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Studying the effect of morphology on the circularly polarized luminescence (CPL) of chiral molecular
materials is important for the development of CPL-active materials for applications. Herein, we report that
the morphology of Gd(NO3)s/R-,S-AnempH, [AnempH, = (1-anthrylethylamino)methylphosphonic acid]
assemblies can be controlled by solvent modulation to form spiral bundles Gd(R-,S-AnempH)s-2H,0O (R-,
S§-1), crystals Gd(R-,S-AnempH)s-2H,O  (R-,S-2) and spindle-shaped particles Gd(R-,S-
AnempH)s-3H,0O-0.5DMF (R-,5-3) with similar chain structures. Interestingly, R-,S-1 are CPL active and
show the highest value of dissymmetric factor among the three pairs of enantiomers (|gium| = 2.1 X 1073),
which is 2.8 times larger than that of R-,S-2, while R-,$-3 are CPL inactive with |g,,m| &~ 0. This work pro-
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Introduction

Controlling the morphology of molecular materials may have a
profound influence on their physical or chemical properties.">
Typical examples are metal-organic frameworks (MOFs) that
show morphology-dependent catalytic performance due to
their different expressing crystal faces.® Studying the effect of
morphology on the optical properties of chiral molecular
materials, such as the circularly polarized luminescence (CPL),
is another interesting issue that is important for the develop-
ment of CPL-active materials for applications.* CPL is a unique
chiroptical property of chiral luminescent systems, and its
application requires CPL emission with high quantum yield
and a large dissymmetry factor, which is defined as gjum = 2(I,
— R)/(I, + I), where I;, and Iy refer to the intensities of left-
and right-handed circularly polarized emissions. Over the past
decade, significant progress has been witnessed in exploring
new chiral materials with high CPL performance including
organic molecules,” polymers,® and discrete metal-organic
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complexes.”® However, challenges still remain in improving
the luminescence dissymmetry factor. It was found that assem-
bling chiral organic or metal-organic molecules into helical
aggregates can facilitate exciton coupling mechanisms that are
known to strengthen chiroptical responses.’ Nevertheless, the
formation of helical aggregates of small molecules is often
difficult to control and the mechanism is inconclusive because
of the presence of complicated non-covalent intermolecular
interactions. In addition, investigations of the morphology
effect on the CPL properties of chiral coordination polymers
are still scarce."’

Chiral coordination polymers (CPs) composed of metal ions
or cluster nodes and organic linkers commonly feature good
crystallinity in the solid state."* The assembly of chiral CPs in
both crystalline and helical forms can provide an opportunity
for understanding the chirality transcription and amplification
from molecular to macroscopic scales.'” In particular, the mor-
phology of chiral one-dimensional (1D) CPs is the result of its
intrachain structure and interchain interactions,™® as well as
the external conditions such as solvents, additives, pH and
temperature.’® Our previous work has demonstrated that the
morphology of Ln**/R-,S-pempH, (Ln = Tb, Gd; pempH, =
(1-phenylethylamino)methylphosphonic acids) assemblies can
be controlled by pH and anions, forming block-like or rod-like
crystals or superhelices."'®'> We envision that the introduc-
tion of large aromatic components hanging from the chains
will not only enhance interchain interactions, but will also
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change the stacking pattern of the chains, thereby altering the
morphology of the assemblies under certain experimental con-
ditions. Furthermore, the large aromatic components may
bring interesting optical properties.

