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A set of photoinitiating systems (PIS) for free radical photopolymerization was studied using
time-resolved spectroscopic experiments, real-time FTIR and holographic recording. It is shown that

the efficiency of the photoinitiating system can be drastically increased when a redox additive is added

to the conventional dye/coinitiator system by virtue of photocyclic behaviour. The homogeneous
photopolymerization process was found to reach a fast vitrification, limiting the conversion at about 55%.
By contrast, holographic recording underlines the differences in photoinitiating system reactivity, allowing

diffraction efficiencies close to unity for the most reactive PIS.

Introduction

Light induced polymerization reactions are employed in quite
different technical applications that have become beneficial to
humans. These applications include microelectronics, informa-
tion technologies, optical fibers, dental materials, printing inks,
paints and varnishes.' In other words, various kinds of poly-
mers can be synthesized by light-induced chemical processes, a
technique commonly denoted by the term photopolymerization.
A key component of this process is the photoinitiating system,
which is responsible for the absorption of light and its conver-
sion into chemical energy.

Among these applications, photopolymeric materials have been
revealed to be the best choice for holographic recording, promoting
holography as a compelling choice for next-generation data storage
needs.* In holography and display devices, photopolymers were
developed primarily for the display of single images due to the
refractive index variations or relief profiles generated by an optical
interference pattern.”® Compared to inorganic photorefractive
materials, photopolymers have much higher sensitivity due to
chemical amplification effects, large dynamical range and high ver-
satility of the formulations. Additionally, this is a relatively low
cost one step process.’” '’ Data storage applications require ma-
terials corresponding to more critical properties, such as hologram
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shrinkage or stability, and different classes of recording polymer
materials have been studied extensively in the past decade. In this
area, epoxy resin associated to a triacrylic monomer,'? polymers
based on mixture of polyvinylalcohol and acrylamide or sodium
acrylate,” nanocomposite materials in the form of an acrylamide-
based polymer containing zeolite nanoparticles'> or consisting of
an acrylate monomer in poly(methylmethacrylate) doped with
71O, or SiO, nanoparticles14 were described.

Tailoring of photopolymeric materials is one specific appli-
cation of visible light photoinitiating systems (PIS).>>'> Basi-
cally, visible light PIS comprises a dye chosen to absorb at a
specific irradiation wavelength and a coinitiator that produces
free radicals able to initiate the polymerization reaction.’
However, these two-component PIS have moderate photo-
polymerization efficiency, and the addition of a third component
was found to be beneficial for improving the performance of
these systems. In that case, secondary redox reactions take place
after the primary photochemical reaction, and a higher yield of
initiating species is obtained. Therefore, three-component photo-
initiating systems have been found to be by far more efficient
than the corresponding two-component systems.>'®'* However,
the actual effects of coinitiator concentration, monomer structure,
resin viscosity and redox potentials are still unclear.

Recently, the efficiency of three-component PIS based on
pyrromethene dyes for free radical polymerization was dis-
cussed. It was shown that the photopolymerization efficiency of
the three-component PIS containing an amine and a triazine
derivative together with the pyrromethene dye is higher than that
of the corresponding two-component systems, and the effect of
the relative concentration of the coinitiator was detailed.?*'

Pyrromethene dyes present encouraging properties as efficient
photosensitizers. Their photophysical properties are well known
and they show attractive laser performance.”* >’ Strong absorp-
tion and fluorescence bands in the visible region were observed
for this family of dyes.?'*® In addition, their high laser efficien-
cies are not only due to their high emission quantum yield
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(pr> 0.8), but also to the low probability of triplet formation and
triplet—triplet absorption over the laser spectral region,?”-**
leading to high photostability.** >’ Thus, many applications were
developed with these compounds in various fields, such as
optoelectronics,*®*® solid-state dye lasers,>”***? fluorescent
probes in biochemical procedures,*>** visible laser imaging®®**
and photoinitiators for free radical photopolymerization.***® In
addition, the laser efficiency and photostability of pyrromethene
dyes have been widely studied in hosts like methylmethacrylate-
based polymers, hybrid sol-gel materials and solutions.***?
Moreover, these organic dyes have been used as fluorescent com-
pounds in a polymeric host for 3D optical data storage.*”**

