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ABSTRACT: Several new push-pull azobenzene dyes with different electron-withdrawing groups, steric
hindrance, and hydrogen-bonding capabilities were dispersed in poly(N-methacryloyl-N′-phenylpiperazine),
a glassy polymer matrix. After orientation by corona poling, the second harmonic generation (SHG) signals
of the guest-host systems were measured as a function of time and temperature and fitted with
Kohlrausch-Williams-Watts (KWW) stretched exponentials. The variations of their nonlinear suscep-
tibilities at time zero and in their relaxation behavior were correlated with the changes of the chromophore
chemical structure. Rigid rod structures always presented the best orientability and stability of the
nonlinear optical properties.

Introduction

In recent years, considerable research has been
devoted to the study of the second-order nonlinear
optical behavior of amorphous polymers,1 due to their
attractive potential applications in photonics.2 In prac-
tice, one of the weak points of these materials is the
need for an orientation procedure for the observation
of phenomena such as second harmonic generation
(SHG) and linear electrooptic effect: the orientability
and the relaxation behavior of dipoles have to be
respectively minimized and maximized to lead to ap-
plicable devices.
The study of the dipole behavior is easier when low

molecular weight compounds are dispersed in a polymer
matrix (guest-host systems) than for polymer-bound
chromophores, taking advantage of the shorter time
scale of the phenomena, the ease of synthesis, and the
better chemical definition; in this way, guest-host
systems can be used as models for the relaxation
behavior of polymers.
Many efforts have been devoted to the study of

orientation and randomization phenomena in glassy
guest-host systems,3-20 generally using second har-
monic generation (SHG) as a tool for monitoring the
growth and the decay of the organization of dipoles.
However, to the best of our knowledge, no useful
correlation among the chemical structure of NLO-active
chromophores and their orientability and stability of
second-order NLO properties has been yet presented.
In a previous paper21 we reported the synthesis and

molecular characterization of several new push-pull
azobenzene chromophores with a rather continuous
variation of structural features such as shape, hydrogen-
bonding possibilities, and electronegativity of the electron-
withdrawing group (Figure 1).

In this paper, we have studied the influence of the
chemical differences in these compounds on the NLO
properties of guest-host systems obtained by dispersing
the azo dyes in a polymer matrix. Disperse Red 1 (MOD
0), a well-known commercial dye, was used as a refer-

Figure 1. Structures of azo dyes studied in this work.
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ence standard. Poly(N-methacryloyl-N′-phenylpipera-
zine) (PMPP) was chosen as the polymer host for the
high structural similarity with the chromophores, to
guarantee a good solubility and dispersability of the azo
dyes.

Results and Discussion
Preparation and Characterization of Guest-

Host Systems. The azobenzene derivatives were ob-
tained by coupling of the diazonium salt of electron poor
anilines withN,N-dialkylanilines, as already reported.21
Attempts to polymerize N-methacryloyl-N′-phenylpip-

erazine in the presence of either free-radical initiators,
such as AIBN or BPO, or an anionic initiatior (nBuLi)
failed. This behavior was not related to the dialkylani-
line group: in fact, the N-methacryloyl-N′-phenylpip-
erazine hydrochloride was not able to polymerize in
water or methanol solution by using potassium persul-
fate, alone or in mixture with sodium bisulfate, as a free-
radical initiator.
Therefore, poly(N-methacryloyl-N′-phenylpiperazine)

was prepared by a polymer-analogous reaction between
a reactive prepolymer and N-phenylpiperazine (Figure
2). Poly(methacryloyl chloride) and poly(N-(methacryl-
oyloxy)succinimide), both prepared by free-radical po-
lymerization, were used.
Despite the advantages of N-(methacryloyloxy)suc-

cinimide, such as ease of use and larger stability of the
polymer, the synthetic route starting from poly(meth-
acryloyl chloride)22 was preferred, for the almost quan-
titative conversion of the polymeric acyl chloride to the
corresponding amide. On the contrary, complete sub-
stitution of the active ester groups was never achieved
in the reaction of poly(N-(methacryloyloxy)succinimide).
The molecular weight of PMPP was evaluated from

that of a poly(methyl methacrylate) sample obtained by
reacting the reactive prepolymer with a mixture of
sodium methoxide and methanol in THF, under the
reasonable assumption that the functionalization reac-
tions did not affect the degree of polymerization. The
poly(MMA) sample showed anMn of 53 000, correspond-
ing to an average degree of polymerization of 530 and a
polydispersity index (Mw/Mn) of 1.9. NMR analysis
showed a 70% content of syndiotactic diads.
Thin films of the guest-host systems were prepared