In this work, we employed R-,S-(1-anthrylethylamino)
methylphosphonic acids (R-,S-AnempH,) as ligands, and per-
formed a systematic investigation on the self-assembly of Gd
(NO3)3/R-,S-AnempH, in different solvents (Scheme 1). R-,S-
AnempH, was chosen due to their similarity in coordination
modes to R-pempH, and, in addition, the anthryl group with
extended conjugated aromatic rings has the potential to
provide abundant n-n and C-H---n interactions, steric hin-
drance, and rich photoluminescence properties.’® We found
that the morphology of the assemblies varied with solvents. In
the presence of a small amount of water, spiral bundles of Gd
(R-,S-AnempH);-2H,0 (R-,$-1) were obtained at 90 vol% NPA/
DMF, while crystals of Gd(R-,S-AnempH);-2H,0 (R-,$-2), and
spindle-like shaped particles of Gd(R-,S-
AnempH);-3H,0-0.5DMF (R-,S-3) were obtained at 70 vol% and
0 vol% NPA/DMF (NPA = n-propanol), respectively.
Interestingly, R-,S-1 are CPL active and show the highest value
of dissymmetric factor (|gjum| = 2.1 x 107°) among the three
pairs of enantiomers compared to R-,S-2 (|gjum| = 7.5 X 107%)
and R-,S-3 (|gium| = 0). The results indicate that the helical
alignment of chiral CPs at the macroscopic level is conducive
to the enhancement of |gj,m|. This work provides a new route
to control the morphology of chiral CPs and improve their CPL
performance.

Experimental
Materials and methods

All starting materials were of analytical reagent grade and used
as received without further purification. Elemental analyses
for C, N and H were determined with a PerkinElmer 240C
elemental analyzer. Fourier infrared spectra were measured as
KBr pellets on a Bruker Tensor 27 spectrometer in the range of
400-4000 cm™'. Thermogravimetric analysis (TGA) was per-
formed on a Mettler-Toledo TGA/DSC instrument in the range
of 300-600 °C under a nitrogen flow at a heating rate of 5 °C
min~". Powder X-ray diffraction (PXRD) data were recorded on
a Bruker D8 ADVANCE X-ray powder diffractometer (Cu-Ka) at

90% @ Gd(R-AnempH), 2H,0 (R-1)
e

70% ¢

—>‘§ Gd(R-AnempH),2H,0 (R-2)

l»?i'{ Gd(R-AnempH),-3H,0-0.5DMF (R-3)

NH__POH,
Gd(NO3);
OOO NPA/DMF+H,0

Scheme 1 Synthetic routes of R-1, R-2 and R-3 in a mixture of NPA/
DMF (total volume of 5 mL) and 0.5 mL of water. The percentages (0%,
70%, and 90%) refer to the proportion of NPA in NPA/DMF.
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room temperature. The morphologies of products were charac-
terized on a scanning electron microscope (SHIMADZU,
SSX-550 and S-4800) at an acceleration voltage of 5 kv. TEM
measurements were performed on JEM-2100. UV-vis spectra
were measured on a Shimadzu UV-3600 spectrometer.
Electronic circular dichroism (ECD) spectra were recorded on a
JASCO ]-810 spectrophotometer at room temperature. The
linear dichroism (LD) effect was checked by recording the ECD
and LD spectra on a JASCO J-1700 CD spectrometer at room
temperature. Circularly polarized luminescence measurements
were conducted on a JASCO CPL-300 spectrometer in the solid
state at room temperature (scanning rate: 20 nm min_l, scan-
ning mode: continuous, excitation slit width: 3000 pm, moni-
toring slit width: 3000 pm, response time: 16 seconds, and
single accumulation). In order to eliminate the effect of linear
dichroism on CPL, we carried out the CPL measurements by
manually operated rotation of a sample by 180° and then aver-
aged the data. The steady fluorescence spectra were obtained
using a PerkinElmer LS55 spectrophotometer. Time-resolved
fluorescence measurements and quantum yields were carried
out on an Edinburgh FLS980. The 'H NMR spectra were
recorded on a BRUKER AVANCE III 400 MHz spectrometer at
room temperature.

Synthesis of R-,S-AnempH,

A mixture of R-1-(anthracene-9-yl)ethan-1-amine (2.21 g,
10 mmol) and (CH,0), (0.33 g, 11 mmol) in 30 mL of toluene
was stirred at 80 °C for 1 h. Then HPO(OEt), (1.52 g, 11 mmol)
was added and the reaction was kept at 80 °C for 6 h. After the
removal of solvents, the product was purified by column
chromatography and R-diethyl(1-(anthracene-9-yl)ethylamino)
methyl-phosphonate (R-AnempEt,) was obtained as a pale
yellow oil (Scheme S1f). Yield: 6.48 g (87.3%). '"H NMR
(400 MHz, DMSO-dg): 6 = 9.34 (s, 1H), 8.53 (s, 2H), 8.08 (dd, J =
5.8, 4.0 Hz, 2H), 7.50 (dd, J = 6.5, 3.1 Hz, 4H), 5.51 (q, ] = 6.7
Hz, 1H), 4.02-3.79 (m, 4H), 2.92 (dd, J = 14.4, 10.1 Hz, 1H),
2.56 (d, J = 14.7 Hz, 1H), 1.67 (d, J = 6.8 Hz, 3H), 1.13 (dt, J =
21.4, 7.0 Hz, 6H) (Fig. S17).

