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Polyurethane nanocomposites with high content of red NIR
luminescent transition metal clusters are presented. The gas
permeability of the hybrid material is controlled by playing
with the hard/soft segment ratio of the organic matrix
structure leading to a drastic and reversible enhancement of
the cluster luminescence depending on the molecular oxygen
concentration in its surrounding atmosphere.

Phosphorescent materials are of major importance in the development
of efficient tools for oxygen sensing or photosensitizer for
photodynamic therapy (PDT)." 2 Indeed, as the oxygen ground state
is a triplet state, it quenches triplet phosphorescence and generates, in
the meantime, singlet oxygen that can be further used in PDT to create
new entities toxic for cancer cells. In this frame, nanometric
octahedral transition metal cluster units of general formula
[MosQisX%]% (Q = halogen; X = halogen, organic ligand, i = inner, a
= apical), molecular inorganic units obtained as alkali salts by high
temperature solid state synthesis, should play a significant role in the
near future.® Indeed, they are highly phosphorescent in the red-NIR
area -the most suitable emission bandwidth for biological sensing -
under UV or visible excitation, with lifetimes in the range of several
tenths of microseconds, possess large Stokes shifts and
photoluminescence quantum yields up to 1.* Their long emission
lifetimes, is of particular interest to eliminate the organic auto-
fluorescence interferences via fluorescence lifetime imaging
microscopy,® or time-resolved photoluminescence technique® which
opens new prospects for sensing and imaging in various media. The
quenching of their phosphorescence was first reported by Jackson et
al. for [MosQeX%]% (Q = Cl, Br; X = Cl, Br, 1) who evidenced the
formation of singlet oxygen by energy transfer between the
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electronically excited [MosQsX%]% and molecular oxygen.” They
further took advantage of this property by introducing MosCly2 into a
cross-linked poly(4-vinylpyridine) (PVP) and showed that these
systems are efficient oxygen sensors despite the emission lowering
due to pyridine coordination onto the six cluster terminal positions.®
Gosh et al. dispersed the same precursor in a Poly(1-trimethylsilyl-1-
propyne) matrix to developed a Mos cluster based silica optical fiber.°
From these examples, it is clear that the embedment of these
phosphorescent dyes in polymer matrices is a very good mean to take
advantage of their luminescence properties. However, the simple
dispersion of inorganic moieties in an organic host matrix usually
leads to phase segregation because the inorganic and organic parts are
not closely bound.* Thus, several challenges arise to design hybrid
organic inorganic materials that take advantage of cluster
phosphorescence while maximizing biocompatibility, detection
efficiency and stability. On one hand, ionic assembling'! seems one
of the most promising technique compared to the covalent approach”
12 t0 i) homogeneously introduce high cluster content in polymers, ii)
keep the cluster units integrity and thus preserve their emissive
properties in the final hybrid material. This approach consists in
replacing the alkali counter cations of the anionic cluster unit by
functional organic ones able to copolymerize with the chosen organic
monomers. On the other hand, polyurethanes (PU) are a versatile class
of polymers whose mechanical properties and oxygen permeability
can be tailored by varying their chemical composition to meet a wide
variety of applications such as coatings, foams, elastomers and
biomaterials.’® 14 We present herein the first PU hybrid
nanocomposites obtained by bulk copolymerization and containing up
to 50 wt% of tailored made polymerizable metallic cluster complexes.
By introducing a highly luminescent cluster unit such as
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[Moglis(OCOC2Fs)%]%, we expect a high sensitivity of the
nanocomposite toward its environment. We also demonstrate that, as
the hybrid oxygen permeability can be tailored by playing with the
copolymer structure,'® the emission sensitivity can also be adjusted.
In particular, the structural characteristics of the diol components,
rigidity for the 1,4-butanediol (BD), and/or flexibility for the
Polyethyleneglycol (PEG, Mw = 600 g mol) (Scheme 1), has a great
influence on the polymer morphology (crystalline polymers or
segmented block copolymers) which impacts on the oxygen
permeability and thus on the PU nanocomposite ability to emit light.

HO PEG(600)
A J

~ + 1.25 wt% Triethanolamine

compound 2
Scheme 1 Synthesis of polymerizable cluster 2 and scheme of polymerization.

Here, compound 2 was obtained by a metathesis reaction in an acetone
solution between the brominated polymerizable organic salt pcat-Br
and compound 1, the cesium salt of the chosen cluster unit. The
organic counter-cation (pcat*) bears one short alkyl chain terminated
by a hydroxyl group and thus, capable of reacting, by step-wise
polymerization with diisocyanate groups to form PU copolymers. The
bromine salt of this cation was synthesized in one step reaction
starting from dimethylaminoethanol and 11-bromoundecane followed
by precipitation by addition of diethylether. All molecular compounds
were identified by H-NMR, °F-NMR, EDAX and elemental
analysis.

