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Abstract

High molecular weight functional polyurethanes bearing large 7 electron conjugated chromophoric pendants with different conjugation
bridge structure, poly(1a), poly(1b), and poly(1c), were synthesized and characterized by FTIR, '"H NMR and UV—vis absorption spectra. Their
optical properties were evaluated by optical limiting and nonlinear optical analyses. The results show that these polymers possess good optical
limiting and large nonlinear optical properties, which are attributed to the long D—m—A conjugated 7 electron structure of the NLO-
chromophoric segment. Poly(1a) with C=C double bond as 7 electron conjugation bridge shows better optical limiting property than poly(1b)
and poly(1c) with C=N or N=N double bond as conjugation bridge structure under the same linear transmittance, while poly(1lc) with N=N
double bond as 7t electron conjugation bridge of the NLO-chromophoric segment is superior on nonlinear optical properties to poly(la) and
poly(1b) with C=C and C=N double bonds as 7 electron conjugation bridge structure, respectively.

© 2006 Elsevier Ltd. All rights reserved.

Keywords: Optical limiting; The third-order nonlinear optics; Polyurethane

1. Introduction

The optical materials for the application of limiters in
recent years have received significant attention owing to the
growing needs for protection of optically sensitive devices
and human eyes from laser damage in both civilian and mili-
tary applications due to the fast development of modern laser
technology [1,2]. Among the organic materials, the NLO
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polymers are considered to be promising materials, mainly
because they offer many advantages such as fast time
response, light weight, chemical resistance and good process-
ability to form optical devices [3—7].

To enhance the application viability of the organic NLO
polymer materials as optical limiter, it is necessary to under-
stand the relationship between the optical limiting property
and the molecular structure of the NLO chromophores. The
NLO chromophores usually comprise strong electron donor
and acceptor groups connected by a 7 electron conjugation
bridge. The increase of the conjugation length and the
donor—acceptor strength can improve the optical limiting
properties of organic NLO chromophores [8—14], and the
large atomic number and the small atomic size may also
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enhance the optical limiting properties of the phthalocyanines
and porphyrins NLO chromophores [15—18]. However, little
attention has been paid to the effect of the different 7 electron
conjugation bridge structure on the optical limiting properties
of the NLO chromophores. The different 7 electronic bridge
would be expected to have a significant effect on the ground
and excited-state dipole moments and electron transition
energies of the molecules and, consequently, could affect the
optical limiting property of the NLO chromophores.

In this paper, we synthesized three novel polyurethanes
containing nonlinear optical (NLO) chromophores with
different 7 electron conjugation bridge structure, poly(la),
poly(1b), and poly(le) (Scheme 1), measured their optical
limiting and nonlinear optical properties, and investigated the
effect of 1 electron conjugation bridge structure on the optical
limiting and nonlinear optical properties of polyurethanes.

2. Experimental
2.1. Materials

4-Bromo-4'-(N,N-dihydroxyethylamino)stilbene, 4-bromo-
4'-(N,N-dihydroxyethylamino)azobenzene and N-((4-N,N-
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Scheme 1. Synthetic scheme of the functional polyurethane.
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using a l-cm square quartz cell. Molecular weights of the
polymers were estimated on KNAVER Vapour Pressure
Osmometer.

The optical limiting properties were measured in DMF
solutions. Testing was performed using a frequency-doubled,
Q-switched, mode-locked continuum ns/ps Nd:YAG laser,
which provides linearly polarized 8 ns optical pulses at
532 nm wavelength with a repetition of 1 Hz. The experimen-
tal arrangement is similar to that in the literature [3,4]. The
transverse mode of the laser pulses is nearly Gaussian. The
input laser pulses were split into two beams by an attenuator
(Newport). One was employed as reference to monitor the
incident laser energy, and the other was focused onto the sam-
ple cell by using a lens with 30 cm focal length. The sample
was positioned at the focus and housed in quartz cells with
a thickness of 5 mm. The incident and transmitted laser pulses
were monitored by utilizing two energy detectors, D; and D,
(Rjp-735 energy probes, Laser Precision).

