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ABSTRACT: Three luminescent polymorphs based on a new
copper(I) complex Cu(2-QBO)(PPh3)PF6 (1, PPh3 = triphenyl-
phosphine, 2-QBO = 2-(2′-quinolyl)benzoxazole) have been
synthesized and characterized by FT-IR, UV−vis, elemental
analyses, and single-crystal X-ray diffraction analyses. Each
polymorph can reversibly convert from one to another through
appropriate procedures. Interestingly, such interconversion can be
distinguished by their intrinsic crystal morphologies and colors
(namely α, dark yellow plate, β, orange block, γ, light yellow
needle) as well as photoluminescent (PL) properties. X-ray crystal
structure analyses of these three polymorphs show three different
supramolecular structures from 1D to 3D, which are expected to be
responsible for the formation of three different crystal morphologies such as needle, plate, and block. Combination of the
experimental data with DFT calculations on these three polymorphs reveals that the polymorphic interconversion is triggered by
the conformation isomerization of the 2-QBO ligand and can be successfully controlled by the polarity of the process solvents
(affecting the molecular dipole moment) and thermodynamics (affecting the molecular total energy). It is also found that the
different crystal colors of polymorphs and their PL properties are derived from different θ values (dihedral angle between
benzoxazolyl and quinolyl group of the 2-QBO ligand) and P−Cu−P angles based on TD-DFT calculations. Moreover, an
interesting phase interconversion between γ and β has also been found under different temperature, and this result is consistent
with the DFT calculations in which the total energy of β is larger than that of γ. This polymorphism provides a good model to
study the relationship between the structure and the physical properties in luminescent copper(I) complexes as well as some
profound insights into their PL properties.

1. INTRODUCTION

In recent years, polymorphism in chemistry has being changed
from a “strange and unusual phenomenon” to an interesting
and emerging research area.1 Chemists have employed a variety
of unique and efficient approaches to study polymorphism in
order to elucidate the relationship between structures and
properties of solid state materials.1 Because of their intrinsic
interests, the polymorphism of inorganic compounds and
minerals has been extensively studied by geologists and
inorganic chemists. Besides the inorganic polymorphism,
organic polymorphism has also received considerable attention
due to its potential applications in drugs, dyes, etc.1,2 To date,
much more efforts have been done for exploring the
relationship between structures and properties of organic
polymorphs.1,2 Also, many types of polymorphism such as
supramolecular and conformational polymorphs have been
found in organic compounds,3 including some pseudopoly-

morphs of hydrate, solvate, and cocrystal.4 However, rare
investigations have been focused on metal−organic com-
pounds, and the associated knowledge of polymorphism in
this area is still scattered among the limited literature.1,2,5 The
polymorphism in metal−organic compounds is of significant
importance because of its diverse effects on the physicochem-
ical properties of the materials and many consequently
important applications.1,5a For example, Alq3 is well known as
a good green emitter for organic light-emitting devices
(OLEDs) as demonstrated by Tang and co-workers.6 However,
to date, up to five polymorphs of Alq3 have been found, and
they exhibit different emission and electronic transportation
properties which are very vital for the device performance of
OLEDs.7 With the bourgeoning interest in highly efficient
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OLEDs, employing the inexpensive and nontoxic copper(I)
complexes as electrophosphorescent materials is becoming very
attractive considering that current organically phosphorescent
compounds are mainly limited to the third-row noble Ir(III),
Pt(II), and Os(II) complexes.8 Nevertheless, investigations on
the polymorphism in this area are still rare. Therefore, full
understanding of the polymorphism in the copper(I)
complexes is very impendent. To the best of our knowledge,
there are only a few reports on the polymorphism of the
copper(I) complexes such as two polymorphic luminescent
homoligand complexes.5d Besides, there is one cuprous iodide
cluster,5f one cuprous iodide cluster,5g and another two cuprous
iodide clusters which have been previously reported.5c