In this work, we used a photopolymerizable resin, optimized as
an efficient holographic recording medium, to probe the reactivity
of photoinitiating systems based on a pyrromethene dye (EMP).
We investigated the combination of three different coinitiators con-
sidering an amine (EDB) as the electron donor and an electron
acceptor, which could be either a triazine derivative (TA) or an
iodonium salt (I1250). Time resolved spectroscopy experiments
allow us to describe the behaviour of the different photoinitiating
systems. It is found that the dye is invested in a photocyclic reac-
tion in which each photon absorbed leads to two initiating radicals.
Accordingly, a mechanism is proposed in full agreement with our
previous works.”*?' Real-time FTIR spectroscopy (RT-FTIR) was
used to characterize the photopolymerization kinetics of these
systems by following the evolution of monomer conversion during
the photopolymerization reaction. The influence of the experimen-
tal conditions (irradiation intensity and irradiation time) on the per-
formance of these PIS using holographic recording was also
examined by recording the diffraction efficiency as a function of
irradiation time. This kinetic study of grating formation is discussed
according to the RT-FTIR photopolymerization experiments. It is
shown that holographic recording reveals interesting features of
PIS reactivity, which are levelled off when studied by RT-FTIR.

Experimental
Chemicals

2,6-Diethyl-1,3,5,7,8-pentamethylpyrromethene  BF, complex
(EMP) was purchased from Exciton. Ethyl-4-(dimethylamino)-
benzoate (EDB) was obtained from Aldrich, 2-(4-methoxy-1-
naphthyl)-4,6-bis(trichloromethyl)-1,3,5-triazine (TA) and (4-
methylphenyl)[4-(2-methylpropyl)phenyl]-iodonium hexafluoro-
phosphate (1250) were gifts from PCAS (France) and Ciba Spa.
(Switzerland), respectively. Their chemical structures are given
in Scheme 1.

=
P
=N N Vi go-
SN PF,
F F
3HC/N\CHa OCH
EMP EDB TA 1250
Scheme 1

Photopolymerizable resin

The reactive resin was a liquid mixture of different monomers:

— 30 wt% of a hexafunctional aliphatic urethane acrylate
oligomer (Ebecryl 1290, Cytec) acting as primary oligomer;

— 15 wt% of 1,1,1,3,3,3-hexafluoroisopropyl acrylate and
15 wt% of vinyl neononanoate, both from Aldrich. The vinyl
ester monomer is known to copolymerize very easily with
acrylic monomers. The partial fluorination of host polymer
matrices resulted in improved optical properties and better
defined morphologies;**->

— 4.6 wt% of N-vinyl pyrrolidinone (Aldrich), which is a
standard reactive additive introduced in phopolymerizable
systems;51

— 4.6 wt% of trimethylolpropane tris(3-mercaptopropionate)
(Aldrich), which is a trifunctional thiol able to increase the
photopolymerization rate in air and leading to higher monomer
conversions.”'

The choice of the formulation was governed by earlier experi-
ments performed in the field of visible curable systems and the
use of fluorinated acrylate monomers for the recording of holo-
graphic polymer-dispersed liquid crystals (LC) transmission
gratings.>>>>

For all experiments, the photoinitiating system was introduced
in the resin in the following weight ratio: 0.2 wt% of dye, 0.6 wt%
of electron donor and 1 wt% of electron acceptor.

Cyclic voltammetry

Redox potentials were measured by cyclic voltammetry using a
potentiostat (Princeton Applied Research 263A) at a scan rate of
1 V s7' in acetonitrile, with platinum as both working and
auxiliary electrodes, and a saturated calomel reference electrode
(KCI in methanol). Measurements were performed in acetonitrile
using 0.1 M of tetrabutylammonium hexafluorophosphate
(Aldrich) as supporting electrolyte. The samples were bubbled
with argon for 20 minutes prior to the analysis. Ferrocene was
used as a standard.>

RT-FTIR measurements

The study of photopolymerization kinetics was carried out by
real-time FTIR (RT-FTIR) technique using a Vertex 70 FTIR
spectrometer (Bruker Optik), equipped with a MCT detector
working in the rapid scan mode. This allows an average of 4
scans per s collection rate using a resolution of 4 cm™'. The IR
spectra were then recorded during sample irradiation using a
green laser diode emitting at 532 nm (Roithner Lasertechnik,
50 mW), which was adapted to the FTIR spectrometer by means
of a light guide. The irradiation intensity was adjusted at
25 mW cm™2 on the sample. To prevent the diffusion of oxygen
into the sample during the irradiation, experiments were carried
out by laminating the resin between two polypropylene films and
two CaF, windows. The thickness of the sample was adjusted
using a 25 pum teflon spacer. The spectra were recorded between
600 and 3900 cm™".

