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Alternating polymers of a nonlinear optical chromophore and bulky spacers were synthesized. High
chromophore loading and efficient site isolation were achieved with this approach. The effects of
chromophore loading density and electric poling field on the electro-optical (EO) properties of the polymers
were carefully compared with those of guebbst systems of the same chromophore. The alternating
polymer can be poled to higher EO efficiency under a lower poling field than the optimized-duosst
system, while thelnax Of the polymer film is about 40 nm shorter than that of the guéstt system.

Introduction these systems and the maximum EO efficiency predicted by
) ) ) ] ) the isotropic modél can be exceeded. Here, we report
Organic and polymeric nonlinear optical (NLO) materials synthesis and EO properties of the alternating polyRier
have emerged as viable alternatives to conventional inorganicynqp2 as well as the chromophofefor comparison. In the
crystalline materials such as lithium niobate in electro-optical polymer structures, chromophores are separated by bulky
(EO) devices. Broad bandwidtand low driving voltages  gendrons or perfluorobenzenes. Polymers with dendronized
have been demonstrated by devices incorporating suchcnromophores and randomly grafted dendrons and chro-
material. High EO efficiency requires a highly ordered ophores have been studied and show large EO efficiency.
noncentrosymmetric alignment. Among many approaches compared with this previous work, the alternating structures
generating highly ordered noncentrosymmetric alignment of o p1 andpP2 ensure the site isolation of the chromophores,
NLO chromophores, electric field poling is the most widely - ¢qnsequently avoiding chromophore aggregation even at high
studied method. Theoretical and experimental studies Suggesfoading density. Our purpose in utilizing this design is to

that chromophore dipolar interaction, aggregation, shapeycrease the optimum loading density and, hence, the EO
effects, and so forth are important factors affecting poling efficiency.

efficiency? As a result of these interactions between chro-
mophores, any given system will have an optimum loading
density. Increasing chromophore concentration past this
optimum value will decrease the EO efficiency. Excellent ~ Synthesis of the Polymers P1 and P2 and the chro-
agreement between theory and experimental data has beemophore 1.The target polymerB1andP2were synthesized
demonstrated for gueshost systems. by first polymerizing a dialcohol chromophore bridgevith

Compared to guesthost systems, chromophore polymers & bulky dicarboxyl space8 or 4 and then coupling the
have better homogeneity and stability. Polymers and den-Subsequent polymer with an electron acceptor to complete
drimers of NLO chromophores with well-designed architec- the active material (Scheme 1). Previous literature has shown
ture have shown very high EO efficiengySome of the  thatthe benzyl ether dendritic architecture can provide strong
values are much higher than those of guésist systems  Steric interchromophore site-isolation effetshile fluori-
employing similar active material. These results are interest- Nated polymers normally have good thermal stability and
ing because they imply that local unisotropic order exists in |0W optical loss. Therefore3 and4 were chosen as the bulky

spacers. Polymerization of the spacer unit with the chro-
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carbonate as the base. Basic hydrolysi$ gfelded3. The

less massive perfluorobenzene based spaeeas utilized

to further increase the loading density of the chromophore.
Starting with a similar nucleophilic substitutior, was
afforded by reacting 5-hydroxy-isophthalic acid dimethyl
ester with 1-bromomethyl-2,3,4,5,6-pentafluoro-benzene. The
methyl ester6 was hydrolyzed under basic conditions
affording 4. Mass spectrometryH, and**C NMR suggest
that the basic hydrolysis o6 in methanol led to the
replacement of the para-fluorine with a methoxy group.
Proton decoupled®C NMR showing two doublets with
coupling constants of 244 Hz supported that the substitution
occurred at the para postion. Similar reaction occurring with
pentafluorotoluene has been reportetihe chromophore
bridge2 was synthesized by acidic deprotectiorZpfvhich

was synthesized by procedures similar to those in the
literaturel® Polymerizations via acid chloride and DCC/
DMAP reactions were not successful partially because of F
the low solubility of the starting materials. Consequently,
the experimental polymerization condition was adopted as ©
the literature suggested that compounds featuring similar
functional groups could be successfully copolymeriZed.
Pyridine, the solvent used in the polymerization steps, can
dissolve both starting materials well. CompouBdwas
polymerized with eitheB or 4, by activating the carboxyl ,
groups with tosyl chloride andl-piperidinoformamide in TBDMS: —S{‘é
pyridine, yielding polymer backbond33 and P4, respec-

