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In this article, we report a novel high performance nanocomposite made from environmentally friendly

and energy conserving solventless photocurable patternable resin system. The system contains

a fluoroimide acrylate oligomer, acrylate monomer, photoinitiator and SiO2 nanoparticles. The

fluoroimide acrylate oligomer was synthesized by reacting 2 mole equivalent of 4,40-

(hexafluoroisopropylidene) diphthalic anhydride (6FDA) with 4,40-(hexafluoroisopropylidene)

diamine (6FpDA) first to form fluoroimide dianhydride, and then further reacting with 2 moles of

2-hydroxy ethyl methacrylate (HEMA). The fluoroimide acrylate oligomer was specially designed with

carboxylic acid functionality. As compared with bis-phenol A acrylate oligomer, the fluoroimide

acrylate oligomer nanocomposite shows an improvement in both physical properties and chemical

properties. This new nanocomposite exhibits good cross hatch adhesive strength (>95% on glass) and

unusually high hydrophobicity (>140� contact angle). The nanocomposite also shows excellent

transparency (>90% transmission at 400–800 nm for 100 mm film), high thermal stability and

mechanical durability. The water absorption and the water vapor permeation of this nanocomposite

are reduced to at least one quarter of those of the bis-phenol A acrylate nanocomposite. The chemical

characteristics of the fluoroimide acrylate and the formation of nanodomains in the nanocomposite

play major roles in providing the outstanding performance.
Introduction

While polymers are light weight, conformable, flexible, and easy

to process, they remain relatively poor in thermal, mechanical,

optical and electronic performance. On the other hand, inorganic

materials usually exhibit good physical properties but they are

heavy, rigid and difficult to process. By nanosizing an inorganic

material and dispersing it into a polymer to make a nano-

composite,1–3 it is possible to utilize the merits of both materials.

Thus, nanocomposites can be used in wide applications such as

high refractive index thin films,4 optics,5 waveguides,6 light emit-

ting diodes,7 solar cells,8,9 biomimetic materials10–12 and so on.

Polyimide related materials have been extensively used in

aerospace and electronics because of their good mechanical

property and thermal stability.13,14 On the other hand, fluori-

nated polymers have the characteristics of low cohesive energy,

low surface free energy and low water uptake due to their low

polarity. The high electronegativity of the F atom contributes to

the strong chemical bond between carbon and fluorine atoms,

giving fluorocarbon materials high thermal stability. Photo-

polymerization of a solventless acrylate system is an advanced

process for resin curing due to the short curing time, environ-

mentally-friendly characteristics and low temperature/energy

demands. In the electronic industry, UV-curable resins are
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widely used as sealants or encapsulants for high throughput and

heat sensitive devices.13,14

Highly transparent, porous and hydrophobic inorganic

surfaces have been developed through controlling material

morphology using sol-gel processing and calcination.15–23

However, the high calcination temperature and high porosity

limits the materials use in the encapsulation of temperature

sensitive devices. Steele et al. reported the formation of super-

oleophobic coatings by spray atomization of ZnO nanoparticle-

perfluoro polyacrylate in acetone/water cosolvent. The coating

also exhibits high porosity.24 Sangermano et al. have synthesized

a fluorinated hydroxy acrylate monomer as a coupling agent and

a modifier to fabricate UV-cured hydrophobic organic/inorganic

hybrid films with contact angles of 90�.25 The polymer/SiO2

nanocomposites have been studied extensively and reviewed

recently.26 However, highly transparent, hydrophobic, durable,

low moisture permeation nanocomposites made from a solvent-

less photocurable resin system have never been reported before.

In this study, a fluoroimide acrylate oligomer with carboxylic

acid functionality has been designed and synthesized that can be

blended homogeneously with acrylate monomers, acrylate

modified silica nanoparticles and photoinitiator into a resin

system. The resin system can be cured with UV irradiation to

form a high performance nanocomposite. A 5 micron channel

waveguide has been fabricated with the loss of 1.18 db cm�1 at

1310 nm (supplementary information). As compared with the

poly(bis-phenol A acrylate)/SiO2 nanocomposite system, the

poly(fluoroimide acrylate)/SiO2 nanocomposite exhibits

improvement in both physical properties and chemical

properties. It exhibits excellent transparency, unusually high
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hydrophobicity, high adhesive strength, high thermal stability,

high mechanical strength, low water absorption and low water

vapor permeation.

