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Introduction

Polynorbornene with silicon cluster pendant
groupst
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Multicyclic oligosilane clusters like permethylated bicyclo[2.2.2]octasilane (Si[2.2.2]) represent a new class
of electronic insulators that harness quantum effects (i.e., destructive o-quantum interference (c-DQI)) to
suppress charge transport. Polymeric insulators that operate from o-DQI principles are highly promising
for applications in ultrathin dielectrics. To realize such applications, however, it is crucial to devise strat-
egies for incorporating molecular silicon clusters into polymeric materials. Here we describe the design,
synthesis, and characterization of the first polymers with oligosilane clusters as pendant groups. We first
describe our process to find a successful synthetic route to install alkyl-spaced norbornene termini onto
Si[2.2.2] clusters. Next, we show these clusters remain structurally intact under ring-opening metathesis
polymerization (ROMP) conditions to yield high molecular weight polymers with relatively narrow polydis-
persity (M, = 902-1289 kDa, O = 1.54-1.68). UV-vis absorbance studies show that the cluster-polymer
hybrids retain the same optical absorbance features that are specific to the discrete monomeric cluster.
Crucially, we find that installing the Si[2.2.2] cluster pendants to polynorbornene backbones results in
emergent improvements in thermal stability, where the decomposition temperature of the cluster-
polymer hybrid (T4 ~ 340 °C) increases by 80 °C compared to the free monomer. These results suggest
cluster-polymer hybridization is a general strategy to improve the thermal stability of silicon cluster
materials. We anticipate that the synthesis and characterization of the silicon cluster-polymer hybrids
herein will be a key stepstone toward evaluating silicon clusters as c-quantum interference-enabled
dielectric materials.

gated in single-molecule junctions with the scanning tunnel-
ing microscopy break-junction (STM-B]) technique.'® This

Electrical insulators play key roles in modern electronics where
they are used as dielectrics in capacitors and field-effect tran-
sistors, high-voltage insulators, and protective coatings. Their
ability to build capacitive charge enables their use in energy
harvesting, energy storage, and electronic devices.' As the
demand for ultrathin dielectrics increases,”® it is becoming
increasingly critical to find new forms of insulators that are
even more resistive than what is presently used.

Multicyclic oligosilane clusters, particularly the permethyl-
ated bicyclo[2.2.2]octasilane (Si[2.2.2]) motif,”® are highly
promising molecular materials in this regard. In 2018, the
charge transport properties of Si[2.2.2] clusters with gold-
binding methylthiomethyl endgroups (Fig. 1a) were interro-
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study revealed that the cis-like dihedrals of the constrained oli-
gosilane bridges invert the symmetry and energetic ordering of
the frontier molecular orbitals (MOs) that are critical for
charge transport. These inversions caused strong destructive o-
quantum interference (6-DQI) to occur between the transmit-
ting MO channels, leading to molecular junctions that are
even more electrically resistive than vacuum gaps of the same
length. Solomon and coworkers invoked interatomic trans-
mission pathway calculations' to show that significant ring
current reversal effects (Fig. 1a) arise from 6-DQI. Notably, Si
[2.2.2] clusters were found to be far more resistive on a per-
length basis than the canonical alkane and siloxane insulators
that are molecular analogs of bulk scale polymeric insulators
like polypropylene and silicon dioxide, and more resistive than
n-conjugated DQI insulators.”>™* These studies pointed to Si
[2.2.2] clusters as potential next-generation insulators where
ultrahigh resistance may be achieved through destructive o-
quantum interference effects.

