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In this article, we report a phosphorescence enhancement phenomenon of [Cu(N—N)(P—P)]BF, complexes in the
solid state. The phosphorescence enhancement phenomenon is composed of three features: (1) an obvious emission
blue shift, (2) a greatly enhanced photoluminescence quantum yield, and (3) a longer excited-state lifetime. Systematic
analyses prove that the main cause of this phenomenon is nonradiative process suppression triggered by the 7t stacking
between [Cu(N—N)(P—P)]BF, molecules. The phorsphorescence enhancement widely exists in [Cu(N—N)(P—P)]BF,
complexes because of the s surfaces in their diimine ligands.

Introduction

The development of practical components for chemical sensors,
display devices, probes of biological systems, and solar energy
conversion schemes has sparked an interest in complexes of
diimine ligands with transition metals, especially heavy metal
ions such as ruthenium(II) and rhenium(I).' = At the same time,
the strong appeal of using cheaper copper(I) complexes to replace
more expensive compounds based on ruthenium(II) or other metal
ions and the need for a deeper understanding of correlation
between structural processes and photophysical properties have
led to continuous progress in the design of photoluminescent
Cu(I) complexes. However, the emission signal from the charge-
transfer (CT) excited state of copper(I) complexes is typically
weak and short-lived because the lowest-energy CT state of a
d'® system involves excitation from a metal—ligand do*
orbital."*~'? An important consequence is that the excited state
typically prefers tetragonally flattened geometry, whereas the
ground state usually adopts a more tetrahedral-like coordination
geometry that is appropriate for a closed-shell ion.'®'* Aside
from reducing the energy content, the geometry relaxation that
occurs in the excited state facilitates relaxation back to the ground
state.'*!> Moreover, donor media also tend to quench the excited
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state. Blaskie and McMillin first reported this type of exciplex
quenching, and by now, many other studies have confirmed the
mechanism. Mixed-ligand systems involving triphenylphosphane
looked promising because they exhibited long excited-state
lifetimes in the solid state and in frozen solution.'®'® A series
of new mixed-ligand copper(I) polypyridine and phenanthroline
complexes such as [Cu(N—N)(POP)]" [POP = bis(2-(diphe-
nylphosphanyl)phenyl) ether], which are superior emitters, have
been synthesized. It is found that solvent-induced exciplex
quenching is relatively inefficient for the CT excited state of this
POP system. However, the introduction of sterically blocking
ligands can impede geometric relaxation as well as solvent attack.
Here, steric effects cooperate effectively to block the excited
state close to the ground-state geometry. The metal-to-ligand
charge-transfer (MLCT) excited states of cuprous diimine
compounds are often luminescent and play important roles in
photoinduced electron and energy transfer. McCormick and Wang
also reported that both steric and electronic properties of
phosphorus ancillary ligands have impacts on the electrochemical
properties of the copper complexes.”’” 22

The theoretical studies reported by Sakaki and Feng on the
[Cu(N—N)(P—P)]" system prove that the tetrahedral-like co-
ordination geometry is more stable than the tetragonally flattened
geometry by 16.5 kcal/mol in the 'A; ground state, whereas
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Scheme 1. Molecular Structures of the Compounds
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tetragonally flattened geometry is more stable than tetrahedral-
like coordination geometry by 4.1 kcal/mol in the A, MLCT
excited state.?® For a typical phosphorescent Cu(I) complex, the
two highest occupied molecular orbitals (HOMOs) have pre-
dominant metal Cu d character, admixed with some contributions
from the phosphorus ligand, whereas the two lowest unoccupied
orbitals (LUMOs) are essentially st* orbitals localized on the
diimine ligand. The photoluminescence corresponds to the lowest
triplet T and is thus assigned as a characteristic of MLCT [d(Cu)
— sr*(diimine ligand)].** McCormick and Wang also confirmed
that HOMO is dominated by the d orbital of the copper(I) ion,
mixed with contributions from the phosphorus ligands and a
small contribution from the diimine ligand.?"

In contrast to the systematically experimental and theoretical
studies on the electronic and photophysical properties of the
[Cu(N—N)(P—P)]" system, little effort has been devoted to weak
interactions between molecules that greatly influence the pho-
tophysical properties.® *° In the reports of Thummel and
coworks, it is found that [Cu(L),]* (L, based on 2-(2'-pyridyl)-
benzo[/]quinoline and 2,2'-bibenzo[]quinoline) complexes profit
from stabilization associated with sr-stacking interactions by
exhibiting a long excited-state lifetime of 5.3 us and a quantum
yield of 0.10.