The kinetics of the polymerization were measured by follow-
ing the disappearance of the C=C bond stretching signal at
1637 cm™'. The degree of conversion is directly related to the
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decrease of peak area at 1637 em™! A,637, and was calculated
according to:

_ (A1637)9 — (41637),
(A1637)

where (41637)0 and (41637), are the area of the IR absorption
band at 1637 cm™" of the sample before exposure and at time
t respectively. A good estimate of the maximum rate of conver-
sion R', was determined by the slope of the conversion kinetics
at the inflection point. The conversion rate R', is linearly related
to the rate of polymerization R, by R', = R, x 100/[M,] where
[Mg] is the initial monomer concentration (i.e. before exposure).
According to this linear relationship, the values of conversion
rate R', will be reported in this work.>

C(%) x 100 (1)

Spectroscopy measurements

Laser flash photolysis experiments (LFP) were carried out excit-
ing at 532 nm with a nanosecond Nd-YAG laser (Powerlite
9010, Continuum), operating at 10 Hz. The transient absorption
analysis system (LP900, Edinburgh Instruments) uses a 450 W
pulsed Xe arc lamp, a Czerny—Turner monochromator, a fast
photomultiplier, and a transient digitizer (TDS 340, Tektronix).>
The instrumental response was about 7 ns. The observation
wavelength is indicated in each case. Experiments were per-
formed in acetonitrile under Ar bubbling.

A FluoroMax-4 (Horiba, Jobin-Yvon) spectrofluorimeter
coupled with Time-Correlated Single-Photon Counting (TCSPC)
accessory was used to measure steady-state fluorescence spectra
and singlet excited state lifetimes. NanoLEDs were used as
pulsed excitation source leading to a time resolution of around
200 ps. The measurements were performed in acetonitrile solu-
tions under argon bubbling at room temperature.

The quenching rate constants k, of the excited states were
obtained according to the Stern—Volmer analysis where the reci-
procal lifetime 7' is plotted as a function of quencher
concentration:

= k[0l @)

where [Q] is the molar concentration of quencher, k, the quench-
ing rate constant and 7, the singlet state lifetime in the absence
of quencher.

Holographic recording

The samples were prepared by embedding the photopolymeriz-
able formulation between two glass-substrates. Calibrated glass
beads were used as spacers to guarantee the thickness of the
system around 20 um.

During holographic recording, a sinusoidal light pattern is
generated by the interferences of the two incident plane waves
and is converted into a modulation of the refractive index in the
photopolymerizable matrix.’>”>® The two incident s-polarized
beams were of equal intensity, corresponding to a total
power density of 4 or 25 mW cm ™2 on the photosensitive sample
with a beam diameter of 2.5 cm. When the photopolymerizable
system is illuminated by the sinusoidal interference pattern,

an inhomogeneous polymerization reaction and dye bleaching
take place.’”>® Monomer and sensitizer consumption in the
bright regions led to concentration spatial gradients of monomer
and sensitizer molecules, which, in turn, led to diffusion pro-
cesses. The coupling between photochemical conversion and
mass transport results in regions with various matter densities.
A modulation of the refractive index is created, giving rise to
volume thick phase gratings with high diffraction efficiencies
and low scattering noise. In this work, laminated layers
were used to give rise only to a modulation of the refractive
index, ie. to suppress any generation of surface relief. The
obtained transmission gratings were recorded with a 514 nm
actinic laser light (Coherent Innova 308C Argon Ion laser). The
fringe spacing is adjusted to ca. 0.9 um and exposure duration of
ca. 90 s. The fact that no chemical post-treatment was needed for
this recording medium, allowed the continuous follow up of the
process during exposure with an inactinic reading light beam
(HeNe laser at 633 nm), which is more or less diffracted. The
diffraction efficiency at 633 nm () was defined by the ratio of
the intensity of the first diffraction order to the diffracted plus
transmitted light intensities. This measurement instead of the
ratio of the diffracted intensity by the incident intensity at
633 nm was performed in order to rule out Fresnel losses in the
determination of the grating diffraction efficiency. The rate of
grating formation R,; is calculated as:

dn
R, = At (3)

Mechanistic studies of the PIS

The photophysical and electrochemical properties of EMP are
given in Table 1.

