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Luminescent Cu(i) AlkylPyrPhos complexes with a butterfly-shaped Cu,l, core and halogen containing

ancillary ligands, with a special focus on fluorine, have been investigated in this study. These complexes

show extremely high solubilities and a remarkable (photo)chemical stability in a series of solvents. A

tunable emission resulting from thermally activated delayed fluorescence with high quantum yields was

determined by luminescence and lifetime investigations in solvents and solids. Structures of the electronic
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Introduction

Organic light emitting diodes (OLEDs) are nowadays a very hot
topic for the display and lighting technology, because of their
energy efficiency, colour richness and brightness."?
Considering the process of OLED production, solution pro-
cessed techniques are very appealing because of reduced pro-
duction costs in comparison to the expensive vacuum tech-
niques.® Therefore the solubility of the materials is one of the
most important aspects. Focusing on the emissive layer, lumi-
nescent organic compounds often have poor solubilities com-
pared to metal-based emitters, which are in many cases
smaller and more flexible in solution. Besides the examples of
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ground states were analyzed by single crystal X-ray analysis. The structure of the lowest excited triplet
state was determined by transient FTIR spectroscopy, in combination with quantum chemical calcu-
lations. With the obtained range of compounds we address the key requirement for the production of
organic light emitting diodes based on solution processing.

iridium* and platinum®® complexes as phosphorescent emit-
ters, many highly luminescent complexes with earth-abundant
copper have been described in the literature.”® Several Cul(i)
complexes possess the widely investigated thermally activated
delayed fluorescence (TADF), harvesting almost all excitons via
the singlet state already at room temperature through reverse
intersystem crossing to reach quantum efficiencies of up to
100%."°7'® After the early stages of this technology, including
the copper complexes bearing phenanthroline (phen)'® and
bis(pyrazol-1-yl)biphenylborate,>® a large class of dinuclear
Cu(r) complexes bridged by a N,P-unit, expanded to two ancil-
lary phosphine ligands, came up. A broad range of copper
complexes with 2-(diphenylphosphino)pyridine and its deriva-
tives as bridging ligands (Cu(i) PyrPhos complexes) have been
described already in the literature.>* >® Especially the com-
plexes with a methylated bridging ligand (MePyrPhos) have
been investigated extensively due to higher solubility and a
blue-shifted emission of the corresponding complexes.
Another approach was to use alkyl-, alkoxy-, mixed or substi-
tuted arylphosphines as ancillary ligands to tune the solubility
of the Cu(1) complexes.*" Related to these studies the influence
of halide containing arylphosphines as ancillary phosphines
was investigated in the present study to benefit of the solubi-
lity enhancement of especially trifluoromethyl groups and
fluorine atoms.”® The corresponding phosphines have only
been rarely described for emitting materials based on copper
so far.’**® Often the fluorine based ligands are described for
pharmaceutical applications®” ' or in catalysis.”*™** Recently
tris(4-trifluoromethylphenyl)phosphine has been reported in a
luminescent tetra- and heptanuclear copper iodide cluster.*>*®
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Fig. 1 Structures of the highly soluble halide containing Cuf()
AlkylPyrPhos complexes.
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This work presents Cu(i) AlkylPyrPhos TADF complexes
including tris(4-fluorophenyl)- (b), tris(4-trifluoromethyl-
phenyl)- (¢) and tris(4-chlorophenyl)phosphine (d) as ancillary
ligands in combination with a selection of alkylated pyridine
bridging ligands, including the novel 2-(diphenylphosphino)-
4-tert-butylpyridine (3) as well as the previously described
(4-methyl-2-(diphenylphosphino)pyridine*” (2), 4-(cyclopentyl-
methyl)-2-(diphenylphosphino)pyridine** (4), and the commer-
cially available 2-(diphenylphosphino)pyridine (1) (Fig. 1).

Results and discussion
Synthesis

The copper complexes of this work are named according to
their corresponding ligands, Cu-LP. Hereby, the number for L
indicates the type of bridging ligand and the letter P the ancil-
lary ligand as marked in Fig. 1. The complexes Cu-1a>* and
Cu-2a >"**?* have already been reported earlier.

The synthesis of the Cu(1) complexes in this study were per-
formed by stoichiometrically controlled reactions according to
literature known procedures (Scheme 1).>"*”

Even ancillary ligands bearing the strong electron-withdraw-
ing fluorine substituent lead to the corresponding Cu(1) com-
plexes of the ratio [Cu,I,LP,]. The synthesis only failed for tris-
(pentafluorophenyl)phosphine as ancillary ligand. Probably
the donor properties of the lone pair of the phosphine are
reduced due to the strong electron-withdrawing properties of
the fluorines, leading to the tetranuclear structure, a Cuyl,

(Ar-R)3P. P(R-Ar)
N PPh, \ / \ / ’

AN
\ DCM, tt, 12 h \ /
_ + Cul + P(R-Ar);
N PPh2
N
R \
=

R
Cu-LP

Scheme 1 Synthesis of Cuf() AlkylPyrPhos complexes.
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unit bridged two times by the PyrPhos ligand, described
148

already by Chen et al.

Crystallography

Molecular structures of almost every complex of this work were
obtained. For the crystallisation the layering method with di-
chloromethane (DCM) and n-pentane was used. The structures
of the dinuclear copper complexes bearing tris(4-fluorophenyl)
phosphine (b) as ancillary ligands and the whole range of
AlkylPyrPhos as bridging ligand (R’ = H (1), Me (2), tertBu (3),
cyclopentylmethyl (4)), Cu-1b, Cu-2b, Cu-3b and Cu-4b, are
shown in Fig. 3. A structure with tris(4-trifluoromethylphenyl)
phosphine as monodentate ligand (c) was obtained for Cu-2c.
The trifluoromethyl groups in this molecular structure are dis-
ordered as expected. For clarity only one isomer of complex
Cu-2c¢ is shown in Fig. 2. In 4-position chloro substituted tri-
phenylphosphines serve as ancillary ligands in the structures
Cu-1d and Cu-2d (Fig. 4).

The most important bond lengths and angles (I-Cu-I,
P-Cu-P) of the Cu(r) complexes are listed in Table 1. In all
complexes the copper halide core Cu,l, is butterfly shaped and
the copper centres are coordinated in a tetrahedral geometry
as already described previously for dinuclear PyrPhos Cu(i)
complexes.>*°>! The average distance between the two
copper atoms is 2.70 A over all obtained structures of the com-
plexes. The shortest Cu---Cu distance was found in complex
Cu-2c with 2.66 A and is slightly shorter than described for the
known PyrPhos complexes.”!

