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A series of chiral platina[5]helicenes displaying dual luminescence,
i.e., fluorescence between 450 and 600 nm and red/NIR phosphor-
escence between 700 and 900 nm, has been synthesised, charac-
terised and studied by first-principle calculations. This unusual be-
havior has been attributed to limited electronic interactions
between the d orbitals of the metal and the n-orbitals of the
organic ligand on the excited-state. Accordingly, the electron rich-
ness of the donor group on the helical ligand does not affect the
energy of the phosphorescence process but does play a role on its
efficiency. Interestingly, near-infrared circularly polarized lumine-
scence can be obtained for the three complexes with dissymmetry
factors up to 3 x 1073 at 750 nm.

The design of chiral n-conjugated materials that are able to
interact specifically with a circularly polarized light (CP-Light)
has recently attracted considerable attention due to the poten-
tial of the latter in the fields of (chir)optoelectronics including
stereoscopic displays and organic light-emitting diodes
(OLEDs), optical information processing, as well as in bio-
imaging and chiral sensing." In this context, chiral lanthanide
and chromium complexes have been intensively investigated
for their high CP luminescence (CPL) intensity owing to their
magnetically allowed transitions, resulting in luminescence
dissymmetry factors, i.e., gium = 2(I. — Ix)/(IL + Ix), above unity,>
and enable access to efficient near-infrared CPL emitters.®
Recently, chiral organic and organometallic materials have
received more attention as potential CP-Light absorbers and
emitters due to their readily tuneable photo-physical and
chiro-optical properties and their relatively simple integration
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in optoelectronic devices such as CP-OLEDs, chiral photovol-
taics and transistors.” Although this class of compounds often
displays higher luminescence quantum yields than lanthanide
and chromium complexes thanks to their electronically
allowed transitions, their CPL intensity dramatically decreases
with typical gjum falling in the 107 to 10~ range.”

Accordingly, one of the major challenges for such CPL emit-
ters is to identify the key electronic and structural factors con-
trolling the CPL intensity, which would allow establishing
molecular design rules leading to higher gjym values.® Indeed,
supramolecular assembly,” and other intermolecular
approaches such as energy transfer, charge transfer and
excimer involving chiral molecules have resulted in promising
to impressive CPL values,® with gy, up to 0.15,° opening new
opportunities for chiral organic and organometallic materi-
als.”® Despite this achievement, the development of far-red
and near-infrared (NIR) molecular chiral emitters for bio-
imaging or optical data transmission remains a considerable
challenge compared with the more classical blue, green and
yellow CPL emitters.'® Indeed, non-radiative deactivation path-
ways become more efficient as the gap becomes smaller, an
effect commonly dubbed ‘energy gap law’ that is critical when
reaching the NIR region. Several chiral compounds displaying
chiro-optical properties beyond 600 nm have been reported,
based for instance on extended helical n-systems;'" however,
only a few have shown a CPL over 700 nm (compounds A & B,
Fig. 1)."?

Moreover, the measured gj,, values in such emitters hardly
exceed 1.0 x 10™°, owing to the difficulty to efficiently combine
a highly delocalized n-conjugated system with a chiral environ-
ment. In fact, the molecular CPL emitters displaying the most
red-shifted response rely on a carbohelicene- or Schiff-plati-
num(i) complex, which afford gy, of 0.3 x 10~% at 720 nm
and +2.8 x 107 at 731 nm, respectively (C & D, Fig. 1)."?
Indeed, using Pt complexes to generate NIR phosphorescence
in chiral systems appears as a good strategy to generate NIR
CPL activity."*”'* Furthermore, cyclometalated phosphores-
cent d* metal complexes containing n-conjugated ligands with
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Fig. 1 Top: Chemical structures of the molecular CPL emitters display-
ing CPL maxima beyond 700 nm in solution (see ref. 8 and 9). Bottom:
Chemical structures of the investigated helical donor—acceptor plati-
num(i) complexes in this report.

