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The macroscopic properties of polymeric materials
depend on the structure, order, and dynamics of the
macromolecular chains.! Understanding the motions of
polymer chains in a bulk material therefore represents
an important scientific challenge and has implications
for the observed mechanical properties and possible
applications. The incorporation of organometallic moi-
eties with unusual geometries in the polymer main
chain is of considerable interest as this should lead to
an increase in the range of motions possible in com-
parison to organic polymer systems.?

High molecular weight (M, = 105-10%, M, > 10%)
linear poly(ferrocenes) such as the poly(ferrocenylsilane)
2 represent a recently established class of these materi-
als and are readily accessible via the thermal, anionic,
or transition-metal-catalyzed ring-opening polymeriza-
tion (ROP) of strained metallocenophane monomers
such as 1.3 Recent attention has focused on the interest-
ing physical properties arising from the presence of
interacting metal atoms in the main chain and their use
as precursors to magnetic materials including nano-
structures.345 From the standpoint of molecular mo-
tion, ferrocene possesses very facile (almost free) cyclo-
pentadienyl (Cp) ligand rotation. (In fact, the iron atom
in a ferrocene unit has been likened to that of a
“molecular ball bearing”.%) On the other hand, the
preference for the Cp ligands to remain approximately
coplanar might be expected to place significant con-
straints on chain motions in the solid state.
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Substantial changes in the mechanical properties of
a polymer are observed around the glass transition
temperature (Tg), and these can be directly related to
molecular motions of the polymer main chain and side
groups. Previous studies of the thermal transition
behavior of poly(ferrocenes) 2 have shown the Ty to be
greatly influenced by side groups, and values from —51
to +150 °C have been determined.” To date, very few
studies of motion in ferrocene-containing polymers have
been reported in the literature.2® Nuyken and co-
workers® have used Mdssbauer absorption spectra to
investigate amorphous block copolymers that contain
ferrocene and possess a low Ty for temperatures ranging
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from 4 to 330 K. The decrease in the recoil free fraction
at higher temperatures was interpreted as the onset of
motion of the ferrocene units with a frequency higher
than 10 Hz. The exact nature of these motions was
not investigated.

Solid-state deuterium NMR provides a unique probe
for the study of molecular motions of organic polymers,
including the effects of temperature relative to the glass
transition.t® In this paper we report the deuterium NMR
spectra, obtained near room temperature, of three high
molecular weight (M,, > 20 000) poly(ferrocenylsilanes)
selectively deuterated at either the cyclopentadienyl
rings or the side groups of silicon. To our knowledge,
this represents the first 2H NMR study of molecular
motion in transition-metal-containing polymers.

Selective deuteration of the cyclopentadienyl rings of
ferrocene was achieved by the addition of excess D,O
to dilithioferrocene-tetramethylethylenediamine (fcLi,-
TMEDA) in THF, which was generated by treatment
with "BuLi in the presence of TMEDA in hexanes.!!
Evaporation to dryness, extraction with CH,Cl,, and
purification by vacuum sublimation resulted in an
isolated yield of 86% (ca. 20% deuteration). Repetition
of the lithiation and quenching steps was used in the
synthesis of polymers 3b and 3c to obtain more signifi-
cant deuteration (ca. 50%) of the Cp rings. Isolation of
the deuterated ferrocene allows for the synthesis of [1]-
ferrocenophane monomers and the resulting ring-
opened polymers (3a, 3b, and 3c) by previously reported
methods.® The monomers were isolated by vacuum
sublimation in moderate yields and characterized by H
NMR and mass spectrometry.!?2 Polymers were formed
via thermal ROP at 150 °C for 3a and by transition-
metal-catalyzed ROP for 3b and 3c. The amounts of
deuterium incorporation were found to be approximately
20% for 3a and 50% for 3b and 3c by 'H NMR
integration.12

To probe side-group motions, two poly(ferrocenes)
with selective deuteration at the silicon side groups were
also investigated. Polymer 4a was synthesized via direct
halide substitution of poly(ferrocenylmethylchlorosilane)
with ds-MeLi in THF using methods analogous to those
reported previously.® Analysis of the IH NMR of the
product showed that essentially all of the chlorine
substituents on the polymer were replaced with CD3
groups. Synthesis of 4b was carried out by the reaction
of 2 equiv of ds-methanol with the SiCl,-bridged mono-
mer followed by ROP via a procedure analogous to that
recently reported for the nondeuterated counterpart.”
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3a: R =CHj, x+y =2
3b: R = OCHg, x+y =4
3c: R= OC6H13, X+y = 4

4a: Rl = CD3, R2 = CH3
4b: Rl = R2 = OCD3

Variable temperature 2H NMR spectra of the deuter-
ated polymers were obtained on a Chemagnetics CMX300
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Figure 1. Solid-state 2H NMR spectra at 25 °C with deutera-
tion of the Cp rings of the polymers: (A) polymer 3a with a
guadrupole splitting of 131 kHz, (B) polymer 3b with a
guadrupolar splitting of 133 kHz, and (C) polymer 3c, a single
line which is indicative of an isotropic motion of the Cp ligands.

