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The second-order nonlinear optical properties of photocross-linkable coumarin-based copolymers were
investigated using the optical second harmonic generation (SHG) with the Maker fringes technique. High
quality and transparent spin-deposited thin films of various methacrylic copolymers containing 4-meth-
ylcoumarin pendant chromophores were prepared and the coumarin units were ordered and oriented by
the corona poling technique. Nonlinear optical investigations were performed using a picosecond Q-
switched Nd:YAG laser working at the fundamental wavelength (k = 1064 nm) and the second order non-
linear optical susceptibilities of the functionalized polymers were determined. The samples were irradi-
ated using two wavelengths (k = 254 nm and k > 300 nm) promoting the reversible photo-induced
dimerisation of coumarin moieties within the film. The latter is shown to have a significant impact on
the nonlinear optical response of the corresponding material. A large SHG response of photocross-link-
able coumarin-based copolymers is obtained.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Within the last decade various types of nonlinear optical (NLO)
polymers were synthesized and functionalized with different ac-
tive chromophores grafted in their side chain: polymethylmethac-
rylates, polyalkylviniletheres, polystyrenes, polyimides, poly-
acrylamides and many more [1–3]. The photochemical properties
of such polymers can be advantageously addressed for photonics
and nonlinear optics applications [4–7]. In addition, the spatial
organization of the active side chain residues along the polymeric
backbone is of critical importance regarding mechanical and struc-
tural properties of the material.

In this context, coumarin derivatives are suitable candidates for
NLO investigations. More over such compounds are already well-
known for their photochemical and photophysical properties. In
particular they can undergo a reversible photoinduced cyclodimer-
isation upon irradiation at k > 300 nm, leading to cyclobutane-
based dimers with four possible isomeric configurations (Scheme 1)
[8–13].

Therefore, the resulting systems are considerably, both struc-
turally and electronically, altered. A consequence at the polymeric
scale is that pendant groups can give rise to cross-linked polymers
upon exposure to a k > 300 nm source [14]. Therefore, polymers
ll rights reserved.
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with coumarin fragments have been used in many fields such as
photoalignment of liquid crystalline molecules [9,15], photoactive
surface application [16], electroluminescence [17], fluorescence
materials and laser dyes [18]. Our group also described recently
the reversible two-photon optical data storage of coumarin-based
copolymers [19].

In the present work we report the results obtained from thin
films derived from various methacrylic polymers functionalized
with 4-methyl coumarin side-groups as NLO active units. Co-poly-
mers of various molecular compositions (monomers ratio) and
involving 4-methyl coumarin-based monomers with linkers of dif-
ferent lengths, have been systematically studied. The correspond-
ing thin films have been subjected to corona-poling and to
suitable irradiation leading to two distinctive states (Scheme 1),
Pm (incorporating ‘‘free’’ 4-methyl coumarin units) and Pm0

(photocross-linked state). Pm and Pm0 were characterized by
UV–visible spectroscopy and their second order NLO response
was measured by the Second Harmonic Generation (SHG) Maker
fringes technique at k = 1064 nm.
2. Experimental section

2.1. Chemicals

N,N-Dimethylformamide (DMF) was vacuum-distilled off from
calcium hydride just prior to use. 2,2-Azobis(isobutyronitrile)
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Scheme 1.
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(AIBN) was recrystallized twice from absolute methanol. Methyl-
methacrylate (MMA) and butylmethacrylate (BMA) are commer-
cially available and were washed with aq NaOH to remove
inhibitors, dried with CaCl2 under nitrogen atmosphere at reduced
pressure. All other reagents and solvents were commercially avail-
able and used as received.

2.2. Apparatus

1H NMR (500 MHz) spectra were recorded by a ‘‘Bruker Advance
DRX-500’’ spectrometer using DMSO-d6 or CDCl3 as solvent. Chem-
ical shifts are in ppm from the internal standard tetramethylsilane.

UV–VIS measurements were performed at room temperature
either in solutions in a quartz liquid cell, or as thin films deposited
on glass substrates, with a Perkin–Elmer UV/VIS/NIR Lambda 19
spectrometer.