N and/or C donor atoms have been extensively studied and
used in the development of high-performance OLEDs.'?>4¢15

Following a previously developed method by some of us
using cycloplatination to generate helical platinacycles display-
ing chirality from the helix and room temperature phosphor-
escence from the platinum,'® herein, we explore a new
approach towards the development of far-red and NIR chiral
luminescent material based on a helical donor-acceptor
n-conjugated structure incorporating a platinum metallic ion,
namely, a push-pull platina[5]helicene. This new family of
chiral organometallic complexes shows a dual emission process
with a modulation of the chiro-optical and photo-physical pro-
perties resulting from the charge-transfer character of the
helical organic ligand. Interestingly, increasing the electric
dipole moment of the latter by tuning the donor substituent
strength increases dramatically the efficiency of the phosphor-
escence process, which shows an emission maximum at 770 nm
associated with a gjum of 3.0 x 107>, Such intensity of NIR CPL is
among the highest achieved so far at the molecular level and
provides a platform for designing future chiral dyes showing
responses in the low-energy region of the spectrum.

Synthesis and structural (experimental
theoretical)

For the synthesis of the Pt-helicene complexes, a general
cyclo-platination/ligand substitution two-step process was fol-
lowed (Scheme 1). First, the cyclo-platination reaction of the
axially chiral arylisoquinolines 1-3'7 with [Pt(DMSO),Cl,]
under Na,COj; (2 eq.)/toluene (reflux) conditions,' gives the
corresponding [Pt(C,N)(DMSO)Cl] complexes 4-5, which can
then be subjected to DMSO — PPh; ligand substitution to
afford the desired platinahelicenes [Pt(C,N)PPh;CI]*® in 71%-
92% yields after column chromatography on silica gel. The
racemic mixtures were resolved using semi-preparative chiral
HPLC separation to give the enantiopure complexes with ee’s
up to 99% (further details can be found in the ESIY).

analysis and

This journal is © The Royal Society of Chemistry 2021

View Article Online

Communication

g
| N
DMSO
[P(DMSO),Cl,] ZA of
- kel
NayCO3
Toluene, 110 °C
()1, X=H ()4, X=H
(£)-2, X= OMe (2)-5, X= OMe, 91%
(+)-3, X= NMe, (+)-6, X= NMeg, 41%
PPhy
CHCly, 1t

(+)-Pt complex | <—

HPLC
resolution

X
QI
\ o NN, o
H Pt
s AN
OO PPhg

(2)-PtH, X=H, 71% (2 steps)
(+)-PtOMe, X= OMe, 79%
(2)-PtNMe,, X= NMe,, 92%

(-)-Pt complex | <—

Scheme 1 Synthesis of [Pt(C,N)(PPh3z)Cl] complexes PtH, PtOMe and
PtNMe,.

Unfortunately, none of these complexes could be obtained
as single crystal to be analysed by X-ray diffraction; however,
the nuclear magnetic resonance (NMR) spectroscopy analysis
in solution confirmed the formation of the expected complexes
with a trans-N,P configuration. In more details, the '"H NMR
spectra show the deshielding of the isoquinoline ortho-C-H
protons, which appear as a doublet of doublet at 9.50 ppm
with a *Jyp ~ 3.4 Hz (see ESI{), and the *'P NMR spectra
exhibit a singlet peak around 22.7 ppm flanked by '*°Pt satel-
lites signals with “Jpep ~ 4300 Hz, in accordance with similar
[Pt(C,N)(PPh;)Cl] complexes presenting a trans configuration
between the phosphine moiety and the nitrogen atom.'®
Moreover, the spectra of the three complexes display a shield-
ing of the aryl protons assigned to the substituent at the
8-position of the naphthalene fragment of the ligand (Hs,
Scheme 1), owing to the n-n stacking with the isoquinoline
moiety (see the ESIf). In the case of complex PtH, the for-
mation of some amount of the cis-N,P isomer was observed
(ca. 6:1 trans/cis mixture in CDCl;). Curiously, when this NMR
sample in CDCl; was heated at 40 °C, a slow evolution to the
cis-N,P isomer was observed. The same isomerization was
instantly achieved by dissolving the ¢rans-complex in acetone,
as evidenced by the corresponding "H NMR spectra (see the
ESIT).>® The reverse cis-to-trans N,P isomerization could also
be observed by dissolving the cis-N,P isomer in CD,Cl, and
heating at 40 °C for two days.”*