Figures of the molecular structure of complex Cu-4a and
the tertBuPyrPhos ligand 3 are provided in the ESIf of this
study (Fig. S18 and S16%). Exact parameters of the single
crystal X-ray analysis are given in the ESL{ The full data sets
for the following CCDC-numbers are available at the
Cambridge Crystallographic Data Centre and can be downloaded
for free. CCDC 1919266 (ligand 3), 1919267 (complex Cu-1b),

Fig. 2 Molecular structure of complex Cu-2c bearing trifluoromethyl
containing ancillary ligands. Hydrogen atoms and the disorder of the
trifluoromethyl groups were omitted for clarity.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Molecular structures of complexes Cu-1b, Cu-2b (top), Cu-3b and Cu-4b (bottom) bearing tris(4-fluorophenyl)phosphine as ancillary
ligands. Hydrogen atoms and solvent molecules were omitted for clarity.

Fig. 4 Molecular structures of complexes Cu-1d and Cu-2d bearing tris(4-chlorophenyl)phosphine as ancillary ligands. Hydrogen atoms and
solvent molecules were omitted for clarity.

This journal is © The Royal Society of Chemistry 2019 Dalton Trans., 2019, 48, 15687-15698 | 15689
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Table 1 Selected molecular structural parameters of the bond lengths [A] and angles [°] of the complexes Cu-1b, Cu-1d, Cu-2b, Cu-2c, Cu-2d,

Cu-3b, Cu-4a and Cu-4b

Cu-1b Cu-1d Cu-2b Cu-2c Cu-2d Cu-3b Cu-4a Cu-4b
Lengths
Cu-Cu 2.7158(5) 2.709(2) 2.7219(18) 2.6609(9) 2.6797(4) 2.7435(8) 2.6854(5) 2.6824(14)
Cup-1 2.6865(4) 2.677(2) 2.6722(14) 2.6661(7) 2.6603(3) 2.6644(7) 2.7071(4) 2.6800(12)
2.6821(4) 2.6732(16) 2.6880(15) 2.6798(7) 2.6582(3) 2.6989(6) 2.6827(4) 2.6740(11)
Cup-Pyp 2.2447(8) 2.246(3) 2.247(3) 2.2531(13) 2.2556(6) 2.2439(11) 2.2511(7) 2.242(2)
Cun-N 2.094(2) 2.103(9) 2.091(7) 2.088(4) 2.0832(17) 2.098(3) 2.094(2) 2.088(6)
Cun-Pp 2.2530(8) 2.231(3) 2.249(3) 2.2375(13) 2.2384(6) 2.2542(12) 2.2373(7) 2.245(2)
Cup-Pp 2.2482(8) 2.260(3) 2.247(3) 2.2428(13) 2.2469(6) 2.2557(11) 2.2493(8) 2.244(2)
Angles
Cu-I-Cu 59.856(13) 61.05(5) 61.08(4) 59.51(2) 60.384(8) 61.200(19) 59.759(12) 59.84(3)
59.531(13) 60.12(5) 60.58(4) 59.44(2) 60.555(8) 61.590(19) 60.410(12) 60.22(3)
P-Cu-P 120.32(3) 121.61(12) 120.21(10) 118.12(5) 118.70(2) 125.18(4) 126.94(3) 122.15(8)

1919268 (complex Cu-1d), 1919269 (complex Cu-2b), 1919270
(complex Cu-2¢), 1918364 (complex Cu-2d), 1919271
(complex Cu-3b), 1919272 (complex Cu-4a) and 1919273
(complex Cu-4b).}

Solubility study

The solubility of the luminescent copper complexes plays an
essential role for the solution processing of OLEDs. Therefore,
the solubility was tested in n-hexane, toluene, ethanol (EtOH),
chlorobenzene and dichloromethane (Table 2). The whole
range of complexes showed extremely high solubilities (at least
20 mg mL™") in for OLED production established solvents,
chlorobenzene and toluene, besides dichloromethane, which
was used for the synthesis of the complexes. The solubility of
complex Cu-2¢ was outstanding in comparison to the other
complexes. This complex was dissolvable in every of the tested
solvents. The trifluoromethyl groups on the ancillary ligands
showed to mediate and increase the solubility (to some extent
Cu-1c as well). These are therefore very interesting candidates
for an orthogonal deposition strategy on the OLED substrate
because most of the common materials used in the other
layers are not soluble in n-hexane or ethanol.

Table 2 Solubility of the Cu() AlkylPyrPhos complexes in n-hexane,
toluene, ethanol, chlorobenzene and dichloromethane determined at
room temperature?

n-Hexane Toluene EtOH Chlorobenzene DCM
Cu-1b - - - - - - - — +
Cu-1c - ++ - ++ ++
Cu-1d -— ++ -— ++ ++
Cu-2b - = ++ - = ++ ++
Cu-2¢ ++ ++ ++ ++ ++
Cu-2d -- ++ - Tt t
Cu-3a - = ++ R ++ 44
Cu-3b - - ++ - = T+ Tt
Cu-4a - = ++ -— ++ ++
Cu-4b - - ++ -— ++ ++

“The solubility of the Cu(1) complexes was classified as follows: ++
(20 mg mL™"), 10 mg mL™"), —(1 mg mL™") and — — for lower
solubility.

15690 | Dalton Trans., 2019, 48, 15687-15698

19F NMR and *'P NMR measurements

Comparing the shifts of the Cu(i) complexes Cu-1b, Cu-2b,
Cu-3b and Cu-4b in the F NMR spectra with the '°F NMR
shift for tris(4-fluorophenyl)phosphine b, the difference was
only 1.5 ppm (Table 3). Measuring an average value of
—114.8 ppm the "’F NMR resonance of the copper complex is
slightly shifted to the downfield. In contrast, for the trifluoro-
methyl compounds Cu-1¢, Cu-2¢ and ligand ¢, which are
located further in the downfield, a shift to the highfield was
observed, —65.9 to —66.1 ppm. No influence of the bridging
ligands was found in the '°F NMR spectra.

