Chem. Mater2007,19, 3673-3680 3673

Highly Efficient Light-Harvesting System Based on a
Phosphorescent Acceptor Coupled with Dendrimer Donors via
Singlet—Singlet and Triplet—Triplet Energy Transfer

Tae-Hyuk Kwon! Myoung Ki Kim," Jongchul Kwor', Dae-Yup Shir¥, Su Jin Park,
Chang-Lyoul Leé&}' Jang-Joo Kin%, and Jong-In Hong*

Department of Chemistry, College of Natural Sciences, and School of Materials Sciences and Engineering,
Center for Organic Light Emitting Diodes, Seoul National karisity, Seoul 151-747, Korea, and
Corporate Research and belopment Center, Samsung SDI, Yongin 449-902, Korea

Receied February 27, 2007. Rised Manuscript Receed April 19, 2007

A series of efficient light-harvesting systems (FIr3m& = 1—3) based on dendrimer donor (mCP:
N,N'-dicarbazolyl-3,5-benzene) derivatives coupled with a sky blue phosphorescent acceptor (Flrpic:
iridium(lll) bis[(4,6-difluorophenyl)pyridinatdN,C?]-3-hydroxypicolinate derivative) were prepared, and
their photophysical properties were investigated. The light-harvesting ability of FIx3x&G 1—3)
increases with the number of energy donor mCP units. The acceptor PL intensity of the-dooeptor
conjugate dendrimers (FIr3mxsx = 1—3) increases over 6 times with the number of mCP units via
sensitization from the light-harvesting antenna after excitation at the donor absovtien 310 nm),
as compared to that of only an acceptor without a donor (FIrpic) upon excitation at the MLCT region
(Aex = 380 nm) because of efficient intramolecular singlginglet and triplettriplet energy transfer
from the donor to the acceptor and less luminance quenching induced by the bulky dendrimer structure.
The singlet-singlet intramolecular energy transfer in FIr3mféom the dendrimer donor to the acceptor
exhibits a high efficiency of greater than 90% via the steady-state PL method and 94% via the transient
PL method. Additionally, the triplettriplet energy transfer efficiency via the transient PL method exhibits
an efficiency greater than 99%. This indicates that Flr&raghibits good light-harvesting abilities because
the mCP unit is an efficient light absorber and because the core Flrpic functions as a spatial energy
concentrator that drains energy from the dendrimer donor.

properties but also an energy donor ability are expected to

Dendrimer materials are promising candidates for various IMProve the efficiency of devices comprising dendrimer
applications such as organic light-emitting diodes (OLEDS) QL_EDs. Furthe_rmore, dendrimer structures have been u_sed
for spin-coatable full color displays and as light-harvesting N light-harvesting systems because the energy donor moiety
systems that transform natural solar energy into chemical and the acceptor unit can be easily attached at the peripheral

. . i i 2 i

energy. Phosphorescent dendrimer materials for OLEDs haveAd core sites, respectively.? However, most of the light-
recently attracted considerable attention because they possess
the advantages of both small molecdfesand polymer (4) (a) Lo, S.-C.; Male, N. A. H.; Markham, J. P. J.; Magennis, S. W.;

; ; i i ihili Burn, P. L.; Salata, O. V.; Samuel, I. D. dv. Mater. 2002 14,
mate_nals% such as high efficiency, easy acceSS|b|I|_ty and 975. (b) Markham. J. P. 3 Lo, S..C.. Magennis, S. W.: Bum, P. L.:
solution processing, and control over intermolecular interac- Samuel, I. D. WAppl. Phys. Lett2002 80, 2645. (c) Anthopoulos,
tions*5> However, the dendrons (peripheral moieties) in the T.D.; Markham, J. P. J.; Namdas, E. B.; Samuel, I. D. W.; Lo, S.-C.;

. Burn, P. L. Appl. Phys. Lett.2003 82, 4824. (d) Lo, S.-C,;

phosphorescent dendrimers developed thus far have been  anthopoulos, T. D.; Namdas, E. B.; Burn, P. L.; Samuel, I. D. W.
employed for the purpose of preventing self-aggregéton Adv. Mater. 2005 17, 1945. (e) Anthopoulos, T. D.; Frampton, M.
for providing charge transporting properteeZhus, multi- 3. Namdas, E. B.; Burn, P. L.; Samuel, I. D. Welo. Mater. 2004

. . . 16, 557. (f) Lo, S.-C.; Richards, G. J.; Markham, J. P. J.; Namdas, E.
functional dendrons with not only the aforementioned B.; Sharma, S.; Burn, P. L.; Samuel, I. D. Wdv. Funct. Mater.

2005 15, 1451.
(5) (a) Tsuzuki, T.; Shirasawa, N.; Suzuki, T.; Tokito, Jn. J. Appl.
Phys., Part 12005 44 (6A), 4151. (b) Ding, J.; Cao, J.; Cheng, Y.;
#Samsung SDI. Xie, Z.; Wang, L.; Ma, D.; Jing, X.; Wang, FAdv. Funct. Mater.
§ Center for Organic Light Emitting Diodes, Seoul National University. 2006 16, 575.
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Scheme 1. Synthesis of Dendrimer Donor Precursor Molecules
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harvesting dendrimers utilize an intramolecular singlet
singlet (S-S) energy transfer (ET) mechani$n® Further,
there are few reports on employing dendrimers for light
harvesting through the tripletriplet (T—T) ET mecha-
nism-12 although it is more efficient than the-$ ET
mechanism in electronic devicés.

