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Abstract Weak interactions between copper atoms so
called cuprophilic interactions, lead to the supramolecular
stacks of C¢FsCu(py), which possess unique luminescent
and charge transport properties. First-principle band-
structure calculations have been used to investigate the
relationship between its charge transport property and
cuprophilic interactions for the first time. The valence
bandwidth was found three times larger than the conduc-
tion bandwidth. Meanwhile, the effective mass of hole is
0.46 mg, which is only one-third of the electron, and much
smaller than that of the pentacene. Thus, CeFsCu(py)
would become a promising candidate for hole transport
material. The analysis based on density of states and band
structure shows that holes transport mainly along the
direction of cuprophilic interactions (c-axis) and cupro-
philic interactions are in favor of hole transport. Thus, the
cuprophilic interactions play an important role in deter-
mining charge transport. By the replacement of copper
atoms with silver and gold atoms, the results show that
there are close relationships between the metallophilic
interactions and transport ability, i.e., the stronger metall-
ophilic interactions are, the better hole transport ability is.
The solid state emission of CgFsCu(py) is attributed to the
monomer rather than the dimer. This emission is assigned
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as the metal-to-ligand charge transfer (MLCT), and com-
bined with some contributions from ligand-to-ligand
charge transfer (LLCT).
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Band structure - Charge transport - DFT

1 Introduction

Organic transport materials have been attracted a deal of
attention for use in organic field-effect transistors (OFETs),
solar cells, and organic light-emitting diodes (OLEDs),
which possess great advantages such as low cost, easy
fabrication, and mechanical flexibility [1-3]. The effi-
ciency of these devices is determined by charge injection
and transport, charge carrier balance, radiative decay of
excitons, and light extraction. Especially, charge transport
in organic materials is one of the most important factors in
the performance of OLEDs [4, 5], organic field-effect
transistors [6, 7], and organic solar cells [8, 9]. The con-
tinued emergence for these applications will mainly depend
on performance enhancement in such materials.

In recent years, luminescent d® and d'® metal complexes
have attracted much attention because of their potential
applications in sensors and photochemical and electrolumi-
nescent devices [10-16]. These complexes show a wide
range of luminescence properties that depend strongly on the
structural and electronic characteristics of their ligands.
Experimental [17-22] and theoretical [23-25] researches on
these complexes indicate that metal-metal interaction also
plays an important role in determining luminescence.
Moreover, recent studies show that supramolecular organo-
metallic nanostructures induced by metal-metal, C-H---7
and hydrophobic interactions have exhibited excellent
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electron- [26] and hole- [27] transporting abilities, which can
be used as active components in miniature sensors, OFETsS,
and OLEDs. The metallophilic attraction is between metal
atoms, or ions, with closed electron shells. The origin of this
attraction arises primarily from weak dispersive effects and
enhanced by relativistic effects in heavier element systems.
They are weaker than most covalent or ionic bonds, but
stronger than other van der Waals bonds, and roughly com-
parable in strength with typical hydrogen bonds [28-30].
Recently, lots of complexes containing weak d'°—d'® inter-
actions have been reported [31-36]. The energy of Au(I)-
Au(I) aurophilic interaction existing in the solid state and
solution is estimated to be 30-60 kJ/mol [37-39] compara-
ble to that of hydrogen bonds. Pyykkd and Mendizabal have
attributed the aurophilic attraction to correlation effects,
which are enhanced by relativistic effects.

Polynuclear d'® complexes have been obtained
increasing attention in the past few years, due to their
fascinating luminescent properties origining from their
metal-metal and metal-ligand bonding natures, and they
can be utilized as luminescent sensors [17, 40, 41], and
LEDs [42, 43]. Omary et al. studied a series of polynu-
clear complexes of Cu(I) and Ag(I) with fluorinated
pyrazolate ligand [44, 45]. Especially, {[3,5-(CF;),Pz]
Cu}; has the potential to use as emitting materials for
molecular LEDs [42]. Furthermore, copper phthalocya-
nine (CuPc) is used as excellent hole transport material
[46]. Yan et al. fabricated a series of organic hetero-
junction devices based on CuPc, exhibiting air stability
and good ambipolar transport behavior [47]. Based on
tetranuclear copper complex, Jakle et al. synthesized a
series of organocopper complexes, through Cu-n, Cu-S,
perfluoroarene—arene, and cuprophilic interactions. Some
of these complexes possess fascinating luminescent
properties [48, 49]. Treatment of pentafluorophenylcopper
tetramer ([CgFsCu]4) with an equimolar amount of pyri-
dine, a pale yellow dicoordinate organocopper complex
(CFsCu(py)) was obtained, with a strong blue fluores-
cence band at 460 nm. The ligands in adjacent molecules
are in a staggered conformation, which avoids any 7-
stacking interactions. And the copper atoms are arranged
in one-dimensional chains with a distance of 2.892 A,
which is in the scope of metal-metal interaction [50].
This is the first time to form a supramolecular structure
through cuprophilic interactions for dicoordinated orga-
nocopper complex.