Towards realizing this vision, it becomes necessary to con-
sider how to incorporate Si[2.2.2] structures into soft
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Fig. 1 (a) Schematic of prior scanning tunneling microscopy break-junction (STM-BJ) studies on single-molecule junctions of Si[2.2.2] clusters with
methylthiomethyl endgroups attached between gold electrodes (gold spheres). These clusters were found to be even more insulating than vacuum
gaps of the same dimensions due to destructive c-quantum interference (c-DQI) effects. The arrows summarize calculated interatomic transmission
pathways with forward current (gray arrows) and reverse current (red arrows) flow as a graphical representation for transport annulment across the
molecular junction. These prior studies motivate the present work to explore polymers built from o-DQI concepts. (b) This work describes the syn-
thesis and characterization of the first polymers incorporating the Si[2.2.2] building block.

materials, as molecular clusters lack the flexibility, processabil-
ity, and film robustness of polymers. Indeed, cluster-polymer
hybrid materials have been devised for metallic,”*® metal
chalcogenide," metal-oxo,”°** silsesquioxane,**>° borane,>”
carborane,”®*>°  phosphorous-nitrogen  cages,> >  and
other’®® clusters to achieve properties and functionalities
that are often greater than the sum of their parts. These
studies motivated us to explore whether we could similarly
access  Si[2.2.2] cluster-polymer  hybrids (Fig. 1b).
Polysilanes®**° and polymers with cyclosilane subunits*'™
are known. Hybrid polynorbornenes with silane*®>* and silox-
ane subunits®>****” are also known. But there are no
examples to our knowledge of polymeric structures with multi-
cyclic silicon cluster building blocks.

Here we enact ring-opening metathesis polymerization
(ROMP) on a norbornene-terminated Si[2.2.2] monomer to
access the first polymers with multicyclic silicon cluster
pendant groups. Nuclear magnetic resonance (NMR) studies
reveal the oligosilane clusters remain intact under ROMP con-
ditions. UV-vis absorbance studies show that the polymer
retains the optical absorbance features intrinsic to the free
cluster. Meanwhile, thermogravimetric analysis studies show
that Si[2.2.2] clusters become significantly more robust to
thermal degradation when affixed to polynorbornene back-
bones compared to the free cluster molecule, a result that
suggests polymer attachment\is a general strategy to increase
the thermal stability of silicon clusters. The synthesis and
characterization of silicon cluster-polymer hybrid materials
reported herein paves a path to exploring their use as dielectric
materials.

Experimental
Materials and characterization methods

Unless otherwise specified, all chemicals were used as pur-
chased without further purification. Solvents used for recrys-
tallization, column chromatography and polymer workup were

3524 | Polym. Chem., 2025, 16, 3523-3531

reagent grade and used as received. Reaction solvents toluene,
tetrahydrofuran (THF), dichloromethane (DCM) were dried
and degassed on a J. C. Meyer solvent dispensing system fol-
lowing the manufacturer’'s recommendations for solvent
preparation and dispensation.

Materials. Potassium tert-butoxide (KOBu, 97%) was pur-
chased from Alfa Aesar. 18-crown-6 (18-C-6, >99%) was pur-
chased from Oakwood Chemical. 1,2-
Dichlorotetramethyldisilane (95%) was purchased from Gelest.
1-Bromo-4-(t-butyldimethylsilyloxy)butane (98%) was pur-
chased from Combi-Blocks. Acetyl chloride (AcCl, >98%) was
purchased from TCI America. Anhydrous methanol (MeOH,
99.90%) was purchased from Fisher Scientific. N,N'-
Dicyclohexylcarbodiimide (DCC, 99%) and ethyl vinyl ether
(stabilized with KOH, 98%) were purchased from AK Scientific.
4-(Dimethylamino)pyridine (DMAP, >+99%), exo-5-norborne-
necarboxylic acid (Nb-COOH, 97%) and Grubbs 2" generation
catalyst were purchased from Sigma-Aldrich. Differential scan-
ning calorimetry (DSC) and thermal gravimetric analysis (TGA)
crucibles were purchased from Netzsch.

Instrumentation and measurements. 'H NMR, *C NMR,
and *°Si DEPT NMR were recorded on Bruker NEO400
(400 MHz) and Bruker AV 600 (600 MHz) spectrometers.
Chemical shifts for "H NMR are reported and referenced to
residual protium in NMR solvents (CHClz, 6§ 7.26). Chemical
shifts for '*C NMR are reported in parts per million downfield
from tetramethylsilane and are referenced to the center peaks
of residual solvents (CHCl;, § 77.16). Chemical shifts for >°Si
are reported in parts per million downfield from tetramethyl-
silane and are referenced to a tetramethylsilane external stan-
dard. To compensate for the low isotopic abundance of *°Si,
the DEPT pulse sequence was employed for the amplification
of the signal. Data are represented as follows: chemical shift,
multiplicity (s = singlet, d = doublet, t = triplet, q = quartet,
m = multiplet), coupling constants in Hertz, and integration.