In this paper, we report a new phosphorescent dendrimer
system in which a phosphorescent acceptor at the core site
is covalently attached to a dendrimer donor at the peripheral

site via a nonconjugated bridge. The donor (mQ¥N'-

dicarbazolyl-3,5-benzene) derivatives were coupled with the

acceptor (Flrpic: iridium(lll) bis[(4,6-difluorophenyl)py-
ridinatoN,C?]-picolinate derivative) by a nonconjugated
benzyl ether linker. The benzyl ether linker was introduced
to isolate the photophysical properties of both the donor
(mCP) and the acceptor. Moreover, these detamceptor
conjugates are fairly different from the known dendrimer
OLED emitting layer materialé® This is because, in this
case, the peripheral moieties not only prevent self-aggrega-
tion but also donate energy to the core. Therefore, this system
provides improved efficiency through intramolecular ET in
addition to the advantages of a typical dendrimer. Further-
more, this system reports on a dendrimer light-harvesting

(11) (a) Bergamini, G.; Saudan, C.; Ceroni, P.; Maestri, M.; Balzani, V.;
Gorka, M.; Lee, S.-K.; Heyst, J. V.; \gile, F.J. Am. Chem. Soc.
2004 126, 16466. (b) Chen, J.; Chen, J.; Li, S.; Zhang, L.; Yang, G.;
Li, Y. J. Phys. Chem. B00§ 110 4663. (c) Zhang, L.; Chen, J.; Li,
S.; Chen, J.; Li, Y.-Y,; Yang, G.; Li, YJ. Photochem. Photobiol., A
2006 181, 429.

(12) (a) Chen, J.; Li, S.; Zhang, L.; Liu, B.; Han, Y.; Yang, G.; Li, X.
Am. Chem. So@005 127, 2165. (b) Chen, J.; Chen, J.; Li, S.; Zhang,
L.; Yang, G.; Li, Y.J. Phys. Chem. BR00§ 110 4663.

system that simultaneously uses both theSsand the +T

ET mechanisms and therefore results in an increase in the
acceptor emission intensity. Herein, we present the synthesis
of dendrimer donoracceptor conjugates and their photo-
physical properties.

Results and Discussion

Synthesis. Dendrimer donor precursor molecules
(mG1-Br, mG2-Br, and mG3-Br) were prepared by a
convergent method (Scheme!$An mCP derivative (5mCP
= 5-methytN,N'-dicarbazolyl-1,3-benzene= mG1) was
prepared according to the Buchwald proceddnaG1 was
then converted to the corresponding bromomethyl compound
(5mCP-Br) in 56% yield, upon treatment with NBS/benzoyl
peroxide, and then 5mCP-Br was coupled with 3,5-dihy-
droxybenzyl alcohol in acetone to produce mG2-OH in 85%
yield. mG2-OH was treated with PBin methylene chloride
to give rise to mG2-Br in 92% yield after purification by
column chromatography. mG3-OH and mG3-Br were pre-
pared through the previous synthetic steps iteratively. Cy-
clometalated Ir(lll)u-chloro-bridged dimers of the general
formula C*Nalr(u-Cl)2IrC*N, were synthesized by refluxing
IrCl3-nH,O with a cyclometalating ligand in a 3:1 mixture
of 2-methoxyethanol and water. A mixture of the chloro-
bridged dimer, 3-hydroxypicolinic acid, and sodium carbon-
ate was refluxed in an inert atmosphere in 2-ethoxyethanol
to provide FlrpicOH. FIrpicOH was subsequently coupled
with donor molecules (M&Br) to produce the corresponding

(13) Hawker, C. J.; Fghet, J. M. JJ. Am. Chem. S0d.99Q 112 7638.
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Figure 1. Molecular structures of FIr3mG1, FIr3mG2, and FIr3mG3.
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Figure 2. DFT calculations of a FIr3mG2init (a) HOMO — 3 and (b) LUMO and those of a Flrpic3moL unit (¢c) HOMO 1 and (d) LUMO.

Scheme 2. Synthesis of DonerAcceptor Conjugate Molecules
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donor-acceptor conjugates=Ir3mG1, FIr3mG2,and FIr3mG3,  Flrpic3moL are shown in Figure 2.The T; transition of
respectively (Scheme 2 and Figure 1). Because of a largeFIr3mG2 is from HOMO — 3 to LUMO, where HOMO—
difference inRs values in thin layer chromatography between 3 is located in phenylpyridine and LUMO in picolinic acid.
free donors (m& R; = 0.6 in CHCl,) and FIr3m& (R = This implies that the energy levels of the donor and acceptor
0.05 in CHCIly), there is little possibility for the existence molecules are different and do not produce a new conjugate
of residual free donors in the final products after column energy level in the doneracceptor conjugate system. In the
chromatographic purification. Further, to remove any residual optimized geometric structure of FIrBmG2he distance
impurities, trituration was carried out several times in€H  between the donor and the acceptor is approximately 15 A
Cl, and hexane after column chromatography. under the assumption that all the bonds are linked through a
DFT Calculations. The density functional theory (DFT)  trans geometry. Therefore, these theoretical calculations
calculations of FIr3mG2with only one mCP (another mCP  suggest that an effective triptetriplet energy transfer
was removed from FIr3mG2) and Flrpic3moL (acceptor between donor and acceptor takes place by the Dexter
analogue) were performed using the B3LYP functional with mechanisnd.
the 6-31G(*) basis set for H, C, N, and O and the Stuttgart  Photophysical Properties Figure 3a shows the absorption
effective core potential (ECP) for Ir (Figure 2). The low- spectra of 5SmCP= mG1), Firpic, FIr3mG1, FIr3mG2, and
lying triplet and singlet excited states were evaluated by time- FIr3mG3. The absorbances of FIr3mG1, FIr3mG2, and
dependent DFT (TB-DFT) calculations. The result indicates FIrBmG3 in the range of 256350 nm are very similar to
that the T transition of FIr3mG2 corresponds to the those of 5mCP and increase with the number of 5mCP units.
excitation fromd(Ir) + w(46dfppy) to ther(pic)* orbitals This indicates that the amount of light absorbed by the
of the FlrpicBmoL moiety. The Temission wavelengths are  dendritic antenna doubles from one generation to the next.
451 and 452 nm for FIrB3mG2nd Flrpic3moL, respectively.
The contour plots of the molecular orbitals of FIr3m@ad (14) See the Supporting Information.
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Figure 3. (a) UV spectra of 5mCP, Flrpic, and FIr3mGx = 1-3 in 0.02 mM 2-methyltetrahydrofuran (2-MeTHF) at 298 K. The inset shows the
magnified MLCT region of Flrpic. (b) UV spectra of Flrpic and PL spectra of 5SmCP and Flrpic in 0.02 mM 2-MeTHF at 298 and 77 K.

