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ABSTRACT: Luminescence mechanochromism of the well-known
Cu,Pzy-type (Pz = pyrazolate) complexes is reported here, which is
unusual for this family. Two types of new Cu;Pz; complexes, namely
Cuy(EBPz); (1; EBPz = ethyl-4’-benzoate-3,5-dimethylpyrazolate) and
Cuy(MBPz); (polymorphs 2a—c; MBPz = methyl-4’-benzoate-3,5-
dimethylpyrazolate), have been synthesized and characterized. Their
crystal structures exhibit a similar chairlike dimer stacking supported by
short Cu---Cu contacts, which would facilitate the formation of
photoinduced excimers. The dual emission from the organic fluorophore
and excimeric copper cluster phosphor is found to undergo mechanically
induced intensity switching between their high-energy (HE) and low-
energy (LE) bands. Specifically, the relative intensities of crystalline
samples are HE > LE, while the ground solid samples show LE > HE,
resulting in the overall emission color interchanging between bluish violet
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and red. This switching can be reversed by application of solvent to the ground samples, presumably due to recrystallization, and
also by heating. TD-DFT calculations reveal that the emissive singlet ligand localized state (S;) and triplet cluster centered state
(Ts) lie close in energy (separated by a gap of 0.1788 eV), suggesting the feasibility of dual emission and the possibility of reverse

intersystem crossing, consistent with the long fluorescent lifetimes (107 ns scale) of the HE bands.

B INTRODUCTION

Stimuli-responsive materials are capable of reversibly switching
their readout signals in response to external factors, facilitating
some applications such as sensors, memory, and displays." In
particular, ordered molecular materials which exhibit mechan-
ically induced luminescence changes, including liquid crystals,"
dye-doped polymers,'® and crystalline solids (including organic
compounds'® and coordination complexes'“®), have garnered
topical research interest. On the other hand, in the field of
luminescent coordination complexes,”® an actively pursued
topic is the switching between fluorescence and phosphor-
escence, owing to its potential in boosting the efficiency of
white organic light-emitting devices (WOLEDs).* An effective
strategy for modulating fluorescence/phosphorescence is the
dual-emitting concept implemented through device fabrica-
tion,4b sin§1e—c0mp0nent emitter design,4c and host—guest
chemistry.*

Several mechanochromic luminescent metal complexes have
been synthesized and studied."**”” The majority of them are
Au' and Pt complexes,”® from which it is clear that the intra-
or intermolecular metal-metal bonding can be reinforced by
grinding, thus giving strong phosphorescence and mechano-
chromism. For Cu' complexes, the first report of luminescence
mechanochromism, which is based on a classical Cu,,P,-type
cluster, was as late as 2010 by Perruchas et al.”* Shan et al. later
showed the multiresponsive behaviors, including similar
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mechanochromism, of two new types of Cugly and Cu,l,
clusters based on a phosphine ligand.”” Wen et al. have
recently reported the observations of grinding-triggered
luminescence changes of some copper(I) imidazolate/tetrazo-
late coordination polymers.”*™" Most recently, Perruchas and
co-workers have provided an in-depth study to account for the
origin of the mechanochromic properties of the Cu,L,P,-type
cluster by monitoring the grinding-induced Cu--Cu bond
shortening via solid-state NMR spectra.”®

Our group has been interested in a family of
Cus(pyrazolate); complexes (abbreviated as Cu;Pz;).% ?°
Although the synthesis and structure of the first complex in
the Cu;Pz; family were documented as early as 1988 by Raptis
and Fackler,*® continuous attention has been paid to the
modification of the pyrazole skeleton, the diversity of
supramolecular aggregates or adducts, and their structural and
spectral characterization, owing to the contributions of many
g:‘;roups.%’c’g_l1’14’16’17 Recently, it has been demonstrated,
through the works of the Dias, Omary,12 and Aida"? groups,
that Cu;Pz;-type complexes can exhibit rich photophysical and
photochemical properties, including luminescence thermo-
chromism, solvatochromism, and concentration luminochro-
mism.' 2> Our group,'® since 2006, has reported the first'** and
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a series of functional metal—organic frameworks based on the
CuyPz; motif as the building blocks'*™™ (also later by
others'®), the first'>® Cu;Pz;-based coordination cage (also a
larger cage by the Thiel group in the same year'*® and later by
the Yang and Raptis groupl%) and its extension into a CugPzs—
Cu,I,—CugPz4 supramolecular cluster,"" and also the modu-
lation of intermolecular and nanoscale aggregation in thienyl-
substituted Au;Pz; complexes which exhibit dual emission.'*®"

Interestingly, although Cu;Pz;-type complexes possess a
planar configuration and thus tend to form photoinduced
excimers™® showing low-energy (LE) phosphorescent emis-
sions, which is similar to the well-known Pt complexes® with
mechanochromic properties, there is yet no report on
luminescence mechanochromism for all CujPz;-type com-
plexes.® ° This is probably because the solid-state phosphor-
escence of most Cu;Pz;-type complexes already lies in the LE
region (orange or red emission). Therefore, the grinding, which
is supposed to shorten the Cu---Cu bonds, is very difficult for
inducing a visual luminescence change shifting to even lower
energy. In this work, two types of new Cu;Pz; complexes
decorated with methyl or ethyl benzoate groups have been
prepared. The para ester group, acting as an auxochrome, can
intensify the light absorption of the organic fluorophore and
hence boosts a ligand-localized high-energy (HE) band. Such a
ligand modification results in unusual dual emission in this
system, in which the relative intensities of the fluorescent HE
and phosphorescent LE bands can be reversibly adjusted,
simply through destroying/restoring the crystallinity of the bulk
samples of the complexes. We also have performed DFT and
TD-DFT calculations to clarify the origin of the dual emission
by examining the singlet and triplet excited state ordering and
absorption transitions.

