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Program Objective: „„wr^rir 

The sosl of «r effort is » d^op ^-^Ä 
*Ä«oi cvstpms with optimized nonlineanty, thermal, chemical ana puui 
ÄRA and fabricator of «liable UqcfedB-O dev.oe, 

Status of Effort: 

Our wo* this yea, has ^^^^icÄ ffSfÄ 

ZS polymers and effectively "harden" these matenals to facilitate the processes of 
HSSÄ«** channel waveguides and efficient electric field poling. 

Accomplishments and New Findings: 

We have made significant breakthrough in the E-0 polymers via the successful 
development of chromophores and polymer synthesis. 

*  Chromophore Development 

A series of highly efficient, chemically and thermally stable (>310 °C) nonlinear optical 
chromophores were prepared ^gh the replacement of the most reactive CN group in the 
tricyanovinylthiophene derivatives with perfluoroaryl units. 

In practice, polymer based electro-optic (E-O) devices require that nanline«^ 
(NIX)) polymers possess excellent E-0 properties. The large E-0 coefficient (r33) of a polymer 
fgSeSly realized by aligning the dipole moment ö0 of efficient NLO chromophore with a 

hiah external electric field at a temperature above the glass-transition temperature (T6) of the 
Potme ThereS"e, chromophores* with large molecular nonlinearity (ß) ^crucial to the 
advancementof NL6 polymers, and have drawn interests upon their theory-guided design and 
star0fTe Lt synthesis/Among them, a series of highly polarizable chromophores based on 
he tricyanovinyl-substituted heteroaromatic chromophores have demonstrated very large 

Bu. vaTues   Although  poled E-O polymers with these chromophores incorporated either as a 

gues^ fr 1 there are several deficiencies associated with these materials. (Figure la) For instance the 
2Ä £ £ Scyanovinyl acceptor is very susceptible to f^^J^f^^ 
mav easily diminish the nonlinearity of the chromophores. On the other hand, the flat structure 
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greaüy improves the chenüca!stability of *e derived ^^J^f«^ 
electron-deficient characteristics, these P^oroary! g°°P^"h.««  FunhennU from 

efficiency and decrease the scattering-induced optical loss- 

^3   be easily attacked 

CN 

C3  easily aggregate 

,=/ s-y prevent the attack and 
maintain Ifie strength 

/H  decrease Iniermolecular 
S|"^  stehe interaction 

Figure 1 

The general synthetic route for the a-perfluoroaryl-dicyanovinyl containing 
chromophores is shown in Scheme 1. The tetrafluoropyridinyl lithium was prepared by the 
lithiation of tetrafluoropyridine with n-BuLi at -70 «C. The heptafluorotolyl lithium was 
generated by the lithium-halogen exchange reaction of the p-heptafluorotolyl broimde with 2 eq. 
of f-BuLi at -78 °C. To the prepared perfluoroaryl lithium solutions in THF at -7U U 
tricyanovinyl chromophores were added neat in one portion and the reaction mixtures were 
stirred at -70 °C for 1 hour then warmed slowly to room temperature to give compounds la-3a 
and lb-3b after purification by silica gel chromatography. All of the compounds were fully 
characterized by lH NMR and elemental analysis. . 

The chemical stability of the chromophores to a nucleophile was tested in a chloroform 
„maSZwL** w'th a large excess of dirty« The UV vis absorpuonspectra 
of these perfluoroaryl-dicyanovinyl containing chromophores showed excellent chemical 
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stability in a oleophilic environs« (Figure 2), unlike «heir tticyanovinyl analog whioh was 
almost instantaneously decolored. 

t:R.CH, i:R-Pn »: R - (ttWCiH« 

y- **• F*>~ö-    ' 

Scheme 1 
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Figure  2 
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The charge— (CT) propres, ^S^S^^S^Z 
stability of these chromophores are show,, «TWto 1Jh^™™? corresponding 

containing ^f^ZZ^^t^^"»aToTb »Xane are located a, 595 and 
tricyanovinyl counterparts. For insence, *'>™ °V*Z,iation of the absorption band from the 

SSStoTSÄI» blue-shifted X„ of both chromophores ^*^£!£S£ 
Sttength of the new e ectron acceptors. This notion was supported by the• °'«»«he™^ 
moments using cyclic voltammetry (CV). The new chromophores la and lb boA possess 
Wghe" reTucUon potentials at -1.02 V and -1.04 V, respectively when compared to -0.80 V for 
their parent compound 1. 