In this study, we synthesized and characterized three
polymorphs of a new luminescent copper(I)−triphenylphos-
phine complex, Cu(2-QBO)(PPh3)PF6 (1), bearing a bidentate
N-heterocyclic ligand 2-QBO (2-QBO = 2-(2′-quinolyl)-
benzoxazole). These three polymorphs (namely, α, dark yellow
plate, β, orange block, γ, light yellow needle) can be easily
distinguished from one to another not only through their
crystalline morphology and color under natural light but also
through their PL emission under UV light excitation. With the
control of the polarity of the recrystallization solvents and
temperature, α, β, and γ polymorphs can reversibly convert
from one to another through appropriate procedures (Figure
1). In these conversions, the dihedral angle between the
quinolyl ring and the benzoxazole ring of the 2-QBO ligand has
an observable change, which is believed to lead to consequent
diversities in total system energy (ET) and physicochemical
properties, such as dipole moment (μ), electronic absorption,
and PL characteristics. Notably, we found that ET and μ are two
key factors for polymorphic interconversion.

2. EXPERIMENTAL SECTION
2.1. Materials and General Methods. All reagents were

purchased as analytical grade and used as received, except that the
ligand 2-(2′-quinolyl)benzoxazole (2-QBO) was synthesized according
to a literature method reported previously.9 All solvents were
commercially available and used without additional purification. The
solvothermal reaction was performed by using a 25 mL Teflon-line
stainless steel autoclave under autogenous pressure to grow crystals for
single-crystal X-ray diffraction. The infrared spectrum was measured
with a Bruker Tensor27 FT-IR spectrophotometer in the range of

4000−400 cm−1 in a KBr lamella. Elemental analyses for C, H, and N
were performed on an Elementar Vario MICRO analytic instrument.
1H NMR spectra were obtained with a Bruker Avance II DMX 400
MHz spectrometer. The powder X-ray diffraction (PXRD) data were
collected by a Bruker D2 Phaser X-ray diffractometer (Cu Kα, λ =
1.54184 Å). The UV−vis absorption/diffuse reflection spectrum and
fluorescence spectrum measurements were performed on a Shimadzu
UV3600 spectrometer and a Horiba Jobin-Yvon FL3-211-P
spectrometer at room temperature, respectively. For low-temperature
measurements, the emission spectra were measured with an Edinburgh
Instrument FLS920 spectrometer equipped with continuous (450 W)
xenon (Xe) lamps. The samples were mounted on a closed cycle
cryostat (10-350 K, DE202, Advanced Research Systems). The line
intensities and positions of the measured spectra were calibrated
according to the FLS920 correction curve and a standard mercury
lamp. TGA-DSC curves were obtained in a static high-purity argon
atmosphere with a Mettler Toledo Simultaneous Thermal Analyzer at
a heating rate of 10 K/min.

2.2. Synthesis. [Cu(2-QBO)(PPh3)2]PF6 (α Phase). A mixture of 2-
(2′-quinolyl)benzoxazole (2-QBO) (0.1 mmol, 24.6 mg) and
triphenylphosphine (PPh3) (0.2 mmol, 52.5 mg) (in a molar ratio
of 1:2) was put into a reaction kettle with EtOH (3 mL) and distilled
water (7 mL) in a ratio of 3:7. Then [Cu(MeCN)4]PF6 (0.1 mmol,
37.3 mg) was added into the mixed slurry. The final mixture was
heated to 383 K, kept at this temperature for 3 days, and then cooled
down to ambient temperature slowly with a duration of about 3 days.
α-Phase yellow plate crystals were obtained. Yield: 72.1 mg, 63%. Mp:
503 K. IR (KBr, cm−1): 3070 (w), 3050 (w), 1500 (w), 1476 (w),
1432 (ms), 1376 (w), 1245 (w), 1145 (w), 1090 (ms), 843 (vs), 744
(s), 692 (s), 557 (ms), 505 (ms). Anal. Calcd: C, 63.77; H, 4.12; N,
2.86. Found: C, 63.60; H, 4.22; N, 2.64.