Experimental

Materials

The following chemicals were purchased and used without

further purification. 20–25 nm SiO2 colloidal solution (MA-ST-

M, 40 wt% solid content, Nissan Chemical Industries, Ltd.),

3-(trimethoxysilyl) propyl methacrylate (MPS, 98%, Acros

Organics), ethoxylated bisphenol A diacrylate (EOBDA, Sar-

tomer Co., Inc.), neopentyl glycol diacrylate (NPGDA, Sartomer

Co., Inc.), 4,40-(hexafluoroisopropylidene) diphthalic anhydride

(6FDA, 99%, Sigma-Aldrich Co.), 4,40-(hexafluoroiso-

propylidene) dianiline (6FpDA, 98%, Acros Organics), N,N-

dimethylacetamide anhydrous (DMAc, 99.8%, Sigma-Aldrich

Co.), acetic anhydride (Acros Organics), hydroquinone (99%,

Acros Organics), 2,2-dimethoxy-2-phenyl acetophenone (Irga-

cure 651, Ciba Inc.), 4-octylphenyl phenyliodonium hexa-

fluoroantimonate (OPIA, UV-9380C, General Electric Co.),

tetrahydrofuran (THF, 99.5%, Acros Organics) and methanol

(99.98%, Tedia Co., Inc.). Pyridine (99+%, Acros Organics) and

2-hydroxyethyl methacrylate (HEMA, stabilized 98%, Acros

Organics), were dehydrated by 3 �A molecular sieve.

Preparation of 3-(trimethoxysilyl) propyl methacrylate (MPS)

modified colloidal silica

12.5 g of an MA-ST-M SiO2 colloidal solution was mixed with

20 g methanol for 10 min. 2.5 g MPS was added into the mixture

and reacted at 50 �C for 24 h to obtain MPS modified silica

nanoparticle solution.

Synthesis and characterization of photosensitive fluoroimide

acrylate (PSFIA)

The precursor of PSFIA, fluoroimide dianhydride (FIDA) was

first synthesized from dianhydride and diamine at room

temperature in N2. An excess amount of 6FDA was used to

create an imide oligomer with dianhydride end functional

groups. 4.09 g 6FDA and 1.5 g 6FpDA (molar ratio of 6FDA

and 6FpDA ¼ 2.05 : 1.00) were dissolved in 23 and 11 ml of

DMAc respectively, and then diamine solution was added to the

dianhydride solution to form amic acid. After stirring the amic

acid for 24 h under nitrogen purge, 1.84 g acetic anhydride and

1.79 g pyridine were added to the system. The solution was

heated to 90 �C under stirring for 7 h to form FIDA. The reaction

mixture was cooled and poured into 50 ml de-ionized water to

obtain a white precipitate. After centrifuging at 1000 rpm for

5 min, the product was collected by filtration and dried under

vacuum (�1 torr) at 150 �C for 24 h. 4 g FIDA powder was re-

dissolved in 24 ml DMAc to form a clear solution then reacted

with 0.88 g HEMA and 0.029 g hydroquinone at 75 �C for 24 h in

air (the molar ratio of the three compounds is 1 : 2 : 0.073). The

reaction mixture was cooled and poured into de-ionized water to

obtain white PSFIA powder. After centrifuging separation, the

product was dried in a vacuum oven (�1 torr) at 50 �C for 24 h.

The yield is about 68%.
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The chemical structures of the FIDA and PSFIA were deter-

mined by Fourier-transformed infrared (FT-IR) spectroscopy

and proton nuclear magnetic resonance (1H NMR) spectroscopy.

FT-IR spectra were recorded using a Nicolet Manga-IR500

spectrometer. Specimens were prepared by mixing 1 mg of the

sample with 100 mg dried KBr and pressing the mixture into

pellets. The spectra were acquired between 400 and 4000 cm�1 at

a resolution of 4 cm�1 and averaged over 32 scans at room

temperature. 1H NMR measurement was performed on

a Bruker-400 spectrometer. Specimens were prepared by dis-

solving 30 mg of the sample in 1 ml D-chloroform.

