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ABSTRACT: The synthesis and the photophysical study of two dinuclear copper(I) complexes
bearing a 2-(1H-imidazol-2-yl)pyrimidine bridging ligand are described. The tetrahedral
coordination sphere of each copper centre is completed through the use of a bulky bisphosphine
ligand, either DPEphos or Xantphos. Temperature-dependant photophysical studies
demonstrated emission through a combination of phosphorescence and thermally activated
delayed fluorescence (TADF) for both complexes, and an intense emission (®p, = 46%) was
observed for a crystalline sample of one of the complexes reported. The photophysics of these
two complexes is very sensitive to the environment. Two pseudopolymorphs of one of the

dinuclear complex were isolated, with distinct photophysics. The emission color of the crystals



can be changed by grinding, and the differences in their photophysics before and after grinding

are discussed.

Introduction

As aresult of the high abundance of copper in the Earth’s crust (68 ppm for copper compared
with 0.0004 ppm for iridium),' copper(I) complexes are considered to be potential candidates
for sustainable light emitting materials and as photocatalysts. Moreover, copper(I) complexes
possess a d!° electronic configuration and thus avoid non-emissive and photodissociative
processes associated with the population of d-d states. Their emission energies are easily
tunable through ligand modulation due to the metal-to-ligand charge transter (MLCT) nature
of the excited state of most mononuclear copper(l) complexes. In addition, they have long been
found to be photoactive and emissive. Indeed photoactive [Cu(NAN)(PAP)]* and [Cu(NAN),]*
types of complexes were first reported by Sakaki et al.>* and Sauvage et al.,* respectively, more
than thirty years ago. In 2002, McMillin et al.’ focussed in particular on the luminescence
properties of heteroleptic [Cu(NAN)(PPh;),]* and [Cu(NAN)(DPEPhos)]* (DPEPhos = bis[(2-
diphenylphosphino)phenyl] ether) type of complexes. Although there were no devices

fabricated in these initial studies, a very long excited state lifetime (tp. = 14.3 us) and relatively

high photoluminescence quantum yield, ®p., of 15% in DCM were found for
[Cu(dmp)(DPEPhos)|BF, (dmp = 2,9-dimethyl-1,10-phenanthroline). Wang et al. later
reported organic light emitting diodes (OLEDs) fabricated with the related complex
[Cu(dnbp)(DPEPhos)|BF, (dnbp = 2.,9-di-n-butyl-1,10-phenanthroline), which achieved a
current efficiency up to 11.0 cd A!at a current density of 1.0 mA cm.° Moreover, this family
of complexes has also been used in other applications, For instance, Xiao et al. studied the
photopolymerization of both acrylates and epoxides using three different [Cu(NAN)(PAP)]*

type complexes. The polymerization was initiated by a cation generated from the photoredox
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catalytic reaction between an iodonium salt and the Cu(I) photocatalyst while N-vinyl-9H-
carbazole (NVK) was observed to accelerate the reaction. Of the complexes investigated as
photocatalysts, [Cu(dmp)(DPEPhos)]BF, exhibited the highest reactivity due to the
correspondingly large molar extinction coefficient of the Metal Ligand Charge Transfer

(MLCT) band.’

Although mononuclear heteroleptic copper complexes of the form [Cu(NAN)(PAP)]*, remain
arguably the largest and most widely studied family of complexes studied, there is growing
interest in dinuclear copper(I) complexes (Figure 1), with Peters et al. reporting the first
example of a highly emissive bis(phosphine)diarylamido dinuclear copper(I) complex in 2005
(Figure 1a). This is in part because the ®p;. values of cuprous dinuclear complexes are generally
higher compared to their mononuclear analogues, such as 16% in DCM for
[Cu(dbp)(DPEPhos)]* reported by McMillin et al.> compared to 67% in THF for [Cu(PNP)],
reported by Peters et al.® This has been attributed to a combined effect of steric protection by
the bulky [PNP]-ligand and the absence of a net positive charge in the dinuclear complex. In
2010, Robertson et al. reported a dinuclear copper(I) complex containing a bipyrimidyl
bridging ligand (Figure 1b); however, they failed to purify the complex, and no photophysics
data were reported.” In 2013, Brise et al. reported a group of iodide-bridged heteroleptic
copper(I) complexes.”® Moderate-to-high photoluminescence quantum yields (36-99%) and
long photoluminescence lifetimes of the order of microseconds (1.09-4.22 ps) for the powder
samples were observed. All complexes of this group exhibited MLCT (Cu,l, core to PAN
ligand) excited states, and the more emissive complexes showed a triplet spin-density
distributed across both the Cu,l, core and the PAN ligand, while the less emissive complexes
reported showed triplet spin-density localized only on the PAN ligand. OLED devices were