Table 1. Photophysical Properties of FIr3mG« and Flrpic a) FIr3mGx-298 K

4 pM-IMeTHF

e FIrIMG1
~ FIr3mG2

150 |

63w ~ FIF3mG3

relative intensity 7 (uS)
208K 77K fiim 298k 77 Kd Tg(°C) Ta(°C)

Flirpic 470/1 459 473/1 11 29,25

FIrB3mG1 470/3.1 460 475/1.5 11 3.1,8.0 180 299
FIr3mG2 469/4.0 459 477/3.2 1.1 175 384
FIr3mG3 470/6.3 460 475/6.6 1.1 184 396

emissioMmax (Nmy/ T —=—Flrplc
3
s

aMeasured in 4M 2-MeTHF solution.” Integrated acceptor emission
area of the conjugate system was divided by the integrated Flrpic emission A, Inm ——
area in the range of 41610 nm.¢ Lifetime (470 nm) upon excitation at
310 nm in 0.2 mM 2-MeTHF solutiorf! Lifetime (470 nm) upon excitation b) FIr3mGx-7T7 K . omernr
at 310 nm in 0.02 mM 2-MeTHF solutiofi Lifetime (470 nm) in 0.2 mM ——Firpic
2-MeTHF solution at 77 K. The lifetime of Flrpic was measured from the T 300 |- 63 4 —=—FIr3mG 1
4
3
&

excitation at 380 nm. - Flmaz

Further, it should be noted that there is no spectral broadening
or spectral shift with increasing generations. The absorbance
over 350 nm is very similar to that of Firpic and shows little
change with the number of the generation (Figure 3a, inset).
This indicates that efficient light harvesting (accumulation

of energy) occurs at the donor molecule (MCP utiitAs c)

expected from the calculation, this result also indicates that s00 | . ——riple
there is no direct electronic communication between the Tm i - Fimaz
donor and the acceptor. Figure 3b indicates a good overlap .

between the emission spectrum of 5mCP and the absorption ; 400

spectrum of Firpic over 350 nmiNILCT and3LC region),
which ensures the-SS ET from 5mCP to Flrpic. The ¥T .
ET from 5mCP to Flrpic can also occur because the triplet 0350 400 450 500 80 600
energy of 5mCP is higher than that of Flrgidherefore, A oM ——
the donoracceptor conjugate system is expected to exhibit Figure 4. PL spectra (excited at 310 nm) ofiM Fir3mGx in 2-MeTHF

d ET from the donor to the accebtor via both thesS at (a) 298 K and (b) 77 K_and (c) those of the PMMA film. Each PMMA _
a goo p film prepared by spin-casting on quartz substrates had the same molar ratio

and the =T ET mechanisms. of each phosphor (2.8mol).

The lifetime of FIrBm& (470 nm) is similar to that of
Firpic: this implies an exothermic energy transfer from the (Taple 1). These results suggest good thermal stability in
donor to the acceptor (Table 1). The lifetime of Flrpic F|r3mGx
reduces with an increase in the concentration, while that of  As shown in Table 1, the PL emission wavelengths of
FIr3mGx is independent of the solution concentration. This F|r3mGx are the same as that of Flrpic. This result is in
indicates that FIr3m@may be affected to a lesser extent good correlation with that of the DFT calculation. The PL
by intermolecular quenching. Glass transition temperature intensity increases by over 6 times with the number of mCP
(Tg) values for FIr3mG1, FIr3mG2, and FIrBmG3 were 180, units via sensitization from the light-harvesting antenna after
175, and 184°C, respectively, measured by DSC, and the excitation at donor absorption (310 nm) (Figure 4).
decomposition temperatur&y values for FIr3mG1, FIrB3mG2,  However, there is little increase in the emission intensity
and FIr3mG3 were 299, 384, and 39, respectively, which  upon excitation at the MLCT region (380 nm) of FIr3mG
correspond to a 5% weight loss in thermogravimetric analysis as compared to the PL intensity of Firpic (data not shown
(TGA) under N stream with scanning rate of 1W/min here). Therefore, PL intensity enhancement would result from
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the S-S and FT intramolecular ET from the dendrimer Table 2. Lifetime of Donor Peak in FIr3mGx at 298 and 77 K
donor to the acceptor. 7360nm(NSP 7360nm(NSP T411nm(USy
However, as shown in Figure 4a, the PL (excited at the Firamc1 <o0.1 <0.1(99%), 5.1 (1%) 0.12 (93%), 2.9 (2%)

donor absorption peak of 310 nm) intensity of the donor FIr3mG2 0.19 (98%), 4.7 (2%) 0.24 (98%), 5.2 (2%)  0.24 (92%), 2.7 (8%)
singlet state also increases with the generation, while that E:g’f’% g:gﬁ (93%), 5.2 (7%)892-65 (90%), 5.2 (10%% .00522 (98%), 2.4 (2%)
of the acceptor peak increases (G1 to G3). This may be duemG2 7.7 7.9 6.9s

to the bottleneck phenomenon that prevents the further ™3 72 81 6.9s

transfer of excitation from other excited statésOr, it may m'\aﬂl-zif&tin%i 'gf d?rlwnpetagggﬁg ST) a?g; f(xcciLtél}tim at ?éOnnT in Ok-OZ
be de_nVEd from the conformational heterogeneity of the (411 nm;awhensg;ciltoede;lt 310 n.m ?\%%Z mM-2-lI\/IeeITHeFOSOI8ti8n 2\?%7 K.
dendrimers (FIr3m&) that prevent energy transf&r.Of The lifetime of m& is measured in seconds.

course, one can expect that the residual peaks are derived

from the free donor impurities. However, this possibility can Table 3. Energy Transfer Efficiency of FIrSmGx

be ruled out. As previously mentioned in Synthesis, the final transient PL ET (%) steady-state PL ET (%)
products (FIr3m@) have little possibility of having residual 298K 77K 298 K 77K
donors due to a large differenceRavalues AR = 0.55 in Dzs?  DPae®  Darr® o O D
CH,CIy) between free donors (m{pand FIr3m&. Further, FIr3mG1 >99 97 >99 97 97 85
the residual donor peaks at 77 K show an obviously different FIr3mG2 98 (96)  97(96) >99 97 96 93

trend from those at 298 K. For example, the residual donor FISmG3 96 (92)  94(86) =99 94 9 92

peak of FIr3mG3 at 77 K exhibits little increase in its _ ° E,nerﬂy tra”Sfer: (% (1 — TFIB}:fn}%GOHﬂ“g%GOng) o 100 at 298#- _