Differential scanning calorimetry: A Q20 model DSC (TA Instru-
ments), with a continuous N2 purge was used to determine the
glass and phase transition temperatures (Tg) of all polymers. Two
scans were run at a heating rate of 10 �C/min up to 200 �C, followed
by a cooling to 20 �C, giving the values of Tg.

Gel permeation chromatography: The molecular weights of all
polymers were evaluated with Spectra SYSTEM RI-150 and Spectra
SYSTEM UV2000 detectors. Spectra SYSTEM AS1000 autosampler,
with a guard column (Polymer Laboratories, PL gel 5 lm Guard,
50 � 7.5 mm) followed by 2 columns (Polymer Laboratories, 2 PL
gel 5 lm MIXED-D columns, 2 � 300 � 7.5 mm). The eluent used
is THF at a flow rate of 1 ml/min at 35 �C. Polystyrene standards
(580–4.83 � 103 g/mol) were used for calibration.

MS spectra were recorded on a Trace DSQ (Thermo Electron
Corp.) GC/MS mass spectrometer.

2.3. Synthesis

Methacrylic monomers based on 4-methylcoumarin 1, 3 were
obtained by adapting described procedures [20,21] (Scheme 2).
Methacryloyl chloride was reacted with the suitable hydroxy
derivative of 4-methylcoumarin in the presence of triethylamine.
Scheme 2.
The hydroxylated intermediate 2 was synthesized as described
by alkylation of 7-hydroxy-4-methylcoumarin.

2.3.1. 7-Methacryloyloxy-4-methylcoumarin (1)
Recrystallization from ethanol gave colorless plates m.p. 177 �C,

85%. 1H NMR (500 MHz, CDCl3): d 2.05 (s, 3H, ACH3), 2.41 (s, 3H,
ACH3), 5.80 (s, 1H, CH2@), 6.23 (d, 1H, @CHAC(O)A), 6.35 (s, 1H,
CH2@), 7.09 (t, 2H, ArAH), 7.60 (d, 1H, ArAH). MS, m/z: 244 [M]+.

2.3.2. 7-[(6-Hydroxyhexyl)oxy]-4-methylcoumarin (2)
The crude product was purified by column chromatography on

silica gel (hexane: ethylacetate, 4:6), and affords white crystals
m.p. 81–82 �C, 82%. 1H NMR (500 MHz, CDCl3): d 1.40–1.85 (m,
8H, ACH2CH2CH2CH2A), 2.38 (s, 3H, ACH3), 3.66 (t, 2H, ACH2OH),
4.00 (t, 2H, ACH2AOAr), 6.17 (d, 1H, @CHAC(O)A), 6.81 (t, 2H,
ArAH), 7.48 (d, 1H, Ar-H). MS, m/z: 276 [M]+.

2.3.3. 7-[[[6-(Methacryloyl)oxy]hexyl]oxy]-4-methylcoumarin (3)
7-[(6-Hydroxyhexyl)oxy]-4-methylcoumarin (2) (1.33 g;

0.0048 mol) was dissolved in dry methylene chloride (30 ml). The
reaction mixture was kept at 0–5 �C then triethylamine (0.68 ml;
0.005 mol) and methacryloyl chloride (0.48 ml; 0.005 mol) were
added gradually. The solution was refluxed for 4 h and washed
(1 M hydrochloric acid, 10% sodium hydroxide) and dried over
anhydrous magnesium sulfate. The crude oil was purified by col-
umn chromatography on silica gel using methylene chloride, yield
54%. 1H NMR (500 MHz, CDCl3): d 1.45–1.85 (m, 8H, ACH2CH2CH2-

CH2A), 1.93 (s, 3H, H2C@C(CH3)A), 2.38 (s, 3H, ACH3), 4.00 (t, 2H,
ACH2AOAr), 4.15 (t, 2H, ACH2AOAC(O)A), 5.54 (s, 1H, CH2@), 6.08
(s, 1H, CH2@), 6.10 (d, 1H, @CHAC(O)A), 6.77–6.83 (m, 2H, ArAH),
7.45 (d, 1H, ArAH). MS, m/z: 344 [M]+.

