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In this paper we introduce and compare different terpolymers comprising covalently attached sensitizer
and emitter chromophores for the use as a light up-converting material via triplet—triplet annihilation
(TTA). Using the advantages of ring opening metathesis polymerisation it was possible to prepare five
different polymer architectures in order to investigate the influence of polymer architecture and chromo-
phore arrangement on the photon up-conversion behaviour. First, two new monomers containing the
chromophores have been synthesized and characterized in regard to their photophysical characteristics
suitable for triplet—triplet annihilation dye pair. For this purpose, a derivative of Pt(1) meso-tetraphenyltetraltert-
butyl)benzoporphyrin as sensitizer and a perylenediester as emitter were attached to norbornene moieties
via ester linkages. Polymerisations of these monomeric chromophores were performed in combination
with dimethyl 5-norbornene-2,3-dicarboxylate as matrix monomer. Depending on the location of the dye
molecules on the polymer chain, large differences in the TTA efficiency were observed. The best quantum
yields have been achieved with a completely statistically distributed terpolymer showing an up-conversion
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Introduction

Anti-Stokes photoluminescence, the emission of photons at
higher energy than the absorbed ones, also known as photon
up-conversion (UC), is a very interesting effect due to the wide
range of possible applications such as bioimaging, optical data
storage, display devices, high-resolution optical microscopy,
drug delivery, up-conversion layers for photovoltaics and many
others.”™ The field of anti-Stokes fluorescence imaging was
traditionally dominated by inorganic crystals doped with lumi-
nescent lanthanide ions and by organolanthanide complexes,
where the UC scheme requires the sequential absorption of two
or more photons exciting the metastable states of the emitting
ions.*® Today the most frequent ways to achieve a photon
up-conversion are through second harmonic generation or
two photon absorption (TPA).® A big disadvantage of the TPA
mechanism is that it usually requires excitation irradiances in
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quantum yield of up to 3% in solution.

the order of MW cm™2.” In contrast to that, the UC based on
triplet-triplet annihilation (TTA) is a promising low-power up-
conversion process which already shows delayed fluorescence
using excitation irradiances of less than 100 mW em > (solar
energy is enough).®® This effect requires two dyes which are
called sensitizer and emitter or are also known as annihilator
and acceptor. First the sensitizer absorbs incident photons that
allow it to occupy its excited singlet state (*S*) that quickly
relaxes into a metastable excited triplet state (*$*) caused by a
spin-forbidden intersystem crossing (ISC). In presence of suit-
able emitter molecules, that have excited triplet levels of similar
energy, a triplet-triplet energy transfer (TTET) from the sensi-
tizer to the emitter takes place. Annihilation of the two excited
emitter species (*E*) generates one emitter molecule in the
singlet excited state ('EX¥) which eventually results in TTA
up-conversion.

Here one molecule relaxes to its ground state in a radiation-
less process while the other one shows delayed fluorescence.
Hence, the TTA-UC represents another possibility to obtain
anti-Stokes fluorescence. The corresponding Jablonski diagram
is shown in Fig. 1.

Regarding the chromophores, numerous chromophore combi-
nations resulting in efficient TTA-UC have been established.'""
The most commonly used dyes are perylenes, anthracenes, rubrene
derivatives or borodipyrroles as emitters and porphyrin derivatives,
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Fig. 1 Jablonski energy level-diagram of TTA up-conversion. S stands for
sensitizer and E for emitter. Coloured solid lines represent the intended
radiative processes (absorption and emission). Vertical dashed lines repre-
sent undesired non radiative and radiative decay pathways. Slanted dotted
arrows represent cascading energy transfer processes. GS denotes the
ground states (for simplicity drawn at the same energy level) and AE is the
energy difference between incident and emitted light.

supramolecular chromophores, phthalocyanines or cyclometallated
Pt(u) complexes as sensitizers to name just a few.">” To obtain
photon up-conversion, a chromophore pair, where the excited
triplet state of the sensitizer is higher than the one of the emitter,
has to be found. This is crucial for an efficient triplet-triplet energy
transfer (TTET).

Although TTA is known in solution since over 50 years'®
it has only recently been possible to realize this effect in solid
polymeric films. The first examples were prepared in 2007 by
the working group of Castellano et al. and they used blends of
Pd 2,3,7,8,12,13,17,18-octaethylporphyrin (PdOEP) as sensitizer
and diphenylanthracene (DPA) as emitter in an ethylene oxide/
epichlorohydrin copolymer to obtain a rubber like matrix."®
Recent studies show that this effect is also possible with active
polymeric structures,”® > liposomes,***” ionogels,”® oil in water
micro emulsions,”*" micelles,"”” dendrimers,** nanocapsules,**~*
and many more. The translational and rotational mobility
of the chromophores is essential for an efficient photon light
up-converting process, due to the fact that mobility influences

1,7,36

all the implemented energy transfer processes. Hence, there are
only a few examples where covalently bound dye molecules are
involved for efficient TTA quantum yields. Nevertheless, a close
distance and a defined position of sensitizer and emitter to
each other are at least equally important to obtain a high TTA
photon emission. There are a few examples of a direct covalent
coupling of both dyes.*’””*° Only very recent studies investi-
gated the covalent binding of one of the dyes to a polymeric
matrix**™** or even both dyes*** considering the fact that the
sensitizer and emitter need to be in close proximity in order to
efficiently undergo short-range interactions such as TTET and
TTA (Fig. 1). Following this idea, the influence of different
emitter to sensitizer ratios on the TTA efficiency was studied in
methacrylate based materials synthesised by free radical
polymerisation.” Alternatively, the group of Ghiggino prepared
star polymers with the sensitizer in the centre and emitter
functionalized arms (2 and 6 arms) using RAFT as controlled
polymerisation technique®® demonstrating that the placement of
dye molecules at distinct places using controlled polymerisation
techniques or post-functionalisation approaches is a strategy to
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Fig. 2 Perylene dicarboxylate and Pt(i1) meso-tetraphenyltetra(tert-butyl)-
benzoporphyrin functionalized monomers used in this study.

study the TTA-process in polymeric materials in detail. A
straightforward synthetic pathway to prepare such dye function-
alized polymers with a defined structure is ring opening meta-
thesis polymerisation (ROMP). A big advantage of ROMP is that
it is a powerful method for the synthesis of novel materials with
well-defined structures such as statistically distributed copoly-
mers, block copolymers, alternating copolymers, crosslinked
copolymers, end-group functionalized polymers or graft copoly-
mers to name just a few.*® It is also known for its versatility,
functional group tolerance and for the preparation of special
polymers.*” In addition, ROMP offers different possibilities for
the preparation of dye functionalized polymers for different
applications in sensing, bio-imaging and other optoelectronic
applications.”® The easiest way for this is to use dye-functionalized
monomers, e.g. as shown by us in the synthesis of fluorescent
polymeric materials using naphthalimide*® or xanthene® contain-
ing norbornenes.

