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ABSTRACT: The photophysical properties of two-coordi-
nate copper(I) complexes have become a new research
hotspot due to their nearly perfect luminescent properties and
low price and promising applications in organic light-emitting
diodes (OLEDs). In this work, we employ the hybrid
quantum mechanics and molecular mechanics (QM/MM)
approach, coupled with our early developed thermal vibration
correlation function (TVCF) rate formalism, to study the
aggregation effect on the luminescent properties of the cyclic
(alkyl) (amino)carbene—copper(I)—Cl complex. Our calcu-
lations reveal that the transition properties changes from
metal—ligand-charge-transfer (MLCT) in solution to hybrid

In solution

In solid phase

halogen ligand charge-transfer (XLCT) and MLCT in solid state, which induces the blue-shifted emission spectra from solution
to solid phase. Upon aggregation, the restriction of the bending vibrations of the C—Cu—Cl and Cu—C—N bonds largely slow
down the nonradiative decay, which induces strong fluorescence. This study provides a clear rationalization for the highly
efficient fluorescence character of two-coordinate Cu(I) complexes.

1. INTRODUCTION

The scientific investigations of the photophysical property of
copper complexes have been strongly driven by the potential
commercial use in OLEDs because of their outstanding
advantages, such as abundance in nature, low cost, easy access,
versatile coordination forms and multiple emission, etc.'””
Copper has two oxidation states: Cu(I) and Cu(II). The
Cu(1I) ion has a d” electronic configuration, and its complexes
always produce the metal-centered (MC) state upon
excitation. Since the MC state usually deactivates through
ultrafast nonradiative pathways to the ground state, the
luminescence for Cu(Il) complexes is always very weak.*
Different from Cu(II) complexes, Cu(I) complexes exhibit a
d'® electronic configuration, and the filling of d orbitals
prevents a d—d electronic transition to generate the MC state.
Compared to other third-row heavy-metal complexes, which
almost always act as triplet harvesting emitters, the copper
complexes can act as both triplet and singlet harvesting
emitters. This advantage is due to the weak spin—orbit
coupling in copper complex and the exhibition of multiple
emission such as prompt fluorescence, delayed fluorescence,
and phosphorescence. These endow Cu(I) complexes with
rich photophysical properties that have drawn much attention
for decades.” Cu(I) complexes have a large variety of
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coordination structures, such as four-coordinate tetrahedral,
three-coordinate trigonal planar, and two-coordinate linear
structures, which lead to their emission spanning a wide range
of the visible spectrum. Four-coordinate complexes with
homoleptic [Cu(N~N),] and heteroleptic [Cu(NAN)(PAP)]
are extensively investigated,” " and many efforts have been
made to reveal the mechanism of luminescence from both
experiments and theoretical simulations.”'® Unfortunately, the
four-coordinate Cu(I) complexes always suffer from a large
distortion from a tetrahedral-like structure to a flattening
square-planar structure during the excited-state decay because
of the pseudo-Jahn—Teller (PJT) effect, which leads to a fast
nonradiative deactivation. The three-coordinate Cu(I) com-
plexes were expected not to suffer from PJT distortion. A few
of three-coordinate Cu(I) complexes have been demonstrated
to exhibit good luminescent performance in solid state with
phosphorescence, prompt fluorescence or thermally activated
delayed fluorescence (TADF).”''~"* However, Jahn—Teller
distortion are still found to change the geometry from “Y” to
“T” shaped upon excitation in the three-coordinate Cu(I)
complexes.'' The luminescent properties of two-coordinate
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Cu(I) complexes have been reported recently.”'*'” They
exhibit highly efficient fluorescence, phosphorescence, or
TADF with nearly 100% luminescence efficiency in the solid
phase, which is a great breakthrough in the luminescence of
copper complexes. It is necessary to reveal the mechanism of
luminescence and to elucidate the property—structure relation-
ship of the two-coordinate Cu(I) complexes. To our
knowledge, little work has been done to theoretically reveal
the mechanism of strong fluorescence in solid state relative to
weak fluorescence in solution for the two-coordinate
complexes.