Photo-physical and chiro-optical properties (experimental
and theoretical)

Fig. 2 shows the ultraviolet-visible (UV-vis) absorption
spectra of the helical platinum complexes, which display a
similar pattern with two dominant bands between 300 and
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Fig. 2 Top: UV-Vis and ECD spectra for the (+) and (=) enantiomers of
PtH, PtOMe and PtNMe; in dichloromethane solutions. Bottom: EDD
plots (contour 0.002 au) for the lowest dipole-allowed transition of PtH,
PtOMe and PtNMe, with the crimson (blueberry) lobes representing
increase (decrease) of electron density upon photo-excitation (the
difference between the total excited state and ground state densities, as
computed with TD-DFT and DFT, respectively).

400 nm (¢ ~ 5-10 x 10> M~" em™") and below 300 nm (g ~
15-30 x 10° M~" cm™") that are assigned to © — n* transitions
and to an additional mixture of metal-to-ligand (ML) and
intra-ligand (IL) charge-transfer excitations for the low-energy
one (for comparison, the UV-vis spectra of the corresponding
organic ligands are depicted in Fig. S4t). The weaker band
between 400 and 550 nm (& ~ 1.5-2.5 x 10> M~ em™"), corres-
ponding to the lowest energy excitation, involves charge-trans-
fer (CT) transitions arising mainly from the metal to the iso-
quinoline ligand, with also a contribution of the naphthyl-sub-
stituted unit (ILCT transitions, Fig. 2). In the case of the latter,
replacing a phenyl ring with a stronger N,N-dimethylaniline
donor group greatly increases the intensity of the absorption
throughout the whole spectrum and induces a small redshift
of ca. 20 nm of the lowest energy band, which confirms the
occurrence of ILCT for this excitation in addition to the classi-
cal MLCT. According to Time-Dependent Density Functional
Theory (TD-DFT) calculations, the lowest vertical excitation of
PtH, PtOMe, and PtNMe, appear at 403, 408, and 421 nm,
respectively. These values are blue-shifted as compared with
the experimental results, which is the logical consequence of
neglecting the vibronic couplings in the calculation. More
importantly, the trend in the series with the ca. 20 nm redshift
between PtH and PtOMe is reproduced. The electron density
difference (EDD) plots for these lowest transitions are dis-
played in Fig. 2. As can be seen, the transitions involve both
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the ligand and the metal, the amino group playing a non-negli-
gible donating role in PtNMe,.

Electronic circular dichroism (ECD) of the investigated com-
plexes further highlights the differences related to the nature
of the substituent at the 8-position of the naphthalene
fragment.

Although the three complexes show similar ECD signals in
the high energy region, with a positive — negative couplet at
260 nm for the (+)-enantiomers (Fig. 2) attributed to the
binaphthyl ECD-type signature,> the low energy part of the
spectra (between 300 and 550 nm), appears more redshifted
for (+)-PtNMe, than for (+)-PtOMe and (+)-PtH. In fact, the set
of three signals at 320, 375 and 450 nm for the two latter com-
pounds, respectively positive, negative and positive, are found
at 350, 415, and 484 nm in the case of (+)-PtNMe,, which evi-
dences the impact of the donor strength in these optical
transitions.