fabricated for one of the complexes (Figure 1¢), and a luminance of 1800 cd m?and a CE,,, of
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8.74 cd A! was achieved for this blue-green emitting device.!' De Cola et al. reported two
Cu(NAN),(PAP,) complexes (Figure 1d). These complexes showed high ®@p of up to 49% in
MeCN and long tp. of up to 13.8 us and were found to show TADF, with one of the dinuclear
complexes (Figure 1d) possessing a small AEsr of only 0.02 eV, although the AEgr value of the
other complex was not reported. Light-emitting electrochemical cells (LEEC) were fabricated
and achieved a maximum luminance of 108 cd/m?.!> Kato et al. reported a group of highly
emissive [Cu,(NAPAN),]X, complexes synthesised by mechanochemical methods with powder
@y, values of up to 74% (Figure 1le)."* At room temperature, the powder samples of these
complexes exhibited blue to green emission (Ap. from 470 nm to 530 nm) and microsecond
tpLs (5-33 ps) while at 77 K the emission spectra slightly red-shifted by 9-22 nm (39-98 meV)
and showed slower emission decay. Green-emissive Cuy(N,AN,)(PAP), complexes (Ap. ~520
nm, ®p range from 29% to 79%) were reported by Lu et al., with one of them showing a high
®p;. of 79% (Figure 1f) in the crystal. These complexes exhibit efficient TADF (AEsr ~ 0.1 eV)
with relatively fast radiative decay rates (up to 1.4 x 10° s') at room temperature. OLEDs using
these complexes as emitters showed EQE,.,, values of up to 8.3% and a peak luminance of
2525 cd m™2." Very recently, Yersin et al. reported a family of highly luminescent (®p. up to
84%) yellow-green-emissive [Cu,(u-PAP)][X,] complexes (Figure 1g). These materials,
identified as showing TADF, had very short delayed lifetimes (as low as 1.2 us) due to the

AEgr values being as small as 0.048 eV.1
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Figure 1. Representative examples of dinuclear copper(I) complexes.



Herein, we report two novel Cu,(u-NAN)(PAP), complexes bearing 2-(1H-imidazol-2-
yDpyrimidine bridging ligand (impymH) as a deprotonated bridging ligand,
[Cuy(impym)(Xantphos),|BF, and [Cu,(impym)(DPEPhos),]|BF, (Scheme 1). In solution, both
complexes exhibited weak blue emission from a ligand-centred (LC) state with nanosecond-
long tp.5. These complexes exhibit aggregation-induced-emission (AIE) where the aggregated
nanoparticles showed very bright yellow metal-to-ligand charge-transfer emission. In contrast
to other copper(I)!’® and platinum(Il)!”"* complexes showing AIE, we found that in dilute
solution the MLCT emission is too weak to be detectable and all that is observed is residual
LC emission; however, when the nanoparticles form, the non-radiative decay processes are
suppressed and MLCT emission, typically observed for [Cu(NAN)(PAP)]* complexes, is

restored.

Moreover, crystallised samples of [Cuy(impym)(Xantphos),]BF,; revealed two
pseudopolymorphic forms that show different emission colors and associated photophysical
properties. Upon grinding the crystalline samples of these two pseudopolymorphs, we observed
an emission color change as well as a change in the emission intensity, which we assign to a

combined effect of losing solvation and conversion of one form into the other during grinding.

Results and Discussion

Synthesis of ligand and complexes

The impymH ligand was prepared in modest yield via the condensation of pyrimidine-2-
carbonitrile and 2,2-dimethoxyethan-1-amine.!”” Complexes D1 and D2 were then isolated as
their tetrafluoroborate salts via crystallization following complexation of impymH with
[Cu(NCMe),]BF,and either DPEPhos or Xantphos (Scheme 1).2° The identity and purity of the
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two complexes were ascertained by a combination of 'H, “F, 3P, 3C NMR spectroscopies,
mass spectrometry and elemental analysis (see Synthesis and characterisation in ESI). The
structures of both complexes were determined by single crystal X-ray diffraction. Both
complexes are soluble and chemically stable in a wide number of organic solvents (e.g.,
dichloromethane, chloroform, acetone, methanol), as well as being stable under ambient

conditions in the solid state as powders.

BF,
[Cu(NCMe),IBF,, Qpphz 7~ PhpP
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N~ o
THF, r.t. 4 h. / NN \ 72%
\:/
PPh, Ph,P

[Cu(NCMe),]BF,,
Xantphos, K,CO,,

THF, r.t. 4 h.

Scheme 1. Synthesis of homodinuclear complexes.

X-ray crystallography.

Single crystals of D1 and D2-a were obtained by diffusing diethyl ether vapor into
concentrated DCM solution of the complex (method 1, ESI), while crystals of D2-b were
obtained from the slow evaporation of a mixed DCM/methanol solution of D2 (method 5, ESI).
The solid-state structures of each of sample occupy similar or the same monoclinic space
groups: P2,/c for D1 and D2-a, and P2,/n for D2-b (Figure 2). The crystal structures reveal as
expected that each copper atom is tetracoordinated and that the impym ligand acts to bridge
the two [Cu(PAP)] fragments. The oxygen atoms of the two DPEPhos or Xantphos ligands in
both D1 and D2-b are on opposite sides of the copper—impym-copper plane (Figure 2) and,
therefore, they adopt a pseudo-trans configuration. In contrast, D2-a, with its Xantphos oxygen
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atoms on the same side of the copper—impym-copper plane, adopts a pseudo-cis configuration.
However, in both D2 complexes, the Xantphos oxygen atoms are close to the copper—-impym-

copper plane.

