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New luminescent poly(methylmethacrylate) (PMMA) nanocomposites with high content of different hexanuclear octahedral

cluster building blocks, namely [Mosls(C2FsCOOs)]*, [ResSes(CN)s]* and [WeClis]> have been prepared by free-radical

polymerisation. To do so, cluster complexes bearing a polymerisable ammonium counter-cation have been synthesised. In

this way, we demonstrate that ionic assembling is a powerful tool to functionalise easily any type of anionic cluster units to

be introduced in a PMMA organic matrix. All samples remain homogeneous, stable during several months, and keep the

luminescence properties of the cluster precursor.

Introduction

Incorporation of inorganic nanoparticles into polymers has
become an important strategy for improving functionalities of
materials. One can combine in a unique material the specific
functionalities of inorganic components, such as magnetic or
optical properties, to the ease of processability, adaptability
and low cost of organic polymers.! In particular,
photoluminescent hybrid materials that merge inorganic dyes
with a polymer matrix are promising materials for applications
related to photonics, optoelectronics and lighting compared to
conventional organic dyes containing material, because of their
higher photostability.? Examples of nanometric dyes that have
polymer Zn0O
quantum dots,* polyoxometalates>2 or gold

been incorporated into matrices are

nanocrystals,3
nanoparticles.? One of the major challenges is to obtain
homogeneous highly doped hybrid polymers in order to
enhance the photoluminescence properties as well as the
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thermal stability of the material, while maintaining a good
processability. Aj[MgQigX3s] (A = alkali; M = Mo, Re, W; Q =
chalcogen/halogen, X = halogen) octahedral transition metal
cluster compounds, obtained via high temperature synthesis,
are an attractive class of molecular inorganic nanomaterials to
develop nanocomposites. They have been introduced into
liquid crystalline materials,1% 11 supramolecular architectures, 2
13 polymeric frameworks!4 or nanomaterials.12 15 16 [MgQigX26]™
(n =2, 3 or 4) units are characterized by a rigid (M¢Q's)™ cluster
core (m = 4, 3 or 2) with interesting structural, electronic and
photochemical properties related to the number of metallic
electrons available for metal-metal bonds (VEC).17> 18 Among
these properties, they are highly emissive in the red-NIR region
with lifetimes in the range of several tenths of microseconds
and photoluminescence quantum yields up to 1.1%. 20 Within the
solid, the charge balance of discrete [MgQigX%]™ units is
generally assumed by alkali or divalent cations. The ceramic-like
behaviour (brittle and low plasticity) in the solid state of such
inorganic phosphors strongly limits their direct incorporation
into polymeric matrices, since usually it leads to phase
segregation between the inorganic and organic parts.> 21
Therefore, new strategies to integrate them in optical devices
need to be explored. Many studies have been focused in the last
decades on the solubilisation of inorganic clusters in aqueous
and organic media.?2 22 Some examples exist in the literature
where octahedral clusters, mainly Mos clusters, have been
incorporated into polymers. The usual methodology consists in
the grafting of six polymerisable units in apical positions of the
inorganic cluster core. The first example was described by
Golden et al.?* where inorganic Mog clusters were introduced in
a polymer host by using a "monomer as a solvent" method. To
do so, they substituted the six weakly bound apical triflate
ligands of [MogCls(OTf)s]2 with N-vinylimidazole (NVI) moieties.
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After substitution, the functionalised cluster was dispersed in
NVI monomer and copolymerised. By this method, highly
crosslinked, swellable polymers where obtained. Surprisingly,
the luminescence properties of the final hybrid polymer were
not reported. The same approach was used by Adamenko et
al.%> by replacing some of the six trifluoroacetate ligands of
[MogClg(CF3CO0)6]2-  with acrylate moieties to obtain
[M0gClg(CF3CO0)6.n(CH2=CHCOO),]* (n = 1-3) which was
copolymerised with methacrylic acid. In this case, the cluster
luminescence properties were lost after ageing. Robinson et
al.?6 also found highly cross-linked polymers by introducing
[MosClg(OTf)s]2 and [MogCligCl24(EtOH),] into polyvinylpyridine.
After the polymerisation, the luminescence of the triflate
cluster unit was quenched while, for the second one, the
luminescence properties were maintained. We recently used
this approach in which the six fluorine atoms in apical position
of [MogBrsFs]?> were substituted by methacrylic moieties to
afford [MogBrs(CH,=C(CH3)COO)6]?. Afterwards, it was
copolymerised within a methylmethacrylate monomer
solution.?” Even though the luminescence properties of the
cluster core were maintained in the polymer, the cluster could
not be introduced in high content, (more than 0.36 wt %)
because of its high crosslinking density. Only few examples
dealing with the introduction of Res and W, clusters into
polymers are found in the literature. Zheng et al. have
introduced monofunctionalised Reg clusters with vinylpyridine,
in the side chain of polystyrene strands, by copolymerisation.2®
The same team also introduced Reg clusters by Atom Transfer
Radical Polymerisation to form non-cross-linked
poly(methylmethacrylate) (PMMA) hybrids.? However, the
luminescence properties of the hybrid were not reported. We
have previously incorporated bifunctional Res clusters,
[ReeSes(TBP)s(MAC),] (TBP = p-tert-butylpyridine; MAC =
methacrylic acid) into a PMMA matrix by using bulk and solution
polymerisation.3° We showed that the luminescence properties
of the cluster core were retained in the final polymer. Following
the same principle, Efremova et al. introduced up to 10 wt% of
Reg cluster, trans-[RegQs(TBP)4(VB)2] where Q = S, Se; VB =
vinylbenzoate), by solution polymerisation in chlorobenzene.3!
In their case also the cluster luminescence properties were
retained. The lack of a general method to introduce the clusters
into a polymeric matrix prompted us to develop a new approach
that allows their integration at high content into a PMMA
matrix.32 The method has been previously described for the
incorporation of anionic polyoxometalates into PMMA and
polystyrene matrices through electrostatic interactions.”- 8 33,34
Using this approach, we have successfully introduced up to 50
wt% of [MogBrigBrag] cluster wunits functionalised by
ammonium cations bearing a polymerisable group in terminal
position. In this study, we aim to demonstrate the versatility of
the method by doping a PMMA matrix with octahedral anionic
cluster units containing different types of metal atoms and/or
bearing different charges, namely: [Moglg(C2FsCOO)s]%,
[WeCl14]> and [ResSes(CN)s]*. Note that for [RegSes(CN)el*,
bearing a 4- charge, four polymerisable ammonium cations per
octahedral metallic unit are introduced instead of only two
when [Moglg(C2FsCO0)6]?> or [WeCl14]? are functionalised. Thus

