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Chiral polymer hosts for circularly polarized
electroluminescence devices

Electroluminescence devices producing circularly polarized
luminescence (CPL) can substantially improve the brightness
of three-dimensional (3D) displays for virtual reality. This
research found that chiral polymer hosts are useful for
boosting the performance of CPL electroluminescence
devices. Polymer hosts tethering carbazole pendants in a
helical half-eclipsed conformation exhibit strong intrinsic
chiroptical behavior. The luminescence dissymmetry factor
increases by an order of magnitude upon doping chiral
phosphorescent Pt(ll) complexes into the polymer hosts. The
effect originates from diastereomeric interactions between
the chiral host and dopant. The results demonstrate the
effectiveness of diastereomeric control over CPL activities.
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Chiral polymer hosts for circularly polarized
electroluminescence devicesf

Jayeon Hong,}? Sangsub Kim,$? Gyurim Park,® Yongmoon Lee,® Hyungchae Kim,?
Sungjin Kim,© Tae-Woo Lee, ¢ Changsoon Kim @ *° and Youngmin You & *2

Polymer electroluminescence devices producing circularly polarized luminescence (CP PLEDs) have
valuable photonic applications. The fabrication of a CP PLED requires a polymer host that provides the
appropriate chiral environment around the emitting dopant. However, chemical strategies for the design
of chiral polymer hosts remain underdeveloped. We have developed new polymer hosts for CP PLED
applications. These polymers were prepared through a free-radical polymerization of 3-vinylcarbazole
with a chiral N-alkyl unit. This chiral unit forces the carbazole repeat units to form mutually helical half-
sandwich conformers with preferred (P)-helical sense along the polymer main chain. Electronic circular
dichroism measurements demonstrate the occurrence of chirality transfer from chiral monomers to
The (P)-helical-sense-enriched polymer interacts
diastereoselectively with an enantiomeric pair of new phosphorescent (R)- and (S)-dopants. The

achiral monomers during chain growth.
magnitude of the Kuhn dissymmetry factor (gaps) for the (P)-helically-enriched polymer film doped with
the (R)-dopant was found to be one order of magnitude higher than that of the film doped with the (S)-
dopant. Photoluminescence dissymmetry factors (gpi) of the order of 10~* were recorded for the doped
films, but the magnitude of diastereomeric enhancement decreased to that of g,ns. The chiral polymer
host permits faster energy transfer to the phosphorescent dopants than the achiral polymer host. Our
photophysical and morphological investigations indicate that the acceleration in the chiral polymer host
is due to its longer Forster radius and improved compatibility with the dopants. Finally, multilayer CP
PLEDs were fabricated and evaluated. Devices based on the chiral polymer host with the (R)- and (S)-
dopants exhibit electroluminescence dissymmetry factors (gg) of 1.09 x 107% and —1.02 x 107* at
a wavelength of 540 nm, respectively. Although challenges remain in the development of polymer hosts
for CP PLEDs, our research demonstrates that chiroptical performances can be amplified by using chiral

polymer hosts.

encryption,™™* and photocatalysts for asymmetric syntheses.®
This utility is expected to be maximized by the development of

Circularly polarized luminescence (CPL) refers to the differen-
tial emission between left- (LCPL) and right-handed circularly
polarized light (RCPL). The two handedness of CPL has unique
photonic utility: it makes possible the fabrication of 3D optical
displays,“* bioprobes,*> biolabels,® spintronic devices,”® secu-
rity tags,” lasers,’ enantioselective sensors,""** quantum
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CPL sources with high brightness and large dissymmetry factor
values. Of the various classes of CPL sources,'’** polymer light-
emitting devices producing inherent CPL (CP PLEDs) are
particularly valuable. The relevant polymers are compatible
with solution processes, which enables the fabrication of
devices with large active areas at low cost. The majority of CP

f Electronic supplementary information (ESI) available: Experimental details;
Fig. S1-S34, displaying the photoluminescence decay traces of JY, films, the
UV-vis absorption and ECD spectra of 2 and JY;¢, variable-temperature ECD
spectra of JY;o0, the ECD spectra of JY, films, concentration-dependent ECD
spectra of JY;9, Zabs Spectra of the JY,, polymers, the g.,s spectra of dropcast
films of N-ethylcarbazole and 2, steady-state and chiroptical spectra of the Pt
dopants, the CPL spectra of a solution and films of (R)-Pt, energy transfer
behaviors of JY, with the Pt dopants, cyclic and differential pulse
voltammograms of PVK, electroluminescence spectra of PLEDs, gp;, spectra of
JY,:Pt films, schematic representation of the CPL measurement system, ggy,
spectra, and "H and "*C{'H} NMR spectra. See DOI: 10.1039/d1sc02095a
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PLEDs developed to date contain CPL-active small molecular
dopants that are doped into CPL-inactive polymers.>®>*252%34-37
Intrinsically CPL-active polymers based on poly(fluorene),>*35-¢
poly(p-phenylenevinylene),***” poly(p-phenyleneethylene),*
poly(silane),**** poly(thiophene),***> and poly(dibenzofulvene)*?
have been developed.

Recent studies have found that the performances of CP
PLEDs can be improved by providing an external asymmetric
milieu around the emitting center. Di Nuzzo and co-workers
obtained CP electroluminescence with a high electrolumines-
cence dissymmetry factor (|gg|, 2er = 2(Iecpr — Ircpl)/(Icpr +
Ircpr) Where I cpr, and Ixcpy, are electroluminescence intensities
of LCPL and RCPL, respectively) of 0.8 from PLEDs employing
poly(fluorene-alt-benzothiadiazole) with tethered chiral alkyl
branches.* The high |gg;| value is attributed to the extrinsic
polarization provided by chiral cholesteric phases formed upon
thermal annealing of the polymer. Kim and co-workers ob-
tained a very high |gg.| value of 1.13 from multilayer PLEDs.?** In
these devices, a rubbed poly(imide) layer and a non-emissive
chiral dopant are present in order to convert linearly polar-
ized luminescence into CPL. Despite these high |gg| values,
these strategies have several intrinsic drawbacks. The presence
of insulating additives and multidomains can adversely influ-
ence charge carrier behavior. In addition, extrinsic modulation
relies on the macroscopic formation of chiral phases and is
likely to be sensitive on the film-forming conditions.