Preparation of solventless photocurable resin system

The compositions of the resin systems, labeled as NES and NPS

series, are listed in Table 1. The resin system was prepared

according to our established method.12 The general procedure

involves mixing the surface modified SiO2 nanoparticle solution

with a mixture of NPGDA and EOBDA and photoinitiator

(Ciba Irgacure 651) or with a mixture of PSFIA and NPGDA

and photoinitiator in an Al-foil covered flask that is shielded

from light. The mixing is under stirring for one hour at room

temperature. Then, the solvent in the mixture was removed using

vacuum (�10�3 torr) for about one hour to prepare a solventless

resin system.

Preparation of nanocomposite samples

The about 100 mm nanocomposite film sample was prepared by

casting the solventless photocurable resin system in a poly-

ethylene terephthalate (PET) mould, then cured by UV light

(365 nm, 1.86 mW cm�2, ENF-240C, Spectroline) for 2 min in

a N2 chamber. The thickness of the cured nanocomposite film

was determined by a thickness gauge (543–690 ID-S112, Mitu-

toyo Co.). A disk sample of 5 mm (diameter) � 2 mm (thick) was

prepared by casting the solventless photocurable resin system in

a Teflon model, then cured by a UV light (365 nm, 1.86 mW

cm�2) for 5 min on both sides. All UV cured samples are post

cured at 100 �C for 12 h. All the samples are examined by

differential scanning calorimetry (DSC 2920, TA instrument) to

show they are fully cured before subjecting them to different

characterizations (see supplementary information).

Preparation of thermally cured PSFIA (T-PSFIA)

In order to study the hydrophobicity of neat PSFIA without

reactive monomer NPGDA, a thermal curing process was

adopted to fabricate PSFIA film, and this thermal cured PSFIA

was named T-PSFIA. The melting point of PSFIA powder is

about 140 �C determined by DSC. At 140 �C, most peroxide

thermoinitiators and photoinitiators are not stable during the

melting of PSFIA. Therefore, a cationic photoinitiator OPIA

(thermal decomposition temperature is 166 �C determined by

DSC) was used as a thermal initiator to prepare the T-PSFIA

film. 1 g PSFIA, 0.04 g OPIA and 25 g THF were homogeneously

mixed in an Al-foil covered flask. After stirring for 10 min, THF

was removed by rotary evaporator, and the uncured T-PSFIA

powder was dried under vacuum (�1 torr) at 50 �C for 24 h. The

T-PSFIA film sample was prepared by placing T-PSFIA powder

on a glass plate, and melting at 150 �C under N2 for 10 min. After
J. Mater. Chem., 2010, 20, 3084–3091 | 3085



Table 1 Compositions and acrylate functionality of T-PSFIA, NES series and NPS series of resin system

Sample

Composition (wt%)a

AFNb/mol g�1 AFOc/mol g�1SiO2 MPS EOBDA NPGDA PSFIA

NES00 0 0 30.00 70.00 0 7.88E-03 7.88E-03
NES10 9.05 4.52 25.93 60.50 0 6.99E-03 8.45E-03
NES20 18.10 9.05 21.86 51.00 0 6.10E-03 9.10E-03
NES30 27.15 13.57 17.78 41.50 0 5.22E-03 9.83E-03
NES40 36.20 18.10 13.71 31.99 0 4.33E-03 1.06E-02
NES50 45.15 22.62 9.64 22.49 0 3.45E-03 1.15E-02
NES60 54.30 27.15 5.57 12.99 0 2.55E-03 1.22E-02
NPS00 0 0 0 70.00 30.00 6.86E-03 6.86E-03
NPS10 9.05 4.52 0 60.50 25.93 6.11E-03 7.38E-03
NPS20 18.10 9.05 0 51.00 21.86 5.36E-03 7.99E-03
NPS30 27.15 13.57 0 41.50 17.78 4.61E-03 8.69E-03
NPS40 36.20 18.10 0 31.99 13.71 3.86E-03 9.49E-03
NPS50 45.15 22.62 0 22.49 9.64 3.12E-03 1.04E-02
NPS60 54.30 27.15 0 12.99 5.57 2.37E-03 1.13E-02
EOBDA 0 0 100.00 0 0 4.27E-03 4.27E-03
NPGDA 0 0 0 100.00 0 9.42E-03 9.42E-03
T-PSFIA 0 0 0 0 100.00 8.64E-04 8.64E-04

a 4 wt% of photoinitiator is used based on the organic component. b Acrylate functionality of nanocomposite. c Acrylate functionality of organic
component of nanocomposite.
the powder melted, the temperature was increased to 170 �C in 10

min and held for 2 h to obtain the T-PSFIA film.
Characterization of the nanocomposite