In this work, we systematically and quantitatively investigate
the excited-state decay dynamics for the three two-coordinate
Cu(I) complexes (CAACA)CuX (see Figure 1a) in solution
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Figure 1. (a) Chemical structure of (CAAC*)CuCl. (b) Setup of
PCM model. (c) Setup of QM/MM computational model.

and solid state by using PCM and hybrid quantum and
molecular mechanics (QM/MM) approach and the thermal
vibration correlation function (TVCF) formalism developed
earlier in our group. The mechanism of their luminescence is
disclosed, which should greatly benefit the molecular design of
novel highly efficient two-coordinate Cu(I) complexes. From
solution to aggregate, the bending vibrations of the coordinate
bonds C—Cu—Cl and Cu—C—N are largely restricted, which
blocks the nonradiatve decay channels and causes strong
fluorescence. The deep understanding of luminescence
mechanism is very helpful for the molecular design of novel
highly efficient two-coordinate Cu(I) complexes.

2. COMPUTATIONAL METHODS

Based on the Fermi’s golden rule (FGR), the Franck—Condon
principle and the TVCF approach, the emission spectrum o,,,(®,T)
can be calculated,

20°
3rhc’

oem(w! T) =

yﬁlz / e_i(w_wﬁ)tpem(t, T) dt
o (1)

Here pu; is the electric transition dipole moment between two
electronic states; and p,,(T) = Z;”"Tr(e™e@M) is TVCF which can
be solved analytically by multidimensional Gaussian integrations.

The radiative decay rate constants can be calculated according to
the integration over the whole emission spectrum, and gained,

k(T) = [a.(w, T) dw

2)

Using the FGR and first-order perturbation theory, the non-
radiative internal conversion (IC) rate can be expressed as'®

k Zﬂ'

Hy5(E; + Ey, — E,)

ic =

(3)

Here the perturbation H'g is non-Born—Oppenheimer coupling,
under Condon approximation which can be written as,

Hg = Z <®f|ﬁﬂ|q)i><®fulﬁﬂl®iv>
] (4)
where By = —ifd/ 0Q g is the normal mode momentum operator.
Using the TCVF approach we can obtain
1 « i,
ic — Z ?Rkl f dt [ea‘ftpic‘kl(t; T)]
k! - (5)
Here Ry = (DB ID)(®DIBID;) is the nonadiabatic electronic
coupling between two electronic states; and
Py, Py, T) =27 _ITr(Pfke‘TfoPﬂe”‘H‘) is the TVCEF in the IC process,
9-21

whose detailed solutions can be found in our previous work."
DFT and TDDFT were employed to calculate the equilibrium
geometry and the vibration frequency in the S, state and in the S,
state, respectively. The LANL2DZ basis set were applied for the
copper atom and 6-31G(d) for the others.”>** Various density
functionals have been tested through comparing the optimized
structure dparameters in the S, state and spectral properties of
[(CAACA?)CuCl] with the experimental counterparts (see Table S1
and Figure S1). On the basis of the test results, the M06 functional
was found to be the most suitable one for the copper complex and was
chosen for all the following calculations. The polarizable continuum
model (PCM)** for tetrahydrofuran (THF) solvent was adopted in
order to account for the solvent effect (see Figure 1b). The linear-
response (LR) PCM was applied to the geometrical optimization and
frequencies analysis, while the corrected linear-response (cLR)
approach®™ was employed to obtain excitation energies accounting
for the density-dependent relaxation of the solvent polarization. To
account for the effect of aggregation, the ONIOM model** with high-
level QM and low-level MM method was employed in the calculation
of the geometrical and electronic structures of the cluster, which was
dug from the X-ray crystal structure with size of 3 X 3 X 3 (see Figure
1c). Herein, the central molecule was treated as QM part using

Table 1. Selected Geometrical Parameters of (CAAC*?)CuCl Optimized Theoretically at the S, and S, States in Solution and