2 | Dalton. Trans., 2015, 00, 1-3

the Reg cluster unit, paired with four ammonium cations, could
be seen as a stronger cross-linker although we prove that we
can still introduce a high content of it in the polymer, compared
to previous works described above. The fact that the
polymerisable moiety is included on the counter-cation unit
allows the easy functionalisation of any type of cluster
presenting an anionic character without modifying the apical
ligand around the cluster core. This allows to maintain the
cluster core intact and thus, its intrinsic optical properties. The
clusters have been integrated in different ratio into the PMMA
matrix and the thermal and optical properties have been
studied. Moreover, we show for the first time, highly emissive
hybrid polymers based on octahedral Mog clusters as well as the
first  We-PMMA  nanocomposite obtained by bulk
polymerisation.

Experimental Section

Starting materials were purchased from Aldrich or Alfa Aesar.
Methyl methacrylate was distilled before use.
Azobisisobutyronitrile (AIBN) was recrystallized from ether. The
polymerisable organic ammonium salt (KatPBr) was prepared
following a reported procedure.32 The clusters precursors were
synthesised according to reported procedures: (H30),;WgClia
(H20)7 35 (2), K4R€6$E‘8(CN)6 (3),36 and Cs;Mogli1422. NMR
experiments were realized on a Bruker Ascend 400 MHz NMR
spectrometer. Elemental analysis was performed with a Flash
EA1112 microanalyzerin Centre Régional de Mesures Physiques
de I'Ouest (CRMPO).

Cs2Mogls(C2FsCOO0)g (1): To a solution of Cs;Mogli4 (1.5 g, 0.52
mmol) in 20 mL of acetone, was added a solution of silver
pentafluoropropionate (0.935 g, 3.42 mmol) in 10 mL of
acetone under argon and in the dark. The mixture was stirred
for 48 h in the dark and then was filtered through a Celite® pad.
The red solution was then evaporated to yield a red-orange
powder.1°F-NMR (acetone-dg): & (ppm) =-83 (3F), -120 (2F).
EDAX:Cs 2, Mo 8,111, F 77, no Ag.