The oil product (R-AnempkEt,) (6.48 g, 17.47 mmol) was
mixed with 13.2 mL (100 mmol) of Me;SiBr and 13.2 mL of
CH,Cl, and the mixture was stirred at room temperature for
24 h. After the removal of solvent, Me;SiBr was quenched with
10 mL of methanol. Then 200 mL of deionized water was
added and the mixture was stirred for 6 h. White powder of R-
(1-anthrylethylamino)methylphosphonic acids (R-AnempH,)
was collected by suction filtration and washed with water.
Yield: 5.30 g (96.4%). 'H NMR (400 MHz, DMSO-de): 6 = 8.95
(s, 1H), 8.69 (s, 1H), 8.52 (s, 1H), 8.14 (d, J = 9.5 Hz, 2H), 7.53
(d,J = 7.4 Hz, 4H), 5.94 (q, ] = 6.6 Hz, 1H), 2.74 (t, ] = 13.2 Hz,
1H), 2.42 (t, J = 13.3 Hz, 1H), 1.88 (d, J = 6.8 Hz, 3H) (Fig. S17).

S-AnempH, was synthesized similarly except that S-1-
(anthracene-9-yl)ethan-1-amine was used as the reaction pre-
cursor. "H NMR (400 MHz, DMSO-d,): & = 8.94 (s, 1H), 8.69 (s,
1H), 8.52 (s, 1H), 8.20-8.09 (m, 2H), 7.60-7.46 (m, 4H), 5.96
(dd, J = 13.4, 6.4 Hz, 1H), 2.75 (t, J = 13.1 Hz, 1H), 2.42 (t, J =

This journal is © The Royal Society of Chemistry 2024
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13.3 Hz, 1H), 1.88 (d, J = 6.8 Hz, 3H). The PXRD and IR spectra
of the R- and S-isomers are identical (Fig. S2 and S37).

Synthesis of spiral bundles R-,S-[Gd(AnempH);]-2H,0 (R-,S-1)

A mixture of R-AnpempH, (15.85 mg, 0.05 mmol), 0.5 mL of
DMF and 4.5 mL of NPA (90 vol% NPA/DMF) was stirred for
10 min at room temperature. Then, 0.1667 mL of 0.1 M Gd
(NO3); (0.01667 mmol) and additional water (total volume of
water 0.5 mL) was added and stirred for 30 minutes. A glass
bottle containing the reaction mixture was kept in a 15 mL
Teflon-lined stainless steel autoclave and heated at 100 °C for
1 day. The ginger powder R-1 was collected by suction filtration
and washed with water. Yield: 50.2% (9.4 mg), based on Gd
(NOj3);. Elemental analysis (%) calculated for R-1: C, 53.87; H,
4.87; N, 3.70; found: C, 53.69; H, 4.99; N, 3.77. S-1 was
obtained following a similar procedure except for using
S-AnempH,. Yield: 53% (10.0 mg), based on Gd(NOj;);.
Elemental analysis (%) calculated for $-1: C, 53.87; H, 4.87; N,
3.70; found: C, 53.94; H, 4.91; N, 3.72.

Synthesis of crystals R-,S-[Gd(AnempH);]-2H,0 (R-,S-2)

R-2 and S-2 were obtained following a similar procedure to R-1
and S-1, respectively, except for using 1.5 mL of DMF and
3.5 mL of NPA (70 vol% NPA/DMF). Yield: 43% (8.1 mg), based
on Gd(NOj3);. Elemental analysis (%) calculated for R-2: C,
53.87; H, 4.87; N, 3.70; found: C, 53.71; H, 5.11; N, 3.80. For S-
2, yield: 48% (9.1 mg), based on Gd(NO;);. Elemental analysis
(%) calculated for $-2: C, 53.87; H, 4.87; N, 3.70; found: C,
53.95; H, 5.04; N, 3.77.