either by spin coating (for second harmonic generation
and refractive index measurements) or by casting (for
calorimetric measurements) 20% w/w solutions of the
azobenzene chromophores and the polymer host in dry
N-methylpyrrolidone (NMP). An 0.088:1 molar ratio

between guest dye and polymer repeating units was
used in all experiments.
DSC analysis revealed that the polymer Tg was

lowered from 170 to 100-115 °C by the dispersion of
the low molecular weight compounds; no melting transi-
tion was detected for either the pure polymer or the
guest-host systems up to the decomposition tempera-
ture (over 250 °C).
The spin-coated films showed very good optical quality

and transparency (89% of transmission at 750 nm
exhibited by films spin coated on quartz slides); more-
over, no sharp reflection was observed in X-ray diffrac-
tograms. This result and the absence of DSC transi-
tions attributable to a phase separation are indicative
of a good mixing of the dyes in the polymer matrix.
However, dynamic-mechanical thermal analysis

(DMTA) (Figure 3) evidenced in all guest-host systems
the presence of a transition, called transition 1, not
detected by DSC, at about 15-25 deg below the Tg and
above a â transition located between 30 and 50 °C.
The nature of this relaxation process is not clear;

likely, it arises from a partial mobilization of the
polymeric matrix close to the guest molecule, much less
intense than that associated with the Tg: in fact, such
a transition was not recorded for the pure polymer.
Nonlinear Optical Properties. The NLO inactivity

of poly(N-methacryloyl-N′-phenylpiperazine) was con-
firmed by the absence of any SHG signal in thin polymer
films under the same experimental conditions used for
the guest-host systems.
The spin-coated films were oriented by corona pol-

ing: the procedure is described in the Experimental
Section. After the poling field was switched off, the
second harmonic signal time decay was recorded at eight
different temperatures, i.e., 30, 70, 90, 100, 107, 114,
120, and 130 °C.
Due to the quick relaxation of the polar order, second-

order nonlinear susceptibilities were measured at 30 °C,
the Maker fringes experiments beginning 500 s after
the end of the poling procedure, and then were extrapo-
lated to time zero, using the previously studied reori-
entation kinetics at that temperature; in this way, the
comparison between ø(2) data is not affected by possible
differences in relaxation rates.
Relaxation Experiments at 30 °C. The original

intent of these experiments was to allow an extrapola-
tion of the ø(2) values at time zero, so they have been
performed at the same temperature (30 °C), disregard-

Figure 2. Scheme for the synthesis of PMPP.
Figure 3. Storage and loss modulus temperature dependence
for the system MOD 1/PMPP.
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ing the temperature difference relative to Tg; this part
of the study was intended to give essentially an overview
of the materials performance, while a more accurate
comparison of the relaxation behavior dependence on
temperature will be presented in one of the next
paragraphs.
The ø(2) time decay at 30 °C presented an initial fast

relaxation process, followed by a much slower one, as
generally reported in the literature.3,6,7,12-14,17,20 The
experimental values of the second harmonic generation
intensity (ISHG) showed very good agreement (Figure 4)
with a double exponential model, where the slow decay
was fitted by a Kohlrausch-Williams-Watts (KWW)
stretched exponential function:

The fast component could be easily fitted by either a
KWW function or a simple exponential. Examples of
both the former3,6 and the latter procedure7,16 can be
found in the literature. The simple exponential fit was
adopted in this case.
Our result for the faster decay rate constant (Τ1) was

about 10-20 s, independent of the temperature. This
process has been attributed to the neutralization of
surface charges; indeed, no similar process can be
detected by contact electrode poling,15 as well as by
corona poling, if a surface discharge stage is used
immediately after the poling process.14
Therefore, we focused our attention on the slower

relaxation process, likely directly related to the dipole
reorientation in the sample. To compare different
guest-host systems, the average relaxation times 〈τ2〉
were calculated according to Lindsay and Patterson23
and Wang:12,24

where Γ is the gamma function. This method takes
proper account of the dispersion of relaxation times τ2.
Comparing the 〈τ2〉 values, we highlighted a signifi-

cant influence of the molecular structure of the guest
chromophores (Table 1, Figure 5), while no linear
correlation with the guest-host Tg values, reported in
Table 2, was evident. In particular, the presence of
4-cyanovinyl groups and of alkyl chains greatly in-
creased the orientational freedom to the chromophores.
Indeed, the relaxation rate decreased in going from