In this article, we report a commonly existing phosphorescence
enhancement phenomenon of [Cu(N—N)(P—P)]BF, complexes
in the solid state. Systematic studies suggest that the main cause
of this phenomenon is nonradiative process suppression triggered
by the m-stacking between [Cu(N—N)(P-P)]BF; molecules.

Experimental Method

Compounds studied in this article are shown in Scheme 1. Bis(2-
(diphenylphosphanyl)phenyl) ether (POP), PPh;, 1,10-phenanthroline
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(phen), 2,2'-bipyridine (bpy), and Cu(BF,), were purchased from
Aldrich Chemical Co. and used without further purification.

Synthesis of Compounds. Cyclopenta[2,1-b;3,4-b' [dipyridin-
S-ylidene-phenyl-amine (CDYPA). CDYPA was synthesized ac-
cording to a literature procedure.?' '"H NMR (CDCl3): 6 8.81 (s, 1
H), 8.65 (s, 1 H), 8.25 (s, 1 H), 7.46—7.40 (m, 3 H), 7.28—7.18 (m,
2 H), 7.01—6.98 (m, 3 H). Anal. Calcd for C;H|N3: C, 79.36; H,
4.31; N, 16.33. Found: C, 79.18; H, 4.50; N, 16.21.

(SH-Cyclopenta(2,1-b; 3,4-b' [dipyridin-5-yl)-phenylamine (HCDYPA).
HCDYPA was synthesized by adding excess NaBHy, to a solution
of CDYPA in MeOH and was stirred for 4 h under N,, and then the
crude product was purified by recrystallization in EtOH. 'H NMR
(CDCl5): 68.75(s,2H),7.93 (s,2H),7.24—7.18 (s,3H), 6.86—6.84
(m, 3 H), 5.75 (s, 1H), 4.05 (s, 1H), 1.85 (s, 1H). Anal. Calcd for
CsHy;3N;5: C, 78.74; H, 5.05; N, 16.20. Found: C, 78.65; H, 5.11;
N, 16.11.

[Cu(phen)(POP)]BF,, [ Cu(phen)(PPhs),]BF , and [ Cu(bpy)(POP)|BF .
These were synthesized according to the literature procedures.'>**
The standard samples are denoted as S-[Cu(phen)(POP)]BF,,
S-[Cu(phen)(PPh;),]BF,, and S-[Cu(bpy)(POP)]|BFE,, respectively.

S-[Cu(phen)(POP)]BF,. Anal. Calcd for C4gH3sBCuF,N,OP;: C,
66.33; H, 4.18; N, 3.22. Found: C, 66.21; H, 4.31; N, 3.28.

S—[Cu(phen)(PPhg)z]BF4 Anal. Calcd for C4gH3gBCUF4N2P22 C,
67.42; H, 4.48; N, 3.28. Found: C, 67.27; H, 4.60; N, 3.21.

S-[Cu(bpy)(POP)]BF,. Anal. Calcd for Cy¢H3sBCuF,N,OP;: C,
65.38; H, 4.29; N, 3.31. Found: C, 65.47; H, 4.41; N, 3.14.

[Cu(HCDPYA)(POP)|BF,. This compound was synthesized
similarly with S-[Cu(phen)(POP)]BF,. 'HNMR (CDCI;): 0 8.56 (s,
2H),7.81(s,2H),7.37 —6.63 (m, 35 H), 4.05 (s, 1H), 1.85 (s, 1H).
3P NMR: 0 + 1.67 (s, P(C¢Hs),C¢Hy). Anal. Caled for
Cs3Hy BCuF4N;OP,: C, 67.13; H, 4.36; N, 4.43. Found: C, 67.27,
H, 4.60; N, 4.28.

Phosphorescence-Enhanced [Cu(phen)(POP)]BF,. This com-
pound was processed as follows and denoted as PE-[Cu(phen)-
(POP)]|BF, via methods A and B.

Method A: 0.5 mmol of S-[Cu(phen)(POP)]BF, was dissolved in
5 mL of CH,Cl, at 0 °C. After the addition of ice-cooled n-hexane
under vigorous stirring, the mixture was then brought to 30 °C for
1 h, filtered, and dried in vacuum at 30 °C. Anal. Calcd and Found:
C, 66.25; H, 4.28; N, 3.24.

