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New cycloplatinated N-heterocyclic carbene (NHC) compounds with chelate diphosphines (PAP) as ancillary
ligands, [Pt(R-CAC*)(PAP)IPFg (R-C = Naph, PAP = dppm 1A, dppe 2A, dppbz 3A; R = COEt, PAP = dppm 1B,
dppe 2B, dppbz 3B), have been prepared. Their photophysical properties have been extensively studied and
supported by the time-dependent-density functional theory (TD-DFT). These compounds show a great
thermal stability and a very efficient blue (CO,Et-CAC*) or cyan (NaphAC*) emission in PMMA films (5 wt%),
with photoluminescence quantum yield (PLQY) ranging from 53% to 95%. In the solid state, the emission of
the NaphAC* derivatives becomes orange (1A, 2A) or white (3A, dual blue and yellow emission) due to the
operating m—n intermolecular interactions. We have investigated the potential use of these materials for
solid-state lighting (SSL) applications. OLEDs with different architectures containing mixtures of 1B and 3A
in different ratios as dopants were fabricated. In addition, two-component white light remote phosphors
were obtained by stacking different combinations of 1B or 3B as the blue emitter with [Pt(bzq)(CN)(CNXyl)]
(R) (bzg = benzoquinolate, Xyl = 2,6-dimethylphenyl) as the red emitter using a 365 nm LED as pumping
source. By changing the blue:red ratio, warm white light with optimal CRI and D, values and a great
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Introduction

With the irruption of LED technology in the lighting arena,
different kinds of LED architectures capable of creating white
light in an efficient and reliable manner have been developed."
Currently, two types of phosphor-converted white LEDs (pcWLEDs)
are commercially available depending on their excitation wave-
length. On one hand, there are those based on a blue LED (InGaN)
chip coated with a yellow phosphor (e.g. Y3Al;04,:Ce** = YAG:Ce).
On the other hand are those based on near ultraviolet (NUV) LED
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range of nominal CCT (4000-2000 K) was obtained.

pumping coated with a mixture of different phosphors. In both
cases white emission is achieved through excitation and sub-
sequent re-emission, but the complexity is bigger in the latter
since the blue contribution is also covered by a phosphor. In
order to get photo-biologically healthier white light, the key
issue in this technology is to minimize the fraction of blue light
(around 460 nm) which potentially leads to warmer CCTs." ™

There is growing evidence that inadequate light during the
day and mainly during the evenings or at night contributes to
sleep problems and circadian clock misalignment.*® Because
the melanopsin contained in the retinal ganglion cells (ipRGCs) is
photoactivated by 460 nm blue light, the artificial light striking the
retina between dusk and dawn inhibits sleep-promoting neurons
in the hypothalamus, and suppresses the nightly release of the
soporific hormone melatonin.”® These factors reduce sleepiness,
increase alertness and lead to the development of health problems
like obesity, heart disease, depression and neurodegenerative
diseases such as Alzheimer’s and Parkinson’s.”™®

So, low CCTs, high luminous efficiency (LE) and high color
rendering index (CRI) are important characteristics to be con-
sidered when fabricating pcWLEDs as environmentally friendly
light sources. Also, concerning the chemical composition, the
use of rare-earth-based phosphors leads us to foresee a long-
term price rise and some logistical problems on the horizon.""
In this sense, phosphorescent organometallic transition metal
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complexes (TMCs) have become crucial in the development of
electroluminescent devices such as phosphorescent organic
light-emitting diodes (PhOLEDs) and white-light-emitting electro-
chemical cells (LEECs), mostly those of Ir(u)**™** and Pt(u).*>™®

Newly developed strategies to achieve efficient white emitting
devices have been focused on single-doped WOLEDs using square
planar platinum(u) complexes. In these systems, the white light is
obtained by combination of blue emission from isolated molecules
and orange-red emission from excimers. Controlling the dopant
concentration to obtain efficient systems has been successfully
accomplished; however, their CRI values are still below 80."%>*

The work presented here represents the research of techno-
logical alternatives that could improve solid state lighting (SSL)
technology in terms of light quality and cost; light quality
because we report on systems capable of generating white light
with high CRI and low CCT values, and cost because all the
compounds reported in this work are 100% rare-earth-free emitting
phosphors. Therefore, keeping with our mastered organometallic
approach of using cyclometalated N-heterocyclic carbenes (NHC) as
highly efficient emitters to prepare lighting devices,>™’ herein we
report the synthesis and complete structural and photophysical
studies of cycloplatinated NHC compounds with diphosphines
(P~P) as auxiliary ligands, [Pt(R-C*C*)(P"P)|PFs (R-C = Naph,
P*P = dppm 14, dppe 2A, dppbz 3A; R = CO,Et, P*P = dppm 1B,
dppe 2B, dppbz 3B). Taking into account their emitting features, we
used a selection of them as blue (1B, 3B), and orange (1A) emitters
for SSL applications: WOLEDs and remote pcWLEDs. The red
emitter ([Pt(bzq)(CN)(CN¢Bu)], bzq = benzo[A]-quinoline; R) was
used to obtain warm and healthy white light illumination.

Results and discussion

2.1. Emissive compounds: synthesis and characterization

Compounds [Pt(R-C"C*)(P"P)]PF, (1A-3A; 1B-3B, see Scheme 1)
were prepared in high yields, 86% 2A - 66% 2B, from the
corresponding starting compound [{Pt(u-Cl)(R-C*C*)},].>>>°

The most relevant structural information came from multinuc-
lear NMR spectra (see Table 1, Experimental section and ESIt part 2)
and the X-ray diffraction study of single crystals of 14, 3A, and 1B-3B
(see Fig. 1 and ESIt part 3 for figures, data and discussion).

