation should be avoided, as the latter can possess *CC
based-emission'**'°” and they show completely different struc-
tures. The remarkable Stokes shift for polymer 1 is striking in
comparison with the other three compounds (Table 2). Such
large shifts have been explained in 2D grid-like [CuBr(pyz)],
(pyz = pyrazine) and [CuBr(quinz)], (quinz = quinazoline)
compounds by a HOMO (based on a mix of halide 4p and
metal 3d orbitals) to an antibonding LUMO (ligand based)
charge transfer (X + M)LCT).'®® Charge transfer to an anti-
bonding LUMO should cause a geometrical change in the
bonds, resulting in a large Stokes shift. This fact is also
consistent with the low measured quantum efficiency value
for 1.

Molecular compounds 2-3 emit at high energies, in the
pblue-to-yellow region (450-520 nm) of the visible spectrum
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(Fig. 4 and Table 2). A crystalline powder of complex 2 exhibits
an outstanding blue emission compared to other analogues,'®*
with a maximum at 483 nm upon excitation at 340 nm, and an
absolute quantum yield (®g) of 66.5%. The emission spectrum
is also broad and unstructured, consistent with charge-transfer
emissions.'” Among the reported Cu(i) rhomboid dimers, the
majority corresponds to four coordinated Cu(i)-dimers, with
only ca. 20% of the structures being three-coordinated Cu(i)
compounds (such as in 2)."**'"* Thus, photophysical proper-
ties of the tetra-coordinated Cu-dimers have been extensively
studied; in particular the rhomboid dimers containing
bidentate Npyriqine,P-heteroleptic ligands have been extensively
studied by Brise’s group.”'*?*'%*2 Their analyses have
revealed that HOMO orbitals are mainly centred in the Cu,X,
framework and LUMO orbitals in the pyridine ligand. Thus,
their emission stems mainly from (X + M)LCT, and can be
tuned by slightly modifying the pyridine ligands.">**'°%'> Ag
mentioned above, dimeric Cu() compounds with tri-
coordinated metal centres, such as 2, are much less studied
than the corresponding tetra-coordinated compounds. Thus,
the few reports in tri-coordinated compounds assume a similar
origin for their emission than the tetra-coordinated one."** "'
We therefore decided to perform TDDFT calculations in order
to verify or refute this hypothesis (vide infra). To the best of our
knowledge, ours is the first report of photophysical studies of
N-donor tri-coordinated Cu(1) rhomboid dimer compounds
supported by TDDFT calculations.

The crystalline solid of complex 3 shows a very broad
emission band with a maximum at 517 nm upon excitation at
318 nm at room temperature with an absolute @y of around 5%
(Fig. 4 and Table 2). The latter is significantly lower than those
reported for a number of homologous compounds.*®*® For
some reported octahedral Cuyl, compounds, dual emission
has been observed, that is a LE emission (550-600 nm) dom-
inating at room temperature and a HE emission (400-500 nm)
dominating at lower temperatures.>****! By analogy with the
better studied Cu,I,L, (x = 2-4) cubane clusters, these have
been attributed to *CC transitions and *XLCT transitions
respectively.>>*>**° However, recent studies have shown that
other octahedral clusters display single LE or HE emission
bands which are largely temperature independent,''®'"” a
phenomenon known as rigidochromism, while others display
only a single emission in the region of 500-560 nm, halfway
between LE and HE emission.”®*® Complex 3 seems to fall
under this behaviour, as no dual emission is observed. This
disparity in the results of photophysical studies for octahedral
clusters show that a universally accepted process for rationaliz-
ing its photoluminescent behaviour has yet to been achieved.
Therefore, we have performed the TD-DFT calculations for 3
(vide infra).

The crystalline solid of multinuclear coordination polymer 4
exhibits blue emission with a maximum at 467 nm upon
excitation at 336 nm and an absolute quantum yield of 13.7%
(Fig. 4 and Table 2). It is noteworthy that both the emission and
excitation spectra of 4 are similar to those of complex 2 (Cu,l,
units). In one of the few Cu(1) compounds containing different

This journal is © The Royal Society of Chemistry 2021
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metal clusters, it was observed that its photoluminescent
behaviour was a combination of that of its constituent
parts.** Thus, assuming a similar behaviour for 4, it seems
that the emission originating in the Cu,l, unit dominates over
that originating in the open cubane Cu,l, unit. This fact is also
consistent with the high @ observed for 2, compared to the low
@y observed for the tetranuclear cluster in 3. Thus, we assume
the emission for both 4 and 2 originate in the dimeric units. On
this basis, the TDDFT calculations performed for 2 also help
shed some light on the photophysical results obtained for 4
(vide infra).