. e r'('} I 1 \
-~ < ‘ \_

JN
Figure 2. (top) Thermal ellipsoid plots of the X-ray structures of (a) D1, (b) D2-a and (c) D2-

b. Solvent molecules, BF,~ anions and hydrogen atoms have been omitted for clarity. Ellipsoids
are drawn at the 50% probability level. (bottom) Views showing the position of phosphine-
ligand oxygens relative to the copper—-impym-copper plane (shown as a red line) for (d) pseudo-

trans D1, (e) pseudo-cis D2-a and (f) pseudo-trans D2-b.

Selected bond lengths, angles and distances are listed in Table 1. As expected, the two copper
centres in each complex exhibit a tetrahedral geometry. The four N-Cu bonds for each complex
are of similar length, implying that the impym ligand coordinates with its negative charge
equally distributed to both copper centers rather than coordinating formally datively to one
copper center and covalently to the second. Despite the two different bisphosphine ligands
used, D1, D2-b and one PAP ligand of D2-a have similar P-Cu-P bite angles, ranging from
114.00(4)° to 117.72(4)°. In contrast, the second bisphosphine ligand in D2-a has a P-Cu-P bite
angle of 127.74(4). There is one apparent configurational difference between this wide-bite

Xantphos, and the other three in D2-b and D2-a, namely that the xanthine mean plane is



approximately coplanar with the P, mean plane, while the other three xanthine mean planes are

close to orthogonal to the P, mean plane.



Table 1. Selected bond lengths, bond angles and dihedral angles in D1, D2-b and D2-a.

Lengths () Angles (°)
D1 D2-b D2-a D1 D2-b D2-a
Average P-Cu 225 295 296 P-Cu-P bite 115.40(7), 114.00(4), 117.72(4),
bond length ’ ’ ’ angles 117.39(7) 117.32(4) 127.74(4)
Average N-Cu Average N-
bond length 2.10 2.13 2.12 Cu-N angle 82.1 81.29 81.60
Shortest Cu---Cu Torsion angle
distance 54766(11) 5.5521(8) 5.5216(7) of NAN 1.009) 1.6(6) 2.2(5)
(intramolecular) ligand
Shortest Cu--Cu Average NAN
distance 8.4649(18) 10.2257(9) 9.1209(11) PAP twsting 86.61 87.69 86.61
(intermolecular) angle

UV-Visible absorption spectroscopy
The absorption spectra D1 and D2 are shown in Figure 3 and the data compiled in Table 2.
Both complexes absorb light with wavelength shorter than ~ 430 nm (Eo, determined from the
intersection point of the normalized emission and absorption spectra, is 3.13 eV for D1, 3,12
eV for D2). The interpretation of the absorption spectra was carried out in the frame of Time-
Dependent-Density Functional Theory using the Tamm-Dancoff (TDA-DFT) approximation.*!
The nature of the excited states was determined thanks the analysis of the hole and electron
densities plots. The hole (electron) isosurface plots were generated using the Jmol program??
by combining for each atom the LCAO coefficients in all occupied (unoccupied) molecular
orbitals involved in the one-electron transitions contributing to a given excited state as well as

their weights in the TDA-DFT wavefunction.

According to TDA-DFT calculations,? the nature of the S, excited state for both complexes
is a metal-to-ligand charge transfer (MLCT) where the charge transfer terminates at the -
accepting impym ligand, and in particular on the pyrimidine ring. Band II (~350 nm) has mixed
MLCT and LLCT (ligand-to-ligand charge transfer) character involving the impym ligand; the

charge being transferred from the imidazole unit to the pyrimidine moiety. An intense transition
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centered on the impym ligand is calculated at 294 nm (band III) for D1. It involves a charge
transfer from the imidazole ring to the whole impym ligand ensuring enough overlap between
the hole and electron densities. For D2, the transition is less intense since the charge transfer,
which involves the impym ligand, mainly goes from the imidazole unit to the pyrimidine
moiety exhibiting smaller overlap between the hole and electron densities. At higher energies
(~280nm, band 1V), calculations reveal that the band mainly exhibits a MLCT character; from
the metallic centers to the impym and the PAP ligands for D1 and D2, respectively. The UV-
Vis spectra of D1 and D2 are similar to other dinuclear copper(I) complexes of the general
form Cuy(u-NAN)(PAP), reported by Lu er al.* The Cuy(NAN),(P,AP,) type copper(l)
complexes reported by De Cola et al.'? showed red-shifted absorption spectra compared to D1
and D2 due to the use of the more m-accepting dmphen ligand, with the lowest energy

absorption band assigned to be a purely MLCT transition at 420 nm.
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Figure 3. (a) Experimental and (b) TDA-DFT UV-Vis absorption spectroscopy of D1 and D2
including solvent effects in DCM using the Polarizable Continuum Model (PCM). Hole

[electron] density isocontour plots for the S, excited state of ¢) [e)] D1 and d) [f)] D2.
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Table 2. Summary of the experimental and predicted UV-Vis absorption spectra.

