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ABSTRACT: A new sublimable dicopper(I) complex bearing 1,2-bis(diphenylphosphino)ethane
and S-trifluoromethyl-3-(2'-pyridyl)pyrazolate ligands has been designed and synthesized, and its
crystalline solvated and non-solvated compounds have also been obtained and investigated. It is
shown that only the crystalline solvated compound exhibits reversible and selective luminescence
vapochromism, arising from its unique “pyridyl/CH,Cl,/pyridyl” organic sandwich-like stacking
arrangement revealed by X-ray crystallography, as supported by TDDFT calculations. Additionally,
the neutral Cu(I) complex has excellent thermal stability and sublimability, good solid-state
luminescence properties, and TADF character, and it is suggested to be a good emitter for vapor-

deposited OLEDs.
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INTRODUCTION

Luminescence vapochromism, often called vapoluminescence, is of intense interest to chemists
and materials scientists due to its potential applications for detection of harmful volatile organic
compounds (VOCs) in the environment and the workplace.! Vapoluminescent materials are usually
characterized by emission wavelength change upon vapors of VOCs. The subsequent reversion to
their original emissions is usually achieved upon thermal treatment or placing in air. Emissive Cu(I)
complexes have received rapidly increasing attractiveness because of their intriguing luminescence
properties including thermally activated delayed fluorescence (TADF) and promising potential for
use in various fields,” such as detection and sensing,’ biological labelling,* and display visualization
devices.” However, vapoluminescent Cu(I) complexes are relatively limited. To the best of our
knowledge, it has not been reported hitherto that reversible and selective luminescence
vapochromism for Cu(I) complexes is achieved by loss/uptake of VOCs.

Non-covalent interactions, including CH---w and halogen‘-m contacts, when rationally integrated
into an appropriate structure, often result in the occurrence of a new phenomenon or functionality.”
When the assembly displays a triple-decker sandwich structure with VOCs as the middle decker,
the VOCs are often lost easily, thus leading to the change of intermolecular interactions.
Furthermore, after the VOCs lose, if the layer structure can be well maintained and the missing
VOCs can enter readily the layer space again, it is very possible that the assembly with a layer
structure becomes a chemical sensor. Hence, inserting the VOCs into a double-deck structure to
constitute a new triple-decker structure or constructing a triple-decker structure with the VOCs as
the middle decker may be an alternative approach for achieving luminescence vapochromism.

Moreover, it is generally recognized that sublimable neutral complexes are more beneficial to
improve the performance of organic light emitting diodes (OLEDs) as compared to cationic ones.”
However, only several vapor-deposited OLEDs doped with neutral sublimable Cu(I) complexes as
the emitters have been reported,” because the design of neutral sublimable Cu(I) complexes is not

easy and the selection of suitable negative ligands is also narrow. It is expected that 5-
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trifluoromethyl-3-(2'-pyridyl) pyrazole is a good candidate, because functional 5-trifluoromethyl-3-
(2"-pyridyl)pyrazole has been successfully used to prepare highly efficient Pt(II), Ir(III), and Os(II)
luminescent complexes as a mono-anionic chelate through the pyrazole-NH deprotonation.'® Herein,
we describe the synthesis and characterization of a new neutral sublimable dinuclear Cu(I) complex
[{Cu(pyfpz)}(u-dppe)a] (1) (pyfpzH = S5S-trifluoromethyl-3-(2'-pyridyl)pyrazole; dppe = 1,2-
bis(diphenylphosphino)ethane) (Scheme 1). It is shown that only its crystalline solvated compound
shows reversible and selective luminescence vapochromism, which is attributed to its peculiar
“pyridyl/CH,Cly/pyridyl” organic sandwich-like stacking arrangement. Moreover, it is also
suggested that this sublimable Cu(I) complex is a good emitter for vapour-deposited OLEDs due to

its high thermal stability and good solid-state luminescence properties.

EXPERIMENTAL SECTION

General Procedures and Materials. All reactions were performed under an inert Ar atmosphere
using anhydrous solvents or solvents treated with an appropriate drying reagent. 1,2-Bis(diphenyl-
phosphino)ethane (dppe) was purchased from Aldrich Chemical Co.. [Cu(CH3;CN),](C104)"" and 5-
trifluoromethyl-3-(2'-pyridyl)pyrazole (pyfpzH)'> were synthesized by literature procedures.

Caution! Perchlorate salts are potentially explosive and should be handled carefully in a small
amount.

Preparation of [{Cu(pyfpz)}.(u-dppe).] (1). A mixture of [Cu(CH3CN)4](ClO4) (26.2 mg, 0.080
mmol) and dppe (31.9 mg, 0.080 mmol) in CH,Cl, (5 mL) was stirred for 15 min at room
temperature; pyfpzH (17.1 mg, 0.080 mmol) was added and the mixture was stirred for 30 min to
get a light yellow solution. Powdered NaOH (3.6 mg, 0.090 mmol) was then added and this mixture
was stirred for another 1 h. After the solvent was evaporated to dryness under reduced pressure, the
residue was extracted with 1,2-dichloroethane. The crystalline non-solvated compound 1 was
obtained as light yellow crystals by diffusion of n-hexane into the above 1,2-dichloroethane solution

(39.9 mg, 0.030 mmol, 75%). Anal. Calcd for C;0HssCu,F¢NeP4: C, 62.36; H, 4.34; N, 6.23. Found:
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C,62.31; H,4.37; N, 6.27. Selected IR (KBr, cmﬁl): 3056w, 1602m, 1531w, 1498m, 1437s, 1380w,
1328w, 1247s, 1138vs, 1101vs, 983m, 779m, 741s, 697s, 513m, 480m.