In order to analyze and fully understand the photophysical
properties of the molecular systems, time-dependent density
functional theory (TDDFT) calculations (see Computational
details section) were performed using Gaussian16 program,'®
with the B3LYP functional''®**° using the Def2TZV basis set.
Complex 2, containing a rhombohedral shape Cu,l, core, has
absorption and excitation peaks at 363 and 340 nm, respectively
(Table 2). The calculated TDDFT values at B3LYP level show the
first non-zero extinction coefficient (second excitation) at 321
and 335 nm, respectively for the optimized and experimental
structures. The orbitals involved in such processes are repre-
sented in the top of Fig. 5. The excitation is from the HOMO to
the LUMO+1, and it can be described as a (X + M)LCT transfer
from the Cu,l, framework to the ligand, much in the same
manner as the tetracoordinated rhomboid dimers studied by
Briise’s group.'??**'%%"> previously, it has been reported that
the deexcitation in these kinds of systems are through triplet
states with long excited state lifetimes."®* The theoretical
analysis of the emission spectra was done by optimizing the
structure of the wavefunction corresponding to the triplet state
(see Experimental section for details). The structure of the
triplet excited state from 2 is very distorted with non-bridging
iodide ligands (see Fig. 5), as already reported for other Cu,l,
systems.'®* The Cu---Cu distance was found to be 2.346 and
2.593 A in the optimized triplet excited and singlet ground
state, respectively, and 2.516 A in the experimental structure.
The results indicate that the emission is from the LUMO orbital
to HOMO—-1 and HOMO-2 (see Fig. 5 bottom). There are
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triplet excitations (542, 498 and 487 nm) that are close to the
experimental emission peak (483 nm). The analysis of the
orbitals involved in such deexcitation transitions reveals that
they basically occur among the Cu,l, orbitals. The LUMO is
mainly a combination of 4s copper orbitals while HOMO—1
and HOMO-2 correspond to bonding d-d orbitals (for d,._.
and d,. pairs) of copper mixed with large contributions of p
orbitals of the iodine atoms. Thus, such deexcitation transi-
tions could be described as cluster-centred excited state of d-s
transition in origin, therefore contradicting the previous
reports that hypothesized that they were (X + M)LCT in
origin."*™> A similar result was observed for an adduct
containing Cu,l, and Cus-pyrazolate clusters.'* Those results
suggest that tetra-coordinated and tri-coordinated Cu,l, clus-
ters follow different emission behaviour.

In the case of complex 3, there are four calculated excita-
tions that have non-zero extinction coefficients in the same
region as the experimental results. They correspond to transi-
tions between a mixture of the three last occupied orbitals
(HOMO, HOMO—-1 and HOMO-2, Fig. 6 top) with large con-
tribution of iodine and copper atoms to the first empty orbitals
(LUMO, LUMO+1, LUMO+2 and LUMO+3, Fig. 6 bottom), which
are mainly ligand-based. The calculated excitation values are
310, 305, 301, 295 nm for the experimental structure (second,
third, sixth and seventh excitations) while for the optimized
structure are 318, 312, 305 and 298 nm (first, third, fifth and
seventh excitations). Such values are in good agreement with
the experimental absorption and excitation peaks of 306 and
318 nm, respectively. The nature of such excitation is clearly a
(X + M)LCT transfer from the Cu,l, framework.

One of the most appealing features of the photophysical
properties of 3 is the very large Stokes shift with an emission at
517 nm (Table 2). In order to analyse the origin of such a large
shift in the emission, we have optimized the structure of the
excited states of this molecule. The optimization of such state
leads to a huge change in the structure of the Cu,l, framework
(see Fig. 7). As we have previously seen for 2, the structure is
considerably distorted, especially the central Cu,l, framework.
One of the Cu,l, units adopts a similar structure to that of the

LUMO+1

HOMO-1 LUMO

Fig. 5 Top: Ground state structure and calculated orbitals at B3LYP level involved in the absorption process for 2. Bottom: Optimized structure of triplet
state involved in the deexcitation process and the orbitals of the singlet state with such optimized structure.

This journal is © The Royal Society of Chemistry 2021
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LUMO LUMO+1

LUMO+2 LUMO+3

Fig. 6 Optimized structure and calculated orbitals at B3LYP level involved in the absorption process that corresponds to transition between a mixture of
the three last occupied orbitals to the first empty orbitals for complex 3. See the text for details.