The TEM nanocomposite ultra thin film samples were prepared

at room temperature by ultra-microtomy (Leika EM UC6 ultra-

microtome machine and Drukker ultra-microtome knife). A

cutting edge of 45� was used to obtain about 80 nm film sample

that was then placed on a 200-mesh copper grid. The sample was

studied by using a Joel JEM 1230 electron microscope with

a LaB6 filament, operating at an accelerating voltage of 100 kV.

The visible light transmittance of the nanocomposite film was

measured by a UV-Vis spectrometer (Perkin-Elmer Lambda 35).

The refractive index of the nanocomposite films was determined

by using a Metricon Prism Coupler 2010/M with a helium neon

laser of 633 nm (Melles Griot, 05-LHP-073-515).

The Young’s modulus and Vickers hardness of the nano-

composite were performed on the disk samples using a UMIS II

(Ultra-micro indentation system) pyramid-shaped indenter

(CSIRO) at a maximum force load of 5 mN.

The coefficient of thermal expansion (CTE) and glass transi-

tion temperature of the nanocomposites were measured in

nitrogen from 30 to 200 �C at a heating rate of 5 �C min�1 by

using a thermal mechanical analyzer (TA instruments TMA-

2940). The decomposition temperature (Td) of the nano-

composites was measured in air from room temperature to

600 �C with a heating rate of 10 �C min�1 by a thermal gravi-

metric analyzer (TA instruments TGA-2950).

The water absorption of the nanocomposite was determined

by weight difference before and after water absorption. The disk

samples were weighed first after drying at 100 �C for 24 h and

then cooling down to room temperature in a desiccator. The

dried samples were refluxed in de-ionized water at 100 �C for

24 h. After the reflux, the disk samples were weighed after cooling

down to room temperature and wiping off the surface water.
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Then, the water absorption of each nanocomposite was calcu-

lated from the weight change.

The water vapor permeability of nanocomposite films was

determined by using permeability cups (S-1003, Sheen Instru-

ments) in a temperature and humidity controlled environmental

chamber (Terchy HRM-80FA, Taichy Tech. Co., Taiwan). The

film thickness is about 100 mm and the test area is 10 cm2. The test

method followed the ASTM E 96 method. We have included the

film thickness in the calculation to obtain specific permeability.

The water contact angle of the nanocomposite film was

determined using a contact angle analyzer (FTA125, Ten

Angstroms, Inc.). Five contact angle measurements were per-

formed for each sample, and then the average and standard

deviation of the data were calculated. The surface morphology of

NES60 and NPS60 films coated with platinum was studied by

a JOEL JSM-6700F field emission scanning electron microscope

at an accelerating voltage of 10 kV.

The adhesive property of the nanocomposite film on a glass

substrate was determined by the crosshatch test according to the

ASTM D3559 method.

All the data obtained from characterizations are tabulated in

a Table in the supplementary information.

Results and discussion

Synthesis and characterization of photosensitive fluoroimide

acrylate oligomer (PSFIA)

Scheme 1 illustrates the synthetic scheme for the preparation of

photosensitive fluoroimide acrylate oligomer (PSFIA). A 2 times

excess equivalent amount of dianhydride 6FDA was used to

react with diamine 6FpDA to obtain dianhydride terminated

fluoroimide (FIDA). The FIDA was reacted further with 2 moles

of hydroxyl ethyl methacrylate (HEMA) to obtain PSFIA. The

FTIR spectrum of FIDA shows characteristic absorption bands

of 718, 1372, 1729, 1787 cm�1 for the imide group and 1858 cm�1

for the cyclic anhydride group (supplementary information). The
This journal is ª The Royal Society of Chemistry 2010



Scheme 1 Synthetic scheme for PSFIA oligomer.
FTIR spectrum of PSFIA exhibits characteristic absorption

bands of the acrylate ester of 1608 cm�1 (C]C) and 1720 cm�1

(C]O), and the carboxylic acid of 3500 cm�1 (COOH). The acid

functionality is designed into the fluoroimide resin system to

increase its affinity toward SiO2 nanoparticles and glass

substrate.

