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Circularly polarized luminescence (CPL) plays an important role in
the development of advanced optical devices. However, the design
of CPL-active materials with a decent dissymmetry factor is still
challenging. Here, we report CPL-active transparent thin films
made from optically active ruthenium complexes [Ru(bpy)s]**
embedded in chiral inorganic frameworks. Due to the unique
chiral-in-chiral combination, the obtained [Ru(bpy)z1[Zn,(C,0,4)s]
displays CPL activity with a dissymmetry factor of 5 x 107>, The
CPL measurements show that the luminescence dissymmetry factor
can be effectively enhanced by one order of magnitude when an
optically active [Ru(bpy)s]>* complex is incorporated into a chiral
inorganic framework compared to its solution form. This study not
only emphasizes the potential of constructing CPL-active thin films
with coordination polymers but also points out the importance of
introducing extra chiral environment to improve the CPL effect.

Of the different types of polarized light, circularly polarized
light is particularly significant, as it holds some important
applications in the design of sensors, three-dimensional imaging,
and optical information storage.' A primary challenge of devel-
oping circularly polarized luminescent (CPL) materials is achiev-
ing a large luminescence dissymmetry factor (gi.m), which is a
measure of the degree of circular polarization, where gjym = 2 X
(I, — IR)/I(I, + Ig). Here, I, and Iy refer to the intensity of left-
handed and right-handed circularly polarized emissions, respec-
tively. The range of g, is between —2 and 2, which indicates a
complete right or left circular polarization. In most cases, the
design of CPL materials requires the molecules to contain both
chiral and luminescent units. Until now, the synthesis proce-
dures for most chiral organic emitters have been complicated
and mainly relied on a few organic derivatives, or some dye
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molecules covalently bonded with chiral molecules with a rela-
tively small gy, factor (~107% to 107 °).*°® Therefore, many
approaches, such as supramolecular self-assemblies of emitters
into chiral structures,”"* have been proposed to amplify the gium
values and expand the family of materials with CPL properties.
However, most of these organic emitters or their super-assemblies
exhibit luminescence solely in a solution state due to aggregation-
induced quenching, which limits their applications.

Developing homogeneous crystalline CPL-active materials
with large gjum factors is promising for practical applications
but remains challenging. As an emergent class of solid-state
materials, chiral metal-organic frameworks (MOFs) have
recently attracted lots of attention in CPL due to their diverse
structures and tunable functionalities."> However, MOFs with
CPL remain still scarce to date due to complicated synthetic
procedures of the intrinsically chiral building blocks.'*** A
strategy to fabricate CPL MOFs involves utilizing chiral MOFs
as matrices to encapsulate guest emitters, resulting in host-
guest systems,”'** which help transfer the chirality from
chiral frameworks to achiral emitters. There are several advan-
tages of this strategy. First, the existing chiral MOFs can be
directly used to host some well-reported dyes to avoid compli-
cated synthetical design. Second, due to a confined space
provided by inorganic frameworks and large separation of
neighboring dye molecules, the aggregation-induced quenching
effect can be effectively weakened and nonradiative relaxations
can be greatly mitigated. However, in this host-guest system,
the loading amount of dye molecules is limited and the details
of the dye molecule packing mode are difficult to resolve, which
hinders the understanding of the CPL effect. As a simple bis-
bidentate ligand, metal-oxalate coordination compounds have
been well studied, and a series of materials with diverse
structures can be generated, including one, two and three
dimensional structures.**® Among them, the chiral (10,3)-a
network induced by metal complexes with propeller chirality is
of great interest for CPL but has been rarely investigated.>**” >
Very recently, Awaga and co-workers demonstrated the CPL activity
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of a series of enantiomerically pure [Ru(bpy)s][Mx(C0.4)3] (M = Zn,
Mn) by measuring powder samples in a KBr matrix.*> However,
due to the difficulty of generating powder samples with reliable
particle sizes and shapes, obtaining CPL results on solid-state
samples that are reliable and artifact-free is challenging.**~* In
this work, a polyvinylpyrrolidone-assisted (PVP-assisted) synth-
esis method was reported to fabricate crystalline and transpar-
ent thin films of optically active (10, 3)-a coordination polymers,
[Ru(bpy)s][Zn,(C,0,4);] for CPL measurements. The films dis-
played CPL signals with an enhanced gj,, factor of 5 x 107>
compared to [Ru(bpy);]*" solutions.

[A-Ru(bpy)s][Zn,(C,04)s] and [A-Ru(bpy)s][Zn,(C,04)s] were
synthesized from the corresponding enantiopure [A-Ru(bpy);]**
or [A-Ru(bpy);]** salts prepared by a previously-reported diaster-
eomeric recrystallization method.*® [A/A-Ru(bpy);][Zn,(C,04)3]
crystallized in the space groups of P4;32 or P4332, which
contains a 3-connected (10,3) oxalate-based anionic framework,
[Zn,(C,04)s]*~ and cationic metal complexes, [Ru(bpy);]**. In
the structure, neighboring Zn** ions are bridged by the bis-
(bidentate) oxalate ligands along all three dimensions. This gen-
erates a polymeric framework, while the [Ru(bpy)s]*" cations are
situated within the spacious cavity of this framework, as shown in
Fig. 1. The local configuration between neighboring chiral hex-
acoordinated metal centers governs the framework’s dimension-
ality. Taking the crystal structure of [A-Ru(bpy);][Zn,(C,0,);] as an
example, the enantiopure A-{Ru(bpy);]** induces a chiral arrange-
ment of the prochiral Zn centers into homochiral bridging
of A“Zn centers leading to a three dimensional chiral network.
Overall, both the homochiral arrangement of the inorganic frame-
work, [Zny(C,04);”~ and the packing of the organic complex,
[Ru(bpy)s]** display a helical chiral structure with a 4,/4;-screw axis.