HOMO-1

Fig. 7 Optimized structure of triplet state of 3 involved in the deexcitation process and the orbitals of the singlet state with such optimized structure. See

the text for details.

triplet state of complex 2 with a short Cu-Cu distance (2.363 A)
and with terminal iodide ligands (see Fig. 5 and 7). The second
Cu,l, moiety has the bridging iodide ligands and a relatively
long Cu- - -Cu distance (2.655 A). The calculation of the vertical
excitations using TDDFT of the singlet ground state for such
triplet optimized structure gives triplet deexcitation transitions
at 538 and 531 nm in good agreement with the experimental
emission band at 517 nm. The analysis of the orbitals involved
indicates a deexcitation from the LUMO orbital (Fig. 7) mainly
localized in the Cu,l, moiety with short Cu---Cu distance to
orbitals delocalized in the whole Cu,l, framework (HOMO and
HOMO-1, Fig. 7). Thus, as for 2, the deexcitation process can
be described as a *CC process.

Conclusions

In summary, we have synthesized and fully characterized two
monosubstituted carboranyl pyrazole ligands (L2 and L3) and
one disubstituted carboranyl pyrazole ligand (L4) by lithiation

7650 | J Mater. Chem. C, 2021, 9, 7643-7657

and nucleophilic addition onto the corresponding 3,5-dime-
thyl-1-(2-toluene-p-sulfonyloxyethyl)pyrazole. All new ligands,
and the corresponding monosubstituted phenyl derivative
(L1) behave as N-type ligands upon coordination with Cul to
afford a series of polymeric ([Cu(L1)I], (1) and [Cu,(L4),1,], (4))
or molecular ([Cu(L2)I], (2) and [Cu(L3)I], (3)) Cu(i) structures.
Whereas 1, having a phenyl-based pyrazole, forms a coordina-
tion polymer, 2 and 3, both possessing a carboranyl-based
pyrazole ligand, form molecular compounds. Lastly, the use
of bidentate L4, results in the formation of another coordina-
tion polymer 4. 3 represents a novel example of the rare
octahedral clusters, and the first one bearing a neutral mono-
dentate ligand. 4 represents the first example where both
dimeric and stepped cubane clusters are combined in a single
coordination polymer.

Absorption and emission properties of 1-4 have been stu-
died in the solid state. Their emission covers a remarkable
range of the visible spectrum, from the blue to the orange
(460-609 nm). Noticeably, complex 2 exhibits an outstanding
fluorescence efficiency of 66.5%, which is higher than that

This journal is © The Royal Society of Chemistry 2021
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observed for reported analogues without the carborane units.
TDDFT calculations performed for 2 and 3 allowed us to gain
insight in the origin of their emission. For 2, they confirm that
the emission origin is a cluster-centred excited state of d-s
transition. This result is remarkable, as, to date, the origin of
the emission in similar dimers has been assumed to be
(X + M)LCT in nature. Regarding compound 3, TDDFT calcula-
tions indicate that the emission is through a *CC state. Calcula-
tions also show that, upon excitation, 3 suffers a notable
distortion resulting in the total cleavage of the Cu,l, frame-
work. To the best of our knowledge, this is the first time that
such behaviour is observed for this type of octahedral com-
pounds. These results depart from the classical assumption
that octahedral Cu,l, clusters behave as cubane clusters, high-
lighting that more effort is required to rationalise their
emission.

We demonstrate that it is possible to tune the molecular
structure and luminescence properties of these Cu(i) com-
pounds by changing a phenyl ring (2D) by a carborane cluster
(3D), which also allows introducing substituents at the cage.
Herein, we report new understanding on some significant
luminescence aspects for a rare type of Cu(1) complex for the
first time and explore the relationship between the structural
features and their luminescent behaviour, a knowledge that is
key in the rational design of photoluminescent materials.

Experimental section
Materials and methods

All synthetic procedures were performed under dinitrogen
atmosphere using standard Schlenk techniques unless other-
wise noted. Tetrahydrofuran (THF) was purchased from Carlo
Erba Reagents S.A. and distilled from Na/benzophenone prior
to use. Commercial grade acetonitrile (CH;CN) was purchased
from Merck and dried using 3 A activated molecular sieves
under dinitrogen atmosphere for 48 h. Spectroscopic grade
methanol (MeOH) was purchased from ROMIL-SpS and used
without further purification. 3,5-Dimethyl-1-(2-toluene-p-
sulfonyloxyethyl)pyrazole was synthesized according to
reported procedures.'* Ligand L1 and all other chemicals were
commercially available and used as received.