In this paper, we will investigate how the polymer architecture
will influence the TTA efficiency using ROMP as polymerisation
technique. In contrast to the work of Boutin,** we will introduce
both the sensitizer and the emitter via functionalized monomers.
This allows the precise placement of both chromophore types in
combination with a matrix monomer into defined terpolymer
structures. As TTA-chromophore pair we chose the system: Pt(u)
meso-tetraphenyltetra(tert-butyl)benzoporphyrin (TPTBTBP Pt) in
combination with diisobutyl 3,9-perylene dicarboxylate, Solvent
Green 5,°" due to a very high molar absorption coefficient of the
former and matching energies of the triplet states of both dyes.
As TPTBTBP Pt shows reduced solubility due to n—r stacking of
the porphyrin rings,*® the benzo moieties were equipped with
additional tert-butyl groups to increase solubility and this struc-
ture was chosen as precursor for the synthesis of the corres-
ponding sensitizer monomer in this study. Both monomers are
depicted in Fig. 2.

Results and discussion
Synthesis of emitter monomer

To ensure a covalent attachment of the chromophores to the
polymer backbone, a norbornene moiety has to be linked to the

dyes (cf: Fig. 2).

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Synthetic pathway of PDEon: (@) saponification, (b) esterification in
water with a phase transfer catalyst, (c) Diels—Alder reaction, (d) Einhorn
variation of the Schotten—Baumann reaction.

The synthesis scheme for the preparation of the desired
perylene emitter monomer is depicted in Fig. 3. The first
reaction step was the saponification of diisobutyl 3,9-perylene
dicarboxylate with potassium hydroxide to obtain potassium
dicarboxylate (PDC). The second step was the unsymmetrical
esterification with 1-bromobutane and 6-bromo-1-hexanol in
water and tetra-n-butylammonium bromide as a phase transfer
catalyst. Due to the differences in polarity of educts and
products, the reaction products precipitate out of the reaction
mixture and can be isolated by a simple filtration. The unsym-
metrical perylene diester (PDE) can be separated from the two
symmetrical esters via column chromatography. For the last
step, PDE was added slowly to a solution of 5-norbornene-2-
carbonyl chloride, which was prepared beforehand in the same
flask by an Diels-Alder reaction of cyclopenta-1,3-diene with
2-propenoyl chloride. The emitter monomer PDE,,,,, was finally
isolated using column chromatography. The photophysical prop-
erties of PDE,,q, Will be discussed later.

Synthesis of sensitizer monomer

The overall reaction scheme for the sensitizer monomer
TPTBTIBP Pt,,,, is shown in Fig. 4. There are many techniques
for the preparation of porphyrin ligands, e.g. the original synthesis
by Rothemund®® or the often used route by Adler and Longo.>*
For benzoporphyrins, the Lindsey method became popular.>>~>’
Alternatively, the template condensation allows a preparation of
tetrabenzoporphyrins in a single step starting from phthalimide
and phenylacetic acid.>® Recently, Hutter et al.>®* demonstrated
that substitution of phthalimide with 1,2-dicyanobenzene results
in analytically pure benzoporpyhrins. This synthetic methodol-
ogy was adapted to prepare mono-bromo-substituted benzo-
porphyrin for further modification. Therefore, phenyl acetic
acid, zinc 4-bromophenylacetate and 4-(ter¢-butyl)phthalonitrile
were melted together to obtain the mono bromo functionalized
meso-tetraphenyl tetra(tert-butyl)benzoporphyrin complex with
Zn(u). The introduction of tert-butyl moieties in the benzo core
is highly advantageous, since these big sterically demanding

