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ABSTRACT

Four unsaturated polycarbooligosilanes (P1-P4) were prepared via acyclic diene metathesis

(ADMET) polycondensation of new oligosilane diene monomers (1-4). These novel polymers with



varying main chain Si incorporation have high frans internal olefin stereochemistry (ca. 80%), and
molecular weights (9,500 - 21,700 g mol™!). Post-polymerization epoxidation converted all alkene
moieties to epoxides and rendered the polymers (P5-P8) more electrophilic, which allowed for
single molecule force spectroscopy studies via a modified atomic force microscope (AFM) set-up
with a silicon tip and cantilever. The single-chain elasticity of the polycarbooligosilanes decreased

with increasing numbers of Si—Si bonds, a finding reproduced by quantum chemical calculations.

INTRODUCTION

Organometallic polymers represent a compelling platform for advances in new materials due to
the desirable electrical, magnetic, and optical properties that arise from the combination of both

organic and metallic components.!® While polymers with a backbone comprised of elements from

)7—9

group 14 (e.g., Si, Ge, Sn)’~ absorb ultraviolet light, similar to n-conjugated organic polymers and

unlike polyolefins, the number of organometallic polymers is far superseded by carbon-based
polymers. This limited library of hybrid inorganic-organic polymers can be attributed to the
challenges with synthesis and comparatively fewer number of monomers. For example, chain-
growth polymerizations comparable to olefin polymerization are problematic for inorganic

10,11

polymers as the appropriate multiply bonded monomers are difficult to prepare, air- and water-

sensitive, and often require the use of bulky ligands.% 2

An alternative approach is the polymerization of metallic segments, e.g., oligosilyl chains,
capped with organic functional groups, which takes advantage of the functional group diversity of
organic compounds while giving rise to macromolecules with alternating organic and metallic
segments. Recent examples from Klausen ef al. include Kumada polycondensation of

14, 15

dithienylcyclosilanes,'® building on foundational examples from Ohshita, and ring-opening



metathesis polymerization (ROMP) of a strained cycloalkene with embedded oligosilanes (Figure
la).1®

These synthetic advances have resulted in the discovery of new properties, such as our finding
of a reduced segment elasticity for enthalpic stretching in a polycarbooligosilane relative to all
carbon backbones. In our earlier work using single-molecule force spectroscopy (SMES), we
found for polycyclooctene (PCO) an average segment elasticity of 3.5 = 0.1 pN x 10 per unit Lo.
For the macromolecule poly(trans-SiCH), in which 3 of the carbon atoms of polycycloheptene
were replaced with silicon atoms, the segment elasticity decreased to 1.4 pN x 10* per unit L.

The reduced elasticity of poly(zrans-SiCH) is attributed to the lower stiffness of the C—Si and
Si—Si bonds relative to C—C bonds. The correlation between segment elasticity and bond stiffness
can be intuitively understood by invoking the analogy of a chemical bond to a spring, typically
used as a model for understanding bond vibrations and Infrared (IR) spectroscopy. Hooke’s Law
states that the force F' needed to elongate a spring a distance x scales linearly with that distance x
according to the equation F' = kx (eq 1) where £ is the force constant, a constant that characterizes
an individual spring’s stiffness. A plot of force F' vs. displacement x gives a straight line with a
slope k. Therefore, a stiffer spring (steeper slope, larger k) requires a larger force than a softer
spring (flatter slope, lower k) to displace the spring the same distance x. A stiffer spring is also
more elastic and more readily returns to its original shape after deformation.

By analogy, when a polymer strand is stretched in the SMFS experiment, a stiffer strand will
require more force than a more flexible strand to achieve the same elongation. The output of an
SMFS experiment is a force-extension curve, and in the high-force, linear regime a steeper slope
indicates a stiffer strand. To facilitate direct comparisons of different samples, the elasticity with

units of pN per unit Lo can be determined from the slope of the linear high-force regime, and the



details of this calculation are described in the SI of this manuscript and elsewhere. The
characteristic force for chain stiffness & obtained here is related to the segment elasticity (kseo) of
extended freely jointed chain models of polymer elasticity by k = ksegh, where b is the Kuhn length
of the polymer strand.