Inspired by the above studies, we decided to explore the idea
that a chiral-at-main chain polymer host could be used to create
an asymmetric milieu at the molecular level. In particular, we
were intrigued by the idea that a chiral polymer could exert
diastereoselective effects on the chiroptical activities of homo-
chiral dopants (Fig. 1). The molecular structures of our polymer
hosts are based on poly(3-vinylcarbazole). The carbazole unit
has been widely employed in polymer hosts because of its
favorable characteristics, including a large charge carrier
mobility, and a wide bandgap and a high triplet-state ener-
gies.”>*® Previous studies have investigated chiral polymers
bearing carbazoles, but with a focus on their non-chiroptical
properties.”””*” CPL-emitting polymers with a carbazole emis-
sive unit have recently been developed.®®* However, carbazole-
based polymer hosts have not previously been utilized in CP
PLEDs. Our polymer structure is intended to generate an
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intrinsic helical sense between adjacent carbazoles. Carbazole
possesses a chiral (R)-a-phenylisopropyl moiety at its nitrogen
atom. We expected that this chiral substituent would exert an
asymmetric bias during polymerization, favoring one helical
sense between the two adjacent carbazoles. A copolymer was
also synthesized using achiral monomers to examine the
chirality transfer during the course of its chain growth.

This strategy has particular potential because it requires
neither chiral additives nor post-thermal treatments. Herein, we
report our research into the development of chiral polymer
hosts for use in CP PLEDs. The polymers were characterized by
employing a variety of techniques, including structural,
thermal, and spectroscopic methods. An enantiomeric pair of
phosphorescent dopants based on cyclometalated Pt(u)
complexes were newly created for our study. The diastereomeric
interactions between the polymer hosts and the phosphores-
cent dopants were examined, with particular focus on chiral
amplification and chirality-controlled energy transfer. Finally,
CP PLEDs employing the chiral or achiral polymer hosts were
fabricated, and their CP electroluminescence behaviors were
compared. Our results demonstrate that chiroptical perfor-
mances can be amplified by using chiral polymer hosts, while
such an amplification is obscured within devices. This study
undertook the first systematic research on chiral-at-main chain
polymer hosts for CP PLEDs, which can provide insights that
will be useful for the future development of CP PLEDs.

Results and discussion

Syntheses and structural characterizations of the polymer
hosts

Our syntheses commenced with the tosylation of (R)-1-phenyl-2-
propanol. The tosylate (1 in Scheme 1) was reacted with carba-
zole in the presence of potassium hydroxide and 18-crown-6. A
Vilsmeier-Haack formylation reaction was then used to install
a formyl unit on the carbazole adduct. Finally, Wittig-type ole-
fination was performed on the aldehyde by using methyl-
triphenylphosphonium bromide and potassium carbonate to
furnish the chiral monomer (4). The achiral monomer (5) was
also prepared through olefination of the commercially available
N-ethyl-3-carbazolecarboxaldehyde. The details of the syntheses
are presented in the ESI section.{ The chemical structures of the

(R,P)-diastereomeric emitting layer

(S,P)-diastereomeric emitting layer

Fig. 1 Diastereomeric interactions between dopants and polymer hosts with enriched helical sense.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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JYy, 4.5 =0:100
JY4,4:5=1:99
JY,, 4:5 = 2:98
Y10, 4:5 = 10:90
JY 40, 4:5 = 40:60
JY70, 45 = 70:30
JY100, 4:5=100:0

Scheme 1 Syntheses of the polymer hosts (JY,). n is the mole
percentage of the chiral monomer (M*) in the feed. Conditions: (a),
TsCL, pyridine, Ar, rt, 1 day; (b), (i) carbazole, KOH, 18-crown-6, DMSO,
80 °C, 1 h, (ii) 1, 80 °C, 2 days; (c), (i) POCls, DMF, 0 °C, Ar, 1 h, (ii) 2,
110 °C, Ar, 1 day; (d), PhzPCH=Br, K,COs3, 1,4-dioxane : H,O =12 : 1 (v/
v), reflux, Ar, 4 days; (e), 4:5 = 1-0:1 (mol/mol), 2 mol% AIBN,
degassed NMP, 65 °C, 2 days.

monomers and their precursors were characterized with stan-
dard spectroscopic techniques, including "H and "*C{'"H} NMR
spectroscopy and high-resolution mass spectrometry. The

Table 1 Structural and thermal parameters of the JY,, polymers
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spectroscopic identification data were found to be fully
consistent with the proposed structures (ESI).

Conventional free-radical polymerization was performed
with 4 and 5. A NMP solution containing the monomers and
2 mol% azobisisobutyronitrile (AIBN) initiator was thoroughly
degassed with repeated vacuum-freeze-thaw cycles, and then
heated at 65 °C for two days. The comonomer feed ratio of 4 : 5
was varied from 0 : 100 to 100 : 0. The resulting homopolymers
(JYo and JY100) and statistical copolymers (JY1, JY2, JY10, JY10,
and JY;,) were purified through repeated precipitation in
methanol. Here, the subscript n in JY, refers to the mole
percentage of 4 in its monomer feed. As summarized in Table 1,
the conversion yields are in the range 68-80%. The conversion
yield decreases with n, which is probably due to the steric
hindrance exerted by the (R)-a-phenylisopropyl unit in 4. The
number-averaged molecular weight (M,,) values of the copoly-
mers were determined with GPC by using a Shodex® standard
to be in the range 8700-13 000 Da. Their polydispersity index
(PDI) values are in the range 1.8-2.5, which is typical of free-
radical polymerizations. Although it is tempting to correlate n
with M,, the two parameters do not exhibit a clear proportion-
ality. This absence of a proportionality and the inverse rela-
tionship between n and the conversion yield, suggest that chain
growth between chiral monomers is disfavored.

