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and [Eu(+hfc)s(p-dpeb)]n (+tfc: (+)-3-(trifluoroacetyl)camphorate, +pfc: (+)-3-(pentafluoropropionyl)camphorate, +hfc: (+)-3-

(heptafluorobutyryl)camphorate, p-dpeb: 1,4-bis(diphenylphosphorylethynyl)benzene) were prepared for elucidating the

relationship between their structural distortions, ligand-to-metal charge transfer (LMCT), and circularly polarized

luminescence (CPL) properties. Their strain factors in the ligands were evaluated using crystallographic data obtained by

single-crystal X-ray structural analyses. The characteristics of the LMCT excited states were estimated from theoretical

calculations. The introduction of bulky substituent into the chiral ligand afforded a distorted structure of B-diketonates and

changed the direction of the transition electric dipole moments, which are related to the magnitude of the CPL intensity.

The CPL dissymmetry factor (gce) of [Eu(+hfc)s(p-dpeb)]n, with a large distorted structure, was -0.22, while those of

[Eu(+tfc)s(p-dpeb)]n and [Eu(+pfc)s(p-dpeb)]s, with small distorted structures, were -0.05 and -0.10, respectively. The

controlled steric hindrance of the chiral ligands in Eu(lll) coordination polymers is one of the strain factors for enhancing

their CPL properties.

Introduction

Transition metal complexes with ligand-to-metal charge
transfer (LMCT) or metal-to-ligand charge transfer (MLCT)
states produce characteristic photofunctional properties such
as photocatalytic activity,’® solar cell efficiency,”® and
luminescence behavior.1%13 Ritter provided the synthetic
method of aryl fluoride from benzoic acids using LMCT excited
states of a Cu(ll) complex.* Moreover, Wenger recently
reported characteristic MLCT luminescence from air-stable
Mn(l) complexes with isocyanide chelate ligands.’®> The LMCT
and MLCT states are directly related to the control of the
photophysical and photochemical properties of transition metal
complexes.

According to the trivalent lanthanide complexes, Jgrgensen
reported that the Eu(lll) complex with dialkyldithiocarbamates
showed a broad absorption band in the visible region, which
was assigned to the LMCT band.'* Generally, the LMCT states of
Eu(lll) complexes are produced by the electronic transition from
the HOMO level of the ligand to the LUMO level of the Eu(lll)
ion.1*%> The steric strain of the ligand may affect the energy
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level and direction of the transition dipole moment of the LMCT
states in Eu(lll) complexes (Figure 1a and 1b). Recently, we
described that the relationship between the LMCT states in
Eu(lll) compounds their
luminescence (CPL) properties.'®1” |n our previous paper, the
substituents of chiral phosphine oxide ligands in Eu(lll)
complexes provided the structural strain in B-diketonate ligands,
which affected the coordination geometries, LMCT, and CPL

chiral and circularly polarized

properties. We discussed on the strain-factor based on the
crystal and ligand field (steric structure) for enhancement of
LMCT and CPL bands.®

In this study, we focused on the electronic structure of the
ligands based on the LMCT characteristics for evaluating the CPL
properties of chiral Eu(lll) compounds. From this concept, chiral
Eu(lll) coordination polymers with rigid and long linker ligands
were selected. The linker ligands provide wide space for packing
the bulky chiral ligands without crystal field change (Figure 1c).
This molecular design allows us to understand the direct effect
of ligand strain on the LMCT characteristics and the CPL
properties.

Herein, we report on chiral Eu(lll) coordination polymers
with controllable distorted structures. These polymers are
composed of chiral luminescent Eu(lll) units and rigid linker
parts. ligands with perfluoroalkyl groups of
different length, (+)-3-(trifluoroacetyl)camphorate (+tfc), (+)-3-

Three chiral

(pentafluoropropionyl)camphorate (+pfc), and (+)-3-
(heptafluorobutyryl)camphorate (+hfc), were selected to
systematically control the strain factor in the Eu(lll)

coordination polymer (Figure 1d). The ethynyl-linked phosphine
oxide, 1,4-bis(diphenylphosphorylethynyl)benzene (p-dpeb),
was synthesized as a linear rigid linker to create a wide space to
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Figure 1. Illustrations of a) controlling the LMCT energy level, b) the direction of the dipole moments by structural strain, and c) the conceptual design of a chiral
Eu(Ill) coordination polymer. d) Chemical structures of the chiral Eu(lll) coordination polymers.

hold the large camphorate ligands (Figure 1c).'”:*8 Three chiral
Eu(lll) coordination polymers, [Eu(+tfc)s(p-dpeb)]n, [Eu(+pfc)s(p-
dpeb)],, and [Eu(+hfc)s(p-dpeb)], (Figure 1d) were synthesized
using these ligands to tune the steric hindrance of the chiral
ligands in the Eu(lll) coordination polymers.