While our first manuscript comparing the elastic force constants of PCO and poly(#rans-SiCH)
provided evidence that silicon incorporation reduces the force constant of the strand, it had two
limitations that the current manuscript will address. First, a low frequency of poly(¢rans-SiCH)
strand pick-up during SMFS resulted in an insufficient number of pulls to assess experimental
error. Second, the requirement for high ring strain in ROMP limited us to a single example of a
polycarbooligosilane, whereas our hypothesis suggested that each additional flexible bond should
lower the elastic force constant, 4.

Acyclic diene metathesis (ADMET), a step-growth polymerization of linear monomers,
appeared to be a promising alternative to ring-opening metathesis that would afford access to a
homologous series of macromolecules with different length of oligosilane segments. Prior work

1718 “and polycarbogermanes'® are readily

by Wagener demonstrated that polycarbosilanes
obtainable by acyclic diene metathesis (Figure 1b), which led us to hypothesize that the family of
monomers (1-4) with 1 to 4 consecutive silicon atoms could afford the desired macromolecules
(Figure 1c). To our knowledge, no reports of ADMET currently exist for polymers containing Si—
Si bonds. We further anticipated the postpolymerization functionalization of ADMET polymers,

perhaps via epoxidation, could increase the frequency of strand pick-up in the SMFS experiment

by introducing polar functional groups.
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Figure 1. a) Ring opening metathesis polymerization of #rans-silacycloheptene. b) Acyclic diene
metathesis of dichlorodipentenylsilane with Si—Cl bonds that can be readily functionalized. ¢c) New
oligosilane-dienes that undergo acyclic diene metathesis to form polymers with variable silicon

content (this work).

Herein we report the synthesis of oligosilane dienes and their corresponding ADMET polymers
(Figure 1c). In addition, we functionalized the poly-dienes via epoxidation to increase the rate of
strand pick-up during SMFS and studied the micromechanical properties of the polySis-epoxides
as a function of Si content via SMFS. With an increasing number of Si—Si bonds in
polycarboligosilanes, we observed an overall decrease in elasticity that is in agreement with our
calculations.

RESULTS AND DISCUSSION

To begin our studies, we synthesized a class of oligosilyl dienes from 5-pentenylmagnesium
bromide and dichlorooligosilanes (Scheme 1). The dienes were isolated as colorless oils in 48-
80% yields after rigorous purification by column chromatography followed by vacuum distillation.

Dienes 1-4 were characterized by 2°Si {'H} NMR where one [1 (2.3 ppm) and 2 (-17.9 ppm)] or



two [3 (-14.1, -49.1 ppm) and 4 (-13.4, -45.0 ppm)] diagnostic silicon environments were observed
to support their purity (Table 1). Additionally, the dienes themselves were characterized by size
exclusion chromatography (SEC), and an increase in retention time with the number of silicon

atoms was observed (Figure S61).

Scheme 1. Synthesis of oligosilane dienes via pentenyl Grignard reagent.

1) Mg®, Bra(CHa)o —
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Table 1. Observed NMR chemical shifts for the 2°Si and 'H nuclei in dienes 1-4 in CDCls.

Diene ¥Si{'H} (ppm) 'H (ppm) [H2C=CH-]
1 23 5.03-4.92 (m, 4H), 5.80 (ddt, 2H)
2 -17.9 5.05-4.93 (m, 4H), 5.81 (ddt, 2H)
3 -14.1,-49.1 5.04-4.93 (m, 4H), 5.81 (ddt, 2H)
4 13.4,-45.0  5.05-4.94 (m, 4H), 5.81 (ddt, 2H)

We were then interested in polymerizing the dienes to obtain polymers with varying numbers of
silicon atoms in effort to understand the effect silicon plays on the micromechanical properties of
the polymer chain. Due to the successful polymerization of di(4-pentenyl)dichlorosilane reported
by Wagener, we chose to use Schrock’s molybdenum catalyst for the ADMET polymerization.'”
2022 Jsing a monomer-to-catalyst ratio of 500:1 (0.2 mol% catalyst), Schrock’s [Mo] catalyst was
added to the dienes, and immediate bubbling (ethylene evolution) was observed. The

polymerizations were stirred at room temperature under intermittent vacuum for 1 hr, followed by



dynamic vacuum at 40 °C for 3 days, during which the reaction solutions turned into viscous oils
and stirring ceased (Scheme 2). The viscous oils were purified by precipitation into ice cold
methanol to remove the [Mo] catalyst, leaving behind off-white tacky polymers (P1-P4). In some
instances, the polymers remained a slight yellow-green color due to remaining trace amounts of

the Schrock catalyst that could not be separated.