MOD 0 (open structure) to MOD 1 (six-membered ring),

from MOD 7 (long linear chain) to MOD 6 (short chain),
to MOD 8 (menthyl ring), and to MOD 5 (no alkyl chain).
The introduction of groups able to form hydrogen

bonds, such as carboxylic acids, primary alcohols, and
secondary amines, did not significantly improve the
stability of the polar order. In particular, acid func-
tionalities seem to have a randomizing effect; this could
be due to the likely higher ionic conductivity of these
samples, which can lower the effective internal field
during the poling.
MOD 3, the 4-cyano-substituted chromophore, showed

the largest stability and one of the worst orientabilities
(see next section); this behavior can be tentatively
attributed to the formation of microaggregates within
the host polymer matrix. This hypothesis is partially
supported by the well-known tendency of cyano-substi-

Figure 4. Experimental points and KWW fitting for the 120
°C SHG time decay for the system MOD 3/PMPP.

ø(2)(t) ) (ISHG)
1/2 ) A1 exp[-t/Τ1] + A2 exp[-(t/τ2)

b2]

〈τ2〉 ) ∫0∞ dt exp[-(t/τ2)
b2 )

τ2
b2

Γ(b2
-1)

Table 1. Orientability and Reorientation Properties for
Guest-Host Systems

guest
10-3〈τ2〉
(s)a

d33
(pm/V)a fωb f2ω

b
1040â1542nm
(m2 V2)c

order
parameter

(au)d

MOD 0 24.2 2.44 1.54 1.48 138 1.0
MOD 1 34.9 5.16 1.53 1.48 137 2.2
MOD 2 30.0 3.87 1.53 1.46 91 2.5
MOD 3 80.8 2.07 1.54 1.49 104 1.1
MOD 4 34.6 9.39 1.70 1.52 344 1.2
MOD 5 11.0 5.67 1.55 1.47 164 1.9
MOD 6 5.8 4.77 1.51 1.45 132 2.0
MOD 7 3.0 1.80 1.52 1.45 141 0.6
MOD 8 6.8 2.82 1.51 1.45 172 1.2
MOD 9 2.7 1.40 1.54 1.46 <130e <0.6
MOD 10 3.1 0.94 1.53 1.46 <130e <0.4

a Estimated error: 10%. b Estimated error: 2%. c Estimated
error: <10%. d Estimated error: <25%. e No EFISH data avail-
able, value estimated to be slightly lower than that of MOD 6.

Figure 5. Average 30 °C relaxation times for the investigated
guest-host systems. The line is just a guide for the eyes.

Table 2. Fitting Data for the Temperature Dependence of
Relaxation Times

guest
τ∞Α

a

(s)
Aa

(K)
τ∞Vb

(s)
Bb

(K)
T0

b

(K)
Tx
(°C)

T1
c

(°C)
Tg

d

(°C)

MOD 0 85 1737 0.38 1586 200 84 93 115
MOD 1 0.64 3301 0.35 2144 139 83 89 112
MOD 2 203 1528 0.31 891 288 100 98 117
MOD 3 0.06 4250 0.25 1638 198 85 103 107
MOD 4 0.22 3625 3.18 632 282 98 95 106
MOD 5 0.29 3203 2.43 1181 190 97 88 122
MOD 6 2.65 2330 2.60 980 212 90 98 104
MOD 7 205 809 2.19 791 247 92 84 103
MOD 8 17.6 1824 1.98 899 241 99 99 108
MOD 9 0.95 2417 0.89 893 226 85 72 98
MOD 10 0.26 2820 0.80 812 251 103 100 127

a From Arrhenius fitting. b From VFT fitting. c By DMTA. d By
DSC.
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tuted aromatic compounds to form liquid crystalline
phases. However, no evidence of aggregates could be
obtained by optical, calorimetric, and X-ray diffraction
measurements. On the other hand, no simple explana-
tion of the significantly different behavior of MOD 3 as
compared, for instance, with MOD 1 can be given on
the basis of their rather small structural changes and
dipole moment variations.21
Orientability of Chromophores. The chromophores

orientational behavior can be better outlined by using
an order parameter calculated from the nonlinear
susceptibilities; in accordance with the oriented gas
model, the second-order NLO coefficients can be ex-
pressed as

whereN is the density of chromophores in the material,
â is the main component of the hyperpolarizability
tensor along the charge-transfer axis, fω and f2ω are local
field factors at the fundamental and second harmonic
wavelength, and θ is the tilt angle between the chro-
mophore molecular axis and the normal to the film.