tively. The alternating polymer systenisl and P2 were

1,3-bis-benzyloxy-5-bromomethyl-benzene using potassium o o 0>
OXNS N

chromophore-dendrimer system&P2, with smaller bulky

completed by coupling the strong @FMTCF acceptdf to 416,55 hetween the chromophores, exhibits a slightly stronger
P3 and P4, respectively, via Knoevenagel condensation in gjia_isolation effect than that oP1 which has bigger

ethanol. No aldehyde residue peak was observed in the NMRyenqrons. This may be due to a stronger interaction between

of P1 and P2 Similarly, 1 was synthesized fronf by a ¢ tetrafluoromethoxy benzene and the chromophoRgin
Knoevenagel reaction. _ Compared to a film of 25% df in amorphous polycarbonate
Slte-lgolatlon Effects and Thermal Properties. The [APC, poly(bisphenol A carbonaies-4,4-(3,3,5-trimethyl-
alternating structures oP1 and P2 ensure that every oy ciohexylidene)diphenol carbonate, Aldrich co.], films of
chromophore is surrounded by bulky dendrons or perfluo- p1 and P2 also have 33 and 39 nm IOk, Values

robezenes. Therefore, effective site_ isolation can _be aChieYedrespectively, which is a valuable property for reducing optical
to reduce chromophore aggregation even at high loading|,qq

density. The site-isolation effect of the polymers was studied
by UV—vis spectroscopy (Table 1). In tetrahydrofuran (THF)
solution, polymerd1 andP2 have about the sanmiax as

the chromophord, which is consistent with the fact that
they have the same active structures. In chlorofdipay of
1increases 71 nm as a result of the solvatochromic effect,
while the Amax Values ofP1 and P2 shift only 9 and 6 nm, suggested by solvatochromism study
respectively. The highly reduced solvatochromic shifts can '

be explained by shielding of the chromophore via the bulky _ EO Properties of Guest-Host System and Polymers.
groups in the alternating polymer. More effectively shielded 1hough many NLO polymers have been studied in the past

chromophores exhibit smaller changesiim as shielded decade, few systematic comparisons with the correqunding
molecules are less affected by the solvent change. Such gUest-host systems have been reported. The EO efficiency

strong site-isolation effect has been observed in some relatedf & guest-host system depends on the chromophore loading
density. Maximum EO efficiency can only be achieved at

(9) Filler, R.; Ayyangar, N. R.; Gustowski, W.; Kang, H. Bl.Org. Chem. an optimum loading density. The EO property of the

The glass-transition temperaturégof P1 and P2 were
measured by differential scanning calorimetry (DSC). Al-
though flexible dendrons tend to redudg'® P1 has a
moderateTy of 130 °C andP2 has a higheiTy of 140 °C.

This may be partially due to a stronger interaction between
the tetrafluoromethoxy benzene and the chromophore as

1969 34, 534. . - polymers shall be compared to that of the guésist system
(10) 5;:'1\9;93? 3 438”1')’Ai7ﬁ?_(" Wong, K. Y5 Droit, K. Jetrahedron it optimum loading density. Therefore, we poled a series
(11) Higashi, F.; Haramoto, S.; Yashio, Miacromol. Chem. Phy2002 of guest-host samples with different loading densitieslof
203 309.

(12) Liao, Y.; Eichenger, B.; Firestone, K.; Haller, M.; Luo, J.; Kaminsky,
W.; Benedict, J.; Reid, P.; Jen, A. K.-Y.; Dalton, L. R.; Robinson, B.  (13) For example: Chen, Y.-M.; Liu, Y.-F.; Gao, J.-G.; Chen, C.-F.; Xi,
J. Am. Chem. So@004 127, 2758. F. Macromol. Chem. Phy4.999 200, 2240.
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Scheme 1. Synthesis of P1, P2, and 1
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Table 1.Amax (nm) of P1, P2, and 1 Table 2. Poling Conditions andrszz Values of the Guest-Host
P1 P2 1 P1 P2 1 Systems with Different Loading Densities
- loading density electric field temperature ras
THF 682 684 683 film 701 695 734 o
CHCL 691 690 754 (wt %) (MV/m) <) (pmAV)*
] . 15 120 145 35
a Amax Of a film of 25% 1 in APC. 25 115 135 52
30 115 125 50
38 115 115 40