According to the literature data and to the redox properties of
the pyrromethene dye and the coinitiators used, a photoinduced
electron transfer reaction is expected between the singlet excited
states of the EMP dye and the coinitiators.’?'*® The values of
the Gibbs free energy change AG,, for photoinduced electron
transfer is given by the Rehm—Weller equation:>’

AGe = Eox — Ereqd — Ex+C (4)

Table 1 Photophysical and electrochemical properties of EMP, EDB,
TA and 1250

EMP* EDB” TA? 250"
A (1111) 515
AP () 536
Emax M7 87! 70 400
Eg (kcal mol™) 54.6
7¢ (ns) 6.8
Er (kcal mol™") 40.2
7r (us) 33
Eo (V/SCE) 1.07 1.07
E,eq (V/SCE) —-1.24 -0.99 —-0.82

“ From ref. 28. ” This work.
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where E,, and E,q4 are the half-wave oxidation and reduction
potentials for the donor and the acceptor, respectively. E* stands
for the energy of the excited state. The Coulombic term C is
usually neglected in polar solvents.

The calculated Gibbs free energy AG,, for the different EMP/
coinitiator systems are gathered in Table 2. The data indicate that
the intermolecular electron transfer process is not favourable in
the ground state, a fact which rules out any dark reaction. Posi-
tive values of AG, are also obtained for the reaction of the
triplet excited state of EMP (*EMP) and all coinitiators, indicat-
ing that the photoinduced electron transfer process is not thermo-
dynamically favourable from *EMP.

More interestingly, the AG,, values between the singlet excited
state of EMP (‘EMP) and all coinitiators are negative. As EMP
is known to exhibit a high fluorescence quantum yield (¢¢= 0.85
in acetonitrile®®), the photoreactivity of EMP is expected to
occur predominantly from the singlet excited state 'EMP.

The values of the 'EMP quenching rate constants kq with the
different coinitiators were determined by TCSPC (c¢f. Table 3).
As can be seen, TA leads to a quenching rate constant of
k=13 x10'""M™" 57", which is close to the diffusion limit in
acetonitrile (2.0 x 10'° M™" s™"). A comparable high quenching
rate constant value was obtained for 1250 (9.0 x 10° M~! s7h).
The quenching rate constant obtained for EDB is significantly
lower (i.e. 4.5 % 108 M~! s_l), in line with the calculated AG;
values (Table 2).

Pseudo-first order reaction rates (i.e. kq x [Coinitiator]) were
calculated (Table 3) at coinitiator concentrations found in
the resin formulation, namely: [EDB] = 1.85 x 107> M, [TA] =
5.7 x 107> M and [I250] = 1.75 x 1072 M. As can be seen, the
reaction rate with EDB is 10 or 100 times lower than those with
TA or 1250, respectively. These data indicate that the 'EMP
reacts first with the electron acceptor (TA or 1250) in the case of
three component systems.

Fig. 1 shows the EMP photobleaching signal at 510 nm after
addition of TA or 1250 and after laser pulse excitation at 532 nm.
As can be seen, the photoinduced electron transfer between
"EMP and the acceptors leads to long-lived species and no
ground state recovery is observed: this is attributed to the forma-
tion of EMP™", which does not recombine within the experi-
mental time window. The fast cleavage of TA'™ or 1250 prevents

Table 2 Gibbs free energy (AG,,) values for ground and excited states
electron transfer reactions of EMP/coinitiator systems

AG (eV) Ground state Singlet state Triplet state
EDB 2.31 —0.06 0.57
TA 2.06 -0.31 0.32
1250 1.89 —-0.48 0.15

Table 3 'EMP quenching rate constants kq and corresponding pseudo-
first order reaction rates with the different coinitiators studied

Coinitiator kgM™'s™h kq x [Coinitiator] (s™")
EDB 45x%108 8.3 x 10°
TA 1.3 x10'° 7.4 % 107
1250 9.0 x 10° 1.6 x 108

any back electron transfer, a fact which increases the quantum
yield of radical formation. Unfortunately, EMP" cannot be
detected, probably due to the low absorption properties of this
transient.”®**° Subsequent addition of EDB in the solution
leads to a reduction reaction of EMP"" by EDB, yielding to the
recovery of the dye in the ground state and the formation of the
radical cation EDB"*. This is clearly highlighted in Fig. 1, which
shows that the photobleaching of EMP by TA and 1250 is
lowered when increasing the amount of added EDB. The obser-
vation of this secondary reaction between EMP " and EDB is in
line with the corresponding free energy change, which could be
calculated as:

AGu = EERP — B 0 ®

taking into account that EEMP-+ — FEMP (4 the basis of a con-
ventional Rehm—Weller model, one can assume a corresponding
rate constant of 10° M~! s™!, which leads to a lifetime of about
100 ns for the radical cation at a EDB concentration of
0.01 M. The radical cation EDB™" created during this reaction
undergoes a deprotonation reaction, which yields the formation
of a second initiating radical.