The comparison of the *'P NMR shifts of the copper com-
plexes and their corresponding ancillary ligand showed a high-
field shift. Depending on the electron-donating strength of the
group on the bridging ligand in the complex, this effect on the
3P NMR shift was stronger.

Absorption spectra

Of all copper complexes Cu-1b-Cu-4b absorption spectra were
recorded in dichloromethane at ambient temperature with
concentrations of 7 x 107° mol L™'. The plot of the corres-
ponding molar extinction coefficients is shown in Fig. 5. All
spectra are very broad and have no defined structure, only
some are showing visibly broad maxima (Cu-1¢, Cu-2¢). The

Table 3 *°F and 3!P NMR shifts of the Cu(l) complexes Cu-1b, Cu-2b,
Cu-3b, Cu-4b, Cu-1c and Cu-2c in comparison with the corresponding
ancillary ligands tris(4-fluorophenyl)phosphine (b) and tris(4-trifluoro-
methylphenyl)phosphine (c). NMR-measurements were performed in
DMSO-dg on a 400 MHz spectrometer at room temperature. If not
noted otherwise the resonances correspond to singlets

Compound 9F NMR & [ppm] *'P NMR & [ppm]
(F-Ph);P ~116.35 (d) —10.40 (q)

Cu-1b —114.83 —12.43 (bs)
Cu-2b ~114.87 —14.13 (bs)
Cu-3b —-114.82 —14.47 (bs)
Cu-4b -114.79 ~12.90 (bs)
(CF;-Ph);P —65.87 —6.68

Cu-1c —66.08 -12.65 (bs)
Cu-2c ~66.07 -12.71 (bs)

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Absorption spectra of all copper complexes Cu-1b—Cu-4b
measured in DCM (7 x 10~® M) at room temperature.

pattern of the absorption spectra corresponds to the one pre-
viously described for Cu(1) PyrPhos systems.>">**

Individual plots of the absorption spectra of the copper
complexes Cu-1b-Cu-4b and their corresponding bridging
and ancillary ligands are given in the ESIT of this study
(Fig. S25-S29t) as well as the UV/Vis spectra recorded of the
complexes Cu-1b, Cu-2b and Cu-2c in ethanol (Fig. S30+) and
neat films of PMMA, DPEPO and mCBP (Fig. S317).

Quantum chemical calculations

All calculations were performed with the TURBOMOLE
program package.’>>® The ground and excited state structures
were obtained with PBE>*/def2-TZVP for copper and iodine,
and def2-SV(P) for the ligands. UV/Vis spectra were computed
at the level of eigenvalue-only self-consistent GW>® (evGW)
with  the correlation-kernel-augmented  Bethe-Salpeter
equation®®” (cBSE) using the def2-TZVP basis set (and def2-
SV(P) for hydrogen atoms) and PBE0’® as density functional.
Additionally, def2-ecp pseudopotentials were applied for
iodine. The resolution of identity was used within evGW with
the contour deformation technique to compute the HOMO-
LUMO gap.*® For all computed spectra, Gaussian broadening
with a full width at half maximum of 2500 cm ™" was used. The
length representation was chosen for calculating the oscillator
strength. See ESIT for more computational details. The com-
puted UV/Vis spectra (Fig. 6) can reproduce some of the experi-
mental observations. The complexes Cu-1d and Cu-2d (chlori-
nated ancillary ligands) are shifted towards longer wavelengths
with respect to experiment (where they are presumably located
below 250 nm) and show the strongest absorptions.

The previously mentioned broad maxima of Cu-1c and
Cu-2c are not reproduced but instead Cu-2b, Cu-3b and Cu-4b are
showing maxima around 260 nm. The UV/Vis spectra were also
computed with the same computational setting using evGW/
BSE®”*° using PBEO with Kohn-Sham orbitals on the one hand
and CAM-B3LYP®® on the other (see ESI Fig. S327). Compared to
evGW/cBSE the evGW/BSE approach gives qualitatively the same
result which is slightly red-shifted while CAM-B3LYP predicts
most of the maxima around 230 nm - blue-shifted compared to

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 UV/Vis spectra computed using evGW/cBSE with the def2-TZVP
basis (def2-SV(P) for hydrogen) and the PBEO functional.

the experiment. The evGW/cBSE approach shows qualitatively
the best agreement with the experimental spectra and to gain
further insight into the UV/Vis spectra, the natural transition
orbitals of Cu-2b for the lowest singlet and triplet excitation at
the T, structure were calculated, see Fig. 7. For both the hole
mainly lies at the copper-iodine centre while the electron is
located on the pyridine group of the bridging ligand.

The vertical singlet-triplet energy gap (AEY;) shown in
Table 4 was determined as the difference of the first singlet
and triplet excitation based on the singlet ground state
(AE%:(So)), first triplet excited state (AEY.(T;)) or between the
first singlet and triplet excited state electronic structures
(AEY;(S1/Ty)), respectively. For AEY.(S,) of Cu-1b-Cu-2¢, and
Cu-4a and Cu-4b a clear trend is observed, ancillary ligands
with electron-withdrawing groups such as fluorine or trifluoro-
methyl are strongly increasing AE¢.. However, Cu-2d with
chlorine containing ancillary ligands falls out of this trend as
it has a higher AEY(S,) compared to its fluorinated counter-
part Cu-2b. The first triplet excitation of Cu-2c at the S, struc-
ture (ESI, Fig. S24,T top) does however not correspond to an

Fig. 7 Natural transition orbitals of Cu-2b for the lowest singlet (left)
and triplet (right) excitation at the T; structure. The colours green/
orange indicate the hole while red/white correspond to the electron.
(Isovalue: 1-0.03.363/2, Cu = blue, P = orange, | = purple, N = cyan, F =

green, C = grey, H = white).