â values at 1542 nm were computed from the corre-
sponding measured values at 1907 nm with the electric
field induced second harmonic generation (EFISH)
technique,21 by using the usual frequency dispersion law
of the hyperpolarizability.25 The local field factors were
calculated according to the Lorentz model;5 the refrac-
tive index dispersion data were measured on not-poled
thin films, spin coated on quartz slides, assuming the
polymer to be not birefringent, and consequently, f1

ω )
f3
ω. For the sake of simplicity, the ratio d33/d31 was
assumed to be equal to 3.26 The 〈cos3 θ〉 values were
used as order parameters.
The chromophore volume density, even if kept con-

stant in all the samples, was not determined; therefore,
the order parameters were evaluated relative to that of
the MOD 0 dispersion, used as a standard.
The order parameter used in the present work is

analogous to the polar orientational order parameters
(POP) calculated by Wang et al.;5 these coefficients have
been recognized to be strongly dependent on concentra-
tion. Therefore, a quantitative comparison between
different chromophores can be made only under the
assumption that the concentration dependence of POP
is the same for all the guest-host systems; this as-
sumption should hold for the investigated molecules,
due to their structural similarity.
The values of the second-order nonlinear optical

susceptibilities, expressed as d33, are reported in Table
1 together with the data for fω and f2ω, for â1542nm, and
for the order parameter, expressed as

In Figure 6 the second-order susceptibility and order
parameter data are summarized.
Comparison of the order parameters indicates gener-

ally that rigid rod structures are the most orientable,
whereas alkyl chains not only cause a quicker relax-
ation, but also decrease the orientability. Carboxylic
acid groups exhibit the same effect to a greater extent.

The orientations and relaxation behaviors of MOD 1
and MOD 2 are very similar: no significant effect of
secondary amine was visible, except in the decrease of
the d33 value. This finding can be attributed to the
formation of an intramolecular hydrogen bond by the
N-H group,21 which lowers the hyperpolarizability
while not appreciably influencing the molecular stiff-
ness.
MOD 4 showed a very low orientability, possibly

because of both the deviation from the rodlike shape and
the lower dipole moment value;21 in any case, its
exceptional â value allowed the MOD 4 polymer disper-
sion to exhibit the highest d33.
Relaxation Experiments at Different Tempera-

tures. All investigated guest-host systems exhibited
a singularity in the plot of 〈τ2〉 vs temperature, globally
showing a non-Arrhenius-type behavior.
Accordingly with the literature, Arrhenius27,28 and

nonexponential fits (such as Williams-Landel-Ferry
or Vogel-Fulcher-Tammann (VFT) equations)7,28,29,30
are used respectively for fitting the relaxation times at
temperatures below and above the Tg (Figure 7); in this
case we have used the VFT fit, being given by31

where τ∞V is the high-temperature asymptotic relaxation
time, B is an apparent activation temperature, and T0
is sometimes seen as an asymptotic value for Tg in the
limit of reversible cooling.31
A very good fit was observed, but the small number

of experimental points did not allow us to assess
whether a real nonexponential behavior or simply a

ø33
(2) ) Nâf3

2ω(f3
ω)2〈cos3 θ〉

ø31
(2) ) Nâf3

2ω(f1
ω)2(〈cos θ〉 - 〈cos3 θ〉)/2

〈cos3 θ〉
(〈cos3 θ〉)MOD0

Figure 6. Second-order nonlinear susceptibilities (d33) and
order parameters for the investigated guest-host systems.
Dotted and dashed lines are just guides for the eyes.

Figure 7. Experimental points, Arrhenius (Arrh) and Vogel-
Fulcher-Tammann (VFT) fittings for the temperature depen-
dence of average relaxation times in the systemMOD 2/PMPP.

τ(T) ) τ∞V exp(B/(T - T0))
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different Arrhenius dependence, as suggested by
Schüssler et al.,15 was present above Tg.
The fitting parameters are reported in Table 2 only

for qualitative purposes, due to the limited number of
data. It is, however, possible to highlight some regu-
larities, such as the decrease in the activation temper-
ature A and the increase in asymptotic relaxation time
τ∞Α on increasing the conformational mobility in the
series MOD 5, MOD 6, MOD 8, and MOD 7; in the VFT
fitting region, these differences are greatly reduced, as
expected from the much larger mobility of the rubbery
matrix.
Interestingly, the crossing of the two fittings always

occurred at a temperature (Tx) 15-25 deg below the Tg
value evaluated by DSC analysis, in the same temper-
ature range where DMTA analysis evidenced the pres-
ence of transition 1 (T1).
The comparison of T1 and Tx values suggests a likely

identification of the two temperatures. The agreement
between the two sets of data is acceptably good, with
the only possible exception of MOD 3, taking into
account the different nature of the measurement tech-
niques and the poor accuracy of the Tx detection (Figure
8).
This hypothesis, if confirmed, indicates that the