2.4. Synthesis of copolymers

The synthesis of copolymers Pm1–5 (Scheme 3) based on the
methacrylic monomers (1 or 3) on one hand and methylmethacry-
late (MMA) or butylmethacrylate (BMA) on the other hand, was
conducted in 10% DMF solution with AIBN as radical initiator at
80 �C (argon atmosphere). The mixture was degassed with re-
peated freeze and thaw cycles and then heated for 24 h. The result-
ing viscous solution was added into methanol to precipitate
polymeric materials. The precipitation was repeated from DMF
into methanol to give purified polymers. The copolymerization ra-
tio was calculated on the basis of the integration ratio of 1H NMR
signals.

The polymeric structures, as well as the respective composition
in both monomers (n/m ratio), were confirmed by 1H NMR spectra.
This ratio is in reasonable accordance with the initial amounts of
monomers which were introduced (Table 1). Nevertheless, as ex-
pected from less hindered monomers, the BMA or MMA motifs
are found in slight excess in the final composition of the polymers.

The glass transition temperatures (Tg) of the polymers are
shown in Table 1. As expected, a higher ratio in coumarin motif re-



Scheme 3.

Table 1
Copolymers from radical polymerization of 10% methacrylic monomers in DMF at
80 �C (argon atmosphere, initiator – AIBN 1%).

Polymer Monomers mole ratioa n/mb Mwc Mw/Mnc Tg
d Tg (�C)d

Pm1 1:1 1:1.2 34,000 1.6 143
Pm2 1:3 1:3.0 33,000 1.7 110
Pm3 1:1 1:1.3 36,000 1.9 81
Pm4 1:1 1:1.3 25,000 1.8 40
Pm5 1:3 1:3.2 36,600 2 47

a The ratio is given relatively to the coumarin-based monomer.
b Determined by 1H NMR integration.
c Measured by GPC.
d Measured by DSC.
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sults in a higher Tg when MMA is used (Pm1 vs Pm2). Also intro-
duction of conformationally flexible alkyl chains within the cou-
marin chromophore and/or in the methacrylate comonomer
(BMA) tend to decrease Tg (Pm3 vs Pm1; Pm4 vs Pm1; Pm5 vs
Pm2). The copolymers molecular weights are in the limit
25,000–36,600 and polydispersity indices are 1.6–2 as determined
by GPC (Table 1).

2.5. Thin films processing and thickness measurement

The spin-coating deposition technique was used to produce thin
films of 4-methyl coumarin functionalized polymers with a con-
trolled thickness, on glass slides BK7. Polymer films were spin-
coated at 800 rpm from a 10 wt.% 1,1,2-trichloroethane solution
previously filtered through a 0.4 lm pore size nylon syringe filter.
Immediately after deposition, the thin films were dried in vacuum
at 35 �C for 5 h to eliminate any remaining solvent. The thickness
of the thin solid films was measured with a 6 M DEKTAK profilom-
eter and was found about 1.2 lm for all samples.

2.6. Photodimerization and photocleavage

For the SHG experiments polymer thin films (Pm) were irradi-
ated during 60 min at 20 �C to produce the corresponding cross-
linked polymers (Pm0) with a UV immersion lamp TQ 150 W
(Heraeus) equipped with a filter (Duran 50, Heraeus) that cuts off
wavelengths below 300 nm. Conversely, the photocleavage of cou-
marin dimer (from Pm0 to Pm) was achieved by using a low pres-
sure mercury lamp TNN 15/32 (Heraeus), 15 W with emission
wavelength spectrum at 254 nm (20 �C, 30 min).

2.7. Corona poling

Various experimental techniques can be used for measuring the
nonlinearities of given materials, even though each technique ad-
dresses only a particular facet of the nonlinearity due to the fre-
quency dispersion of second or third order susceptibilities.
Coumarin containing polymers, being amorphous, does not exhibit
second-order NLO properties. Thus, to overcome this issue, it is
well established that orientation of the dipole moment in organic
thin films can be performed using optical or corona poling [22,23].

The corona poling technique was used to align the chromoph-
ores and break the centrosymmetrical attribute of the investigated
films. During this procedure the thin films were heated close to the
glass transition temperature Tg (Table 1), where the motion of the
chromophores can be facilitated and their orientation too. Then a
high voltage of 4500 V was applied by means of two parallel tung-
sten wires positioned over the film, providing a strong electric field
which leads to a homogeneous alignment of the chromophores.
Last, the sample were cooled down to room temperature, while
still applying the electric field in order to fix the alignment of the
molecule dipole moments.