Preparation of [{Cu(pyfpz)}.(u-dppe).]-¥2CH,Cl, (1-%2CH,CI;). The crystalline solvated
compound 1-2CH,Cl, was obtained in 73% yield as light yellow crystals according to the
procedure for the crystalline non-solvated compound 1, followed by diffusion of n-hexane into the
CH,Cl, solution. Anal. Calced for Cyo5Hs9oCu,FsNgP4Cl: C, 60.89; H, 4.28; N, 6.04. Found: C, 60.98;
H, 4.37; N, 6.15. Selected IR (KBr, cmﬁl): 3055w, 1601m, 1533w, 1498m, 1437s, 1380w, 1328w,
1246s, 1138vs, 1101vs, 984m, 779m, 742s, 696s, 513m, 481m.

Crystal Structural Determination. Crystal data of 1 and 1-%2CH,CI, were collected on a Bruker
D8 QUEST diffractometer with a graphite-monochromated Mo K radiation (1 =0.71073 A). Data
reduction was performed using Bruker SAINT Software. Intensities were corrected for absorption
using SADABS, and the structures were solved by direct methods and refined by full-matrix least-
squares technique on F* using the SHELXTL software package.” The heavy atoms were located
from E-map and other non-hydrogen atoms were found in subsequent difference Fourier syntheses.
All non-hydrogen atoms were refined anisotropically, while hydrogen atoms were geometrically
generated with isotropic thermal parameters. The solvent CH,Cl, molecule is symmetrically
disordered in 1-%CH,Cl,.

Physical Measurements. 'H and *'P NMR spectra were recorded on Bruker Avance 400 NMR
spectrometer. Infrared (IR) spectra were collected on a Bruker Optics ALPHA FT-IR spectrometer
using KBr pellets. Elemental analyses (C, H, and N) were conducted on a Perkin Elmer model 240C
elemental analyzer. Powder X-ray diffraction (PXRD) data were recorded on an Empyrean
(PANalytical B.V.) diffractometer for a Cu-target tube and a graphite monochromator. Simulation
of the PXRD patterns was carried out by using the single-crystal structural data and diffraction-
crystal module of the Mercury (Hg) program version 3.0 available free of charge via the Internet at
http://www.iucr.org. Thermogravimetric analysis (TGA) measurements were performed on a Perkin

Elmer Pyris Diamond TG/DTA 6300 instrument under a nitrogen gas atmosphere at a heating rate
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of 15 °C min'. The photoluminescence properties in CH,Cl, and in the solid state were measured
on an Edinburgh analytical instrument (F900 fluorescence spectrometer) with a thermoelectrically
cooled Hamamatsu R3809 photomultiplier tube. The emission quantum yields (@ey) in CH,Cl, at
ambient temperature were calculated by &, = Qir(Br/Bs)(nr/nS)z(Ds/Dr) using fluorescein in H,O as
the standard (@em, = 0.79), where the subscripts “r”” and “s” denote the reference standard and the
sample solution, respectively, and n, D and @ are the refractive index of the solvents, the integrated
intensity and the emission quantum yield, respectively.'"* The quantity B is calculated by B =
1-10**, where 4 is the absorbance at the excitation wavelength and L is the optical path length. An
integrating sphere (Lab sphere) was used to measure the emission quantum yield in the solid state.
Computational Methodology. All the calculations were carried out by using the Gaussian 09
program"’ to analyze the electronic structures and photophysical properties of complex 1. Firstly,
the restricted density functional theory (DFT)'® method with the Becke Three-Parameter Hybrid
Functional B3LYP using the non-local correlation provided by the LYP expression and VWN
functional III for local correlation was used to optimize the ground-state (Sy) structure of complex 1
without symmetry constraint. The initial structure was extracted from the crystallographically
determined geometry. During the optimization processes, the convergent values of maximum force,
root-mean-square (RMS) force, maximum displacement and RMS displacement were set by default.
To analyze the absorption and emission transition properties, eighty singlet and six triplet excited
states for 1 in CH,Cl, media were calculated by the time-dependent DFT (TDDFT)'” method at the
same functional used in the geometrical optimization based on the optimized ground-state Sy
structure. The solvent effects in CH,Cl, media were taken into account by performing the self-
consistent reaction field (SCRF) calculations using the polarizable continuum model method
(PCM)."® Moreover, to analyze the influence of CH,Cl, solvate molecules on the electronic
structures of 1-2CH,Cl, in the solid state, the neighboring two parallel [{Cu(pyfpz)}.(u-dppe):]
molecule models without and with a CH,Cl, molecule were, respectively, selected to perform the

