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Zirconocene Dichloride: An Efficient Cleavable Photoinitiator
Allowing the in Situ Production of Zr-Based Nanoparticles Under Air
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ABSTRACT: Cp,ZrCl, is presented as both an effective
photoinitiator and additive for radical photopolymerization
reactions in aerated conditions. This compound is charac-
terized by remarkable properties: (i) an efficiency higher than
that of a reference Type I photoinitiator (2,2-dimethoxy-2-
phenylacetophenone, DMPA), (ii) an excellent ability, when
added to DMPA, to overcome the oxygen inhibition of the
polymerization, and (jii) a never reported in situ photoinduced
and oxygen-mediated formation of zirconium-based nano-
particles (diameter ranging from SO to 70 nm). The
photochemical properties of Cp,ZrCl, are investigated by
steady state photolysis and electron spin resonance (ESR)
experiments. The high reactivity of this compound is ascribed
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to a bimolecular homolytic substitution S;2 (clearly characterized by molecular orbital calculations) which converts the peroxyls
into new polymerization-initiating radicals and oxygenated Zr-based nanoparticles.

he development of new photoinitiators (PIs) or photo-

initiating systems (PISs) for free radical polymerization
(FRP) knows a steady growth in the radiation curing (RC) area
and other related application fields." Photoinitiating radical
species are commonly and mostly generated from the
photolysis of organic compounds:> Type I cleavable PIs or
Type II PIs (e.g, based on a hydrogen transfer reaction
between a photoinitiator and a co-initiator). In the last past
decade, huge research efforts (see, e.g., in ref 3) have been done
toward the design of new sources of radicals. The oxygen
inhibition of FRP, carried out under air as usual in UV-curing,
remains an issue of serious concern as the polymerization rate/
final conversion decrease and harmful effects are observed on
the mechanical properties of the film. Indeed, the generated
radicals are scavenged by oxygen to yield peroxyl radicals*
(ROOe) unreactive toward the acrylate double bonds.
Overcoming this unwanted reaction has turned into a major
challenge, and several methods have been introduced to
overcome the detrimental oxygen effect.'®”° Increasing the
light intensity or the photoinitiator concentration® is, however,
usually proposed as the most convenient way to reduce the
oxygen inhibition. On the opposite, when working under low
intensity light excitations and using low viscosity samples, the
oxygen inhibition is amplified as the reoxygenation of the
formulation remains efficient during the course of the
polymerization.2 In this direction, a new concept based on
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the conversion of ROOe using photosensitizer (PS)/silane
(R3R2R1Si—H) couples with the concomitant formation of
new initiating silyl radicals was recently developed.“d’7 Examples
of such PSs include ketones, dyes, and metal carbonyl
derivatives (Cr, Mo, Fe, Ru).® In the same way, PI/multivalent
atom-containing amine (Si, Sn, Ti, Zr) couples also help to
improve the polymerization.” The outstanding enhanced
performance observed under air in the presence of metal-
containing compounds was partly accounted for by a
bimolecular homolytic substitution reaction (Sy2 process)
that appears as a new additional way to reduce the oxygen
inhibition,'® ie., the peroxyls being converted into new
initiating structures. On another side, it is known that metal-
containing systems can lead to the in situ photogeneration of
nanoparticles'' (e.g, Ag, Au, Pd, Cu NPs). The quest for new
metal-based derivatives that are able to ensure a fast
polymerization and a high final conversion in aerated
conditions as well as a satisfactory production of nanoparticles
remains interesting. In this context, we propose here a novel
zirconium derivative (zirconocene dichloride, Cp,ZrCl,) that
could behave as a UV light sensitive Type I photoinitiator,
overcome the oxygen inhibition when added to a usual
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photoinitiator, and be able to undergo the in situ formation of
Zr-based nanoparticles in the medium.

