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Abstract: Phosphorus-bridged strained
[1]ferrocenophanes [Fe{(n-CsH,),P-
(CH,CMe3)}] (2) and [Fe{(n-CsH,),P-
(CH,SiMe;)}] (3) with neopentyl and
(trimethylsilyl)methyl substituents on
phosphorus, respectively, have been
synthesized and characterized. Photo-
controlled living anionic ring-opening
polymerization (ROP) of the known

(PFPs), [Fel(-C5H,),PR}], (R=CMe,
(4), CH,CMe; (5), and CH,SiMe; (6)),
with controlled molecular weights (up
to ca. 60x10° Da) and narrow molecu-
lar weight distributions. The PFPs 4-6
were characterized by multinuclear
NMR spectroscopy, DSC, and by GPC
analysis of the corresponding poly(fer-
rocenylphosphine sulfides) obtained by

sulfurization of the phosphorus(I1I)
centers. The living nature of the photo-
controlled anionic ROP allowed the
synthesis of well-defined all-organome-
tallic PFP-b-PFS; (7a and 7b) (PFS;=
polyferrocenylmethyl(3,3,3,-trifluoro-

propyl)silane)  diblock  copolymers
through sequential monomer addition.
TEM studies of the thin films of the di-

phosphorus-bridged [1]ferrocenophane
[Fe{(n-CsH,),P(CMe;)}] (1) and the
new monomers 2 and 3, initiated by
Na[CsHs] in THF at 5°C, yielded well-
defined polyferrocenylphosphines

Keywords:

Introduction

Polymers containing transition metals in the main chain are
of growing interest because of their intriguing physical and
chemical properties and their possible applications."! Over
the past few decades, ring-opening polymerization (ROP) of
strained metallocenophanes has attracted attention as a
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block copolymer 7b showed micro-
phase separation to form cylindrical

phosphanes PFS; domains in a PFP matrix.

route to metallopolymers.”? In this context, polyferrocenylsi-
lanes (PFSs)P! in particular have been systematically stud-
ied. These materials have been shown to exhibit a range of
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R,R'=alkyl or aryl substituent

interesting characteristics, such as a controlled response to a
redox stimulus, thereby allowing their use in photonic crys-
tal devices and as single-chain motors,*! etch resistance to
plasmas,® high refractive indices,”” and to function as pre-
cursors to nanostructured magnetic ceramics”! and carbon
nanotube growth catalysts.’l More recently, their ability to
form crystalline, self-assembled materials has attracted
growing attention.”)
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Phosphorus-containing polymers are of considerable inter-
est because of the variety of their applications as electrolu-
minescent devices, sensors, biomaterials, and as catalyst sup-
ports for organic transformations.'” Ferrocene-based orga-
nophosphorus materials, such as polyferrocenylphosphines
(PFPs)!" have also been the focus of several investigations.
These metallopolymers also show possible applications as
polymer-supported catalysts as these contain ligating phos-
phine centers in the main chain that should permit the intro-
duction of additional metal fragments. The unusually high
refractive index of PFPs is also a potentially interesting and
useful property for photonic applications.” Furthermore,
micellization of the block copolymers with PFP as one of
the blocks should also permit the preparation of polymer—
metal hybrid nanomaterials that may find potential applica-
tions as novel catalysts or as precursors to magnetic nano-
structures.

Relative to their silicon analogues, phosphorus-bridged
[1]ferrocenophanes are much less explored. The first PFP,
polyferrocenylphenylphosphine, was prepared by a conden-
sation route from [Fe(n-CsH,Li),] and PhPCl, in 1982.1"% Al-
though several polymerization routes, such as thermal™ and
anionic ROP™ have subsequently been developed to access
PFPs, the synthesis of well-defined and high molecular
weight PFPs still represents a considerable synthetic chal-
lenge. Living anionic polymeri-
zation initiated by organolithi-
um reagents proceeds by cleav-
age of a phosphorus-cyclopen-
tadienyl (P—Cp) bond in the
monomer. The stringent experi-
mental requirements and the
presence of the strongly basic
initiator and  propagating R1
center, which creates incompat-
ibility with most functional
groups, makes the development
of other controlled synthetic
ROP methods desirable. An-
other potentially versatile ap-
proach  involves transition-
metal-catalyzed ROP, but this is
ineffective due to the poisoning
of the employed catalysts by coordination to the phosphorus
centers."¥

Photolytic ROP is the most recently discovered pathway
to obtain well-defined high molecular weight polyferrocenes.
In 2000, Miyoshi and co-workers first reported the photolyt-
ic ROP of phosphorus-bridged [1]ferrocenophane, [Fe{(n-
CsH,),PPh}] after complexation of the phosphorus(III)
center to transition-metal fragments [M] ([M]=[Mn(n-
CsH,Me)(CO),], [Mn(n-CsHs)(CO),], and [W(CO)s])."
These phosphorus-bridged [1]ferrocenophane derivatives
were found to undergo ROP upon UV irradiation in polar
solvents, such as THF and CH;CN, to yield PFPs in which
the metal fragments ([M]) remained coordinated (Sche-
me la). Later, the same group reported the photolytic ROP
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phosphorus-bridged  [1]ferroceno-

of [Fe{(n-CsH,),PPh}] when irradiated by UV light in THF
at 0°C, through a M—Cp bond cleavage mechanism afford-
ing PFPs with a broad molecular weight distribution (Sche-
me 1b)."! In the work described, no externally added initia-
tor was used and the polymerization was non-living with no
control of molecular weight.

Recently, our group has shown that in the case of silicon-
bridged [1]ferrocenophanes, the photopolymerization route
can be transformed into a living process if a mild nucleo-
phile, Na[Cs;H;], is added as an initiator (Scheme 2). Under

:
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n

Scheme 2. Mechanism for the photolytic polymerization of silicon-bridged [1]ferrocenophanes (S =solvent, for
example, THF; * =photoexcited monomer).

these conditions, the polymerization can be controlled by
simply “switching on” or “off” the light, allowing the se-
quential addition of different monomers and providing a
route to well-defined block copolymers. Moreover, with a
moderately basic, delocalized cyclopentadienyl (Cp) anion
as the initiator and propagating site, this “soft” living poly-
merization method is easier to perform in practice than the
conventional procedures that use organolithium initiators
and also allows for the controlled and living polymerization
of functional monomers containing more sensitive function-
alities.'” We have also shown that this method can be used
for the ROP of [2]dicarbaferrocenophanes, which had only
previously been polymerized by using the thermal ROP
method.["!
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In this paper, we report the photocontrolled living anionic
ROP of phosphorus-bridged [1]ferrocenophanes, [Fe{(n-
CsH,),PR}] 1-3, containing alkyl substituents (CMe;,

Ve B B
& zj*

CH,CMe;, and CH,SiMe;) on phosphorus. This affords high
molecular weight homopolymers with narrow molecular
weight distributions. The living nature of the photocontrol-
led ROP also permits access to well-defined diblock copoly-
mers with PFSs. Preliminary studies of the thermal proper-
ties and thin film self-assembly of these diblock copolymers
are also described.