relaxation behavior of these guest-host systems does
not directly depend on Tg and that appreciable chro-
mophore movements occur well before complete mobi-
lization of the polymer main chain. Dielectric relaxation
experiments were performed, but unfortunately they did
not give any help in understanding the phenomenon:
in all cases the guest-host films showed a too high
conductivity at that temperature to allow the fine
determination of sub-Tg transitions.
This phenomenon should be carefully investigated for

chromophore dispersions, particularly when the operat-
ing temperature is not far from Tg.
Photoorientation Experiments. Push-pull azoben-

zene dyes are known to photoisomerize to the cis form
under irradiation in the 400-500 nm absorption band
and to back-isomerize very quickly to the trans form
even at room temperature. This photochemical process
has been sometimes used to mobilize the chromophores,
thus easing the electric poling, at temperatures lower
than Tg.32
An excitation wavelength of 488 nm (Ar laser, 0.05

W/cm2) was chosen, the absorption from the cis isomers

being negligible in that spectral zone.33 Experiments
of solid-state photoisomerization were performed at
room temperature with the poling field on, above Tg with
the poling field on, and at room temperature, after a
complete poling procedure, with the poling field off.
The first two sets of experiments afforded similar

results: the SHG level dropped to zero during the
irradiation period, the chromophore orientation being
randomized as an effect of the photoisomerization
processes, and then returned to the original value with
no appreciable improvement (Figure 9).
When the irradiation was carried out on a poled

sample, the photoisomerization reaction very rapidly
erased the polar order in the material and any SHG
signal (Figure 10). This procedure may constitute a
powerful tool to write an NLO-active pattern in the
polymer film, potentially with a very high resolution.
All the investigated chromophores showed similar

randomization time constants, estimated in 1-5 s-1

assuming a single exponential behavior; however, the
low signal-to-noise ratio of the Raman cell used for the
SHG did not allow a precise determination of them.

Experimental Section

Materials. 2-Cyanoacetic acid, N-methylpyrrolidinone
(NMP), N,N-dimethylaniline, N-phenylpiperidine, and N-
phenylpiperazine were distilled under reduced pressure, re-
spectively, at 103 °C/0.05 mmHg, 40 °C/1 mmHg on CaH2, 30
°C/0.3 mmHg on KOH, 97/0.7 mmHg on KOH, and 125 °C/7
mmHg on KOH. Triethylamine was distilled at 88 °C on
LiAlH4. Methacryloyl chloride was distilled at 100 °C on
quinoline. Dioxane was refluxed and distilled on Na/K alloy.
2,2′-Azobis(isobutyronitrile) (AIBN) and benzoyl peroxide (BPO)
were recrystallized from ethanol. MOD 0 (Disperse Red 1,

Figure 8. Tg, Tx, and T1 values for the investigated guest-
host systems. Solid, dashed, and dotted lines are just guides
for the eyes.

Figure 9. SHG intensity with and without 488 nm irradiation
at 125 °C for the system MOD 6/PMPP under the poling field.

Figure 10. SHG intensity with and without 488 nm irradia-
tion at 30 °C for the systemMOD 6/PMPP (time 0 corresponds
to 600 s after switching off the poling field).
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Aldrich) was recrystallized from dioxane. The other reagents
were obtained from Aldrich Chemicals or Fluka and used as
received.
The synthesis of all the chromophores, except MOD 0, MOD

9, and MOD 10, has already been published elsewhere.21
p-Amino-r-Cyanocinnamic Acid. To a solution of 6.4 g

(53 mmol) of p-aminobenzaldehyde and 4.5 g (53 mmol) of
2-cyanoacetic acid in 150 mL of dioxane was added 0.8 mL of
a catalyst, obtained from 0.2 mL (3.2 mmol) of piperidine and
0.6 mL of acetic acid. The mixture was refluxed for 10 h, then
cooled to 0 °C, and filtered; the collected powder was suspended
in 150 mL of CH2Cl2 and treated with 300 mL of 10% NaHCO3,
stirring the system till disappearance of any residual solid.
The aqueous phase was brought to pH ) 4 with 10% HCl and
filtered to give a moist yellow paste; after azeotropic benzene
distillation, 5.4 g (yield 54%) of yellow powder was isolated.
Mp ) 223 °C. 1H NMR (DMSO-d6): δ ) 13.5-12.5 (1H,
COOH), 8.0 (s, 1H, CHdC), 7.8-7.9 (d, 2H, aromatic CH in
position meta to NH2), 6.8-6.3 ppm (d + t, 4H, aromatic CH
in position ortho to NH2 and NH2). FT-IR (KBr pellet): ν )
3465 and 3365 (N-H stretching), 3090 (aromatic C-H stretch-
ing), 3000-2000 (O-H stretching), 2223 (nitrilic CN stretch-
ing), 1668 (CdO stretching), 1630 (NH2 bending), 1609 (CdC
stretching), 1570 and 1514 (aromatic ring vibrations), 1327
(aniline C-N stretching), 1286 and 1236 (asymmetric and
symmetric C-O-C stretching), 1177 and 830 cm-1 (in-plane
and out-of-plane bending of aromatic protons). UV-vis (chlo-
roform): λmax ) 385 nm, ε ) 33 500 mol-1 cm-1.
4-(2-Cyano-2-carboxyvinyl)-4′-(N-dimethylamino)azo-