The 1H NMR of FIDA and PSFIA are used to determine the

chemical structure and the molecular weight of FIDA and

PSFIA (supplementary information). We designate protons of

monomer A (6FpDA) as a and b; protons of monomer B (6FDA)

as c, d and e; protons of the acrylate functional group of

monomer C (HEMA) as f, g, h, i and j. By integration of each

type of proton area and taking the ratio of specific proton area to

the total proton area before and after the reaction, we have

determined that the structure of FIDA is BAB and the structure

of PSFIA is a mixture of C-BAB-C (17 mole %) and C-BAB (83

mole %).

The resin part of the nanocomposite contains 30 wt% PSFIA

and 70 wt% of neopentyl glycol diacrylate (NPGDA). The

NPGDA is an acrylate monomer that dissolves PSFIA powder

and adjusts the flow behavior of the resin. Then different

amounts of 3-(trimethoxysilyl) propyl methacrylate modified

SiO2 nanoparticles are dispersed into the resin to obtain resin

systems containing 10, 20, 30, 40, 50 and 60 wt% SiO2, respec-

tively. In order to gain insight into the chemical structure effect

of fluoroimide acrylate on the performance of the nano-

composite, we have used ethoxylated bisphenol A diacrylate

(EOBDA) as a control. The resin system made from PSFIA is

called the NPS series and the resin system made from EOBDA is

called the NES series. The chemical composition and the acrylate

functionality of the resin systems are summarized in Table 1.
This journal is ª The Royal Society of Chemistry 2010
Physical and chemical properties of the nanocomposite

The physical and chemical properties of the nanocomposite are

greatly influenced by the crosslinking density of the nano-

composite. The crosslinking density will be higher if the acrylate

functionality is higher in the resin system. The theoretical acry-

late functionality can be calculated from the resin composition.

The acrylate functionality is decreased with increasing the

amount of MPS modified nanoparticle based on the total weight

of the organic matrix and nanoparticle (Table 1 column 7).

However, the acrylate functionality is increased with increasing

the amount of MPS modified nanoparticle based on the weight of

the organic matrix (Table 1 column 8), because the amount of

acrylate coupling agent MPS is increased with increasing the

amount of nanoparticle.

The adhesive properties of the nanocomposite are evaluated

by the crosshatch adhesion test on a glass substrate. It is inter-

esting to note that the NPS series fluoroimide acrylate nano-

composite exhibits much better adhesion properties than the

NES series nanocomposite. For example, at 40 wt% SiO2

concentration, the crosshatch adhesion is <35% (0B), >85% (4B)

for NES40 and NPS40, respectively. The unusually good adhe-

sive performance of the NPS series is due to the acidic func-

tionality of PSFIA which could form strong chemical bonding

with glass. As compared with the NES series, the lower acrylate

functionality of the NPS series also contributes to the good

adhesion because the shrinkage is less after the polymerization.

The UV-Vis spectra of nanocomposite films are shown in

Fig. 1 (a) and 1 (b). The samples of the NPS and NES series

exhibit no drastic transmittance changes with an increase of SiO2

content in the region of 400–800 nm. The transmittance of the
J. Mater. Chem., 2010, 20, 3084–3091 | 3087



NPS series samples (>89%) is not as good as the NES series

(>95%) in this wavelength range. The transmittance decreases for

both series below 400 nm which is due to the scattering of the

nanoparticles.27 However, the extent of decrease is more in the

NPS series than that in the NES series. The NPS10 and NPS20

samples containing the least amount of SiO2 exhibit the lowest

transmittance around 400 nm but the transmittance of NPS

series nanocomposite is improved with increasing SiO2 content.