Synthesis of R-,S-{Gd(AnempH);]-3H,0-0.5DMF (R-,S-3)

R-3 and S-3 were obtained following a similar procedure to R-1
and S-1, respectively, except for using 5.0 mL of DMF and
0.0 mL of NPA (0 vol% NPA/DMF). Yield: 35% (6.9 mg), based
on Gd(NOj);. Elemental analysis (%) calculated for R-3: C,
52.91; H, 5.08; N, 4.11; found: C, 53.63; H, 4.89; N, 4.47. For S-
3, yield: 40% (7.9 mg), based on Gd(NO3);. Elemental analysis
(%) calculated for §-3: C, 52.91; H, 5.08; N, 4.11; found: C,
52.70; H, 5.18; N, 4.40. Found: C, 52.67; H, 4.96; N, 4.24.

Results and discussion

Synthesis and characterization

Gd(NO;); and R-AnempH, (molar ratio of 1:3) in a mixture of
NPA/DMF (total volume of 5 mL with different proportions)
and 0.5 mL of deionized water were reacted solvothermally at
100 °C for 24 h. Scanning electron microscope (SEM) images
showed that the resulting solid products were nanoparticles in
100 vol% NPA/DMF, left-handed (M) spiral bundles in 90 vol%
NPA/DMF, crystals with regular shapes in 80-40 vol% NPA/
DMF, and spindle-shaped particles at 20-0 vol% NPA/DMF
(Fig. S47). Interestingly, the infrared (IR) spectra of products
with different morphologies are almost the same except for
the relative intensity of the peak at 1683 cm™" (Fig. S5t). The
powder X-ray diffraction (PXRD) patterns are identical except

This journal is © The Royal Society of Chemistry 2024
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for the 100 vol% NPA/DMF product (Fig. S6T). The intensity of
the diffraction maxima of the latter is very low, suggesting that
the product is amorphous. The results indicate that all pro-
ducts possess similar structures, but may differ slightly in the
solvent molecules. Therefore, we chose the products obtained
in 90 vol% NPA/DMF (spiral bundles, named R-1), 70 vol%
NPA/DMF (crystals, named R-2), and 0 vol% NPA/DMF
(spindle-shaped particles, named R-3) for further characteriz-
ation, and their SEM images are shown in Fig. 1 and S7.} It is
worth mentioning that the presence of a small amount of
water is essential to the formation of spiral bundles of R-1.
Without it, only spherical particles without chiral morphology
were generated. Notably, spiral bundles can also be obtained
in 90 vol% NPA/DMF plus 1.0-1.5 mL of H,O, and their PXRD
patterns are identical to that of R-1 (Fig. S8 and S9%).

The energy dispersive X-ray spectroscopy (EDS) analyses
revealed that the atomic ratio of Gd:P is ca. 1:3 in R-1, R-2
and R-3 (Fig. S10-S12%). Combining the results of thermo-
gravimetric (TG) (Fig. S13f) and elemental analyses
(Table S1t), the molecular formulae are proposed to be Gd(R-
AnempH);-2H,0 for R1 and R-2, and Gd(R-
AnempH);-3H,0-0.5DMF for R-3. The existence of lattice DMF
in R-3 is supported by the significantly enhanced intensity of
the peak at 1683 cm™" (Fig. 2a), which is attributed to the
stretching vibration of C=0O from DMF.

When R-AnempH, was replaced by S-AnempH,, we
obtained $-1, $-2, and $-3 under similar solvothermal reaction
conditions. The enantiomeric nature of the R- and S-isomers is
confirmed by their identical IR spectra (Fig. S14t), PXRD pat-
terns (Fig. S15f), and electronic circular dichroism (ECD)
spectra with opposite Cotton effect signals in the solid state
(see below). Notably, S-1 has a morphology of spiral bundles
with right-handedness (P), which is opposite to R-1, manifest-
ing that the macroscopic chirality is related to the intrinsic

S0k 5.7mm x5 00k SEU) )