Structural data of Cs;Moglg(C2FsCOO)¢ - 2 C4H100. Further
details on the crystal-structure investigations may be obtained
from the Cambridge Crystallographic Data Centre (CCDC
1427095) or from the FIZ Karlsruhe, Germany, (CSD-429127).
Formula:CyCsz1sM0gO14H20, sample size = 0.54 x 0.4 x 0.23
mm3, A =0.71069 A (Mo Ka), Bruker AXS APEX-II diffractometer,
T =150(2), triclinic system, space group P-1 (N° 2), Mr =2983.08
g mol, peaic = 3.079 g cm3, a = 10.3047(5) A, b = 12.9000(6) A, ¢
=13.2277(6) A, a = 113.660(2), B = 92.194(2), y = 90.476(3), V =
1608.84(13) A3 , Z = 1, multiscan absorption correction
(SADABS), SHELXL-2014, 7390 independent reflections, 378
parameters, (Sheldrick, 2014), R; = 0.0402 [I > 2 o (I)], wR; =
0.0942, GooF = 1.165, largest difference peak and hole +2.60
and -2.53 e-A3. Important interatomic distances range within
[Mogls(C2FsOCO)g]?- cluster units (A): Mo-Mo: 2.6586(5)-
2.6674(7); Mol-I: 2.7646(6)-2.7889(6); Mo-O: 2.127(4)-
2.149(4). Single crystals were obtained in few hours after adding
aliquots of diethylether directly on the acetone wetted
powdered sample.
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(Katp)z[M06|s(CzF5C00)6] (4) CSz[MOs'g(CstOCO)s] (072 g,
0.25 mmol) was solubilised in a minimum of dry acetone. To
that a solution of KatPBr (0.23 g, 0.5 mmol) in acetone (10 ml)
was added dropwise. A white precipitate of CsBr formed
instantaneously. The mixture was left for 1 h at room
temperature. The mixture was filtered through a Celite pad and
the solvent was removed under vacuum. The obtained powder
was further solubilized in CH,Cl,, the solution was filtered
through a microfilter to remove any remaining CsBr and
evaporated to yield compound (4) as a red-orange oil. Yield
97%.'H-NMR (400 MHz, acetone-d®): &6 (ppm)=6.06 (d, 2H,
CHH=C), 5.62 (d, 2H, CHH=C), 4.13 (t, 4H, -CH,-0), 3.53 (t, 8H, -
CH»-N), 3.33 (s, 12H, CH3N-), 1.92 (s, 6H,-CH3-C), 1.66 (m, 4H,-
(CH2-CH3)0), 1.42-1.29 (m, 72H, -CH5-), 0.89 (t, 6H, -CH3). 1°F-
NMR (acetone-d®): & (ppm)=-83 (3F), -120 (2F). Elemental
analysis C76H116N2016F30|3M05.3CH2C|22 calc (%)I C 25.50, H 3.09,
N 0.75. Found: C 25.54, H 3.25, N 0.73.

(Katp)z[W5C|14] (5) (H30)2W5C|14(H20)7 (038 g, 0.23 mmol) was
dissolved in 5 mL of absolute EtOH. A solution of KatPBr (0.21 g,
0.5 mmol) in 10 mL of dichloromethane was added dropwise to
the cluster solution. The mixture was heated for 1 hour and the
solvents evaporated under vacuum. The residue was dissolved
in the minimum amount of acetone and filtered through a
Celite® pad. The acetone was removed under vacuum. The
obtained crude mixture was further solubilized in CH,Cl,, the
solution was filtered through a microfilter to remove any
remaining solid and evaporated to yield compound (5) that was
obtained as a yellow oil. Yield 95%.'H-NMR (400 MHz, CD,Cl,):
6 (ppm) =5.97 (d, 2H, CHH=C), 5.48 (d, 2H, CHH=C), 4.03 (t, 4H,
-CH,-0), 3.15 (t, 8H, -CH,-N), 3.01 (s, 12H, CH3N-), 1.84 (s, 6H,-
CH3-C), 1.7 — 1.60 (m, 8H,-(CH2-CH>)2N), 1.59 (m, 4H,-CH,-CH,-
0), 1.31 — 1.20 (m, 64H, -CH»-), 0.80 (t, 6H, -CHs). 3-C-NMR
(400 MHz, CDyCl;): 167.5 (C=0), 136.7 (C(Me)=CH;), 124.9
(CH,=C), 65.1 (CH,0), 64.83 (CH;N), 51.9 (CH3N),31.9-22.7 (CH.>),
18.1 (CHs; (C=CH;), 13.9 (CHs3). Elemental analysis
CsgH116N204Cl14We.6CH,Cl,: calc (%)Z C 25.50, H 4.28, N 0.93.
Found: C 25.32, H4.24, N 1.04.