The scattering from nanoparticles alone cannot explain the large

decrease in transmittance of the NPS series. As we compare the

TEM morphology differences between NES series (Fig. 2a, 2b

and 2c), and NPS series (Fig. 2d, 2e and 2f), the dispersion of

SiO2 nanoparticles of the NES series is obviously better than that

of NPS series. Nanosize aggregations (Fig. 2d) are formed in the

NPS series that are due to the interfacial interaction between the

nanoparticles and fluoroimide acrylate resin. The aggregations

(�50–100 nm, Fig. 2d) are larger than the nanoparticle individ-

ually isolated by resin (�20 nm, Fig. 2a) which results in large

scattering and low transmittance. The transmittance of the NPS
Fig. 1 Transmittance of nanocomposites: (a) NES series and (b) NPS

series, (c) refractive indexes of NES series and NPS series nano-

composites.
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series is increased by increasing of the amount of SiO2 nano-

particle (Fig. 1b) because the aggregation decreases with

a smaller amount of fluoroimide acrylate resin (Fig. 2e and 2f).

The morphology of the nanocomposite is controlled by the

interfacial interactions between nanoparticles and resin. The

hydrophobic characteristic of the fluoroimide acrylate resin

shows less compatibility with SiO2 nanoparticle as compared

with ethoxylated bisphenol A acrylate resin (EOBDA). The

phase separation between the fluoroimide acrylate oligomer and

the SiO2 nanoparticle occurs and aggregates are formed. The

detailed comparison of hydrophobicity between the NES series

and the NPS series will be discussed later.

Fig. 1c compares the refractive index differences between NES

and NPS series nanocomposites at different SiO2 content. The

refractive index of NPS neat polymer (NPS00) is intrinsically

lower than that of NES neat polymer (NES00) due to the pres-

ence of fluorine in the polymer. As expected, the refractive index

of both nanocomposites decreases with increasing content of low

refractive index SiO2. The extent of decrease of refractive index

of the NPS series follows the addition rule of blending systems.

However, the extent of decrease of the refractive index of the

NES series does not follow the addition rule and its curve shows

two slopes. It is interesting to observe that the refractive index of

the NES60 sample (containing 60 wt% SiO2) is almost equal to

the refractive index of fused SiO2
28 (1.4675 vs. 1.4570). The result

indicates that the compatibility between the NES polymer and

SiO2 nanoparticles is much better than the compatibility between

the NPS polymer and SiO2 nanoparticles which is consistent with

the TEM results (Fig. 2). It has been reported that the refractive

index of well dispersed nanocomposite systems does not follow

the addition rule.4 When the amount of nanoparticles is greater

than the percolation threshold of the network, the properties of

nanoparticles dominate.29

As expected, the micro-hardness and Young’s modulus of

both NES and NPS series nanocomposites are increased with

increasing the content of SiO2 (Fig. 3). The nonlinear relation-

ship is present in both systems due to the formation of a perco-

lation network at a higher content of SiO2 as shown in the TEM

photos (Fig. 2b, 2c, 2e and 2f). The NES neat polymer has higher

acrylate functionality (e.g. higher crosslinking density) than the

NPS neat polymer, thus the former exhibits a higher micro-

hardness. However, the Young’s modulus of NPS neat polymer

is higher than that of NES neat polymer. The fluoroimide moiety

of polyfluoroimide acrylate is expected to provide stronger

mechanical toughness as compared with pure polyacrylate

obtained from ethoxylated bisphenol A diacrylate.

Fig. 4 shows the NES neat polymer exhibits a higher Td than

the NPS neat polymer due to the former has higher acrylate

functionality resulting in higher crosslinking density (see Table

1). The extent of increase of the Td of the nancomposite with

increasing content of SiO2 is higher for the NPS series as

compared with the NES series because the increasing rate of

acrylate functionality is higher in the NPS series (see Table 1).

From the chemical structure effect point of view, the fluoroimide

acrylate itself should be more thermally stable. However, the

oligomer PSFIA of the NPS series has a higher molecular weight

and mono acrylate functionality that results in a lower acrylate

functionality of the NPS neat polymer as compared with the

NES neat polymer.
This journal is ª The Royal Society of Chemistry 2010



Fig. 2 TEM images of nanocomposites: (a) NES20, (b) NES40, (c) NES60, (d) NPS20, (e) NPS40 and (f) NPS60.

Fig. 3 Comparison of micro-hardness (a) and Young’s modulus (b)

between the NES and NPS series nanocomposites. Fig. 4 Comparison of decomposition temperature (a) and coefficient of

thermal expansion (b) between the NES series and the NPS series

nanocomposites.