B EXPERIMENTAL AND COMPUTATIONAL SECTION

Materials and Measurements. The reagents and solvents
employed were commercially available and were used as received.
Infrared spectra were obtained as KBr disks on a Nicolet Avatar 360
FTIR spectrometer in the range of 4000—400 cm™'; abbreviations
used for the IR bands are w = weak, m = medium, b = broad, and vs =
very strong. "H NMR spectroscopy was performed with a Bruker DPX
400 spectrometer using Si(CHj), as the internal standard. All § values
are given in ppm. Elemental analyses were carried out with Elementar
Vario EL Cube equipment. Thermogravimetric measurements were
performed on a TA Instruments QS0 Thermogravimetric Analyzer
under a nitrogen flow of 40 mL min~" at a typical heating rate of 10 °C
min~". Differential scanning calorimetry (DSC) was performed on a
TA-Q100 calorimeter (TA Instruments). Powder X-ray diffraction
(PXRD) experiments were performed on a D8 Advance X-ray
diffractometer. UV—vis absorption spectra were recorded with an
Agilent 8453 UV—vis spectrophotometer (Agilent Technologies Co.
Ltd.). Raman spectra were performed by 532 nm laser excitation with
a LabRAM HP800 Raman spectrometer (HORIBA Jobin Yvon).
Steady state photoluminescence spectra and lifetime measurements
were performed with a single-photon counting spectrometer on an
Edinburgh FLS920 spectrometer equipped with a continuous Xe900
xenon lamp, a yF900 us flash lamp, and a closed cycle cryostat
(Advanced Research Systems).

Synthesis of the Ligand. The ligand 4-(ethyl-4'-benzoate)-3,5-
dimethyl-1H-pyrazole (HEBPz) was synthesized according to the
literature,”' but with some modification. A mixture of ethyl 4-
iodobenzoate (10 mmol, 2.76 g), acetylacetone (30 mmol, 3 mL), Cul
(1 mmol, 0.19 g), L-proline (2 mmol, 0.23 g), and K,CO; (40 mmol,
5.53 g) in 80 mL of DMSO was heated to 90 °C under a nitrogen
atmosphere for 17 h. The cooled solution was poured into HCI
solution (1 M, 200 mL) and then extracted with EtOAc (10 x 100
mL). The organic phase was concentrated under reduced pressure to

give a brown oily residue. Flash column chromatography (EtOAc/
petroleum ether 1/20 v/v) separated out the intermediate product as a
pale oil. The oily residue was added to ethanol (50 mL) and treated
with an excess of hydrazine (80%, 7 mL). The solution was stirred and
heated at a reflux temperature of 70 °C for 15 h, and then most of the
solvent was removed using a rotary evaporator. After that, the residual
colorless solution was poured into icy water (200 mL). The
precipitated white solid was filtered off and dried to give 1.2 g of
HEBPz (yield: 49%). IR (KBr pellet, cm™): 3174 (b), 3072 (w), 2978
(b), 2932 (w), 1710 (vs), 1609 (vs), 1578 (w), 1530 (s), 1460 (m),
1384 (s), 1275 (s), 1179 (m), 1104 (s), 1041 (w), 1007 (s), 865 (m),
784 (m), 710 (m), 637 (w), 542 (w), 505 (w), 483 (w). '"H NMR
(400 MHz, CDCl,, 298 K): 6 8.09 (d, J = 8.2 Hz, 2H, CHy,), 7.35 (d,
J = 8.1 Hz, 2H, CHy,), 440 (q, ] = 7.1 Hz, 2H, CH,), 2.32 (s, 6H,
CH,), 1.41 (t, J = 7.1 Hz, 3H, CH,).

Synthesis of Complexes. Cu;(C;,H;sN,0,); (1). HEBPz (4.88
mg, 0.02 mmol) and Cu(NO;),-3H,0 (4.82 mg, 0.02 mmol) were
loaded into a heavy-walled glass tube, and then a solution of ethanol
(2.5 mL) was added. The tube was then flame-sealed and heated to
140 °C in a programmable oven for 48 h, followed by slow cooling (S
°C/h) to room temperature. Colorless crystals were collected and air-
dried. Yield: 70.1% (based on ligand). IR (KBr pellet, cm™): 2976
(w), 2913 (w), 2360 (w), 1710 (s), 1608 (s), 1543 (m), 1491 (m),
1427 (m), 1367 (w), 1273 (s), 1177 (m), 1105 (s), 1016 (m), 855
(w), 770 (m), 706 (w), 568 (w), S19 (w). Anal. Calcd for
CyH,<Cu,N,Og: C, 54.80; H, 4.93; N, 9.13. Found: C, 54.78; H,
4.73; N, 9.22. 'H NMR (400 MHz, CDCl,, 298 K): 6 8.09 (d, ] = 8.4
Hz, 2H, CHy,), 7.35 (d, J = 8.4 Hz, 2H, CHy,), 440 (q, ] = 7.1 Hz,
2H, CH,), 2.38 (s, 6H, CHj;), 1.42 (t, ] = 7.1 Hz, 3H, CH,); after
grinding: 5 8.08 (d, J = 8.4 Hz, 2H, CHy,), 7.35 (d, ] = 8.4 Hz, 2H,
CHyy), 440 (q, ] = 7.1 Hz, 2H, CH,), 2.38 (s, 6H, CH,), 1.42 (t, ] =
7.1 Hz, 3H, CH,).

