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Abstract 

A guest-host system of a nonlinear optical (NLO) arylphosphine oxide and polyhydroxystyrene (PSOH) has been investigated for second- 
order nonlinear optics. The synthesized NLO-active arylphosphine oxides show spectroscopic properties in accordance with the proposed 
structures using n.m.r. spectrometry. These NO-active arylphosphine oxides and polymer matrix exhibit optical transparency down to 
400 nm, and excellent thermal stability (Td > 345°C). An NLO-active chromophore with short absorption wavelength is desirable for 
application in frequency doubling. Moreover, the excellent thermal stability of the chromophore will prevent its decomposition during the 
poling process at elevated temperatures. The homogeneity of these guest-host NLO polymers are confirmed using scanning electron 
microscopy @EM). The second-order nonlinearity and temporal stability of these NLO polymers were also reported. The relationship 
between molecular motion and temporal stability are studied by dielectric analysis. 0 1998 Elsevier Science Ltd. All rights reserved. 
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1. Introduction 

Second-order nonlinear optical (NLO) polymers have 
been widely studied for applications in frequency doubling 
and electro-optical (EO) modulation [1,2]. The polymers 
show second-order NLO effects when the NLO-active 
chromophore is oriented in a noncentrosymmetric structure 
by an electric poling process. Moreover, large second-order 
nonlinearity can be obtained for the NLO polymer contain- 
ing a chromophore cohsisting of strong electron-donating 
and -withdrawing groups separated by a a-delocalized 
moiety. These NLO-active polymers typically have longer 
cutoff wavelengths in absorption. The long cutoff wave- 
lengths result in resonant enhancement of the second 
harmonic signal [I]. However, resonant enhancement 
should be avoided for frequency doubling. This is because 
of the fact that the optical power density in most NLO 
waveguide devices is quite large. A small absorption can 
cause intolerable damage for NLO polymers [ 11. Therefore, 
the optical transparency down to a lower cutoff wavelength 
is an important consideration in designing second-order 
NLO polymers for frequency doubling. 

Recently, a few NLO organic materials with desirable 
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optical transparency have been investigated [3-91. One 
group of these materials is the NLO-active substituted 
arylphosphine oxides [7-91. The NLO-active substituted 
arylphosphine oxides exhibit a cutoff wavelength shorter 
than 350 nm [7-91. The fact that no absorption in the region 
where diode laser-driven second harmogenic generation 
(SHG) occurs is desirable for frequency doubling [5]. More- 
over, the substituted arylphosphine oxides have excellent 
thermal stability [7]. This will prevent the decomposition 
of the phosphine oxide during the corona poling process for 
their use as NLO-active chromophores in the polymer 
matrix. In addition, the hydrogen-bonding between the 
donor (substituted) group and electron-withdrawing phenyl- 
phosphine oxide is a beneficial characteristic in second- 
order NLO materials [7,10-121. This is favourable for the 
formation of the noncentrosymmetric structure. Therefore, 
the substituted arylphosphine oxide is a good candidate to 
be an NLO-active chromophore. Desirable optical transpar- 
ency and environmental stability of the NLO polymers will 
be obtained when the NLO-active substituted arylphosphine 
oxide is incorporated into the polymeric matrix. 

In this study, the NLO-active tris(3-nitrophenyl)- 
phosphine oxide (TNPO) and tris(3-aminophenyl)- 
phosphine oxide (TAPO) were synthesized. These two 
NLO-active chromophores were separately doped into the 
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polyhydroxystyrene (PSOH). PSOH was chosen because 
there could be intermolecular hydrogen-bonding between 
the NLO-active chromophore and polymer [7, lo- 121. 
Therefore, a high doping level of the NLO-active chromo- 
phore was achieved for this guest-host system. Phase 
homogeneity of these guest-host NLO polymeric materials 
were confirmed using scanning electron microscopy (SEM). 
The second-order nonlinearity was obtained by an applied 
electric poling field. The temporal stability of second-order 
optical nonlinearity was observed at 35 and 100°C via in situ 
second-harmonic generation technique. Moreover, the 
thermal dynamic behaviours were studied by using broad- 
band dielectric relaxation spectroscopy. The influence of the 
molecular motion on the temporal stability of second-order 
nonlinearity was also discussed. 