Dalton Trans., 2019, 48, 15687-15698 | 15691
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Table 4 Calculated vertical singlet—triplet energy gap obtained as
difference of first singlet and triplet excitation at different electronic
structures (AE;(So): difference calculated with an optimized S, geome-
try, AEG(T1): an optimized T, geometry, AE{(S,1/Ty): optimized S; and T,
geometries)

AEg (So) [eV] AEg (Ty) [eV] AEg (81/Ty) [eV]

Cu-1b 0.038 0.026 0.050
Cu-2b 0.054 0.023 0.047
Cu-2¢ (0.149)% 0.089 0.027 0.047
Cu-2d 0.061 0.024 0.050
Cu-4a 0.041 0.023 0.046
Cu-4b 0.061 0.024 0.049

“ First triplet excitation to an ancillary ligand in parentheses.

excitation from the copper-iodine centre to the pyridine part
of the bridging ligand - in contrast to the other complexes -
but rather to an excitation to one of the ancillary ligands.
Hence, the second triplet excitation was analysed and the elec-
tron was mainly found at the pyridine part of the bridging
ligand (ESI, Fig. S24,t bottom) and AE{.(S,) decreased from
0.149 to 0.089 eV. The previously discussed trend has less
impact but is still present for AE(T;), AEY; increases from
Cu-2b to Cu-2¢ and Cu-4a to Cu-4b, and again Cu-2d falls
out of the trend. For AEY(S,/T;) a different result is
found, AEY,; remains constant for Cu-2b to Cu-2¢ with 0.047 eV
while increasing for Cu-4a to Cu-4b from 0.046 to 0.049 eV.
Additionally, the predicted gap for Cu-2d of 0.050 eV is higher
compared to the fluorinated counterpart Cu-2b with 0.047 eV.
The values for AEy(T;) and AE¢(S:/T;) can be understood as
upper and lower limits for the energy barrier of the reverse inter-
system crossing. The experimental gaps of Cu-2b and Cu-1b with
0.019 and 0.027 eV (see next section) are in accordance with the
calculated values. Based on AE{;(T;) and AE%(S4/T,) the prelimi-
nary conclusion can be made that the ancillary ligands with elec-
tron-withdrawing groups have no significant impact on AEY;.

Photophysical properties

For all Cu(i) AlkylPyrPhos complexes emission spectra (Fig. 8)
and photoluminescence quantum yields were measured and
the excited state lifetimes were determined of the powder
samples (Table 5) as well as in films by time-correlated single-
photon counting (TCSPC) (Fig. 10 and Table 6).

The maxima of emission wavelengths range from 519 nm
for the fluorinated copper complexes (Cu-2b and Cu-4b) to
549 nm for complex Cu-3a with triphenylphosphine as ancil-
lary ligands. The complexes Cu-3b and Cu-4b bearing fluori-
nated ancillary phosphine ligands possess a blue-shifted emis-
sion in comparison to their analogues with triphenyl-
phosphine ligands (Cu-3a and Cu-4a), probably due to packing
effects in the powder.

In comparison with the literature known complexes Cu-1a and
Cu-2a this trend could not be confirmed. An emission wavelength
of 514 nm ** was reported for complex Cu-1a and 515 nm ** and
510 nm ** were found for complex Cu-2a in powder measurements

15692 | Dalton Trans., 2019, 48, 1568715698
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Fig. 8 Emission spectra of the series of Cu() AlkylPyrPhos complexes,
measured of the powder samples at room temperature with 350 nm
excitation wavelength.

Table 5 Photophysical data of all the Cu() AlkylPyrPhos complexes,
measured of the powder samples at room temperature with 350 nm
excitation wavelength

Complex Apr, [nm] Dpp [%] 7 [ps] CIE X CIEY
Cu-1b 524 93 5.8 0.33 0.54
Cu-1c 541 70 5.5 0.37 0.53
Cu-1d 528 80 10.2 0.34 0.53
Cu-2b 519 89 5.5 0.30 0.52
Cu-2¢ 524 90 5.5 0.32 0.53
Cu-2d 524 76 6.8 0.32 0.53
Cu-3a 549 73 5.1 0.40 0.53
Cu-3b 539 73 7.3 0.37 0.53
Cu-4a 547 79 5.5 0.40 0.53
Cu-4b 519 88 6.3 0.30 0.51

Table 6 Photophysical data of 10 wt% Cu-1b, Cu-2b and Cu-2c in
PMMA, DPEPO and mCBP films, respectively, measured at room temp-
erature with 350 nm excitation wavelength

Complex  Host dpp[nm]  @Dp [%] [pus] CIEX CIEY
Cu-1b PMMA 542 59 9.5 0.39 0.53
DPEPO 532 64 7.2 0.36 0.51
mCBP 544 54 7.3 0.38 0.52
Cu-2b PMMA 529 78 7.8 0.35 0.52
DPEPO 526 65 6.9 0.32 0.52
mCBP 529 60 6.7 0.36 0.53
Cu-2c PMMA 505 77 10 0.27 0.44
DPEPO 526 69 8.3 0.32 0.52
mCBP 526 60 8.4 0.32 0.52

previously, which points in the direction of packing effects influ-
encing the emission wavelengths slightly. The corresponding
CIE X and Y coordinates of the Cu(i) complexes Cu-1b-Cu-4b
measured in powder are shown in the CIE-diagram (1931) in Fig. 9
and are all located in the yellow greenish (Cu-3a, Cu-4a) to tur-
quoise area (Cu-2b, Cu-4b).

The highest photoluminescence quantum yield (PLQY) for
this series of copper complexes was determined for complex
Cu-1b with 93% and is located in the top range of Cu(y)
PyrPhos complexes described previously in literature. 86%>>
PLQY was reported for complex Cu-1a and 88%>> PLQY were
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Fig. 9 CIE-diagram (1931) showing the x,y-coordinates of the photo-
luminescence measured in powder at room temperature for the com-
plexes Cu-1b—Cu-4b, cf. Table 5.

described for Cu-2a. Comparing the values for the PLQYs of
the fluorine bearing Cu(i) complexes in this study with their
standards with triphenylphosphine, PLQYs were equal or
slightly higher in most cases (88% PLQY for Cu-4b, 79% PLQY
for Cu-4a).

Regarding the excited state lifetimes of the powder measure-
ments (Table 5), all values were found in the microsecond range
(5.1-10.2 ps). No significant difference was observed for the com-
plexes with halide bearing ligands (Cu-1b, Cu-1¢, Cu-1d, Cu-2b, Cu-
2¢, Cu-2d, Cu-3b and Cu-4b) compared to the complexes with tri-
phenylphosphine (Cu-3a and Cu-4a) and the previously described
compounds (2.8 s ** for Cu-1a and 3.8 ps >> and 1.9 ps ** for Cu-
2a). All copper complexes described in this work (Cu-1b—-Cu-4b)
possess TADF. The microsecond lifetimes indicate an emission
only via the singlet state as TADF.