Cus(C;3H;3N,0,); (2a). HEBPz (4.48 mg, 0.02 mmol) and Cu,O
(4.3 mg, 0.03 mmol) were loaded into a heavy-walled glass tube, and
then a solution of methanol (2.5 mL) was added. The tube was then
flame-sealed and heated to 140 °C in a programmable oven for 48 h,
followed by slow cooling (S °C/h) to room temperature. Colorless
crystals were collected and air-dried. Yield: 54.7% (based on ligand).
IR (KBr pellet, cm™): 2946 (w), 2909 (w), 1716 (s), 1608 (s), 1543
(m), 1491 (m), 1431 (m), 1345 (w), 1273 (s), 1179 (m), 1106 (s),
859 (w), 771 (m), 706 (w), 564 (w), 512 (w). Anal. Calcd for
CyoH5yCusNeOy: C, 53.33; H, 4.48; N, 9.57. Found: C, 53.35; H, 4.34;
N, 9.66. "H NMR (400 MHz, CDCl, 298 K): & 8.08 (d, ] = 8.4 Hz,
2H, CHyy), 7.35 (d, J = 7.4 Hz, 2H, CHy,), 3.94 (s, 3H, CHj;), 2.37 (s,
6H, CHj); after grinding: 5 8.08 (d, ] = 8.4 Hz, 2H, CHp,), 7.35 (d, ]
= 8.4 Hz, 2H, CHyy), 3.94 (s, 3H, CHj;), 2.38 (s, 6H, CH,).

Cus(C;3H;3N,05); (2b). HEBPz (4.48 mg, 0.02 mmol) and Cu,O
(4.3 mg, 0.03 mmol) were loaded into a heavy-walled glass tube, and
then a mixed solution of methanol (1 mL), toluene (0.25 mL), and
acetonitrile (1 mL) was added. The tube was then flame-sealed and
heated to 140 °C in a programmable oven for 48 h, followed by slow
cooling (S °C/h) to room temperature. Colorless crystals were
collected and air-dried. Yield: 38.6% (based on ligand). IR (KBr pellet,
cm™Y): 2949 (w), 2914 (w), 1717 (s), 1608 (s), 1543 (m), 1492 (m),
1432 (m), 1344 (w), 1274 (s), 1180 (m), 1108 (s), 1015 (m), 859
(w), 771 (m), 708 (w), 568 (w), S16 (w). Anal. Calcd for
C3oH39Cu3N(Og: C, 53.33; H, 4.48; N, 9.57. Found: C, 53.32; H,
4.35; N, 9.53. 'H NMR (400 MHz, CDCl,, 298 K): 6 8.09 (d, J = 8.1
Hz, 2H, CHyy), 7.35 (d, ] = 8.3 Hz, 2H, CHy,), 3.94 (s, 3H, CH,),
240 (s, 6H, CHy,); after grinding, & 8.08 (d, ] = 8.2 Hz, 2H, CHjyy,),
7.34 (d, ] = 8.2 Hz, 2H, CHy,), 3.94 (s, 3H, CH;), 2.37 (s, 6H, CH,).

Cus(C;3H,5N,0,); (2¢). HEBPz (4.48 mg, 0.02 mmol), Cu,O (4.3
mg, 0.03 mmol), and Cu(NO;),-3H,0 (3.9 mg, 0.016 mmol) were
loaded into a heavy-walled glass tube, and then a mixed solution of
methanol (1 mL), toluene (0.25 mL), and acetonitrile (I mL) was
added. The tube was then flame-sealed and heated to 140 °C in a
programmable oven for 48 h, followed by slow cooling (S °C/h) to
room temperature. Colorless crystals were collected and air-dried.
Yield: 43.2% (based on ligand). IR (KBr pellet, cm™): 2950 (w), 2913
(w), 2360 (w), 1719 (s), 1608 (s), 1543 (m), 1492 (m), 1433 (m),
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Figure 1. (left) Dimer stacking pattern in the crystal structure of 1 (color code: Cu in red, N in blue, C in black, O in pink, H omitted, Cu---Cu
bonds in green). (right) The letters “STU” written with a spatula on the sample of 1 cast on filter paper under 254 nm UV light under ambient

conditions.

1341 (w), 1275 (s), 1180 (m), 1109 (s), 1015 (m), 859 (w), 773 (w),
706 (w), 568 (w). Anal. Calcd for C30H39CusN¢Og: C, 53.33; H, 4.48;
N, 9.57. Found: C, 53.51; H, 4.50; N, 9.65. '"H NMR (400 MHz,
CDCl,, 298 K): 5 8.07 (d, ] = 8.3 Hz, 2H, CHy,), 7.33 (d, ] = 8.2 Hz,
2H, CHypy), 3.94 (s, 3H, CH;), 2.32 (s, 6H, CHj;); after grinding: &
807 (d, ] = 8.2 Hz, 2H, CHy,), 7.34 (d, J = 8.2 Hz, 2H, CHy,), 3.94
(s, 3H, CH3), 2.36 (s, 6H, CH,).

Caution! In the synthesis of complexes 1 and 2, the volume of the
solution should not exceed one-third of the volume of the glass tubes
to avoid overloading. Be careful and avoid potential empyrosis and
incised wound when flame-sealing and opening the glass tubes.

