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ABSTRACT: Triplet-triplet annihilation (TTA)-assisted photon upconversion

(TTA-UC) in three dyads (DPA-Cn-DPA),

diphenylanthracene (DPA) moieties connected by nonconjugated C1, C2, and
C3 linkages (Cn), has been investigated. The performance of these dyads as
energy acceptors in the presence of the energy donor platinum

octaethylporphyrin are characterized by longer triplet lifetimes ( 7r) and different

comprised of two

Intramolecular
Energy Hopping T ] T1 !

TTA rate constants than those of the parent DPA. The larger 7r of the linked L / ‘ ) ool
s . 3 * ong-lived Triplet

systems, caused by “intramolecular energy hopping” in the triplet dyad *DPA*~ for TTA-UC

Cn-DPA, results in alow threshold intensity, a key characteristic of efficient TTA-

UC.

INTRODUCTION A 13* 13*

Triplet-triplet annihilation (TTA)-upconversion (UC),'"? a > Y y— sg* 33* 33* 33*

photophysical phenomenon in which long-wavelength light is o v L = 3 ‘é*

converted to short-wavelength light of various wavelengths,* " is a E bim?_l_lgxular ;

promising approach to the efficient use of the sunlight.®” The % L

system  comprised  of  platinum  2,37,8,12,13,17,18- C S = A A hv <FL

octaethylporphyrin (PtOEP) and 9,10-diphenylanthracene (DPA) D D

as a respective energy donor (D) and energy acceptor (A), is a
representative of those undergoing TTA-UC. In a conventional
TTA-UC mechanism (Fig. 1), an excitation (4v) of D by using a
low-energy photon followed by intersystem crossing (ISC) gives a
triplet excited state of D (*D¥). The succeeding energy transfer
(ET) from *D* to A affords *A*. Bimolecular TTA of two *A* forms
asinglet state of A ('A*) together with A (eqn 1), and 'A* finally

SA*43AY 5 AT+ A (1)

shows a high-energy UC emission (4V). The least efficient step in
the overall TTA-UC process is bimolecular TTA, which is typically
slow because it requires collision of two short lived triplet excited
states *A*. Thus, new approaches that lead to improvement of the
efficiencies of the TTA process are important because they are
bound to serve as the basis of innovative strategies for the design of
potentially important TTA-UC systems.

Fig. 1. Conventional mechanism for TTA-UC.

By using time-resolved spectroscopic studies, several factors that
improve the efficiency of singlet fission (SF, eqn 2),'*'® the reverse
of TTA, have been

A*+A > I(CAPA)* > GAT+3AY )

elucidated recently. Importantly, the results of these investigations
demonstrate that rapid intramolecular SF takes place in dyads
composed of two acceptors and a linker, and that the rate of
intramolecular SF and the lifetime ( 7r) of the resulting exciton, *A*,
is governed by the nature of the linker through control of through-

space and through-bond electronic coupling between two As.'”*°
Similarly, many TTA-UC systems that operate through
“intramolecular TTA” contain dyads of acceptors connected by
conjugated*'** or nonconjugated** >’ linkers. It is expected that the
rate constant for energy transfer (1) from *D* to A in these types
of dyads would be remarkably high due to the existence of two As
in the sole molecule. However, the effects of linkers, especially on
1



controlling the distance between and orientation of the two As, on
the efficiency of TTA-UC have not yet been fully explored.

In the investigation described below;, we evaluated the
photophysical properties and TTA-UC performances of systems
composed of the energy donor PtOED, and three dyads (DPA-
Cn-DPA, Fig. 2) in which the DPA acceptors have different relative
orientations and distances. In one of the three dyads, the two DPA
acceptors are linked by a C1 unit of a dimethylmethylene moiety, in
the other a C2 unit of a rigid cage structure containing dimethylene
moiety serves as the linker,”® and the last linker is comprised ofa C3
unit of an adamantane containing trimethylene moiety** The
results of this effort show that systems containing these dyads have
larger 7r as compared to that of DPA monomer, owing to
“intramolecular energy hopping’, which reduces the threshold
intensity (/1) and leads to efficient TTA-UC.

Ph wo

DPA

DPA-C3-DPA
Fig. 2. Structures and DFT (B3LYP/6-311G*)-optimized
geometries of DPA and DPA-Cn-DPA (n=1~3).