Besides photophysical measurements of the powder,
selected copper complexes Cu-1b, Cu-2b and Cu-2c (all bearing
fluorinated ancillary ligands) were studied in neat films of
10 wt% in PMMA, DPEPO and mCBP as host materials. The
corresponding emission spectra are shown in Fig. 10 and the

—— Cu-1b PMMA
—— Cu-2b PMMA
Cu-2c PMMA
- - Cu-1b DPEPO
- - Cu-2b DPEPO
Cu-2¢ DPEPO
----Cu-1b mCBP
- - --Cu-2b mCBP
Cu-2c mCBP

emission [a.u.]

600 700 800

wavelength [nm]

500

Fig. 10 Emission spectra of PMMA, DPEPO and mCBP films with
10 wt% of the complexes Cu-1lb, Cu-2b and Cu-2c respectively,
measured at room temperature with 350 nm excitation wavelength.
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photophysical data are given in Table 6. The matrix of the film
has almost no influence on the photophysical properties, the
emission spectra of the films are in general only slightly red
shifted compared to the powder measurements (542/532/
544 nm (PMMA/DPEPO/mCBP) compared to 524 nm (powder)
for complex Cu-1b, 529/526/529 nm (PMMA/DPEPO/mCBP)
compared to 519 nm (powder) for complex Cu-2b).

As expected, the quantum yields of the films were lower
than in powder, because of the quenching effects with the
host material. For example, complex Cu-1b had 64% PLQY in
DPEPO and 54% PLQY in mCBP, while the quantum yield was
93% in powder. In general, the quantum yields of the DPEPO
films with copper complexes were higher than in the mCBP
films.

Temperature dependent luminescence spectra were
recorded of KBr pellets (Cu-1b, Cu-2b) at 290 and 20 K (Fig. 11,
Table S47). The emission maxima at 290 K are similar to the
values obtained from powder samples (Fig. 8) and neat films
(Fig. 10), which is also valid for the measured lifetimes. Upon
cooling to 20 K the emission is red-shifted by about 150 cm™*
(0.019 eV) (Cu-2b) and 215 cm™" (0.027 eV) (Cu-1b), respectively,
compared to the emission at 290 K. This results from the inhi-
bition of the TADF mechanism at 20 K so that emission occurs
only via the T, state. The red-shifts correspond to the singlet-
triplet energy gaps (Table S5t) and are in accordance with
the calculated range for the energy gaps from AE{(T;) and
AE{1(S4/T;) (Table 4), obtained by applying the Bethe-Salpeter
equation. It should further be mentioned that by application of
the TD-DFT method (B3LYP-D3(BJ)/def2-TZVP) similar energy
gaps of 161 and 222 cm™" were calculated which are in excellent
agreement with the experimental values. Both theoretical
methods predict a slightly larger energy gap for Cu-1b. The
almost exclusive observation of phosphorescence at 20 K is con-
firmed by the luminescence lifetimes which are at 20 K about
six times higher compared to the values at 290 K. All excited
state lifetimes obtained from TCSPC measurements at 290 and
20 K are listed in the ESI (Table S47).

Photoluminescence investigations in solution were con-
ducted for the three chosen complexes Cu-1b, Cu-2b and
Cu-2c to evaluate their (photo)chemical stability in a series of
solvents. In the chlorinated solvents dichloromethane and

emission [a.u.]

700

600
wavelength [nm]

400
Fig. 11 Emission spectra of Cu-1b and Cu-2b measured in the KBr

matrix at 290 K and 20 K with 380 nm excitation wavelength.
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Fig. 12 Emission spectra of Cu-1b, Cu-2b, Cu-2c and (F-Ph)sP (b) in
dichloromethane, measured at room temperature with 320 nm exci-
tation wavelength.

chlorobenzene the complexes Cu-1b and Cu-2b exhibit two
emission bands (Fig. 12 and Fig. S377). A broad emission peak
was observed at 554-577 nm with a lifetime of 0.2-0.4 ps, indi-
cating delayed fluorescence and thus TADF in solution, and a
short-lived (<2 ns) fluorescence band around 388 nm similar
to the emission spectrum of the free tris(4-fluorophenyl)phos-
phine ligand b. Thus, degradation of Cu-1b and Cu-2b occurs
at least on a minute time scale in dichloromethane and
chlorobenzene.

In the case of a solution of Cu-2¢ in chlorobenzene the rela-
tive intensity of the ligand-shaped fluorescence is much
smaller compared to the TADF emission on the same time
regime (Fig. S377), which is a hint for an increased stability.
Interestingly, only one emission band (540 nm) was observed
for Cu-2c in dichloromethane. The absence of any blue-shifted
fluorescence illustrates the stability of the complex. The
luminescence spectrum remains unchanged after 24 h when
stored in the dark, so decomposition can be excluded even on
larger time scales for Cu-2c. Hence, the ancillary tris(4-
trifluoromethylphenyl)phosphine ligand ¢ not only assures a
high solubility but also allows a high stability in chlorinated
solvents. However, solutions of Cu-2b and Cu-2¢ in dichloro-
methane and chlorobenzene showed a decrease of lumine-
scence by about 50% of the integrated TADF emission after 3
to 4 min of UV irradiation (300 nm). Further stability studies
were performed in ethanol, where complex Cu-2b showed a
poor stability with a strong fluorescence band resembling the
emission of the free tris(4-fluorophenyl)phosphine ligand b.
However, only a minor degradation was observed on a minute
time scale for a solution of Cu-1b, whereas Cu-2¢ again turned
out as the most stable complex, showing no decomposition
(Fig. S377).

An important difference between the behaviour in chlori-
nated solvents and in ethanol is that complexes Cu-2b and
Cu-2c¢ are photochemically much more stable in the latter case
with a 50% drop of the TADF emission after 45 and 60 min of
irradiation (300 nm), respectively. Only poor (photo)chemical
stabilities were observed for Cu-1b, Cu-2b and Cu-2¢ in hexane
and toluene. The results of the stability studies are summar-
ized in Table 7.
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Table 7 (Photo)chemical stability of Cu-1b, Cu-2b and Cu-2c in
n-hexane, toluene, ethanol, chlorobenzene and dichloromethane?

Hexane Toluene EtOH Chlorobenzene DCM
Cu-1b - —/= = - =/== +/— —/= - —/-
Cu-2b —/- - —/- —/++ -f= - —/-
Cu-2¢ —/- - —/- ++/++ +/— ++/—

“The stability of the Cu(1) complexes was classified as follows: ++ (very
high) to — — (very low). Black: chemical stability, red: photochemical
stability according to fluorescence spectra.

