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ABSTRACT: This paper reports a systematic study of the synthesis, characterization, and second-order 
nonlinear optical properties of a series of chromophore-functionalized glassy polymers prepared by 
covalently appending chiral N-( 4-nitrophenyl)-(S)-prolinoxy ((S)-NPP) moieties to  poly(p-hydroxystyrene) 
(PHS). Key issues are how macromolecule architecture, chromophore-chromophore interactions, and 
processing (including corona and contact electric field poling) modulate second harmonic generation (SHG) 
efficiency as well as the temporal stability thereof. As probed by optical spectroscopy, optical rotation, 
FT-IR, homochiral versus racemic NPP substituents, and the dependence of SHG response on the 
chromophore number density, the effects of chromophore-chromophore interactions are found to  be 
relatively minor for 16-90% functionalization of the PHS backbone. The nonresonant second harmonic 
coefficient, d33, for corona-poled films varies from 12.8 x esu (1 = 1.064 pm) over this 
same functionalization range. The relationship of d33 and the contact poling field is approximately linear 
with the poling field up to -1.3 MVIcm, beyond which saturation of the response is observed. Increasing 
NPP functionalization levels are accompanied by declining SHG temporal stability, which approximately 
tracks polymer Tg values. SHG temporal stability subsequent to poling can be substantially enhanced 
by prepole f l m  annealing which removes volatile, plasticizing contaminants (and/or minimizes free volume) 
and by simultaneous cross-linking with diexpoxide reagents. For example, simultaneous poling and cross- 
linking of (5’)-NPP-PHS films with 1,2,7,8-diepoxyoctane effects a 3-fold enhancement in the long-term 
time constant for SHG decay at  25 “C. However, the influence of various diepoxides on film transparency 
and SHG temporal characteristics is a sensitive function of stoichiometry and diepoxide conformational 
mobility. An accompanying contribution explores quantitatively how poling methodology influences 
macromolecular dynamics and SHG temporal stability. 
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The increasingly important role played by polymeric 
materials in numerous photonics technologies neces- 
sitates an improved understanding of macromolecular 
architecture-processing-property relationships. Of 
interest in this laboratory have been macromolecules 
designed to exhibit unusual second-order nonlinear 
optical (NLO) responses such as second harmonic 
generation (SHG), in which the frequency of incident 
radiation, w ,  is efficiently doubled to 20.l-~O The 
construction of efficient polymeric SHG materials re- 
quires maximization of the chromophore number den- 
sity as well as the achievement and preservation of 
imposed microstructural noncentrosymmetry. 

Second-order NLO polymers have successfully been 
prepared by incorporating chromophores of large mo- 
lecular hyperpolarizability, p, into glassy polymer ma- 
trices. Removal of the macroscopic centricity is com- 
monly accomplished by electric field poling, which 
involves simultaneously heating the polymer to near the 
glass transition temperature, Tg, and applying a dc 
electric field, thereby causing the dipolar chromophores 
to align preferentially with the field.” The earliest 
polymeric NLO materials were “doped” glassy polymers, 

@ Abstract published in Advance ACS Abstracts, February 15, 
1995. 

0024-929719512228-2247$09.00/0 

in which the NLO chromophores were dispersed in the 
host mat r i~ . l l -~*  These materials suffer, to varying 
degrees, from three serious limitations: (i) generally low 
attainable chromophore concentrations (due to thermo- 
dynamically imposed solubility restrictions); (ii) com- 
positionallthermallchemical instability (due to weak 
binding of the chromophores within the matrix); and (iii) 
loss of the electric field-imposed chromophore align- 
ment; hence, SHG efficiency (due to the relatively high 
rotational mobility of the unconstrained chromophore 
molecules within the matrix environment).15 Signifi- 
cant improvements in properties have been achieved by 
covalently linking the NLO chromophore to the back- 
bones of high-T, glassy polymers.11J6-22 This design 
modification substantially increases the achievable 
chromophore number densities, enhances compositionall 
chemical stability, and impedes chromophore reorienta- 
tion. To date, the majority of studies on side-chain 
chromophore-functionalized NLO polymers have cen- 
tered on relatively mobile methacrylate polymers and 
derivatives thereof.11,20s23-28 Fewer reports have dis- 
cussed the synthesis and properties of materials em- 
ploying alternative, potentially less mobile polymer 
backbones.11J6J8~22~29-33 Although several styrene-based 
polymer systems have been r e p ~ r t e d , l l J ~ , ~ ~  there have 
been no systematic, in -depth  examinations of the influ- 
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Table 1. Dependence of Glass Transition Temperature 
on Functionalization Level for (S)-NPP-PHS Polymers 

ence of various polymer architectural  characteristics or 
processing methodologies on  t h e  NLO efficiency and  
relaxation properties for such functionalized polymers. 

In this paper, we present  a full account of t h e  
synthesis, characterization, and second-order NLO prop- 
ert ies of a model side-chain, chiral chromophore-func- 
tionalized polymer consisting of N-(4-nitrophenyl)-(S)- 
prolinoxy covalently bound to poly(p-hydroxystyrene) 
((SI-NPP-PHS; I). Specifically, we examine t h e  impact  

I 

of chromophore functionalization level and prepoling 
processing on SHG efficiency and SHG relaxation 
characteristics. We also investigate t h e  possible pres- 
ence of detrimental centrosymmetric chromophore- 
chromophore aggregation, using several spectroscopic 
probes. In addition, we investigate in detail t h e  con- 
sequences of simultaneously poling and cross-linking the 
matrix as a means of preserving maximum acentricity, 
and thereby modifying SHG temporal  characteristics. 
N-(4-Nitrophenyl)-(S)-prolinol (NPPOH) was selected 

for t h ree  reasons. First ,  it possesses a chiral center 
which should resist centrosymmetric a g g r e g a t i ~ n ~ ~  of 
t h e  chromophore substituents. Additionally, the chiral 
center serves both as an easily monitored spectroscopic 
"marker", indicating the level of functionalization, and 
as a probe of the exten t  of chromophore aggregation. 
Second, t h e  chromophore possesses hydrogen-bonding 
sites (-NO21 which, by interacting with the phenolic 
polymer matrix, could potentially stabilize the  electric 
field-induced chromophore alignment. Finally, NPPOH 
exhibits high chemical and thermal stability and pho- 
tostability. Poly(p-hydroxystyrene) (PHS; also called 
poly(4-vinylphenol)) was selected for the relatively high 
glass transition tempera ture  (155-180 "C, evidence of 
low conformational mobility), extensive hydrogen-bond- 
ing  capacity, good film-forming characteristics, robust 
chemicdthermal characteristics, amenability to straight- 
forward functionalization, and ready availability of 
samples  having well-defined molecular 

In the accompanying paper,38 we build upon this 
synthetidmicrostructural information base and explore 
how details  of the electric field poling methodology ( i e . ,  
variation of poling time/physical aging, tempera ture ,  
and  poling field s t rength)  fur ther  modulate macromo- 
lecular dynamics and SHG temporal  characteristics. 