2. Experimental 

2.1. Synthesis of TNPO and TAP0 

The synthesis of TNPO and TAP0 is shown in Scheme 1. 
TNPO and TAP0 were obtained via the nitration and 
subsequent reduction of triphenylphosphine oxide. The 
chemical structures of TAP0 and TNPO were confirmed 
using a Bruker MSL-300 (300 MHz) NMR spectrometer. 
PSOH was obtained from Aldrich (M, = 30000 g mol-‘) 
and was used as received. 

A solution of sulfuric acid (15 ml) and nitric acid (6.3 g) 
was added dropwise over a period of 30 min into a stirred 
solution of triphenylphosphine oxide (5 g) in sulfuric acid 
(100 ml) at 0°C and the solution was allowed to rise to room 
temperature after 5 h. The solution was then added into the 
water. The precipitate was extracted with ethyl acetate and 
washed with bicarbonate aqueous solution until neutral pH 
was reached. The solvent was then removed. The solid 
residue was recrystallized from mixed solvent (ethyl acetate 
and n-hexane). TNPO was obtained with a 87% yield. ‘H 
n.m.r. (d-DMSO) 6 7.99-8.06 (m, 3H), 8.28-8.35 (m, 3H), 
8.58-8.67 (m, 6H). 

SnC1,.2H,O 

HClEtOH 

Scheme 1. 

TNPO (1.5 g) was reacted with powdered tin(I1) chloride 
dihydrate (6.5 g) in a solution of 75 ml ethanol and 75 ml 
fuming hydrochloric acid at room temperature for 8 h. The 
solution was neutralized with 25% NaOH aqueous solution. 
The raw product was then extracted with ethyl acetate. After 
removing the solvent, the solid residue was recrystallized 
from mixed solvent (ethyl acetate and n-hexane) to give a 
pure product. The TAP0 was obtained with a 72% yield. ‘H 
n.m.r. (d-DMSO) 6 6.93-6.97 (d, 3H, P-C=CH-C-NH2), 
5.45 (s, 6H, P-C=CH-C-NH2), 6.70-6.76 (m, 3H, P-C- 
CH=CH-CH), 7.19-7.25 (m, 3H, P-C-CH=CH-CH), 
6.80-6.84 (d, 3H, P-C-CH=CH-CH); 13C n.m.r. (d- 
DMSO) 6 133.32, 134.66 (P-C-CH=CH), 116.41, 116.55 
(P-C=CH-C-NH2), 148.65, 148.83 (P-C=CH-C-NH2), 
118.59, 118.72 (P-C-CH=CH-CH), 128.79, 128.97 (P- 
C-CH=CH-CH), 116.74, 116.76 (P-C-CH=CH-CH); 
31P n.m.r. (d-DMSO) 6 28.84 (C-P=O). 

2.2. Preparation of guest-host samples 

The guest-host samples (TNPO/PSOH and TAPO/ 
PSOH) with different weight ratios (sample TNPOlO, 
10:90; sample TAPO25, 25:75) were prepared for NLO 
measurements. The doping levels for TNPO&‘SOH and 
TAPO/PSOH were obtained from the highest content of 
NLO dyes in polymers without formation of dye aggrega- 
tion [ 131. TNPOlO was obtained by dissolving TNPO 
(0.01 g) and PSOH (0.09 g) in N,N-dimethylformamide 
(DMF, 2 ml). Moreover, the polymer solution of TAP025 
containing TAP0 (0.025 g) and PSOH (0.075 g) in DMF 
(1 ml) was also prepared for film fabrication. Thin film 
was prepared by spin coating the polymer solution onto 
indium tin oxide (ITO) glass substrates. 

2.3. Physical characterization 

Thermal behaviour of these NLO-active chromophores 
and guest-host polymeric materials were determined by 
the differential scanning calorimeter (d.s.c.; Seiko SSC/ 
5200) with a heating rates of 10°C mm-‘. Glass transition 
temperature (T,) was read at the middle of the change in 
heat capacity. The transitions were collected from the 
second heating scan. Thermal degradation temperature 
(Td) was measured using DuPont 951 thermogravimetric 
analyser (t.g.a.) at 10°C min-’ under air. The temperature 
at weight loss of 5% was defined as Td. U.v.-vis spectra were 
recorded on a Hitachi 320 spectrophotometer. SEM (Jeol 
JEM-840A) was employed to study the morphology of the 
polymer film which was coated with a thin layer of carbon. 
In addition, dielectric relaxation behaviour of the NLO 
polymers was studied by dielectric spectroscopy (DEA; 
Novercontrol GmbH). The measurement was performed 
using a Schlumberger SI1260 impedance/gain-phase ana- 
lyser and a Quator temperature controller. Dielectric 
measurements were performed from -40 to 150°C. The 
frequency scan range was from 10-l to lo6 Hz. 
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2.4. Corona poling process and NLO measurement 3. Results and discussion 