Scheme 2. ADMET polymerizations of Si-dienes 1-4.
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P1-P4 were fully characterized by 'H, °C, and ?°Si NMR spectroscopy which confirmed their
structures. In the '"H NMR spectra, a disappearance of the two vinyl proton resonances and the
appearance of a new broad alkene feature at 5.38 ppm was observed, confirming the release of
ethylene. PolySis-dienes (P1-P4) had *C NMR resonances consistent with the presence of both
internal cis- and trans-olefins (Table 2). The content of frans-alkenes was determined to be ca.
80% by quantitative >*C NMR studies which was consistent with what Wagener has reported in
other polyolefins obtained via ADMET.?® No change in 2’Si chemical shifts was observed between
the monomers and polymers.

The molecular weights (Mn) of P1-P4 determined by size exclusion chromatography (SEC)
ranged from 9,500 - 21,700 g mol™! with dispersities close to 2, which is typical for polymers
generated from ADMET (Table 2).>* An exception is P3 (Mw/Mx = 4.3), which we hypothesize
might be due to the formation of cyclic and/or oligomeric byproducts that could not be separated

during polymer precipitation. Given Si’s tendency to lessen ring strain relative to a carbocycle of



the same number of atoms, !% 2% 2 the ring/chain equilibria in ADMET of Si-based polymers likely
follow trends distinctive from all-carbon backbones; indeed, Wagener has characterized the
significant formation of a 9-membered macrocycle (Z/E = 4:1) via post-polymerization back-
biting.?”> * However, attempts to conclusively identify cyclic and/or oligomeric species by
MALDI-TOF mass spectrometry were not conclusive due to challenges in ionization.

We attribute the decrease in molecular weight from P2-P4 to uncontrollable differences in
experimental conditions when the viscosity of the polymers caused a significant decrease in
stirring rate. UV-vis studies of P3 and P4 in THF solutions revealed absorption maxima at 216
and 236 nm (Figures S74 and S75), respectively, which are consistent with the photophysical
properties of 3, 4, and previously reported oligosilanes.?~* The mono- and disilane moieties of P1
and P2 were expected to absorb high-energy UV light (<200 nm) outside the window of our
spectrophotometer (Me3SiSiMes Amax = 197.5 nm)** and therefore UV-vis spectra for these

samples were not obtained.



Table 2. Molecular weight, stereochemical, and thermal properties of polySis-dienes and polySin-

epoxides.

Polymer Mn (kg mol')® Mw/Mn % trans Tg (°C)

P1 20.3 2.0 83 n.d.b
P2 21.7 2.4 81 -80.4
P3 14.4 43 81 -82.8
P4 9.50 2.8 82 -77.5
P5 9.12 2.1 80 -54.7
P6 12.9 2.3 82 -61.9
P7 6.02 2.4 82 -62.7
P8 5.06 2.4 81 -51.8

*Molecular weight (Mn) was determined by size exclusion chromatography relative to polystyrene
standards at 254 nm (THF, [polymer] = 1 mg/mL, 40 °C, 0.35 mL min™!, 10 pL injection). "Lower

T, than the limit of the instrument.

We hypothesized that the olefin moieties of isolated P1-P4 could be epoxidized to facilitate our
ability to study their mechanical properties via SMFS, as has been done previously with other
main-chain olefins.>**® To ensure that the Si-Si bonds within the polymer backbone were stable
to the strong oxidizing conditions of epoxidation, we first explored the reaction of 3 and meta-
chloroperoxybenzoic acid (mCPBA). A DCM solution of mCPBA was added to a cooled solution
of 3 in DCM, and slowly warmed to room temperature over 20 hours. Analysis by 'H NMR

spectroscopy of the unpurified reaction mixture showed only 3-chlorbenzoic acid and signals



consistent with the di-epoxy. After basic aqueous work-up to remove the benzoic acid, the 'H
NMR spectrum showed the disappearance of the alkene proton resonances and the appearance of
three new resonances between 2.46 and 2.90 ppm. These new peaks are consistent with previous