Experimental Section

Preparation of Substrates. Dyads, DPA-C1-DPA and DPA-C2-
DPA, were synthesized by using Suzuki—Miyaura cross-coupling
reaction of the corresponding bis-bromoarenes 1 and 3,”* with
4,4,5,5—tetramethyl—2—( 10-phenylanthracen—9—yl) -1,3,2-
dioxaborolane (2, Scheme 1). Synthesis of DPA-C3-DPA and
PtOEP have been reported previously™*
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Scheme 1. Routes for synthesis of (a) DPA-C1-DPA and (b)
DPA-C2-DPA.

UV-Vis
photoluminescence spectra were recorded using JASCO V-570

Steady-state ~ Spectroscopy. absorption  and
and FP-8500 spectrophotometers, respectively. ~Absolute
fluorescence quantum yields were determined by utilizing the
integrating sphere method with a Hamamatsu Photonics C9920-
02 under argon. Fluorescence decay profiles were determined
under argon by using a HORIBA Jobin Yvon FluoroCube time-
correlated single photon counting photometer.

UC Luminescence. UC luminescence measurements were made
using an Ocean Optics USB4000 multichannel detector upon CW-
laser (RGB Photonics, Minilas Fiber, 520 nm) excitation. Laser
power was controlled by using Ltune software and neutral density
filters. The sample solutions in J. Young valve-fused quartz vessels
were degassed using three freeze (77 K)—pump (0.1 mmHg)—thaw
(room temperature) cycles and then sealed before measurements
were made.

Time-resolved Absorption Spectroscopy. Measurements were
conducted by using a sample solution with an optical density (OD)
= 0.6 at excitation wavelength in a vessel of 1 cm thickness. The
sample solution was degassed by three freeze (77 K)—pump (0.1
mmHg)-thaw (room temperature) cycles. Nanosecond transient
absorption was measured on a UNISOKU TSP-1000 setup with
THG of YAG laser (355 nm, Spectra Physics Quanta-Ray GC-100,
10 Hz, fwhm = 8 ns, 15 m]J pulse™!) or OPA-equipped YAG laser
(410-700 nm, Continuum Surelite-3, fwhm = 4 ns, ~10 m] pulse”
') excitation and Xe arc monitoring lamp (150 W).

Theoretical Calculations. Density functional theory (DFT)
calculations were carried out using Gaussian 09W program® using
B3LYP functional and 6-311G(d) basis set. Scan calculations were
carried out using semiempirical PMS level of theory. Geometries

30

and orbitals were plotted by using an Avogadro® or Gaussview”'

pI'O gram.

RESULTS AND DISCUSSION

Dyad Geometries. In contrast to those in DPA-C1-DPA, the two
DPA moieties in dyads DPA—C2-DPA and DPA-C3-DPA have
fixed, framework-mandated cisoid geometries. In addition, the
distances between and relative orientations of the DPA acceptors in
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the latter two dyads ditfer. The results of DFT calculations show
that the respective distances between the Co—Cy’ positions of the
DPA moieties in DPA-C1-DPA, DPA-C2-DPA, and DPA-C3-
DPA (Fig. 2) are 9.6,8.3,and 12.3 A. The short Co-Cy’ distance in
DPA-C2-DPA is a consequence of the narrow angle (ca. 70°) that
exist between Cy—Cjo and Cy=Cio. These distances suggest that
relatively strong through-space interaction should take place
between the DPA groups in DPA—C2-DPA. It is known that TTA
requiring electron exchange is efficient when the distance between
the two triplet species *A* is shorter than 10 A% Thus, it was
expected that efficient intramolecular TTAs would occur in DPA-
C1-DPA and DPA-C2-DPA despite the fact that free rotation of
the DPA moieties should take place in these dyads (all PMS level of
theory calculated DPA—Cn single bond rotational barriers are <2
keal mol ', Fig. S11).