(KatP)4[R85593(CN)5] (6)1 K4R€6588(CN)6 3.5H,0 (0.4 g, 0.19
mmol) was solubilised in 5 mL of distilled water. A solution of
KatPBr (0.35 g, 0.77 mmol) in 5 ml of dichloromethane was
added dropwise to the stirred water solution. The biphasic
mixture was vigorously stirred for 1 h. After that the phases
were allowed to separate and the organic phase was collected
and washed three times with water. The dichloromethane was
removed under vacuum to afford compound 6 as a dark red
solid. Yield 95%.1H-NMR (400 MHz, CD,Cl;): & (ppm) =5.98 (d,
4H, CHH=C), 5.46 (d, 4H, CHH=C), 4.03 (t, 8H, -CH,-0), 3.19 (m,
20H, -CH,-N+CH3-N), 1.84 (s, 12H,-CH3-C), 1.7 — 1.60 (m, 16H,-
(CH2-CH>)2N), 1.59 (m, 8H,-CH,-CH»-0), 1.31 — 1.20 (m, 128H, -
CH>-), 0.80 (t, 12H, -CHs). 3C-NMR (400 MHz, CD,Cl;): 167.5
(C=0), 136.7 (C(Me)=CH,), 124.6 (CH,=C), 64.7 (CH;0), 64.0
(CH2N), 52.7(CHsN), 31.9-22.7 (CH,), 18.1 (CHs (C=CH;), 13.9
(CH3). EDAX: no potassium, no bromide; Re 47.45%, Se 47.34.
Elemental analysis Cj22H232N1008SegRes.2CH,Cly: calc (%): C
38.33, H6.12, N 3.60. Found: C 38.25, H 6.21, N 3.79.
Polymerisation: The corresponding polymerisable cluster was
dissolved in freshly distilled methylmethacrylate: Moe: from 1

This journal is © The Royal Society of Chemistry 20xx
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wt% to 50 wt%; We: 1 wt% and 50 wt%; Reg: 1 wt% and 20 wt%.
After addition of 0.2 wt% of the radical initiator AIBN, the
solutions were sonicated for 5 min to obtain homogeneous
solutions. For W and Reg clusters, two drops of acetonitrile
were added to help the solubilisation of clusters. The solutions
were heated in an oil-bath at 81 °C for 2 h. The viscous pre-
polymers were then placed in an oven at 60 °C for 24 h and then
annealed at 100 °C for 4 h. For sake of clarity, composite will be
named in the following as: PMYx with Y= Mo, W or Re when (4),
(5) or (6) were introduced respectively, and with x = the weight
percentage of (4), (5) or (6) within the material. Transparent
pellets were obtained unless for the hybrid containing 20 wt%
of Reg cluster (PMRe20). 'H-NMR spectra of dissolved pellets
(except for PMW50, which is only partially soluble) are provided
in the ESI (Fig S2, S3, S4).

Transmission electron microscopy (TEM): TEM
characterizations were performed using a Hitachi HF-2000
operating at 100 kV and equipped with a cryo holder. For
PMMo50 and PMWS50, layers of 100 nm were cut in the pellet
by ultramicrotomy and deposited on TEM copper grids covered
with a thin holey carbon film. For PMRe20, the composite was
dissolved in chloroform and then deposited on a TEM copper
grid covered with a thin silica film.

Scanning electron microscopy (SEM): SEM characterizations
were performed using a JEOL JSM-7600F operating at 5-15 kV.
Sections of the PMMo50, PMRe20 and PMWS50 pellets were
deposited on silicon substrate and Pt-metalized.

Thermal analysis: DSC measurements were realized at 10 K min-
1with a DSC 200 F3 Maia NETSCH apparatus. Thermogravimetric
analysis were realized at 10 K min -1 on a TGA/DT Perkin Pyris
Diamond.

Size exclusion chromatography (SEC analysis): SEC analysis
were performed using a set of three columns: 2xResiPore and
1x PL gel Mixed C (Polymer Labs.). The detection system was
composed of a refractometer and a UV detector. Chloroform
was used as eluent with a flow rate of 0.8 mL min-1. The elution
profiles were analysed by software Empower GPC module
(Waters).
obtained from polystyrene standards ranging from 200 g mol-!

Calculations were based on calibration curves

up to 6 x 106 g mol-L. For the analysis, samples were refluxed 30
min in chloroform. The obtained solutions were filtered prior
injection.

Spectroscopic characterisation: Photostability experiments and
luminescence measurements were recorded with an Ocean
Optics QE6500 CCD spectrophotometer by irradiating the
samples with a Nikon-intensilight C-HGFI (UV 1 filter, 350 nm <
Aexc < 380 nm). Spectra are given in relative irradiance to take
into account the nonlinear answer of the set-up sensitivity (an
Ocean Optics HL-2000-CAL Calibrated Tungsten Halogen Light
Source was used to calibrate the all set-up). Absolute quantum
yield were measured with a Hamamatsu C9920-03G system.

Dalton Trans., 2015, 00, 1-3 | 3
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Results and Discussion
Synthesis strategy.