The absorption and the photolysis properties of Cp,ZrCl,
are depicted in Figure 1. The UV—visible spectrum presents a

500 600 700
Wavelength (nm)

400 800

300

Figure 1. Photolysis of Cp,ZrCl, in toluene solution. Concentration =
0.375 g L™". Irradiation = Hg—Xe lamp. I, = 180 mW cm™ (—)
Before irradiation, (- - -) after 360 s of irradiation.

maximum absorption band at 333 nm with a corresponding
high molar absorption coefficient evaluated at 1060 M~" cm™".
Such a value is significantly higher than those reported for
classical organic photoinitiators; ie., for the well-known 2,2-
dimethoxy-2-phenyl acetophenone (DMPA), the absorption
coefficient for a similar wavelength is lower (~200 M~ cm™ at
about 330 nm). Since Cp,ZrCl, is a complex of the doZr, this
observed band exhibits a charge transfer transition. Interest-
ingly, this significant absorption at 333 nm, which corresponds
to a classical emission band of a Xe—Hg lamp, allows Cp,ZrCl,
to be used as a potential photoinitiator. The electronic
absorption changes which occur upon the photolysis of a
toluene solution of Cp,ZrCl, confirm the photobleaching of the
complex (Figure 1). In the final UV—vis spectrum, the residual
absorption for 4 > 350 nm is ascribed to the diffusion of light
associated with the nanoparticle formation (see below).

The mechanism for the photolysis of Cp,ZrCl, has been
investigated in few works.'> The cyclopentadienyl derivatives of
a variety of transition metal complexes have been shown to
undergo a homolysis of the Cp—metal bond under light
activation in nonaerated conditions: this reaction has been
exploited as a source of substituted cyclopentadienyl radicals
(Cpe) for electron spin resonance (ESR) studies of the
reactivity of this class of radicals. However, zirconium-centered
radicals have not been confidently evidenced but have been
suggested through intermediate reactions. Moreover, the
photolysis mechanisms of such a zirconium complex in air
conditions and the supposed photogenerated species have not
yet been studied.

Different free radicals are observed by ESR spectroscopy
during the photolysis of Cp,ZrCl, under argon (Figure 2A): a
carbon-centered radical (Cpe) with an isotropic g value of
~2.002 (293 K) and two species potentially ascribed as
zirconium-centered radicals from their low g values of ~1.97
and ~1.99. To establish a benchmarck for this photoprocess,
ESR experiment coupling with the spin-trapping technique was
attempted (Figure 2B). Using PBN spin-trap, an intense ESR
signal of the Cpe spin adduct is observed: the corresponding
hyperfine coupling constant values, ay and ay, are evaluated at
14.5 and 2.8 G, respectively. The main zirconium radical is
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Figure 2. (A) ESR experimental (1) and simulated (2) spectra
obtained during irradiation (under argon) of bis(cyclopentadienyl)
zirconium (Cp,ZrCl,) in toluene. (B) ESR spin-trapping experimental
(1) and simulated (2) spectra obtained upon irradiation (under argon)
of Cp,ZrCl, in toluene. Xenon—mercury lamp exposure. PBN 0.05 M.
(C) ESR experimental (1) and simulated (2) spectra obtained upon
irradiation (aerated conditions) of Cp,ZrCl, in toluene. Xenon—
mercury lamp exposure.

CpZreCl, (g value ~1.99). From the calculated singly occupied
molecular orbital (SOMO), it can be observed that this radical
is centered on the zirconium atom (see Supporting
Information). The SOMO clearly indicates the d orbital of
Zr. On the basis of the ESR results, the mechanism involved
during the irradiation of Cp,ZrCl, is consistent with a
photoinduced cleavage of one of the Cp—Zr bonds as the
primary excited state reaction (eq 1)

Cp,ZrCl, — Cp e + CpZr(e)Cl, (1)