Method B: 0.5 mmol of S-[Cu(phen)(POP)]BF, was dissolved in
5 mL of CH,Cl, at 30 °C. After the addition of n-hexane under
vigorous stirring, the mixture was stirred at 30 °C for 30 min and
then filtered and dried in vacuum at 30 °C. Anal. Calcd and Found:
C, 66.19; H, 4.34; N, 3.25.
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Phosphorescence-Enhanced [Cu(phen)(PPhs);]BF, [Cu(bpy)-
(POP)|BF .4, and [Cu(HCDPYA)(POP)]BF,. These compounds were
similarly processed using method B. They are denoted as PE-
[Cu(phen)(PPh;),]BF4, PE-[Cu(bpy)(POP)]BF,, and PE-[Cu(HCD-
PYA)(POP)]BF.,, respectively.

Measurements. Luminescence lifetimes were obtained with 355
nm light generated from a pumped third-harmonic generator, which
uses a pulsed Nd:YAG laser as the excitation source. The Nd:YAG
laser possesses a line width of 1.0 cm™!, a pulse duration of 10 ns,
and a repetition frequency of 10 Hz. A rhodamine 6G dye pumped
by the same Nd:YAG laser was used as the frequency-selective
excitation source. All of the photoluminescence (PL) spectra were
measured with a Hitachi F-4500 fluorescence spectrophotometer.
Solid-state UV —vis absorption spectra were recorded with the Hitachi
F-4500 fluorescence spectrophotometer using diffuse reflection scan
mode. UV —vis absorption spectra were recorded using a Shimadzu
UV-3101PC spectrophotometer. 'H and *'P spectra were obtained
with the use of a Varian INOV A 300 spectrometer. Elemental analyses
were performed on a Carlo Erba 1106 elemental analyzer. Ther-
mogravimetric analysis was performed on a WRT-2P thermal gravity
analyzer. The X-ray diffraction (XRD) patterns were obtained on
aRigaku D/Max-Ra X-ray diffractomemter using a Cu target radiation
source (A = 1.5418 A). All measurements were carried out in air
at room temperature without being specified.

The dipole moment of the [Cu(phen)(POP)]* moiety was
calculated by PC GAMESS using RB3LYP/SBKJC. The initial
structure was obtained from single-crystal XRD data.?

Results and Discussion

The molecular structure of [Cu(phen)(POP)]BF, has been
identified by single-crystal XRD, and its photophysical properties
have been reported and well studied.’®?? Thus, we choose
[Cu(phen)(POP)]BF, as the discussion model. PE-[Cu(phen)-
(POP)]|BF, exhibits an obvious emission blue shift under UV
(~365 nm) excitation compared with the emission of S-
[Cu(phen)(POP)]BF,, making the transformation from S-
[Cu(phen)(POP)]BF, to PE-[Cu(phen)(POP)]BF, easy to monitor
with the naked eye.

Transformation Cycle of [Cu(phen)(POP)]BF,. Figure 1
depicts the transformation cycle from S-[Cu(phen)(POP)]|BF, to
PE-[Cu(phen)(POP)]BF; and then back to S-[Cu(phen)-
(POP)]BF,. It can be observed that the transformation between
S-[Cu(phen)(POP)]BF, and PE-[Cu(phen)(POP)]BF, is fully
repeatable. samples 1 and 5 are selected to be the discussion
models. First, XRD patterns are performed on both samples. The
results (Supporting Information) confirm that both samples are
in an amorphous state, which eliminates the possibility of the
condensed state difference causing photophysical variations.

Stability of [ Cu(phen)(POP)|BF . Elemental analyses suggest
that standard [Cu(phen)(POP)]BF,, [Cu(phen)(POP)]BF, pro-
cessed with method A, and [Cu(phen)(POP)]|BF, processed with
method B all have quite similar C, H, and N components, which
indicates that no moiety is lost during the transformation cycle
of [Cu(phen)(POP)]BF,. An obvious possibility is that [Cu(phen)-
(POP)]BF, retains its molecular structure during the whole
process, but there is another possibility. McMillin and co-workers
found that some Cu(I) complexes, such as [Cu(dmp)(PPh;),]|BF,
and [Cu(dmp)(POP)]BF, (dmp = 2,9-dimethyl-1,10-phenan-
throline), undergo solvent-dependent ligand redistribution reac-
tions, as shown in eq 1.7