For molecular mass characterization, low-resolution mass
spectrometry (LRMS) was recorded on a Waters XEVO G3 QToF
mass spectrometer equipped with a UPC2 SFC inlet, electro-
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spray ionization (ESI) probe, atmospheric pressure chemical
ionization (APCI) probe, and atmospheric solids analysis probe
(ASAP).

For polymer mass characterization, the absolute molecular
weights (M, M,) and polydispersity index (PDI) of the poly-
mers were determined using size exclusion chromatography
coupled with multi-angle light scattering (SEC-MALS). A
miniDawn TREOS MALS detector and Optilab dRI refractive
index detector, both from Wyatt Technology, were employed as
the primary detectors. THF was used as the mobile phase.
Injections were carried out using a Shimadzu LC-2050 HPLC
system, with a flow rate of 1 mL min™" over 20 minutes, and
injection volumes of 20 uL to avoid detector saturation due to
the high molecular weight of the samples. Supplemental con-
centration detection was performed using a UV channel at
254 nm. Polystyrene standards with molecular weights of
29 kDa and 128 kDa were used for calibration, allowing for the
normalization of the three scattering angles of the MALS detec-
tor. Detector alignment and chromatogram correction (includ-
ing band broadening) were applied to ensure accurate data
processing. The refractive index increment (dn/dc) for each
sample was determined using Wyatt’s ASTRA software. The dn/
dc values were calculated based on a 100% mass recovery
method, ensuring accurate quantification of polymer concen-
tration during the analysis.

Powder X-ray diffraction (PXRD) analysis was performed
using Empyrean PANalytical Series 2 system with a Cu-Ka
source (A = 1.541 A) to characterize 1 and PNB-Si[2.2.2]. The
materials were ground into a fine powder and analyzed using a
zero-diffraction plate (32 mm diameter x 2.0 mm thickness, Si
crystal) purchased from MTI Corporation. Thermogravimetric
Analysis (TGA) curves were obtained from ~1-2 mg of sample
in an alumina crucible (6 m, 25/40 pl) and analyzed by
Netzsch TG 209 F1 Libra from 25 °C to 600 °C under N, atmo-
sphere with a heating rate of 10 °C min™'. Differential
Scanning Calorimetry (DSC) was carried out using a Netzsch
214 Polyma DSC. Samples (1-2 mg) were sealed in aluminum
concavus crucibles (6 mm; 25/40 pL). Heat-cool-heat cycles
from —30 °C to 320 °C were performed with both heating and
cooling rates of 10, 20, 30 °C min~" under N, (Fig. S1 and S27).
Ultraviolet-visible (UV-vis) absorbance spectra were collected
with an Aglient Cary 60 UV-Vis Spectrophotometer, with
samples made in spectroscopy-grade cyclohexane (Uvasol) in a
1 cm quartz cuvette.

Synthesis of 3

An oven-dried 250 mL Schlenk flask with a stir bar was
charged with 1 (3.92 g, 7.11 mmol, 1.0 equiv.), potassium tert-
butoxide (0.79 g, 7.11 mmol, 1.0 equiv.), 18-crown-6 (1.88 g,
7.11 mmol, 1.0 equiv.) and dissolved in dry toluene (60 mL).
The reaction was stirred at room temperature overnight under
nitrogen. The reaction mixture was cooled to —78 °C with a dry
ice-acetone bath, upon which 1-bromo-4-(t-butyldimethyl-
silyloxy)butane (1.90 g, 7.11 mmol, 1.0 equiv.) was added drop-
wise into the mixture. After addition, the dry ice bath was
removed, and the reaction was stirred at room temperature for

This journal is © The Royal Society of Chemistry 2025
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2 h. The solution changed from orange to colorless as it slowly
warmed to room temperature. The reaction mixture was
quenched with deionized water (15 mL). The aqueous layer
was extracted with anhydrous diethyl ether (3 x 15 mL) and the
combined organic layers were brine-washed, dried over
sodium sulfate, then concentrated in vacuo yielding the crude
material as an off-white semi solid (4.87 g). The crude material
was used without further purification, as higher yields were
obtained over a two-step sequence this way.