This journal is © The Royal Society of Chemistry 2017
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moieties prevent noncovalent interactions of the aromatic
macrocycles between each other (n-m stacking) which would
lead to poor solubility. However, due to the formation of
different side products with similar physical properties, ie.
multiple substituted bromo derivatives, laborious work-up
steps, such as multiple precipitations and column chromato-
graphy are required. The moderate yield of only 6.4% is rather
good considering that the complete mono-functionalized benzo-
porphyrin ring system is formed in this single step reaction.
Further advantages are the low costs of starting materials and
simplicity of the procedure. Although Zn(u) benzoporpyhrins
can be used as sensitizers for TTA up-conversion,® they neither
possess high molar absorption coefficients for the Q-band nor
show good energy match of the triplet excited state with that of
the perylene emitter. Therefore, the Zn(u) complex was con-
verted into the Pt(i1) complex (BrTPTBTBP Pt) in two steps. First,
demetallation of BFTPTBTBP Zn is conducted in acidic solution,
followed by the metallation with Pt(C¢H5sCN)Cl, in the second
step. For this reaction step extreme caution is required; as during
the metallation the evolving HCI can protonate the remaining
free ligand which then precipitates and is removed from the
reaction due to low solubility in cumene. Therefore, the emer-
ging HCl was removed via an inert gas flow through the reaction
mixture. The norbornene moiety was introduced via two further
reaction steps. A Suzuki-cross coupling of BrTPTBTBP Pt with
4-(hydroxymethyl)phenylboronic acid was performed, followed
by an Steglich esterification with the corresponding norbornene
carboxylic acid in dichloromethane. The Steglich esterification
was chosen because of its very mild reaction conditions.®® The
original Zn porphyrine derivative differs significantly in the
photophysical properties from the pure ligand and also from
the Pt-containing ring, thus the demetallation and platination
steps can be easily followed by measuring the absorption
spectra, as shown in Fig. 4, right image. The sensitizer mono-
mer TPTBTBP Pt,,, shows optical characteristics similar to
previously published TPTBP Pt*° and has identical absorption
characteristics as the two platinated precursors (BrTPTPTBP Pt
and HMP TPTPTBP Pt) but displays a hypsochromic shift
compared to the free ligand BrTPTPTBP and the zinc derivative
BrTPTPTBP Zn. The desired monomer exhibits a global absorp-
tion maximum at 429 nm (Soret-band), while the Q-bands
appear at 567 and 618 nm. The molar absorption coefficient for
the Soret-band is 155500 M~ " cm™". Due to the heavy atom effect,
Pt-metalloporphyrins allow efficient intersystem crossing into
excited triplet states leading to phosphorescence emission. The
phosphorescence emission for this compound is in the near
infrared area (Amax 775 nm, quantum yield ¢ = 63%). A compar-
ison of the absorption and emission properties of TPTBTBP Pt,y,on
with those of PDE,,,, is displayed in Fig. 5. The perylene mono-
mer shows a global absorption maximum at 464 nm, a blue
shifted local maximum at 438 nm and a slight shoulder at
413 nm with half of the intensity of the global maximum.
The molar absorption coefficient for its global maximum is
29000 M~ ' em™". The compound is highly fluorescent, emitting
green light (Amax 509 nm, quantum yield ¢ = 97%). Furthermore,
it has to be noted that the emission peak area is quite broad.

J. Mater. Chem. C, 2017, 5, 7535-7545 | 7537
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Fig. 5 Normalized absorption (solid lines) and emission (dashed lines)
spectra of PDE,on and TPTBTBP Pt,,o, PDE,on: absorption peak maximum
exhibits at 464 nm with a molar absorption coefficient of 29200 M~* cm™*
TPTBTBP Pt,on: absorption peak maximum of the monomer exhibits at
429 nm with a molar absorption coefficient of 155500 M~ cm™2.

Two shoulders are found at 476 nm and at 540 nm with half of
the intensity of the global maximum.

Polymers

Five different polymer architectures have been prepared with
these two monomers and dimethyl-5-norbornene-2,3-dicarboxylate
(N-DME) as matrix monomer in order to investigate the influence
of the polymer architecture on the triplet-triplet annihilation
induced photon up-conversion (Fig. 6). Due to its stability and
wide functional group tolerance [1,3-bis(2,4,6-trimethylphenyl)-
2-imidazolidinylidene] dichloro (3-phenyl-1H-inden-1-ylidene)
(pyridyl) ruthenium(u) (also known as M31) was used for all
polymerisations.®*

The ratio of the emitter to sensitizer was fixed to 5:1,
in accordance to the up-conversion study reported for this
chromophore pair (10:1 or 5:1).>* The following polymers
were prepared: First a random copolymer of the emitter and
sensitizer monomers in the ratio PDE,,on : TPTBTBP Pt,,,, Of
500:100 was prepared (polymer I). In addition, terpolymers
(polymers II-V) were prepared with N-DME as matrix monomer

7538 | J. Mater. Chem. C, 2017, 5, 7535-7545
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and the chromophore system in a ratio N-DME:PDE.,:
TPTBTBP Pt,,,o, 0f 500:5:1. Polymer II is a triblock copolymer
where the matrix block is separating the sensitizer and emitter.
Polymer III is also a triblock copolymer, but now, emitter and
sensitizer are directly linked to each other. Polymer IV is a
diblock copolymer, where the emitter is randomly distributed
in the matrix block and the sensitizer is added as the second
“block”. It has to be noted that in our series, the average block
length of the sensitizer is only 1, thus, some of the macro-
molecules will contain more than one but others contain no
sensitizer molecule. Finally, polymer V is a random terpolymer
of all three monomers. The GPC and DSC data of all polymers
are summarized in Table 1.

Polymer I exhibits a melting temperature of 117.1 °C. The
polydispersity index (M,,/M,,) of polymer I is quite high with a
value of 1.6 due to sterical hindrance of the porphyrine side
groups during polymerisation. Polymers II-V show glass transi-
tion temperatures between 89.2 and 91.9 °C which are in the
range of the pure matrix polymer (7, approx. 90.5 °C.°>**) Thus
the concentration of the chromophores was too low to have a
significant influence on the glass transition. The PDI of these
polymers have values below 1.23 and polymers II-V exhibit very
similar molar masses of approx. 81 kg mol .

This journal is © The Royal Society of Chemistry 2017
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Table 1 Overview of M, M,,/M,, and the up-conversion quantum yields
in anoxic dioxane solution (¢). Excitation was done via laser diode at
635 nm (36 200 pmol st m™2)

Polymer M, (GPC) [g mol "] My/M, T, [°C] ¢ [%]
I 580000 1.63 117.1¢ 0.06
I 81040 1.21 90.2 0.16
il 81100 1.23 89.3 0.10
v 80950 1.16 89.2 0.52
\% 81050 1.14 91.9 2.95

“ Melting temperature.

TTA-UC

For the characterization of up-conversion properties of the
chromophore functionalized terpolymers the concentration of
acceptor and annihilator were adjusted to the values used pre-
viously for this dye system in solution.>® The chosen concentration
of PDE was 5 x 10~* M (and thus 1 x 10~* M for TPTBTBP Pt)
resulting in a polymer concentration of 0.46 g L~ for polymer I and
of 10.5 g L™* for polymers II-V. Additionally, a solution of the
unbound dye monomers PDE,,,, and TPTBTBP Pt,,,, were also
analysed for comparison. All measurements were carried out in
1,4-dioxane as solvent. To ensure complete dissolution of the
polymer, the mixtures were left in the ultrasonic bath for
30 minutes. Before the measurements were started, deoxygena-
tion with argon for 10 minutes is essential to prevent quench-
ing of the triplet states of the sensitizer and annihilator by
molecular oxygen. The polymers have been excited with a
450 W Xe lamp (244 pmol s~ " m~?) at 617 nm and a 635 nm
laser diode (36 200 umol s~ * m™~2). All TTA spectra show a broad
phosphorescence signal with a peak maximum at 775 nm,
which means that the triplet-triplet energy transfer can be
improved further.