"H NMR spectroscopy (300 MHz, CD,Cl,) was employed to
determine the ratio of the numbers of chiral (M*) and achiral
(M) repeat units. As shown in Fig. 2a, the proton peaks
belonging to M* and M are distinguishable. As expected,
increasing the feed ratio of 4 yields a greater fraction of M* in
the polymer chains. However, there is a concave deviation from
linearity in the relationship between these two parameters
(Fig. 2b); the fraction of M* in the polymer chain (i.e., [M*]/([M*]
+[M])) is lower than the fraction of 4 in the monomer feed (i.e.,
[4]/([4] + [5])) This nonlinearity indicates that the reactivity with
respect to polymerization of 4 is inferior to that of 5. The glass
transition temperature (T, 10 °C min ') of JY, was determined
to be 194 °C, and found to decrease in proportion with 7 (Fig. 2c
and Table 1). This inverse relationship is probably due to the
increase in free volume provided by the bulky (R)-a-phenyl-
isopropyl unit in M*. In contrast, the degradation temperature,
defined here as the temperature when the residual weight

Comonomer feed

ratio ([4] : [5]) Yield® (%) Repeat unit ratio? ((M*] : [M]) T (°C) Ta00" (°C) M,° M, PDE
Y, 0:100 80 0:100 194 408 13 000 30 000 2.3
JY, 1:99 79 2:98 190 411 10 000 18 000 1.8
JY, 2:98 82 4:96 190 411 10 000 18 000 1.8
JY10 10: 90 71 7:93 170 401 7400 14 000 2.0
JY40 40 : 60 72 30:70 164 398 8700 19 000 2.2
JY50 70: 30 73 53:47 150 401 8800 21 000 2.4
JY100 100: 0 68 100: 0 140 399 12 000 30 000 2.5

@ Conversion yields. ” The chiral (M*) and achiral (M) repeat units molar ratio determined with *H NMR spectroscopy. ° Glass transition

temperature.

Temperature at which 10% decomposition occurs (heating rate = 10 °C min~"). © Number average molecular weight. / Weight

average molecular weight. The M,, and M,, values were determined with gel permeation chromatography (THF, Shodex® standard) techniques.

¢ Polydispersity index, My/M,,.

8670 | Chem. Sci., 2021, 12, 8668-868]1
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Fig. 2 (a) *H NMR (300 MHz, CD,Cl,) spectra of the JY,, polymers (6 mg mL™). The peak marked with an asterisk is due to residual solvent. The
structure on the right shows the assignments for H,, H, and Hc. The ratio of the integrated values of H, and H. corresponds to the ratio of the
numbers of chiral (M*) and achiral (M) repeat units. (b) Fraction of chiral repeat units in the polymer (i.e., IM*]/(IM*] + [M])) as a function of the mole
fraction of the chiral monomer in the feed (i.e., [4]/([4] + [5])). (c) Differential scanning calorimetry results recorded during the first scan of the JY,,
polymers (heating rate = 10 °C min™2). (d) Thermogravimetric analyses for the JY,, polymers (heating rate = 10 °C min~%). The structural and

thermal parameters are summarized in Table 1.

reaches 90% (Tq,00), varies only very slightly with n. This result
indicates that the presence of the chiral group in the copoly-
mers has insignificant effects on their thermal stability (Fig. 2d
and Table 1).

Chiroptical properties of polymer hosts

The host actions of the JY,, polymers are likely to be sensitive to
the helical sense. This claim is based on the fact that the mutual
disposition of the carbazoles dictates the chiroptical properties
of the polymers. An axial chirality (i.e., helical sense) of carba-
zole pendants emerges when the main chain is isotactic with
the carbazole pendants must be helically disposed due to steric
interactions. This carbazolyl conformer can have in either
a right-handed or a left-handed helical sense, which we define
as (P)- and (M)-axial chirality, respectively. In contrast, axial
chirality is not present when the main chain is syndiotactic.
Fig. 3a displays the UV-vis absorption spectra of neat films of
the JY, polymers spin-coated onto quartz substrates. The
spectra contain three major bands with peak wavelengths at
352, 308, and 265 nm. Based on quantum chemical calculations
for carbazole, Belletéte et al. assigned the longest (i.e., 352 nm)
and medium (i.e., 308 nm) wavelength absorption bands to the
short- and long-axis electronic transitions, respectively (see the
structures in the inset in Fig. 3a).”® These bands also appear in
the spectrum of a 10 pM model compound of M* (i.e., 2 in
Scheme 1), which indicates that they are among the intrinsic
transitions of monomeric carbazole. The absence of any new

© 2021 The Author(s). Published by the Royal Society of Chemistry

absorption bands excludes ground-state interactions in the JY,,
polymers.

In contrast to the UV-vis absorption spectra, the fluorescence
spectra of 2 and the JY,, polymers differ significantly (Fig. 3b).
The fluorescence spectrum of a 10 uM solution of 2 (CH,Cl,)
retains the characteristic vibronic progressions of carbazole
with a peak wavelength of 350 nm. This spectral signature
disappears in the fluorescence spectra of JY,, and a broad
emission band emerges with a bathochromically shifted peak
wavelength at ca. 420 nm. The fluorescence spectra also contain
shoulder bands in the region 380-384 nm. The peak and
shoulder emissions can be assigned to originate from the
excimers of a full-sandwich carbazole pair and a half-sandwich
carbazole pair, respectively (see the structures in the inset in
Fig. 3b), on the basis of the earlier study by Johnson.” The
excimer assignments are supported by long rise profiles of the
transient photoluminescence signals at 420 nm (ESI,
Fig. S11).”>77 The full-sandwich excimers are observed for fully
eclipsed conformers of carbazoles along the polymer chain,
whereas the half-sandwich excimers are observed for staggered
or half-eclipsed conformers. Note that the intensity of the
shoulder band increases with n; this trend indicates that the
bulky substituent in the chiral repeat unit preferentially disfa-
vors the formation of the fully eclipsed conformers of full-
sandwich excimer fluorescence.

The presence of half-sandwich excimers points to an axially
chiral alignment of carbazoles along the polymer main chain.