Fig.1 SEM images of the Gd(NOs3)s:/R-,S-AnempH, assemblies
obtained in a mixture of NPA/DMF (total volume of 5 mL) and 0.5 mL of
water. (a and b) 90 vol% NPA/DMF (R-1, S-1), (c) 70 vol% NPA/DMF (R-2),
and (d) 0 vol% NPA/DMF (R-3).
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Fig. 2 (a) IR spectra and (b) PXRD patterns of R-1, R-2, and R-3. The

simulated pattern of R-2 is given for comparison.

chirality of the building blocks (Fig. 1a and b). Similar reac-
tions using ligands with different R-AnempH,/S-AnempH,
ratios have also been tested (Fig. S161). When the enantio-
meric excess (ee) value was higher than 60%, M-type helical
bundles were found. Decreasing the ee to 20% resulted in a
mixture of irregular M-type bundles and crystal clusters. As the
ee value reached 0%, the product was a mixture of crystals and
bundles without chiral morphology. As expected, further chan-
ging the ee to —20%, —60%, and —100% led to the formation
of products with similar morphologies but opposite handed-
ness to those at 20%, 60%, and 100% ee. All these products
exhibited identical IR spectra and PXRD patterns (Fig. S17 and
S18%). However, the ECD spectra displayed mirror profiles for
the +20%, +60% and +100% products, while the ee 0%
product was ECD silent (Fig. S19t). Obviously, the chiral struc-
tures were in good compliance with “majority rule”.

To gain insight into the structural information for these
materials, we tried to solve the crystal structure of R-2 by single
crystal structural analysis but failed. Only Gd and a few P and
O atoms can be located from the difference Fourier maps. A
reasonable structure of R-2 was obtained through Material
Studio simulation."” As shown in Fig. 2b and S20, the simu-
lated PXRD pattern matches well with the experimental
pattern, except for a slight shift of the peaks to the right. The
calculated cell parameters are: space group P3, a = 18.40 A, ¢ =
15.38 A, and V = 4509.52 A®. The cell volume is smaller than
that obtained by a Pawley fit of the experimental PXRD pattern
of R-2 using TOPAS 5.0 '® (4764.21 A%) (Fig. $211), which is sen-
sible because we did not consider the solvent molecules in the
calculation, resulting in a shrunken unit cell volume.

Structural simulation revealed that R-2 crystallizes in trigo-
nal system, chiral space group P3. The asymmetric unit con-
tains 4/3 Gd*" and four R-AnempH ™. Each of the four crystallo-
graphically distinct Gd atoms sits in a special position with an
occupation of 0.333. One of the four Gd atoms (Gd1) is nine-
coordinated and the other three (Gd2, Gd3, and Gd4) are six-
coordinated (Gd-O: 2.192-2.537 A) (Tables S2 and S3t). The
adjacent Gd atoms (Gd1-Gd2, Gd2-Gd3, and Gd1-Gd4) are
triply bridged by three p;-O(P) atoms, forming a linear tetra-
mer of {Gd,Oq}. The equivalent tetramers are further bridged
by three O-P-O units between Gd3 and Gd4 atoms, forming
an infinite neutral chain running along the c-axis (Fig. 3a).
Within the chain, there exist hydrogen bond interactions

4294 | Dalton Trans., 2024, 53, 4291-4298
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Fig. 3 Simulated structure of R-2: (a) the chain structure and (b) the
packing diagram. Solvent molecules were not considered in the
calculation.

among the phosphonate and amino groups (Table S47). The
interchain interactions could be dominated by van der Waals
contacts, but C-H---x interactions are also present (Fig. 3b and
Table S5t). Based on the structural analysis, the correct
formula of R-2 is Gd,(R-AnempH);,-8H,0, where the number
of lattice water molecules is determined by the elemental and
thermal analyses. For the sake of comparison, the formula of
R-2 can be simplified as Gd(R-AnempH);-2H,0.