'H NMR (600 MHz,
CDCly)

§3.61 (dt, J = 6.2, 3.4 Hz, 2H), 1.59-1.52 (m,
2H), 1.52-1.45 (m, 2H), 0.89 (s, Hz, 9H), 0.27
(s, 18H), 0.25 (s, 18H), 0.22 (s, 9H), 0.04 (s, 6H).
BC NMR (151 MHz, 8 65.00, 39.90, 28.58, 20.88, 10.61, 6.15, 2.36,
CeDs) 1.35, =2.77.

*9Si NMR (79 MHz, 6 18.27, —5.85, —38.02, —40.50, —76.67,

CDCl) —130.30.

LRMS (ASAP) for [C,5HesOSiq: calculated = 664.3, found = 665.2 [M + H]"

Synthesis of 4

Synthesis of 4 was modified from Khan et al.:>® an oven-dried

100 mL RBF with a stir bar was charged with 3 (1.5 g,
2.25 mmol, 1.0 equiv.) and dissolved in dry THF (10 mL).
Acetyl chloride (0.801 mL, 11.27 mmol, 5.0 equiv.) and metha-
nol (0.456 mL, 11.27 mmol, 5.0 equiv.) were added at 0 °C over
an ice bath. The ice bath was removed after addition of
reagents, and the reaction was stirred at room temperature
under nitrogen for 1 hour. The reaction mixture was quenched
with deionized water (5 mL). The aqueous layer was extracted
with anhydrous diethyl ether (3 x 15 mL) and the combined
organic layers were brine-washed, dried over sodium sulfate,
then concentrated in vacuo. The product was purified via silica
gel chromatography by using 10% ethyl acetate in hexanes as
eluent to yield 4 as a white solid (0.48 g, 40% yield).

'H NMR (600 MHz,
CDCly)

8 3.65 (q,J = 6.1 Hz, 2H), 1.62 (p, J = 6.7 Hz,
2H), 1.53-1.45 (m, 2H), 1.15 (t, ] = 5.4 Hz, 2H),
0.96-0.89 (m, 2H), 0.28 (s, 18H), 0.25 (s, 18H),
0.23 (s, 9H).

“C NMR (101 MHz,  §62.58, 37.10, 25.35, 7.86, 3.55, —1.32, —2.63.
CDCl,)

?*9Si NMR (119 MHz,
CDCly)

LRMS (ASAP) for [C;4H540Si,]: caleulated = 550.2, found = 551.1 [M + H]"

5 —5.83, —38.05, —40.51, —76.63, —130.43.

Synthesis of 5

An oven-dried 100 mL Schlenk flask with a stir bar was
charged with exo-5-norbornene carboxylic acid (0.17 g,
1.20 mmol, 1.0 equiv.), N,N'-dicyclohexylcarbodiimide (DCC,
0.38 g, 1.80 mmol, 1.5 equiv.), 4-dimethylaminopyridine
(4-DMAP, 0.015 g, 0.12 mmol, 0.1 equiv.), 4 (0.73 g, 1.32 mmol,
1.1 equiv.) and dissolved in dry DCM (15 mL). The byproduct
formed was filtered over a fritted funnel after the reaction com-
pleted. Aqueous workup was carried out with NaHCO;
(10 mL). The aqueous layer was extracted with DCM (3 x
15 mL) and the combined organic layers were brine-washed,
dried over magnesium sulfate, then concentrated in vacuo. The
product was purified via silica gel chromatography by using

Polym. Chem., 2025, 16, 3523-3531 | 3525
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30% DCM in hexanes as eluent to yield 5 as a white solid
(0.63 g, 78% yield).