Experimental Section 
Physical Methods. UV-visible absorption spectra were 

recorded using a Perkin-Elmer Model 330 spectrophotometer. 
FT-IR spectra were collected on a Matteson Alpha Centauri 
spectrometer. 'H NMR spectra were recorded on either a 
JEOL FX-270 (270 MHz) or Varian XL-400 (400 MHz) 
spectrometer. Specific optical rotation measurements were 
made using an Optical Activity Ltd. AA-100 polarimeter. 
Elemental analyses were performed by G. D. Searle Inc. 
(Skokie, IL). Thermal properties of the (5')-NPP-PHS poly- 
mers were measured by DSC (10 "C/min heating rate; instru- 

glass glass 
functionalization transition functionalization transition 

levela (%) temp, Tpb ("C) levela (%) temp, Tgb ("C) 
0 155 48 112 

12 146 62 106 
36 134 90 96 

a As determined by elemental analysis. * Defined as the mid- 
point of the transition. 

ment calibrated using polystyrene or indium standards) on 
either Perkin-Elmer DSC-2 or DSC-7 instruments. The glass 
transition temperature, Tg, was defined as the midpoint of the 
transition (Table 1). X-ray diffraction data were collected on 
a Rigaku Geigerflex diffractometer using Ni-filtered Cu Ka 
radiation. The density of 90% functionalized (5')-NPP-PHS 
was determined by flotation in aqueous solutions of zinc 
c h l ~ r i d e . ~ ~ ~ ~ ~  Only the 90% functionalized copolymer could be 
studied by this technique due to the hydrophilicity of the 
materials with lower functionalization levels. Film thick- 
nesses were determined after SHG measurements with an 
a-step stylus profilometer (Tencor Instruments). 

The indices of refraction of 36% functionalized (5')-NPP- 
PHS polymer films were measured by spectroscopic ellipsom- 
et@ (SOPRA multilayer optical spectroscopic scanner, Model 
ES-4G). Data were collected on an unpoled 2.87-pm-thick film 
which was cast in standard fashion onto an ITO-glass 
substrate. The underside of the glass was painted black to 
prevent the incident light from reflecting off the bottom 
interface, thereby confining the rays to  the air/polymer/ITO- 
glass multilayer. Tan Y and cos A data (31 points) were 
collected at  an incident angle of 55" between 0.500 and 0.800 
pm (0.01 pm intervals) using a Hadamard transform of the 
photodetected signal. The ITO-glass layer was measured 
independently, allowing the entire assembly to be modeled as 
a three-layer (air/polymer/substrate) structure. The collected 
data were fit to the Sellmeir e q ~ a t i o n ~ l - ~ ~  to obtain (by 
extrapolation) the refractive indices over the range of wave- 
lengths between 0.530 and 1.064 pm (a  range encompassing 
the 1 of the fundamental probe beam and the measured second 
harmonic). 

Synthesis of N-(4-Nitrophenyl)-(S)-prolinoxy Tosylate. 
Modifications of literature methods were used to  synthesize 
N-(4-nitrophenyl)-(S)-prolinol (NPPOH)44s45 and the tosylate 
derivative thereof (NPPOTS) .~~ A Schlenk flask charged with 
(5')-NPPOH (4.0 g, 18.0 mmol) in pyridine (50 mL) was stirred 
under Nz to give a clear yellow solution. After cooling to  0 "C, 
p-toluenesulfonyl chloride (Aldrich; 6.86 g, 36 mmol) was 
slowly added so as to maintain the temperature below 3 "C. 
The clear yellow solution was stirred for 1 h a t  0 "C and then 
placed in a refrigerator overnight. The solution was next 
poured into ice water (350 mL) to precipitate the chromophore 
tosylate. The resulting yellow precipitate was collected by 
suction filtration, washed with ice water (250 mL), and dried 
under vacuum. Analytically pure product was obtained by 
recrystallization by diffusion of cyclohexane into chloroform 
solutions. Anal. Calcd for ClgHzoNz05S: C, 57.43; H, 5.36; 
N, 7.44. Found: C, 57.25; H, 5.34; N, 7.44. lH NMR (CDCl3): 
6 2.07 (br, 4H), 2.40 (s, 3H), 3.23 (m, lH),  3.42 (m, lH),  3.87 
(m, lH),  4.04 (m, lH),  4.07 (br, lH), 6.39 (d, J = 9 Hz, 2H), 
7.27 (d, J = 8 Hz, 2H), 7.70 (d, J = 8 Hz, 2H), 8.01 (d, J = 9 
Hz, 2H). 

Synthesis of N-(4-Nitrophenyl)-(S)-prolinoxy-Func- 
tionalized Poly@-hydroxystyrene) Polymers. The chro- 
mophore was appended to  PHS (Mw = 5800) by one of two 
related procedures (A and B). In a representative example 
using method A, poly@-hydroxystyrene) (PHS; 1.00 g, 8.32 
mmol of repeat units) and sodium hydroxide (0.33 g, 8.25 
mmol) were stirred under Nz in Nz-saturated distilled water 
(50 mL) at room temperature to give a clear brown solution. 
After addition of (5')-NPPOTs (2.82 g, 7.49 mmol), the mixture 
was stirred at  90 "C overnight. The resultant precipitate was 
collected by suction filtration, washed with water (300 mL), 
and dried under vacuum. Unreacted (S)-NPPOH and (SI- 
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Table 2. Elemental Analyses of (S)-NPP-PHS Polymers 
at Various Functionalization Levels 

functionalization theoretical (%) experimental (%) 
level (%) C H N C H N  

12 77.39 6.57 2.32 76.70 7.05 1.91 
16 76.70 6.54 2.93 76.30 7.01 2.50 
48 73.11 6.36 6.16 73.28 6.68 6.16 
36 74.17 6.41 5.21 73.99 6.74 5.06 
62 72.13 6.31 7.06 72.35 6.54 7.06 
75 71.41 6.27 7.69 71.15 6.48 7.46 
90 70.73 6.23 8.29 70.15 6.69 7.90 

NPPOTs were removed by repeated dissolution of the yellow 
polymeric powder in a small quantity of THF and precipitation 
by dropwise addition to  benzene. Final purification of the 
product was by chromatography on a silica gel column with 
THF as the eluent. A brown powder (0.96 g; 48% of phenol 
groups functionalized as assayed by elemental analysis based 
upon N content (yield = 47%)) was obtained by a final 
precipitation from THF with benzene, followed by drying under 
vacuum. 