The nonlinear optical properties of the polymers were eval-
uated by a Z-scan technique using the same laser system as in
the optical limiting experiment. The experimental set up can
be found in the literature [19]. The input energy was 100 pJ.
The sample solution was placed in a 2 mm quartz cell and
moved along the axis of the incident beam (z direction).

2.3. Synthesis

2.3.1. 4-(N,N-Dihydroxyethylamino)-4-(pyridine-4-vinyl)-
stilbene (la)

Under nitrogen, 1.81 g (5 mmol) 4-bromo-4’-(N,N-dihy-
droxyethylamino)stilbene, 11.2 mg (0.05 mmol) Pd(OAc),,
26.2 mg (0.10 mmol) PPh;, 0.07 mL (7.5 mmol) 4-vinylpyri-
dine were dissolved in 50 mL DMF. The resultant mixture
was refluxed for 24 h. After cooling to room temperature,
the reaction solution was put into water to precipitate the prod-
uct. The precipitate was recrystallized from ethanol for three
times to give yellow-green powder in 80% yield. T, (melting
temperature) = 283—285 °C. '"H NMR (DMSO-dg): 6 =3.52
(4H, t, J=6.0 Hz, CH,CH,OH), 3.55 (4H, t, CH,CH,OH),
470 (2H, s, OH), 6.70 (2H, d, J = 8.6 Hz, H"), 7.02 (1H, d,
J=163Hz, H'), 7.18 (1H, d, J=16.4 Hz, H'®), 7.21 (1H,
d, H’), 7.40 (2H, d, J=8.5 Hz, H%), 7.41 (1H, s, H), 7.55
(2H, d, H%), 7.57 (2H, d, H>), 7.62 (2H, d, J =8.1 Hz, H>),
8.53 (2H, d, HG) (for serial number of hydrogen atom see
Scheme 1). FTIR (KBr), » (cm™'): 3374 (O—H), 1588,
1520, 827 (Ar). Elem. Anal. Calcd for C,sH,sN,O,: C,
77.72; H, 6.74; N, 7.25. Found: C, 77.65; H, 6.73; N, 7.21.

2.3.2. N-((4-N,N-Dihydroxyethylamino)benzylidene)-
4-(pyridine-4-vinyl)aniline (1b)

This was prepared as above from N-((4-N,N-dihydroxy-
ethylamino)benzylidene)-4-bromoaniline. The precipitate was
recrystallized from ethanol for three times to give brown-
yellow solid powder in 81% yield. T, =289—291°C. 'H
NMR (DMSO-dg): 6 =3.52 (4H, t, J = 6.0 Hz, CH,CH,OH),
3.59 (4H, t, CH,CH,0OH), 4.78 (2H, s, OH), 6.82 (2H, d,
J=8.7Hz, H"), 7.20 (1H, d, J=16.3Hz, H), 7.25 (2H,

d, J=8.3Hz, H%, 7.54 (1H, d, H®, 7.56 (2H, d, H>),
7.68 (2H, d, H%), 7.73 (2H, d, J=8.5 Hz, H), 8.47 (1H, s,
CH=N), 8.55 (2H, d, H®. FTIR (KBr), v (cm'): 3413
(O—H), 1604, 1576, 825 (Ar). Elem. Anal. Calcd for
C,4H,y5N30,: C, 74.42; H, 6.46; N, 10.85. Found: C, 74.41;
H, 6.59; N, 10.88.