2.8. Second-order optical nonlinearities investigations

SHG Maker fringes measurements were performed in transmis-
sion configuration using a Q-switched Nd:YAG laser (Leopard D-
10) as a source of excitation, providing a fundamental wavelength
at k = 1064 nm, with 16 ps pulse duration and 10 Hz repetition
rate. The absorption spectrum of each sample was performed be-
fore the NLO measurements and we found that the thin films were
transparent in the near infrared region. For the fundamental wave-
length, the intensity was about 6.5 GW cm�2 and we did not
observe any degradation of the samples during experiments. The
s-polarized beam was focused slightly behind the sample by means
of a convergent lens to achieve nonlinear effects. The angular
dependence of the SHG signal was probed by rotating the sample
by means of a motorized rotational stage, which was automatically
controlled by a computer [24]. The generated harmonic signal was
firstly attenuated then filtered with a 10 nm narrow width inter-
ferential filter and analyzed with a polarizer in s-polarization
direction before being collected by the photomultiplier tube
(PMT, Model Hamamatsu R1828). The experimental setup is de-
picted in Fig. 1.

The obtained angular variation of the SHG intensity corresponds
to the so called ‘‘Maker fringes’’ pattern. The setup was calibrated
using y-cut crystalline quartz slab with second order susceptibility
v(2) = 1 pm/V. The quadratic susceptibility was determined using
the Jerphagnon and Kurtz model [25] in which the absorption of
the sample is not taken into account:

I2x ¼
128p3

cA n2x cos h2xð Þ2
t4
xT2

2x vð2Þeff

� �2
I2
x

2pL
k

� �2 sin2ðUÞ
U2 ð1Þ



Fig. 1. Schematic representation of second harmonic generation experiment: BS – beam splitters, k/2 – half-wave plate, P – polarizer, A – analyzer, L – lens, PhS –
synchronization photodiode, PhC – control photodiode, F3 – filters, PMT – photomultiplier tube.
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where

U ¼ 2pL
k

nx cos hx � n2x cos h2xð Þ ð2Þ

The tx and T2x correspond to the Fresnel transmission coefficients,
vð2Þeff is the effective second order nonlinear susceptibility, Ix is the
intensity of the fundamental wave, k is the fundamental wave-
length, nx, n2x are refractive indices at fundamental and at second
harmonic frequencies respectively, L is the thickness of the sample,
hx and h2x are the fundamental and generated harmonic refracted
beams angles, respectively.
3. Results and discussion

3.1. Spectroscopic studies

The optical absorption spectra of coumarin polymers in thin
films show one major absorption region (280–350 nm), assigned
to the absorption of the conjugated chromophore.
Fig. 2. (a) Gradual change of the absorption spectrum of a Pm2 thin film (1.2 lm) while
10 min (6), 15 min (7), 80 min (8). (b) Absorption of a Pm2 thin film at 312 nm, as a fu

Fig. 3. (a) Changes of the absorption spectrum of a cross-linked Pm02 thin solid film be
k = 254 nm; (b) changes in the absorption of film Pm2 at 312 nm during irradiation at k
Noticeably, the absorption spectra change during irradiation at
k > 300 nm light. An illustrative example is provided in the case of
a polymer film Pm2 (1.2 lm thickness) as presented in Fig. 2a. The
evolution of the absorption of the thin film at 312 nm as a function
of the irradiation time is presented in Fig. 2b. During irradiation a
decrease in absorbance assigned to the p–p⁄ transition of the cou-
marin unit was observed. This decrease is due to light induced
dimerization reaction into the cyclobutane ring and has been ob-
served for all Pm systems investigated. Fig. 3a illustrates the thin
film absorption spectra of Pm02, during the reverse process (from
Pm20 to Pm2) under irradiation by k = 254 nm light, while the time
in Fig. 3b is shown in seconds, showing that the kinetic of the
photocleavage is faster than the photodimerization process.
3.2. NLO studies

The SHG Maker fringes setup was calibrated using a y-cut
quartz crystal (d11 = 0.5 pm/V) [26]. The experimental signals were
fitted theoretically according to Eqs. (1) and (2) as shown in Fig. 4.
irradiated at k > 300 nm before (1) and after 1 min (2), 3 min (3), 5 min (4 and 5),
nction of the irradiation time.

fore (1) and after every 30 s (2, 3), 60 s (4), 120 s (5), 300 s (6) of UV irradiation at
= 254 nm.
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Fig. 4. Theoretical and experimental SHG Maker fringes for y-cut quartz slab used
as reference material for calibration.