. . . Data in the parentheses are ET e iciency derived from average lifetime.

intensity as compared to that of F_Ir3_mGZ, while _that Of b cssonmat 77 K. € trramauianmat 77 K. 9 ET efficiency was measured

FIr3mG3 at 298 K shows a dramatic increase. This result from relative ratio between integrated area of singlet and triplet donor peak

also may be due to conformational heterogeneity becausélgI ?Gé( ((IamGX) a)”d thi‘t ngVESidua' Si”fg'E‘t( O/";‘;félmpl'/‘f\t do”‘/)lfAPe"’;k in

. " . . . r3m Firsma), X = 1—3. Energy transfer = 1AFiemadIAmex

intensities show d_n‘ferent ten_dencn_as at different temperatures., 10 e s—s ET efficiency at 77 K. ET was measured from relative ratio

However, the residual peak intensity of the donor in FIr3mG  between integrated area of singlet donor peak{3mB! nm) in m& (1A ma)

is relatively small as compared to that of only the dendrimer and that of residual singlet donor peak in FIrSmEArizmad, X = 1-3.

d ithout t h G1 (5mCP G2 fT—T ET efficiency at 77 K. ET was measured from relative ratio between
onor without an acceptor, suc "."S_ m_ ( m )’ m integrated area of triplet donor peak (4080 nm) in m& (IAmey) and

(mG2-0OH), and mG3 (mG3-OH¥.This indicates that SS that of residual triplet donor peak in FIr3m®IArrama), X = 1—3.

ET is very efficient. Obviously, ¥T ET from the dendrimer

donor to the acceptor plays another important role in

contributing to the increase in acceptor intensity. More

ET between the donor of one dendrimer and the acceptor of
a nearby dendrimer molecule as well as a less flexible film

detailed evidence for FT ET is shown in Figure 4b, which phase structure, which leads to reduced nonradiative décay.

shows the PL spectra (excited at the donor absorption peak Therefore, the enhancement of the acceptor emission

of 310 nm) of FIr3mG at 77 K. The disappearance of the intensity with the number of donors and a reduction in the
donor triplet emission spectra' at around 410 nm indicateslummance quenching induced by bulky dendren donors will

efficient T-T ET from the donor to the acceptor by the make these phosphorescent dendrimers good candidates for

Dexter mechanism. On the basis of the DFT calculation, the Spgég?atat?fagsfg?”E]ffei(r;i;nnacte“?zt;:;O3LESﬁ§\'NS the ET
distance from the Ir core to the mCP nitrogen in FIr3mG3 . gy Y. .
was 12-20 A under the assumption that all the bonds are efficiency from the donor to the acceptor in FirdmG@he

linked through a trans geometry. Therefore, the donor and ;;i da-r;(:a;re_-Fr>LEr;refr]:fclyzlleanncolletieV\{?ar\ﬁsirzﬁ?;qu?ndeI;%rg Itr:]e'ihe
acceptor were located within the effective Dexter energy Y )

transfer distance<20 A) for a good wave function overlap steady-state PL method, the ET efficiency was determined

between the donor and the accefforTherefore, the from the extent of the Iumlnanclsl(ngJGenqhmg of the donor in
. . . the presence of the acceptdf.*21>16This was measured
enhancement in the PL intensity at room temperature

originates not only from SS ET but also from #T ET ];ri?]mlgp an(;alt? it“ﬁ:t r(;igr?ot)et::kznir:hri(g;‘egr?tzg datrr?:t g:c the
from the donor to the acceptor. In the PL spectra of the "9 P P mex

PMMA film (excited at the donor absorption peak of 310 E?: re&d)u;lzsglgilﬁg ?;dK t(rllipi)litredgggtrﬁ:aElfrseﬁic'i:elﬁsz
nm), the PL intensity of the acceptor also sharply increases® "M 9 ' y

— 0, i

i he rumberof donors (Foure 0. The sbsence ofne 2 (, Bsanelvc) 100 09 T ethoc v
donor peak at around 350 nm indicates a perfect energyentirel uenched in all th’e enerations. Thus. the ET
transfer from the donor to the acceptor because of inter-and ... y 9 g ' '

. . - efficiency from the donor to the acceptor at 298 K was
intramolecular ET. The reason for the higher ET efficiency

. . . . calculated to be 97, 97, and 94% for FIr3mG1, FIr3mG2,
in the film than in the solution may be because of the removal

) and FIrBmG3, respectively.-SS ET and FT ET can be
of the bottleneck phenomenon through the intermolecular measured by the steady-state PL method at 77 K, if it is

(15) Mugnier, J.; Pouget, J.; Bourson, J.; Valeur JBLumin.1985 33, supposed that the singlet emission range and the triplet
273. . . .

(16) Bourson, J.; Mugnier, J.; Valeur, Bhem. Phys. Letl982 92, 430. emission range qf the donor moiety are 32@.4 gnd 405

(17) Li, B.; Xu, X.; Sun, M.; Fu, Y.; Yu, G.; Liu, Y.; Bo, ZMacromol- 450 nm, respectively. At 77 K, the-$5 ET efficiency was
ecules2006 39, 456. calculated to be 97, 96, and 90%, and theTTET efficiency

(18) Detailed structures of mGand measurements of energy transfer 0
efficiency via steady-state PL method are shown in the Supporting was calculated to be 85, 93, and 92% for FIr3mG1, FIr3SmG2,

Information. and FIr3mG3, respectively. However, this method ignores
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the detection error caused by the overlap between theefficiency—greater than 99% in all generations. Both S

emission of the acceptor moiety and the triplet emission of and T-T ET efficiencies measured from both steady-state

the donor moiety above 450 nm. PL and transient PL methods show similar tendencies for
The expected error in the steady-state PL method can beeach generation, which indicates that bothSSand =T

overcome by measuring lifetimes more precisely. The ET ET mechanisms are mainly involved in the increase in the

efficiency was measured using transient PL data (Table 3)acceptor emission with the generation.