Synthesis of carboranyl pyrazole ligands L2 and L4. n-BuLi
(4.70 ml, 1.50 M in hexane, 7.05 mmol) was added dropwise to a
solution of o-carborane (0.456 g, 3.16 mmol) in dry THF (20 mL)
under a nitrogen atmosphere at 0 °C (ice/water bath). The
solution was stirred for 45 minutes at 0 °C and 45 minutes at
r.t. resulting in a pale-yellow suspension. Next, a solution of 3,
5-dimethyl-1-(2-toluene-p-sulfonyloxyethyl)pyrazole (1.696 g,
6.33 mmol) in dry THF (20 mL) under an inert atmosphere
was carefully cannulated over the lithiate at 0 °C (ice/water
bath). The mixture was stirred overnight under an inert atmo-
sphere, letting it warm naturally to r.t. The mixture was then
quenched using a saturate aqueous solution of NH,Cl (10 mL).
The aqueous phase was extracted using CHCl; (3 x 20 mL)
and the organic layers were dried over anhydrous MgSO,.

This journal is © The Royal Society of Chemistry 2021
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The desired products were purified by preparative TLC (L2,
eluent = ethyl acetate/chloroform 1:4, R¢ = 0.76; L4, eluent =
ethyl acetate/hexane 9:1, Ry = 0.68). The products were
extracted from the corresponding silica portions with CHCl;
and obtained as white powders on solvent evaporation. The
products were washed with cold hexane (2 mL) and dried under
vacuum.

L2. Yield: 33% (0.622 g). Elem. anal. calc. for CoH,,B10N,
(266.39): C 40.58, H 8.32, N 14.01. Found: C 40.49, H 8.23, N
13.85. M.p.: 172-176 °C. ATR-FTIR (wavenumber, cm '):
2982-2917 (W) [(C-H)y], 2561 (s) [v(B-H)], 2551 (s) [v(B-H)],
1555 (s) [/(C—C/C—=N)a,], 1489 (W), 1466 (m), 1442 (m), 1425 (s)
[0(C=C)/0(C=N)y,], 1377 (W), 1372 (m), 1321 (m), 1282 (W),
1218 (w), 1139 (w), 1071 (m), 1024 (s) [5(C-H);p), 988 (w),
937 (w), 903 (w), 835 (w), 789 (vs) [0(C-H)oop), 719 (vs)
[6(C-H)oop)s 673 (W), 656 (w), 640 (w), 556 (w), 540 (w).
'H NMR (CD;CN, 400.0 MHz): § = 5.84 (s, 1H, CH(Pz)), 4.43
(br, 1H, Ceap—H) 4.06 (m, 2H, Np,CH,CH,Cearp), 2.75 (m, 2H,
Np,CH,CH,Cearp), 2.19 (s, 3H, Pz-CH3), 2.10 (s, 3H, Pz-CH;). 'B
NMR (CD;CN, 128.6 MHz) § = —2.75 (br d, Yy = 155.0, 1B),
—5.67 (br d, YJgy = 155.0, 1B), —9.66 (br d, Jpy = 149.5, 2B),
—10.2 to —13.6, overlapping signals (6B). ''B{"H} NMR (CD;CN,
128.6 MHz) 6 = —2.88 (br s, 1B), —5.75 (br s, 1B), —9.65 (s, 2B),
—11.15 to —13.0, overlapping signals (6B). *C{'H} NMR
(CD4CN, 100.6 MHz): § = 147.6, 145.5 (Pz-C), 108.1 (Pz-CH),
73.0 (Ceary-CHuR), 63.7 (Cearp=H), 47.3 (Cear-CH,CH,Np,),
36.5 (Cearb-CH,CH,Nyp,), 11.8, 11.2 (CH;(Pz)). UV-vis: (CH;CN,
6.5 X 107° M) Amax (¢ (M™" ecm™)) = 201 nm (6380).