Results and Discussion

Synthesis of phosphorus-bridged [1]ferrocenophanes: Phos-
phorus-bridged [l]ferrocenophanes were first reported in
1980 by Osborne et al.l'’! and by Seyferth and co-workers."”
A further significant contribution in this area was reported
shortly thereafter by Cullen.™ The phosphorus-bridged
[1]ferrocenophane 1 was prepared by following a similar
procedure to that reported by Cullen and co-workers by
using the commercially available tert-butyldichlorophos-
phine.” The precursors, alkyldichlorophosphines (RPCl,)
with neopentyl (CH,CMe;) and (trimethylsilyl)methyl
(CH,SiMe;) groups, were synthesized in good yields by the
reaction of phosphorus trichloride with the appropriate or-
ganocadmium reagents. The latter was prepared in situ by
the transmetallation reaction of the corresponding Grignard
reagents (neopentyl magnesium chloride and trimethylsilyl-
methyl magnesium chloride, respectively) with anhydrous
cadmium chloride at a low temperature (Scheme 3).*!! The

S

phines (RPCL,) in hexane (Scheme 3). As reported earlier,?”!

column chromatography was required to separate 1 from
the yellow phosphorus-bridged [1,1]ferrocenophane byprod-
uct. However, no analogous byproducts were observed
during the syntheses of 2 and 3, as monitored by P NMR
spectroscopic studies. The phosphorus-bridged [1]ferroceno-
phanes 2 and 3 were obtained in good yields, as dark-red,
moisture and air-sensitive solids. Analytically pure samples
of compounds 2 and 3, suitable for living anionic polymeri-
zation, were obtained by successive recrystallizations from
hexane and vacuum sublimations.

Compounds 1-3 were characterized by multinuclear NMR
spectroscopy, elemental analysis, and mass spectrometry and
the data were consistent with the assigned structures of the
phosphorus-bridged [1]ferrocenophanes. The solution UV/
Vis absorption of monomers 1-3 exhibits typical features of
strained ferrocenophanes. The electronic absorption spectra
in hexane showed that the intense red color of 1-3 is due to
the absorption bands at 494-498 nm, which are significantly
redshifted relative to the silicon-bridged [1]ferrocenopha-
nes.? The 3'P{'H} NMR spectra of 1-3 in C¢,D; showed sin-
glets at 6=26.1, —10.8, and —7.1 ppm, respectively. The
"H NMR spectra for 1-3 exhibited four separate resonances
in the Cp region (6=4.18-4.45 ppm). The methylene pro-
tons for 2 and 3 appeared as doublets at 6=1.95 and
1.15 ppm, respectively. As observed for other strained and
ring-tilted bridged [1]ferrocenophanes, the most distinguish-
ing feature of the *C NMR spectra for 1-3 (in C4Dy) is the
upfield shift of the ipso-carbon atom resonances attached to
the bridging P atom (6=19.4, 19.6, and 20.8 ppm, respec-
tively) relative to the other cyclopentadienyl carbon atoms.
Mass spectra were consistent with the assigned structures
and showed peaks arising from the molecular ions and the
loss of alkyl side groups attached to phosphorus. To further
characterize the molecular structures of 2 and 3, dark-red
single crystals suitable for X-ray crystallography were grown
by vacuum sublimation. The molecular structures of 2 and 3,
obtained from the single crystal X-ray diffraction studies,
are shown in Figures 1 and 2, respectively. Two independent
molecules of 2 were located in the asymmetric unit with
negligible differences in their metrical parameters. The Fe—P
distances in 2 are 2.8187(11) and 2.8106(11) A, which are
significantly longer than that of normal Fe—P bonds (ca.
2.40 A).”? The tilt-angles (a, the angle between the planes

1. anh CdCl, Fe  -TMEDA
2.PCly -i B Q\ Aé of the two Cp rings) in the phosphorus-bridged [1]ferroce-
RMOC o~ RO e &/ 3R /\s|/— nophane 2 were found to be 27.30(10) and 27.25(22)° (for
0°C -30°C the two independent molecules in the asymmetric unit),

Scheme 3. Synthesis of phosphorus-bridged [1]ferrocenophanes 2 and 3.

known phosphorus-bridged [1]ferrocenophane with a tert-
butyl substituent on phosphorus (1)? and the new ana-
logues with neopentyl (2) and (trimethylsilyl)methyl groups
(3) were synthesized by salt-elimination reactions of [Fe(n-
CsH,Li),|-2/3TMEDA (TMEDA =N,N,N’,N’-tetramethyle-
thylenediamine) with the appropriate alkyldichlorophos-
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whereas the average [ angle (the angle between each Cp
plane and the corresponding P—C,,,, bond) are 30.97 and
31.20°, similar to that in 1,””! which suggests an appreciable
amount of ring strain. The Fe—P distance in 3 was found to
be 2.7975(5) A, which is slightly smaller than that in 2. The
tilt angle o of 27.10(10)° and the average 3 angle of 32.05°
in 3 are comparable to that of 2. It should be noted that the
tilt-angles of the phosphorus-bridged [1]ferrocenophanes are
much higher than those of the silicon-bridged [1]ferroceno-
phanes, which indicates more ring strain associated with the

Chem. Eur. J. 2010, 16, 32403250
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Figure 1. ORTEP diagram (50% probability thermal ellipsoids) of the
molecular structure of 2 with important atoms labeled. Hydrogen atoms
are omitted for the sake of clarity. Important bond lengths [A] and
angles [°]: Fe1—P1 2.8187(11), P1—-C1 1.857(4), P1-C6 1.855(4); C6-P1-C1
89.39(16); distortion parameters [°]: a (ring tilt, the angle between the
planes of the two Cp rings) 27.30(10), S (average angle between the
plane of the Cp ligand and the C(Cp)—P bond) 30.97, and ¢ (Cp-Fe-Cp)
158.51.