In method B, a Schlenk flask charged with PHS (0.12 g, 
1.00 mmol of repeat units) and sodium hydride (Aldrich; 48 
mg, 12.0 mmol) was evacuated and then back-filled with Nz. 
Distilled 1-methyl-2-ppolidone (NMP; Aldrich; 5 mL) and (S)- 
NPPOTs (0.75 g, 2.0 mmol) were added, and the mixture was 
stirred for 1 h at  100 "C t o  yield a red-brown solution. After 
cooling, the solution was added dropwise to distilled water (50 
mL) to precipitate the solid polymer. The crude product was 
collected by filtration, washed with water, and dried under 
vacuum. The dried powder was then dissolved in THF and 
poured onto silica gel. Evaporation of the THF left a coating 
of the crude yellow product on the silica gel. This coated gel 
was subsequently placed atop a silica gel column, and unre- 
acted organics were eluted with diethyl ether. Subsequent 
elution with THF provided the pure functionalized polymer. 
Isolation of the product was achieved by precipitation from 
cyclohexane (210 mg, 0.69 mmol, 90% of phenol groups 
functionalized as assayed by elemental analysis based upon 
N content (yield = 69%)). Subsequent purification followed 
the procedure described above. In Table 2 are compiled the 
results of the elemental analyses for the various levels of 
functionalized polymer employed in this study. 

Fabrication of Polymer Films. Polymer films were 
prepared by dissolution of the polymer powder (ca. 10 mg/mL) 
in freshly distilled (from Na/K) THF, followed either by gravity 
filtration or by filtration through a 0.5 pm syringe filter. The 
solutions were then cast onto clean indium tin oxide (IT0)- 
coated glass substrates in a laminar flow class 100 clean hood. 
After slow evaporation of solvent at room tempeature, the films 
were annealed at 150 "C under vacuum overnight to  ensure 
removal of solvent. 

Corona Poling with in-Situ SHG Monitoring. The 
ITO-glass substrates coated with the annealed (S)-NPP-PHS 
films were affixed to an aluminum plate (5.08 x 5.08 cm) 
having a 1.27 cm hole, through which the incident laser beam 
was directed. Between this plate and an identical plate were 
attached a thermofoil heater (Minco Co.) and a K-type ther- 
mocouple (Figure 1A). The thermocouple was calibrated in 
an independent experiment to read the temperature of the 
polymer. This assembly was secured on the optical bench in 
a stage, the position of which was optimized using a He-Ne 
laser. The stainless steel corona needle was positioned normal 
to the film surface with a needle-to-film separation of 1.0 cm.47 
All poling studies were conducted in an ambient atmosphere. 
The corona voltage (+3 to +5 kV) was maintained using a high 
voltage dc power supply (Spellman), while the sample was 
heated to the desired temperature. Upon saturation of the 
SH signal intensity, the sample was slowly cooled to room 
temperature. Once room temperature was reached, the poling 
field was terminated. Films were stored in a desiccator for 
the duration of decay studies. 

Contact Poling with in-Situ SHG Monitoring. The 
annealed (29-NPP-PHS films were contact poled with in-situ 
SHG monitoring, using the configuration shown in Figure 1B. 
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K-Type Thermocouples Copolymer Film Cast 
Onto IT0 Glass 

,' 

Laser Beam Path 

Heater ' 

B 

K-Type Thermocouple /-I 
.,/ 

Top I T 0  Electrode 

Bottom I T 0  Electrode 

.' 
IT0 Resistive Heater 

Laser Beam Path 

Figure 1. (A) Schematic of the apparatus for corona poling 
with in-situ monitoring of the SHG signal. (B) Schematic of 
the apparatus for contact poling with in-situ monitoring of the 
SHG signal. 

This arrangement features two transparent IT0  electrode? 
between which the polymer film is sandwiched. The IT01 
polymer film assembly is then secured in the polycarbonate 
holder (Figure 1B) which had a 1.27 cm hole, through which 
the incident laser beam was directed. Heating was provided 
by an IT0 resistive heater with an  appended K-type thermo- 
couple. In an independent experiment, the thermocouple was 
calibrated to  reflect the true sample temperature using tem- 
perature indicating paints (Omega Engineering Inc. 1, which 
were placed in the same location and configuration as the 
polymer film during in-situ analysis. The poling circuit in- 
cluded attachment of the IT0 electrodes to an external dc 
power supply (Kepco) and a picoammeter (Keithly 4851, which 
served to monitor current flow through the sample throughout 
the duration of in-situ poling. During all phases of the poling 
process, currents remained in the nanoampere range. No 
evidence was found for abrupt jumps in the SHG signal 
intensity upon applying or terminating the poling field ("switch- 
ing 

Second-Harmonic Generation Measurements. Second 
harmonic generation measurements were carried out with a 
Q-switched Nd:YAG laser (Quanta-Ray, DCR-1) operating at 
1.064 pm in the p-p polarized geometry. The pulse width was 
less than 10 ns, and the repetition rate, 10 Hz. A quartz 
reference, which also monitored the laser power, and the 
sample were measured simultaneously throughout the course 
of experiments. The instrumentation and calibration tech- 
niques are more fully described elsewhere.16 In accord with 
the static statistical-mechanical model for dipolar alignment 
in an external electric field,12*48 the d33 and d31 tensor equations 
were found to be valid under the present corona poling 
conditions. In particular, it was found that over a wide range 
of processing conditions d3dd31 = 3.0 i 0.5 using both accepted 
measurement methodologies-multiple-angle scanning and 
polarization-dependent SHG. A detailed experimental and 
theoretical account of this work will be discused elsewhere.4Rb 
The reproducibility in PW values is estimated to be &lo%. 

Simultaneous Poling and Thermal Cross-Linking. 
The diepoxide cross-linking reagents, (i)-1,3-butadiene diep- 
oxide (11; 97%), 1,2,7,8-diepoxyoctane (111; 97%), and 1,4- 
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Scheme 1. Routes to Chromophore-Functionalized 
Poly@-hydroxystyrenes) 
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OH 
____ I ,  

3H I 
butanediol diglycidyl ether (W, 95%), were obtained com- 
mercially (Aldrich) and used without further purification. 
Films for cross-linking studies were prepared by solvent 
casting in the standard fashion (uide supra) from THF solu- 
tions that contained the functionalized polymer and the 
selected diepoxide cross-linking reagent. Optimum conditions 
for cross-linking were established in independent experiments 
by FT-IR spectroscopy conducted with films on KBr plates 
(uide infra). The films were partially cured at 100 "C for 1 h 
under an inert atmosphere followed by continued heating (100 
"C) under vacuum Torr) for 24 h. The precured and 
annealed films were then corona poled using the apparatus 
and configuration detailed above. The corona voltage (+3 to 
+5 kV) was maintained, while the sample was heated to  180 
"C. Upon saturation of the SH signal intensity (-1 h), the 
sample was cooled to  room temperature. Once room temper- 
ature was reached, the poling field was terminated. Films 
were stored at room temperature in a desiccator for the 
duration of the decay studies. 

Results and Discussion 
We first describe two approaches to the synthesis of 

(SI-NPP-PHS polymers having a wide range of func- 
tionalization levels. Physicochemical studies then focus 
on polymer properties and potential chromophore- 
chromophore interactions employing a variety of spec- 
troscopic techniques (linear optical, optical rotation, FT- 
IR, and SHG). The processing of this material, to 
preserve maximum acentricity, is investigated by de- 
velopment of an annealing protocol and implementation 
of in-situ epoxide cross-linking of the polymer matrix. 