I4. Yield: 13% (0.184 g). Elem. anal. calc. for C;H3,B10N,
(388.56): C 49.46, H 8.30, N 14.01. Found: C 49.32, H 8.17, N
13.92. M.p.: 100-115 °C. ATR-FTIR (wavenumber, cm '):
3128 (W) [U(C-H)y), 2996-2856 (W) [1(C-H)ul, 2563 (br, vs)
[v(B-H)], 1552 (s) [/(C=C/C=N),], 1450 (s), 1416 (s)
[6(C=C)/d(C=N),,], 1383 (s), 1365(s), 1315(s), 1258 (s), 1213
(m), 1173 (w), 1135 (w), 1080 (w), 1062 (w), 1020 (m), 981 (m),
980 (m), 788 (vs) [6(C-H)oop), 717 (vs) [6(C-H)oopl, 670 (vs)
[6(C-H)oop)s 632 (m), 534 (m)."H NMR (CD;CN, 400.0 MHz):
0 =5.78 (s, 2H, CH(Pz)), 4.09 (m, 4H, Np,CH,CH,Ccarp), 2.79 (m,
4H, Np,CH,CH,Ccarp), 2.21 (s, 12H, CH;(Pz)). *'B NMR (CD;CN,
128.6 MHz): § = —4.71 (br d, /gy = 149.4, 1B), —9.64 to —11.64,
overlapping signals (8B). "'B{'"H} RMN (CD;CN, 128.6 MHz):
0 =—-4.71 (br s, 2B), —10.2 and —11.1 overlapping signals (8B).
BC{'H} NMR (CD;CN, 100.6 MHz): § = 147.3 and 139.3
(Pz-C), 106.0 (CH(Pz)), 78.0 (Cearn), 46.6 (Np,CH,CH,Cear),
33.9 (Np,CH,CH,Cearp), 12.5 and 10.0 (CHj(Pz)). UV-vis:
(CH;CN, 5.2 X 107> M) Amax (¢ (M~ ' em™)) = 214 nm (6231).

Synthesis of carboranyl pyrazole ligand L3. A similar proce-
dure as that described above was followed: n-BuLi (2.70 mL,
1.50 M in hexane, 4.05 mmol), 1-methyl-o-carborane (0.834 g,
3.270 mmol) in dry THF (20 mL) and 3,5-dimethyl-1-(2-toluene-
p-sulfonyloxyethyl)pyrazole (1.002 g, 3.74 mmol) in dry THF
(20 mL). After quenching the reaction by using a saturated
aqueous solution of NH,Cl (10 mL), the aqueous phase was
extracted using Et,O (3 x 20 mL) and the organic layers were
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dried over anhydrous MgSO,. L3 was purified by preparative
TLC (eluent = ethyl acetate/hexane 2: 3, R = 0.47). The product
was extracted from the corresponding silica portions with THF
and obtained as white powders on solvent evaporation. Crystals
suitable for SCXRD were obtained via slow evaporation of the
latter THF solutions.

L3. Yield: 36% (0.326 g). Elem. anal. calc. for C;oH»4B10N,
(280.42): C 42.83, H 8.63, N 9.99. Found: C 42.59, H 8.33, N 9.69.
M.p.: 138-142 °C. ATR-FTIR (wavenumber, cm™'): 3134-3061
(W) [U(C-H)..], 2978-2858 (W) [(C-H)a], 2571 (s) [(B-H)], 1554
(s) [/{C=C/C=N),], 1482 (w), 1463 (m), 1452 (s) [(C=C)/
O(C=N)q], 1421 (s), 1388 (s), 1372 (w), 1317 (w), 1299 (W),
1278 (m), 1218 (w), 1177 (w), 1161 (w), 1129 (w), 1088 (W),
0(C-H);p: 1024 (s), 977 (W), 946 (W), 921 (W), 779 (s) [0(C-H)oop),
726 (5) [0(C-H)oopl, 666 (m), 648 (m), 550 (m). 'H NMR
(CD4CN, 400.0 MHz): 6 = 5.78 (s, 1H, CH(Pz)), 4.07 (m, 2H,
Np,CH,CH,Coarp), 2.72 (m, 2H, Np,CH,CH,Cearp), 2.21 (s, 3H,
CH;(Carb)), 2.10 and 2.08 (s, 6H, CH;(Pz)). ''B NMR (CDCl;,
128.6 MHz): § = —4.42 (br d, Y5y = 157.3 Hz, 1B), —6.08 (br d,
Ypu = 151, 1B), —8.28 to —11.40, overlapping signals
(8B). "B{'"H} NMR (CD;CN, 128.6 MHz): 6 = —4.4 (br s, 1B),
—6.2 (br s, 1B), —8.9 to —10.8, overlapping signals (8B). **C{'H}
NMR (CD;CN, 100.6 MHz): § = 148.2 and 140.1 (Pz-C),
106.9 (CH(Pz)), 47.7 (Np,CH,CH,Ceqrp), 36.1 (Np,CH,CH,Car),
23.6 (CHj(Carb)), 13.6 and 11.1 (CH;(Pz)). UV-vis: (CH,CN,
2.1 X 107> M) Zmax (¢ M " em™ 1)) = 196 nm (1012).

Synthesis of [Cu(L1)I], (1). A solution of anhydrous Cul
(0.019 g, 0.098 mmol) and L1 (0.020 g, 0.098 mmol) in dry
CH;CN (20 mL) was stirred at r.t. until all Cul was dissolved.
After that period, the solvent was evaporated under vacuum,
resulting in pure 1 as a white powder. Suitable crystals for
SCXRD were obtained via slow evaporation of the solvent.