[Cu(2-QBO)(PPh3)2]PF6 (β Phase). A mixture of [Cu(MeCN)4]PF6
(0.1 mmol, 37.3 mg), 2-(2′-quinolyl)benzoxazole (2-QBO) (0.1
mmol, 24.6 mg), and triphenylphosphine (PPh3) (0.2 mmol, 52.5 mg)
(in a molar ratio of 1:1:2) was stirred in CH2Cl2 (10 mL) for 1 h at
room temperature. Then the final solution was quickly evaporated at
313 K to obtain a mass of orange crystallite powder to pruduce β
phase. Yield: 98.4 mg, 86%. Mp: 503 K. 1H NMR (400 MHz, CDCl3):
δ = 8.79 (d, 1 H), 8.41 (d, 1 H), 8.08 (d, 1 H), 7.93 (d, 1 H), 7.78 (d,
1 H), 7.67 (t, 1 H), 7.54 (t, 1 H), 7.45 (t, 1 H), 7.36 (t s, 7 H), 7.10−
7.18 (m s, 25 H) ppm. IR (KBr, cm−1): 3070 (w), 3052 (w), 1500
(vw), 1480 (w), 1435 (ms), 1376 (w), 1245 (w), 1145 (w), 1093
(ms), 840 (vs), 748 (s), 693 (s), 556 (ms), 523 (ms). Anal. Calcd: C,
63.77; H, 4.12; N, 2.86. Found: C, 63.58; H, 4.17; N, 2.65. The orange
block crystals appropriate for X-ray structural analysis were obtained
from a CH2Cl2 solution by covering a layer of EtOH.

Figure 1. Structural parameters, reversible polymorphic interconversion processes, and corresponding images of three polymorphs.
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[Cu(2-QBO)(PPh3)2]PF6 (γ Phase). A mixture of [Cu(MeCN)4]PF6
(0.1 mmol, 37.3 mg), 2-(2′-quinolyl)benzoxazole (2-QBO) (0.1
mmol, 24.6 mg), and triphenylphosphine (PPh3) (0.2 mmol, 52.5 mg)
(in a molar ratio of 1:1:2) was stirred in EtOH (15 mL) for 1 h at
room temperature. γ-Phase quickly formed as a pale yellow precipitate.
After filtrating and washing with EtOH, γ-phase pale yellow crystallite
powder was obtained. Yield: 89.2 mg, 78%. Mp: 503 K. 1H NMR (400
MHz, CD3OD): δ = 8.81 (d, 1 H), 8.44 (d, 1 H), 8.12 (d, 1 H), 8.05
(d, 1 H), 7.86 (d, 1 H), 7.72 (t, 1 H), 7.59 (q, 2 H), 7.46 (t, 1 H), 7.39
(t s, 7 H), 7.16−7.23 (m s, 24 H) ppm. IR (KBr, cm−1): 3070 (w),
3053 (w), 1500 (w), 1478 (w), 1435 (ms), 1374 (w), 1246 (w), 1146
(w), 1094 (ms), 839 (vs), 742 (s), 693 (s), 559 (ms), 510 (ms). Anal.
Calcd: C, 63.77; H, 4.12; N, 2.86. Found: C, 63.55; H, 4.21; N, 2.70.
The light yellow needle-like crystals appropriate for X-ray structural
analysis were obtained by a slow evaporation method from EtOH
solution.
2.3. X-ray Crystal Structure Determination. Suitable single

crystals of α, β, and γ were selected for X-ray diffraction analyses. Data
collections were all performed at 293(2) K on an Oxford Xcalibur
(Atlas Gemini ultra) diffractometer with graphite-monochromated Mo
Kα radiation (λ = 0.71070 Å) using the ω-scan technique. The
structures were solved by the direct method and refined by full-matrix
least-squares on F2 using the SHELXL-97 package.10 Anisotropic
displacement parameters were applied to all non-hydrogen atoms, and
organic hydrogen atoms were generated geometrically (C−H = 0.96
Å). Selected bond lengths and angle parameters are collected in Table
1 for all polymorphs. All parameters of hydrogen-bonding interactions

for the three polymorphs are gathered in the Supporting Information,
Table S1.