"H NMR (600 MHz,
CDCl,)

5 6.12 (dt, J = 19.3, 5.0 Hz, 2H), 4.10 (t,/ = 6.5
Hz, 2H), 3.03 (s, 1H), 2.92 (s, 1H), 2.21 (dd, J =
9.9, 4.3 Hz, 1H), 1.92 (ddz, J = 12.3 Hz, 1H),
1.68 (p,J = 6.9 Hz, 2H), 1.58-1.45 (m, 3H),
1.39-1.32 (m, 2H), 0.96-0.90 (m, 2H), 0.28 (s,
18H), 0.25 (s, 18H), 0.23 (s, 9H).
5176.32,138.02, 135.80, 64.02, 46.65, 46.42,
43.27, 41.64, 32.86, 30.33, 25.71, 7.70, 3.55,
-1.33, —2.65.

5 —5.82, —38.04, —40.51, —76.48.

3C NMR (101 MHz,
CDCl;)

295i NMR (79 MHz,
CDCl,)
LRMS (ASAP) for [C,,He,0,Si]: calculated = 670.3, found = 671.2 [M + H]'

Polymerization of 5 to PNB-Si[2.2.2]

Each polymerization was carried out with the same general
protocol. Synthesis of entry 3 (M:1 =2000:1) from Table 1 is
provided here as an example. 5 (100 mg, 0.149 mmol, 2000
equiv.) was weighed out into a 20 mL vial equipped with a stir
bar, then transferred into the glovebox and diluted with 4 mL
DCM. A stock solution of Grubbs-2 catalyst (5.0 mg (weighed
out with an ultramicrobalance) in 0.625 mL DCM) was also
prepared inside the glovebox. 7.90 pL of this stock solution
(0.0745 umol, 1.0 equiv.) was added to a solution of 5 at room
temperature and allowed to stir for 1 hour. 1.0 mL of ethyl
vinyl ether was used to quench the polymerization. Excess
ethyl vinyl ether was removed in vacuo. The crude polymer was
dissolved in 2 mL of anhydrous DCM and added dropwise into
40 mL of stirring methanol, forming a white precipitate. The
resulting polymer was isolated from the filtrate filtration with
a 0.45 um membrane filter, then dried in a vacuum oven at
75 °C to yield the polymer (0.0821 g, 82% yield). The 'H, *C,
and *°Si-DEPT NMR spectra are provided in Fig. 2 as well as
the ESLt

Polymerization of exo-n-butyl 5-norbornene-2-carboxylate to
PNB-C

exo-n-Butyl 5-norbornene-2-carboxylate was synthesized accord-
ing to Gumbley et al.>®* The polymer was synthesized with a
500:1 M:I ratio. exo-n-Butyl 5-norbornene-2-carboxylate

(165 mg, 0.849 mmol, 500 equiv.) was weighed out into a

Table 1 Relationship between monomer :initiator ratio and PNB-Si
[2.2.2] characteristics

Yield® M,° M, °
Entry [Ml/[1]* (%) (kg mol™) (kgmol™) M, /M,° DP?
1 100:1 86 902.3 1407 1.56 1343
2 500:1 64 1032 1740 1.68 1536
3 2000:1 82 1289 1991 1.54 1919

“Molar ratio of monomer 5 to Grubbs G2, with reactions conducted at
room temperature with monomer concentration of 0.037 M in di-
chloromethane, stirring for one hour. ’Isolated product yield.
¢ Determined by SEC relative to 128 kDa polystyrene standard (THEF,
[PNB-Si[2.2.2] = 10 mg mL™'], 1 mL min~!, 20 pL injection). ¢ Degree
of polymerization (DP), determined by dividing the M, (Da) value
obtained by SEC for repeating unit mass (RU = 671.61 g mol ™).

3526 | Polym. Chem., 2025, 16, 3523-3531
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Fig. 2 (a) *H NMR spectra in CDCls of monomer 5 and PNB-Si[2.2.2].
(b) 2°Si-DEPT NMR spectra in CDCls of monomer 5 and PNB-Si[2.2.2].
Asterisks denote silicone grease peaks.