TDDFT calculations. In these calculations, the Stuttgart-Dresden basis set'® consisting of the
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effective core potentials (ECP) was employed for the Cu and P atoms, and 6-31G(p,d) basis set® for
the remaining atoms were used. Visualization of the frontier molecular orbitals was performed by
GaussView. Ros & Schuit method (C-squared population analysis method, SCPA)*' is supported to
analyze the partition orbital composition by using Multiwfn 3.3.8 program.*

OLED Fabrication and Measurements. All the OLEDs were made by the vacuum deposition
method. The indium tin oxide (ITO) glass substrates were pre-cleaned with ethanol, acetone, and
deionized water under an ultrasonic bath, and then treated with UV-ozone for 30 min. After a 40 nm
thick 4,4'-bis[ N-(1-naphthyl)-N-phenylamino]biphenyl (NPB) layer was deposited on the surface of
the pre-treated ITO glass, the Cu(I) phosphor and 4,4'-bis(9-carbazolyl)-1,1'-biphenyl (CBP) host
were co-evaporated to form a 40 nm thick emitting layer. Then, 1,3,5-tris(N-phenylbenzimidazol-2-
yl)benzene (TPBi) (45 nm), LiF (1 nm), and a 100 nm thick Al cathode were successively
evaporated at a base pressure of less than 10° Torr. The electroluminescence spectra and CIE
coordinates of the OLEDs were measured with a PR650 spectra colorimeter. The current density—
voltage—luminance curves of the OLEDs were recorded using a Keithley 2400/2000 source meter
and the luminance was measured using a PR650 SpectraScan spectrometer. All the experiments and

measurements were carried out at room temperature under ambient conditions.

RESULTS AND DISCUSSION

Synthesis and characterization. Treatment of [Cu(CH3CN)4]J(ClO4) in CH,Cl, with an
equimolar amount of 1,2-bis(diphenylphosphino)ethane (dppe) and 5-trifluoromethyl-3-(2'-pyridyl)
pyrazole (pyfpzH) in the presence of NaOH gave the expected target product [{Cu(pyfpz)}.(u-
dppe)z] (1) (Scheme 1). Its crystalline solvated compound 1-/2CH,Cl, was first obtained as light
yellow crystals by diffusion of n-hexane into a CH,Cl,-containing solution, and the crystal structure
was revealed by single-crystal X-ray diffraction analysis (vide infra). Interestingly, it is noted that
the crystalline solvated compound 1-/2CH,CI, shows luminescence vapochromism to CH,Cl, vapor.

To find out the relationship between the crystalline structure and the CH,Cl,-selective luminescence
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vapochromism, it is extremely important and necessary to get the crystal structure of compound
1-14CH,Cl, after loss of CH,Cl,. However, unfortunately, all attempts including placing the crystals
of 1-%2CH,Cl, in air for several months or directly thermal treatment in the oven of 100 °C for a
dozen of days were consistently in vain. As an alternative, we very much hope to obtain the crystal
structure of complex 1 without CH,Cl, by other approaches including crystallization. Fortunately,
the crystalline non-solvated compound 1 was successfully afforded as light yellow crystals by
diffusion of n-hexane into a 1,2-dichloroethane, chloroform, 1,2-dichloroethane-acetone, or
chloroform-acetone solution without CH,Cl,, and its crystal structure was determined successfully
by single-crystal X-ray structural analysis (vide infra). Different from the crystalline solvated
compound 1-%2CH,Cl,, the crystalline non-solvated compound 1 does not display luminescence
vapochromism to common organic vapors including CH,Cl,. The sample purities of the two
crystalline compounds 1 and 1-%2CH,Cl, are confirmed by their element analyses and powder X-ray
diffractions (vide infra). The two crystalline compounds 1 and 1-2CH,Cl, are soluble in chlorinated
solvents such as chloroform, dichloromethane, and 1,2-dichloroethane, but insoluble in other
organic solvents including benzene, toluene, acetonitrile, methanol, ethanol, and DMSO. The IR
absorption spectra are nearly identical for crystalline 1 and 1-/2CH,Cl, (Figures S1 and S2), perhaps
because the C—H and Cl-C—Cl vibration signals from CH,Cl, that is the only difference are
overlaid by those from pyfpz and dppe (Figures S3 and S4). In addition, the two crystalline
compounds 1 and 1-2CH,Cl, are considerably air-stable in the solid state despite slow removal of
CH,Cl,; for 1-%2CH,Cl,, whereas the isomerization is clearly observed in solution as soon as the two
crystalline compounds 1 and 1-/2CH,Cl, are dissolved (even in a non-coordinating solvent such as
CH,Cl,), as supported by 'H NMR spectra of 1-4CH,Cl, (Figures S5, S7 and S9). However, similar
isomerization behavior has not been observed in previously reported pyfpzH-based dinuclear Cu(I)
derivative of 1,4-bis(diphenylphosphino)butane (dppb) with a longer methylene chain versus dppe,
i.e. [{Cu(pyfpzH)}2(u-dppb),](Cl04),,> suggesting that the diphosphine ligand has a significant

