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Trangparent Nonlinear Optical (NL O) inorganic/organic(polyimide/silica) hy-
brid composites with covalent links between the inorganic and the organic
networks were prepared by the sol-gel method. The silica content in the hy-
brid filmswasvaried from 0to 22.5t%. The prepared Pl hybridswere charac-
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terized by IR, UV-Vis, thermogravimetric andys §(TGA), X-ray diffraction(XRD),
scanning electron microscopy(SEM) and Transmission Electron
Microscope(TEM). They exhibit fair good optical transparency. The SO, phase
iswell dispersedin the polymer matrix. DSC and TGA results show that these
hybrid materialshaveexcellent thermal stability. The polymer solutionscould
be spin coated on the indium-tin-oxide(1 TO) glassto form optical quality thin
films. The electro-optic coefficients(y,,) at thewavelength of 832 nmfor poly-

mer thin filmspoled wereintherange of 20-30pm/V.
© 2008 Trade ScienceInc. - INDIA

INTRODUCTION

Therehasbeen greet interest inthe devel opment of
second-order nonlinear optical (NLO) polymeric ma-
terialsfor photonics applications. A number of NLO
polymers have been devel oped to exhibit large second
harmoni ¢ coefficients, comparableto those of theinor-
ganic NLO materialswhich arecurrently inusein de-
vices. NLO materials have potential applicationsin
optical signal processing, switching and frequency
generation(making use of processes such asharmonic
generation, frequency mixing, and optical parametric
oscillation), and may a so contributeto optical datastor-
age, optica communication, and image processing*4.

For practical applications, these NLO polymeric ma-
teridsmust retainthehigh opticad qudity thinfilms, high
optical damagethresholds, sufficiently largeand stable
NLO susceptibilities, low optical propagationlossand
feasibility of devicefabrication>9, Inorganic glasses,
however, are excd lent photoni c mediabecause of their
high optical quality and extremely low optical |osses.
Therefore, combininginorganic glassand organic photo-
functional moleculesis probably one of the best ways
of getting optical materialswithlarge optical non-lin-
earity and low losses. In addition to this, the use of
highly cross-linked silicamatrix canremarkably reduced
thethermd relaxation of themolecular dipoles-*2,
Inthisstudy, we synthesized an € ectrooptica chro-


mailto:fxqiuchem@163.com

MSAIJ, 4(1) January 2008

Qiu Fengxian et al. 23

mophore,hydroxyl polymide based on thefluorine-con-
taining monomers, PMDA-6FHP(Figurel.) and Side-
chanNLO polyimidePMDA-6FHP-NLO (Figure2.).
We reported the sol-gel synthesisof organic-inorganic
slicawaveguidematerids(Figure 3.), and investigated
the optical properties, thermal propertiesand micro-
graphsstudy.

EXPERIMENTAL

M aterialsand characterization

N,N-dimethylacetamide(DMAC) weretirred over
powered calcium hydride overnight and then distilled
under reduced pressure and stored over 4A molecular
sieves. The 2,2-Bis(3-amino-4-hydroxyphenyl)
hexafluoropropane(6FHP) was obtained from TCl and
used without further purification. The Pyromellitic
dianhydride(PMDA) was obtaned from Beijing chem-
istry agent plant. The 3-aminopropyltriethoxysilane,
APTESwas purchased from Nanjing shuguang chemi-
cd plant. Tetrahydrofuran(THF) was purified by distil-
lation and other reagents and sol ventswere obtained
commercially and wereused asreceived.

IR spectraof theprepared thin filmswere obtained
onaKBr pellet using Nicolet AVATAR 360 spectrom-
eter. Toexaminetheoptica characteristicsof materids
with addition of samplelight transmiss onwasmeasured
in ultraviolet and visible range by means of
spectrophotometer(shimadzu UV-240). Thefracture
surfaces of hybrid thin films were examined on the
HITACHI X-650 Scanning Electron Microscope
(SEM). HITACHI H-600 Transmission Electron
Microscope(TEM) measured the particle sizes.
Thermogravimetricanays(TGA) and differentid scan-
ning calorimetry(DSC) wereperformed on NETZSCH
STA449C. The programmed heating rangewasfrom
room temperatureto 800°C, at aheating rate of 10°C/
min under nitrogen atmosphere. The measurement was
taken using 6-10mg samples. TGA and DSC curves
were recorded. X-ray diffraction (XRD) patterns of
SiO, were obtained with aCuK o X-ray sourceand a
step of 0.02(20) and run from 20=680°at room tem-
perature. Thedementd andysiswasdeterminedonthe
Foss Heraeus CHN-O-Rapid.