Overall, this combined experimental and theoretical study
shows that the metal significantly interacts with the helical
n-conjugated system in the ground-state, explaining their
optical properties. Expectedly, the role of the platinum atom is
not only to stabilise the helical configuration but also to
modify the electronic and chiro-optical properties of the
organic donor-acceptor system.'® Such aspect is also clearly
observed in the emissive properties of these new chiral deriva-
tives. Indeed, the three complexes display a dual emission
process with a fluorescence emission between 450 and 600 nm
and red/NIR phosphorescence between 700 and 900 nm in
diluted degassed solutions. Further experimental evidences of
both fluorescence and phosphorescence emissions have been
obtained by recording the luminescence response of the com-
plexes under air atmosphere, which shows only a decrease of
the NIR signal due to the quenching of the emitting triplet
state by molecular oxygen. In addition, lifetime measurements
indicate a decay of few nanoseconds for the high energy emis-
sion and of several hundred nanoseconds for the lower energy
emission (Table 1 and ESIf). All these aspects confirm the
assignments of the fluorescence and phosphorescence
emissions.

Such behaviour has been previously observed for platinum
complexes exhibiting a weak electronic interaction between the
d orbitals of the metal and the =n-orbitals of the organic
ligand.”® The observation of this dual luminescence suggests
that this feature is present in the excited state of the present
complexes. The theoretical calculations are consistent with
these observations since vertical emission wavelengths at 523,
523, and 543 nm were obtained for PtH, PtOMe, and PtNMe,,
respectively, by TD-DFT while U-DFT calculations predict verti-
cal phosphorescence at 872, 862, and 871 nm for the same
three derivatives. According to the calculations, these triplets
are mainly ligand-centred with trifling role of the substituent
(H, OMe, NMe,, see Fig. 3), which explains why the phosphor-
escence energies of the three dyes are more similar than their
fluorescence counterparts. Interestingly, the intensity of the
NIR phosphorescence increases significantly when going from
the phenyl to the N,N-dimethylaniline donor substituent,

This journal is © The Royal Society of Chemistry 2021
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Table 1 Photo-physical and chiro-optical data for the PtH, PtOMe and PtNMe, complexes

Complex (+)-PtH

Complex (+)-PtOMe

Complex (+)-PtNMe,

Aaps “/mm (e/
M 'em™)

458 (1530), 373 (2265), 310 (5273), 266
(15 615)

Jrcp “nm (Ae/ 454 (+2), 377 (—4), 312 (+23), 271 (+31), 243

465 (2294), 373 (3800), 310 (8055), 266
(25 501)

448 (+1), 381 (—0.5), 305 (+11), 274 (+21), 241

475 (2430), 373 (6968), 336

(10 963), 310 (12 430), 264

(32 682)

484 (+4), 415 (—2), 350 (+14), 296

M 'em™) (—48) (=41) (=1), 274 (+44), 238 (—46)

Jem” (Nm)/ 5201, 765p1/0.75 56551, 770pn/0.73 59051, 780pn/0.65

AEgr”

Pram” (%) <1 <1 <1

Toam  [DS] 4.0 ns (28%) & 18.5 ns (72%) (560 nm, fluo.); 3.2 ns (45%) & 23.4 ns (55%) (560 nm, fluo.); 4.2 ns (580 nm, fluo.); 411 ns
22.0 ns (26%) & 248.9 ns (74%) (770 nm, 19.4 ns (4%) & 382.7 ns (96%) (770 nm, (770 nm, phos.)
phos.) phos.)

|gium|? (x10%)  2.5x107° 3.0x107° 3.0x107°

“In dichloromethane at 298 K. ¥ In toluene at 298 K. ° The experimental S,-T; gaps of the complexes have been estimated from the luminescence
spectra with the values of S; and T; obtained from the onsets of the fluorescence and phosphorescence bands, respectively (Fig. 4).

Fig. 3 Spin density difference plots (contour 0.005 au) of the lowest
triplet state of PtH, PtOMe and PtNMe; at its optimal geometry.

suggesting an important role of the CT character of the ligand
in the efficiency of this emission. Low photoluminescence
quantum yields have been measured for the three complexes
(>1%, Table 1), owing to probably high non-radiative rates
arising from the presence of the monodentate ligands, along
with the classically ‘energy gap law’ effect.