Figure 2. ORTEP diagram (50% probability thermal ellipsoids) of the
molecular structure of 3 with important atoms labeled. Hydrogen atoms
are omitted for the sake of clarity. Important bond distances [A] and
angles [°]: Fel—-P1 2.7975(5) P1-C1 1.862(2), P1-C6 1.855(2), C6-P1-C1
90.17(8); distortion parameters [°]: a (ring tilt) 27.10(10), 8 (average
angle between the plane of the Cp ligand and the C(Cp)—P bond) 32.05,
and 0 (Cp-Fe-Cp) 159.56.

former species as a result of the geometric preferences and
smaller size of the bridging Group 15 element.

Due to the alkyl substituents on phosphorus, the P™"-
bridged ferrocenophanes 1-3 are very prone to oxidation by
air, yielding the corresponding PY-bridged [1]ferroceno-

Chem. Eur. J. 2010, 16, 32403250
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phane oxide. In the case of 3, the phosphorus(V) species
[Fe{(n-CsH,),P(O)(CH,SiMe;)}] (3a) was isolated and fully
characterized after passing oxygen gas through a hexane so-
lution of 3 (Scheme 4). The species 3a was characterized by

/1\ S ~gii—
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Scheme 4. Synthesis of phospha[l]ferrocenophane oxide (3a).

3P NMR spectroscopy, elemental analysis, mass spectrome-
try, and by X-ray crystallography. To the best of our knowl-
edge, this represents the first X-ray structure of a phospha
[1]ferrocenophane oxide. Two independent molecules of 3a
were located in the asymmetric unit (Figure 3). The Fe-P

Figure 3. ORTEP diagram (50% probability thermal ellipsoids) of the
molecular structure of 3a with important atoms labeled. Hydrogen atoms
are omitted for the sake of clarity. Important bond distances [A] and
angles [°]: Fel—P1 2.7116(7), P1-C1 1.827(2), P1-C6 1.829(2), P1-O1
1.427(2), C6-P1-C1 94.26(10); distortion parameters: o (ring tilt)
25.36(12), 5 (average angle between the plane of the Cp ligand and the
C(Cp)—P bond) 34.41, and 6 (Cp-Fe-Cp) 161.37.

distance is slightly shorter (2.7116(7) and 2.7061(6) A) in 3a
relative to that observed in 3 providing evidence that the P¥
center in 3a may be acting as a better acceptor of electron
density than the P™ center in 3, allowing a significant weak
interaction between a vacant orbital on the bridging phos-
phorus and a filled d orbital of iron.'#?* The tilt-angle in
3a is slightly smaller (25.36(12) and 25.83(12)°) than in 2
and 3, which suggests a slight relief of ring strain in the PY-
bridged [1]ferrocenophane 3a relative to the P™ analogue

3).

Photocontrolled living anionic ROP of phosphorus-bridged
[1]ferrocenophanes 1-3: After successful photocontrolled
living anionic ROP of silicon-bridged [1]ferrocenophanes by
our group,'” we were encouraged to explore this methodol-
ogy with phosphorus-bridged [1]ferrocenophanes to provide
convenient access to well-defined high molecular weight
PFPs. Living photolytic anionic ROP of 1-3 in THF was at-
tempted by using Na[CsH;] as the initiator (monomer/initia-
tor 50:1) under UV irradiation at 5°C for 2 h (Scheme 5).
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The reaction was quenched
with a few drops of degassed
methanol, affording a yellow e P
PFP homopolymers 4-6 with 2
narrow molecular weight distri-

butions (M,/M, <1.10), indica-

tive of a successful living anion- —
ic polymerization (Table 1).

The homopolymers obtained
by using the above synthetic
procedures were characterized
by multinuclear NMR spectros-
copy and gel-permeation chro-

T
P
1. NaCp, THF R &> N
@\ R 2nseC | \§
n Fe P __hv P =
a/ 2.MeOH 2> 1 4 R=CMe;
o 5. R=-CH,CMe
6: R=-CH,SiMe,

Scheme 5. Synthesis of PFP homopolymers 4-6 by photocontrolled ROP
of the respective monomers initiated by NaCp in THF.

Table 1. Characterization data for PFP homopolymers, 4-6 obtained
from the photocontrolled ROP of the respective monomers 1-3 with a
monomer/initiator ratio of 50:1.

Polymer M/I  Yield M, [kgmol™] M T,
[%] Calcd Exptll®! M, [C]
(Sulfurized) (Sulfurized)
4 50:1 91  13.60 15.20 19.75 1.09 141
5 50:1 93 1430 15.90 20.05 1.07 127
6 50:1 95 1511 16.71 21.35 1.05 101
[a] Determined by triple detection GPC by using THF as the eluent.

matographic (GPC) analysis. The *'P{'"H} NMR spectra (in
C¢Ds) confirmed the polymerization of 1-3 by showing
single signals at 0 =—5.2, —49.9 and —47.1 ppm, respectively,
which are shifted to highfield by approximately 6=30-
40 ppm relative to that of the respective monomers. The sig-
nals for the Cp protons appeared as broad multiplets in the
region of 0=4.44-4.20 ppm in the 'H NMR spectrum. The
PCH, protons in homopolymers 5 and 6 appeared as broad
doublets at 0=2.10 and 1.42 ppm, respectively. As reported
previously, polyferrocenylphosphines do not elute from the
GPC column when using THF as the eluent, as they interact
with the column material, presumably due to the Lewis ba-
sicity of the P™ center.'>") For that reason, the polymers
with P™ sites of polyferrocenylphosphines were sulfurized,
resulting in the formation of the corresponding poly(ferroce-
nylphosphine sulfides), which eluted easily through GPC
columns.”® The proposed mechanism of the photolytic
living anionic ROP of 1-3 is shown in Scheme 6. Whereas
the living anionic polymerization of ferrocenophanes by
using organolithium initiators proceeds through cleavage of

3244 —— www.chemeurj.org
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Scheme 6. Proposed mechanism for photolytic ROP of phosphorus-bridged [1]ferrocenophanes (S =THF).

a phosphorus—cyclopentadienyl (P—Cp) bond in the mono-
mer, photolytic living anionic polymerization proceeds
through photoactivation and subsequent cleavage of the
iron—cyclopentadienyl (Fe—Cp) bond in the monomer in the
presence of the mild nucleophile, Na[CsHs]. The monomers
1-3 showed very similar polymerization behavior under pho-
tolytic conditions. The polymer chain length could be con-
trolled by the monomer-to-initiator ratio as expected for a
living polymerization. To confirm this, the ratio of monomer
2 to initiator was varied from 25:1 to 150:1. This produced
well-defined homopolymers Sa—d with controlled molecular
weights and narrow molecular weight distributions as moni-
tored by GPC analysis of the corresponding poly(ferrocenyl-
phosphine sulfides) (Table 2). This is further supported by

Table 2. Photocontrolled living anionic ROP of 2 with a variation of the
M1 ratio.