Synthesisof aNL O chromophore
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Toastirred solution of p-nitroaniling(13.8g, 0.10
mol) in methanol/HCI (50%,V/V,50mL) was added
sodium nitrite(6.9000g,0.10moal) inice-water(15%,m/
m) at 0°Cl**14, The mixture was stirred at thistem-
peraturefor 1h. Meanwhilestirred solution of purified
by distillation aminobenzene (9.39,0.10mol) in HCI
(50mL, 1mol-L1).Thenthesetwo solutionswere mixed
and added sodium nitrite(6.9000g,0.10moal) in ice-
water(15%,m/m) at 0°C. The mixture was added
dropmise into a solution of N-2-hydroxyethyl-N-
methylaniline (15.1000g, 0.10mol) with abundance
HAc-NaAc. The mixturewas stirred at 40-50°C for
20min. The mixture solution was cooled down and
placed for 2h, and the solid was collected by filtration
and further recrystdlized from toluene/methanol (4:1) to
giveabright red crystal. '"H NMR(300M Hz, acetone-
d,, ppm): 10.61(s, OH, 1H), 8.05(s, ArH, 2H), 8.00(s,
ArH, 2H), 7.83(s,ArH, 2H), 7.11(s,ArH, 2H), 6.56(s,
ArH, 2H), 6.20(s, ArH, 2H), 4.20(s, -CH,CH,O-,
2H), 3.73(s, -CH,CH,0-, 2H), 2.46(s, -CH,, 3H).
Anal. Calcd for C, H, N,O,: C, 62.38%; H, 4.95%;
N, 20.79%. Found: C, 62.48%; H, 4.89%; N, 20.82%.

Hydroxyl polyimidesynthesis

The polymerization was conducted in adry nitro-
genflushed three-neck flask with amagnetic stirrer, re-
verse Dean-stark trap, and reflux condenser filled dry
xylene. A stoichimetric amount of PMDA (1.636g,
7.5mmol) wasadded to asolution of 6FHP(2.7470g,
7.5mmol) in30mL DMAC at 0°C. The solution was
then warmed to room temperature and magnetically
stirred overnight under nitrogen to form the poly(amic
acid) solution. Dry xylene(30mL) was added to the
flask, and the poly(amic acid) wasthermadly cyclized in
an ail bath a 160°C for 5h under nitrogen atmosphere.
Theresulting solution was added dropwiseinto asolu-
tion of methanol/water(1:1,V/V,50ml) and
2NHCI(10mL) in ahigh-speed blender to obtain the
polyimideM. The product wasfiltered and washed with
methanol /water (1:1,10ml) for threetimes, and dried at
60°C under vacuum for 24h. M*H NMR (300MHz,
CD,COCD,, ppm): 10.62(s, OH, 2H), 8.32(s, ArH,
2H), 7.62(s,ArH, 2H), 7.31(d, ArH, 2H), 7.10(d, ArH,
2H). Anal. Calcd for CH, F.N,O,: C, 54.74%; H,
1.82%; N, 5.11%. Found: C, 54.79%; H, 1.79%; N,
5.15%. Themolecular wei ght can bemeasured by GPC

e, P aterioly Seience

Hn Tndéan g%wumé



24 Electro-optical properties of PMDA-6FHP-NLO polyimide/ SiO,

MSAIJ, 4(1) January 2008

Full Paper ==

O O
CF;
CF;
0 o} NH; NH,
(1) DMAC
(2) xylene/r eflux

165°CIN,
-2(m+1)H,0

Polyimide M
Figurel: Syntheticroutefor hydroxyl polyimide

Polyimide M

NLO molecule
PPh,

Polyimide M
Figure2: Syntheticroutefor PM DA-6FHP-NL O polyimide

Inor ganic networ kformer
Si(OEt),

l hydrolysis

Inor ganic networ kformer
polyimide N
radical

condensation APTESl polymerizatior

Covalently bonded inorganic/or ganic networ k
imidization
dried
cast films
hybrid H
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andhasaM of 16,600,anM of 37,400 with apoly-
dispersity of 2.30(polystyrenesas standards). Thesyn-
thetic routewasshowninfigure 1.

