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Photoinitiators allow the production of polymers and coatings
with high control and variety in the process parameters.l'! A
broad range of technical applications, unthinkable a few years
ago, have now been firmly established.”” These developments
were also driven by the syntheses of new types of photo-
initiators.’! Starting from simple peroxides or a-hydroxy
ketones, functionalized oxime esters,” organo phosphorus,!!
or, more recently, germanium compounds®® have been
developed as highly sophisticated photoinitiators with specific
properties.® Among these, intensively studied mono-acyl-
phosphane oxides (MAPOs, such as Ph,PO(COMes), Mes =
mesityl; trade name Lucirin TPO) and especially bis-
(acyl)phosphane oxides [BAPOs, such as PhPO(COMes),;
trade name IRGACURE 819] stand out owing to their
excellent efficiency and activity."'® Irradiation with even
a weak light source in the visible range leads to the formation
of a phosphinoyl and an acyl radical through a Norrish type I
cleavage reaction [Eq. (1)]:

RPO(COR'), + hv — RPO(COR')’ + R'CO* (1)

BAPOs offer several unique advantages: 1) Photolysis
yields a total of up to four radicals, with the phosphinoyl
radical about 1000 times more reactive than the acyl radicals.
2) Light in the visible region is absorbed by BAPOs (1 =360-
440 nm), but the cleavage products are transparent. This
property leads to a high curing depth and allows BAPOs to be
applied as initiators, even for relatively thick clear coatings. 3)
BAPOs show a relatively high thermal stability (> 100°C) and
can be easily stored.['”1*)

Despite their widespread industrial use, very few BAPO
derivatives have been synthesized to date.'” The reported
synthetic routes requiring a primary phosphane (RPH,) or
a metallated derivative (RPH, ,M,) are incompatible with
many functional groups and only aryl or alkyl substituents are
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bound to the phosphorus atom. Herein, we report a simple
method for the synthesis of P-functionalized BAPO deriva-
tives (Scheme 1), which offers interesting possibilities for
surface modification.
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Scheme 1. Synthesis of P-functionalized bis(acyl)phosphane oxides
(BAPOs). FG =functional group, Mes = mesityl.

NaPH, is easily obtained from elemental phosphorus,
sodium, and tert-butanol in the form of a sodium fert-butylate
aggregate, which is a versatile starting material for functional
phosphorus compounds.” Without prior isolation, the aggre-
gate compound NaPH,(NaOrBu), 1 was reacted with mesi-
toyl chloride to give sodium bis(mesitoyl)phosphide 2 in
>80% yield as bright yellow crystals (Scheme 1). The
structure of 2 (Figure 1) was obtained from a X-ray diffraction
study with crystals obtained from a hot toluene/THF mixture
(10:1) that contained residual dimethoxyethane (DME).!l
This compound Na,[P(COMes),|,-2 THF-DME, contains two
almost planar six-membered NaO,C,P rings formed by the
P(COMes),” anion, which is structurally similar to an
acetylacetonate ion, chelating one sodium cation. These
rings aggregate to form a strongly folded central Na,O, ring.
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Figure 1. ORTEP of 2 (ellipsoids set at 20% probability; all hydrogen
atoms, THF, and DME molecules are omitted for clarity). Selected
bond lengths [A] and angles [°]: P1-C1 1.793(6), P1-C11 1.775(6), P2—
€21 1.801(3), P2-C31 1.780(6), C1-02 1.252(6), C11-O1 1.262(6),
C21-03 1.248(6), C31-04 1.254(6), Na1-O1 2.359(4), Na1-O2
2.207(5), Na2-03 2.308(4), Na2-04 2.309(4); C1-P1-C11 104.2(3),
€21-P2-C31 105.7(3), P1-C1-02 129.7(5), P1-C11-O1 129.8(5), P2-C21-
03 129.8(4), P2-C31-04 129.7(4), O1-Na1-02 79.1(1), Na1-O1-C11
135.5(4), Na1-02-C1 1340.0(4), 03-Na2-O4 80.0(1), Na2-03-C21
136.9(4), Na2-O4-C31 136.9(4).

