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ABSTRACT: Copper (I) iodide hybrids are of interest for next-generation lighting technologies because of their efficient
luminescence in the absence of rare-earths. Here, we report ten structurally diverse hybrid copper (I) iodides that emit in
the green-red region with quantum yields reaching 67 %. The compounds display a diversity of structures including ones
with 1D Cu-1 chains, Cu,l, thomboid dimers, and structures with two different arrangements of Cu,l, tetramers. The com-
pounds with Cu,l, thomboid dimers or Cu,l, cubane tetramer have higher photoluminescence quantum yield than those
with Cu-11D chain and octahedral Cu,l, tetramer, owing to the optimal degree of condensation of the inorganic motifs that
suppresses non-radiative processes. Electronic structure calculations on these compounds point out the critical influence
of the inorganic motif and organic ligand on the nature of the band gaps and thus the excitation characteristics. Tempera-
ture dependent photoluminescence spectra are presented to better understand the nature of luminescence in compounds
with different inorganic motifs. The emerging understanding of composition-structure-property correlations in this family
provide inspiration for the rational design of hybrid phosphors for general lighting applications.

INTRODUCTION properties of the inorganic compounds with the excellent
structural flexibility, solution-processability, and tunability
of organic templates, providing greatly enhanced struc-
tural, chemical and physical properties.”” The diverse na-
ture of the organic templates and inorganic modules leads

Hybrid materials have established themselves as one
of the leading functional materials classes because of their
rich structural diversity, fascinating physical properties,
and wide potential applications.”® The integration of the
inorganic modules and organic templates enables the com-
bination of the superior optical, electrical, and magnetic
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Figure 1. [llustrations of (a) ligands Li-Lio used in the series of hybrid copper (I) iodides, (b) inorganic motifs of Cul 1D chain,
Cu.l, rhomboid dimer, Cu,l, cubane tetramer, and Cu,l, octahedral tetramer structures.

hybrid materials to be highly tunable, attracting tremen-
dous research efforts to extensively explore their structural
diversity and optimize their functional performance.>™®

The luminescence of inorganic-organic hybrid materi-
als has attracted much attention and been extensively ex-
plored due to their rare-earth free, energy efficient, and so-
lution processable advantages.” Copper(I) iodide hybrids
are of particular interest, and regarded as promising for
next generation lighting technologies because of their
unique properties including structural diversity, optical
tunability, and superior luminescence performance.**
Aside from the diversity of the organic components, the
charge-neutral inorganic motif Cunln takes various forms
ranging from zero-dimensional (oD) discrete clusters™ to
one-dimensional (1D) extended chains,* two-dimensional
(2D) layers,” and three-dimensional (3D) networks® with
the most common inorganic modules being Cul mono-
mer,>% Cul 1D chains,***® Cu,l, rhomboid dimer,>* and
Cu,l, cubane tetramers.*** The Cu.L, complexes (L = N-
, P-, S-, Sb- or Se- doner ligands) with Cusl; trimer,* *° oc-
tahedral Cu,l, tetramer,*”*° Cu,l, staircase tetramer,” and
Cugls cubane hexamer®” > as inorganic modules are also re-
ported. They are less-studied presumably due to the diffi-
culty in synthesis. According to the theoretical calculations
by Liu et al., it is proposed that the octahedral Cu,l, cores
are energetically unfavorable relative to the Cu,l, cubane
motif.® In the limited reports, the octahedral Cu,l, com-
plexes are formed based on bidentate ligands including
PAN-, PAP-, PAC-, and NAN- donors.*> ** 4 5% The various
inorganic modules in conjunction with the diverse organic
ligands via coordinate bonds give rise to rich hybrid copper
(T) iodide structures of various dimensionalities (oD-3D),
which provide a solid foundation for their tunable lumines-
cence with emission covering the entire visible range and
NIR edge.** 3+

With the aim of further exploring the structural diver-
sity and luminescence properties of copper (I) iodide hy-
brids, we report here ten new compounds, focusing on
their composition-structure-property correlations. These
new structures present a library that includes Cul 1D chain
structures, Cu,l, rhomboid dimer structures, Cu,l, cubane
tetramer structures, and octahedral Cu,l, tetramer struc-
tures. All the compounds reported here are intensely lumi-
nescent with different excitation and emission characteris-
tics. DFT calculations reveal the electronic structure of
these compounds, pointing out the critical role of inor-
ganic motif and organic ligand on band gap structure and
thus their excitation characteristics. The luminescence
mechanism of the compounds with different inorganic mo-
tifs was systematically investigated via temperature de-
pendent photoluminescence (PL) measurements in which
we observed red shifts in some spectral features while oth-
ers exhibited blue shifts, suggesting different luminescence
mechanisms as function of the various structure types. No-
tably, the compounds with Cu,l, rhomboid dimer and Cu,l,
cubane tetramer have relatively higher quantum yield (QY)
up to 67% than the rest of the examined compounds
(<30%). This work points to the structural diversity of cop-
per iodide hybrids and gives more insights into composi-
tion-structure-property correlations, providing inspira-
tions for rational design of functional hybrid phosphors for
general lighting applications.

RESULTS AND DISCUSSIONS

Crystal structures. A series of organic ligands (L;-L,
Figure 1a) were employed to form the hybrid copper io-
dides with the following formulas: Cul(isoquinoline) (1),
Cul(3-methylisoquinoline) (2), Cul(7-methylquinoline)
(3), Cul(3-methylquinoline) (4), Cul(4-methylquinoline)
(5), CulL(triphenylphosphine),(7-methylquinoline), (6),

2
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Figure 2. Crystal structures of Cul 1D chain structures 2-5 depicting one of 1D chains (top), and same structures emphasizing

-1t stacking interactions (bottom).

Cu,l,(2-methylpiperidine), (7), Cu,l,(4-methylpiperidine),
(8), Cu,l,(3,5-dimethylpiperidine), (9), Cu,l,(quinoline),
(10). Their crystallographic and structural refinements de-
tails are summarized in Table S1-S24. Using powder X-ray
diffraction (PXRD), the purity of the compounds was con-
firmed, with the diffraction patterns in excellent agree-
ment with the calculated ones (Figure S1). These com-
pounds are air and water stable. It has been demonstrated
that the thermal stability of copper (I) iodide hybrids de-
pends on their dimensionality, and the overall trend is oD
<1D < 2D.3* ® The decomposition temperature for oD and
1D copper (I) iodide hybrids is typically 50-150 °C.3** Com-
pounds 1-10 with oD/1D structures are expected to have
similar thermal stability. The hybrid copper iodide com-
pounds presented here cover a wide variety of structural
types. Based on the inorganic motifs, these compounds can
be categorized into four groups (Figure 1b): (i) Cul 1D
chain structures (1-5); (ii) Cu,l, rhomboid dimer structures
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(6); (iii) Cu,l, cubane tetramer structures (7-9); (iv) Cu,l,
octahedral tetramer structures (10).

Cul 1D chain structures. The first group of compounds
including five Cul 1D chain structures (1-5) were achieved
with isoquinoline-, N-methylisoquinoline-, and N-
methylquinoline-based organic ligands (L.-Ls). Most of
them crystallize in the monoclinic crystal system except for
2 in orthorhombic crystal system. All of them are built on
1D Cu-I chain motifs (Figure 1b), which further connect
with organic ligands via Cu-N coordination bonds, as de-
picted in Figure 2 and S2. Among them, organic ligand L,
in 1 has disorder in two directions along Cul chains (Fig-
ure S2). The Cu-N distances in these compounds (2.000-
2.064 A) are similar to typical Cu-N bond lengths (~1.8-2.2
A) in hybrid copper (1) iodide structures constructed via
Cu-N coordination bonds.***® The shortest Cu-Cu dis-
tances range from 2.796 A to 2.865 A, around or longer than
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Figure 3. Crystal structures of Cu.l. rhomboid dimer structure 6 (left) and Cu,l, octahedral tetramer structure 10 (right).
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Figure 4. Crystal structures of Cuyl, cubane tetramer structures 7-9 depicting one of the clusters (top); top-down view of the

same structures (bottom).

twice van der Waals radius of Cu (2.80 A), which is indica-
tive of weak cuprophilic interaction.® It is worth mention-
ing that intermolecular forces exist between the organic
ligands in these Cul 1D chain structures. There are offset
m---1 stacking interactions between aromatic rings with a
centroid-to-centroid distance ranging from 3.49 A to 3.67
A, which play a critical role in stabilizing the structures,
giving rise to the higher dimensional Cul 1D chain archi-
tectures.
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Figure 5. Optical absorption spectra of (a) Cul chain
structures 1-5, (b) Cu.l. rhomboid dimer structures 6, (c)
Cu,l, cubane tetramer structures 7-9, and (d) Cu,l, octa-
hedral tetramer structures 10. The estimated bandgaps of
1-10 range from 2.48 to 2.97 eV.

Cu,I, rhomboid dimer structures. One Cu,l, rhomboid
dimer structure 6 was obtained through cooperation of two
organic ligands, L; and Le. It crystallizes in the triclinic
space group P1. This hybrid structure is built on Cu.l,
rhomboid motif (Figure 1b), which further connects with
L; and L¢ via Cu-N and Cu-P coordination bonds respec-
tively, as demonstrated in Figure 3. Compared with 3, the
addition of triphenylphosphine (Lg) with large size and ste-
ric hinderance breaks Cul 1D chains into low dimensional
Cuw,l. rhomboid dimer structure. The adjacent
Cu,L,(Le),(Ls)> clusters are further interconnected by the
offset m---m stacking interactions between aromatic rings
with a centroid-to-centroid distance of 3.70 A (Figure 3).
With the incorporation of the second organic ligand L, the
Cu-N distance (2.090 A) in 6 is relatively longer than that
in Cul chain structures (2.000-2.064 A) due to the induc-
tive effect. The shortest Cu-Cu distance is 3.345 A, far
longer than twice van der Waals radius of Cu (2.80 A),
which is indicative of weak cuprophilic interaction.*

Cu,l, cubane tetramer structures. Three Cu,l, cubane
tetramer structures 7-9 are produced from the use of N-
methylpiperidine and N, N'-dimethylpiperidine L -L,. They
all crystallize in the tetragonal crystal system. The lack of
m---t stacking between aliphatic rings leads to the further
separation of the architectures comprising Cu,l, cubane in-
organic modules (Figure 4). The methyl of L, in 77 has dis-
order at 2 and 6 positions on the aliphatic ring. Each copper
atom in these structures is tetrahedrally coordinated to
three iodine atoms and one nitrogen atom via Cu-N coor-
dination bonds with the bond length ranging from 2.052 A
to 2.090 A. The shortest Cu-Cu distances (2.614-2.708 A)
are shorter than twice van der Waals radius of Cu (2.80 A),
indicating strong cuprophilic interaction in Cu,l, cubane
tetramer structures.*
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Figure 6. Band structures along high symmetry k-points for Cul chain structure 3, Cu.l. rhomboid dimer structure 6, Cu,l,
cubane tetramer structure 8, and Cuyl, octahedral tetramer structure 10.