The coordination structures of the chiral Eu(lll) coordination
polymers were characterized by single-crystal X-ray structural
analyses. The strain factors in the camphorate ligands were
estimated from their crystallographic data. The photophysical
properties of the Eu(lll) coordination polymers were evaluated
using the emission spectra, lifetimes, and CPL measurements.
Time-dependent density-functional theory (TD-DFT)
calculations were then carried out for estimation of the LMCT
states. The large steric hindrance of the camphorate ligands
provides characteristic interaction between LMCT states and 4f-
4f excited states in Eu(lll), resulting in effective CPL properties.

Results and discussion
Structural characterizations

Chiral Eu(lll) luminescent centers were obtained by the reaction
of Eu(lll) acetate and chiral camphorate ligands (+tfc, +pfc, and
+hfc) in methanol and water.?® The chiral Eu(lll) coordination
polymers with diethynylbenzene linkers, [Eu(+tfc)s(p-dpeb)]n,
[Eu(+pfc)s(p-dpeb)],, [Eu(+hfc)s(p-dpeb)],, were
synthesized by complexation of p-dpeb with precursor chiral
Eu(Ill) units in methanol and purified by recrystallization from
ethanol solution (Scheme S1, ESI). The ESI-MS spectra and
simulated mass patterns of [Eu(+tfc)s(p-dpeb)], are shown in
Figure S1 (ESI). The observed signals with mass numbers (m/z)
of 1173.25, 2593.63, 4013.94, and 5434.32 were assigned to the
[Eu(+tfc)a(p-dpeb)]*,  [Eua(+tfc)s(p-dpeb)a],  [Eus(+tfc)s(p-
dpeb)s]*, and [Eug(+tfc)i1(p-dpeb)s]t fragments, respectively.
Assignments were made by comparing the observed isotope
distribution of [Eun(+tfc)sn.1(p-dpeb)n]* (m/z at approximately

and
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1173.2, 2593.7, 4013.9, and 5434.2) with the calculated data.
The observed ESI-MS signals of [Eu(+pfc)s(p-dpeb)], and
[Eu(+hfc)s(p-dpeb)], were also assigned to the [Eun(+pfc)sn-1(p-
dpeb)a]* and [Eun(+hfc)sn-1(p-dpeb)n]* fragments, respectively
(Figure S2 and S3, ESI).

The powder X-ray diffraction (PXRD) patterns of the chiral
Eu(lll) coordination polymers are shown in Figure S4 (ESI).
Characteristic sharp diffraction maxima were observed for each
coordination polymer because of its high crystallinity. The single
crystals of [Eu(+pfc)s(p-dpeb)l, and [Eu(+hfc)s(p-dpeb)], were
successfully obtained by recrystallization from ethanol solution
and their structures were determined by single-crystal X-ray
structural analyses. The crystallographic data are summarized
in Figure 2a, 2b, and Table S1 (ESI). The space groups of these
Eu(lll) coordination polymers were categorized as P2:2:2;,
which is a chiral space group. The ORTEP views of these chiral
Eu(lll) coordination polymers exhibited eight-coordinated
structures in which three chiral camphorate ligands and two
phosphine oxide groups were coordinated to one Eu(lll) ion.
Two phosphine oxide groups in the p-dpeb ligand were attached
with different Eu(lll) ions to form the coordination polymer
structure.

Based on their crystal data, we performed continuous shape
measure (CShM) calculations using SHAPE?%-22 to determine the
geometrical structures around the Eu(lll) ions in the first
coordination sphere (see ESI). The CShM factor (Scshm) values
obtained for these complexes for 8-SAP and 8-TDH (SAP: square
antiprism, TDH: triangular dodecahedron) are summarized in
Table 1. The Scshm values in the 8-SAP structures are smaller
than those of 8-TDH in the synthesized chiral Eu(lll)

Table 1. Scs, values of the chiral Eu(lll) coordination polymers.

Compounds Scshm (8-SAP) Scshm (8-TDH)
[Eu(+pfc)s(p-dpeb)]n 0.704 1.422
[Eu(+hfc)s(p-dpeb)la 0.526 1.433

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. ORTEP drawings (ellipsoids set at 50 % probability, hydrogen atoms were omitted for clarity) of a) [Eu(+pfc)s(p-dpeb)], and b) [Eu(+hfc)s(p-dpeb)],. c)

lllustration of dihedral angle @in camphorate ligand.

coordination polymers. Thus, the coordination geometries of
[Eu(+pfc)s(p-dpeb)]n and [Eu(+hfc)s(p-dpeb)], were categorized
as 8-SAP.