2.4. Theoretical Calculations. The calculations described here
were carried out using the Gaussian 09 suite of programs.11 The single-
point energy calculations in the ground state (S0) were performed on
the X-ray structures of the three polymorphs using the density
functional theory (DFT) method with a three-parameter hybrid
functional B3LYP and the LACVP* basis set,8d which is a combination
basis set including the relativistic effective core potential standard basis
set LANL2DZ for Cu and P and the standard 6-31G* basis set for C,
H, O, and N. A polarization function was also added for P, i.e., P (ξ(d)
= 0.34).8d The total energies (ET) and dipole moments (μ) of the
system and energies of the HOMO and LUMO orbitals and HOMO−
LUMO gap (HLG) for α, β, and γ are summarized in Table 2. To
obtain the components of excited states and the estimates of the
vertical electron excitation energies, which include some account of the
electron correction, time-dependent DFT (TD-DFT) calculations
were also performed on the X-ray structures of the three polymorphs
using the same B3LYP method and LACVP* basis set.8d The
excitation energies, oscillator strength parameters, and corresponding
major orbital contributions for the low-lying energy electronic
transitions are gathered in Table S2 (Supporting Information) for
the three polymorphs.

3. RESULTS AND DISCUSSION
3.1. Synthesis. Three polymorphs were prepared by

reacting [Cu(MeCN)4]PF6 with ligands 2-QBO and PPh3 in
a 1:1:2 ratio in different solvents and by diverse crystallization

Table 1. Crystal Data and Refinement Parameters of α, β, and γ

α β γ

empirical formula C52H40N2O1P3F6Cu C52H40N2O1P3F6Cu C52H40N2O1P3F6Cu
fw 979.31 979.31 979.31
cryst syst monoclinic monoclinic monoclinic
space group P21/c P21/c P21/c
cryst habit dark yellow plate orange block light yellow needle
cryst size(mm) 0.40 × 0.32 × 0.26 0.38 × 0.29 × 0.23 0.32 × 0.26 × 0.20
a (Å) 11.7310(5) 11.0462(4) 14.6421(4)
b (Å) 35.0321(13) 30.5471(12) 15.3930(4)
c (Å) 11.4006(6) 13.9069(2) 20.1585(6)
α (deg) 90 90 90
β (deg) 98.190(4) 99.544(4) 98.680(3)
γ (deg) 90 90 90
V (Å3) 4637.4(4) 4627.6(3) 4491(2)
Z 4 4 4
Dcalcd (Mg m−3) 1.403 1.406 1.448
μ (mm−1) 0.639 0.641 0.660
data/restraints/params 8138/0/586 9074/829/813 7895/0/586
Rint 0.0352 0.0409 0.0343
final R indices [I > 2σ(I)] R1 = 0.0552 R1 = 0.0635 R1 = 0.0363

wR2 = 0.1435 wR2 = 0.1097 wR2 = 0.0773
R indices (all data) R1 = 0.0770 R1 = 0.0900 R1 = 0.0577

wR2 = 0.1571 wR2 = 0.1181 wR2 = 0.0845
goodness-of-fit on F2 1.042 1.239 0.992
largest diff. peak and hole (eÅ−3) 0.83 0.36 0.38

−0.38 −0.34 −0.33

Table 2. Calculated Total Energies (ET) and Dipole Moments (μ) of the System; Energies of HOMO and LUMO Orbitals and
HOMO−LUMO Gap (HLG) at the B3LYP/LACVP* Level for α, β, and γ

polymorph ET (au) μ (D) EHOMO (au) ELUMO (au) HLG (eV)