With the development of quantum chemistry, especially
in the photoelectric field, it is possible to explain the
experimental phenomenon and design excellent photo-
electric materials. For examples, Bredas et al. have used
density functional theory (DFT) coupled with wide-band
theory to discuss the impact of fluorine and alkyl/alkoxy
substituents on oligoacene crystals and obtained a good
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understanding of the role of substitution on the carrier-
transporting process [51, 52]. Shuai et al. employed first-
principle theory and deformation potential theory, calcu-
lated the size-dependent carrier mobility and its polarity in
Graphene from band view, providing theoretical support to
experimentalists for designing high-efficient charge trans-
port materials [53]. Felice et al. carried out a comprehen-
sive investigation of the structural and electronic properties
of several isolated and periodic Pt2(dta)4l polymers using
PBE exchange—correlation functional as implemented in
the PWscf code. Their results show that the chain has a
metallic behavior that is in agreement with the experi-
mental findings at room temperature in the crystalline
phase. The characteristics and the origin of the metallicity
are deeply analyzed by changing the assembling of the
constituent subunits of the original polymer in viable dif-
ferent ways [54]. Our group also investigated the charge
transport mechanism of a series of organic photoelectric
materials [55-57].

Due to its strong blue fluorescence emission,
CeFsCu(py) can be used as a promising blue-emitting
material. On the other band, thanks to the staggered for-
mation of the ligands, the transporting properties could be
tuned by the metal-metal interaction, and no theoretical
study on the charge transport properties of complexes
involving such interaction has been reported in the liter-
ature. Also, we can study the mechanism of the blue-
emission on whether it is related to the metal-metal
interaction. In this work, with the help of DFT calcula-
tions, dicoordinate organocopper complex CgFsCu(py)
was taken as an example to study: (1) the relationship
between the molecular-packing mode induced by the
cuprophilic interactions and the charge transport, (2)
insights on the excited states electronic structures and
luminescent properties. Moreover, the influence of
replacement of copper atom with silver and gold on the
metal-metal interactions and charge transport is also
investigated.

2 Theoretical methodology

Generally, there are two models to describe the charge
transport mechanism at present: hopping model and band-
like model. The charge transport is governed by hopping
mechanism when the system is disordered at room tem-
perature. But in the well-ordered organic crystals, the
mobility is more rationally described by band-like model.
Shuai et al. carried out first-principle band-structure cal-
culations to the Tris(8-hydroxyquinolinato)aluminum
(Algs) and concluded that Alqg; is a good electron trans-
port material from the band structure’s view for the first
time [58].
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In a standard band-theory model, the group velocity
v(k) of the delocalized electron waves or hole waves is
given by the gradient of the band energy in k-space,

V(k) = ViE(K) /h (1)

where E(k) is the band structure of the system, k the wave
vector, and i = h/2n, h is the Planck constant. Under the
constant relaxation time approximation at low temperature,
the mobility can be given by

= em;! 2)

Here, the inverse effective mass m ' is a key parameter of
the charge transport in the band-like model. The effective
mass is related to the curvature of the minimum/maximum
of the conductive band (CB)/valence band (VB). It reads

. 1 (O*E(k)
Map = T2 (akaak,) 3)
Here, subscripts o and § denote the Cartesian coordinates
in reciprocal space, and E(k) is the band energy. The
heavier the effective mass is, the smaller the mobility is.