To estimate the strain magnitude of the chiral Eu(lll)
coordination polymers, we focused on the orientation and
planarity of the coordinated p-diketonate ligands. The
orientation of the chiral ligands in [Eu(+pfc)s(p-dpeb)], and

[Eu(+hfc)s(p-dpeb)], were classified as A form (Figure 2a and 2b).

The dihedral angles 6 of planes A (01, C1, and C2 atoms in
Figure 2c) and B (02, C2, and C3 atoms in Figure 2c) are listed in
Table 2. The dihedral angles 6 in [Eu(+hfc)s(p-dpeb)]l. (B-
diketonate 4, 5, 6) were larger than those in [Eu(+pfc)s(p-
dpeb)l, (B-diketonate 1, 2, 3). These large dihedral angles of
[Eu(+hfc)s(p-dpeb)], indicate large B-diketonate plane
distortion.

Luminescence properties

The emission spectra of the chiral Eu(lll) coordination polymers
in the solid state are shown in Figure 3a. The emission spectra

Table 2. Dihedral angles of the camphorate ligands.

Compounds Dihedral angles 8 / deg.

B-diketonate 1 292

[Eu(+pfc)s(p-dpeb)]n B-diketonate 2 235
B-diketonate 3 5.10

average 3.46

B-diketonate 4 11.68

[Eu(+hfc)s(p-dpeb)]n B-diketonate 5 6.67
B-diketonate 6 539

average 6.91

This journal is © The Royal Society of Chemistry 20xx

were normalized with the area of the >Dy—>7F; transition band,
which is known to be insensitive to the surrounding
environment of the Eu(lll) ion.2® The emission bands at
approximately 580, 590, 615, 650, and 700 nm were assigned to
the 4f-4f transitions of Eu(lll) (°De—7F,:J =0, 1, 2, 3, and 4).%*
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Figure 3. a) Emission spectra (Aex= 360 nm) and b) time-resolved emission
decay profiles (Aex = 355 nm) of [Eu(+tfc)s(p-dpeb)], (black), [Eu(+pfc)s(p-
dpeb)], (red), and [Eu(+hfc)s(p-dpeb)], (blue) in the solid state measured at
room temperature.
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The emission band of >Do— ’F, transition, which is directly
related to the coordination geometrical symmetry, are also
shown in Figure S5b (ESI).2> The Stark splitting of the *Dy—"F,
transition in [Eu(+pfc)s(p-dpeb)], is the same as that in
[Eu(+hfc)s(p-dpeb)]l,. The coordination geometry of
[Eu(+pfc)s(p-dpeb)], is identical to that of [Eu(+hfc)s(p-dpeb)]n.
On the other hand, the Stark splitting of [Eu(+tfc)s(p-dpeb)], is
different from those in [Eu(+pfc)s(p-dpeb)], and [Eu(+hfc)s(p-
dpeb)],.

The emission decay profiles of the chiral Eu(lll) coordination
polymers in the solid state measured at room temperature are
shown in Figure 3b. Single-exponential decays with sub-milli
second scale lifetimes were observed. The emission lifetimes
were estimated using an exponential function and are
summarized in Table 3. Based on the emission lifetimes and
spectra, the 4f-4f emission quantum yield (®x), radiative rate
constant (k;), and non-radiative rate constant (k.) were
estimated using the following equations:

k _ 3It0t
P =

(1)

= AMD n
,0
Trad IMD

kr _ Tobs
kr + knr Trad

1 1
ke = - (3)
Tobs Trad

where Tops and Trag are the observed and radiative emission
lifetimes, respectively. .4 is defined as the ideal emission
lifetime without a non-radiative process. Parameters Awmp,0, N,
and the calculated /lot/IMp are the spontaneous emission
probability for the >Do—>’F; transition in vacuo (14.65 s73),
refractive index of the medium (n = 1.5), and ratio of the total
area of the corrected Eu(lll) emission spectrum to the area of
the °Do—>7F; band, respectively.?®

The k; value of the chiral Eu(lll) coordination polymer with
large structural strain, [Eu(+hfc)s(p-dpeb)],, is the same as those
of [Eu(+tfc)s(p-dpeb)]n and [Eu(+pfc)s(p-dpeb)],. The magnitude
of the k- enhancement by the LMCT perturbation in
[Eu(+hfc)s(p-dpeb)], is similar to those in [Eu(+tfc)s(p-dpeb)l,
and [Eu(+pfc)s(p-dpeb)]n. On the other hand, the kn values of
the chiral Eu(lll) coordination polymers (1.5x103-7.1x103% s?)
were strongly dependent on the substituents of the chiral
camphorate ligands (+tfc, +pfc, and +hfc). The drastic changes

Prs =

(2)

in the knr values were derived from the LMCT quenching process.