The characteristic TTA up-conversion signal is very broad
and occurs between 480 to 550 nm approximately, the maxi-
mum appears at 504 nm. The TTA spectrum of polymer V is
illustrated below (Fig. 7, for the other polymers see ESIt). For
laser excitation of polymers IV and V, the up-converted green
fluorescence from TTA can be observed with the naked eye. For
illustration purposes polymer II, IV and V have been excited
with a laser diode at 635 nm (36 200 pmol s~ ' m~?) which is
shown below in Fig. 8. For the estimation of the quantum yields
of the delayed up-converted fluorescence, a comparison of the
peak area of the emission of a polymerized matrix: sensitizer
system (ratio of matrix to sensitizer: 500:1) with the TTA
polymers I to V was done. The measurements have been carried
out in solution under room temperature and using a laser
(4 = 635 nm) for excitation.

The TTA-UC quantum yield of the reference system
(unbound dyes) exhibits a value of 8.7% (see ESLT Fig. S14).
The covalent attachment of the dye systems to the different
polymer structures leads in all cases to a reduction in the
TTA-UC quantum efficiency. The quantum yield of polymer I
shows the lowest value (0.06%) compared to the other poly-
mers. Due to very short distances between the chromophores it
is very likely that the chromophores tend to aggregate which
results in self-quenching. The block copolymer structures,

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 TTA emission spectrum of polymer V. The graph shows
up-converted fluorescence where the peak maximum was detected at
509 nm and phosphorescence of the sensitizer which appears at 775 nm.
The polymer was dissolved in 1,4-dioxane with a concentration of 10.5 g L™*
(Cemitter = 5 X 107* M, Ceensitizer = 1 x 107% M). Excitation wavelength was set
at 635 nm with a power density of 36 200 pmol s™* m™2. Light irradiance
dependent measurements are shown in the additional window on the right
top. The logarithmic plot exhibits a slope of 1.89.

Fig. 8 Photographic images of solutions of polymer Il, IV and V (left to right).
Polymers have been dissolved in deoxygenated 1,4-dioxane and were excited
with a red laser at 635 nm.

polymer II and III exhibit slightly higher quantum yields
(¢ = 0.16% and ¢ = 0.10%). Also in these structures the emitter
concentration is very high within one block. This correlates
with the investigations of Xinjun Yu and co-workers.*> They
reported a sharp maximum of the TTA-UC efficiency as a function
of the emitter concentration and the inter-chromophore distance.
Furthermore, they also suggested that self-quenching of the
excited singlet state becomes significant at high dye concentra-
tions. The UC emission is a little bit lower for polymer III, where
both chromophores are next to each other. By increasing the
distance between the emitter molecules on average as realized in
polymer IV with a statistical distribution of the emitter molecules
along the whole polymer chain, the up-conversion efficiency
increases significantly (¢ = 0.52%), by avoiding the previously
described undesired effects. The best up-conversion by far was
achieved with a statistical distribution of all three monomers in

J. Mater. Chem. C, 2017, 5, 7535-7545 | 7539
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polymer V (¢ = 2.95%). As in both polymers IV and V, one could
argue that effects like aggregation or self-quenching of the
emitter have been avoided or at least have the same extent in
both structures, there is still a big difference in terms of
quantum yield which is somehow surprising. The main differ-
ence between these two architectures is that the sensitizer is
fixed to the end of the polymer chain in polymer IV instead of
being distributed along the chain in polymer V. This leads
obviously to a significant decrease of the TTA up-conversion
quantum yield. At the same time the phosphorescence signal of
polymer IV is much higher compared to the TTA signal of
polymer V (see ESI,T Fig. S7 and S12). Therefore, it is obvious
that the energy transfer from the sensitizer to the emitter is less
effective in this structure, which can be rationalized by the
fact that the mean distance between sensitizer and emitter is
much larger.

Furthermore, an ideal polymer IV should have exactly one
sensitizer monomer at the end of the polymer chain. However,
in reality due to statistics there will be also polymer chains
containing either zero, or even two and three sensitizer units at
the end. Additionally, this will lead to self-aggregation and self-
quenching effects of the sensitizer, which also decrease the
quantum yield considerably. An overview of the observed
¢ values is shown in Table 1. Also for polymer V, it might also
happen that one polymer chain contains more than one
sensitizer, however, in this case the dye molecules will be
distributed along the chain and all of them will be active in
TTA. An indication, that aggregation of the emitter dye occurs,
stems from the analysis of the PL spectra of the polymers (see
Fig. S15 in the ESIY) showing a red-shift and an enhanced
broadening of the emission signal especially in polymers II and
III under selective excitation of the perylene unit (1g, = 430 nm).
This behaviour is typically found upon aggregation of perylene
ring systems.®® Further investigations of excitation light irra-
diance dependent up-conversion intensity (stepwise reduction
of excitation light intensity using transmission filters: 50%,
30%, 10% and 5%) show a quadratic dependence (see Fig. 7
and ESLt Fig. S4-S13).