[A-Ru(bpy)s][Zn,(C,0,)s]
P4,32

-«#%Cﬂ#ﬂrcp-
-ﬁ‘%‘Lﬁaﬁ
-#ﬁrc’ﬂ Jé’o~
. R M*
L.

[ \

[Zn,(C,0,)1* [A-Ru(bpy);]**
(chiral inorganic frameworks) (chiral metal-organic complexes)

Jds Ak — -

4\

o

71’ _;T I" —;‘t’
— 1 B
| BTl
i Lo =gl =

Fig. 1 Crystal structure of [A-Ru(bpy)sl[Zn,(C,04)3] (top): a 3-connected
(10,3) oxalate-based anionic framework, [Zn,(C,0.4)312~ (bottom left), and
the embedded cationic metal complexes, [Ru(bpy)s]?* (bottom right).
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Fig. 2 PXRD of [Ru(bpy)s] [Zna(C204)3l. Top: [Rulbpy)sl[Zna(Co04)3] thin
film on FTO glass (asterisk label the peaks from FTO glass substrate);
bottom; [Ru(bpy)s][Zn,(C,04)s] powder.

The powder X-ray diffraction (PXRD) and the corresponding
Rietveld refinement were performed to confirm the crystal
structure of [Ru(bpy)s][Zn,(C,0,)s]. As shown in Fig. S1 (ESIt),
peaks show strong intensity and well-defined positions, and the
single-phase refinement fitted well with the PXRD data, indi-
cating that the compound was phase-pure and highly crystal-
line. To fabricate transparent thin films, PVP was added during
the synthesis to assist reducing the particle size and dispersing
individual particles. As shown in Fig. 2, the PXRD pattern of a
[Ru(bpy);][Zn,(C,04);] thin film displayed good crystallinity
and phase purity as well. Furthermore, scanning electron
microscopy (SEM) was conducted on both the powder and films
to analyze the morphology, as shown in Fig. S2 (ESIt). The films
exhibited smooth and homogeneous morphology, indicating
the good quality.

The chirality of the [A/A-Ru(bpy);]** salts and corresponding
[A/A-Ru(bpy)s][Zn,(C,0,4)s] films were confirmed by circular
dichroism (CD) spectroscopy, as presented in Fig. 3. The CD

CD (mdeg)
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— [A-Ru(bpy)3][Zn(C20,) film
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Fig. 3 UV-Vis absorption spectra and CD spectra of the [A/A-Ru(bpy)s]
[Zn,(C,04)3] film on a glass substrate.
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Fig. 4 CPL spectra of [A/A-Ru(bpy)s] [Zn,(C,04)3] films on a glass sub-
strate. The solid lines are not a fit, but a guide for the eye. See Fig. S3 (ESIT)
for the gum vs. wavelength plot.

spectra exhibited one band at ~270 nm and several bands at
~450 nm with similar magnitude but opposite signs. This mirror
shape indicated a pair of enantiopure films. Correspondingly,
there were several strong absorption bands below 600 nm. Due to
the closed shell electronic configuration for the d*° Zn>" ions, the
[Zn,(C,0,);]" framework does not have d-d transitions. There-
fore, these absorption bands were attributed to the [Ru(bpy);]**
complex, which was also similar to that of [Ru(bpy);]** aqueous
solution: the bands between 250 nm and 300 nm were assigned
to the n-n* transitions from the bipyridine (bpy) ligands and the
bands between 400 nm and 600 nm were assigned to the d-d and
metal-to-ligand charge transfer, MLCT (t,,—n*) transitions from
the [Ru(bpy);]*" complex.*®

To probe the CPL activity, CPL spectra (Fig. 4) were
measured on both [A/A-Ru(bpy);][Zn,(C,0,);] thin films and
[A/A-Ru(bpy);]** aqueous solutions. The total photolumines-
cence signal (excited at 365 nm) of the [A/A-Ru(bpy)s]-
[Zn,(C,04);3] film exhibited broad emission bands centered at
580 nm, which could be assigned to a mixed '(MLCT) and
3(MLCT) emission from the [Ru(bpy);]** unit.>””*® The absolute
value of gj,m factor of [A/A-Ru(bpy);][Zn,(C,0,);] was ~5 x
107*, which was one order of magnitude larger than that of
[A/A-Ru(bpy);]** solutions (~6 x 10~*), as shown in Fig. S4 and
S5 (ESIt). These results indicated that the introduction of a
chiral host environment can help enhance the CPL effect from
the [A/A-Ru(bpy);]** complex. Based on observations in small
molecules where increased rigidity improved the CPL metrics,
we hypothesized that this enhancement is due to the reduced
molecular motion of the ligands of the Ru complexes provided
by the rigid superstructure of the Zn-oxalate framework.

In conclusion, we reported a PVP-assisted method to fabri-
cate crystalline and transparent thin films of optically active
(10,3)-a coordination polymers, [Ru(bpy)s][Zn,(C,0,)s], for
more reliable CPL measurements. Enhanced CPL signals were
observed for the thin films and assigned to the introduction of
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a 3D homochiral environment for the inorganic building
blocks.
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