Three different cluster units have been used for the study
namely, [MOslg(Cstcoo)G]z', [W6C|14]2' and [R85seg(CN)5]4'.
They were prepared as Cs;[Moglg(C2FsCOO)g] (1), (H30)2[WeCl14]
(2) and K4[ResSes(CN)g] (3) salts, respectively. Compound (1),
bearing pentafluoropropionate groups in apical position, was
chosen because of the high quantum yields recently reported
by Sokolov et al.l® and Kirakci et al.2° for similar clusters
functionalised by fluorinated carboxylate ligands. Indeed,
quantum vyields of 0.59 and 1 were reported in solution for
(I'IBU4N)2M06|3(H-C3F7C02)G and (nBU4N)2M05|g(CF3C02)5,
respectively. In compound (1), the anionic cluster unit is
associated to a Cs* counter-cation. Indeed, an alkali counter-
cation is mandatory to functionalise the anionic cluster unit
with polymerisable ammonium cations by a metathesis
reaction. Cs;Moglg(C,FsOCO)s was prepared from Cs;Moglisl®g
and AgOCOC;Fs. The integrity and purity of the compound was
confirmed by 1°F-NMR with the presence of only two signals at
0 =-83 ppmand d =-120 ppm (ESI, fig S1), by EDAX and by X-ray
diffraction on single crystals (see Figure 1 and experimental part
for details about the crystal structure). Compound (2) was
prepared by a reported procedure,3> so as compound (3).3¢ In
this last case, cyano groups in apical position were chosen
instead of halogen or hydroxo groups to keep the integrity of
cluster units during the cationic metathesis process.3”

Figure 1. Representation according to single crystal data X-ray diffraction measurements
of Cs;Moglg(C,FsOCO)e.

The functional clusters (Scheme 1) are obtained by a metathesis
reaction between an ammonium cation containing two long
alkyl chains from which one is functionalised with a
methacrylate group in terminal position, and the cesium,
hydronium or potassium cation, depending on the cluster
complex.10 32 A similar polymerisable cation was previously
used by Wu et al. to encapsulate polyoxometalates which were
introduced by copolymerisation into PMMA or polystyrene
latex.8 34 The polymerisable compound containing the Mog-
based cluster (4) was obtained as a bright red oil, the one of W5
(5) was a yellow solid and that of Reg (6) was a dark red solid.
The identity and purity of the three polymerisable clusters was
assessed by 'H NMR, EDAX, elemental analysis and also by 1°F
NMR for (4).

4 | Dalton. Trans., 2015, 00, 1-3

© o

@
o o |
YU

®
Kat =Cs*, K*, H;0*

e Mo, W, Re
I, Cl, Se

L (C,F5CO0), CI, CN
Scheme 1. Representation of the cationic metathesis reaction for the synthesis of

KatP-Br

functional clusters.

Synthesis and characterisations of PMMA-cluster doped
nanocomposites.

PMMA was chosen to prepare the cluster nanocomposites for
its excellent optical properties (i.e. transparency from the near
UV to the near IR regions and damage resistance in the range
needed for optical applications), thermal stability and easy
shaping. To form the nanocomposites, functional cluster-based
compounds were copolymerised in the bulk with neat MMA
using  azobisisobutyronitrile  (AIBN) as initiator. The
polymerisation was conducted first at 80 °C in an oil bath to
form a pre-polymer for 2 hours and then the composites were
placed in an oven and heated at 60 °C for 24h. The samples were
then annealed at 100 °C for 4 hours. The H NMR spectra of
nanocomposites (see ESI, figure S2-S4) showed that a full
conversion had occurred with the disappearance of doublets
located between 6.0 and 5.5 ppm relative to the methylenic
protons of the monomer double bond and the singlet at 1.90
ppm corresponding to the methyl protons of the methacrylic
unit. Copolymers in form of pellets in 1, 10, 20 and 50 wt%
content of (4) were obtained directly as the functional cluster
was very soluble in MMA, whereas few drops of acetonitrile
were necessary to allow the full solubilisation of (5) and (6) in
the monomer. For (6), a maximum amount of 20 wt% could be
introduced in the polymer. For higher ratio, the obtained
composites became insoluble due to the higher cross-linking
ability of the Reg tetra anionic cluster compared to the dianionic
ones. The composites obtained with dianionic cluster units (4)
and (5) were fully homogeneous showing high transparency up
to 50 wt%. At this stage, we wish to stress that, in the following
parts, all hybrid polymer samples will be named as described in
the experimental section (polymerisation section). Figure 2
shows digital images taken under daylight and under UV
irradiation at 365 nm for PMMo010, PMMo020 and PMMo50 (ESI
figure S5 for digital picture of pellets containing (5) or (6)). As
the clusters are incorporated by electrostatic interactions, their
cross-linking ability is Hence, it their
homogeneous dispersion even at high content and provides to
the nanocomposites a good solubility in organic solvents. All
PMMo samples were fully soluble in organic solvents such as
chloroform and dichloromethane. This feature differs from the
behaviour we recently encountered when copolymers were
made of [MoeBri4]% cluster units, which were already partially
insoluble at 20 wt%.32 Possibly, the fluorinated ligands located
in apical position in (4) impart additional mobility to the
polymer chains. This is corroborated by the high molecular