1 ] PFg

/PPhZ R-C=Naph, PP = dppm (1A), dppe (2A) dppbz (3A)
NYPt\Qth R=-CO,Et, PP = dppm (1B), dppe (2B) dppbz (3B)
&
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Scheme 1 Scheme of new complexes and numeration for NMR
characterization.
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Table 1 Relevant 3!P{*H}* and °Pt{*H}* NMR data (5 (ppm), J (Hz))

6Pt 1]Pt,Ptrzms-Cl 1.]Pt,Ptrans-C6 6Ptrans-c1 aptmns-cs ]P,P
1A 4384.0 2398.6 1526.1 —36.90, —37.5vp 39.8
2A  4991.0 2715.1 1925.9 50.6 43.6 6.0
3A  4906.0 2671.6 1915.4 47.6 39.3 4.1
1B 4411.8 2378.4 1556.7 —37.90, —38.3vp 40.3
2B 5013.7 2706.5 1958.5 50.6 43.6 6.2
3B 4955.8 2670.4 1950.8 47.7 40.5 4.7

“ 162 MHz, CD,Cl,. ” 86 MHz, CD,Cl,.

Fig. 1 Molecular structures of the cationic complexes for 2B (left) and 3A
(right). Thermal ellipsoids are drawn at the 50% probability level. Hydrogen
atoms, PFg and solvent molecules have been omitted for clarity.

The two inequivalent P atoms of the dppm derivatives (1A/1B)
(Table 1 and Fig. S1 for 1B, ESIt) appear upfield shifted with
respect to that of free dppm (6 = —23.8 ppm)*® as an AB system
(Je,p ~ 40 Hz). However, those for the dppe in 2A/2B and dppbz
in 3A/3B (Fig. S2 for 2A, ESIf) appear downfield shifted with
respect to that of the corresponding free diphosphine (dppe =
—12.5 ppm, dppbz = —13.8 ppm)*® as AX systems with Jpp
values of about 5 Hz.”® Every *'P signal appears flanked by two
sets of "*°Pt satellites. The larger ‘Jp p value corresponds to the
P atom located ¢rans to the N-heterocyclic carbene (C1), whose
trans influence is smaller than that of the aromatic C atom
(C6).>° The *°Pt{"H} NMR spectrum of each compound shows a
doublet of doublets due to the coupling of the Pt center to two
inequivalent P atoms (see Fig. S3, ESIT and Table 1). It is worth
noting the downfield shift of the '*°Pt resonances of the dppm
complexes (1A/1B) when compared to those of the dppe (2A/2B)
and dppbz (3A/3B) counterparts, which can be attributed to the
great strain in the 4-membered ring.***°

Thermo-gravimetric analyses (TGA) of all compounds indi-
cate that they are stable under an argon atmosphere at 1 atm
over 350 °C (368.21 °C 1A, 383.40 °C 2A, 399.83 °C 34, 350.72 °C
1B, 350.31 °C 2B and 381.13 °C 3B).

2.2. Photophysical properties and theoretical calculations

Absorption properties and TD-DFT calculations. The lowest
energy absorption of 1A-3A in CH,Cl, (5 x 10~> M) appears at 1 >
350 nm, at lower energies than those of 1B-3B (ca. 320 nm, Fig. 2
and ESIf part 4), as previously stated.”**” On the other hand, the
low energy bands of the dppm derivatives (1A and 1B) appear
red shifted with respect to the corresponding dppe and dppbz
ones (24, 2B and 3A, 3B), indicating that both R-C*C* and P*P
ligands are involved in the lowest energy spin-allowed transition.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 UV-Vis absorption spectra of 1A-3A (left) and 1B-3B (right) in CH,Cl,
(5 x 107° M). Insets: Expanded views of the lower-energy absorptions.

These absorptions obey Beer’s law in the range 10>-10"° M in
CH,Cl,, in agreement with the absence of significant aggregation in
this concentration range.*' The absorption spectra of powdered
samples of 1A-3A and 1B-3B (ESI} part 4) appear quite similar to
those observed in solutions of CH,Cl,. Therefore, the same origin
of the lowest energy absorptions can be assumed.

Theoretical calculations (DFT and TD-DFT) were carried out
on the cations of 1A, 3A, 1B and 3B (see ESIt part 5 for tables,
figures and discussion). Considering that in each case, the
calculated spin-allowed transition (S;) fits well with the lowest
energy absorption and that the main contribution to it is the
HOMO to LUMO transition, the origin of this absorption can be
ascribed to mixed LL'CT [rn(NHC) — 7*(P"P)]/LMCT [n(NHC) —
5d(Pt)[/ILCT [n(NHC) — m*(NHC)] transitions for the Naph~C*
derivatives (1A and 3A), and to LL'CT [r(NHC) — n*(P*P)[/ILCT
[*(NHC) — n*(NHC)] for the EtO,C-C*C* ones (1B and 3B).

Emission properties. Emission data for 1A-3A and 1B-3B are
summarized in Table S10 (ESIT part 6). In a rigid matrix of
CH,Cl, (10~° M; 77 K) and in poly(methyl methacrylate)
(PMMA) films (5 wt% doped), all complexes show blue and highly
structured emissions with vibronic spacings (~1474 cm™ ", corres-
ponding to the C=C/C=N stretches of the cyclometalated NHC
ligands) at 4 ~ 470 nm for 1A-3A or 450-464 nm for 1B-3B
(see Fig. 3 for 1A and 1B). The corresponding decays are
monoexponential with slower decay time (286-563 ps) for 1A-3A
and faster (~20 ps) for 1B-3B, indicative of triplet state emissions.
These values are in agreement with those observed for other
compounds containing these same “(R-C~C*)Pt” (R-C = Naph,
R = CO,Et) moieties.”**”°

Contrary to what has been observed throughout the UV-vis
absorption and TD-DFT sections, the emission energy of the
Naph~C* derivatives (1A-3A) does not depend on the P*P
ligand, whereas those of their B (1B-3B) counterparts clearly

1,0+
08 084 —— 5wt% PMMA film
——5wt%PMMAfim CH,CI, 10°M, 77K
3 CHCI, 10°M, 77K 3 ¢ |
8% s
i i
g 0,4+ 5 0,44 )
E =
02 ’\\ 02
00 M“ 0,0 T T T T T 1
40 450 500 550 600 650 700 400 450 500 550 600 650 700

A (nm) A (nm)

Fig. 3 Normalized emission spectra of 1A (left) and 1B (right) upon
excitation with UV light. Picture under UV light (365 nm).