Photophysical Properties. DPA in CH,Cl, has respective
absorption and fluorescence maxima at 395 and 413 nm (Fig. 3,
black, Table 1), an fluorescence lifetime (z) of 7.7 ns, and a
quantum yield (@) of 0.91. Solutions of DPA-Cn-DPA in
CH,CL, display absorption bands at 396 nm (Fig. 3, red, blue, and
green). Excitation of solutions of DPA-C1-DPA, DPA-C2-DPA
and DPA-C3-DPA at 376 nm leads to intense fluorescence with
wavelength maxima at 415, 419, and 415 nm, respectively (Fig. 3,
red, blue, and green). Although the dyads do not form remarkable
intramolecular  excimers, DPA-C2-DPA displays a slightly
redshifted and broadened fluorescence band, probably as a result of
weak through-space excitonic coupling. The values of @ and 7.
of the three dyads along with those of DPA are listed in Table 1. Also
included in this table are rate constants for fluorescence emission
(4r.) and nonradiative deactivation (4wr) calculated using eqns 3
and 4. The

ke = DrL/ T (3)
Jar= (1 - DrL)/ T (4)

results show that the @ of DPA-C2-DPA (0.72) is slightly lower
than those of DPA and the other dyads as a result of having a larger
rate constant of nonradiative deactivation (4r). The nearly
identical 4 values of DPA and the three dyads suggest that
through-space and through-bond interactions between two DPA
moieties in the S; states of DPA—Cn—DPA are not remarkable.
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Fig. 3. UV-Vis absorption and fluorescence spectra of (black) DPA,
(red) DPA-C1-DPA, (blue) DPA-C2-DPA, and (green) DPA-
C3-DPA in CH,Cl, (Lex = 375 nm).

Table 1. Photophysical Properties of DPA and DPA-Cn-DPA ¥

Aag/ ArL/ ker / kv /
Compound nm nm P AT ST/
375,
DPA 395 413 091 7.7 11.8 1.17

376,

DPA-C1-DPA 396 415 0.87 6.7 13.0 1.94
376,

DPA-C2-DPA 396 419 0.72 5.5 13.1 5.10
376,

DPA-C3-DPA 396 415 0.87 6.7 13.0 1.94

[a] Measured in CH2CL.

TTA-UC Characteristics. ~ As expected, degassed CH,Cl,
solutions of dyads DPA-Cn-DPA and PtOEP display TTA-UC
luminescence at 435 nm upon excitation at 520 nm (Fig. S2). The
Frnvalue is an important index for evaluating how the system works
with the low excitation intensity**** Consequently, double-
logarithmic plot analyses of UC emission intensities (4c) against
various excitation intensities (/x) were carried out on degassed
CH,Cl, solutions containing PtOEP along with DPA or the DPA-
Cn-DPA dyads (Fig. 4). In these measurements, the quantum
yields for triplet ET process (@kr) were adjusted to be 0.98, based
on a consideration of ET rate constants (4er, Table S1) and by
controlling DPA-Cn-DPA concentrations. The Zic of TTA-UC
for DPA-C1-DPA and DPA-C3-DPA are nearly the same as that
of the parent DPA. These results clearly show that fyc is governed
by concentration of the triplet state *DPA¥, not by the prepared
concentration of the ground state DPA. Employment of Kamada

fitting function shown in eqn 5, ** where Kis a proportionality
constant,
1—/1+4lgx/I
IUC = KIEX [1 + —EX/ TH] (5)
2Igx/ItnH

provided the respective /i values 0f 13,27, 10, and 28 mW cm ™ for
DPA, DPA-C1-DPA, DPA-C2-DPA, and DPA-C3-DPA.



Importantly, the results demonstrate that dyad DPA—C2-DPA has
alow 7y value that is comparable to that of DPA.
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Fig. 4. Double-logarithmic plots and fitted curves of fyc at 435nm
against fix upon the 520-nm excitation of a degassed CH,Cl,
solution of DPA (black, 0.7 mM), DPA—C1-DPA (red, 0.4 mM),
DPA-C2-DPA (blue, 0.5 mM), or DPA-C3-DPA (green, 0.5
mM) containing PtOEP (0.05 mM). Kamada fitting function (eqn
5)3¢3* was employed.

Triplet Lifetime Analysis. The /i value can be related to the rate
constant for triplet-triplet annihilation (4r1), the quantum yield
for triplet energy transfer (@r), and the triplet lifetime ( 7r) by the

relationship shown in eqn 6.%%* Thus, 7ris an

Fru &1/ kerra @er o (6)