Polymer M/l Yield M, [kgmol™] PDI
[%] Calcd Exptl!® (M/M,)
(Sulfurized) (Sulfurized)
52 251 93 715 71.95 11.85 1.05
5b  50:1 95 14.30 15.90 20.05 1.07
5¢  100:1 94 2861 31.81 36.21 1.14
5d 15001 95 4292 47.72 56.15 1.23
5e 2001 91 5723 63.63 88.31 1.400!

[a] Molecular weights of the corresponding sulfurized homopolymers de-
termined by triple detection GPC by using THF as the eluent. [b] The
broader PDI value is a result of slight column adsorption (see text and
Figure S1 in the Supporting Information).

the linear plot of molecular weights versus the ratio of mo-
nomer to initiator for the polymer 5 (Figure 4), which indi-
cates the absence of significant chain transfer and chain ter-
mination during polymerization. Thus molecular weights of
the sulfurized PFP homopolymers could be controlled from
M,=11.85x10* to 56.15x10° Da with narrow polydisper-
sities (1.05-1.23). However, it was observed that the PDI
value increases with increasing monomer to initiator ratio.
A significant tailing effect was observed in the case of
higher monomer to initiator ratio (200:1) resulting in a
higher value of PDI, presumably due to adsorption of the
longer PFP chain to the column material (see Figure S1 in
the Supporting Information).

Chem. Eur. J. 2010, 16, 32403250
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Figure 4. Plot of the molecular weights (M,) of the homopolymers 5a—d
(after sulfurization of the P" centers) versus monomer to initiator ratio
(M:I).

Interestingly, PFP homopolymer 6, containing a
CH,SiMe; substituent on phosphorus, is extremely soluble
even in nonpolar solvents, such as n-hexane or decane, at
ambient temperature. In contrast, the homopolymer § is
soluble in hot n-hexane and decane. All the polymers are
very prone to aerial oxidation in solution due to the pres-
ence of alkyl groups on the P™ centers in the polymer main
chain. The homopolymers were found to be considerably
more stable to air in the solid state.

Synthesis and characterization of polyferrocenylphosphine-
b-polyferrocenylsilane diblock copolymers: The living pho-
tocontrolled ROP of phosphorus-bridged [1]ferroceno-
phanes allows for the sequential polymerization of different
monomers to synthesize block copolymers. Thus the polyfer-
rocenylneopentylphosphine-b-polyferrocenylmethyl(3,3,3-

trifluoropropyl)silane (PFP-b-PFS;) block copolymers (7a
and 7b) were synthesized by first initiating [Fe{(n-CsH,),P-
(CH,CMe;)}] (2) with Na[CsHs] and photolyzing for 2 h at
5°C (Scheme 7). The color of the solution changed from
dark red to orange. The light was switched off and a solution

R
o ®
,@\ MR Nacp, THE L Na
n Fe P _— Fle -
@ 2h,5°C
hv H
n

R = neopentyl
R
\
©/P
1
Fe Fe .
H =8 —
n HsC  CH,CH,CF3 |,

PFP-b-PFSg
7a:m=76,n=28
7b: m=52,n=46

Scheme 7. Synthesis of diblock copolymers PFP-b-PFS; (7a and 7b) through sequential photocontrolled anion-

ic ROP.
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of monomer [Fe(n-CsH,),SiMe(CH,CH,CF;)] in THF was
added to the orange solution. The solution was then irradiat-
ed for a further period of 3 h at 5°C and the polymerization
was finally quenched with a few drops of degassed metha-
nol. The block copolymers 7a and 7b, with different block
ratios, were precipitated into degassed methanol, affording
amber solids. The materials were obtained in excellent
yields and possessed narrow molecular weight distributions.
Shown in Figure 5 are representative GPC traces of a PFP-

Retention Volume/mL

Figure 5. GPC curves (Refractive Index Response) of sulfurized PFP-b-
PFS; diblock copolymer 7b (-----) and the corresponding sulfurized PFP
homopolymer (—).

b-PFSy copolymer (7b) and the corresponding PFP homo-
polymer. A minute amount of PFP homopolymer contami-
nated with copolymer 7b, resulting from the quenching of
the living PFP chain, was detected in the GPC trace of 7b.
The chemical shifts in the ¥P{'H}, "“F{'H}, and
»Si{'H) NMR spectra of the diblock copolymers (7a and
7b) were similar to those observed for their respective ho-
mopolymers. The 'HNMR
spectra were used to confirm
the structure of the block co-
polymers. The signals for the
Cp protons of the PFP and
PFS; blocks overlapped and ap-
" peared as broad multiplets in
e

T Y the region of 0 =4.45-3.85 ppm.
e

S L.
I\CHZCHZCFa The block ratio in PFP-b-PFSg
copolymers, 7a and 7b, was cal-
“light on’ 30, 5 °C culated by 'HNMR spectro-
MeOH

scopic integration of the SiMe
protons of the PFSp block at
0=0.43 ppm and the CMe; pro-
tons of the PFP block at 6=
1.18 ppm. The characteristics of
these polymers are presented in
Table 3.
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Table 3. Characterization data for PFP-b-PFS; diblock copolymers after
sulfurization of the P™ centers.

Polymer PFP block PFP,-b-PFS;,,
M, PDI M, PDI Yield n/mlY  (hppge
[kgmol '] [kgmol '] [%]
Exptll®! Exptl"
7a 24.16 1.07 3325 1.10 88 76228 0.25
7b 16.55 1.06 31.46 1.05 90  52:46 045

[a] Obtained from triple detection GPC of the sulfurized PFP blocks.
[b] Determined by combining the M, of the first block (obtained from
GPC) and the block ratio (obtained from 'H NMR spectroscopy). [c] Ob-
tained from "H NMR spectroscopic integration. [d] The volume fraction
of PFS; was calculated by considering the following density values (p
[gem™?]) for the two blocks: 1.149 (PFP)I®*! and 1.431 (PFS).*!