2.3.3. 4'-(N,N-Dihydroxyethylamino)-4-(pyridine-4-vinyl)-
azobenzene (Ic)

This was prepared as above from 4-bromo-4'-(N,N-
dihydroxyethylamino)azobenzene. The precipitate was recrys-
tallized from ethanol for three times to give red-brown powder
in 80% yield. T,=297—299°C. 'H NMR (DMSO-ds):
0=3.56 (4H, t, J=6.0Hz, CH,CH,OH), 3.60 (4H, t,
CH,CH,OH), 4.88 (2H, s, OH), 6.86 (2H, d, J=8.9 Hz,
HY), 7.37 (1H, d, J=16.3 Hz, H'), 7.64 (2H, d, J=7.7 Hz,
H*, 7.72 (1H, d, H®), 7.77 (2H, d, H?), 7.80 (2H, s, H?),
7.82 (2H, d, J=8.1 Hz, H’), 8.58 (2H, d, H®). FTIR (KBr),
v (ecm™"): 3373 (O—H), 1598, 1512, 823 (Ar). Elem. Anal.
Caled for Cy3Hp4N4O,: C, 71.13; H, 6.19; N, 14.43. Found:
C, 71.44; H, 6.25; N, 14.45.

2.4. Polymerization

All the polymerization reactions and manipulations were
performed under nitrogen, except for the purification of the
polymers, which was conducted in an open atmosphere. A typ-
ical procedure is given below: to a 50 mL four-necked cylin-
drical vessel equipped with a mechanical stirrer, 5 mmol diol
1, 2.62 g (11 mmol) MDI and 0.1 mL dibutyltinlaurate in
25 mL N,N-dimethylacetamide were added with stirring of
the solution under nitrogen. Then the mixture was reacted at
80°C for 3h to make prepolymerization. 1,4-Butanediol
(0.45 g (5 mmol)) was added dropwise to the reaction mixture
and the remaining isocyanate group was intermittently
checked by di-n-butylamine back-titration during polymeriza-
tion to determine the progress of polymerization. The reaction
mixture became very sticky with polymerization, and it was
carried out until the unreacted isocyanate group was com-
pletely used. The polymer solution was poured dropwise
into 250 mL of methanol. The precipitated polyurethane was
collected by filtration and redissolved in DMF and precipitated
into methanol for purification. The dissolution—precipitation
process was repeated for three times, and the finally isolated
precipitant was dried under vacuum at 50 °C to a constant
weight.

Poly(1a): yellow-green solid; yield: 91.5%; M,, (number aver-
age molecular weight) = 10800 (VPO). '"H NMR (DMSO-dp):
0=12.55-3.12 (—CH,C,H,CH;,—), 3.22—4.38 (N(CH,CH;0),,
N(CH2CH20)2, —CH2C2H4CH2— and —AICHzAf—), 6.51—
8.75 (Ar—H and —CH=CH—), 9.63 (NHCO—). FTIR (KBr),
v (cm™'): 3305 (N—H), 1652 (C=0), 1595, 1509, 828 (Ar).

Poly(1b): orange-red solid; yield: 92.1%; M,, = 10 500 (VPO).
'"H NMR (DMSO-dg): 6 =2.68—3.05 (—CH,C,H,CH,—),
3.31-4.29 (N(CH,CH,0),, N(CH,CH,0),, —CH,C,H,CH,—
and —ArCH,Ar—), 6.73—8.62 (Ar—H, —CH=N-— and
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—CH=CH-), 9.55 (NHCO—-). FTIR (KBr), » (cm™'): 3302
(N—H), 1658 (C=0), 1593, 1510, 825 (Ar).

Poly(1c): deep-red solid; yield: 92.7%; M,, = 11700 (VPO).
'"H NMR (DMSO-de): 6=2.69—2.93 (—CH,C,H,CH,—),
3.05—4.35 (N(CH,CH,0),, N(CH,CH,0),, —CH,C,H,CH,—
and —ArCH,Ar—), 6.75—8.63 (Ar—H and —CH=CH—), 9.60
(NHCO—-). FTIR (KBr), » (cm™'): 3303 (N—H), 1648
(C=0), 1596, 1512, 824 (Ar).

3. Results and discussion
3.1. Polymer structure

Fig. 1 shows the FTIR spectra of 1¢, poly(1a), poly(1b) and
poly(1c). The characteristic O—H stretching vibration at
3373 cm ™' of the monomer 1c disappears and the characteris-
tic stretching vibrations »; (N—H) and vy (C=0) at 3306 and
1648 cm ™!, respectively, are also found in the spectrum of its
polymer, conforming the formation of the urethane group.