Chem. Sci., 2021, 12, 8668-8681 | 8671
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Fig. 3 (a) UV-vis absorption spectra of neat films of the JY,, polymers spin-coated onto quartz substrates. The black dotted curve is the UV-vis
absorption spectrum of a 10 uM solution of 2 (CH,Cl,). The insets show the short- and long-axis transitions of carbazole. (b) Fluorescence
spectra of neat films of the JY,, polymers (Aex = 339 nm). The black dotted curve is the fluorescence spectrum of a 10 uM solution of 2 (CH,CL,).
The colored regions highlight the monomeric emission of carbazole (green) and the carbazole excimer emissions of a half-sandwich conformer
(beige) and a full-sandwich conformer (yellow). The structures at the top depict the two half-sandwich conformers and the full-sandwich
conformer. (c) Plots of the Kuhn dissymmetry factor (gaps) as a function of wavelength for neat films of the JY,, polymers cast onto quartz
substrates. See ESI, Fig. S51 for the corresponding ECD spectra. The dotted curve is the UV-vis absorption spectrum of a neat film of the JY;o¢
polymer. The positive Cotton effect in the long-axis transition reflects the (P)-helical sense of the half-sandwich conformer of carbazoles (see
the inset). (d) A plot of the normalized gaps values (A = 304 nm) for the JY,, polymers (i.e., Gaps(IYn)/gaps(IY100)) as a function of the chiral repeat
unit fraction in the polymers (i.e., [IM*]/([M*] + [M])). The red curve is the nonlinear least-squares fit of the data to egn (1). The inset shows the
chirality transfer from the chiral monomer to the achiral monomer during the polymerization (see the inset).

To identify their helical sense, electronic circular dichroism
(ECD) spectra of the JY, polymer films were obtained. Fig. 3c
displays the normalized ECD curves, which were constructed
with the Kuhn dissymmetry factor (gaps)- Zabs i defined as gups =
2(ercpr — ercpu)/(erceL + €rcpr), Where e cpr, and epcpy, are the
molar absorbance for the left- and right-handed circularly

8672 | Chem. Sci,, 2021, 12, 8668-868I

polarized light, respectively.”®”® Bisignate signals emerge for JY,,
for n > 2. Negative and positive couplets are evident in the
crossing points of the abscissa at 263 and 290 nm, respectively.
The silence of the bisignate couplets for JY;_, indicates insuf-
ficient induction of helical sense. Comparison of these spectra
with the UV-vis absorption spectra reveals that the latter couplet

© 2021 The Author(s). Published by the Royal Society of Chemistry
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corresponds to the long-axis transition of carbazole. This
observation indicates that there is asymmetric coupling
between the long-axis-transition excitons of the vicinal carba-
zoles along the polymer main chain. This conclusion is sup-
ported by the absence of ECD signaling at 290 nm for a highly
concentrated solution of the model compound of M* (i.e., 2;
ESI, Fig. S2at). Interchain asymmetric exciton coupling is also
excluded because gups is virtually constant for JY;o0 solutions
with various concentrations (0.017-0.17 mg mL™ " in 1,2-
dichloroethane; ESI, Fig. S2bt).

The conformation of the carbazoles can be assigned to the
(P)-helical sense, according to Nakanishi and Harada's exciton
chirality rule.®**® The g.ps values of the couplets increase with n,
with the largest |g.ps| value of 3.1 x 10™* found for JY;q, at
255 nm. Note that this proportionality also parallels that of the
relative fluorescence intensity of the half-sandwich excimer.
This parallel suggests that both the ECD and the excimer fluo-
rescence originate from the helical carbazole conformers. This
notion is supported by a decrease in the ECD signals of JY;q
(0.028 mg mL~ " in 1,2-dichloroethane) at elevated temperatures
(ESI, Fig. S37). The temperature dependence is fully reversible,
which points to its conformational nature.

Finally, we determined whether chirality transfer occurs
along the polymer main chain. To test this hypothesis, we
plotted g.ps (A = 304 nm) normalized to that of JY; as a func-
tion of the fraction of M* (i.e., [M*]/([M*] + [M])). As shown in
Fig. 3d, a convex deviation from linearity is found: the
normalized g,ps is located above the linear relationship to the
fraction of M*. This nonlinearity indicates the presence of
chirality interactions between M* and the achiral monomer 5
during the polymerization. This chirality interaction is of an
intrachain origin,** because N-ethylcarbazole films doped
with 2 (0.5-15 wt%) do not show any ECD signaling (ESI,
Fig. S47). Such chirality interaction is expected to involve
transfer of the point chirality in the carbazole pendant to the
polymer main chain under the chiral random field exerted by
(R)-a-phenylisopropyl, followed by propagation of the chirality
along the main chain during the course of chain growth (see
Fig. 3d). The first chirality transfer is governed by the chiral bias

Table 2 Photophysical and chiroptical properties of the JY,, polymers®
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energy (AGy), and the second chirality transfer must overcome
the chirality reversal energy (AG,). Adopting Selinger’'s solutions
to the Ising model,**® we fitted the normalized g,p,s curve to the
following equation:

gabs(JYn)

AGy, [M*#]
&abs(JY 100)

= tanh RT X M*] + [M] X

(expmér/RT) " %)}
W

In eqn (1), R is the gas constant, T is 300 K, and N is the
degree of polymerization. Note that N ranges from 39 for JY;, to
59 for JY,, but its variation does not alter the fit results. Our
nonlinear least-squares fit returned AGy, = 0.99 kcal mol ! and
AG, = 0.78 kcal mol~'. Although other combinations of AGy
and AG, are possible, this AGy value is similar to that of
copolymers based on poly(isocyanate) with achiral and chiral
alkyl branches, whereas AG, is one order of magnitude smaller
than that of poly(isocyanate).”” The lower driving force for
forming a chiral domain (i.e., small AG,) in JY, is expected
considering that free-radical polymerization usually exhibits
low stereoselectivity. Table 2 lists the photophysical and chi-
roptical parameters of JY,,.