Polymer Synthesis. A random copolymer of poly- 
(p-hydroxystyrene) (PHS) functionalized with 4-nitro- 
phenyl-(SI-prolinol (NPPOH) was prepared from the 
corresponding tosylate (NPPOTs), by either of two 
methods. Both involve the attachment of the NPP 
chromophore to the polymer backbone via an ether 
linkage (Williamson ether synthesis).49 The first of 
these procedures is carried out in an aqueous solution 
under alkaline conditions (Scheme 1). This approach 
is, however, suited only for the preparation of materials 
functionalized to levels less than -62%. At higher 
chromophore loadings, the functionalized polymers have 
a limited solubility in the aqueous solution, so that 
further reaction is inefficient. This problem may be 
easily overcome by using an alternate method (Scheme 
l) ,  involving sodium hydride in nonaqueous media (1- 
methyl-2-pyrrolidinone; NMP). 

Polymer and &-Cast Film Characterization. 
Elemental analysis served as the primary method for 
determining the chromophore functionalization level. As 
shown in Table 2, the experimental C, H, and N values 
all agree to within &0.4% of the calculated values, 
reflecting the high purity of the copolymers. The 400- 
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Figure 2. Wavelength dependence of the refractive index for 
a 36% functionalized (S)-NPP-PHS film as determined by 
spectroscopic ellipsometry. The solid curve represents refrac- 
tive indices obtained by fitting experimental tan Y and cos 
(A) data to the Sellmeir equation. 

MHz 'H NMR spectra of the polymers are not structur- 
ally definitive, exhibiting only broad resonances. They 
indicate, however, that the concentration of free, low 
molecular weight organics is below the detection limit. 
Determination of the chromophore number densities of 
the (S)-NPP-PHS samples requires knowledge of the 
macroscopic densities. The density of a 90% chro- 
mophore-functionalized polymer sample was determined 
experimentally by flotation in an aqueous zinc chloride 
s o l u t i ~ n . ~ ~ ~ ~ ~  A density of 1.27 & 0.01 g cmV3 was found, 
which agrees favorably with 1.29 g cmF3 estimated from 
the weighted average of the known densities of PHS 
(1.163 g and NPPOH (1.36 g 

The refractive index, as measured by spectroscopic 
ellipsometry on an as-cast 36% functionalized (S)-NPP- 
PHS film, increases monotonically from 1.589 a t  1.064 
pm to 1.618 a t  0.532 pm (Figure 2). The index of 
refraction of the neat PHS polymer is reported to be 1.60 
a t  the Na D line (0.589 pML50 This result and previous 
results for (S)-NPP-PPOlGC indicate that the polymer 
index of refraction changes little with NPP functional- 
ization. The derived index values compare well with 
similar values reported for other donor-acceptor chro- 
mophore-functionalized styrene polymers.24 In regard 
to (SI-NPP-PHS linear optical properties, (SI-NPP 
exhibits a strong, broad charge-transfer (CT) absorption 
band at 390 nm (E = 4.07 x lo4 mol-l cm-l) in a THF 
solution. This energy of this excitation is in accord with 
theoretical calculations carried out using the ZINDO/ 
SOS f o r m a l i ~ m , ~ ~ ? ~ ~  which predicts a single dominant 
CT process, with a charge redistribution from the 
prolinol nitrogen to the n-accepting NO2 functionality 
a t  ,Imm = 337 nm.53 Upon attachment of NPP to the 
PHS backbone, the optical maximum shifts to a slightly 
shorter wavelength in THF solution, 386 nm. This shift 
is accompanied by the appearance of a band at 280 nm, 
arising from the PHS n system (Figure 3). The energies 
of these solution-phase transitions are insensitive to the 
PHS functionalization level. The possibility of employ- 
ing optical data for determining the degree of function- 
alization and detecting possible chromophore-chro- 
mophore interactiodaggregation effects was also 
explored. A reasonably linear relationship is found 
between the 386 nm absorbance and the chromophore 
concentration (Figure 4) for a wide range of function- 
alization levels examined (12-62% functionalized (SI- 
NPP-PHS). Some slight departure from linearity may 
be present at the highest level of functionalization 
(go%), possibly reflecting a minor association of the 
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Figure 3. Comparison of UV-visible absorption spectra of 
34% (SI-NPP-PHS in THF solution (dashed curve) to pure 
chromophore (5')-NPPOH in THF solution (solid curve). Data 
have been normalized to the absorption peak maximum. 
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Figure 4. Absorbance (measured at the principal charge- 
transfer band associated with the appended chromophore, ,Imau 
= 386 nm) as a function of chromophore concentration for (S)- 
NPP-PHS samples in THF solution. The line represents a 
least-squares fit to Beer's law. 
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Figure 5. Transmission optical spectrum of a 48% (S)-NPP- 
PHS film before and after corona poling. 
chromophore substituents at high  concentration^;^^ 
however, extensive aggregation seems unlikely, since 
no significant alteration in either the energy or line 
shape of the NPP CT excitation band is observed over 
the full range of functionalization levels. These optical 
spectroscopic results are in good agreement with func- 
tionalization levels determined by elemental analysis. 
In Figure 5, the optical spectrum for a 48% functional- 
ized (5')-NPP-PHS thin film (Ams = 397 nm) (cast from 
THF and annealed under vacuum overnight at 120 "C) 
is shown. A red shift of -11 nm is observed in the film 
chromophore absorption band versus THF solutions. It 
can be ascribed to small changes in chromophore- 
chromophore interactions, chromophore matrix hydro- 
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Figure 6. Specific rotation as a function of chromophore 
concentration of (S)-NPP-PHS in THF solution. The 
straight line is the linear least-squares fit to the experimental 
data. 

gen bonding, and/or to environmental polarity (solva- 
tochromic) effects. In NPP-PHS films, the Am, and line 
shape of this CT feature are essentially invariant with 
the NPP functionalization level. Importantly, it can also 
be seen from these data that the (5')-NPP-PHS film 
linear optical absorption maximum is far removed from 
the 532-nm 2w light generated in the SHG experiments 
(vide infra) and that chromophore absorption has es- 
sentially reached "base line" by 520 nm. Thus, negli- 
gible resonant enhancement of the NLO response and 
negligible photochemical damage of the chromophoric 
substituent is anticipated (none is observed).55 The 
same argument applies to possible film heating 

Since the NPP chromophore has a chiral center, 
increased optical activity is expected upon increased 
PHS functionalization. Therefore, optical rotation was 
also investigated as a function of the level of chro- 
mophore substitution. As shown in Figure 6, an ap- 
proximately linear relationship between optical rotation 
and chromophore concentration obtains over the range 
12-62% functionalization. At the highest functional- 
ization level (go%), however, some deviation from 
linearity is observed. This may again reflect chro- 
mophore association at high loadings.55 In terms of 
synthetic chemistry, these results also demonstrate that 
the reaction conditions required for attachment of the 
chiral NPPOH chromophore to the polymer backbone 
do not incur significant racemization. 