Complex Band?® A/nm A/nm f Character
(e/x103M- (No. of state)
lem!)P
D1 v 288 (29) 279(27) 0.07 MLCT cu->prp)
287(18) 0.07 MLCT cosprp)
290(16) 0.07 MLCT cu->N"NG6-R))
290(15) 0.07 MLCT oo,
111 320 (21) 294(13) 0.20 LCNANG-R)->NAN)
11 352 (12) 346(4) 0.18 MLCT cu->NAN)
I 388 (4) 379(1) 0.02 MLCT (cu->NANG6-R))
D2 v 277 (38) 269(30) 0.12 MLCT cu->prp)
270(29) 0.15 MLCT cy>pp)
281(19) 0.12 MLCT cusprp)
284(18) 0.16 MLCT cusprp) +
LLCTxNNG-R)->PAP)
it 208(13) 0.11 LCrunisryonmy
11 349 (9) 331(5) 0.06 MLCT (cu->NmN6-R))
+ LCNAN(5-R)->NAN(6-R))
| 402 (2) 359(1) 0.05 MLCT/LLCT @ap->nany

“‘Bands were identified based on TD-DFT calculations; *Wavelength corresponds to either a
peak or an inflection point associated with each band; 5-R represent imidazole part of bridging
ligand while 6-R represent pyrimidine part of bridging ligand

Electrochemical properties

The electrochemical properties of D1 and D2 were measured by cyclic voltammetry (CV) in
THF (Figure 4) and the data are listed in Table 3. Both complexes showed irreversible oxidation
and reduction waves. The first oxidation potential of both complexes corresponds to the Cu'!
redox couple with significant PAP character. The oxidation potential of D2 (E,, = 1.10 V) is
slightly anodically shifted compared to that of D1 (E,, = 1.00 V). Both complexes show a
second irreversible oxidation wave (E.,, = 1.20 V for D1 and E,, = 1.31 V for D2) that is
assigned by DFT calculations (Figure 5) to the oxidation of the second copper centre, revealing
the expected electronic communication between the two metals. There is an irreversible
reduction wave at -2.20 V for D1 and -2.16 V for D2, assigned by DFT calculations to the

reduction of the pyrimidine ring of the impym ligand; a second reduction wave at -2.42 V is
13



evident for D1, which was assigned to a second reduction of impym ligand. This second
reduction wave is not present in D2. The HOMO and LUMO energy levels were extrapolated
from the CV data (Table 3). Complex D2 possesses a slightly deeper HOMO than D1 (-5.16
eV for D1, -5.26 eV for D2) while the LUMO of both complexes is at -2.5 eV. The HOMOs
of the [Cu,(u-NAN)(PAP),] type copper(I) complexes (see Figure 5) reported by Can-Zhong Lu
et al '* were ~-5.2 eV, close to those measured for D1 and D2, while the LUMOs were at ~-2.3
eV, slightly higher than our complexes, due to the difference in structure of the bridging ligands

(pyridyl vs. pyrimidyl).

—D2

50 mVs1?

-2.8 -2.3 -1.8 -1.3 -0.8 -0.3 0.2 0.7 1.2 1.7
Voltage vs SCE / V

Figure 4. Cyclic Voltammograms of D1 and D2 in THF, Fc/Fc* couple (0.56 V vs. SCE) was
used as internal standard.”® Working electrode: glassy carbon; reference electrode: silver wire;

counter electrode: platinum wire.

Photoactive copper(I) complexes have been used for more than thirty years as photoredox
catalysts.?*? In order to assess the viability of these two complexes as photoredox catalysts we
calculated the excited state redox potentials given an optical gap of 3.13 eV for D1 and 3.12
eV for D2. Both complexes showed very negative excited state oxidation potentials (E* = -
2.13 V for D1 and -2.02 V for D2), which are more negative than that of the strong

photoreductant fac-Ir(ppy)s (E*ox = -1.73 V vs SCE in MeCN).2¢ Compared to the well-studied
14



homoleptic copper(I) photocatalyst, [Cu(dap),]Cl (E*,x = -1.43 V vs SCE in MeCN),?” and
heteroleptic copper(I) photocatalyst, [Cu(dmphen)Xantphos]* (E*,, = -0.95 V vs SCE in
MeCN) 222 complexes D1 and D2 are significantly more reducing in their excited state. Due
to their very negative ground state reduction potentials, the exited state reduction potentials
(E*a =0.93 V for D1,0.96 V for D2) makes these complexes weak photooxidants, about the
same as the commonly employed [Ru(bpy);]** ( E*.4=0.77 V vs SCE in MeCN);** the reduced
complexes are themselves very strong reductants, capable of reducing substrates such as

dichloroethane (E..q = -1.92 V), benzaldehyde (E..s = -1.93 V) or N-benzylideneaniline (E,.q =

-191 V)3
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Figure 5. Calculated Kohn—Sham energy level diagram and electron density
distribution images of the HOMO and LUMO of D1 and D2.