Diastereomeric interactions between the polymer hosts and
the phosphorescent dopant

To assess the utility of our polymer hosts, we synthesized an
enantiomeric pair of phosphorescent Pt(u) complex dopants,
(R)- and (S)-Pt (Scheme 2). The molecular structure of the
dopants is based on a square planar complex of Pt(u), where the
ligands with C*"N and N~O motifs are coordinated with Pt. The
N~O ligand contains axially chiral 1,1’-bi-2-naphthol, which
endows the complexes with chiroptical properties. (R)- and (S)-
Pt were prepared with a two-step synthesis. A Pd(0)-catalyzed
Stille reaction between homochiral 3,3’-dibromo-1,1’-bi-2-
naphthol and 2-(tributylstannyl)pyridine furnished a monopyr-
idinylated product. The reaction did not proceed further to
a bipyridinylated product, even in the presence of excess
amounts of the catalyst and 2-(tributylstannyl)pyridine. Finally,
the monopyridinylated ligand was reacted with a p-dichloro

Aabs” (nm) Aem® (Nm) Zabs (1074, Aops? = 304 nm) Tobs” (NS) PLQY kE (107 s7h) kne" (107 571
JY, 308, 353 418 0.063 15 0.18 (:t0.046) 1.2 5.5
JY, 308, 353 418 0.13 15 0.12 (10.004) 0.73 5.9
JY, 308, 353 420 0.056 15 0.16 (:t0.027) 1.1 5.6
JY10 308, 353 420 0.29 9.1 0.23 (i0.029) 2.5 8.5
Y40 308, 353 384 (sh), 417 0.92 12 0.20 (40.025) 1.7 6.7
TY-0 308, 352 382 (sh), 417 1.5 10 0.26 (+0.015) 2.6 7.4
TY100 308, 352 380 (sh), 417 2.0 15 0.26 (4:0.008) 1.7 4.9

“ Neat films of JY, spin-cast onto quartz substrates. ° Absorption peak wavelengths. © Emission peak wavelengths. lex = 339 nm. sh = shoulder.

4 Kuhn dissymmetry factor determined at a wavelength of 304 nm. °

Photoluminescence lifetimes determined at A., by using the time-

correlated single-photon-counting techniques after picosecond pulsed laser excitation at 377 nm (temporal resolution = 0.025 ns).  Absolute
PLQY values determined with an integrating sphere. These determinations were performed in triplicate with fresh samples. ¢ The radiative
decay rate (k) was calculated with the equation k, = PLQY/ops. " The non-radiative decay rate (k) was calculated with the expression (1 —

PLQY)/Tobs-

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Syntheses of the phosphorescent chiral dopants, (R)- and (S)-Pt.

dinuclear Pt(u) precursor in the presence of potassium
carbonate to form (R)- or (S)-Pt. The presence of residual bromo
and hydroxy groups in the Pt(i1) complexes is deleterious to the
performance of devices. The synthetic details and spectroscopic
identification data are summarized in ESI.{ The photophysical
parameters of the Pt dopants are listed in Table 3.

We now investigated the intermolecular chirality interac-
tions in the binary mixtures of these enantiomeric dopants and
chiral polymer hosts. The maximum chiroptical properties are
found for JY;0o. We thus chose JY;o0 and its achiral control
polymer, JY,, for the rest of our studies. We aimed to determine
whether the chiroptical behaviors of the Pt(u) dopants are
influenced by the local chiral environments provided by the
JY100 host. As shown in Fig. 4, the UV-vis absorption spectra of
the neat films of JY, and JY1 0 are barely affected by the presence
of 10 wt% (R)- or (S)-Pt, indicating there is little or no formation
of ground-state species between the host and dopant. As ex-
pected, the ECD signals of the JY, films doped with (R)- and (S)-
Pt (i.e., (R)-Pt:JY, and (S)-Pt:JY,, respectively) are mirror images
(Fig. 4a). Two major bands with peaks at 316 nm (|gaps| = 1.37 X
10" and 372 nm (|gaps| = 2.2 x 10~ ") are evident. The former
and the latter overlap with the ligand-centered (LC) transition
bands and the metal-to-ligand charge-transfer (MLCT)

Table 3 Photophysical and chiroptical properties of the dopants®

transition bands of the Pt(u) dopants, respectively. The magni-
tudes of g,ps of the MLCT transition bands are not sensitive to
the configuration of the Pt dopants, which implies that the
observed chiroptical properties are inherent to the dopants.

The ECD signals of the Pt:JY; o, films are dominated by those
of JY;00, but the contributions from LC and MLCT regions of the
Pt dopants are evident. As shown in Fig. 4b, the g,ps profiles of
(R)- and (S)-Pt in JY4¢o deviate from the mirror-image relation-
ship found for JY;q0. Subtracting the g.,s curve of the JY;4, neat
film from those of the doped films (i.e., Agaps) provides more
decisive evidence for dissymmetric ECD signals (see the bottom
panel in Fig. 4b). The Ag,ps value of (R)-Pt:]Y140 is 5.7 x 10~ * at
391 nm which is greater than that of (R)-Pt:JY, (2.5 x 10~ %). On
the contrary, an opposite behavior is found for (S)-Pt: the Agaps
value of (S)-Pt:]Y1q0 is 0.50 x 10~* at 391 nm which is smaller
than that for (S)-Pt:JY, (1.7 x 10~ ). This stereoselectivity points
to the presence of diastereoselective interactions between the
chiral polymer host and the Pt dopants. Chiral repeat units are
probably responsible for the diastereomeric effects, because
Zabs Of the MLCT transition band increases with the fraction of
chiral repeat units (i.e., M¥*) in JY,, (ESI, Fig. S61).

