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ABSTRACT: Controlling the thermal fluctuations and
molecular environment of a phosphorescent polymer
backbone is vital to enhancing its phosphorescence
intensity in the solid state. Here, we demonstrate
enhanced phosphorescence control through a systematic
investigation of cyclodextrin-based insulated platinum—
acetylide polymers with well-defined coverage areas.
Modification of the coverage areas revealed two unpreced-
ented effects of macrocyclic insulation on phosphor-
escence behavior. First, the insulation of particular areas
suppresses the thermal relaxation processes of the triplet
species because of the restriction of structural fluctuations.
Cyclic insulation fixes a polymer chain and concomitantly
enhances the phosphorescence intensity in both the
solution and solid states. Second, complete three-dimen-
sional insulation protects the polymer from interactions
with other platinum and acetylide units, and even oxygen
molecules. Notably, these polymers display identical
phosphorescence behaviors in both the solution and
solid states, essentially achieving “unimolecular phos-
phorescence.”

T ransition-metal complexes have gained importance as
components for light-emitting diodes (LEDs)' and in
optical sensing” and bioimaging® devices because of their highly
effective and long-wavelength phosphorescence at room temper-
ature. In the solid state, they are expected to produce higher-
density phosphorescent materials, which will display brighter
emissions-per-unit-volume than their dilute counterparts.
However, their desirable phosphorescence in the solid state
decreases or changes drastically* as a result of their indiscriminate
molecular interactions with adjacent molecules.’ Therefore, they
exhibit high performance only under highly dilute conditions
(such as in a matrix with a very low doping concentration).
Several examples of exceptional solid-state phosphorescence
have been achieved through the adequate control of molecular
arrangements or the inhibition of undesirable molecular
interactions in crystalline systems.”” However, the simple
concentration of diluted phosphorescent materials cannot
increase their emission densities but, rather, can lead to
unpredictable changes in emission behavior.®

As practical device materials, polymers are of interest owing to
their high processability and thermodynamic stability as
compared with low-molecular-weight materials. However, their
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intrinsic disorder in the solid state, which is due to their high
degrees of freedom, makes it difficult to organize a well-ordered
structure, such as in the crystalline solid state. For this reason,
applications of phosphorescent polymer materials have been
limited to highly diluted systems, which are usually formed by
doping a polymer matrix or through copolymerization with a low
mixing ratio.” Thus, to achieve high-density phosphorescence in
polymer solid materials, two contradictory requirements must be
simultaneously satisfied: (i) a higher concentration for brighter
emission and (ii) a lower concentration to inhibit molecular
interactions. Nevertheless, because of their potential application
in solid-state phosphorescent polymer devices, the development
of such materials has been eagerly pursued; the insights obtained
would contribute to progress in the field of device science.

In 2005, Schanze et al. reported a Pt—acetylide polymer in
which bulky iptycene side chains were used to suppress molecular
interactions and enhance phosphorescence in the solid state.'®
This concept motivated us to establish a general insulation
strategy for a phosphorescent polymer, to optimize the emission
behavior in the solid state. Herein, we systematically investigate
insulated solid-state phosphorescent polymers. By using macro-
cycles for higher-order inhibition, only the desired area of a
polymer chain can be covered, without any interstitial space, to
achieve higher-density phosphorescence. During our study on
the synthesis of a 3-D insulated conjugated polymer, poly-
(phenylene ethynylene) (polyPE), covered with permethylated
a-cyclodextrin (PM @-CD) macrocycles,'' we developed
omnidirectionally insulated metallopolymers composed of Pt—
acetylide and oligoPE as the polymer backbone.'” In this study,
we systematically designed and synthesized various omnidirec-
tionally insulated polymers with different coverage ratios and
areas. Two unprecedented cyclic insulation effects on the
phosphorescence behavior of the metallopolymers will be
described: (i) the cyclic insulation enhances phosphorescence;
and (ii) identical phosphorescence behaviors are observed in the
high-density solid state as well as in dilute solution.