20 mL vial equipped with a stir bar, then transferred into the
glovebox and diluted with 4 mL DCM. A stock solution of
Grubbs-2 catalyst (5.0 mg in 0.625 mL DCM, weighed out with
a microbalance) was also prepared inside the glovebox.
0.180 mL of this stock solution (1.70 umol, 1.0 equiv.) was
added to a solution of 7 at room temperature and allowed to
stir for 1 hour. 1.0 mL of ethyl vinyl ether was used to quench
the polymerization. Excess ethyl vinyl ether was removed in
vacuo. The crude polymer was dissolved in 2 mL of anhydrous
DCM and added dropwise into 40 mL of stirring methanol,
forming floating white precipitate. The resulting polymer iso-
lated from the filtrate filtration with a 0.45 pm membrane
filter, then dried in a vacuum over at 75 °C to yield the
polymer (0.089 g, 90% yield). The 'H and *C NMR spectra
matched the previous report in Gumbley et al.”®

Results and discussion

Several approaches exist for the synthesis of polysilanes,***>

but many bear reactivity challenges that render them incompa-

This journal is © The Royal Society of Chemistry 2025
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tible with cyclic and multicyclic oligosilane monomers. Under
Waurtz coupling conditions, alkali metal reduction of per-
methylated cyclooligosilanes may initiate ring-contraction and
redistribution processes.®® Anionic polymerization conditions
are unsuitable, as even weak alkoxide anions can attack and
cleave Si-Si bonds or ring-open cyclosilanes.®®"** Promisingly,
Klausen and Kawakami have shown Si-Si o-bonds remain
intact under metathesis polymerization conditions.*®®*%* This
prior work suggests that ROMP could be a viable approach for
polymers containing silicon cluster building blocks, which
inspired us to target polynorbornene backbones with Si[2.2.2]
cluster pendants.

Saturated oligosilane clusters are sterically bulky; we thus
designed our monomer so an alkane tether separates the large
cluster from the reactive norbornene site. We first prepared
the known bis-trimethylsilyl-terminated Si[2.2.2] cluster 1 on
multigram scale over four steps from commercial reagents,
from which we could generate the nucleophilic cluster silanide
2 via trimethylsilyl cleavage via potassium tert-butoxide
(Scheme 1).* As the compatibility of oligosilyl anions with
organic functional groups is not well-charted relative to carba-
nions, we first screened approaches for installing alkyl-linked
norbornenes onto silanide 2. As we show in Scheme S1,f
cluster silanide nucleophiles are incompatible with norbor-
nene double bonds as well as organic azides. Scheme 1 shows
our most fruitful approach, where we access the novel norbor-
nene monomer 5 with a bicyclo[2.2.2]octasilane pendant
group in three steps from 1 (see ESIf for more details). We first
generate 2 from the potassium tert-butoxide-mediated cleavage
of a terminal trimethylsilyl group in 1. We then add 1-bromo-
4-(¢t-butyldimethylsilyloxy)butane in the same pot to access
silyl ether 3. We remove the tert-butyldimethylsilyl protecting
group via acetyl chloride to give alcohol 4.°® Steglich esterifica-
tion of exo-5-norbornenecarboxylic acid with 4 furnishes
monomer 5 in a 31% overall yield from 1.