influence on the solution stability of this type of dinuclear Cu(I) heteroleptic complexes. The
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methylene (CH,) groups of dppe show three triplet peaks in the '"H NMR spectra of 1-4CH,Cl,
(Figures S5, S7 and S9), together with a broad singlet peak presented in the *'P NMR spectra (J =
—7.93~-7.49 ppm, Figures S6, S8 and S10), implying that two possible isomers exist in solution
and the molar ratio of the two ones (observed, 1.1-2.1) depends on the solvent nature and the
storage time of solution. The integral ratio of the CH; proton signals from CH,Cl, and dppe in the
"H NMR spectra (Figures S5, S7 and S9) is approximately 1/8, which is in accord well with the
CH,Cl, and dppe molar ratio (1/4) of 1-4CH,Cl,. In the light of the variable-temperature 'H and *'P
NMR spectra (Figures S11 and S12) of 1-%2CH,Cl, in CD,Cl,, this isomerization most likely
belongs to an equilibrium of two possible species [{Cu(pyfpz)}.(u-dppe).] and [Cu(pyfpz)(dppe)]
(Figure S13), which originates from a collaborative rearrangement of the two dppe ligands
involving decoordination of one P atom from one Cu atom and recoordination to the other Cu atom.
On the basis of the assumption, one (2.47 ppm) of the three triplets from dppe (Figure S5), which
can be further split into two triplets at low temperature such as 238 and 218 K (Figure S11), can be
assigned to the monomer [Cu(pyfpz)(dppe)], while the other two ones (3.59 and 1.90 ppm) are
almost the same at room temperature and at low temperature (Figure S11) and can originate from
the dimer [{Cu(pyfpz)}.(u-dppe).], which is somewhat similar to the multiple peak (2.51-2.49 ppm,
8H, CH,-dppe) observed in [Cu,{2-(2-tert-butyl-2H-tetrazol-5-yl)pyridine}»(dppe),][BF4],”™ and
can be caused by weak intramolecular C—H-"N" contacts between the dppe-CH, and pyrazolate
groups (CH--NP*, 2.646-2.916 A, Figure S14) revealed by X-ray crystallography of 1.

The exact structures of two crystalline compounds 1 and 1-2CH,Cl, were established by X-ray
crystallography. Their crystallographic data and structure refine details are summarized in Table 1,
and selected bond lengths and angles are listed in Table 2. As depicted in Figures 1 and S15, the
two crystalline compounds 1 and 1-%2CH,Cl, all have a {Cuy(u-dppe).} framework with the two
Cu(I) atoms doubly linked by two dppe bridges to form an eclipsed boat-chair-boat conformation of
a ten-membered Cu,P4C4 ring,”™ and each Cu(I) atom is located in a highly distorted tetrahedral

N,P, configuration formed by two N donors of the 3-(2'-pyridyl)pyrazolate fragment and two P
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atoms from two dppe bridging ligands, where pyfpz adopts a mono-anionic chelating fashion with
the pyrazole-NH deprotonation, as supported by no pyrazolyl-NH proton signal observed in the 'H
NMR spectra (Figures S5, S7 and S9). The pyfpz ligand gives an unsymmetrical chelating mode
with the Cu—Npyrigy1 bonds (2.100-2.119 A) being much longer than the Cu—Npyrazolate ONES
(2.011-2.039 A), indicative of an influence of the negative charge of the monoanionic pyrazolate.*
For the crystalline solvated compound 1-/2CH,Cl,, it is noted that two pyfpz chelates of each
[{Cu(pyfpz)}.(u-dppe),] molecule are parallel with two pyfpz chelates from two neighbouring
[{Cu(pyfpz)}.(u-dppe).], respectively, and one CH,Cl, solvent molecule is sandwiched between
two parallel pyridyl rings (the distance of two pyridyl ring centroids is 7.534 A, suggesting no m-m
interactions between the two pyridyl rings), constituting one-dimensional “pyridyl/CH,Cl,/pyridyl”
organic sandwich-like stacking arrangement through weak intermolecular CH--n (CH---w, 2.879 and
3.051 A; C-x, 3.691 and 3.784 A) and Cl-w (3.693 A) interactions (Figure 2).** However, similar
layer stacking arrangement is not observed in the crystalline non-solvated compound 1 (the distance
of two pyridyl ring centroids is 9.359 A, implying no w7 interactions between the two pyridyl
rings) (Figure 3). Supramolecular packing of 1 is completed cooperatively by weak F---H (2.602 and
2.667 A) and H-H (2.327 and 2.397 A) intermolecular contacts (Figures S16 and S17), whereas
that of 1-%4CH,Cl, is achieved by weak Cl--H (2.927 A) and CH"™ ™ (~2.791 A) intermolecular
interactions (Figures S18 and S19).” The powder X-ray diffractions reveal that all the measured
diffraction peaks of the two crystalline compounds 1 and 1-2CH,Cl, (Figures 4a and 4e) are
reasonable and consistent with those (Figures 4b and 4f) calculated from their single-crystal X-ray
diffraction data, indicating the purity of the two crystalline samples. Moreover, no new diffraction
peaks appear in the fully desolvated sample of 1-2CH,Cl, (Figure 4d), which is more similar to 1
(Figure 4a) than 1-2CH,Cl, (Figure 4e), and all the observed diffraction peaks of the fully
desolvated sample of 1-%2CH,Cl, after regaining CH,Cl, (Figure 4c) are in good accordance with
those of 1-2CH,Cl, (Figure 4e), implying that no new crystalline phase occurs during the

desolvated process and the whole cycle is completely reversible. Thus, it can be believed that the

10
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formation of the “pyridyl/CH,Cly/pyridyl” organic sandwich-like stacking arrangement, together
with CH,Cl, being able to move freely in and out of the resulting layer space, may be the main
causes of 1-2CH,Cl, exhibiting reversible luminescence vapochromism to only CH,Cl, vapor.