Thermal characterization of PFP homopolymers and di-
block copolymers: The thermal transition behavior and ther-
mal stability of the homopolymers 4-6 were analyzed by dif-
ferential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA). All the polymers were found to be thermal-
ly stable without weight loss up to 380°C. DSC analysis sug-
gests that the PFPs (4-6) are amorphous as no melting or
crystallization temperature was observed from —50 to
250°C. DSC analysis showed that the glass transition tem-
perature (7,) of PFPs strongly depends upon the substitu-
ents on phosphorus. The high 7, values of the homopoly-
mers 4-6 were found to be 141, 127, and 101 °C, respectively,
consistent with the brittle nature of the thin film of the ma-
terials at 25°C (see Table 1 and Figure S2 in the Supporting
Information). The highest value of 7, for 4 was anticipated
due to the presence of the rigid and bulky tert-butyl sub-
stituents, which would be expected to hinder large-scale con-
formational motion. The slightly larger steric requirement of
the neopentyl group relative to the CH,SiMe; group ex-
plains the higher 7, of 5§ relative to that of 6.

The PFSg homopolymer has been shown to be amorphous
in previous studies.”®! DSC studies of the PFP-b-PFS; di-
block copolymers show two distinctive endothermic transi-
tions corresponding to the glass transition temperatures (7,)
centered at 60 and 123°C. The glass transition temperatures
obtained were consistent with those of the corresponding
homopolymers. The presence of two distinct glass transition
temperatures is indicative of the microphase separations of
the immiscible PFP and PFS; blocks in the solid state (vide
infra). Figure 6 illustrates the DSC scan for diblock copoly-
mer 7b.

Thin-film self-assembly studies of the diblock copolymers 7a
and 7b: The microphase separation behavior of PFP-b-PFSg
diblock copolymers 7a and 7b was studied by TEM in
bright field mode. The fluorinated block facilitates segrega-
tion behavior by increasing the Flory-Huggins parameter
between the two different blocks.””’ Microphase separation
was observed in the thin films of PFP-b-PFS; diblock co-
polymers. Fluorine-substituted PFS was anticipated to give
darker regions by bright field TEM owing to its greater elec-
tron density. As predicted, the diblock copolymer 7a with a
lower volume fraction of PFSg (¢pgse=0.25) formed a disor-
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Figure 6. DSC scan for the diblock copolymer 7b obtained at a scan rate
of 10°Cmin~".

dered array of PFSp spheres (Figure 7A), whereas for 7b
with a relatively higher volume fraction of PFSy (@ppsr=
0.45), an apparent cylindrical morphology was observed
(Figure 7B).

Figure 7. Bright field TEM micrograph of drop-cast thin films showing
phase separation of PFP-b-PFSy block copolymers 7a (A) and 7b (B)
(scale bar =200 nm).

Conclusion

We have explored photocontrolled living anionic ROP of
the  phosphorus-bridged  [1]ferrocenophanes  [Fe{(n-
CsH,),PR}] (R=alkyl groups, such as CMe;, CH,CMe;, and
CH,SiMe;) initiated by NaCp in THF at 5°C, which pro-
vides access to well-defined polyferrocenylphosphines [Fe-
{(n-CsH,),PR}],, with molecular weight control and narrow
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polydispersities. Sequential polymerization allows access to
well-defined diblock copolymer PFP-b-PFSy which under-
goes microphase separation in thin films.

We are currently exploring the synthesis and applications
of highly metallized polymers, as coordination of metal frag-
ments to the PFP block is possible. In addition, the alkane-
soluble PFP blocks with CH,SiMe; permits us to study the
solution self-assembly through crystallization-driven living
polymerizations, characteristic of crystalline polyferrocenyl-
silane cores forming blocks.” The self-assembled PFP-b-
PFS materials have potential applications in the preparation
of functional polymer-metal hybrid nanomaterials and in
catalysis. Detailed studies of the self-assembly of PFP-b-PFS
with these aims in mind are currently underway and the re-
sults will be published in the near future.

Experimental Section

Materials and instrumentation: All reactions and manipulations were car-
ried out under an atmosphere of pre-purified N, by using standard
Schlenk techniques or an inert atmosphere glove box (M-Braun). Sol-
vents were dried by using anhydrous engineering double alumina and
alumina/copper catalyst drying columns or by conventional methods.*!
THF was distilled from Na/benzophenone under reduced pressure prior
each photolytic polymerization reaction. Methanol, used for quenching
the polymerization, was deoxygenated with considerable care by the
freeze-and-thaw technique. Oxygen of purity level above 99.5% was
used for the oxidation of 3. All chemicals were purchased from Aldrich
unless otherwise noted. Neopentyl chloride was acquired from ABCR.
PCl, was distilled prior to use. Dilithioferrocene-2/3 TMEDA,® [Fe(y-
CsH,),PCMe;] (1) and [Fe{(n-CsH,),SiMe(CH,CH,CF;)}]**! were syn-
thesized according to the previously reported literature procedures. Pho-
toirradiation experiments were carried out by using Pyrex-glass-filtered
emission (4>310 nm) from a 125 W high pressure Hg arc lamp (Photo-
chemical Reactors Ltd).

'H (300 MHz), “C{'H} (75.6MHz), *'P{'H} (121.4MHz), and
YF{'H) NMR (282.7 MHz) spectra were obtained from a JEOL Lambda
300 spectrometer. Spectra were internally referenced to residual solvent
peaks (‘H, C) or externally referenced to H;PO, (*'P) and CFCl; ("F).
Mass spectra were obtained by the use of a VG Analytical Autospec
mass spectrometer operating in electron impact (EI) mode. Electronic
absorptions were measured on a Lambda 35 spectrophotometer employ-
ing standard quartz cells (1 cm) from 200 to 800 nm. Elemental analyses
were performed by using a Eurovector EA3000 CHN analyzer. Gel-per-
meation chromatography (GPC) was carried out by using a Viscotek VE
2001 triple detector gel-permeation chromatograph, equipped with an au-
tomatic sampler, a pump, an injector, an inline degasser, and a column
oven (30°C). The elution columns consist of styrene divinyl benzene gel
with pore sizes of 500 and 100000 A. Detection was conducted by means
of a VE 3580 refractometer, a four capillary differential viscometer, and
a 90° and low-angle (7°) laser light (1,=670 nm) scattering detector, VE
3210 and VE 270. THF (purchased from Fisher) was used as the eluent,
with a flow rate of 1.0 mLmin '. DSC analyses were performed on a
Q100 from TA instruments coupled to a refrigerated cooling system
(RCS90). The samples, placed in nonhermetic aluminum pans, were tare
with a XT220A Precisa microbalance. Copper grids from Agar Scientific
(mesh 400) were coated with carbon film. TEM was performed on Jeol
1200EX TEM Mk2, which operates with a tungsten filament operating at
120 kV. It is fitted with a MegaViewlI digital camera, by using Soft Imag-
ing Systems GmbH analySIS 3.0 image analysis software.