limited. allows

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 9



Page 5 of 9

weight found by GPC, which infers that the good solubility
cannot be due to the formation of low molecular weight
polymers, like when polymers are obtained by solution
polymerisation, which would solubilise more readily.1131 On the
contrary, PMW50 was partially insoluble. PMRe20 copolymer
was completely soluble albeit the four polymerisable groups
present in the Reg-based building block. All obtained pellets
were optically transparent giving a good indication of the
homogeneous distribution of the inorganic content in the

PMMA copolymer matrix.

Chimie du Solide et Matériaux

20wt% 50 wt%

10 wit%

Figure 2. Digital photographs of the pellets PMMo010, PMMo020 and PMMo50 under
visible (above) and under UV (Aey = 365 nm)

Transmission electron microscopy (TEM) and scanning electron
microscopy (SEM) experiments were realized on the most
concentrated samples i.e. PMMo50, PMW50 and PMRe20. The
low contrast observed on the micrographs confirms the non-
segregation of the inorganic components within the organic
matrix and thus the homogeneous distribution of cluster units
within the copolymers at the micro- and nanometric scale (ESI
Fig. S6-S7). These results are in good accordance with our
previous report dealing with the introduction at high content of
[MOGBI’14]2' in PMMA. 32

The composites thermal behaviour studied by DSC (Table 1, see
ESI figure S8) evidenced that the T, decreases as the content of
(4) or (5) increases from 107 °C for neat PMMA to 83 or 90 °C
for PMMo50 or PMWS50, respectively. This could be attributed
to the mobility of the ammonium head around the cluster core
unit and to the flexibility of the alkyl chains. The fact that the T,
of PMMox is lower than that of PMWx can be attributed to the
additional mobility that the pentafluoropropionate groups
impart to the polymer. Surprisingly, PMRex samples do not
follow this trend as the two samples show a T; around 100 °C.
The Tg for PMRel is lower than those of PMMo1 and PMW1 as
the functional Reg cluster building block contains four
ammonium heads with flexible alkyl chains.

The nanocomposites thermal stability was studied by TGA. The
main weight loss step is located at 370 °C for pure PMMA and
the introduction of inorganic clusters leads to an enhancement
of the thermal stability of the material (Table 1. See ESI figure
S9-S11). Nevertheless, the thermograms are different for all
three types of copolymers. PMMo sample thermograms
present a first step of weight loss occuring at 250 °C
corresponding to the loss of the six pentafluoropropionate in
apical position. In the case of PMRe, the first step corresponding
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to the loss of the six cyano groups in apical position is located at
311 °C. For PMW samples the decomposition occurs only in one
step.

Table 1. Molecular weight from GPC measurements and thermal data of synthesised

hybrid polymers

Sample Mw (g mol?) T¢(°C) T4 (°C)
PMMo0 366000 107 370
PMMo1l 113000 107 407
PMMo10 130000 100 404
PMMo020 165000 92 399
PMMo50 128000 83 372
PMW1 558000 108 403
PMW50 - 90 402
PMRel 627000 98 383
PMRe20 562000 99 394

Photophysical studies.

Photoluminescence properties were investigated on solid
nanocomposite samples and compared to the one of their
parent cluster precursor (ESI figure S12). Figure 3a shows the
PMMo1, PMRel and PMW1 samples under UV irradiation at
365 nm. In a first attempt, it seems straightforward that PMMo
samples are highly emissive in the red region compared to
PMRe and PMW samples. The normalized emission spectra for
the three hybrid polymers are depicted in Figure 3b. All samples
emit red phosphorescence upon excitation anywhere in their
absorption band (A = 300-550nm). The clusters and
corresponding nanocomposites show the same broad and
structureless emission band between 550 and 950 nm typical of
the cluster core.
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Figure 3. Digital photographs of the pellets a) PMMo1 (left), PMRel (middle) and
PMW1 (right) under UV (Aey = 365 nm) and their corresponding emission spectra
b) PMMo1 (black line), PMRel (red line) and PMW1 (blue line).
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Indeed, phosphorescence properties of Mos, Res and Ws
clusters are known and well described since the pioneering
work of Maverick et al.3¢ in the early 80’s for Mog and W
clusters or Yoshimura et al.,3° Guilbaud et al.,*° and Gray et al.*!
for Reg clusters in 1999. As stated earlier, they all exhibit deep
red photoluminescence upon excitation from UV up to 550 nm
with phosphorescence lifetimes in the range of several
microseconds. Note that we previously demonstrated for the
[MogBris]> anionic cluster unit that its lifetime was poorly
affected when integrated by this ionic technique in PMMA.32
Thus, qualitatively, the cluster incorporation in the PMMA
matrix does not affect its intrinsic luminescence properties. As
observed for the parent cluster precursors, the emission
maxima of PMRex and PMWx are slightly red shifted of about
30 nm as compared to PMMox samples and, PMWx emission
band is slightly wider than the one of PMMox or PMRex. A
cautious look at the emission spectra shape reveals the
existence of several overlapping emission bands that might
correspond, as some of us very recently described for
[MogBri4]%-anionic cluster unit, to the simultaneous emission of
several excited states.*? Such cluster behaviour within a
polymer matrix will be confirmed in due course.