Me, @ : Si, SiMe,, SiMe,

Si
/| SiMey
MeZSi_SI/
Me281’| ~siMe,

7
Mezsl//SI\SlMeg
Me;Si K(18-cr-6)]*

1 2

n
—— —_—
0 0
I \/\/% .
5 PN

- A%' -
©
[
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Next, we used Grubbs G2 catalyst for the ring-opening meta-
thesis polymerization of 5 in dichloromethane to give PNB-Si
[2.2.2]. Conversion was determined to be complete within an
hour, after which the reaction was quenched with ethyl vinyl
ether and the polymer precipitated in methanol. "H NMR ana-
lysis shows characteristic signal broadening in the polymer
compared to the monomer, accompanied by disappearance of
the endocyclic ethenyl proton resonances at ~6.2 ppm (Fig. 2a)
and emergence of the exocyclic ethenyl proton resonances
between 5.1-5.5 ppm. The inset of Fig. 2a supports that the Si
[2.2.2] cage remains intact with this polymerization approach,
as we find the same 2:2:1 integration ratio of cluster sila-
methyl proton resonances in both the monomer and polymer
'H NMR spectra. Fig. 2b plots the *°Si-DEPT NMR spectra of 5
and PNB-Si[2.2.2] and shows there is essentially no change in
9Si peak position between monomer and polymer, further
supporting that the Si cluster remains intact after ROMP.
Table 1 depicts how the monomer:initiator ratio may be con-
trolled to tune polymer size. Larger monomer equivalences
allow us to obtain polymers of increasing molecular weight
(M,, = 902-1289 kDa) while maintaining narrow polydispersity
indices (PDI = 1.54-1.68). While the percent yields are roughly
the same for entries 1 and 3 (82-86% yield), it is slightly lower
for entry 2 (64% yield), which we speculate arises from experi-
mental variance in the synthesis and workup steps.

With PNB-Si[2.2.2] in hand, we sought to address two ques-
tions: (1) How do Si cluster pendants impact the physical pro-
perties of polynorbornene backbones? (2) How does the behav-
ior of Si[2.2.2] clusters deviate between its polymer-bound and
free molecule forms?

To address these questions, we evaluated the structural,
thermal, and optical properties of PNB-Si[2.2.2] against those
of free molecule Si[2.2.2] clusters 1 and 5, as well as a polynor-
borene control polymer PNB-C (Fig. 3)*° with n-butyl ester side-
chains that is structurally similar to PNB-Si[2.2.2] but lacks the

il

OTBDMS

B-Si[2.2.2]

Scheme 1 Synthetic route to monomer 5 and PNB-Si[2.2.2] via ROMP. (i) Potassium tert-butoxide, 18-crown-6, toluene; (ii) 1-bromo-4-(t-butyldi-
methylsilyloxy)butane, —78 °C. (iii) acetyl chloride, methanol, tetrahydrofuran, 0 °C, 40% yield over two steps; (iv) N,N’-dicyclohexylcarbodiimide,
4-dimethylaminopyridine, exo-5-norbornenecarboxylic acid, dichloromethane, 78% yield; (v) Grubbs G2, dichloromethane, room temperature (see

Table 1).
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Fig. 3 Chemical structure of PNB-C, a control polymer that is structu-
rally similar to PNB-Si[2.2.2] but lacks a terminal Si[2.2.2] pendant group.

— 1
— PNB-Si[2.2.2]

I
5 10 15 20 25
20 (Degree)

Fig. 4 Powder X-ray diffraction spectrum of 1 and PNB-Si[2.2.2]
powders.

Si[2.2.2] pendant. We synthesized PNB-C using a similar
ROMP approach as for PNB-Si[2.2.2] (Table S17).

First, we find that inclusion of the rigid oligosilane cluster
along the polynorbornene backbone solidifies the polymer.
Whereas PNB-C is a colorless gel, PNB-Si[2.2.2] is a white

View Article Online
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solid. We characterize PNB-Si[2.2.2] powders as structurally
amorphous based on its powder X-ray diffraction pattern
(Fig. 4). Comparison against a polycrystalline powder of 1
shows that the sharp peaks that occur between 20 = 8°-14° are
lost in the PXRD spectrum of amorphous PNB-Si[2.2.2] that
shows broad, undefined peaks. This difference suggests it is
more challenging for the pendant Si[2.2.2] clusters to access
well-defined long-range ordering interactions when bound to
the polynorbornene backbone compared to the free cluster
molecule. Next, we explored the thermal stability of PNB-Si
[2.2.2] compared to PNB-C via thermogravimetric analysis
(TGA). The TGA curve in Fig. 5 shows the onset of thermal
decomposition (T4) in PNB-Si[2.2.2] occurs at 340 °C with 5%
weight loss, which is 44 °C lower than that of PNB-C (T4 =
384 °C). The reduced thermal stability of PNB-Si[2.2.2] com-
pared to PNB-C suggests the bicyclo[2.2.2]octasilane clusters
are the first substructures to degrade within the polymer. This
T4 value is close to those of polysilanes with main chain Si-Si
o-bonds where values between 210 °C to 320 °C are commonly
reported.>***%3%¢ Notably, Fig. 5 shows that monomer 5 (T4 =
260 °C) decomposes 80 °C lower in temperature than PNB-Si
[2.2.2], which indicates that the thermal stability of Si[2.2.2]
increases significantly when it is bound to the organic
polymer backbone rather than in its free form. We conducted
DSC measurements from —30 °C to 320 °C under nitrogen and
found a weak glass transition (7,) feature for PNB-Si[2.2.2] at
116 °C (Fig. S1 and S2t), which is close in value to previous
reports of polynorborenes with pendant disilane (T; ~
120 °C)*° and trimethylsilane (T, ~ 113 °C)*’ groups.