Cu,l, octahedral tetramer structures. An exotic type of
Cu,l, octahedral tetramer structure 10 comes from the use
of quinoline L,, as organic ligand. It crystallizes in mono-
clinic space group C2/c. As seen in Figure 3, this com-
pound possesses a rare “octahedral” geometry that differs
significantly from the Cu,l, cubane configurations. In the
Cu,l, octahedral inorganic motif, four copper atoms are ar-
ranged in a planar parallelogram, which is axially capped
by two iodine atoms, forming a distorted octahedron, sup-
plemented by two terminal iodine atoms (Figure 1b). The
organic ligands L,, are connected with Cu,l, octahedral in-
organic modules via Cu-N coordination bonds (Figure 3).
The Cu-N distance (1.997 A) here is similar to the reported
Cu-N bond lengths (~1.9-2.0 A) for Cu,], octahedral te-
tramer structures, though studies are limited.*”* Both cop-
per and organic ligand L, exhibit disorder in this structure,
observed even in data collected at temperatures as low as
100 K. The shortest Cu-Cu distance is 2.158 A, which is
much shorter than twice van der Waals radius of Cu (2.80
A), indicating extremely strong cuprophilic interaction in
this compound.* Further analysis of the crystal stacking
reveals that the adjacent organic ligands within Cu,l,(Li),
cluster are aligned by the offset m---1 stacking interactions
between aromatic rings with a centroid to centroid dis-
tance of 3.48 A, which is shorter than those in Cul chain
structures and Cu.l, rhomboid dimer structure. The
stronger offset m---m stacking interactions may be the rea-
son for the formation of this unique Cu,l, octahedral te-
tramer architecture instead of Cul chain configuration.

Electronic structures. Since the copper (I) iodide hy-
brids are potential candidate for use in future devices, it is
of fundamental importance to gain insights into the elec-
tronic structures of these compounds. Based on the optical
absorption spectra shown in Figure 5, the estimated
bandgaps of 1-10 range from 2.48 to 2.97 eV (Table 1). To
understand the influence of the structures and composi-
tions on the electronic structures, DFT calculations were
performed on selected compounds among the different
structures. The results of the calculated band structures are
summarized in Figure 6 and Table S25. Compared with

the dimer and tetramer structures, the band structure of 3
with Cul chain structure shows more dispersion, reflecting
its more extended connectivity along the chain direction.
This compound is a direct bandgap semiconductor. Given
that the band structures were calculated using the PBE
functional, the bandgaps shown in Figure 6 are not quan-
titatively correct and tend to underestimate the experi-
mental gaps by roughly 1.5 eV. Additionally, the band struc-
tures suggest that compounds 3, 6, and 10 should all have
similar bandgaps, but that the gap for 8 should be signifi-
cantly larger. However, the experimental absorption onset
for 8 is nearly identical to that of the other compounds
mentioned here. Therefore, based on the DFT and the
sharpness of the peak in absorbance in the UV-vis data for
8, we believe that the initial absorption onset in this com-
pound is a pre-edge feature rather than representing the
true bandgap of the compound. Although the intensity of
this feature prevents us from determining the true bandgap
of this material experimentally, trends in the band struc-
tures suggest that the true gap should be approximately 4
eV. Density of states calculations (shown in the Supporting
Information) show that in all compounds, the valence band
maxima are dominated by contributions from the copper
3d orbitals and iodide 5p orbitals. In the case of compound
6 there is also a small contribution from the phosphorous
3p orbitals. The conduction band minima of 3, 6 and 10 are
mostly from the * orbitals of the aromatic ligands (carbon
and nitrogen 2p orbitals), while that of 8 comprise iodine
5p orbitals due to the non-n* orbitals nature of its aliphatic
ligands.

Optical properties. All these compounds exhibit
photoluminescence at room temperature, as shown in Fig-
ure 7. The emission color can be tuned from green to red
with quantum yield (QY) ranging from 1% to 67% depend-
ing on the inorganic module and organic ligand manipula-
tion. The full width at half maximum (FWHM) of the emis-
sion bands is in the range of 78 nm to 198 nm. Compound
5 exhibits the narrowest FWHM of 78 nm. Detailed excita-
tion energies, the corresponding emission peaks, and



FWHM are listed in Table 1. The room temperature life-
times vary from 0.5 to 53.9 us (Table 1, Figure S3), corre-
sponding to their phosphorescence characteristics at-
tributed to singlet-triplet transitions involving metal/hal-
ide-to-ligand charge transfer (M/XLCT) and/or Cu-I clus-
ter-centered transitions (CC).>* 7 The lifetimes are on the
same scale of previous reports on copper (I) iodide hy-
brids.** 7" The detailed fitting parameters are presented in
Table S26. Among these four kinds of structures, com-
pounds 6-9 with Cu,l, rhomboid dimer or Cu,l, cubane te-
tramer have relatively higher QY up to 67%. These results
are consistent with prior studies that found compounds
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Figure 7. Photoluminescence excitation (PLE) and photolu-
minescence (PL) spectra of (a) Cul chain structures 1-5, (b)
Cu.l>. rhomboid dimer structure 6, (¢) Cuyl, cubane te-
tramer structures 7-9, and (d) Cu,l, octahedral tetramer
structure 10. (e) Photographic images of the powder sam-
ples 1-10 under natural light (left) and 395 nm UV excitation
(right).

built on the Cu,l, rhomboid dimer or Cu,l, cubane te-
tramer tend to exhibit higher luminescence efficiency than
those built on Cul chains.” This may result from the more
condensed structures of the Cu.l, rhomboid dimer or Cu,l,
cubane tetramer, which typically reduce nonradiative pro-
cesses and thereby achieve higher quantum efficiencies.
The higher condensation of Cu.l, rhomboid dimer and
Cu,l, cubane tetramer structures 6-9 is indicated by their
nearest centroid-to-centroid distance d.. of inorganic motif
(7.4-9.8 A) as listed in Table S27, which is shorter than that
(10.4-11.3 A) for Cul chain structures 1-5. The short d..(8.348
A) for 10 indicates the high condensation of Cu,l, octahe-
dral tetramer structure. However, it has a low QY of 9 %,
which may result from the luminescence quenching led by
short ligand-ligand (3.48 A) and Cu-Cu (2.158 A) distance
as a manifestation of the concentration-quenching effect.
Moreover, it is interesting to notice that, within both Cu.L,
rhomboid dimer and Cu,l, cubane tetramer structures, dis-
ordered compounds 1 and 7 have the highest luminescence
efficiency. The higher capacity advantages of the disor-
dered materials for applications in lithium battery have
also been demonstrated, which is presumably associated
with the more open lattice in the disordered framework
that prevents the decomposition in some materials.” Alt-
hough deeper analysis into the high luminescence effi-
ciency of these disordered structures is beyond the scope
of this work, it may be a worthwhile topic for researchers
who are interested.

It is also worth mentioning that the excitation perfor-
mance of 7-9 is quite different with that of the other com-
pounds. The PLE spectra of Cu,l, cubane tetramer struc-
tures 7-9 manifest a sharp band peaking at 365 nm, which
is significantly different from those of the other com-
pounds, ranging from ultraviolet (UV) to blue light with
two broad bands peaking at about 365 nm and 450 nm re-

Table 1. Bandgap, optimum excitation (Aex, max) and emission (Aem, max) wavelengths, quantum yields (QY), and lifetimes of 1-
10 at room temperature. *Represents the absorption onset of a pre-edge feature rather than the true bandgap.

Compounds Bandgap Aex, max Aem, max FWHM QY Lifetime
(eV) (nm) (nm) (nm) (%) (ps)
Cul(isoquinoline) (1) 2.61 370 560 100 30 34
Cul(3-methylisoquinoline)(2) 2.57 365 620 198 1 57
Cul(7-methylquinoline) (3) 256 365 575 150 12 18
Cul(3-methylquinoline) (4) 2:55 365 580 150 n L3
Cul(4-methylquinoline) (5) 248 365 530 78 5 05
Cu.L(PhsP).(7-methylquinoline). (6) 2:56 370 535 m 25 53-9
Cu,l,(2-methylpiperidine), (7) 2.97 365 590 134 67 10.0
Cu,l4(4-methylpiperidine), (8) 2.57" 365 555 12 65 13
Cu,l4(3,5-dimethylpiperidine), (9) 2.89 365 625 156 20 2-4
Cu,l,(quinoline), (10) 2.73 365 610 151 9 11




spectively. Since phosphors assembled with UV light emit-
ting diodes (LEDs) and blue LEDs are two main configura-
tions for efficient white light,”> 77 exploring the excitation
mechanism of copper iodide hybrids with different struc-
tures is of guiding importance for their potential applica-
tions. Based on the results of previous studies into the elec-
tronic transitions involved in the photoexcitation of copper
iodide hybrids,*”® combined with the theoretical investi-
gations in this work, we find that the different excitation
properties originate from the differences in electronic
structure between copper iodide hybrids which incorpo-
rate aromatic (L.-Ls, Lio) or aliphatic ligands (L,-L,), irre-
spective of the inorganic modules. Our calculations re-
vealed that the HOMOs for the aromatic and aliphatic hy-
brids are similar, dominated by contributions from inor-
ganic components (Cu 3d and I 5p), and thus culminate in
as the singlet ground state S,. Interestingly, the LUMOs are
quite different. For aromatic hybrids (1-6, 10) the LUMOs
are mostly composed from the ©* orbitals of the aromatic
ligands with a combination of copper and iodine s-p states
as the higher-lying unoccupied molecular orbitals. In con-
trast, in the aliphatic hybrids (7-9) the LUMOs are mainly
comprised of inorganic components (I 5p) due to the lack
of m* orbitals on aliphatic ligands. These results indicate
that aromatic hybrids possess states from which low-en-
ergy excitations are possible, unlike their aliphatic counter-
parts. Consequently, in the former, blue-light excitation is
possible, while in the latter, only higher energy UV radia-
tion excites luminescence. These results demonstrate the
great potential for copper (I) iodide hybrids in phosphor-
converted LEDs (pc-LEDs). Specifically, the aromatic cop-
per (I) iodide hybrids can be fabricated with either blue or
UV LED chips, while the aliphatic copper (I) iodide hybrids
can only be activated by UV LED chips.