1. Yield: 60.1% (0.023 g) elem. anal. calc. for C;3H;6IN,Cu
(390.72): C 39.96, H 4.13, N 7.17. Found: C 39.83, H 4.10, N 7.14.
ATR-FTIR (wavenumber, cm '): 3126-3030 (W) [t(C-H).],
2978-2855 (W) [1(C-H)a], 1550 (s) [({C—C/C—=N),,], 1496 (m),
1488 (m), 1462 (m), 1453 (s) [0(C=C)/0(C=N),,), 1421 (w), 1388
(m), 1371 (w), 1357 (m), 1310 (m), 1253 (m), 1152 (W), 1075 (w),
1048 (W), 1031 (W), 904 (W), 800 (s), 746 (s) [6(C-H)oop), 696 (s)
[0(C-H)oop] and 687 (s) [6(C-H)oop]- UV-vis: (solid state)
Amax = 290 nm. Fluorescence (solid state): Aex = 283 nm,
Aem = 609 nm.

Synthesis of [Cu(L2)I], (2). A solution of anhydrous Cul
(0.127 g, 0.640 mmol) and L2 (0.0170 g, 0.640 mmol) in dry
CH;CN (20 mL) was stirred at r.t. overnight. Then, the resulting
solution was filtered, concentrated up to 5 mL and left standing
overnight in the fridge, which provided a white precipitate. The
precipitate was filtered, washed with cold Et,O and dried under
vacuum.

2. Yield: 88.6% (0.259 g) elem anal. calc. for CigHy4By0
I,N,Cu, (913.69): C 23.66, H 4.85, N 6.13. Found: C 23.88, H
4.97, N 6.10. ATR-FTIR (wavenumber, cm '): 3034 (w)
[/{C-H).], 2986-2913 (W) [K(C-H)a], 2574 (vs) [¢v(B-H)],
1555 (s) [AC=C/C=N).], 1466 (m) [6(C—=C)/5(C=N)a],
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1445 (m), 1421 (w), 1392 (m), 1377 (m), 1319 (m), 1283 (m),
1215 (w), 1136 (w), 1119 (m), 1075 (s), 1049 (m), 1032 (m),
1016 (m), 997 (w), 932 (W), 916 (W), 877 (W), 839 (W), 794 (vs)
[0(C-H)oop), 722 (v8) [6(C-H)oopl, 697 (W), 674 (W), 656 (m), 582
(w), 561 (w) and 541 (w). 'H NMR (CD;CN, 400.0 MHz): § = 5.82
(s, 1H, CH(Pz)), 4.47 (br s, 1H, Ccap-H) 4.13 (m, 2H,
Np,CH,CH,Cearp), 2.76 (m, 2H, Np,CH,CH,Ceqrs), 2.19 (s, 3H,
Pz-CH3), 2.16 (s, 3H, Pz-CH3). ''B NMR (CD;CN, 128.6 MHz)
5=-2.86 (brd, YJzy = 146, 1B), —5.72 (br d, /gy = 146, 1B), —9.7
(br d, Ygu = 158.9, 2B), —10.9 to —13.7, overlapping signals
(6B). "'B{'H} NMR (CD;CN, 128.6 MHz) § = —2.9 (br s, 1B),
—5.80 (br s, 1B), —9.7 (br s, 2B), —11.5 (br s, 2B), —12.1 (br s,
2B), —13.0 (br s, 2B). *C{"H} NMR (CD;CN, 100.6 MHz):
0 = 148.6, 140.7 (Pz-C), 106.3 (Pz-CH), 74.2 (Ccap—~CH,R),
63.6 (Cearp—H), 47.6 (Cearo—CH,CH,Np,), 37.2 (Cear-CH,CH,Np,),
13.8, 11.0 (CH;3(Pz)). UV-vis: (solid state) Amax = 363 nm. Fluores-
cence (solid state): Aex = 340 nm, ey, = 483 nm.

Synthesis of [Cu(L3)I], (3). A solution of anhydrous Cul
(0.037 g, 0.188 mmol) and L3 (0.051 g, 0.188 mmol) in dry
CH;CN (20 ml) was stirred for 1 h at r.t. under nitrogen. After
that period, the solvent was evaporated under nitrogen, result-
ing in a white powder.

Suitable crystals for SCXRD were obtained via recrystalliza-
tion of a solution of the white powder in dry CH;CN.