Spectra of PMRel and PMW1 show another emission band
centred at 430 nm that corresponds to the emission of the
PMMA matrix. Indeed, it has been already observed and
reported that PMMA emits weakly in the blue region and that
the contribution of this emission depends on the excitation
wavelength.*3 We also reported previously that some energy
transfer between a PMMA matrix and Reg clusters could be
expected as the emission band of the PMMA decreased when
the content of the Reg cluster increased.!! In this study, we
observed the same phenomenon, since the spectra of PMRe20
and PMWS50 (ESI figures S13, S14) show that the emission of the
PMMA disappears when the cluster amount increases. In the
case of PMMo1, the emission of the PMMA matrix cannot be
observed as the Mog cluster core is highly emissive. The
absolute quantum yields of clusters and their corresponding
PMMA hybrids have been studied in the solid state. The results
are summarised in Table 2.

As expected from the previous works reported by Sokolov et
al® or Kirakci et al?° for similar compounds,
Cs2[Moglg(C2FsCO0)6] (1) is highly emissive with an absolute
emission quantum yield in the solid state of 0.35. This kind of
fluorocarboxylated clusters present, indeed, the highest
quantum yield value for Mg clusters complexes. In solution,
quantum vyields of 0.59 and 1 were reported for [((n-
C4Hs)aN)2Moelg(C3F7CO06)] and [((n-CaHo)aN)2Mogls(CF3COO0s)]
respectively, whereas in the solid state, a quantum yield value
of 0.39 was determined for [((n-C4Hs)4N)2Mogls(C3F7COQ¢)]. For
the We and Reg hybrids the values of ¢em obtained are 0.05 and
0.07, respectively. These results are in agreement with
previously reported works.11.18,31 |t has to be noted that intense
photoemission for Mo halide clusters units, [MogX14]2-, X=Cl, Br,
with quantum yields around 0.20 have been reported.1® The
emission properties of the Cs;Mogli4 cluster, precursor of (1),
were studied by Grasset et al.'® who found an emission
maximum at 700 nm and that this cluster was not stable and
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decomposed during experiments. The study of the cluster
quantum yield embedded in the PMMA matrix shows that the
hybrids containing the Mog cluster (1) present the highest ¢em
value as compared to Reg or We clusters containing hybrids. The
highest ¢em is found for PMMo1l and PMMo010, 0.27, which is
only slightly lower than the ¢em value of the native cluster (1)
alone. The ¢em decreases with the increase of cluster content to
0.20 for PMMo020 and 0.15 for PMMo50.

Table 2. Emission properties of the clusters and the corresponding PMMA hybrids.

Sample Amax Pem (solid)
Cs2[Mosls(C2FsOCO)e] (1) 650 0.35
(H30)2[WeCl14](2) 680 0.05
Ka[ResSes(CN)s] (3) 685 0.07
PMMo1 650 0.27
PMMo10 650 0.27
PMMo020 650 0.20
PMMo50 650 0.15
PMW1 680 0.04
PMW50 680 0.03
PMRel 685 0.08
PMRe20 685 0.05

To assess that the luminescent nanocomposite may be suitable
for the design of lighting or light conversion devices,
photostability studies were realised, by irradiating continuously
the samples at A = 360 nm while recording the luminescence
spectra at defined timelaps. Figure 4 presents results obtained
for the PMMox series while Figure 5 shows the evolution of the
phosphorescence intensity of PMRel and PMW1 recorded
under continuous irradiation.