from the following equatiof?1%12 assuming that the ET

time constants were considerably more rapid than the Conclusion

unquenched luminance decay from the residual donor peak

of EIr3mGx1? In conclusion, a new phosphorescent system in which the

donor and acceptor were covalently bound by a nonconju-
ET efficiency (%)= (1 — 7_u/7p) x 100 ) gated benzyl ether linker was developed. The solution and

film PL intensities of the doneracceptor conjugate system
were greater than those of Flrpic due to efficiertSand
T—T ET from the donor to the acceptor. The-S ET in
FIr3mGx shows a very high efficiency of greater than 90%
via the steady-state PL method and 94% via the transient
PL method. Additionally, the FT ET efficiency via the
transient PL method exhibited an efficiency greater than 99%.
This indicates that FlIr3mgexhibited good light-harvesting

whererp-, is the lifetime of the donoracceptor conjugates
(FIrBmGx) and 7p is the lifetime of donors (m&. The
transient PL spectra for FIr3m@Gexhibited a biexponential
curve, while that of m& was monoexponential at 360 and
411 nm (Figure S9 The long lifetime for FIrSm@& (4.7—

5.2 ns) at 360 nm is similar to that of mGrhus, we assume
Lhnegjgiggiﬁpggﬁg?? ::;V; E]ﬁ%/;e@(rj?rg\:ﬁig;ogtnr;ﬁrﬁjfjual abilities because the mCP unit is an efficient light absorber

tional heterogeneity that prevents energy transfer. Since this?hm: ':jhe.core F“’plefunCttlﬁ nsdasofil S patlgl energr);]confcentrtarl]t'or
donor peak contributes at most 10% or less of the total signal atdrains energy from the dendrimer donor. Theretore, this

in all cases, its role in the overall photophysics of these system can be applied not only to emitting materials sui_talr_JIe
molecules is relatively minor. Therefore, there is a small for OLEDs due to the enhancement of the acceptor emission

difference between maximum energy transfer efficiency and iptensity but_also t(_) _organic s_olar cells because of t_h_e good
net energy efficiency estimated from the average lifetime of light-harvesting ability and high-energy transfer efficiency
the donor peak of FIr3mG(Table 2: the data in parenthe- fro’.“ the donor_ FO th? acceptor after changing the donor
ses). The main components of the lifetimes of the donor moiety to the visible light absorbé®.
moiety of FIr3m& (x = 1—3) at 360 nm were dramatically
shortened-<0.1, 0.18, and 0.26 ns for FIr3mG1, FIrSmG2,
and FIr3mG3, respectivelyas compared to those of m& Synthesis.’H and 13C NMR spectra were recorded using an
6.6, 7.7, and 7.2 ns for mG1, mG2, and mG3, respectively Advance 300 or 500 MHz Bruker spectrometer in chlorofain-
at 298 K (Table 2). The decrease in the lifetime of the donor acetoneds, or DMSOds. *H NMR chemical shifts in CDGlwere
peak in FIr3mG suggests an intramolecular ET from the 'éferenced to CHGI(7.27 ppm), and*C NMR chemical shifts in
donor to the acceptor. The 5 ET effciency obtaned flom 208 Woet 0 1o e apecirophotometer
. . 0 0 ,
itrr:ealpl) rt(:]\gogu:#;rgt?ggggi% ?g lij:tgziésagrézt:]remwi t?letr/loose Mass spectra were obtained using a MALDI-TOF MS from Bruker.

. High-resolution masses (HRMS) were measured by FABMS using
derived from the steady-state PL method at 298 K. The a JEOL HP 5890 series. Lifetimes at 77 and 298 K were obtained

lifetime of the donor peaks at 360 and 411 nm was also ysing a FRET MASTER-1 from PTI and fluorescence spectrometer
measured at 77 K to predict the ET efficiency more precisely. from Edinburgh, respectively. Fluorescence lifetime measurements
The lifetime of the donor peak at 360 nm in FIr3m@&as were carried out with the EasyLife LS system using an EL295 LED
also dramatically shortenet<0.1, 0.24, and 0.65 ns for and a stroboscopic detector. A low-temperature liquid nitrogen, a
FIr3mG1, FIrB3mG2, and FIr3mG3, respectivelgs com- Dewar holder was used for the measurements at 77 K. Fluorescence
pared to that of m&—8.2, 7.9, and 8.1 ns for mG1, mG2, spectra were recorded on a Jasco FP-7500 spectrophotometer.
and mG3, respectivelyat 77 K (Table 2). The minor Analytical thin-layer chromatography was performed using Kie-
component for FIr3me (2.4—2.9 us) at 411 nm may also selg.el 6@-254 plates frqm Merck. Column chromatography was
be derived from the conformational heterogeneity. Thess 0RO O TEEC SR 00 B L e, ot rher
ET efficiency of FIrS3m& through the transient PL method

0 . .~ . purification unless otherwise noted. Decomposition temperatures
at 77 K was greater than 94% for each generation, which is were obtained using a thermogravimetric analyzer (TGA) from

also in good agreement with both the transient PL method rheometric Scientific. Glass transition temperatures were recorded
at 298 K and the steady-state PL method at 77 K. Moreover, on a Jasco FP-750 spectrophotometer differential scanning calo-
the lifetime of FIr3mG& at 411 nm of the triplet donor peak rimeter from TA Instruments.

was also shorteneed.12, 0.24, and 0.22s for FIr3mG1, Compounds (CNaIr(u-Cl),IrC*N,) were synthesized according
FIrS3mG2, and FIr3mG3, respectivehas compared to that  to a modified version of the Nonoyama procedtirby refluxing

of mGx—7.0, 6.9, and 6.9 s, respectively. Therefore;TT

ET via the transient PL method showed a significantly higher (20) For the application of this system to the organic solar cell, the donor

moiety should be changed to the visible light-absorber, and the

absorption spectrum of the acceptor moiety should be in good overlap
(19) Doust, A. B.; Yang, X.; Dykstra, T. E.; Koo, K.; Scholes, G.Appl. with the emission spectrum of the donor moiety.
Phys. Lett2006 89, 213505. (21) Nonoyama, MBull. Chem. Soc. Jpri974 47, 767.