α −2398.58499960 2.7803 −0.29668 −0.17606 3.2877
β1 −2398.80839592 2.4234 −0.29200 −0.17980 3.0531
β2 −2398.79927889 2.4656 −0.29237 −0.18128 3.0229
γ −2398.81158167 2.7582 −0.29966 −0.17543 3.3805
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procedures (α, solvothermal synthesis with mixed solvent
EtOH/H2O in volume ratio 3:7; β, rapid evaporation from
CH2Cl2 solution; γ, precipitation from EtOH solution). All of
the polymorphs have been characterized by single-crystal X-ray
diffraction analyses. Due to the disorder of the 2-QBO ligand, β
phase is treated by a split mode into two parts named β1 and
β2. Polymorphs are featured as three similarly tetrahedral
complexes with the same space group. What is interesting is
their easily achievable reversible interconversion. By employing
appropriate recrystallization procedures, any two of them can
convert to each other (Figure 1). Obviously, the process
solvent must play a vital role in polymorphic formation.5d,12 In
addition, other factors in crystallization such as the temperature
should also have some impact on the isomerization, as we
observed that β phase mixed with some γ phase was obtained
from CH2Cl2 solution by slow evaporation, whereas only β
phase was obtained from EtOH after quickly evaporating at 353
K, and only γ phase was obtained from EtOH/H2O mixed
solvent at room temperature. These results suggest that γ phase
tends to crystallize at a relatively low temperature, whereas a
higher temperature favors the formation of β and α phases. In
order to clearly understand the formation of the three
polymorphs, density functional theory (DFT) calculations
were performed on the three X-ray structures on the B3LYP/
LACVP* level of theory. The total energy and dipole moment
(μ) of each polymorph are listed in Table 2. It is found that γ is
the most stable phase with a lower energy of 0.2107 eV than
that of β, while α is a metastable phase with a higher energy of
5.9549 eV than that of γ. That is why α can only be synthesized
through a solvothermal method. On the other hand, a sequence
of α (2.7803D) > γ (2.7582D) > β (2.4445D) is found in the μ
values, in accordance with the polarity sequence of the
processing solvent in crystallization experiments, indicating
that a larger polarity solvent produces a larger μ polymorph.
The polarity parameter of ET

N values of H2O, EtOH, and
CH2Cl2 are 1, 0.654, and 0.309, respectively.13 Some further
experiments have also been performed to verify the solvent
effect. Similar to EtOH, methanol (0.762), 2-propanol (0.546),
and 1-butanol (0.586) convert β to γ. On the contrary, solvents
with weaker polarity like chloroform (0.259) or acetonitrile
(0.46) convert γ to β in minutes, as expected.
Furthermore, in order to confirm that the interconversion is

controlled by the employed solvent in solution, the UV−vis
electronic absorption and 1H NMR spectra for the samples of β
and γ were measured in corresponding solvents. These spectra
for α cannot be measured successfully because of its poor
solubility. From UV−vis spectra (Supporting Information,
Figure S1) of the solutions, obvious differences can be found
between the spectra of β in CH2Cl2 and that of γ in EtOH,
meaning that two polymorphs appear as two isomerized
molecules in solution. When the solvents are exchanged, their
spectra also exchange as expected. Thus, β converts to γ in
EtOH so that only the characteristic absorption from γ can be
observed. In addition, γ converts to β in CH2Cl2 so that only
the β characteristic absorption is present. Similarly, the solvent-
controlled isomerization can also be observed from the 1H
NMR spectra. As shown in Figure 2, two spectra of β and γ
present a sequence of distinguishable peak shifts, which further
demonstrates the isomerized molecules occurring in two
solutions. The solvent-exchange experiments have also been
done for the 1H NMR spectra (Supporting Information, Figure
S2−S3), which clearly indicate that β converts to γ in CD3OD
and γ converts to β in CDCl3.

