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Abstract: Two new polyoxometalate (POM)-based hybrid
monomers (Bu4N)5(H)[P2V3W15O59{(OCH2)3CNHCO(CH3)C=CH2}]
(2) and (S(CH3)2C6H4OCOC(CH3) = CH2)6[PV2Mo10O40] (5) were
developed by grafting polymerizable organic units covalent-
ly or electrostatically onto Wells–Dawson and Keggin-type
clusters and were characterized by analytical and spectro-
scopic techniques including ESI-MS and/or single-crystal X-
ray diffraction analyses. Radical initiated polymerization of 2
and 5 with organic monomers (methacryloyloxy)phenyldi-
methylsulfonium triflate (MAPDST) and/or methylmethacry-
late (MMA) yielded a new series of POM/polymer hybrids

that were characterized by 1H, 31P NMR and IR spectroscopic
techniques, gel-permeation chromatography as well as ther-
mal analyses. Preliminary tests were conducted on these
POM/polymer hybrids to evaluate their properties as photo-
resists using electron beam (E-beam)/extreme ultraviolet
(EUV) lithographic techniques. It was observed that the
POM/polymer hybrid of 2 with MAPDST exhibited improved
sensitivity under EUV lithographic conditions in comparison
to the MAPDST homopolymer resist possibly due to the effi-
cient photon harvesting by the POM clusters from the EUV
source.

Introduction

Polyoxometalates (POMs) are a class of inorganic materials
consisting of discrete, soluble, anionic metal oxide clusters of
early transition metals like W, Mo, V, and Nb, exhibiting enor-
mous versatility in their structural features and properties.[1]

The properties as well as the processability of POM clusters
can be enhanced by combining them with organic moieties,
either electrostatically or covalently, resulting in organically
modified POMs, which have found extensive applications in di-
verse fields.[2] One important class of functional materials con-
taining POMs is POM/polymer hybrids. Polymers are among
the most widely used materials and the incorporation of POM
clusters into polymers is believed to improve their functionality
and hence widen their scope of applications.[3] Judeinstein re-
ported the first POM/polymer hybrid in 1992[4] and this con-
cept was later developed by various other groups.[5–11] Today,
the design and development of functional POM/polymer hy-
brids is an active research field targeting potential applications

in areas like catalysis, electronics, biology, medicines, materials
chemistry, electrochemistry, photocatalysis, and so on.[12]

Our research work focuses on the development of nonchem-
ically amplified photoresist materials (n-CARs) for electron
beam (E-beam) and extreme ultraviolet (EUV) lithography ap-
plications. In this regard, we have successfully developed
a new organic monomer (4-(methacryloyloxy)phenyl)dimethyl-
sulfonium triflate (MAPDST), which contains a polymerizable
group at one end and an E-beam/EUV sensitive sulfonium
moiety at the other.[13] Copolymers of MAPDST monomer are
found to act as good photoresists for patterning up to 20 nm
features under E-beam and EUV lithographic conditions.[13] In
an effort to improve the sensitivity and thermal stability of or-
ganic n-CAR resist materials, we have envisaged the incorpora-
tion of POM clusters as inorganic components into such pho-
toresist materials. This is because POMs contain metals of high
atomic numbers and hence their absorption cross sections for
X-rays and high-energy E-beam radiations are typically much
higher than that for organic materials. In addition, the structur-
al robustness of the POM clusters can impart thermal stability
to the resist materials during prebake and postbake experi-
mental conditions. Inorganic components tested earlier for im-
proving resist properties include polyhedral oligomeric silses-
quioxane (POSS)[14] and Hf nanoparticles.[15]

Herein, we report the synthesis and characterization of two
new [P2V3W15O62]9� and [PV2Mo10O40]5� cluster anions based
hybrid monomers and their radical copolymerization with
lithographically relevant organic monomers MAPDST and MMA
to produce new POM/polymer hybrids. These new POM con-
taining polymer hybrids were characterized and tested for
their properties as n-CAR resist materials using E-beam and
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EUV lithography studies. This
study revealed that the incorpo-
ration of POMs into photoresist
materials can lead to considera-
ble increase in their EUV sensitiv-
ity.

Results and Discussion

The choice of the organic and
POM precursors plays crucial
role in determining the proper-
ties of the POM/polymer hy-
brids. In the present study, we
selected MAPDST and MMA as
organic monomers because of
their known lithographic appli-
cations.[13] A vast majority of the
reported POM/polymer hy-
brids contain smaller POM clus-
ter types such as Lindqvist,[5]

normal Keggin,[6] or Anderson[7]-
type clusters or their derivati-
ves. Herein, we used the mixed
metallic Wells–Dawson-type
cluster (Bu4N)5(H)4[P2V3W15O62][16]

and Keggin-type cluster
H5[PV2Mo10O40][17, 18] as POM pre-
cursors. These mixed metallic
clusters are reported to exhibit
good redox and catalytic prop-
erties.[17, 8e]