The proposed mechanisms for the three component systems
based on EMP/EDB/TA and EMP/EDB/I250 are shown in
Scheme 2. In a first step, a photoinduced electron transfer
process takes place from "EMP to the electron acceptor, yielding
to the formation of the radical cation of the dye (EMP ") and the

0.02
(a) ——[TA]=0M, [EDB]=0M
——[TA] =008 M, [EDB]=0 M
001 ——— [TA] =008 M, [EDB]=0.008 M

—[TA] =008 M, [EDB]=0.015 M

0 10 20 30 40 50 60 70 80 90 100
Time (us)

0.02

——[1250]=0 M, [EDB]=0M
——[1250]=0.25 M, [EDB] =0 M

0.01 4 ———[1250]=0.25 M, [EDB] = 0.012 M
——[1250]=0.25 M, [EDB] = 0.028 M

-0.03 y T T T T T T

0 10 20 30 40 3 60 70 80 90
Time (us)

Fig. 1 EMP photobleaching signal measured at 510 nm in acetonitrile
solution under Ar bubbling: effect of EDB addition on (a) EMP/TA
solution and (b) EMP/I250 solution. Irradiation at 532 nm.
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corresponding radical anion TA"™ of triazine or the reduced form
of the iodonium salt.

Then, for both acceptors, a fast cleavage occurs to produce the
initiating triazinyl radical (TA') or an aryl radical (Ar’) for
1250.% In a second step, the reaction of EMP™" with EDB leads
to the production of a second radical. Moreover, the dye is recov-
ered and is thus available for being invested in further photoreac-
tion. Ideally, the dye is recovered as long as both donor and
acceptor are present in the medium, leading to two initiating
radicals formed per absorbed photon. Obviously, the efficiencies
of the different reactions involved in such photocyclic initiating
systems (PCIS) are lower than 100%, the dye is not completely
recovered and there are less than two radicals produced by a
cycle. The actual quantum yields depend on coinitiator concen-
trations, reaction rate constants and lifetimes of excited states
and radicals. Nevertheless, PCIS have higher reactivity than two
components PIS.

Photopolymerization experiments
EMP/EDB/TA systems

The evolution of the conversion with irradiation time for
EMP/EDB/TA system are displayed in Fig. 2, and the corres-
ponding data are collected in Table 4. The two-component
photoinitiating system EMP/EDB shows the lowest conversion
rate R', and final conversion with values around 0.8 s~ and
44%, respectively.

In addition, holographic recording experiments reveal that this
system is not able to give rise to a significant refractive index
modulation, i.e. the diffraction efficiency value n is zero
(cf. Fig. 3(a)). It seems that the minimum energy threshold is
higher for holographic recording than for homogeneous
polymerization. This behaviour can be rationalized by taking
into account the gelation point of the photopolymerized systems.
Indeed, homogeneous exposure under RT-FTIR conditions leads
to the observation of a small decrease in the double bonds, i.e.
some monomer is converted into short polymeric chains: the
system EMP/EDB does not lead to any solid film, and indeed
the resin, although more viscous, is still liquid after exposure.
As a consequence, under holographic recording, the conversion
being below the gelation point, these short polymeric chains are
slowly diffusing in the dark areas, a fact which vanishes the
modulation of the refractive index.

The two-component system based on EMP/TA appears to be
more efficient (¢f. Fig. 2 and 3(a)). Even if the final conversion
is only slightly increased compared to EMP/EDB, the conversion
rate is higher by a two-fold factor (c¢f. Table 4). In that case,

(a) = =EMP-EDB
804 = = «EMP-TA
_ = EMP-EDB-TA
X
<
= 604
2
7] T e e e = 0 ®
;;) e
2 404
g - o~ - ——- s
<
20
0 T T T T T T T T T T T
0 50 100 150 200 25 300
Time (s
100 ®
(b) — =EMP-EDB
504 « « <EMP-1250
Q ———EMP-EDB-I 250
<
= 60
S
I
@
E ] —————T
=} - band
@) w»
20 'd
"
¢
0 T T T T T T T T T T T T
0 50 100 150 200 250 300
Time (s)

Fig. 2 Conversion curves of the different photoinitiating systems upon
green laser exposure at 532 nm (irradiance = 25 mW c¢cm™>).