Synthesis of neopentyl dichlorophosphine: A solution of neopentyl chlo-
ride (10.0 g, 93.80 mmol) in diethylether (150 mL) was added through a
cannula to magnesum turnings (2.28 g, 93.80 mmol), which had been acti-
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vated by grinding and stirring in a vacuum for 4 h. After the addition of
half of the solution, 1,2-dibromoethane (0.1 mL) was added to the reac-
tion mixture and was heated to reflux. When the reaction mixture started
to become turbid, the remaining solution of neopentyl chloride was
added. Stirring was continued at reflux temperature for 12 h after which
time a colorless suspension was obtained. The suspension of neopentyl
magnesium chloride was separated from the unreacted Mg by transfer-
ring through a cannula to a Schlenk flask. The solution of neopentyl mag-
nesium chloride was cooled in an ice bath and stirred vigorously whilst
powdered anhydrous CdCl, (8.62 g, 46.91 mmol) was added rapidly. After
stirring for 2 h at 0°C, the salt was removed by filtration under a positive
pressure of N,. The filtrate was added over 30 min to a vigorously stirred
solution of PCl; (38.65 g, 24.60 mL, 281.43 mmol) in anhydrous Et,O
(100 mL). After the addition was complete, the mixture was stirred at
room temperature for 3 h. The white precipitate was filtered off, the
filter cake was washed with Et,0O, and the combined Et,O solution was
evaporated to get an oily colorless product that was sufficiently pure
(95% according to *'P NMR spectroscopy) for the next step. Yield: 9.7 g
(60%); '"HNMR (300.4 MHz, C¢Dg, 25°C): 6=2.44 (d, 2H; PCH,),
1.06 ppm (s, 9H; CMe;); “C{'H} NMR (75.6 MHz, C¢Ds, 25°C): 6=38.2
(d; PCH,), 31.2 ppm (s; CMe;); *'P{'H} NMR (121.4 MHz, C,D, 25°C):
0=198.9 ppm (s).

Synthesis of (trimethylsilyl)methyl dichlorophosphine: (Trimethylsilyl)-
methyl dichlorophosphine was prepared by following a similar procedure
to that described for the synthesis of neopentyl dichlorophosphine, with
(trimethylsilyl)methyl magnesium chloride (60 mL, 60.0 mmol, 1M solu-
tion in diethyl ether), powdered anhydrous CdCl, (5.50 g, 30.0 mmol),
and PCl; (24.72 g, 15.7 mL, 180.0 mol). Yield: 8.1g (71%); '"HNMR
(300.4 MHz, CiDy, 25°C): 6=1.92 (d, 2H; PCH,), 0.09 ppm (s, 9H;
SiMe;); BC{'H}NMR (75.6 MHz, C¢D,, 25°C): 6=102 (d; PCH,),
0.1ppm (s; SiMe;); *'P{'H}NMR (121.4 MHz, C(D,, 25°C): o=
205.8 ppm (s).

Synthesis of [Fe{(n-C;H,),P(CMe;)}] (1): This procedure was adapted
from that previously reported.”” A solution of fert-butyl dichlorophos-
phine (8.40 g, 52.83 mmol) in hexanes (100 mL) was added slowly over a
period of 15 min to a stirred suspension of dilithioferrocene-2/3 TMEDA
(14.20 g, 51.57 mmol) in hexane (200 mL) at —30°C. The reaction mix-
ture was then allowed to warm to room temperature and was stirred for
another 6 h. The resulting red suspension was filtered to remove LiClL
The solvent and TMEDA were then removed under vacuum. The red res-
idue was dissolved in hexane (50 mL) and the solution was introduced
onto a 15cm x 5cm column of neutral silica. A mixture of 1:5 v/v tolu-
ene and hexane was used as the eluent to separate the red-colored [Fe-
{(n-CsH,),P(CMe;)}] from a yellow phosphine byproduct. The ferroceno-
phane was crystallized from hexanes at —65°C twice resulting in dark-
red colored needles of [Fe{(n-CsH,),P(CMe3)}] (1) monomer suitable for
photocontrolled living anionic polymerization. Yield: 3.85g (28%);
'"HNMR (300.4 MHz, CDg): 6=4.45 (m, 2H; Cp), 4.37 (m, 2H; Cp),
423 (m, 2H; Cp), 422 (m, 2H; Cp), 1.25ppm (s, 9H; CMe;);
BC{'H} NMR (75.6 MHz, C¢Ds,): 0=78.4-72.1 (Cp), 302 (s; CMe;),
19.4 ppm (d; ipso-C); *'P{'H} NMR (121.4 MHz, C¢D;): 6 =26.1 ppm (s);
MS (EI 70 meV): m/z (%): 272 (100) [M]*, 215 (65) [M*—CMe;]; ele-
mental analysis calcd (%) for C,H;;FeP: C 61.80, H 6.30; found: C
61.92, H 6.41; UV/Vis (hexane): 1 (¢)=495 (438m 'cm™'), 412 nm
(shoulder).

Synthesis of [Fe{(n-CsH,),P(CH,CMe;)}] (2): A solution of neopentyl di-
chlorophosphine (5.40 g, 31.21 mmol) in hexanes (100 mL) was added
slowly over a period of 15 min to a stirred suspension of dilithioferro-
cene-2/3TMEDA (8.60 g, 31.23 mmol) in hexanes (150 mL) at —30°C.
The reaction mixture was then allowed to warm to room temperature
and stirred for another 6 h. The resulting red suspension was filtered to
remove LiCl. The solvent and TMEDA were then removed under
vacuum. The ferrocenophane was crystallized from hexanes at —65°C
and further purified by sublimation (70°C, 0.005 mm Hg) resulting in a
dark-red colored crystalline ferrocenophane monomer suitable for photo-
controlled living anionic polymerization. Yield: 6.10 g (68%); '"H NMR
(300.4 MHz, CDy): 0=4.40 (m, 2H; Cp), 4.31 (m, 2H; Cp), 425 (m, 2H;
Cp), 4.18 (m, 2H; Cp), 1.95 (d, 2H; PCH,), 1.12 ppm (s, 9H; CMe;);
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BC{'H} NMR (75.6 MHz, C,Dy,): 0 =78.8-72.5 (Cp), 39.4 (d; PCH,), 31.2
(s; CMes), 19.6 ppm (d; ipso-C); *'P{'H} NMR (121.4 MHz, C¢Dy): 6=
—10.8 ppm (s); MS (EI, 70 meV): m/z (%): 286 (100) [M]*, 230 (60) [M*
—CMej;]; elemental analysis caled (%) for C;sH gFeP: C 62.96, H 6.69;
found: C 63.55, H 6.43; UV/Vis (hexane): A (¢)=497 (548m 'ecm™),
414 nm (shoulder).