To gain insight into the luminescence mechanism of
copper (I) iodide hybrids with different inorganic motifs,
the temperature-dependent PL spectra for the selected
compounds of different structures were collected as shown
in Figure 8. As the temperature decreases from 300 K to
2.8 K, the emission band of compound 8 with cubane te-
tramer structure displays a gradual red-shift from 560 nm
to 590 nm, while that of compound 3 with 1D chain struc-
ture, 6 with rhomboid dimer structure, and 10 with octa-
hedral tetramer structure displays a blue-shift and the dis-
crete bands appear gradually. The sharp emission peak
seen at 720 nm in all spectra is due to second order Ray-
leigh scattering from 360 nm excitation. The temperature-
dependent spectra normalized at Rayleigh scattering peak
720 nm for these compounds are shown in Figure S4 to ex-
hibit the absolute PL intensity change. The emission of
copper iodide hybrids has been attributed to several differ-
ent mechanisms, including metal to ligand charge transfer
(MLCT), halide to ligand charge transfer (XLCT), and clus-
ter-centered (CC) transitions involving halide to metal
charge transfer (XMCT) and Cu (I) d*°-d°s" metal centered

transition, and sometimes a combination of these.”” For
compound 8 built of Cu,l, cubane tetramer and aliphatic
ligand, the emission appears to primarily originate from CC
transitions - likely because both VBM and CBM are com-
posed of inorganic atomic states due to the strong cu-
prophilic interaction. According to theoretical and experi-
mental studies of copper iodide hybrids with dominant CC
transitions,*™ the red-shift of emission upon cooling in
compound 8 can be attributed to enhanced cuprophilic in-
teractions due to shortening of the Cu-Cu distance at low
temperature. As for compound 3, 6, and 10, the blue-shift
of the primary emission energy and appearance of multiple
strong, narrow emission bands at low temperature can be
attributed to a complex interplay between the three excited
states for XLCT, MLCT and CC transition. According to
Ford’s work on the typical Cu,,(pyridine),,” the low en-
ergy band can be ascribed to CC transition, and the high
energy bands can be ascribed to (X+M)LCT. Since the CC
excited state is thermally populated by (X+M)LCT,>** the
relative intensity of emission from CC state decreases upon
cooling, leading to the overall blue-shift in compound 3, 6
and 10. In the case of compound 3 and 6, the shortest Cu-
Cu distance is around or longer than the sum of the van der
Waals radii (2.796 A for 3, 3.345 A for 6). We thus speculate
that the CC emission in 3 and 6 predominantly arises from
XMCT, due to weak cuprophilic interaction, therefore de-
creasing sensitivity to the contraction of the Cu-Cu cluster
as the temperature decreases. It is interesting to notice that
the emission spectra at low temperature for compound 10
present a sort of vibronic structure, as already observed for
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Figure 8. Temperature-dependent photoluminescence
(PL) spectra of (a) Cul chain structure 3, (b) Cu.l. rhom-
boid dimer structure 6, (¢) Cu,l, cubane tetramer struc-
ture 8, and (d) Cuyl, octahedral tetramer structure 10 rec-
orded between 2.8 K and 300 K under 360 nm excitation.



Cu,LL, (L=triphenylphosphine, tris(4-methoxy-
phenyl)phosphine, tris(4-tolyl)phosphine, 1-phenyl-3,4-di-
methylphosphole).*® This can be attributed to vibration
of the ligands due to its more rigid structure than the oth-
ers (compound 3 and 6) indicated by its shorter ligand-lig-
and distance (3.48 A) and shorter centroid-to-centroid dis-
tance of inorganic motif (8.348).*” In order to gain more in-
formation about the origin of the multi emission peaks at
low temperature, the temperature-dependent lifetimes for
these compounds of different structures were collected as
shown in Figure Ss. The lifetimes for all these compounds
are gradually increasing with decreasing temperatures. The
lifetimes of different emission bands for compound 10 are
recorded separately as shown in Figure S6. They all show
similar trends as temperature changes and approximate
value at same temperature, which further indicate that
these multi narrow emission bands could be attributed to
the vibration of the organic ligands. Consequently, the
emission of compound 8 with cubane tetramer structure is
attributed to CC transitions, while the emission of 3 with
1D chain structure, 6 with rhomboid dimer structure, and
10 with octahedral tetramer is attributed to a combination
of XLCT, MLCT and CC transition at room temperature,
and dominated by XLCT and MLCT at low temperature.

CONCLUSIONS

We report the preparation of ten new hybrid copper (I) io-
dide phosphors with a diverse range of structural types in-
cluding Cul 1D chain structures, Cu,l, rhomboid dimer
structures, Cu,l, cubane tetramer structures, and octahe-
dral Cu,l, tetramer structures. The compounds emit in the
useful, green-red region with QYs ranging from 1% to 67%.
Among them, compounds with Cu.l, rhomboid dimer or
Cuyl, cubane tetramer have relatively higher QY due to
their more condensed inorganic motifs. DFT calculations
have revealed the effects of the inorganic module and or-
ganic ligand on the electronic structures, demonstrating
that the additional lower-lying unoccupied molecular or-
bitals from m* orbitals enable photoexcitation with blue,
visible light of the copper iodide hybrids with aromatic lig-
ands while those with aliphatic ligands require higher en-
ergy excitation. Based on the temperature dependent PL
spectra for the selected compounds of different structures,
we have systematically investigated the luminescence
mechanism of the compounds with different inorganic mo-
tifs. We propose that the emission of compounds built of
Cu,l, cubane tetramer and aliphatic ligand is attributed to
CC transitions, while the emission of compounds with 1D
chain structure, rhomboid dimer structure, and octahedral
tetramer is attributed to a combination of XLCT, MLCT
and CC transition, and dominated by XLCT and MLCT at
low temperature. This work expands the scope of copper
(I) iodide hybrids, giving insight into their structural diver-

sity and luminescence mechanisms, and also further im-
proves our understanding of composition-structure-prop-
erty correlations.

METHODS

Materials. Cul (98%, Sigma-Aldrich), isoquinoline (L,
Spectrum Chemicals), 3-methylisoquinoline (L., 98%,
Sigma-Aldrich), 7-methylquinoline (L;, Spectrum Chemi-
cals), 3-methylquinoline (L,), 4-methylquinoline (L, Spec-
trum Chemicals), triphenylphosphine (Ls, Spectrum
Chemicals), 2-methylpiperidine (L,, 98%, Sigma-Aldrich),
4-methylpiperidine (Ls, 96%, Sigma-Aldrich), 3,5-dime-
thylpiperidine (L,, 99%, Sigma-Aldrich), quinoline (L.,
Spectrum Chemicals), KI, acetonitrile were purchased from
commercial sources and used as received.

Synthesis of 1-5. Cul (38 mg; 0.2 mmol) was dissolved in
5 mL acetonitrile, and 0.2 mmol A (A = isoquinoline, 3-
methylquinoline, 7-methylquinoline, 3-methylquinoline,
and 4-methylquinoline) dissolved in 2 mL acetonitrile was
added to the above solution under heating at 82 C. The
reaction mixture was kept heating for 1 min, and then al-
lowed to cool to room temperature. Pale yellow needlelike
crystals precipitated during slow cooling.

Synthesis of 6. Cul (47.5 mg; 0.25 mmol) was dissolved in
a saturated aqueous KI solution (2 mL) which was placed
in the reaction vial as the bottom layer. Ph,P (1311 mg; 0.5
mmol) and 7-methylquinoline (67.5 pL; 0.5 mmol) were
dissolved in toluene (2 mL) as the top layer. The vial was
kept closed at room temperature for 10 days to obtain pale
yellow crystals.

Synthesis of 7-9. Single crystals of 7-9 were obtained by
the layer method. Cul (95 mg; 0.5 mmol) was dissolved in
a saturated aqueous KI solution (2 mL) which was placed
in the reaction vial as the bottom layer. 2 mmol A (A = 2-
methylpiperidine, 4-methylpiperidine, and 3,5-dimethylpi-
peridine) was dissolved in ethanol (2 ¢cm?) which was
placed as the top layer. A mixture of ethanol (1 cm?) and
deionized water (1 cm?) was used as the middle layer to sep-
arate the above solutions. The vial was kept closed at room
temperature for 24 hours to obtain the colorless needlelike
crystals.

Synthesis of 10. Cul (38 mg; 0.2 mmol) was dissolved in 5
mL acetonitrile, and 0.2 mmol quinoline dissolved in 2 mL
acetonitrile was added to the above solution under heating
at 82 C. The reaction mixture was kept heating for 1 min,
and then allowed to cool to room temperature. Pale yellow
needlelike crystals precipitated during slow cooling.

Single Crystal X-ray Diffraction (SCXRD) and Powder
X-ray Diffraction (PXRD). SCXRD data were collected
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using a Bruker KAPPA APEX II diffractometer equipped
with an APEX II CCD detector using a TRIUMPH mono-
chromator with an Mo Ka source (A = 0.71073 A) and MX
Optics. SCXRD data for 2-6 and 8-9 were collected at room
temperature, while that for the disordered structures 1, 7
and 10 were collected at 100 K. Crystal structures were
solved using direct methods and refined by full-matrix
least-squares on F* using the SHELXL-2014 program pack-
age. PXRD patterns were collected using a PANalytical Em-
pyrean powder diffractometer equipped with a Cu Ka radi-
ation source (A =1.5418 A).

Diffuse reflectance optical spectroscopy. Optical dif-
fuse reflectance measurements were obtained using a Shi-
madzu UV3600 UV-NIR Spectrometer. Data were collected
in the wavelength range of 220 nm to 8oo nm using BaSO,
as the reference of 100 % reflectance. The Kubelka-Munk
function was used to convert the reflectance spectra to op-
tical absorption.