This journal is © The Royal Society of Chemistry 2019

View Article Online

(a) _(b) A
A
i} RSy,

1B
400 450 500 550 600 650 700 450 500 550 600 650 700 750
A(nm)

A (nm)

Paper

u.)

Intensity (a.u.)
IntensityXa.

Fig. 4 Normalized emission spectra of 1B=3B (a) and 1A-3A (b) in the
solid state at r.t. (—, dex = 375 Nnm and —, Jex = 400 nm, for 3A). Pictures
under UV light (365 nm).

do (see Fig. S12, ESIt). This relationship, together with the
observed difference in their emission lifetimes, suggests that
emissions of the A and B derivatives arise from different kinds
of excited states. Considering the TD-DFT calculations, these
phosphorescent emissions can be assigned mainly to the *ILCT
[f(NHC) — n*(NHC)] excited state for 1A-3A and to mixed
*LL'CT [r(NHC) — n*(P*P)]/’ILCT [n(NHC) — n*(NHC)] transi-
tions for 1B-3B. At higher concentration (10~ M) in CH,Cl, at
77 K or in the solid state, the emissions of compounds 1B-3B
(see Fig. 4a and Table S10, ESI{) do not differ much from those
obtained in diluted solution (CH,Cl, 10> M, 77K). Differently,
compounds 1A-3A4, at higher concentration in CH,Cl, (10 M),
display wavelength-dependent emissions (see Table S10, ESIf),
similarly to those observed in the related complexes
[(Naph~C*)Pt(CNR'),]JPFg (R’ = t-Bu, Xyl).>® Upon excitation at
Jex < 380 nm, they show a high energy (HE) emission band
identical to the one observed in diluted solution. At longer
excitation wavelengths (1ex ~ 400 nm), the intensity of the HE
band decreases and a low energy (LE) emission band with a
maximum at ca. 565 nm becomes dominant (Fig. S13 for 1A,
ESIt). The LE emission fits the main one observed in powdered
samples of 1A-3A upon excitation in the range 360-375 nm
(see Fig. 4b). For these solid samples, just in compound 3A, a
significant contribution of the HE emission is also observed,
but the LE band can be obtained upon selective excitation at
longer wavelengths (400 nm). This structured LE band, which
exhibits shorter lifetime (<100 ps) and a red-shifted excitation
profile compared to those of the HE band, can be tentatively
assigned to *nn* transitions, due to the formation of aggregates
in the ground state as supported by the X-ray diffraction
studies.

Photoluminescence (PL) quantum yield () measurements
in PMMA films revealed that all complexes are very good
emitters at room temperature (QY ranging from 53% to 95%)
and are amongst the most efficient blue and green-cyan emitters
of platinum(n) in PMMA film: [Pt(C~C*)(acac)] (@ = 0.86,>* 0.90,),
[Pt(C*~CrCH)Cl] (@ = 0.32%%) and [P{C"X-LAL/)] [C*X = phenyl
methyl imidazole; L"L’ = phenoxy pyridine, ¢ = 0.58; L"L' =
carbazolyl pyridine, ¢ = 0.89; C"X = phenyl pyrazole; L L' =
carbazolyl pyridine, ® = 0.85].%°

2.3. Device performance and characteristics

In light of the observed quantum efficiency and thermal stability
of these compounds, their great potential to be incorporated as

J. Mater. Chem. C, 2019, 7, 4509-4516 | 4511
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emitting centers within a SSL-based architecture for white light
generation becomes clear, in our case for OLEDs and remote
phosphor-based devices.

2.3.1. OLEDs. Complexes [Pt(CO,Et-C*C*)(dppm)]PF, (1B)
and [Pt(Naph~C*)(dppbz)]PFs (3A) were chosen as blue and
yellowish-orange emitters respectively for the fabrication of
solution processed OLEDs. First of all, we built OLEDs containing
1B or 3A as emitters, to optimize the operating conditions for each
of them (see ESL part 7, Fig. S14 and S15 for devices OL1-OL3
and L1-L9).

With a view to achieving white electroluminescence, by
exploiting blue emission from 1A and green-orange emissions
from 3A, devices with emissive layer (EML) containing the two
dopants with different formulations were manufactured with
basic and advanced architectures (see Table 2 and Fig. 5 left).

Devices L10-L12 were built with the ITO/MoO;/EML/TPBi/
Ba/Al configuration. The EL spectrum of L10 (see Fig. 5), with a
content of 3A:1B in the ratio of 10:10 wt%, shows a main
emission from 3A (LE band) with very weak contributions of
PVK and 1B. The white light produced has a very appealing
warm temperature of 2592 K, within the Planckian locus (see
Fig. 6 and Table 2), but the small contribution of the blue
components renders a rather poor CRI (65.8). The increase of
the amount of the blue emitter, 1B, in L11 (15 wt%) and L12
(20 wt%) does not improve the colorimetric or photometric data
with respect to those of L10 (see Table 2 and Fig. S16 in the
ESIY).