2[Cu(dmp)(POP)]Jr = [Cu(dmp)z]+ + [Cu(POP)]* + POP
(1
Obviously, the potential ligand redistribution reaction of [Cu(phen)-

(POP)|BF may also fit the elemental analyses. Fortunately,
[Cu(phen)(POP)]BF, does not suffer the solvent-dependent ligand

Zhang et al.
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Figure 1. Transformation cycle of [Cu(phen)(POP)]BF,. Conditions:
(1) evaporation of the solvent; (2) at 0 °C, the addition of excess n-hexane;
(2A) stirred at 30 °C for 1 h and then filtered and dried; (2B) stirred at
0 °C for 1 h and then filtered and dried at low temperature; (3) at 30
°C, addition of excess n-hexane, stirred for 30 min, and then filtered and
dried; (3A) below 30 °C, exposed to air for 4 weeks; (3B) at 60 °C for
30 min and exposed to air; and (4) dissolved in CH,Cl,.

redistribution reaction, and CH,Cl, can efficiently suppress the
potential ligand dissociation.?* It is reported that the decomposi-
tion temperature of [Cu(phen)(POP)]BF, is as high as 593 K."?
The energy content (E7) of [Cu(phen)(POP)]|BF, at temperature
T can be expressed by eq 2 according to the Dulong—Petit law:

E;=3NkT )

N denotes the number of particles; here we consult one
[Cu(phen)(POP)]BF,; molecule, so N = 123. k denotes the
Boltzmann constant, and 7" denotes the temperature. At 30 °C
(303 K), the number of [Cu(phen)(POP)]BF, molecules owing
to the decomposing energy content, Nyem, can be expressed
according to the Boltzmann distribution law by eq 3

Ndecm = Nsum exp(— (E593 - E303)/kT) 3)

Ngum 1s the total number of [Cu(phen)(POP)]BF, molecules; Esg;
is the energy content of the [Cu(phen)(POP)]BF, molecule at
593 K; Es3 is the corresponding value at 303 K; and 7 denotes
the temperature, which is 303 K.

According to eqs 2 and 3, Nyecn 1S calculated to be Ng,me™
which is small enough to be neglected. Thus, we come to the
conclusion that the possibility of [Cu(phen)(POP)]BF, dissocia-
tion can be eliminated in both the solid state and liquid state
because its molecular structure is stable enough to experience
the transformation cycle.

UV—Vis Absorption Spectra of S-[Cu(phen)(POP)]BF, and
PE-[Cu(phen)(POP)]BF.,. UV—vis absorption spectra of the five
samples prepared under conditions 1, 2A, 2B, 3A, and 3B in
CH,CI, with a concentration of 1 x 107> mol/L are shown in
Figure 2, and the normalized UV—vis absorption spectra of
samples 1 and 5 are given as the inset of Figure 2. It can be
observed that their molecular electronic absorptions are exactly
the same: the absorption spectrum is composed of a high-energy
absorption band ranging from 200 to 350 nm that corresponds
to st — sr* transitions of ligands and a low-energy absorption
band ranging from 350 to 450 nm that is attributed to MLCT
transitions as previously reported.’*** Solid-state UV —vis

353.17
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Figure 2. UV —vis absorption of samples in CH,Cl, with a concentration
of 1 x 107> mol/L. (Inset) Normalized absorption spectra of samples
1 and 5 in CH,Cl, with a concentration of 1 x 10> mol/L.
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Figure 3. Solid-state UV —vis absorption spectra of samples 1 and 5.

absorption spectra of samples 1 and 5 shown in Figure 3 suggest
that there exists a small difference between samples 1 and 5:
sample 1 exhibits stronger absorption in the 430—510 nm region
than does sample 5. The absorption band in the 200—400 nm
region is attributed to intramolecular 7z — 77* transitions of ligands,
which are usually immune to environmental influences. However,
the absorption band in the 430—510 nm region is believed to be
due to the MLCT transitions, which are usually influenced by
factors such as solvents and dipole moments. However, the band
shapes of samples 1 and 5 in the 430—510 nm region are quite
similar, indicating that the nature of the electronic structure of
the transitions is not changed. The decreased absorbance of sample
5 may be caused by the somehow decreased oscillator strengths
of the transitions, which will be discussed later, and this decreased
absorbance exists only in the solid state.