The crystalline solvated compound 1-/2CH,Cl, is light yellow block crystals (Figure 5a). Under
UV lamp irradiation at 365 nm, a yellow emission is clearly observed at room temperature (Figure
5¢). When the block crystalline solvated sample is exposed to air, its luminescence color changes
slowly from yellow to cyan (Figure 5d), whereas there is no observable change of its surface color
(Figure 5b). Upon exposure of the fully desolvated block crystalline sample to CH,Cl, vapor, its
luminescence color can come slowly back from the cyan to the original yellow. This indicates that
the luminescence color change of the block crystalline solvated sample is responsive to CH,Cl,
vapor and is completely reversible. For the block crystalline solvated sample, the inter-conversion
of the yellow and cyan two luminescence colors is relatively slow and takes several days. However,
when the block crystalline solvated sample is ground into the fine powder (Figures 5e and 5f), the
reciprocal transformation of two luminescence colors can be finished quickly in less than 12
seconds (Figures 5g and 5h). When the block and powder samples of 1-/2CH,Cl, are exposed to
other organic vapors, such as chloroform, 1,2-dichloroethane, tetrahydrofuran, acetonitrile, ethyl
acetate, acetone, methanol, ethanol, etc., the luminescence vapochromism cannot be observed,
indicative of its high selectivity to CH,Cl, vapor. Surprisingly, the block and powder samples of the
crystalline non-solvated compound 1 cannot exhibit luminescent vapochromism to common VOC
vapors including CH,Cl,. This implies that the selective luminescence vapochromism of 1-/2CH,Cl,
is closely related to its especial “pyridyl/CH,Cly/pyridyl” sandwich-like stacking arrangement and
weak interactions between CH,Cl, and [{Cu(pyfpz)}.(u-dppe).] (Figure 2).

In addition, the thermodynamic properties of two crystalline compounds 1 and 1-2CH,Cl, and
the fully desolvated sample of 1-/2CH,Cl, were also studied. As depicted in Figure 6, the crystalline
non-solvated compound 1 and the completely desolvated sample of 1-/2CH,Cl, are stable up to

~310 °C and then sublimes directly without any appreciable decomposition, indicating their high

11
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thermal stability, excellent sublimability, and no solvate molecules existing in their crystal lattices.
For the crystalline solvated compound 1-/2CH,Cl,, a small weight loss of ca. 3.5% is observed in
the 130—173 °C region, which is in good agreement with the calculated value corresponding to the
loss of half of a co-crystallized CH,Cl, per formula unit (3.1%) revealed by single-crystal X-ray
structural analysis of 1-2CH,Cl,. Considering the low boiling point of CH,Cl,, this suggests the
higher thermal stability of CH,Cl, in 1-/2CH,Cl,, as supported by the presence of weak interactions
between CH,Cl, and [ {Cu(pyfpz)}2(u-dppe):] in the crystal lattice (Figure 2).

Photophysical Properties. As shown in Figure 7, in CH,Cl,, the pyfpzH ligand displays two
broad absorption bands at Ayn.x = 248 and 282 nm, attributable to spin allowed Lo transitions,
while its Cu(I)-dppe complex 1 also exhibits two broad absorption peaks (Amax = 255 and 306 nm,
¢>10*M"' cm') in the UV region (<330 nm), assigned as the ligand-centered transitions of both
pyfpz and dppe ligands, which are slightly red-shifted, due to the more-extended m-conjugation,
relative to the free pyfpzH. In addition, similar to previously reported pyfpzH-based Cu(I)-dppb
complex,23 due to the influence of a strong electron-withdrawing CF3, only a relatively weak low-
energy absorption is observed as a shoulder ranging from 330 to 400 nm, which is distinguished
from the absorptions observed as a broad peak in previously reported 3-(2'-pyridyl)pyrazole-based
Cu(I)-dppb complexes.”