The PXRD patterns of R-1 and R-3 are also consistent with
the simulated one of R-2 (Fig. 2), indicating that they are iso-
morphous phases with high crystallinity. To compare their cell
parameters, we indexed the diffraction peaks using TOPAS
5.0.® The derived parameters are: space group P3, a = 18.85 A,
¢ =15.82 A, and V = 4870.24 A® for R-1; space group P3, a =
18.86 A, c = 15.29 A, V = 4764.21 A® for R-2; space group P3, a =
18.87 A, ¢ = 15.80 A, and V = 4872.6 A® for R-3 (Fig. S21%).
Obviously, the cell volumes of R-1 spiral bundles and R-3
spindle-shaped particles are larger than those of R-2 crystals.
Thus, we can conclude that R-1 and R-3 possess a chain struc-
ture similar to R-2, but the stacking of the chains is looser
than that in R-2.

It is worth mentioning that the Gd(NOj);/R-AnempH,
assembly forms a chiral spiral bundle R-1 in 90 vol% NPA/
DMF with the presence of a small amount of water, while the
Gd(NO3)s/R-pempH, assembly we reported previously forms a
superhelix Gd(R-pempH);-2H,0 (R-P).'*” Noting that the latter
was obtained under hydrothermal conditions with pH =
3.6-4.2 at 120 °C, we performed similar hydrothermal reac-
tions of Gd(NO;); and R-AnempH, but obtained flower-like
nanoplates at pH = 4.0-6.0 (Fig. S227). This fact suggests that

This journal is © The Royal Society of Chemistry 2024
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the formation of R-1 spiral bundles rather than superhelices is
determined to a large extent by its intrinsic chain structure
and interchain interactions.

Since the structures of R-1 spiral bundles and R-P superhe-
lices are closely related to their crystalline counterparts R-2
and Gd(R-pempH);-1.5H,0, respectively, comparing the latter
two crystal structures will help us understand why the mor-
phologies of R-1 and R-P can be so different. As shown in
Fig. 3, R-2 has several structural features distinct from Gd(R-
pempH);-1.5H,0: (1) The Gd atoms in the R-2 chain are
bridged by three p;-O(P) to form a linear {Gd,O,} tetramer,
which is then bridged by three O-P-O units to form a linear
chain. In contrast, Gd atoms in Gd(R-pempH);-1.5H,0 are
bridged by two p;-O(P) and one O-P-O units to form a uni-
formly distributed spiral chain. (2) The interchain interactions
also differ. Although van der Waals interactions are dominant
in both cases, C-H---n interactions are found in R-2 but not in
Gd(R-pempH);-1.5H,0 (Scheme 2 and Fig. S237). The inter-
chain distance in R-2 (15.40 A) is shorter than that in Gd(R-
pempH);-1.5H,0 (15.76 A). The structural differences can be
related to the different ligands used in the two compounds.
The anthryl group on the ligand R-AnempH, in R-2 has a
larger steric hindrance and a more extended conjugated aro-
matic ring than the phenyl group on the ligand R-pempH, in
Gd(R-pempH);-1.5H,0, which causes stronger interchain inter-
actions in R-2. We speculate that it is the linear chain and the
relatively strong interchain interactions that promote the
ordered stacking of chains, resulting in the formation of spiral
bundles of R-1, rather than superhelices.

Formation mechanism of the spiral bundles of R-1

Since the spiral bundle can be considered as an arrangement
of needle-like crystals twisted clockwise or counter-clockwise,
the question arises as to when the twisting occurs and what is
the driving force for the twisting? To gain insight into the for-
mation mechanism of R-1 spiral bundles, we monitored the
solid products after the solvothermal reaction of Gd(NO3); and
R-AnempH, in 90 vol% NPA/DMF (total volume of 5 mL) and
0.5 mL of H,O at 100 °C for different periods of time (Fig. 4).
Before 100 min, the solution of the reaction mixture was clear
and the solid product could not be separated by centrifugation
(16500 r min™"). At 100 min, a trace of precipitation was