This LMCT quenching leads to decreases in both the emission
lifetimes and @x.¢ values.

Table 3. Photophysical parameters of chiral Eu(lll) coordination polymers.

Compounds ke /st kor / s Tobs'®) O+

/ ms /%

[Eu(+tfc)s(p-dpeb)]a 1.2x10°  2.0x10° 0.31 37
[Eu(+pfc)s(p-dpeb)]la 1.2x10°  1.5x10° 0.37 43
[Eu(+hfc)s(p-dpeb)]la 1.2x10% 7.1x10° 0.12 15

[a] Aex= 355 nm.
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Theoretical calculations

TD-DFT calculations were performed to estimate the LMCT
characteristics in [Eu(+pfc)s(p-dpeb)], and [Eu(+hfc)s(p-dpeb)]..
These calculations were based on the structural parameters
obtained by single-crystal X-ray structural analyses. The
selected molecular orbitals of [Eu(+pfc)s(p-dpeb)]n and
[Eu(+hfc)s(p-dpeb)]. are shown in Figure 4a. The calculated
HOMO and LUMO are located in the camphorate ligands and
Eu(lll), respectively. The excitation energies and oscillator
strengths of the lowest LMCT transition (rmr (camphorate
ligand)->4f (Eu)) are summarized in Table 4. The LMCT
excitation energy of [Eu(+hfc)s(p-dpeb)], (20,810 cm™) is lower
than that of [Eu(+pfc)s(p-dpeb)], (22,530 cm™?). The calculated
energy levels of [Eu(+hfc)s(p-dpeb)], and [Eu(+pfc)s(p-dpeb)]n
are qualitatively consistent with the results of diffuse reflection
measurements (ESI: Figure S7). The absorption edge of
[Eu(+hfc)s(p-dpeb)], (c.a. 400 nm) is longer than that of
[Eu(+tfc)s(p-dpeb)]n and [Eu(+pfc)s(p-dpeb)], (c.a. 380 nm).
These lower LMCT excited states lead to energy transfer
between Eu(lll) and the LMCT state, resulting in a decrease of
the emission quantum yield (@:f). We also calculated the
moment angle between the transition electric dipole moments
of the LMCT ({uvcr) and C; axis in the 8-SAP structure (8w,
Figure 4b and Table 4). The results revealed that the @ ycr of
[Eu(+hfc)s(p-dpeb)], (79.3°) is smaller than that of [Eu(+pfc)s(p-
dpeb)], (82.5°), indicating that the bulky substituents in
[Eu(+hfc)s(p-dpeb)], affected the direction of the transition
electric dipole moments.

Additionally, we performed structural optimization of
[Eu(+tfc)s(p-dpeb),] unit by DFT calculations to estimate the

a)
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] b .
I (+pfc 4f (Eu ““a‘i"“a
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3 %
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y By 3
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wadgs WY AW M ™
38 TR,

¥
4  HOMO
b)

8-SAP
structure

Cal

Figure 4. a) Selected a-spin molecular orbitals of [Eu(+pfc)s(p-dpeb)], and
[Eu(+hfc)s(p-dpeb)],. b) Illustration of 6 ycr.

This journal is © The Royal Society of Chemistry 20xx
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Table 4. Characteristics of the LMCT states and the energy of T, states obtained by TD-DFT calculationstl.