benzene (MOD 9). p-Amino-R-cyanocinnamic acid (2.6 g, 14
mmol) was dissolved in 100 mL of 10% NaHCO3. The solution
was then cooled to 5 °C, and acetic acid was added till acidity;
a fine suspension was obtained, to which 1.0 g (14 mmol) of
NaNO2 dissolved in 3 mL of water was slowly added. All the
suspended material dissolved, and the color turned to light
orange. The solution was warmed to room temperature and
stirred for 30 min; then the temperature was lowered to 7-8
°C and 1.7 g (14 mmol) of N,N-dimethylaniline dissolved in
10 mL of acetic acid was added. The color turned to red-violet.
The solution was warmed to room temperature and stirred for
5 h; then, after the addition of 300 mL of water, a violet solid
precipitated. This was filtered, anhydrified with azeotropic
benzene distillation, and recrystallized from dioxane. Dark
red crystals (3.6 g, 80% yield) were obtained. No melting point
before decomposition (T > 265 °C). 1H NMR (DMSO-d6): δ )
9-10 (1H, COOH), 8.3 (s, 1H, CHdC), 8.1 (d, 2H, aromatic
CH ortho to vinyl group), 7.8 (m, 4H, aromatic CH meta to
vinyl group and meta to aniline), 6.85 (d, 2H, aromatic CH
ortho to aniline), 3.1 ppm (s, 4H, N-CH3). FT-IR (KBr
pellet): ν ) 3100-3000 (aromatic C-H stretching), 2915-2900
(aliphatic C-H stretching), 2224 (nitrilic CN stretching), 1698
(CdO stretching), 1602 and 1519 (aromatic ring vibrations),
1362 (aniline aromatic C-N stretching), 1233 (aniline aliphatic
C-N stretching), 845 and 823 cm-1 (out-of-plane bending of
aromatic protons). UV-vis (chloroform): λ1 ) 484 nm, ε )
29 600 mol-1 cm-1; λ2 ) 323 nm, ε ) 13 600 mol-1 cm-1.
4-(2-Cyano-2-carboxyvinyl)-4′-(N-piperidinyl)azoben-

zene (MOD 10). The procedure reported for MOD 9 was
repeated by using N,N-dimethylaniline instead of N-phenyl-
piperazine, to give 72% of dark red crystals, having mp ) 272
°C. 1H NMR (DMSO-d6): δ ) 9-10 (1H, COOH), 8.3 (s, 1H,
CHdC), 8.1 (d, 2H, aromatic CH ortho to vinyl group), 7.8 (m,
4H, aromatic CH meta to vinyl group and meta to aniline),
6.85 (d, 2H, aromatic CH ortho to aniline), 3.45 (s, 4H,
N-CH2-CH2), 1.7 ppm (s, 6H, N-CH2-CH2-CH2-CH2-
CH2-N). FT-IR (KBr pellet): ν ) 3100-3000 (aromatic C-H
stretching), 2930-2860 (aliphatic C-H stretching), 2218 (ni-
trilic CN stretching), 1698 (CdO stretching), 1593 and 1509
(aromatic ring vibrations), 1358 (aniline aromatic C-N stretch-
ing), 1240 (aniline aliphatic C-N stretching), 840 and 821 cm-1