Thermal Effect on S-[Cu(phen)(POP)|BF; and PE-[Cu(phen)-
(POP)]BF,. Figure 1 shows us that low temperature (0 °C) can
suppress the transformation from S-[Cu(phen)(POP)]BF, to PE-
[Cu(phen)(POP)]BF, whereas high temperature (60 °C) can
transform PE-[Cu(phen)(POP)]|BF, back to S-[Cu(phen)-
(POP)|BF,. Both S-[Cu(phen)(POP)]BF; and PE-[Cu(phen)-
(POP)]BF, are stable enough at room temperature in air. Thus,
itcan be concluded that PE-[Cu(phen)(POP)]BF, is in a metastable
state; the transformation from S-[Cu(phen)(POP)]BF, to PE-
[Cu(phen)(POP)]BF, is an endothermic process, and the inverse
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Figure 4. PL of samples 1 and 5 with A = 350 nm in the solid state.

process needs activation energy to break up the metastable state.
Considering that thermal vibration at 60 °C can supply the
activation energy, which is calculated to be as small as ~8.3
kJ/mol by eq 2 (here the amount of PE-[Cu(phen)(POP)]BF, is
assumed to be 1 mol and thus N = 6.02 x 10%), it is inferred
that no new chemical bond is formed and the weak interactions
between [Cu(phen)(POP)]BF, molecules should be responsible
for the formation of the metastable state.

Considering that (1) the [Cu(phen)(POP)|BF, molecule is stable
enough during the whole transformation cycle; (2) S-[Cu(phen)-
(POP)]|BF, and PE-[Cu(phen)(POP)]BF, have the same molecular
electronic nature; and (3) the formation of the metastable state
of PE-[Cu(phen)(POP)]BF, is caused by the weak interactions
between [Cu(phen)(POP)]BF,; molecules, we can say that
S-[Cu(phen)(POP)]BF, and PE-[Cu(phen)(POP)]BF, have the
same molecular structure and photophysical differences between
S-[Cu(phen)(POP)]BF, and PE-[Cu(phen)(POP)]BF; may be
caused by intermolecular rearrangement in the solid state.

Photophysical Property Analyses of PE-[ Cu(phen)(POP)]BF,.
Variations of the Photophysical Property. Figure 4 depicts the
photoluminescence (PL) of samples 1 and 5 with A, = 350 nm
in the solid state. Samples 1 and 5 exhibit broad emission spectra
peaking at 560 and 527 nm, respectively, without giving any
vibronic progressions, which suggests that the emissive excited
states have CT character. Except for the large-scale emission
blue shift of sample 5 compared with the emission of sample 1,
the emission yield (®) of sample 5 is dramatically larger than
that of sample 1. ®@ of sample 5 is determined to be 0.96 with
the method reported by Wang et al.,'* using sample 1 as areference
(® = 0.16). From the emission intensity (/) decay analyses of
the two samples, / is found to be expressed by a sum of the two
exponential time functions

I=A;exp(—t/ty) + A exp(—tty) T,>7; 4)

where 7; and Ay are the lifetime and pre-exponential factor for
the faster decay, respectively, and 7, and A are those for the
slower decay. Lifetimes 7; and 7 in the solid state are calculated
to be 2.9 and 5.8 us for sample 1 and 1.4 and 10.0 us for sample
5. The longer lifetime of sample 5 is confirmed by its greater
sensitivity to O, ((In,)/(lo,) = 1.25) than that of sample 1 ((Ix,)/
(Io,) = 1.22) as shown in Figure 4.

As Feng reported, the photoluminescence of a typical
[Cu(N—N)(P—P)]" corresponds to the lowest triplet Ty, which
consists of a transition from HOMO to LUMO or LUMO + 1,
and is thus assigned as having a character of MLCT [d(Cu) —
sr*(diimine ligand)].** In addition, the PL spectral band shape
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of sample 1 is unchanged under N, air, and O, atmospheres
except for the decreased emission intensity; a similar case is also
observed for sample 5, as shown in Figure 4. Thus, the faster
and slower decay components are considered to have the same
electronic nature: emission in the solid state is assumed to occur
from two luminescence centers with different excited-state
lifetimes. This assumption leads to a conclusion that the A factors,
Ar and A, in eq 4 are proportional to the population of each
luminescent center. The population ratios, y; and vy, of the
emissive states responsible for the faster and slower decays are
formulated as