3.2. Crystal Structures. The crystal structures of α, β, and
γ are shown in Figure 3. They present a significantly similar

distorted tetrahedral configuration around the Cu(I) center
constructed by two N atoms from 2-QBO and two P atoms
from two PPh3, which is typical for mononuclear copper(I)
complexes.14 The comparison of the three cationic species
reveals an obvious difference in the dihedral angle (θ) between
benzoxazolyl and the quinolyl group of the 2-QBO ligand. In α
phase, the entire 2-QBO ligand presents an obvious flip with
the θ value being 15.169(60)°, while the angles of the other
two phases are 4.170(32)° (β1), 0.309(57)° (β2), and
9.284(45)° (γ), showing a sequence of α > γ > β. Klyuev
and co-workers previously suggested that the magnitude of the
θ value may depend on the temperature and polarity of the
solvent.9 In this case, the magnitude of the θ value is strongly
associated with the employed temperature and the polarity of
the processing solvent (ET

N). Thus, a mechanism can be
proposed that the changes of the temperature and ET

N value lead

Figure 2. Comparison of 1H NMR spectra for the samples of β in
CDCl3 and γ in CD3OD.

Figure 3. Cationic structures of [Cu(2-QBO)(PPh3)2]PF6 complex as
three polymorphs. H atoms are omitted for clarity.
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to the conformational isomerism of 2-QBO and, consequently,
result in the formation of three isomeric complexes with
variable ET, μ, and tetrahedral coordination geometry. Notably,
the conformational isomerism of 2-QBO should be the key
factor in the structure construction which efficiently triggers the
interconversion among the three polymorphs.
As shown in Table 3, the Cu−N and Cu−P bond lengths and

N−Cu−N and P−Cu−P bond angles are in the normal

range,5b,15 but some differences can also be found, e.g., there is
an observed sequence of γ (130.65(2)°) > α (129.03(4)°) > β
(127.40(4)°) in the P−Cu−P bond angle. Due to these
variations of the cationic species, their packing diagrams also
change a lot accordingly. In the α phase, a head-to-head
configuration with strong π−π stacking interaction can be
found between the adjacent molecules.16 In detail, two
quinoline rings are parallel with an interplanar spacing as

3.46373(13) Å, centroid to centroid distance as 4.50489(14) Å,
and plane to plane shift as 2.88039(18) Å. In addition, a couple
of C−H···F hydrogen bonds17 (C8−H8···F3, 3.212 Å; C38−
H38···F3, 3.379 Å) between neighboring molecules also exist,
linking the molecules to form a 2D layer structure along the bc
plane with the collaboration of the π−π stacking interaction
(Supporting Information, Figure S4). Also, this supramolecular
structure should be responsible for the plate presentation of its
crystal morphology. In the β phase, an alternative stacking array
of the intra/intermolecular 2-QBO and phenyl planes can be
found with a weak π−π stacking interaction (intersection angle
≈ 10.325° and centroid to centroid distance ≈ 3.361 Å),
forming a supramolecular zigzag chain along the c axis. Among
all of these chains, strong π−π stacking interactions between
any two of the neighboring 2-QBO can also be observed with
almost parallel fashion (dihedral angle being 0.60194(3)°) and
small interplanar spacing (∼3.423 Å). Thus, all chains are fused
together to form a supramolecular wave-like layer along the ac
plane. Furthermore, a couple of C−H···F hydrogen bonds17

(C12−H12···F5, 3.191 Å; C45−H45···F5, 3.345 Å) between
neighboring wave-like layers are also found, constructing a
supramolecular 3D framework structure (Supporting Informa-
tion, Figure S5). Also, this structure should also be responsible
for its crystal morphology (block). Being different from both α
and β, no obvious π−π stacking interaction is found in γ.
However, two hydrogen bonds connect the molecules to form a
1D chain along the a axis (Supporting Information, Figure S6).
Thus, the crystal with a needle morphology is present based on
this 1D structure.