For devices L13-L15, PBD was replaced by 1,3-bis(5-(4-(tert-
butyl)phenyl)-1,3,4-oxadiazol-2-yl)benzene (OXD-7, HOMO =
—6.5 eV; LUMO = —2.8 €V), as a further optimization step
(Fig. 5 left). The EL spectrum (see Fig. 5 right) reveals that
the blue emission arising from 1B becomes more relevant

Table 2 EML composition, EQE and lighting parameters® of L10-L15

HTL ETL EQEq.y

3A:1B (%) (%) (%) [V] CRI CCT CIE (x,)) Dy
L10 10/10 57 23 0.32[11] 65.8 2592 0.47,0.41 0.0004
L11 10/15 52.5 22.5 0.1[8] 72.0 2745 0.47,0.44 0.0090
L12 10/20 49 21 0.05 [9] 72.0 2723 0.48,0.44 0.0098
L13 10/10 57 23 0.2 [14] 75.7 5281 0.34, 0.41 0.0298
L14 10/5 59.5 25.5 0.125[13] 76.8 4055 0.39,0.44 0.0306
L15 15/5 56 24 0.15[12] 74.8 3326 0.44,0.45 0.0230

“ Obtained at 12 V (L10-L12) and 10 V (L13-L15).
1,04

——L10 (10V)

——L13 (10V]

/ 038 —L14 :1ov;

—L15(10V)

Ba/Al

z

PBD* or OXD-7? g

1B +3A 3 04d

PVK H

MoO, 0,24

O

" 400 500 600 700 800
A(nm)

Fig. 5 (left) Device architectures of white OLEDs: 'L10-L12; °L13-L15;

(right) EL spectra at 10 V of L10, L13—-L15.
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‘ 0.45)
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y
035
‘ 0.30} -
0.25
L11 0.25 030 035 040 045 0.50 0.55 0.60 0.65
Fig. 6 (left) Pictures of working devices; (right) CIE 1931 diagram of
L10-L15.

thanks to the slightly different energy levels of OXD-7 with
respect to PBD. However, there is still a big contribution of the
LE band of 3A, increasing as the ratio 3A:1B increases from
2:1(L14) to 3:1 (L15). As a result, a warmer white light and CRI
in the range of 74.8-76.8 were observed.

White OLEDs switch on at about 5-7 V (Fig. S17 in the ESIY),
probably due to the aforementioned high potential barriers for
charge injection, mainly for holes, that should be further
reduced by interfacial engineering. At high current density the
maximum luminance recorded is in the range of 50-250 cd m >
depending on EML formulations and device architectures. The
combined highest EQE (0.2%) and better CIE (0.34; 0.41) and
CRI (75.7) were achieved for device L13. As has already been
reported for this type of devices,***” a moderate efficiency roll-
off (Fig. S18 in the ESIf) due to triplet-triplet annihilation,
typical of long-lived excited triplet states, cannot be avoided.

2.3.2. Remote phosphor devices. To achieve the high quality
CCT and CRI values required in devices for indoor solid-state
lighting applications, as stated in the ANSI C8-78.377-2008/2015
for commercial light sources, combination of the luminescence
from different phosphors was required; complexes 1B and 3B
were selected as blue-, 1A as orange- and [Pt(bzq)(CN)(CNXyl)]
(R)*® as red-emitting materials. Several remote phosphor devices
with two-component architectures (D1-D10) were prepared by
sequential deposition of individual suspensions of the active
materials on common glass disks by screen-printing. The relative
amount (number of layers) of each phosphor was varied to
control the final photometric and colorimetric parameters of
these devices (see Table 3 and ESIf part 7). Once a phosphor disk
was prepared, it was studied under 365 nm UV LED light
illumination. To do that, the disk was introduced in the holder
structure shown in Fig. 7 with the coating facing the pump
source. On the other hand, it is worth noting that phosphor
stacks were constructed by placing the phosphor with the higher
radiative transition close to the glass, so the re-absorption of
photons with lower energies from previous layers within the
stacks is minimized. In this configuration, we ensured that the
outcoming visible light is efficiently transmitted to the analysis
stage. Photometric and colorimetric parameters corresponding
to D1-D10 can be seen in Table 3 and Fig. 8.

Devices D1 and D2, both containing compound 1A as the
warm component, present rather low CRI and non-convenient

This journal is © The Royal Society of Chemistry 2019
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Devices (components) CRI* ccr? Dyy LF® (mlm) LER? (Im W) LES Im W™ 1) WPE (%) CIE 1931 (x, yf¥
D1(1p/1a) 57.7 3292 0.019 237.2 379.5 0.86 0.41 0.4431, 0.4576
D23p/1a) 62.4 3586 0.015 242.9 360.4 0.88 0.45 0.4158, 0.4313
D3(1p/R) 94.3 2532 0.0031 173.1 239.8 0.63 0.56 0.4801, 0.4231
D4zp/r) 92.5 2570 0.0037 197.2 226.7 0.72 0.52 0.4641, 0.4014
D5(3p/r) 83.6 3706 0.0057 179.6 227.9 0.65 1.53 0.3894, 0.3700
D6(3p/r) 81.7 3938 0.0024 214.1 228.7 0.78 1.18 0.3815, 0.3722
D7p/r) 85.7 1918 0.00097 140.6 209.9 0.51 0.46 0.5380, 0.4146
D83p/r) 92.3 2176 0.0039 157.7 217.2 0.57 0.59 0.4998, 0.4032
D9(1p/r) 93.7 3078 0.0065 183.1 249.1 0.67 0.99 0.4409, 0.4222
D101p/r) 90.2 3355 0.0064 168.1 247.9 0.61 1.44 0.4214, 0.4138

“ Color rendering index. ? Correlated color temperature. © Luminous flux.  Luminous efficacy of the radiation. ¢ Luminous efficacy. Wall-plug

efficiency. ¢ CIE coordinates.