Table 3. Ground and excited state redox properties of D1 and D2 .4

E./ AE.. E*J E*., HOMO/ LUMO/
v EV oy v v eV ev  EodeV
D1 | 100 220 323 213 093 516 250 3.13
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D2 | 1.10 -2.16 330  -202 096 -5.26 -2.51 3.12

*“Working electrode: glassy carbon; reference electrode: silver wire, counter electrode:

platinum wire; solvent: THF; Enomo = — (Ejonsetox vs. Fet/Fe] + 4.8) (€V) ELumo = — (Ejonseted
w.Fer Fe) + 4.8) (eV );*? all redox waves are irreversible, hence, E,, is used for E,4, while
E,. is used for E,,; excited state redox potential calculated with optical gap from UV-

Vis absorption spectra, E*,, = Eox — Eoo, E¥1eq = Erea + B3

Photophysical properties

The photoluminescence spectra of D1 and D2 in DCM at 298 K are shown in Figure
6. The Ap s of D1 and D2 are 425 and 468 nm, respectively. As with most tetrahedrally
coordinated copper(I) complexes, both D1 and D2 are poorly emissive in DCM
solution. The very low @ps (Pp. << 1% for both complexes) implies very large non-
radiative decay rate constants for both complexes. This is also due to both the small but
non-negligible oscillator strengths (0.039 for D1 and 0.090 for D2) computed for the
optimized S, excited states (see computational details in ESI) at the TDA-DFT level.
The structured but very broad emission profiles together with the hole-electron analysis
(displayed in Figure 6) suggest an emission from both the ligand itself and a weakly
MLCT state. The observation of emission associated with both the impym and
bisphosphine ligands in both complexes (emission profiles of the ligands are shown in
Figure S3 in ESI) together with the broad emission spectrum is different from the
characteristic photophysical behavior of many heteroleptic copper(I) complexes of the
form [Cu(NAN)(PAP)]* that typically show broad charge-transfer emission,* and
likewise is not consistent with our computations that predict a MLCT emission from
both the S; and T} excited states (Cu -> NAN MLCT). In order to rationalize the unusual

emission profile of the complexes, we first investigated the solution-state stability by
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'"H NMR. In DCM under photoexcitation no chemical decomposition was observed.
Tetraphenylethene (TPE) derivatives, well-known to display AIE, showed similarly
weaker and blue-shifted emission in dilute solution in good solvents compared with
aggregated samples.* This led us to hypothesise that under dilute DCM conditions, the
CT state is weakly emissive, but that it could be turned on in an aggregated state, which

suppresses non-radiative decay, by addition of an anti-solvent.

Normalized Intensity / a.u.

0 T Ll T T Ll T T 1

380 430 480 530 580 630 680 730 780
Wavelength / nm

b)

d)
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Figure 6. (a) Photoluminescence spectra of D1 and D2 in deaerated DCM at room
temperature. A... = 360 nm. Hole [electron] density isocontour plots for the optimized

S, excited state of b) [d)] D1 and ¢) [e)] D2.

We therefore investigated whether these complexes were AIE-active by promoting
increasing aggregation in THF/DMSO solutions through addition of increasing water
content; a 1:1 THF:DMSO solution (5 x 10° mol/mL) was used to mitigate against
rapid precipitation and lack of control of uniform micro-suspensions (Figure 7). Both
complexes were found to be highly soluble in THF/DMSO (50:50) solution (solubility
> 50 mg/mL) but are insoluble in water (solubility < 0.2 mg/mL). Samples with 10 —
40% v/v water to 1:1 THF:DMSO showed weak LC emission at ~440 nm, close to what
was observed for the emission of DCM solutions. With the addition of increasing water
content over this range, the solubility of both complexes continuously decreased and
micro-suspensions formed, which was linked to a decrease in the intensity of the high-
energy emission and the appearance of a red-shifted, broad emission band that we
assigned to a MLCT emission, which is now consistent with the predicted S, excited
state energy. For both complexes, AIE could be turned on with greater than 50% water
content. Emission could be enhanced as much as tenfold for D1 and 39-fold for D2;
however, at very high water content (90% water for D1 and 80% water for D2),
emission began to be quenched. Accompanying the emission enhancement was an
unusual red-shift in the emission, the difference of Ap. of emission before and after
aggregation is 110 nm for D1 and 138 nm for D2. Strong intermolecular interactions of
tetrahedral copper(I) complexes leading to excimer emission are exceedingly rare and
thus the large red-shift in emission profile after aggregation is very likely not due to

intermolecular interactions between the copper(I) complexes.
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Figure 7. Emission spectra of a) D1 and b) D2, measured in THF/DMSO/water (water

concentration from 10% to 90%) with consistent sample loading; solution samples were

not degassed. Aexe = 360 nm.
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Figure 8. Photoluminescence spectra of D1 and D2 in neat film (solid), 5 wt% in

PMMA doped film (dash) and 20 wt% in PMMA doped film (dot). A = 360 nm.