Solid Phase, and Obtained Experimentally from the Crystal Structure'*

in solution

S S, IA(S, = S))I
Cu-C1 1.9212 1.8931 0.0281
Cu—Cl 2.1625 2.1920 0.0295
C1-N 1.3084 1.3687 0.0603
C2-N 1.4468 14227 0.0241
C3-N 1.5167 1.4760 0.0407
2C1-Cu—Cl 179.50 169.83 9.67
2£Cu—C1-N 119.58 106.76 12.82
£Cu—C1-C4 130.81 141.54 10.73
14404

(Bond Length, Angstrom; Bond Angle, Degree)

in solid phase

So S IA(S, — Syl expt
1.9162 1.8945 0.0217 1.8830
2.1336 2.1527 0.0191 2.1099
1.3111 1.3730 0.0619 1.3053
1.4492 1.4277 0.0215 1.4551
1.5150 1.4857 0.0293 1.5291
174.45 170.79 3.66 175.33
121.94 126.40 4.46 123.36
128.66 12191 6.75 127.77
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(TD)M06/LANL2DZ/6-31G(d) and the surrounding molecules
were treated as MM part using the universal force field (UFF). All
these first-principle calculations were carried out with the Gaussianl6
program package.”* The character of each excited-state transition was
analyzed by the attachment-detachment densities™ with Q-Chem.”®
The nonadiabatic electronic coupling term Ry; was treated as the force
acting on the atomic nuclei through the transition electric field under
the frame of the first-order perturbation theory.”” The excited state
decay rates and the spectra were calculated using the TVCF
formalisms in MOMAP package.”® The orbital composition analyses
were carried out with the Multiwfn program package.””

3. RESULTS AND DISCUSSION

3.1. Geometric and Electronic Structures of (CAACAY)-
CuCl. The main geometrical parameters of the S; and S, states
of (CAAC*)CuCl in solution and solid phases are shown in
Table 1, together with the X-ray crystal structure for
comparison. It is obvious to see that in Table 1 the optimized
geometrical parameters in the solid phase are in good
agreement with the experimental crystal data. This indicates
that the adopted quantum chemistry method is suitable for the
complex. Analyzing the geometrical changes IA(S, — S;)lupon
excitation, we can see that the complex is more flexible in
solution. The largest changes appear in the coordination bond
angles between copper and two ligandswithZC1—Cu—ClI,
£Cu—C1-N and £Cu—Cl1-C4 decreasing from 9.67°,
12.82°, and 10.73° in solution to 3.66°, 4.46° and 6.75° in
the solid phase, respectively. In addition, the bond lengths of
C1-N and C3—N in the carbene ligand also change greatly in
the two phases (solution, 0.0603 and 0.0407 A; solid, 0.0619
and 0.0293 A). These different changes in the two phases
would lead to distinct photophysical properties, especially the
nonradiative decay process.

The electronic structures, including main frontier molecular
orbitals, their energy levels, electronic density contours, atomic
components, and transition property are given in Figure 2a for
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Figure 2. (a) Selected frontier molecular orbitals and the important
transitions of the S; state at the optimized S; geometries in solution
and solid phase. (b) Attachment-detachment densities for S, states at
their optimized geometries in solution and solid state.

(CAACA!)CuCl at the optimized S, geometries in solution and
the solid phase. It can be seen from Figure 2a that (i) the
highest occupied molecular orbital (HOMO) is sensitive to the
aggregation. It mainly localizes on copper atom (44%) and
CAAC ligand (52%) in solution, while it mostly concentrates
on copper atom (32%) and halogen atom (52%) in the solid
phase; (ii) the lowest unoccupied orbital (LUMO) is not
affected by the aggregation and is heavily confined on the
CAAC ligand (85%) in both phases; (iii) the main transitions
change from single HOMO — LUMO (98%) excitation in