Monomer 1 was synthesized in three steps from the PM a-CD
monotosylate (Scheme 1).'* Then, 1 was converted to insulated
complex 2 through hydrophilic—hydrophobic interactions in
MeOH/H,O (2:1). Under the same solvent conditions, the
intermediate pseudorotaxane structure of 2 was fixed by
expanding the oligoPE unit through Sonogashira coupling with
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Scheme 1. Synthetic Route for Polymers 4—6
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Figure 1. (a) Normalized emission spectra (excitation: 405 nm) of 4
(red), S (blue), and 6 (green) in CHCl; under N, atmosphere. (b)
Normalized transient emission spectra of $ in CHCI; under N,
atmosphere at 1 ns and 10 us after excitation at 405 nm.

tert-butyldimethylsilyl (TBS)-protected p-iodophenylacetylene
in the presence of tris(4,6-dimethyl-3-sulfanatophenyl)phos-
phine trisodium salt (TXPTS) as a water-soluble phosphine
ligand, followed by deprotection of the TBS groups to form the
fixed insulated conjugated monomer 3."' The uninsulated Pt—
acetylide polymer 4 was synthesized by Cu-catalyzed trans-
metalation of 1 with trans-PtCl,(PEt;), in a hydrophobic solvent
(piperidine).'* The corresponding insulated polymer § was
obtained from the same monomers in the hydrophilic solvent,
MeOH/H,0 (2:1), from insulated complex 2. In this study, to
examine the effects of the cyclic insulation area and PE units,
insulated polymer 6 was synthesized from 3 bearing different
oligoPE units.">'*

We first compared the phosphorescence emission spectra of
polymers 4—6 in degassed dilute CHCl; (Figure 1a)."* § shows
emission maxima at 433 and 585 nm. The transient emission
spectra obtained at 1 ns and 10 us (Figure 1b) indicate that the
shorter-wavelength emission can be attributed to fluorescence. In
contrast, the long-wavelength emission accompanying the clear
vibration band can be identified as phosphorescence.'®'®
Similarly, 4 shows fluorescence at 438 nm and phosphorescence
at 608 nm in CHCl;. The emissions of insulated polymers § and 6
are blue-shifted compared with those of the uninsulated polymer
4 because of the fixation of the twisted conformation of the
oligoPE units by encapsulation, which shortens the effective
conjugated length of the oligoPE units of $ and 6."'*'” The
phosphorescence intensity of 6 is considerably lower than those
of 4 and 5 owing to a decrease in spin—orbit coupling with the
decreasing content of Pt-acetylide units per polymer segment
(Figure S4). Interestingly, insulated polymer 5 displays stronger
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Figure 2. (a) Emission spectra of polymer solids of 4 (red), 5 (blue), and
6 (green) under degassed conditions (excitation: 405 nm). Emission
behavior of Pt—acetylide polymer solids of 4—6 under (b) N, and (c) air
(excitation: 380—425 nm).

phosphorescence and a 2-fold-higher quantum yield than its
uninsulated counterpart 4 (5: 5.4% vs 4: 2.3%), indicating that
the cyclic insulation for the Pt—acetylide backbones is essential
for the notable enhancements in 5. The cyclic insulation of §
provides high rotational and bending barriers to the polymer
backbone, which prohibits structural fluctuations under ambient
conditions.'” Tt is generally difficult to inhibit the molecular
fluctuations of benzene rings adjacent to oligoPE units with
conventional protectants such as dendrons and macrocycles
(Figure SS). In contrast, our [1]rotaxane structures successfully
fix the oligoPE units in $ by insulation and linkages. Such 3-D
restraint for § efficiently enhances its phosphorescence through
the peculiar effects of linked rotaxane structures.