I H’
HaO

,o /\NH, N\
/\o y|¢ H
‘H
52 //

N N

Scheme 2 The interactions in R-2 (left) and Gd(R-

interchain
pempH)3-1.5H,0 (right).
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obtained by centrifugation (16500 r min~'), and the SEM
result exhibited shuttle-shaped particles, the widths and
lengths of which were ca. 3 pm and 9 pm, respectively
(Fig. S24t). Notably, there is a slight clockwise twist in the
centre of the particles. The twist became more significant and
spiral bundles with left-handedness were clearly formed after
2 h of reaction. Further elongation of the reaction time led to
the growth of spiral bundles in both length and thickness. The
EDS analyses showed that the solid products obtained at
100 min, 110 min and 24 h possessed similar Gd: P atomic
ratios of ca. 1:3 and the elements Gd, P were uniformly dis-
tributed throughout the region (Fig. S251), indicating that the
nodes and ends of the spiral bundle have similar compo-
sitions. The IR and PXRD patterns confirmed that the solid
products obtained after reactions of 100 min to 24 h are the
same as those for R-1 (Fig. S26 and S277). The results demon-
strate the formation of R-1 spiral bundles at 100 min of reac-
tion and the subsequent growth of spiral bundles at extended
reaction times. But what happened when the reaction time was
less than 100 min?

Since it was difficult to separate the solid products by cen-
trifugation at less than 100 min of reaction, we examined the
solution phase by ECD, SEM and TEM spectroscopy. The ECD
spectra of the reaction solutions from 0 min to 90 min and
even 2 h were almost identical, showing Cotton effects (-, +, —)
at about 260, 268 and 350 nm, respectively (Fig. S28}). These
spectra are similar to those of the ligand R-AnempH,, but the
signals have a slight red-shift that can be attributed to the
coordination of the ligand with the Gd*" ion. The SEM images
showed that nanoparticles 10-80 nm in size formed at 30 min
of reaction and reached over 100 nm with aggregation at
40-90 min of reaction (Fig. S29t). From the TEM images, we
also observed the formation of 10-20 nm nanoparticles at
30 min of reaction and ca. 100 nm nanoparticles at 60 min.
Interestingly, at 90 min of reaction, the nanoparticles not only
grew further but also underwent aggregation to form short
chains (Fig. S30t). The PXRD measurements revealed that the
residues after solvent evaporation of the 60 min and 90 min
reaction solutions were a mixture of R-1 and an unrecognized
phase, while the 100 min product was a pure phase of R-1
(Fig. S317). The disappearance of the unrecognized phase at
100 min of reaction indicates that R-1 is thermodynamically
more stable than this unrecognized phase.

Based on the above results, we propose the formation
mechanism of spiral bundles R-1 as below. First, Gd(NOs);/
R-AnempH, self-assembles into chiral nanoparticles. Then, the
chiral nanoparticles grow and aggregate to form linear aggre-
gates. Finally, the linear aggregates grow further in the longi-
tudinal and transverse directions to form chiral bundle-like
aggregates. Thus, the twisted growth of bundle aggregates may
originate from the misalignment of chiral nanoparticles
during the aggregation process. This misalignment may be
influenced by the solvent. Indeed, the same reactions in 90
vol% CH3;OH (or EtOH)/DMF + H,O resulted in spherical par-
ticles or crystalline clusters, whereas the reaction in 90 vol%
NBA/DMF + H,0O (NBA = n-butanol) led to crystals (Fig. S32-
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Fig. 4 SEM images of the self-assembled products of Gd(NOs)s/R-AnempH, in 90 vol% NPA/DMF + H,O at 100 °C for different periods of reaction time.

S34t). Interestingly, spiral bundles of R-1 were also observed
in 70-80 vol% EtOH/DMF + H,O, but not in 20-100 vol%
MeOH (or NBA)/DMF + H,O solvents (Fig. S35-S377).
Obviously, solvent plays an important role in triggering this
twisted stacking process. Apart from the solvent, a suitable
Gd*'/R-AnempH, molar ratio (1:3), temperature (70-100 °C),
and anion of gadolinium salt (NO3™) are also essential for the
formation of spiral bundles of R-1 (Fig. S38-S467).