The CPL behaviors of the Pt-doped JY films were character-
ized by using our home-made instrument based on

Aabs” (nm) Aem® (Nm) Zabs” (1072, Aobs = 372 nm) Tobs” (1S) PLQY k& (10* s7h) ke (10° 571
(R)-Pt 262, 320, 400 590 —21 21 0.25 1.2 3.6
(S)-Pt 262, 320, 400 590 2.3 21 0.24 1.1 3.6

10 uM in Ar-saturated 1,2-dichloroethane. ® Absorption peak wavelengths. ¢ Emission peak wavelengths. ., = 400 nm. ¢ Kuhn dissymmetry factor
determined at a wavelength of 372 nm. See ESI, Fig. S7 for the spectra. ¢ Photoluminescence lifetimes of 100 uM Pt in Ar-saturated 1,2-
dichloroethane determined with nonlinear least-squares fits of photoluminescence traces recorded at a wavelength of 590 nm employing time-
correlated single-photon-counting techniques after picosecond pulsed laser excitation at 377 nm (temporal resolution = 10 ns).
/ Photoluminescence quantum yield determined relative to the 9,10-diphenylanthracene standard (PLQY = 1.00, toluene).** € The radiative
decay rate (k) was calculated with the equation k, = PLQY/tops. " The non-radiative decay rate (k) was calculated with the expression (1 —
P LQY)/ Tobs:
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Fig. 5 Circularly polarized luminescence of JY films doped with
30 wt% Pt dopants. Top, Photoluminescence spectra; middle, circu-
larly polarized luminescence spectra; bottom, the variations in gp| with
wavelength.

© 2021 The Author(s). Published by the Royal Society of Chemistry

— Japs(JY100)) for the JY100 films (quartz substrates) in the absence and presence of 10 wt% (R)-Pt or

a photoelastic modulator and a lock-in amplifier (see ESIf).
Fig. 5 compares the photoluminescence and CPL spectra of JY,
and JY;90 doped with 30 wt% (R)- or (S)-Pt. The films produce
broad emissions due to the MLCT transition of the Pt dopants;
the spectra arising from the solutions are identical (ESI,
Fig. S77). The presence of CPL in the same wavelength range of
the photoluminescence spectra indicates that the Pt dopants
are responsible for its emergence. The signs of the photo-
luminescence dissymmetry factor (gpr, gpr. = 2(PILcpr. — Plrcp)/
(PIicpy, * Plrcpr) where Pl cpr, and Plrcpy, are photoluminescence
intensities of LCPL and RCPL, respectively) for the (R)-Pt:JY,
and (S)-Pt:JY, films are opposite, and are identical to those of
the MLCT transition bands in the ECD spectra (Fig. 4). These
results indicate that common electronic states with different
spin configurations (i.e., singlet and triplet MLCT transition
state) are involved in the absorption and photoluminescence
transitions. A CPL spectrum obtained for a 100 mM solution of
(R)-Pt is virtually identical to that of the (R)-Pt:JY, film (ESI,
Fig. S81). The maximum gpy, values of the (R)-Pt:JY;4 and (S)-
Pt:JY100 films are 1.0 x 10> (Aey, = 540 nm) and —0.94 x 10>
(Aem = 545 nm), respectively, which are slightly larger than the
values of the corresponding films with the JY, host ((R)-Pt:]JY,,
0.65 x 103 (S)-Pt:]Yy, —0.73 x 10~ ?). There is possibly a dia-
stereoselective effect in the gp;, spectra (see the bottom panel of
Fig. 5). The differences between the |gp.| values of the (R)-Pt:JY
films (i.e., the blue solid and empty circles) are greater than the
differences between those of (S)-Pt:JY films (i.e., the red solid

Chem. Sci., 2021, 12, 8668-8681 | 8675
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and empty circles) around 550 nm, but the magnitudes of the
differences are low.

One of key requirements for the host is the ability to trap
excitons within a dopant. The formation of dopant excitons
occurs through two pathways: one is Langevin recombination
on a host, followed by exciton (energy) transfer to a dopant; the
other is Shockley-Read-Hall recombination on a dopant. The
exergonic energy transfer from the JY hosts to Pt dopants was
directly monitored by using steady-state and transient photo-
luminescence techniques. A neat film of JY, was found to
exhibit excimer emission of carbazoles at 428 nm upon photo-
excitation at 339 nm. The host emission decreases in intensity
with increases in the concentration of (R)-Pt (0-10 wt%), with
the emergence of sensitized dopant emission at a peak wave-
length of 586 nm (Fig. 6a). This decrease-and-increase profile
indicates the presence of an active energy donor/energy
acceptor pair. The titration isotherms of I,/I, where I, and I
are the host emission intensities (Ae,, = 420 nm) in the absence

(a (b)

254 25
JY, films doped with
various concentrations

201 (wt %) of (R)-Pt 209

0
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Photoluminescence intensity (au)
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and presence of the dopant, respectively, follow rise profiles due
to energy transfer (Fig. 6¢). Qualitatively similar, but faster rises
are observed for JY;, films doped with various concentrations
of (R)-Pt (0-10 wt%). This result indicates that the energy
transfer from JY;00 to the Pt dopants occurs more rapidly than
that from JY,. The results for JY,, films with (S)-Pt are shown in
ESI, Fig. S9.t

The faster energy transfer in the case of JY;oo was also
demonstrated by using transient photoluminescence experi-
ments. The decay traces of the host emission were monitored at
a wavelength of 420 nm after picosecond pulsed laser excitation
at 377 nm. As shown in Fig. 6d and e, the transient emission
signals decay following a biexponential decay model, which is
probably due to film inhomogeneity (vide infra). The average
photoluminescence lifetime (z) of a neat film of JY, is 10 ns,
which is typical of excimer fluorescence. t decreases with
increasing the concentration of the Pt dopant due to energy
transfer. The apparent energy transfer rate (kgr), which was

Cc
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(a and b) Photoluminescence spectra (Aex = 339 nm) for JY( (a) and JY100 (b) films doped with various concentrations (0—10 wt%) of (R)-Pt.