Phosphor on glass:

365-nm LED

(a) (b)

Fig. 7 (a) Exploded view of the sample holder used to pump the phos-
phors and coupling of the resulting emission into the integrating sphere.
(b) Schematic drawing of the phosphor stacks (I-V = ink vehicle; B = blue
phosphor; R = red phosphor).

high LER values,* the latter attributed to the excessive overlay of the
emission bands of the cool (1B, 3B) and warm (1A) components,
resulting in an increase of the intensity at the green region of the
visible spectrum (Fig. S19, ESIT). Also the CIE coordinates reveal that
D1 and D2 are not suitable in the current configuration for white
light applications, since they are far from the ideal Planckian locus
(|Duy| > 0.006) (Table 3 and Fig. 8).

0.0 01 0.2 03 0.4 0s 0.6 0.7 08
x

CIE1931

Fig. 8 Distribution of the different devices in the CIE 1931 color space
according to their respective color coordinates D1-D10.

This journal is © The Royal Society of Chemistry 2019

To solve these problems, 1A was substituted by the red-
emitter [Pt(bzq)(CN)(CNXyl)] (R),*® with a less pronounced over-
lay of the emission band with those of 1B and 3B. Comparison of
devices D3 and D4, which just differ in the nature of the blue
phosphor (1B in D3, 3B in D4), seems to indicate that both 1B
and 3B, combined with the R component in a 2: 1 ratio, lead to
devices with very similar photometric and colorimetric para-
meters. In both cases, these have excellent CRI values (94.3, 92.5)
and CIE coordinates along the Planckian locus (|Dy| < 0.006).
The spectral shape of devices D3 and D4 resembles that obtained
from incandescent lamps (CRI 100) (Fig. 9 top). An increase of
the blue:red ratio to 3:1 or 4:1 leads to a much colder light.
The 3B-containing devices (CCT = 3706 K D5, 3938 K D6)
show colder light and lower CRI values (ca. 83) than those of
the 1B-containing ones (3078 K D9, 3355 K D10, CRI > 90)
but for all of them, the CIE coordinates are along the Planckian
locus (|Dyy| < 0.006).

= Incandescent Lamp
—D3
084 ——D4
D9
—D10

Normalized intensity

Normalized intensity

A (nm)

Fig. 9 Normalized emission spectra of devices D3, D4, D9 and D10 and a
typical incandescent lamp in the visible region of the spectrum (top) and
devices D4-D8 (bottom).
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If we compare those devices (D4-D8) containing the same active
components, 3B as blue and R as red, it seems clear that modifica-
tions in the relative number of layers of each phosphor (3B:R ratio:
0.5:1D7,0.66:1 D8, 2:1 D4, 3:1 D5, 4:1 D6) lead to a fine control
of the CCT values (Fig. 9 bottom) with no dramatic change in the rest
of the parameters. In light of the above sequence, it becomes clear
that the amount of R contributes to making the emission warmer; it
is possible to achieve devices with high CRI (81.7-92.5), CCT values
ranging from 1918 K (D7) to 3938 K (D6) and CIE coordinates along
the Planckian locus (|Dy| ~ 0.00097-0.0057).

Therefore, this approach allows the fabrication of devices with a
great range of nominal CCT values: 4000 K (D6), 3500 K (D5 and
D10), 3000 K (D9) and almost 2600 K (D3 and D4), and opens the
gate to even very- or ultrawarm devices (D7 and D8) operating in the
“firelight” range of CCTs (1918 K D7 and 2176 K D8),* in all cases
within optimal CRI and D,, values,*" that are far more superior
than those reported as warm white light LEDs.**™*¢

Conclusions

New cycloplatinated N-heterocyclic carbene (NHC) compounds
with chelate diphosphines (P*P) as ancillary ligands, [Pt(R-C*C*)-
(P*P)]PFs (R-C = Naph, CO,Et; PAP = dppm, dppe, dppbz), were
prepared from their corresponding starting materials, [{Pt(R-C C*)-
(1-Cl)},]. The presence of two chelate ligands (C~C* and P*P) in these
complexes confers them great robustness and thermal stability.
Compounds [Pt(CO,Et-C C*)(P*P)]PF (P*P = dppm 1B, dppbz 3B)
and [Pt(Naph~C*)(dppbz)]PFs (3A) were selected for fabrication of
white light-emitting devices because of their emitting features and
high PLQY in PMMA films (74% 1B, 95% 3B, 89% 3A). OLEDs with
different architectures containing them showed modest EQEs (in the
range of 0.5%) which has been attributed to charge carrier injection
and balance issues, and the development of new matrices with
HOMOs and LUMOs more adequate for these compounds or more
effective interface engineering would be necessary.

White light with satisfactory photometric and colorimetric
parameters was obtained by combination of 1B or 3B as blue
with [Pt(bzq)(CN)(CNXyl)] (R) as red emitters in two-component
remote phosphor devices. Using 1B or 3B and changing the
blue:red ratio under a 365 nm LED pumping source, warm
white light with optimal CRI and D,,, values and a great range
of nominal CCT values (4000 K, 3500 K, 3000 K, 2500 K and
2000 K) could be obtained. The emission spectra of these
systems mimic that of the incandescent light, with a much
reduced impact of the blue component. These findings show a
great promise of these systems for photo-biologically healthier
solid-state lighting.