Various strategies are known
for fabricating POM/polymer hy-
brids. These include physical
blending of POMs and poly-
mers,[9] in-situ polymerization in
presence of POMs,[10] anchoring
of POMs onto polymers through electrostatic interactions[11]

and covalent binding of POMs onto polymer matrices.[5–8] All of
these procedures are found to have some inherent limitations,
but for the construction of stable POM/polymer hybrids, the
electrostatic and covalent binding methods are found to be
particularly useful.[3]

Synthesis and characterization of hybrid monomers

The synthetic scheme of [P2V3W15O62]9� cluster-based hy-
brid monomer (Bu4N)5(H)[P2V3W15O59{(OCH2)3CNHCO(CH3)C=

CH2}] (2), and its polymer hybrids with MAPDST and MMA
monomers is given in Scheme 1. In the first step, tris(hydroxy-
methyl)aminomethane (Tris) was grafted onto the Wells–
Dawson-type cluster (Bu4N)5(H)4[P2V3W15O62] , in which three
bridging oxygen atoms on the vanadium cap of the cluster get
replaced with three hydroxyl oxygen atoms of the Tris moiety
yielding the hybrid cluster 1.[19] The hybrid monomer
(Bu4N)5(H)[P2V3W15O59{(OCH2)3CNHCO(CH3)C=CH2}] (2), was syn-

thesized in 44 % yield by treating the hybrid cluster 1 with
methacryloyl chloride and triethylamine in acetonitrile under
reflux conditions in the dark for 3 days.

The formation of the hybrid monomer 2 was confirmed by
using 1H NMR spectroscopy. A typical 1H NMR spectrum of the
hybrid monomer 2 is shown in Figure S1A in the Supporting
Information. The peak observed at d= 5.58 ppm can be as-
signed to the methylene protons of the Tris moiety, which is
a characteristic peak of the Tris-grafted Wells–Dawson-type
[P2V3W15O62]9� clusters.[19] The methylene protons of the meth-
acrylate group attached to the cluster appear at d= 6.53 and
5.63 ppm. The resonance signals of tetrabutylammonium (TBA)
counterions appear between d= 0.90 and 3.16 ppm.

Further, formation of the hybrid monomer 2 was confirmed
by ESI-MS analysis. Figure 1 shows the ESI-MS spectrum of
hybrid monomer 2. All the major peaks appearing in the mass
spectrum could be satisfactorily assigned to the for-
mula [P2V3W15O59{(OCH2)3CNHCO(CH3)C=CH2}]6� with various
combinations of TBA and H counterions. For example, the

Scheme 1. Synthesis of Wells–Dawson-type hybrid monomer 2 and its polymerization with MAPDST and MMA
monomers.
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peaks observed at m/z values 1025.88, 1448.94, and 2294.54
correspond to H2[P2V3W15O59{(OCH2)3CNHCO(CH3)C=CH2}]4�

(Bu4N)1H2[P2V3W15O59{(OCH2)3CNHCO(CH3)C=CH2}]3�, and
(Bu4N)2H2[P2V3W15O59{(OCH2)3CNHCO(CH3)C=CH2}]2�, respective-
ly (see the Supporting Information, Figure S3 a–d and Table S1
for assignment of all the peaks in the spectrum). The ESI-MS
analysis therefore confirmed the formation of the hybrid mo-
nomer 2.

It can be noted that majority of the reported POM-hybrid
monomers contain more than one polymerizable organic moi-
eties attached to the cluster. These include Keggin,[4, 6] Lind-
qvist[5b,d] , and Wells–Dawson-type[8a,d] cluster-based hybrid
monomers. Hybrid monomers
containing more than one poly-
merizable organic unit may lead
to cross-linking and hence may
adversely affect the possibility of
forming linear polymers. The
hybrid monomer 2 belongs to
the small group of organic-POM
hybrid monomers[5a,c,e, 8b,c,e–g] con-
taining the POM and a polymeriz-
able organic moiety attached in
a 1:1 ratio.

The electrostatic binding of
the cation of (methacry-
loyloxy)phenyl)dimethylsulfoni-
um triflate (MAPDST) with
Keggin-type polyoxomolybdate
H5[PV2 Mo10O40] .27 H2O[17, 18] was
achieved by a counterion ex-
change process as depicted in
Scheme 2. Here an aqueous so-
lution of H5[PV2Mo10O40]·27 H2O
cluster was mixed with excess of
MAPDST monomer in dichloro-
methane (CH2Cl2) solution. The
counterion-exchanged Keggin-
type cluster