The emission maxima in solution are mainly red-shifted
compared to the results obtained from solid state measure-
ments, as described in earlier works on Cu(i) AlkylPyrPhos

212224 This behaviour results from a higher degree
21,22,24

complexes.
of freedom in solution affecting the structural relaxation.
Only very few lifetime studies in solution have been reported on
this type of Cu(1) complexes up to now.>”*®* TCSPC measure-
ments were performed in dichloromethane, chlorobenzene and
ethanol for the complexes Cu-1b, Cu-2b and Cu-2c. Almost all
lifetimes were located in the sub-microsecond regime
(0.2-0.4 ps, cf. Table S61) and are significantly higher than the
values of a few nanoseconds reported in an earlier work.”” The
increased values for the investigated complexes with fluorinated
ancillary ligands may be explained by weaker interactions with
solvent molecules leading to a smaller contribution of ultrafast
non-radiative deactivation processes.

Most surprising is the lifetime of the compound Cu-1b in
ethanol with a very long lifetime of 4.9 ps assigned to phos-
phorescence. The latter one might result from an increased
energy gap between T; and S; in EtOH, which would suppress
reversed intersystem crossing at room temperature.

Step-scan FTIR spectroscopy

For further characterization step-scan (transient) FTIR spec-
troscopy was applied to the complexes Cu-1b and Cu-2b to
yield further information on the nature of the long-lived elec-
tronically excited states. The FTIR ground state spectrum of
Cu-2b (Fig. 13), measured as a KBr pellet at 20 K, agrees well

—— step-scan FTIR 0 to 2 ps, 355 nm, 20 K calc. S, spectrum
ground state FTIR, 20 K 1243 2,5
o 51
1497
Q 1473142 oo
E o
o 0 =
2 H15 8
©
= 1601 1497 1224 8
o -51 r=
] 1,0 ©
% 1589 g
< 40 1231 1160 P ©
i3 f\ 1097 ’
1437
g : \ A I\, Aol
1700 1600 1500 1400 1300 1200 1100 1000

wavenumber [cm™]

Fig. 13 FTIR ground state spectrum at 20 K (black), calculated Sq spec-
trum (B3LYP-D3(BJ)/def2-TZVP, FWHM = 8 cm™, Gaussian profile,
scaled by 0.975) (blue) and step-scan difference spectrum 0 to 2 ps after
excitation (Agx = 355 nm) (red) of Cu-2b.
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with the theoretical S, spectrum, calculated by B3LYP-D3(BJ)/
def2-TZVP. The only significant discrepancy is the overestima-
tion of the intensity of the band at 1231 cm™". The sample was
then excited with a 355 nm laser pulse leading to metal-to-
ligand (MLCT) and halide-to-ligand (XLCT) charge transfer
transitions from the copper(r) iodide core to the n systems of
the AlkylPyrPhos ligand. A step-scan difference spectrum with
positive and negative bands was obtained after electronic exci-
tation (Fig. 13). The negative peaks are bleach bands that cor-
relate with the vibrations in the ground state and result from
the depopulation of the electronic ground state. The positive
bands are assigned to the IR absorption of the populated long-
lived electronically excited states. It has to be mentioned that
some vibrations in the electronic ground state (¢f. positions at
1589, 1231 and 1160 cm™ ") show deviations from the corres-
ponding bleach band in the step-scan spectrum. This results
from a spectral overlap of the negative and positive bands in
the difference spectrum. Most positive peaks are red-shifted as the
respective bonds are elongated in the electronically excited states.
However, the ground state vibration at 1231 cm ™", assigned to the
C-F stretching vibration, is blue-shifted and thus strengthened
in the excited state. Interestingly, three pronounced new bands
appear at 1574, 1339 and 1063 cm™" in the difference spectrum,
which are not present in the ground state and are very important
for the assignment of the electronically excited state (¢f following
paragraph).

The peaks in the step-scan difference spectrum decrease
with ongoing time after laser excitation, resulting from the
repopulation of the electronic ground state. The time traces of
the eleven most significant positive and negative bands with a
global biexponential decay fit are shown in the ESI (Fig. S407).
Two time constants of 1053 + 49 ns (contribution 11%) and
15447 + 494 ns (contribution 89%) were obtained. The two
decay times may be described by a relaxation in the triplet
manifold and the phosphorescence lifetime respectively.”” The
significantly increased lifetime compared to room temperature
results from the suppression of the TADF mechanism at 20 K,
confirming the TCSPC results. The discrepancies between the
time constants obtained by the TCSPC and step-scan tech-
niques may be explained by the contribution of non-radiative
processes in the latter case.

The excited state spectrum shown in Fig. 14 was generated
by adding 1.5% of the intensity of the ground state spectrum
to the step-scan difference spectrum, so that the negative
bands disappear and only the excited state absorption peaks are
seen in the spectrum. The bands at 1063, 1339 and 1574 cm™"
are not observed in the electronic ground state and are
important for the identification of the excited state. The
vibration at 1574 cm ™" is assigned to C=C stretching vibrations
in the phenyl rings, whereas the peaks at 1339 and 1063 cm ™"
result from C-H bending motions. For further assignments of,
in general, not localized vibrations, see Table S9.1 The excited
state spectrum matches very well with the calculated spectrum
of the T; state. All the three abovementioned characteristic
excited state vibrations are observed in the theoretical spectrum,
so that the excited state can be assigned to the T; state. The
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Fig. 14 Excited state spectrum (black) and calculated T; spectrum
(orange) (B3LYP-D3(BJ)/def2-TZVP, FWHM = 8 cm™, Gaussian profile,
scaled by 0.975) of Cu-2b. The T; specific bands are marked with
asterisks.

observed phosphorescence lifetime is another evidence for the
T, state.”””® A description of the most important geometrical
parameters of the calculated S, and T; states (B3LYP-D3(BJ)/
def2-TZVP) is given in the ESI (Fig. S42 and Table S8+).