The poling process for the second-order NLO polymer 
films was carried out using an in situ poling technique. 
The details of the corona poling set-up were the same as 
was reported earlier [ 141. The poling process was started at 
room temperature and then the temperature was increased 
up to 125°C with a heating rate of 5°C mitt-‘. The corona 
current was maintained at 1.5 ,uA with a potential of 4.5 kV, 
while the poling temperature was kept at 125°C for 40 min. 
upon saturation of the SHG signal intensity, the sample was 
then cooled down to room temperature in the presence of the 
poling field. Once room temperature was reached, the poling 
field was terminated. The thickness and indices of refraction 
were measured using a prism coupler (Metricon 2010). The 
typical thickness obtained was approximately 0.73 and 
0.86 pm for TNPOlO and TAPO25, respectively. The 
indices of refraction were 1.68 (532 mrt) and 1.60 
(1064 nm) for TNPOlO. For TAP025, 1.67 (532 nm) and 
1.58 (1064 nm) were obtained. Second harmonic generation 
measurements were carried out with a Q-switched Nd:YAG 
laser operating at 1064 nm. The relaxation behaviour of the 
second-order NLO properties was studied by monitoring the 
decay of the effective second-order NLO coefficient, deE, as 
a function of time at 35 and 100°C. The measurements of the 
second harmonic coefficient, d33, have been previously dis- 
cussed [15] and the d33 values were corrected for absorption 
V61. 

Heteronuclear chemical shift correlation (HETCOR) 
spectrum of TAP0 is shown in Fig. 1. ‘H- 13C correlation 
is revealed by a crosspeak contour at the intersection of a 
horizontal line drawn from a proton peak and a vertical line 
drawn from a 13C peak. The coupling of carbon and phos- 
phorus atoms leads to the splitting of the absorption peak, to 
be a doublet, for all of the 13C peaks in spectrum. The carbon 
atoms attached to the phosphorus atom and amino group 
show two pairs of doublets at 6 133.32, 134.66 and 
148.65, 148.83, respectively. These two pairs of 13C peaks 
show no crosspeak contour with proton peaks. In the ‘H 
spectrum, the absorption peak of the protons (H-5 and H-6 
protons) in amino group is shown at 6 5.45. Moreover, the 
protons (H-l, H-2, H-3, and H-4) show doublets and multi- 
plets in the spectrum. These absorption peaks split into 
doublets or multiplets due to the coupling of the proton- 
proton and proton-phosphorus atoms. These proton peaks 
show four crosspeaks with the 13C peak of each proton 
attached to carbon atoms in this HETCOR spectrum. It is 
concluded that the spectroscopic properties of the TAP0 is 
in accordance with the proposed structure. 

The absorption characteristics of the NLO-active 
chromophore and polymer matrix were studied by u.v.- 
vis spectroscopy. The u.v./vis absorption spectra of 
chromophores TNPO, TAP0 and polymer PSOH in THF 
are shown in Fig. 2. PSOH has a cutoff wavelength (h,,,,) 

150 145 140 135 130 125 120 115 
PPM 

Fig. 1. Heteronuclear chemical shift correlation (HETCOR) spectrum of TAPO. 
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at 398 nm. For TNPO, the wavelength of maximum absorp- 
tion (h,,) and cutoff wavelength were observed at 255 and 
325 nm, respectively. Moreover, the h,, and hcutoff were, 

respectively, observed at 310 and 350 nm for TAPO. The 
U.v./vis spectra show that the NLO-active substituted 
arylphosphine oxides and PSOH have a cutoff wavelength 
absorption shorter than 400 nm. An NLO-active material 
with short absorption wavelength is desirable for the 
frequency doubling application. 