Yield: 58.5% (0.052 g) elem. anal. calc. for C4oHosB4oNgl,Cuy
(1883.48): C, 25.51; H, 5.14; N, 5.95. Found: C, 25.21; H, 4.98; N
5.85. ATR-FTIR (wavenumber, cm™'): 2984-2917 (W) [(C-H).l],
2563 (s) [(B-H)], 1556 (s) [/({C—C/C—N),,], 1467(w), 1445 (s),
1418 (s) [0(C—C/C—=N),], 1376 (m), 1324 (m), 1280 (m), 1041
(m), 1023 (m), 779 (s) [6(C-H)aopls 729 (s) [6(C-H)oop, 676 (W),
663 (W), 647 (w) and 633 (w). "H NMR (CD;CN, 400.0 MHz):
d = 5.82 (s, 1H, CH(Pz)), 4.18 (m, 2H, Np,CH,CH,Ceap), 2.71 (m,
2H, Np,CH,CH,Cear), 2.22 (s, 3H, CH;(Pz)), 2.15 (s, 3H,
CH;(Pz)), 2.10 (s, 3H, CHs(Carb)). ''B NMR (CD;CN, 128.6
MHz): § = —4.46 (br d, Jzy = 185, 1B), —6.05 (br d, “Jpy = 143
Hz, 1B), —8.68 (br d, “Ju; = 143, 2B), —9.48 to —11.98 over-
lapping signals, (6B, B-H). "'B{"H} NMR (CD;CN, 128.6 MHz):
0 = —4.40 (br s, 1B), —6.10 (br s, 1B), —8.90 to —10.8, over-
lapping signals (8B). C{'H} NMR (CD;CN, 100.6 MHz):
0 = 148.6 and 140.6 (Pz-C), 106.2 (CH(Pz)), 77.4 and 76.8
(Ccarb-CR), 47.7 (Np,CH,CH,Ccarp), 35.0 (Np,CHyCH,Cearb),
23.7 (CH3Cearp), 13.7 and 11.0 (CH3(Pz)). UV-vis: (solid state)
Amax = 306 nm. Fluorescence (solid state): lex = 318 nm,
Aem = 517 nm.

Synthesis of {[Cu,(L4),1,]-(CH;CN)},, (4). A solution of anhy-
drous Cul (0.100 g, 0.525 mmol) and L4 (0.082 g, 0.210 mmol)
in dry CH3CN (20 mL) was stirred for 3 h at r.t. Then, the
resulting solution was filtered, concentrated up to 5 mL and left
standing overnight in the fridge, which provided a white
precipitate. The precipitate was filtered, washed with cold
Et,0 and dried under vacuum.

4. Yield: 42.1% (0.068 g) elem. anal. calc. for
C34Hg;B,oNoI,Cuy (1538.92): C, 25.85 H, 4.27; N, 7.98. Found:
C, 25.67; H, 4.19; N 7.86. ATR-FTIR (wavenumber, cm ):
3132 (W) [AC-H)y], 2990-2918 (w) [AC-H)a], 2572 (vs)
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[v(B-H)], 1555 (s) [/(C—=C/C=N),,], 1464 (m), 1436 (m), 1417 (s)
[6(C=C/C=N),,], 1376 (s), 1317 (m), 1285 (w), 1248 (m), 1219
(w), 1154 (w), 1113 (w), 1071 (w), 1066 (w), 1036 (s), 998 (m), 982
(m), 798 (vs) [6(C-H)oop), 795 (vS) [0(C-H)oop], 730 (s)
[0(C-H)oop), 672 (s), 660 (s), 544 (m), 526 (m). UV-vis: (solid
state) Amax = 349 nm. Fluorescence (solid state): Aex = 336 nm,
Aem = 467 nm.