For comparison, step-scan measurements were performed
at 290 K. The measured excited state spectra at 290 K and at
20 K are compared in Fig. S38.F These are very similar, so that
temperature has no significant influence on the structure of
the electronically excited state. Thus, the T; state should
mainly contribute to the step-scan FTIR spectrum at 290 K, as
reported eatlier for similar MePyrPhos Cu(i) complexes.>”*®

The time traces of six pronounced bands where considered
in a global biexponential decay fit, where the time constants of
139 + 16 ns (contribution 13%) and 3083 + 209 ns (contri-
bution 87%) were obtained. These lifetimes can be assigned to
internal conversion in the triplet regime and TADF respectively
(Table S71). The TADF time constant is in accordance with the
rate constant obtained by TCSPC for the KBr sample at 290 K.

Additionally, step-scan FTIR investigations were performed
on the complex Cu-1b. The corresponding excited state spec-
trum is shown in Fig. 15, additional spectra are depicted in
the ESI (Fig. S43-S457). The complexes Cu-1b and Cu-2b show
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Fig. 15 Excited state spectrum (black) and calculated T; spectrum
(B3LYP-D3(BJ)/def2-TZVP, FWHM = 8 cm™, Gaussian profile, scaled by
0.975) (orange) of Cu-lb. The T; specific bands are marked with
asterisks.
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almost identical ground state spectra, but an additional band
is observed in the excited state spectrum of Cu-2b (Fig. S477).
This difference is confirmed by the calculations for the T
state, so that the band could be assigned to an in-plane C-H
bending vibration of the pyridine moiety. Finally, it should be
mentioned that in contrast to investigations in solution no
degradation of the investigated complexes is observed in the
solid state (KBr pellets).

Conclusions

In this work we presented a new class of halide bearing Cu(i)
AlkylPyrPhos complexes, which showed remarkable high solubi-
lity in many solvents, especially the complexes Cu-1c and Cu-2¢
with trifluoromethyl groups. The molecular structures of almost
all AlkylPyrPhos copper complexes in this study were confirmed
by X-ray analysis and showed the same butterfly shaped struc-
ture as described for previous Cu(r) PyrPhos complexes.

Absorption spectra in dichloromethane were recorded for
all copper complexes (Cu-1b-Cu4b) and were compared with
the computed UV/Vis spectra using evGW/cBSE with the def2-
TZVP (def2-SV(P) for hydrogen) basis. A good reproduction of
the experimental observations was achieved. An extensive
photophysical characterisation of all Cu(r) complexes was done
by powder measurements and measurements in neat films of
10 wt% Cu(1) complex in PMMA, DPEPO and mCBP as host
materials. Further detailed photophysical studies especially of
the selected fluorinated compounds Cu-1b and Cu-2b were per-
formed in KBr and in solution. The complexes possessed very
high luminescence quantum yields in powder, up to 93% and
64% in the DPEPO film (Cu-1b), while emitting in the yellow
greenish (Cu-3a, Cu-4a) to turquoise area (Cu-2b, Cu-4b). In
addition, stability studies in solution of complex Cu-2c revealed
a high (photo)chemical stability in a variety of solvents. The cal-
culations demonstrated that all the presented complexes,
showing TADF in the solid state and in solution, have similar
vertical singlet-triplet energy gaps (AEY;), independently of the
ancillary ligands. However, the medium (e.g. film, solution, KBr
pellet) turned out to have a significant influence on the emis-
sion wavelength. The lowest lying T; state could be character-
ised by time-resolved step-scan FTIR spectroscopy.

Combining extremely high solubility and high quantum
yields also in neat films, the Cu(i) AlkylPyrPhos TADF com-
plexes are excellent candidates for solution-processed OLEDs.

Experimental

All experiments were performed under Schlenk conditions.
Solvents were purchased from Fisher in p.a. quality for general
use and unstabilized in HPLC grade for drying them in the
solvent purification system MB-SPS-800 from MBraun with
special drying columns. Tetrahydrofuran of the SPS system was
degassed for 20 min with argon before usage. Copper iodide
was purchased in 99.999% trace metals basis quality from
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Sigma Aldrich and was used without any further purification as
well as all the other precursors and ancillary ligands, which
were purchased also partly from Fisher and abcr. DMSO-d¢ for
NMR measurements was purchased in a 10 mL vial with
septum and was also degassed before usage.

The experimental set-ups for the photophysical investi-
gations are described in detail in the ESL.{

Synthesis of the ligands

While 2-(diphenylphosphino)pyridine (1) was purchased from
abcr, 4-methyl-2-(diphenylphosphino)pyridine (2) and (4-(cyclo-
pentylmethyl)-2-(diphenylphosphino)pyridine (4) were syn-
thesized according to the literature known procedures.***” The
experimental data of ligand 3 is given in the ESL.}

General procedure for the synthesis of the Cu(i) complexes
Cu-1b-Cu-4b

For the synthesis of the Cu(1) AlkylPyrPhos complexes a 20 mL
crimp vial was charged with the corresponding bridging
ligand (0.70 mmol, 1.00 eq.), ancillary ligand (1.40 mmol, 2.00
eq.) and copper iodide (1.40 mmol, 2.00 eq.). The material was
dissolved in 15 mL dry dichloromethane under argon and the
suspension was degassed with argon for five minutes. After
stirring for 12 h at room temperature in the dark the solvent of
the reaction mixture was reduced to 5 mL and the mixture was
poured in 100 mL of n-pentane. The precipitate was filtered
off, washed with n-pentane and diethyl ether and was dried in
vacuum. Crystals were grown in 5 mL Vials via the layering
approach, using dichloromethane to dissolve the compound
and n-pentane was applied on top.

The experimental data for the complexes Cu-1b, Cu-2b and
Cu-2c is given below and the experimental data for all other
copper complexes can be found in the ESL

[(2-(Diphenylphosphino)pyridine)(tris(4-fluorophenyl)phos-
phine),Cu,I,] (Cu-1b). The complex Cu-1b was synthesized
according to the general procedure. Pale yellow powder
(89% yield).