Compounds Excitation energies of the Oscillator strengths Buvcr / deg. Energy levels of T states /
lowest LMCT states / cm™ cm™?
[Eu(+tfc)s(p-dpeb)]n®! 22,310 0.0046 84.0 20,400
[Eu(+pfc)s(p-dpeb)]n® 22,530 0.0043 825 20,300
[Eu(+hfc)s(p-dpeb)]n 20,810 0.0050 79.3 20,110

[a] TD-DFT LC-BLYP / Stuttgart RSC 1997 (for Eu atoms), cc-pVDZ (for C, H, O, F, and P atoms). [b] Based on the structure obtained by structural optimization of
[Eu(+tfc)s(p-dpeb)2]. [c] Based on the structure obtained by single-crystal X-ray structural analyses.

structure of [Eu(+tfc)s(p-dpeb)]n. The optimized structure and
the cartesian coordinates of [Eu(+tfc)s(p-dpeb),] are shown in
Figure S8 and Table S3 (ESI), respectively. The LMCT
characteristics of [Eu(+tfc)s(p-dpeb)], were also evaluated using
TD-DFT calculations based on the optimized structure. The
characteristics of the LMCT states were summarized in Table 4.
The LMCT excitation energy of [Eu(+tfc)s(p-dpeb)], (22,310 cm®
1) is similar to that of [Eu(+pfc)s(p-dpeb)], (22,530 cm™). The
Omer of [Eu(+tfc)s(p-dpeb)], (84.0°) is larger than that of
[Eu(+pfc)s(p-dpeb)], and [Eu(+hfc)s(p-dpeb)]l,. We found that
the structural strain of the camphorate ligands was closely
related to the characteristics of the LMCT excited states in the
chiral Eu(lll) coordination polymers.

The energy level of T; states, which are strongly related to
the energy transfer process of Eu(lll) complexes,?” are also
estimated (Table 4). The T, energy level of [Eu(+hfc)s(p-dpeb)],
(20,110 cm™) is similar to those of [Eu(+tfc)s(p-dpeb)], (20,400
cmt) and [Eu(+pfc)s(p-dpeb)], (20,300 cm™). From these results,
the drastically change of @¢f is mainly caused by the LMCT
excited states.

CPL properties

The CPL is characterized by the differential emission of left- and

[Eu(+hfc),(p-dpeb)],
[Eu(+pfc),(p-dpeb)],
[Eu(+tfc) (p-dpeb)],

0—— | | | | |
580 590 600 610 620 630
Wavelength / nm

Figure 5. CPL (upper) and emission (lower) spectra (Aex = 350 nm) of
[Eu(+tfc)s(p-dpeb)], (black), [Eu(+pfc)s(p-dpeb)], (red) and [Eu(+hfc)s(p-
dpeb)], (blue) in KBr pellet.

This journal is © The Royal Society of Chemistry 20xx

right-handed circularly polarized light.282° The magnitude of the

CPL (dissymmetry factors of CPL: gcp) is defined as
L R

where /| and /g are the intensities of the left- and right-handed

circularly polarized light, respectively.?®3° The gcp. can also be

represented using the transition electric and magnetic dipole

moments of the f-f transition (ti¢_s and i¢_¢) as follows

JcpL =

|te—¢l|7ie_¢| cOS 6, 1y
[l + |7mie_¢|?

©)

JepL =

where 6, ,,, is the moment angle between the fi¢_¢ and 7i¢_¢
vectors.?®3% |n the case of the Eu(lll) luminophore, the magnetic
dipole allowed transition (*Do—>7F;) often provides a large | gcpL|
value, 3034

The CPL spectra of the chiral Eu(lll) coordination polymers in
the solid state (in KBr pellets) are shown in Figure 5.
Characteristic CPL signals were observed at approximately 590
(°Do>7F1) and 615 nm (°Do—>7F2). The gcp. values of each
transition band are summarized in Table 5. The CPL signal
intensities of [Eu(+pfc)s(p-dpeb)]l, (g = -0.10) and
[Eu(+hfc)s(p-dpeb)], (gep = —0.22) were larger than that of
[Eu(+tfc)s(p-dpeb)ln (gepL = —0.05). Three types of enantiomeric
coordination polymers, [Eu(-tfc)s(p-dpeb)],, [Eu(-pfc)s(p-
dpeb)]s, and [Eu(-hfc)s(p-dpeb)], showed mirror images in the
CPL spectra (ESI Figure S9). The enhancement of the |gcp.|
values in both °Dg—>’F; and °D¢—>’F, transitions can be
explained by the J-mixing between 7F; and ’F; sublevels.3®> The
J-mixing is estimated by the Stark splitting energy of magnetic
dipole transition band (°Do—>7F;).3637 In the emission band of
>Do—>7F; transition, the Stark splitting energies of [Eu(+pfc)s(p-
dpeb)]l, and [Eu(+hfc)s(p-dpeb)]l, were larger than that of
[Eu(+tfc)s(p-dpeb)], (Figure S5a, ESI). The large |gcp.| of
[Eu(+pfc)s(p-dpeb)]n and [Eu(+hfc)s(p-dpeb)], are caused by
large J-mixing effect. Indeed, the |gcpL| value of [Eu(+hfc)s(p-

Table 5. The gcp. values of the chiral Eu(lll) coordination polymers in their
5Do—>7F; and >Dy—>7F,transitions.