solution to double HOMO — LUMO (77%) and HOMO-2
— LUMO (18%) excitation in the solid phase. It is very clear
that the transition character changes from metal-to-ligand
charge transfer (MLCT) to hybrid MLCT and halogen-to-
ligand charge transfer (XLCT) upon aggregation. Conse-
quently, the excitation energy increases from 2.88 to 2.95 eV
due to the participation of the deeper orbitals in the solid state,
which is confirmed by the blue shift of the emission spectrum
relative to that in solution observed in experiment.'* The
attachment—detachment densities (which are more intuitive
than MOs) are shown in Figure 2b at the optimized S,
geometries in solution and the solid phase for (CAAC*?)CuCL
From Figure 2b, it is obvious that the electron transitions can
be assigned to MLCT in solution, and mixing MLCT/XLCT
in solid phase.

3.2. Photophysical Properties of (CAACACuCl. The
vibrationally resolved absorption and emission spectra are
calculated for (CAACAY)CuCl at 298 K in solution and solid
phase, and plotted in Figure 3 together with the available
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Figure 3. Calculated (a) absorption and (b) emission spectra of
(CAACA)CuCl in solution and solid phase with experiment data.

experimental emission spectrum for comparison. Compared
with the optical spectra in solution, the emission spectrum in
aggregate shows a large blue shift which agrees well with the
experimental observation,'* while the absorption spectrum
exhibit an obvious red shift. As a result, the Stokes shift is
greatly reduced from solution to solid phase. The adiabatic
excitation energy changes slightly from 3.33 eV in solution to
3.26 eV in solid phase. Such changes of optical spectra suggest
that the reorganization energy would be sharply decreased and
the nonradiative decay channels would be greatly restricted
correspondingly in solid phase.”” The vibrationally resolved
spectra at low temperature can be used to elucidate the
electronic transition properties and electron—phonon inter-
action. Therefore, the individual emission peaks are assigned to
the involved vibrational states as shown in Figure S5. The
maximum emission peaks come from the vibration of 126.72
cm™!, which can be related to the C—Cu—Cl bending. The
bending vibration can be related to blue shift in the simulated
emission spectra.

The calculated radiative and nonradiative decay rate
constants of (CAAC*!)CuCl in solution and solid phase are
given in Table 2, as well as the oscillator strength and vertical
excitation energy based on the geometries of S; states. From
Table 2, it can be seen that from solution to solid phase both
oscillator strength and adiabatic excitation energy change a
little. Thus, the radiative decay rate constants are close in both
phases. Differently, upon aggregation the internal conversion
rate constant k;. decreases by about 4 orders of magnitude. In
addition, the intersystem crossing rate constants are very small
of ca. 10 s7! in both phases. The resultant fluorescence

DOI: 10.1021/acs.inorgchem.9b01705
Inorg. Chem. 2019, 58, 14403—14409


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b01705/suppl_file/ic9b01705_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.9b01705

Table 2. Calculated Oscillator Strength, Vertical Excitation Energy, Radiative, Non-Radiative, and Intersystem Crossing Decay
Rate Constants, and Fluorescence Quantum Yield of (CAAC*!)CuCl in Solution and Solid Phase at 298 K (A, in Solution; B,

Inorganic Chemistry

in the Solid Phase)

f AE/eV k/s7!
A 0.0030 2.87 6.26 X 10°
B 0.0024 2.95 7.83 X 10°

kic/s_l kisc/s_l q’F/%
8.38 x 107 9.18 x 10? 0.44
1.47 x 10* 121 x 10? 98.0

quantum yield (@) increases from 0.44% to 98% upon
aggregation, which is very close to the experiment value of 96%
in solid state.'*

3.3. The Mechanism of Luminescence of (CAACAY)-
CuCl. As discussed above, the remarkable decrease of the
internal conversion rate constant induced strong emission in
solid state. In order to deeply understand the intrinsic
mechanism, we revisit the formalism of the k. and extract
two important factors to manipulate the rate constant. One is
the nonadiabatic coupling, which provides a driving force to
the excited-state decay. In the conventional linear coupling
model of nonradiative rate theory, the normal modes with the
largest nonadiabatic coupling matrix element are defined as
“promoting mode.”’ The other factor is the reorganization
energy which characterizes the ability of normal modes to
accept excess excited-state energy.””*” The normal modes with
largest reorganization energy are as called “accepting mode”.”’
In the multimode coupling model of the nonradiative rate
theory in MOMAP program, the concept of “promoting/
accepting mode” has been abandoned, and any normal modes
can act as “promoting mode” or “accepting mode”. In other
words, all the modes are considered through diagonal and
nondiagonal elements of the nonadiabatic coupling matrix."®

