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We investigated the energy transfer dynamics in a phosphorescent host–guest system. Two spirobifluo-
rene derivatives, [2,7-bis(2,2-diphenylvinyl)-9,9

0
-spirobifluorene] (DPVSBF) and [2,7-bis(1,2,2-triphenyl-

vinyl)-9,90-spirobifluorene] (TPVSBF), were doped with the red phosphor complex [Os(bpftz)2(PPh2Me)2]
(Os-R). The two hosts exhibit similar host-to-guest energy transfer efficiencies; however, the backward
energy transfer from the Os-R complex to TPVSBF is slower than that from Os-R to DPVSBF. Quantum
chemical calculations suggest that the backward energy transfer dynamics are related to the host’s trip-
let-state energy level. The greater energy of the TPVSBF triplet state compared to that of DPVSBF plays a
crucial role in its ability to confine triplet excitons in Os-R.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

After the first report of an organic electroluminescent diode in
1987 [1], much effort has been devoted to developing organic
light-emitting diodes (OLED) [2]. The OLED has applications in flat
panel displays, and is promising as the next-generation solid-state
lighting device [3,4]. The external quantum efficiency (gext) of the
OLED is determined by its internal quantum yield (gint) and the
light out-coupling efficiency (gph) [5]:

gext ¼ gintgph ¼ cgex/pgph ð1Þ

The internal quantum yield comprises the electron–hole
charge-balance factor (c), the fraction of total excitons that pro-
duce radiation (gex), and the intrinsic radiative quantum efficiency
of the emitter (up). The theoretical value of the light out-coupling
efficiency for an OLED with a glass substrate is approximately 20%
[2]. Only singlet excitons can be used to generate photons in a fluo-
rescent emitter. The formation of singlet and triplet excitons by
random exciton formation occurs in a ratio of 1:3; thus, a fluores-
cence emitter can provide a maximum gex ratio of 0.25. In a phos-
phorescent emitter, photons can be generated from either singlet
or triplet excitons, and this capacity increases the theoretical gex

ratio to 1; a phosphorescent OLED with nearly 100% internal quan-
tum yield has been reported [6]. The prevailing strategy for fabri-
cating OLEDs is to dope an electron transfer layer (host) with
phosphors (guests) [6–9]. This approach significantly improves
ll rights reserved.
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OLED efficiency because it effectively suppresses aggregation
quenching and triplet–triplet annihilation of the phosphorescence
emitter [10]. In this Letter, we doped two novel blue-light-emitting
host materials: [2,7-bis(2,2-diphenylvinyl)-9,9

0
- spirobifluorene]

(DPVSBF) and [2,7-bis(1,2,2-triphenylvinyl)-9,90-spirobifluorene]
(TPVSBF) [11,12] with the red phosphor [Os(bpftz)2(PPh2Me)2]
(Os-R) (Scheme 1) [13]. The structures of DPVSBF and TPVSBF
resemble that of the well-known blue-light-emitting material,
4,40-bis(2,20-diphenylvinyl)-1,10-biphenyl. In DPVSBF, bis(2,20-
diphenylvinyl) moieties are connected at the 2 and 7 positions of
9,90-spirobifluorene, whereas in TPVSBF, these positions are substi-
tuted with bis(1,2,2-triphenylvinyl). The presence of a rigid spiro-
bifluorene moiety significantly increases the glass transition
temperature and extends the operational lifetimes of the devices
[11,12].

Various energy transfer processes are involved in transporting
excitons in a host–guest system [14]. It is essential for designers
to understand energy transfer dynamics to prevent unwanted en-
ergy loss in OLED devices, and to control the color quality of
white-light OLEDs [15]. Energy transfer dynamics in OLED devices
can be measured using time-resolved electroluminescence (EL) or
time-resolved photoluminescence (PL) systems. For time-resolved
EL measurements, singlet and triplet excitons are generated simul-
taneously, and interpretation of the observed dynamics is complex.
In this Letter, we adopted a time-resolved PL system, which en-
abled selectively exciting singlet-state exitons in the host and
probing the subsequent energy transfer dynamics in the
host–guest system. Our results suggest that the host’s triplet-state
energy is important for controlling the backward energy transfer
processes, and has a close relationship with the phosphor emission
efficiency in the OLED.
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2. Experimental