Table 2
Second order nonlinear optical susceptibilities for polymers with a 4-methyl
coumarin moiety, before (Pm1, Pm2, Pm3) and after (Pm01, Pm02, Pm03) one hour
irradiation at k > 300 nm.

Sample v(2) � 1013 (m/V)

Pm1 7.1
Pm2 7.9
Pm3 4.1
Pm01 2.6
Pm02 5.1
Pm03 1.6
y-cut quartz plate 10
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SHG measurements were carried out for all molecules before and
after dimerization and photo cleavage process (UV irradiation).
Typical experimental results are shown in Fig. 5a where SHG sig-
nals resulting from the Pm2 to Pm02 samples are reported. The
data underscore that the Pm02 (sample after irradiation) exhibits
lower SHG response with respect to Pm2 (non-irradiated). Similar
behaviours were obtained for all the other investigated polymer/
coumarin Pm systems.

In Fig. 5b characteristic Maker fringes curves can be seen for the
systems Pm1, Pm2, Pm3, obtained under the same experimental
conditions in order to allow direct comparison. It should be also
noted that, at least under the same conditions, the SHG was found
to be negligible in the case of the systems Pm4 and Pm5. We attri-
bute this singularity to the fact that Pm4 and Pm5 exhibit very low
Tg values, so that they have a strong tendency to relax after the cor-
ona poling and the orientation of the chromophores on the film is
no longer preserved.

The second order nonlinear susceptibilities (v(2)) for all investi-
gated systems before and after irradiation at k > 300 nm are re-
ported in Table 2. The determined values show that in all cases
the nonlinear optical response is decreased after the photodimer-
ization of the 4-methyl coumarin units within the film. Such obser-
vation is attributed to a modification of the molecular structure
Fig. 5. Angular dependence of SHG intensity (Maker fringes) (a) for irradiated Pm02 and
polymers on glass substrate without irradiation (SHG intensity of Pm4 and Pm5 not re
and of the resulting dipole moments of the modified chromoph-
ores. In particular the v(2) values of the Pm01, Pm02, Pm03 appear
1.6 to 2.7 times lower than for their corresponding non-irradiated
Pm systems.

Further measurements were carried out in order to verify the
reversible character of the nonlinear optical response during a
complete photodimerization/photocleavage procedure. During this
procedure, an irradiation was first carried out at k > 300 nm (lead-
ing to the photo dimerization) and was followed by an irradiation
at k = 254 nm (inducing the photocleavage), in a way that a full
Pm ? Pm0 ? Pm cycle had been achieved. Following the SHG evo-
lution during this process it was found that the SHG was first
decreased (Pm ? Pm0) and then increased (Pm0 ? Pm), retrieving
the initial value of Pm. Therefore, the SHG value of the film can be
tuned according to the chemical state of the coumarin-based poly-
mer. This modification of the response emanating from different
irradiation of the system can be valuable for a variety of photonic
applications such as, for example, high speed [27] or high density
[28] optical storage, high dynamic image storage [29].
4. Conclusions

The current study reports on the second order optical nonlin-
earities of reversibly photocross-linkable coumarin-based
polymers thin films. High optical quality and transparent spin-
deposited thin films of various methacrylic copolymers were
obtained. We demonstrate reversible photo-induced dimerisation
of coumarin moieties within the films. SHG measurements were
carried out on two structurally different states of the films, induced
by changing the irradiation wavelength. Large SHG modulations of
photocross-linkable coumarin-based copolymers are obtained. The
quadratic NLO responses appear to be strongly dependent on the
non irradiated thin films Pm2 deposited on glass substrate; (b) for Pm1, Pm2, Pm3
presented-baseline).
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photo-induced state as the v(2) values have been found to be
modified up to 2.7 times between the two states.
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