Experimental Procedures
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IrCl3-nH,O with 2—2.5 equiv of a cyclometalating ligand ina 3:1 NMR (300 MHz, CDC}): 6 (ppm) 8.25 (d, 9 Hz, 4H), 7.89 (s,
mixture of 2-methoxyethanol and water for-8 h. The reaction 2H), 7.81 (s, 1H), 7.46 (d, 9 Hz, 4H), 7.30 (t, 6 Hz, 4H), 7.17 (t,
mixture was cooled to room temperature, and more water was addeds Hz, 4H), 5.00 (s, 2H)13C NMR (125 MHz, CDC}): ¢ (ppm)

to precipitate the product. The reaction mixture was filtered through 141.70, 140.59, 139.85, 126.47, 125.88, 124.97, 123.91, 120.95,
a Bichner funnel and then washed with hexane and ethyl ether 120.77, 110.05, 39.19. MALDI-TOF: calcd for{El,:BrN, 500.09,

several times to provide the crude product. found 500.06. Anal. calcd for &gH,,:BrN,-H,O: C 71.68; H 4.46;
Iridium(lll) Bis[(4,6-difluorophenyl)-pyridinato- N,C?]3-hy- N 5.39. Found: C 71.26; H 4.14; N 5.76.
droxypicolinate (FlrpicOH). A mixture of the crude chloro- mMG2-OH (mG2). To a solution of 3,5-dihydroxybenzyl alcohol

bridged dimer (1.21 g, 1.0 mmol), 3-hydroxypicolinic acid (417 (280 mg, 2.0 mmol) in acetone (120 mL) were added 5mCP-Br
mg, 3 mmol), and sodium carbonate (2-1218 g, _2(}30 mmol) (2.0 g, 4.0 mmol), KCO; (1.38 g, 10 mmol), and 18-crown-6 (52
in 2-ethoxyethanol (70 mL) was refluxed under inert atmosphere mg, 0.2 mmol). The reaction mixture was refluxed for 8 h. After

for 45 h. After cooling to room temperature, the solvent was ., jing to room temperature, the solvent was evaporated in vacuum

evapqrated in vacuum and d_iSSONEd in methylene chioride. The o gissolved in methylene chloride. The organic phase was washed
organic phase was washed with water and dried oveSRa The with water and dried over N&0O,. The solvent was evaporated to

solvent was evaporated to give the_c_rude produgt, Whi_Ch was aIOpIieOlgive the crude product, which was applied to column chromatog-
o co!umn chromatography on a silica gel, eluting with methylene raphy on silica gel, eluting with methylene chloride and hexane
chlor_|de, ethy| _acetate, and ’.“ethy' alcohol (10:10:0.2, viv) to (2:10, v/v) to provide the desired product (yield: 1.67 g, 85%d).
provide the desired product (yield: 924 mg, 65%).NMR (300 NMR (300 MHz, CDCH): 6 (ppm) 8.12 (d, 6 Hz, 8H), 7.75 (s
MHz, DMSOe): 0 (ppm) 13.24 (s, 1H), 8.50(d, 6 Hz, 1H), 836 1\ 5 20 (s o) 7.50 (d, 9 Hz, 8H), 7.40 (t, 15 Hz, 8H), 7.26 (t,

ﬁ'2151(|:“)' ?HS)’}%EZ\;S&Z éﬂ) 2;*)3'77(:303(:]'4'26 THZ) 17H%'37('§96(dﬁf 12 Hz, 8H), 6.81 (s, 2H), 6.74 (s, 1H), 5.31 (s, 4H), 4.70 (s, 2H),
, 1), (95 f o), 0of G Sz, 2H), 1229 1 0 M2 g 49 (s, 1H).23C NMR (125 MHz, CDCY): & (ppm) 159.92,

}Q)N?A??zszZﬁvl(ﬁz, ?&’35(324)(% (:i):jni’) 1?%,953;4?6(2163 '12’315:)' 144.17, 141.02, 140.68, 139.81, 126.39, 124.60, 124.43, 123.86,
' o P o o o, 120.67, 120.63, 109.87, 106.45, 101.94, 69.33, 65.31. MALDI-

163.23, 162.85, 162.80, 161.50, 161.40, 161.21, 159.45, 159.34
' ' ’ ' ' ' ' 'TOF: calcd for GgHagN4O3 980.37, found 980.32. Anal. calcd for

149.12, 148.11, 139.58, 139.49, 131.01, 128.24, 127.85, 124.13,
CeoHaeN4O3°H,0O: C 82.94; H 5.04; N 5.61. Found: C 82.93; H

123.74,122.89, 122.83, 122.68, 113.81, 113.67, 98.15, 97.94, 97.69,
HRMS (FAB) miz calcd for [GeHisFalNOs + H]* 712.0835, 2273 N 5.34.
found [M + H]* 712.0826. mG2-Br. A mixture of mG2-OH (1.8 g, 1.83 mmol) and PBr
5mCP (mG1= 5-Methyl-N,N'-dicarbazolyl-1,3-benzene)This (593 mg, 2.2 mmol) in methylene chloride (100 mL) was stirred at
compound was prepared according to the Buchwald procédure. 0 °C for 2 h. After completing the reaction, methanol was added
To a mixture of Cul (780 mg, 4.1 mmol),RO, (11.79 g, 51.25 to quench the residual PB(Caution: this will produce theolatile
mmol), and carbazole (6.5 g, 38.9 mmol) in toluene (100 mL) were methyl bromidg. All volatiles were evaporated in vacuum and
added 1,3-dibromo-5-methylbenzene (5.0 g, 20.5 mmol) and ( dissolved in methylene chloride. The organic phase was washed
trans-1,2-diaminocyclohexane (936 mg, 8.2 mmol) under nitrogen. With water and dried over N&0O. The solvent was evaporated to
The reaction tube was quickly sealed, and the contents were stirredgive the crude product, which was applied to column chromatog-
while being heated in an oil bath at 131G for 24 h. The reaction raphy on silica gel, eluting with methylene chloride and hexane
mixture was filtered through Celite, and the solvent was evaporated (1:20, v/v) to provide the desired product (yield: 1.68 g, 92%).
in vacuo and then dissolved in methylene chloride. The organic NMR (300 MHz, CDC}): 6 (ppm) 8.20 (d, 9 Hz, 8H), 7.90 (s,
phase was washed with water and brine and was dried with Na 4H), 7.83 (s, 2H), 7.56 (d, 9 Hz, 8H), 7.39 (t, 9 Hz, 8H), 7.26 (t,
SQ,. After the solvent was evaporated, a crude product was obtained15 Hz, 8H), 6.94 (s, 2H), 6.90 (s, 1H), 5.55 (s, 4H), 4.62 (s, 28).
and purified by column chromatography on silica gel, eluting with  NMR (125 MHz, CDC}): ¢ (ppm) 159.82, 140.86, 69.40, 33.38.
methylene chloride and hexane (1:20, v/v) (yield: 6.49 g, 75%). MALDI-TOF: calcd for [M + H]* 1043.29, found 1043.42. Anal.
H NMR (300 MHz, CDC}): o (ppm) 8.23 (d, 6 Hz, 4H), 7.70 (s,  calcd for GgH47BrN,O,-H,O: C 78.03; H 4.65; N 5.28. Found: C
1H), 7.66 (s, 2H), 7.62 (d, 9 Hz, 4H), 7.48 (t, 6 Hz, 4H), 7.31 (t, 78.16; H 5.03; N 4.93.
6 Hz, 4H), 2.68 (s, 3H\:C NMR (125 MHz, acetonek): o (ppm) mG3-0OH (mG3). To a solution of 3,5-dihydroxybenzyl alcohol
143.29, 141.70, 140.03, 127.63, 127.19, 124.47, 123.24, 121'29’(87.5 mg, 0.625 mmol) in acetone (70 mL) were added mG2-Br
121.20, 110.82, 105.58. MALDI-TOF: calcd fok{Ei,N, 422.18, (1.3 g, 1.25 mmol), KCOs (432 mg, 3.13 mmol), and 18-crown-6
found 422.25. HRMS (FAB): calcd for£H;.N, 422.1782, found (16.5 mg, 0.0625 mmol). The reaction mixture was refluxed for 8