A transmission FT-IR spectrum of an unannealed 
36% (5')-NPP-PHS film cast from a THF solution is 
presented in Figure 7. Characteristic vibrational modes 
include a broad, strong transition due to a distribution 
of the hydrogen-bonded polymeric alcohol functionalities 
(3362 cm-1)57-61 and characteristic modes of the nitro 
group at 1518 (strong, sharp) and 1308 cm-l (very 
~ e a k ) . ~ ' - ~ l  Note that, in strongly associated polymers 
such as PHS, a narrower band associated with "free" 
(Le. ,  non-hydrogen-bonded) hydroxyl groups is also 
typically observed at ca. 3525 cm-1.59 In the unan- 
nealed sample of 36% functionalized (5')-NPP-PHS, a 
small shoulder is, in fact, observed in this region, 
indicating that a small fraction of the hydroxyl groups 
present are free. Two (5')-NPP-PHS absorption bands 
absent in the infrared spectra of the pure NPPOH 
chromophore and the PHS polymer are observed at 1214 
(sharp, moderate) and 1014 cm-l (very weak) and are 
reasonably assigned to the ether linkage produced upon 
functi~nalization.~~-~l The FT-IR spectrum of the unan- 
nealed sample also exhibits two peaks at 1048 and 889 
cm-l, which arise from the presence of residual casting 
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Figure 7. FT-IR spectrum of a 36% (SI-NPPOH functionalized PHS film with characteristic absorption bands indicated (full 
explanation provided in the accompanying text). 

solvent, THF. Film FT-IR spectra as a function of 
increasing the (SI-NPP-PHS functional level reveal a 
progressive diminution in the intensity of the YOH region 
and displacement to higher frequency, indicative of a 
weakening of the hydrogen-bonding network. Increases 
in the NPP-centered transitions are also observed as 
expected. In view of the satisfactory (S)-NPP function- 
alization level information obtained from elemental 
analysis and optical spectroscopic data (vide supra), 
further quantitative analysis of the film FT-IR data 
(which has inherent quantitative limitations61b) was 
considered unnecessary. 

Table 1 presents (S)-NPP-PHS Tg data as a function 
of the chromophore content. The data show a monotonic 
fall in Tg with increasing functionalization level. This 
diminution in Tg with side-chain functionalization is 
typical of random copolymers of amorphous morphology 
exhibiting a single Tg intermediate between the T i s  of 
the constituent monomer units. This empirical rela- 
tionship is given in eq 1,62 

where the copolymer Tg is related to the mass fractions, 
Ma and Mb, and the T i s  of the respective comonomer 
units. As shown in Figure 8, the experimentally deter- 
mined (S)-NPP-PHS glass transition temperatures 
conform well to eq 1. It will be seen that these mobility 
characteristics have significant consequences for the 
temporal stability of poling-induced chromophore align- 
ment. 

Film Processing. An annealing procedure was 
found necessary to remove solvent (THF) and other 
extraneous volatiles which deleteriously plasticize the 
polymer matrix.62 FT-IR spectroscopy was used to 
monitor the removal of residual THF from the cast (SI- 
NPP-PHS films by following the reduction or disap- 
pearance of the characteristic 1048 and 887 cm-l THF 
modes.60 After heating at 100 "C under vacuum 
Torr) for 2 h, both the 1048 cm-l absorption and the 
877 cm-l band have been reduced in intensity, the latter 
significantly. Further heating t o  150 "C reduces the 
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Figure 8. Effect of percent PHS functionalization on the glass 
transition temperature, T,, for (SI-NPP-PHS. Tg is defined 
and taken as the midpoint of the DSC transition. The dotted 
line corresponds to the values expected from empirical eq 1. 

1048 cm-l band still further and effectively eliminates 
the 887 cm-l band. Based upon these results, the 
solvent-cast films were annealed at 150 "C overnight 
under vacuum to assure complete removal of THF. 

Poling Procedures and Properties of Poled (0 
NPP-PHS Films. The second-order nonlinear optical 
properties of the (SI-NPP-PHS copolymer films were 
examined simultaneously with poling by second har- 
monic generation (SHG) techniques. The SHG coef- 
ficient, d33 ( 1 / 2 ~ ( ~ ) ~ ~ ~ ) ,  was determined from the film 
thickness and the second harmonic signal intensity 
relative to a quartz reference. Film absorption correc- 
tions were not applied since minimal optical absorption 
is detected at either the fundamental (1064 nm) or at 
the second harmonic (532 nm) wavelength (cf. Figure 
5). No SHG signal is observed from unpoled samples. 

Corona polin&' was the primary technique employed 
in this study to  induce acentricitylchromophore align- 
ment in the (S)-NPP-PHS films. It was preferred to 
conventional contact electrode poling because it is less 
sensitive to local defects in the film surface which lead 
to dielectric breakdown and short-circuiting during 
contact poling.63 Hence, larger field strengths are 
achievable, limited theoretically only by the intrinsic 
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Table 3. Effect of Functionalization Level on 
Second-Order Nonlinear Optical Coefficient, d33, for 

Corona-Poled (S)-NPP-PHS Films 
polymer chromophore 

functionalization d3sa densityb number density 
level (%) esu) (g/cm3) (1020/~m3) 

16 12.8 1.18 7.68 
36 44.5 1.20 13.3 
48 58.4 1.21 16.0 
62 65.7 1.23 18.7 
75 71.5 1.24 20.5 
90 79.0 1.26 22.5 

a Measurements made at A = 1064 nm fundamental. Values 
for 16-75% functionalized samples were approximated via inter- 
polation. 

dielectric strength of the polymer. The protocol for (5’)- 
NPP-PHS films consisted of poling at elevated tem- 
peratures (eg. ,  in the vicinity of Tg) until a steady-state 
in-situ SHG signal intensity was achieved and then 
slowly cooling the sample to room temperature, after 
which time the electric field was terminated. The 
possibility of retention of residual charge after corona 
poling was examined by comparing the NLO character- 
istics of untreated poled polymer films to poled films 
swabbed with H2O (which acts to hasten recombination/ 
neutralization or surface charge).la The results dem- 
onstrate that, under the prevailing experimental con- 
ditions (i.e., humidity, sample thickness, etc.), the 
presence of residual charge leads to no significant 
difference (I &lo%) in the SHG intensity. Infrequently, 
after subjecting the film to the corona discharge a t  high 
fields, an opaque halo could be detected visually on the 
surface of the film. The impact of corona poling on the 
film was readily observed in the optical absorption 
spectrum (Figure 5). The postpoling spectrum reveals 
a notable reduction in the peak intensity, a slight band 
broadening, and a small red (electrochromic) shift (ca. 
3 nm) in the band position. Similar electric field- 
induced changes in film optical spectra have been 
observed previously11,20,64 and are attributable to partial 
orientation of the chromophore molecules, hence the net 
charge-transfer transition dipole, along the surface 
normal. The absence of new peaks in the optical 
absorption spectrum subsequent to poling argues that 
no decomposition/chemical degradation has occurred.55 