».„«(nm)» E'RodW E°o«(V)> Td CC)° 

1 640 ■O.B0 0.56 240 

2 601 N/A N/A 315 

a 625 N/A N/A 31S 

la S9S -1.02 0.52 320 

2B 56« -0.96 0.73 3S0 

3B 577 -1.01 0.61 360 

1b 591 -1.04 0.56 310 

2b 553 -1.03 0.72 340 

3b 573 -1.04 0.61 370 

e) in a dllwo dio*ane solution 
b) in a ClCHzCH2CI solution of BitflPF« (0.1 M), v.s. Ag-/Ag 
C) Baaled-pan DSC measurement In Nj. 20 "C/min 

Table 1 

Thermal stability measurements using the sealed pan differential scanning calanmetry 
(DSC) revealed that these chromophores possess excellent thermal stability (310-390 °C) which 
is much higher than that of 1 (240 °C). . 

The optical and E-O studies were performed on the polymers (guestVhost) in which 
chromophores la and lb (25 wt.%) were formulated into polyquinohne (PQ-100). Optical 
quality thin films were spin-coated onto glass slides and indium-tin-oxide (ITO) glass substrates 
using a 12 % w/w solution of the resin in cyclopentanone. These films were heated at 85 C in 
vacuum for 24 h and then were briefly baked on a hot stage (160 °C) under nitrogen for 20 nun 
to remove the residual solvent. The dipole alignment of the chromophores was achieved by 
poing with a high electric field of 1.0 MV/cm at 200 °C. The r33 values of NLO polyquinohne 
fümsof la and lb were 32 pm/V and 28 PnW at 1.3 urn. The slight decrease in the E-0 
coefficients when compared to 1 may be attributed to several factors, such as the lower number 
density of la and lb because of the higher molecular weights of these compounds, and the 
weaker electron withdrawing ability of perfluoroaryl-dicyanovinyl. 

The optical loss of the NLO polymer films (< 2 dB/cm measured at 1.3 urn) is much less 
than the 6.0 dB/cm for a similar film contains a tricyanovinyl substituted chromophore. This 
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supports - hypothesis that «he 3-D strudure of these perftubroaryldicyanvinyl -" "» 
prevent chromophores from forming aggregates. 

•* Electro-optic polymers development 

A series of novel seeond-order nonnnear ^^^"^"00^^ 
sfficon-perfluorocydobutane (PFCB) have b- ^"XySr).containing NLO 
using the crosslinking reaction bet«"» *V*J™ .^ /tatt at 180-250 "C. The 
chromophores and the ^^^I^^llSZZlu «^tt^^ to very sensitive 

desirable thermal, nonlinear optical, and mechanical properties. 

T^   ,H. » lar^ number of high ßu chromophores has been synthesized and 

chromophore-contaming monomers or by step grown,j Unfortunately, 

S c~aSÄmopholes often act as retarders or inhibitors to the reaction and Aereby 

SÄE SS^TÄSSÄL the harJacidic/basic condirions a, high 

KmPerR"«ntly perfluorocyclobntane(PFCB)-containing polymers have been studied as a 
unioue daTot nuoropolyiners with a combination of excellent properties, such as low 
unique class 01 ""oiup  ' . ,tabilitv hiEh glass-transition temperature, and optical 

this   study, we report a novel synm™= *PJ     .       utilizme the well-defined nature and 

chromophores or inhibiting polymerfcauon (Scheme 1) 
NLO chrcmophore-eontaimns!»°»"»£^STride and^/droxy-containing 

the condensation reaction between 4(n0u(OT«i»l W™ L,ribea in Scheme 1. All of 
chromophores at ambient temperature under mild condmons f *^wteduXg 'H NMR 
d» monomers were purified by column chromato^aph, an^SS« ^4 * *ese 
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profiles similar to that of general <*-*^^ 
of Scshowedapeakpolymerizaüontemp^ by simply 
per perfluoroalkene linkage.   Consequently, P^f ^ ^ atmJsphere at 150-250 
heating the neat monomers or the solution ^^^"3^2^^^ * a radical" "C   The NLO chromophores remained intact since the poiymerizauon jp* 
£di*ri Vtepwise addition that is followed by a rapid ring cychza ion (Scheme 2). This is very 
Efem the conventional radical and condensation poiymenzauon. 