We have used contact angle measurement to evaluate the

hydrophobicity of the neat polymer and nanocomposite (see

supplementary information). As expected, the NPS series shows

a larger contact angle than that of the NES series (Fig. 5a). The

pure polyacrylate made from EOBDA shows a contact angle of

about 71� due to its hydrophilic poly(ethylene oxide) structure.

The T-PFSIA exhibits a high contact angle of about 100� from

the hydrophobicity of the fluoroimide moiety that overrides the

hydrophilicity of polar acrylate and carboxylic acid moieties. By

adding 70 wt% of NPGDA monomer into the PSFIA, the

contact angle of PSFIA decreases to about 82� because the

NPGDA is more hydrophilic than the PSFIA. The contact angle

of the nanocomposite increases with increasing content of SiO2

nanoparticles, which results from the nano roughness created by
This journal is ª The Royal Society of Chemistry 2010
the nanoparticles (Fig. 5d). It is interesting to observe that the

extent of contact angle increase is higher for the NPS series than

the NES series. The difference may be from the formation of

SiO2 nanoparticle aggregates in the NPS series which has been

observed in the TEM image of NPS 20 (Fig. 2d). Fig. 5 clearly

indicates that NPS60 has a rougher surface than NES60. This

results in a higher contact angle of NPS60 as compared with

NES60. The nanosize aggregates increase surface roughness thus

enhancing the hydrophobicity of nanocomposite NPS60. The

NPS60 still exhibits good transparency (96.44% at 400 nm)

because its surface roughness and aggregate size are smaller

than 100 nm with minor light scattering. Therefore, high
J. Mater. Chem., 2010, 20, 3084–3091 | 3089



Fig. 5 (a) Comparison of contact angles between NES and NPS series,

(b) water droplets on the surface of highly transparent NPS60 coated on

glass and the inset shows the contact angle of the film is 142�. SEM

images of nanocomposites (c) NES60 and (d) NPS60.

Fig. 6 Comparison of water absorption (a) and water vapor perme-

ability (b) between the NES series and NPS series nanocomposites.
hydrophobicity of the NPS series nanocomposites can be ach-

ieved by increasing the content of SiO2 without decreasing its

transparency. Fig. 5b demonstrates that a large area of highly

transparent and hydrophobic coating can be easily obtained by

UV-curing of NPS60. There is no solvent and high temperature

calcination involved in the process.

The material used for device encapsulation has to have the

properties of low water absorption and low water vapor

permeation. These two properties have been studied for the

nanocomposites of the NPS series and NES series. The results are

shown in Fig. 6. The NPS series shows much lower water

absorption and water vapor permeability than those of the NES

series due to the presence of the more hydrophobic fluoroimide

group. When the SiO2 content of the nanocomposite increases,

the barrier properties of both the NES series and NPS series

nanocomposites are enhanced. The results are expected because

SiO2 is denser than the organic matrix and less water permeation

is possible. However, the decrease of water absorption and water

vapor permeability of the NES series is more obvious than that of

the NPS series. Both inorganic and organic components of the

nanocomposites play a role in water absorption and water

permeation behaviors. Apparently, the enhancement of barrier

properties contributed by spherical SiO2 nanoparticle is not

obvious for the nanocomposite made from polyfluoroimide

acrylate which itself has good barrier properties.
Conclusions

We have successfully synthesized a hydrophobic photosensitive

fluoroimide acrylate oligomer containing carboxylic acid func-

tionality that can be easily blended with acrylate monomer,

acrylate modified SiO2 nanoparticle and photoinitiator to make

an environmentally friendly and energy conserving solventless

photocurable resin system for fabricating nanocomposites. The

nanocomposite exhibits excellent performance including high

transparency, good adhesive strength, good thermal stability,

high mechanical durability and low moisture permeation. As
3090 | J. Mater. Chem., 2010, 20, 3084–3091
compared with conventional non-fluoro oligomers, the fluoro

oligomer plays a major role in the enhancement of the physical

and chemical properties of the nanocomposite in addition to the

contribution from the nanoparticles. This new novel nano-

composite will be useful for applications in optics, waveguides

and device encapsulation.
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