The second signal observed in ESR experiments and ascribed to
Zr-centered radicals (g value ~1.97) can probably be assigned
to a minor Zr—Cl bond cleavage process or another side
reaction. In aerated conditions, the singlet ESR spectrum
observed at g ~ 2.002 (Figure 2C) is ascribed to Cpe.
Surprisingly, no peroxyl radicals (ROOe) have been detected
by the ESR technique. The signal attributed to CpZr(e)Cl, is
not observed, thus evidencing the reaction of this radical with
oxygen. Therefore, the Sy;2 reaction involving peroxyl radicals is
likely the main process regenerating Cpe as observed in ESR
experiments (eq 2)

ROO e + Cp,ZrCl, — Cp e + ROOCpZrCl, (2)

(with R = Cp or CpZrCl, generated in eq 1) .The overall
mechanism can be summarized as follows: the addition of
peroxyl radicals (CpCl,Zr"OOe and CpOOe), which are
produced from the interaction of O, with both zirconium and
carbon-centered radicals (from the photolysis of Cp,ZrCl,), to
Cp,ZrCl, results in a Cpe radical. This is also confirmed by
high exothermic reactions for the addition of CpOOe (AH, =
—26 kcal/mol at the UB3LYP/LANL2DZ level) or
CpCLZr OOe (AH, = —23 kcal/mol at the UB3LYP/
LANL2DZ level) to Cp,ZrClL,.

For the photolysis of the bicomponent system (DMPA/
Cp,ZrCly), results similar to those observed for the photolysis
of Cp,ZrCl, under air were obtained (Figure 3): mainly Cpe

dx.doi.org/10.1021/mz400081p | ACS Macro Lett. 2013, 2, 341—345
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Figure 3. ESR experimental (1) and simulated (2) spectra obtained
during irradiation in aerated conditions of the two-component
photoinitiating system 2,2-dimethoxy-2-phenyl acetophenone
(DMPA) /bis(cyclopentadienyl) zirconium (Cp,ZrCl,) in toluene.
Xenon—mercury lamp exposure.

(isotropic g value ~2.002) was observed and represents 96% of
the ESR signal. This again highlights the Sy2 reaction of the
peroxyl radicals with Cp,ZrCl, leading to Cpe according to eq
2. The overall mechanism can be described as follows: benzoyl
and dimethoxybenzyl radicals produced from the photolysis of
DMPA (eq 3) react with oxygen to form peroxyl radicals (eq
4). This latter adds up to Cp,ZrCl, to generate Cpe (eq S).

Ph—C(=0)—C(OCH,),Ph (DMPA)

— Ph—C(=0)e + e C(OCH,),Ph (3)
Ph—C(=0)e (and e C(OCH;),Ph) + O,
— Ph—C(=0)0O0 e (and ® OOC(OCH,),Ph) (4)

Ph—C(=0)00 e (and ® OOC(OCH,),Ph) + Cp Z+Cl,
— Cp @ + Ph—C(=0)OO0CpZrCl, (and Ph(OCH,),

©)

A low signal ascribed to peroxylradicals is observed for g ~
2.015 and can be ascribed to a small amount of unreacted
peroxyls (4% of the overall ESR signal).

Figure 4 displays a comparison of the free radical
polymerization of a polyethylene glycol (400) diacrylate
(PEGDA) with three photoinitiating systems as, namely,
DMPA, Cp,ZrCl,, and (DMPA/Cp,ZrCl,), in both laminated
and aerated conditions. The corresponding photopolymeriza-
tion parameters are summarized in Table 1. DMPA is an
efficient but very oxygen-sensitive photoinitiator for the
photopolymerization of PEGDA. Indeed, under the conditions
chosen (low viscosity, low intensity of irradiation, and low
thickness), the strong oxygen inhibition is revealed by a low
final conversion of 23% obtained when using DMPA alone in
air conditions (Figure 4B, curve 1), whereas it reached up to
90% in laminated conditions (Figure 4A, curve 1). The free
radicals created from the photolysis of DMPA react with
oxygen molecules to generate peroxyl radicals, which are not
efficient enough to counterbalance the oxygen inhibition, thus
reducing the efficiency of the initiating process in air
conditions. Interestingly, the addition of the zirconium
derivative to DMPA enhances the polymerization efliciency
under air (Figure 4B, curve 3). The addition of Cp,ZrCl, allows