Compounds gerL gerL
(°Do—>"F4) (*Do=>"F2)
[Eu(+tfc)s(p-dpeb)]a -0.05 +0.005
[Eu(+pfc)s(p-dpeb)]a -0.10 +0.010
[Eu(+hfc)s(p-dpeb)]n -0.22 +0.017
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dpeb)], was twice that of [Eu(+pfc)s(p-dpeb)]l, in both the
5Do—>7F; and °Do—>’F; transitions. The Stark splitting energy and
k- value of [Eu(+hfc)s(p-dpeb)], are the same as those of
[Eu(+pfc)s(p-dpeb)],, resulting in constant |zi¢_¢|? + |m¢_¢|? and
|Hde_¢ / Ms_¢| units in equation (5). From these results, we
considered that the enhanced |gcpL| value of [Eu(+hfc)s(p-
dpeb)], is caused by the change in cos 6, ,,. The moment angle
of is_¢ is affected by fiimcr through LMCT perturbation, which is
related to the change in 6, ,,. Thus, the steric hindrance control
in camphorate ligands of chiral Eu(lll) coordination polymers is
one of the important factors for enhancing their CPL properties.

Conclusion

Three types of chiral Eu(lll) coordination polymers, [Eu(+tfc)s(p-
dpeb)ln, [Eu(+pfc)s(p-dpeb)l,, and [Eu(+hfc)s(p-dpeb)]l, were
synthesized. The structural distortion of [Eu(+hfc)s(p-dpeb)],
was larger than that of [Eu(+pfc)s(p-dpeb)],. The large structural
strain affects the direction of the transition dipole moments and
leads to a large |gcpL| value. Previously, we reported on the
photophysical relationship between the LMCT states and | gcp. |
value.l” In this study, we successfully observed that the
electronic structure of the ligands in a chiral Eu(lll) coordination
polymer is directly linked to the characteristics of the LMCT
excited states and |gcpL| value. The precise tuning of the
structural distortion of the chiral ligands can enhance the |gcp|
value for optical applications. The relationship between the CPL
properties and LMCT excited states in chiral Eu(lll) compounds
provides novel insights in the fields of lanthanide chemistry,
coordination chemistry, and photophysical science.

Experimental

Materials and methods

Materials. (+)-3-(Trifluoroacetyl)camphor (98%) and (+)-3-
(heptafluorobutyryl)camphor (96%) were purchased from
Sigma-Aldrich Co. LLC. (+)-Camphor (> 98.0%) was purchased
from Tokyo Chemical Industry Co., Ltd. Europium(lll) acetate n-
hydrate (99.9%) was purchased from FUJIFILM Wako Pure
Chemical Corporation. All other reagents were reagent grade

and used without further purification.

General methods. Fourier transform infrared spectra were
recorded on a JASCO FT/IR-4600 spectrometer. ESI-MS spectra
were measured using a JEOL JMS-T100LP and Thermo Scientific
Exactive. Elemental analyses were performed on an Exeter
Analytical CE440. *H NMR (400 MHz), °F NMR (376 MHz), and
31p NMR (162 MHz) spectra were recorded on a JEOL ECS400,
JEOL ECZ400S, and JEOL ECX400 at 298 K, respectively.
Tetramethylsilane (64 = 0.00 ppm), hexafluorobenzene (& =
-164.9 ppm), and phosphoric acid (6p = 0.00 ppm) were used as
references for 'H, °F, and 3P NMR, respectively. Triple
resonance 3C {1H, °F} NMR (151 MHz) spectrum was recorded
on aJEOLJNM-ECZR equipped with a ROYAL-HFX probe. Powder
X-ray diffractometry was performed on a Rigaku SmartLab using
Cu-Ka radiation (A = 1.5418 A).
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Synthetic procedures

Preparation of 1,4-bis(diphenylphosphorylethynyl)benzene
(p-dpeb). p-dpeb was prepared with the procedure described in
a previous report.1®

1H NMR (CDCl3): & = 7.85-7.92 (m, 8H), 7.60 (s, 4H), 7.55-7.59
(m, 4H), 7.48-7.54 ppm (m, 8H). 3P NMR (CDCl3): 6 = 9.05 ppm.
IR (ATR): v = 3030-3076 (st, ArC-H), 2180 (st, C=C), 1121 cm™ (st,
P=0). ESI-MS (m/z): [M+H]* calcd. for C34H»50,P,, 527.13; found,
527.13. Elemental analysis: calcd. for Cs4H,40,P,, C 77.56, H
4.59; found, C 77.44, H 4.49%.