As depicted in Figure 8, complex 1 shows at ambient temperature a very feeble green emission
(Amax = 539 nm, @ < 0.01) in CH,Cl, and a moderate emission (Amax = 523 nm) with the quantum
yield of 0.17 and the lifetime of 14.7 us in PMMA (4 wt%)), attributed to fast structural relaxation in
solution,”® as supported by the fact that its crystalline compounds 1 and 1-/2CH,Cl, all show strong
solid-state emissions (@ > 0.69) for the retardation of structural relaxation in the solid state.”” As
shown in Figure 9, at room temperature, the crystalline non-solvated compound 1 exhibits a broad
and unstructured emission band centred at 493 nm, with the quantum yield of 0.71 and the lifetime
of 39.0 us. Also, the crystalline solvated compound 1-/2CH,Cl, displays an unstructured emission

profile, maximized at 518 nm with the quantum yield of 0.69 and the lifetime of 30.2 us, and nearly

12
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identical luminescence properties reappear in compound 1-2CH,Cl, after regaining CH,Cl,,
indicating that the loss and uptake of CH,Cl, are completely reversible for the crystalline solvated
compound 1-%2CH,Cl,. The crystalline solvated compound 1-2CH,Cl; (Amax = 518 nm) shows an
emission with a lower energy, compared to the crystalline non-solvated compound 1 (Ay.x = 493
nm), perhaps attributed to the influence of weak interactions between CH,Cl, and [{Cu(pyfpz)}2(u-
dppe):] revealed by X-ray crystallography of 1-'2CH,Cl, (Figure 2), decreasing the LUMO level
basically localized on pyfpz and, hence, leading to a narrower HOMO—-LUMO gap and an emission
with lower energy, as supported by TDDFT calculations of 1-/2CH,Cl, before and after loss of
CH,Cl; (vide infra). In addition, no appreciable emission spectral changes including the quantum
yield and lifetime are observed for crystalline non-solvated compound 1 upon exposure to air for
about two months (Figure S20), whereas a remarkable emission spectral change can be clearly
observed for crystalline solvated compound 1-/2CH,CI, upon exposure to air for some time (Figure
S21), with a maximum spectral blue shift of ca. 25 nm, attributed to the loss of crystalline CH,Cl,
solvent molecules.

Upon cooling to 77 K, the crystalline non-solvated compound 1 gives a broad emission band with
a maximum at 509 nm (Figure 9d), which is red-shifted by 16 nm, relative to that (Amax = 493 nm) at
ambient temperature, indicating that the observed emission may result from two interconvertible
excited states in thermal equilibrium. To confirm this assumption, the luminescence lifetimes of
crystalline non-solvated compound 1 were investigated in the temperature range 50—-350 K and
shown in Figure 10. It is noted that the observed emission lifetime (7,s) decreased drastically from
164 us at 50 K to 24 us at 350 K. At low temperature such as 77 or 50 K, its population is
dominantly frozen in the triplet state and hence the emissive state can be ascribed to pure T, state.
With temperature increasing, the population of the upper lying S; state appears and increases
gradually. At ambient temperature, the observed emission may originate principally from the S;
state, which is significantly populated via an effective up-conversion from the lower lying T, state.

Assuming a fast thermal equilibrium existing between the S; and T; emitting states, the observed

13
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1+ ; exp [— p ;T J
emission lifetime (7,s) can be descripted as follows: T(ObS) = " > (1).
exp(_ s j

1
T(Tl) 37(81)

An excellent fit to the experimental data in 50—-350 K was obtained and depicted in Figure 10 with

ke, T

the values of #«(S;) = 420 ns, «T;) = 160 us, and AEst = 0.097 eV (780 cm ") from equation 1.
Actually, a small singlet—triplet energy gap AEsr is essential to facilitate an effective up-conversion
and yield a room-temperature emission dominated by thermally activated delayed fluorescence
(TADF), which was often observed in luminescent cuprous complexes.’®**

Theoretical Investigations. To understand the electronic transition properties of the 3-(2'-
pyridyl)pyrazole-based dinuclear Cu(I) complex, time-dependent density functional theory (TDDFT)
was used to model electronic absorption spectra of 1 in CH,Cl, using the PCM model. The frontier
molecular orbitals involved in low-energy electronic absorption transitions are shown in Figure 11.
The calculated absorption spectra, absorption transition properties, and frontier molecular orbital
compositions are given in the Supporting Information (Tables S1-S2 and Figures S22-S23).

As shown in Table S1 and Figures 11 and S23, the LUMO and LUMO+1 of 1 are basically
localized on pyfpz (90.26 and 91.37%), while the HOMO and HOMO-1 mainly reside on Cu(3d)
(41.87 and 41.78%), dppe (46.63 and 46.78%), and pyfpz (11.50 and 11.43%). Thus the calculated
low-energy absorption at 350 nm dominated by the HOMO—LUMO+1 and HOMO-1—-LUMO
transitions (Table S2), which is in good agreement with the experimentally measured value (Amax =
355 nm), is a mixed 'LLCT/'MLCT/'IL (dppe/Cu(3d)/pyfpz—pyfpz) process.