Table 4 Characteristic parameters for the photopolymerization using
different EMP based photoinitiating systems. Inhibition time (#,y,), rate
of conversion R', (s_l), maximum conversion Cp.x (%), maximum
diffraction efficiency (7max), maximum rate of grating formation (R,,).

Coinitiators  fi;,“ (5) R'p* (™) Conax * (%)  Tnax R, (s
EDB 4.6 0.8 445 0 0

TA 3.1 12 52.0 0.32 0.025
EDB-TA 2.7 1.4 55.5 0.66 0.033
1250 2.1 23 54.4 0.94 0.21

EDB-250 2.1 2.5 54.6 0.95 (0.40)° 0.23

“ Results obtained for homogeneous irradiation at 532 nm, 25 mW cm ™2,
®Results obtained for inhomogeneous irradiation at 514 nm using
holography setup, 25 mW cm™>. ¢ The value in brackets corresponds to
the final diffraction efficiency.

a solid film is formed. This could be ascribed to the fast dechlor-
ination reaction of TA"™ radical anions, formed after the photo-
induced electron transfer between the excited dye and TA,?%*!
which prevents any back electron transfer, thereby increasing the
quantum yield of initiating radicals. Moreover, the EMP/TA
system leads to the formation of a diffraction grating with a
maximum rate of grating formation of about 0.025 s~ and a
maximum diffraction efficiency 1 around 35%.

According to the mechanistic studies, the three-component
system EMP/EDB/TA is by far the most interesting. Using
RT-FTIR, this system proved to be only slightly better with a
final conversion around 55% and a rate of polymerization around
1.5 s7' very close to that of EMP/TA. However, a high
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Fig. 3 Variation of the diffraction efficiency of the different photo-
initiating systems as a function of time for an irradiance of 25 mW cm™>
at 514 nm and corresponding rate of grating formation (insets).

diffraction efficiency 1 around 65-70% was noticed for this
system with the highest maximum rate of grating formation
R, around 0.033 57! (Fig. 3(b) right and Table 4). Such a high
efficiency should be ascribed to the photocyclic reaction opera-
ting in the three component PIS. Thus, the PCIS based on EMP/
EDB/TA clearly leads to the best holographic recording perform-
ances. This underlines how much holographic recording experi-
ments reveal marked differences between the PIS that are not
detected with RT-FTIR measurements. The difference in sensi-
tivity between the two experiments could be ascribe to the
particular mechanisms of grating formation, i.e. to the growing
of the refractive index modulation due to a heterogeneous
polymerization in the resin, compared to the homogeneous
polymerization taking place in RT-FTIR measurements.

Indeed, under homogeneous irradiation of RT-FTIR experi-
ments, it is known that the photopolymerization process can be
so fast that the solidification of the medium occurs before full
conversion.®®®" This is clearly observed for EMP/TA, EMP/
EDB/TA, EMP/1250 and EMP/EDB/I250, with a maximum of
conversion of about 50%. No more driving force is available in
homogeneous irradiation to push on the photopolymerization
process, and the reaction is then stopped. It is worth noting that
holographic recording behave differently. Indeed, the photopoly-
merization occurs rapidly in the exposed regions, but hardly pro-
ceeds in the unexposed regions. When the solidification takes
place in the exposed regions, a gradient in the monomer concen-
tration exists between the exposed and the unexposed regions.

This lead to a driving force which promotes the diffusion of the
monomer from the unexposed regions to the exposed ones.®* **
Therefore, the photopolymerization reaction can continue as far
as some photoinitiating system and monomer could be con-
sumed. As in PCIS the dye is continuously recovered until full
consumption of coinitiators, these PCIS systems appear to be
much more efficient than two-component ones for grating forma-
tion. Then, fast and efficient photoinitiating systems result in the
fast formation of refractive index modulation in the medium.

EMP/EDB/1250 systems

In order to improve the final diffraction efficiency of the previous
system, which is limited to 66%, the triazine derivative (TA) was
replaced by an iodonium salt (1250), which exhibits a lower
reduction potential. The photopolymerization kinetics of EMP/
EDB, EMP/1250 and EMP/EDB/I250 are shown in Fig. 2(b) and
the most relevant data are collected in Table 4.