(S(CH3)2C6H4OCOC(CH3)=CH2)6[PV2Mo10O40] , 5, precipitated out
as an orange powder during this process, was collected and
washed with water and CH2Cl2. The hybrid monomer 5 is in-
soluble in water as well as in CH2Cl2 but is readily soluble in di-
methylformamide (DMF) and dimethylsulfoxide (DMSO) sol-
vents at room temperature. The hybrid monomer 5 was char-
acterized by 1H NMR and IR spectroscopic techniques. The
1H NMR spectrum of 5 showed characteristic resonance signals
at d= 7.57–8.17, 5.96–6.31, and 3.26 ppm (Figure S1B in the
Supporting Information), which can be assigned to the aromat-
ic, vinyl (C=CH2) and S(CH3)2 protons of the (methacryloyloxy)-
phenyldimethylsulfonium counterions, respectively. The forma-
tion of the Keggin-type cluster based hybrid monomer 5 was
further confirmed by IR spectroscopy. The IR spectrum of the
hybrid monomer 5 (Figure S4e, 2, in the Supporting Informa-
tion) shows the expected bands of Mo=O and Mo�O�Mo
stretching vibrations at 942 and 869, 785 cm�1 respectively.
The presence of (methacryloyloxy)phenyldimethylsulfonium
counterion is confirmed by the presence of a peak at
1733 cm�1 due to C=O stretching vibrations. The peaks ob-
served at 2928 and 3018 cm�1 are assigned to C�H stretching
vibrations of methyl group.

It is observed that during the counterion-exchange process,
reduction of the Keggin-type cluster anion, [PV2Mo10O40]5�

occurs, which increases its charge from 5� to 6� . Six (meth-
acryloyloxy)phenyldimethylsulfonium cations from the
MAPDST monomers replace all of the H+ counterions of the
Keggin-type cluster effectively. This observation was confirmed
by single-crystal X-ray analysis. Single crystals of this com-
pound were grown from DMSO solutions by ether diffusion.

Figure 1. The molecular diagram and the negative-ion mode mass spectrum
of the cluster anion 2, [P2V3W15O59{(OCH2)3CNHCO(CH3)C=CH2}]6�, taken in
acetonitrile solution. The inset shows an expansion of the peak centered at
1025.88 to show its 4� charge state.

Scheme 2. Synthetic pathway for the preparation of hybrid monomer 5 and its POM/polymer hybrid 6 with MMA.

Chem. Eur. J. 2015, 21, 2250 – 2258 www.chemeurj.org � 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim2252

Full Paper

http://www.chemeurj.org


Single-crystal X-ray analysis revealed that the structure of the
hybrid monomer 5 consists of six (methacryloyloxy)phenyldi-
methylsulfonium counterions arranged symmetrically around
the [PV2Mo10O40]6� cluster anion as shown in Figure 2. Crystal-
lographic data for the hybrid monomer 5 are compiled in
Table S2 of the Supporting Information.

The counterion-exchanged Keggin-type hybrid monomer 5
is an interesting compound for more than one reason. Firstly, it
contains a sulfonium-based functional cation that acts as effi-
cient counterion, replacing even H+ counterions of the cluster.
Secondly, the hybrid monomer 5 belongs to the rare class of
POM clusters having sulfonium counterions. To the best of our
knowledge, only a few such compounds are reported earlier in
the literature.[20] Sulfonium counterion POMs are useful as pho-
tochromic materials.[20a] Moreover, such clusters having multi-
ple polymerizable moieties disposed symmetrically around the
cluster moiety could be useful as precursors for the synthesis
of hybrid supramolecular star polymers.[21]

POM/polymer hybrid synthesis and characterization

The Wells–Dawson-type cluster-based hybrid monomer 2 and
Keggin-type cluster-based hybrid monomer 5 were subjected
to free-radical polymerization reactions with the organic mono-
mers MAPDST[13] and MMA using one weight % of 2,2’-
azobis(2-methylpropionitrile (AIBN) as the radical initiator in
acetonitrile and DMSO solutions, respectively, under N2 atmos-
phere (as shown in Schemes 1 and 2). The complete inertness
of the reaction medium was ensured by applying several
freeze–thaw cycles. After drying, the reaction vessel was kept
in a constant temperature oil bath at 70 8C for two days.

The radical polymerization reaction between the hybrid mo-
nomer 2 and organic MAPDST monomer yielded a viscous
product, which was added drop-wise into an excess of diethyl
ether solution resulting in a brownish yellow solid of the POM/
polymer hybrid 3 in 67 % yield. Similarly, the viscous reaction
products obtained from the polymerization reactions between
the hybrid monomers 2 and 5 with MMA monomer were
added drop-wise into excess of methanol to precipitate the

corresponding yellow-colored solid products of POM/polymer
hybrids 4 and 6 in 45 and 64 % yields, respectively.

The POM/polymer hybrids thus obtained were characterized
by using various analytical techniques such as IR, NMR spec-
troscopies, gel-permeation chromatography (GPC) and TGA/
DSC analyses. Figure 3 shows the 1H NMR spectra of the POM/
polymer hybrids 3, 4, and 6 in [D6]DMSO and CDCl3 solvents.
The spectrum of 3 (Figure 3 A) shows broad peak in the range
of d= 1.0 to 1.7 ppm, which can be assigned to the methyl
protons, whereas the broad peak observed in the range of d=