The spectra of the films doped with (S)-Pt are shown in ESI, Fig. S9.7 (c) Ratios of the photoluminescence intensities of the JY, hosts in the
absence over the presence of increased concentrations of the Pt dopants (/o//). (d and e) Photoluminescence decay traces (Aops = 420 nm) of JYq
(d) and JY100 (e) films doped with various concentrations (0—10 wt%) of (R)-Pt obtained after picosecond pulsed laser photoexcitation at 377 nm
(temporal resolution = 25 ps). The solid curves are nonlinear least-squares fits to a biexponential decay model. The decay traces of the films
doped with (S)-Pt are shown in ESI, Fig. S9.1 The decay traces of dopant emissions recorded at a wavelength of 590 nm are shown in ESI,
Fig. S10.7 The bottom photographs show the photoluminescence emissions of JY (left) and JY1q¢ (right) films doped with various concentrations
of (R)-Pt visualized under photoirradiation at a wavelength of 365 nm. (f) Rates of energy transfer (kgt) from the JY hosts to the Pt dopants.
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calculated with the relationship kgr = 1/t — 1/7o where 7 and 1,
are photoluminescence lifetimes in the presence and absence of
the dopant, respectively, increases with the dopant concentra-
tion. It was found that kgr is greater for JY;oo in the tested
concentration range (i.e., 0.2-10 wt%). A possible explanation
for these different energy transfer behaviors could invoke the
photophysical and structural properties of the JY hosts. Actu-
ally, the Forster radii of the JY, and JY;¢ films calculated based
on a refractive index of 1.047 and the spectral overlap integrals
with the Pt dopants are 25 and 27 A, respectively. The longer
Forster radius of JY; ¢, is probably due to its greater PLQY (Table
2), and is consistent with its faster energy transfer behavior.
In addition, our microscopic experiments suggest that the
phase homogeneity of JY; 4o might also contribute to its superior
energy transfer behavior. Fig. 7 compares confocal laser-
scanning fluorescence micrographs of JY, and JY;, films
doped with identical concentrations (10, 30, and 50 wt%) of (S)-
Pt. The bright puncta correspond to aggregates of (S)-Pt. It can
be seen that the JY, films contain more dopant aggregates than
the JY;0o films. The poor phase homogeneity in JY, is also
evident in the transmission electron micrographs (note the
black dots in the inset images in Fig. 7c and d). The energy
dispersive X-ray spectra confirm that there is Pt enrichment in
the aggregates. In contrast, phase separation is effectively sup-
pressed in the JY;q0 films. The different phase homogeneity is
likely due to the differed free volumes of polymers. The bulky
(R)-o-phenylisopropyl moiety retards the packing of polymer
chains in JY;, providing more rooms for the dissolution of the
Pt dopants. The better phase homogeneity of JY;¢o permits the
molecular level dispersion of the dopants within the Forster
radius of the host. These results indicate that the faster energy

(a) (S)-Pt:JY, films
(S)-Pt=10wt % 30 wt %

50 wt %

o 8
ull Scale 24743 cts Cursor: 0.000

Fig. 7
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transfer of JY; originates from both a longer Forster radius
and improved compatibility with the Pt dopants. Finally, the
energy transfer rates to (R)- and (S)-Pt are the same in JY;. The
lack of chirality-discriminated energy transfer is expected, as
lgpr| values of the hosts (<107°%) and of the |g.p| values of the
dopants (~10~%) are very small.

The Shockley-Read-Hall recombination has the following
electrochemical requirements: (i) the oxidation potential (Eox)
of the host > E, of the dopant, and (ii) the reduction potential
(Ereq) of the host < E..q of the dopant. The redox potentials for
the JY, hosts and the Pt dopants were determined with cyclic
voltammetry (CV) and differential pulse voltammetry (DPV).
Fig. 8 displays the voltammograms of Ar-saturated THF con-
taining JYo, JY100, and (R)- and (S)-Pt. JY, and JYq4 exhibit
irreversible oxidation at 1.25 and 1.22 V vs. standard calomel
electrode (SCE), respectively. These peaks are close to E,y of
poly(N-vinylcarbazole) (1.39 V vs. SCE; ESI, Fig. S117), which
indicates that carbazole is responsible for the oxidation. The E,
value of (R)- and (S)-Pt is 0.88 V vs. SCE, which is more cathodic
than the E. values of the JY hosts. Therefore, hole trapping
within the Pt dopants is thermodynamically favored with posi-
tive driving forces of 0.37 and 0.34 eV for JY, and JY;qo,
respectively. The E,q values calculated by subtracting the
optical bandgap energies (3.43 eV for the JY hosts and 2.48 eV
for the Pt dopants) from the E, values are —2.18 V (JY,), —2.21V
(JY100), and —1.60 V ((R)- and (S)-Pt) vs. SCE. The E,q value of the
Pt complexes is more anodic than those of the JY hosts, which
suggests that electron trapping by the dopants will be effective
with thermodynamic driving forces of 0.58 eV (JY,) and 0.61 eV
(JY100)- These electrochemical results indicate that the JY,

(b) (S)-Pt:JY o films
30 wt %

(S)-Pt=10 wt % 50 wt %

() 50 wt % (S)-Pt:JY g films

x

ul

ull Scale 29571 cts Cursor: 0.000

(@ and b) Confocal laser-scanning fluorescence micrographs (Aex = 405 nm, Aops = 500-700 nm) for JYq (@) and JY1g0 (b) films (quartz

substrates) doped with various concentrations (10, 30 and 50 wt%) of (S)-Pt: top panels, fluorescence images; bottom panels, bright-field images.
Scale bar = 100 um. (c and d) Energy dispersive X-ray spectra and the average atomic percentage compositions of JYq (c) and JY1gq (d) films
doped with 50 wt% (S)-Pt (200 mesh carbon films on copper). The atomic percentage compositions of Pt were quantified for Cliff Lorimer thin
ratio sections: 1.4% Pt for (S)-Pt:JY, films; 1.5% Pt for (S)-Pt:JY1qo films. The insets show TEM images of the JY films doped with 50 wt% (S)-Pt.
Scale bar = 1 um.
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Potential (V vs SCE)

Fig. 8 Cyclic (solid curves) and differential pulse (dotted lines) vol-
tammograms of Ar-saturated THF solutions of JYi00 (red, 0.63 mg
mL™Y), JY, (blue, 0.43 mg mL™Y), and (R)- (brown) and (S)-Pt (green, 2
mM). 0.10 M BusNPFg was used as the supporting electrolyte. A Pt disk
and a Pt wire served as the working and counter electrodes, respec-
tively. A Ag/AgNOsx pseudo reference electrode was used. Scan rates:
0.1V s 1(CV)and 0.004 V s~* (DPV). The grey dotted line corresponds
to blank signals (i.e., Ar-saturated THF containing 0.10 M Bu4NPFg).
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polymers will effectively confine charge carriers within the Pt
dopants.