As can be seen, the two-component system based on EMP/
1250 exhibits good behaviour compared to the EMP/TA system.
In particular the conversion rate is higher with a value around
2.3 s7'. Similar results were also found for the EMP/EDB/I250
system, with a high rate of conversion around 2.5 s~' and a final
conversion of about 55%, very close to that of EMP/1250. More-
over, according to polymerization rates, iodonium based systems
exhibit higher reactivity than those using TA. When looking
only at RT-FTIR experiments, the PCIS based on 1250 is not
better than the corresponding two component PIS: no synergistic
effect appears. Again, this levelling effect, attributed to the
early solidification of the resin, looks to be in sharp contrast with
the mechanistic studies where photocyclic behaviour was
demonstrated.

Very interestingly, holographic recording experiments show
quite different behaviour between the two and three component
PIS based on 1250. As can be seen in Fig. 3(c) (and Table 4)
EMP/EDB/I250 is the fastest system. Notably, this photo-
initiating system leads to a maximum diffraction efficiency 7 close
to unity, a value far higher than that of EMP/EDB/TA. Interest-
ingly, the two-component system EMP/1250 also reaches a high
diffraction efficiency (n = 0.94), albeit in a slightly longer time
scale, i.e. using a higher dose than for EMP/EDB/I250 (0.31 J cm™
instead of 0.22 J cm™ for reaching the maximum diffraction
efficiency). The difference in reactivity between the different
photoinitiating systems are enhanced when using holographic
recording compared to RT-FTIR experiments where final conver-
sions are very close for the two PCIS, and where their conver-
sion rates are only different by a factor less than two, outlining
once again a levelling effect when using RT-FTIR.

Comparison of PCIS based on 1250 and TA

For the sake of comparison, it is useful to extract the time
needed to reach a given value of the diffraction efficiency 7 for a
given photoinitiating system. A 60% diffraction efficiency is
reached for an irradiation time of 5.5 s with EMP/EDB/I250,
whereas it required about 38 s when using the EMP/EDB/TA
system. This means that the EMP/EDB/I250 system is about
7 times faster than EMP/EDB/TA. This is confirmed by the rate
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of hologram formation as R, was equal to 0.23 s~ for EMP/
EDB/1250 and R, = 0.033 s~' for EMP/EDB/TA.

It is worth noting that the behaviour of the three component
EMP/EDB/1250 system is different to the others. Indeed, after
a fast and efficient building up of the grating (Nn.x = 95%),
one can observe a decrease of its diffraction yield, which ends
at a value of about 7g,. = 40% (Fig. 3(c)). Fig. 3(d) clearly
evidences the fast growth of the hologram, with a diffraction rate
R, reaching up to 0.23 s7!, followed by a negative rate of
—0.03 s~'. Four different hypotheses can be considered to
explain the decrease of the material response: (1) subsequent
decrease of the refractive index modulation after photopatterning
has been recently observed and ascribed to the diffusion of some
monomer type from exposed regions to unexposed regions due
to chemical incompatibilities (solubilities) of the monomer with
the formed polymer matrix;®> (2) lowering of 7 related to the
effects of an overmodulation of the refractive index inside
the hologram; (3) the fast polymerization with EMP/EDB/I250
PCIS leading to non sinusoidal refractive index modulation;
(4) the refractive index modulation partially erased in the last
part of the grating building up due to polymerization in the dark
fringes because of the very efficient PCIS.

Hypothesis (1) could not be retained in this work, as the
liquid monomer mixture is the same for all the photopolymeriz-
able experiment.

In the case of overmodulation, i.e. hypothesis (2), the refrac-
tive index modulation always continues to increase during the
grating building up, but the diffraction efficiency decreases in
the last part. According to the Kogelnik coupled-wave theory,
with respect to the Bragg condition and considering here a trans-
missive dielectric grating (no absorption of the material at the

reading wavelength), the diffraction efficiency is given by:®°

1 = sin’(v) (6)

where v is the grating strength, which depends on the recording
geometry and the photosensitive material (thickness, refractive
index and modulation of the refractive index). Eqn (6) is able to
justify the experimental results when v becomes higher than 7/2.
It is the case, for example, for the volume phase holograms
recorded in mixtures of acrylamide and polyvinylalcohol in the
presence of yellowish eosin and triethanolamine as a photosensi-
tive system.”® In the present work, the angular response curves
of the gratings demonstrated that overmodulation did not occur
for these photopolymerizable systems: the shape of the curve of
the grating diffraction efficiency at the end of the record as a
function of the reconstructed angle did not point out a particular
behaviour corresponding to a decrease of the diffraction
efficiency in the central lobe associated with an increase in the
lateral lobes. This rules out hypothesis (2). Moreover, as
hypothesis (3) also leads to distorted angular response curves,
which were not observed, this also rules out hypothesis (3).