Optical properties

To examine the influence of morphology on the optical pro-
perties, we first investigated their UV-vis and ECD spectra in
the solid state. The UV-vis absorption spectra were translated
from the diffuse reflectance spectra using the Kubelka-Munk
function: F(R) = (1 — R*)/2/R. As shown in Fig. 5a, R-1, R-2 and
R-3 display similar UV-vis spectra with strong broad absorption
bands appearing in the range of 200-490 nm, attributed to the
n-* transition of anthryl groups. Compared to the pure ligand
which shows absorptions at 205-420 nm (Fig. S477), the bands
for R-1, R-2 and R-3 are broader and red-shifted due to the
coordination of the ligand with the Gd*" ions (Fig. S481). The
ECD spectra of the three phases are also similar. R-1 showed
(=, +, =) patterns at 225, 290, and 393 nm, while R-2 and R-3
showed similar (-, +, —) patterns at 225, 283, and 390 nm,
respectively (Fig. 5b and Fig. S497). The linear dichroism (LD)
effect in the solid state ECD spectra was less than 0.004 [dOD]
(Fig. S50%), indicating that the observed ECD spectra are real.
Notably, the relative intensities of the ECD signals at ca. 290
and 393 nm varied with the samples in the sequence R-1 > R-3

4296 | Dalton Trans., 2024, 53, 4291-4298

> R-2. The maximum values of g, are 3.38 x 10~ (R-1), 2.18 X
1072 (R-2), and 2.35 x 107 (R-3) near 310 nm, respectively
(Fig. S51 and Table S7t). Considering that R-1 and R-2 possess
the same molecular composition and similar structures, the
enhanced ECD signals in R-1 are related to its morphology,
where the chirality is transferred and amplified from the mole-
cular to the macroscopic level. The ECD spectra of the
S-isomers show a mirror image relationship to the R-isomers,
corroborating the enantiomeric nature of these compounds at
the molecular level (Fig. S48-S517).

We then recorded the steady photoluminescence (PL)
spectra of the three compounds. All exhibited a broad emis-
sion band peaking at 484 nm (Fig. 5c and S52%). The average
lifetimes (z,,) are 3.28, 5.06, 5.47 ns for R-1, R-2 and R-3,
respectively, indicating that the emission originates from the
ligand (Fig. 5d, S53 and Tables S8, S91). The quantum yields
(QY) are 0.88%, 1.30%, and 2.41% for R-1, R-2 and R-3,
respectively (Table S9t). The low quantum yields are ascribed
to the aggregation-caused quenching (ACQ) effect."> The
S-isomers showed similar PL spectra, lifetimes and QY values
to their R-counterparts as expected (Fig. S52, S54 and
Table S9t). Impressively, the circularly polarized luminescence
spectra are quite different for the three phases. As shown in
Fig. 5e and f, R-1 is CPL active and shows the highest value of
dissymmetric factor (|gium| = 2.1 x 107%) among the three
samples. In contrast, R-3 is CPL inactive with |gium| & 0.
Although R-2 is CPL active, its dissymmetric factor (|gium| = 7.5
x 10~*) is much lower than that of R-1. The results demonstrate
that the amplification of chirality from the molecular to the

This journal is © The Royal Society of Chemistry 2024
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(a) UV-vis spectra; (b) ECD spectra; (c) emission spectra; (d) fluorescence decay curve and the fitting line (red line); (e) CPL spectra; and (f)

Jum spectra of R-, S-1 spiral bundles, R-, S-2 crystals, and R-, S-3 spindle-shaped particles.

macroscopic level in R-1 has a significant effect on enhancing
the CPL activity and increasing the |g,m| value of the material.

Conclusions

We systematically investigated the solvent effect on the mor-
phology of Gd(NOj3)s/R-,S-AnempH, assemblies and obtained
three materials with different morphologies, namely spiral
bundles R,$-1, crystals R-2 and spindle-shaped particles R-3.
The formation of the spiral bundle R-1 may be related to the
misalignment of initially formed chiral nanoparticles during
the aggregation process. Importantly, the morphology has a
sizable effect on the performance of CPL. R-1 shows the
highest value of gium (|glum| = 2.1 x 107), compared with R-2
(lgium| = =7.5 x 107*) and R-3 (|gium| ~ 0). The significance of
this work is twofold: (i) it provides a rare example to under-
stand the formation mechanism of spiral bundles of coordi-
nation polymers and (ii) it shows a clear relationship between
the morphology and asymmetric factors based on structurally
identical molecular materials. This work provides a new route
to control the morphology of chiral CPs and improve their CPL
performance.
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