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ABSTRACT: Hybrid multifunctional materials have great poten-
tial in a wide variety of applications due to their flexible
combination of organic and inorganic components. Introducing
chiral organic modules into the metal halide frameworks can
effectively generate multifunctional materials, achieving new
functionalities with noncentrosymmetric structures. Here, by
incorporating (R)- or (S)-piperidine-3-carboxylic acid (R/S-PCA)
as the templating cation, we report the synthesis and character-
ization of three pairs of new 2D chiral hybrid Cu(I) halides, namely,
(R/S-PCA)CuBr2, (R/S-PCA)CuBr2·0.5H2O, and (R/S-PCA)CuI2.
These chiral Cu(I) halides crystallize in the noncentrosymmetric
space group C2 and belong to a new structural type similar to
layered silicates. The optical absorption edges of these chiral
materials can be tuned by changing the halide or upon the absorption of water and range from 2.70 to 3.66 eV. A dynamic
conversion between (R/S-PCA)CuBr2 and (R/S-PCA)CuBr2·0.5H2O occurs through exposure to moisture or vacuum drying along
with changes in the reversible bandgap and photoluminescence. Chiroptical properties such as circular dichroism, circular polarized
light emission, and second harmonic generation are investigated. Density functional theory calculations (DFT) show the indirect and
direct bandgap natures of these Cu(I) halides and reveal the mechanism for the broadband self-trapped exciton emission at the
excited state. The fascinating structural type, chiroptical properties, and reversible hydrochromic behavior of these Cu(I)-based
halides make them viable candidates for next-generation multifunctional optoelectronic materials.

■ INTRODUCTION
Advanced multifunctional materials that integrate multiple
properties in a single crystalline material have attracted a
tremendous amount of research interest.1−7 In recent years,
hybrid organic−inorganic metal halides have been considered
promising functional materials because of their structural
diversity and extraordinary photophysical properties.8−14 Due
to the tunable compositions and flexible crystal structures of
hybrid organic−inorganic metal halides, chiral moieties can be
rationally introduced into the system as ligands or templating
cations, enabling the construction of multifunctional materi-
als.15−19 Chirality transfer from organic modules to inorganic
moieties can be effectively realized not only through the
formation of chemical bonds but also through spatial
interactions.20,21 Intrinsic chirality introduced in metal hybrid
materials will generally break the symmetry, leading to novel
chirality-related optoelectronic properties, such as circular
dichroism (CD),20,22 circularly polarized luminescence
(CPL),23 second harmonic generation (SHG),24 pyroelec-
tricity,25 piezoelectricity,26 and ferroelectricity.27 In addition,
due to the interaction between chirality and spin, the
introduction of chirality into organic−inorganic hybrid metal
halides with a strong spin orbit coupling system (Pb and I) also
has broad application prospects in spintronics.28,29

The first study on the chiroptical properties of a hybrid
metal halide was performed in 2017,22 where Moon and co-
workers investigated the CD in 2D (R/S-MBA)2PbI4 (MBA =
α-methylbenzylammonium). In addition to the extensively
studied lead-based chiral metal halides, other materials based
on Mn,30,31 Co,32 Cd,33,34 Sn,18,35 Sb,36 and Bi36−38 have also
been reported. A series of reports recently demonstrated direct
CPL detection using Cu-based chiral metal halides. For
instance, Hao et al. demonstrated a direct CPL detector that
utilized 0D Cu(II) hybrid chiral semiconductors because of
their strong chiroptical activity.39 Lu et al. also reported 0D
chiral hybrid Cu(II) halides that showed the typical spin-
polarized charge-transport property.40 Compared to Cu(II)
with a d orbital transition, Cu(I)-based halides with a d10

closed shell are conducive to achieving a high photo-
luminescence (PL) efficiency. In particular, Cu(I)-based
hybrid halides have the advantages of diverse structural
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tunability and a high photoluminescence quantum yield
(PLQY).41−43 A chiral ligand can be successfully incorporated
into the Cu(I) system. For example, Deng et al. synthesized
the first example of molecular Cu(I) halides ultilizing chiral
carbene ligands.44 Zhang et al. reported a pair of atomically
precise copper(I) clusters featuring bright-red luminescence
and CPL emission.45 Wang et al. achieved conspicuously
intensified CPL activities in layered-stacking assemblies based
on phosphine−copper(I) iodide hybrid clusters.46 Further-
more, Ge et al. reported two 1D chiral Cu(I) halides that
featured highly efficient SHG responses due to structural
noncentrosymmetry.47 Most of the reported Cu(I)-based
chiral compounds are coordinated structures with organic
ligands, whereas noncoordinated structures with an isolated
chiral cation and an anion backbone are reported much less.

