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Homoleptic Cr() complexes containing anionic tridentate 1,8-
(bisoxazolyl)carbazolide ligands are phosphorescent in deaerated
solutions with peak maxima in the range of 813—-845 nm. The ligand
carbon-centred chirality has been transferred to the helical chirality
of the complexes and hence induced circularly polarized NIR-
emissions with dissymmetry factor in the scale of 2.0 x 10>,

Circularly polarized luminescence (CPL) active materials have
recently attracted considerable attention due to their potential
applications, such as in stereoscopic displays, smart sensors/
probes, organic light-emitting diodes (OLEDs) and advanced
security inks." In particular, extending and consolidating circu-
larly polarized emission in the near infrared (NIR) region is
highly desirable for versatile applicability of biological imaging
or photonics.> However, the development of NIR-active chirop-
tical luminogens remains a considerable challenge when com-
pared with the classical visible CPL emitters.'” The emission in
the NIR region is expected to yield lower quantum yield (@) due
to efficient non-radiative deactivation pathways, recognized as
the ‘energy gap law’.* So far, only a few studies with NIR-CPLs
over 700 nm have been reported,®” thus portending the great
challenges and tremendous prospects of the NIR-CPL emitters.

CPL emitters are generally evaluated by the luminescence
dissymmetry factor (gium)'® and emission quantum yield (®).
Due to the trade-off between these two parameters, materials
with both large |gium| and @ values are still limited. Accord-
ingly, the electronically dipole-forbidden and magnetically
allowed transitions such as intrashell f-f and d-d are promising
solutions to provide high gj,m. Recently, Cr(m) complexes that
exhibit strong emission in the red to NIR region have been
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achieved by an introduction of strong-field ligands.® Due to the d?
electronic configuration and the strong ligand field environments,
pseudo-octahedral Cr(m) complexes display magnetically-allowed
but electric-dipole forbidden spin-lip Cr*E/*T; — “A,) emission,
which makes them ideal candidates for NIR-CPL materials,” alter-
native to precious metals (Ru, Ir, Pt, or Au)® and lanthanides.'”® In
this way, several attempts have been made recently. A recent
example was the chiral resolution of [Cr(dqp),]** (dgp = 2,6-
di(quinolin-8yl)pyridine), which achieved high g, of 0.2 at
749 nm.¥ Moreover, the functionalization of the dqp ligand
with a methoxy group has been proven to improve the chiral
resolution, provide high @ (17%) and maintain the high gjum.*
The molecular ruby [Cr(ddpd),]’* (ddpd = N,N’-dimethyl-N,N"-
dipyridin-2-ylpyridine-2,6-diamine) can also be resolved into enan-
tiopure materials by chiral HPLC with gy, ~ 0.093 at 775 nm.>
However, the neutral dqp and ddpd ligands lead to the emission of
Cr(*E/*T; —*A,), which are only slightly tuneable. In addition, all
these CPL-active Cr(m) complexes rely on chiral resolution processes,
which become problematic in large scale preparation.

Our group has an interest in the employment of carbon-
centred chiral ligands to induce helical chirality complexes."’
More recently, anionic tridentate N-donor ligands have been
proven effective to lead to tuneable NIR emission in Cr(u)
complexes, and the combination of n-donating amido with
pyridine coordination units can achieve NIR-II luminescence
at 1067 nm in frozen solutions at 77 K by increasing metal-
ligand bond covalence.’'" We herein report a series of Cr(ui)
complexes bearing carbazolyl-based tridentate ligands with
carbon centred chirality in the hope of circumventing the
reported homo-chiral helicities from the non-chiral ligand
twist. In this way, we can achieve helical chiral Cr(m) complexes
without the tedious chiral resolutions. We choose 1,8-(bisox-
azolyl)carbazolide as the tridentate ligand,'* in which the chiral
bisoxazolyls are readily implanted from commercially available
chiral aminoalcohols. For comparison, complexes with ligands
exhibiting different positions of the chiral centres and non-
chiral ligands were also prepared (Scheme 1 and ESIt).
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Scheme 1 Syntheses and chemical structures of 1S/1R, 2S/2R and 3.