Fig. 2 shows the '"H NMR spectra of monomer l1a and
poly(1a) in DMSO-ds. The hydroxyl proton of 1a absorbs at
0 =4.72 ppm, which disappears in the spectrum of its poly-
mer. A new broad resonance peak, assigned to the urethane
proton absorption at 0 = 9.63 ppm, is emerged on the spectrum
of poly(la) [20,21], further displaying the formation of
urethane linkage. All other resonance peaks of the segments
of la, 1.4-butanediol and 4,4'-methylenebis(phenyl isocya-
nate) appear in the spectrum of poly(la). The relative ratios
of integration of these protons are also consistent with the pro-
posed structures, as shown in Scheme 1, further conforming
that functional polyurethane polymers are prepared.

The '"H NMR spectrum was also used to determine the
chromophoric content in the polymer. Provided that x repre-
sents the peak area of one proton of the 1la segment and y is

poly(1c)

poly(1b)

poly(1a)

O-H

——— 11—
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 1. FTIR spectra of 1¢, poly(1a), poly(1b) and poly(1c).

—O(CH,),0—

—— 7T T
10 8 6 4 2 0

Chemical Shift (ppm)
Fig. 2. '"H NMR spectra of 1a and poly(la) in DMSO-dg.

the peak area of one proton of the 1,4-butanediol segment.
The content of the 1a segment may be estimated by directly
comparing the peak area of all methylene protons with the
peak area of all aryl protons based on the following equation:

[16x 4+ 8(x+y)] : [8y +2(x +y) + 8x] = Anr : Ame (1)

where A, corresponds to the absorption peak area of all aryl
protons of the 1a and MDI segments. A, is associated with
the peak areas of all methylene protons of the 1a, MDI and
1,4-butanediol segments. 16x is corresponding to the peak
areas of 16 aryl protons of the 1a segment and 8(x + y) is cor-
responding to the peak areas of eight aryl protons of the MDI
segment. Thus, the 1a component content in the polyurethane
was calculated according to Eq. (1):

The 1a segment content (mol%) = . a ) x 100%

Apr — 0.8A,
=T lA. x 100% = 24.5%

The 1b and 1c component contents in the polyurethane
were calculated to be 24.9% and 23.8%, respectively, indicat-
ing that the content of chromophores in the polymers is little
affected by the 7 electron conjugation bridge structure of
the NLO chromophores.

The UV—vis spectra of the objective polymers poly(la),
poly(1b) and poly(1lc) in DMF are shown in Fig. 3. Poly(1a)
exhibits the absorption peak at 408 nm associated with the
T—* transition of the extended T electron conjugation of the
NLO-chromophoric segment. The maximum UV—vis spectra
absorption of poly(1b) shifts from 408 nm of poly(la) to
386 nm when one carbon of C=C is replaced by nitrogen.
On the contrary, the maximum UV—vis spectra absorption
of poly(1c) shifts from 408 nm of poly(la) to 463 nm when
both carbons of C=C are replaced by nitrogen, hinting that
the 7 electron conjugation bridge structure has significant
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Fig. 3. UV—vis spectra of DMF solutions of poly(1a), poly(1b) and poly(1c)
at 20 °C/min.

effect on their ground state electron absorption spectra of
molecules.

3.2. Nonlinear optical properties

The nonlinear absorption coefficients of poly(1a), poly(1b)
and poly(le) were measured by using Z-scan technique.
The results of Z-scan with and without an aperture showed
that poly(la) and poly(1b) have only nonlinear refraction
(Figs. 4 and 5) while poly(1lc) has both nonlinear absorption
(Fig. 6a) and nonlinear refraction (Fig. 6b).
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Fig. 4. Z-scan data of the DMF solution of poly(1a) using an 8 ns, 1 Hz pulses of
532 nm laser light. Solid circle: experimental data; solid line: theoretical curve.
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Fig. 5. Z-scan data of the DMF solution of poly(1b) using an 8 ns, 1 Hz pulses

of 532 nm laser light. Solid circle: experimental data; solid line: theoretical
curve.