Experimental

General information is included in the ESI.}

Synthesis and characterization of [Pt(Naph~C*)(dppm)]PF,
(1A). dppm (87.0 mg, 0.22 mmol) and KPF¢ (41.2 mg, 0.22 mmol)
were added to a suspension of A (96.1 mg, 0.11 mmol) in acetone
(30 mL) at room temperature. After 1 h of reaction, the solvent
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was removed under reduced pressure and the residue was
treated with dichloromethane (40 mL). The solution was filtered
through Celite and the solvent was removed under reduced
pressure. The residue was treated with diethyl ether, filtered,
and washed with diethyl ether to give 1A as a yellow solid. Yield:
147.5 mg, 72%. Anal. caled for C3oH;33F¢N,P;Pt CH,Cl,: C 47.26,
H 3.47, N 2.75; found: C 47.64, H 3.49, N 3.04. 'H NMR
(400 MHz, CD,ClL,): 6 = 7.87-7.71 (m, 9H, Ho and H;,), 7.66-
7.63 (m, 1H, H,), 7.63-7.46 (m, 14H, Hm, Hp, H,, and H,), 7.37
(ddd, *Je11,12 = 8:2, Jr11,10 = 6.9, Jer10 = 1.2, 1H, Hyy), 7.26 (ddd,
3.]1—[10,9 =8.1, 3]1—110,11 =6.9, 4]1—110,12 =1.1,1H, H10); 7.17 (d7 7H9,10 =
8.1, 1H, H), 7.12 (m, 1H, H;), 4.90-4.71 (m, 2H, CH, (dppm)),
3.26 (s, 3H, H,). "*C{"H} NMR plus HMBC and HSQC (101 MHz,
CD,CL,): § = 173.0 (C,), 146.8 (s, Cs), 141.6 (Cq), 139.8 (dd, ¥ p =
11.2, %cp = 3.8, Cy), 134.2 (d, >Jo p = 12.5, 4C, Co), 133.9 (d, >Jcp =
12.8, 4C, Co), 133.2 (s, 2C, Cp), 133.1 (s, 2C, Cp), 132.8 (s, Cy3),
130.4 (d, *Jcp = 10.8, 4C, Cm), 130.1 (d, *Jc p = 11.3, 4C, Cm), 128.1
and 128.0 (s, 2C, Co and Cy5), 126.9 (s, Cq4), 126.6 (d, Ycp = 8.1,
2C, Ci), 126.2 (s, Cy0), 126.1 (d, Yo p = 7.9, 2C, Ci), 124.4 (d, Yo p =
4.5, Cs), 116.4 (d, Y p = 2.3, Cp), 109.1 (d, Y p = 2.9, o pe = 19.5,
Cy4), 50.1 (dd, Yo p = 31.0, Yo p = 28.5, CH, (dppm)), 39.0 (dd,
Yop =42, Yo p = 1.7, Cy). Cg overlapped with Co as detected by
HMBC. MS (MALDI+): m/z (100) 786.1 [M]". Ay (5 x 107 M
acetone solution): 65.1 Q" cm® mol ™.

Synthesis and characterization of [Pt(Naph~C*)(dppe)]PFs
(2A). It was prepared following the method described for 1A
with dppe (127.0 mg, 0.32 mmol), KPF4 (59.9 mg, 0.32 mmol)
and A (139.6 mg, 0.16 mmol) (2 h). 2A was obtained as a pale
yellow solid (yield: 259.4 mg, 86%). Anal. caled for
CaoHisFoN,PsPt: C 50.80, H 3.73, N 2.96; found: C 50.75, H
3.59, N 3.20. "H NMR (400 MHz, CD,Cl,): § = 8.00-7.90 (m, 8H,
Ho), 7.75-7.70 (m, 2H, H,, and H,), 7.68-7.49 (m, 14H, Hm, Hp,
H,, and Hy), 7.34 (ddd, 3]H11,12 =8.1, 3]H11,10 =7.0, 4]H11,9 =11,
1H, Hy,), 7.20 (ddd, *Jx10.0 = 8-2, Jr1011 = 7-0, Jr1012 = 1.1, 1H,
Hy), 7.08-7.04 (m, 1H, Hj), 7.03 (d, Juo10 = 8.2, 1H, Hy),
3.06 (s, 3H, H,), 2.39 (m, 4H, (dppe)). *C{'H} NMR plus HMBC
and HSQC (101 MHz, CD,CL,): d = 173.3 (dd, *Jc1-prrans = 129.0;
*Jerpeis = 7.6, Ca), 146.7 (s, Cs), 142.8 (dd, *Jc peis = 5-8, *Jc perans =
104.1, Cg), 140.7 (dd, *Jcp = 10.1, *Jcp = 2.0, Yo pe = 52.5, C;),
134.8 (d, *Jop = 11.9, Yo pe = 25.3, 4C, Co), 134.2 (d, Yo p = 12.7,
3Jo.pe = 19.8, 4C, Co), 133.6 (dd, Yo p = 7.4, YJo.p = 3.0, Cg), 133.2
(d, Ye.p =2.4,2C, Cp), 133.0 (d, ¥Jc p = 2.5, 2C, Cp), 132.4 (s, Cy3),
130.4 (d, Yo p = 10.7, 4C, Cm), 130.0 (d, ¥Jcp = 11.1, 4C, Cm),
129.3 (d, Ye,p = 46.7, 2C, Ci), 127.9 and 127.8 (s, 2C, Co and Cy,),
127.3 (d, Yo,p = 54.7, 2C, Ci), 126.8 (s, Cy1), 126.0 (5, Cy), 125.3
(d, Yop = 4.5, Jope = 29.6, C3), 116.4 (d, Y p = 2.3, *Jo pt = 35.8,
C,), 108.8 (d, Ye,p = 3.1, ¥ pt = 23.0, C14), 39.5 (d, Yop = 2.9 C4),
32.4 (dd, YJop = 37.0, *Jep = 10.7, CH, (dppe)), 31.4 (dd, Jep =
39.3, %Jcp = 12.8, CH, (dppe)). IR (ATR): v = 831, 556 (s, PF,). MS
(MALDI+): m/z (100) 800.2 [M]". Ay (5 x 10~* M acetone
solution): 62.9 Q" cm® mol .