The optical qualities of the polymer films have been con- 
firmed using optical microscopy. No sign of any phase 
separation was observed when the magnification was 
increased up to 1.6 K for samples TAP025 and TNPOlO. 
In addition, the homogeneity of these guest-host NLO poly- 
mers was further investigated using SEM. The distribution 
of the guest molecules (TNPO or TAPO) in polymer matrix 
was observed using a mapping technique [17]. The X-ray 
elemental maps of samples TNPOlO and TAP025 are 
shown in Fig. 3(a) and Fig. 3(b), respectively. The bright 
points in the micrographs represent the locations of the 
phosphorus element in the polymer film [ 171. This result 
indicates that the guest molecules are distributed uniformly 
in the polymer matrix for samples TNPOlO and TAP025. 
The particle sizes of the arylphosphine oxides are smaller 
than 1 pm. No aggregation of the aryphosphine oxides was 
observed, even though a large quantity (25% by weight) of 
guest molecules was doped into the polymer film. High 
miscibility of the substituted arylphosphine oxide and 
PSOH was possibly due to the fact that these two respective 
components possess strong polar functional groups, which 

leads to intermolecular hydrogen-bonding between the 
guest molecules and polymer host [7, lo- 121. 
TV values of PSOH, ~~~010, and TAP025 were deter- 

mined by d.s.c. PSOH has a Tg of 147.5”C. Ts values were 
observed at 101.2 and 78.6”C for samples TNPOlO and 
TAP025, respectively. A plasticizer effect results in a 
lower Tg values for samples TNPOlO and TAP025 com- 
pared to PSOH. Td values of samples PSOH, TNPOlO, and 
TAP025 were determined by t.g.a. T,, values for PSOH, 
TNPOlO, and TAP025 are 362.5, 307.1 and 337S”C 
respectively. Moreover, Td values for NLO-active chromo- 
phores TNPO and TAP0 were observed at 348.2 and 
354.8”C. The NLO-active arylphosphine oxides have a 
higher degradation temperature as compared to azo- and 
stilbene-conjugated NLO chromophores. This type of 
chromophore, exhibiting excellent thermal stability, can 
be utilized in the highly thermally stable NLO polymeric 
system, such as EO polymers [ 18,191. 

The temporal stability of second-order optical non- 
linearity is related to the molecular mobility of polymer 
chains for a guest-host NLO polymeric system. Broadband 
dielectric spectroscopy is useful in studying the relaxation 
behaviour of the NLO polymers [20]. The temperature 
dependence of dielectric loss tangent for samples PSOH, 
TNPOlO, and TAP025 are shown in Fig. 4(a-c), respec- 
tively. In Fig. 4(a), the (Y- and &relaxations were observed 
at low frequency range. The o-relaxation is the process 
associated with the glass transition; with the P-relaxation 
corresponding to the local motion of the twisting of the 
polymer main chains [21]. This relaxation was only 

- PSOH 
mm._.. TNPO 

225 275 325 375 425 475 

Wavelength (nm) 

Fig. 2. U.v./vis absorption spectra of samples TNPO, TAPO, and PSOH in THF. 
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Fig. 3. X-ray elemental maps of samples (a) TNPOlO, and (b) TAPO25. 

observed at low frequencies (below 10’ Hz). At higher 
temperature range, the relaxation was merged into the (Y- 
relaxation region. This phenomenon has been reported by 
McCrum et al. [21]. The (Y- and P-relaxations were also 
clearly observed for samples TNPOlO and TAP025 in 
Fig. 4(b,c). The relaxation temperatures were shifted to 
the lower temperature range for these two samples 
compared to that for the PSOH sample. Moreover, the fl- 
relaxation deviated from the region of the cY-relaxation, 
especially for the TAP025 sample. The plots of (Y- 
relaxation frequency versus temperature for samples 
PSOH, TNPOlO and TAP025 are shown in Fig. 5. A non- 
linear ‘WLF’ curve of the a-relaxation was obtained for 
these samples, indicating that the a-relaxation could be 
identified as the glass transition [22]. The a-relaxation 
temperature was shifted to the lower temperature range 
for samples TNPOlO and TAP025 compared to that for 
the PSOH sample, due to the plasticizer effect of NLO 
chromophores. Moreover, the relaxation frequency was 
increased with increasing content of guest molecules. The 
existence of the guest molecules in polymer matrix leads to 
the increase of the intermolecular distance and molecular 
mobility for samples TNPOlO and TAP025. As a result of 

(4 

Temperature (“C) 

(b) 

100 125” 

Temperature (“C) 

Temperature (“C) 

Fig. 4. Dielectric loss tangent versus temperature and frequency for samples 
(a) PSOH, (b) TNPOlO, and (c) TAP025. 

that, a shorter a-relaxation time was obtained for these two 
guest-host NLO polymeric materials. In addition, the 
activation energies of the a-relaxation for samples PSOH, 
TNPOlO and TAP025 are summarized in Table 1. The 
activation energy of the or-relaxation was decreased with 
increasing content of the NLO chromophores due to the 
plasticizer effect. 