This is typical for a nonlinear process such as TTA-based
up-conversion. The logarithmic plot, for that measurement,
exhibits a slope of two. This indicates that the triplet decay
pathway is (quasi) first order (phosphorescence, quenching and
intersystem crossing).’® Furthermore, this means that all measured
¢ values were below saturation. Hence, all values can be higher
if higher excitation irradiance is used. Furthermore, a two-fold
increase of the concentration of the polymers did not have
much influence on the quantum yields (see ESL Table S3). All
presented ¢ values were obtained with diode laser excitation at
635 nm (at power density of 36200 pumol s~' m~?); in addition
we tested the system with a Xe lamp at 617 nm with a two orders
of magnitude lower power density compared to the laser. As
expected, a tremendous decrease of the up-conversion emission
was detected. The logarithmic plot of power density to UC emis-
sion still exhibits a slope of two (see ESIT). It can be summarized
that the investigated terpolymer systems with covalently bound
sensitizer and emitter chromophores can emit up-converted
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Fig. 9 TTA-UC emission spectrum of the drop casted polymer V and its
magnified spectrum between 400 and 600 nm (inset) (excitation with a
450 W Xe lamp: 244 pmol s~ m™2).

delayed fluorescence by TTA even upon irradiation with relatively
low intensity excitation sources.

Finally, films of polymer V have been prepared via drop
casting in order to examine the TTA up-conversion behaviour in
the solid state. The results of the TTA experiments are shown
in Fig. 9. On a first glance, the emission spectrum is dominated
by the intense phosphorescence of the platinum benzoporphyrin
system. However, by zooming into the low wavelength range, a
small signal due to the up-converted emission can be identified.
The weakness of this signal is not surprising considering the
strongly restricted mobility of the chromophores and relatively
high T, of the polymers. So, for achieving solid state TTA
up-conversion further optimization of the polymer structure
by e.g. adjusting the dye concentrations and using other matrix
monomers exhibiting lower glass transition temperatures can
be pursued.

Conclusion

We presented the preparation of the first ROMP based dye
functionalized polymer which is able to undergo triplet-triplet
annihilation. The highest quantum yield was achieved in solu-
tion of 1,4-dioxane for the macromolecule having statistically distri-
buted sensitizer and emitter (polymer V), with a value of ¢ =~ 3%,
after excitation with a red laser diode (635 nm). In this case up-
conversion was detectable with the naked eye. The structural studies
of the copolymers showed that an addition of a matrix monomer is
essential for an efficient up-conversion; otherwise the chromo-
phores are in too close proximity which results in self-quenching
and aggregation, and consequently very low up-conversion
efficiency. The same effect is observed for the prepared block
copolymers. Up-conversion for all polymers was below saturation
under the given experimental conditions which means that TTA
up-conversion efficiency could be further enhanced if a higher
light irradiance is used. Due to coiling of the matrix polymer,
influences of different polymer matrices have to be investigated.

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7tc01639e

Open Access Article. Published on 19 July 2017. Downloaded on 2/7/2026 8:51:51 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

Such polymer architectures capable of up-converted light
emission and consisting of fully covalently bound chromo-
phores are highly attractive if the functional polymers are used
in solution e.g. for certain fluorescence microscopy and imaging
techniques. The class of polymeric materials investigated here
could e.g. be highly promising for applications in bioimaging
(cell imaging, in vivo imaging, etc.). Therefore they could be
easily modified by using water soluble matrix monomers in the
ROMP process.

Finally it was also possible to prepare a polymer film which
showed solid state up-conversion, albeit with very low efficiency.

Experimental
Materials and methods

All reagents and solvents (except dry CH,Cl,) were purchased
from commercial sources (ABCR or Sigma Aldrich) with reagent
grade quality and used as received. The dry CH,Cl, was obtained
through distillation over a drying agent (CaH,) and degassed with
nitrogen. Zinc-4bromophenylacetate was prepared according
to Ritveld et al.®” Complex M31 [1,3-bis(2,4,6-trimethylphenyl)-2-
imidazolidinylidene]dichloro-(3-phenyl-1H-inden-1ylidene) (pyridyl)
ruthenium(r) was obtained from UMICORE AG Co. KG.
Pt(C¢H5CN)Cl, was obtained according to ref. 59 by stirring
PtCl, in boiling benzonitrile for one hour and precipitating the
resulted product with hexane. The yellow product was filtrated,
washed with hexane and dried at 60 °C.

NMR spectroscopy (‘H, '*C, APT, COSY, HSQC) was per-
formed on a Bruker Avance 300 MHz spectrometer. Deuterated
solvents (chloroform-d, DMSO-ds, D,0) were obtained from
Cambridge Isotope Laboratories Inc. and remaining solvent
peaks were referenced according to literature.®® Peak shapes are
specified as follows: s (singlet), bs (broad singlet), d (doublet), dd
(doublet of doublets), t (triplet), q (quadruplet) and m (multiplet).
Silica gel 60 F254 and aluminium oxide 60 F254 (both from
Merck) on aluminium sheets were used for thin layer chromato-
graphy. Visualization was done under UV light or by dipping into
an aqueous solution of KMnO, (0.1 wt%). MALDI-TOF mass
spectrometry was performed on Micromass TofSpec 2E time-of-
flight mass spectrometer. The instrument was equipped with a
nitrogen laser (4 = 337 nm, operated at a frequency of 5 Hz) and a
time lag focusing unit. Ions were generated just above the thres-
hold laser power. Positive ion spectra were recorded in reflection
mode with an accelerating voltage of 20 kV. The spectra were
externally calibrated with a polyethylene glycol standard. Analysis
of data was done with MassLynx-Software V3.5 (Micromass/
Waters, Manchester, UK). The best ten shots were averaged
to a spectrum. Samples were dissolved in acetone or CH,Cl,
(c=1 mg mL™"). Solutions were mixed in the cap of a microtube
in the ratio of 1 pL:10 pL. The resulting mixture (0.5 pL) was
spotted onto the target and allowed to air-dry. The matrix was
trans-2-3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malono-
nitrile (DCTB). Absorption spectra were recorded on a Shimadzu
spectrophotometer UV-1800. The emission was measured on a
Hitachi F-7000 fluorescence spectrometer equipped with a
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red-sensitive photomultiplier R928 from Hamamatsu. For the
TTA-measurements a Horiba Fluorolog-3 luminescence spectro-
meter was used. Polymers have been measured in solutions of
1,4-dioxane and excitation was done either with a 635 nm-laser
diode or with a 450 W Xenon lamp at 617 nm. The laser diode
was purchased from Roithner Lasertechnik (LDM 635/5L]JM,
635 nm, 5 mW, focusable, 3-5 V, ¢J 12 x 30.5 mm). Relative
luminescence quantum yields were determined according to
Crosby and Demas® using platinum(u1) meso-tetraphenyltetra(tert-
butyl)benzoporphyrin (¢ = 0.51)”° as reference compound. Gel
permeation chromatography (GPC) was used to determine
molecular weights and the polydispersity index (PDI). These
measurements were carried out, with chloroform as solvent,
with the following instrument set up: Merck Hitachi L6000
(pump); Polymer Standards Service, 5 pm grade size (separation
columns); Wyatt Technology (refractive index detector). Glass
transition temperatures (T,) were measured on a Perkin Elmer
Differential Scanning Calorimeter (Hyper DSC 8500) under a
nitrogen flow of 20 mL min~ . The scanning speed for cooling
and heating was 20 °C min ', the second heating run was used
for determination of the Ty,