Synthesis of [Fe{(n-CsH,),P(CH,SiMe;)}] (3): Compound 3 was synthe-
sized by following the procedures similar to that described for 2. A solu-
tion of (trimethylsilyl)methyl dichlorophosphine (7.83 g, 41.41 mmol) in
hexanes (100 mL) was added slowly over a period of 15 min to a stirred
suspension of dilithioferrocene-2/3TMEDA (11.40 g, 41.40 mmol) in hex-
anes (150 mL) at —30°C. The reaction mixture was then allowed to warm
to room temperature and was then stirred for another 6 h. The resulting
red suspension was filtered to remove LiCl. The solvent and TMEDA
were removed under vacuum. The ferrocenophane was crystallized from
hexanes twice at —65°C and further purified by sublimation (70°C,
0.005 mm Hg) to obtain a dark-red-colored crystalline compound, 3, suit-
able for photocontrolled living anionic polymerization. Yield 8.12¢g
(65%); 'H NMR (300.4 MHz, C¢Dy): 6=4.42 (m, 2H; Cp), 435 (m, 2H;
Cp), 429 (m, 2H; Cp), 4.22 (m, 2H; Cp), 1.15 (d, 2H; PCH,), 0.20 ppm
(s, 9H; SiMe;); "C{'"H} NMR (75.6 MHz, C,D;): 6="78.1-74.2 (Cp), 20.8
(d; ipso-C), 10.1 (d; PCH,), —0.1 ppm (brs, SiMe;); *'P{'H} NMR
(121.4 MHz, CsDy): 0=—7.1ppm (s); MS (EIL, 70 meV): m/z (%): 302
(100) [M]*, 230 (40) [M*—SiMe;]; elemental analysis caled (%) for
C,H oFePSi: C 55.64, H 6.34; found: C 56.38 H 6.36; UV/Vis (hexane): 1
(£)=498 (465M~'cm™), 413 nm (shoulder).

Synthesis of [Fe{(n-CsH,),P(0)(CH,SiMe;)}] (3a): Compound 3 (50 mg,
0.165 mmol) was dissolved in dry hexanes (5 mL) in a Schlenk tube and
dry oxygen gas (>99.5% purity) was bubbled into the solution for 2 h at
ambient temperature. The solution was kept at —30°C for 2 days to give
red-orange crystals of [Fe{(n-CsH,),P(O)(CH,SiMe;)}]. Yield 32 mg
(60%); "HNMR (300.4 MHz, C(Dy): 0=4.44 (s, 2H; Cp), 4.36 (s, 2H;
Cp), 429 (s, 2H; Cp), 4.21 (s, 2H; Cp), 1.18 (d, 2H; PCH,), 0.22 ppm (s,
9H; SiMe;); “C{'H} NMR (75.6 MHz, C,Dy): 0=78.2-74.2 (Cp), 21.7 (d;
ipso-C), 11.0 (d; PCH,), —0.1ppm (brs, SiMe;); *'P{'H} NMR
(121.4 MHz, C¢Dg): 6=322ppm (s); MS (EL, 70 meV): m/z (%): 318
(65) [M]*; elemental analysis caled (%) for C,,H,;FeOPSi: C 52.84, H
6.02; found: C 51.41, H 6.14; UV/Vis (dichloromethane): 4 (&) =482 nm
B61m'em™).

Synthesis of PFP homopolymers (4-6): A representative photolytic ho-
mopolymerization of 2 to yield 5b is described. In the absence of light,
the monomer 2 (45 mg, 0.157 mmol) was dissolved in dry THF (1 mL) in
a Schlenk tube. Na[CsHs] (37 uL, 3.14x 10> mmol, 0.085m solution in
THF) was added and the mixture was photolyzed to initiate the polymer-
ization. The reaction was maintained at 5°C with stirring for 2 h by using
a thermostatically controlled water bath. The color of the solution
changed from a dark red to light orange. The polymerization was
quenched with a few drops of degassed methanol. Precipitation of the so-
lution into rapidly stirred degassed methanol (20 mL) followed by drying
overnight under vacuum afforded polymer 5b as a yellow powder. Ho-
mopolymers 4 and 6 were synthesized by following procedures similar to
that described for Sb.

PFP homopolymer 4: "HNMR (300.4 MHz, CiDg): 0=4.44-4.21 (brm,
8H; Cp), 1.26 ppm (brs, 9H; CMes); “C{'H} NMR (75.6 MHz, C,D):
0=178.7-72.45 (Cp), 30.1 (s; CMes); *'P{'"H} NMR (121.4 MHz, C,Dy): 0=
—5.2 ppm (s).

PFP homopolymer 5: '"HNMR (300.4 MHz, C¢Dg): 6 =4.40-4.23 (brm,
8H; Cp), 2.10 (brd, 2H; PCH,), 1.21 ppm (s, 9H; CMe;); *C{'H} NMR
(75.6 MHz, CDg, 25°C): 6=78.7-72.4 (Cp), 39.4 (d, PCH,), 31.2 ppm (s,
CMe;); *'P{'"H} NMR (121.4 MHz, C¢Dy): 6 =—49.9 ppm (s).

PFP homopolymer 6: '"HNMR (300.4 MHz, C¢D, 25°C): 0 =4.39-4.20
(brm, 8H; Cp), 142 (brd, 2H; PCH,), 022ppm (s, 9H; SiCH;);
BC{'H} NMR (75.6 MHz, C,Dg, 25°C): 77.6-76.5 (brs, Cp), 10.1 (brd,
PCH,), —0.15 ppm (brs, SiCH;); *'P{'H} NMR (121.4 MHz, C¢Dy): 0=
—47.1 ppm (s).