Synthesis and characterization of [Pt(Naph”C*)(dppbz)]PFs
(3A). It was prepared following the method described for 1A
with dppbz (126.2 mg, 0.27 mmol), KPFs (51.5 mg, 0.27 mmol)
and A (120.0 mg, 0.14 mmol) (3 h). 3A was obtained as a pale
yellow solid (yield: 207.4 mg, 76%). Anal. calcd for Cy4H35FsN,P;Pt:

This journal is © The Royal Society of Chemistry 2019
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C 53.18, H 3.55, N 2.84; found: C 52.91, H 3.40, N 2.84. "H NMR
(400 MHz, CD,CL,): § = 7.86-7.77 (m, 4H, Ho), 7.76-7.72 (m, 1H,
Hy,), 7.72-7.69 (m, 1H, Hy), 7.69-7.39 (m, 22H, H,, Hy, H,, Hy, Ho,
Hm, Hp, Hy, and Hy), 7.37 (ddd, Y1112 = 8-1, 110 = 7.1, Yearr0 =
1.2, 1H, Hyy), 7.25 (ddd, Y00 = 8-1, Jfar011 = 7.1, Jemo12 = 1.1, 1H,
Hyg), 7.05-6.99 (m, 1H, Hj), 6.97 (d, *Ji010 = 8.1, 1H, Hy), 3.05
(s, 3H, Hy). “C{'H} NMR plus HMBC and HSQC (101 MHz,
CD,CL): § = 172.3 (Cy), 146.6 (s, Cs), 142.6 (dd, *Jopas = 5.9,
YJoptrans = 98.7, Cg), 140.5 (dd, *Jcp = 9.3, YJop = 2.4, C;), 143.8-
134.3 (m, 8C, Co), 134.2-133.1 (m, 5C, C,, Cp, C, Cq and Cg), 132.8
(d, Yep = 23, 2C, Cp), 132.6 (d, Jop = 2.5, 2C, Cp), 132.4 (s, Cy3),
1302 (d, ¥Jcp = 11.0, 4C, Cm), 129.8 (d, *Jcp = 11.4, 4C, Cm),
129.5 (d, Yo p = 1.3, 2C, Ci), 128.4 (d, Y p = 1.3, 2C, Ci), 128.1 (s, Co),
127.8 (s, C), 126.9 (8, Cy1), 126.1 (8, Cyo), 125.3 (d, Yo p = 4.4, C3),
116.6 (d, Jop = 2.3, Jope = 22.8, Cy), 108.8 (d, Jop = 3.0, Jop =
23.0, Cy4), 39.4 (s, br, Cy). IR (ATR): v = 830, 545 (s, PFg). MS
(MALDI+): m/z (100) 848.2 [M]". Ay (5 x 10~ M acetone solution):
66.0 Q' cm? mol™%.

Synthesis and characterization of [Pt(EtO,C-C*C*)(dppm)]PF,
(1B). It was prepared following the method described for 1A with
dppm (104.1 mg, 0.26 mmol), KPF, (104.1 mg, 0.26 mmol) and B
(119.8 mg, 0.13 mmol) (2 h). 2B was obtained as a pale yellow
solid (yield: 204.8 mg, 83%). Anal. calcd for C33H35FsN,O,P3Pt: C
47.86, H 3.70, N 2.94; found: C 47.56, H 3.59, N 2.87. "H NMR
(400 MHz, CD,Cl,): 6 = 7.92-7.80 (m, 2H, H; and H,,), 7.80-7.67
(m, 8H, Ho), 7.64-7.44 (m, 13H, Hm, Hp and H,), 7.26 (dd,
0,10 = 84, Yo7 = 1.9, Hy), 7.08 (m, 1H, Hj), 4.79 (m, 2H, CH,
(dppm)), 4.08 (q, *Juu = 7.1, 2H, CH, (OEY)), 3.25 (s, 3H, H,), 1.10
(t, 3H, *gu = 7.1, CH; (OEt)). "*C{'"H} NMR plus HMBC and
HSQC (101 MHz, CD,CL,): 6 = 172.8 (C;), 166.2 (s, COO), 152.1
(s, Cs), 142.6 (d, >oc = 19.9, Cq), 140.7 (dd, *Jcp = 10.5, ¥Jcp =
5.0, YJopt = 47.2, Cy), 134.0 (d, ¥Jcp = 11.8, ¥Jc pc = 24.2, 4C, Co),
133.9 (d, Yo ,p = 11.9, ¥Jc pt = 19.7, 4C, Co), 133.3 (s, 2C, Cp), 133.2
(s, 2C, Cp), 130.4 (d, *Jcp = 10.4, 4C, Cm), 130.2 (d, Yo p = 10.4,
4C, Cm), 129.5 (s, Cy0), 127.9 (dd, Jp.c = 37.9, *Jp ¢ = 10.6, 2C, Ci),
126.1(dd, YJpc = 44.8, *Jpc = 12.2, 2C, Ci), 124.2 (d, /o p = 3.6, C3),
116.7 (s, Cy), 111.8 (s, Y pe = 25.1, Co), 61.1 (s, CH, (OEt)), 50.0
(t, Ycp = 30.6, CH, (dppm)), 39.0 (s, C,), 14.5 (s, CH; (OEt)).
Cs undetected. IR (ATR): v = 1696 (m, C=0), 836, 556 (s, PFs).
MS (MALDI+): m/z (100) 808.1 [M]". Ay (5 x 10~* M acetone
solution): 68.4 Q" cm” mol .