In order to assess the potential for protection against oxygen, a
typical phosphorescence quencher, we measured the transient
emission decays of dilute solutions of 4 and § (Figure S6a). Under
deoxygenated conditions, the transient emission decay fittings of
4 and S in Figure S6a show the same lifetime (30 ys). In contrast,
under an air atmosphere, the lifetime of § (10 ys) is ~1S times
longer than that of 4 (0.65 ps). This difference clearly indicates
that the insulation of 5 extends the phosphorescence lifetime by
inhibiting interactions with oxygen. These results demonstrate
the isolation of insulated polymer S from the external
environment because of its 3-D covering.'®

We next investigated the effect of insulation in the solid state.
Triplet-based phosphorescence is subject to quenching via
molecular interactions in the solid state, since the triplet-state
lifetime is generally longer than that of the singlet state.'”*°
Amorphous films were prepared by evaporating a polymer
solution in CHCI, on a glass substrate without annealing. Figure
2a shows the photoluminescence spectra of polymer solids 4—6
under degassed conditions.”’ As expected, insulated polymer 5
displays a strong orange emission. In contrast, the corresponding
uninsulated polymer 4, which exhibited phosphorescence in
dilute solution, shows very weak phosphorescence in the solid
state, despite its bulky PM a-CD side chains which cover the
polymer backbone. These results indicate that the insulation in
polymer $ prevents interactions with adjacent molecules, even in
the solid state, achieving high-density phosphorescence. Because
5 also tolerated oxygen, as described above, it even exhibits
phosphorescence in the solid state under an air atmosphere
(Figures 2c and S3). In contrast, despite its insulation, 6 does not
show phosphorescence in the solid state, but only fluorescence.
We postulate that the triplet-state quenching observed in the
polymer 6 solid is caused by intermolecular interactions, similar
to the case of 4, because 6 also displayed phosphorescence in
dilute solution.
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Figure 3. Comparison of the potential for shuttling between (a)
conventional and (b) our linked rotaxanes. (c) Illustration of the
coverage ratios and areas of insulation for polymers $, 6, 8, and 10. Red
lines show the repeating units of the polymers.

S showed both phosphorescence and fluorescence, whereas 6
showed only fluorescence, although they are both insulated
polymers. To investigate the intermolecular interactions in detail,
we focused on the three structural differences between these two
insulated polymers: (i) § has a higher coverage ratio over its
backbone than 6; (ii) the Pt complex area in § is covered but that
in 6 is not; and (iii) the oligoPE unitin § is shorter than that in 6.
Our synthetic method for insulated metallopolymers bearing the
poly[1]rotaxane structure allows the synthesis of individual well-
defined polymers insulated in targeted areas at desired coverage
ratios with the PE units, since the linkages between the
conjugated axles and macrocycles of the rotaxanes prevent the
shuttling of cycles that occurs in conventional rotaxanes (Figure
3a and 3b). To investigate the relationship between phosphor-
escence and the insulated sites in the oligoPE units, we
synthesized 8 (Scheme S5), having different coverage positions
than 6. Polymer 8 contains oligoPE units of the same length as in
6, and the same number of PM a-CDs in its repeating units. Yet,
in 8, the areas near platinum are covered, whereas, in 6, the
centers of the PE units are covered, albeit in the same ratio
(Figure 3c). Polymer 8 was synthesized by the sequential self-
inclusion of 7 followed by Cu-catalyzed transmetalation with the
Pt complex in a hydrophilic solvent.'*

In the solid state, 8 exhibited only fluorescence emission,
whereas it displayed phosphorescence in CHCl,, similarly to 6.
This indicates the failure of 8 to inhibit intermolecular
interactions (Figure 4).*' This result shows that solid-state
phosphorescence is not affected by the location of the insulation
in the main chain but, rather, by the other two factors: the
coverage ratio or conjugation length. A completely insulated
polymer, 10, bearing expanded oligoPE units covered by four PM
a-CDs, was synthesized from monomer 9.'* 10 displayed
phosphorescence emission in the solid state (Figure 4). These
results suggest that the triplet-state quenching of 6 and 8 was not
related to the longer conjugation lengths compared with that of §
and demonstrate that a high coverage ratio of the polymer
backbone is essential to obtain high phosphorescence intensity in
the solid state and that the phosphorescence of 4, 6, and 8 is
quenched in the solid state because of their low coverage ratios.