essential factor controlling Zri. Recently, it was reported that
covalently-linked dyads of 7-conjugated systems have remarkably
large 7r.">'*** To gain further insights into the TTA-UC of the three
dyads, 7r values of DPA-C1-DPA, DPA-C2-DPA, and DPA-
C3-DPA in degassed CH,Cl, were determined using PtOEP-
sensitized transient absorption analysis. The 71 value for ‘DPA* was
determined to be 190 s by analysis of the 450-nm decay profile
(Fig. S, black).”” Similar measurements gave 7r values for DPA-
C1-DPA, DPA-C2-DPA, and DPA-C3-DPA of 318, 226, and
261 ps, respectively (Fig. S, red, blue, and green). Thus, the 7r
values of all dyads are larger than that of DPA." If the parent DPA
and the three dyads were to have the same 414 values, the expected
Fry values obtained by using 7r and eqn 6 for DPA—C1-DPA,
DPA-C2-DPA, and DPA—C3-DPA would be 0.36,0.71,and 0.53
times the /i value of DPA, respectively. However, the actual 7y
values for the corresponding dyads are 2.1, 0.77, and 2.2 times the
[Frir value of DPA. This finding indicates that the 4rra values of the
dyads are different and uniquely dependent on their molecular
structure. Because @1 was adjusted to 0.98 in all systems, relative
kra values can be obtained using eqn 6 (Table 2). Note that the
“TTA” discussed here is a not an elementary process, but an overall
process that includes association of two *DPA*~Cn-DPA.
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Fig. 5. Decay profiles of the absorption of the *DPA* moiety at 450
nm in degassed CH,Cl, solution of the parent DPA (black, 0.05
mM) or DPA-CI-DPA (red, 0.05 mM), DPA—C2-DPA (blue,
0.05mM), or DPA-C3-DPA (green, 0.05 mM) containing PtOEP
(0.05 mM).

Table 2. Parameters Related to TTA-UC of DPA and DPA-Cn-DPA

Compound 6/°0  d/AR zp/ps® Fra/ mW em2 RkeTliti[zge
DPA — — 190 13 1
DPA-C1-DPA 109 9.6 318 27 0.17
DPA-C2-DPA 70 8.3 226 10 0.92
DPA-C3-DPA 109 12.1 261 28 0.23

[a] Obtained by using DFT-optimized geometries. [b] Obtained using
degassed CH>Cl solutions containing PtOEP. [c] Determined by using 7r,
Fri, and eqn 6 relative to rra of DPA.

The large 7r values of triplet DPA containing dyads can be
explained by invoking “intramolecular energy hopping” from
’DPA* to the other DPA moiety. Using the generally-accepted

explanation,**!

nonradiative deactivation of excited triplet species
of monomeric systems takes place at the conical intersection (CI)
of Ty and Sy surfaces (Fig. 6a), and is associated with a motion along
with the potential surface (e.g, molecular distortion). If, as is the
case in DPA-Cn-DPA, another DPA moiety exists within close
distance, “intramolecular energy hopping” to another triplet energy
surface T\ (Fig. 6b) before reaching CI is possible. Thus,
nonradiative deactivation of *DPA*~Cn-DPA is suppressed, as
compared with that of the parent *DPA*. This type of phenomenon
has been frequently observed for dyads linked by conjugated or
nonconjugated tethers.'>'**** Actually, the longer 7r of *DPA*-
Cn-DPA  were obtained under the heavy-atom free
benzophenone-sensitized conditions (e.g. 623 s for DPA-C1-
DPA, Fig. $4). Thus, the magnitude of elongation of 7r is strongly
depending on the environment, such as solvent, heavy atom,
temperature, and etc.
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triplet excited species of (a) monomer and (b) dyads system
through CI The elongation of 7r of dyad system caused by
“intramolecular energy hopping’.

CONCLUSIONS
In the investigation described above, we examined the TTA-UC

behavior of three dyads DPA-Cn-DPA (n = 1~3), in which the
DPA moieties are linked by nonconjugated units. Although the
fluorescence properties of the dyads are almost identical, their
TTA-UC characteristics reflected in /A values difter greatly. The
results of spectroscopic analysis demonstrate that the structures of
the dyads affect their triplet lifetimes ( 7r) and TTA rate constants
(krra). The nonconjugated linkers in these systems effectively
elongate 7r by suppressing nonradiative deactivation, through
“intramolecular energy hopping”. It is anticipated that a better dyad
orientation would also enable a faster TTA through an
intramolecular process, though the analysis of TTA process have
not reached to the level that reveals an acceleration of &rra. The
original strategy of elongation of zr described in this effort will plays
an important role in improving the characteristics of not only TTA-
UC systems* but also other devices that operate through formation
and decay of triplet-excited species* such as organic light-emitting
diodes***” and organic solar cells.***$*
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