1.8 to 2.8 ppm corresponds to the polymeric methylene pro-
tons from the MAPDST chain.[13] The resonance signal appear-
ing at d= 3.21 ppm can be ascribed to the methyl protons at-
tached to the sulfonium group of the MAPDST moiety. The sig-
nals due to the aromatic protons of the MAPDST moiety
appear between d= 7.41–8.01 ppm. In the present case, we
assume that the 1H NMR signals due to the hybrid cluster 2
and its counterions are absent because of very low percentage
of POM clusters in the polymer. Similar cases have been report-
ed earlier.[7c, 8b] However, the incorporation of POM clusters in
the polymer is confirmed by 31P NMR studies. The 31P NMR
spectrum of hybrid 3 (Supporting Information, Figure S2A)
shows two phosphorous resonances at d=�6.812 and
�13.008 ppm corresponding to the phosphate groups con-
nected to the V3 and W3 caps of the cluster, respectively. The
presence of POM clusters in the hybrid 3 is also confirmed by
EDX analyses (Figure S6A in Supporting Information). 19F NMR
analysis (Figure S1C in the Supporting Information) of 3 shows
a peak at d=�77.6 ppm, corresponding to the CF3SO3

� anion-
ic part of the MAPDST moiety. Based on these observation,
a plausible structure for the POM/polymer hybrid 3 is pro-
posed as shown in Scheme 1.

The 1H NMR spectrum of POM/polymer hybrid 4 is shown in
Figure 3 B. Here, the disappearance of the olefinic proton
peaks of MMA as well as the hybrid monomer 2 confirms the
completeness of the polymerization. The broad peak appear-
ing between d= 1.14–2.0 ppm corresponds to the methylene
protons of the polymeric chain. The dominating methyl proton
signals from both MMA and POM hybrid moieties appear at
d= 0.76–0.95 ppm. The characteristic signal of �OCH3 protons
from MMA moiety appears at d= 3.53 ppm. The absence of
peaks corresponding to the hybrid POM unit in the 1H NMR
spectrum of 4 could be due to the limited number of POM
clusters in the polymer.[7c, 8b] However, the 31P NMR spectrum of
4 (Supporting Information, Figure S2B) shows two phospho-
rous resonances at d=�6.716 and �12.957 ppm correspond-
ing to the phosphate groups connected to the V3 and W3 caps
of the cluster respectively, confirming the incorporation of
POM cluster in the polymer. EDX studies (Figure S6B in the
Supporting Information) also confirmed the presence of POM
cluster in 4.

The 1H NMR spectrum of the hybrid 6 is presented in Fig-
ure 3 C. The resonance of methyl protons from MMA and
MAPDST units appear between d= 0.84 and 1.0 ppm. The
broad peaks observed between d= 1.21 to 2.0 ppm can be as-
signed to the polymeric methylene protons. The signal at d=

3.60 ppm can be assigned to the methyl protons attached to

Figure 2. ORTEP representation of the (methacryloyloxy)phenyldimethylsul-
fonium)6[PV2Mo10O40] cluster 5.
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the sulfonium group of MAPDST unit as well as methoxy
group of MMA together. The aromatic protons of phenyl ring
are observed between d= 7.05–8.13 ppm. The 19F NMR spec-
trum (Figure S1D in the Supporting Information) of the hybrid
6 showed the absence of CF3SO3

� unit, confirming the com-
plete counterion exchange of the [PV2Mo10O40]5� cluster with
(methacryloyloxy)phenyldimethylsulfonium counterions as ob-
served earlier. Further, 31P NMR analysis of hybrid 6 (Supporting
Information, Figure S2C) showed a phosphorous signal at d=

�3.852 ppm, confirming the incorporation of hybrid monomer
5 in the polymer. ICP-AES analysis showed the presence of
3.7 % of Mo and 0.4 % V in the sample, further confirming the
inclusion of the POM cluster in the polymer.

IR spectroscopy is a common tool to prove the presence of
various functional groups in a compound. As shown in Fig-
ure S4a in the Supporting Information, the IR spectrum of the
Wells–Dawson-type cluster-based hybrid monomer 2 shows
peaks due to tetrabutylammonium counterions in the region
2800 to 3000 cm�1 and characteristic POM anion bands be-

tween 600 to 1200 cm�1. The IR spectrum of hybrid 3 (Fig-
ure S4b in the Supporting Information) shows bands at 3028
and 2932 cm�1 due to C�H stretching vibrations of the methyl
group. An intense band observed at 1755 cm�1 can be as-
signed to the C=O stretching vibrations, confirming the pres-
ence of MAPDST unit in this hybrid. The presence of POM clus-
ter in hybrid 3 is indicated by the presence of characteristic
peaks at 1170, 1099, and 1028 cm�1 due to P�O and at 810
and 630 cm�1 due to W�O�W vibrations.

The IR spectrum of POM/polymer hybrid 4 (Figure S4c in the
Supporting Information), exhibited absorption bands at 1731
and 1271 cm�1, corresponding to the C=O and �OCH3 stretch-
ing vibrations of its MMA units. The anionic part of the Wells–
Dawson-type cluster showed characteristic absorption bands
in the region of 600 to 1200 cm�1, in which the bands at 1195
and 1059 are assigned to the P�O vibrations and bands at 988,
964, 835, and 753 cm�1 are assigned to the V=O, W=O,
W�O�W stretching vibrations, respectively.