Circularly polarized electroluminescence

In the final stage of our study, we fabricated PLEDs with the
following emitting layers (EMLs): (R)-Pt:JY,, (S)-Pt:JYo, (R)-
Pt:JY100, and (S)-Pt:JY;00- Fig. 9a depicts the energy-level
diagram of our PLEDs with the configuration glass/ITO/50 nm
GraHIL/50 nm EML/50 nm TPBi/1 nm LiF/100 nm Al (TPBi,
1,3,5-tris(N-phenylbenzimidazole-2-yl)benzene). To facilitate
hole injection into the polymer hosts with deep levels of HOMO
(the highest occupied molecular orbital, 6.0 eV), a conducting
polymer hole injection layer denoted GraHIL, which is
composed of poly(3,4-ethylenedioxythiophene):poly  (styr-
enesulfonate) (PEDOT:PSS) and tetrafluoroethylene-perfluoro-
3,6-dioxa-4-methyl-7-octenesulphonic acid, was used.** The
dopant concentration in the EMLs was chosen to be 30 wt% to
maximize the dopant emission (ESI, Fig. S121). Fig. 9c and
d show the current density-voltage-luminance (/-V-L) and
external quantum efficiency (EQE)-J characteristics of the
PLEDs, respectively. The values of V at J = 5 mA cm™ > range
from 11.4 to 12.0 V, which suggests that, even with the use of
GraHIL, hole injection into JY, and JY1¢o is somewhat ineffi-
cient. Nevertheless, all devices exhibit normal electrolumines-

cence operation reliable for device characterization: the
40 5108
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Fig.9 (a) Energy-level diagram and device structure for the PLEDs with (R)- or (S)-Pt:JY,, emitting layers. The positions of the energy levels of the

polymer hosts and the Pt dopants were determined with cyclic and differential pulse voltammetry, and the positions of the other levels have
previously been reported.®9-°* The bottom photo shows the electroluminescence of the device. (b) Electroluminescence spectra recorded at

a current density of 1.6 mA cm ™2

. (c) Current density—voltage—luminance and (d) external quantum efficiency—current density characteristics of

the PLEDs. (e) Spectra of gg, recorded at a current density of 2.2 mA cm™2 averaged over 20 measurements. The error bars represent standard
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electroluminescence spectra recorded at / = 1.6 mA cm >
consist of dopant emission only (Fig. 9b), and are almost
identical to one another and the photoluminescence spectra of
the corresponding films (Fig. 5). The EQE~J curves are typical of
phosphorescent PLEDs, although the peak EQE values are
much smaller than those of state-of-the-art devices (Fig. 9d).

grr, was measured as functions of the emission wavelength
(Fig. 9e). For each device, the sign of g is the same as that of
gp, over the entire range of emission wavelengths. The magni-
tude of ggr, however, is smaller than that of gp;, by a factor of ca.
10. This difference is probably due to the presence of the metal
electrodes in the PLEDs; CPL emitted toward the metal elec-
trode reverses its handedness upon reflection at the metal
surface, and thus interferes with the CPL emitted toward the
glass substrate with the opposite handedness. This hypothesis
is consistent with our results for the EMLs deposited on quartz
substrates, which shows that the signs of gp;, measured on the
film and substrate sides are the same (ESI, Fig. S137). Although
the (R)-Pt:JY100 film has lager gp;, values than the (R)-Pt:JY, film
in the spectral region A, < 590 nm, this enhancement is not
observed for ggr; the g values of the PLEDs with (R)-Pt:JY;40
and (R)-Pt:JY, EMLs are similar. The lack of enhancement in gg;,
is possibly due to the multilayer structure of the PLEDs; the
presence of the metal electrode, in particular, provides an
optical environment that is different from that of the samples
used in the photoluminescence studies (i.e., the EMLs on quartz
substrates). It is anticipated that careful optical modeling of the
PLEDs will enable diastereoselective enhancement in the CP
electroluminescence.

Conclusions

We have developed and evaluated chiral polymer hosts for use
in CP PLEDs. The polymers were synthesized through free
radical polymerization of 3-vinylcarbazole. The vinyl monomer
was modified to contain either the chiral (R)-o-phenylisopropyl
moiety or the achiral ethyl group. The homopolymers and
copolymers of the chiral and achiral monomers were structur-
ally, thermally, and spectroscopically analyzed. Our analyses
demonstrate that transfer of chirality from the chiral moiety in
the monomer to the polymer main chain occurs during chain
growth. In particular, the carbazole pendants form half-
sandwich conformers with a mutually (P)-helical sense. This
helical sense is not affected by variations in temperature or the
concentrations of the polymer solutions, which indicates that
the helical half-sandwich conformers are of intrachain origin.
To evaluate the performances of the hosts, a novel enantiomeric
pair of phosphorescent dopants was synthesized. We found g,ps
increased for the diastereomeric mixture of the (R)-dopant and
the (P)-helical polymer, whereas g, decreased for the diaste-
reomeric mixture of the (S)-dopant and the (P)-helical polymer.
Similar enhancements in gp; are also observed. The chiral
polymer host exhibits faster energy transfer to the dopants than
the achiral polymer host, due to its longer Forster radius and
better compatibility with the dopants. However, the energy
transfer from the polymer host does not depend on the chirality
of materials. This result indicates that the contribution of the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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chirality-controlled excited-state interactions between the host
and dopant is negligible. The PLED based on the (P)-helical
polymer and the (R)-dopant was found to exhibit a g, value of
1.09 x 10™* (Aey, = 540 nm) and an EQE of 1.2%. This study has
demonstrated that selection of the chiral host enables the
tuning of the chiroptical properties of the emitting layers in
electroluminescence devices, although its effects remain
marginal. Our synthetic strategy provides particular benefits
over previous approaches that rely on phase separation and
insulating chiral additives.
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