Crystal Structure Determination. Suitable crystals of complexes
1 and 2 were mounted with glue at the end of a glass fiber. Data
collection was performed with an Oxford Diffraction Gemini E
instrument (Enhance Cu X-ray source, Ka, 4 = 1.54056 A) equipped
with a graphite monochromator and ATLAS CCD detector (CrysAlis
CCD, Oxford Diffraction Ltd.) at room temperature (293 K).
Structures were solved by direct methods (SHELXTL-97) and refined
on P using full-matrix least squares (SHELXTL-97).* All non-
hydrogen atoms were refined with anisotropic thermal parameters, and
all hydrogen atoms were included in calculated positions and refined
with isotropic thermal parameters riding on those of the parent atoms.
Crystal data and structure refinement parameters are summarized in
Table S1 (Supporting Information). Selected bond lengths and angles
are given in Tables S2—SS in the Supporting Information. CCDC nos.
964376—964379.

Computational Details. DFT and TD-DFT calculations were
performed by using the PBEO method.”® The Lanl2dz>* effective core
potential (ECP) was applied for Cu, while the 6-31G(d,p)*® basis set
was used for C, N, O, and H atoms. The Gaussian 09 A.02>® software
package was used for all calculations. All models for the calculations
were taken from the atomic coordinates from the X-ray diffraction data
without optimization. Both the monomer (the two crystallographically
independent Cus(EBPz); molecules in 1 and the only Cu;(MBPz),
molecule in 2c) and dimer (that formed from the Cu,(EBPz),
molecules with Cul, Cu2, and Cu3 in 1) models were considered.
The first 60 singlet—singlet spin-allowed transitions were calculated by
TD-DFT for all four models and were further treated by SWizard 4.6>”
software to obtain the simulated UV—vis absorption spectra (Gaussian
distribution, half-bandwidth 500 cm™). The first 30 singlet—triplet
spin-forbidden transitions for one of the monomer models (that with
Cul, Cu2, and Cu3 in 1) and the first 50 singlet—triplet spin-
forbidden transitions for the dimer model (that formed from Cul,
Cu2, and Cu3 in 1) were also calculated by TD-DFT. Because in the
calculations the spin—orbital coupling was not considered, the singlet—
triplet transitions all have zero oscillator strength. The molecular
orbital compositions were obtained by the Hirshfeld method®® and by
using Multiwfn 3.3.3* software. Most of the detailed computational
results are given in the Supporting Information.

B RESULTS AND DISCUSSION

Synthesis, Crystallization, and Grinding. The ethyl 4'-
benzoate substituted ligand HEBPz was presynthesized for the

preparation of Cuy(EBPz); (1), while methyl 4'-benzoate-3,5-
dimethyl-pyrazolate (MBPz) was formed in situ via an ester
exchange reaction (from EBPz to MBPz in the presence of
methanol) during the generation of Cuy(MBPz); (2). The
formation of the methyl ester group was confirmed by the 'H
NMR spectrum of 2, in which the chemical shift of the
methylene group is absent and that of the methyl group shifts
downfield (from & 1.42 to 3.94 ppm), in comparison with that
of 1.

The crystalline samples of 1 and 2 were prepared by the
solvothermal method. Interestingly, when the copper sources
(Cu, O or Cu(NOs;),-3H,0) and the solvents (methanol or
mixed methanol/toluene/acetonitrile) were varied, three
polymorphs of Cu;(MBPz); (namely, 2a—c) were generated.
It should be mentioned that, under solvothermal conditions,
the in situ reduction of Cu" to Cu' has been well
documented.®® A polymorph of 1 has been recently
reported."®! The purity of all four samples has been
demonstrated by elemental analysis, IR and '"H NMR spectra,
and PXRD patterns (Figure S1 in the Supporting Information).
The possibility of solvent molecules inclusion is ruled out by
elemental analysis and thermogravimetric analysis, which shows
no weight loss before the thermal decomposition temperature
up to above 300 °C (Figure S2 in the Supporting Information).

The single crystals of all four samples were obtained, and
then their structures were determined by X-ray crystallographic
analysis (Table S1 in the Supporting Information). For 1 and 2,
a similar dimer stacking pattern supported by chairlike Cu---Cu
contacts is observed in the cyclic trinuclear structures (that of 1
is shown in Figure 1, left; others are given in Figure S3 in the
Supporting Information). The intermolecular Cu-+-Cu distances
(1, 3.087, 3.175 A; 2a, 3.135, 3.141 A; 2b, 3.123, 3.168 A; 2c,
3.088 A; see Table S6 in the Supporting Information for
intramolecular Cu---Cu distances and ZN—Cu—N bond angles)
in the dimers are much shorter than that (3.58 A) of the
Cu3Pz; complex with the 4-phenyl-3,5-dimethylpyrazolate
ligand”b and slightly longer than that (2.95 A, Cu--Cu van
der Waals radii sum 2.8 A) of Cu;(3,5-Me,Pz); (3,5-Me,Pz =
3,5-dimethylpyrazolate).'>*'>* The #N—Cu—N bond angles,
ranging from 172 to 177°, are slightly distorted relative to the
ideal linear coordination geometry of two-coordinated copper-
(I) ion, probably because of the attraction of intertrimeric Cu---
Cu contacts.