38,39 and are

reports of a similar alkoxide substituted silacyclobutane®’ and main-chain epoxides,
therefore assigned as such. Further, no evidence of oxygen insertion into the Si—Si bonds or silicon
bond cleavage was observed via '"H NMR and IR (Figures S25-27, S52). Using the same conditions
for the epoxidation of 3, the new functionalized polymers (P5-P8) were isolated as colorless
viscous liquids in 62-96% yields (Scheme 3). A nearly 50% decrease in molecular weight is
observed via SEC when comparing the polySin-dienes to the polySin-epoxides, which could be
associated with a difference in the hydrodynamic volume once the alkenes are functionalized with
epoxide units. The polySis-epoxides were characterized structurally in solution by 'H, *C, and
2Si NMR spectroscopy. Both 'H and '*C NMR spectra displayed resonances attributed to the
presence of cis- and trans-epoxides on the polymer chains. For example, in the '"H NMR spectrum
of P6, chemical shifts at 2.91 and 2.66 ppm are assigned to the cis- and frans-epoxide protons,
respectively (Figure 3a). Additional 'H-"H homonuclear correlation spectroscopy (COSY) shows
cross peaks between the cis- and trans-epoxide protons and the neighboring CH> (1.56 ppm)
(Figure 3b). 'H-'*C heteronuclear single-quantum correlation spectroscopy (HSQC) allows the cis-
and trans-carbon environments to be assigned due to an observed cross peak between the cis-
proton resonance at 2.91 ppm and the carbon resonance at 57.0 ppm (Figure 3c). The cis/trans
ratio after epoxidation (18:82) is in agreement with the cis/trans ratio of the starting polySi>-diene

(19:81) (Table 2). Absorption maxima for P7 (215 nm) and P8 (237 nm) are in agreement with P3

and P4 and support the absence of Si—O-Si units within polymer strands (Figure S76).

10



Scheme 3. Post-polymerization epoxidation of polymers P1-P4.
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Figure 3. a) Cropped 'H NMR spectrum of poly(epoxy-disilane) in CDCls highlighting presence

of cis- and trans-epoxide protons. b) 'H-'H COSY depicting cross peaks between cis/trans-
epoxide protons and neighboring CH> resonance. ¢) 'H-">C HSQC confirms chemical shifts of

carbon environments of cis- and trans-epoxides.

The thermal properties of polymers P1-P8 were studied via differential scanning calorimetry
(DSC) and thermogravimetric analysis (TGA). Given the well-known pyrolysis of

40,41 and the thermal

polycarbosilanes and polysilanes to silicon carbide, under inert atmosphere,
decomposition of polysilanes typically beginning around 200-250 °C, we obtained air-free TGA
data on P1-P4 to determine the onset temperature for decomposition. Notably, P2-P8 all exhibit

low glass transition temperatures (7)) which we attribute to the high degree of flexibility within

11



the polymer chains, and the small pendent groups on silicon. This is in contrast to our previous
study wherein the poly(trans-SiCH) has a significantly higher 7 of 39.7 °C due to the presence of
bulkier Ph substituents. The 7, of P1 is below the limit of the DSC instrument employed (-90 °C),
which is in agreement with the polycarbosilane previously reported by Wagener.!” Additionally,
an overall trend of higher T, values for the polySin,-epoxides was observed in comparison to the
polySin-dienes. We attribute this trend to increased interchain interactions arising from the more
polar epoxy groups that could reduce overall free volume and increase 7.

We hypothesized that the high force elasticity of the polymer could be modulated by the
number of silicon atoms along the polymer strand. To test this hypothesis, we carried out a DFT
study of epoxidized monomer units capped by methyl groups, where the amount of dimethylsilene
or methylene groups were varied (Figure 4). The structures of these compounds were optimized
under external pulling force using the external force is explicitly included (EFEI) formalism,*
where the force was applied to terminal methyl groups in increments of 50 pN ranging from force-
free conditions to 3000 pN. We observed that silicon-silicon and silicon-carbon bonds tended to
distort more under external force. Similarly, we found that bond angles around silicon atoms tend
to distort along the strand more easily when compared to bond angles around carbon atoms. For
example, at 3 nN, a £C-C-C bond angle distorted by 4.1° relative to the optimized structure at 0
nN, while a similarly situated £Si-Si-Si bond angle distorted by 15.4°. The monomer elasticity
was calculated by determining the slope of the force-extension curves of the terminal methyl
groups of monomers in linear regions from 1.5—3.0 nN. The monomer lengths were normalized

by the distance between the two terminal methyl groups optimized under force-free conditions

(Figure S100).