Inspired by the idea of dimensional reduction in a halide
perovskite, where larger spacing cations are used to separate
the perovskite slabs, an organic cation with appropriate
functional groups can be applied in the Cu(I) system to
form a layered-framework-type structure. Here, by introducing
(R/S)-piperidine-3-carboxylic acid (R/S-PCA) as the chiral
organic templating cation, we report the first examples of chiral
Cu(I) halides with cationic and anionic sheets, namely, (R/S-
PCA)CuBr2, (R/S-PCA)CuBr2·0.5H2O, and (R/S-PCA)CuI2.

The “honeycomb-like” layers are formed due to a special
hydrogen bonding interaction between the carboxylate groups
and represent a new structural type in the Cu(I)-based halide
family. Interestingly, the structures of (R/S-PCA)CuBr2 and
(R/S-PCA)CuBr2·0.5H2O can be interconverted by exposure
to moisture or vacuum drying and also exhibit reversible PL
emissions. Incorporating a chiral cation in these structures
leads to their crystallization in the chiral C2 space group, where
their chiroptical properties were investigated. All materials
exhibit broad-band CPL emissions at room temperature with
decent PLQYs at around 10%. Density functional theory
(DFT) calculations reveal the indirect and direct natures of
these semiconductors. This new family of chiral Cu(I) halide
semiconductors allows us to have a deeper understanding of
controlling chiroptical properties with rational structural
design.

■ RESULTS AND DISCUSSION
Synthesis and Crystal Structure. The title compounds

were synthesized using stoichiometric amounts of R/S-PCA
and CuX in HX (X = Br, I) and H3PO2. Colorless or light
yellow plate-like crystals precipitated after the reaction mixture
was slowly cooled to ambient temperature. The detailed
synthesis conditions are provided in the Methods section.
Single-crystal X-ray diffraction revealed that the three hybrid
Cu(I) halides all crystallized in the noncentrosymmetric space
group C2. The crystal structures of all compounds are similar
2D layers and aredepicted in Scheme 1 and Figure 1. Detailed
crystallographic refinement details are listed in Tables S1−S3.
In (R/S-PCA)CuBr2, 2D layers are formed by [CuBr4]
tetrahedra connected via corner- and edge-sharing along the
ac-plane. From the perspective of the ab-plane, the 2D network
structure is like a twisted honeycomb (Figure 1d). As depicted
in Figure 1g, this new type of 2D structure is due to the
significant hydrogen bonds between the carboxylate groups
(O···O distance of 2.62 Å) (Table S4). The protonated R/S-
PCA moieties are typically located between inorganic layers
through O−H···O bonding interactions with the carboxylate
groups. In an isolated [CuBr4] tetrahedra of (S-PCA)CuBr2,

the Cu−Br lengths are in the range of 2.45−2.53 Å, and the
Br−Cu−Br angles range from 101.7° to 116.0°, with a Cu···Cu
distance of 2.61 Å (Table S5). In (S-PCA)CuBr2·0.5H2O,
when water molecules are sucked into the structure, the
formed honeycomb-like “pores” stretch, and the corresponding
average internal angle of the polygon increases from 119.4° to
122.2° (Figure S2). As shown in Figure 1f, multiple N−H···O
and O−H···Br H-bonding interactions are formed between
lattice water molecules and amine groups from organic cations
(N···O distance of 2.83 Å) and coordinated bromine ions (O···
Br distance of 3.28 Å, Table S4). Compared with that in (S-
PCA)CuBr2, the bond length of the Cu−Br bond increases and
falls within a range of 2.49−2.56 Å. The Br−Cu−Br angle
changes from 103.4° to 117.3°, with a longer Cu···Cu distance
of 2.65 Å (Table S6). When the halogen is changed from
bromine to iodine, a similar 2D layered Cu(I)-based iodide is
constructed under similar conditions. Since the electro-
negativity of iodine is weaker than that of the bromine atom,
the formed Cu−I distance is significantly longer, with Cu−I
distances of 2.61−2.72 Å, a wider I−Cu−I angle of 100.9°−
120.8°, and a shorter Cu···Cu distance of 2.59 Å (Table S7).
However, for Cu(I)-based iodides, water molecules were not
observed to adsorb into the structure because the electro-
negativity of iodine is weaker than that of bromine, making it
less attractive for water to be trapped.