X-ray diffraction was employed to assess the degree 
of film ordering/crystallinity as a function of processing 
conditions. The XRD study was performed on poled (or 
unpoled) (1-3 pm) (5’)-NPP-PHS films which were 
solvent cast onto ITO-glass substrates. Importantly, 
the diffraction patterns for the annealed, corona-poled 
films show few features not attributable to the IT0 
substrate. Only two broad, low-angle reflections at 28 
xz 6” and 10” are observed. Such a result is typical of 
amorphous vitreous  material^,^^^^^ with the broad, low- 
angle reflections arising from isolated regions of short- 
range order.67 

Values of the second harmonic coefficient, d33, for 
corona-poled (SI-NPP-PHS films over a wide range of 
functionalization levels are tabulated in Table 3. These 
essentially nonresonant values, particularly a t  the 
highest functionalization level (79 x esu or 32 pmN 
a t  I = 1.064 pm), rival or exceed many previously 
reported for off-resonance SHG measurements on other 
side-chain functionalized NLO polymers employing a 
wide variety of backbones and appended chromo- 
phores.11J6-22 

In regard to how d33 varies with polymer architecture, 
the “Chromophore gas” model (eq 2) describes the 
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response of noninteracting, uniaxial (i.e., rodlike mol- 
ecules with the dipole moment axis directed along the 
long molecular axis) NLO chromophores (Le., isolated 
molecules) when under the influence of an electric 
field.13 Here, N is the chromophore number density, the 
f s are local field factors at the indicated frequencies, 
pzZz is assumed to be the only nonzero component of the 
molecular hyperpolarizability tensor (PI, p is the chro- 
mophore dipole moment, E, is the poling field strength, 
and L3 is the third-order Langevin function, which is 
proportional to the angular average, (cos3 8). It is this 
third moment of cos 8 which describes the degree of 
polar order (8  here is the polar angle between the 
chromophore dipole axis and the surface normal, the 
direction of the applied field) achieved during electric 
field poling. The applicability of this model to real NLO 
systems is an important question and may be addressed 
in a variety of ways including synthesis, as well as linear 
and NLO spectroscopy. As can be seen in Figure 9, the 
relationship between d33 and the chromophore number 
density is nearly linear over the widest range of chro- 
mophore number densities yet exarnined.l’ This finding 
argues against the importance of chromophore-chro- 
mophore aggregation in determining NLO response, 
even at the highest chromophore number densities-90% 
functionalized (SI-NPP-PHS, where N = 22.5 x lozo 
cmP3 (for comparative purposes, the chromophore num- 
ber density in crystalline NPPOH is calculated from 
crystallographic datau to be 37.0 x lozo ~ m - ~ ) .  Cen- 
trosymmetric NPP aggregation would be expected to 
decrease the observed SHG intensity. As an additional 
probe of possible microscopic chromophore-chromophore 
interactions a t  high NPPOH substitution levels, the 
bulk NLO properties of a polymer functionalized with 
racemic NPPOH were also investigated. As shown in 
Figure 9, the d33 value of 75% functionalized, racemic 
(R) + (S)-NPP-PHS does not deviate significantly from 
the linear relationship established between d33 and N 
for (23)-NPP-PHS. These results are a further demon- 
stration of the absence of significant centrosymmetric 
chromophore aggregation effects on the NLO response 
of poled (SI-NPP-PHS films. 

Equation 2 also predicts that d33 should be linear with 
respect to the electric poling field strength, E,, at low 
poling fields. The validity of this relationship is difficult 
to assess with the corona poling technique, since a 
precise determination of the electric field strength is not 
readily obtained. By employing contact poling, however, 
the assessment can be made. As shown in Figure 10, 
which depicts experiments using 48% functionalized (SI- 
NPP-PHS, there is a linear relationship between the 
two parameters at low to modest field strengths. Equa- 
tion 2 also predicts that the dependence of d33 (which 
is proportional to (cos3 8)) on the dc poling field should 
be nonlinear (i.e., saturates) at fields greater than -1.3 
MV/cm. The theoretical behavior of (cos3 8) as a 
function of field strength, as predicted by eq 2, is 
illustrated in Figure 11. The agreement with experi- 
ment is excellent. 
SHG Temporal Characteristics. All poled chro- 

mophoric glassy polymer ensembles are thermodynami- 
cally unstable. Therefore, upon field removal, chro- 
mophore relaxation will erode the poling-induced 
noncentrosymmetry and hence limit SHG temporal 
stability. Temporal stability characteristics of the 
second harmonic coefficients, d33, were measured for the 
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Figure 9. Second-order nonlinear optical coefficient, d33, of 
poled NPP-PHS films as a function of the chromophore 
number density, N ,  at a constant field strength. The solid 
circles correspond to data for (SI-NPP-PHS; the square 
corresponds to data for racemic NPP-PHS. The line is a 
linear regression fit to the data. 
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Figure 10. Second-order nonlinear optical coefficient, d33, as 
a function of the applied contact poling field strength for 
contact-poled samples of 48% functionalized (S)-NPP-PHS 
(poled at 110 “C). The line represents a linear regression fit 
to the low-field data. 
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Figure 11. Theoretical poling field-dependent behavior of 
(cos3 0) ( 4 3 ;  dashed line) as predicted by eq 2. Calculation 
parameters: ,u = 2.34 x C m, T = 423 K. Approximate 
linearity up to a poling field of -1.3 W/cm is demonstrated 
by linear regression analysis (solid line), in agreement with 
the experimental data of Figure 10. 

(SI-NPP-PHS polymers and could be fit by nonlinear 
least-squares analysis to the phenomenological biexpo- 
nential expression of eq 3. Here, z1 and zz refer to 

(3) d,,(t) = A exp(-t/z,) + B exp(-t/z,) 

average short-term and long-term relaxation times, 
respectively. (Typically, second harmonic coefficients 

1.00 I 

functionalization 

48 61.0 (9.0) 1321.8 (164.6) 0.27 (0.03) 0.73 (0.01) 
75 38.0 (7.1) 864.5 (92.0) 0.32 (0.1) 0.68 (0.1) 
90 26.5 (2.4) 690.4 (43.1) 0.40 (0.05) 0.60 (0.05) 

a Fit parameters were obtained by fitting data (Figure 12) to 

level (8) ti (h) t2 (h) A B 

eq 3. 

normalized to unity at t = 0 are fit. Thus, the sum of 
the coefficients A and B is equal to 1). Alternative 
models exist to describe the observed relaxation behav- 
ior, among them the Kolhrausch-Williams-Watts 
(KWW) expression, which describes the behavior as a 
manifold of relaxation p r o ~ e s s e s . ~ ~ > ~ ~ @  The biexponen- 
tial function was elected for use here since it provides 
a convenient way to express the temporal characteristics 
as a biphasic process, possessing short- and long-term 
relaxation  time^.^^)^^ This “two-state” description of 
chromophore relaxation after electric field poling pro- 
vides an indication of the microenvironment of the 
encapsulated chromophores within the polymer matrix. 
That is, application of the free volume model of Cohen 
and Grest71 permits association of the fast relaxation 
component with facile rotational diffusion of the chro- 
mophore in “liquid-like” microvoids, while the slower 
relaxation component is associated with restricted chro- 
mophore motion in “glass-like” islands. A formal deri- 
vation and physical interpretation of a bimodal func- 
tional form will be presented in detail e l ~ e w h e r e . ~ ~  