In theory, the normalized transmittance for the open
aperture can be written as [4,19]:

T(Z,S _ 1) — zw:[_ QO(Z)]m

’ for |Clo| <1 (2)

m=0 (m + 1)’;/2
where qo(z) = aolo(f)Lefr/(1 + 2% /23), o is the nonlinear ab-
sorption coefficient, /y(?) is the intensity of laser beam at focus
(z=0), Legr = [1 —exp(—apL)]/ap is the effective thickness
with « the linear absorption coefficient and L the sample

1.26 @  Experimental
Theoretical
1.20
3
&
c 1.14
2
7]
0
€ 1.08
7]
[=
g 1 a
g 1.02
N
= ] e o
£ 0.96 -
o
Z B
0.90 —
0.84 T T T T T T T T T T T
-60 -40 -20 0 20 40 60

Z-position (mm)

Fig. 6. Z-scan data of the DMF solution of poly(1c) using an 8 ns, 1 Hz pulses of
532 nm laser light. Solid circle: experimental data; solid line: theoretical curve.
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thickness, zg is the diffraction length of the beam, and z is the
sample position. Thus, the nonlinear absorption coefficients of
poly(1lc) can be determined by fitting the experimental data
using Eq. (2).

The normalized transmission for the closed aperture Z-scan
is given by the following [4,19]:

4Apx

T(Z, A¢) =1 +m

(3)

where x =1z/zp and A¢ is on-axis phase change caused by
the nonlinear refractive index of the sample and A¢ =
27tly(1 — e*E)ny /Aag. Thus, the nonlinear refractive coeffi-
cients of poly(1a), poly(1b) and poly(lc) can be determined
by fitting the experimental data using Eq. (3).

The x* can be calculated by the following equation [4,19]:

x| :\/

where ¢, is the permittivity of vacuum, c is the speed of light,
ng is the refractive index of the medium and w = 27c/A. There-
fore, the results can be calculated and are listed in Table 1.
As shown in Table 1, the nonlinear susceptibilities ¥ of
poly(1a), poly(1b) and poly(lc) are 5.7 x 107 "2, 3.2 x 10~
and 6.7 x 10~'? esu, respectively, and the nonlinear suscepti-
bilities of poly(la) and poly(lc) are larger than that of
poly(1b), and poly(1c) with N=N double bond as conjugated
bridge of the NLO-chromophoric segment shows the largest
third-order nonlinearity. Comparing the structures of poly(1a),
poly(1b) and poly(1c), it can be seen that they are only differ-
ent from the 7 electron conjugation bridge structure of the
NLO-chromophoric segment. From the crystal structures of
stilbene, N-benzilidene aniline and azobenzene [22—24], it is
well known that stilbene and azobenzene mainly adopt the
planar structure in the molecules while N-benzilidene aniline
is usually considered to possess the non-planar structure in
the molecules due to the distortion of the two adjacent benzene
rings along with the single bond. Therefore, the non-planarity
of the chromophoric segment may decrease the effective 7
electron conjugation of the chromophoric segment to result
in the low nonlinear susceptibility of poly(1b). Simulta-
neously, the third-order nonlinear susceptibilities x® of
monomers are also measured to be 8.8 x 10_12, 6.7 x 10712
and 9.1 x 1072 esu for monomer 1a, 1b and 1c¢, respectively.
The nonlinear optical property decreases when they are incor-
porated into polymers, which may result from the lower NLO
chromophore content in the polymers.
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Fig. 7. Optical responses to 8 ns, 1 Hz pulses of 532 nm laser light of poly(1a)
(open squares), poly(1b) (open circles), poly(le) (solid triangles) solutions
with a linear transmission of 80%.