in APC and measured the EO efficiencys, by the simple
refection method? The electric field applied was around 115
MV/m. The highest temperature reached during the poling that the optimum loading density is about 25%. At this
process depended on the loading density. As a result of theloading density, a guestost system can achieve 52 pm/V
plasticizing effect of the doped chromophofg,is lowered at 1300 nm. Higher loading density decreases the EO
with increased loading density. Therefore, the poling tem- efficiency. Theoretically, this can be explained by strong
peratures were adjusted correspondingly. Further increasingdipolar interactions between the chromophores that were
temperature or poling field resulted sample breakdown or against the poling field. Furthermore, high loading density
electrode damage. The poling conditions and the results aredecrease$, and increases conductivity, which decreases the
listed in Table 2 and plotted in Figure 1. This study showed poling voltage and temperature that can be applied. Samples
with the 25 wt % loading were used for comparing optical
(14) Teng, C.; Man, HApply. Phys. Lett199Q 56, 1734. and EO properties of the polymers.

arz3 was measured at 1300 nm.




EO Properties of NLO Materials Chem. Mater., Vol. 18, No. 4, 200665

SU T T T T T T T 70 T T T T T
. L A i
50 |- . . o0
0 | .
40 b * - .
K
> * LT .- 1
£ af . £
B B ow} i
20 y
0 b -
- -4 - chromophore 1
10 + - 10 —&— P2 _
-3 P1
U 1 1 1 1 1 1 1 D L L 1 L
0 5 1 15 20 25 30 35 40 0 20 40 60 &0 100 120

Poling Field § MY.mi'

weight % loading density
Figure 2. Field-dependents; of P1, P2, and1.

Figure 1. r33 of the guesthost systems with different loading densities.

values can be achieved under moderate poling field, which
may result in advantages in device fabrication.

Although the poling efficiencies of the polymers are much
higher than that of the gueshost system, the ordering
parameter of the grafted chromophore is actually lower. The
number loading densities d?1 and P2 are 0.92 and 1.0
mmol/g and are more than three times higher than the number
loading density of a 25 wt % gueshost system ofl (0.3
mmol/g). The poling efficiencies of the polymer films are a
little less than twice that of the guegtost film, which means
the ordering parameter of the guesbst system is higher
than that of the polymers. These may be due to large long-
range static interactions which occur with the very high
' loading density of the polymers. It may also be due to the
. short flexible linkers in the main chain of the polymers. The
P2 were about 60 MV/m and 80 MV/m, respectively. Further short flexible linkers were designed to increase the site-

increasing the power only increaset_j curren_t instead of field. isolation effect and. However, they may cause large steric
Our recent research showed that high loading systems Wereenergy which hinders the chromophore rotation during the

Eenerally muchhmolre gpndgctlvg tf|1an theh typical ggest poling process. Further investigation is being undertaken to
ost system with a loading density lower than 30 wt %. In improve this approach.

this case, the enhanced conductivity may also be in part
caused by unreacted terminal carboxylic acids. For 25%
doped APC samples, the real poling voltage was close to
the reading on the power supply. Alternating polymers?1 and P2 of NLO chromophores

and bulky spacers were synthesized. High chromophore

at 150°C to evaluate the poling efficiency and the optimum loading and efficient sitg isolation were achieved using_ this
EO efficiency.P1 can achieve ans; of 51 pm/V at 60 MV/ approa'ch. The alternating polymer can'be poled to higher
m, while P2 showed arrss of 63 pm/V at 80 MV/m. No EO. efﬁuency under a much onver poling field than the
apparent decrease of EO efficiency was observed in severa .p“”."zed guesthost system, while théna, of the polymer
weeks at room temperature. The field-dependenvalues llm is about 40 nm shorter than that of _the guelsbs‘g .
of P1andP2, as well as 25 wt % doped APC samples, are syste_:m. Fut_ure work will focus on de_crea_smg conductl_wty
plotted in Figure 2. On the basis of the assumption that a_nd mcreasm_g_the length of the flexible linkers to achieve
is directly proportional to the poling fiel&, the data were higher EO efficiency.