We noted that the bulk sample of 1 showed bluish violet
emission under a UV lamp; this is different from the case for
previously reported Cu;Pz;-type complexes, which usually
showed orange or red emission in the solid state.'”"
Remarkably, by simple grinding of a sample of 1 with a spatula
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Figure 2. Crystallographically asymmetric units (with 30% thermal ellipsoids) of 1 (a) and polymorphs 2a (b), 2b (c), and 2c (d). Color code: Cu in

red, N in blue, C in black, O in pink, H in gray.

Table 1. Summary of Crystal-Packing Modes in 1 and Polymorphs 2a—c

complex monomer dimer layer
1 A, B A-A, B—B A—A--B—B--A—A
2a A B A-B A—-B:--B—A--A-B
2b A B A—A, B—B A—A---A—A---A—A, B—B---B—B---B—B
2c A A-A A—A--A-A--A-A
Codes: A: monomer with Cul, Cu2 and Cu3; B: monomer with Cu4, Cu$ and Cu6; “~”: intermolecular Cu---Cu bonding; “:--”: intermolecular Cu---

O weak interaction.

under UV light, a high-contrast visual emission change from
bluish violet to red occurred immediately (Figure 1, right).
Such a phenomenon is not observed for Cus;(3,5-
Me,Pz),,'*">* despite its even shorter Cu---Cu bonds. It was
also reported for the 4-phenyl Cu;Pz; complex'” that, even
when an external pressure of up to 3.18 GPa was applied, the
strengthened Cu---Cu interaction only caused the enhancement
of the emission intensity, without luminescence mechano-
chromism.

Crystal Structures and Polymorphism. Although the
dimer stacking pattern exists in 1 and 2, all of which exhibit
notably short intermolecular Cu---Cu bonds, there are subtle
differences on the crystal packing for the four crystal structures.
They crystallize in four different space groups (Table Sl in the
Supporting Information). For the asymmetric units (Figure 2),
there are two symmetry-independent trinuclear molecules
(monomer) for 1 and 2ab but only one for 2c. Herein we
label the trinuclear molecule with Cul, Cu2, and Cu3 in each
complex as monomer A and that with Cu4, CuS, and Cu6 as
monomer B (Table 1). Interestingly, the chairlike dimers are

11607

formed through a centrosymmetric operation in 1, and 2b,c; in
comparison, the dimer in 2a consists of two symmetry-
independent monomers. In other words, the dimer stacking
mode is A—A and B—B in 1 and 2b, A—A in 2c, and A—B in 2a
(Table 1). As a result, there is only one type of Cu--Cu
distance for 2¢ and two types for the other three complexes.
Another structural feature responsible for the different crystal
packings in 1 and 2 is the intermolecular Cu---O interaction
between dimers. The interacting distances (ranging from 3.19
to 3.55 A; see Table S7 in the Supporting Information) and
directions of these weak forces between carbonyl O and Cu'
ions are similar for 1 and 2. Therefore, only those of 1 are
shown here (Figure 3; see Figures S4—S7 in the Supporting
Information for a comparison of 1 and 2). In 1, the carbonyl O
sites from adjacent dimers are located on both sides above the
exposed Cuy planes for both dimers A—A and B—B (Figure
3a,b). Such an interacting mode can be described as a 7 acid—
base interaction.'”® Each dimer is connected to four adjacent
dimers to construct a two-dimensional (2-D) supramolecular

dx.doi.org/10.1021/ic5016687 | Inorg. Chem. 2014, 53, 11604—11615
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Figure 3. Structural diagrams of 1, showing the intermolecular Cu--+O weak interactions around dimer A—A (a) and dimer B—B (b) and a top view
of one 2-D supramolecular layer (c) and its simplified network (d). Color code: monomer A in blue, monomer B in green, Cu and Cu-Cu bonds in
red, O and Cu-O interactions in pink; in (d) the ligands are simplified to green lines.

() (b)

Figure 4. Crystal packing diagrams of 1 (a) and polymorphs 2a (b), 2b (c) and 2c (d), showing the side views of the 2-D supramolecular layers in
which monomers A are highlighted in blue and monomers B in green (Cu in red, O in pink).

layer (Figure 3c), and thus a simple (4,4)-grid type network can A—A and B—B both exist. However, for 1 the two types of

be;ln}\lfisagﬁdlfl:igure 3d). 4 14 i dimers are further arranged in an alternating fashion (B---A—
t the int ti ist: t

otgh Te Tferaction mocles and disrances o1 the C'u © A-+B and A--B—B--A) through Cu--O interactions in one

weak interactions are similar, the combinations of dimers

through these interactions are diverse for all four cases (Figure

4), as summarized in Table 1. For example, in 1 and 2b, dimers type of dimers propagate in one layer, thus generating two

supramolecular layer (Figure 4a); in contrast, for 2b the same
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Figure S. Solid-state emission spectra of 1 (a), 2a (b), 2b (c), 2c (d), and HEBPz (a) before and after grinding the samples of the complexes and

subsequent soaking in ethanol or heating.

symmetry-independent 2-D layers which are alternately packed
in the overall crystal structure (Figure 4c).

It is also noted that the phenyl and pyrazolyl rings deviate
significantly from coplanarity, indicating that the conjugation
effect between these two moieties is reduced, and thus the
ligand-based luminescence, with the aid of the para esteryl
auxochrome, is expected to be of higher energy (ie., blue
shifted). For example, the phenyl—pyrazolyl dihedral angles in
1 are ranging from 35 to 56°. No significant difference in these
values is found for 1 and 2 (Tables $2—SS in the Supporting
Information). For the 4-phenyl CuyPz; complex, the phenyl—
pyrazolyl angle is also as large as ca. 46°,'”" suggesting that such
a deviation may not arise from the intermolecular Cu---O
interactions.