The yields and the characterization data including GPC analyses for 4-6
are tabulated in Table 1.
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Synthesis of PFP-b-PFS;, diblock copolymers (7a and 7b): A representa-
tive diblock copolymerization to yield 7b is described. Monomer [Fe{(n-
CsH,),P(CH,CMes)}] (289 mg, 1.01 mmol) was dissolved in dry THF
(1 mL) in a Schlenk tube in the absence of light. A solution of Na[CsHs]
(0.1m, 200 pL, 0.02 mmol) was added to that and the reaction mixture
was irradiated at 5°C with stirring for 2h. The color of the solution
changed from dark red to light orange. The Schlenk tube was brought
into the glovebox, a sample of the solution (0.1 mL) was withdrawn to
characterize the homopolymer by GPC. A solution of [Fe{(n-
CsH,),SiMe(CH,CH,CF;)}] (250 mg, 0.77 mmol) in dry THF (1 mL) was
added to the remainder of the solution. The solution was then photolyzed
for a further 3 h at 5°C with stirring. The reaction was quenched with a
few drops of degassed methanol, and the solution was precipitated into
degassed methanol (30 mL). The block copolymer was further purified
by repetitive precipitation in methanol and finally washed with warm
hexanes to remove the minute amount of PFP homopolymer contaminat-
ed with the block copolymer. The block copolymer 7b was obtained as a
yellow solid and dried under vacuum. Yield: (460 mg, 90 % ).

Diblock copolymer 7b: '"H NMR (300.4 MHz, C,Dy): 0 =4.42-3.87 (brm;
Cp), 2.18 (brm, 2H; SiCH,CH,CF;), 2.12 (brd, 2H; PCH,), 1.22 (brm,
2H; SiCH,CH,CF;), 1.18 (s; —CMe;), 043 ppm (brs; SiCH;);
BC{'H} NMR (75.6 MHz, C¢Dy): 6=131.2 (CF;), 79.7-69.8 (Cp), 39.5 (d,
PCH,), 31.1 (s, CMe;), 29.7 (SiCH,CH,CF;), 8.8 (SiCH,CH,CFs;),
—3.3 ppm (Si-CH,); *'P{'H} NMR (121.4 MHz, C,D¢): 0 =—49.9 ppm (s);
YFNMR (282.6 MHz, C,D¢): 0=-67.8 ppm; *SiNMR (59.5 MHz,
C¢Dg): 0=—4.5 ppm.

The GPC analyses for the diblock copolymers (after sulfurization) are
compiled in Table 3.

Reaction of the polyferrocenylphosphine homopolymers and block co-
polymers with elemental sulfur to yield the corresponding poly(ferroce-
nylphosphine sulfides): A representative sulfurization of 4 is described.
Homopolymer 4 (30 mg) was dissolved in dichloromethane (2 mL) with
stirring. Elemental sulfur (5 mg of Sg) was added to that solution. The re-
action mixture was allowed to stir for 12 h. No visual color change was
observed. The solution was then filtered and the solvent was removed
under vacuum to get a quantitative yield of poly(ferrocenylphosphine sul-
fides). The 'H and “C{'H} NMR data for the poly(ferrocenylphosphine
sulfides) were similar to that of their corresponding parent polyferroce-
nylphosphines. *'P{'H} chemical shifts of the poly(ferrocenylphosphine
sulfides) obtained from their respective polyferrocenylphosphines (4-6)
were found to be 6=59.2, 31.4, and 35.4 ppm. For full characterization,
see the Supporting Information and Table 1.

Preparation of PFP-b-PFS thin films: Thin films of the diblock copoly-
mers (7a and 7b) were prepared by placing a drop of PFP-b-PFS; solu-
tion (10 mgmL~"' in THF) on a carbon coated copper grid placed on a
piece of filter paper. The samples were then allowed to dry for 12h
under a dry nitrogen atmosphere to avoid aerial oxidation before TEM
studies.

X-ray data collections and refinement: The dark-red-colored single crys-
tals of 2 and 3, suitable for X-ray crystallography, were obtained by
vacuum sublimation (60°C, 0.005 mmHg). The orange colored single
crystals of 3a were harvested from a hexane solution at —30°C. Single-
crystal X-ray structural studies were performed on a CCD Bruker
SMART APEX diffractometer equipped with an Oxford Instruments
low-temperature attachment. Data were collected at 100(2) K by using
graphite-monochromated Moy, radiation (1,=0.71073 A). The frames
were indexed, integrated, and scaled by using the SMART and SAINT
software package,’” and the data were corrected for absorption by using
the SADABS program.!! Pertinent crystallographic data for 2, 3, and 3a
are summarized in Table 4. CCDC-751639, 751640, and -751641 contain
the supplementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif. The structure was
solved and refined by using the SHELX suite of programs.”? All molecu-
lar structures were generated by using ORTEP-3 for Windows Version
2.02.%3 The hydrogen atoms were included in geometrically calculated
positions in the final stages of the refinement and were refined according
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Table 4. Crystallographic data and refinement parameters for 2, 3, and
3a.

2 3 3a
empirical formula C,sH,,FeP C,H,FePSi C,H,,;FeOPSi
F, 286.12 302.20 318.20
crystal system monoclinic monoclinic orthorhombic
space group P2,/c P2,/n Pbca
a[A] 20.1141(8) 6.1273(4) 14.2910(5)
b [A] 12.3511(5) 20.5421(15)  11.0563(3)
c[A] 10.7645(4) 11.0575(8) 37.0211(11)
a[]
B°] 93.916(2) 91.542(4)
7 [°]
VA7 2667.99(18)  1391.28(17)  5849.5(3)
Z 8 4 16
Peatca [gem ] 1.425 1.443 1.445
u [mm™] 12.25 12.60 12.08
F(000) 1200 632 2656
reflections collected 43863 12480 95994
independent 6005 3190 6758
observed [1>20(1)] 5496 2956 6022
no. of variables 313 189 395
goodness-of-fit 1.144 1.086 1.146
final R indices [[>20(D)]® R,=0.0500 R,;=0.0299  R,=0.0343
wR,=0.1255 wR,=0.0775 wR,=0.0827
R indices (all data)!® R;=0.0541  R;=0.0326  R,;=0.0401
R,=0.1269 wR,=0.0797 wR,=0.0856

[a) R.=2 ||F,|—|F.||/|F,| with F2>20(F,}). wR,=[Ew(|E.2|—|E2|)/
=R

to the typical riding model. All non-hydrogen atoms were refined with
anisotropic thermal parameters.
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