V= Af/(As + Af) and Vs= As/(As + Af) (5)

The values ¢ and y; are found to be 0.66 and 0.34 for sample
1 and 0.15 and 0.85 for sample 5, from which it can be seen that
the population of the slower decay increases dramatically in
sample 5. From eq 4, ratios Ry and R; of the emission yield for
the faster and slower decay components to those of the total
emission yield are formulated as

R=Az/(Az,+Ar) and R.=AT/(Agz,+Az) (6)

The values of R; and R, are obtained as 0.50 and 0.50 for
sample 1 and 0.02 and 0.98 for sample 5. Similarly, the
contribution of the slower decay component to the total emission
yield is largely improved and becomes the dominating component.

Decreased Nonradiative Rate Constant. The emission yield,
@, is generally formulated as

O =Pkt ©)
120> d (®)

Here, ®g, k,, and 7 denote the quantum yield for the formation
of the emissive state, the radiative rate constant of the emissive
state, and the observed excited-state lifetime, respectively.
Emission yields of the faster and slower components, @ and P,
are thus given by

D= DR, = Dy, 7 and O = O R = Dpy k, T, (9)

where @y, kg, ki s, Tr, and 7, denote the total emission yield, the
faster decay radiative rate constant, the slower decay radiative
rate constant, and the lifetime of the faster and slower decay
components, respectively. Hereafter, it is assumed that ®g =
1.0. With this assumption, the values of k¢ and k, s are obtained
as 4.1 x 10* S™'and 4.1 x 10* S7! for sample 1 and 1.1 x 10°
S7'and 1.9 x 10° S™! for sample 5. It is clear that value of k.
is quite similar to that of k, s in samples 1 and 5, confirming that
the slower and faster components of the emission originate from
the same electronic excited state in samples 1 and 5. Clearly, &, ¢
for sample 5 is ~2.7 times larger than that of sample 1, and &,
of sample 5 is ~4.6 times larger than that of sample 1. Considering
that the total emission yield of sample 5 is 6.0 times larger than
that of sample 1, the difference in nonradiative decay processes
between the two samples may be anther reason for the obvious
emission yield improvement of sample 5.
The weighted-average lifetime,z, is formulated as

T=(Aa’ +ATAT+AT) (10)

The usual expression of the excited-state lifetime formula is
given by

T '=k+k, (11)

Here, k. and k, denote the average radiative rate constant and
nonradiative rate constant, respectively. With the help of eq 10,
k, and k,, are found to be 3.7 x 10* S™! and 2.0 x 10°> S™! for
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sample 1 and 9.6 x 10*S™!and 4.0 x 10° S™! for sample 5. The
k. value of sample 5 is 2.6 times larger than that of sample 1,
whereas k,, of sample 5 is 50 times smaller than that of sample
1. Thus, it is concluded that the dramatically improved emission
yield of sample 5 is mainly caused by the effective suppression
of the nonradiative decay process.

Structure of PE-[Cu(phen)(POP)IBF,. Estimation of
Structure. Blaskie and McMillin first reported that the excited
state of Cu(I) complexes typically prefers a tetragonally flattened
geometry whereas the ground state usually adopts a more
tetrahedral-like coordination geometry appropriate for a closed-
shell ion. Aside from reducing the energy content, the geometry
relaxation that occurs in the excited state facilitates relaxation
back to the ground state. By now, many other studies have
confirmed the mechanism. According to the above analyses, (1)
the molecular structure of sample 5 is identical to that of sample
1; (2) the weak intermolecular interaction between [Cu(phen)-
(POP)]BF, molecules is responsible for the formation of the
metastable state; (3) the formation of the metastable state can
effectively suppress the geometry relaxation, and it can be inferred
that st stacking of [Cu(phen)(POP)]BF, molecules, which has
been reported and confirmed by McMillin and co-workers, should
be the above-mentioned intermolecular weak interaction and
should be responsible for the formation of the metastable
state.??

