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Two polymorphs of Cul(3,4-bis(diphenylphosphino)thiophene)(bis
(pyrazol-1-yl)borohydrate)] (1) were isolated. The blue luminescent
crystals have evident mechanochromic luminescent (MCL) properties.
Based on photophysical and structural analysis, the pore structure in
the blue crystals is considered to be the main reason for the MCL
properties.

During the past decade, stimuli-responsive materials have been
extensively investigated due to the soaring demand for efficient
smart materials." Thus far, a number of stimuli-responsive
molecules have been synthesized, and they are sensitive to
diverse external stimulations.> Mechanochromic luminescent
(MCL) material that can exhibit color changes in response to
external mechanical stimulations (e.g., grinding, shearing, or
high pressure) is an attractive research target, due to the
numerous promising applications for it, from sensing to data
storage and displays.® However, these types of materials are still
limited, and a significant number of MCL molecules have
been discovered serendipitously or as a result of deliberate
screening.® Moreover, compared with m-conjugated organic
molecules, transition-metal complexes are less studied, and
they are mainly based on noble metals such as Au(1).” In
addition, because direct identification of the ground amorphous
phase is usually absent, the understanding of mechanochromic
mechanisms remains in its infancy.

There has been great interest in Cu(r) complexes in recent
years because of their relatively low cost, structural diversity,
and outstanding photophysical behaviors.® Stimuli-responsive
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materials based on Cu(r) complexes were studied as early as the
1970s, but the report on Cu(r) complex-based MCL material did
not appear until decades later.” In 2010, Perruchas et al
reported the mechanochromic properties of a tetranuclear
cubane-type Cu(i) iodide cluster [Cu,I,(PPh,(CH,CH = CH,))],
whose emission color dramatically changed from pale green to
yellow after grinding, and the initial emission color was fully
recovered by exposure to volatile solvent or heating.® These
Cu,l, (n=4, 6, 8, and so on) clusters (Fig. 1a) represent the most
common type of Cu(1)-based MCL material.” In addition, several
Cu(i)-based coordination polymers (Fig. 1b), which are metal-
organic frameworks, also possess MCL properties.”

Although cuprophilic interaction is considered as essential to
MCL, some studies have challenged the dominant view. For
example, Yang et al reported a mechanochromic phenomenon
in a cubane Cu,l, cluster without Cu-Cu interaction.'* It is worth
noting that Steffen et al. studied four ionic Cu(1)}-NHC complexes,
and proposed a new mechanism for the cation-anion exciplex.'* In
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Fig.1 (a) A tetranuclear cubane-type Cu() iodide cluster with MCL
properties. (b) A Cu()-based coordination polymer with MCL properties.
(c) Linear mononuclear Cu()-NHC complexes. (d) The synthetic route to
the title complex Cul(3,4-dppTp)(pz2BH)] (1). (e) The relationship between
the various forms of complex 1. DCM and DEE are the abbreviations for
dichloromethane and diethyl ether, respectively.
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2019, Steffen and co-workers synthesized some linear mononuclear
Cu(1)-NHC complexes (Fig. 1c) that exhibited significant changes in
their photophysical properties after grinding.® This phenomenon
was also caused by the Cu-F interaction formed during the
grinding process. Unfortunately, these ground Cu()-NHC com-
pounds cannot return to their initial photoluminescence color.

Very recently, Chen and co-workers reported a series of
multinuclear Cu(1) complexes exhibiting MCL properties, which
was due to 7- - -1 or N-H- - -0 hydrogen bonds."* However, to our
knowledge, mononuclear Cu(1) complexes with reversible MCL
properties have not yet been reported. Obviously, the crowded
environment around the center metal in mononuclear Cu()
complexes usually leads to sufficiently long Cu-Cu distances that
can eliminate the Cu-Cu interactions, and research on such
materials can provide new perspectives on MCL mechanisms.

Introducing flexible fragments to promote the formation of
a loose crystal structure is considered as a useful strategy to
achieve MCL molecules.* However, bright luminescence Cul(i)
complexes are usually obtained by employing ligands with
greater steric rigidity to suppress the pseudo-Jahn-Teller dis-
tortion and other non-radiative decay of the excited states.®” To
solve this dilemma, we selected the anionic ligand bis(pyrazol-
1-yl)borohydrate, i.e., pz,BH,, which is a relatively flexible but
efficient ligand that can be used to construct luminescent Cu()
complexes.”> In addition, a rigid ligand 3,4-bis(diphenyl
phosphino)thiophene (3,4-dppTp) was also employed to sup-
press the flattening process. Utilizing the two specific ligands, a
mononuclear neutral Cu(i) complex Cu[(3,4-dppTp)(pz,BH,)]
(1) was obtained. The synthetic route to complex 1 is
shown in Fig. 1d. The final product was fully characterized by
'H (**C, *'P) NMR spectroscopy, mass spectrometry, and ele-
mental analysis. Detailed procedures and characterization
information are presented in the Supporting Information. In
addition, we obtained two crystals of complex 1. As expected,
the blue emissive crystals showed evident MCL properties with
emission color variation between blue and yellow.