2.1. Steady-state spectrometry and thin-film sample preparation

Absorption spectra were acquired using a Cary 50 UV–Vis spec-
trophotometer. Emission spectra were obtained using a Hitachi
F4500 spectrophotometer. The synthesis and identification of Os-
R, DPVSBF, and TPVSBF were performed as previously reported
[11–13]. The spectra of samples in solution were measured directly
in standard 1 cm cuvettes. Thin-film samples were placed on a des-
ignated solid-state sample holder. Vacuum deposited films
(<5 � 10�6 Torr) were prepared on quartz glass substrates using
an Auto168 vacuum evaporator (Junsun Tech co., LTD). The deposi-
tion rates and film thickness were controlled to 1 Å/s and 30 nm,
respectively. Poly(methyl methacrylate) (PMMA) film samples
were prepared by mixing PMMA in chloroform with 2% Os-R, and
then spin-coating onto quartz glass.
Figure 1. The normalized steady state spectra of (a) DPVSBF and (b) TPVSBF. The
excitation wavelength for the emission spectra was fixed at 375 nm for all samples.
The inset shows raw data for the emission spectra.
2.2. Picosecond time-resolved spectroscopy

Picosecond time-resolved spectra were obtained using a time-
correlated single-photon counting (TCSPC) system (Fluotime 200,
PicoQuant). The excitation wavelength was fixed at 375 nm for
all experiments. For DPVSBF and TPVSBF film decays, the excitation
source was a vertical polarized picosecond pulsed-diode laser
(LDH-375, PicoQuant, FWHM approximately 70 ps, repetition
rate = 40 MHz, photon density = 3.8 � 1010 photons/cm2 per pulse)
controlled by a picosecond pulsed laser driver (PDL800-D, Pico-
Quant). For the phosphorescence decays of DPVSBF + Os-R and
TPVSBF + Os-R films, the excitation source was a frequency-dou-
bled femtosecond mode-locked Ti:Sapphire laser (Coherent, Mira
900D). The repetition rates of the femtosecond laser were reduced
to 0.5 MHz by a pulse picker (Coherent, Model 9200) to avoid mul-
tiple excitations. The excitation power for the frequency-doubled
Ti:sapphire laser was attenuated to minimize sample degradation
(photon density = 3 � 1012 photons/cm2 per pulse). Thin-film sam-
ples were placed on a custom-designed solid-state sample holder,
and the incident light angle was set to 45�. A lens focused the exci-
tation beam, whereas a second lens, set at a right angle, collected
the fluorescence emission from the sample. An iris attenuated
the detected signal intensity to ensure that the counting rate was
less than 1/100 of the laser repetition rate. The polarization of
the detected fluorescence relative to the excitation laser pulse
was set at the magic angle, 54.7�, using a polarizer. A double mono-
chromator was used to compensate for the signal’s group velocity
dispersion, and select the detection wavelength. A multichannel-
plate photomultiplier was connected to a computer through a
TCSPC-module card (SPC-630, Becker and Hickl) for data
acquisition.
2.3. Computational method

The ground-state structures of DPVSBF and TPVSBF were opti-
mized using G03 software [16] at the B3LYP/6-31G(d) level of the-
ory. The vertical excitation energies of the optimized structures
were calculated using the time-dependent density function theory
(TDDFT) method at the same level.

3. Results and discussion

3.1. Steady state absorption and emission spectra

Figure 1a shows the steady-state spectra for DPVSBF. The
absorption and emission bands in the CH2Cl2 solution are centered
on 375 and 450 nm, respectively. The DPVSBF film absorption
spectrum is red-shifted to 383 nm, and the corresponding emission
is red-shifted to 460 nm. The bathochromic shift seen in the spec-