Table 3. Selected Bond Lengths (Angstroms) and Angles
(degrees) for α, β and, γ

α β γ

Cu(1)−N(1) 2.140(3) 2.153(17) 2.1383(17)
Cu(1)−N(2) 2.117(3) 2.123(19) 2.1267(18)
Cu(1)−P(1) 2.2430(9) 2.2347(10) 2.2955(7)
Cu(1)−P(2) 2.2772(10) 2.2843(11) 2.2448(6)
N(1)−Cu(1)−N(2) 79.31(11) 79.3(4) 78.95(7)
N(1)−Cu(1)−P(1) 112.61(8) 115.6(8) 99.41(5)
N(2)−Cu(1)−P(2) 100.09(8) 101.2(9) 122.82(5)
P(1)−Cu(1)−P(2) 129.03(4) 127.40(4) 130.65(2)

Figure 4. (I) UV−vis absorption spectra of the ligands and β in CH2Cl2 and γ in EtOH. (II) UV−vis diffuse reflection spectra for α, β, and γ powder
samples. (III) Emission spectra of the three polymorphs in the solid state at room temperature (λex = 365 nm). (IV) Comparison of emission spectra
of the three polymorphs in the solid state at 10 K and β at 77 K.
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3.3. Spectroscopic Properties. 3.3.1. Spectroscopic
Properties at Room Temperature. It is found that α emits
bright yellow light in the solid state at room temperature under
UV (365 nm) irradiation, while β and γ emit orange and
greenish-yellow light under the same irradiation, respectively
(Figure 1). Thus, the interconversion of the polymorphs can
also be easily distinguished by their emitting colors. The
emission spectra of the three polymorphs were measured in the
solid state at 298 K, and the absorption spectra of the free
ligands, polymorphic β, and γ were measured in solution
(Figure 4). Both ligands feature intense absorptions in the UV
region, in which the lowest energy bands can be assigned as the
π−π* transitions, centered at ∼265 and ∼330 nm for PPh3 and
2-QBO, respectively.18 Both of these bands locating at the high-
energy region in the spectra of polymorphs can be attributed to
the absorption of the ligands (Figure 4(I)). The lowest energy
bands in β and γ show a maxima at ∼360 nm with an additional
lower energy tail extending even to ∼500 nm. Because α is not
soluble in a mixed EtOH/H2O solvent, the diffuse reflection
spectra of the three polymorphs have also been measured and
compared, showing distinguished absorption onsets which
agree well with their different crystal colors (Figure 4(II)).
As shown in Figure 4(III), the three polymorphs exhibit

distinct luminescence behavior in the solid state. The emission
spectra of α and γ are similar to a maxima near 570 and 560 nm
and a shoulder at 538 and 524 nm, respectively. Obviously,
vibronic structures are present in these spectra with spacings of
1050 and 1220 cm−1, respectively, while β only exhibits a broad
emission band (maxima at ∼600 nm) without any evident
vibronic structure. This absence of vibronic structure in β can
be attributed to its low emissive energy. It is well known that
there are usually many vibronic states from different electronic
energy levels in a molecule. In the case where the spacing of the
two vibronic levels is large, a vibronic structure can be clearly
observed just like in α and γ. In the case of β, however, the
energy difference (emissive energy) is so small that no evident
vibronic feature can be observed.
3.3.2. Low-Temperature Photoluminescent Properties. In

order to further investigate the above vibronic structures, the
PL spectra at 10 K were measured (Figure 4(IV)). Being
different from the spectra at room temperature, the PL spectra
at 10 K present two sharp peaks at 530 and 575 nm for α and
525 and 565 nm for γ. Besides these two main peaks, some
satellite peaks can also be found at 543 and 592 nm for α and
513, 520, 534, 540, 558, and 572 nm for γ. In addition, two
shoulders at 629 and 693 nm for α and one shoulder at 620 nm
for γ can also be observed. Therefore, the vibronic structure in

the room-temperature spectra of α and γ should be attributed
to some vibronic energy levels of the complexes. It is of great
interest that an obvious spectral variation is found in the PL
spectrum of β when the temperature decreases from room
temperature to 10 K. At 10 K, two sharp peaks at 525 and 570
nm with a shoulder at 620 nm are found in the spectrum, which
is very similar to that of γ at 10 K, suggesting that β should have
a phase transition at low temperature. For this reason, the PL
spectrum of β was also measured at 77 K after the temperature
was recovered from 10 K. As expected, a similar broad emission
band is observed with comparison to its spectrum at room
temperature. Close inspection of the spectrum shows that the
maximum peak shifts from 600 to 620 nm, and some shoulders
in the high-energy region are observed. Therefore, we proposed
that β underwent a reversible phase transition to γ from 77 to
10 K. This conclusion is also consistent with the DFT
calculations, in which γ is the most stable phase with a lower
total energy of 0.2107 eV than that of β (Table 2).