Computational details. Density functional theory (DFT)
calculations were performed using the Vienna Ab initio
Simulation Package®®° (VASP), version 5.4.4. The Perdew-
Burke-Ernzerhof” (PBE) functional and projector-aug-
mented wave® > (PAW) pseudopotentials were used with
a plane-wave cutoff energy of 1000 eV and energy conver-
gence of 10 ® eV or better. PAW potentials were chosen fol-
lowing the version 5.2 guidelines. Automatic k-mesh gen-
eration was used with a length parameter (Ry) of 60. For
band-structure calculations, an appropriate k-path was
generated using SeeK-path®* %, and band-structures were
plotted and analyzed using Sumo.*> %7

Photoluminescence, Internal Quantum Yield (QY),
and Photoluminescence Lifetime Measurements. Pho-
toluminescence emission (PL) and excitation (PLE) spec-
tra, and QYs of powder samples were obtained on a Horiba
FluoroMax-4 equipped with an integrating sphere using a
150 W continuous Xe arc lamp as excitation source. All the
PL and PLE spectra were calibrated by built-in correction
files. Photoluminescence lifetime (PLLT) measurements
were performed using an in-house-built multiscaler ana-
lyzer setup. The excitation light pulses at 370 nm were gen-
erated by Light Conversions TOPAS Prime Optical Para-
metric Amplifier (OPA) with UV-Vis-NIR optical mixing
unit. OPA was pumped with the output of Coherent
Astrella femtosecond regenerative amplifier. The system
produced ~160 femtosecond pulses with ~30 pJ energy with
the repetition rate of 5 kHz. The laser pulses were attenu-
ated with neutral density filters and focused on the sample.
PL was collected and focused on the entrance slit of a mon-
ochromator (PI Acton SPC-300) by an imaging lens and the
laser light was blocked by a long-pass interference filter
(Omega Filters). The light dispersed by the monochroma-
tor was detected by a photon counting detector (Hamama-
tsu H8259-02). PL transients were recorded with

Becker&Hickl MSA-300 multiscaler analyzer which was
triggered by the Astrella timing electronics. Data were col-
lected at room temperature.

Temperature-dependent Photoluminescence and
Lifetime Measurements. Temperature-dependent pho-
toluminescence (PL) spectra of powder samples were col-
lected in a 4K closed-cycle cold-finger cryostat under a base
pressure of 1x10” torr. Samples were photoexcited with 360
nm front-facing excitation, and this incident pulse was
generated from the 80o nm output of a Ti:sapphire ampli-
fier with 2kHz repetition rate and 35 fs pulse width using
an optical parametric amplifier (OPA). The cryostat details
for temperature-dependent lifetime measurements are the
same as written above. Time-resolved photoluminescence
measurements were collected using a streak-camera with
front-facing photoexcitation. Photon counts for spectral
and kinetic data were accumulated for 15 ms over 30,000
integrations of charge-coupled device (CCD) detector plate
collections.
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Section S1. Crystallographic details.

Table S1 Crystallographic and Structural Refinements Details for 1-5.

Compounds Cul(isoquinoline) Cul(3-methylisoquinoline) ~ Cul(7-methylquinoline)
(1) () 3)

Empirical formula CoH,CulN CioHioCulN CioHyCulN

Formula weight 319.60 334.63 333.62

Temperature 100(2) K 299(2) K 289(2) K

Wavelength 071073 A 0.71073 A 0.71073 A

Crystal system monoclinic orthorhombic monoclinic

Space group P 21/m Pca21 P 21/c

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)
Crystal size

0 range for data collection
Reflections collected

Independent reflections

o

Completeness to 8 = 25.242
Refinement method

Data / restraints /
parameters

Goodness-of-fit

Final R indices [I > 20(I)]

R indices [all data]

Largest diff. peak and hole

a=10.422(3) A

b = 4.1864(11) A
c=1.767(3) A

o =90°

B = 115.696(6)°

Y =90°

462.7(2) A3

2

2.294 g/cm’

5.636 mm”

300

0.300 X 0.050 X 0.050
mm?

1.921 to 26.407°
3355

1081 [Rint = 0.0388]
99.6%

Full-matrix least-

squares on F*
1081/ 90/ 113

1239
Robs = 0.0378, WRobs =
0.1357

Rai = 0.0435, wRan =
01383

1198 and -0.885 e-A”

a=32.967(18) A
b =4.200(2) A
c=14.942(8) A
o =90°

B=90°

Y =90°

2069(2) A3

8

2.149 g/cm’
5.047 mm’"

1272

0.250 X 0.050 X 0.050 Mm’>

1.235 to 25.347°

9132

3714 [Rint = 0.0462]

100%

Full-matrix least-squares

on F
3714 /1/ 238

1.082
Robs = 0.0532, WRobs =

0.1305
Rai = 0.0665, wRal = 0.1411

3.488 and -0.918 e-A”

a=4.262(7) A
b=18.28(3) A
c=13.52(2) A

o =90°

B =9576(3)°

Y =90°

1048(3) A

4

2114 g/cm?

4.980 mm”

632

0.300 X 0.050 X 0.050
mm?

1.879 to 25.782°
5495

1937 [Rint = 0.1087]
97.7%

Full-matrix least-

squares on F*
1937/ 0/ 14

1195

Robs = 0.1360, WRobs =
0.3078

Rait = 0.1708, wRan =
0.3237

3.846 and -2.257 e-A”

Compounds

Cul(3-methylquinoline)

(4)

Cul(4-methylquinoline)

(5)

Empirical formula

ClngCUIN

ClngCUIN

S2



Formula weight
Temperature
Wavelength
Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

0 range for data collection
Reflections collected
Independent reflections
Completeness to 8 = 25.242°
Refinement method

Data / restraints /
parameters
Goodness-of-fit

Final R indices [I > 20(I)]
R indices [all data]

Largest diff. peak and hole

333.62

289(2) K
071073 A
monoclinic
P2i/n
a=4192(3) A

b =15.772(10) A
c=15.612(9) A
o =90°

B = 95:885(16)°
Y =90°
1026.8(11) A3

4

2.158 g/cm’
5.084 mm”

632

0.25 X 0.05 X 0.05 mm’
1.840 to 25.791°
1881

1881 [Rint = 0.0934]
96.2%

Full-matrix least-squares on F*
1881/0/ 71

1.059
Robs = 0.1214, WRobs = 0.2434

Ran = 0.2235, wRan = 0.2785
1.670 and -1.495 e-A?

333.62

289(2) K
071073 A
monoclinic
Cz/c
a=2112(6) A

b =4.208(12) A
c=22.01(7) A

o =90°

B =10127(3)°

Y =90°

1997(10) A’

8

2.219 g/cm’
5.228 mm”
1264

0.200 X 0.050 X 0.050 mm’
1.813 to 25.680°
4287

1875 [Rint = 0.0983]
99.3%

Full-matrix least-squares on F*
1875/1/ 83

1.369

Robs = 0.0736, WRobs = 0.1127
Rai = 0.1395, wRan = 0.1231
1.835 and -1.268 e-A’

Table S2. Crystallographic and Structural Refinements Details for 6.

Compounds

Cu.L(PhsP).(7-methylquinoline). (6)

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system

Space group

Unit cell dimensions

CasH»,CulNP
595-89

298(2) K
0.71073 A
triclinic

P
a=9.764(6) A
b =10.578(7) A



Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

0 range for data collection
Reflections collected
Independent reflections
Completeness to 8 = 25.242°
Refinement method

Data / restraints / parameters
Goodness-of-fit

Final R indices [I > 20(I)]

R indices [all data]

Largest diff. peak and hole

c=13342(9) A
o = 71.223(18)°
B = 74.200(16)°
Y =86.19(3)°
1255.0(14) A3

2

1577 g/cm’

2180 mm”

592

0.200 X 0.150 X 0.100 mmy

1.672 to 25.681°
9755
4760 [Rint = 0.0207]

100%

Full-matrix least-squares on F*

4760 / 0 [ 290

1.035

Robs = 0.0287, WRobs = 0.0685

Rai = 0.0361, wRan = 0.0727

0.842 and -0.393 e-A”

Table S3. Crystallographic and Structural Refinements Details for 7-9.

Cuuls(4-
methylpiperidine), (8)

Cuyly(3,5-
dimethylpiperidine), (9)

Compounds Cudli(>-
methylpiperidine), (7)

Empirical formula C;HCuIN

Formula weight 289.53

Temperature 100(2) K

Wavelength 071073 A

Crystal system tetragonal

Space group P-421c

a=15348(4) A
b=15348(4) A

¢ =7.4009(17) A
Unit cell dimensions

a=9o0°

B=90°

Y =90°
Volume 1743.3(10) A3
Z 8
Density (calculated) 2.206 g/cm®

CoyHs2CuylyNy
158.45

203(2) K
0.71073 A
tetragonal
I-4
a=157153) A
b =15715(3) A
¢ =7.7228(15) A
a=90°
B=90°

Y =90°
1907.3(8) A’

2

2.017 g/cm’?

C,HisCuIN
303.64

203(2) K
071073 A
tetragonal
P42/nmc
a=16.400(3) A
b =16.400(3) A
¢ =7.8196(12) A
a=90°

p=90°

Y =90°
2103.3(8) A3

8

1.918 g/cm’



Absorption coefficient

F(000)
Crystal size

0 range for data collection
Reflections collected
Independent reflections
Completeness to 8 =

25.242°
Refinement method

Data / restraints /
parameters

Goodness-of-fit

Final R indices [I > 20(I)]

R indices [all data]

Largest diff. peak and
hole

5.971mm’

1056

0.25 X 0.05 X 0.05 mm’

1.877 to0 29.623°

8175
2261 [Rint = 0.0650]

99.9%

Full-matrix least-squares

on F
2261 /11 / 67

1.825
Robs = 0.0640, WRobs =
0.1371

Ran = 0.0791, wRan = 0.1413

1.521 and -1.407 e-A3

5.456 mm”

1104

0.3 X 0.05 X 0.05 mMm’

1.833 to 24.687°
5302
1519 [Rint = 0.0242]

971%

Full-matrix least-squares

on F*
1519 / 0/ 84

1.009

Robs = 0.0199, WRobs =
0.0434

Ran = 0.0230, wRan =

0.0446

0.346 and -0.260 e-A”

4.952 mm’”
168

0.250 X 0.050 X 0.050

mm’®

1.756 to 26.342°

5542
1151 [Rint = 0.0375]

99.3%
Full-matrix least-squares
on F*

us1/0/53

1.884

Robs = 0.0415, WRobs =
0.0524

Rail = 0.0766, wRai =

0.0550

0.664 and -0.695 e-A3

Table S4. Crystallographic and Structural Refinements Details for 10.