The second-order optical nonlinearity was observed for 
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Fig. 5. Temperature dependence of the relaxation frequencies for the cr- 
relaxation of samples PSOH (W), TNPOIO (A), and TAP025 (+). 

Table 1 
Activation energies (W mol-‘) of the a-relaxation” for samples PSOH- 
TAP025 

Sample o-Relaxation 

PSOH 185.3b-281.6d 
TNpOlO 113.6b-164.1d 
TAP025 78.3’-155.1C 

a o-Relaxation t 15 kJ mol-’ 
b Data were calculated at 10 Hz 
‘Data were calculated at 103.5 Hz 
d Data were calculated at 1O-o.5 Hz 
e Data were calculated at 1O2.5 Hz 

the poled guest-host polymers TNPOlO and TAP025. The 
poled TNPOlO and TAP025 samples exhibit d33 values of 
1.3 and 2.1 pm V-t, respectively. The temporal character- 
istics of the second harmonic coefficient (d& for the poled 
TNPOlO and TAP025 samples at 35 and 100°C are shown 
in Fig. 6(a) and Fig. 6(b), respectively. In Fig. 6(a), a reduc- 
tion of 17 and 23% in d,e value was observed for the poled 
TNPOlO and TAP025, respectively, after thermal treatment 
at 35°C for 1 h. The relaxation of the second harmonic 
coefficient for the poled TNPOlO and TAP025 samples 
at 35°C were affected by the thermal molecular motion of 
P-relaxation. The P-relaxation for these two NLO guest- 
host polymers has been observed at room temperature 
by dielectric spectroscopy. The molecular motion during 
the P-relaxation leads to a slight relaxation of the second 
harmonic coefficient at 35°C for poled TNPOlO and 
TAP025 samples. In addition, the second harmonic coef- 
ficient decayed remarkably for the poled TNPOlO and 
TAP025 at 100°C (Fig. 6(b)). The relaxation of second 
harmonic coefficient was affected by the molecular motion 
of the o-relaxation for these two NLO polymers at 100°C. 
Moreover, the TAP025 sample has a shorter relaxation time 
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Fig. 6. Temporal behaviour of the effective second-order NLO coefficient 
of the poled samples TNPOlO (O), and TAP025 (0): (a) at 35°C. (b) at 
100°C for 1 h. 

and smaller activation energy of o-relaxation compared to 
that of the TNPOlO sample by dielectric measurement. This 
implies that the TAP025 sample has a higher molecular 
mobility during the a-relaxation than TNPOlO sample. 
Because of that, the poled TNPOlO has a better temporal 
stability of second-order optical nonlinearity than the poled 
TAP025 sample at elevated temperature. 

4. Conclusion 

Novel second-order NLO guest-host polymeric materials 
based on arylphosphine oxides and PSOH have been 
developed. This guest-host system exhibits optical trans- 
parency down to 400 mn, which is desirable for application 
in frequency doubling. The homogeneity of these two 
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guest-host NLO polymers was confirmed using SEM. The 
result indicates that the guest molecules are distributed 
uniformly in the polymer matrix for the guest-host poly- 

metic systems. A high doping level (25% by weight) is 
achieved without occurrence of aggregation. This is pos- 
sibly due to the intermolecular hydrogen bonding between 
the NLO chromophores and PSOH. The poled TNPOlO and 
TAP025 samples exhibit dss values of 1.3 and 2.1 pm V-l, 

respectively. The temporal stability of second-order non- 
linearity were affected by the (Y- and P-relaxations for 
NLO polymers at 100 and 35”C, respectively. A relatively 
better temporal stability was obtained for poled TNPOlO 

compared to that for poled TAP025 due to the more 
pronounced plasticizer effect in TAP025. 
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