Synthesis and characterization of [Pt(EtO,C-C*C*)(dppe)]PFs
(2B). It was prepared following the method described for 1A with
dppe (110.2 mg, 0.27 mmol), KPF, (51.3 mg, 0.27 mmol) and B
(124.0 mg, 0.13 mmol) (2 h). 2B was obtained as a pale yellow
solid (yield: 173.2 mg, 66%). Anal. calcd for C39H3,FsN,0,P3Pt: C
48.40, H 3.85, N 2.89; found: C 48.57, H 3.96, N 2.80. "H NMR
(400 MHz, CD,Cl,): § = 7.90-8.00 (m, 5H, Ho and H;), 7.90-7.81
(m, 4H, Ho), 7.79 (dd, *Juo10 = 8.2, *Jio,7 = 1.6, Ho), 7.69-7.49 (m,
13H, Hm, Hp and H,), 7.26 (dd, *J107 = 2.3, Jo10 = 8-2, J1opt =
10.0, 1H, H,), 7.00 (m, 1H, Hj), 4.06 (q, Juu = 7.1, 2H, CH,
(OEY)), 3.05 (s, 3H, Hy), 2.36 (m, 4H, (dppe)), 1.10 (t, 3H, *Jupn =
7.1, CH; (OEt)). C{*H} NMR plus HMBC and HSQC (101 MHz,
CD,Cl,): § = 173.4 (Cy), 166.2 (s, COO), 151.8 (s, Cs), 144.0 (s, C),
141.8 (d, ¥ p = 10.7, C;), 134.7 (d, >/ p = 11.9, *Jc pe = 25.0, 4C, Co),
134.2 (d, >Jo,p = 12.5, YJope = 21.0, 4C, Co), 133.3 (s, 2C, Cp), 133.0
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(s, 2C, Cp), 130.5 (d, ¥Jcp = 10.7, 4C, Cm), 130.0 (d, *Jcp =
11.1, 4C, Cm), 129.1 (s, Co), 128.9 (d, Jpc = 47.2, 2C, Ci), 127.0
(d, Jp.c = 55.0, 2C, Ci), 125.0 (s, br, C3), 116.8 (s, C,), 111.8 (s, br,
Cio), 61.0 (s, CH, (OEt)), 39.5 (s, C4), 32.1 (m, 2C (dppe)), 14.5
(s, CH; (OEt)). Cg undetected. IR (ATR): v = 1705 (m, C—=0), 831,
556 (s, PFg). MS (MALDI+): m/z (100) 822.2 [M]". Ay (5 x 107* M
acetone solution): 64.8 Q" cm® mol .

Synthesis and characterization of [Pt(EtO,C-C~C*)(dppbz)]PF
(3B). It was prepared following the method described for 1A with
dppbz (120.2 mg, 0.26 mmol), KPF, (50.0 mg, 0.27 mmol) and B
(120.4 mg, 0.13 mmol) (2 h). 3B was obtained as a pale yellow solid
(yield: 205.2 mg, 77%). Anal. caled for C,3H3,FsN,O,P5Pt: C 50.85,
H 3.67, N 2.76; found: C 50.79, H 3.63, N 2.82. "H NMR (400 MHz,
CD,CL,): 6 =8.14 (dm, g p = 7.0, *Jwpe = 52.1, 1H, H;), 7.90-7.79 (m,
5H, Ho and Hy), 7.74-7.66 (m, 4H, Ho), 7.64-7.38 (m, 17H, H,, H,
H,, Hy, Hm, Hp and H,), 7.29 (dd, Y07 = 2.3, Y100 = 82, Jezopt =
10.2, 1H, Hyp), 7.02 (m, 1H, H;), 4.14 (q, *fj.q = 7.1, 2H, CH, (OEt)),
3.07 (s, 3H, Hy), 1.22 (t, 3H, *Jzu = 7.1, CH; (OEt)). "*C{'"H} NMR
plus HMBC and HSQC (101 MHz, CD,CL,): § = 172.2 (dd, *Jc pirans =
129.9, Y pas = 7.52, Cy), 166.2 (s, COO), 151.7 (s, Cs), 141.1 (dd,
Yop = 97, Yop = 3.1, Yop = 58.9, C), 143.6 (dd, Ycpus = 5.6,
%J purans = 104.9, Cq), 134.4 (d, *Jc,p = 3.8, 4C, Co0), 134.3 (d, *Jc.p= 4.7,
4C, Co), 133.3-134.2 (m, 4C, C,, Cy, C. and Cyq), 132.9 (d, Yo p = 2.3,
2C, Cp), 132.6 (d, Yo,p = 2.5, 2C, Cp), 130.3 (d, Jcp = 11.0, 4C, Cm),
129.8 (d, ¥Jop = 11.4, 4C, Cm), 129.8 (d, Joc = 49.6, 2C, Ci), 129.2
(s, Co), 128.8 (dd, pc = 7.0, ¥Jp.c = 2.5, Cg), 128.1 (d, Jp c = 57.9, 2C,
Ci), 125.2 (d, Yep = 4.5, Jepe = 292, C3), 116.9 (d, Yo p = 2.3, Jope =
36.0, Cy), 111.9 (d, *Jcp = 3.4, Jope = 25.0, Cyg), 61.0 (s, CH, (OEY)),
39.3 (s, Cy), 14.7 (s, CH; (OEL)). IR (ATR): v = 1717 (m, C—O0), 832,
548 (s, PFg). MS (MALDI+): m/z (100) 870.1 [M]". Ay (5 x 107* M
acetone solution): 67.8 Q* cm” mol ..
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