COOCpZrCl,)

343

100+
1
— 80 2
X
N
c 4
§ eo
2
Q 40
C
o
O 2 A
0 T | § T T T 1
0 100 200 300 400 500 600
Time (s)
S
C
.0
o
o
>
C
o
&)
0 T T T 10 T 1
0 100 200 300 400 500 600
Time (s)

Figure 4. (A) Photopolymerization profiles of polyethylene glycol
(400) diacrylate (PEGDA) in laminated conditions upon a
polychromatic Xe—Hg lamp irradiation in the presence of (1) 2,2-
dimethoxy-2-phenyl acetophenone (DMPA, 1 wt %) and (2)
bis(cyclopentadienyl) zirconium (Cp,ZrCl,, 3 wt %). (B) Photo-
polymerization profiles of polyethylene glycol (400) diacrylate
(PEGDA) under air upon a polychromatic Xe—Hg lamp irradiation
in the presence of (1) DMPA (1 wt %), (2) Cp,ZrCl, (3 wt %), and
(3) DMPA/Cp,ZrCl, (1%/3% w/w) photoinitiating system.

a significant improvement in both the final conversion (~2-fold
factor; from 23% to 49%) and the polymerization rate (~8-fold
factor, from 0.07 to 0.57 s™', Table 1) under air. It is worth
mentioning that Cp,ZrCl, is a very interesting compound that
leads to slightly better polymerization kinetics than that
obtained with DMPA alone in air conditions. This result
supports the aforementioned mechanism (eq 2), ie., that the
addition of peroxyl radicals (CpCL,Zr"OOe and CpOOQe) to
Cp,ZrCl, results in a carbon-centered radical (Cpe) that can
afford the polymerization of PEGDA.

The bicomponent system (DMPA/Cp,ZrCl,) is much more
efficient for polymerization under air than both of the
polymerization profiles for DMPA or for Cp,ZrCl, alone as
initiating systems, demonstrating a synergy effect between these
two compounds in agreement with the presence of a Sy2
reaction. Moreover, the efficiency of Cp,ZrCl, as a photo-
initiator for FRP of PEGDA (Figure 4A, curve 2) appears
similar to that of DMPA in laminated conditions (Figure 44,
curve 1). This confirms what was reported above (eq 1), i.e.,
that Cpe produced from the photolysis of Cp,ZrCl, can
efficiently initiate the polymerization of PEGDA. This also
underlines the Type I photoinitiator character of Cp,ZrCl,.
Remarkably, Cp,ZrCl, as a Type I photoinitiator is less affected
than DMPA by the presence of oxygen; ie., despite a lower
reactivity in laminated conditions than DMPA, this photo-
initiator is found to be better than DMPA under air. This still
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Table 1. Polymerization Rates of Polyethylene Glycol (400) Diacrylate (PEGDA) Using One- and Two-Component
Photoinitiating Systems Are Based on DMPA (1 wt %), Cp,ZrCl, (3 wt %), and DMPA/Cp,ZrCl, (1/3%, w/w)“