Optical Properties. The optical bandgaps of these chiral
Cu(I)-based halides were determined by diffuse reflectance
spectroscopy measurements on solid powder samples (Figure
3). The optical bandgaps were estimated by extrapolating the
absorbing edge to the linear part and follow the order of (S-
PCA)CuI2 (2.70 eV), (S-PCA)CuBr2 (2.87 eV), and (S-
PCA)CuBr2·0.5H2O (3.66 eV). These bandgaps are com-
parable with other Cu(I) halides, such as [Me-Py]CuI2 (2.80
eV),48 [H2DABCO]Cu3Br5 (3.44 eV),48 and (R-MBA)CuBr2
(4.10 eV).47 Among these compounds, (S-PCA)CuI2 has the
smallest optical bandgap, with a corresponding light yellow
color.36,49 Moreover, in the Cu(I)-based bromides, as more
water is absorbed into the framework, the Cu−Br−Cu angle in
the honeycomb-like “pores” drastically increases from 147° to
170° (Figure S2), leading to a significant optical bandgap shift
(∼0.8 eV). This is consistent with what is shown in Figure S3,
where the optical absorption edge gradually blue-shifts. After
several checkpoints, the transition was finally complete.
Overall, the optical bandgaps here are more affected by the
Cu−X−Cu angles (147° for Br, 148° for I, and 170° for the
one with water) than the effect of the halide.

Time-resolved PL measurements give averaged decay
lifetime for these halides, from the longest of 123.9 μs for

Scheme 1. Schematic Illustration of the Structural
Components in the New Chiral Cu(I)-Layered Family
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(S-PCA)CuBr2 to 62.4 μs for (S-PCA)CuBr2·0.5H2O and the
shortest of 4.3 μs for (S-PCA)CuI2 (Figure 4a). The PLQYs of
the three chiral Cu(I)-based halides are 7.5% for (S-
PCA)CuBr2, 0.5% for (S-PCA)CuBr2·0.5H2O, and 12.8% for
(S-PCA)CuI2 (see Table 1). This suggests as the water was
absorbed, the PL was simultaneously quenched. Compared
with the Cu(I)-based bromines, iodide has the highest PLQY
and the shortest decay lifetime, which could be related to the
iodide-enhanced spin−orbit coupling effect and promoted
singlet-to-triplet intersystem crossing.50,51 Steady-state PL
measurements were also performed at room temperature, as
shown in Figure 4b and c. All compounds exhibit significant
PL emission. As shown in Figure 2, (R/S-PCA)CuBr2 and (R/

S-PCA)CuI2 have similar yellow emissions, while (R/S-
PCA)CuBr2·0.5H2O has a significantly different orange
emission. The broadband emission spectra with a single peak
at around 558 nm (2.22 eV) has a wide full-width at half-
maximum (fwhm) of 115 nm for both (R/S-PCA)CuBr2 and
(R/S-PCA)CuI2. For (R/S-PCA)CuBr2·0.5H2O, the emission
spectrum is progressively red-shifted from 558 (2.22 eV) to
590 nm (2.10 eV), with a slightly reduced fwhm of 111 nm. All
compounds show large Stokes shifts of 231 nm for (R/S-
PCA)CuBr2, 270 nm for (R/S-PCA)CuBr2·0.5H2O, and 232
nm for (R/S-PCA)CuI2), which are similar to those of many
previously reported Cu(I)-based halides.48 Considering that
the Cu···Cu distances of these halides are all less than the sum
of van der Waals radius of Cu atoms (2.8 Å), the emission

Figure 1. Crystal structures of (a) (S-PCA)CuBr2, (b) (S-PCA)CuBr2·0.5H2O, and (c) (S-PCA)CuI2 as viewed from the b-axis. Layered inorganic
frameworks of (d) (S-PCA)CuBr2 and (e) (S-PCA)CuBr2·0.5H2O as viewed from the c-axis. (f) H-bonding interactions (in red dashes) in (S-
PCA)CuBr2·0.5H2O. (g) H-bonding interactions (in red dashes) between carboxyl groups of the organic cations as viewed from the b-axis.