NMR spectrometer operating at 45.98 MHz for deute-
rium, using a Chemagnetics static solids probe. The
quadrupolar echo pulse sequence was employed!* with
a spectral width of 1 MHz digitized into 1K data points,
a 90° pulse width of 2 us, an interpulse delay of 40 us,
and a recycle delay of 60 s. Typically, between 300 and
600 acquisitions were signal averaged.
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Figure 2. Solid-state ?H NMR spectrum of 4a at 25 °C
showing a quadrupolar splitting of 40 kHz.

The room temperature (25 °C) deuterium NMR spec-
tra of 3a (Tyg = 34 °C) and 3b (T4 = 19 °C), shown in
Figure 1A,B, consist of Pake doublet powder patterns
with asymmetry parameters near zero and quadrupole
splittings of 131 and 133 kHz, respectively. These values
can be compared to the static quadrupole splitting of
145 kHz reported for perdeuterated ferrocene.'® Thus,
the Cp rings of 3a and 3b appear to be frozen and
immobile at room temperature on the time scale of the
experiment. No apparent change in the spectra was
observed upon heating to 50 °C. In sharp contrast, the
room-temperature deuterium NMR spectrum of 3c (Tg
= —51 °C), shown in Figure 1C, consists of a narrow
singlet, indicating virtually isotropic motion of the Cp
rings. These polymers therefore appear to exhibit a
trend similar to that found for organic polymers in
which the NMR Ty is approximately 60—80 °C higher
than the mechanical T,.10¢

For polymer 4a (Ty = 34 °C) the deuterium NMR
spectrum (Figure 2) consists of a Pake doublet powder
pattern with an asymmetry parameter of zero and a
guadrupolar splitting of 40 kHz. This is the value
expected for methyl rotation about the Si—CD3; bond,
so no additional motions of the polymer backbone need
to be invoked to explain this finding. It is not surprising,
in fact, that poly(ferrocenyldimethylsilane) exhibits only
side-group motions and no motion of the polymer
backbone since this polymer is known to be crystalline
with a melting point in the range of 122—143 °C.%¢ Thus,
close packing of the polymer chains should prohibit all
but the slowest motions of the ferrocene moieties, and
the thermal annealing above T4 would only serve to
increase crystallinity.

For polymer 4b (Tyg = 19 °C), which is mainly
amorphous, the quadrupolar splitting of 31 kHz ob-
served at 10 °C (Figure 3A) indicates the presence of
some motion in addition to methyl rotation about the
O—CDg3 bond. A likely candidate for this would be some
degree of rotation about the Si—O bond. As the tem-
perature is raised to 35 °C (Figure 3B), a second spectral
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Figure 3. Variable temperature solid-state 2H NMR spectra
for 4b (Ty = 19 °C) at (A) 10, (B) 35, and (C) 50 °C showing a
guadrupolar splitting of 31 kHz.

component begins to appear in the central region of the
spectrum. This component has a smaller quadrupolar
splitting and grows in intensity with increasing tem-
perature. At 50 °C (Figure 3C) the spectrum is clearly
a superposition of two spectral components. Evidently,
a portion of this polymer sample experiences additional
motions not undergone by polymer 4a. A reasonable
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explanation for this additional motion would be libra-
tions of the polymer backbone.

The results described above indicate that solid-state
deuterium NMR provides an excellent probe of the
molecular motions of poly(ferrocenes). The lack of mo-
tion of the Cp rings for polymers 3a and 3b at temper-
atures near or above the Ty was counterintuitive
considering the highly fluxional structure of ferrocene,
with the low barrier of rotation about the iron—Cp bonds
(3.34 kJ/mol).1® However, studies of the low-Tg4 poly-
(ferrocene) 3c showed the presence of significant mo-
tions at a temperature 75 °C above the Ty of the
polymer. Appreciable motion was also detected for 4b
at 50 °C. Since the 2H NMR spectrum of polymer 3b
shows no evidence of these additional motions, they
would appear to be localized to the region of the silicon
and to not involve the ferrocene units.

Future work in this interesting new area will focus
on variable temperature studies of the low-Ty polymer
3c in addition to deuterium NMR exchange spectros-
copy1 to better define the nature and time scale of the
Cp ring motion.
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