Figure 2. The picosecond time-resolved fluorescence transients of (a) DPVSBF and
(b) TPVSBF film excited at 375 nm. The grey dashed line indicates the instrument
response function. In both cases, the fluorescence decay rate is significantly
increased in the 2% Os-R doped films, resulting in severe fluorescence quenching in
these films.
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tra is a result of matrix effects in the solid film. Figure 1b shows
absorption and emission spectra for TPVSBF. In CH2Cl2, the absorp-
tion and emission bands are centered on 358 and 530 nm, respec-
tively. The Stokes shift of TPVSBF in CH2Cl2 is significantly greater
than that of DPVSBF, suggesting that TPVSBF has a greater struc-
tural difference between the excited and ground states than
DPVSBF has. The TPVSBF solid film absorption is also red-shifted
to 364 nm because of matrix effects. However, the Stokes shift
for the TPVSBF solid film is significantly smaller than that seen in
solution; hence, the TPVSBF emission is contrariwise blue-shifted
to approximately 500 nm. We attributed the observed decrease
in Stokes shift for the solid film to the restriction of large amplitude
motions in the solid state. In the 2% Os-R doped film, the host fluo-
rescence is diminished (Fig. S1) because of energy transfer from the
host to Os-R. The small emission band at approximately 590 nm
arises from emission by Os-R (Figure 1). To evaluate direct emis-
sion by the host, we measured the emission of the 2% Os-R doped
PMMA film (Fig. S1). The Os-R emission was significantly enhanced
in host–guest films, indicative of excitation energy transfer from
the host to Os-R.

The fluorescence (or phosphorescence) quantum yield (UF) can
be calculated using the following equation:

UF /
R1

0 IFðkE; kFÞdk

I0ðkEÞ � ½1� 10�AðkEÞ�
ð2Þ

The
R1

0 IFðkE; kFÞdk term represents the integral of the fluores-
cence spectrum obtained by excitation at kE. For the 2% Os-R doped
films, we deconvoluted the signals originating from the host and
Os-R by lognormal fitting (Figs. S2 and S3), and thus, calculated
their integrals separately. The I0(kE) term represents the intensity
of excitation light, and should be constant for all samples. A(kE)
is the absorbance of the sample at excitation wavelength kE. Based
on Eq. (2), the fluorescence quantum-yield ratio between any two
films is given by

Ufilm1

Ufilm2
¼
R1

0 Ifilm1ðkE; kFÞdkR1
0 Ifilm2ðkE; kFÞdk

� ½1� 10�AðkEÞfilm2 �
½1� 10�AðkEÞfilm1 �

ð3Þ

The results are summarized in Table 1. To address the issue of
energy transfer dynamics in these films, we measured a series of
time-resolved fluorescence transients, and these results are dis-
cussed in the following section.

3.2. Forward energy transfer dynamics in DPVSBF and TPVSBF host–
guest systems

Figure 2 shows time-resolved fluorescence transients for
DPVSBF and TPVSBF films, and for the corresponding Os-R doped
films. The transients are fitted with a bi-exponential decay func-
Table 1
Steady state fluorescence intensity and parameters for time-resolved fluorescenc

DPVSBF DPVSBF +

Absorbance (375 nm) 0.203 0.170R1
0 IhostðkFÞdkF 128000 13700R1
0 IOs-RðkpÞdkp N.A. 3100

s1 (%) 0.15 ns (87%) 0.025 ns (
s2 (%) 0.46 ns (13%) 0.3 ns (3%
asavg. 0.19 ns 0.033 ns
bkET/s�1 2.50 � 1010

cUhostþOs-R
F =Uhost

F
0.124

cUDPVSBF=UTPVSBF 0.22

Ehost!Os-R=I0ðkEÞ 0.284

a The value is calculated based on Eq. (4).
b The value is calculated based on Eq. (7).
c The value is obtained from Eq. (3).
tion, and the fitting parameters are tabulated in Table 1. To com-
pare the fluorescence decays between films, the average
fluorescence lifetime is calculated by

saverage ¼
P2

i¼1Ampi � siP2
i¼1Ampi

ð4Þ

where Ampi and si represent the amplitude and the lifetime of each
component, respectively. In the host film, the reciprocal of the aver-
e decays of DPVSBF, TPVSBF and the corresponding Os-R doped films.