fit into a linear function,rs3 = KE. The poling efficiency
was evaluated by comparing the sldpef the three sets of
data. The slope of the guegtost system ofl, k;, is 0.44 General. All commercially available compounds were
pm/\?, while those ofP1 andP2 arekp; = 0.77 pm/\# and used as supplied unless noted in the procedures. THF was
ke = 0.71 pm/\2. These results showed that the poling distilled over sodium under nitrogen before use. Pyridine was
efficiency of the polymer films is much higher than that of distilled over molecular sieves under nitrogen before use.
the optimized guesthost system. Therefore, similags All UV —visible spectra were recorded on a SHIMADZU

Given thatP1 andP2 haveTy values of 130 and 14€C,
they were poled under similar conditions as the gusist
system. The resultamnts values were in the range of 560
pm/V, which is similar to that of the gueshost system.
We noticed that the current during the poling process was
quite high compared with that of the guesiost systems.
This high current limited the maximum poling field that could
be applied to the film. The real voltage applied to the sample
was directly measured from the two electrodes on the
polymer films. Corresponding to a temperature dependent
decrease in the inherent resistivity of the polymer films at
optimum poling temperature, this voltage was shown to be
much lower than the power supply setting. We found that
at 115°C, the highest fields that can be appliedRt and

Conclusion

PolymersP1 andP2 were poled under different potentials

Experimental Section
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1601 UV spectrometer'H and 3C NMR spectra were
recorded on Bruker AM 300 and AM 301 instruments.
Differential scanning calorimetry were recorded on a SHI-
MADZU DSC-60. Elemental analysis was performed by
Prevalere Life Sciences, Inc.

Synthetic Procedures. Compound5. 5-Hydroxy-iso-
phthalic acid dimethyl ester (1.41 g, 6.69 mmol) and

Liao et al.

(DMSO): 4.09 (3H, tJ= 1.4 Hz), 5.31 (2H, s), 7.76 (2H,
d,J= 1.4 Hz), 8.13 (1H, tJ = 1.4 Hz).**3C NMR (MeOD,
proton decoupled): 57.87 (s), 61.43 (s), 108.09 & 19.0
Hz), 119.72 (s), 123.66 (s), 132.61 (s), 140.76 (Hcs 244.2
Hz, J, = 23.6 Hz), 143.12 (1) = 19 Hz), 145.86 (dd), =
244.2 Hz,J, = 23.6 Hz), 158.32 (s), 167.03 (s). MS (ESP)
m/e: 373.04 (M— H).

potassium carbonate (1.11 g, 8.02 mmol) were dissolved with Compound2. Compound7 (4.0 g, 7.33 mmol) was

stirring in 15 mL of DMF. 1,3-Bis-benzyloxy-5-bromom-

dissolved in 40 mL of acetone. To this solution was added

ethyl-benzene (2.05 g, 5.35 mmol) was added to the mixture5 mL of 6 N HCl(aq). After stirring fo 4 h at room
which was then stirred under an argon atmosphere at roomtemperature, the mixture was neutralized by NaHQW@bst

temperature for 24 h. Water (45 mL) was added to the organic solvent was evaporated under reduced pressure. The
mixture, and the organic phase was extracted with methyleneprecipitates were collected and washed with water. The crude
chloride and dried over magnesium sulfate. After concentra- product was dissolved in acetone and purified by a silica
tion under reduced pressure, the product was precipitatedgel column using a solvent gradient beginning with ethyl
from methanol and collected by filtration and washing with acetate and finishing with 40% acetone in ethyl acetate as

methanol. The yield was 2.40 g (88%H NMR (CDCl):
3.96 (6H, s), 5.07 (4H, s), 5.10 (2H, s), 6.61 (1H & 2.3
Hz), 6.71 (2H, dJ = 2.3 Hz), 7.4 (10H, m), 7.84 (2H, d,
= 1.4 Hz), 8.31 (1H, tJ = 1.4 Hz).