Synthesisof PMDA-6FHP-NL O polyimide

The polyimide M(PMDA-6FHP, 1.097g, 0.5
mmol), PPh, (0.393g, 1.5mmol) and 4-(N-2-
hydroxyethyl-N-methylanino)-4’-(p-nitrobenzene-
diazenyl)azobenzene(NLO chromophere)(0.404g,
1.00mmol) were dissolved in THF(15ml). Diethyl
azodicarboxylate (DEAD) (0.2600g, 1.50mmol) was
added dropwiseinto the sol ution under nitrogen atmo-
sphere. Thereaction mixturewasstirred for 2 daysat
room temperature, and then theresulting reaction solu-
tion was added dropwiseinto an agitated sol ution of
methanol /water(1:1,30ml) and 2N HCl(5ml) inahigh-
speed blender. The collected solid further precipitated
in THF(10ml) are reprecipitated into the sol ution of
methanol/water. The product was filtered out and
washed with methanol /water for saverd times, and dried
at 60°C under vacuum for 24h. N *H NMR (300MHz,
CD,COCD,, ppm): 8.36(s, ArH, 2H), 8.05(s, ArH,
4H), 8.00(s,ArH, 4H), 7.85(s,ArH, 4H), 7.62(s, ArH,
2H), 7.32(d,ArH, 2H), 7.11(d, ArH, 2H), 7.07(s,ArH,
4H), 6.56(s, ArH, 4H), 6.20(s, ArH, 4H), 4.20(s, -
CH,CH,0-, 4H), 3.66(s, -CH,CH,O-, 4H), 2.40(s,
-CH,, 6H). Anal. Calcd for C_H,F.N, O, C,
60.91%; H, 3.48%; N, 14.85%. Found: C, 60.95%;
H, 3.44%; N, 14.90%. The molecul ar weight can be
measured by GPC and hasaM  of 26,800, an M  of
42,700 with apolydispersity of 1.60(polystyrenesas
standards). Thesynthetic routewas showninfigure 2.
Synthesisof inorganic-organichybrid materials

Hybrid materia sweresuccessfully synthesized via
sol-gel process. Itstechniqueisbased on creating two
individud homogeneousinorganicand organic solutions,
which arethen mixed together and allowed to react at
room temperaturewith carefully controlled evapora

TABLE 1 :Reactant summary and properties of polyimide and hybrid systems

Materials TEOS(wWt% )polyimide(g)APTES(mI)HCI(ml)H,O(ml) THF(mI) Appearance’(ml) Tgb(OC)

Ta°CC)  ya(pm/V)

N 0 213 352 30
H-1 5 2.55 0.20 0.10 0.25 30 Transparent 336 448 28
H-2 10 2.55 0.20 0.25 0.53 30 Transparent 338 451 25
H-3 15 2.55 0.20 0.50 1.02 30 Transparent 341 453 23
H-4 22.5 2.55 0.20 0.65 2.10 30 Transparent 343 456 20

aUV-Vis spectrum was observed; °Experimental results from DSC; *Experimental results from TGA
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Figure4: FT-IR spectrumsof H-1(a), H-3(b) and H-4(c)
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Figure7: XRD patterensof theH-3

tion conditions. Thesynthetic routewasshowninfigure
3. TABLE 1 summarized the various hybrid systems
fabricated for thisstudy.
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RESULTSAND DISCUSSION

Figure4 illustrated the FT-IR spectraof the pre-
pared polyimide-silicahybrid H-1, H-3and H-4. The
characteristic absorption bands of theimidegroup were
observed at 730, 1377, 1715, 1774cm™ for all samples
as shown in Figure 4. The absorption band around
1000~1140cm*gradually increased intensity with in-
creasing silicacontent, cons sted with theformation of
thethree-dimensional Si-O-Si network inthe hybrid
filmi*51¢, The broad absorption around 3100~3500
cnrt were assigned tothe Si-OH reside, formed inthe
hydrolysisof alkoxy groupsof TEOS. Thisband was
barely detectablein the spectrum of H-1 with alower
silicacontent but increased itsintensity inthat of C-4
with ahigh silicacontent!*”). Besides, the FT-IR spec-
trum consists of some peakslocated a 1520cm™ (v, -
N=N-), 1364cm*(v_, -C-N-C-), 1345cm*(v,, -
NO,), 1378cm* (wagging CH,), 695cm ™ (wagging N-
H), indicating that theslicaxerogd networkswerecom-
posed of Si-O-Si backbonesand some organic groups.