laminated conditions under air
R,/[M,] x 100 (s7") conversion (%) R,/[M,] x 100 (s7') conversion (%)
DMPA 19.36 90 0.07 23
Cp,Z1Cl, 3.64 88 0.08 45
DMPA/Cp,ZrCl, ni ni 0.57 49
“Xenon—Mercury lamp. I, = 10mW/cm? n.i. = not investigated.
highlights the importance of the Sy2 reaction for the reactivity supporting membrane of the microscopy grid and on a single
of Cp,ZrCl, under air. zirconium-based nanoparticle. Note that Cu and Si signals are
The intrinsic physicochemical properties of zirconia, such as measurement artifacts emanating from the copper microscopy
harness, shock wear, chemical inertness, low frictional grid and the silicon X-ray detector. It can be observed on the
resistance, and high melting temperature, make it an ideal spectrum corresponding to the nanoparticle that the Zr L
candidate for abrasive, hard, and resistant coatings, and it can (around 2 keV) and O K (around 0.5 keV) peaks are
be used in high-temperature engine components.'> Zirconia significantly increased (Figure SD). Interestingly, these results
nanoparticles are also of great interest due to their improved reveal the presence of oxygen atoms into the zirconium-based
optical and electronic properties with applications as a nanoparticles. This is consistent with the addition of peroxyl
piezoelectric or electro-optic material.'> Figure SA displays radicals on Cp,ZrCl, in aerated conditions upon UV
irradiation; i.e., the formation of Zr—O bonds in the
016 nanoparticles is in agreement with a Sy2 process and the
o4 B addition of oxygen-centered radicals onto the Zr atom. The
::Z proposed mechanism of the generation of zirconium-based
S o nanoparticles can be displayed in eqs 6 and 7. It consists of Zr—
§ 00 O bonds with partially inserted organic groups (R’). Multiple
- additions onto the Zr atom can be expected for the formation
i5c of these Zr—O bonds. Unfortunately, ROOCpZrCl, can not be
S (m:; " isolated as a very fast rate for nanoparticle formation is
- . observed (sequences 6 and 7).
204 ROO e + Cp,ZrCl, — Cp e + ROOCpZrCl, (6)
- - 15+
£ 5 ROO e + ROOCpZiCl, » — — NP(ZrOR’)) 7)
o o 104
(&) O . .
5/ R represents an organic m01ety).
In conclusion, Cp,ZrCl, is characterized by striking and
unusual properties when used in a photopolymerization
E (keV) 1E (keV)2 realction_: (1) this is a better. .init.iatc.)_r th_an DMPA for
polymerization in aerated conditions; (11) this structure can
Figure S. (A) TEM image of the photoinduced zirconium nano- be used as an additive in combination with a commercial Type I
particles. Xenon—mercury lamp exposure (360 s, air conditions). (B) initiator to overcome the oxygen inhibition (very good
Zirconium-based nanoparticle size distribution (n = 1500 particles). polymerization profiles were obtained); and (iii) zirconium-
(C) EDX spectra acquired in STEM with the same exposure time on based nanoparticles can be in situ generated, which can further
the supporting membrane and (D) on a single zirconium-based increase the mechanical properties of the photosensible
nanoparticle. materials.
for the first time the transmission electron microscopy (TEM) B ASSOCIATED CONTENT
image of photoinduced zirconium-based nanoparticles. It © Supporting Information
illustrates the well-defined spherical shape, as well as the ) ] . .
nanoscopic size of the zirconium-based particles. Furthermore, Matenals,' ESR and ESR Spm trapping (ESR'ST,) €xp eriments,
the nanoparticle diameter distribution was measured from Fr.ee Radical Polymerization .P_rocesses, Transm.1551on Ele?tron
TEM observations. A narrow size distribution, displayed in Microscopy (TEM) Cc.)ndltlon's, .and Denmty Functional
Figure SB, was found where 50% of the particles showed a T'heory Calculations. This material is available free of charge
diameter ranging from 50 to 70 nm with a population peak at via the Internet at http://pubs.acs.org.
63 nm. Accordingly, these results indicated that the photo-
irradiation of Cp,ZrCl, in air conditions is a powerful way to B AUTHOR INFORMATION
produce well-d'eﬁned zirconiurr.l-ba.sed nanopart.icles. Remark- Corresponding Author
ably, these particles can also be in situ generated in the polymer “Eomail: i lal hafi: . 6
matrix when Cp,ZrCl, is used as a Type I photoinitiator. mail: jacques lalevee@uhatr; versace@icmpe.cnrs.fr.
Figures SC and SD present, respectively, the EDX spectra Notes
acquired in STEM by focusing the electron beam on the The authors declare no competing financial interest.
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