The IR spectrum of POM/polymer hybrid 6 is given in Fig-
ure S4d (in the Supporting Information), which shows the char-
acteristic Mo=O, V=O vibrations due to [PV2Mo10O40] cluster ap-
pearing at 964 and 985 cm�1 and P�O stretching peaks at
1193, 1147, and 1058 cm�1, respectively. The IR spectrum of 6
also shows bands at 2998, 2945, and 2856 cm�1, assigned to
the C�H stretching vibrations of methyl group, whereas the
band appearing at 1731 cm�1 is ascribed to the C=O stretching
vibrations of MMA units.

Molecular weight determination and thermal properties

The POM/polymer hybrids 3, 4, and 6 are soluble in organic
solvents such as acetonitrile, DMF, chloroform, and CH2Cl2 at
room temperature, which enabled their molecular weight de-
termination by using gel-permeation chromatography (GPC).
The GPC analyses of the hybrids 3, 4, and 6 were performed at
25 8C using DMF or chloroform as mobile phase. The relative
molecular weights were determined by using different poly-
styrene standards. The molecular weights, polydispersity index,
and thermal properties of these hybrids are summarized in
Table 1.

The weight average molecular weight (Mw) of the hybrid 3 is
found to be 14.0 � 103 with a polydispersity index of 1.5 where-
as, the Mw of the hybrid 4 is found to be 30 � 103 with a poly-
dispersity index of 1.87. The Mw of 6 is 44.0 � 103 with a polydis-
persity index of 2.21. Some of the previously reported POM–
MMA hybrids also exhibited comparable molecular weights.[8a]

Table 1. Summary of the characterization data for POM/polymer hybrids.

POM/polymer/hybrid Yield
[%]

Td
[a]

[8C]
Mw

[g mol�1]
PDI[b]

3 67 250 14 000 1.5
4 45 247 30 000 1.8
6 64 270 44 000 2.2

[a] Decomposition temperature (5 % weight loss). [b] Polydispersity index.

Figure 3. 1H NMR spectra of POM/polymer hybrids: A) 3 (* the peak of
[D6]DMSO); B) 4, and C) 6 (* the peak of CDCl3).
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Thermogravimetric analysis (TGA) and differential scanning cal-
orimetry (DSC) were carried out on samples of POM/polymer
hybrids 3, 4, and 6 under a nitrogen atmosphere. TGA profiles
of the hybrids are shown in Figure S5 (see the Supporting In-
formation). These studies showed that the hybrids 3, 4, and 6
are thermally stable up to approximately 245 8C and above this
temperature, they start to decompose. A continuous and
major weight loss was observed in the range of 245 to 450 8C
for all the hybrids, most probably due to the polymer and clus-
ter disintegration. The decomposition temperatures of hybrids
3 and 4 were found to be 250 and 247 8C, respectively (Td, 5 %
weight loss). The hybrids 3 and 4 showed residual masses at
800 8C of 9.49 and 7.34 %, respectively, most probably due to
their metal oxide residues. In the case of hybrid 6, the decom-
position temperature was found to be 270 8C (Td, 5 % weight
loss). The DSC profiles of the POM/polymer hybrids are given
in Figure S5 (see the Supporting Information). The DSC profile
of hybrid 3 showed one endothermic peak at 133.3 8C corre-
sponding to its glass transition temperature (Tg). The glass
transition temperature of hybrid 4 is found to be 132.5 8C
whereas, the hybrid 6 exhibits a glass transition temperature
of 131.8 8C. All of these POM/polymer hybrids showed en-
hanced decomposition temperature (Td) in comparison to the
corresponding organic polymers,[13c] probably due to the clus-
ter attachment.

The residual mass of 9.49 and 7.34 % due to metal oxides
observed in the TGA profiles of POM/polymer hybrids 3 and 4,
respectively, suggest the presence of about 0.3 and approxi-
mately 0.5 POM cluster per polymer chain considering their
molecular weights given in Table 1. Similarly, the residual mass
of 6.30 % observed in the case of hybrid 6 suggests the pres-
ence of approximately 1.7 cluster per polymer chain. The low
percentages of POM clusters in these polymers are consistent
with their NMR data in which the peaks due to the organic
monomers were dominating, making it difficult to observe the
peaks due to hybrid clusters and their counterions.

Lithography studies

Preliminary tests on the POM/polymer hybrids 3, 4, and 6 to-
wards their non-chemically amplified resist (n-CARs) applica-
tion were conducted by using E-beam lithography studies. Sol-
utions (2 wt %) of the POM/polymer hybrids were prepared in
acetonitrile/anisole solvents and were spin-coated on hexame-
thyldisilazane (HMDS)-treated RCA-cleaned p-type Si wafer
pieces (2 � 2 cm in size) to obtain films of approximately 35 nm
thickness. These films were then exposed at Raith-150 E-beam
lithography (EBL) system using 20 keV energy for doses 30, 35,
40, 45, 50, and 75 mC cm�2 with an aperture size of 20 mm. EBL
exposure studies (see the Supporting Information for the Ex-
perimental Details) on the POM/polymer hybrid 3 resist
showed good line patterns up to 22 nm size as depicted in
Figure S7 (see the Supporting Information), indicating its po-
tential as photoresist material. Thin films of the hybrid poly-
mers 4 and 6 did not show good line patterns under similar
experimental conditions, probably because of their composi-
tion differences compared to hybrid 3.