Synthetic procedures

Potassium perylene 3,9-dicarboxylate (PDC). A 250 mL
round-bottom flask was filled with diisobutyl perylene-3,9-
dicarboxylate (3.00 g, 6.63 mmol) and 100 mL ethanol. After
slow addition of KOH (1.49 g, 26.52 mmol), the mixture was
heated to reflux for 3 days. A significant change of colour from
orange to yellow was noticed and a yellow solid was formed. The
solid was filtered off, washed with ethanol and CH,Cl, several
times, dried in vacuo and was used without further purification.
Yield: 93%. 'H-NMR (9, 20 °C, D,0, 300 MHz): 8.19-8.13 (m, 4H,
Hpery), 8.05-8.02 (m, 2H, Hpery), 7.59-7.45 (m, 4H, Hpery). UV-Vis
(water): Amax, DM (rel. int.): 420 (0.83), 446 (1).

Butyl-(6-hydroxyhexyl)petylene-3,9-dicarboxylate (PDE). Reaction
conditions adapted from literature.”* PDC (500 mg, 1.2 mmol),
potassium carbonate (696.5 mg, 5.04 mmol), tetra-n-butyl-
ammonium bromide (348.2 mg, 1.08 mmol) and potassium
iodide (tip of spatula) were filled into a 50 mL two-neck-round-
bottom flask and dissolved in 18 mL deionized water. After
addition of 1-bromobutane (128.5 pL, 1.2 mmol) and 6-bromo-
1-hexanol (157.0 pL, 1.2 mmol) the solution was heated to reflux
for 12 hours. An orange solid was formed which was collected
via suction filtration. The product was purified by flash chromato-
graphy (SiO,, CH,Cl,:MeOH, 20:1). Yield: 59.2%. 'H-NMR (J,
20 °C, CDCls, 300 MHz): 8.94-8.91 (d, *Jun = 8.4 Hz, 1H, Hper),
8.85-8.83 (d, *Jun = 8.4 Hz, 1H, Hpey), 8.31-8. 16 (m, 6H, Hper),
7.67-7.61 (m, 2H, Hpery), 4.45-4.41 (t, *Ju = 6.5 Hz, 4H, -COO-
CH,-), 3.71-3.67 (t, *Jun = 6.3 Hz, 2H, -CH,~OH) 1.87-1.43 (m,
12H, Hapy1) 1.05-1.01 (t, *Jun = 7.3 Hz, 3H, ~-CH,~CHj). UV-Vis
(CH,CL,) Amax, nm (rel. in.): 437 (0.84), 464 (1).

3-(6-((-Bicyclo[2.2.1]hept-5-ene-2-carbonyl)oxy)hexyl)9-butyl
perylene-3,9-dicarboxylate (PDE,,,). A 100 mL Schlenk flask
was evacuated and purged with nitrogen three times. After
addition of 20 mL dry CH,Cl,, freshly distilled cyclopentadiene
(131.7 mg, 1.99 mmol) and acryloyl chloride (66.2 mg, 0.73 mmol),
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the mixture was stirred overnight, obtaining 5-norbornene-2-
carbonyl chloride on the next day. PDE (330 mg, 0.67 mmol)
was dissolved in 20 mL dry CH,Cl, and added dropwise to the
previously prepared 5-norbornene-2-carbonyl chloride solution.
Immediately after addition pyridine (72.5 pL, 0.90 mmol) and
a catalytic amount of 4-dimethylaminopyridine (DMAP) was
added. The reaction mixture was stirred overnight. Afterwards
the reaction was quenched with 10 pL distilled water which
caused the mixture to turn cloudy. The organic layer was
extracted with HCl (5%), sodium bicarbonate (saturated) and
dried over sodium sulphate. The crude product was concentrated
under reduced pressure and purified via column chromatography
(Si0,, CH,Cl,). Yield: 52%. "H-NMR of the endo isomer (endo to
exo: 77 to 23) (3, 20 °C, CDCl;, 300 MHz): 8.94-8.91 (d, *fuyp; =
8.6 Hz, 1H, Hpery), 8.85-8.82 (d, *H; = 8.6 Hz, 1H, Hpepy), 8.31-8.15
(m, 6H, Hpery), 7.67-7.61 (m, 2H, Hpery), 6.14-6.08 (m, 2H, Hyps,
Hipe), 4.45-4.41 (m, 4H, -COO-CH,-), 4.14-4.10 (t, /11 = 6.6 Hz,
2H, -CH,-OH), 3.49 (bs, 1H, Hyp,), 3.03 (bs, 1H, Hypy), 2.91 (bs,
1H, Hypa), 2.17 (bs, 2H, Hypg), 1.94-1.35 (m, 14H, Hyjgr, Huby),
1.05-1.01 (t, *Jyyy = 7.3 Hz, 3H, -CH,-CHj;). ">*C-NMR (9, 20 °C,
CDCl;, 125 MHz): 153.63 (C—=0), 138.06, 135.78, 130.85, 130.47,
128.24, 122.10, 121.33, 120.40 (Cpeyy), 65.12, 64.37 (-COO-CH,-),
46.64, 46.39, 43.23, 41.65, 30.87, 30.36, 28.68, 25.89, 25.76 (Cag,
Cnpb), 19.42 (-CH,-CH3), 13.83 (-CH;). MALDIL: m/z [M+] calc.
for C40H,006Na: 639.2723; found, 639.2746. UV-Vis (CH,Cl,) /max,
nm (rel. in.): 438 (0.86), 464 (1). Aemission NM: 509.