2% Os-R TPVSBF TPVSBF + 2% Os-R

0.142 0.140
433000 54000

N.A. 26700

97%) 1.05 ns (53%) 0.26 ns (96%)
) 3.45 ns (47%) 1.7 ns (4%)

2.18 ns 0.32 ns
2.67 � 109

0.127

0.239



Figure 3. The time-resolved phosphorescence transients of Os-R doped with (a)
PMMA (b) DPVSBF (c) TPVSBF at an excitation wavelength of 375 nm and emission
wavelength of 600 nm for all samples. The inset shows raw data for the transients.
The interferences from PMMA and host fluorescence are represented by the blue
and grey curves, respectively.
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age fluorescence lifetime is the sum of the radiative (kr) and non-
radiative (knr) rate coefficients:

1
shost

avg
¼ kr þ knr ð5Þ

In the Os-R doped film, the average fluorescence lifetime de-
creases substantially because of the contribution of energy transfer
from the host to Os-R. Thus, the average fluorescence lifetime for
Os-R films is given by

1
shostþOs�R

avg
¼ kr þ knr þ kET ð6Þ

where kET is the energy transfer rate from the host to Os-R. Eqs. (5)
and (6) provide

kET ¼
1

shostþOs�R
avg

� 1
shost

avg
ð7Þ

As shown in Table 1, the DPVSBF to Os-R kET value is
2.50 � 1010 s�1, and kET for the TPVSBF to Os-R transition is
2.67 � 109 s�1. The kDPVSBF!Os-R

ET : kTPVSBF!Os-R
ET ratio is 9.36.

In our system, the host-to-guest energy transfer occurs between
the singlet excited-state of the DPVSBF or TPVSBF host, and the sin-
glet excited-state of Os-R. In this singlet–singlet energy transfer
process, energy can transfer through either dipole–dipole interac-
tions (Förster mechanism) or by orbital overlap (Dexter mecha-
nism) interactions [17]. The long-range Förster mechanism is
generally dominant for singlet–singlet energy transfer processes
[18]. From the steady-state absorption and emission spectra, the
kDPVSBF!Os-R

ET

kTPVSBF!Os-R
ET

ratio of the energy transfer rate, estimated based on För-

ster energy transfer theory, is 9.94 (see supporting information
for the derivation). The result is in agreement with the value ob-
tained from the lifetime measurement of 9.36. Although we cannot
form a definite conclusion for the energy transfer mechanism
based on this result, our findings suggest that the Förster dipole–
dipole energy transfer mechanism plays a major role in the host-
to-guest energy transfer process. Additionally, we found no evi-
dence that the Dexter mechanism is important for the system un-
der study.

3.3. Backward energy transfer dynamics in DPVSBF and TPVSBF host–
guest systems

In our two host–guest films, the phosphorescence integral,R1
0 IOs-RðkpÞdkP, of the Os-R doped TPVSBF film is 8.6 times greater

than than that of the Os-R doped DPVSBF film (Fig. S1 and Table 1).
In a phosphorescent host–guest system, the phosphorescence
intensity of the guest, which in this Letter is Os-R, is determined
by two factors: energy transfer from the host, and the phosphores-
cence quantum yield of the guest. The energy transferred from the
host to the guest is estimated using the following equation:

Ehost�>Os-R ¼ I0ðkEÞð1� 10�AðkEÞÞ � 1�UhostþOs-R

Uhost

� �
ð8Þ

The results shown in Table 1 suggest that DPVSBF and TPVSBF
have similar energy transfer efficiencies. Therefore, the difference
in Os-R emission intensity between these films must arise from dif-
ferences in the phosphorescence quantum yields. To investigate
this, we measured the phosphorescence decays of pure Os-R and
the two Os-R doped hosts. To avoid phosphorescence quenching
caused by intermolecular aggregation, we added 2% Os-R to PMMA
and spin-coated the mixture onto quartz glass. Figure 3 shows Os-
R phosphorescence decays probed at 600 nm. In the PMMA film
(Figure 3a), the initial fast component (blue curve, inset) closely
resembles the decay of pure PMMA film (Fig. S5), and thus, we
ascribed this decay spectrum to the PMMA emission (Fig. S5). In
the 2% Os-R doped DPVSBF and TPVSBF films (Figure 3b and c),
the initial fast component (grey curve, inset) is similar to the fluo-
rescence decay spectrum of the host measured at a shorter wave-
length (Fig. S5); therefore, we attributed this component to
residual fluorescence of the host. For clarity, Figure 3 only shows
transient signals after removal of these interferences. The multi-
exponential fitting parameters of these transients are summarized
in Table 2. The results indicate that the presence of a host complex
will substantially quench the Os-R phosphorescence. Similar phos-
phorescence-quenching dynamics were reported for Ir-complex
emitters doped in polymer host materials [19–21]. Previous litera-
ture reports suggest that phosphorescence quenching arises from
backward guest-to-host energy transfer, and the degree of phos-
phorescence quenching is closely related to the triplet-state energy
of the polymer matrix [19–21]. To test the validity of this model,
the triplet-state energies of DPVSBF and TPVSBF were estimated
using quantum chemical calculation methods. We optimized the
DPVSBF and TPVSBF structures at the B3LYP/6-31g⁄ level of theory,
and calculated the vertical excitation energy using TDDFT method
at the same level. The results are summarized in Table S1. The
DPVSBF and TPVSBF absorption bands, 3.31 and 3.47 eV, respec-
tively, were used to check the validity of our calculation. Although
the quantum chemical calculation systemically underestimated
the excitation energy by approximately 0.28 eV, the absorption



Table 2
Fitting parameters for the time-resolved phosphorescence transients of Os-R doped in
PMMA, DPVSBF and TPVSBF films.

PMMA DPVSBF + 2% Os-R TPVSBF + 2% Os-R

s1 (%) 130 ns (24) 1.8 ns (68) 4.4 ns (39)
s2 (%) 760 ns (76) 16 ns (24) 60 ns (35)
s3 (%) 90 ns (8) 250 ns (26)
savg. 609 ns 12.3 ns 88 ns
akOs�R!host

BET =s�1 7.97 � 107 9.7 � 106

1
shostþ2%Os-R

avg
¼ kOs-R

r þ kOs-R
nr þ kOs-R!host

BET ; 1
sOs-R

avg
¼ kOs-R

r þ kOs-R
nr

� �
.

a kOs-R!host
BET is equal to 1

shostþ2%Os-R
avg

� 1
sOs-R

avg
.
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energy’s qualitative trend is in good agreement with our experi-
mental values. The S0 ? T1 excitation energy is predicted to be
2.08 eV for DPVSBF and 2.30 eV for TPVSBF (Table S1). The back-
ward energy transfer rates from Os-R to DPVSBF and from Os-R
to TPVSBF are estimated as 7.97 � 107 and 9.70 � 106 s�1, respec-
tively. This result suggests that the greater triplet-state energy of
TPVSBFs is crucial for confining the triplet exciton on Os-R, and re-
sults in increased Os-R emission intensity and slower backward
energy transfer rates in 2% Os-R doped TPVSBF films.

4. Conclusion

We reported the complete characterization of forward and
backward energy transfer dynamics in an OLED host–guest system.
Time-resolved PL spectroscopy enabled estimation of the energy
transfer rate from DPVSBF to Os-R as 2.5 � 1010 s�1 and from
TPVSBF to Os-R as 2.67 � 109 s�1. The measured energy-transfer
rate ratio is in agreement with the value predicted by the Förster
energy transfer model. Although the observed host-to-guest en-
ergy transfer efficiencies of these two films are similar, the phos-
phorescence intensity of the Os-R doped TPVSBF film is 8.6 times
higher than that of the Os-R doped DPVSBF film because of the sig-
nificantly lower backward energy transfer rates seen for the Os-R
to TPVSBF energy transfer. Our quantum chemical calculation re-
sults suggest that a backward energy transfer from Os-R to TPVSBF
is slowed because of the greater triplet-state energy of TPVSBF. Our
study found that the energy of the low-lying triplet state of the
host is an important factor in the phosphorescence-quenching
dynamics of Os-based phosphorescent emitters. This finding is
consistent with previous reports, in which the phosphorescence-
quenching dynamics of Ir-based complexes were found to be clo-
sely related to the triplet-state energy of the host [19–21]. Our
study revealed that backward guest-to-host energy transfer is a
general phosphorescence-quenching mechanism in host–guest
OLED systems, and this should be considered when designing host
materials for OLEDs.
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