The luminescence properties of 1 in CH,Cl, media were also investigated by TDDFT/B3LYP
calculations. As depicted in Table S2, the calculated lowest-energy triplet emissive state is largely
from the HOMO-2—LUMO (41%) and HOMO-3—LUMO+1 (40%) transitions. It can be seen
from Table S1 that the HOMO-2 and HOMO-3 are uniformly distributed on Cu(3d) (58.58 and

59.56%), pyfpz (30.72 and 30.61%), and dppe (10.70 and 9.83%). Thus the lowest-energy emission

can be attributed to a mixed *MLCT/IL state. It is evident that the calculated AEst value (0.22 eV,
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1770 cm ") allows for thermal equilibrium between the S; and T, emitting states, which is in good
agreement with the experimentally obtained AEst one (0.097 ¢V, 780 cm ') based on the emission
lifetime dependence on temperature and can be thought to be theoretical support for TADF.
Moreover, to analyze the influence of CH,Cl, solvate molecules on the electronic structures of
crystalline 1-/2CH,Cl,, TDDFT -calculations of neighboring two parallel [{Cu(pyfpz)}.(u-dppe):]
molecules model without and with a CH,Cl, molecule were performed. As shown in Figure 12, the
calculated HOMO-LUMO energy gap (3.91 eV) based on the model with a CH,Cl, molecule is
smaller than the calculated value (3.99 eV) based on that without a CH,Cl, molecule, which is in
good agreement with the sequence of the experimentally measured emission energies of crystalline
compounds 1-%2CH,Cl; (Amax = 518 nm) and 1 (Amax = 493 nm) at ambient temperature.
Electroluminescence Properties. Since complex 1 possesses excellent sublimability and thermal
stability and good solid-state photoluminescence properties, which are critical for successful OLED
fabrication by vapor deposition, its crystalline non-solvated compound 1 without CH,Cl, solvate
molecules is chosen as the emitter. The multilayer devices of the configuration of ITO/NPB (40
nm)/CBP:1 (40 nm)/TPBI (45 nm)/LiF (1 nm)/Al (100 nm) were prepared, where the abbreviations
NPB, CBP, and TPBI stand for 4,4'-bis(N-(1-naphthyl)-N-phenylamino)biphenyl, 4,4'-bis(9-
carbazolyl)-1,1"-biphenyl, and 1,3,5-tris(N-phenylbenzimidazol-2-yl)benzene, and the doping
concentrations of 1 are 4 wt%, 6 wt%, and 8 wt%, respectively. Table 3 summarizes the selected
performance data of these OLEDs, while the current density—voltage—luminance characteristics and
electroluminescence efficiency—luminance curves of these OLEDs are presented in Figures 14 and
15. For all doping concentrations, the devices all emit strong electroluminescence and exhibit a
relatively low turn-on voltage (Vium-on) of ~4.0 V, and the device with 6 wt% doping concentration
shows a maximum external quantum efficiency (#ex) of 7.5%, a maximum current efficiency (7.) of
15.9 c¢d A", and a maximum power efficiency (17p) of 12.9 Im W™'. Compared to the solid-state
photoluminescence spectra (Figure 9) of crystalline non-solvated compound 1, it is noted that the

electroluminescence spectra of these OLEDs have an extra shoulder appearing at ca. 436 nm
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(Figure 13), which can be attributed to the CBP host, suggesting that the CBP is not an appropriate
host because it cannot transfer the obtained energy effectively to the emissive dopant 1. Although
the performances of these OLEDs have not been well optimized, there is no doubt that the Cu(I)

complex 1 is still believed to be a good emitter for vapor-deposited OLEDs.

CONCLUSIONS

We have designed and synthesized a new sublimable dinuclear Cu(I) complex possessing 1,2-
bis(diphenylphosphino)ethane and NH-deprotonated 5-trifluoromethyl-3-(2'-pyridyl)pyrazole, and
have obtained and investigated its crystalline solvated and non-solvated compounds. It is shown that
the crystalline solvated compound displays reversible and selective luminescence vapochromism,
which cannot be presented in the crystalline non-solvated compound. As revealed by X-ray
crystallography, the reversible and selective luminescence vapochromism is closely associated with
the particular “pyridyl/CH,Cl,/pyridyl” organic sandwich-like stacking arrangement, as supported
by TDDFT analyses. In addition, the neutral dicopper(I) complex exhibits high thermal stability and
excellent sublimability and good solid-state luminescence properties with TADF character, and it is
suggested to be a good emitter for vapor-deposited OLEDs. The findings presented herein provide a
new insight into the design and synthesis of highly efficient vapor-responsive luminescence

materials and emitting materials used in vapor-deposited OLEDs.
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Scheme 1. Structure of [{Cu(pyfpz)}.(u-dppe).].

F1C

— X

\ Ph, |
\ N /,,,, ,,”’C Fﬁz P P\C . \\\\\\\\\N /

u u

N
Z |\1 I%P\/\p/ N\
Ph, \ —

N N

Figure 1. Molecular structure of one of the two independent molecules of 1-Y2CH,Cl,; lattice

CH,Cl; molecules and hydrogen atoms have been omitted for clarity.