Surprisingly, the emission intensity increases largely for PMMo
samples upon continuous irradiation. This increase, by factors
of 1.5 for PMMo1l and 3.5 for PMMo010 and PMMo?20, is
observed during the first 5 minutes of exposure time; the
intensity becomes stable afterwards. On the contrary, the
emission intensity of PMMo50 is constant all over the time
range. This phenomenon, which is not observed with the native

cluster (1), is attributed to the low molecular oxygen
permeability of the PMMA matrix.
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Figure 4. Photostability of Mog-PMMA hybrids under UV irradiation for 60 min. (m)
compound 1, (0) PMMo1, (e) PMMo10, (0) PMMo020 and (¢) PMMo50.
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Figure 5. Photostability of Re¢-PMMA and Wg-PMMA hybrids under UV irradiation for 60
min. (o) PMRe1, (m) PMW1.

Very recently, we observed similar phenomena when (1) was
embedded either in a highly permeable polyurethane matrix or
in a liquid crystalline one.** 4> Hence, by analogy, we suspect a
modification of the clusters local environment within the host
matrix. Molecular oxygen, trapped within the copolymer during
the synthesis, interacts with metallic clusters that are known to
convert it into singlet oxygen (which causes a quenching of the
cluster luminescence).*¢ After some time under irradiation,
when all molecular oxygen is consumed, metallic clusters may
be able to enter in a stationary regime and express fully their
emitting abilities. Therefore, we can assume that AQY values
determined for PMMo1, PMMo10 and PMMo20 are largely
underestimated as the irradiation time needed to perform this
measurements is in the range of few milliseconds. Thus,
considering an increase of the emission intensity of about 3.5
times for PMMo1 and PMMo10, their AQY value, after few
minutes of continuous irradiation, should be in the range of 0.7
up to 1 which is in good accordance with literature data.19 20,45
However, although PMMA is not known to be very permeable
to O,, the nanocomposites gas permeability depends highly on
their composition and history. Thus, no clear rule between the
nanocomposites composition and their gas permeability can be
drawn.*” AQY measurements realised alternatively in an air or a
N> atmosphere (samples were left 15 min in an integrating
sphere saturated with N, before AQY acquisition) did not lead,
for any of the doped copolymer samples, to significant variation
of the AQY values. This, confirms the low permeability to O, of
all samples. Surprisingly, the photostability studies of PMRe and
PMW have shown a completely different behaviour: no
enhancement of the luminescence intensity was observed but
a decrease by 25 % for PMRel and 45 % for PMW1 after one
hour of irradiation followed by a stabilisation. One possible
explanation of this intensity lowering might be either a
photoactivated redox process for PMRe (the reversible
oxidation of [RegSeg(CN)e]4 in [ReeSes(CN)g]3 occurs at a very
low potential, 0.27 V vs SCE, and the metal-CN apical bond is
well-known to be one of the most stable in metal cluster
chemistry)*8 or a photoinduced apical ligand exchange for PMW
samples. We must emphasise at this stage that this is the first
time that such behaviour is reported for transition metal cluster
containing hybrid compounds and that further investigations,
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out of the scope of this work, are needed to fully understand
this specific photophysical behaviour.

Conclusions

In summary, we show that by integrating polymerisable
functions into cationic organic entities we can easily
functionalise any type of anionic inorganic nanoclusters and
introduce them homogeneously in an organic polymeric matrix.
One of the major advantage of this electrostatic approach is to
keep intact the anionic metallic core and its inner and apical
ligands. In this way, the optical properties of the cluster core
remain unchanged in the nanocomposites. Thus, following this
general method we have introduced three octahedral anionic
cluster  building  blocks namely, [Mogls(C2FsCOO6)1%,
[RegSes(CN)e]* and [WeCli4]> into a PMMA matrix by free-
radical polymerisation. As the clusters are held inside the
organic matrix by electrostatic interactions, high cluster
content, up to 50 wt% for PMMo and PMW and 20 wt% for
PMRe, can be incorporated without altering the processability
of the polymers. All nanocomposites present deep-red
luminescence properties and, in particular, hybrid materials
containing [Moglg(C2FsCOO0g)]?> are highly emissive showing
emission quantum vyields that range from 0.15 to 0.27,
depending on the cluster amount integrated within the
polymer. Interestingly, photostability studies have shown that
continuous irradiation of PMMo nanocomposite induces a
drastic enhancement of the deep red luminescence intensity
making these hybrid materials promising candidates for the
development of devices needing strong deep red emitters.
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Versatility of the lonic Assembling Method to Design Highly Luminescent PMMA Nanocomposites
Containing [M¢Q'sL%]"™ Octahedral Nano-building Blocks

M. Amela-Cortes, Y. Molard, S. Paofai, A. Desert, J.-L. Duvail, N. G. Naumov, S. Cordier

Strongly luminescent hybrids nanocomposites were designed by integrating via an ionic technique
high content of different transition metal clusters.
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