422.1783. . h. After cooling to room temperature, the solvent was evaporated
SmCP-Br (mG1-Br = 5-Bromomethyl-N,N'-dicarbazolyl-1,3- in vacuum and dissolved in methylene chloride. The organic phase
benzene) A mixture of 5mCP (7.0 g, 16.5 mmol), 0-8.9 equiv was washed with water and dried over,88;. The solvent was

of NBS, (1.13 g, 19.8 mmol), and benzoyl peroxide (400 mg, 1.65 evaporated to give the crude product, which was applied to column
mmol) in CCl, (1_50 mL) was heated at ref"!x temperature fc_)r 10 chromatography on silica gel, eluting with methylene chloride and
h. After the reaction was complete, the reaction mixture was filtered hexane (1:10, V/v) to provide the desired product (yield: 1.00 g

through a Behner funnel and then washed with GCIhe solvent 78%).1H NMR (300 MHz, CDCH): 6 (ppm) 8.10 (d, 9 Hz, 16H),

was evaporated in vacuum. The resulting mixture was dissolved in 7.74 (s, 8H), 7.72(s, 4H), 7.50 (d, 9 Hz, 16H), 7.37 (t, 15 Hz, 16H)
methylene chloride and washed with water and dried over Na ', (t’15 I-’|z.16H,) 6.75 .(s 4H’) 6.65 (s 2’H). 6.54 (s 2H’) 6.48

SOy The solvent was evaporated to give the crude product, which (s, 1H), 5.31 (s, 8H), 4.94 (s, 4H) 4.56 (s, 2R} NMR (125 MHz,

was applied to column chromatography on silica gel, eluting with C )

. . . DCl): ¢ m) 160.15, 159.86, 143.72, 140.92, 140.65, 140.03,
hexane to provide the desired product (yield: 4.62 g, 56%). 139.73% 13(5.%1)126.38 124,58, 124.39, 123.83, 120.65, 120.61
109.85, 107.03, 105.97, 102.23, 101.45, 69.32, 65.29. MALDI-

(22) Al o Kiapars, A.; Buchwald, S. . Am. Chem. 502002 TOF: calcd for [M+ H]* 2065.77, found 2065.11. Anal. calcd

(23) Shoustikov, A. A.; You, Y.; Thompson, M. BEEE J. Sel. Top. for CpagH100NgO7°H20: C 83.55; H 4.93; N 5.38. Found: C 82.65;
Quantum Electron1998§ 4, 3. H 4.87; N 5.29.
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mG3-Br. A mixture of G3-OH (600 mg, 0.29 mmol) and PBr

Kwon et al.

was carried out in CkCl, and hexane (1:20, v/v). The solidified

(157 mg, 0.58 mmol) in methylene chloride (50 mL) was stirred at product was filtered through a Bhner funnel and then washed
0 °C for 10 h. After completing the reaction, methanol was added with hexane and ethyl ether several times to provide the desired

to quench the residual PBXCaution: this will produce theolatile
methyl bromidg All volatiles were evaporated in vacuum and

product (yield: 1.01 g, 72%¥H NMR (300 MHz, acetonek): o
(ppm) 8.69 (d, 6.9 Hz 1H), 8.27 (d, 8.4 Hz, 2H), 8.18 (d, 8.4 Hz,

dissolved in methylene chloride. The organic phase was washed8H), 7.93-7.83 (m, 6H), 7.76:7.72 (m, 4H), 7.58 (d, 4.5 Hz 8H),

with water and dried over N&O,. The solvent was evaporated to

give the crude product, which was applied to column chromatog-

7.58-7.57 (m, 2H), 7.49-7.31 (m, 10H), 7.247.19 (m, 8H), 6.83
(s, 3H), 6.64-6.51 (m, 2H), 5.81 (d, 9.6 Hz 1H), 5.65.55 (m,

raphy on silica gel, eluting with methylene chloride and hexane 5H), 5.38 (s, 2H)**C NMR (125 MHz, DMSO#¢): 177.06, 170.11,

(1:20, v/v) to provide the desired product (yield: 460 mg, 75%).
1H NMR (300 MHz, CDC}): o (ppm) 8.11 (d, 9 Hz, 16H), 7.74
(s, 8H), 7.73 (s, 4H), 7.49 (d, 9 Hz, 16H), 7.38 (t, 9 Hz, 16H),

159.82, 159.25, 157.89, 149.19, 148.14, 141,44, 140.20, 139.82,
139.65, 139.57, 139.27, 138.49, 138,37, 132.94, 131.46, 127.57,
126.32, 124.18, 123.31, 122.91, 120.46, 120.26, 113.83, 113.69,