Compounds

Cu,l4(quinoline), (10)

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

CoH,CuIN
319.60

100(2) K
0.71073 A
monoclinic
Cz/c
a=19.813(12) A
b =13.776(8) A
¢ =16.340(10) A
o =90°

B =125.477(10)°
Y =90°

3632(4) A’

16

2.338 g/cm’®
5.743 mm’

2400



Crystal size

0 range for data collection
Reflections collected
Independent reflections
Completeness to 8 = 25.242°
Refinement method

Data / restraints / parameters
Goodness-of-fit

Final R indices [I > 20(I)]

R indices [all data]

Largest diff. peak and hole

0.2 X 0.05 X 0.05 mm’

1.944 to 27.364°

14720

4071 [Rint = 0.0455]

100%

Full-matrix least-squares on F*
4071/31/192

1354

Robs = 0.0811, WRobs = 0.1884
Rai = 0.0901, wRan = 0.1914
4.042 and -4.827 e-A”

Table Ss. Selected bond lengths [A] and angles [°] for Cul(isoquinoline) (1) with estimated standard deviations in

parentheses.
Label Distances (A) Label Angles (°)  Label Angles (°)
I(1)-Cu(y) 2.6565(19) Cu(1)-1(1)-Cu()# 64.81(4) [(1)#1-Cu(1)-1(1)#2 102.84(6)
1(1)-Cu(1)# 2.6776(12) Cu()-1(1)-Cu()#2 64.81(4)  N(1)-Cu(1)-Cu()#2 124.1(14)
[(1)-Cu(1)#2 2.6776(12) Cu(n)#1-1(1)-Cu(1)#2 102.84(6)  1(1)-Cu(1)-Cu(1)#2 57.95(6)
Cu(1)-NQ) 2.064(10) N(1)-Cu(1)-1() 106.6(3) I(1)#1-Cu(1)-Cu(1)#2 127.13(9)
Cu()-1()# 2.6776(12) N@)-Cu(1)-1()# 108.37(15)  1()#2-Cu(1)-Cu()#2  57.24(4)
Cu()-1(1)#2 2.6776(12) 1(1)-Cu(1)-1()# u519(4)  N(@)-Cu(1)-Cu)tr 124.1(14)
Cu@)-Cu(#2  2.859(2) N()-Cu(@)-1(1)#2 108.37(16)  1(1)-Cu(1)-Cu(i)# 57.95(5)
Cu(n)-Cu(m#r  2.859(2) 1(1)-Cu(1)-1(1)#2 1519(4)  1(1)#1-Cu(1)-Cu(n)tr 57-24(4)

Symmetry transformations used to generate equivalent atoms:

(1) X,-y+1,-2+1 (2) -X,-y,-z+1

Table S6. Selected bond lengths [A] and angles [°] for Cul(3-methylisoquinoline) (2) with estimated standard

deviations in parentheses.

Label Distances (A) Label Angles (°) Label Angles (°)
Cu(1)-NQ) 2.033(14) N(@)-Cu(®)-1(2) 129.2(4) 1()-Cu(@)-1(1)#2 105.05(13)
Cu()-1(2) 2.636(3) N(@)-Cu(®)-1(2)# 102.7(4) N(2)-Cu(2)-1(2) 102.7(5)
Cu(1)-I(2)# 2.686(3) I(2)-Cu(1)-1(2)#1 104.22(13) I(1)-Cu(2)-1(2) 100.98(12)
Cu(1)-1(r) 2.725(5) N@)-Cu(1)-1(1) 104.3(4) [(1)#2-Cu(2)-1(2) 116.00(14)
Cu(1)-Cu()#r  2.865(3) I(2)-Cu(1)-1(1) 101.21(12) N(2)-Cu(2)-Cu(z)#2 15.1(5)
Cu(2)-N(2) 2.049(14) [(2)#1-Cu(1)-1(2) 16.15(14) 1(1)-Cu(2)-Cu(1)#2 14.83(1)
Cu(2)-I(1) 2.623(3) N(1)-Cu(1)-Cu(z)#1 115.9(4) [(1)#2-Cu(2)-Cu(1)#2 58.86(11)
Cu(2)-11)#2 2.669(3) I(2)-Cu(1)-Cu(2)#1 114.80(11) I(2)-Cu(2)-Cu(1)#2 57.15(8)
Cu(2)-1(2) 2.746(5) I(2)#1-Cu(1)-Cu(2)# 59.18(11) Cu(2)-1(1)-Cu(2)# 105.05(13)
Cu(2)-Cu()#2  2.865(3) I(1)-Cu(1)-Cu(2)#1 56.96(8) Cu(2)-I1(1)-Cu(1) 79.20(12)
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I(1)-Cu(2)# 2.669(3) N(2)-Cu(2)-1(1) 130.0(5) Cu(2)#1-1(1)-Cu(a) 64.18(10)
I(2)-Cu(1)#2 2.686(3) N(2)-Cu(2)-1(1)#2 102.9(5) Cu(1)-I(2)-Cu(1)#2 104.22(13)
Symmetry transformations used to generate equivalent atoms:

(1) X,¥-1,Z (2‘) X,y+L1,Z2

Table S. Selected bond lengths [A] and angles [°] for Cul(7-methylquinoline) (3) with estimated standard

deviations in parentheses.

Label Distances (A) Label Angles (°) Label Angles (°)
1(1)-Cu(1)# 2.659(6) Cu()#1-1(1)-Cu(r) 62.56(14) I(0)#-Cu(1)-1()#3 100.33(13)
1(1)-Cu(@) 2.724(6) Cu()#1-1(1)-Cu(@)#2 79.67(13) 1(1)-Cu()-1()#3 102.91(19)
1(1)-Cu(1)#2 2.725(5) Cu(1)-1G)-Cu()#2 102.91(19) N(@)-Cu(1)-Cu(1)#1 136.7(7)
Cu(1)-N(Q1) 2.03(2) N(@)-Cu(@)-1(1)# 123.0(7) I(1)#1-Cu(1)-Cum 59.86(16)
Cu()-1()# 2.659(6) N(1)-Cu()-1() 102.4(7) 1(1)-Cu()-Cu(r 57.58(17)
Cu(n)-1(0)#3 2.725(5) 1(1)#1-Cu(1)-1(1) 17.44(14) 1(1)#3-Cu(1)-Cu(1)# 12.9(2)
Cu()-Cu()#r  2.796(8) N(®)-Cu(1)-10)#3 108.9(7) C(1)-N(@)-Cu(1) 123(2)

Symmetry transformations used to generate equivalent atoms:

(1) -x+1,-y+1,-z+1 (2) x-1,y,Z (3) X+1,Y,Z

Table S8. Selected bond lengths [A] and angles [°] for Cul(3-methylquinoline) (4) with estimated standard

deviations in parentheses.

Distances

Label &) Label Angles (°)  Label Angles (°)
1(1)-Cu(2)#1 2.655(4) Cu(2)#1-11)-Cu(2) 104.16(15)  1(1)#3-Cu(2)-1(1)#2 99.48(15)
I(1)-Cu(2) 2.659(4) Cu(2)#1-1(1)-Cu(2)#2  80.52(15) 1(1)-Cu(2)-1(1)#2 117.31(16)
I(1)-Cu(2)#2 2.722(5) Cu(2)-1(1)-Cu(2)#2 62.69(16) N(1)-Cu(2)-Cu(2)#2 122.3(10)
Cu(2)-N(1) 2.00(2) N(1)-Cu(2)-1(1)#3 124.5(10) [(1)#3-Cu(2)-Cu(2)#2 13.1(2)
Cu(2)-1(1)#3 2.655(4) N(@)-Cu(2)-I(1) 105.4(8) 1(1)-Cu(2)-Cu(2)#2 59.74(14)
Cu(2)-1(1)#2 2.721(5) [(1)#3-Cu(2)-1(1) 104.16(15)  1(1)#2-Cu(2)-Cu(2)#2  57.57(16)
Cu(2)-Cu(2)#2  2.800(9) N(1)-Cu(2)-1(1)#2 106.9(9) C(1)-N(1)-Cu(2) 136(3)

Symmetry transformations used to generate equivalent atoms:

(1) x1,y,Z (2) -x+2,-y+1,-Z+1 (3) X+1,y,Z

Table Sg. Selected bond lengths [A] and angles [°] for Cul(4-methylquinoline) (5) with estimated standard

deviations in parentheses.

Label Distances (A) Label Angles (°) Label Angles (°)
Cu(1)-NQ) 2.030(17) N()-Cu(®)-1() 127.4(4) 1()-Cu(®)-Cu()#3 113.49(17)
Cu(@)-1(1) 2.658(6) N(@)-Cu(®)-1(0)#1 106.5(4) I(W)#1-Cu(1)-Cu@)#3 59.71(16)
Cu(@)-1()# 2.665(6) 1(1)-Cu(n)-1()# 104.5(2) [(W)#2-Cu())-Cu()#3  57.06(17)
Cu()-1(1)#2 2.742(8) N@)-Cu(r)-1(1)#2 102.8(4) Cu()-1()-Cu(@)#4 104.5(2)
Cu(n)-Cu(#3  2.835(7) 1(1)-Cu(1)-1(1)#2 99.75(11) Cu(1)-1(1)-Cu(a)#2 80.25(11)
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[(1)-Cu(1)#4 2.665(6) [(1)#1-Cu(1)-1(1)#2 16.77(7) Cu(1)#4-1(1)-Cu(1)#2 63.23(7)
I(1)-Cu(1)#2 2.742(8) N(1)-Cu(1)-Cu(1)#3 18.8(5) C(9)-N(1)-Cu(1) 133.8(14)
Symmetry transformations used to generate equivalent atoms:

(1) x,y+1,Z (2) -x+1/2,-y+1/2,-2+1 (3) -x+1/2,-y+3/2,-z+1 (4) X,y-1,2

Table S10. Selected bond lengths [A] and angles [°] for Cu.lL.(PhsP),(7-methylquinoline), (6) with estimated

standard deviations in parentheses.