Density functional theory (DFT) [59, 60] calculations
are carried out using Dmol® within the Material Studio
package [61, 62]. It should be noted that there are certain
limitations of current DFT functionals in accurately
describing van der Waals forces in the molecular crystals.
Byrd et al. have systemically tested the successes and
failures of current DFT functionals and suggested that it is
necessary to develop new DFT functionals which include
accurate dispersion forces [63]. In this paper, the general-
ized gradient approximation (GGA) in the Perdew—Burke—
Ernzerhof (PBE) [64] form and an all-electron double
numerical basis set with polarized function (DNP basis set)
are used to optimize the crystal structure, and the band
structure, density of states, and also the I’ point wave
function are calculated. The lattice parameter used here are
a=9.891 A, b=18948 A, c =5.785 A, and o = § =
y = 90°. Integrations over the Brillouin zone were sampled
by 10 x 5 x 10 k points using the Monkhorst—Pack
scheme. The binding energies of the dimers along c-axis
are calculated under MP2 [65] level as implemented in the
Gaussian 09 program [66]. The functional used in all is the
Becke’s exchange and Lee, Yang, and Parr’s functional
(B3LYP) [67, 68]. Basis sets of SDD [69, 70] containing
relativistic effects were applied to metal (Cu, Ag, and Au)
atoms and 6-31G** [71, 72] were applied to C, H, N,
and F. The basis set superposition errors (BSSE) [73] was
taken into consideration in binding energy calculations.
Calculations on the excited state of the investigated com-
plexes were carried out at the TDDFT/B3LYP level, using
SDD basis set for metal atoms, and 6-31G** for other
elements.

3 Results and discussion
3.1 Geometric structure

The monomer, crystal structure, and packing mode along c-
axis of C¢FsCu(py) are shown in Fig. 1. The crystal crys-
tallizes in the orthorhombic space group Pbcm, with four
molecules per unit cell. It exhibits a linear coordination
geometry, with the pentafluorophenyl rings and the pyri-
dine rings coplanar. The ligands in adjacent molecules are
in a staggered formation, which can effectively avoid the
n-stacking interactions. However, the arrangement of
copper atoms in one-dimension chains leads to the supra-
molecular packing. The selected optimized bond lengths
and bond angles along with experimental values are listed
in Table 1. It can be seen that the calculated values are in
good agreement with the experimental ones. The distance
between copper atoms is 2.894 A, which is only 0.002 A
different from the experimental value. This indicates that
the adopted calculation method is suitable to the studied
complexes. Such a short distance between copper atoms is
close to the sum of the van der Waals radii of two Cu'

Fig. 1 a Chemical structure, b crystal structure, ¢ packing mode
along c-axis of C¢FsCu(py)

Table 1 Selected interatomic distances and angles of CcFsCu(py)

Bond/angle Cal Exp

Distance (/&)

Cul-Cl1 1.875 1.891
Cul-N1 1.893 1.902
Cul-Cu2 2.894 2.892
Angle (°)
C1-Cul-N1 178.61 178.54
C7-N1-Cul 121.84 121.11
C11-N1-Cul 119.70 121.30
C6—C1-Cul 120.57 121.80
C2-C1-Cul 124.88 124.61
C1-Cul-Cu2 88.89 89.90
N1-Cul-Cu2 91.09 90.10
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Fig. 2 ['-point HOMO and
LUMO wave functions for

CsFsCu(py) B

centers of 2.80 A [74], which leads to the presence of
cuprophilic interactions, and such interactions may signif-
icantly influence the charge transport properties.

3.2 Analysis of frontier molecular orbitals

There is a close relationship between the charge transport
and distribution of frontier molecular orbitals. The wave
functions of the band-edge state at the I" point are shown in
Fig. 2, which are equivalent to the frontier molecular
orbitals, namely, the HOMO for the hole and LUMO for
the electron. Here, the yellow (blue) color is for positive
(negative) wave functions values. As seen from the illus-
tration, the wave functions of HOMO display a significant
electronic density on the copper atoms while for LUMO
mainly on pyridine groups. Thus, the hole is much more
possibly transport along the direction of the cuprophilic
interactions. Moreover, the close distances between two
copper atoms along one-dimensional metal chains will also
help to this transportation.

3.3 Band structure

The electronic band structure along high symmetry direc-
tions and corresponding density of states (DOS) are
depicted in Figs. 3 and 4, respectively. From Fig. 3, we can
see that both occupied and unoccupied bands consist of two
subbands due to the two translationally inequivalent mol-
ecules present in the unit cell. C¢FsCu(py) is an indirect
semiconductor with a band gap of 1.31 eV with its maxi-
mum of valence band at I" point and minimum of con-
duction band at X point. Furthermore, from the bandwidths
of valence band and conduction band along different
directions listed in Table 2, the largest dispersions for both
valence and conduction bands are observed along the
symmetry line between Z and I', which corresponds to the
c-axis direction in real space or the alignment of the copper
atoms in one-dimensional chains. There are no apparent
dispersions along other directions. The bandwidth of
valence band along the Z-1" direction is 1.08 eV, which is
three times larger than that of the conduction band