Single crystals of 1S/1R and 3 were obtained by slow diffu-
sion of n-hexane into the respective dichloromethane solution
at ambient temperature and their structures were determined
by X-ray crystallography (Fig. 1). The carbazole-based N(imido)-
Cr-N(imido) bond angles (Table S4, ESIt) are 179.33(12)°-
178.58(9)°, and the N(oxazolyl)-Cr-N(oxazolyl) bond angles
are 176.55(11)°-174.87(9)°, revealing a more octahedral geome-
try than the reported [Cr(dpc),]"."'* The Cr-N(imido) bond
lengths (1.988(2)-1.999(2) A) are shorter than the Cr-N(oxazo-
lyl) bond lengths (2.040(2)-2.086(2) A), which corresponds to
the covalent nature of the Cr-N(imido) bond in the present
structure. The two tridentate ligands coordinate in a meridio-
nal fashion to the central Cr(u) ion. The unit cell of 3 contained
D,4 symmetrical enantiomeric PP and MM. In sharp contrast,
due to the orientation of the chiral-methyl groups, the symme-
try of 1S/1R results in lower D, symmetry. For 1R, only the MM
configuration was observed while in 1S, only the PP configu-
ration was observed.

Complexes 1-3 show distinct X-band electron paramagnetic
resonance (EPR) spectra which were measured in frozen acet-
onitrile at 100 K. Both 2 and 3 showed a prominent derivative
signal at g &~ 2 with some faint features at higher g values
(Fig. 2), which is characteristic of Cr(i) species with small zero
field splitting (ZFS, D < hv, D and E/D are the axial and
orthorhombic zero-field parameters).'* The weak signal at
g =~ 5.9 is assigned to the almost forbidden “Am = 3” transition

Fig. 1 (a) Illustration of the chiral structures. Crystal structures of com-
plexes (c) 1S/1R and (b) 3, drawn in 50% probability ellipsoids with
H-atoms, counter-ions and solvate molecules omitted for clarity.
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Fig. 2 EPR spectra of 1S, 2R, and 3 recorded in frozen acetonitrile at
100 K (concentration ~3.0 x 107> M).

within the mg = +3/2 Kramers doublet.'® Interestingly, a broad
derivative band at higher g values with extremely weak signal at
g ~ 2 was observed for 1 from the frozen solution. These
features are in qualitative accordance with some Cr(m) species,
which feature an electronic spin S = 3/2 with moderately large
zero field splitting D and small rhombicity E (D > Ay,
E/D ~ 0)."> The spin-lattice interaction increases with the
ZFS and therefore the signal diminishes at relatively low
temperatures.'”> The g value of these Cr(m) species depends
on spin-orbit interaction with excited spin quartet terms due to
t,; — €, excitations. It has been pointed out that the major
contribution to the ZFS parameter D in the distorted octahedral
symmetry comes from the °E, excited doublet states."* As a
result, D is sensitive to the strength of the equatorial ligands.
The small rhombicity observed of 1 surprisingly exhibits a
different EPR signal compared with 2 and 3."° In such a case,
the EPR signals of 1-3 are primarily related to the stereoelec-
tronic effect from the changes of the chiral steric groups."”
The photophysical properties of Cr(ui) complexes 1-3 were
explored using the ultraviolet-visible (UV-vis) absorption spec-
tra and the fluorescence spectra. As expected, 1-3 display a
similar pattern with two dominant bands between 250 and
350 nm (¢ ~ 4-8 x 10* M~ ' em ') which were assigned to
ligand-centred n-n* transitions (Fig. 3a). The bands between
350 and 600 nm (¢ ~ 1-3 x 10* M~' em™"), corresponding to
the lowest energy transitions, were tentatively assigned to
metal-centred (MC) transition mixing with some ligand-to-
metal charge transfer (LMCT), according to previous
studies.*>''® Upon excitation at 450 nm in degassed acetonitrile
at 298 K, the emission peaks are at 845, 820 and 813 nm,
respectively (Fig. 3d). The emission maximum of these Cr(m)
complexes is insensitive to the polarity of the solvents (Fig. S19,
ESIt). Unlike the sharp emission bands of other Cr(m) com-
plexes which correspond to the spin-flip Cr*E/’T; — *A,)
transitions, the broad emission bandwidth further implies
spin-flip transition mixing with charge-transfer characters.'*
The decay curves (Fig. S20, ESIT) of emission intensity were
fitted mono-exponentially to give the emission lifetime () of
56.6, 259.4 and 266.7 ps for 1-3, respectively (Table S5, ESIT).
The quantum yield (@) was determined to be 2.4%, 7.5% and
8.2% for 1-3, respectively, in degassed acetonitrile at 298 K.
Although both 1S/1R and 2S/2R possess carbon-centred
chirality, their electronic circular dichroism (ECD) signals show