Solid-State Dual Emission. On dissolution in CHCl,
solvent, all complexes showed similar bluish violet emissions
(peaks at ca. 390 nm) in the HE region, almost identical with
that of the ligand HEBPz (Figure S8 in the Supporting
Information). The lack of phosphorescent LE bands is probably
due to the quenching effect of triplet oxygen in solution, which
is common in this family of complexes."*" In the solid state,
similar intense HE bands were observed for all complexes, but
with slight red shifts relative to that of HEBPz (Figure S; see
also Figure S9 in the Supporting Information for corresponding
excitation spectra), because the crystal-packing effect may
enhance the rigidity of the benzoate—pyrazolate motif and
stabilize the zz* states. In contrast, the LE bands are much
weaker, which is unusual for the excimer of (Cu;Pz;), with such
short Cu---Cu contacts.'>'>*° The emission peaks of the HE
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and LE bands and their relative intensities and decay lifetimes
are summarized in Table 2.

Table 2. Solid-State Dual Emission Peaks, Relative
Intensities, and Lifetimes of 1 and 2

complex Aem™ (nm)“ HE/LEY 7, (us)© 7, (us)?
1 390, 620/370, 730 4.0/0.28 0.75/0.73 10.71/20.21
2a 390, 630/370, 710 4.8/0.19 0.83/0.78 13.47/29.46
2b 380, 630/400, 700 7.4/0.21 0.75/0.78 15.69/27.60
2c 390, 650/380, 710 10.6/0.16 0.78/0.81 24.60/28.60

“HE and LE emission peaks. bRelative intensities of HE/LE bands
(see Table S8 in the Supporting Information). “Decay lifetimes of HE
bands monitored at emission peaks. “Decay lifetimes of LE bands
monitored at emission peaks (see Table S9 in the Supporting
Information). The slants separate the measurements before and after
grinding the crystalline samples.

From the temperature-dependent (50—293 K) emission
spectra (Figure S10 in the Supgorting Information), there is no
obvious thermochromism'?*~%!5%f Telated to the major HE
and LE bands, but a notable shoulder at ca. 500 nm appears at
low temperatures in all cases. We tentatively assume that there
are multiple ligand-based emissive states in the solid state due
to crystal packing effects, which are subject to thermal
equilibration and are only manifested under cryogenic
conditions. We observe that this shoulder is most obvious for
2b, in comparison with those of 2a,c. Interestingly, for these
three polymorphs, 2b exhibits the most complicated crystal
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Figure 6. Photographs of samples of 1 (a), 2a (b), 2b (c) and 2c (d) under a 254 nm UV lamp. From left to right: crystalline sample; partially
ground sample; thoroughly ground sample; sample treated with ethanol after grinding.

structure, showing an alternating layer packing mode (Figure 4c
and Table 1), as discussed above.

The decay lifetimes of the LE bands lie in the microsecond
scale (ca. 10—25 us; see Table 2), indicating phosphorescence,
typical for Cu;Pz;-type complexes. Importantly, the coexistence
of the HE emission is highly unusual, because in an
electronically excited molecule only the lowest excited state
of a given multiplicity can emit photons in appreciable yield
(known as Kasha’s rule®). Therefore, the HE bands, which are
ligand-based, should originate from the singlet excited states.
However, in light of the fact that the decay lifetimes of the HE
bands lie in the range of ca. 0.7—0.8 ys for 1 and 2 (see Table
2), significantly longer than the fluorescence lifetimes (in the
order of 1 ns) of common organic compounds, there may be
two possible origins for this ligand-localized emission.** The
first possible consideration is an origin of ligand-based "*zz*
states, for which the intersystem crossing times can be as long
as 0.1—1 ys.%>* The second consideration, recently proposed by
Yersin and co-workers for some Cu' complexes,32a is the
possibility of reverse intersystem crossing and thermally
activated delayed fluorescence.>*** For this second mechanism,
a prerequisite is that the energy separation between the
emissive singlet and triplet states should be rather small (on the
order of 10* cm™) and close to the thermal activation energy
ks T at ambient temperature.>****** This point will be evaluated
in Origins of Dual Emission.

Luminescence Mechanochromism and Fluorescence/
Phosphorescence Switching. The crystalline samples of 1
and 2 can all show luminescence mechanochromism, with their
emission color switching between bluish violet and red (Figure
6). Taking 1 as an example (Figure 6a), when the crystals were
ground in a mortar under UV light, the violet emission changed
to intense red, and then, simply after the addition of several

drops of ethanol to the ground sample, the color can reversibly
switch back to violet. This process can be repeated for several
cycles.