Preparation of (+)-3-(pentafluoropropionyl)camphor. (+)-
Camphor (3.0 g, 20 mmol) and sodium hydride (60% dispersion
in paraffin liquid, 2.1 g) were dissolved in tetrahydrofuran
(super dehydrated, 30 mL) under argon atmosphere. The
mixture was stirred 30 min at room temperature, after which
ethylpentafluoropropionate (3.3 mL) was dropwised to the
solution at 0 °C. The mixture was stirred 10 min and refluxed for
20 h. The dark brown reaction solution was cooled to room
temperature and methanol was added to consume the excess
sodium hydride. Hydrochloric acid (1 mol L%, 60 mL) was added
to the mixture. The product was extracted with ethyl acetate
and washed with brine. The extracts were dried over anhydrous
Na,SO, and evaporated to give a deep red oil. The crude
material was purified silica gel (Silica gel 60N, spherical neutral,
particle size 100-210 um, Kanto Chemical Co., Inc.) column
chromatography (ethyl acetate: n-hexane = 1:5) to afford light
red liquid. The liquid was further purified by distillation which
gave colourless liquid.

Yield: 2.1 g (7.1 mmol, 36%). *H NMR (CDCls): & = 11.73 (br, 1H),
2.81-2.95 (m, 1H), 2.02-2.15 (m, 1H), 1.69-1.86 (m, 1H), 1.37-
1.55 (m,2H), 1.02 (s, 3H), 0.97 (s, 3H), 0.83 ppm (s, 3H). 13C NMR
(CDCl3): 6 = 214.0, 148.3, 120.2, 118.4, 109.3, 58.0, 49.0, 47.3,
30.0, 26.6, 20.3, 18.2, 8.5 ppm. °F NMR (CDCl5): 6 = -86.9,
-124.4 ppm. ESI-MS (m/z): [M-H]" calcd. for C13H15Fs0,, 297.09;
found, 297.09.

Preparation of [Eu(+tfc)s(p-dpeb)],. Europium(lll) acetate n-
hydrate (0.36 g) was dissolved in distilled water (150 mL). (+)-3-
Triflouroacetylcamphor (0.50 g, 2.0 mmol) in methanol (15 mL)
was added to the solution, and the mixture was stirred for 4 h
at room temperature. The obtained powder was washed with
distilled water, and the powder was dried in vacuo
([Eu(+tfc)3(H20)2], 0.41 g). [Eu(+tfc)s(H20)2] (0.37 g, 0.40 mmol)
and p-dpeb (0.18 g, 0.33 mmol) were dissolved in methanol (10
mL) and refluxed for 5 h. The reaction mixture was cooled to
room temperature and evaporated to give a light yellow
powder. The obtained powder was washed with diethyl ether
and recrystallized from ethanol to give light yellow powder.
Yield: 35% for monomer. IR (ATR): 2865-2990 (st, ArC-H), 2183
(st, C=C), 1660 (st, C=0), 1120 (st, P=0). ESI-MS (m/z): [M-tfc]*
calcd. for CsgHs,EUFgO6P2, 1173.24; found, 1173.25. Elemental
analysis: calcd. for C;oHggEUFOgP,, C 59.20, H 4.68; found, C
58.87, H 4.57%.
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Preparation of [Eu(+pfc)s(p-dpeb)],. Europium(lll) acetate n-
hydrate (0.42 g) was dissolved in distilled water (150 mL). (+)-3-
(Pentafluoropropionyl)camphor (0.71 g, 2.4 mmol) in methanol
(20 mL) was added to the solution, and the mixture was stirred
for 18 h at room temperature. The obtained powder was
washed with distilled water, and the powder was dried in vacuo
([Eu(+pfc)3(H20)n, 0.56 g). [Eu(+pfc)s(H20),] (0.11 g) and p-dpeb
(62 mg, 0.12 mmol) were dissolved in methanol (10 mL) and
refluxed for 20 h. The reaction mixture was cooled to room
temperature and evaporated to give a light yellow powder. The
obtained powder was recrystallized from ethanol to give light
yellow powder.

Yield: 53 mg (0.034 mmol, 28%; for monomer). IR (ATR): 2868-
2995 (st, ArC-H), 2183 (st, C=C), 1654 (st, C=0), 1126 (st, P=0).
ESI-MS (m/z): [M-pfc]* calcd. for CeoHs:EUF1006P,, 1273.23;
found, 1273.22. Elemental analysis: calcd. for C;3HggEUF1508P>,
C55.84, H 4.24; found, C 55.63, H 4.11%.