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) Absorption spectra of 1S, 2S, and 3 in deaerated acetonitrile at
298 K (1.0 x 107> M). (b) Electronic circular dichroism of 1S/1R and 2S/2R
(1.0 x 107° M) in deaerated acetonitrile at 298 K. (c) Plots of absorption
dissymmetry factor gs of 1S/1R and 2S/2R. (d) Emission spectra of 1S, 2S,
and 3 in deaerated acetonitrile at 298 K (1.0 x 107> M). (e) CPL spectra of
1S/1R and 2S/2R (1.0 x 10~* M) in deaerated acetonitrile at 298 K. (f) CPL
spectra of 1S/1R in the solid state at 298 K.

dramatic differences in the wavelengths of the peaks
and corresponding intensity. The ECD spectra of 1S/1R exhibit
an evident dichroic band at the lowest energy of 580 nm
(Ae=+72 M ' em * for 1S and —11.1 M~ " ecm™ " for 1R) with
an absorption dissymmetry factor |g.p,s| of 0.007 and 0.012
(Fig. 3b and c). The strong Cotton effects of 1S/1R at 510 and
580 nm are attributed to LMCT and metal-centred transitions,
while the peaks below 350 nm correspond to ligand-centred
transitions (nm-n*). In the present case, the Cotton effect for 1 is
more significant below 400 nm but with a lower |g.ps|. Mean-
while, 2§ and 2R only show some weak ECD signals below
450 nm with infinitesimal |gaps|.

Consistent with the ECD spectra, such an aspect is also
clearly observed in the CPL spectra of these Cr(m) complexes.
Upon nonpolarized excitation at 450 nm, the 1S and 1R display
a pair of mirror NIR-CPL spectra between 700 and 1000 nm
both in diluted deaerated acetonitrile and the solid state
(Fig. 3e and f). The circularly polarized emission bands at
845 nm exhibit a gy, value of +0.002 for 1S and —0.002 for
1R in degassed solution (Fig. S23, ESIt). In the solid state, the
Zum Vvalues of +0.003 for 1S and —0.003 for 1R were also
obtained (Fig. S23, ESIt). By contrast, the g, for complexes
2S/2R was almost zero in degassed solution. The sharp differ-
ence could be rationalised by the less crowded metal centre and
less twisted helical chirality of 2S/2R when compared with
those of 1S/1R. These experimental results revealed that the

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (a) X-ray photoelectron spectra of 1S, 2R, and 3 showing the scan
of the Cr 2p states. (b) Cyclic voltammograms of 1S, 2S, and 3 recorded in
deaerated acetonitrile at 298 K (0.1 M "Bu4NPF, as supporting electrolyte,
scanning rate 100 mV s™%). (c) Nanosecond transient absorption spectrum
of 1S, 25, and 3 (1 x 10~* M in deaerated acetonitrile) at time zero after
laser excitation. (d) Differential UV-vis absorption spectra of 1S in spectro-
eletrochemical experiments upon reduction at —1.9 V vs. Fc*/® and upon
oxidization at 1.0 V vs. Fc*°, respectively, and their comparison with the
nanosecond transient absorption spectrum of 1S.

carbon-centred chirality-induced steric hindrance determines
the twist degree of helical chirality as well as the gj,m,, which
also indicates that the gj,m, can be further improved by using a
more bulky carbon-centred chiral group. In addition, compared
to the reported gium of Cr(’E/*T; — *A,),°*® the lower gium of
complexes 1S/1R further confirmed the mixing of electronically
dipole-allowed charge-transfer transitions in the excited states.