The grinding-induced emission color switching corresponds
to the drastic variation of the relative intensities of the HE and
LE bands in the emission spectra of 1 and 2 (Figure S and
Table 2). Specifically, the relative intensities of crystalline
samples are HE > LE, while the ground solid samples show LE
> HE. After grinding, the LE bands become dominant for all
cases, and the LE lifetimes also become longer, while those of
HE emission stay largely the same (see Table 2). Such a
phenomenon is attributed to the possible shortening of the
intermolecular Cu--Cu bonds through mechanical stimuli.
Although more evidence is needed in the present system, there
are consistent speculations from previous reports that
mechanical stimuli can cause the contraction of metal---metal
bonds and hence reinforce the phosphorescence from the
triplet metal-metal (*MM) states.”~” In particular, convincing
structural evidence has been recently given in which a drastic
contraction of Au--Au contacts (from 5.733 to 3.177 A) is
determined in a single-crystal to single-crystal manner and
simply triggered by pricking the crystal of phenyl(phenyl
isocyanide)gold(I).” Most recently, through the subtle
comparison of a pair of polymorphic Cu,I,P,-type complexes,
the grinding-induced Cu--Cu bonding contraction has also
been successfully monitored by *'P and **Cu solid-state NMR
spectra.”®

The recovery of HE bands in the emission spectra can be
achieved by soaking the ground samples in ethanol and also by
heating them to 130 °C for 2 h (Figure 5). The intensities of
the recovered HE bands are even stronger than those of the
original crystalline samples. We note that for 2b (Figure Sc) the
shoulder at ca. 500 nm, which is also observed in the
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Figure 7. Simulated and experimental (before and after grinding, and then soaking in ethanol) PXRD patterns (a), DSC measurements (b), Raman
spectra (c), and UV—vis absorption spectra in solution (d) of 1 before and after grinding (denoted “G”).

aforementioned temperature-dependent emission spectra (Fig-
ure S10c in the Supporting Information), has been fully
recovered when the ground sample is treated with ethanol,
while for the heating method, this shoulder is absent. The
reason for such an observation could be very complicated, but it
is possible that the soaking method induces recrystallization
and hence reproduces the crystal-packing effect, while the
heating method may fail to do so.

Reversible Crystal to Amorphous Phase Transition.
The reversible process of destroying/restoring the crystallinity
of the samples has been demonstrated by powder X-ray
diffraction (PXRD) measurements (Figure 7a and Figure S1 in
the Supporting Information). The crystal to amorphous
transition is confirmed by the severely reduced intensity of
the diffraction peaks, and the subsequent recrystallization by
using the soaking method is evident in the recovery of these
peaks. The almost unaltered '"H NMR spectra (Figure S11 in
the Supporting Information) of the samples before and after
grinding show that the trinuclear cluster structures are
preserved for all complexes.

For the heating recovery method, it is shown, by differential
scanning calorimetry (DSC) measurements, that there exists an
exothermic peak covering 110—140 °C for the ground samples,
which is absent for the crystalline samples (Figure 7b and
Figure S12 in the Supporting Information), indicating that a
new kind of phase transition may occur at high temperature.
The Raman spectral measurements are supposed to monitor

the variation of the strength of Cu---Cu bonding before and
after grinding.”> Unfortunately, there is no detectable
distinction for those of 1 and 2 on application to 532 nm
laser excitation in our equipment (Figure 7c and Figure S13 in
the Supporting Information), probably because the excitation
energy is too low. We also show that no new absorption band
occurs after grinding, according to the UV—vis absorption
spectra in CHCl; solution (Figure 7d and Figure S14 in the
Supporting Information).

Origins of Dual Emission. Previous theoretical stud-
jes! 2415617020 aye consistently shown that, for those
undecorated Cu;Pz;-type complexes, the major electronic
transitions responsible for the LE band are exactly or mostly
from the HOMO (d(Cu) and/or pz(Pz) orbital) to the LUMO
(spo(Cu---Cu) orbital), indicating the population of the cluster-
centered triplet MM emissive states. In contrast, the
occurrence of the additional, strong HE emission bands in 1
and 2 suggests that a set of new, strong absorption transitions,
which are related to the ligand-localized excited states, might
appear.

Preliminary DFT and TD-DFT calculations have been
performed to look into the origins of the dual emission. We
have first considered the monomer models (which are
computationally more economical) to evaluate the influence
of the subtle conformational difference caused by crystal
packing effects, which is crucial for the absorption strength of
the ligand-based HE states, as we found recently.Isg Therefore,
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both the A and B monomers (Figure 2a) in 1 are included. To
consider the influence of different ligands (EBPz or MBPz), the
monomer A (Figure 2d) in 2c (the simplest polymorph) is also
included. The results indicate that the molecular orbital
contours (Figure S15 in the Supporting Information), orbital
energy levels (Figure S16 in the Supporting Information),
absorption transitions (Table S10 and S11 in the Supporting
Information), and simulated absorption spectra (Figure S17 in
the Supporting Information) are qualitatively analogous for the
three monomers. It should be mentioned that the monomer
model is only appropriate for discussing the ligand-localized HE
emission; the dimer model must be used when the cluster-
centered LE emission is under consideration, especially when
the intermolecular Cu--Cu distances are very short, such as in
the cases of 1 and 2.

We then focus on the dimer model (A—A) in 1 to gain a
photophysical interpretation for this dual-emitting system. The
molecular orbital contours and energy levels (Figure 8; see also
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Figure 8. Energy levels and ordering of the singlet and triplet excited
states related to the HE (S; and T,) and LE (S; and Tj) bands for the
A—A dimer in 1. The inserted orbitals are from the major transitions
responsible for the HE (marked in purple) and LE (marked in red)
bands, respectively (f = oscillator strength).

Figure S18 in the Supporting Information for more orbitals)
and their quantitative Hirshfeld compositions (Table 3; see also
Table S12 in the Supporting Information for all data) are
calculated. It is found that the typical orbitals responsible for
the cluster-centered LE band are now pushed to the HOMO-
4/-5 and LUMO+6 orbitals, while those between these two
orbitals are mainly ligand-based 7 or #* orbitals. The simulated

singlet—singlet electronic transitions (Table 3; see also Table
S13 in the Supporting Information for all data) and absorption
spectrum (Figure S19 in the Supporting Information) reveal
that the ligand-centered S, state, which has a very strong
absorption strength, involves the HOMO — LUMO (pz-
(EBPz)/d(Cu) — pa(EBPz)*) transition. In contrast, the
major cluster-centered transition, HOMO-5 — LUMO+6
(d(Cu)/p#(EBPz) — spo(Cu--Cu)/c*(Pz)), is found in a
higher-lying singlet excited state (S;s), with a much smaller
oscillator strength. This could explain the much weaker LE
band, relative to the HE band, before grinding.