Figure 2. Optical microscopic pictures of the three new compounds
reported here. The right side shows the PL emission colors of the
crystals under UV excitation.

Figure 3. UV−vis absorption spectra of (S-PCA)CuI2, (S-PCA)-
CuBr2, and (S-PCA)CuBr2·0.5H2O. The pictures of the powdered
samples show their corresponding colors (insert, left to right: (S-
PCA)CuI2, (S-PCA)CuBr2, and (S-PCA)CuBr2·0.5H2O).
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bands might be assigned to a triplet-cluster-centered (CC)
excited state, which involves mixed iodide-to-metal charge
transfer (XMCT) and metal-cluster-centered (d10Cu →
d9s1Cu) transitions.42,52−54

CD, CPL and SHG. CD spectra were collected at room
temperature using single crystals of (R/S-PCA)CuI2. As shown
in Figure 4d, mirrored CD signals appear at approximately 362
and 403 nm, which is in agreement with the absorption peaks
(see Figure S4). The CD response stems from the Cotton
effect of the [CuI4] absorption bands affected by the chiral (R/
S-PCA) cations.55 This result indicates that the chirality of [R/
S-PCA]+ has been efficiently transferred to the 2D framework,
which is consistent with previously reported results.47,56 Also
noted the CD signals are overestimated due to the effects of
linear dichroism and birefringence; what matters here are the
opposite shape and peak positions.57,58

Combining the chiral structures and strong PL, we further
explored the CPL properties of these Cu(I) halides. As shown
in Figure 4b and e, the CPL emissions of (R/S-PCA)CuI2 are
consistent with the regular PL spectra regarding the emission
width and the peak position. The CPL property can be
evaluated according to the luminescence dissymmetry factors
[glum = 2 × (Ileft − Iright)/(Ileft + Iright)], where Ileft and Iright refer

to the intensities of the left- and right-polarized emissions,
respectively.59 The glum values of (R/S-PCA)CuBr2, (R/S-
PCA)CuBr2·0.5H2O, and (R/S-PCA)CuI2 are 2.1 × 10−3 and
−2.2 × 10−3, 3.7 × 10−3 and −2.1 × 10−3, and 8.3 × 10−3 and
−7.5 × 10−3, respectively, which are comparable to other
Cu(I)-based chiral materials, (e.g., [D/L-valinol(18-crown-
6)]+[Cu5(StBu)6]− (9.7 × 10−3 and −9.7 × 10−3)60 and (R/
S-MBA)4Cu4I4. (10.0 × 10−3 and −6.0 × 10−3)61 (see also
Table S8). The absence of perfect mirror CPL spectra for these
solid enantiomer powder samples could be due to aggregation
inhomogeneity in the solid state.62,63

Because of the noncentrosymmetric nature of these
materials, the SHG properties were also investigated. Using
potassium dihydrogen phosphate (KDP) as the reference,
SHG measurements were performed on polycrystalline
powders under 1064 nm laser irradiation at ambient
temperature. (S-PCA)CuBr2, (S-PCA)CuBr2·0.5H2O, and (S-
PCA)CuI2 exhibit nonlinear optical activities about 0.3×, 0.4×,
and 0.6× that of KDP, respectively (Figure 4f). The hydrated
analogue shows a higher SHG intensity compared with the
Cu−Br compound, which could be related to the change of the
local Cu−Br−Cu bond angles. Among the compounds, (S-
PCA)CuI2 has the largest SHG response, likely due to the
effect of the inherently smaller bandgap of the iodide.64

Temperature-dependent SHG measurements were also carried
out. For both compounds, higher temperatures lead to stronger
SHG responses (Figure S8). Differential scanning calorimetry
(DSC) analysis (Figure S9) indicates that (S-PCA)CuI2 has no
phase transition behavior within the range of 193−423 K.
However, for (S-PCA)CuBr2, exothermic and endothermic
peaks at 395 and 415 K can be observed in the cooling and
warming modes, respectively, making it a potential candidate
for stimuli-responsive SHG materials.65−68