Figure 2. Stacking arrangement of crystalline solvated compound 1.-/2CH,Cl,.
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Figure 3. Stacking arrangement of crystalline non-solvated compound 1.
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Figure 4. PXRD pattern changes of crystalline compounds 1 and 1-/2CH,Cl,. (a) PXRD pattern of
57 1 and (b) that calculated from its single-crystal data. (c) PXRD pattern of 1-2CH,Cl, after regaining
59 CH,Cl,, (d) that of 1.%2CH,Cl, after losing CH,Cl,, (e) that of 1.2CH,Cl, and (f) that calculated

from its single-crystal data.
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Figure 5. Photographic images of the block and powder samples of crystalline 1-/2CH,Cl,.
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Figure 6. TGA curves of crystalline 1 (a), 1-/2CH,Cl, (b) and 1-2CH,CI; after loss of CH,Cl, (¢).
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Figure 7. Absorption spectra of pyfpzH and 1 in CH,Cl,.
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Figure 8. Emission spectra of pyfpzH and 1 in CH,Cl, and 1 in PMMA.
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Figure 9. Solid-state emission spectra of 1.2CH,Cl, at 298 K (a), 1-%2CH,Cl, after regaining

CH,Cl, at 298 K (b), 1 at 298 K (c) and 1 at 77 K (d).
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Figure 10. Solid-state emission decay time of crystalline 1 versus temperature. The solid curve

represents the fit of equation 1 to the experimental data.
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Figure 11. Plots of frontier molecular orbitals involved in the low-energy electronic absorption

transitions of 1.
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Figure 12. The energy level of frontier molecular orbitals for crystalline 1-2CH,Cl, without and

with a CH,Cl, molecule by TDDFT method at the B3LYP level.
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Figure 13. Electroluminescence spectra of the OLEDs at ca. 10 V.
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Figure 14. The current density—voltage—luminance curves of the OLEDs.
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Figure 15. The efficiency—luminance curves of the OLEDs.
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Table 1. Crystal Data and Structure Refinement for 1 and 1-%2CH,Cl,

compound
formula

fw

T (K)

crystal system
space group
a(A)

b (A)

c(A)

a (deg)

/3 (deg)
 (deg)
V(A%

Z

Pecaled (g Cm_3)
u (mm )

no. reflections collected

no. unique reflections
Rint

no. observed reflections

no. parameters
GOF on F*
R1[I>20(])]
WwR2

1

C70HsgCusFgNgPy

1348.18
293(2)
monoclinic
P21/C
19.6574(19)
14.9049(15)
21.809(2)
90
91.072(2)
90
6388.7(11)
4

1.402
0.831
86428
10600
0.1800
10600

793

1.005
0.0656
0.1447

1-%CH,Cl,
C70.50H59CICuFNgP4
1390.65
300(2)
monoclinic
P21/C
21.691(4)
14.919(3)
20.267(3)
90
91.694(4)
90
6555.8(19)
4

1.409
0.851
111766
11648
0.0500
11648

811

1.044
0.0459
0.1053
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Table 2. Selected Bond Lengths (A) and Angles (deg) of 1 and 1-/4CH,Cl,

compound
Cul-N1
Cul—-N2
Cul-P1
Cul-P2
Cu2—-N4
Cu2—N5
Cu2—P3
Cu2-P4
N1-Cul—N2
N1-Cul-PlI
N1-Cul-P2
N2—Cul-P1
N2—Cul-P2
P1-Cul-P2
N4—Cu2—N5
N4—Cu2-P3
N5—Cu2-P3
N4—Cu2—-P4
N5—Cu2—-P4
P3—Cu2-P4

1
2.104(6)
2.039(5)
2.2428(19)
2.231(2)
2.117(6)
2.011(5)
2.2244(19)
2.2280(19)
80.1(2)
113.90(16)
112.80(15)
111.87(16)
113.13(16)
118.83(7)
80.9(2)
114.01(16)
115.64(17)
111.51(16)
113.48(16)
116.30(7)

1-4CH,Cl,
2.119(3)
2.035(3)
2.2349(10)
2.2432(10)
2.100(3)
2.020(3)
2.2334(11)
2.2343(11)
80.26(11)
116.10(8)
110.93(8)
114.18(8)
117.01(8)
114.12(3)
80.95(12)
120.32(9)
114.07(9)
109.75(9)
119.99(9)
109.66(4)

Table 3. The performance of the OLEDs made from 1

Device Dopant

Al 4.0 wt%
A2 6.0 wt%
A3 8.0 wt%

Vturn-on

Luminance
L (cd m™%)*

6881 (19.0)
7217 (21.2)
6585 (26.6)

(%)

45 (8.7)
7.5 (3.9)
6.0 (5.5)

n

(cd A7
5.5(8.7)

15.9 (3.9)
13.2 (5.5)

Xmax
(nm)”

480 (0.21, 0.28)
486 (0.22, 0.31)
492 (0.21, 0.34)

“ Maximum values of the devices. Values in parentheses are the voltages at which they were

obtained. ” Values were collected at 10 V and CIE coordinates (x, y) are shown in parentheses.

39



oNOYTULT D WN =

Page 40 of 40

For Table of Contents Use Only

A Sublimable Dinuclear Cuprous Complex Showing Selective Luminescence Vapochromism
in the Crystalline State

Xing-Wei Chen, Hua-Li Yuan, Li-Hua He, Jing-Lin Chen,* Sui-Jun Liu, He-Rui Wen, Guijiang
Zhou,* Jin-Yun Wang,* and Wai-Yeung Wong*

The sublimable dicopper(I) complex is suggested to be a good emitter in vapor-deposited OLEDs,
and its crystalline solvated compound shows reversible and selective luminescence vapochromism

due to the especial “pyridyl/CH,Cl,/pyridyl” organic sandwich-like stacking arrangement.
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