12



Consistent with our hypothesis, we found that by increasing the amount of dimethylsilene, the

elasticity of the monomer decreases gradually with each additional Si atom along the strand, from

2.36 to 1.82 x 10* pN per unit Lo, whereas similar effects are not observed by incorporating

additional methylene groups in the monomer strand (Figure 4).
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Figure 4. Calculated elasticity of epoxidized monomers containing different numbers of

dimethylsilylene or methylene groups (left). Optimized structures of monomers with 3

dimethylsilene (bottom) or methylene (top) groups, at force-free (top) and 3 nN external applied

force (right). Carbon is shown in grey, silicon in yellow, and oxygen in red, while hydrogens are

omitted for clarity.

To further analyze the force-coupled behaviors of the polymers, we performed SMFS

experiments on P5-P8. Achieving attachments that persist to high (~nN) forces is difficult for

nonpolar and unreactive polymers such as P1-P4, but the combination of silicon AFM probes and

epoxide functionality in P5-P8 resulted in a sufficient number of pulling events to obtain

statistically meaningful data about the relative single chain mechanics. Each force-separation

curve was first fit with a modified freely jointed chain model to determine the contour length (Lo)

13



of the polymer subchain that was trapped between the cantilever tip of the AFM and the surface
on which the substrate was adsorbed. The separation for each curve was then normalized to the
length of its unit contour length as L/Lo (Figure 5). To quantitatively evaluate the impact of
increasing Si atoms on chain elasticity, the slopes of force-extension curves (felastic) in the enthalpic
distortion region from 1000 pN to F.ax at which the polymer detaches from the cantilever (analysis
is limited to curves in which Fiax > 1,500 pN), were compared across the series PS-P8 (Table 3).
The values of feiastic have an experimental uncertainty of 15-25% across the series, which we
attribute to the low molecular weights of the polymers. The characterization of short polymer

strands is complicated by greater contributions from off-angle pulling**: 4

and greater relative error
from uncertainty in the spatial measurement. Nonetheless, the data are broadly consistent with the
computational predictions. First, feasic of all of the polymers (1.6 — 3.4 x 10* pN per unit Ly) is
lower than that of the carbon-based polymer polycyclooctene (3.5 x 10* pN per unit Ly).'® Second,
the measured felasic is greater for the low Si-content polymers P5 and P6 (2.9 x 10* and 3.1 x 10*
pN/Ly, respectively) than for the higher Si-content polymers P7 and P8 (2.1 x10*and 1.6 x 10*
pN/Ly, respectively). This variation in force constant corresponds to an increase of 9% to 33% in
Si atom content per repeat unit. While PS5 does not have an fuasic value higher than P6-P8 as
expected, it is the only polymer without Si—Si bonds, and due to its lower molecular weight,
achieving a higher number of pulling events from SMFS to produce a statistical difference proved
to be difficult.

The overall reduction in felastic With increasing Si content suggests an opportunity to tune the
chain extension behavior through subtle variation in monomer design in a way that can eventually

be used to probe the connection between the micromechanical properties of single strands and the

properties of polymer networks made from those polymers. Furthermore, P5-P8 all had higher

14



elasticity than our previously reported poly(trans-SiCH) (1.4 x 10* pN/L¢) with a silicon

incorporation of 43% which is in agreement with the calculated trends.'®

2500

2000

2000 4

1500

1500 4

1000

Force (pN)

1000 -

500 1

O'm

0.80 0.85 090 095 1.00 1.05 110 1.15 1.20
Normalized Separation

Figure 5. Representative single-molecule force-extension curves of P5-P8 normalized at 500 pN.

Table 3. Slopes of the high-force region (F > 1000 pN) of the force-extension curves of P5-P8.

Polymer Setastic (PN % 10% per unit Lo)
polycyclooctene 3.5+£0.1
P5 29+03
P6 3.1+£0.3
P7 2.1+0.3
P8 1.6+0.4
CONCLUSIONS

In summary, we report the preparation of a new class of oligosilane dienes and their ADMET
polymers. The polycarbooligosilanes were characterized in solution via NMR, which revealed
polymer chains with a high percent of internal frans-olefins. DFT studies supported our hypothesis

of polymer elasticity decreasing with an increasing number of Si—Si bonds. Functionalization of

15



the ADMET polymers with epoxide groups allowed us to experimentally investigate the elastic
properties via SMFS, which was in agreement with the same trend. These data suggest that
substitution of carbon with silicon in linear polymers will have a substantial effect on the
mechanical properties of materials, and motivates the design of polymer networks with heavier

carbon analogues that will be future synthetic targets in our laboratory.
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