DFT Calculations. In order to gain insights into the
electronic structures of these Cu(I) halides and to better

Figure 4. (a) Time-resolved PL decay spectra of (S-PCA)CuBr2, (S-PCA)CuBr2·0.5H2O, and (S-PCA)CuI2 (λex = 355 nm). Steady-state PL
spectra of (b) Cu(I)-based iodides and (c) Cu(I)-based bromides (λex = 360 nm). (d) CD spectra of (R/S-PCA)CuI2. (e) CPL spectra of
polycrystalline (R/S-PCA)CuI2. (f) Comaprison of the SHG responses of powdered (R/S-PCA)CuBr2, (S-PCA)CuBr2·0.5H2O, (R/S-PCA)CuI2
and KDP under the particle size range (147−210 μm) at room temperature.

Table 1. Summary of the Key Properties of (S-PCA)CuBr2,
(S-PCA)CuBr2·0.5H2O, and (S-PCA)CuI2

compound
(S-PCA)
CuBr2

(S-PCA)CuBr2·
0.5H2O

(S-PCA)
CuI2

space group C2 C2 C2
absorption edge (eV) 2.87 3.66 2.70
PL emission (eV) 2.22 2.10 2.22
PLQY (%) 7.5 0.5 12.8
PL lifetime (μs) 123.9 62.4 4.3
CPL glum (×10−3) −2.2 −2.1 −7.5
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understand of PL mechanism, DFT calculations were also
carried out to calculate the electronic band structures. As
shown in Figure 5, (S-PCA)CuBr2 and (S-PCA)CuBr2·0.5H2O
have slightly indirect bandgaps of 3.61 and 3.70 eV,
respectively. For both compounds, the valence ban CB is
made up of Cu 4s orbitals, while for (S-PCA)CuBr2·0.5H2O
the VBM consists of the Cu 3d and Br 4p orbitals and the
CBM consists of the Cu 4s orbitals and molecular orbitals of S-
PCA. (S-PCA)CuI2 has a calculated direct bandgap of 3.51 eV,
as the VBM and CBM are both located at the Γ-point. The
VBM consists of the antibonding states of I 5p orbitals and Cu
3d, and the CBM is derived from the molecular orbitals of S-
PCA. By and large, the calculated fundamental bandgap trend
(3.61, 3.70, and 3.51 eV) is in agreement with the observed
trend for the optical bandgaps (2.70, 3.66, and 2.87 eV) (Table
S10). However, deviation exists as the determination of the
exact fundamental bandgap for a low dimensional luminescent
material is generally hindered by the existence of exciton
absorption band, as often reported in literature.69,70,71 As
shown in Figure S12, for (S-PCA)CuBr2, the localized orbitals
between carboxyl groups give rise to a smaller broadening of
the band and a higher energy, resulting in Cu 4s orbitals being
the CBM. For (S-PCA)CuBr2·0.5H2O, the delocalized orbitals
between carboxyl groups increase the energy bandwidth and
reduce the energy level positions, so the organic molecule
contributes to the CBM. Similar to (S-PCA)CuBr2·0.5H2O,
the carboxyl groups also contribute to the CBM in (S-
PCA)CuI2. The stronger intermolecular interactions and the
larger energy bandwidth are due to the short distance between
carboxyl groups in (S-PCA)CuI2. Since the antibonding orbital
composed of I 5p and Cu 3d orbitals has a relatively higher
energy, the calculated bandgap is the smallest for (S-
PCA)CuI2. The main reasons for the similar calculated
fundamental bandgaps of these three halides are that the

VBM is contributed by the Cu 3d orbital and less affected by
the halogen p orbitals, and that the CBM is derived mainly
from the Cu 4s orbital or organic molecular orbitals with
comparable energy levels.