The coordination spheres of the sodium cations are com-
pleted by one THF molecule on each and a single molecule of
DME bridging both (see Figure S1 in the Supporting Infor-
mation for a complete structure plot). As expected, the
shortened P—C bonds (1.77-1.80 A) and elongated C—O
bonds (1.25-1.26 A) indicate significant mt-conjugation and
charge delocalization over the O-C-P-C-O m-system.”

Compound 2 is remarkably stable to hydrolysis and can be
dissolved in solvents containing water. In the solid state it can
be briefly handled in air. It readily reacts with various
halogenated alkanes FG—(CH,),—X (X = Br,I) bearing func-
tional groups (FG) to give bis(acyl)phosphanes, FG—(CH,),—
P(COMes), as intermediates. These are oxidized with aque-
ous H,0, to the bis(acyl)phosphane oxides 3a—e in excellent
yields (for detailed information on the syntheses, spectro-
scopic data, and applications of 3a-e, see the Supporting
Information). These compounds are the first phosphorus-
functionalized BAPO derivatives, and show the characteristic
bright greenish-yellow color caused by absorption in the 1=
360-430 nm range (Figure 2).

One signal in the proton-coupled *'P NMR spectrum is
observed in the range of 23-28 ppm with a 2/(PH) coupling in
the range of 9-12 Hz. While 3 c—e are viscous oils, compounds
3a,b are crystalline, and their structures were explored with
X-ray diffraction methods using single crystals. The results are
shown in Figure 3a,b.?!! As with the only other structurally
determined BAPO derivative!'”! PAPO(COMes),, the P—C,,
bonds are remarkably long (1.88 A) when compared to the
P—C,, bonds (<1.80 A), despite the fact that the first
contain sp? and the latter sp’® carbon centers. In both
compounds, one mesitoyl substituent shows an almost anti-
planar arrangement of the C=0O unit with respect to the PO
group (O-C-P-O; 3a: 176°, 3b: 170.6°), while the other
COMes group resides in a gauche-like conformation (O-C-P-
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Figure 2. UV-Vis spectra of a solution (1x10*m) of 3a (—), 3d
(—), and 3e (——) in benzene; a) before and b) after irradiation
with a Hg vapor lamp for 10 min.

Figure 3. ORTEPs of 3a,b (ellipsoids set at 20% probability; all
hydrogen atoms are omitted for clarity). Selected bond lengths [A] and
angles [°]: a) P1-C1 1.785(3), P1-O1 1.476(2), P1-C2 1.885(3), P1-C12
1.887(3), C2-02 1.215(3), C12-03 1.211(3); C1-P1-01 115.6(1), C1-
P1-C2 105.4(1), C1-P1-C12 103.2(1), O1-P1-C2 112.5(1), O1-P1-C12
117.9(1), C2-P1-C12 100.4(1), 02-C2-P1 118.0(2), O3-C12-P1 113.8(2),
02-C2-P1-01-88.6, 03-C12-P1-O1 176.0, 02-C2-C12-03 80.1. b) P1-C1
1.790(3), P1-01 1.479(2), P1-C3 1.880(3), P1-C13 1.882(3), C3-0O2
1.211(3), C13-03 1.204(3), C2-O4 1.310(4), C2-05 1.192(3); C1-P1-
01 112.6(2), C1-P1-C3 103.0(2), C1-P1-C13 104.6(1), O1-P1-C3
120.2(1), O1-P1-C13 113.0(1), C3-P1-C13 101.8(1), 02-C3-P1 110.5(2),
03-C13-P1 118.0(2), 03-C13-P1-O1 —102.6, 02-C3-P1-O1 170.6, O3-
C13-C3-02 81.7.

O; 3a: —88.6°, 3b: —102.6°). Both C=O groups are in an
orthogonal position with respect to each other (O-C-C-O; 3a:
80.1°, 3b: 81.7°).

Upon irradiation (Hg vapor lamp, 10 min radiation time,
5 mm glass tubes, 0.1-5 mM solution in benzene or THF), all
BAPO compounds show rapid photobleaching and the long
wave absorptions disappear (Figure 2b). All BAPO deriva-
tives initiate the rapid polymerization of monomers, such as
styrene and acrylates. Compounds 3b (BAPO-AA) and 3¢
(BAPO-PEG) are sufficiently water-soluble (>5mM) to
allow their application in ultrafast emulsion polymeri-
zation.*¥
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Functionalization of the phos-
phorus atom allows the exploration
of new BAPO applications. In order
to test this approach in a preliminary
form, two different experiments
were performed. In the first one,
the tri(methoxy)silyl-substituted
BAPO-TMESI 3d was covalently
grafted onto cotton textile through
the reaction of the (MeO);Si group
with cellulosic hydroxy functional
groups. We assume that the primary
hydroxy groups mainly react as
shown in Scheme 2.