Encouraged from the preliminary EBL exposure results, re-
sists prepared from POM/polymer hybrid 3 were subjected to
EUV exposure studies using SEMATECH Berkeley Microfield Ex-
posure Tool (MET), which is a high-resolution EUV (13.5 nm)
lithography tool. The resist solution was spin-coated on HMDS
treated silicon wafer and prebaked at 100 8C for 90 s to give
a film of thickness approximately 35 nm. Firstly, test wafers
were run to calculate the Eo center dose value for the hybrid 3
resist. An Eo center dose value of 8.5 mJ cm�2 was obtained,
which is roughly 3 times lower than that obtained for the pure
MAPDST homopolymer resist (30 mJ cm�2).[13c] This indicates
that the sensitivity of the POM/polymer hybrid 3 increased
roughly three times compared with the pure organic homopo-
lymer resist probably due to the efficient EUV photon harvest-
ing by the POM clusters, which is a desirable outcome of this
study. For high-resolution line patterns, the resist sample was
exposed using mask IMO228775 with Field of R4C3 and post-
exposure bake was given at 115 8C for 90 s. After the EUV ex-
posure, the sample was developed with TMAH-based develop-
er for 8 s, rinsed in DI water for 10 s and blow-dried using ni-
trogen gas. The photon-directed polarity change occurs at the
sulfonium centers of the polymer resist causing solubility dif-
ferences to the exposed and un-exposed regions during devel-
opment leading to pattern formation.[13] A high-resolution cir-
cular EUV pattern obtained for POM/polymer hybrid 3 resist is
shown in Figure 4 (see the Supporting Information, Fig-
ure S9 a–c for additional EUV figures). Further EUV optimization
studies are currently underway to obtain sub 20 nm line pat-
terns for hybrid 3. The present study therefore reveals that the
incorporation of Wells–Dawson-type cluster [P2V3W15O62]9� into
the organic photoresist material enhances the sensitivity of the
photoresist considerably under EUVL conditions.

Conclusion

We have successfully synthesized two new organic-POM hybrid
monomers starting from Wells–Dawson and Keggin-type clus-
ters and subjected them to radical polymerization with litho-
graphically relevant organic monomers to yield new POM/poly-
mer hybrids. These new POM/polymer hybrids show improved
decomposition and glass transition temperatures in compari-
son to their pure organic polymer counterparts. Further, pre-

Figure 4. EUV patterned 20 nm circular images with 70 nm space for POM/
polymer hybrid 3 resist using MET at SEMATECH Berkeley.
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liminary studies on these hybrids towards their non-chemically
amplified resist application were conducted using E-beam and
EUV lithography techniques. It was observed that the hybrid 3,
based on [P2V3W15O59{(OCH2)3CNHCO(CH3)C=CH2}]6� and
MAPDST monomer, is capable of patterning up to 20 nm line
features under E-beam as well as EUV exposure conditions. It
was found that the inclusion of POM clusters in hybrid 3 result-
ed in enhanced sensitivity in comparison to the MAPDST
homopolymer resist. The present approach may pave the way
for improved hybrid n-CARs thus resulting in efficient materials
for semiconductor industries. More optimization studies on
these hybrids towards their lithographic applications are cur-
rently underway.

Experimental Section

Materials

Triethylamine and acetonitrile were distilled over CaH2 and acetoni-
trile was further dried over 4 � molecular sieves prior to the use.
The MAPDST monomer and methacryloyl chloride were synthe-
sized according to the literature procedures.[13] Methyl methacry-
late (MMA) was freshly distilled prior to the use. The Wells–
Dawson-type (Bu4N)5(H)4[P2V3W15O62][16] polyoxometalate and
Keggin-type H5[PV2Mo10O40]·27 H2O[17, 18] polyoxomolybdate were
prepared according to the reported literature procedures. DMSO
and CH2Cl2 were purchased from Sigma–Aldrich and were used as
received. Tetramethylammoniumhydroxide (TMAH), methyl isobutyl
ketone (MIBK), and isopropyl alcohol (IPA) were purchased from
Microchem and were used as received.

Characterization

The 1H and 31P NMR spectra were recorded on 500 and 400 MHz
JEOL NMR spectrometers, respectively, in [D6]DMSO and CDCl3 sol-
vents. FTIR spectra were recorded using KBr pellets on PerkinElmer
Spectrum 2 instrument. Thermogravimetric analyses (TGA) were
performed on a Netzsch Model STA 449 F1 JUPITER instrument at
a heating rate of 10 8C min�1 under N2 atmosphere. ESI-MS analyses
were conducted on a Bruker Mass spectrometer instrument at
180 8C in acetonitrile solvent and data were recorded in negative-
ion mode. GPC measurements were recorded on a Thermo Quest
GPC at 25 8C using DMF and CHCl3 as mobile phase. The analyses
were carried out at a flow rate of 1 mL min�1 using Styragel HT
column packed with rigid 10 mm particles. The columns were cali-
brated with different polystyrene standards. The ICP-AES analyses
were conducted on ARCOS instrument from M/s Spectro, Germany,
Radical plasma, Wavelength Range: 130 to 770 nm with Charge
Coupled Devices (CCD) detector. The samples for ICP analyses
were prepared by dissolving the polymer in aqua-regia followed
by heating. HClO4 was added to the boiling solution drop-wise and
heating continued until the entire polymer is destroyed. The solu-
tion was then diluted with distilled water.