The effect of NPP functionalization level on SHG 
temporal characteristics is presented in Figure 12. 
Each of the samples was corona poled at 133 “C (Le., 
above Tg) using an applied voltage of +3.4 kV. Once 
steady-state ke . ,  saturation) SHG intensity was reached, 
the films were cooled to room temperature and physi- 
cally aged for 1.0 h prior to field removal. Qualitatively, 
the results show that the disorientation of the imposed 
alignment is more rapid at higher levels of chromophore 
functionalization. Fitting the data to a biexponential 
function reveals that the decay rates differ in both the 
short-term and long-term decay components and that 
both z1 and t 2  increase with decreasing functionalization 
levels (Table 4). The increase in the rate of decay with 
increased chromophore number density can be qualita- 
tively correlated with the dependence of Tg on function- 
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alization level (Figure 8). As noted above, this diminu- 
tion in Tg with side-chain functionalization is typical of 
amorphous random copolymers exhibiting a single Tg 
intermediate between the Tis of the constituent mono- 
mer units (cf. eq 1). For poled ($1-NPP-PHS films, the 
lower Tg values are clearly associated with more facile 
chromophore reorientation to an isotropic microstruc- 
ture once the poling field is terminated. 

As stated previously, inclusion of extraneous low 
molecular weight components in a polymer matrix can 
act adversely as plasticizers. Since these small molec- 
ular components ( e g . ,  THF) are volatile, however, they 
can be readily removed using the previously described 
high-temperature annealing procedure. The effect of 
this annealing procedure upon the decay characteristics 
of a typical sample is shown in Figure 13. A comparison 
of curve A, for an annealed 12% functionalized NPP- 
PHS (ZZ = 133 days) film with curve B, an unannealed 
film sample (ZZ = 84 days), demonstrates that chro- 
mophore reorientation can be further inhibited by using 
this processing method. The annealing procedure serves 
primarily to reduce the initial decay feature (TI) char- 
acteristically found in poled polymer second harmonic 
decay curves. 

Simultaneous Poling and Cross-Linking. Cross- 
linking was investigated as a means of further improv- 
ing the temporal characteristics of poling-induced acen- 
tricity the chromophore-functionalized polymer. Al- 
though this approach has now been employed by a 
number of groups,11,21,74-76 the critical parameters 
involved have not been investigated in detail. In the 
present study, the matrix is simultaneously poled and 
vitrifiedcured with a polyfunctional epoxide reagent.77 
The question concerns what procedures most effectively 
immobilize the preferentially aligned chromophore sub- 
stituents. Several model diepoxides having differing 
degrees of chain flexibility and distances between the 
reactive groups were examined as crosslinking agents 
(11-IV). Ideally, the diepoxide should both form inter- 
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chain ether linkages (Le., between backbone-backbone 
phenolic groups) and generate new hydroxyl groups, 
thereby reestablishing sites for hydrogen bonding (Fig- 
ure 14). The cross-linking process typically is a complex 
function of multiple variables including temperature, 
curing time, stoichiometry, and the cross-linking 
agent.77,79 In the present studies, optimum conditions 
(e.g., temperature and time) for the thermal cross- 
linking were established by FT-IR spectroscopy of (5')- 
NPP-PHS/diepoxide thin films cast onto KBr plates. 
Cross-linking can be assayed by diminution of the epoxy 
ring vibrational mode at 913-907 cm-l 79,80 and the 
concurrent appearance of an ether C - 0  stretch at 
1048-1040 cm-l 79,80 ( e g . ,  Figure 15). Evidence of the 
cross-linking reaction is observed after heating the film 
at 60 "C for 1 h (Figure 15B). After 6.5 h at 80 "C, the 
907 cm-l band is greatly diminished and the intensity 
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Figure 13. Effect of the annealing procedure on the SHG 
temporal characteristics of a corona-poled (S)-NPP-PHS 
film: (A) Annealed 12% functionalized (5')-NPP-PHS. (B) 
Unannealed 12% functionalized (S)-NPP-PHS. Curves rep- 
resent nonlinear least-squares tits to eq 3. 
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Figure 14. Scheme illustrating the introduction of covalent 
bonds (cross-links) between polymer chains. 
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Figure 15. (A) FT-IR spectrum of 16% functionalized (5')- 
NPP-PHS + 1,4-butanediol diglycidyl ether (BDE; W). (B) 
FT-IR spectrum of 16% functionalized (SI-NPP-PHS + 1,4- 
butanediol diglycidyl ether (BDE) after 1 h of heating at 60 
"C. (C) FT-IR spectrum of 16% functionalized (23)-NPP-PHS + 1,Cbutanediol diglycidyl ether (BDE) after 6.5 h of heating 
at 80 "C. (D) FT-IR spectrum of 16% functionalized (S)-NPP- 
PHS + 1,4-butanediol diglycidyl ether (BDE) after 14.5 h of 
heating at 100 "C. 

of the 1040 cm-l band substantially increased (Figure 
15C). When a film heated for 6.5 h at 80 "C was 
subsequently heated to 100 "C for 14.5 h, no further 
change in the spectrum could be detected (Figure ED) .  
As a result, the cross-linking reaction was considered 
to be essentially complete after 6.5 h at 80 "C. 

Optimum cross-linking stoichiometry and its effect on 
SHG stability were also investigated. Films of 16% 
functionalized (5')-NPP-PHS containing varying amounts 
of 1,4-butanediol diglycidyl ether (BDE) were precured 
at 100 "C for 1 h under an inert atmosphere followed 
by further heat treatment under vacuum for 24 h. The 
precured and annealed films were then corona poled at 
180 "C for 1 h, cooled to room temperature, and 
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Table 6. Effect of BDE (rv) Diepoxide Cross-Linker 
Concentration of the Second-Order Nonlinear Optical 

Coefficient, d33, and Temporal Characteristics of 
Corona-Poled 16% Functionalized (S)-NPP-PHS Films 

diepoxide diepoxide (log esu) (days) (days) 
none 0 8.8 26 30 
BDE 0.25 3.8 18 74 
BDE 0.50 5.5 20 53 
BDE 0.75 2.1 11 51 
BDE 1.00 1.4 9 46 

equiv of d33 tla 5za 

a Values as determined by least-squares fits to a biexponential 
function (eq 3). 
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Figure 16. Effect of the BDE diepoxide-to-available phenol 
OH ratio on the long-term relaxation time constant, t2 (eq 31, 
of (S)-NPP-PHS films simultaneously corona poled and 
crosslinked. The line is drawn as a guide to the eye. 

physically aged for 1 h prior to  field removal. The 
results of this study show (Table 5) that the long-term 
decay constant, 22, is enhanced at even relatively low 
diepoxide/available phenol OH ratios. In addition, the 
22 values falls gradually at the higher ratios. This same 
trend is also observed in 21, the short-term decay 
behavior. The effect of the diepoxide-to-available phenol 
OH ratio on t2 is summarized in Figure 16. The 
reduction in the relaxation time a t  higher diepoxide 
contents can be attributed to unreacted epoxide func- 
tionalities (Le. ,  incomplete cross-linking) which plasti- 
cize the chromophore-polymer matrix. At diepoxide 
stoichiometries greater than 0.5 equiv per phenolic OH, 
the cross-linked films become opaque after the casting, 
precuring, and annealing procedure, suggesting phase 
separation. This leads to  a substantial reduction in the 
measured d33. 