To rationalize the origin of quenching by interactions, we
performed density functional theory (DFT) calculations for the
partial structure 11 of 6 and 8 (Figure Sa). The singly occupied
molecular orbital (SOMO) had predominantly lowest unoccu-
pied molecular orbital (LUMO) characteristics, fully spread over
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Figure 4. (a) Emission spectra of polymer solids 8 (gray) and 10 (dark
pink) under degassed conditions (excitation: 405 nm). (b) Emission
behavior of polymer solids 8 and 10 under N, (excitation: 380—425 nm).
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Figure S. (a) Optimized molecular structures and frontier orbitals of
partial structure 11, calculated using DFT. Normalized emission spectra
of (b) dilute CHCl, solutions of 6 (green) and 8 (gray), and (c) insulated
polymer § in dilute CHCI; solution (dashed) and in the solid state
(solid), under degassed conditions.

the oligoPE, and the highest occupied molecular orbital
(HOMO) was delocalized across the main axle. Phosphorescence
in Pt—acetylide polymers with oligoPEs is known to be
dominated by 7—z* transitions in the PE units,” which is also
supported by the clear vibration bands in the emission spectra, as
mentioned. The 7-orbitals in the steady and excited states of
polymers 6 and 8 in the solid state can be exposed to adjacent
polymers, which results in multimeric species and destabilizes
their excited forms. In contrast, in fully insulated $ and 10, the 7-
orbitals are protected, disrupting interactions with nearby
polymers in the solid state. Moreover, the excited molecular
orbitals of 11, especially the SOMO, are focused at the center of
the PE unit rather than near the Pt complexes. The location of the
orbital distribution would strongly affect the phosphorescence
intensity of the partially insulated polymers 6 and 8, which differ
only in their coverage areas. The cyclic insulation of 6 on the PE
centers results in stronger phosphorescence in dilute CHCI;
solution than that of 8 near the Pt complexes (Figure 5b).2! This
difference in the insulation area is probably derived from the
cyclic restraint of the thermal relaxation process. As mentioned
above, the fixation of molecular motions and rotations would
protect the triplet species. The 7—7z*-transition-based phosphor-
escence of 6 was eficiently stabilized by covering the center of the
m-conjugation. An enhancement in the phosphorescence from 6
was also observed in the solid state compared with that in 8
(Figure S11).

Finally, to quantitatively evaluate the insulating effect of 5, we
compared the emission wavelengths and quantum yields between
a dilute solution and the solid state. Almost identical emission
spectra were obtained under deoxygenated conditions in solution
(Amax = 585 nm) and the solid state (4, = 581 nm) (Figure Sc).
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Likewise, the quantum yields were nearly identical in solution
(5.4%) and the solid state (4.4%). This is the first demonstration
of nearly equal phosphorescence emission behaviors in dilute-
solution and high-density-solid states. These results suggest that
the complete insulation of phosphorescent polymers realizes
“unimolecular phosphorescence,” even in the solid state.

In conclusion, higher-order inclusion effects were observed on
the phosphorescence behavior of Pt—acetylide polymers fully
covered with PM a-CDs. To our knowledge, this is an
unprecedented example which integrates the features of
phosphorescence and rotaxane structure.”* Systematic syntheses
of targeted-coverage polymers distinguished two cyclic insulation
effects that stabilized the intermediate triplet species, which are
sensitive to interactions with neighboring molecules. First, the
targeted insulation for z-conjugated areas efficiently enhanced
the phosphorescence intensity in both the solution and solid
states owing to the restriction of structural fluctuations. Second,
complete 3-D insulation generated almost identical phosphor-
escence emission behaviors in solid systems as in dilute solutions
because of protection from all interactions. Moreover, such
insulation also led to oxygen tolerance: phosphorescence was
observed under air in the solid state. This is the first example of
the unimolecular phosphorescence of a polymer material in the
high-density solid state. These results, derived from the linked
rotaxane structures, indicate that even triplet species can be
enhanced and stabilized by the appropriate molecular design and
can guide the development of solid-state molecular devices.
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