Explanation of Photophysical Property Variations of PE-[Cu-
(phen)(POP)|BF,. Figure 5 depicts the s stacking of [Cu-
(phen)(POP)]BF, molecules, from which it can be found that
two [Cu(phen)(POP)]BF, molecules are bonded head to head
(the phen moiety is defined as the head) as a result of the 7—
attraction between two phens’ 7 surfaces. According to a previous
report, the aromatic rings lie almost parallel to one another. The
mean planes through these two aromatic rings show a dihedral
angle of ~4 °, and the mean distance between the planes is 3.35
A, which is approximately the optimal s-stacking distance
between two parallel aromatic rings.?>* It is believed that this
bonded dual-molecule structure is a rigid one to some extent,
which leads to the effective suppression of nonradiative decay
that occurs in the excited state. Similarly, energy lost in the
excited state also decreases, leading to the above-mentioned large-
scale emission blue shift. This result is similar to the previous
report of Thummel and coworks.> Solid state S-[Cu(phen)-
(POP)]BF, has nearly identical photophysical properties to those
in the literature measured using low-concentration doped films,
indicating that molecules of solid-state S-[Cu(phen)(POP)]BF,
do not take the bonded dual-molecule structure.'*>*

The n-hexane that is added to the solution of [Cu(phen)-
(POP)|BF, should function as a medium that facilitates the
formation of dual-molecule structure. It is known that the POP
moiety is more likely to be solvated in n-hexane than the phen
moiety as a result of the POP’s hydrophobicity. Thus, in an
n-hexane environment, molecules of [Cu(phen)(POP)]BF, are
more likely to take the head-to-head arrangement, which facilitates
the formation of dual-molecule structure. Quantum calculation
reveals that the dipole moment (u) of the [Cu(phen)(POP)]*
moiety is as large as 4.94 D. Thus, the head-to-head arrangement
needs additional energy to overcome the coulomb repulsion
between two [Cu(phen)(POP)]* moieties, which explains why
low temperature can suppress the transformation from S-
[Cu(phen)(POP)]BF, to PE-[Cu(phen)(POP)]|BF,.

As we mentioned, sample 1 exhibits stronger absorption in the
430—510 nm region than does sample 5 because of the somehow
decreased oscillator strength of the transitions. This can also
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Figure 5. 7 stacking of [Cu(phen)(POP)]BF, and the dipole moment of [Cu(phen)(POP)]*.
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Figure 6. PL spectra of PE-[Cu(phen)(PPh;),]BF, and PE-[Cu(bpy)-
(POP)]BF, with Ax = 350 nm.

give an explanation of the dual-molecule structure as follows.
The probability of a transition, o, is given by

2
o= %@iwwﬁp(w)t (12)

where p(v;) denotes the radiation energy density of a transition
with frequency of vy, t is the radiation time, [§;luly;lis called
transition moment with an initial wave function of ¥, and a final
wave function of 1, and u is the dipole operator. From eq 12,
it can be found that o is proportional to the square of transition
dipole moment. Because of the head-to-head molecular arrange-
ment, the MLCT transition dipole moment of the dual-molecule
structure may be decreased, leading to sample 5’s weaker MLCT
absorption.

Universality of 7-Stacking Effect on Cu(I) Complexes. The
structural and photophysical properties of [Cu(phen)(PPh;),]BF,
and [Cu(bpy)(POP)]BF, have also been reported, and we
consult the photophysical properties of [Cu(phen)(PPhs),]BF,
and [Cu(bpy)(POP)]BF, after being processed by method B to
confirm the universality of the s-stacking effect on Cu(I)
complexes.'>** Figure 6 shows the PL spectra of PE-
[Cu(phen)(PPh;),]BF, and PE-[Cu(bpy)(POP)]BF, (1 = 350
nm). Average excited-state lifetimes (%),yf, ¥s» Ry, and Ry as well
as their standard emission peak values are summarized in Table
1. It can be seen that samples processed using method B exhibit
an obvious emission blue shift and excited-state lifetimes are
longer than those of standard ones, which is similar to the case
of PE-[Cu(phen)(POP)]BF,. The trend that the contribution of
the slower decay component to total emission yield is largely

Table 1. Photophysical Parameters of Cu(I) Complexes

[Cu(phen)(PPh;),]BF, [Cu(bpy)(POP)]BF,

compound PE- S-@ PE- S-b
Jem (NM)° 525 543 533 560
T (us)? 9.6 8.1 43 1.2

Ve 0.23 0.46 0.02 0.53
Vs 0.77 0.54 0.98 0.47
Ry 0.05 0.12 0.08 0.19
R, 0.95 0.88 0.92 0.81