Except for the relatively volatile diepoxide 11, all of 
the diepoxides investigated provided extensively cross- 
linked films of high optical quality as judged from FT- 
IR data and visual inspection. The influence on d33(t) 
of thermal cross-linking 16% functionalized ($1-NPP- 
PHS with 0.5 equiv of 1,2,7,8-diepoxyoctane (111; DEO) 
is shown in Figure 17. The decay profile for the un- 
cross-linked or 16% PHS-NPP, curve B, was found to  
have an average long-term decay constant, 22, of 30 
days. This is in sharp contrast to the result, curve A, 
obtained for the cross-linked system where a significant 
ca. 3-fold enhancement is found in the 22 parameter. 
Figure 18 depicts the effects of thermal cross-linking 
by a more flexible cross-linker, 1,6butanediol diglycidyl 
ether (W, BDE), on the SHG decay characteristics of 
12% (5')-NPP-PHS. Interestingly, cross-linking in this 
case effects an increase in 22 of only 275 days - 287 
days. This rather modest enhancement in SHG tem- 
poral stability may be attributed to the differences in 
cross-link chain flexibility of the two diepoxides, since 
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Figure 17. Temporal characteristics of the second harmonic 
coefficient, d33, for corona-poled (SI-NPP-PHS films. (A) 
Simultaneously poled at 130 "C and crosslinked with 0.5 equiv 
of DE0 (111). (B) Poled at 130 "C. The curves represent 
nonlinear least-squares fits to eq 3. 
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Figure 18. Temporal characteristics of the second harmonic 
coefficient, d33, for a corona-poled (SI-NPP-PHS film. (A) 
Simultaneously poled (148 "C) and crosslinked with 0.5 equiv 
of BDE (N. (B) Poled at 148 "C. Representative error bars 
provided on data in curve B. Curves represent nonlinear least- 
squares tits to eq 3. 

mobilities of epoxy networks depend on both the cross- 
link density and the cross-link chain flexibility.80,81 

Conclusions 
The influence of architectural and processing vari- 

ables on the properties of a broad series of chiral 
chromophore-functionalized glassy polymers, (5')-NPP- 
PHS, has been probed by linear optical spectrophotom- 
etry, NLO spectroscopy (SHG), FT-IR, and optical 
rotation measurements. Optical spectra of polymer 
solutions exhibit, at most, slight saturation of the NPP 
CT band at the highest functionalization level (go%), 
arguing against major electronic interactiodstructural 
aggregation of the chromophore moieties. Optical rota- 
tion measurements yield essentially the same result. 
Measurements of the second harmonic coefficient, d33, 
as a function of chromophore number density in both 
homochiral and racemic NPP-PHS films are also 
consistent with minimal NLO-active chromophore ag- 
gregation. It seems reasonable to  expect that such 
effects are not confined to the (S)-NPP-PHS polymer. 
Unfortunately, similar data for other NLO-active chro- 
mophore-polymer systems are not adequate to  permit 
comparisons, since most studies have emphasized effects 
of chromophore or backbone modification rather than 
systematically investigating the effects of the chro- 
mophore functionalization level. 

Although the chromophore-chromophore interactions 
at high NPP-PHS functionalization levels are not 
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sufficient to degrade the magnitude of d33, an increase 
in the rate of chromophore relaxation subsequent to 
cessation of electric field poling is observed. This 
increase can be correlated with diminution of Tg, and 
the disruption of the hydrogen-bonding network (de- 
tected in the FT-IR) which accompanies increasing 
substitution levels of NPP for OH groups on the PHS 
backbone.82 This observation is further supported by 
studies on poly@-hydroxystyrene) functionalized with 
35% and 88% HNPP (V), a chromophore which pos- 

w 
H 

io* 

V 

sesses an additional OH f u n ~ t i o n a l i t y . ~ ~  Specifically, 
comparison of the results for HNPP-PHS74e to  those 
obtained for NPP-PHS indicates that, at low function- 
alization levels, the Tg values for the two polymers are 
nearly the same (137 vs 134 "C). At the highest 
functionalization level (go%), however, the Tg of NPP- 
PHS drops to 96 "C. For HNPP-PHS, when hydrogen 
bonding is possible in spite of chromophore substitution, 
the decrease in Tg is less dramatic (to 114 "C). 

NPP-PHS relaxation characteristics can also be 
impeded by annealing the films prior to poling. By 
careful optimization of this procedure, small plasticizing 
molecules (eg . ,  residual solvent) within the polymer 
matrix can be effectively eliminated. This procedure 
may also serve to reduce the average available void 
volume within the polymer matrix, thereby increasing 
the steric hindrance to rotation. Contrary to previous 
reports, the results presented here demonstrate that 
optimizing the prepole annealing procedure not only 
functions to reduce the initial decline in SH signal but 
also acts to  significantly enhance retention of the long- 
term nonlinearity. Unlike many guest-host polymer 
s y s t e m ~ , ~ ~ J ' ~  the covalently functionalized NPP-PHS 
system has been shown to be insensitive to thermal 
degradatiodevaporation of the chromophore from the 
matrix, even under the rigorous annealing conditions 
used. Finally, poling in concert with thermal epoxy 
cross-linking using relatively rigid reagents at optimized 
stoichiometries is found to substantially enhance the 
orientational stability of the aligned chromophore sub- 
stituents, by forming ether linkages between the poly- 
meric chains and reestablishing hydroxyl groups for 
hydrogen bonding. This produces a dense, three- 
dimensional network of covalent bonds which restrict 
the freedom of chromophore motion, thereby enhancing 
SHG temporal stability characteristics. The present 
study employed model, difunctional epoxy reagents for 
cross-linking. We show elsewhere that considerable 
additional enhancements in Tg and SHG temporal 
stability (510% decay over 1000 h at 100 "C) are 
achievable with improved curing methodologies and 
polyfunctional epoxy cross-linking agents.85 

In the accompanying paper,38 we extend our study of 
this model chromophore-functionalized NLO polymer 
system to  an investigation of appended chromophore 
and macromolecular dynamics using reorientation tran- 
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sients under sequentially varied poling and processing 
conditions ( e g . ,  temperature, physical aging, and field 
strength) to  test the applicability of various polymer 
chain dynamic models. 
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