Finally, solution-state UV-vis spectra of monomer 5, PNB-Si
[2.2.2], and PNB-C in cyclohexane at room temperature show
that both 5 and PNB-Si[2.2.2] exhibit a strong absorbance
feature at 233 nm (Fig. 6), which is consistent with the ener-
gies of o-n*-like optical transitions previously reported for Si
[2.2.2] clusters.®®®® The similar Amq, position between 5 and
PNB-Si[2.2.2] indicates the Si clusters remain electronically iso-

100 -
— 5
_ - — PNBC
¥ PNB-Si[2.2.2]
£ s0-
()
=
0 L L
0 200 400 600

Temperature (°C)

Fig. 5 TGA curves of monomer 5 (dark red line), PNB-C (black line) and PNB-Si[2.2.2] (orange line) heated under inert nitrogen atmosphere.

Heating rate: 10 °C min™2.
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Fig. 6 UV-Vis absorbance spectroscopy of PNB-C (black line), 5 (dark
red line), and PNB-Si[2.2.2] (orange line) in cyclohexane at room temp-
erature. Solution concentrations: [PNB-C] = 0.082 mg mL™%, [5] = 10 uM,
[PNB-Si[2.2.2]] = 0.011 mg mL™™.

lated as pendants along the polynorbornene backbone and
remains a wide band gap polymer (Fig. 6).

Conclusion

In this work, we outline a general approach to attach norbor-
nene termini to saturated oligosilane clusters. The norbornene
functionalization approach revealed for Si[2.2.2] in Scheme 1
should similarly apply to the many multicyclic oligosilane clus-
ters with trimethylsilyl endgroups that exist and can be readily
converted to cluster silanides similar to 2.”° We thus anticipate
that a much broader scope of polynorbornenes with diverse
silicon cluster pendants can be realized with the ROMP
approach we show here, some of which may be promising
future candidates as Si-rich preceramic polymers for hyperso-
nic applications.”

Additionally, our TGA studies show that covalently tethering
silicon clusters to organic backbones significantly increases its
Tq compared to the free cluster, suggesting that polymer
attachment may be a generalizable strategy for improving the
thermal stability of functional silicon cluster materials. The
improved thermal stability of PNB-Si[2.2.2] may find relevance
for high temperature (>300 °C) dielectric applications such as
capacitive energy storage in geothermal, electric aircraft, and
space exploration contexts.”>”’* Finally, our UV-vis studies
reveal that the characteristic optical features from the discrete
cluster are retained in the cluster-polymer hybrid. It is the
same set of molecular orbitals that give rise to the optical tran-
sitions in Si[2.2.2] that also underlie the strong ¢-DQI observed
when measuring charge transport across Si[2.2.2]-based
single-molecule junctions. This commonality suggests the elec-
trical insulation properties we observe in single molecules
should also extend to the cluster-polymer hybrid, and may give
rise to new forms of polymeric insulators that operate from
destructive quantum interference effects. With PNB-Si[2.2.2] in

This journal is © The Royal Society of Chemistry 2025
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hand, we are now eager to explore the extent to which destruc-
tive o-quantum interference, a concept first discovered in
molecular scale electronics, extends to the design of dielectric
materials.
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