'H NMR (400 MHz, DMSO-d,) 6 [ppm] = 8.70 (bs, 1H, Hpy,),
7.91 (t, >Jun = 7.8 Hz, 1H, Hpy,), 7.57 (bs, 1H, Hpy,), 7.53-7.15
(m, 35H). - *C NMR (101 MHz, DMSO-d¢) § [ppm] = 164.5 (s),
162.0 (s), 135.9 (q, J = 15.6 Hz, J = 8.6 Hz), 133.4 (d, J = 13.0
Hz), 130.1 (s), 129.0 (d, J = 28.2 Hz), 128.6 (d, J = 7.8 Hz), 115.9
(dd, J = 21.2 Hz, J = 8.8 Hz). - *'P NMR (162 MHz, DMSO-d;)
6 [ppm] = —5.29 (bs, 1P, Ppyrphos), —12.43 (bs, 2P, Pr_physp). —
F NMR (376 MHz, DMSO-d¢) 6 [ppm] = —114.83 (s, 6F,
F(r-ph)sp). — MS (FAB, 3-NBA) m/z [%] = 1337 (4) [M + Cu]", 1021
(5) [CusLLP]", 884 (19) [Cu,IP,]", 831 (16) [Cu,ILP]’, 705 (43)
[CusL,L]", 695 (100) [CuP,]", 642 (52) [CuLP]', 589 (27) [CuL,]’,
568 (23) [Cu,IP]", 515 (76) [Cu,IL]". - IR (ATR) ¥ [em '] =
3043 (vw), 1585 (m), 1494 (m), 1451 (w), 1433 (w), 1393 (w),
1301 (vw), 1224 (m), 1157 (m), 1093 (w), 1013 (w), 826 (m),
759 (w), 742 (w), 693 (m), 634 (w), 518 (m), 508 (m), 488 (w),
470 (m), 442 (m), 430 (m). — Anal. caled for C53H33Cu,FI, NP3
(1274.8): C 49.86, H 3.00, N 1.10; found: C 49.91, H 3.09, N
1.17. A molecular structure of the complex was obtained.

This journal is © The Royal Society of Chemistry 2019
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[(4-Methyl-2-(diphenylphosphino)pyridine)(tris(4-fluorophenyl)
phosphine),Cu,L,] (Cu-2b). The title complex was obtained via
the general procedure. Pale yellow powder (70% yield).

'H NMR (400 MHz, DMSO-de) & [ppm] = 8.51 (bs, 1H, Hpy,),
7.47-7.20 (m, 36H), 2.27 (s, 3H, Hye). - °C NMR (400 MHz,
DMSO-d¢) 6 [ppm] = 164.4 (s), 162.0 (s), 136.0 (q, /= 15.7 Hz, ] =
8.4 Hz), 133.4 (d, J = 13.3 Hz), 130.0 (s), 129.0 (d, J = 28.3 Hz),
128.6 (d, J = 7.6 Hz), 115.9 (dd, J = 21.2 Hz, ] = 9.4 Hz), 20.6 (s,
1C, Cpe). — >'P NMR (162 MHz, DMSO-dg) & [ppm] = —4.98 (bs,
1P, Pyrepyrphos), —14.13 (DS, 2P, P(r_phyzp). - '°F NMR (376 MHz,
DMSO-dg) § [ppm] = —114.87 (s, 6F, Fg_pnyp). -~ MS (FAB, 3-NBA)
miz [%] = 1351 (4) [M + Cu]', 1161 (2) [M - IJ', 1074 (1)
[CusLL,P,]", 1035 (2) [CuzLLP],, 996 (6) [CusLL,]", 884 (8)
[Cu,IP,]", 845 (13) [Cu,ILP]", 719 (19) [CusLL]", 695 (23) [CuP,]",
568 (5) [Cu,IP]", 529 (35) [Cu,IL]", 378 (4) [CuP]’, 340 (38) [CuL]',
278 (13) [L + H]". - IR (ATR) ¥ [em™"] = 3053 (vw), 2958 (vw), 2923
(vw), 2856 (vw), 1585 (m), 1494 (m), 1433 (w), 1393 (w), 1300 (W),
1225 (w), 1158 (m), 1093 (w), 1013 (W), 825 (m), 742 (W), 693 (W),
635 (vw), 518 (m), 494 (w), 463 (W), 442 (W), 430 (w). — Anal. caled
for Cs4H,40Cu,F¢L,NP; (1288.9): C 50.25, H 3.12, N 1.09; found: C
50.59, H 3.21, N 1.27. A molecular structure of the complex
including one molecule of n-pentane was obtained.

[(4-Methyl-2-(diphenylphosphino)pyridine)(tris(4-trifluoro-
methylphenyl)phosphine),Cu,I,] (Cu-2¢). The title complex
was synthesized according to the general procedure and purification
was done according to complex Cu-1c. Yellow powder (97% yield).

'H NMR (400 MHz, DMSO-d,) § [ppm] = 8.51 (bs, 1H), 7.72
(bs, 24H), 7.50 (bs, 1H), 7.43-7.26 (m, 11H), 2.27 (s, 3H, Hy). -
BC-NMR (101 MHz, DMSO-d,) 6 [ppm] = 137.1 (d, J = 23.6 Hz),
134.5 (d, J = 14.1 Hz), 133.3 (d, J = 13.2 Hz), 131.0 (s), 130.5 (d,
J =30.1 Hz), 130.1 (s), 130.0 (d, J = 5.0 Hz), 128.6 (d, J = 7.7 Hz),
127.9 (s), 125.5 (bs), 125.2 (s), 122.4 (s), 119.7 (s), 20.6 (s, 1C,
Cume)- - *'P NMR (162 MHz, DMSO-d¢) & [ppm] = —4.40 (bs, 1P,
Puepyrphos), —12.71 (bs, 2P, P(crz_pnyzp). — \°F NMR (376 MHz,
DMSO-dg) 6 [ppm] = —66.07 (s, 24F, Fcps—phjsp). -~ MS (FAB,
3-NBA) m/z [%] = 1651 (2) [M + Cu]’, 1461 (1) [M - I]', 1374 (3)
[Cusl,P,]", 1184 (4) [Cu,IP,]", 995 (5) [Cu,ILP]", 806 (8) [CuLP]",
718 (9) [Cu,IP]", 528 (11) [CuP]’, 467 (10) [P + H]', 340 (100)
[CuL]", 278 (17) [L + HJ". - IR (ATR) ¥ [em™"] = 3049 (vw), 1606
(w), 1437 (vw), 1397 (w), 1319 (s), 1163 (m), 1120 (m), 1059 (m),
1015 (m), 831 (m), 742 (W), 694 (m), 634 (vw), 597 (m), 517 (m),
496 (w), 463 (w), 413 (w). — Anal. calcd for CgoHyoCu,F4gI,NP;
(1590.7): C 45.30, H 2.53, N 0.88; found: C 45.39, H 2.38, N 1.00.
A molecular structure of the complex was obtained.
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