In order to get more insights into this phenomenon, two
additional experiments were performed by varying the irradiation
conditions of the EMP/EDB/1250 system:

— First, the value of the incident irradiance used during holo-
graphic recording was decreased down to 4 mW cm 2. Fig. 4(a)
and (b), respectively, show that high diffraction yields n and
maximum grating formation rate R,, are obtained with a similar

@n
0.8
=25 mW/cm®
0.6 - =4mWiem®
€ 04
0.2 {
0.0 T T T T T T T
00 03 0.6 0.9 1.2 1.5 1.8 21
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2
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Fig. 4 Effect of irradiance intensity on (a) the diffraction efficiency 7,
curves and (b) the rate of grating formation R, for the EMP/EDB/I1250

PCIS; dotted lines: 4 mW cm ™2, plain lines: 25 mW cm™2,

dose (around 0.3 J cm™2) for both 4 and 25 mW cm ™2 The lack
of intensity effect underlines the fact that the mass transfer rate
of the monomer molecules during grating formation is not the
cause of the final decrease of the refractive index modulation at
25 mW cm™2. At 4 mW cm™2, the rate of initiation is lower,
corresponding to lower polymerization and grating formation
rates, which lessen the influence of the mass transfer process.
This result is also in agreement with angular response curves
experiments, which allows the rejection of hypothesis (3).

— Secondly, the recording time was changed. It can be seen in
Fig. 5(a) that, at 25 mW cm™2, a stable diffraction grating is
obtained when the holographic exposure is switched off after 8 s
of recording time. In the dark, the refractive index modulation is
kept stable and does not decrease. It is also seen in Fig. 5(b) that
in both experiments the maximum rates of grating formation are
identical. These experiments highlight the fact that the grating
destruction is a direct consequence of the continuous irradiation
of the PCIS and, consequently, of the continuous production of
radicals.

As all experiments were performed in the same conditions and
in the same resin, the decrease of the grating efficiency 7 is
identified as a direct consequence of the chemistry of the photo-
initiating system. Interestingly, it is the first time that such a result
is reported. However, this experimentally observed decrease of
the diffraction efficiency outlines the difference of response
between RT-FTIR and diffraction measurements, as in RT-FTIR
experiments both the conversion rate and the final conversion
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Fig. 5 Effect of the recording time on the diffraction efficiency of the
grating (25 mW cm™ at 514 nm). The dotted line corresponds to an
exposure duration of 8 s (after 8 s, the 514 nm writing beam was
switched off, keeping on the 633 nm reading beam).

degree are similar for EMP/I1250 and EMP/EDB/I1250 systems.
Furthermore, the final monomer conversion degrees reach the
same plateau value for longer irradiation times.

Taking into account all the previous experiments, the modu-
lation of refractive index can be rationalized as a consequence of
the high efficiency of the photocyclic behaviour of the EMP/
EDB/I250 photoinitiating system. Indeed, it was shown that
three-component systems lead to efficient recovery of the dye
during the photocycle. As explained in the mechanistic studies
of the paper, the dye concentration should be constant, at least
staying high as long as the coinitiators are both present, leading
to a continuous production of initiating radicals. In the bright
areas, this species consumes the oxygen present in the medium
and initiates the polymerization reaction. Then an overflow of
radicals, which can diffuse into dark fringes, occurs and starts
the polymerization in the dark fringes, which induces the
destruction of the refractive index modulation.

Furthermore, in the dark areas the initiation of the polymeriza-
tion is first stopped by oxygen inhibition as the density of inci-
dent photons is low. However, after a certain exposure time, the
continuous formation of radicals of the EMP/EDB/I250 PCIS
will consume all the dissolved oxygen in the dark areas and give
rise to polymerization. As a result of the polymerization taking
place slowly in the regions of lowest irradiance, the refractive
index modulation decreases between dark and bright areas
during the recording process and the diffraction efficiency
decreases.

Conclusions

In this work, we used a photopolymerizable resin, optimized
as an efficient holographic recording medium, to probe the reac-
tivity of photocyclic initiating systems (PCIS) based on a pyrro-
methene dye (EMP), an amine as an electron donor, and an
electron acceptor. It is shown that high diffraction efficiencies
are achieved, underlining that the considered medium would be
suitable for WORM (write once read many) applications. Holo-
graphic recording has revealed the particular behaviour of PCIS
and reveals marked differences between the PIS that are not
detected with classical RT-FTIR measurements. Further works
would focus on an evaluation of the yield of the photocyclic
reaction depending on the experimental conditions.
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