The two different forms of complex 1 are named 1B and 1Y,
where the letter denotes its emission color (B denotes blue, and
Y denotes yellow-green). The two crystals were characterized by
single crystal X-ray diffraction (SCXRD, Table S1, ESI}). According
to the UV-Vis absorption spectra (Fig. S10, ESIf), the intense
absorption bands with maxima of 250 nm and 295 nm were
assigned to the spin-allowed m-r* transitions of the 3,4-dppTp
ligand. The transition of pz,BH, was expected to occur at shorter
wavelengths. At a longer wavelength, complex 1 exhibited a weak
absorption shoulder peak that was attributed to d-rn* transitions.

These analyses are supported by density functional theory
(DFT) calculations. In alighment with most Cu(i) complexes,®*
compound 1 exhibited metal to ligand charge transfer (MLCT)
excited characteristics, where the highest occupied molecular
orbital (HOMO) was mainly distributed around Cu(1), and the
lowest unoccupied molecular orbital (LUMO) mainly resided on
the & orbitals of the central thiophene rings (Fig. S11, ESIt).

Under UV excitation, the two polymorphs exhibited bright
blue and yellow-green luminescence, and their maximum emis-
sion wavelength (4max) Was 472 nm to 528 nm, respectively.
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Fig. 2 (a) Photoluminescence spectra of the two crystal forms at room
temperature; inset: photographs of 1B and 1Y under UV light (365 nm).
(b) Temperature-dependent photoluminescence spectra of 1B.

Their photoluminescence absolute quantum yield (Ppp) was
59% and 78%, and the excited state decay lifetime (t) was 22 us
and 19 ps, respectively (Fig. 2 and Table 1). Based on the
equations k, = ®p/t and Ppp = k/(k: + knr),"® where k. and ky,
denote the radiative constant and non-radiative constant,
respectively, the crystal form 1Y exhibited a higher k. but a
k. that was lower than 1B, indicating a more rigid coordina-
tion environment around the Cu(i) centers. Additionally, the
temperature-dependent photoluminescence spectra and the
excited state lifetimes (Fig. 2b, Fig. S12-S17 and Table S3, ESI¥)
of 1B and 1Y were examined. It was observed that the com-
plex exhibited a thermally activated delay fluorescence (TADF)
mechanism.

Interestingly, the blue emission polymorph 1B exhibited
evident MCL properties, while the yellow-green emission poly-
morph 1Y did not. For 1B, the colorless crystal became a yellow
powder 1G upon grinding, and the A,,,x displayed a remarkable
redshift of approximately 80 nm, accompanied by an emission
color variation from blue to yellow (Fig. 3 and Table 1). The blue
luminescence was completely regained by fuming 1G to
dichloromethane (1G-F1) or diethyl ether vapors (1G-F2), and
it was also recovered by soaking 1G in diethyl ether (1G-S). Note
that this ground-fumed conversion can only be performed three
times, while the ground-soaked conversion showed no degra-
dation even after ten cycles.

To understand the MCL phenomenon, detailed photo-
physical properties of the various states of 1B during the
ground-fumed/soaked conversion, i.e., 1G, 1G-F1, 1G-F2, and
1G-S were measured (Fig. 3b, ¢ and Table 1). In addition, a neat
film of complex 1 (1-Film) was prepared by spin-coating and
was characterized for comparison. The ground sample 1G

Table 1 Photophysical data for complex 1 in the two crystal forms, as a
neat film, and in various states during the ground-fumed/
soaking conversion

Jmax [NM] @pr [%)] 7 [ps] & [10* s7'] Ky [10* s7'] CIE (x, y)

1B 472 59 22 2.68 1.86 (0.22, 0.30)
1Y 528 78 19 411 1.16 (0.34, 0.51)
1G 550 34 15 2.27 4.41 (0.40, 0.52)
1G-F1 469 36 20 1.80 3.20 (0.19, 0.26)
1G-F2 478 61 22 277 1.77 (0.23, 0.34)
1G-S 469 58 19  3.05 2.21 (0.19, 0.25)
1-Film 554 10 7 143 12.87 (0.41, 0.51)

“ Absolute quantum yields determined using an integrating sphere.
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Fig. 3 (a) Photos of various states of 1B during the ground-fumed con-
version. Photos | and Il were taken under ambient light, while photos Il and
IV were taken under a UV lamp (365 nm). In photos | and |I, the letters "C"”
and “u” are made up of 1B and 1G samples, respectively. Photos Il and IV
show the state after fumigation with DCM, where the luminescent color of
the letter “u” changed from yellow to blue. (b) Photoluminescence spectra
of various states of 1B during the ground-fumed/soaking conversion.
(c) The CIE 1931 chromaticity diagram of various states of 1B during the
ground-fumed/soaked conversion. It should be noted that the coordinate
points of 1G-F1 and 1G-S are almost coincident. (d) Powder X-ray
diffraction (PXRD) spectra of the various states of 1B during the ground-
fumed/soaked conversion.

showed an almost identical emission spectrum to that of 1-Film
(Fig. S18, ESIt), indicating that the coordination environment
of Cu(i) complexes in the ground sample was similar to that in
the amorphous film. A comparison of 1G with 1B indicated an
obvious decrease in @p;, (Table 1), which may arise from the less
rigid environment in amorphous 1G than that in crystal 1B,
leading to increased non-radiative transitions. The difference
in @p;, between 1G and 1-Film was also caused by environ-
mental rigidity. In previous studies on Cu(i) complexes, there
are often large differences in the ®py values for powder and
neat film."*'” Although the blue emission could be recovered in
1G-F1, 1G-F2, and 1G-S, there were minute differences between
the emission spectra for these samples, but obvious differences
in @p;. Based on the deduced &, and &, values, the higher @p;,
mainly arises from the lower non-radiative rate.