We next turned our attention to understanding the photophysics of D1 and D2 in the
solid state, in part to interrogate the mechanism underpinning the observations in our
AIE studies. We investigated the photophysics of spin-coated neat films of D1 and D2,
as well as PMMA doped films at 5 wt% and 20 wt% (Figure 8). The photophysical data
are compiled in Table 4. Both complexes are green-to-yellow emitters with emission
maxima modestly red-shifted in neat films compared to doped films. The spectra in all
cases remained broad and unstructured, indicative of emission from a CT excited state,
whereas TDA-DFT calculations pointed to a MLCT state from the Cu centre to the
impym ligand. The similar energies and profiles in the solid state compared to the
emission observed in a poor solvent (THF/DMSO/water 10%/10%/80%) supports our
hypothesis that in organic solutions, the non-radiative decay channels from this state
are severe, and only the weak LC emission from the bridging ligand and bisphosphine
ligands becomes apparent. By contrast, the AIE-displaying copper(I) systems reported

by Li et al. (Figure 9a) showed almost no spectral change but did show a large intensity



enhancement with increasing water content.'* Moreover, AIE was not observed for thin-
film samples, which is different from that observed by Bryce et al, where they found a
large difference in the energies of the triplet excited states (Figure 9b) in the doped or

neat films.?’

Ph, Ph,
P —(CHz)h—p,

Cu{

/
Cu
“p _(CHpa—p? N
h, 2" Ph

Figure 9. a) AIE dinuclear copper(I) complexes reported by Li et al.,'s b) AIE-TADF

copper(I) complexes reported by Bryce et al.*’
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Table 4. Thin film photophysics of D1 and D2.

Complex Conditions? ApL / NM® T / NS CD(;Ld /

()

Neat film 552 349(12%); 1277(44%); 3760(44%) 5

by | SW%inPMMA 545 686(13%): 2676(49%): 8434(38%) 9
20 wt% in

PMMA 539 662(17%); 2588(51%); 7623((32%) 8

Neat film 577 557(23%); 1856(57%); 5447(20%) 4

D2 5 wt% in PMMA 569 574(17%); 2299(50%); 8685(33%) 6
20 wt% in

PMMA 554 604(16%); 2286(52%); 8243(32%) 6

@ Spin-coated from chloroform solution; ® under vacuum, A.,. = 360 nm; ¢ under vacuum,
Aexe = 379 nm, weights are placed in parenthesis; ¢ ®p s measured under deaerated

condition, Aee = 360 nm.

The crystalline powder samples of D2 were found to be especially emissive compared to
the solution or thin film samples. Although the packing and solvation of crystals may
change during handling and degassing samples, the emission color observed was still found
to be strongly dependent on the crystallization conditions. All spectra are broad and
unstructured, which is indicative of a CT state (Figure 10). The photophysical data are
summarized in Table 5. For D1, despite numerous crystallisation conditions tried, only one
conformation was observed, and there was no notable difference in the photophysics for
samples prepared using different crystallisation conditions. The three crystalline samples
showed bluish green (CIE plot is shown in Figure S4 in ESI) to greenish-yellow emission.
Crystals of D2-a showed a Ap, of 530 nm and the highest @y, (46%) of the three samples.
The crystals of D1 were found to be weakly yellow-emissive with a Ap. of 540 nm (®p. =
4%) while the yellow-emissive D2-b crystals (Ap. of 568 nm) showed an intermediate ®p,
of 30%. Noteworthy is the significant energy difference of the emission between
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pseudopolymorphic crystals of D2 (AE = 140 meV). Aerated samples of D1 exhibited a bi-
exponential decay at room temperature [tpL = 0.4 (47%) 1.4 (53%) ps Tavg = 0.93 us] while
deaerated sample showed a tri-exponential decay [tpL = 0.2 (17%) 0.8 (53%) 3.0 (30%) ps
Tavg = 1.36 ps]. Hence there are accessible triplet excited states involved in the emission
process. Both deaerated (under vacuum) and aerated D2-a crystals exhibited multi-
exponential decay. The tpL of D2-a crystals is very sensitive to oxygen, with deaerated
samples showing tpr = 3.7 (1%) 26.8 (5%) 137.3 (94%) us (tavg = 130.44 ps) while aerated
samples showed much shorter tpr. = 0.8 (4%) 3.0 (20%) 9.9 (62%) 30.3 (13%) ps (Tavg =
10.68 ps). Similarly, D2-b crystals showed tri-exponential decay with emission strongly
quenched in the presence of oxygen [tpL = 0.3(14%) 1.8(17%) 9.8(69%) ps (tavg =7.11 us)
for aerated samples and tpL = 0.8(2%) 7.9(33%) 35.1(64%) us (Tavg = 25.09 ps) for
deaerated samples]. According to the TDA-DFT calculations of the crystal structures of
D2-a and D2-b there is only a 31 meV difference in their lowest triplet excited state
energies. We thus believe that the observed difference in emission between D2-a and D2-
b results from a combination of differences in solvation and pseudopolymorphism resulting

from differences in the conformation of the two samples.
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Figure 10. Steady-state PL spectra of D1, D2-a and D2-b crystals at room temperature. Acxc

=360 nm.