Powder X-ray diffraction patterns (PXRD) for 1-3 were mea-
sured using a Siemens D5000 apparatus (with 40 kW and 45 mA
using Cu K, radiation with / = 1.5406 A). Patterns were recorded
from 20 = 5° to 40° with a step scan of 0.02° counting for 1 s at
each step. For 4, PXRD pattern was measured using a Malvern
PANalytical X’pert PRO Material Powder Diffractometer (with
45 kW and 40 mA using Cu K,, radiation with 2 = 1.5406 A). The
pattern was recorded in transmission mode from 20 = 2.5° to
40° with a step scan of 0.03° counting for 200 s at each step.
This diffractometer was equipped with a capillary spinner and
the sample was placed inside a borosilicate glass capillary with
an outer diameter of 0.7 mm. Elemental analyses (C, H, N) were
carried out on a Thermo Scientific Flash 2000 CHNS Analyser.
Melting points were measured on a Stuart Academic SMP10
melting point apparatus. FTIR-ATR spectra were recorded on a
high-resolution spectrometer FT-IR PerkinElmer spectrum One
equipped with a universal attenuated total reflectance
(ATR) accessory with a diamond window in the range of
4000-500 cm~'. "H NMR, "'B NMR, "'B{'"H} NMR and "*C{'H}
NMR spectra were recorded on a NMR-FT Bruker 400 MHz
spectrometer using deuterated acetonitrile (CD;CN) at 25 °C.
Chemical shifts are reported in ppm and referenced to the
residual solvent peak for "H and *C{"H} NMR or to BF;-OEt, as
an external standard for "'B and "'B{"H} NMR. Chemical shifts
are reported in ppm and coupling constants in Hertz. Multi-
plets nomenclature is as follows: s, singlet; d, doublet; t, triplet;
br, broad; m, multiplet.

The electronic spectra in CH;CN (1.45 x 10 °-6.5 x 10~ ° M)
were run on a JASCO V-780 UV-visible/NIR spectrophotometer
with a quartz cell having a path length of 1 cm in the range of
190-600 nm. Solid-state electronic spectra were run on a JASCO
V-780 UV-visible/NIR spectrophotometer equipped with a
60 mm integrating sphere model ISN-901i/A001461872. Solid-
state emission and excitation spectra were run on a Nanolog™
Horib Jobin Yvon IHR320 fluorimeter. Quantum yields for
compounds 1-4 in the solid state were measured on a Ham-
matsu Absolute PL Quantum Yield Spectometer C9920-O2G.

Crystallographic data

Crystallographic data of L3 and compounds 1-4 is gathered in
Table 1. Suitable crystals for X-ray elucidation were obtained via
recrystallization of the products in THF (L3) or dry CH;CN
(1-4).

Crystals for X-ray Diffraction (XRD) were prepared under
inert conditions immersed in perfluoropolyether or paratone as
protecting oil for manipulation. Suitable crystals for L3, 1 and 3
were mounted on MiTeGen Micromounts™, and used for data
collection at BL13 (XALOC)"** at the ALBA synchrotron with an
undulator source and channel-cut Si(111) monochromator and

This journal is © The Royal Society of Chemistry 2021

View Article Online

Paper

Kirkpatrick-Baez focusing mirrors with a selected wavelength
of 0.72932 A. An MD2M-Maatel diffractometer fitted with a
Dectris Pilatus 6M detector was employed. The sample was kept
at 100 K with an Oxford Cryosystems 700 series Cryostream.
Crystallographic data for 2 and 4 were collected with a Bruker
D8 Venture diffractometer with graphite monochromated
MoKa radiation (4 = 0.71073 A).

The structure for L3 was solved with the ShelXT 2014/5
(Sheldrick, 2014) structure solution program using the direct
phasing methods solution method and by using Olex2 as the
graphical interface.”” The model was refined with version
2016/6 of ShelXL using Least Squares minimisation.'*® The
data for 1-4 were processed with APEX3 suite (Bruker APEX3.
APEX3 V2019.1; Bruker-AXS: Madison, WI, USA, 2019). The
structures were solved by Intrinsic Phasing using the ShelXT
program,'®® which revealed the position of all non-hydrogen
atoms. These atoms were refined on F> by a full-matrix least-
squares  procedure using anisotropic  displacement
parameter.’®® All hydrogen atoms were located in difference
Fourier maps and included as fixed contributions riding on
attached atoms with isotropic thermal displacement para-
meters 1.2 or 1.5 times those of the respective atom. The OLEX2
software was used as a graphical interface."”> CCDC 204836 and
2050921-2050924.F

Computational details

To analyse the electronic structure and the nature of the excited
states, time-dependent DFT calculations were performed by
using the implementation of such approach in Gaussian16
program.'®® After some test, B3LYP functional'®’'%® was
selected because it provided a better agreement with the
experimental data than other common exchange-correlation
functional. An all electron Def2TZV basis set was employed in
the calculations.’® The calculations were performed for the
discrete molecules 2 and 3. To compare with the experimental
absorption data, the calculations were carried out using both
the experimental and also the optimized structures. The TDDFT
calculations were employed only for the discrete molecules
because for periodic structures would be mandatory to employ
discrete models that usually lead to non-realistic results. The
deexcitations energies are calculated by optimizing the struc-
ture of the excited triplet state and using such optimized
geometry to perform a singlet calculation. Such procedure is
employed because TDDFT calculations must be performed in
the singlet ground state to extract the vertical excitation
energies.
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