Label Distances (A) Label Angles (°) Label Angles (°)
Cu(1)-NQ) 2.090(3) N()-Cu()-P() 113.90(8) 1(1)-Cu(n)-1()# 104.15(2)
Cu()-P(1) 2.2507(16) N()-Cu(®)-1() 113.61(8) Cu@-I0)-Cu@r  75.85(2)
Cu(1)-1(1) 2.6302(15) P(1)-Cu(1)-1(1) 16.23(4) C(9)-N(1)-Cu(1) 18.2(3)
Cu()-1(a) 2.807(2) NO-Cut)}I0#  10327(8)  CO-N@-Cul)  1233(2)
1(1)-Cu(r)# 2.807(2) P(1)-Cu(1)-1()# 103.63(4) C(17)-P(1)-Cu() 108.26(10)

Symmetry transformations used to generate equivalent atoms:

(1) -x+1,-y+1,-2

Table Su1. Selected bond lengths [A] and angles [°] for Cu,l,(2-methylpiperidine), (7) with estimated standard

deviations in parentheses.

Label Distances (A) Label Angles (°) Label Angles (°)
N(1B)-Cu(1) 2.09(2) Cu(n)#1-1(1)-Cu(1)#2 60.67(6)  N(1)-Cu(1)-I(1) 102.3(6)
1()-Cu@)n 2.6710(14) Cu(#-1(1)-Cu(1) 60.48(5)  1(1)#3-Cu(1)-1(1) 113.75(10)
I(1)-Cu(1)#2 2.690(3) Cu(1)#2-1(1)-Cu(a) 62.86(5) [(1)#2-Cu(1)-1(2) 108.35(5)
1(1)-Cu() 2.706(3) N@B)-Cu(n)-1(0)#3 103.9(9)  N(@B)-Cu(®)-Cu()# 147.2(6)
Cu(n)-1()#3 2.6710(14) N@)-Cu(n)-1(1)#3 1053(9)  N(1)-Cu(1)-Cu(1)# 137.9(6)
Cu(1)-I(1)#2 2.690(3) N(@B)-Cu(1)-1(2)#2 103.2(6) [(1)#3-Cu(1)-Cu(1)#1 60.02(8)
Cu(1)-Cu(1)#1 2.708(2) N(@1)-Cu(1)-1(1)#2 112.3(7) [(1)#2-Cu(1)-Cu(1)#1 109.54(8)
Cu()-Cu(#3  2.708(2) 1(1)#3-Cu(1)-1(1)#2 14.24(9)  1(1)-Cu(1)-Cu(n)ta 59.13(5)
Cu@)-Cu(#2  2.814(3) N(@B)-Cu()-1() 113.0(7) N(@B)-Cu()-Cu(1)#3 137.8(6)

Symmetry transformations used to generate equivalent atoms:

(1) y,x+1,-Z (2) -X+1,-y+1,Z (3) -y+1,X,-Z

Table S12. Selected bond lengths [A] and angles [°] for Cu,l,(4-methylpiperidine), (8) with estimated standard

deviations in parentheses.

Label Distances (A) Label Angles (°) Label Angles (°)
1(1)-Cu() 2.661(10) Cu()-1(1)-Cu(@) 61.53(3) N@)-Cu(n)-1(1)# 104.05(13)
1()-Cu@)n 2.6877(10) Cu()-1()-Cu(@)#2 61.43(3) 1()-Cu(@)-1)# 110.40(3)
[(1)-Cu(1)#2 2.6956(10) Cu(n)#1-1(1)-Cu(1)#2 59.31(3) Cu(1)#3-Cu(1)-I(1)# 60.20(3)
Cu(1)-NQ) 2.069(5) N(@)-Cu(1)-1() 109.50(15) 1()#2-Cu())-1()# 116.20(3)
Cu()-Cu#3  2.6634(16) N(@)-Cu(1)-Cu(1)#3 139.49(15) N(@)-Cu(1)-Cu(1)# 146.37(13)
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Cu(1)-I(1)#2
Cu(1)-I(1)#
Cu(1)-Cu(1)#
Cu(1)-Cu(1)#2

2.6877(10)
2.6957(10)
2.7360(14)
2.7360(14)

1()-Cu(®)-Cu()#3
N@)-Cu(r)-1(1)#2
1()-Cu(@)-1(1)#2
Cu(1)#3-Cu(r)-1(1)#2

110.996(19)
105.58(13)
110.65(3)
60.50(3)

Symmetry transformations used to generate equivalent atoms:

(1) y+1/2,-x+3/2,-2+1/2 (2) -y+3/2,%-1/2,-Z+1/2 (3) -X+2,-y+1,Z

I(1)-Cu(1)-Cu()#
Cu(1)#3-Cu(1)-Cun)#
[(1)#2-Cu(1)-Cu(1)#
[(1)#1-Cu(1)-Cu(r)t

59.71(4)
60.875(19)
108.00(3)

58.67(3)

Table S13. Selected bond lengths [A] and angles [°] for Cu,l,(3,5-dimethylpiperidine), (9) with estimated standard

deviations in parentheses.

Label Distances (A) Label Angles (°) Label Angles (°)
I0)-Cuyr  26866(7)  Cu()#r-1()-Cu) 58233)  NO)-Cu()-I(1) 104.63(0)
I(1)-Cu(1) 2.6866(7) Cu(1)#1-1(1)-Cu(1)#2 59.71(3) Cu(1)#1-Cu(1)-1(1) 60.885(15)
I(1)-Cu(1)#2 2.6985(11) Cu(1)-1(1)-Cu(a)#2 59.71(3) Cu(1)#2-Cu(1)-1(1) 60.37(3)
Cu()-N@) 2.052(6) N()-Cu(n)-Cu()#1 1421808)  CulD#3-Cu()I()  109.35(2)
Cu()-Cu()#r  2.6143(16) N(1)-Cu(1)-Cu(1)#2 146.02(9) N(1)-Cu(1)-1(1)# 104.63(9)
Cu(1)-Cu(1)#2 2.6808(15) Cu(1)#1-Cu(1)-Cu(1)#2 60.82(2) Cu(1)#1-Cu(1)-1(1)# 60.885(15)
Cu(1)-Cu(1)#3 2.6808(15) N(1)-Cu(1)-Cu(1)#3 146.02(9) Cu(n)#2-Cu(1)-I(1)# 109.35(2)
Cu(1)-I(1)# 2.6866(7) Cu(1)#1-Cu(1)-Cu(1)#3 60.82(2) Cu(1)#3-Cu(1)-I(1)# 60.37(3)
Cu(v)-1()#3 2.6985(11) Cu(#2-Cu())-Cu)#3  5837(4) 1(1)-Cu(1)-1(1)# 15.73(3)

Symmetry transformations used to generate equivalent atoms:

(1) x+3/2,-y+1/2,Z (2) ~y+1,x-1/2,-2+1/2 (3) y+1/2,-X+1,-2+1/2

Table S14. Selected bond lengths [A] and angles [°] for Cu,l,(quinoline), (10) with estimated standard deviations in

parentheses.
Distances

Label &) Label Angles (°) Label Angles (°)
C(18B)-N(2B)-

Cu(2)-N(2) 1.997(15) N(2)-Cu(2)-1(2) 109.4(5) 125(2)
Cu(2B)
C(10B)-N(2B)-

Cu(2)-1(2) 2.535(3) N(2)-Cu(2)-1(3) 122.1(5) 121(2)
Cu(2B)

Cu(2)-1(3) 2.537(3) I(2)-Cu(2)-1(3) 124.51(12) N(1)-Cu(1)-Cu(1) 166.5(3)

Cu(2)-Cu(2)#1 2.875(7) N(2)-Cu(2)-Cu(2)#1 156.9(5) N(1)-Cu(1)-I(z) 18.5(3)

Cu(2B)-N(2B) 2.000(16) I(2)-Cu(2)-Cu(2)#1 84.54(10) Cu(1)#1-Cu(1)-1() 61.04(4)

Cu(2B)-Cu(2B)#1 2.158(11) 1(3)-Cu(2)-Cu(2)#1 55.49(8) N(1)-Cu(1)-1(2) 123.8(3)

Cu(2B)-1(3) 2.657(6) C(18)-N(2)-Cu(2) 17.7(13) Cu(1)#1-Cu(1)-1(2) 66.75(7)

Cu(2B)-1(2)#1 2.725(7) C(10)-N(2)-Cu(2) 122.0(12) I(1)-Cu(1)-1(2) 105.43(7)

N(2B)-Cu(2B)-
Cu(2B)-1(2) 2.854(6) 173.4(9) N(1)-Cu(a)-1(2)#1 109.6(3)
Cu(2B)#1
Cu(2B)-Cu(1)# 2.979(6) N(2B)-Cu(2B)-I(3) 107.4(9) Cu(1)#1-Cu(n)-1(2)#1  58.83(7)
Cu(1)-N(1) 1.992(11) Cu(2B)#1-Cu(2B)-1(3) 66.04(12) I(1)-Cu(1)-I(2)# 100.09(7)
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Cu(1)-Cu(1)#

Cu(1)-I(1)

Cu(1)-1(2)

Cu(1)-I(2)#
Cu(1)-Cu(2B)#1

[(1)-Cu(1)#

I(2)-Cu(2B)#1
I(2)-Cu()#

[(3)-Cu(2)#

[(3)-Cu(2B)#1

2.550(4)

2.633(2)

2.682(2)

2.880(2)

2.979(6)
2.633(2)

2.725(7)
2.880(2)

2.537(3)

2.657(6)

N(2B)-Cu(2B)-1(2)#1
Cu(2B)#1-Cu(2B)-
I(2)#

[(3)-Cu(2B)-1(2)#

N(2B)-Cu(2B)-1(2)
Cu(2B)#1-Cu(2B)-1(2)

1(3)-Cu(2B)-1(2)

I(2)#1-Cu(2B)-1(2)
N(2B)-Cu(2B)-Cu(1)#1
Cu(2B)#1-Cu(2B)-
Cu(n)#1
1(3)-Cu(2B)-Cu(1)#1

113.0(8)

70.4(3)

113.0(2)

120.3(8)

64.1(3)
109.0(2)

93.86(19)

92.8(9)
93.76(11)

159.8(2)

Symmetry transformations used to generate equivalent atoms:

(1) -x+1,y,-z+1/2

[(2)-Cu(1)-1(2)#1
N(1)-Cu(1)-Cu(2B)#1

Cu(1)#1-Cu(a)-
Cu(2B)#1
I(1)-Cu(1)-Cu(2B)#
I(2)-Cu(1)-Cu(2B)#1
[(2)#1-Cu(1)-
Cu(2B)#1
Cu(1)-I(1)-Cu()#
Cu(2)-I1(2)-Cu(1)

Cu(1)-I1(2)-Cu(2B)#1

Cu(1)-I(2)-Cu(2B)

94.21(8)

93.1(3)

86.23(11)

147.27(13)
57.28(14)

58.28(13)

57.91(9)

106.01(10)
66.84(13)

86.38(15)

Table S15. Anisotropic displacement parameters (A*x10°) for Cul(isoquinoline) 1 at 100(2) K with estimated standard

deviations in parentheses.