In addition, the powder X-ray diffraction (PXRD) spectra
for the various states of 1B during the ground-fumed/soaked
conversion were also measured to understand the MCL
phenomenon (Fig. 3d). Sample 1B exhibited intense and
sharp diffraction peaks, while the peaks of 1G become very
broad, indicating the crystal-to-amorphous phase transition
upon grinding.’*'® After exposing 1G to solvent vapors or
soaking in diethyl ether, intense characteristic signals were
observed once more. The PXRD patterns of 1G-F1 and 1G-F2
were somewhat different from the pattern of 1B, while the
pattern of 1G-S was very similar to 1B, illustrating that
recrystallization was more complete in the ground-soaked
conversion.
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Fig. 4 A molecular packing comparison of (a) 1B viewed down the c-axis
showing the pore structure and (b) 1Y viewed down the b-axis. Atom
notation: B, pink; C, grey; Cl, green; Cu, red; H, white; N, blue; P, orange;
and S, yellow.

To explore the underlying mechanism of this MCL phenom-
enon, packing modes and intermolecular forces of the two
crystal forms were investigated in detail. In terms of 1B, there
are four molecules (numbered as I-1V, Fig. 4a) interlaced along
the b-axis in each unit cell. Among which, molecules II and III
are connected to each other by a C-H- - -1 bond (2.931 A, Fig.
S19, ESIt), and they tightly interact with molecules in adjacent
unit cells by two types of C-H.- - -1 bonds (2.663 and 2.895 A).
Between I and II (or III and IV), there is a pore along the c-axis
that is filled with alternately arranged dichloromethane mole-
cules. These solvent molecules are connected to each other by
C-H-:--Cl bonds (2.837 A). In addition, these dichloromethane
molecules also act as glue, linking molecules I and II (or IIT and
IV) through C-H---Cl bonds (3.084 and 3.087 A). Rich inter-
molecular forces are also found in 1Y (Fig. S20, ESIt). It contain
two C-H. ..n bonds (2.754 A and 2.840 A), two types of B-H- - -H-C
dihydrogen bonds (2.201 A, 167.90° and 2.322 A, 176.13°), one
C-H---Cl bond (3.098 A) and one C-H---N bond (2.587 A).
Obviously, the intermolecular force becomes stronger, but the
role of solvent molecules in 1B is impaired. The solvent no longer

This journal is © The Royal Society of Chemistry 2021
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acts as a glue to link complex molecules, and no pore structure
was observed in it.

As shown in Fig. S21 (ESIY), there are no changes in the
"H NMR spectroscopy of 1B, 1G, and 1G-F1 except for the
solvent peak of dichloromethane. This suggests that there are
no changes in the coordination modes during the ground-
fumed process. Furthermore, the infrared spectra (Fig. S22,
ESIt) were measured to support this conclusion. There are no
shifts of the absorption peaks, which confirms that the coordi-
nation mode has not changed. However, some peaks between
3000 and 3150 cm ™' (corresponding to the stretching of C-H
bonds) almost disappeared after grinding. This phenomenon is
related to the change in the intramolecular or intermolecular
interactions,**'*? indicating that the packing mode has chan-
ged. This is consistent with the conclusion obtained by PXRD.
In addition, the minimum Cu-Cu distance in 1B is 9.392 A
(Fig. S23, ESIt), which is much longer than the sum of van der
Waals radii (2.80 A). Therefore, the pore structure is proposed
to rationalize their MCL properties. The unique pore structure
is caused by a variety of non-covalent interactions. The use of
grinding or fuming and soaking to break or reconstruct the
pore structure, ie., tuning the weak interactions, significantly
changes the bond lengths and angles of Cu(i) complexes,
resulting in differences in their luminescence colors.

In summary, a novel mononuclear Cu() complex was
designed, and two polymorphs exhibiting different color emis-
sion were isolated. Interestingly, the blue-luminescent crystals
have evident MCL properties, with the emission color varying
between blue and yellow upon grinding and fuming/soaking.
The MCL phenomenon, which was first observed in mono-
nuclear Cu(i) complexes, was studied in detail. Based on
photophysical and structural analysis, the pore structure existing
in the blue emission crystals provides a flexible space so that
external force can easily change the coordination environment of
the central Cu(1) atom, leading to a drastic emission color change
to yellow. These results demonstrate that mononuclear Cu(i)
complexes could be promising but unexplored MCL materials.
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