The synthesis of nanocomposites was performed in one-step bulk
polymerization'® using hexamethylenediisocyanate (HDI), compound
2 and BD or, a mixture of BD and PEG as chain extender. In all
polymerizations, 1.25 wt% of triethanolamine (TEA) was used as
cross-linker. The formulations of hybrids are shown in Table 1 and
were calculated so that a stoichiometric amount of NCO and OH
reacting groups were present. For polymers containing only BD as
chain extender (PUxH samples with x = compound 2 content = 0, 1,
10, 20, 50), hard orange solids were obtained. In order to produce
elastic nanocomposites and increase the oxygen permeability, PEG
was introduced in the formulation (PUXF samples with x = compound
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2 content = 0, 1, 10, 20, 50). In this way, segmented PU hybrids,
containing hard and soft domains in their structure were produced.
The soft domains given by PEG provide elastomeric character to the
polymer while the hard segments afforded by BD restrain the motion
of the soft segment and act as physical cross-linkers.’® In a first
attempt to produce elastic films, 2 was added in the hard segment
replacing appropriate amounts of BD. In this way, a viscous polymer
was obtained when 20 and 50 wt% of 2 was used, although the
presence of cross-linker. Decreasing the amount of BD induced the
disruption of hard domains and thus, the decrease of the dimensional
stability. Indeed, when 2 was added in substitution of PEG (soft
domain), rubbery films were obtained. For this reason the percentage
of BD was fixed to 6 wt% of the total polymer. The flexible samples
were obtained after curing the polymers for 24 h at 80 °C in an oven.
The influence of the cluster concentration on the thermal behaviour of
PU hybrids, hard (PUxH) or flexible (PUxF), was studied by DSC and
TGA analysis (ESI fig. S1-S4 and Table S1).

Table 1 Composition and thermal properties of nanocomposite samples.

Sample 2 BD PEG HDI Ty inorganic
(Wt%)  (wt%) (wt%) (wt%) (°C) wt%
PUOH 0 35 0 65 457 0
PU1H 1 35 0 65 466 2
PU10H 10 30 0 60 394 9
PU20H 20 27 0 53 432 14
PUS50H 50 18 0 32 434 33
PUOF 0 6 63 30 472 0
PU1F 1 6 62 30 457 2
PU10F 10 6 52 27 459 9
PU20F 20 6 46 27 448 17
PUS0F 50 6 18 26 442 43

The DSC thermograms of the segmented elastic polyurethane
films showed only a Tg between -40 and -50°C in the first cooling and
second heating cycles while PUxH samples showed two endothermic
transitions on the first heating and only one on subsequent cooling and
heating cycles corresponding to the hybrid melting. This behavior was
already described for other non-segmented polyurethane systems and
it has to be noted that the appearance, shape and size of these
endothermic transitions strongly depend on the synthesis and
annealing time and temperatures of the polymers.t” The
decomposition temperatures and the final inorganic content are
summarised in Table 1. All decomposition temperatures are in the
range of 400-470 °C. In fact, the degradation of PU is a multi-stage
process whose complexity increases with the Mo cluster content. For
samples containing 10, 20 and 50 wt% of polymerizable cluster
building blocks, a weight loss corresponding to the degradation of the
six pentafluorobutyrate ligands appears around 250°C. This loss was
obviously not detected for 1 wt% containing samples. For PUxF
polymers, two other steps were detected at 300 °C and around 380-
400 °C. An additional step was observed for PUxH samples around
325 °C that is attributed to the degradation of hard domains. A second
step of weight loss for Pul0H, PU20H and PU50H was observed at
starting temperatures of 287, 270 and 260 °C, respectively which
indicates that the addition of Mos cluster unit destabilises the hard
segment microdomains.

Photoluminescence properties were investigated in the solid state
with all nanocomposite samples and compared to the one of their
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parent cluster precursor. Figure la shows PUxF (x = 1, 10, 20)
samples under UV irradiation at 365 nm (see ESI Fig S5 for emission
spectra). All samples show the same broad and structureless emission
band between 550 and 950 nm typical of the cluster core upon
excitation anywhere in their absorption band (A = 300-550 nm). The
introduction of clusters into the PU matrix has only little influence,
qualitatively, on their emission properties. Indeed, a slight red shift
from around 10 nm to 20 nm in the emission maximum could be
observed. This point is in good accordance with the preservation of
the cluster anionic unit physical integrity within the copolymer.
Quantitative luminescence studies were realized in air and N2
atmosphere to study the oxygen sensitivity of hybrid nanocomposites
in the solid state. The absolute quantum yield values were calculated
by irradiating samples in an integrating sphere which internal
atmosphere was controlled toward a gas inlet. The results are
summarized in Table 2.