Zn(u) monobromo meso-tetraphenyl tetra(tert-butyl)benzo-
porphyrin (BrTPTBTBP Zn)>°. Phenylacetic acid (17.6 g, 129.3 mmol),
Zn-4-bromophenylacetate (7.98 g, 16.2 mmol) and 4-(tert-butyl)-
phthalonitrile (11.9 g, 64.6 mmol) were mixed and homogenized
using a pestle and mortar. Portions of about 1 g each were
weighed into 4 ml vials with a stirring bar, compressed with a
glass rod and sealed with a metal screw cap. The vials were
placed into a preheated metal block and melted at 140 °C while
the temperature was slowly increased to 280 °C. The reaction
progress was monitored via UV-Vis spectroscopy and thin layer
chromatography. After 40 minutes TLC showed full conversion
of the substrates, stirring was stopped and the mixture was
cooled down. The mixture was dissolved in EtOH (500 mL) and
product was precipitated with dropwise addition of a NaHCO;
solution (0.3 M, 150 mL). The green precipitate was filtered and
dried under reduced pressure. The precipitation was repeated
twice. The product was additionally purified by column chromato-
graphy (Al,O3, CH,Cl,) and dried in vacuo obtaining a green solid.
Yield: 6.4%. 'H-NMR (3, 20 °C, CDCl;, 300 MHz): 8.49-6.88 (m,
31H, Hporphyriny Har), 1.40-1.12 (m, 36H, (CHs);). UV-Vis (acetone)
Jmax, M (rel. in.): 460 (1), 606 (0.05), 652 (0.20).

Monobromo meso-tetraphenyl tetra(tert-butyl) benzo por-
phyrin (BrTPTBTBP). A mixture of BrTPTBTBP Zn (400 mg,
0.32 mmol) and methanesulfonic acid (1.5 mL, 23.1 mmol) was
dissolved in acetone (5 mL). The mixture was stirred for 30 min.
and was diluted with CH,Cl, (100 mL) afterwards. The organic
layer was washed several times with H,O/sat. NaHCO; (2:1,
100 mL) and dried with Na,SO,. The solvent was removed under
reduced pressure to obtain a green solid. Yield: 99%. '"H-NMR
(3, 20 °C, CDCls, 300 MHz): 8.41-6.90 (m, 31H, Hporphyrin, Har),
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1.36-1.13 (m, 36H, (CH3)3), —1.4 (bs, 2H, -NH-). UV-Vis (acetone)
Amax, M (rel. in.): 464 (1), 592 (0.05), 642 (0.17), 696 (0.06).

Pt(u1) monobromo meso-tetraphenyl tetra(tert-butyl)benzo-
porphyrin (BrTPTBTBP Pt). A three-neck-round bottom flask
equipped with a reflux condenser, a dropping funnel and a glass
tube to induce nitrogen gas to the reaction mixture was filled
with the free porphyrin ligand (550 mg, 0.49 mmol) and dis-
solved in cumene (200 mL). Pt(C¢H5CN),Cl, (562 mg, 1.19 mmol)
was suspended in cumene (200 mL) and added in portions of
3 mL over 10 hours. (Due to the formation of HCI gas an appro-
priate nitrogen flow is very important). The reaction progress
was monitored via UV-Vis spectroscopy and thin layer chromato-
graphy. After full conversion the solution was decanted and the
solvent was removed under reduced pressure. The product was
purified by column chromatography (SiO,, Cy : CH,Cl, 3:1) and
dried in vacuo to obtain a dark green solid. Yield: 49.5%.
'H-NMR (J, 20 °C, CDCl;, 300 MHz): 8.45-6.80 (m, 31H,
Hporphyriny Har), 1.19-1.01 (m, 36H, (CH;);). UV-Vis (acetone)
Jmax, NM (rel. in.): 426 (1), 564 (0.09), 616 (0.62).

Pt(un) hydroxymethylphenyl meso-tetraphenyl tetra(tert-butyl)-
benzoporphyrin (HMP TPTBTBP Pt). The Suzuki-Miyaura cross
coupling reaction was adapted from literature.”” BrTPTBTBP Pt
(300 mg, 0.23 mmol) was dissolved in the mixture of toluene
(15 mL) and MeOH (5 mL). The solution was deoxygenised for
30 minutes. After deoxygenation, 4-(hydroxymethyl)phenyl boro-
nic acid (126 mg, 0.23 mmol), potassium carbonate (73.13 mg,
0.69 mmol) and Pd(PPh;), (16 mg, 1.38 x 10> mmol) were
added. The reaction mixture was stirred under inert atmosphere
at 65 °C for 72 hours. The mixture was diluted with CH,Cl,
(50 mL) and the organic phase was washed with H,O (25 mL)
and sat. NaHCO; solution (25 mL) and dried over Na,SO,. The
solvent was removed under reduced pressure to obtain a green
residue. The product was isolated by column chromatography
(Si0,, Cy: EtOAc, 10: 1) Yield: 37.5%. "H-NMR (9, 20 °C, DMSO-ds,
300 MHz): 8.35-6.81 (m, 35H, Hporphyrins Har), 5.34 (dd, *Jum = 8.9,
5.1 Hz, 1H, -OH), 4.62 (d, i1 = 5.4 Hz, 2H, CH,~OH), 1.20-1.01
(m, 36H, (CHj);). MALDL: m/z [M+] calc. for Cg;H;,N,OPt:
1338.5535; found, 1338.6215. UV-Vis (acetone) Amnax, N (rel. in.):
426 (1), 564 (0.09), 616 (0.62).