@ See ref 13. ¥ See ref 24. ¢ Emission peak wavelength with 1., = 350
+ 1 nm. ¢ Experimental errors are +5%.
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Figure 7. PL spectra of [Cu(phen)(POP)]BF, processed by n-hexane
and petroleum ether with 4., = 350 nm.

improved and becomes the dominating component is also
observed for PE-[Cu(phen)(PPh;),]BF, and PE-[Cu(bpy)-
(POP)]BF,. Thus, it can be concluded that Cu(I) complexes with
the structure of [Cu(N—N)(P—P)]* all undergo phosphorescence
enhancement triggered by st stacking in the solid state if the
diimine ligand can supply a s surface. The trends in emission
blue shift and prolonged excited-state lifetime are consistent
with the previous report about the s-stacking effect on Cu(I)
complexes.”

Further Confirmation of the z7-Stacking Effect on Cu(I)
Complexes. Considering that PE-[Cu(phen)(POP)]BF, prepared
in the suspension liquid of n-hexane and higher temperature can
transform PE-[Cu(phen)(POP)]|BF, back to S-[Cu(phen)-
(POP)]BF4, there is thus the possibility of the n-hexane molecule’s
effect on [Cu(phen)(POP)]BF,, which leads to the phosphores-
cence enhancement, even though the probability is slim because
PE-[Cu(phen)(POP)]BF, dried in vacuum at 30 °C retains its
enhanced phosphorescence. Thus, we come to the following
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Figure 8. PL spectra of S-, PE-, and thermally processed PE-
[Cu(HCDPYA)(POP)]BF,. The inset shows the TGA of thermally
processed PE-[Cu(HCDPY A)(POP)]BF,.

experiments: (1) n-Hexane was replaced by petroleum ether during
the transformation cycle. The PL spectrum of the resulting
[Cu(phen)(POP)]BF, is identical to that of PE-[Cu(phen)-
(POP)]BF, prepared using method B as shown in Figure 7. (2)
A new diimine ligand, HCDYPA, was synthesized to further
confirm the phosphorescence enhancement triggered by
stacking. According to the above analyses, the [Cu(phen)-
(POP)]BF; molecule takes the head-to-head dual-molecule
structure, and sr-attraction in the dual-molecule structure is so
weak that it can be broken by high temperature. The hydrogen
bond between two HCDPY A molecules may provide an additional
attraction in the dual-molecule structure so that the dual-molecule
structure may be stable enough to experience high temperature.
In addition, s stacking should be more stable because of the
more rigid 7 surface of HCDPYA compared with that of bpy.
Phosphorescence-enhanced [Cu(HCDPY A)(POP)]|BF, was pro-
cessed using method B and dried at 80 °C in vacuum for 8 h to
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eliminate n-hexane (bp 68.7 °C). The inset of Figure 8
demonstrates the thermogravimetric analysis (TGA) of PE-
[Cu(HCDPYA)(POP)]BF,, from which it can be seen that no
n-hexane exists in the sample. As shown in Figure 8, the PL
spectrum of standard [Cu(HCDPYA)(POP)]BF, has a peak at
526 nm, and the corresponding values of phosphorescence-
enhanced and thermally processed PE-[Cu(HCDPYA)(POP)]-
BF, are 505 and 508 nm, respectively, indicating that the dual-
molecule structure of PE-[Cu(HCDPYA)(POP)|BF, is stable
enough to experience high temperature because of the enhanced
7 attraction supplied by HCDPYA. Thus, the possibility of the
n-hexane molecule’s effect on Cu(I) complexes is eliminated,
which further confirms that phosphorescence enhancement is
caused by nonradiative process suppression due to sr-stacking
in Cu(I) complexes.

Conclusions

The previously well studied and reported [Cu(phen)(POP)]-
BF, exhibits new features: the phosphorescence is largely
enhanced after being processed by n-hexane or petroleum ether,
including a large-scale emission blue shift, a dramatically
improved emission yield, and a longer excited-state lifetime.
Systematic studies reveal that the main cause of this phenomenon
is nonradiative process suppression triggered by the 7 stacking
between [Cu(N—N)(P—P)]BF, molecules. This phenomenon
exists widely in [Cu(N—N)(P—P)]BF, complexes that have 7
surfaces in their diimine ligands.
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