Label Un U Us Us Us U
1) 46(1) 29(1) 37(1) 0 18(1) o
Cu(y) 40(1) 47(1) 46(1) o 14(1) o
N() 36(s) 45(6) 36(s) 0 13(4) 0
C(7) 42(7) 63(9) 44(7) 0 21(6) 0
c(6) 42(8) 124(18) 70(10) 0 30(7) 0
C(2) 32(7) 41(9) 37(7) 9(7) 18(6) 7(7)
C(v) 36(8) 48(9) 35(7) 1(7) 13(6) -7(7)
C(9) 46(9) 55(10) 44(8) 1(8) 18(7) -9(8)
C(®) 56(10) 53(10) 44(8) 8(8) 30(8) -5(8)
C(3) 46(9) 48(10) 54(10) -3(9) 10(8) o(9)
C(4) 54(11) 63(12) 53(10) -2(10) 19(9) 5(10)
C(s) 36(9) 59(14) 82(14) -3(9) 5(9) 17(12)

The anisotropic displacement factor exponent takes the form: -2*[h’a Uy + ...+ 2hka'b U],

Table S16. Anisotropic displacement parameters (A*x10%) for Cul(3-methylisoquinoline) 2 at 299(2) K with estimated

standard deviations in parentheses.

Label Un U Us; Us Us U
C() 48(11) 42(12) 47(n) 1(9) -4(9) -2(10)
C(2) 55(13) 54(14) 51(12) -5(10) -16(10) 4(n)
CB) 34(n) 62(13) 34(12) -6(10) -8(8) o(10)
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C(4)
C(s)
C(6)
C(7)
C(8)
C(9)
C(10)
C(n)
C(12)
C(13)
C(14)
C(15)
C(16)
C(17)
C(18)
C(19)
C(20)
Cu()
Cu(2)
1)
1(2)
N()
N(@2)

55(16)
25(10)
36(12)
78(16)
30(1)
33(10)
100(20)
43(n)
41(n)
31(1)
19(10)
44(11)
59(15)
38(12)
34(n)
44(11)
35(12)
34(2)
39(2)
44(1)
41(1)
44(8)
40(8)

68(16)
60(14)
51(15)
43(14)
31(10)
77(17)
60(15)
49(12)
78(15)
48(12)
65(14)
43(12)
59(15)
98(19)
41(n)
33(10)
100(20)
51(2)
49(2)
34(1)
34(1)
44(9)
46(10)

70(20)
120(20)
10(20)
63(16)
59(18)
42(n)
1(10)
36(10)
35(9)
73(18)
54(15)
97(19)
80(16)
60(15)
42(15)
48(11)
60(20)
49(2)
58(2)
38(1)
3301
32(8)

49(10)

14(11)
3(9)
7(10)
7(12)
6(8)
7(10)
24(12)
-10(9)
-3(10)
o(9)
-3(8)
-2(9)
9(12)
2(13)
-7(8)
5(8)
8(10)
7(1)
2(2)
3(1)
6(1)
-8(6)
1(7)

-21(14)
-12(12)
16(13)
-24(13)
-13(11)
-7(8)
o(1)
5(8)
-9(8)
5(10)
-15(10)
-5(1)
12(12)
1(10)
2(10)
-1(9)
-9(12)
o(2)
-1(2)
10(1)
8(1)
-2(6)
3(7)

-4(12)
3(14)
-1(15)
-4(13)
-11(10)
-17(1)
1(8)
1(9)
-5(12)
20(13)
18(10)
14(13)
-7(14)
-24(15)
4(9)
-15(9)
-25(12)
3(2)
-2(2)
o(1)
2(2)
-8(7)
-6(8)

The anisotropic displacement factor exponent takes the form: -2*[h’*a Uy + ...+ 2hka'b U],

Table S17. Anisotropic displacement parameters (A*x10%) for Cul(7-methylquinoline) 3 at 289(2) K with estimated

standard deviations in parentheses.

Label U U Us; U Us U
1(1) 19(1) 41(1) 49(2) -4(1) 12(1) -12(1)
Cu() 41(2) 41(2) 55(2) 1(2) 15(2) 4(2)
N() 41(14) 33(12) 57(16) o(10) 13(12) 5(10)
C(10) 46(19) 10(30) 25(15) -2(18) 8(14) 7(17)
C(v) 90(30) 17(13) 100(30) 16(14) 20(20) 13(15)
C(2) 90(30) 17(14) 100(30) 3(15) -10(20) o(15)
C(9) 21(14) 70(20) 70(20) 13(13) 9(15) 21(17)
C(4) 26(16) 70(20) 80(30) -24(14) -1(16) 28(18)
C(7) 32(16) 10(30) 45(18) -16(17) -5(14) 36(19)
CB) 52(15) 90(20) 72(18) 22(14) -17(14) 51(15)
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C(6)
C(8)
C(5)

60(30)
52(15)
80(30)

130(40)
90(20)
150(50)

50(20)
72(18)
80(30)

-40(30)
22(14)
-30(30)

-10(20)

-17(14)
30(30)

0(20)
51(15)
50(30)

The anisotropic displacement factor exponent takes the form: -2*[h’a Uy + ...+ 2hka'b U],

Table $18. Anisotropic displacement parameters (A*x10°) for Cul(3-methylquinoline) 4 at 289(2) K with estimated

standard deviations in parentheses.

Label U U Us; Us Us U
1(1) 34(1) 45(2) 46(1) 3(2) -2(1) 6(2)
Cu(2) 51(2) 50(2) 53(2) -1(2) -6(2) 1(2)
N() 76(19) 38(16) 90(20) -34(15) 23(17) -38(15)
C() 80(9) 8o(10) 82(10) -24(9) 1u(7) -32(9)
C(9) 80(9) 8o(10) 82(10) -24(9) 1u(7) -32(9)
C(7) 8o(9) 80o(10) 82(10) -24(9) 1(7) -32(9)
C(8) 80(9) 8o(10) 82(10) -24(9) n(7) -32(9)
C(10) 50(20) 190(50) 120(40) 50(30) 20(20) 110(40)
C(4) 80(9) 8o(10) 82(10) -24(9) u(7) -32(9)
c(6) 80(9) 8o(10) 82(10) -24(9) u(7) -32(9)
C() 80(9) 8o(10) 82(10) -24(9) u(7) -32(9)
C(3) 80(9) 8o(10) 82(10) -24(9) u(7) -32(9)
C(s) 80(9) 8o(10) 82(10) -24(9) 1u(7) -32(9)

The anisotropic displacement factor exponent takes the form: -2*[h’a Uy + ...+ 2hka'b U],

Table S19. Anisotropic displacement parameters (A*x10%) for Cul(4-methylquinoline) 5 at 289(2) K with estimated

standard deviations in parentheses.

Label Uu Uz Us; U Us Uz
C() 78(8) 48(8) 31(7) 3(6) -1(7) 7(6)
C(2) 77(8) 52(8) 8o(n) -7(7) -17(8) -6(9)
C(3) 80(6) 65(7) 69(7) -21(5) 6(6) -21(6)
C(4) 35(6) 73(9) 45(8) -11(6) 9(6) -27(8)
C(s) 80(6) 65(7) 69(7) -21(5) 6(6) -21(6)
c(6) 77(8) 52(8) 8o(n) -7(7) -17(8) -6(9)
C(7) 78(8) 48(8) 31(7) 3(6) -1(7) 7(6)
C(8) 80(6) 65(7) 69(7) -21(5) 6(6) -21(6)
C(9) 35(6) 73(9) 45(8) -11(6) 9(6) -27(8)
C(10) 180(20) 10(20) 100(20) -24(19) 2(18) 0(20)
Cu(y) 56(2) 50(2) 40(2) 4(1) 3(1) 3(2)
1) 41(1) 32(1) 38(1) 2(1) o(1) -1(1)
N() 80(6) 65(7) 69(7) -21(5) 6(6) -21(6)
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The anisotropic displacement factor exponent takes the form: -2*[h’a Uy + ...+ 2hka'b U],

Table Szo. Anisotropic displacement parameters (A*x10%) for Cu,L(Ph;P).(7-methylquinoline), 6 at 298(2) K with

estimated standard deviations in parentheses.