In a second step, the modified
cotton fabric, which was slightly
yellow in color, was placed in a n-
hexane solution of 1H,1H,2H2H-
perfluorodecylacrylate 6 and irradiated for 60 min. Non-
grafted polymer and unreacted monomer were thoroughly
washed off to leave a white textile. Although only small
amounts of fluorinated polymer were fixed (less than 0.2 % by
weight), a hydro- and lipophobic coating was achieved
(Figure 4a). The SEM image in Figure 4b clearly shows the
grafted polymer in the form of bright dots, which are not
observed on the virgin cotton (inset). Even after six months,
coffee or tea droplets do not stain the textile. Previous work
has demonstrated that comparable effects can be achieved
when a cold Ar plasma is used to generate surface radicals
and initiate polymerization (plasma induced graft polymeri-
zation, PIGP).”? However, for a BAPO-treated textile
immersed in a solution containing a polymerizable monomer,
exposure to daylight is sufficient to achieve a protective
coating.

In a second experiment, we
used the norbornenyl-substituted
BAPO-NOR 3e to prepare
a film-forming photoactive poly-

mer, which was easily synthe- PO(COMes),
sized in a ring opening copoly-
merization reaction with @
a Grubbs-type catalyst. With 3e
(20 mol%) and norbornene 8 1 "
mol% cat

(80 mol %), the polymer 9 was 1h,25°C
obtained with M,= 36 CH,Cl,
452363 gmol”  and < M,=
235677 gmol ! (dispersity = Cy3T
1.92; Scheme 3). The BAPO cat= CVrRU—

. . TN
functions allow further radical Cl | Ph

polymerization from the photo-
active sites and thereby the syn-
thesis of branched composite
polymers. To demonstrate that
structured surfaces can be gener-
ated, a chloroform solution of 9
was placed on a silicon wafer. After evaporation of the
solvent, a thin film of 9 formed, which was covered with
a copper grid as a mask (ca. 100 um mesh). Subsequently,
a droplet of ethylacrylate (EA) 10 was added and the whole

Cy,P
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Scheme 2. Synthesis of fluorinated polymer 7 on cotton fabric bearing covalently linked BAPO-
TMESI 3d. Mes =mesityl, TMESI =trimethoxysilyl.

Figure 4. Photochemical functionalization of cotton with water-repel-
lent polymers. a) Photograph of tea droplets on modified cotton.

b) SEM image (Zeiss Gemini 1530 FEG microscope at V=1 kV) of the
treated cotton and virgin cotton (inset) showing the deposit of
fluorinated polymer as bright spots.

o
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Scheme 3. Synthesis of hyperbranched polymers 11 on a silicon wafer surface using a photoactive film
forming polymer 9 prepared in a Ru catalyzed ring-opening metathesis reaction from 3 e and norbornene.
EA =ethylacrylate, pEA = polyethylacetate.

setup exposed for 10 min to a Hg vapor lamp. Radical
polymerization of EA in contact with 9 was initiated only at
the locations where the light hit the surface. The SEM image
in Figure 5 shows that a structured coating of cubic polymer
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Figure 5. SEM image (Zeiss Gemini 1530 FEG microscope at V=1 kV)
of a structured surface prepared with a photoactive BAPO polymer.
Dark regions correspond to poly(methacrylate) blocks, bright lines to
the non-covered silicon surface.

blocks (the dark squares in the image) with a width of
approximately 100 um was generated, which is an image of
the copper net mask.

In summary, phosphorus-functionalized bis(acyl)-
phosphane oxides are easily prepared and allow the synthesis
of photoactive polymers and photoactive surfaces. These
materials can easily be further modified because of the high
reactivity of the tightly bound R,PO- radicals. The prepara-
tion of a wide range of polyfunctional BAPO photoinitiators
for the synthesis of new co-block polymers and the develop-
ment of new imagewise coating technologies under very mild
conditions is in sight.
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