Compound3. A solution of5 (1 g, 1.95 mmol) in 50 mL
of acetone was diluted with 28 mL of methanol. To the
solution was added 9.5 mLf & N aqueous KOH solution.

the eluent. The yield was 0.70 g (80%j NMR (acetone-
ds): 3.62 (4H, t,J = 5.8 Hz), 3.80 (4H, quartet] = 5.7
Hz), 4.20 (2H, t,J = 5.5 Hz), 6.79 (2H, dJ = 9.1 Hz),
7.20 (2H, s), 7.24 (1H, d) = 4.04 Hz), 7.46 (2H, dJ =
9.1 Hz), 7.82 (1H, d,) = 3.9 Hz) 9.87 (1H, s).
Chromophorel. Compound7 (0.2 g, 0.366 mmol) and
2-(3-cyano-4-methyl-5-phenyl-5-trifluoromethyHsuran-2-

The resulting solution was stirred at room temperature for ylidene)-malononitrile (0.15 g, 0.476 mmol) were dissolved
24 h. The solution was then brought to a slightly acidic pH in 0.6 mL of CHCl,. To this solution was added 3 mL of

by slow addition of 5 N HCI solution. Organic solvents were ethanol. After stirring overnight at room temperature, the
removed by evaporation. The precipitate was collected by precipitate was collected and purified by dissolving in a

filtration and washed with water. The crude product was minimum amount of ChCl, and precipitating from metha-

purified by a silica gel column using 10% methanol in

nol. The yield was 0.28 g (91%J)H NMR (CDCl;): 0.05

methylene chloride as the eluent. The product was dried (12H, s), 0.91 (18H, s), 3.60 (4H,3,= 6.0 Hz), 3.8 (4H, t,

under high vacuum. Yield was 0.890 g (94%j NMR
(DMSO): 5.09 (4H, s), 5.17 (2H, s), 6.64 (1H,X= 2.2
Hz), 6.74 (2H, dJ = 2.3 Hz), 7.38 (10H, m), 7.73 (2H, d,
J= 1.4 Hz), 8.08 (1H, tJ = 1.4 Hz).

Compoundb. 5-Hydroxy-isophthalic acid dimethyl ester
(1.08 g, 4.79 mmol) and ¥COs; (662 mg, 4.79 mmol) were
dissolved in 15 mL of DMF. 1-Bromomethyl-2,3,4,5,6-

J=6.2 Hz), 6.62 (1H, dJ = 15.3 Hz), 6.7 (2H, dJ = 9.0
Hz), 7.00 (1H, dJ = 15.3 Hz), 7.03 (1H, dJ = 3.0 Hz),
7.12 (1H, d,J = 16 Hz), 7.32 (1H, dJ = 4.3 Hz), 7.39
(2H, d,J = 8.8 Hz), 7.54 (5H, m), 7.81 (1H, dl = 15.3
Hz). Anal. Calcd for GsHsaFsN4O3SSk: C, 64.10; H, 6.34;
N, 6.64. Found: C, 64.09; H, 6.30; N, 6.71. bYVis: (CHCI
3). Amax = 754 nm.

pentafluoro-benzene (0.54 mL, 3.83 mmol) was then added Polymer3 (P3). Tosyl chloride (625 mg, 3.28 mmol) and

to this mixture. The resulting mixture was stirred under an N-piperidinoformamide (285 mg, 2.52 mmol) were dissolved
argon atmosphere at room temperature for 24 h. The reactionin 2.4 mL of pyridine and stirred at room temperature for
mixture was washed with 50 mL of water, and the organic 30 min. Compoun@® (610 mg 1.26 mmol) was dissolved in

phase was extracted with methylene chloride and dried over1.5 mL of pyridine. To this solution was added the tosyl
magnesium sulfate. After being concentrated under reducedchlorideN-piperidinoformamide solution. The resulting solu-
pressure, the crude product was precipitated from methanol.tion was first stirred at room temperature for 10 min, then

collected by filtration, and then purified by a silica gel

column using 510% ethyl acetate in hexanes as the eluent.