The singlet—triplet transitions (Table 3; see also Table S14
in the Supporting Information for more data) are also
calculated for evaluating the singlet—triplet energy separation
(AEgr),” which is closely related to the aforementioned
reverse intersystem crossing and thermally activated delayed
fluorescence.**** The HOMO — LUMO transition is also
found in the lowest triplet state (T,), while HOMO-5 —
LUMO+6 is involved in a higher-lying triplet state (Ts). Three
important findings can be outlined from Figure 8. (i) The AEg;
value for the cluster-centered state is smaller than that of the
ligand-centered state (i.e., AEgr, < AEgry, both on the order of
several 10> cm™). The AEgr value is small if the involved
orbitals in the transitions have a small spatial overlap.** This
can be traced to the newly generated intermolecular sps(Cu--
Cu) bonding in LUMO+6. (ii) Although the energy gap
between the triplet T; to Tg (0.8596 V) is larger than that
between the singlet S; to S;¢ (0.5670 eV), there are many more
in-between states from the singlet S; to S;s. Because the
effective population of Tg would require the spin—orbital
coupling with the higher-lying singlet states (those with specific
electronic configuration similar to that of T,),>* the large
number of in-between singlet states may facilitate the
intersystem crossing process. (iii) Remarkably, it is noted that
the two major emissive states, S; and Ty, are close in energy
(separated by only 0.1788 eV; ie. 1438 cm™). Although such
an energy separation is slightly larger than the requirement (on
the order of 10> cm™) of the thermally activated delayed
3233334 the possibility of partial
reverse intersystem crossing could not be ruled out, which
provides a basis for the fluorescence/phosphorescence switch-

ing.

fluorescence speculated above,

Table 3. Selected Excited States of the A—A Dimer in 1 and Their Electronic Properties

excited  ener
state (nm§Z £ absorption transition® orbital composition (%)?
S, 2031 09603  H — L (60%), H-1 — L+1 (18%), H-1 — L+3 (8%) HOMO: Cu, 16.96; Pz, $3.73; Me,

T, 3884 N/A
S 2584  0.0833

T, 306 N/A

H - L (21%), H-1 — L+1 (18%), H-1 — L+3 (9%), H-3 — L (8%), H-9 — L (6%)
H-S — L+6 (29%), H-1 — L+5 (19%), H-5 — L (6%)

H-S — L+6 (24%), H — L+6 (14%), H-9 — L+6 (12%), H-10 — L+12 (8%)

2.71; Ph, 24.10; Es, 2.50
LUMO: Cu, 2.47; Pz, 10.52; Me,
1.91; Ph, 59.35; Es, 25.75
HOMO-5: Cu, 43.55; Pz, 38.63; Me,
3.01; Ph, 13.54; Es, 1.28

LUMO+6: Cu, 65.71; Pz, 22.18; Me,
8.40; Ph, 3.28; Es, 0.43

“Energy levels calculated from the vertical transition energles from TD-DFT and without excited-state geometric optimization (see Tables S13 and
S14 in the Supporting Information for other excited states). bQOscillator strengths of vertical transitions (N/A: not available for triplet excited states
because spin—orbital coupling is not considered). “Corresponding absorption transitions and their contributions to the population of excxted states
(the population percentages are calculated by 2 X Icl* X 100%, where ¢ is the transition coefficient). Abbreviations: H, HOMO; L, LUMO. “Hirshfeld
compositions of the fragments of the molecular orbitals related to the largest-contribution absorption transitions (see Table S12 in the Supporting
Information for other orbitals). Abbreviations: Pz, pyrazolyl; Me, methyl; Ph, phenyl; Es, esteryl.
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Bl CONCLUSION

In conclusion, the observation and characterization of
luminescence mechanochromism for the well-known
(CusPz;), clusters are reported in this work. These complexes
are different from previously reported CusPz;-type complexes
because switchable dual emission is unusual for molecular
luminescent systems. The addition of the para esteryl
auxochrome appears to be a useful way for inducing dual
emission in this system. Crystal-packing effects, albeit effective
in producing several polymorphs and subtly influencing the
emission bands, do not significantly vary the luminescence
mechanochromism properties in this work.

The experimental and theoretical results suggest that the
ligand-centered S, and cluster-centered Ty excited states are the
major origins of the HE and LE bands, respectively, and also
reveal that these two excited states lie close in energy, which is
the prerequisite for the observed fluorescence/phosphores-
cence switching.

It should be mentioned that the intrinsic difficulty in fully
understanding the luminescence mechanochromism in this
system remains the monitoring and modeling of the subtle
geometric changes during the mechanically triggered crystal to
amorphous transition, especially the intermolecular Cu---Cu
distance variation which is crucial for the enhancement of the
phosphorescence. Further spectral measurements, such as
ultrafast time-resolved transient absorption and resonance
Raman spectroscopy, could be insightful. On the other hand,
more in-depth calculations, which take into account the spin—
orbital coupling and excited-state geometric optimization, are
ongoing.
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