To gain further insights on this luminescence behaviour,
theoretical calculations were performed. It is generally
admitted that inter-system crossing (ISC) takes place after
relaxation to the lowest S; state. At the optimal S; geometry,
there is only one triplet lower in energy than S; according to
theory. The experimental S;-T; gaps have been experimentally
estimated to 0.75, 0.73 and 0.65 eV for PtH, PtOMe and
PtNMe,, respectively, following the trend obtained for the com-
puted ones, ie., 0.92, 0.92, and 0.59 eV for PtH, PtOMe and
PtNMe,, respectively, indicating that ISC should be facilitated
for PtNMe, as the S-T gap is clearly the smallest. The com-
puted spin-orbit coupling matrix elements (SOCMEs) for the
S,-T; transition are 17, 14 and 7 cm™" in PtH, PtOMe and
PtNMe,, respectively. While remaining moderate for a Pt-
complex, which is consistent with the limited involvement of
the metal in the excitation, these values are clearly large
enough to induce ISC. This can be viewed as an intermediate
situation, in which the rather large gaps make the ISC
sufficiently slow to allow for radiative decay from S; (fluo-
rescence), while the non-trifling but not large SOCMEs allow
for ISC. This is consistent with the experimental findings of
dual emission. At the optimal T; geometry, from which phos-
phorescence occurs, the SOCMEs for the T,-S, process are very

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 (a) Luminescence and CPL spectra of the PtH (black line), PtOMe
(blue line) and PtNMe; (red line) complexes measured in toluene solu-
tion. Note that the raise of the signal at 820 nm is due to the limited
sensitivity of the fluorimeter photodetector.

similar for the three dyes: 27, 24 and 24 cm™" for PtH, PtOMe
and PtNMe,, respectively, consistent with the density plots dis-
played in Fig. 3; therefore, the different behaviours noted
experimentally should originate from various ISC kinetics
rather than from different efficiencies in the actual phosphor-
escence radiative process.

The circularly polarized luminescence for each enantiomer
of PtH, PtOMe and PtNMe, was recorded in degassed toluene
solutions, affording mirror-image signals corresponding only
to the NIR phosphorescence emission, which can be probably
explained by the weak efficiency of the fluorescence process
(Fig. 4).

On the basis of the obtained reliable signals, similar gy,
factors of ca. 2.5-3 x 107° for the three complexes were
obtained. The three complexes exhibit a negative CPL response
for the (+)-enantiomer, and their lowest ECD signals are posi-
tive, which indicates that different transitions are involved in
the absorption and emission phenomena. Although the
recorded g, values are similar to those of classical molecular
CPL emitters,"“>*¢ the obtained NIR spectra are among the
most red-shifted reported to date for chiral luminophores
based on organic and platinum complexes. Especially, the
combination of a strong push-pull organic ligand with metal-
lic complexes appears an interesting approach for reaching far
red and NIR emission.

Dalton Trans., 2021, 50, 13220-13226 | 13223
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Conclusions

In conclusion, we described here the synthesis of a new family
of helical platinum(u) complexes bearing donating or accept-
ing substituents within the helical organic ligand, and the
joint experimental and theoretical investigation of their chiro-
optical and photo-physical properties. We showed that the
combination of platinum ion with an organic ligand posses-
sing intramolecular charge-transfer abilities results in a dual
luminescence behaviour with phosphorescence emission in
the NIR region. Interestingly, the strength of the donor group
on the helical ligand does not affect the energy of this emis-
sion process but rather plays a role on its efficiency through
the tuning of the S-T gap and therefore of the ISC process.
The three complexes exhibit corresponding CP phosphor-
escence with gj,m of 3 x 1073, which is a significant value for
this low energy region. We hope that this investigation may
offer new opportunities to design innovative and efficient NIR
CPL emitters.
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