In general, the PL emission of metal halides typically red-
shifts when changing from Br to I. However, the PL emission
peaks of (R/S-PCA)CuBr2 and (R/S-PCA)CuI2 are almost
identical, and only (R/S-PCA)CuBr2·0.5H2O shows a PL red-
shift. The excited-state calculations indicate that the observed
emissions are attributed from the self-trapped excitons (STEs)
in these compounds, and the calculated emission peaks are
located at 2.58 eV (481.6 nm) for (S-PCA)CuBr2, 2.57 eV
(482.3 nm) for (S-PCA)CuI2 and 2.33 eV (533.1 nm) for (S-
PCA)CuBr2·0.5H2O (Figure 5d, S16), explaining well the
experimental observations. As shown in Figures 5e, Figures 5f,
and S15, under the excited state, structural distortions are
prominent in all compounds due to exciton localization.
Taking (S-PCA)CuI2 as an example, structural relaxation
breaks one Cu−I bond in the singlet state, which is
accompanied by a decrease in the Cu−Cu distance from
2.56 to 2.30 Å. The charge density for the hole state is mainly
located on the two Cu atoms of Cu2I6 dimer unit, while the the
charge density of the electron state is mostly located in the
direction of the connection between the two I atoms (Figures
5f and S15).

■ CONCLUSIONS
In conclusion, three pairs of chiral Cu(I)-based hybrids [(R/S-
PCA)CuBr2, (R/S-PCA)CuBr2·0.5H2O, and (R/S-PCA)-
CuI2)] featuring a new type of chiral 2D layered structure
have been reported for the first time. The unique structural
type is supported by the strong hydrogen bonding interaction
between the carboxylate groups on the R/S-PCA organic
cations. Specifically, (R/S-PCA)CuBr2 exhibits hydrochromic

Figure 5. Calculated band structures for (a) (S-PCA)CuBr2, (b) (S-PCA)CuBr2·0.5H2O, and (c) (S-PCA)CuI2. (d) The configuration coordinate
diagram illustrates the mechanism for the excitation, relaxation, and emission in (S-PCA)CuI2. Spin-polarized densities of states of (e) the ground
state and (f) the STE state in (S-PCA)CuI2. The insets show the local structures and the charge density maps for the excited electron and hole.
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properties that can be reversibly converted to the hydrated
phase (R/S-PCA)CuBr2·0.5H2O. With the successful chirality
transfer, all compounds exhibit chiroptical properties, such as
CD, CPL emissions, and SHG responses, that stem from the
noncentrosymmetric nature of the structures. DFT calculations
demonstrate that the bromide and iodide compounds are
indirect and direct semiconductors, respectively, with similar
bandgaps. The broad-band PL emission and the emission peak
position were further investigated through DFT, revealing
different STE mechanisms for each compound. Our work
opens up new opportunities for achieving multifunctionality in
the all-in-one Cu(I)-based layered semiconductors and
provides new design guidelines for functional optoelectronic
materials.

■ METHODS
Materials. Cuprous bromide (99.5%), cuprous iodide (99%), and

(R/S)-piperidine-3-carboxylic acid (97%) were purchased from Bide
Pharmatech Ltd. and directly used without further treatment.
Hydrogen bromide (AR, 40%), hydriodic acid (≥47.0%), and
hypophosphorous acid (AR, 50 wt % in H2O) were purchased from
Shanghai Macklin Biochemical Co., Ltd.
(R/S-PCA)CuBr2. CuBr powder (0.430 g, 3 mmol) was dissolved in

2 mL of 40% w/w aqueous HBr and 0.5 mL of 50% H3PO2 by heating
the mixture under stirring for 20 min at 124 °C until the solution
turned colorless. Then, to the solution was slowly added 0.387 g (3
mmol) of (R/S)-piperidine-3-carboxylic acid under stirring. Colorless
plate-like crystals precipitated as the reaction mixture slowly cooled to
room temperature.
(R/S-PCA)CuBr2·0.5H2O. (R/S-PCA)CuBr2·0.5H2O can be ob-

tained by the above similar synthesis method by reducing the amount
of the reactant to 2 mmol and increasing the amount of hydrobromic
acid to 3 mL. Crystals formed in open containers while the solvent
slowly evaporated. Alternatively, the phase with water can also be
obtained by placing (R/S-PCA)CuBr2 in the mother liquor for 2
weeks. Addtionally, (R/S-PCA)CuBr2·0.5H2O can be converted to
(R/S-PCA)CuBr2 by vacuum drying the sample at 60 °C for 2 h.
(R/S-PCA)CuI2. (R/S-PCA)CuI2 can be obtained with a synthetic