@ Springer

Energy/eV
o

Zz r Y X r

Fig. 3 Calculated band structure of CgFsCu(py) crystal. The high-
symmetry points are Z = (0,0,0.5), |I'=(0,0,0), Y = (0,0.5,0),
X = (0.5,0,0)
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Fig. 4 Density of states (DOS) of C¢FsCu(py) crystal

Table 2 Bandwidths of HOMO and LUMO along high symmetry
directions in eV

Z-I" I'-sY Y-X X-I"
LUMO 0.33 0.04 0.06 0.03
HOMO 1.08 0.01 0.00 0.01
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Table 3 Effective masses m (in units of the electron mass at the rest,
my) of electron and hole at the band edge in CgFsCu(py) crystal

Table 4 Selected interatomic distances and angles for C¢FsM(py)
systems (M = Ag or Au)

m/my Ag Au
Electron 1.52 Distance (/0%)
Hole 0.46 M1-Cl 2.137 2.202
MI-NI1 2.197 2.269
MI1-M2 2.903 2911
(0.33 eV). In general, the appearance of both dispersive ~ Angle ()
and flat bands is a reflection of anisotropy in the charge C1-MI-N1 176.16 175.96
transport properties of the crystal, and the stronger dis- C7-N1-Ml 121.19 121.45
persion of band is, the larger carrier mobility is [75]. That ClI-NI-Ml 119.87 119.37
is, the holes in valence band could move much easier than Co-Cl-Ml 119.63 119.99
the electrons in conduction band. On the other hand, we C2-C1-M1 123.96 123.38
can see clearly from density of states of the complex that Cl-M1-M2 86.59 85.49
copper atoms contribute significantly to the valence band, N1-M1-M2 93.18 94.18

whereas to conduction band, pyridine group does, which is
consistent with the analytic results of the frontier molecular
orbitals. Thus, this indicates that the large dispersion of
valence band and corresponding good hole transport abil-
ities are all related to the interactions between copper
atoms.

We further check the effective masses of the hole and
electron. The mobility can be described using the effective
mass approximation in the case of wide-band. In general, a
smaller effective mass would lead to the easier carrier
(electron or hole) transport. Based on the analysis of the
band structure, there is no apparent dispersions along the
directions except c-axis. Thus, the effective masses of both
valence and conduction bands along c-axis using Eq. (3)
were calculated, and their corresponding results are listed
in Table 3. The effective mass for hole is 0.46 m, which is
only one-third of the electron (1.52 mg). From a band
picture point of view, the inverse of effective mass is
proportional to the mobility, thus indicating that the hole
mobility should be 3 times larger than that of the electron.
Moreover, the hole effective mass of C¢FsCu(py) is much
smaller than that of the pentacene (1.70 mg), which is a
typical hole transport material [76]. It is concluded that
Cg¢FsCu(py) is a good hole transport material. As men-
tioned earlier, such good transport ability is contributed to
the copper—copper interactions.

3.4 Charge transport ability vs. metallophilic
interactions

It is well known that tiny modification on structures or
substitution can substantially improve their charge trans-
port properties and mechanical processability [77-80].
Since the transport ability here is sensitive to the so called
cuprophilic interactions, and such metallophilic interac-
tions are related to relativistic effects [81, 82], we make an
analysis on the relationship between the transport ability

Table 5 Calculated bandwidths of LUMO and HOMO along Z—I"
and binding energies (E) for C¢FsM(py) systems

Cu Ag Au
LUMO (eV) 0.33 0.22 0.20
HOMO (eV) 1.08 1.26 1.57
E (kcal/mol) —7.12 —9.13 —10.50

and metallophilic interactions. By replacing the copper
atoms into silver and gold, we optimized the geometry
structures and calculated the band structures of Ag and Au
systems in Dmol® package with the same accuracy in Cu
system. And the binding energies of pair molecules
extracted from the optimized structures along c-axis are
also calculated in Gaussian 09 program package. Table 4
presents the optimized bond lengths and angles of
CsFsM(py), where M denotes the Ag and Au atoms, and
the labels here are consistent with that in Table 1. As
increasing the metal atomic weights, the distance between
metal atom and ligands are larger, but the angles of
C1-M1-N1 are reduced from 178.61° (Cu) to 176.16° (Ag)
and to 175.96° (Au), which leads to nonlinear conforma-
tion of the whole molecule, and the metal atoms along the
c-axis are slightly staggered.