There are now numerous reports of mononuclear copper complexes that emit viaa TADF
mechanism. TADF in these complexes is made possible due to the presence of MLCT
singlet and triplet excited states that lead to a small exchange integral between the excited
states and a correspondingly small AEgr, the energy difference between the first excited
singlet and triplet states.?>2® In order to assess whether D1 and D2 also emit via TADF we
conducted time-resolved emission spectroscopy (TRES) at 77 K (Figure 11) on crystalline
samples. For D1 (Figure 11a), a very weak prompt fluorescence at Ap. of 485 nm and a
bright delayed phosphorescence at Ap. of 570 nm were observed, corresponding to a AEgr

of 0.40 eV, which is in good agreement with the 0.3 eV predicted AEsr at the TDA-DFT

level (Table 5). The measured AEgy is larger than that in most of the purely organic TADF
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materials*® and Cu(I) complexes [0.12 eV for [Cu(dmp)(phanephos)]*,** and 0.08 eV for
Cu(DPEPhos)(pz,Bph,)];*' and can be understood on the basis of the weakly MLCT
character observed for the S, excited states of both compounds. In spite of this large AEsr,
as shown in Figure S1, the temperature-dependent time-resolved PL decay study shows
that the emission on the microsecond timescale is still weakly thermally activated, implying
that TADF is still operating in D1. Another plausible interpretation of the photophysical

data is that the emission at 485 nm originates from an LC state.

Crystals of D2-a and D2-b behaved in a similar manner in their TRES measurements;
both show prompt emission profiles (time window: 10-100 ns) of very similar energy to
their delayed emission profiles (time window: 0.1-1 ms) at low temperature (Figures 11b
& c¢). These latter emission spectra were, respectively, 0.25 eV and 0.41 eV blue-shifted
compared to their room temperature steady-state emission spectra. We attribute this shift
to an inability of co-crystallized solvent molecules to reorganize to stabilize the transition
dipole moment of the emitter in the crystal; this effect has been observed previously for
multinuclear gold(I) complexes,* TDA-DFT calculations predict AEsr values of 0.42 and
0.43 eV for D2-b and D2-a, respectively, which implies that TADF would play an even
smaller role in D2, and that phosphorescence would be the dominant contribution to the
delayed emission. The corresponding experimental result can be seen in the temperature-
dependent PL decay of D2-a. As shown in Figure S2, the contribution of the delayed
emission was dramatically enhanced when the temperature decreased from 295 K to 225
K, implying that suppressing thermal vibration can effectively enhance the triplet

contribution. Furthermore, the delayed emission increased with decreasing temperature,
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which further confirms that phosphorescence is dominant in the delayed emission at long

time below 225 K.

Table 5. Photophysical data for crystalline samples of D1 and D2

Apr Ap®  Ape @prd TpL® TpLf AEg2  AEgrh
/ / /
nm nm  nm ! % /ps / ps / eV /eV
D1 540 485 570 4 0.4 (47%);1.4 (53%) 0.2(17%);0.8(53%);3.0(30%) 0.40 0.30
D2- 0.8(4%);3.0 3.7 (1%);26.8 (5%);137.3
a 330 490 490 46 (20%);9.9(62%);30.3(13%) (94%) N/A 043
le- 568 503 487 30 0.3(14%);1.8(17%);9.8(69%) 0.8(2%);7.9(33%);35.1(64%) N/A 043

@ Steady-state emission at 298 K. A.,. = 360 nm; ® prompt emission at 77 K. Time window:
1 — 100 ns. Aexe = 360 nm; © delayed emission at 77 K. Time window: 0.1 — 1 ms. A = 360
nm; ¢ under N, at 298 K. A.,. = 360 nm; ¢ aerated samples at 298 K. A, = 378 nm;  deaerated
samples at 298 K. L. = 378 nm; ¢ experimentally determined from the onsets of the prompt

emission and delayed emission; " determined from the TD-DFT calculations.

b
a) 3, —D1 prompt ) 34 —D2-aprompt <) 54 —D2-b prompt
N —D1 delayed N —D2-adelayed N —D2-b delayed
£ AEg = 0.40 eV £ £
g g g
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° ° ]
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Figure 11. TRES measurement results of a) D1, b) D2-a and c) D2-b at 77 K in the
crystalline sample. The emission spectra collected in the 1-100 ns time window were used
for the prompt emission profile, while the emission spectra collected in the 0.1-1 ms time
window were used for the delayed emission profile to capture phosphorescence.