(out-of-plane bending of aromatic protons). UV-vis (chloro-
form): λ1 ) 486 nm, ε ) 30 800 mol-1 cm-1; λ2 ) 325 nm, ε )
14 800 mol-1 cm-1.
Poly(methacryloyl chloride). Into a Schlenk tube under

a dry nitrogen atmosphere were distilled 25 mL (0.25 mol) of

methacryloyl chloride and 55 mL of dry dioxane; 0.86 mL (5
mmol) of AIBN was then added, and the solution was degassed
under vacuum at the liquid nitrogen temperature and then
heated at 60 °C for 44 h. Always under a dry nitrogen
atmosphere, the solution was poured into 600 mL of freshly
distilled (on LiAlH4) hexane; the solid was collected on a glass
filter and washed twice with hexane. A white powder (24.4 g,
89.1% yield) was obtained after vacuum-drying. 1H NMR
(CDCl3): δ ) 2.25 (CH2), 1.25 ppm (CH3). FT-IR (KBr
pellet): ν ) 2950-2850 (aliphatic C-H stretching), 1783 (CdO
stretching), 1470 (CH2 scissoring), 1445 and 1380 (asymmetric
and symmetric CH3 bending), 845 cm-1 (C-Cl stretching).
N-(Methacryloyloxy)succinimide. To a solution of 11.5

g (0.100 mol) of N-hydroxysuccinimide, 14.4 mL (0.200 mol)
of triethylamine, and 10 mg of 2,6-di-tert-butyl-p-cresol in 100
mL of dry dioxane were slowly added at 0 °C under a dry
nitrogen atmosphere 14.5 mL (0.150 mol) of methacryloyl
chloride dissolved in 20 mL of dry dioxane.
The mixture was stirred at 0 °C for 1 h and then allowed to

stand at room temperature for 16 h. After evaporation of the
solvent, the solid was dissolved in methylene chloride and the
solution was washed with HCl 5%, NaHCO3 10%, and water
till neutrality, then dried on Na2SO4, and evaporated. After
crystallization from ethanol/hexane, 13.4 g (73% yield) of white
crystals was obtained. 1H NMR (CDCl3): δ ) 6.3 (s, 1H,
CHHdC in position cis to the ester), 5.8 (s, 1H, CHHdC in
position trans to the ester), 2.75 (s, 4H, CH2 in the ring), 1.95
ppm (s, 3H, dCCH3). FT-IR (KBr pellet): ν ) 3085 (vinylic
C-H stretching), 2930-2850 (aliphatic C-H stretching),
1800-1659 (esteric CdO and CdC stretching), 1635 (amidic
CdO stretching), 1200 and 1095 cm-1 (asymmetric and sym-
metric C-O-C stretching).
Poly(N-(methacryloyloxy)succinimide). N-(methacryl-

oyloxy)succinimide (5 g, 0.027 mol) and 90 mg of AIBN,
dissolved in 20 mL of dry dioxane were introduced in a glass
vial under a nitrogen atmosphere; the vial was degassed at
the liquid nitrogen temperature, sealed under high vacuum,
and then heated at 60 °C for 44 h. The reaction mixture was
precipitated in 300 mL of hexane, and the so obtained solid
was dissolved in dioxane and reprecipitated in hexane. A
white powder (4.7 g, 94% yield) was obtained after vacuum-
drying. FT-IR (KBr pellet): ν ) 3500-2500 (O-H stretching),
2930-2850 (aliphatic C-H stretching), 1800-1659 (esteric +
acid CdO stretching), 1635 (amidic CdO stretching), 1200 and
1110 (asymmetric and symmetric C-O-C stretching), 1040
cm-1 (C-C stretching or chains vibrations).
Poly(N-methacryloyl-N′-phenylpiperazine) fromPoly-

(methacryloyl chloride). Poly(methacryloyl chloride) (21.5
g, 0.20 equiv) was dispersed in 600 mL of in situ distilled
dioxane; after 3 h the dissolution was complete, and 57 mL
(0.40 mol) of triethylamine and 33 mL (0.22 mol) of N-
phenylpiperazine, both freshly distilled, were dropwise added.
After 4 h at room temperature, the solution was warmed to
60 °C with stirring for 24 h. After cooling, the reaction mixture
was concentrated and precipitated in 700 mL of methanol and
the so obtained solid was dissolved in methylene chloride and
reprecipitated in methanol. White powder (26.7 g, 58% yield)
was obtained after vacuum-drying. Tg ) 170 °C. 1H NMR
(CDCl3): δ ) 7.15 (2H, aromatic CH in position meta to the
nitrogen), 6.7 (3H, aromatic CH in positions ortho and para
to the nitrogen), 4.2-0.7 ppm (13 H, aliphatic protons). FT-
IR (KBr pellet): ν ) 3100-3000 (aromatic C-H stretching),
2970-2840 (aliphatic C-H stretching), 1625 (CdO stretching),
1600 and 1503 (aromatic ring vibrations), 1230 (aliphatic
amidic C-N stretching), 1180 (aliphatic anilinic C-N stretch-
ing), 865 cm-1 (aromatic protons out-of-plane bending).
Physicochemical Measurements. IR spectra were re-