From the bandwidths and binding energies in Table 5,
we can see that by enhancing the relativistic effects, the
valence dispersions along c-axis are larger, whereas the
conduction dispersions are smaller, which makes the holes
transport much easier. On the other hand, the binding
energies are larger with the displacement of metal atom
from copper to gold. The value for Cu here (—7.12 kcal/
mol) is larger than what we found in ref [82] of —4 kcal/
mol. This means that the systems containing silver and
gold will be more stable and exhibit more excellent hole
transport ability. The calculated results also demonstrated
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that metallophilic interactions contribute predominantly to
the carrier transport abilities for C¢FsM(py).

3.5 Luminescent properties

As reported by Jakle et al., the crystal of C¢FsCu(py) shows
a strong blue fluorescence emission at A, = 460 nm in
the solid state, we analyzed the luminescent properties by
calculating the fluorescence spectrum. We optimized the
ground state (Sp) and excited state (S;) of the monomer and
calculated the emission spectrum using TDDFT module
within Gaussian 09 program. And we also calculated the
dimer emission spectrum. However, due to the weak
interactions between copper atoms, it is difficult to optimize
the geometry structure of the dimer. We built the dimer by
replacing each of the molecules in the dimer with the
optimized S1 monomer. It has been demonstrated that this is
an appropriate way to build dimer excited state geometry,
and the results are in agreement with the experimental data
[83]. To obtain more reliable results, we also employed
other ways to analyze the luminescent properties of the
dimer by constraining the geometry of single molecule, we
optimized the distances of ground- and excited states
between the two monomer molecules. The emission peak of
monomer is 448.59 nm, which is close to the experimental
value 460 nm, shown in Fig. 5. The dimeric results
obtained from the two methods are similar, the emission
peak of the former is 552.70 nm, and the latter is
543.08 nm, but there is about 90 nm difference compared
with the experimental value. And the distance (2.851 10\)
between two copper atoms in the excited state is shorter
than that (2.919 A) of the ground state. It should be noted
that the metallophilic interactions possibly influence the
emission [42, 84-87]. So, we further analyzed the rela-
tionship between the weak interaction and the emission by
changing the distance of two molecules from 2.81 A103.80
A based on the optimized equilibrium distance (2.85 A). In
general, the distance of the cuprophilic interactions is
between 2.5 A and 3.5 A [82]. The calculated results are
shown in Table S1 (Supporting Information), and we can
see the emission peak is redshift when the distance of two
molecules is getting shorter than the optimized equilibrium
distance, but when the distance of two molecules is getting
larger, the emission peak is blueshift as shown in Figure S1,
i.e., weakening the interaction between copper atoms makes

4 9

J‘ ‘J e 448.59 nm ' >
Pt > s P @ 5 >

29 ‘ 29
¥ 2 e (7Y 9 J

HOMO-2 LUMO

Fig. 5 Calculated singlet electron transition for monomer
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the emission peak closer to the emission of the monomer.
Based on the above analysis, the solid state emission of
Cg¢FsCu(py) is attributed to the monomer rather than the
dimer containing the weak interaction. This emission cor-
responds to the promotion of one electron from HOMO-2 to
LUMO (Fig. 5), assigned as the metal-to-ligand charge
transfer (MLCT), and combined with some contributions
from ligand-to-ligand charge transfer (LLCT).

4 Conclusions

In summary, we investigated the electronic, luminescent,
and charge transport properties of CgFsCu(py) through DFT
and first-principle band-structure calculations. The results
of band structure show a one-dimensional charge transport
along c-axis, with a valence band dispersion of 1.08 eV,
which is three times larger of the conduction band. Fur-
thermore, the calculated effective mass for hole is only 0.46
mg, which is only one-third of electron and much smaller
than that of the pentacene. As a consequence, CsFsCu(py)
has the potential to act as good hole transport material. The
analysis based on density of states and band structure shows
that hole transport are mainly along the direction of cupr-
ophilic interactions and cuprophilic interactions are in favor
of this transport. Replacement of copper atom with silver
and gold, the results show that there is a close relationship
between the metallophilic interactions and transport ability,
i.e., the stronger metallophilic interactions are, the better
hole transport property is. Thus, the systems containing
silver and gold will be more stable and exhibit more
excellent hole transport properties. The solid state emission
of C¢FsCu(py) is attributed to the monomer rather than the
dimer. This emission is assigned as the metal-to-ligand
charge transfer (MLCT) and combined with some contri-
butions from ligand-to-ligand charge transfer (LLCT).
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