Label U U Us; U Us U
C(v) 40(2) 34(2) 66(2) o(2) 3(2) -1(2)
C(2) 53(2) 59(2) 71(3) -1(2) -6(2) -27(2)
C(3) 78(3) 85(3) 79(3) -10(2) -15(2) -38(3)
C(4) 108(4) 14(4) 95(4) 7B3) 2(3) -67(4)
C(s) 89(4) 105(4) 105(4) 34(3) 2(3) -53(3)
C(6) 56(2) 56(2) 83(3) u(2) 1(2) -19(2)
C(7) 54(2) 80(3) 94(4) 30(2) o(2) -9(3)
C(8) 49(2) 713) 79(3) 16(2) -14(2) 3(2)
C(9) 49(2) 50(2) 57(2) 7(2) 13(2) 3(2)
C(10) 10(4) 162(6) 104(4) -14(4) -33(4) -68(4)
C(n) 43(2) 35(2) 38(2) 5(2) -12(2) -1(2)
C(12) 61(2) 53(2) 56(2) -9(2) -23(2) -9(2)
C(13) 78(3) 7733) 62(3) 3(2) 39(2) -19(2)
C(4) 79(3) 69(2) 41(2) 7(2) -24(2) 1(2)
C(15) 62(2) 70(2) 37(2) -5(2) -9(2) -4(2)
C(16) 49(2) 57(2) 41(2) -5(2) -1(2) -9(2)
C(17) 43(2) 39(2) 31(2) -4(2) -1(2) o(2)
C(18) 45(2) 43(2) 57(2) -2(2) -14(2) -2(2)
C(9) 42(2) 68(2) 67(3) -1(2) -16(2) 6(2)
C(20) 53(2) 100(3) 49(2) -20(2) -26(2) 10(2)
C(21) 76(3) 953) 45(2) -30(2) -22(2) -15(2)
C(22) 61(2) 65(2) 40(2) -1(2) -12(2) -16(2)
C(23) 41(2) 34(2) 36(2) 5(2) -14(2) -10(2)
C(24) 41(2) 38(2) 41(2) 1(2) 13(2) -1(2)
C(25) 43(2) 52(2) 56(2) 6(2) 13(2) -25(2)
C(26) 57(2) 53(2) 63(2) 20(2) -28(2) 31(2)
C(27) 84(3) 36(2) 60(2) 13(2) -26(2) 13(2)
C(28) 69(2) 38(2) 43(2) 3(2) -10(2) -7(2)
Cu(1) 41(1) 34(1) 53(1) 3(1) -1u(1) -7(1)
1) 40(1) 46(1) 47(1) -1(1) -15(1) -10(1)
N() 40(2) 35(2) 57(2) 3(2) -5(2) -6(2)
P(1) 36(1) 31(1) 34(1) 1(1) -8(1) -7(1)

The anisotropic displacement factor exponent takes the form: -2*[h’a Uy + ...+ 2hka'b U],
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Table S21. Anisotropic displacement parameters (A*x10%) for Cu,l,(2-methylpiperidine), 7 at 100(2) K with

estimated standard deviations in parentheses.

Label Un Us U33 Us U13 U23
1(1) 48(1) 43() 18(1) -3(1) 51) 9(1)
Cu(1) 39(1) 49(1) 17(1) 7(2) -4(1) 5(2)

The anisotropic displacement factor exponent takes the form: -2*[h’a Uy + ...+ 2hka'b U],

Table S22. Anisotropic displacement parameters (A*x10%) for Cu,l,(4-methylpiperidine), 8 at 293(2) K with

estimated standard deviations in parentheses.

Label U U Us; Us Us U
1(1) 57(1) 73(1) 48(1) 3(1) -14(1) 12(1)
Cu(1) 63(1) 71(1) 48(1) -8(1) 7(1) 1(1)
N() 62(3) 55(2) 43(3) -7(2) 2(3) 2(3)
C(6) 92(6) 135(7) 90(8) -45(6) 22(5) 1(6)
C(v) 93(5) 69(4) 68(6) -26(3) 14(5) -12(4)
C(3) 71(5) 17(6) 54(5) -43(5) -8(4) 10(4)
C(s) 58(3) 84(4) 82(6) 6(3) 5(4) 36(4)
C(4) 53(3) 87(s) 76(6) 53) 333) 21(4)
C(2) 101(6) 70(4) 67(6) -41(4) 2(4) 3(4)

The anisotropic displacement factor exponent takes the form: -2*[h’a Uy + ...+ 2hka'b U],

Table S23. Anisotropic displacement parameters (A*x10%) for Cu,l4(3,5-dimethylpiperidine), g at 293(2) K with

estimated standard deviations in parentheses.

Label Un U Us Us Us U
1(1) 71(1) m(1) 67(1) o 15(1) o
Cu(1) 89(1) 72(1) 70(1) o o -12(1)
NQ) 140(6) 77(4) 77(5) o o -9(4)
C(4) 195(7) 105(5) 108(6) -68(5) 20(5) -26(4)
CB) 700(60) 73(10) 106(13) o o -21(10)
C(2) 402(14) 126(7) 85(7) -136(9) 33(9) -44(7)
C(v) 493(18) 283(12) 138(10) -288(13) 70(10) -68(8)

The anisotropic displacement factor exponent takes the form: -2*[h’a Uy + ...+ 2hka'b U],

Table S24. Anisotropic displacement parameters (A*x10%) for Cul(quinoline) 10 at 100(2) K with estimated standard

deviations in parentheses.

Label Un U Us; U Us U

Cu(2) 20(2) 30(2) 40(2) 1(1) 15(2) -8(2)
N(2) 16(4) 12(4) 19(4) -4(3) 7(4) -7(4)
C(10) 15(5) 10(4) 23(6) -4(4) 10(5) -6(4)
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C(n)
C(12)
C(13)
C(4)
C(1s)
C(16)
C(17)
C(18)
Cu(2B)
C(18B)
C(17B)
C(16B)
C(uB)
C(14B)
C(15B)
N(2B)
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C(10B)
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C(
C(2)
CB)
C(4)
C(s)
C(6)
C(7)
C(8)
C(9)
Cu(1)
1)
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13)
N()
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16(5)
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23(6)
26(6)
26(6)
14(1)
20(1)
16(1)
22(1)

16(4)

19(6)
18(5)
17(5)
21(5)
9(4)

14(5)
18(5)
15(5)
30(2)
15(5)
18(5)
14(5)
19(6)
21(5)
9(4)

12(4)
18(5)
10(4)
17(5)
10(4)
19(6)
18(5)
17(5)
21(5)
9(4)

14(5)
18(5)
15(5)
26(1)
17(1)

26(1)
19(1)
12(4)

29(6)
23(6)
23(6)
27(6)
25(5)
32(6)
22(5)
19(5)
40(2)
19(5)
22(5)
32(6)
29(6)
27(6)
25(5)
19(4)
23(6)
23(6)
23(6)
23(6)
29(6)
23(6)
23(6)
27(6)
25(5)
32(6)
22(5)
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26(1)

19(4)

-2(5)
3(4)
4(4)
1(4)
o(4)
7(5)
5(5)
1(4)
1(1)
1(4)
5(5)
7(5)
-2(5)
1(4)
o(4)
-4(3)
3(4)
-4(4)
4(4)
-4(4)
-2(5)
3(4)
4(4)
1(4)
o(4)
7(5)
5(5)
1(4)
3(1)
(o]
-4(1)

[0}

-4(3)

16(5)
9(5)
3(4)
13(5)
9(4)
17(5)
u(s)
8(s)
15(2)
8(s)
u(s)
17(5)
16(5)
13(5)
9(4)
7(4)
9(5)
10(5)
3(4)
10(5)
16(5)
9(5)
3(4)
13(5)
9(4)
17(5)
u(s)
8(s)
u(1)
23(1)
8(1)
15(1)
7(4)

-5(5)
-1(5)
-4(4)
-4(5)
2(4)
7(5)
7(4)
-6(5)
-8(2)
-6(5)
7(4)
7(5)
-5(5)
-4(5)
2(4)
-7(4)
-1(5)
-6(4)
-4(4)
-6(4)
-5(5)
-1(5)
-4(4)
-4(5)
2(4)
7(5)
7(4)
-6(5)
4(1)

1(1)

-7(4)

T X . ; -
he anisotropic displacement factor exponent takes the form: -2n’[h*a *Un + ... + 2hka b Us).

Section S2. Calculated and experimental PXRD.
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Figure S1. Simulated and experimental PXRD patterns of 1-10. All the compounds are pure phases.

Section S3. Structure plots.

() Cu
QI
ON
Oc

Figure S2. Crystal structure of Cul(isoquinoline) (1). Organic ligand isoquinoline has disorder in two directions

along Cul chains.

Section S4. Calculated band gap of selected compounds.

Table S25. Calculated and estimated band gap of selected compounds.

Calculated Estimated Bandgap

Compounds
Bandgap (eV)
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(eV)

Cul(7-methylquinoline) (3) 1.00 2.56
Cu.L(PhsP).(7-methylquinoline). (6) 1.34 2.56
Cu,l4(4-methylpiperidine), (8) 2.54 2.57
Cu,l4(quinoline), (10) 118 2.73
Section S5. Additional PL data.
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Figure S3. PL decay spectra of 1-10 at room temperature.
Table S26. Lifetime fitting parameters for 1-10 at room temperature.
Compounds A 7 (ps) Ax 7. (ps) A; 5 (ps) Tav R?
1 1232.66 0.61 964.96 2.58 501.76 11.79 3.39 0.9979
2 (HE) 3131.58 2.30 2.30 0.9980
2 (LE) 3360.26 2.07 220.49 61.18 5.71 0.9986
3 1271.59 0.18 1921.25 1.55 667.81 5.67 1.81 0.9989
4 1857.13 0.09 1323.96 0.70 1425.57 3.40 1.29 0.9986
5 2434.89 0.04 3565.87 0.28 2557.13 1.21 0.49 0.9995
6 1024.22 25.77 595.75 102.28 53.90 0.9978
7 188.70 2.88 934.25 1.44 10.00 0.9964
8 198.03 2.98 161.42 12.73 1.31 0.9968
9 1220.32 0.19 1879.50 1.46 158.26 6.41 2.44 0.9988
10 10032.15 0.92 2400.89 1.91 L1 0.9997
Table S27. Nearest centroid-to-centroid distance dcc of inorganic motif in 1-10.
Compounds 1 2 3 4 5
dee (A) 10.422 10.804 11.253 10.722 10.473
Compounds 6 7 8 9 10
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Figure S4. Temperature-dependent photoluminescence (PL) spectra normalized at Rayleigh scattering peak 720
nm of (a) Cul chain structure 3, (b) Cu.l. rhomboid dimer structure 6, (c) Cuyl, cubane tetramer structure 8, and
(d) Cuyl, octahedral tetramer structure 10 recorded between 2.8 K and 300 K under 360 nm excitation, to show the

absolute PL intensity change.
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Figure S5. Temperature-dependent lifetimes of (a) Cul chain structure 3, (b) Cu.l. rhomboid dimer structure 6, (c)

Cu,l, cubane tetramer structure 8, and (d) Cu,l, octahedral tetramer structure 10 recorded between 10 K and 300 K

under 360 nm excitation.
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Figure S6. Temperature-dependent lifetimes of different emission bands for compound 10 recorded between 10 K

and 200 K.

Section S6. Additional DFT calculation results
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Figure S7. DFT-calculated density of states for Cul(7-methylquinoline) (3).
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Figure S8. DFT-calculated density of states for Cu.l.(triphenylphosphine).(7-methylquinoline). (6).
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Figure Sg. DFT-calculated density of states for Cu,l4(4-methylpiperidine), (8).
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Figure S10. DFT-calculated density of states for Cu,l4(quinoline), (10).
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