Accordingly, the emissions of 1-3 are essentially metal-
based transitions with some LMCT character, which is mainly
dependent on the electronic effect of the ligand substituents.
As shown in the X-ray photoelectron spectra (XPS), the Cr 2p;,/
2ps/, binding energies (eV) of 1-3 are 587.14/577.33, 586.84/
576.96, and 586.78/577.02, respectively (Fig. 4a and Fig. S24,
ESIt). The methyl groups at the oxazolyl units in complex 1 are
closer to the metal centre, thus slightly increasing the electron
binding energy of the Cr(m) ion and hence rendering it harder
to be oxidized. Cyclic voltammetry (CV) also revealed a similar
tendency (Fig. 4b). The first reduction potentials of 1-3 are
reversible at around —2.0 V vs. Fc"’® which can be assigned to
[Cr(L),]**"*", and are much more negative than in [Cr(dpc),]
(Eyp = —1.51 V vs. Fc'©).1118 The cathodically shifted poten-
tials reflect the higher electron density at the metal centre,
which is attributed to the stronger o-donating nature of the
oxazolyl units than pyridine. The oxidation potentials appear at
+0.70 V vs. Fc'’® corresponding to the formal oxidations of
[Cr(L),]*"**, while the peak at ca. 0.90 V is assigned to the
ligand oxidation, according to the CV measurement of the
ligand precursor (Fig. S26-528, ESI{). Combined with the mod-
ified structures, 1S shows a 0.1 V more positive potential,
evidently reflecting the utilisation of the secondary coordination

Chem. Commun., 2023, 59,1781-1784 | 1783
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sphere on the oxazolyl subunit. And this is in conformity with
the results of XPS measurements. By using ultraviolet photo-
electron spectroscopy (UPS) (Fig. S25, ESIt), the HOMO energies
were calculated to be —5.24, —5.44 and —5.46 eV for 1-3,
respectively, which is also consistent with the electrochemical
studies."

The nanosecond transient absorption (TA) spectroscopy with
spectro-electrochemical investigations further corroborates the
admixture of LMCT character of the lowest energy excited state.
Upon excitation at 355 nm with a nanosecond laser, the patterns of
the TA spectra of 1-3 are very similar (Fig. 4c), featuring an excited-
state absorption (ESA) band peaking at 685 nm for 1 (655 nm for 2
and 650 nm for 3) and a weaker ESA band near 400 and 550 nm.
Furthermore, a strong ground state bleach (GSB) at around 375 nm
for 1-3 and a weak GSB at 425 nm for 1 were observed. For 1S,
spectro-electrochemistry (Fig. 4d) at a potential of —1.9 V vs. Fc¢™
(inducing reduction of Cr*"?") yielded bleaches of the original
absorption at around 375 nm and gave an additional weak absorp-
tion at 445-850 nm. Oxidation spectro-electrochemistry was per-
formed by applying a potential of 1.0 V vs. Fc"”°, corresponding to
the oxidation of the ligand and the metal centre. The band at
380 nm is slightly bleached, and at the same time, strong absorption
bands at 355 and 415 nm, and weak absorptions at 540 and 750 nm
were also observed. The characteristic peaks of the TA spectra
largely overlapped with the spectro-electrochemical difference spec-
tra superposition of Cr**’?* reduction and ligand oxidation in the
350-600 nm range,”® suggesting that the lowest-energetic excited
state of 1 involves some LMCT character. However, the maximum
ESA band peaking at 685 nm was missing in the spectro-
electrochemical spectra.

In summary, Cr(m) complexes 1S/1R, 2S/2R and 3 have been
prepared through the introduction of chiral oxazolyl in the
backbones of the carbazole tridentate ligand. By simply chan-
ging the position of the carbon-centred chirality at the oxazolyl
units, 1S/1R and 2S/2R show a dramatic difference of the degree
of helical chirality, which is also reflected in g,ps and gjum- The
1S/1R enantiomers show mirror-image CPL signals in the NIR
region with the maximum g, value of 2.0 x 1072, while 2S/2R
have almost no chiral optical activity. These results underline
the interest of carbon-centred chiral ligands as a means to
access chiral Cr(u) complexes. Our study provides an approach
towards chiral Cr(ur) complexes, which could achieve relatively
high gjum but avoid chiral resolution processes for NIR-CPL
emitters.
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