Table 2 Phosphorescence absolute quantum yield values of compound 2, PU
powders (PUxH) and films (PUxF) samples under air or nitrogen atmosphere

Samples | dwc (M) | o (air) [ dem(N)
2 654 0.05 0.80
PU1H 678 0.18 0.20
PU10H 669 0.15 0.18
PU20H 666 0.30 0.32
PU50H 670 0.07 0.11
PU1F 674 0.08 0.38
PU10F 674 0.08 0.36
PU20F 674 0.11 0.40
PUS0F 660 0.10 0.70

As mentioned earlier, Mos clusters bearing fluorinated groups in
apical position are highly emissive showing an emission absolute
quantum yield in the solid state of 0.35 in air. Compound 2 presents a
dem OF only 0.05 in the same experimental conditions. Once air was
replaced by nitrogen, this value raised up to 0.80. However, we
observed that the ¢em 0f the PUxH hybrids was poorly affected by their
surrounding atmospheric environment. This can be explained by the
low permeability to gases of the crystalline hard domain polymers. In
contrast, the flexible hybrids, containing both hard and soft segments
because of the addition of PEG (PuxF samples), are indeed permeable
to gases and different ¢em values were calculated under air or nitrogen
atmosphere. Hence, all PUxF samples presented a fairly low ¢em oOf
around 0.10 under air and reached around 0.40 under nitrogen
atmosphere for polymers containing up to 20 wt% of cluster. For
PUSOF, the ¢em under nitrogen reached 0.70. The reason why
polymers containing lower cluster content do not reach the same value
as PU50F may be explained by the ability of the organic matrix to
absorb part of the excitation light. However, the huge difference of
AQY value between PU50H and other powdered samples remains still
unexplained. To assess about the stability and reversibility of the
oxygen quenching phenomenon, fatigue studies were investigated by
measuring the absolute quantum yields during several cycles under
normal and inert atmosphere. Although we were not able to control
precisely the amount of oxygen within our experimental set up (off/on
state were in the contrary very well mastered), we noticed a very quick
enhancement of the hybrid emissive ability under N2 gas flow (see the
video in ESI that illustrates the high sensitivity of PUS50F
photoluminescence toward the application of a N2 stream). In our
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conditions, half of the emission enhancement appeared in less than 5
seconds under gas flow while 90 % of it was reached after 55 seconds
(see ESI Figure S6). Nonetheless, values were recorded after 300 s
under gas flow to assess about the emission stability. Figure 1b
presents the results for PUSOF while inset shows the PUSOF sample
under irradiation in air and N2 atmosphere (results for other hybrids
are presented in ESI Fig S7). It turns out that, the permeability of the
polymer matrix induces a full reproducibility of the luminescence
guenching/enhancement phenomenon. Phosphorescence decay
profiles were obtained in air and when a N2 stream was directed
toward the samples for PU1F, PU10F and PU50F (see ESI Figure S8-
S10). In all cases, the data were fitted to a two-exponential decay with
a short lifetime around 10 ps and a longer one of several tenths of
microseconds. The longer lifetime value increases slightly upon
application of a N2 stream,. This expected variation illustrates the
usual behaviour of the dynamic quenching by molecular oxygen of
phosphorescent dyes.!

a)

o
u
1

Absolute quantum yield
o o o o
w B (4] o

o
N
!

o
7%
L

air

T ¢ T X T ) 1

2 4 6 8 10
number of cycles

Fig. 1 a) PU hybrid films under UV light, b) Evolution of the absolute quantum yield
value of PU5OF films under air/N2 atmosphere cycling. right: pictures of PU50F
sample under UV irradiation in air (bottom) and in N, (top) enriched atmosphere
(integration time: 100ms).

In conclusion, we first demonstrate in this work the versatility of the
ionic technique to introduce highly luminescent metallic clusters in
any type of polymer matrix. [Mosl's(OCOC2Fs)%]? cluster unit was
functionalized with a tailor made organic counter cation designed to
integrate the inorganic phosphor in a polyurethane nanocomposite. By
this method, up to 50 wt% of polymerizable cluster units could be
introduced in the copolymer. Then, by playing with the
nanocomposite formulation and more particularly with the hard/soft
segments ratio, hard and flexible samples were prepared. Quantitative
emission studies reveal that film samples show a high gas
permeability which allow to drastically modify the ability of metallic
clusters to emit. By passing from an air to a N2 atmosphere, a
spectacular and reversible enhancement of the absolute quantum yield
value from 0.10 to 0.7 is observed with the most doped PU. These
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nanocomposites, because of the biocompatibility of the organic matrix
and the tremendous ability of the inorganic counter-part to be
quenched by molecular oxygen, offer great promises in the design of
efficient oxygen sensors or as sensitizer in photodynamic therapy.

This work was realized in the frame of the PHYSTER maturation
program financed by Region Bretagne and FEDER, and, partially in
the frame of the ANR-13-BS07-0003-01.
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