The yield was 1.147 g (77%)H NMR (CDCl): 3.98 (6H,
s), 5.28 (2H, s), 7.86 (2H, d,= 1.4 Hz), 8.39 (1H, tJ) =
1.4 Hz).

Compound4. Compound6 (1.135 g, 2.91 mmol) was
dissolved in 40 mL of methanol. KOH (0.85 g, 15.15 mmol)

placed in a 120C dimethyl silicone oil bath for 5 min, and
then placed in an 8090 °C oil bath for an additional 5 min.
To this solution was then slowly added the solution of 400
mg (1.26 mmol) of2 in 4 mL of pyridine over a period of
20 min while a 9C°C oil bath temperature was maintained.
The resulting solution was stirred at-800 °C for 2.5 h.
The product was precipitated by adding the solution to 300

was added to the solution, and the resulting mixture was ML of methanol dropwise. The crude product was dissolved

stirred at room temperature for 24 h. Water (1 mL) was
added, and the reaction mixture was heated &G6hr 2.5
h. HCI (3 N) was added to the reaction mixture until an acidic

in CH,CI, and precipitated from methanol. The yield was
about 0.92 g'H NMR (CDCl): 3.75 (4H, broad), 4.47 (4H,
broad), 4.94 (6H, broad), 6.60 (3H, broad), 6.88 (5H, broad),

pH was reached. The crude precipitate was collected by 7.35 (13H, broad), 7.65 (2H, broad), 8.14 (1H, broad), 9.77

filtration, washed with water, and purified by being dissolved

into a minimum amount of acetone and precipitated from

diethyl ether. The yield was 0.85 g (78%)H NMR

(1H, broad).
Polymer1 (P1). P3 (400 mg) and 2-(3-cyano-4-methyl-
5-phenyl-5-trifluoromethyl-bl-furan-2-ylidene)-malononi-
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trile (400 mg, 1.27 mmol) were mixed with 2 mL of THF. Polymer2 (P2). P2 was synthesized froa3 following a
To this solution was added a solution of 4 mg of ammonium procedure similar to that ¢¥1. 'H NMR (CDCL): 3.87 (4H,
acetate in 8 mL of ethanol, and it stirred at 70 for 2 h broad), 4.05 (3H, broad), 4.55 (4H, broad), 5.03 (2H, broad),
and at room temperature overnight. The precipitates were6.65 (1H, broad) 6.91 (5H, broad), 7.26 (2H, broad), 7.37
collected and added to 5 mL of GEI,. This mixture was (1H, broad), 7.55 (5H, broad), 7.71 (3H, broad), 8.19 (1H,
added to 150 mL of methanol through a plug of glass wool. broad).Ty = 140 °C. UV—vis (CHCI 2): Amax= 690 nm.
The precipitates were collected and washed by methanol andAnal. Calcd for GgH3:F7N4O;S: C, 61.70; H, 3.38; N, 5.87.
ethanol. The yield was 502 mgH NMR (CDClk): 3.76 Found: C, 60.75; H, 3.12; N, 5.62.
(4H, broad), 4.49 (4H, broad), 4.95 (6H, broad), 6.59 (4H,
broad), 6.86 (5H, broad), 7.34 (13H, broad), 7.51 (5H, broad), ~Acknowledgment. Support from the National Science
7.66 (3H, broad), 8.16 (1H, broad)y = 130 °C. UV—vis Foundation, Air Force Office of Scientific Research, and
(CH.Cl 2): Amax= 691 nm. Anal. Calcd for &HsF3N4OsS: Defense Advanced Research Projects Agency is gratefully
C, 69.98; H, 4.36; N, 5.27. Found: 69.19; H, 4.09; N, 5.28. acknowledged.

Polymer4 (P4). P4was synthesized following a procedure
similar to that ofP3. *H NMR (CDCly): 3.84 (4H, broad), Supporting Information Available: UV —vis spectra of chro-
4.09 (3H, broad), 4.55 (4H, broad), 5.04 (2H, broad), 6.94 mophorel and ponmersPl and P2 (PDF). This material is
(SH, broad), 7.35 (2H, broad), 7.64 (3H, broad), 8.17 (1H, available free of charge via the Internet at http://pubs.acs.org.
broad), 9.81 (1H broad). CM0524392