7.26 (t, 15 Hz, 16H), 6.73 (s, 4H), 6.67 (s, 2H), 6.59 (s, 2H), 6.58 109.69, 106.07, 101.85, 97.83, 69.65, 68.18. HRMS (FAB): calcd

(s, 1H), 5.26 (s, 8H), 4.94 (s, 4H) 4.27 (s, 2HC NMR (125
MHz, CDCk): 6 (ppm) 160.05, 159.87, 140.90, 140.65, 140.09,

for [Co7He2F4IrN7Os + H]™ 1674.4456, found 1674.4462.
FIr3mG3. To a solution of FlrpicOH (210 mg, 0.282 mmol) in

139.80, 139.76, 126.38, 124.58, 124.39, 123.84, 120.65, 120.62,DMF (10 mL) were added mG3-Br (600 mg, 0.282 mmol) and
109.84, 108.45, 107.09, 102.38, 102.30, 70.02, 69.33, 33.62.CsCO; (138 mg, 0.423 mmol). The reaction mixture was refluxed

MALDI-TOF: calcd for CiasHegBrNgOg 2126.69, found 2126.67.
Anal. calcd for G4gHogBrNgOg-H-O: C 81.10; H 4.74; N 5.22.
Found: C 80.59; H 4.85; N 5.11.

FIr3mG1. To a solution of FlrpicOH (1.00 g, 1.36 mmol) in

for 7 h. After cooling to room temperature, the solvent was
evaporated in high vacuum and dissolved in methylene chloride.
The organic phase was washed with water and dried ovgBQla

The solvent was evaporated to give the crude product, which was

acetone (100 mL) were added 5SmCP-Br (682 mg, 1.36 mmol) and applied to column chromatography on silica gel, eluting with

CsCOs (489 mg, 1.5 mmol). The reaction mixture was refluxed
for 7 h. After cooling to room temperature, the solvent was

methylene chloride, ethyl acetate, and methyl alcohol (10:10:1, v/v)
to provide the desired product. To remove any residual impurity,

evaporated in vacuum and dissolved in methylene chloride. The trituration was carried out in Ci€l, and hexane (1:20, v/v). The

organic phase was washed with water and dried ove88a The

solidified product was filtered through a Blner funnel and then

solvent was evaporated to give the crude product, which was appliedwashed with hexane and ethyl ether several times to provide the
to column chromatography on silica gel, eluting with methylene desired product. (yield: 230 mg, 30%) NMR (300 MHz,
chloride, ethyl acetate, and methyl alcohol (10:10:0.2, v/v) to DMSO-ds): 6 (ppm) 8.54 (d, 4.8 Hz 1H), 8.188.13 (m, 18H),

provide the product. To remove any residual impurity, trituration
was carried out in CKCl, and hexane (1:20, v/v). The solidified
product was filtered through a Bhner funnel and then washed

7.97-7.84 (m, 2H), 7.777.70 (m, 13H), 7.657.61 (m, 2H),
7.47-7.44 (m, 18H), 7.357.26 (m, 18H), 7.18 (t, 4.5 Hz, 16H),
6.87 (M, 8H), 6.66:6.47 (m, 2H), 5.63 (d, 8.1 Hz, 1H), 5.47

with hexane and ethyl ether several times to provide the desired5.35 (m, 9H), 5.50 (s, 2H), 4.96 (s, 4H¥C NMR (125 MHz,

product. (yield: 1.24 g, 81%)}H NMR (300 MHz, acetonel):

& (ppm) 8.70 (d, 5.4 Hz, 1H) 8.40 (d, 1.2 Hz, 1H) 8.31 (s, 1H)
8.28-8.21 (m, 4H) 8.06 (t, 6 Hz, 3H) 7.967.88 (m, 3H) 7.78 (d,

6 Hz, 1H), 7.66-7.60 (m, 6H), 7.57 (s, 1H), 7.497.42 (m, 4H),
7.35-7.27 (m, 4H), 7.12-7.12 (m, 1H), 6.66-6.50 (m, 2H), 5.83
(d. 9 Hz, 1H), 5.59 (s, 2H), 5.55 (d, 8.1 Hz, 1HJC NMR (125

MHz, DMSO-tg): 169.93, 163.61, 163.03, 162.94, 157.83, 148.86,

DMSO-g): 170.10, 163.65, 162.97, 161.64, 161.21, 159.40,
159.13, 157.80, 154.27, 153.46, 148.75, 147.91, 141.38, 139.77,
139.55, 139.14, 138.73, 138.44, 138.28, 127.92, 127.83, 126.22,
124.08, 123.72, 123.21, 122.88, 120.79, 120.39, 120.22, 113.69,
109.59, 107.15, 105.40, 102.07, 101.14, 69.49, 69.15, 68.18.
MALDI-TOF: calcd for C7aH114F4IrN110q 2757.84, found 2757.74.
Anal. calcd for G7H114F4IrN11Os: C 75.31; H 4.16; N 5.58.

147.93, 140.24, 139.83, 139.27, 138.65, 138.06, 128.73, 127.23,Found: C 75.12; H 4.41; N 5.40.

126.41, 124.94, 124.24, 123.11, 122.95, 121.90, 121.10, 120.52,
112.40, 111.95, 110.12, 109.89, 97.64, 69.34. HRMS (FAB): calcd

for [M + H]* 1132.2461, found 1132.2455. Anal. calcd for
CsgH36F4IrNsO5-H,0: C 61.66; H 3.33; N 6.09. Found: C 61.33;
H 3.20; N 6.13.

FIr3mG2. To a solution of FlrpicOH (618 mg, 0.843 mmol) in
DMF (20 mL) were added mG2-Br (800 mg, 0.766 mmol) and
CsCOs (411 mg, 1.26 mmol). The reaction mixture was refluxed
for 7 h. After cooling to room temperature, the solvent was

evaporated in vacuum and dissolved in methylene chloride. The

organic phase was washed with water and dried oveB8a The

solvent was evaporated to give the crude product, which was applied
to column chromatography on silica gel, eluting with methylene
chloride, ethyl acetate, and methyl alcohol (10:10:0.2, v/v) to

provide the product. To remove any residual impurity, trituration
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