For a more intuitive analysis of the change in nonadiabatic
couplings upon aggregation, we only plotted the diagonal parts
in Figure 4. It is seen that the couplings become much smaller
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Figure 4. Diagonal elements of the electronic coupling matrix versus
the normal mode index of (CAAC*Y)CuCl in solution and solid
phases.

from solution to solid phase. In solution, the low frequency
vibrations of 22.49, 74.16, 97.08, and 116.33 cm™! have large
nonadiabatic couplings, and these modes belong to the
bending vibrations of bond C—Cu—Cl. The stretching
vibration of bond Cu—Cl of 337.79 cm™' also makes a
relatively high contribution in nonadiabatic couplings. In
contrast, this kind of vibrations are hugely suppressed in solid
phase; only the modes of 65.10 cm™" makes a contribution. In
addition, the stretching mode of C—N appears in high-
frequency region. Overall, the nonadiabatic couplings are
highly suppressed in solid phase, which can lead to a large

decrease in nonradiative decay rate.

The reorganization energies were calculated by the formula
A= w’D}/2, Dy is the displacement along the /th normal mode
between two electronic states. Results are shown in Figure Sa,
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Figure 5. (a) Reorganization energy (4) based on the potential
surface in the S, state for (CAAC*!)CuCl, as well as their contributed
vibration modes; (b) projection of the reorganization energies onto
the internal coordinates in solution and solid phases.

as well as the displacement vectors of important modes for
(CAACA)CuCl in solution and solid phases. The total
reorganization energies decrease a lot from solution (7121
cm™') to solid state (2274 cm™'). From Figure Sa, we can
visually find that the largest contributions to the reorganization
energy come from several low-frequency modes and one high-
frequency mode in solution. Their frequencies/reorganization
energies are 49.85 cm™'/309.18 cm™, 57.07 cm™'/1120.00
em™, 65.51 cm™'/630.01 cm™, and 143220 cm™'/555.61
cm™!, respectively. In comparison, there are only one low-
frequency mode (@ = 120.35 cm™, 4 = 347.75 cm™") and one
high-frequency mode (@ = 1449.31 cm™, A = 508.79 cm™') in
the solid phase. From the displacement vectors in Figure Sa,
these low-frequency modes are assigned to be the bending
vibrations associated with coordination bonds C1—Cu and
Cu—Cl], and the high-frequency mode belongs to the stretching
vibration of C—N bond in carbene ligand. These features are in
good agreement with the geometrical modifications discussed
above. Upon aggregation, the vibrations of angles C1—Cu—Cl
and Cu—C1-N are restricted largely, while the stretching
vibrations of C1—N bond is insensitive to the environment.
The same features can be found from the reorganization
energies at the S, state given in Figure S3 and the Huang—
Rhys factor versus the normal modes frequencies shown in
Figure S4. The change of the reorganization energy again leads
to a great decrease of the nonradiative decay rate upon
aggregation.

In order to establish the structure—property relationship, we
further project the reorganization energies onto the internal
coordinates. The important bond lengths, bond angles and
dihedral angles with large reorganization energy are plotted in
Figure 5b for (CAAC*?)CuCl in both solution and solid phase.
It is obvious that the bond angles Cu—C1-N, C1-Cu—C],
and Cu—C1—C4 are the most sensitive parameters to the
environment. For example, the reorganization energy of the
bond angle Cu—C1—N is highly suppressed from 1141.28 to
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103.3 cm™". The reorganization energy of bond angle Cu—
C1—C4 greatly decreases from 771.62 to 183.71 cm™'. The
bond angle C1—Cu—Cl makes large contribution to the
reorganization energy of 685.69 cm™! in solution, while its
contribution vanishes in solid phase. The impacts of the bond
lengths C1—-N, C2—N, C3—N abate to some extent upon
aggregation.