F^XF 

A 

1 * 

XofCh^l 

«•A '    "-O"?^^0 

THF, Pyil*l« 

MMltytoni 
B-Sug«9 D spivcMUra 

' E iao-iBO t 

Scheme 1 

The linear NLO polymers «a-e obtained by bulk polymerization of 3 at 180-250 'C had 

moleenlar wejeh« ran^ from 3WJ0-JW» £«***£; J^f ^Ä", 
°r due to high chromophore concentrations (38-31 wi /o). m uiuci "«j /, QT 
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40 * wAO. Optical quality thin Ufa. J^^ZT^T^X^^ 
prepolymers have low Tgs or melting V™"*gg ^ JJ^SLg NLO PFCB thcrmosets 
efficiently crosslinked in thin films *^^^^e „ Weight losses of <3% up to 350 
have high 7,0180 °C) and excellent thermal **^£™ ^ ^ NLO polymers. Most 
»C were observed by thermogravimetnc »^^^^^^J, which is highly 
importantly these NLO PFCB thermosets possessed excellent solvent 
dSTe for multilayer process in the fabrication of E-0 devices. 

Y Y St 
F 
F 
O-Ar" 

jw*—L^S^c-j- 

Scheme 2 

Polymers Chromophore T% Weight loss K^ 
density ("Cf at350°Cb (nm) 
(w/w%)  

at350°Cb 

(%) 

Loss 
(dB/cm)d 

TE TM 

7b 
7c 
7d 
7e 

30 
25 
20 
25 

185 
230 
195 
192 

0.9 
0.2 
0.8 
2.4 

506 
502 
511 
636 

1.5855 
1.5670 
1.5454 
1.5752 

1.5840 
1.5634 
1.5413 
1.5711 

6.0 
2.7 
2.4 
2.9 

 11 r-r-:—:   b TV« A n n°r/mini in nirropen c In film." At 830 nm for polymer * DSC (10 °C/min) in nitrogen. "TGA (10 C/minj in nitrogen,   unum.   ~ 
7b-7d and at 1300 nm for polymer 7e. 

Table 1 

In order to measure the stability of NLO chromophore during the cro^linking reaction 
thin film samples of the NLO prepolymers were isothermally heated on ihot stage at 
temoeXes between 180 and 275 °C under N2 at 25 °C intervals for 20 mm. The *« charge 
4X Xorption band of the chromophores was used to monitor the extent of decomposition^ 
Slo prepo&c possessed a high stability similar to that of the side-chain po lyjmohne 
^tta^NLO chromophore (Figure 1), indicating that the *«*^ « ^^ 
radical intermediate during the polymerization. It is noteworthy tha highlyef^en 
tricyanovinyl-styrylthiophene-based chromophore can also be incorporated into the thermoset 

NLO PFCB polymer 7e. . 1 *o6 w:tn iow 
The NLO polymers have refractive indices ranging from 1.541 to 1 586 wtt >™ 

birefringence (0.002-0.004) and optical loss (2-3 dB/cm) for polymer 7c-d at 0.83 Jim and 
birefringence iu.«w u      j F measured b   ±e prisrri coupling and streak method 

S:a
yMetr?con ystem u^g 2-^m tnin films on glass substrates. The low optical amsorropy 

S L and trans linkages in the 1,2-perfluorocyclobutyl ether moietiej, Fo '^ ?JJ^lS 
the B-staged prepolymer solutions in mesitylene/cyclopentanone 0^0%, ^ *g^£2? 
through a 0.2 um syringe filter) were spm-coated onto an indium tin oxide (liu; gias 
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Äe ultf sC"d ,h" these therL«NLO PFCB polymers P~™""1» rf™tZl 

E-0 activity of these materials are currently under investigation. 

o 
c 
CO 
£1 

] I I I I 1 I I I I I i i  i  i i   i i  I  ' '  «~r 

■   7c 
P   PQ-CM 

180      200      225      250      275 

Temperature   (°C) 
Figure 1 

In conclusion, we have demonstrated a new and efficient approach for synthesizing novel 
second-order NLO polymers by utilizing radical-mediated, stepwise cycloaddition 
polymerization reaction. The resulting NLO PFCB polymers exhibited excellent processabihty 
small optical anisotropy, low optical loss, and very good thermal, nonlinear optical and 
mechanical properties. The extension of this method to other functional PFCB polymers for 
light-emitting diodes is currently in progress. 
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