3.3. Optical limiting properties

Fig. 7 shows the optical limiting performances of poly(1a),
poly(1b) and poly(lec) at the same linear transmittance
(T =80%). As shown in Fig. 7, at very low incident fluence,
the output fluence of poly(1a), poly(1b) and poly(1c) solutions
with 80% transmittance linearly increases with the incident
fluence obeying the Beer—Lambert law. However, at high inci-
dent fluence, the transmittance of the solution decreased, and
a nonlinear relationship is observed between the output and in-
put fluences, and with a further increase in the incident fluence,
the transmitted fluence reaches a plateau (limiting amplitude),
showing the good optical limiting property. Simultaneously,
the optical limiting properties are significantly affected by the
7 electron conjugation bridge structure of the chromophoric
segment. Poly(1a) shows the limiting amplitude at 0.58 J/cm?
while the limiting amplitudes for poly(1b) and poly(1c) are at
0.86 J/cm? and 0.78 J/cm?, respectively. Thus, poly(1a) shows
better optical limiting property than poly(1b) and poly(1c).

The optical limiting mechanisms of organic compounds are
often based on two-photon absorption (TPA) or reverse satura-
ble absorption (RSA). Generally, TPA-based optical limiting
effect can be yielded in principle under the laser irradiation
of picosecond or shorter pulses. RSA is achieved on a nanosec-
ond or longer time scale, rather than a picosecond time scale,

Table 1

The nonlinear optical properties of poly(1a), poly(1b) and poly(1c)

Polymer Conc. (mg/mL) o, (m/W) n, (M%/W) Im x(3) (esu) Re x(3) (esu) x<3) (esu)
Poly(1a) 0.117 - 233 %1078 - 57%x107'2 57%x107"2
Poly(1b) 0.133 - 152%x 10718 - 32%x10712 32%x 10712
Poly(1c) 0.083 8.91 x 1071 225 x 10718 3.6x 10712 56x 10712 6.7x 1072
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owing to the different excited-state lifetimes involved in a mul-
tilevel energy process [12]. In this work, the polymers are ex-
cited by the laser with 8 ns pulse width at 532 nm wavelength
and the transmittance of all these polymers solutions decreases
with the increase of the incident fluence. Therefore, we con-
sider that the optical limiting properties of poly(1a), poly(1b)
and poly(1c) may mainly arise from RSA.

The optical limiting property of the organic compounds for
RSA mechanism depends on the ratio of the excited-state
absorption cross-section (o.,) to the ground state absorption
cross-section (gg) of molecules, which was defined as
Ooxlog=InTg,/InTy. Ty, is the saturated transmittance for
high degrees of excitation [25]. In our experimental set up, the
damage threshold for the sample cell limits the maximum flu-
ence; therefore, we are unable to reach the saturable transmit-
tance for these compounds. Nevertheless, we can use the
transmittance at 2.9 J/cm? to calculate the lowest bound for
gexl0. It is seen from Fig. 3 that poly(1c) shows strong ground
state electron absorption at 532 nm wavelength, hinting that
poly(1c) has large ground state absorption cross-section, while
poly(1a) displays weak ground state electron absorption at 532
wavelength, showing that poly(1a) may possesses small ground
state absorption cross-section to result in larger ratio of g../0g
than poly(1c). As shown in Fig. 7, the corresponding value of
gexlog for poly(la) is calculated to be 7.21, while o.,/a for
poly(1c) is 5.87. It may be why poly(1a) shows better optical
limiting property than poly(1c) although that poly(1c) displays
better nonlinear optical property than poly(1a).

4. Conclusion

We have successfully synthesized three novel functional
polyurethanes bearing nonlinear optical chromophores with
different 7t electron conjugation bridge structure in high yield.
The incorporation of NLO chromophore into polyurethanes
endowed polyurethanes’ novel nonlinear optical and optical
limiting properties. Simultaneously, it is found that the optical
limiting and nonlinear optical performance are strongly
affected by 7 electron conjugation bridge structure of the
NLO chromophores. The polymer with N=N double bond
as T electron conjugation bridge structure shows the best
nonlinear optical property and the polymer with C=C double
bond as T electron conjugation bridge structure displays the
best optical limiting property, which is attributed to the large
oex/og. The work provides a novel path for designing new
optical materials with good optical limiting property.
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