X-ray crystallographic analysis

Single-crystal X-ray data were collected at 293(2) K on a Bruker
SMART APEX CCD diffractometer using graphite-monochromated
MoKa radiation (l= 0.71073 �). The data were reduced using SAINT-
PLUS[22] and a multi-scan absorption correction using SADABS[22]

was performed. The structure was solved by direct methods and
refined on F2 by full-matrix least-squares procedure using the

SHELX-97 program.[23] Non-hydrogen atoms were refined aniso-
tropically. Hydrogen atoms were introduced on calculated posi-
tions and included in the refinement riding on their respective
parent atoms. CCDC-1007244 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Syntheses

Hybrid monomer 2

Methacryloyl chloride (0.018 g, 0.17 mmol) was added to a solution
of compound 1[ 19c] (0.9 g, 0.17 mmol) and triethylamine (TEA)
(0.069 g, 0.68 mmol) in dry acetonitrile (10 mL) and the resulting
mixture was heated at reflux in the dark for 3 days. The dark-
brown colored reaction mixture thus obtained was cooled down
to room temperature and filtered to remove any white solid (trie-
thylamine salt). The dark filtrate was then added dropwise into
excess of diethyl ether to precipitate out a fine yellow colored
powder, which was collected by filtration, washed with ether, and
dried under vacuum to afford hybrid monomer 2. Yield: 400 mg
(44 %); 1H NMR (500 MHz, [D6]DMSO, 25 8C): d= 7.38 (1 H, s, NH),
6.53 (1 H, s, C=CH), 5.63 (1 H, s, C=CH), 5.58 ppm (6 H, s, CH2O) in
addition to counterion resonances; IR (KBr): ~n= 2962, 2938,
2871 (C�H), 1696 (CONH), 1117, 1066, 1030 (P�O), 940 (V=O), 921
(W=O), 666 cm�1 (M�O�M) vibrations; MS (70 eV): m/z : calcd:
1026.88 [H2P2V3W15O59C8H12NO4]4� ; observed: 1025.88.

Hybrid monomer 5

In a typical preparation, Keggin-type POM [H5PV2Mo10O40]·27 H2O
(1.0 g, 0.44 mmol) was dissolved in deionized water (5 mL) and
stirred for five minutes to obtain a clear red-orange solution. At
the same time, 1.05 g (2.81 mmol) of MAPDST (4-(methacryloyloxy)-
phenyl)dimethylsulfoniumtriflate) monomer was dissolved in di-
chloromethane (5 mL) and stirred for five minutes. The obtained
clear solution of MAPDST monomer was slowly added to an aque-
ous solution of POM under constant stirring for 30 min in the dark.
The orange-colored solid of hybrid monomer 5 thus obtained was
washed thoroughly with water and dichloromethane to remove
any unreacted starting materials and finally dried in an oven at
40 8C for 24 h. Yield: 900 mg (51 %); 1H NMR (500 MHz, [D6]DMSO,
25 8C): d= 8.16 (2 H, d, J = 8.75 Hz, m, m’-ArH), 7.58 (2 H, d, J =

8.75 Hz, o,o’-ArH), 6.31 (1 H, s, C=CH), 5.96 (1 H, s, C=CH), 3.26 (6 H,
s, S(CH3)2), 2.0 ppm (3 H, s, CH3); IR (KBr): ~n= 3018, 2928 (C�H),
1733 (C=O), 1632, 1581, 1492 (ArC=C), 1172, 1116, 1048 (P�O), 942
(Mo=O) 869, 785 cm�1 (Mo�O�Mo) stretching vibrations. Red-
orange colored tiny single crystals of hybrid monomer 5 were
grown by slow diffusion of diethyl ether into DMSO solution.

Polymerization

All polymerization reactions were carried out under nitrogen at-
mosphere using freeze-pump-thaw technique for degassing the re-
action mixture.