Preparation of [Eu(+hfc)s(p-dpeb)],: Europium(lll) acetate n-
hydrate (0.38 g) was dissolved in distilled water (200 mL), and a
few drops of 28% ammonia solution were added (pH = 8). (+)-3-
(Heptafluorobutyryl)camphor (1.1 g, 3.2 mmol) in methanol
(40 mL) was added to the solution, and the mixture was stirred
for 22 h at room temperature. The obtained powder was
washed with distilled water, and the powder was dried in vacuo
([Eu(+hfc)3(H20)n, 0.94 g). [Eu(+hfc)3(H20),] (78 mg) and p-dpeb
(40 mg, 0.08 mmol) were dissolved in methanol (10 mL) and
refluxed for 5 h. The reaction solution was cooled to room
temperature and evaporated to give a light yellow powder. The
obtained powder was recrystallized from ethanol to give light
yellow powder.

Yield: 37 mg (0.022 mmol, 27%; for monomer). IR (ATR): 2870-
2999 (st, ArC-H), 2183 (st, C=C), 1652 (st, C=0), 1187 (st, P=0).
ESI-MS (m/z): [M-hfc]* calcd. for CeHs:EUF1406P,, 1373.22;
found, 1373.22. Elemental analysis: calcd. for C;6HggEUF2108P>,
C 53.06, H 3.87; found, C 52.85, H 3.75%.

Optical Measurements

Emission and excitation spectra were recorded on a HORIBA
Fluorolog-3 spectrofluorometer and corrected for the response
of the detector system. Emission decay profiles were measured
using the third harmonics (355 nm) of a Q-switched Nd:YAG
laser (Spectra Physics, INDI-50, FWHM =5 ns, A = 1064 nm) and
a photomultiplier (Hamamatsu Photonics, R5108, response
time < 1.1 ns). The Nd:YAG laser response was monitored with
a digital oscilloscope (Sony Tektronix, TDS3052, 500 MHz)
synchronized to the single-pulse excitation. Emission lifetimes
were determined from the slope of logarithmic plots of the
decay profiles. Emission lifetimes in the range of 150-370 K
were measured using a cryostat (Thermal Block Company, SA-
SB245T) and a temperature controller (Oxford, Instruments, ITC
502S). Diffuse reflection spectra were measured using a JASCO
V-770 spectrophotometer with an ISN-923 integrating sphere
unit. CPL spectra were recorded on a JASCO CPL-300 spectro-
fluoropolarimeter for Eu(lll) coordination polymers (0.5 mg)
mixed with KBr (150 mg). KBr tablets (diameter: 10 mm, Eu(lll)
coordination polymers / KBr) were prepared using a PT-10
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tablet forming machine (48.2 kN, press time: 3 min).

Crystallography

Single crystals of [Eu(+pfc)s(p-dpeb)], and [Eu(+hfc)s(p-dpeb)],
were obtained by the recrystallization from ethanol solution.
The single crystal X-ray structural analyses were carried out
using Rigaku XtalLAB Synergy-R/DW equipped with a HyPix-
6000HE detector (MoKa radiation, A =0.71073 A). The structure
was solved by direct methods and expanded using Fourier
techniques. Non-hydrogen atoms were refined anisotropically
using the SHELX system.3® Hydrogen atoms were refined using
the riding model. All calculations were performed using the
crystal structure crystallographic and Olex 2 software
package.3® The CIF data were confirmed by the
checkCIF/PLATON service. CCDC 2213525 (for [Eu(+pfc)s(p-
dpeb)ln) and 2213526 (for [Eu(+hfc)s(p-dpeb)]l,) contain the
supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge
Crystallographic Data Centre via
www.ccdc.cam.ac.uk/structures/

Computational Details

All quantum chemical calculations were performed by the
density functional theory (DFT) using the Gaussian 16
package.*® Structural optimization was carried out using DFT
with B3LYP-D3 functional*™3 (basis set: Stuttgart RSC 1997
(ECP28MWB)**4> for Eu atom and 6-31G(d) for other elements).
The excited states were investigated using time-dependent
(TD)-DFT with the long-range corrected LC-BLYP functional.*®
The spin-unrestricted self-consistent field calculations were
performed. The Stuttgart RSC 1997 (ECP28MWB) basis set was
adopted for Eu atoms, while the cc-pVDZ basis set*” was used
for the other atoms.
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