Figure5 and figure 6 showed the SEM and TEM
micrographsof theprepared polyimide-silicahybrid thin
filmsH-2 and H-4. In most cases, surface morphol ogy
of materiasisof great importancefor many technical
applicationsrequiring well-defined surfaces or inter-
faces. From figure 5, no phase separation could be
observed. That was, covalent bonding (Si-O-Si) be-
tween the organi ¢ and inorgani c components enhanced
miscibility. They were homogeneoudy and uniformly
dispersed at amolecular level. When thesilicacontent
was below 15wt%, the silicaparticle sizewas 50nm,
which showedin Figure 6. However, whenthesilica
content was increased to 22.5wt%, the particle size
wasincreased to 80nm. Theincreaseinthesilicapar-
ticleszeclearly resulted fromtheincreaseintheaggre-
gationtendency asthesilicacontent and thesilicapar-
ticle number were increased. These micrographs
showed thefineinterconnected or co-continuous phases
morphology, which improved the efficiency of stress
transfer mechani sms between thetwo components.

XRD measurements were conducted to estimate
thecrystdlinity of the hybrid materid s(H-2,) isshown
in figure 7. A diffractogram typical of amorphous
samples could be seen, The XRD patternsof the hy-
brid film(H-3) displayed only avery broad hump cen-
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tered at 20=21.82°C respectively; originating from amor-
phousphaseof aromatic polyimide. Thisresult dsoindi-
cated that covalent bonding(Si-O-Si) betweentheor-
ganicandinorganiccomponentsenhanced miscibility.

Toexaminethermd activitiesof hybrid materiasin
higher temperaturerange and their therma decomposi-
tion characteristics, DSC and TGA experimentswere
carried out on NETZSCH STA449C with the heating
rate 10°C/min under nitrogen. Their data listed in
TABLE 1. Compared with the purepolyimideN, the
initial degradation temperature(Td) of hybrid materias
increased with theincrease of TEOS moiety. Theen-
hanced thermal stability of hybrid materialswasdueto
the formation of network of polyimide and theinor-
ganic moieties, which resulted from therestriction of
polymer chain mobility and becomesmoreintertwined
with therigid silicanetwork. Therefore, the existence
of covaent bondsbetween polyimideand silicaimpose
even morerestrainted to chain movement in hybrids.
DSC anaysisshowed glasstrangtion temperature(Tg)
for the polyimide-silica network in the hybrids at
336~362°C. Based on what was mentioned the above,
the compatibility of the PI/SiO, hybrid could be en-
hanced viaincorporating polymer matrix withinorganic
dlicacovdently. Thechemicd bondingnot only restricted
themigration of inorganic silicatesbut a so hinderedthe
aggregation of silanol*¥. It was estimated that these
materia swould be pretty good for the practical appli-
cation.

High-quality filmscould beeasily prepared from
the polyimidesand hybrids solutionsin NMP by spin
coating on ITO glass. The e ectro-optic (EO) coeffi-
cient measurement of our nanohybrid was performed
at awavelength of 832 nm. Thetest sampleconsisted
of ahigh-index prism, athinslver film, apoled materid
layer, abuffer layer, and abasesilver film. Thesilver
filmwasthermally evaporated onto the hypotenuseface
of ahigh-index prism asthefirst e ectrode. Thethick-
nessof thefilm wasabout 55nm. A polymer wasspin
coated onto the silver substrate to a thickness of 1-
2um, which can support four or five surface-plasmon
modeswith TE or TM polarization. A polymer buffer
layer wasthen coated onto the polyimidefilmto athick-
ness of 3-5um or so. Corona discharge poling was
performed by dignment of thechromophoredipolesin
ahigh gaticdectricfiddwhilethepolyimidewashested

Woateriolsy Science  mmm——

tohighmobility cdlosetoitsglasstrangtiontemperature.
Thepoling voltagewas 1500 V. Findlly, another silver
filmwas deposited onto the buffer layer asthe second
electrode. They,, vaueswerelistedin TABLE 1. From
the TABLE 1, the v, coefficients of hybrids were
smdller than corresponding polyimide. Thiswasdueto
the content of chromophoreissmaller than the pure
polyimide. Therefore, theseresults showed that these
polymers might be useful in photonic deviceapplica-
tions.

CONCLUSION

Trangparent Nonlinear Optical (NLO) inorganic/
organic waveguidefilms systemshad been preparedin
Situ sol-gel process. They have network structureand
slicaparticdleswereuniformly dispersedinthenanoscde.
Covaent bonding(Si-O-Si) between theorganic and
inorganic componentsenhanced miscibility betweenthe
slicaand thecopolymer. Thethermogravimetric analy-
ssand differentia scanning caorimetry behaviorsindi-
cateexcdlent therma stability. Theresulting polyimide/
slicahybridsexhibited arelatively high Tg_336°C and
thermal stability upto448°C. LargeEO coefficient val-
ues (20-30pm/V) at thewavel ength of 832 nm were
achieved and thevauesremained well.
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