Overall, the strong solid-state fluorescence is induced by the
restriction of the bending vibrations of coordination bonds for
the complex (CAAC*!)CuCl. This is quite different from the
traditional aggregation induced emission (AIE)** caused by
the restriction of rotational,>* twisting?’5 and stretching"’6
vibrations.

3.4. Similar Luminescence Mechanism in (CAACAY)-
CuBr and (CAACP)Cul. In order to confirm the universality
of the luminescence mechanism for the two-coordinate Cu(I)
complexes with similar chemical structure, we explore the
photophysical properties of (CAACA?)CuBr and (CAACA)-
Cul. As expected, similar results are found in both complexes:
they both present large improvements of fluorescence
luminescence for the decrease of nonradiative decay rates
from solution to solid phase (the radiative and nonradiative
rate constants are shown in Table S5). The change of
nonradiative decay can be attributed to the decrease of
reorganization energy as Figure 6 shown. Herein, the low

In solution In solid phase

(CAAC)CuBr % Q?é“
Frequency / cm™ 56.68 180.90
A/em? 625.43 232.38

(CAAC*)Cul O%ﬁ\ O»%
Frequency / cm™ 171.60 86.31
A/cm?t 641.66 154.60

Figure 6. Selected vibrations with reorganization energy (1) of
(CAAC*)CuBr and (CAACA)Cul in solution and solid phase.

frequency bending vibrations are much restricted from solution
to solid phase similarly. (the other important vibrations and
their reorganization energy are also listed in Table S6 and S7).
What’s more, their absorption and emission spectrum are
shown in Figure S6 and S7. Red-shifts in absorption and blue-
shift in emission from solution to solid phase are also observed,
which is the same as copper chloride complex.

4. CONCLUSIONS

In summary, the luminescent properties of two-coordinate
Cu(I)—carbene complexes were investigated in solution and
solid phase by using PCM and QM/MM approaches coupled
with the TVCF formalism. Through comprehensive analysis of
the geometrical and electronic structures, reorganization
energy, nonadiabatic coupling, absorption and emission
spectra, and the radiative and nonradiative decay rates in the
two phases, we conclude that (i) the calculated geometry,
spectral behavior, and fluorescence quantum efficiency are in
good agreement with the available experimental data; (ii) from
solution to solid phase, the nature of the electronic excitation
changes from MLCT to hybrid MLCT/XLCT; (iii) the

bending motions of the bond angles C—Cu—Cl and Cu—C—N
are greatly restricted from solution to solid phase, which is
manifested in the changes of geometrical structures, reorgan-
ization energy, and nonadiabatic coupling; (iv) at ambient
temperature, the nonradiative decay rate is decreased by about
3—4 orders of magnitude upon aggregation, and the solid-state
@y increases to 98% from 0.44% in solution. The restriction of
the bending vibrations of bond angles C—Cu—Cl and Cu—C—
N induced the strong solid-state fluorescence, which is quite
different from the existing AIE systems induced by the
restriction of rotational and twisting vibrations. These indicate
that the surrounding environments of bond angles C—Cu—Cl
and Cu—C—N should be paid close attention, in order to
recover the strong fluorescence via either single molecular
design or modulation of aggregation for the two-coordinate
Cu(I) complexes. Moreover, the same mechanism is found in
the two-coordinate copper(I) complexes with similar chemical
structure. The deep understanding of the luminescence
mechanism at microscopic level would be helpful for designing
novel highly efficient solid-state luminescent copper complex
materials. Here, we only investigated the fluorescence
properties for the two-coordinate Cu(I) complexes, and we
will explore the TADF and phosphorescence mechanisms of
two-coordinate Cu(I) complexes in our future work.
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