3.4. Molecular Orbital Calculations. To further explore
the excited states in these polymorphs, time-dependent DFT
(TD-DFT) calculations at the B3LYP/LACVP* level of theory
were performed on the X-ray structures.8d The frontier orbitals
for the three polymorphs are shown in Figure 5, and other
molecular orbitals related to the low-lying energy transition
states (Supporting Information, Table S2) are shown in the
Supporting Information, Figure S7−S9. In each polymorph, the
LUMO orbital is delocalized over the π* orbital of the 2-QBO
ligand. Among them, the largest delocalization over 2-QBO in β
than the others can be easily found. This orbital character
directly leads to the lowest LUMO energy in β (Table 2),
which is consistent with the best planarity of the 2-QBO ligand
in β.9 On the other hand, the HOMO in each polymorph is
mainly a M−L antibonding orbital and shows its contribution
from the Cu(I) d orbital and the P p orbital mixed with a little
p orbital of phenyl group from the PPh3 ligand. As shown in
Table 2, the polymorphs present a sequence of β > α > γ in
EHOMO, which should be due to the smaller P−Cu−P angle (β
< α < γ) enlarging the energy of Cu−P σ antibonding orbitals,
i.e., elevating the EHOMO. Thus, the S1 and T1 excited states
(HOMO → LUMO) can be assigned as (M + L′) → L charge
transfer excited states, and their HOMO−LUMO gap energies
(β < α < γ, see Table 2) agree well with the lower energy
emission/absorption bands. This is why those three poly-
morphs show different crystal color and PL properties. Actually,
as shown in the Supporting Information, Table S2, all
transitions from the H-n orbitals (under HOMO) to LUMO
are similar to those associated with the HOMO → LUMO

Figure 5. HOMOs and LUMOs frontier orbital plots of three polymorphs based on TD-DFT calculations. Isovalue = 0.05.
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excited state (S1 state). The calculated electronic absorption
spectra that focus on low-lying energy transition singlet states
are also shown in Figure 6, which is well in accordance with the
experimental spectra (Figure 4(II)).

3.5. Thermogravimetric Analysis. The thermal stability
of the three polymorphs, such as TG-DSC analyses, were
performed on their powder samples (Figure 7). Just before

their decomposition, all polymorphs present a phase transition
peak at ca. 503 K in the DSC curves, which has been proven as
a melting process by a microscopic melting point test.
Interestingly, an additional evident DSC peak can be observed
for γ at ca. 490 K, and the heating experiment clearly indicates
that this peak is attributed to a phase transition from γ to β
(photograph in Figure 7). This is also consistent with the DFT
calculations in which the value of ET of β is larger than that of γ.
Furthermore, this phase transition has been confirmed by the
powder X-ray diffraction data (Figure 8). When γ was heated at
493 K for 5 min in air, the main phase has converted to β but
some black matter was found on the surface of the sample
probably due to the decomposition of the sample. Then the

experimental condition was altered to heating at 493 K for 10
min in vacuum. Successfully, γ has all converted to β phase.

4. CONCLUSIONS
In summary, three polymorphs for copper(I) complex Cu(2-
QBO)(PPh3)PF6 (1) triggered by the conformation isomerism
of the ligand 2-QBO have been synthesized and characterized.
The reversible conversions among these polymorphs have also
been achieved at a certain temperature by using appropriate
processing solvents based on their polarity variation. These
polymorphs can be easily distinguished by the naked eye on the
basis of their crystal morphologies and color under either
natural light or PL character under UV light. The DFT/TD-
DFT calculations reveal that ET and μ are the two key factors
associated with the polymorphic interconversion, and the
magnitude of the θ value and P−Cu−P angle are the two key
structural factors influencing the absorption and emission
spectra.
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