POM/polymer hybrid 3

Wells–Dawson type hybrid monomer 2 (0.1 g, 0.018 mmol),
MAPDST monomer (0.9 g, 2.41 mmol), 2,2’-azobis(2-methylpropio-
nitrile (AIBN) (10 mg, 0.060 mmol), and dry CH3CN (3 mL) were
added to a dry Schlenk flask, under N2 atmosphere. After several
freeze-pump-thaw cycles, the flask was placed in a constant tem-
perature oil bath kept at 70 8C for 2 days in dark. The polymeri-
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zation was stopped by cooling the flask to the room temperature.
The viscous reaction mixture thus obtained was then added drop-
wise into excess of diethyl ether to get a brownish-yellow colored
solid. The obtained solid was washed three times with ether and
dried in an oven at 40 8C overnight. Yield: 670 mg (67 %); 1H NMR
(400 MHz, [D6]DMSO, 25 8C): d= 8.01 (2 H, s br, m, m’-ArH), 7.41 (2 H,
s br, o,o’-ArH), 3.21 (6 H, s, S(CH3)2), 1.8–2.8 (2 H, br peak, CH2), 1.0–
1.7 ppm (3 H, br peak, CH3); 31P NMR (400 MHz, [D6]DMSO, 25 8C)
d=�6.812 (s, 1 P), �13.008 ppm (s, 1 P); 19F NMR (500 MHz,
[D6]DMSO, 25 8C): d=�77.6 ppm (3F, s, CF3) ; IR (KBr): ~n= 3028,
2932 (C�H), 1755 (C=O), 1260 (OCH3), 1170, 1099, 1028 (P�O), 990
(V = O), 920 (W=O), 810, 630 cm�1 (M�O�M) vibrations; GPC (DMF,
eluent): Mn = 9090, PDI = 1.5.

POM/polymer hybrid 4

Wells–Dawson-type hybrid monomer 2 (0.1 g, 0.018 mmol), MMA
(0.9 g, 8.98 mmol), AIBN (10 mg, 0.060 mmol), and dry CH3CN
(3 mL) were added to a dry Schlenk flask, under N2 atmosphere
and left stirring at 70 8C for 2 days in dark. The viscous reaction
mixture thus obtained was then added drop-wise into excess of
methanol to get a brownish-yellow colored solid. Yield: 450 mg
(45 %); 1H NMR (500 MHz, CDCl3, 25 8C): d= 3.53 (3 H, s, OCH3),
1.14–2.0 (2 H, br peak, CH2), 0.76–0.95 ppm (3 H, 2 s, CH3); 31P NMR
(400 MHz, CDCl3, 25 8C) d=�6.716 (s, 1P), �12.957 ppm (s, 1P); IR
(KBr): ~n= 2998, 2957, 2839 (C�H), 1731 (C=O), 1271, 1242 (OCH3),
1195, 1148, 1059 (P�O), 988 (V=O), 964 (W=O) and 835, 753 cm�1

(M�O�M) stretching vibrations. GPC (CHCl3, eluent): Mn = 16 000,
PDI = 1.87.

POM/polymer hybrid 6

Hybrid monomer 5 (0.1 g, 0.032 mmol), MMA (0.9 g, 8.98 mmol),
and AIBN (10 mg, 0.060 mmol) were added To a dry Schlenk flask,
in dry DMSO solvent (3 mL) under N2 atmosphere and left stirring
at 70 8C for 2 days in dark. The viscous reaction mixture thus ob-
tained was then added drop-wise into excess of methanol to get
a brownish-yellow colored solid. Yield: 640 mg (64 %); 1H NMR
(500 MHz, CDCl3, 25 8C): d= 8.13 (2 H, s, m, m’-ArH), 7.05 (2 H, s, o,o’-
ArH), 3.60 (6 H, s, S(CH3)2), 1.21–2.0 (2 H, br peak, CH2), 0.84–
1.0 ppm (3 H, 2 s, CH3); 31P NMR (400 MHz, CDCl3, 25 8C) d=
�3.852 ppm (s, 1 P); IR (KBr): ~n= 2998, 2945, 2856 (C�H), 1731 (C=
O), 1272, 1241 (OCH3), 1193, 1147, 1058 (P�O), 985 (V=O), 964
(Mo=O), 805, 750 cm�1 (Mo�O�Mo) vibrations. GPC (CHCl3, eluent):
Mn = 19 800, PDI = 2.21.

Resist preparation

2 wt % resist solutions of the POM/polymer hybrids 3, 4, and 6
were prepared in acetonitrile and anisole solvents, and were spin-
coated on HMDS-treated RCA-cleaned p-type Si wafer pieces of 2 �
2 cm size to obtain approximately 35 nm thick films. The prebake
annealing of the hybrid resist samples were performed at 115 8C
for 90 s on a hot plate. After the prebake annealing, samples were
exposed at Raith-150 E-beam system using 20 keV energy for dif-
ferent doses 30, 35, 40, 45, 50, and 75 mC cm�2 with an aperture
size of 20 mm. Exposed POM/polymer hybrid 3 samples were devel-
oped in optimized TMAH-based DI developer (aqueous solutions
of TMAH in DI water maintained at pH�11.5) at room temperature
for 8 s, rinsed in de-ionized water for about 5 to 8 s and blow
dried with pure nitrogen gas. In similar fashion, hybrids 4 and 6
were developed in standard 1:3 methylisobutylketone (MIBK) solu-
tion for 30 s followed by 15 s in isopropylalcohol (IPA).

Imaging

Developed resist samples were carefully examined with SEM at-
tached to Raith 150 lithography system at energy of 5 keV. HR-SEM
images were taken using Nova Nano SEM 450 FEI instrument.
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