corded by a Nicolet 5SXC FT-IR spectrometer on KBr pellets.
UV spectra were recorded by a Perkin-Elmer Lambda 9
spectrometer. 1H NMR spectra were recorded on a Bruker 300
MHz spectrometer on CDCl3 solutions; tetramethylsilane
(TMS) was used as an internal standard. DSC analysis was
performed under a nitrogen atmosphere at a heating rate of
10 °C/min by a Mettler TA 4000 calorimeter, equipped with a
DSC 30 low-temperature cell. DMTA was performed at a
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heating rate of 2 °C/min, a frequency of 1 Hz, and a deforma-
tion of 0.1 mm by a Polymer Laboratories Thermal Analysis
dynamic-mechanical analyzer working in the bending mode
(sketched in Figure 11) and equipped with a low-temperature
cell.
Film Preparation. Appropriate amounts of chromophore

and PMPP (molar ratio between dye and monomeric unit:
0.088) were dissolved in freshly distilled NMP to give 20% w/w
solutions; after filtration (Teflon filter with porosity of 0.45
µm), the films were prepared by spin coating ITO-coated glass
slides for SHG measurements or quartz slides for refractive
index measurements. The films were placed in a vacuum oven
at 80 °C for 3 days in order to remove any residual solvent;
the film thickness was measured with a profilometer Al-
phastep.
Films were also prepared by solution casting on brass slides,

for bending mode DMTA, or on glass slides, for preparation of
DSC samples.
The X-ray diffraction experiments were performed on thin

films in reflection mode with a Siemens Kristalloflex diffrac-
tometer.
Optical Measurements. The refractive indices of the thin

films were measured on quartz slides using transmission
spectroscopy and describing the real part of the refractive
index with a Sellmeyer-type dispersion formula.34,35

The second harmonic generation experimental setup is
described in detail elsewhere described;36 it involved a Q-
switched Surelite Nd:YAG laser (λ ) 1.064 µm, frequency up
to 10 Hz, 8.5 mJ/pulse), pumping a methane Raman cell with
output at 1.542 µm. The beam intensity was measured by
performing a Maker fringes reference experiment with a
quartz crystal (110) (d11 ) 0.4 pm/V37). The sample holder
was mounted on a computer-controlled goniometer stage with
the possibility of temperature control to (0.1 deg. The corona
poling techinque was used to orient the dipoles, using a 6.5
kV potential difference between the needle and the sample,
placed at a costant distance of 2 cm. The poling experiments
were performed by measuring the SHG growth at a fixed angle
(35°), with the following temperature profile: heating to 130
°C; 30 min isotherm; cooling to 90 °C at 1 deg/min; 30 min
isotherm; cooling to room temperature at 1 deg/min. The 90
°C annealing was performed only for relaxation experiments
at room temperature.

Summary and Conclusions

In this study we have presented the preparation of
several guest-host systems and a study of their non-
linear optical properties based on the second harmonic

generation of corona poling oriented samples; we have
investigated the chemical structure dependence of the
orientability achieved with electric poling and of the
orientation stability. The orientability has been studied
using an order parameter proportional to 〈cos3 θ〉 and
normalized to the orientability of a commercial chro-
mophore (MOD 0).
We have demonstrated that rigid rod chromophores

are always better oriented and randomize slower than
analogous compounds with more degrees of conforma-
tional freedom. Alkyl chains decrease the orientability
and the stability with increasing flexibility and length.
Acid groups act as powerful randomizing agents. Other
potentially hydrogen-bonding groups, like primary al-
cohol or secondary amine, do not show any remarkable
effect for the polar order stabilization.
The chromophore bearing the cyano group as the

electron-withdrawing substituent shows a straightfor-
ward stability, together with a surprisingly low (for the
rigid rod structure) orientability; this result has been
tentatively attributed to some sort of aggregation phe-
nomena.
Despite its poor orientability, the chromophore MOD

4, bearing two noncollinear electron-withdrawing groups,
shows the highest d33 values because of the very high
molecular hyperpolarizability. A good way to improve
the chromophore structure should probably be to expand
its molecular length, to increase the dipole moment and
rodlike shape.
Finally, we have analyzed the temperature depen-

dence of the relaxation processes. The critical temper-
ature for the change to a non-Arrhenius behavior does
not correspond to the glass transition as detected by
DSC and DMT analyses, but where DMTA allocated a
first sub-Tg transition. Separate dielectric measure-
ments did not help to interpret the phenomenon, due
to the too high conductivities of the samples, but
confirmed a more mobile state of the system at that
temperature.
The nature of this process is not yet clear, but it has

been tentatively explained as a mobilization of the local
chromophore environment from a glassy to a fluid state,
not involving directly, however, the polymer main
chains.
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