Spectrometer: time-gated intensified CCD. Excitation source: 343 nm femto-second laser.
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The different photophysical behaviour of the two pseudopolymorphs of D2 motivated us
to investigate the mechanochromic properties of the two complexes (Figure 12). The
crystals of D1 and D2-a show Ay of 540 and 530 nm, respectively, and @y of 4% and
46%, respectively; crystals of D2-b show Ap. of 568 nm. For D1 and D2-a, emission in
both samples is red-shifted and somewhat quenched upon grinding, while for D2-b no
remarkable difference was observed upon grinding. The PL spectrum and ®@p;. of D2-a (Ap.

=567 nm, ®p. = 33%) post grinding are in good agreement with the data for D2-b.

a) !

——D1-crystal b) e D2-a-crystal

ity (au)

«==D1-ground
powder

\ «=D2-a-ground|

powder
== =D2-b-crystal
\

Normalised Emission Intensity (au)

380 480 580 680 780 380 480 580 680 780
A (nm) A(nm)
C) Crystals Ground powder d) Crystals Ground powder

Photo
Photo

Emission

Figure 12. a) PL spectra of fresh crystals and ground powder of D1. A.,. = 360 nm; b) PL
spectra of fresh crystals and ground powder of D2-a. A.,. = 360 nm; c) photos of crystals

and ground powders of D1 with and without UV light irradiation (A, = 365 nm); d) photos
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of crystals and ground powders of D2-a with and without UV light irradiation (Acx. = 365

nm).

Although there are only a few studies of mechanochromic luminescence for mono
or dinuclear copper(I) complexes, both examples being related to BF, coordination to a
linear [Cu(NHC),]BF, complex,*#* it has been well studied for copper(I) halide
clusters.*“¢ For instance, the [Cu,l,(PPh,(CH,CH=CH,)),] cluster reported by Boilot et al.
exhibited a red-shift of 0.2 eV (530 nm for crystal and 580 nm for ground powder) after
grinding the crystals; a significant enhancement in the emission intensity was also
observed. They attributed the color change to a change in intracluster Cu---Cu distance in
the two samples and emission resulting from two different states (MLCT and metal-metal-
to-ligand charge transfer, MMLCT).*’ Zhang et al. reported a chiral C;-symmetric cubane
cluster, [Cus4s(TMP),], that showed a color change from green to yellow. The change in
color was ascribed by the authors to a change in weak intermolecular interactions, and
possibly a change in solvent molecules present in the crystal structure upon grinding.*
Unlike the first aforementioned literature example, the Cu---Cu distances observed in the
crystal structures of D1 and D2 are much larger than what is required for a possible metal-
metal interaction that leads to an MMLCT state. Based on the observed photophysical
properties of the crystals and the TDA-DFT calculations, we speculate that changes in
solvation and weak intermolecular interactions, as well as conformation are the primary

contributing factors to the observed changes in the emission upon grinding.

Conclusions and outlook
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Two  heteroleptic ~ dinuclear copper(I) complexes bearing a  bridging
imidazolylpyrimidine ligand were synthesised and characterized. Both complexes showed
a very negative excited-state oxidation potential (-1.85 V for D1 and -1.75 V for D2), a
modestly positive excited-state reduction potential (0.65 V for D1, 0.69 V for D2) and a
very negative ground state reduction potential (-2.20 V for D1, -2.16 V for D2). Although
the lack of visible light absorption might be a disadvantage, these dinuclear copper(I)

complexes are likely to be an earth-abundant alternative to the well-studied photoreductant,

fac-Ir(ppy)s.

Both complexes showed aggregation-induced emission in THF/DMSO/water solutions,
the after-aggregation samples exhibited intense and red-shifted compared to the
homogeneous dilute solution samples. The TADF properties of these two complexes were
studied via both temperature-dependent PLL decay measurements and TRES. Although
complex D1 has a large AEgr of 0.40 eV, its TADF behaviour can still be observed through
its temperature-dependent PL decay curves. TDA-DFT results showed that both
polymorphs of complex D2 have even larger AEgrs. The temperature-dependent PL decay
measurement of the D2-a crystals shows phosphorescence is dominant at long times when
the temperature is below 225 K. Grinding of D2-a crystals resulted in a red-shifted and
attenuated emission, and we speculated this red-shift has resulted from a combined effect

of changes in solvation and conformational change of the PAP ligand of the complex.
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The synthesis and the photophysical study of two dinuclear copper(I) complexes bearing

a 2-(1H-imidazol-2-yl)pyrimidine bridging ligand are described. Temperature-dependant

photophysical studies demonstrated emission through a combination of phosphorescence

and thermally activated delayed fluorescence (TADF) for both complexes, and an intense

emission (Dp. = 46%) was observed for a crystalline sample of one of the reported

complexes. Two pseudopolymorphs of one of the dinuclear complex were isolated, and

their photophysics is distinct.
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