Pt(u) meso-tetraphenyl tetra(tert-butyl)benzo porphyrin mono-
mer (TPTBTB Pty,on). The reaction was carried out analogously
to literature.”’ A 50 mL round-bottom flask was filled with
HMP TPTBTBP Pt (340 mg, 8.22 x 10> mmol), norbornene-2-
carboxylic acid (244 mg, 1.62 mmol) and DMAP (catalytic
amount) were dissolved in dry, ice-cooled CH,Cl, (15 mL). After
addition of dicyclohexylcarbodiimide (DCC) (342 mg, 1.58 mmol)
the reaction was heated to reflux and stirred overnight. On the
next day the precipitate was filtered off and the solvent was
removed under reduced pressure. The product was purified by
column chromatography (SiO,, Cy:CH,Cl, 1:1) and dried
in vacuo. Yield: 88%. "H-NMR of the endo isomer (endo to exo:
80 to 20) (4, 20 °C CDCl;, 300 MHz): 8.46-6.90 (m, 35H,
Hporphyriny Har)y 6.28 (dd, *Jun = 5.1, 3.0 Hz, 1H, Hpps), 6.06-
5.98 (m, 1H, Hype), 5.25 (s, 2H, -O-CH,), 3.35 (bs, 1H, Hppy),
3.11 (dd, 3/uy = 9.2, 3.7 Hz, 1H, Hyyy), 2.99 (bs, 1H, Hyp,),
2.11-1.88 (m, 2H, Hpps), 1.62-1.11 (m, 38H, Hypyy, —(CHj)3).
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MALDL: m/z [M+] calc. for CoHg,N,O,Pt: 1458.6111; found,
1458.769. UV-Vis (acetone) Jmayx, nm (rel. in.): 426 (1), 564 (0.09),
616 (0.62).

Dimethyl-5-norbornene-2,3-dicarboxylate (N-DME). Synthesis
was adapted from literature.”> Dimethyl fumarate (10.01 g,
0.0679 mol) was dissolved in ice-cooled CH,Cl, (75 mL). Freshly
distilled cyclopentadiene (6.43 mL, 0.0764 mol) was added slowly
while the reaction mixture was stirred at room temperature for
15 hours. The solvent was removed under reduced pressure and
crystallisation was initiated by adding a seed crystal. After suction
filtration the product was dried in vacuo and was used without any
further purification steps. Yield: 87%. "H-NMR (J, 20 °C, CDCl,,
300 MHz): 6.24 (dd, *Jiy = 5.4, 3.1 Hz, 1H, Hyps), 6.04 (dd, *Jiyy =
5.5, 2.7 Hz, 1H, Hype), 3.68 (s, 3H, -CH3), 3.61 (s, 3H, ~CHj), 3.34
(t, *Jus = 4.1 Hz, 1H, Hpyp,), 3.23 (bs, 1H, Hyp,y), 3.09 (bs, 1H, Hpp,),
2.65 (dd, *Juy = 4.3, 1.4 Hz, 1H, Hyys), 1.58 (d, *Juy = 8.8 Hz, 1H,
Hppob), 1.43 (dd, *Juy = 8.8, 1.5 Hz, 1H, Hypy.).

3C-NMR (4, 20 °C, CDCls, 75 MHz): 175.08 (C=0), 173.85
(C=0), 137.69, 135.27 (Cpps,6), 52.16 (~CH), 51.88 (~CH3), 47.94,
47.71, 47.40, 47.17, 45.70 (Cppi-45 Cnpy)-

Polymer preparation

To ensure a precise ratio of monomers and initiator, stock solu-
tions in CH,Cl, have been prepared (N-DME: 1.01 x 10 ' g L™,
PDEqon: 1.74 X 102 g L™, TPTBTBP Pty,opn: 1.04 x 10 2 g LY,
M31:2.10 x 1072 g L™"). The stock solutions have been filled
into evacuated 10 mL Schlenk flasks purged with nitrogen and
equipped with a stirring bar, amounts of the used monomers
are shown in Table 2. First all stock solutions have been degassed.
For polymer I 1.153 mL PDE,,,, solution, 0.9096 mL TPTBRBP
Pton Solution and 0.023 mL M31 have been filled, all at once,
into the flask. Amounts of stock solutions for polymers II-V are
listed below: 0.9865 mL N-DME solution, 0.1666 mL PDE,on
solution, 0.1335 mL TPTBTBP Pt,,,, solution and 0.339 mL
M31. For the preparation of block copolymers IT and III just one
monomer was added to the initiator solution. The following
monomers have been added not until full conversion of the
prior added ones was shown by thin layer chromatography.
Polymer IV was prepared by adding initiator, matrix and emitter
at once and after full conversion of these monomers the sensi-
tizer solution was added. The statistically distributed polymer V
was prepared by adding the corresponding amount of the stock
solutions at once. Yield ~ 90%. 'H-NMR (J, 20 °C, CDCl;,
300 MHz): 5.54-5.11 (m, 2H, CH—CH), 3.68-3.59, 3.32-2.62
(m, 4H, Hepra), 1.98 (bs, 1H, Hepsa), 1.47 (bs, 1H, Hepsp)-

Table 2 Used amounts for TTA monomers and initiator

TPTBTBP
Matrix PDEgon Ptimon M31
Polymer I m[mg] — 20 9.46 49 x 10
n [mmol] — 3.24 x 1072 6.49 x 10°* 6.55 x 10°
Ratio — 500 100 1
Polymer II-V m [mg] 100  2.89 1.39 0.72

n [mmol] 0.476 4.76 x 107> 9.52 x 10~* 9.52 x 10~*
Ratio 500 5 1 1
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BC-NMR (3, 20 °C, CDCl;, 75 MHz): 174.6-173.3 (C=0),
133.3-129.0 (HC—CH), 53.4-51.4 (Ccp1-5), 40.8 (~-CHj). (PDEmon
and TPTBTBP Pt,,,, could not be detected, due to the low con-
centration of chromophores) UV-Vis (CH,Cl,) Amax, N (rel. in.):
428 (1), 567 (0.1), 616 (0.6) Polymers II-V: PDI: 1.14. M,,: 8.105 X
10" g mol ™', Ty 92.2 °C (177.9 °C, 193.6 °C).
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