process similar to that for (R/S-PCA)CuBr2. CuI powder (0.381 g,2
mmol) was dissolved in 4 mL of 40% w/w aqueous HI and 1.0 mL of
50% H3PO2 by heating the mixture under stirring for 10 min at 127
°C until the solution became clear. Then, to the solution was slowly
added 0.258 g (2 mmol) of (R/S)-piperidine-3-carboxylic acid under
stirring. Light yellow plate-like crystals precipitated as the mixture
slowly cooled to room temperature.
Structural Determinations. The intensity data for single crystals

of (R/S-PCA)CuBr2, (R/S-PCA)CuBr2·0.5H2O, and (R/S-PCA)CuI2
were collected on a Bruker APEX-II CCD diffractometer with Mo Kα
radiation at room temperature. The collection and reduction of crystal
data were carried out using a Bruker APEX3 instrument. The crystal
structures were solved with SHELXT methods with the Olex2
program. All non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were placed at the geometric position. The details
of the crystallographic data and selected bond parameters for these
compounds are listed in Tables S1−S3.
Steady-State and Time-Resolved Photoluminescence.

Steady-state PL spectra were recorded on a HORIBA FluoroMax+
inctrument with a solid-state sample holder at room temperature.
PLQYs were examined at room temperature using the integrating
sphere on a Hamamatsu Photonics C11347−11 Quantaurus-QY (λex
= 360 nm) instrument. The PL decay curves were recorded at room
temperature. The excitation source was a pulsed ultraviolet femo-
second laser operated at 355 nm (Coherent Astrella ultrafast
Ti:sapphire laser with OperA Solo, pulse with of 100 fs and repetition
rate of 1 kHz). The signal was dispersed by a 320 mm
monochromator (iHR320 from Horiba, Ltd.) with suitable filters
and detected based on the time-correlated single-photon counting
(TCSPC) technique.

Optical Absorption Spectroscopy. The solid UV−vis absorb-
ance spectra were recorded at room temperature on a UV-3600i Plus
spectrophotometer with BaSO4 as the reference substance in the
wavelength range of 200−900 nm.

SHG Measurements. Powder SHG measurements were per-
formed using an Nd:YAG laser (1064 nm) with an input pulse of 350
mV on a modified Kurtz-NLO system.

Circular Dichroism. CD spectra for single-crystalline crystals were
recorded on a CD spectrometer (Chirascan, Applied Photophysics).
The wavelength and bandwidth of the monochromator were set to
280.0 and 1.0 nm, and the time-per-point of each sampling point was
0.5 s.

Circularly Polarized Luminescence. The CPL spectra were
recorded on a CPL spectrometer (CPL-300, JASCO) in the solid
state. The parameters for the CPL measurement were set as follows:
scanning speed of 200 nm/min, D.I.T. of 2 s, bandwidth of 2000 μm,
and a number of accumulations higher than 7.

Computational Details. DFT calculations were performed in the
Vienna Ab Initio Simulation Package (VASP) code using the
projector-augmented wave (PAW) method.72 To correct the van
der Waals interactions, the DFT-D3 correction method of Grimme
was employed.73,74 The cutoff energy for the electron wave was set to
400 eV. All crystal structures were fully relaxed until the total force on
each atom was <0.03 eV/Å. The Perdew−Burke−Ernzerhof (PBE)
function was used as exchange-correlation functional for structural
relaxation.75 Γ-Centered k-meshes with a k-spacing of 0.2 Å−1 were
employed to sample the Brillouin zones. For the calculations of
electronic properties, Heyd−Scuseria−Ernzerhof (HSE) hybrid
functionals were used.76,77 For excited-state calculations, supercells
of up to 192 atoms for (S-PCA)CuBr2 and (S-PCA)CuI2 and 204
atoms for (S-PCA)CuBr2·0.5H2O (2 × 2 × 1 primitive cells) were
considered. The optimized ground- and excited-state structures were
obtained using the HSE functional, and the atomic positions were
fully relaxed until the residual forces were less than 0.03 eV/Å. The
electrons and holes of these compounds are both strongly localized, so
the Δself-consistent field (ΔSCF) method can easily be used for the
STEs. The ΔSCF method combined with the HSE functional can
allow the accurate calculation of excited-state structural relaxation,
and the emission energy of a STE at an excited-state energy minimum
can be calculated based on the relaxed exciton structure following the
Franck−Condon principle.
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